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A water soluble Lemke chromophore’s derivative shows unusual polarity dependence of its emission
efficiency, leading to a strong red-NIR fluorescence in water when fitted with appropriate watersolubilizing polymer chains. In this contribution, the synthesis of the chromophore is described. The
dependence of its fluorescence on solvent polarity is investigated experimentally then rationalized on the
basis of ab initio calculations. Finally, we demonstrate that this chromophore is a valuable candidate for
in vivo two-photon imaging of the cerebral vasculature, with two-photon absorption and emissions in the
biological transparency window.
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In recent years, two-photon laser scanning microscopy (TPLSM),
especially intravital, has emerged as an essential tool in
biomedical research and has nowadays become a routine
technique to track biological processes down to the cellular level
in the living animal.1-4 In this context, fluorophores presenting
electronic transitions of the “intramolecular charge transfer”
(ICT) type are considered as a particularly appealing class of
molecules. The peculiar linear (environmental sensitivity,
solvatochromism5) and non-linear (two-photon absorption,6-8
second harmonic generation9) spectroscopic properties associated
to ICT transitions have been taken advantage of for the
development of functional materials, including pH10, 11 or polarity
probes12, 13 and biosensors14, 15 with one or two-photon induced
fluorescence. These fluorophores are inherently lipophilic,
because of their extended conjugated carbon backbone.6 Thus,
major efforts have been put on the improvement of their
solubility in biological media and their biocompatibility. In that
context, it has been shown by Müllen and coll. that controlled
growth of a star-shaped polymer shell around a central
fluorophore was a particularly effective strategy.16-18 Moreover,
we have recently given a proof of principle that such structures
were valuable candidates for the vectorization of two-photon
fluorophores into cells.19 We showed that the resulting structures
showed good-to-very-good conservation of their two-photon
brightness in aqueous medium, with emission wavelengths up to
570 nm. This result was however not fully optimal for in-vivo
two-photon imaging applications, since it is desirable that the
probe features maximal fluorescence in the biological window, ie
at a wavelength between 700-1000 nm.20-22
In this range of wavelengths, it is well documented that the
fluorescence efficiency of strongly solvatochromic ICT
chromophores is generally decreased. This can be explained on
This journal is © The Royal Society of Chemistry [year]
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the basis of the energy gap law, which postulates that nonradiative decay kinetic constants increase exponentially upon
decreasing emission energy.23-25 Moreover this energy gap
mediated quantum yield (QY) decrease is often amplified in polar
and/or protic solvents because of enhanced electrostatic
interactions of the latter with the chromophore’s strongly
polarized ICT excited state.26 Finally, as mentioned above, ICT
chromophores are generally inherently hydrophobic, which can
lead to formation of molecular aggregate in protic solvents such
as alcohols or a fortiori water and can give rise to multiple
additional non-radiative decay pathways.27
In a recent paper, several of us reported a series of red emitting
Lemke’s fluorophores (named after their initial discoverer28)
based on an dicyanoisophorone motif, as solid state luminescent
materials.29 Beside their solid-state fluorescence, another
spectroscopic property raised our interest: whereas these red
fluorophores were hardly emitting in low-polarity solvents, like
toluene, we noticed that their fluorescence QY gradually
increased upon increasing solvent polarity. We felt that this
particular feature could be taken advantage of in the context of
bio-imaging applications which require probes that feature strong
emission intensity in physiological fluids, preferentially in the
biological transparency window.30, 31 We must underline that
although Lemke’s type chromophores have been extensively
investigated in the context of second order nonlinear optics32
(second harmonic generation33 and electro-optic modulation34-36),
their luminescence properties have surprisingly been only
sparingly studied and mostly in the solid state, these compounds
being considered essentially non emissive in solution. 29,37, 38
Thus, in the present paper, we report the full study of the first
example of a water soluble Lemke’s chromophore oligomerised
derivative (Lem-PHEA) and of its precursor (Lem-In). We show
for the first time that both compounds display unusually strong
[journal], [year], [vol], 00–00 | 1

Results and discussion
Synthesis

15

20

25

Oligomerized compound Lem-PHEA was synthesized following
the general methodology introduced in a previous paper19 and
depicted in Scheme 1. In a first step, a bromoisobutyryl moiety,
which is classically used as a polymerization initiator in ATRP
synthesis, was introduced through a simple, high yielding
esterification procedure on the two terminal hydroxyl groups of
Lem-OH precursor (which was itself obtained by wellestablished literature procedures). The resulting compound, LemIn, was then involved in an ATRP polymerisation procedure with
(hydroxyethyl)acrylate (HEA) used as a monomer, a Cu(II)/bipy
catalyst, and THF as a co-solvent for the reaction. This procedure
allowed to obtain an oligomerized object with precise control
over chain length (ca 10-12 monomer unit on each arm, as
calculated from 1H NMR integrations) as evidenced by 1H NMR
and GPC (Figures S8). Lem-PHEA and its precursors Lem-OH
and Lem-In were further characterized by 1H and 13C NMR
(Figure S7), IR, UV-vis and fluorescence spectroscopy (see
experimental for details).
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Linear spectroscopy: experiments
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To this end, Lem-In and LemPHEA were studied in different

First of all, for both compounds, broad, structureless emission
bands were observed in all solvents of the study, which confirms
the ICT character of the emission. The tendency observed
qualitatively in our previous report (see Introduction) was fully
verified for both objects: upon increasing solvent’s polarity
(according to Lippert’s polarity scale) from toluene to DMSO for
Lem-In and from dioxane to water for Lem-PHEA, a significant
red-shift of the emission energy was observed (positive
solvatochromism), which was accompanied with a marked
increase of fluorescence QY (negative solvatokinetic) along with
progressive narrowing of the emission band. A plot of the
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Spectroscopic
measurements
were next undertaken on the
polymeric Lem-PHEA and its
precursor
Lem-In.
As
mentioned in introduction,
solution
luminescence
spectroscopy of this class of
chromophores had never been
the object of systematic,
detailed
investigations
in
previous literature. Thus, this
study was mainly aiming at
elucidating some of the relation
that exists between the solvent
dependent emission energy of
the fluorophore and other key
spectroscopic parameters of the
later
(spectral
bandwith,
fluorescence quantum yield,
Stokes shift...), in order to
better understand the origin of
its polarity induced emission.

solvents that were chosen to cover the largest possible range of
polarity, viscosities, and protic or non-protic character.
Absorption and fluorescence emission spectra of both compounds
were systematically recorded. Quantum yields (QY) were
calculated from integration of the fluorescence intensity at
various concentrations and comparison to a standard
(erythrosine). Absorption and emission curves are reported in
Figure 1 whereas the main spectroscopic values are listed in
Table 1.

Normalized absorbance
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Scheme 1. Synthetic pathway ; reagents and conditions: (i) 2bromoisobutyril bromide (3 eq.), Pyridine / THF 1:1, RT, 1H (ii) CuBr
(1eq.), bipyridine (2 eq.), 2-hydroxyethylacrylate (HEA) /THF (1 : 1),
85°C, 20 min
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polarity induced enhancements of their luminescence QY along
with significant red-shift of their emission, to reach, in the case of
Lem-PHEA, 0.25 at 674 nm in water. Moreover, based on
theoretical calculations we suggest a possible explanation
regarding the origin of this peculiar behaviour, namely a solvent
mediated change in the potential energy surface of the first
electronically excited state of the molecule. This makes the latter
a good candidate for in vivo two-photon imaging of the cerebral
vascular in the biological transparency window.
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Figure 1. Normalized absorption (top) and emission (bottom) spectra of Lem-In (left column) and Lem-PHEA
(right column) in the solvents of the study
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Table1. Relevant spectroscopic data
Solvent

f
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Figure 3. Plot of fluorescence quantum yield vs excited state lifetime
((as found in the solvatochromic study, Table 1); data in the blue frame
correspond to fluorescence lifetime ≤0.3 ns, which corresponds to the
lower limit of the detector, hence cannot be considered meaningful.
Linear regression was performed on the joint data for Lem-In and
Lem-PHEA

Figure 2. Plot of emission band-width vs energy at the maximum of the
emission (as found in the solvatochromic study, Table 1). Linearization
were performed independently for data obtained with Lem-In (dashed
line) and Lem-PHEA (dotted line)
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emission bandwidth versus emission energy clearly reveals, for
Lem-In and Lem-PHEA, a close to linear dependence between
those two parameters, with a bandwidth that narrows upon
decreasing emission energy (Figure 2). Meanwhile, the band
shape becomes more symmetric as the emission energy decreases
and a Gaussian shape is observed in most polar solvents (e.g.
water and DMSO). Interestingly, this tendency is absolutely
similar for Lem-PHEA and its precursor Lem-In. Such an
evolution, which will be further commented in the following, is
opposed to what is classically observed for ICT fluorophores
exhibiting positive solvatochromism: their emission band
generally tends to become more broadened and structureless as
solvent polarity increases, as a consequence of increased
interactions with the solvent.5
Changes in emission energy and dependence of the Stokes shifts
values on solvent polarity are important features in the context of
ICT chromophores, since both parameters can be used in the
engineering of polarity probes.5, 39 On a more fundamental point
of view, their study allows determining some important
This journal is © The Royal Society of Chemistry [year]
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parameters of the molecule, like its dipolar moment at the ground
( g) and excited ( e) states and the electronic reorganisation
(change in dipole moment CT) that accompanies the transition
between the ground and excited states.40, 41 These parameters
were thus investigated for Lem-In and Lem-PHEA. In the case
of Lem-In, absorption and emission energies as well as Stokes
shift values showed a clear tendency to increase upon increasing
solvent polarity (positive solvatochromism), thereby indicating an
increased dipole moment at the excited state. This is consistent
with what had been observed for related chromophores in our
previous contribution.29 The trend could be fitted with an
acceptable correlation factor to Lippert-Mataga polarity scale13, 42,
43
, (Figure S1) which allowed us to estimate dipole moments of
the chromophore at its ground and excited states of g= 10.5 D
and e= 24.5 D , respectively, and a change in dipole moment
CT=13.5 D. The situation is however not so straightforward to
analyze for Lem-PHEA, since the polarity environment of the
chromophore is in this case not only determined by the nature of
Journal Name, [year], [vol], 00–00 | 3
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Figure 4. Plot of fluorescence quantum yield vs emission energy (as
found in the solvatochromic study, Table 1). Exponential fit was
performed on the joint data for Lem-In and Lem-PHEA
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the solvent, but by a more subtle interplay between
chromophore/solvent
and
chromophore/polymer
chain
interactions. Indeed, it had been already established in our
previous contribution devoted to alike water-soluble polymerized
chromophores19 that the polymer chain adopts different folding
and orientations around the chromophore depending on the nature
of the solvent. Thus, we were unable to identify a clear trend in
Stokes shift and emission band position for Lem-PHEA (Figure
S1).
Excited state lifetimes were also investigated for both systems in
the same range of solvents as for QY measurements. A nearlinear dependence of fluorescence quantum yield on excited state
lifetime could be noticed. The trend was so alike for both
compounds that their data were fitted jointly (Figure 3). These
data allowed us to calculate radiative (kr) and non-radiative (knr)
kinetic constants for excited state decay (Figure S3): although kr
slightly increases with solvent polarity, it remains in a
comparable range in every solvent (0.8 - 1.9 x 108 s-1). In striking
contrast, it can be noticed that a variation of more than one order
of magnitude is observed for knr (1 x1010 to 7 x 108 s-1).
Altogether, this constitutes an unambiguous evidence that
variations of the fluorescence quantum efficiency are mainly
connected to modifications in the non-radiative excited state
decay kinetic which decreases as polarity increases.
An even more peculiar spectroscopic behaviour of these
fluorophores was detected when plotting the evolution of their
luminescence quantum efficiency (Figure 4) or alternatively
effective. In Table S-1 in SI, we compare the XRD and DFT bond
lengths fluorescence lifetime (see Figure S2) versus emission
energy. Whereas the energy gap law predicts an exponential
increase of non-radiative excited state decay kinetics and
therefore an exponential decrease of the quantum efficiency upon
red-shift of the luminescence,24 the observed evolution for our
dyes seems to follow a fully reverse trend. Indeed, the data
obtained for both Lem-In and Lem-PHEA could be jointly fitted
with satisfactory accuracy (r2= 0.921) to an inverse model, with
an exponential increase of fluorescence lifetime and quantum
efficiency upon luminescence red-shift. As mentioned before, this
4 | Journal Name, [year], [vol], 00–00
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evolution is correlated with a significant sharpening of the
emission band. This is indicative that the vibronic contributions
or the nature of the potential energy surfaces which result in the
shoulder of the emission band in low-polarity solvents (see
toluene), tend to vanish in polar ones (see DMSO). These
changes also translate into the increased non-radiative
contribution to the ES decay observed in non-polar solvents
(Figure S3). This point will be further discussed in the next
section of this article. As a result, Lem-In and Lem-PHEA show
a strongly negative solvatokinetic, ie their largest luminescence
intensity was obtained in the most polar solvents of the study
(DMSO for Lem-In, DMSO and water for Lem-PHEA). A
closer examination of the data rules out simple explanations that
could account for this peculiar behaviour, such as restriction of
vibronic deactivations of the excited state through hydrogen
bonding or solvent viscosity. On the one hand, hydrogen-bond
donor solvents, such as octanol, methanol and water perfectly
follow the overall trend, and do not show any remarkable
behaviour. On the other hand, solvents of close polarity, but of
very different viscosities such as THF (ca =0.5 cP) and octanol
(ca
=9 cP) show similar results in terms of fluorescence
efficiency of the probes. An interesting consequence for
biophotonic related applications is that, in contrast to most
existing fluorescent bio-probes and polarity sensors, Lem-PHEA
presents a luminescence that is turned on in a polar environment
like blood or physiological fluid. This can be a very favourable
feature for angiographic applications as we will discuss latter.
Linear spectroscopy : theoretical calculations
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To obtain further insights regarding the nature of the excitedstates, and to assess the origin of the experimentally observed
polarity induced fluorescence Time-Dependent Density
Functional Theory (TD-DFT) calculations have been performed
on a model compound, referred to as Lem (Figure 5a, see
Experimental Section for computational details). First,
calculations were carried out with the least polar solvent, namely
toluene, for which the selected continuum solvation model, which
does not account for any specific solute-solvent interaction(s),

Figure 5: Left (a) Model compound (Lem) used for calculations (b)
density difference plot computed in toluene: red (blue) zones correspond
to increase (decrease) of density upon photon absorption (isovalue: 6x10 4
a.u. (c) stick and convoluted vibrationally resolved absorption spectra
in toluene.(d) stick and convoluted vibrationally resolved emission
spectra in toluene.

This journal is © The Royal Society of Chemistry [year]
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Figure 6: Evolution of the relative energies of the GS and ES of
Lem in toluene and DMSO, for twist around 2.
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should be very measured along the -conjugated path. As can be
seen, there is a very good agreement between theory and
experiment for both absolute distances (MAD < 0.01 Å) as well
as the bond length alternation (BLA), which confirms the
accuracy of the selected level of theory. Moving from the ground
to the lowest-lying excited state (which is the only state
accessible in this range of energy, as confirmed by our
calculations) induces a strong decrease of the BLA (-0.033 Å),
which is characteristic of a more delocalized excited-state, as
expected. In the same vein, the density-difference plot (Figure
5b) clearly confirms a strong CT character from the diethylamino
side to the cyano groups, with a significant electronic
reorganization on the connecting bridge. The ICT distance,
estimated as the separation between the barycenters of electron
density gain/loss, reaches 3.75 Å and is accompanied by a strong
enlargement of the dipole moment (+11.8 D) upon electronic
transition, a trend that is in remarkable agreement with the
experiment (see above). The vibrationally resolved absorption
and emission spectra can be found in Figures 5c and 5d,
respectively. For absorption, one computes a maximum at 453
nm, which is close to the experimental spot (474 nm). The
theoretical FWHM is 3610 cm-1 for the absorption band. Apart
from low-frequency vibrations close to the 0-0 point, the width of
the absorption band can be explained by a series of vibronic
couplings in the 430-445 nm domain. They imply to a complex
mix of modes, but the strongest contributions correspond to
intense stretching modes related to the alteration of the
single/double bond nature along the conjugated skeleton. For
instance, an effective conjugation coordinate (ECC) mode at
1607 cm-1 (in the ES) located on the central vinylic moiety is
responsible for the most intense peak close to 430 nm.
Consistently with measurements, the fluorescence band is also
asymmetric, and presents a FWHM of 2859 cm-1, which is
slightly above the experimental reference (3300 cm-1, see Table
1). However, the computed position of em is 482 nm,
significantly off the experiment (602 nm): the TD-DFT Stokes
shift is clearly too small. In short, despite an undershot Stokes
shift, theory reproduces nicely the band shapes in toluene. We
have also simulated the same data in DMSO (Figure S6). In
This journal is © The Royal Society of Chemistry [year]
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DMSO, the BLA is slightly smaller to the one computed in the
apolar environment for the ground-state (0.056 Å in DMSO
versus 0.061 Å in toluene), the reverse holding for the excitedstate (0.034 Å in DMSO versus 0.028 Å in toluene). Therefore
the GS/ES variation of the main geometrical parameters related to
optical properties is smaller in DMSO than in toluene. However,
the increase of dipole moment upon absorption (+13.5 D)
significantly exceeds the toluene value. Moreover, we computed
a FWHM of 3094 cm-1 for the fluorescence in DMSO, which is
almost unchanged from toluene. This clearly departs from
experimental trends (1800 cm-1). Likewise, the fluorescence band
is slightly asymmetric in the calculations (Figure S6), which also
contrasts with the measurements. To estimate the importance of
the non-radiative path, we determined the Huang-Rhys (HR)
factors, following the procedure of Peng et al..44 We found that
the HR factor decreases from toluene to DMSO. This indicates
that non-radiative paths are less effective in the latter and
therefore that fluorescence efficiency should increase. Although
this result is in qualitative agreement with our experimental
observations, the calculated effect (-5%) appears significantly too
small to fully account for the dramatic experimental variation,
which led us to envision other hypotheses. The theory/experiment
differences might be ascribed to i) aggregation, ii) specific solutesolvent interactions iii) anharmonicity or iv) change in the nature
of the potential energy surface that are not included in the
previous model. The two first factors can be reasonably excluded:
on the one hand, aggregation can be almost fully discarded on the
basis of concentration-dependence studies on the absorption and
fluorescence spectra; on the other hand, simple hydrogen-bonding
can be ruled out on the basis of our experiments (vide supra).
Interestingly, the third factor (anharmonicity) is known to induce
significant deviation from the standard energy-gap law, which
could potentially account for the experimentally observed trend
for the fluorescence QY.45 Rotation of the terminal groups at the
ES could also account for the experimental trends (fourth factor).
Interestingly, investigations on this parameter revealed significant
qualitative differences between toluene and DMSO (Figures S4S5, Figure 6). Indeed, while rotation around the dimethylamino
moiety does not yield new minima on both GS and ES surfaces,
the rotation around the dicyanovinylene group (angle 2, Figure
S4) yields a twisted minimum (90°) of the ES in toluene, that is
absent from the ES in DMSO (Figure 6). Consequently, the ES of

Figure 7. One-(full) and two-photon (full with marks) absorption spectra
of Lem-In in dichloromethane (black) and Lem-PHEA in water (red)
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the emitter is predicted to be more rigid in
DMSO than in toluene, which in turn could
account for the difference of band shapes.
As can be seen in Figure 6, this 90°
structure presents an energetic minimum at
the ES, slightly lower in energy than the
planar conformation. Interestingly GS and
ES energies of this 90° structure are very
close on the energetical scale, hinting a
possible conical intersection46 that would
offer a supplementary non-radiative
pathway in toluene but not in DMSO. To
say it differently, we suggest that the much
lower ES-GS energy gap of the 90° twisted
structure could explain its non-emissive
nature. This leads us to conclude that the
very strong reverse solvatokinetic effect
observed experimentally cannot be fully
explained by harmonic vibronic couplings,
or by electrostatic effects between the
solute and the solvent, but is most likely
related to a change of the surface potential
at the ES.
Two-photon absorption
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Figure 8 Functional cerebral vasculature in motor cortex of a 6 months old CD1 mouse at
different times after i.v. injection of Lem-PHEA. 7a) Lateral view of the 3D-reconstruction of a zstack until a depth of 520 µm at 5 min after i.v. injection of Lem-PHEA showing the plunging
arteries and draining veins. 7b) Z-projections of the sum of fluorescence intensities at 10,20,30,40
50 and 60 min after injection. 7c) A Z-projection of the sum of the intensities at 10 min showing
the ROI 1 & 2 for half-life time analysis. 7d) Half-time analysis of Lem-PHEA in the blood
plasma using a one phase mono-exponential decay (Y = Span*exp(-K*x)), the values are the
means of fluorescence intensities in the ROI (z-projection of the sum of the intensities) with their
standard deviations (bars): results curve fitting (GraphPad Prism version 3.02, GraphPad
Software, Inc, La Jolla, CA, USA)): ROI 1= K = 0.06429, half-life time = 10.78 min, R2 = 0.993,
Fit data ROI 2 = K = 0.06472, half-life time = 10.71 min, R2 = 0.990. Scale bar = 50 µm.

Two-photon absorption properties of LemPHEA in water were evaluated and
compared with those of its precursor LemIn in dichloromethane, in order to
determine whether our strategy also
allowed an adequate conservation of this
parameter. Two-photon absorption crosssections ( TPA) were measured using twophoton induced fluorescence experiments (see material and
methods section for details). The results are reported in figure 7,
along with the linear absorption spectra Lem-In and Lem-PHEA
in corresponding solvents. From these experiments, it is clear that
only a slight decrease of TPA occurs between Lem-In in
dichloromethane and Lem-PHEA in water, which is found to
reflect the evolution their respective linear molar extinction
coefficient. This demonstrates that Lem-PHEA, with a TPA =
440 GM and a maximal two photon brightness ( TPA. f) of about
100 GM, is unarguably a valuable candidate for the target
application.
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In vivo two-photon microscopy
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In order to evaluate its potential as bio-marker, Lem-PHEA was
used in TPLSM of the functional cerebral vasculature in the
motor cortex of mice brain, see materials and methods section. As
it could be anticipated from the emission spectrum of the probe in
water, its fluorescence emission intensity in vivo was higher in
the NIR region in comparison to the red region (Figure S9) for an
excitation wavelength of 950 nm. At this excitation wavelength
no background endo-fluorescence of tissues was detected.
After intra-venous (i.v.) injection, Lem-PHEA circulated freely
in the blood plasma with no adhesion to the vessel wall (Figure
8a), This is important for, i) longitudinal imaging of the blood
circulation, and ii) decreased long-term vascular toxicity. The
red/NIR fluorescent emission in vivo is less diffused by brain
6 | Journal Name, [year], [vol], 00–00
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tissues, which resulted in a maximal observation depth of 520 µm
in the adult mouse brain (Figure 8a) at normal laser power for in
vivo experiments: maximum 50 mW at the entrance of the
objective.
In a time series experiment, the half-life time of Lem-PHEA in
the blood plasma was estimated in the order of 11 min (see Figure
8b-d). The clearance of the dye by the kidneys started already at
30 min after injection (Figure S10a). At this time the dye is
observed in collecting tubules of the kidney and after two hours
no dye was detected in the renal vascular compartment (Figure
S10b-c). In the liver, Lem-PHEA stayed in the vascular
compartment and was not found in hepatic cells for at least 2
hours after injection (Figure S10d). Thus renal clearance of LemPHEA is most probably preferred over liver metabolism of the
dye. Such a fast renal clearance precludes its use for intravital
microscopy studies of blood physiological phenomena exceeding
1 hour. On the other hand, it constitutes a very positive result
with regard to long-term toxicity of the compound in vivo. In the
future, it could be envisioned to extend Lem-PHEA circulation
time by enhancing polymer chains length, as already illustrated
in the past for related systems.47
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All solvents were used as received from the supplier. 2bromoisobutyryl bromide and bipyridine are commercially
available and used as received from the suppliers. Copper (I)
bromide (Aldrich, 98%) was suspended in glacial acetic acid,
filtered and washed with acetic acid then thoroughly rinsed with
ethanol . After extensive drying under vacuum it was stored at
4°C under argon. Hydroxyethylacrylate (HEA) was passed
through a short pad of alumina prior to use. (E)-2,2’-(4-(2-(3Dicyanomethylene)-5,5-dimethylcyclohex-1enyl)(vinyl)phenylazanediyl)bis(ethane)bis(ethane-2,1diyl)diacetate was synthesized according to previouly reported
literature methodologies. 29 Column Chromatographies were
performed on Merck Gerduran 60 (40-63 μm). NMR spectra (1H,
13
C) of the monomers and polymers were recorded at room
temperature on a BRUKER 200 AVANCE and BRUKER 500
respectively. Data are listed in parts per million (ppm) and are
reported relative to tetramethylsilane (1H, 13C), residual solvent
peaks being used as internal standard. FTIR spectra (ATR) were
performed on solid samples using a JASCO FT/IR 4100
spectrometer equipped with a JASCO ATR PRO450-S ATR
module. HRMS measurements were performed by ESI-TOF: a
Bruker Daltonics ® Micro TOF-Q II was used with a resolution
of 8000, in positive mode with a capillary tension of 4500V, a
source temperature of 180°C, and a cone tension of 60V. The
internal reference used for calibration was sodium formate.
Elemental analyses were performed on a Flash EA1112 CHNS/O
Thermo Electron micro-analyzer. Polymers were analyzed by size
exclusion chromatography (SEC) in DMF (+ LiBr, 1 g·L-1) at 60
°C, at a flow rate of 0.8 mL·min-1 and at a concentration close to 6
mg·mL-1 after filtration through 0.2 µm pore size membrane. The
steric exclusion was carried out on two PSS GRAM 1000 Å
columns (8 300 mm; separation limits: 1 to 1000 kg·mol-1) and
one PSS GRAM 30 Å (8 300 mm; separation limits: 0.1 to 10
kg·mol-1) coupled with a differential refractive index (RI)
detector, a viscosimeter (Viscotek, Dual 250) and a light
scattering (LS) detector (MiniDawn from Wyatt Technology,
laser λ = 690 nm at 90°, 45° and 135°). The polydispersity
indexes (PDI = Mw/Mn) of the samples were derived from the RI
signal by a calibration curve based on PMMA standards (Polymer
Standards Service). The number-average molar mass (Mn) were
calculated from RI signals with the OmniSEC 4.6 software.
Polymer size (Mn) was also calculated with 1H spectroscopy, by
comparison of the integration values found for the methyl endgroups of the initiator (signal “a” of the polymer, SI), and for the
side chain hydroxyethyl group (signals “d” and “e” of the
polymer, SI).
Spectroscopy
UV-Visible spectra were recorded with a Jasco 670 UV-Visible
spectrophotometer. The luminescence spectra were measured
using a Horiba-Jobin Yvon Fluorolog-3® spectrofluorimeter. The
steady-state luminescence was excited by the unpolarised light
from a 450W xenon CW lamp and detected at an angle of 90° for
diluted solution measurements (10 mm quartz cuvette) by a redsensitive Hamamatsu R928 photomultiplier tube. Spectra were
reference corrected for both the excitation source light intensity
variation (lamp and grating) and the emission spectral response
(detector and grating). Fluorescence quantum yields Q were
measured in diluted water solutions with an optical density lower
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than 0.1 using the relative method based on following equation:
Qx/Qr = [Ar( )/Ax( )][nx2/nr2][Dx/Dr]
where A is the absorbance at the excitation wavelength ( ), n the
refractive index and D the integrated luminescence intensity. “r”
and “x” stand for reference and sample. Here, reference is
erythrosine in MeOH (Qr = 0.45) at 488 nm. Excitation of
reference and sample compounds was performed at the same
wavelength. The TPA cross-section spectra were obtained by
two-photon excited fluorescence measurement of dilute
dichloromethane solutions of the compound using a Ti:sapphire
femtosecond laser in the range 700-900 nm. The excitation beam
(5 mm diameter) was focalized with a lens (focal length 10 cm) at
the middle of the fluorescence cell (10 mm). The fluorescence,
collected at 90° to the excitation beam, was focused into an
optical fiber (diameter 600 m) connected to an Ocean Optics
S2000 spectrometer. The incident beam intensity was adjusted to
50 mW in order to ensure an intensity-squared dependence of the
fluorescence over the whole spectral range. The detector
integration time was fixed to 1 s. Calibration of the spectra was
performed by comparison with the published 700-900 nm
Coumarin-307 and fluorescein two photon absorption spectra.48
The measurements were done at room temperature in
dichloromethane and at a concentration of 10-4 or 10-5 M.
Calculations
TD-DFT was used to probe the nature of the excited-states of the
Lem dyes where the only structural simplification was the use of
NEt2 donating group (see Figure 6). We have applied a
computational protocol similar to the one applied in a recent
benchmark paper49 and we redirect the interested reader to this
contribution for further technical details and discussion. The
ground and excited-state structures have been optimized using
analytic DFT and TD-DFT gradients, respectively. These force
minimizations have been performed until the residual mean
square force is smaller than 1x10-5 a.u. The harmonic vibrational
frequencies of both states have been computed on the optimal
geometries using analytic and numerical differentiation for GS
and ES, respectively. This allowed to ascertain the nature of the
minima but also to determine vibronic couplings. The
vibrationally resolved spectra -within the harmonic
approximation- were computed using the FCclasses program.50, 51
The reported spectra have been simulated at 298K using a
convoluting Gaussian functions presenting a full width at halfmaximum (fwhm) of 0.06 eV. A maximal number of 25
overtones for each mode and 20 combination bands on each pair
of modes were included in the calculation. The maximum number
of integrals to be computed for each class was set to 1x10 6. In our
calculations, the electrostatic interactions between the dye and the
environment have been modelled thanks to the PCM model that
restores valid solvent effect, as long as no specific solute-solvent
interactions take place.52 The adiabatic energies and consequently
the position of both absorption and fluorescence maxima in
vibrationally resolved spectra have been evaluated using the
state-specific (SS) PCM model that allows to correctly polarize
the excited-state cavity.53 Again, we redirect the interested reader
to Ref. 49 for a detailed discussion on the procedure used to
determine the adiabatic point. All our calculations have been
performed with the Gaussian 09.A02 program54 using the CAMB3LYP functional55 and the 6-31+G(d) atomic basis set that are
Journal Name, [year], [vol], 00–00 | 7

known to be a valuable combination for TD-DFT calculations.49
The ICT parameters have been computed using a recently
proposed density-based model.56
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In-vivo two-photon microscopy
In accordance with the policy of Grenoble Institute of
Neuroscience (GIN) and the French legislation, experiments were
done in compliance with the European Community Council
Directive of November 24, 1986 (86/609/EEC). The research
involving animals was authorized by the Direction
Départementale des Services Vétérinaires de l’Isère – Ministère
de l’Agriculture et de la Pêche, France and the Direction
Départementale de la protection des populations - Préfecture de
l’Isère-France (F. Appaix, PhD, permit number 38 09 39). All
efforts were made to minimize the number of mice used and their
suffering during the experimental procedure. CD1 Mice were
housed in cages with food and water ad libitum in a 12 h
light/dark cycle at 22 ± 1 °C.
For in vivo TPLSM, 6 months old CD1 mice (n=4) were
anesthetized using isoflurane (5% for induction and 1-2% during
experiments) in a 70% air, 30% O2 gas mixture. Their body
temperature was monitored with a rectal probe and maintained at
36°C using a heating blanket. A catheter (Neoflon TM, BD, USA)
was inserted in the tail vein for an intravenous (iv) injection of
0.1 ml Lem-PHEA solution at a concentration of 4 mg/ml just
before the imaging experiments. For the two-photon imaging of
the cerebral vasculature, a craniotomy of 2-3 mm in diameter was
performed with a surgical drill above the motor cortex and filled
with ultrasound gel. (The head was fixed in a homebuilt
stereotactic frame.)
Two-photon microscopy was performed using a LSM 7 MP
(Zeiss, Germany) equipped with a 20x water-immersion objective
(NA 1.0; Zeiss) and ZEN 2010 software. Laser excitation at 950
nm was done with a Ti:Sapphire laser system (Chameleon Ultra
II; Coherent, UK). Red Fluorescence light emission was collected
in the epifluorescence configuration using a non-descanned
photomultiplier tube with a 617/73 nm filter (Semrock, US).
Most two-photon images were acquired as z-stacks with a
maximum number of 257 images using the motorized objective
with a minimal step of 2 µm between the different x-y planes
(512 x 512 pixels, 607.28 µm2) resulting in a maximum
observation depth of 520 µm in the motor cortex of an adult
mouse. The reconstruction of z-projections: sum of fluorescence
intensities of all focal planes in a z-stack, or generation of 3D
images were performed with ImageJ software 57.
Syntheses
Lem-OH
(E)-2,2’-(4-(2-(3-Dicyanomethylene)-5,5-dimethylcyclohex-1enyl)-(vinyl)phenylazanediyl)-bis(ethane)bis(ethane-2,1diyl)diacetate (18 mmol) was dissolved in about 20 mL of
methanol. Then, a solution of K2CO3 (0.5g) dissolved in H2O (1
mL) was added and the mixture was stirred at room temperature.
After 1 hour, the suspension was diluted with water (100 mL).
The aqueous layer was extracted three times with CH2Cl2
(3x50 mL) and the combined organic phases were washed with
brine (50mL), dried over MgSO4, concentrated under reduced
pressure and purified by flash column chromatography (ethyl
acetate/pentane : 1/9) to obtain a pure dark reddish solid. Yield:
5.91 g (87 %).
8 | Journal Name, [year], [vol], 00–00
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H NMR (d6-DMSO): δ(ppm) 7.37(d, J=9 Hz, 2H), 6.97 (m, 2H),
6.53 (m, 3H), 4.61(b, 2H), 3.33(m, 8H), 2.35(m, 4H), 0.81(s, 6H).
13
C NMR (d6-DMSO): δ(ppm)170.3, 158.0, 150.2, 139.2, 130.5,
124.2, 123.5, 120.5, 115.1, 114.3, 112.1, 58.6, 53.6, 42.8, 38.9,
32.1, 28.0. Anal.Calcd for C23H27N3O2+H2O: C, 69.85; H, 7.39;
N, 10.62. Found: C, 69.51; H, 6.83; N, 10.43. HRSM (ES): [M+
Na]+ 400.1988 (calcd 400.1995)

1

Lem-In
Lem-OH (200mg, 0.53mmol) was dissolved in 5mL of THF and
130 L of pyridine (1.65mmol). To the resulting reddish solution
were added dropwise 270 L of bromoisobutyryl bromide
(500mg, 2.2 mmol), and the solution was stirred at room
temperature for 1 hour. Then dichloromethane (10mL) was
added, and the solution was extracted with 20 mL of 0,1M HCl.
The organic layed was dried, and solvents were removed under
reduced pressure. The residue (single spot on TLC) was purified
by column chromatography on silica gel (CH2Cl2), and a reddish
solid was obtained (190 mg, 56%)
1
H NMR(CDCl3): δ(ppm) 7.42 (d, J=7.5 Hz, 2H), 7.00 (d,
J=16Hz, 1H), 6.78 (m, 4H), 4.32(t, J=6Hz, 4H), 3.75 (t, J=6Hz,
4H), 2.52 (s, 2H), 2.42 (s, 2H), 1.87 (s, 12H), 1.04 (s, 6H) . 13C
NMR (CDCl3): δ(ppm)171.3, 169.2, 155.0, 148.5, 137.5, 129.6,
125.1, 124.7, 121.8, 114.0, 113.2, 112.3, 62.9, 55.4, 49.1, 42.9,
39.2, 31.9, 30.7, 28.0. Anal.Calcd for C31H37N3O4Br2: C, 55.12;
H, 5.52; N, 6.22. Found: C, 55.36; H, 5.77; N, 5.71. HRSM (ES):
[M+ H]+ 674.1219 (calcd 674.1224)
Lem-PHEA
Lem-In (45 mg, 0.066 mmol), CuBr (26 mg, 0.135 mmol), and
2,2’-bipyridine (42 mg, 2.68 mmol) were dissolved in a mixture
of THF (1mL) and HEA (1mL, 7.7 mmol). Argon was bubbled
for 15 minutes, the tube was sealed, and the resulting reddish
solution was stirred for 17 minutes at 85°C. Then, the solution
was cooled rapidly by immersion in liquid nitrogen for 15
seconds, the tube was opened, its content was diluted in ca 10
mL of MilliQ water, put in a dialysis bag (MWCO = 1000 Da)
and dialized against a large volume of MilliQ water (which was
replaced at regular intervals) for 2 days. The resulting reddish
solution was lyophilized yielding 120 mg of a fibrous solid.
1
H NMR(CD3OD): δ(ppm) 7.5-6.75 (m, 7H) , 4.13 (b, ≈40H),
3.73 (b, ≈40H), 2.38 (b, ≈20H), 1.75 (b, ≈40H) 1.10 (s, 6H), 1.04
(s, 12H) . 13C NMR (CD3OD): δ(ppm) 177.5, 175.3, 173.2,
169.2, 156.5, 149.5, 138.6, 129.7, 124.7, 124.5, 120.8, 113.9,
113.2, 111.3, 66.0, 62.0, 59.7, 53.5, 48.1, 42.6, 41.5, 38.7, 34.6,
31.6, 31.0, 27.6, 26.9. GPC Mn= 4737 Mw/Mn= 2.08
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We reported the synthesis and the spectroscopic study of a Lemke
chromophore derivative bearing two water-solubilizing polymeric
arms. We showed that the latter was soluble in water and
physiological serum (0.5% aq. NaCl) above millimolar
concentrations. The fluorescence is almost completely quenched,
both for the polymeric object Lem-PHEA and its monomeric
precursor Lem-In in low-polarity solvents, but strongly increases
and is significantly red-shifted as solvents polarity is increased.
The origin of this very unusual behaviour, ie a positive
solvatochromism along with a negative solvatokinetic effect,
This journal is © The Royal Society of Chemistry [year]
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could be partly elucidated on the basis of theoretical calculations.
It was shown by PCM-TD-DFT calculation that these effects
were neither related to harmonic vibronic couplings nor to
electrostatic interactions between the solute and the solvent, but
most probably to an excited-state twisting of the terminal dicyano
group. Although further studies are probably necessary to fully
quantify the origin of the deviation from the energy gap law that
we clearly evidenced in this work, this behaviour made it possible
to obtain an efficient water soluble two-photon probe with
absorption and polarity induced fluorescence in the NIR, with
good quantum yield ( f = 0.25@ 676 nm) and two-photon cross
section ( TPA = 440 GM @ 1040 nm). Using TPLSM with this
probe, we obtained three dimensional images of the functional
cerebral vasculature in the motor cortex of mice, in a NIR-NIR
(excitation-emission) configuration, with very high contrast and
resolution. Meanwhile, we also showed that the probe was
cleared by the renal system with no accumulation in the hepatic
cells. This constitutes a very promising feature in the context of
in vivo imaging, especially in view of diagnostic applications. We
underline that, although Lemke chromophore derivatives had
never been used previously, to the best of our knowledge, for
biological imaging related applications a fortiori in vivo, the
present contribution provides clear-cut evidences that this easily
accessible class of molecules constitute valuable candidates for
two-photon bio-imaging applications in the NIR.
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ground and excited state energy on choosen angular deformations within
the molecule. GPC characterization of Lem-PHEA. Overlay of the
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