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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 fitidd appropriate water-
solubilizing polymer chains. In this contribution, the synthesis of the @pbore is described. The

10 dependence of its fluorescence on solvent polarity is investigatedregptally then rationalized on the
basis ofab initio calculations. Finally, we demonstrate that this chromophore is a lalcaididate for
in vivo two-photon imaging of the cerebral vasculature, with two-photspration and emissions in the
biological transparency window.

Introduction the basis of the energy gap law, which postulates that non-

. . radiative decay kinetic constants increase exponentially upon
15 In recent years, two-photon laser scanning microscopy (TPLSM)decreasing emission ener§® Moreover this energy gap
especially intravital, has emerged as an essential tool i

in . . . o
. . s0 mediated quantum yield (QY) decrease is often amplified in polar
biomedical research and has nowadays become a routin nd/or protic solvents because of enhanced electrostatic

technique to track biological processes down to the cellular Ievelnteractions of the latter with the chromophore’s strongly

. .. . _4 . .

'T the I.|V|ng a'_q',mafl' Ln ltlhls“.contex;, fltforop;hores presferltlng polarized ICT excited stafé.Finally, as mentioned above, ICT
* elce:c_lfmltm fransitions .3 tg intramo ?.C . lar IC arge tT.anS erl fhromophores are generally inherently hydrophobic, which can

(ICT) type are considered as a particularly appealing class 9lead to formation of molecular aggregate in protic solvents such

. . . L. .. 55
molecules. The peculiar linear (environmental sensitivity, as alcohols om fortiori water and can give rise to multiple
additional non-radiative decay pathways.

solvatochromisff) and non-linear (two-photon absorptith,
second harmqqic generaifyrspectroscopic properties associated In a recent paper, several of us reported a series of red emitting
% ;O lCI:T tl’ar::SIthC;nS thavel beteQ Itakenl g.dva]g’;alge Ofl f_ct>r theLemkés fluorophores (named after their initial discové®er
evt()a ZE,”;‘E” 3 bgnc |ona+érrzsa e.rtlr;a S, Inclu tlng_ h tor p_o 3” y q% based on an dicyanoisophorone motif, as solid state luminescent
ﬁro € an T;]osens?l V\a one or Vyohp 0(:|n "l]_ uceh.l_ materials®® Beside their solid-state fluorescence, another
buorescenc;et.h . este dugrop grest Zre Ilr)] erf)n ywomlﬁop IIC’spectroscopic property raised our interest: whereas these red
ecause of ftheir extended conjugated carbon bac s, fluorophores were hardly emitting in low-polarity solvents, like
toluene, we noticed that their fluorescence QY gradually

s major efforts have been put on the improvement of their
solubility.in biological media and tbeir biocompatibility. In that65 increased upon increasing solvent polarity. We felt that this
context, it has been shown by Mullen and coll. that condolle articular feature could be taken advantage of in the context of
g;%\’r\gh hc?rfe ;ast:r-sha_peld lpol;}:fmer. shell éaé;gu&d a CentraEio-imaging applications which require probes that feature strong
P partlcu arly € ect|ye .strat - MOTeOver, emission intensity in physiological fluids, preferentially in the
3s we have recently given a proof of principle that such Strucwre%iological transparency windod: 3 We must underline that

were valuable candidates for the vectorization of two'phOt%r]although Lemkes type chromophores have been extensively

fluorophores into cells’ We showed that the resulting structures investigated in the context of second order nonlinear dptics

showed goode-very-good conservation of theiwo-photon second harmonic generatiSrand electro-optic modulatidh®®),
brightness in aqueous medium, with emission wavelengths up tq . . . -
eir luminescence properties have surprisingly been only

40570 nm. This result was however not fully optimal forvivo . . .
. . L . e . sparingly studied and mostig the solid state, these compounds
two-photon imaging applications, since it is desirable that the A7, 38

. . . . . being considered essentially non emissive in solutfd
probe features maximal fluorescence in the biological Wlntlte)w,75 h g in th y he full dv of the fi
at a wavelength betwe&©0-1000 N2 Thus, in the present paper, we report the full study of the first

. o example of a water soluble Lemke’s chromophore oligomerised
In this range of wavelengths, it is well documented that the P P g

o . derivative {em-PHEA) and of its precursoiLém-In). We show
s fluorescence  efficiency of strongly solvatochromic ICT

. . . for the first time that both compounds display unusually stron
chromophores is generally decreased. This can be explained on P pay y 9
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polarity induced enhancements of their luminescence QY along B, R Was
with significant red-shift of their emission, to obgin the case of oH o o osok - o
Lem-PHEA, 0.25 at 674 nm in water. Moreover, based omoxé H"xg olﬁﬂo go

N o o]

theoretical calculations we suggest a possible explanation

s 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 fan vivo two-photon imaging of the cerebral Lom-OH Lom-in Lom-PHEA
vascular in the biological transparency window.

Scheme 1. Synthetic pathway ; reagents and conditions: (i) 2-
: ; bromoisobutyril bromide (3 eq.), Pyridine / THF 1:1, RT, 1H (ii) CuBr
w0 Results and discussion (leq.), bipyridine (2 eq.), 2-hydroxyethylacrylate (HEA) /THF (1 : 1),

Synthesis 85°C, 20 min

Oligomerized compountdem-PHEA was synthesized following solvents that were chosen to cover the largest possible range of
the general methodology introduced in a previous pamerd polarity, viscosities, and protic or non-protic character.
depicted in Scheme 1. In a first step, a bromoisobutyryl moietyAbsorption and fluorescence emission spectra of both compounds
15 which is classically used as a polymerization initiator in RTR Were systematically recorded. Quantum yields (QY) were
synthesis, was introduced through a simple, high yieldingcalculated from integration of the fluorescence intensity at
esterification procedure on the two terminal hydroxyl groups ofvarious —concentrations and comparison to a standard
Lem-OH precursor (which was itself obtained by well- (erythrosine). Absorption and emission curves are reported in
established literature procedures). The resulting compduemd, ~ Figure 1 whereas the main spectroscopic values are listed in
20 In, was then involved in an ATRP polymerisation procedure with Table 1.
(hydroxyethyl)acrylate (HEA) used as a monomer, a Cu(ll)/bigy
catalyst, and THF as a co-solvent for the reaction. This procedurEirst of all, for both compounds, broad, structureless emission
allowed to obtain an oligomerized object with precise controlbands were observed in all solvents of the study, which confirms
over chain length cg@ 10-12 monomer unit on each arm, as the ICT character of the emission. The tendency observed
2s calculated fromtH NMR integrations) as evidenced byt NMR qualitatively in our previous report (see Introduction) was fully
and GPC (Figures S8)lem-PHEA and its precursorsem-OH 7 verified for both objects: uporincreasing solvent’s polarity
and Lem-In were further characterized by and *C NMR (according td_ippert’s polarity scale) from toluene to DMSO for
(Figure S7) IR, UV-vis and fluorescence spectroscopy (seelLem-In and from dioxane to water fluem-PHEA, a significant
experimental for details). red-shift of the emission energy was observed (positive
30 solvatochromism), which was accompanied with a marked
7s increase of fluorescence QY (negative solvatokinetic) along with

Linear spectroscopy: experiments . - o
progressive narrowing of the emission band. A plot of the

Spectroscoig  measurements

e toluene == == dichloromethane
were next undertaken on the  |Lem-n T o ) Lem-PHEA?
. . g . NN 000 eseses di
polymeric Lem-PHEA and its — — dichloromethane }/}/ AN oxane
3 K
35 precursor Lem-In. As £ o8 — . octanol gos 2 = = tetrahydrofuran
. . . . el © <
mentioned in introduction, § o tevahydrofuran £ 3 - == acetonitrle
. . < Y —— itri @ 0,
solution luminescence 3 acetontrle ® — - methanol
. S — - - methanol E
spectroscopy of this class of3 o4 1 _  Soa v _
1S3 == dimethylsulfoxide @ dimethylsulfoxide
chromophores had never beens 5.,
wthe object of systematic, ="
detailed investigations in 0 0 : : : ‘ ——
. . . 380 430 480 530 580 630 680 380 430 480 530 580 630 680
previous literature Thus, this Wavelength (nm) Wavelength (nm)
study was mainly aiming at Lem-| ——toluene = =dichloromethane
. . . m-in
elucidating some of the relation L€ v SRS dioxane ; | Lem-PHEA e o
4 that exists between the solvent TN, — — dichloromethane Ry
I 08 - FEY 5 T 3 S\ 08 LV = = tetrahydrofuran
dependent emission energy of H I',;z, o _‘“?,‘!A}. — - octanol : i '.;- [ - |
s X <Al s S j === acetonitrile
the fluorophore and other key = o | YR -".\S‘\\, === tevshydroturan 5 N
spectroscopic parameters of thed ol OWERY e B Pl o metheno
- Doy A — ;
later (spectral bandwith, & 4 ' ’/ﬂ I’l/ z — - - methanol E 04 \ dimethylsulfoxide
. [ . " . . © 1
so fluorescence quantum vyield, £ LR/ N gmavbulfoxide £
Stokes shift...), in order to§ ] :/;:7' 202
better understand the origin of = o sefeedaes” : : : — o
its polarity induced emission e 500 550 60 650 700 750 800
Wavelength (nm) Wavelength (nm)

To this end’l‘em'_ln ‘f_’md I_‘em- Figure 1. Normalized absorption (top) and emission (bottom) spectra of Lem-In (left column) and Lem-PHEA
ss PHEA were studied in different (right column) in the solvents of the study
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Tablel Relevant spectroscopic data

Solvent  Af hmax(NM)  Aem(nM) AT (M) Avyp o (nsf € GrrA
(cm) M*tcm') (GM)
Lem-in toluene 0.013 474 602 4490 3300 0.008 <0.1 27900 -
dioxane 0.02 474 606 4600 3080 0.016 0.13 - -
CHLCl, 0.21 482 630 4870 2550 0.025 0.2 28200 530
CHCls 0.14 482 633 4950 2520 0.016 0.24 - -
TFH 0.21 486 637 4877 2440 0.04 0.3 - -
octanol  0.22 485 646 5140 2412 0.045 0.66 - -
AcCN  0.305 484 661 5530 2050 0.07 0.5 - -
MeOH 0.31 484 664 5600 2045 0.1 0.7 - -
DMSO 0.26 508 680 4979 1940 0.3 13 30200 -
Lem-PHEA dioxane 0.02 478 630 5050 2920 0.049 0.48 - -
CHCl, 0.21 490 640 4780 2400 0.045 0.58 - -
CHCl; 0.14 494 642 4670 2680 0.032 0.53 - -
TFH 0.21 486 652 5240 2562 0.083 0.65 - -
AcCN  0.305 483 668 5730 2080 0.12 0.67 - -
MeOH 0.31 494 670 5317 1980 0.14 0.86 - -
DMSO 0.26 500 678 5250 2050 0.26 1.34 - -
HO 0.32 510 676 4810 1930 0.22 1.14 21000 440

al/hex = 488 nm, reference is erythrosine in Me@k{=0.09), error margin + 5% hex= 490 nm, error margin + 5%

3400 v a ]
R2=0,9572 " O La o
3200 P L
T 3000 S . -0 _
E _,,[ﬂ Pt e 1 -
= 2800 . =
= § g ¢ R=09751 £ oz 4
‘= 2600 o P OLem-In T ' O Llem-In
= e = _ R?=0,9633
= 2400 o0 OLem-PHEA y 08 5 O Lem-PHEA
- =
2200 i g o0a-
o -~ o
o.Hdo =
2000 : = 02
ogi A Z &
1800 - 0 R . . . :
14500 15000 15500 16000 16500 17000 0 0.1 0.2 0,3 0.4
2 -1
emission energy (cm™) fluorescence QY
Figure 3. Plot of fluorescence quantum yield vs excited state lifetime
Figure 2. Plot of emission band-width vs energy at the maximum of the ((as found in the solvatochromic study, Table 1); data in the blue frame
emission (as found in the solvatochromic study, Table 1). Linearization correspond to fluorescence lifetime <0.3 ns, which corresponds to the
were performed independently for data obtained with Lem-In (dashed lower limit of the detector, hence cannot be considered meaningful.
line) and Lem-PHEA (dotted line) Linear regression was performed on the joint data for Lem-In and
Lem-PHEA

emission bandwidtlversusemission energy clearly reveals, for L
Lem-In andLem-PHEA, a close to linear dependence betwees parameters of the molecule, like its dipolar moment at the ground
' Kg) and excited i) states and the electronic reorganisation

those two parameters, with a bandwidth that narrows upo o . "
P ' P change in dipole momentcr) that accompanies the transition

decreasing emission ener Figure 2). Meanwhile, the ban .
9 gy (Fig ). Me ’ etween the ground and excited stAfed! These parameters
s shape becomes more symmetric as the emission energy decreases

were thus investigated fdrem-In andLem-PHEA. In the case

water and DMSO). Interestingly, this tendency is absoluteﬁ/lgf Lem-In, absorption and emission energies as well as Stokes
similar for Lem-PH.EA and its p;recurson_em-ln Such an shift values showed a clear tendency to increase upon increasing
evolution, which will be further commented in thé following, is ;olvent polarity (positive solvatochromisrtf)ereby indicgting an

1o opposed to what is classically observed for ICT fluorophoresmcreased dipole moment at the excited state. This is consistent
exhibiing positive solvatochromism: fhe emission band with what had been observed for related chromophores in our

. . B 9 . .
generally tends to become more broadened and structureless gewous contributiod? The trend could be fitted with an

o . agceptable correlation factor to Lippert-Mataga polarity $t4fe
solvent polarity increases, as a consequence of increas ) . . .
. . . , (Figure S1) which allowed us to estimate dipole moments of
interactions with the solvent.

15 Changes in emission energy and dependence of the Stokes shiH"se chromophore at its ground and excited statagf10.5 D

. . . nd pue= 24.5D , respectivelyand a change in dipole moment
values on solvent polarity are important features in the context o N -

. .35 uct=13.5 D. The situation is however not so straightforward to
ICT chromophores, since both parameters can be used in the . . .

. . . 39 . analyze forLem-PHEA, since the polarity environment of the
engineering of polarity probés®® On a more fundamental point S )
. . . . chromophore is in this case not only determined by the nature of

of view, their stug allows determining some important

This journal is © The Royal Society of Chemistry [year] Journal Name, [year], [vol], 00-00 | 3



035 - evolution is correlated with a significant sharpening bé t

40 €
0,3 | O (0]
S

mission band. This is indicative that the vibronic contributions
r the nature of the potential energy surfaces which result in the
houlder of the emission band in low-polarity solvents (see

0,25 - toluene), tend to vanish in polar ones (see DMSO). These

O Lem-In

=]
[N
L

=

=

n
L

a

=]
i
L

Fluorescence quantum yield
o
o
wu
.

0 T T T T T 1
14000 14500 15000 15500 16000 16500 17000
emission energy (cm™) b

55d

O changes also translate into the increasadnradiative
R2=0.9214 as contribution to the ES decay observed in non-polar solvents

(Figure S3). This point will be further discussed e nhext

O Lem-PHEA section of this article. As a resuliem-In andLem-PHEA show

strongly negative solvatokinetige their largest luminescence

intensity was obtained in the most polar solvents of the study
s0 (DMSO for Lem-In, DMSO and water folem-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

onding or solvent viscosity. On the one hand, hydrogen-bond
onor solvents, such as octanol, methanol and water perfectly

Figure 4. Plot of fluorescence quantum yield vs emission energy (as follow the overall trend, and do not show any remarkable

found in the solvatochromic study, Table 1). Exponential fit was b

ehaviour. On the other hand, solvents of close polarity, but of

performed on the joint data for Lem-In and Lem-PHEA very different viscosities such as TH&a(n=0.5 cP) and octanol

the solvent, but by a more subtle interplay between
chromophore/solvent ~ and  chromophore/polymer
interactions. Indeed, it had been already established in oup
previous contribution devoted to alike water-soluble polymerize
chromophores that the polymer chain adopts different folding P
and orientations around the chromophore depending on the natulJ
of the solvent. Thus, we were unable to identify a clear trend
Stokes shift and emission band position fem-PHEA (Figure L
S1). T
10 Excited state lifetimes were also investigated for both systems in

&

linear dependence of fluorescence quantum yield on excited sta%

lifetime could be noticed. The trend was so alike for botfi
compounds that their data were fitted jointly (Figure 3). These
15 data allowed us to calculate radiative) @nd non-radiative (§
kinetic constants for excited state decay (Figure S3): although K
slightly increases with solvent polarity, it remains in a
comparable range in every solvent (0.8 - 1.9 %s1'0. In striking
contrast, it can be noticed that a variation of more than one order
20 0f magnitude is observed for, k(1 x10° to 7 x 1§ s?). a
Altogether, this constitutes an unambiguous evidence that

E

connected to modifications in the non-radiative excited state
decay kinetic which decreases as polarity increases.

L. .. . £ "CN
variations of the fluorescence quantum efficiency are mainly —" \R‘/‘\‘/)
L‘\J\

25 An even more peculiar spectroscopic behaviour of thesec/ _d/

fluorophores was detected when plotting the evolution of the
luminescence quantum efficiency (Figure 4) or alternativel
effective. In Table S-1 in SI, we compare the XRD and DFT bor
lengths fluorescence lifetime (see Figure $2)susemission

30 energy. Whereas the energy gap law predicts an exponen
increase of non-radiative excited state decay kinetics ai
therefore an exponential decrease of the quantum efficieney ug
red-shift of the luminescené® the observed evolution for our
dyes seems to follow a fully reverse trend. Indeed, the da

Intensity (a.u.)

3!

@

(ca n=9 cP) show similar results in terms of fluorescence
Ch(,jﬁ;f;]efﬁciency of the probes. An interesting consequence for

iophotonic related applications is that, in contrast to most

dexisting fluorescent bio-probes and polarity sendoem-PHEA

resents a luminescence that is turned on in a polar environment

ge blood or physiological fluid. This can be a very favourable
spfeature for angiographic applications as we will discuss latter.

inear spectroscopy : theoretical calculations

0 obtain further insights regarding the nature of the excited-

the same range of solvents as for QY measurements. A nea%:[ates, and to assess the origin of the experimentally observed

olarity induced fluorescence Time-Dependent Density
unctional Theory (TD-DFT) calculations have been performed

on a model compound, referred to hem (Figure 5a, see

xperimental Section for computational details). First,

calculations were carried out with the least polar solvent, namely
toluene, for which the selected continuum solvation model, which
7s does not account for any specific solute-solvent interaction(s),

b/

- NG
jN - \/‘\‘
L/

Intensity (a.u.)

e Al

A
Wavelength (nm)

550

Wavelength (nm)

Figure 5: Left (a) Model compound (Lem) used for calculations (b)

obtained for both.em-In andLem-PHEA could be jointly fitted density difference plot computed in toluene: red (blue) zones correspond

with satisfactory accuracyzér 0.921) to an inverse model, with ~ t© increase (decrease) of density upon photon absorption (isovalue: 6x10°

an exponential increase of fluorescence lifetime and quantu
efficiency upon luminescence red-shift. As mentioned before, th

*a.u. (c) stick and convoluted vibrationally resolved absorption spectra
in toluene.(d) stick and convoluted vibrationally resolved emission
spectra in toluene.

4 | Journal Name, [year], [vol], 00—00
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—GS(Toleq) 40 DMSO, the BLA is slightly smaller to the one computed in the
) ——lif%;'l\»lflj{.cq) apolar environment for the ground-state (0.056 A in DMSO
o D ey ) versus0.061 A in toluene), the reverse holding for the excited-
> 30 - state (0.034 A in DMSQrersus0.028 A in toluene). Therefore
2 5% ": =T % :‘~~‘ the GS/ES variation of the main geometrical parameters related to
S} > "'_,' N \\\‘ i 45 optical properties is smaller in DMSO than in toluene. However,
§ 201" B the increase of dipole moment upon absorption (+13.5 D)
o significantly exceeds the toluene valddoreover, we computed
9 a FWHM of 3094 crit for the fluorescence in DMSO, which is
= 10 almost unchanged from toluene. This clearly departs from
E 05 so experimental trends (1800 &M Likewise, the fluorescence band

is slightly asymmetric in the calculations (Figure),Séhich also

contrasts with the measurements. To estimate the importance of
-0-3'0 300 600 900 1200 1500 180.0 the non-radiative path, we determined the Huang-Rhys (HR)
Angle ¢ factors, following the procedure of Pergal:** We found that

&€ % ss the HR factor decreases from toluene to DMSO. This indicates

Figure 6: Evolution of the relative energies of the GS and ES of that non-radiative paths are .|(T)SS effective ,m the latter and

Lem in toluene and DMSO, for twist around ¢». therefore that fluorescence efficiency should increase. Although

this result is in qualitative agreement with our experimental

should be very measured along theonjugated path. As can be observations, the calculated effect (-5%) appears significantly too

seen, there is a very good agreement betweén theory gqn%nall to fully account for the dramatic experimental varigtion

experiment for both absolute distances (MAD < 0.01 A) as welWhich led us to envision other hypothesEse theory/experiment
as the bond length alternation (BLA), which confirms the dlfferenges mlg_ht be__gscrlbdmil) agg_regatl_on, i) SpEC!fIC solute-

s accuracy of the selected level of theory. Moving from the groundsolvent |ntera(?t|ons iif) anharmonicity or iv) change in the qature
to the lowestlying excited state (which is the only state of the potential energy surface that are not included in the
accessible in this range of energy, as confirmed by 0earprevious model. The two first factors can be reasonably excluded:
calculations) induces a strong decrease of the BLA (-0.033 A)On the one hand, aggregatlon can be aImpst fully dlscammo
which is characteristic of a more delocalized excited-state, a?as's of concentration-dependence stud|e§ on the absorption gnd

10 expected. In the same vein, the density-difference plot (FiguréIuorescence spectra; on the qther hand, S'mP'e hydrogen-bondmg
5b) clearly confirms a strong CT character from the diethylaminoCan be_ruled out on the basis of our gxper!memme(supra.
side to the cyano groups, with a significant electroni@ Interestingly, the third factor (anharmonicity) is known to induce
reorganization on the connecting bridge. The ICT distance,Signiﬁc""nt dgviation from the standarq energy-gap law, which
estimated as the separation between the barycenters of electrSRUId potentially account for t.he expenmentglly observed trend

1s density gain/loss, reaches 3.75 A and is accompanied by a stroiﬂr the fluorescence Q¥ Rotation Of_ the terminal groups at the
enlargement of the dipole moment (+11.8 D) upon electronic S could also account for the experimental trends (fourth factor)
transition, a trend that is in remarkable agreement with tﬁ,elnterestingly, investigations on this parameter revealed significant
experiment (see above). The vibrationally resolved absorptiorgual't_at've differences be.tween tpluene and DMS_O (F|gure§ S4-
and emission spectra can be found in Figures 5c and 5055 Figure §. Indeed, while rotation around the dimethylamino

20 respectively. For absorption, one computes a maximum at 45§10|ety does not yield new minima on both GS and ES surfaces,

nm, which is close to the experimental spot (474 nm). Thethe rotation around the dicyanovinylene group (argleFigure

theoretical FWHM is 3610 cihfor the absorption band. Apart® S4) yields a twisted .minimum (9'O°) of the ES in toluene, that is
from low-frequency vibrations close to the 0-0 point, the wafth absent from the ES in DMSO (Figure 6). Consequently, the ES of

0.0

the absorption bandan be explained by a series of vibronic Wavelength TPA (nm)
25 couplings in the 430-445 nm domain. They imply to a complex o B L N .
mix of modes, but the strongest contributions correspond tc 30000

intense stretching modes related to the alteration of the
single/double bond nature along the conjugated skeleton. Fc
instance, an effective conjugation coordinate (ECC) mode a

20 1607 cnt (in the ES) located on the central vinylic moiesy i
responsible for the most intense peak close to 430 nm
Consistently with measurements, the fluorescence band is als
asymmetric, and presents a FWHM of 2859 'crvhich is
slightly above the experimental reference (3300 csee Table

s 1). However, the computed position of,, is 482 nm,
significantly off the experiment (602 nm): the TD-DFT Stokes 0 - o o =
shift is clearly too small. In short, despite an undershot Stoke: Wavelength OPA (nm)
shift, theory reproduces nicely the band shapes in toluene. W Figure 7. One-(full) and two-photon (full with marks) absorption spectra
have also simulated the same data in DMSO (Figure S6). |  of Lem-In in dichloromethane (black) and Lem-PHEA in water (red)

25000 4
200004
15000
10000 -

5000 >

Molar extinction coefficient (L.mol-1.cm-1)
two-photon absorption cross section (G.M.)
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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 mimimat
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 intersectifhthat would
offer a supplementary non-radiative
pathwayin 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
atthe ES.

> 2000

= ROI1
ROI 2

stack (a.u.

¥ 1000 §

VE,_»_ 57_ __\i_f_i

Sum fluorescence
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0 10 20 30 40 50 60
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Figure 8 Functional cerebral vasculature in motor cortex of a 6 months old CD1 mouse at

Two-photon absorption different times after i.v. injection of Lem-PHEA. 7a) Lateral view of the 3D-reconstruction of a z-
stack until a depth of 520 um at 5 min after i.v. injection of Lem-PHEA showing the plunging
Two-photon absorption properties loém- arteries and draining veins. 7b) Z-projections of the sum of fluorescence intensities at 10,20,30,40

PHEA in water were evaluated and >0 and 60 min after injection. 7c) A Z-projection of the sum of the intensities at 10 min showing

compared with those of s precurdem- 1" RO11L &2 0rImEI: e bl T o abs of e HEA 1 e pond

Inin dichloromethane, in order t0 ijeans of fluorescence intensities in the ROI (z-projection of the sum of the intensities) with their

determine whether our strategy also standard deviations (bars): results curve fitting (GraphPad Prism version 3.02, GraphPad

allowed an adequate conservation of this Software, Inc, La Jolla, CA, USA)): ROI 1=K = 0.06429, half-life time = 10.78 min, R*=0.993,

parameter. Two-photon absorption cross- Fit data ROI 2 = K = 0.06472, half-life time = 10.71 min, R* = 0.990. Scale bar = 50 um.

sections ¢pa) Were measured using two-

photon induced fluorescence experiments (see material anfissues, which resulted in a maximal observation depth of 520 pm

methods section for details). The results are reported in figure 7n the adult mouse brain (Figure)@t normal laser power fan

along with the linear absorption spectiem-In andLem-PHEA 4 vivo experiments: maximum 50 mW at the entrance of the

in corresponding solvents. From these experiments, it is clear thajbjective.

only a slight decrease ofrpa OcCcurs betweeniem-In in In a time series experiment, the half-life timelLem-PHEA in

dichloromethane andlem-PHEA in water, which is found to the blood plasma was estimated in the order of 11 min (see Figure

reflect the evolution their respective linear molar extinction 8b-d). The clearance of the dye by the kidneys started alréady a

coefficient. This demonstrates thaem-PHEA, with acrpa = 6 30 min after injection (Figure 18a). At this time the dye is

440 GM and a maximal two photon brightnessecf.¢;) of about observed in collecting tubules of the kidney and after twashou

100 GM, is unarguably a valuable candidate for the targeto dye was detected in the renal vascular compartment (Figure

application. S10b-c). In the liver, Lem-PHEA stayed in the vascular
compartment and was not found in hepatic cells for at least 2

70 hours after injection (Figurel®d). Thus renal clearance bém-

In order to evaluate its potential as bio-markenn-PHEA was ~ pPHEA is most probably preferred over liver metabolism of the

used in TPLSM of the functional cerebral vasculature in thedye Such a fast renal clearance precludes its use for intravital

motor cortex of mice brain, see materials and methods section. Agiicroscopy studies of blood physiological phenomena exceeding

it could be anticipated from the emission spectrum of the probe in. hour. On the other hand, it constitutes a very positive result

water, its fluorescence emission intensity in vivo was higher ifwith regard to long-term toxicity of the compouindvivo. In the

the NIR region in comparison to the red region (Figuref@9%n  future, it could be envisioned to extehdm-PHEA circulation

excitation WaVeIength of 950 nm. At this excitation Wa.VeIength time by enhancing po|ymer chains |ength, as a|ready illustrated
no background endo-fluorescence of tissues was detected. in the past for related systefffs.

After intravenous (i.v.) injection Lem-PHEA circulated freely

in the blood plasma with no adhesion to the vessel wall (Figu'r%xperimental

8a), This is important for, i) longitudinal imaging of the blood )

circulation, and i) decreased long-term vascular toxiciige ¢ Materials and methods
red/NIR fluorescent emissioim vivo is less diffused by brain  Synthesis

In vivo two-photon microscopy
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All solvents were used as received from the supplier. 2-than 0.1 using the relative method based on following equation:
bromoisobutyryl bromide and bipyridine are commercially Qx/Qr = [Ar(L)/AX(L)][Nx3/nr?|[Dx/Dr]

available and used as received from the suppliers. Copper (Where A is the absorbance at the excitation wavelengtm (the
bromide (Aldrich, 98%) was suspended in glacial acetic acid efractive index and D the integrated luminescence intensity. “r”
filtered and washed with acetic acid then thoroughly rinsed withand “x” stand for reference and sample. Here, reference is
ethanol . After extensive drying under vacuum it was stored aerythrosine in MeOH (Qr = 0.45) at 488 nm. Excitation of
4°C under argon. Hydroxyethylacrylate (HEA) was passeereference and sample compounds was performed at the same

through a short pad of alumina prior to ugg)-2,2’-(4-(2-(3- wavelength. The TPA cross-section spectra were obtained by
Dicyanomethyler)-5,5-dimethylcyclohex-1- two-photon excited fluorescence measurement of dilute
enyl)(vinyl)phenylazanediyl)bis(ethane)bis(ethane-2,1- dichloromethane solutions of the compound using a Ti:sapphire

diyl)diacetate was synthesized according to previouly reportedemtosecond laser in the range 700-900 nm. The excitatiam be
literature methodologies®® Column Chromatographies were (5 mm diameter) was focalized with a lens (focal length 10 cm) at
performed on Merck Gerduran 60 (40-48). NMR spectra’d, the middle of the fluorescence cell (10 mm). The fluorescence,
13C) of the monomers and polymers were recorded at roontollected at 90° to the excitation beam, was focused into an
temperature on a BRUKER 200 AVANCE and BRUKER 500 optical fiber (diameter 60@m) connected to an Ocean Optics
respectively. Data are listed in parts per million (ppm) and areS2000 spectrometer. The incident beam intensity was adjusted to
reported relative to tetramethylsilankH( *C), residual solvent 7s 50 mW in order to ensure an intensity-squared dependence of the
peaks being used as internal standard. FTIR spectra (ATR) werduorescence over the whole spectral range. The detector
performed on solid samples using a JASCO FT/IR 4100integration time was fixed to 1 s. Calibration of the spectra was
spectrometer equipped with a JASCO ATR PRO450-S ATRperformed by comparison with the published 700-900 nm
module. HRMS measurements were performed by ESI-TOF: a&oumarin-307 and fluorescein two photon absorption sp&ctra.
Bruker Daltonics ® Micro TOF-Q Il was used with a resolutiosm The measurements were done at room temperature in
of 8000, in positive mode with a capillary tension of 4500V, a dichloromethane and at a concentration 6f #610° M.
source temperature of 180°C, and a cone tension of 60V. The
internal reference used for calibration was sodium formate.Calculations
Elemental analyses were performed on a Flash EA1112 CHNS/@D-DFT was used to probe the nature of the excited-states of the
Thermo Electron micro-analyzer. Polymers were analyzed by sizéem dyes where the only structural simplification was the use of
exclusion chromatography (SEC) in DMF (+ LiBr, 1 g)lat 60  NEt, donating group (see Figure 6). We have applied a
°C, at a flow rate of 0.8 mL-mitand at a concentration close to 6 computational protocol similar to the one applied in a recent
mg-mL?* after filtration through 0.2 um pore size membrane. Thebenchmark papé&tand we redirect the interested reader to this
steric exclusion was carried out on two PSS GRAM 1000 Acontribution for further technical details and discussion. The
columns (8x 300 mm; separation limits: 1 to 1000 kg-fHohnd e ground and excited-state structures have been optimized using
one PSS GRAM 30 A (& 300 mm; separation limits: 0.1 to 10 analytic DFT and TD-DFT gradients, respectively. These force
kg-mol') coupled with a differential refractive index (RI) minimizations have been performed until the residual mean
detector, a viscosimeter (Viscotek, Dual 250) and a lightsquare force is smaller than 1x18.u. The harmonic vibrational
scattering (LS) detector (MiniDawn from Wyatt Technology, frequencies of both states have been computed on the optimal
laser L = 690 nm at 90°, 45° and 135°). The polydispersity s geometries using analytic and numerical differentiation for GS
indexes (PDI =M,,/M,) of the samples were derived from the Rl and ES, respectively. This allowed to ascertain the nature of the
signal by a calibration curve based on PMMA standards (Polymeminima but also to determine vibronic couplings. The
Standards Service). The number-average molar ndgswere vibrationally  resolved spectra -within the  harmonic
calculated from RI signals with the OmniSEC 4.6 software. approximation- were computed using the FCclasses pragraim
Polymer size (Mn) was also calculated with spectroscopy, by 100 The reported spectra have been simulated at 298K using a
comparison of the integration values found for the methyl end-convoluting Gaussian functions presenting a full width at half-
groups of the initiator (signal “a” of the polymer, SI), and for the maximum (fwhm) of 0.06 eV. A maximal number of 25
side chain hydroxyethyl group (signals “d” and “e” of the overtones for each mode and 20 combination bands on aach p
polymer, S). of modes were included in the calculation. The maximum number
Spectroscopy 105 of integrals to be computed for each class was set tc® 1ki1.6ur
UV-Visible spectra were recorded withJasco 670 UV-Visible calculations, the electrostatic interactions between the dye and the
spectrophotometer. The luminescence spectra were measur&fivironment have been modelled thanks to the PCM model that
using a Horiba-Jobin Yvon Fluorolog-3® spectrofluorimeter. The restores valid solvent effect, as long as no specific solute-solvent
steady-state luminescence was excited by the unpolarised lighteractions take placéThe adiabatic energies and consequently
from a 450W xenon CW lamp and detected at an angle of 90°:fothe position of both absorption and fluorescence maxima in
diluted solution measurements (10 mm quartz cuvette) by a reavibrationally resolved spectra have been evaluated using the
sensitive Hamamatsu R928 photomultiplier tube. Spectra werétate-specific (SS) PCM model that allows to correctly polarize
reference corrected for both the excitation source light intensitthe excited-state cavit§ Again, we redirect the interested reader
variation (lamp and grating) and the emission spectral respons® Ref. ** for a detailed discussion on the procedure used to
(detector and grating). Fluorescence quantum yields Q werdgletermine the adiabatic point. All our calculations have been
measured in diluted water solutions with an optical density lowerPerformed with the Gaussian 09.A02 prograusing the CAM-
B3LYP functional® and the 631+G(d) atomic basis set that are

This journal is © The Royal Society of Chemistry [year] Journal Name, [year], [vol], 00-00 | 7
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known to be a valuable combination for TD-DFT calculatitns.so *H NMR (ds-DMSO): 8(ppm) 7.37(d, J=9 Hz, 2H), 6.99m, 2H),
The ICT parameters have been computed using a recentl§.53 (m, 3H), 4.61(b, 2H)3.33m, 8H), 2.35m, 4H), 0.81(s, 6H).

proposed density-based model. 13C NMR (d-DMSO): 8(ppm)170.3, 158.0, 150.2, 139.2, 130.5,
124.2, 123.5, 120.5, 115.1, 114.3, 112.1, 58.65,5&.8, 38.9,
In-vivo two-photon microscopy 32.1, 28.0. Anal.Calcd for &gH,7N;0,+H,0: C, 69.85; H, 7.39;

In accordance with the policy of Grenoble Institute of N, 10.62. Found: C, 69.51; H, 6.83; N, 10.43. HRSM (ES): [M+
Neuroscience (GIN) and the French legislation, experiments wer@la]* 400.1988 (calcd 400.1995)

done in compliance with the European Community Council

Directive of November 24, 1986 (86/609/EEC). The researchLemin

involving animals was authorized by the Direction Lem-OH (200mg, 0.53mmol) was dissolved in 5mL of THF and
Départementale des Services Vétérinaires de 1’Isére — Ministére 70 130uL of pyridine (1.65mmol). To the resulting reddish solution
de I’Agriculture et de la Péche, France and the Direction were added dropwise 27 of bromoisobutyryl bromide
Départementale de la protection des populations - Préfecture d®&00mg, 2.2 mmol), and the solution was stirred at room
I’Isére-France (F. Appaix, PhD, permit number 38 09 39). All temperature for 1 hour. Then dichloromethane (10mL) was
efforts were made to minimize the number of mice used and theiadded, and the solution was extracted with 20 mL of 0,1M HCI.
suffering during the experimental procedure. CD1 Mice wereThe organic layed was dried, and solvents were removed under
housed in cages with food and watad libitum in a 12 h reduced pressure. The residue (single spot on TLC) was purified
light/dark cycle at 22 + 1 °C. by column chromatography on silica gel (&), and a reddish

For in vivo TPLSM, 6 months old CD1 mice (n=4) were solid was obtained (190 mg, 56%)

anesthetized using isoflurane (5% for induction and 1-2% duringH NMR(CDCL): &(ppm) 7.42 (d, J=7.5 Hz, 2H), 7.00 (d,
experiments) in a 70% air, 30%, @as mixture. Their body s J=16Hz, 1H), 6.78 (m, 4H), 4.32@#=6Hz, 4H), 3.75 (tJ=6Hz,
temperature was monitored with a rectal probe and maintained atH), 2.52 (s, 2H), 2.42 (s, 2H), 1.87 (s, 12H), 1.04 (s, 6H) . 13C
36°C using a heating blanket. A catheter (NedftrBD, USA) NMR (CDCL): 8(ppm)171.3, 169.2, 155.0, 148.5, 137.5, 129.6,

was inserted in the tail vein for an intravenous (iv) injection of 125.1, 124.7, 121.8, 114.0, 113.2, 112.3, 62.94,5%0.1, 42.9,

0.1 ml Lem-PHEA solution at a concentration of 4 mg/ml just 39.2, 31.9, 30.7, 28.0. Anal.Calcd fog;83,N30,Br,: C, 55.12;
before the imaging experiments. For the two-photon imaging ®fH, 5.52; N, 6.22. Found: C, 55.36; H, 5.77; N, 5.71. HRSM (ES):
the cerebral vasculature, a craniotomy of 2-3 mm in diameter wafM+ H]*674.1219 (calcd 674.1224)

performed with a surgical drill above the motor cortex and filled

with ultrasound gel. (The head was fixed in a homebuilt Lem-PHEA

stereotactic frame.) Lem-In (45 mg, 0.066 mmol), CuBr (26 mg, 0.135 mmol), and
Two-photon microscopy was performed using a LSM 7 MR 2,2’-bipyridine (42 mg, 2.68 mmol) were dissolved in a mixture
(Zeiss, Germany) equipped with a 20x water-immersion objectivedf THF (ImL) and HEA (1mL, 7.7 mmol). Argon was bubbled
(NA 1.0; Zeiss) and ZEN 2010 software. Laser excitation at 950for 15 minutes, the tube was sealed, and the resulting reddish
nm was done with a Ti:Sapphire laser system (Chameleon Ultrgolution was stirred for 17 minutes at 85°C. Then, the solution
II; Coherent, UK). Red Fluorescence light emission was collectedvas cooled rapidly by immersion in liquid nitrogen for 15
in the epifluorescence configuration using a non-descanre@econds, the tube was opened, its content was diluted in ca 10
photomultiplier tube with a 617/73 nm filter (Semrock, US). mL of MilliQ water, put in a dialysis bag (MWCO = 1000 Da)
Most two-photon images were acquired as z-stacks with 2nd dialized against a large volume of MilliQ water (which was
maximum number of 257 images using the motorized objectiveeplaced at regular intervals) for 2 days. The resulting reddish
with a minimal step of 2 pm between the different x-y planessolution was lpphlized yielding 120 mg of a fibrous solid.

(512 x 512 pixels, 607.28 |An resulting in a maximum w0 'H NMR(CD;OD): §(ppm) 7.5-6.75 (m, 7H) , 4.13 (b, =40H),
observation depth of 520 pum in the motor cortex of an adul3.73 (b, =40H), 2.38 (b, =20H), 1.75 (b, =40H) 1.10 (s, 6H), 1.04
mouse. The reconstruction of z-projections: sum of fluorescencés, 12H) . *C NMR (CD,OD): &(ppm) 177.5, 175.3, 173.2,
intensities of all focal planes in a z-stack, or generation of 3D169.2, 156.5, 149.5, 138.6, 129.7, 124.7, 124.%.812113.9,

images were performed with ImageJ softwre 113.2, 111.3, 66.0, 62.0, 59.7, 53.5, 48.1, 42165,438.7, 34.6,
Syntheses 10 31.6, 31.0, 27.6, 26.9. GPC Mn= 4737 NiAn= 2.08
Lem-OH

(E)-2,2°-(4-(2-(3-Dicyanomethylene)-5,5-dimethylcyclohex-1- Conclusions
enyl)-(vinyl)phenylazanediyl)-bis(ethane)bis(ethane-2,1- _ _

diyl)diacetate (18 mmol) was dissolved in about 20 mL of We reported the synthesis and the spectroscopic study of a Lemke
methanol. Then, a solution of,&0; (0.5g) dissolved in kO (1 chromophore derivative bearing two water-solubilizing polymeric
mL) was added and the mixture was stirred at room temperaturéms. We showed that the latter was soluble in water and
After 1 hour, the suspension was diluted with water (100 my.Physiological serum (0.5% ag. NaCl) above millimolar
The aqueous layer was extracted three times withOGH concentrations. The fluorescence is almost completely quenched,
(3x50 mL) and the combined organic phases were washed witROth for the polymeric objedtem-PHEA and its monomeric
brine (50mL), dried over MgSQ concentrated under reduced Precursol.em-In in low-polaity solventsputstrongly increases
pressure and purified by flash column chromatography (ethy@nd is significantly red-shifted as solvents polarity is increased.

acetate/pentane : 1/9) to obtain a pure dark reddish solid. Yigkd'he origin of this very unusual behavioue a positive
5.91 g (87 %). solvatochromism along with a negative solvatokinetic effect,

8 | Journal Name, [year], [vol], 00—00 This journal is © The Royal Society of Chemistry [year]



could be partly elucidated on the basis of theoretical calculationsground and excited state energy on choosen anguftamions within
It was shown by PCMID-DFT calculation that these effects the molecule. GPC characterization of Lem-PHEA. Querbf the

were neither related to harmonic vibronic couplings nor to

emission of LenRHEA in water and the detector’s ranges in Red and
NIR configurations, and¢omparisons of the respective signal intensities

electrostatic interactions between the solute and the solvent, S red and NIR configuration. Pictures evidencingaleclearance of teh

3

most probably to an excited-state twisting of the terminal dicyanadye,

and its absence of accumulation in hepatic cellSee

group. Although further studies are probably necessary to fullyPO!: 10.1039/b000000x/

quantify the origin of the deviation from the energy gap law that
we clearly evidenced in this work, this behaviour made it possibje
to obtain an efficient water soluble two-photon probe with 2.
absorption and polarity induced fluorescence in the NIR, with
good quantum vyieldg¢ = 0.25@ 676 m) and two-photon cross
section rpp = 440 GM @ 1040 nm). Using TPLSM with this,; 4.
probe, we obtained three dimensional images of the functionas.
cerebral vasculature in the motor cortex of mice, in a NIR-NIR®6.
(excitation-emission) configuration, with very high contrast and
resolution. Meanwhile, we also showed that the probe wgs
cleared by the renal system with no accumulation in the hepatic.
cells. This constitutes a very promising feature in the context of
in vivoimaging, especially in view of diagnostic applicationge
underline that, although Lemke chromophore derivatives hady
never been used previously, to the best of our knowledge, for
biological imaging related applicatiorss fortiori in vivo, the

1

o

1

3}

2

(=]

25 two-photon bio-imaging applications in the NIR.
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