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Dual-wavelength eﬃcient two-photon
photorelease of glycine by p-extended dipolar
coumarins†
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Photolabile protecting groups (PPGs) releasing bioactive compounds upon two-photon excitation have
emerged as increasingly popular tools to control and study physiological processes. Yet the limited twophoton photosensitivity of many cages is still a critical issue for applications. We herein report the design,
synthesis and photophysical study of polarized extended coumarinyl derivatives which show large twophoton sensitivity (up to 440 GM) at two complementary wavelengths in the NIR spectral range. DFT
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calculations demonstrate that subtle tuning of polarization in the ground-state and conﬁnement of the
photo-induced intramolecular charge transfer upon excitation is responsible for enhancing two-photon
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absorption while maintaining large uncaging eﬃciency. These ﬁndings open a new engineering route
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towards eﬃcient coumarinyl PPGs.

Introduction
Among the light-responsive organic structures available, uncagers1–3 represent key tools for biological and biomedical
studies. These compounds act as photolabile protecting groups
(PPGs) towards bioactive messengers, drugs4–6 or neurotransmitters,7–9 by masking their biological function. Suitable light
irradiation then triggers the physiological response by releasing
the free molecule with remarkable temporal and spatial control.
In this respect, two-photon excitation (2PE) with near infrared
(NIR) light provides signicant advantages.10–14 As opposed to
UV-visible light, NIR wavelengths allow deeper penetration in
tissues, reduced photo-damage and intrinsic 3D resolution.10–14
The photolytic eﬃciency of a cage upon 2PE is quantied by its
two-photon uncaging (2PU) cross-sections du dened as du ¼
s2Fu; where s2 is the two-photon absorption (2PA) cross-section
(in GM) and Fu the uncaging quantum yield.15
Until recently, the use of most cages described in the literature was somewhat limited for in vivo applications due to their
low 2PU cross-sections (with dmax
values below 1 GM).1,15 To
u
overcome this limitation and avoid the use of deleterious excitation powers, two main engineering strategies have been
developed in the last decade: the modication of the p-conjugated backbone of known cages16–18 or the design of 2P sensitized tandem systems.19,20 Both strategies led in several cases to
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innovative PPGs with du values over a dozen GM. In addition,
the recent design of spectrally orthogonal cages is also of major
promise for applications in neurosciences.21,22 In this regard, we
have been interested in the design of cages with two complementary activation wavelengths, able to photorelease key
amino-acids both at 700 nm and at 900 nm. Such cages would
protably complement the photochemical toolbox for neuroscientists. In particular, glycine (Gly) plays an important coagonistic role, along with glutamate, in NMDA extrasynaptic
receptors and is thus a key inhibitor neurotransmitter.23
This motivated our eﬀort towards the design of versatile and
eﬃcient Gly PPGs with very large 2P sensitivity (i.e. over 100 GM)
at these two main working wavelengths where eﬃcient uncaging of agonist (Glu) or antagonist (GABA) was previously
accomplished.21
Among the variety of structures available, coumarinylmethyl
PPGs are among the most widely studied molecular architectures.1,24 The coumarin heterocyclic backbone, recognized as an
eﬃcient caging group,9,24–26 can undergo a wide panel of chemical
functionalization modulating its optical properties. Introducing
an electron-withdrawing group (EWG) at the 3-position of the
coumarin cage21,27,28 was shown an inuential way to red-shi
both 1P and 2PA maxima respectively to the visible and the
NIR,27,29–31 as evidenced by DEAC450 (Fig. 1).21 Indeed, the design
of DEAC450, which allows the photorelease of caged acids (Glu,
GABA) with blue light irradiation (instead of UV irradiation for
seminal compound DEAC) or upon 2P excitation at 900 nm, was
a crucial step forward in the development of eﬃcient cages of
interest for neuroscientists. In addition, DEAC450 was demonstrated to show a very good uncaging quantum yield for glutamate
release (39%), while DEAC had an uncaging quantum yield of
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Recent evolution in the structure of p-extended coumarin
PPGs and structures designed in the present work.

Fig. 1

12%. This demonstrated that the extension of the coumarinyl
moiety at the 3-position could indeed shi the absorption spectra
towards the visible but also signicantly aﬀect the photolysis
eﬃciency. Yet, albeit causing a substantial increase of uncaging
quantum yield for amino-acid release, the acrylamide extension
implemented in DEAC450 appeared to have limited eﬀects on its
2PA properties, as indicated by the reported du value (0.5 GM at
900 nm in physiological conditions).21 This consideration led us to
build our strategy on the increase of the 2PA response in new D–
p–A extended DEAC derivatives, by (i) modulating the intramolecular charge transfer in the ground-state to achieve optimum
polarization leading to maximal 2PA32 and (ii) further extending
the p-conjugated system (Fig. 1). A major questioning was to
assess how the photochemistry of the original cage is aﬀected by
such changes, and to determine to what extent the electronic
distribution of the PPG can be tuned in order to maximize the s2
without impeding the photolytic process. We thus prepared
a small library of extended dipolar coumarinylmethyl derivatives
bearing dedicated electron-withdrawing end-groups (EWG) at the
3-position (Fig. 1). To full this role, we chose nitrogen-based
aromatic heterocycles such as thiazoles and derivatives33 (Fig. 1).
These new PPGs were then used to cage and release Fmocprotected glycine with two primary goals: (i) performing a model
study of the parameters regulating their photolytic eﬃciency, and
(ii) enlightening the experimental results with DFT calculations in
pursuance of rationale in the design of such coumarinyl PPGs.

Results and discussion
Design and synthesis
The synthetic layout of the new “free” DEAC cages involves three
main challenges: the introduction of the fundamental 4-
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hydroxymethyl group on the aminocoumarin skeleton, the
synthesis of the vinyl-acceptor moiety, and nally functionalization at the 3-position with the double bond. The formation of
the alcohol 1 was achieved starting from the commercially
available 7-diethylamino-4-methylcoumarin using an original
pathway involving the formation of an intermediate enamine34
which was found to be much cleaner, more eﬃcient and
convenient than the usual selenium dioxide oxidation35 in our
hands (Scheme S1†). The extension of the p-conjugated system
at the 3-position of the coumarin scaﬀold was then achieved by
Heck cross-coupling using the iodinated substrate 2.
Iodination of the free alcohol 1 was successfully performed
in good yield and large scale by using N-iodosuccinimide in the
presence of a strong Lewis acid, which provided a highly activated source of electrophilic iodine (Scheme 1).
The vinyl-based electron-accepting modules were synthesized by diﬀerent procedures, depending on the synthon. 2Vinylbenzothiazole, -benzoxazole, and -benzothiadiazole derivatives (4, 5 and 6) were synthesized by Suzuki coupling with
potassium vinyl triuoroborate.36,37 2-Vinylthiazole (3) and 9,9dibutyl-7-vinyl-9H-uorene-2-carbaldehyde (7) were obtained by
Wittig reactions starting from the corresponding aldehydes (see
ESI†). Heck reaction using Jeﬀery conditions21,38 between
intermediates 2 and 3–7 nally aﬀorded compounds 8–12 in
good to excellent yields, oen without extensive purication
(Scheme 1).
Eventually, condensation of intermediate 12 with 2-aminothiophenol hydrochloride yielded without additional protection
step a uorene-containing derivative 18, which was then esteried with Fmoc-Gly-OH to yield the nal PPG 19 (Scheme 2).

Photophysical properties
With all compounds in hands, the photophysical one- and twophoton absorption properties were investigated. Dimethylsulfoxide was chosen as solvent for the photophysical study due to
its high polarity (thus closer to water than low-polarity organic
solvents) reasonable viscosity (favourable to uorescence) and
optimal solubility of the whole series of compounds.
All new PPGs show intense absorption in the visible and
uorescence properties (see spectra in ESI†). Experimental data
are summarized in Table 1. As expected, the extension of the pconjugated system with a vinyl-acceptor group at the 3-position
induced a marked bathochromic and hyperchromic shi in
absorption and red-shied emission as compared to DEAC.
This trend is amplied by the addition of the fused benzenic
ring in the heterocyclic end-group, responsible for an additional
13 to 28 nm red-shi of the absorption band from thiazole to
benzothiadiazole compared to DEAC450. A signicant hyperchromic eﬀect is also observed, as supported by the 40%
enhancement of the 3max value in 14 compared to DEAC450.
Interestingly, the elongated uorenyl compounds 17 and 19
showed an intermediary behaviour, with absorption coeﬃcients
falling in the same range as the vinyl derivatives 14 and 15 but
with less marked bathochromic shis of their absorption/
emission compared to DEAC450. Among the series,
compound 16 which bears the strongest EWG shows a singular

This journal is © The Royal Society of Chemistry 2019

View Article Online

Open Access Article. Published on 13 March 2019. Downloaded on 7/6/2020 11:14:26 AM.
This article is licensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Edge Article

Chemical Science

Scheme 1 Synthesis of extended polarized coumarin cages. Reagents and conditions: (a) NIS, BF3$Et2O, CHCl3, 0  C to r.t. (70%). (b) 3–7,
Pd(OAc)2, n-Bu4NCl, LiCl, NaHCO3, DMF, 130  C (8, 90%; 9, 96%; 10, 92%, 11, 76%; 12, 89%). (c) Fmoc-Gly-OH, EDC$HCl, DMAP (cat.), CH2Cl2, r.t.
(13, 52%; 14, 59%; 15, 69%; 16, 58%; 17, 84%).

Scheme 2 Synthesis of cage 19. Reagents and conditions: (a) 2-aminothiophenol hydrochloride, DMF, 120  C (42%). (b) Fmoc-Gly-OH,
EDC$HCl, DMAP (cat.), (64%).

behaviour, with an absence of hyperchromic eﬀect but
a marked red-shied and much weaker emission compared to
DEAC450. This suggests that strong photo-induced ICT takes
place aer excitation prior to emission. This leads to a strongly
polarized emissive excited-state which is stabilized by polar
environments. This is conrmed by the pronounced positive
uorescent solvatochromic behaviour of this compound, not
observed in other derivatives (see ESI†), and further demonstrated by DFT calculations (vide infra).

Uncaging properties
One-photon uncaging eﬃciencies were then assessed by irradiating samples of the new compounds and reference PPG at
455 nm, and monitoring unambiguously the release rate of the
caged Fmoc-Gly-OH upon irradiation by 1H NMR (Fig. 2a). For
the sake of comparison, we performed the photolysis in
a CD3CN/D2O (9/1, v/v) mixture which is commonly used in the
literature.27,39–41 In this model study, we also decided to preserve

This journal is © The Royal Society of Chemistry 2019

the protecting group on the glycine ester, which quite conveniently allowed the quantitation of the released species (rather
than degradation of the cage) either by monitoring the CH2 of
the amino-acid itself or that of the Fmoc protecting group.
First order kinetics were observed in all cases (Fig. 2b),
allowing the derivation of the one-photon uncaging sensitivity
3455Qrel
u from the slope values compared to those of DEAC450Gly irradiated in the exact same conditions (see ESI†),42 and
subsequently, the ratio of the relative uncaging quantum yield
Qrel
value toward the reference uncaging quantum yield
u
Fref
u (Table 2).
All compounds except 19 proved to have lesser uncaging rates
than DEAC450-Gly. Yet, the relative uncaging quantum yields still
reached 20% for compound 13, which remains higher than most
PPGs described so far. A marked reduction of the Qrel
u value was
revealed by benzo-compounds 14 and 15 whose eﬃcacy is largely
reduced (by about 50% compared to compound 13) indicating
that the presence of the fused ring on the EWG is detrimental to
the photorelease eﬃciency. Most markedly, compound 16 did
not proceed to uncaging of glycine upon excitation, and proved
unsuitable for uncaging applications.
The benzothiadiazolyl end-group, the strongest EWG in the
series, is clearly detrimental to photolysis, indicating that
a strongly polarized excited-state and marked photo-induced
ICT is unfavourable for this specic purpose. This behaviour
was further conrmed by DFT calculations, which revealed that
the elongation of the C–O bond upon excitation in compound
16 is 2–3 times smaller than in the other compounds (vide infra).
Surprisingly, a diﬀerent behaviour was observed for
extended derivatives 17 and 19 bearing a uorenyl unit in the
conjugated p-connector. While the aldehyde derivative 17
displays a moderate but still reasonable Qrel
of 9%, the
u
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Photophysical (1P and 2P) properties of 13–17, 19 and reference compound DEAC450 in DMSO

Cpd

lmax
abs (nm)

3max (M1 cm1)

lmax
em (nm)

Ff

lmax
2PA (nm)

c
smax
(GM)
2

DEAC450
13

444
457

3.4  104
3.6  104

523
541

0.82a
0.95a

14

472

4.7  104

562

0.87a

15

467

4.6  104

552

0.92a

16d

472

3.3  104

692

0.13b

17

457

4.6  104

553

0.56a

19

458

4.2  104

547

0.59a

890
950
700
970
710
970
700
970
730
940
730
940
730

123
164
191
371
441
267
367
215
191
147
621
143
988

Fluorescence quantum yield (standard: uorescein in 0.1 M NaOH (Ff ¼ 0.9)). b Fluorescence quantum yield (standard: rhodamine 6G in EtOH (Ff
d
¼ 0.94)). c 2PA cross-section at lmax
2PA measurement performed in toluene.
2PA derived from 2PEF experiments in DMSO.
a

proved to be stable towards dark hydrolysis in this photolysis
medium, as no signicant degradation of the chromophores
was observed aer several days in solution in the dark at room
temperature (see ESI†).
DFT calculations

(a) Example of evolution of the 1H NMR spectrum of the coumarinyl PPG 14 upon excitation at 455 nm in CD3CN/D2O (9/1, v/v),
and kinetic follow-up of the photorelease. (b) Comparative kinetics of
photolysis upon irradiation at 455 nm of the reference PPG (DEAC450)
and new polarized PPGs in CD3CN/D2O at 0.7 mM (left) or at 0.25 mM
(right); derived from 1H NMR experiments.
Fig. 2

benzothiazolyl derivative 19 shows an uncaging eﬃciency
comparable to that of DEAC450 (Table 2). Indeed, 19 proved
slightly faster than reference compound DEAC450 upon 1P
photolysis, leading to a Qrel
u value of 45%, whereas its vinyl
counterpart 14 displayed a Qrel
u value of only 8%. This suggests
that the introduction of an intermediate uorenyl p-bridge in
compound 19 is responsible for a redistribution in the electron
density,43 favouring signicant increase of Fu.
Dark stability
Importantly, whereas amino acid esters have sometimes been
reported unstable in aqueous media,9 all of our new compounds

4212 | Chem. Sci., 2019, 10, 4209–4219

DFT calculations conducted at the M06-2X/6-311G(d) level44
were performed to gain further insight into the polarization and
electronic structures of the ground and rst excited states of
these derivatives. Table 3 reports the vertical spectroscopic
properties of the investigated compounds, together with the
electric dipoles of the S0 and S1 states (m0 and mvert
1 ) and their
diﬀerence (Dmvert
).
The
computed
absorption
spectra
are re01
ported in ESI.† In every compound, the rst optically allowed
excited state (S1) is dominated by a HOMO / LUMO p–p*
excitation. Excitations implying the HOMO1 and LUMO+1
also contribute to the S0 / S1 transition in extended derivatives
17 and 19 (see ESI† for details). The isodensity surfaces of the
frontier orbitals are sketched in Fig. 3 and show that both
HOMO and LUMO are delocalized along the conjugated part of
the molecule.
As shown in Table 3, TDDFT calculations qualitatively
reproduce the red-shis measured experimentally upon
substitution at the 3-position of the coumarin cage. With
respect to the reference compound DEAC450, adding a fused
benzenic ring on the terminal EWG (from thiazole in compound
13, to benzothiazole in compound 14) results in computed
bathochromic shis of 0.08 and 0.17 eV, respectively, which
compares well with the measured bathochromic displacements
of 0.19 and 0.25 eV. Besides, the associated increase of the
oscillator strength is also in accordance with the hyperchromic
shi observed experimentally. The absence of further red-shi
of the absorption band in the more extended compounds 17
and 19 is similarly well reproduced. Finally, TDDFT calculations
support the specic spectroscopic properties of compound 16,
which shows a marked bathochromic but no signicant
hyperchromic shi with respect to DEAC450. These spectral
evolutions can be traced back to the magnitude of the photo-

This journal is © The Royal Society of Chemistry 2019
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Photochemical (1P and 2P) properties of 13–17, 19 and reference compound DEAC450 in aqueous acetonitrile

Cpd

3455 nm (M1 cm1)

refa
Qrel
u /Fu

b
Qrel
u

c
3max
(M1 cm1)
u

lmax
2PA (nm)

d
dmax
(GM)
u

DEAC450
13

3.2  104
3.6  104

1
0.50

0.39
0.20

13  103
7.8  103

14

4.1  104

0.21

0.08

4.0  103

15

4.1  104

0.24

0.09

4.5  103

16

3.0  104

<0.02

—

—

17

4.6  104

0.23

0.09

4.2  103

19

4.3  104

1.14

0.45

21  103

890
950
700
970
710
970
700
970
730
940
730
940
730

48
32
37
30
36
25
35
—
—
13
56
64
442

a
Ratio of uncaging quantum yield values derived from comparative 1P photolysis experiments in CD3CN/D2O (9/1, v/v) at 455 nm. b Uncaging
c
One-photon uncaging sensitivity at lmax. d Two-photon uncaging
quantum yield values calculated using Fref
u ¼ 0.39 for DEAC450-[Gly].
estimated
from
comparative
1P
photolysis
experiments
and
2PEF measurements.
sensitivity at lmax
2PA

Table 3 Vertical transition energy (DE01, eV) and wavelength (l01, nm), as well as, oscillator strength (f01), transition dipole moment (m01, D),
vert
CT
ground state and excited state dipole moments (m0 and mvert
1 , D), dipole moment variation (Dm01 , D), charge transferred upon excitation (q , |e|),
CT
and charge transfer distance (d , Å), calculated at the TDDFT/M06-2X/6-311G(d) level in acetonitrile

Cpd

lexp

DEexp

DE01

l01

f01

m01

m0

mvert
1

Dmvert
01

qCT

dCT

DEAC450
13
14
15
16
17
19

444
457
472
467
472
457
458

2.793
2.713
2.627
2.655
2.627
2.713
2.707

3.125
2.935
2.874
2.902
2.941
3.012
3.004

397
422
431
427
422
412
413

1.39
1.70
1.87
1.84
1.55
2.23
2.57

10.81
12.36
13.09
12.94
11.78
13.99
15.02

6.76
6.38
7.52
8.05
12.92
14.39
11.22

14.99
12.41
14.89
14.97
22.51
21.28
17.10

8.25
6.70
8.09
7.59
10.53
7.18
6.35

0.584
0.540
0.568
0.566
0.581
0.551
0.544

2.940
2.581
2.967
2.789
3.775
2.714
2.433

induced ICT, which is quantied by the dipole moment variavert
tion Dmvert
01 . In particular, the largest Dm01 value is found for 16,
which is mostly related to an increased charge transfer distance
dCT in this compound. The total charge transferred is however
of similar magnitude for all compounds (Table 3).
In order to gain better insight into the diﬀerence of photochemical behavior between derivatives, relaxed geometries of
the S1 states were calculated. Table 4 reports the photo-induced
elongation of the C–O single bond connecting the glycine ester
to the coumarinylmethyl protecting moiety, dened as the
diﬀerence between the C–O distances issued from S1 and S0 gas
S1
S0
phase optimizations ðDCO ¼ dCO
 dCO
Þ. The adiabatic (Eadia)
and 0–0 energies (E0–0) are also reported, as well as the excitedstate dipole moment (mopt
1 ) and photo-induced dipole moment
variation (Dmopt
)
calculated
using relaxed gas phase geometries
01
opt
(Dmopt
¼
m

m
).
Finally,
these last two quantities were
01
1
0
further rened to account for solvent eﬀects, by performing IEFPCM:TD-DFT single-point calculations (Table 4, last columns).
We note a slight elongation of the C–O bond in all
compounds in relaxed excited state S1 from which photochemistry and uorescence occur. It is interesting to note that
compound 16 exhibits the smallest DCO value within the series
(more than twice smaller than that of DEAC450), together with
the largest excited-state dipole moment (mopt+s
¼ 23 D, about
1

This journal is © The Royal Society of Chemistry 2019

twice larger than that of DEAC450), and photo-induced dipole
moment variation. This result conrms that the large photoinduced ICT occurring within this compound is detrimental
to its uncaging eﬃciency. On the other hand, all other new
derivatives (13–15, 17, 19) show similar DCO values, close to that
of DEAC450.
Neither the excited dipole moments values, nor the variation
of dipole moment appear to show direct correlation with
uncaging eﬃciency. However, closer examination of HOMO–
LUMO43 does reveal interesting features. For compounds 13–16,
photo-induced ICT extends to the EW end-groups; the sharpest
eﬀect being observed for compound 16 which bears the strongest terminal EWG. In contrast, the photo-induced ICT remains
mostly limited to the extended conjugated system in compound
17 and 19. Furthermore, comparison of the dCT values of these
two compounds (Table 3) indicates that extension of the photoinduced ICT leads to a decrease of uncaging eﬃciency (Fig. 4).
To further investigate the origin of diﬀerence in uncaging
eﬃciency between derivatives 13–17, and 19, calculation of the
carbocations that are presumed key intermediates in the
photolysis mechanism45,46 was undertaken (see ESI†). Starting
from the relaxed geometries of the S1 photo-activated state,
rigid energy scans were rst performed by elongating progressively the C–O bond up to the photolytic dissociation limit, in
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View Article Online

Open Access Article. Published on 13 March 2019. Downloaded on 7/6/2020 11:14:26 AM.
This article is licensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Chemical Science
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Graphical representations of the frontier orbitals of the investigated compounds, calculated at the IEFPCM:M06-2X/6-311G(d) level.

Table 4 Photo-induced elongation of the C–O bond (DCO, Å), adiabatic (Eadia, eV) and 0–0 energies (E0–0, eV), excited state dipole
opt
moment (mopt
1 , D) and dipole moment variation (Dm01 , D), obtained
from the gas phase geometries of the S1 and S0 states both optimized
at the M06-2X/6-311G(d) level

Gas

DEAC450
13
14
15
16
17
19

Acetonitrile

DCO

Eadia

E0–0

mopt
1

0.018
0.015
0.013
0.014
0.008
0.015
0.014

3.309
3.061
2.983
3.021
2.895
2.971
2.928

3.221
2.987
2.909
2.944
2.828
2.907
2.863

9.11
6.85
8.19
7.75
15.13
13.37
9.80

Dmopt
01

mopt+s
1

Dmopt+s
01

4.27
2.60
2.95
2.23
5.90
2.85
2.61

13.97
11.05
13.79
13.60
22.99
20.48
16.35

7.26
5.37
6.98
6.23
10.99
6.97
6.53

Fig. 4 Correlation between the extent of photo-induced ICT (dCT) and

the relative uncaging quantum yields Qrel
u in compounds 13–17 and 19.

order to evaluate
excited electronic
cations were also
relative stability

the bond dissociation energy (BDE) in the
state. Geometry optimizations of the carboconducted in the S0 state to compare their
with respect to the parent coumarinyl

4214 | Chem. Sci., 2019, 10, 4209–4219

derivatives (see ESI†). These two series of calculations led to very
similar conclusions. Interestingly, uorenyl-based compounds
17 and 19 give rise to the lowest BDE and to the most stable
carbocations within the series whereas compounds 14 and 15
lead to the largest BDE and to the least stable carbocations. We
note however that the compound DEAC450 falls out of the
correlation (as was the case for dCT) suggesting that diﬀerent
mechanisms might be involved.
Two-photon absorption
The two-photon absorption spectra of the new PPGs 13–17 and
19 were determined by conducting two-photon excited uorescence experiments (2PEF) in DMSO solution (Table 1). DMSO
was chosen as a viscous non-protic solvent, thus promoting
uorescence (Table 1) and allowing accurate and reliable 2PA
measurements. At opposite, the presence of water, although
benecial to photorelease, logically reduces uorescence.
All compounds exhibit two intense 2PA bands in the spectral
range of interest (690–1000 nm) which is not the case of
DEAC450 (Fig. 5a and b) which is blue-shied compared to the
series of compounds investigated.
An intense band located at about twice the maximum
wavelength of 1PA (see ESI†) is observed around 940–970 nm
with maximum 2PA cross-sections varying between 140 and
370 nm. Firstly, we note that the maximum 2PA cross-section
measured for DEAC450 in DMSO (123 GM at 890 nm) is
almost two orders of magnitude larger than the one derived
from du and Fu values reported in buﬀered water (i.e., 1.3 GM).
This diﬀerence may partly be related to solvent eﬀect as water
may signicantly aﬀect 2PA. We note that 2PA measurements
reported earlier for coumarin 1, a 4-methyl analogue of DEAC
yielded a maximum 2PA cross-section in ethanol of 103 GM at
755 nm.47 Our measurements gave a smax
value of 44 GM at
2

This journal is © The Royal Society of Chemistry 2019
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Fig. 5 Comparison of the 2PA spectra of (a) vinyl derivatives 13–15
and DEAC450 in DMSO; (b) dipolar compounds 14, 17, 19 and
DEAC450 in DMSO.

760 nm for DEAC450 in DMSO (see ESI†), illustrating the
inuence of the environment and electric eld eﬀects on 2PA.
These values are consistent with the larger maximum 2PA crosssection measured for extended DEAC450 at 890 nm (123 GM).
The almost two-orders of magnitude smaller smax
value derived
2
from the reported du value (1.3 GM) suggests that formation of
dimers of DEAC450 may occur in the aqueous environment
where du measurements were conducted. Indeed formation of
dimers of dipolar chromophores may signicantly reduce 2PA
properties.48
Secondly, we observe that all new derivatives show redshied and more intense 2PA responses than DEAC450
(Fig. 5). While compound 13 shows slightly larger smax1
value
2
(165 GM instead of 123 GM) than DEAC450, the additional
fused benzenic ring on the EWG in 14 and 15 induces a two to
three fold enhancement of this value (i.e., 370 GM and 270 GM
respectively). In contrast, the 3max values were found to increase
by only 40%, evidencing stronger eﬀect on 2PA. As a result,
extended coumarin derivatives 14 and 15 show unprecedented
2PA responses at 970 nm, over one order of magnitude larger
than coumarin uorochromes commonly used in bioimaging.49
We also note that compound 14 shows a 37% larger smax1
value
2
as compared to compound 15, conrming that the benzothiazole EWG leads to larger 2PA responses than benzoxazole.
Compound 16, which bears the strongest EWG in the series
and shows the largest polarization for derivatives of similar
length (see Table 3, m0 ¼ 12.9 D), shows a broader and weaker
2PA band than compounds 14 and 15, with a smax1
reaching 215
2
GM. This indicates that derivatives 14 and 15 are close to
optimum polarization (mg ¼ 7.5 and 8.0 D) leading to maximal
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2PA, while compound 16 is most probably too polarized (i.e.
over optimum ICT in the ground state).32 In contrast, extended
derivatives 17 and 19 show smax1
values which are similar and
2
only slightly larger than that of DEAC450 (i.e. 150 and 140 GM).
Hence the presence of the uorenyl bridge is detrimental to the
low energy 2PA band, in relation with lesser ICT in the ground
state due to the higher cost associated with charge separation
along the full length of molecules 17 and 19.32
Strikingly, a second and even more intense higher energy
band is observed around 700–730 nm for all new PPGs (Fig. 5).
This higher energy band is strongly 2P allowed and corresponds
to a strongly 1P allowed excited-state only for extended
compounds 17 and 19 (see ESI†). The addition of a fused benzenic ring in the terminal EWG induces a signicant increase of
the smax2
bands (Fig. 5a), as indicated by the comparison of
2
compounds 13 and 14. The nature of the heterocyclic moiety,
also signicantly inuences the smax2
values as witnessed by the
2
19% increase observed in the benzothiazole PPG 14 (440 GM)
compared to its benzoxazole counterpart 15 (370 GM).
Again, compound 16 shows a diﬀerent behaviour. Due to its
far-red/NIR emission in DMSO, which prevented access to the
higher energy band located around 700 nm by 2PEF measurements, 2PA measurements were conducted in toluene (a solvent
in which compound 16 emits in the visible, see ESI†). The
resulting measurements in the full 700–1100 nm range do
reveal a second high energy band, as in the other dipolar
compounds. As was the case for the low-energy 2PA band, the
smax2
value (around 200 GM, see Table 1) is again much lower
2
than for analogues 14 and 15 of similar size.
In contrast, a spectacular inuence of the uorenyl bridge is
evidenced in compounds 17 and 19 (Fig. 5b). Unlike their lowerenergy 2PA bands, the transitions located at 730 nm show very
high maxima, with a smax2
value twice larger for the benzo2
thiazolyl derivative 19 than for its shorter analogue 14. With
a remarkable smax
value of 990 GM, compound 19 also exhibits
2
a 60% higher 2PA cross-section than its aldehyde counterpart
17, hereby evidencing the role of the EWG in the phenomenon.
The diﬀerences in the 2PA higher energy maxima of these three
compounds can be related to the nature of the second optically
allowed absorption band, as rationalized by DFT calculations
(see ESI†). In compound 19, the S0 / S2 transition is strongly
optically allowed (as indicated by its large oscillator strength, f02
¼ 0.55), and associated to a large photo-induced dipole variation (Dm02 ¼ 6.89 D). In compound 17, absorption towards the
second bright excited state (which corresponds to the S0 / S3
transition) also gives rise to a signicant reorganization of the
electron density (Dm03 ¼ 8.58 D) but with a twice-smaller
intensity (f03 ¼ 0.29). In 14, the intensity of the S0 / S2 transition is much weaker (f02 ¼ 0.13) and associated to a negligible
Dm02 value (0.46 D).

Two-photon uncaging
As discussed above, the nature of the EWGs as well as the
presence of a conjugated linker signicantly aﬀects both the
2PA response and the uncaging eﬃciency. In particular
optimum polarization leads to very large 2PA responses both at

Chem. Sci., 2019, 10, 4209–4219 | 4215

View Article Online

Open Access Article. Published on 13 March 2019. Downloaded on 7/6/2020 11:14:26 AM.
This article is licensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Chemical Science

970 nm (370 and 270 GM for compounds 14 and 15 respectively)
and 700 nm (440 GM and 370 GM for compounds 14 and 15)
while insertion of the uorenyl unit in the conjugated system
leads to very large 2PA responses at 730 nm. Besides, the
extension of electronic redistribution (dCT) is detrimental to the
uncaging eﬃciency. Hence both tuning of ICT in the groundstate and limitation of electronic redistribution upon excitation are key parameters which control the two-photon sensitivity (du ¼ s2  Fu).
Extrapolated 2P uncaging sensitivities derived from previous
measurements of 2PA cross-section and uncaging quantum
yield are reported in Table 2. Although the nature of solvent
does aﬀect the 2PA response (vide supra), these values give
consistent trends among the series of derivatives and allow
direct comparison with DEAC450. For PPGs of the vinyl series
13–15, the increase in smax
is somewhat counterbalanced by
2
a drop of Qrel
.
Yet,
in
all
three
cases, the calculated du values
u
reach about 35 GM for irradiation in the higher energy band
and 25–30 GM for the lowest energy band. These values are only
slightly smaller than that extrapolated for DEAC450;50 their
main advantage being that they can be used either at 700–
720 nm (like DEAC or MNI)8,25 or at 950 nm, thus oﬀering
improved penetration depth and interesting sequential alternatives for in vivo experiments. As such they represent promising uncaging tools to be used in conjunction with
complementary cages that would photorelease antagonists and
coagonists of Gly.
Eventually, thanks to its very large 2PA cross-sections in the
700–750 nm range (over 700 GM) combined with a slightly
improved uncaging quantum yield with respect to DEAC450, the
extended uorenyl derivative 19 shows a record estimated du of
about 440 GM at 730 nm. To conrm the potential use of this
new derivative in 2P uncaging experiments, we performed the
irradiation of 19 at both 2P maxima for 7 h in similar conditions, and compared the conversion of the photolysis reaction
with two appropriate standards, i.e. DEAC at 730 nm and
DEAC450 at 940 nm (Fig. 6). Irradiation of the samples at
730 nm clearly evidenced a sevenfold enhancement in 2P
photosensitivity between compound 19 and parent DEAC, in
agreement with du values derived from 1P uncaging studies and
2PEF measurements using the du ¼ s2  Fu relationship.
Furthermore, we observe a major enhancement (by about
a factor 8) of the 2P sensitivity of compound 19 at 730 nm
compared to is 2P photosensitivity at 940 nm. Again, this is
consistent with the relative du values derived at 730 and 940 nm

Fig. 6 Comparative histogram showing the conversion of the
uncaging reaction (Gly release) after 7 h of two-photon irradiation at
730 and 940 nm in similar conditions (1.2 mL, 1 W).
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for this compound, thus validating our study. Finally, comparative irradiation of DEAC450 and compound 19 at 940 nm
indicate an enhancement of 2P sensitivity by over a factor 2, as
anticipated from comparison of du values of both compounds
derived from 1P uncaging and 2PEF studies.
This study demonstrates that by tuning ICT in the ground
state and electronic redistribution in the photoactive excited
state, we could indeed enhance both uncaging eﬃciency and
2PA properties. As a result, coumarin derivative 19 shows
unprecedented 2P sensitivity at 730 nm while retaining similar
2P sensitivity at 890 nm as DEAC450. In contrast, shorter
derivative 13 shows similar 2P sensitivity, comparable to
DEAC450, at two complementary wavelengths (700 and 950 nm).

Conclusion
This work unveils a new direction towards dipolar coumarin
cages with unique two-photon uncaging sensitivity. The
combination of experimental spectroscopic investigation with
computational chemistry revealed surprising structure–property relationships where subtle tuning of the ground-state
polarization and containment of photo-induced redistribution
in the excited state triggers both the photolysis and the 2PA
ability. These achievements open the route to unique opportunities in neurosciences. Further work along that direction is
currently in progress.

Computational methods
The geometry of the ground (S0) and rst singlet excited (S1)
states were optimized in the gas phase in the framework of the
Density Functional Theory (DFT) using the M06-2X exchange–
correlation functional44 and the 6-311G(d) basis set. All structures were characterized as real minima of the potential energy
surface on the basis on their positive vibrational force
constants. Ground state optimized geometries were used to
compute the vertical transition energies and excited state
properties by employing the Time-Dependent Density Functional Theory (TD-DFT) at the M06-2X/6-311G(d) level. Solvent
eﬀects (acetonitrile) were taken into account in these calculations by using the Integral Equation Formalism of the Polarizable Continuum Model (IEF-PCM).51 The photo-induced charge
transfer was analyzed on the basis of vertical electronic transitions, by considering the diﬀerence Dmvert
01 in the electric dipoles
of the S0 and S1 states. Using the approach reported in ref. 52
vert
CT
and 53, Dmvert
 dCT,
01 was further decomposed as Dm01 ¼ q
CT
where q is the photo-induced charge transfer, i.e. the global
amount of charge transferred upon light excitation, and dCT is
the distance over which this charge is transferred.
Then, the eﬀects of structural relaxation on the electronic
structure of the S1 state were addressed. The adiabatic energies,
dened as the energy diﬀerence of the S1 and S0 states in their
opt
opt
respective minimum ðEadia ¼ ES1  ES0 Þ, were calculated on
the basis of the gas phase geometries. The 0–0 energies were
then evaluated as the sum of the adiabatic contribution and the
diﬀerence of zero-point vibrational energy (ZPVE) between S1
and S0 (E0–0 ¼ Eadia + DEZPVE). Finally, IEF-PCM:TD-DFT single-
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point calculations in acetonitrile were performed on the (gas
phase) relaxed geometries of S1, to evaluate the excited-state
dipole moment and photo-induced dipole moment variation
Dmopt+s
accounting for geometrical relaxation eﬀects. All calcu01
lations were performed using the Gaussian 09 package.54
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