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ABSTRACT

A new class of excited-state intramolecular proton transfer (ESIPT) dyes based on a 1,3-bis(imino)isoindole diol motif has been prepared. These
molecules exhibit orange emission (∼600 nm) with a large apparent Stokes shift (>6000 cm-1) and quantum efficiencies up to 45%. Selective
modification of the substitutents can be used to shift the equilibrium between the enol and keto forms of the molecule in both the ground and
excited states.

Molecules that undergo excited-state intramolecular
proton transfer (ESIPT) are interesting for their distinct
photophysical properties as well as their potential applica-
tion as laser dyes,1 fluorescent probes,2 photostabilizers,3

high energy radiation detectors,4 and white-light emitting
singlemolecules.5 In a typical ESIPT process, photoexcita-
tion leads to a shift in electron density that facilitates
proton migration from a donor atom, usually oxygen, to
a nearby acceptor atom, often either oxygenornitrogen. In

molecules with an oxygen donor, the ground state is
described as the enol form, with hydrogen covalently
bound to oxygen, and the emissive excited-state keto form,
with hydrogen not covalently bound to oxygen. A large
apparent Stokes shift is observed in luminescence due to
the difference in energy between absorption by the original
(enol) tautomer and emission from the resultant (keto)
tautomer of the molecule.6 Recently, during our investiga-
tion of the photophysics of 1,3-bis(2-pyridylimino)isoin-
doline (BPI) derivatives7 we have found a new class of
ESIPT dyes based on dihydroxyl substituted BPI com-
pounds. Several derivatives are strongly emissive, and the
position of the enol-keto equilibrium can be controlled by
synthetic modification of the 1,3-bis(imino)isoindoline
diol structure.
The 1,3-bis(imino)isoindoline derivatives 1-7 (Table 1)

were prepared in low to moderate yields using the method
developedbySiegl,8 analkaline-earth-catalyzednucleophilic
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addition of alkyl or aryl amines to substituted 1,2-dicya-
nobenzene. The compounds were characterized by 1H
and 13C NMR, high resolution mass spectrometry, and
absorption and emission spectroscopy.

Single crystals of 1 and 2 suitable for X-ray diffraction
analysis were obtained from saturated CH2Cl2 solutions;
the structures are shown in Figure 1. Both compounds
have metric parameters that are similar to BPI.9 Devia-
tions in bond lengths and angles are less than 0.03 Å and 4�
in 1 and 0.01 Å and 0.5� in 2. The most pronounced struc-
tural difference between the two species is the average
N1 3 3 3O separation, 2.914(2) Å in 1 and 2.943(1) Å in 2.
The shorter N1 3 3 3O separation in 1 is presumably due to
hydrogen bonding, absent in 2, between the hydroxyl
protons and the imine nitrogens. The electron density
map of 1 suggests that the hydroxyl protons are more
closely bound to oxygen than to nitrogen (dO-H= 1.00(3)
Å, dN-H=2.05(3) Å), indicating that the enol tautomer is
favored in the solid state. A 1H NMR spectrum of 1 in
CDCl3 displays a sharp resonance at δ 13.3 ppm for the
isoindoline N-H proton;9 however, no signal for the
hydroxy protons is observed, which indicates that these
protons undergo a rapid exchange process in fluid solution.
The absorption spectrum of BPI displays a series of

transitions in the near-UV with the lowest energy transi-
tion at 405 nm (Figure 2). Although nonemissive at room
temperature, BPI does luminesce in frozen 2-methyltetra-
hydrofuran (2-MeTHF) at 77 K, displaying a vibronically
structured emissionwith an excited-state lifetime (τ=3.4 ns)
and Stokes shift (∼410 cm-1) typical for fluorescence from
a π-π* state (Figure 2). The dihydroxylated derivative 1
(R2 = OH) has a similar absorption profile with an
absorption onset that is slightly red-shifted (λmax =
430 nm) from the parent molecule. However, compound

1 is intensely emissive in CH2Cl2 at room temperature
(Φ=0.40) and its luminescence spectrum displays a large
apparent Stokes shift of 6600 cm-1 (λmax = 597 nm,
Figure 2). The unusual emission characteristics prompted
our further investigation into the photophysical properties
of 1 and its derivatives.

The absorption and emission spectra of 1 showminimal
variationwith solvent polarity, whereas the quantum effic-

iencies and excited-state lifetimes are significantly affected

by different media (e.g., Φ = 0.28, τ = 2.94 ns in DMF;

Φ = 0.45, τ = 5.31 ns in isopropanol). Upon cooling to

77 K in 2-MeTHF, the emission energy of 1 is little altered

(λmax = 598 nm) (Figure 2) although the excited-state

lifetime does increase (τrt = 3.05 ns, τ77K = 5.11 ns). The

nanosecond lifetime, large apparent Stokes shift, and close

proximity of a proton donor (hydroxyl) and acceptor

(imine) are common characteristics of ESIPT dyes. The

X-ray and 1H NMR data for 1 argue that the enol

tautomer is responsible for strong UV absorption transi-

tions while emission originates from the keto tautomer.

The vibronic structure displayed in the emission spectra

Table 1. Synthesis of BPI and Substituted 1,3-Bis(aryl- or
alkylimino)isoindoline Dyes 1-7

compound R1 R2 R3 yield (%)

BPI 2-pyridyl H H -
1 2-pyridyl OH H 24

2 2-pyridyl OEt H 12

3a 2-pyridyl OH, OEt H 7

4b 2-pyridyl OH Cl 18

5 n-C12H25 OH H 34

6b 4-t-Bu-phenyl OH H 6

7b 1-isoquinolyl OH H 15

aCompound 3 was isolated as a side product during the preparation
of 2. bPrepared in refluxing n-hexanol.

Figure 1. ORTEP drawings of compounds 1 and 2 (carbon
(black), nitrogen (blue), oxygen (red), and hydrogen (white)).

Figure 2. Absorption spectraofBPI (black) and1 (red, empty circle)
inCH2Cl2 at roomtemperatureandemission spectra in2-MeTHFat
77 K (dash) and in CH2Cl2 at room temperature (filled circle).

(9) Schilf, W. J. Mol. Struct. 2004, 691, 141.
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indicates that the keto tautomer is a metastable bound

state. The emission properties are retained in the presence

of bases (Et3N/CH2Cl2 or methanolic NaOH).

Compound 2 (R2=OEt) was prepared since inhibition of

proton transfer by alkylating the proton donor is a common

means to verify the ESIPT process.10 The absorption and

luminescent properties of 2 are similar to those of BPI:

emission with a small Stokes shift (∼1700 cm-1) is only

observed at 77 K (Figure 3). On the other hand, the photo-

physical properties of the monoalkylated derivative 3 (R2=

OH, OEt) are analogous to those of 1 (Figure 3, Table 2),

which indicates that transfer of just a single hydroxyl proton

is sufficient to enter the metastable luminescent state. More-

over, upon switching solvents frommethanol tomethanol-d1,

the quantum efficiencies of 1 and 3 increase 2-fold, from 0.31

to 0.69 for1and0.29 to 0.55 for 3. The large improvements in

Φ are caused by a 4-fold decrease in the rate of nonradiative

deactivation in 1 (knr(MeOH)=1.9� 108 s-1,knr(MeOD)=4.6

� 107 s-1) and a 3-fold decrease in 3 (knr(MeOH) = 1.9� 108

s-1, knr(MeOD) = 6.5 � 107 s-1). The pronounced effect of

deuteration on the nonradiative rates indicates that N-H-

(D) vibrations are associated with prominent deactivation

modes in the keto excited state.

In contrast to compounds 1 and 3, which show ground-
state absorption primarily from the enol tautomer, com-

pound 4 (R3 = Cl) exhibits an equilibrium between

absorbing species (enol or keto) that is strongly solvent

dependent (Figure 4). In toluene, compound 4 displays an

absorption profile similar to that of 1 (λmax= 400 nm, ε≈
2.5� 104 M-1 cm-1). However, in CH2Cl2, a vibronically

structured, low-energy transition between 500 and 620 nm

appears and becomes the primary absorption feature of 4

inmethanol (λmax=600nm, ε≈ 2.8� 104M-1 cm-1). The

low-energy bands are assigned to transitions from the keto

tautomer since they show a mirror-image relation with the

emission spectra (Figure 4).

The ESIPT behavior of 1, 3, and 4 is not surprising
considering that dihydroxyphthalimide is also known to
exhibit emission from an ESIPT state11 and there is
significant structural similarity between phthalimide and
BPI. However, the 1,3-bis(imino)isoindole motif has two
readily modifiable sites at R1 (Table 1) that are not present
in phthalimide. Therefore, compounds 5-7were prepared

Table 2. Luminescent Properties of BPI and 1-7

emission at rt

complex solvent λmax (nm) τ (ns) ΦPL
a

BPI 2-MeTHF 416c 3.4 -

1 MeOH 592 3.7 0.31

MeOD 593 6.7 0.69

CH2Cl2 597 3.9 0.40

Toluene 602 3.3 0.37

2 2-MeTHFb 452 3.7 -

3 MeOH 600 3.8 0.29

MeOD 600 6.8 0.55

CH2Cl2 615 4.6 0.39

Toluene 622 4.1 0.34

4 MeOH 613 4.2 0.25

CH2Cl2 612 4.6 0.39

Toluene 614 3.6 0.35

5 MeOH 471,d 549e 7.2,d 8.4e 0.48

CH2Cl2 469,d 567e 6.8,d 7.9e 0.06

Toluene 575 7.3 0.05

6 MeOH 600 4.1 0.12

CH2Cl2 604 3.7 0.02

Toluene 590 3.1 0.04

7 MeOH 612 1.5 (4%),

4.0 (96%)

0.04

CH2Cl2 612 1.0 (39%),

3.5 (41%)

0.03

Toluene 620 1.0 (55%),

2.8 (45%)

0.04

aAbsolute quantum yield measured using an integrating sphere. b 77
K. cHighest energy peak. dEnol emission. eKeto emission.

Figure 3. Absorption spectra of 2 (red) and 3 (black, empty
square) in CH2Cl2 at room temperature and emission spectra in
2-MeTHF at 77 K (dash) and in CH2Cl2 at room temperature
(filled square).

Figure 4. Absorption spectra of compound 4 in toluene (blue
triangle), CH2Cl2 (black square), andMeOH (red circle) and the
emission spectra in MeOH (dash) at room temperature.
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to examine the effects different imino substituents exert on
the photophysical properties.

The room-temperature absorption and emission spectra
of 5-7 in CH2Cl2 are shown in Figure 5. Compound 5

(R1 = n-C12H25) displays a band at low energy (λmax =
495 nm, ε≈ 1� 104M-1 cm-1) that is assigned to the keto
tautomer. The transition occurs at higher energy than that
for the keto tautomers of 1, 3, and 4, presumably due to the
lack of conjugation with the imine nitrogen. The absorp-
tion profile of 6 (R1= 4-t-Bu-phenyl) is dominated by the
higher energy, enol tautomer (λmax= 365 nm, ε≈ 1.8� 104

M-1 cm-1) in CH2Cl2 and toluene, whereas the keto tauto-
mer is favored inmethanol (λ=475-610nm).The spectrum
of the benzannulated derivative 7 (R1=1-isoquinoyl) shows
a red-shifted, enol transition (λ= 350-500 nm, εmax ≈ 3 �
104 M-1 cm-1) that does not vary significantly wth solvent.
As shown in Figure 5, the emission from compound 5 is

blue-shifted (λem = 550-575 nm) relative to the other

derivatives. Upon excitation into the absorption band
at 350 nm of 5, a weak, high energy emission band is
also observed near 470 nm in CH2Cl2 and methanol,
likely due to fluorescence from the enol tautomer. The
emission energy of compound 6 (λem = 600-622 nm,
Table 2) is similar to that of 1, 3, and 4 and varies little
with solvent, although the quantum efficiency is much
lower (Φ = 0.02-0.12). Likewise, the emission energy
of benzannulated compound 7 is minimally affected by
solvent and the quantum efficiencies are significantly
diminished (Φ = 0.03-0.04). The emission lifetime
cannot be fit to a single exponential, suggesting the
presence of conformational isomers for the keto tau-
tomer of 7. Despite having lower quantum yields, the
emission lifetimes for 5-7 are comparable to values for
1, indicating that a significant fraction of nonradiative
decay occurs prior to tautomerization to the lumines-
cent species.
In summary, a new class of proton-transfer dyes based

on the 1,3-bis(imino)isoindole diol motif has been intro-

duced. The ESIPT nature of the luminescence was sup-

ported by inhibition of emission upon alkylation of the

dihydroxylated BPI. Several derivatives of the parent

ESIPT structure were prepared by nucleophilic addition

of alkyl or aryl amines to substituted 1,2-dicyanobenzene.

Modification of either the indole or imino substitutents

shifts the equilibrium between keto and enol forms of the

molecule in both the ground and the excited state. The

ability to alter the thermodynamics of proton transfer by

such changes of the 1,3-bis(imino)isoindole can be used to

investigate the structure-property relationships that con-

trol the excited-state proton transfer process with the long-

term goal of developing guiding principles for ESIPT-

luminophore design. A large variety of new ESIPT dyes

can also be envisioned by tailoring the substituents around

the 1,3-bis(imino)isoindoline diol core.
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Figure 5. Absorption (empty shape) and emission (filled shape)
spectra of compounds 5 (black, square), 6 (red, circle), and 7

(blue, triangle) in CH2Cl2 at room temperature.
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