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ABSTRACT

The unconstrained green fluorescence protein (GFP)-like chromophore m-DMABDI displays a high solvatofluorochromicity in aprotic solvents,
but the fluorescence is quenched in protic solvents. According to the site-specific intramolecularly hydrogen-bonded analogs 1OH and 2OH, the
hydrogen bonding to the carbonyl oxygen is more important than that to the imino nitrogen of the imidazolinone group in the fluorescence
quenching.

Hydrogenbonding is a directional noncovalent interaction
that plays an important role in the structures and properties
ofnumerousnatural andartificialmolecules, supermolecules,

and polymers.1�7 Hydrogen-bonding interactions in the
excited state might lead to fluorescence quenching due to
rapid internal conversion or proton/electron transfer.2�7

However, the phenomenon of H-bonding-induced fluores-
cence quenching is barely predictable for a new chromo-
phore, as the fluorescence-quenching mode is sensitive to
substrate conformation4 and H-bonding location5 and/or
orientation.6 For a chromophore containing more than
one H-bonding site,7 experimental identification of the site
responsible for the fluorescence quenching is fundamentally
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important but is rarely demonstrated. We report herein one
such example with the modified green fluorescent protein
(GFP) chromophores meta-dimethylaminobenzylidenedi-
methylimidazolinone (m-DMABDI), 1OH, and 2OH (the
m-DMABDIs).

Molecular design of the m-DMABDIs is based on our
previous observation of drastic fluorescence quenching of
m-ABDI on going from aprotic to protic solvents (e.g., fluo-
rescence quantum yieldΦf = 0.34 in hexane and<0.001 in
MeOH), which indicates the presence ofH-bonding-induced
excited-state deactivation.8 This differs from the extremely
weak (Φf < 0.001) and solvent-independent fluorescence
properties of the parent GFP chromophore, para-hydro-
xybenzylidenedimethylimidazolinone (p-HBDI), revealing
a significant meta-amino substituent effect.9 The H-bond-
ing modes associated with the imidazolinone group in
m-ABDI should be important, as the photoinduced internal
charge transfer increases the charge density of this group.
Thepresence of twoH-bondacceptors, the carbonyl oxygen
and the iminonitrogen, in the imidazolinone groupprovides
a unique opportunity for investigating their relative con-
tribution to the observed fluorescence quenching. To avoid
the complication of H-bonding interactions between the
amino group (H-bonddonor) inm-ABDI andpolar aprotic
solvents (e.g., the nitrogen of MeCN), the dimethylamino
analog m-DMABDI and the site-specific intramolecularly
H-bonded derivatives 1OH and 2OH were designed. The
intramolecularH-bond is in a seven-membered ring in 1OH

but in a six-membered ring in 2OH. On the basis of DFT
(B3LYP/6-31G**) calculations, the optimized structures of
1OH and 2OH (Figure S1) exhibit the expected intramolec-
ularH-bond and are favorable by 2.49 and 5.72 kcal mol�1,
respectively, relative to non-H-bonded conformations
(Tables S1 and S2).With the corresponding non-H-bonded
systems 1OMe and 2OMe as reference compounds, the
carbonyl vs imino H-bonding effect on the fluorescence
quenching can be addressed.
The m-DMABDIs were prepared according to a mod-

ified version of Niwa’s synthetic protocol (Scheme 1).10

The chromophores m-DMABDI, 1OH, and 1OMe were
obtained from the common intermediate m-DMABO by
reactingwith the corresponding aliphatic amines. TheOH-
containing side chain in 2OH was introduced from the
reaction of m-DMABDI and acetaldehyde.11 Acetalde-
hyde instead of formaldehyde was used due to its synthetic
feasibility. The reference compounds 2OMewere obtained
by O-methylation of 2OH. Detailed synthetic procedures
and compound characterization data are supplied as
Supporting Information.

The X-ray crystal structures were determined for
m-DMABDI,1OH, and2OH.The expected intramolecular
H-bond OH••••NdC is observed for 2OH, but the hydro-
xyl group in 1OH is H-bonded to the imino nitrogen of the
neighboring molecule (Figure S2). The benzylideneimida-
zolinone moiety is nearly coplanar and the dimethylamino
(DMA) group is in a syn orientation to the carbonyl group
(as shown in Figure 1) for all three cases. The discrepancy
in the DMA orientation and/or the H-bonding mode
between the DFT-optimized and X-ray crystal structures
could be attributed to the larger basicity12 of the imino
nitrogen vs the carbonyl oxygen and to the crystal packing
effect.
The absorption spectra of the m-DMABDIs in hexane

are shown inFigure 2. The spectral maximum (λabs) is near
350 nm, and a long-wavelength shoulder with noticeable
absorbance up to 480 nm is present for all cases. The peak
maximum is of little dependence on the solvent polarity;
the magnitude of the solvatochromic shift from hexane to
MeOH is 1�3 nm (Table S3). The difference of λabs
between 1OH and 1OMe and between 2OH and 2OMe

is little or none, revealing a weakH-bonding effect on λabs.

Figure 1. m-DMABDIs and related chromophores.

Scheme 1. Synthesis of the m-DMABDIs
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A similar situation was also reported for an intramolecu-
larly H-bonded derivative of p-HBDI.13

Unlike the case of λabs, the fluorescence maximum (λf)
exhibits a large solvatochromic effect (e.g., a shift of
4190�4770 cm�1 from hexane to MeCN, Figure S3 and
Table 1), indicating the prominent charge-transfer char-
acter of them-DMABDIs in the excited state. A spectrum
of color fromblue to red is observed for the fluorescence of
m-DMABDI on going from hexane to MeCN (TOC
graphic). The prominent solvatofluorochromism of m-
DMABDI is reminiscent of the colorful mutants of
GFP.14 The solvatofluorochromic shift is slightly de-
creased for 1OMe and 2OMe. The λf values of 1OH and

2OH are at longer wavelengths relative to those of 1OMe

and 2OMe, which is consistent with H-bonding interac-
tions at the acceptor moiety of a donor�acceptor chro-
mophore. The slightly larger difference in λf for 1OH and
1OMe (15�24 nm) compared to 2OH and 2OMe (10�16
nm) shows a larger electronic perturbation by H-bonding
to the carbonyl oxygen than to the imino nitrogen.
The Φf and the Z f E isomerization quantum yield

(ΦZE) of the m-DMABDIs in hexane, THF, and MeCN
are reported in Table 1. The Φf of the m-DMABDIs in
hexane is in the range 0.37�0.46, which is larger than that
of m-ABDI (Φf = 0.34 in hexane)8 and the other uncon-
strained GFP-like chromophores in solutions.15 As in the
case of m-ABDI, the Φf decreases as the solvent polarity
increases, and the fluorescence is nearly quenched in
MeOH (Φf < 10�3). According to the one-bond-flip

model for the Z�E photoisomerization,16 the quantum
yield for the torsion of the exocyclic CdCbond is approxi-
mately equivalent to 2ΦZE, assuming that partitioning of
the perpendicularly twisted intermediate to theZ and theE
isomers is equal. ThatΦf þ 2ΦZE ≈ 1.0 for m-DMABDI,
1OMe, and 2OMe thus indicates that the excited-state
deactivation is mainly due to fluorescence and the Z f E
isomerization and other internal conversion channels are
unimportant. In contrast, it is Φf þ 2ΦZE , 1.0 for 1OH

and 2OH. The decrease in Φf and ΦZE for the H-bonded
and non-H-bonded couples (1OH vs 1OMe and 2OH vs
2OMe) are 4�50% and 38�64%, respectively, and the
difference is larger in more polar solvents. Evidently, the
intramolecular H-bonding induces a new nonradiative
decay channel that competes effectively with the fluores-
cence and Z,E-isomerization.
The site-dependent H-bonding effect is even more ex-

plicit with the comparison of radiative (kr = Φf/τf) and
nonradiative (knr = (1 � Φf)/τf) decay rate constants
deduced fromΦf and the fluorescence lifetimes (τf). These
data are shown in Table 1, and the uncertainty is 10% of
the values. All the fluorescence decay profiles can be well fit

with a single-exponential function.Unlike the subpicosecond
fluorescence lifetime of p-HBDI,16 the τf of 2OMe is as long
as 22.4 ns in hexane, which is to our knowledge unprece-
dented for an unconstrained GFP-like chromophore.15,17

The τf and kf decrease with increasing solvent polarity.
This might indicate intensity borrowing18 from the higher

Figure 2. Absorption and fluorescence spectra of them-DMAB-
DIs in hexane.

Table 1. Photophysical and Photochemical Data for the
m-DMABDIs in Hexane (Hex), THF, and MeCN

compd solvent

λf
(nm)

Φf

(%)

ΦZE
a

(%)

τf
b

(ns)

kf
(108 s�1)

knr
(108 s�1)

m-DMABDI Hex 492 46 21 22.5 0.20 0.24

THF 584 14 38 15.3 0.09 0.56

MeCN 643 5 53 8.6 0.06 1.11

1OH Hex 506 43 n.d. 20.8 0.21 0.27

THF 585 12 26 12.1 0.10 0.73

MeCN 656 2 17 2.8 0.07 3.50

1OMe Hex 491 45 n.d. 21.2 0.21 0.26

THF 563 13 42 14.7 0.09 0.59

MeCN 632 4 40 7.9 0.05 1.22

2OH Hex 506 37 n.d. 18.9 0.20 0.33

THF 585 11 27 13.2 0.08 0.67

MeCN 642 3 16 5.2 0.06 1.87

2OMe Hex 495 43 n.d. 22.4 0.19 0.25

THF 569 14 47 15.3 0.09 0.56

MeCN 632 6 44 7.7 0.08 1.22

aFor the purpose of solubility (10�3 M), Hex and MeCN solutions
contain 20% THF for the measurement of ΦZE. Data are not deter-
mined (n.d.) in hexane because of poor solubility, even containing 20%
THF. Excitation wavelength is 350 nm. bThe τf was determined with
excitation and emission around the spectral maxima.
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excited state of the more allowed transition (Figure 2). In
more polar solvents, the energetic separation between the
fluorescing and the higher excited state is larger, and thus the
intensity borrowingbecomes lower.Thenatural fluorescence
rate constant (kf) of all five compounds in the same solvent is
equivalent within experimental uncertainty, and thus the
difference in kf between 1OH and 1OMe and that between
2OH and 2OMe is negligible. In contrast, the difference in
knr (Δknr) for the H-bonded vs non-H-bonded couple is
substantial and solvent-dependent (Figure 3a). The Δknr is
small ((1�8)� 106 s�1) inhexanebut significant ((0.7�2.3)�
108 s�1) in MeCN for both H-bonding modes. The Δknr can
be attributed to the rate constant of nonradiative decay
induced by the intramolecular H-bond (kHB = Δknr).
Although the DFT calculations suggest a more stable
H-bonded state for 2OH vs 1OH, the kHB is 3.4-fold larger
for 1OH vs 2OH inMeCN. Evidently, the H-bonding to the
carbonyl oxygen is more impactful than that to the imino
nitrogen on the excited-state quenching. As indicated by the
λf of 1OH vs 2OH, which is the same in hexane but larger in
MeCN, the larger H-bonding effect in 1OH results from
strongerH-bonding interactions associatedwith the carbonyl
vs the imino group in the electronically excited state.
The solvent effect on kHB provides insight to the nature

of the H-bond-induced decay channel. In principle, the
intramolecular H-bond is more favorable in less polar
solvents.19 A larger H-bonded population is thus expected
for 1OH and 2OH in hexane than inMeCN.However, the
kHB is much smaller in hexane vs MeCN, which indicates
that the quenching of the excited state is not simply due to
internal conversion. An occurrence of excited-state proton
transfer (ESPT) fromMeOHto the carbonyl oxygen or the
imino nitrogen that results in a polar zwitterion might
account for the larger kHB in more polar solvents due to
better solvation.
The effect of intermolecular H-bonding on fluorescence

quenching was also investigated with MeOH titration of
m-DMABDI in MeCN (Figure 3b). Figure 3c shows the
log(Φf0/Φf � 1) vs log[MeOH] plot, where Φf0 and Φf

correspond to the fluorescence quantum yield in the
absence and presence of MeOH. The slope 1.02 ( 0.03
indicates that the fluorescence quenching results froma 1:1
complex of m-DMABDI and MeOH.4 According to the
slope (3.35 ( 0.07 M�1) of the Stern�Volmer plot
(Figure 3d) and fluorescent lifetime (8.6 ns) in MeCN,
the calculated quenching constant is 3.6 � 108 M�1 s�1.
This value is nearly 100 times smaller than the diffusional
rate constant in MeCN (2.3 � 1010 M�1 s�1),3a which

indicates that a significant barrier exists in the quenching
process or it is static quenching due to ground state
complexation.The lowΦf (<10�3) inneatMeOHsuggests
a kHB value larger than 1� 109 s�1, provided that all of the
substrate forms the complex and the kf is on the sameorder
as that inMeCN. A smaller kHB for 1OH inMeCN (2.3�
108 s�1) vsm-DMABDI inMeOH (>1� 109 s�1) reflects
the lowpopulation of the optimalH-bonded formof 1OH.
In summary, the H-bonding to the carbonyl oxygen of

them-DMABDIs plays amore important role than that to
the imino nitrogen in deactivating the excited state. The
intriguing dependence of fluorescence properties on sol-
vent polarity and proticity for them-DMABDIs and their
analogsmight prove of value as fluorescent probes for site-
selective fluorescence imaging of biological systems.
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Figure 3. (a) Comparison of kHB in different solvents and
H-bonding modes; (b) MeOH-induced fluorescence quenching
for m-DMABDI in MeCN ([MeOH] = 0.0�1.0 M), and the
corresponding (c) plot of log(Φf0/Φf � 1) against log[MeOH]
and (d) Stern�Volmer plot.
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