CHINESE JOURNAL OF CHEMICAL PHYSICS

VOLUME 31, NUMBER 4

AUGUST 27, 2018

ARTICLE

Ester-Derivatized Indoles as Fluorescent and Infrared Probes for Hydration
Environments†
Xin-yue Huanga , Min Youa , Guang-liu Rana , Hao-ran Fanb , Wen-kai Zhanga ∗
a. Department of Physics and Applied Optics Beijing Area Major Laboratory, Center for Advanced
Quantum Studies, Beijing Normal University, Beijing 100875, China
b. Department of Chemistry, Beijing Normal University, Beijing 100875, China

(Dated: Received on May 25, 2018; Accepted on July 8, 2018)

Tryptophan derivatives have long been used as site-specific biological probes. 4-Cyanotryptophan emits in the visible region and is the smallest blue fluorescent amino acid probe for biological applications. Other indole or tryptophan analogs may emit at even longer wavelengths
than 4-cyanotryptophan. We performed FTIR, UV-Vis, and steady-state and time-resolved
fluorescence spectroscopy on six ester-derivatized indoles in different solvents. Methyl indole4-carboxylate emits at 450 nm with a long fluorescence lifetime, and is a promising candidate
for a fluorescent probe. The ester-derivatized indoles could be used as spectroscopic probes
to study local protein environments. Our measurements provide a guide for choosing esterderivatized indoles to use in practice and data for computational modeling of the effect of
substitution on the electronic transitions of indole.
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n-cyanotryptophan (n-CN-Trp, n=4−7), where n indicates the carbon position for the CN substituent on
the indole ring, have been used as site-specific fluorescent probes and IR probes for the local protein environment [13−19]. Talukder et al. showed that the
QYs of 6-CN-Trp and 7-CN-Trp were two times more
than that of Trp, and these derivatives could be used to
study interactions between proteins and nucleic acids
[13]. Markiewicz et al. found that 5-CN-Trp had a
large QY change in response to the local hydration environment and could be used to probe local hydration
status in proteins [14]. Hilaire et al. showed that 4-CNTrp emitted in the blue region of the visible spectrum,
and could be used as a blue fluorescent amino acid for
biological spectroscopy and imaging applications [15].
Hilaire et al. also studied the fluorescence lifetimes of
six n-cyanoindoles (n-CNI, where n=2−7) and found
that only 4-CNI had a long fluorescence lifetime and
high QY in water [16].
Cyanotryptophans can also be used as site-specific
IR probes as they can provide effective information
about proteins or polypeptides [17−19]. Zhang et al.
found a linear dependence between the nitrile stretching frequency of 5-CNI and the Kamlet-Taft parameters
(σ=π ∗ +β−α), and that 5-CNI could be used as an IR
probe of the local protein environment [17]. Rodgers
et al. demonstrated that the Fermi resonance of 4CNI could be used to determine hydrogen bonding (Hbonding) status in the surrounding region. These developments make CNI a versatile site-specific probe that
can be used to study the local environment using both

I. INTRODUCTION

Site-specific fluorescent and infrared (IR) probes have
been widely used to study protein structure, conformation, function, and dynamics [1−4]. Tryptophan
(Trp) is the most popular fluorescent probe because it
is frequently found at or near sites that are responsible
for protein-protein interactions, ligand binding, proteinDNA interactions, and enzyme catalysis [5−8]. Additionally, Trp has a larger fluorescence quantum yield
(QY) than any other natural amino acid and its fluorescence is sensitive to the environment [9]. However, Trp
absorbs and emits in the ultraviolet (UV) region and its
QY is lower than larger dye molecule probes. Because
of these factors, it is difficult to use Trp as a fluorophore
for single-molecule measurements and imaging applications, especially under in vivo conditions. Therefore,
much effort has been dedicated to the development of
synthetic Trp-based amino acids for use as fluorescent
and IR probes.
Among the Trp analogs, azatryptophans [10−12]
and derivatives prepared by indole ring substitution
[13−16] have been studied the most as fluorescent
probes. Recently, a series of Trp analogs based on
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cal reactions, etc. Three empirical parameters are used
to represent the solvent polarity (π ∗ ), the hydrogenbond acceptor (β), and the hydrogen-bond donor (α)
[27, 28]. We found that the MIC derivatives could be
used as spectroscopic probes to study the local protein
environment. Our measurements provide guidelines for
choosing appropriate MIC derivatives in practice and
data for theoretical calculation of substitution effects
on indoles.
FIG. 1 Structures of (a) indole and (b) methyl indole-4carboxylate.

II. EXPERIMENTS
A. Materials and sample preparation

fluorescence and IR spectroscopy [18]. For example,
Markiewicz et al. utilized 5-CN-Trp to investigate the
hydration status near the Trp gate in the influenza
A M2 proton channel using IR and fluorescence spectroscopy. They found that a lack of sufficient water
molecules near the Trp gate provided an additional energetic bottleneck for M2 proton conduction [19]. Unfortunately, the dipole strength of the nitrile stretching vibration is low, which makes it difficult to use in
two-dimensional IR measurements, and much effort has
been dedicated to the development of an amino acid IR
probe with stronger dipole strength [20−25]. Moreover,
the maximum emission wavelength of CNI is 405 nm
for 4-CNI in water and the longest fluorescence lifetime
of CNI is 15.7 ns for 7-CNI in formamide. For these
probes, the redshift of fluorescence spectrum is not
large enough and the fluorescence lifetime is not very
long. Consequently, new synthetic Trp-based amino
acids with larger red shifts and longer fluorescence lifetimes are required for use as fluorescent probes. Ideally, these new probes would also have large vibrational
dipole strengths and could be used as IR probes.
Recently, Pazos et al. found that ester carbonyl
stretching frequencies were linearly dependent on the local electric field with a large dynamic range, and demonstrated that ester carbonyl could be used to probe small
changes in local electric fields [26]. This prompted us to
study ester-derivatized indoles that could combine the
IR probe features of ester carbonyls with the fluorescent probe features of Trp derivatives. To the best of
our knowledge, no systematic fluorescence and IR spectroscopy study has been performed on indole or tryptophan derivatives with ester carbonyl substituents. In
this study, we systematically performed FTIR, UV-Vis,
and steady-state and time-resolved fluorescence spectroscopy on six ester-derivatized indoles in different solvents. These derivatives we studied are methyl indolen-carboxylate (n-MIC, n=4−7, FIG. 1), where n indicates the carbon position for the ester carbonyl substituent on the indole ring. We investigated the spectral
properties of the MIC derivatives using Kamlet-Taft
empirical parameters, which are related to the properties of solution, such as solubilities, partition coefficients, thermodynamic and kinetic properties of chemiDOI:10.1063/1674-0068/31/cjcp1805118

The following chemicals were purchased and used
without further purification: indole (>99%, Acros Organics), methyl indole-2-carboxylate (2-MIC, Accela.),
methyl indole-3-carboxylate (3-MIC, 98%, Innochem),
methyl indole-4-carboxylate (4-MIC, 99%, Acros Organics), methyl indole-5-carboxylate (5-MIC, 98+%,
Alfa Aesar), methyl indole-6-carboxylate (6-MIC, Ark),
and methyl indole-7-carboxylate (7-MIC, Ark). The following solvents of HPLC grade or higher quality were
purchased and used without further purification: 1,4dioxane (Alfa Aesar), 2-propanol (Alfa Aesar), acetonitrile (Acros Organics), dimethyl sulfoxide (DMSO,
Acros Organics), ethanol (EtOH, Decon Laboratories),
methanol (MeOH, Acros Organics), tetrahydrofuran
(THF, Acros Organics), dichloromethane (DCM, Acros
Organics), and toluene (Alfa Aesar). All the sample
solutions were freshly prepared by directly dissolution
of the solutes in the solvents before use in spectroscopy
measurements. The final concentrations of the solutions
were approximately 50 mmol/L for the FTIR measurements and 15 µmol/L for the absorption and fluorescence measurements.
B. Spectroscopic measurements

FTIR spectra were measured on a Bruker VERTEX
70 spectrometer with a resolution of 2 cm−1 . The sample solution was placed between two 3-mm CaF2 windows separated by either a 50-µm or 100-µm Teflon
spacer. Measurements were conducted at room temperature. The solvent background was subtracted from
each spectrum.
C. Absorption measurements

UV-Vis spectra were collected on an Agilent Technologies Cary 60 UV-Vis spectrophotometer at room
temperature using a 1-cm quartz cuvette.
D. Static and time-resolved fluorescence measurements

Static fluorescence spectra were collected on a fluorometer (F-4600, HITACHI) at room temperature in a
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1-cm quartz cuvette with a resolution of 0.2 nm and integration time of 4 nm/s. Time-resolved measurements
were collected on a commercial time-correlated single
photon counting system (FLS980 spectrometer, Edinburgh Instruments) in a 1-cm quartz cuvette at room
temperature. The sample solutions were prepared with
an OD of 0.05−0.2 at an excitation wavelength (λex ) of
285 nm. To minimize any inner filter effect, the excitation beam was positioned near the edge of the sample
cuvette that faced the fluorescence collection optics.

III. RESULTS AND DISCUSSION
A. Static FTIR measurements

FTIR spectra were obtained of the ester carbonyl
stretching vibrations of all six MIC derivatives at room
temperature in DMSO (FIG. 2(a)). For these derivatives, the stretching vibration of the ester carbonyl was
located between 1680 and 1730 cm−1 . Among the MIC
derivatives, 2-MIC and 3-MIC showed the largest differences in the frequency of the ester carbonyl stretching
vibration. The frequency for 2-MIC showed the largest
blueshift, and that for 3-MIC showed the largest redshift. The frequencies for the ester carbonyl stretching
vibrations of all the other MIC derivatives in DMSO
were similar to each other, even though these derivates
had the ester carbonyl group located at different positions on the indole ring. In order to understand these
observation, we calculated the natural charges of indole.
As shown in FIG. S1 in supplementary materials, the
carbon atom at the position 2 has positive charge, the
carbon at the position 3 has the most negative charge,
while the carbon atom at the position 4−7 has the
negative charge in between. We know that the frequency of the carbonyl group stretching vibration is
correlated with the electronegativity of its neighboring
carbon atom. So our observations are consistent with
the calculations.
All the MIC derivatives had only one obvious
ester carbonyl stretching vibration band in DMSO
(FIG. 2(a)). However, in 2-propanol and MeOH, all
the MIC derivatives showed more than one vibration
band between 1680 and 1725 cm−1 (FIG. 2(b) and
FIG. S2 in supplementary materials). Qualitatively,
these results could be explained by H-bonding between
the solute and solvent [26]. The ester carbonyl group
is a strong H-bonding acceptor, whereas 2-propanol
(β=0.95, α=0.76) is both a strong H-bonding acceptor
and a strong H-bonding donor. Therefore, the ester carbonyl group can form zero, one, or two H-bonds with
2-propanol [29]. We can assign the higher frequency
peak as the ester carbonyl stretching vibration which
does not form any H-bonds with 2-propanol [26, 29].
However, DMSO (β=0.76, α=0) is a strong H-bonding
acceptor and a very weak H-bonding donor. So the ester carbonyl group cannot form H-bonds with DMSO,
DOI:10.1063/1674-0068/31/cjcp1805118

FIG. 2 FTIR spectra of n-MIC derivatives (n=2−7) in (a)
DMSO and (b) 2-propanol.

and consequently, there is only one band in the FTIR
results. We found that the two peaks of 2-MIC have
similar intensities but not for other MIC derivatives.
We suspect that the steric effect may cause the population difference of H-bond between the solvent and
different MIC derivatives. For example, our calculation
found that the 7-MIC can form stable intramolecular Hbond while other MIC derivatives cannot. Quantitative
analysis of the H-bonds effect of these MIC derivatives
will be presented in a future publication.
We noticed that the ester carbonyl stretching vibration bands of 2-MIC and 7-MIC had shoulders at around
1680 and 1685 cm−1 , respectively in 2-propanol, and
these might be caused by formation of two H-bonds
with the solvent [26]. These results indicate that the
ester carbonyl stretching vibrations of MIC derivatives
are sensitive to the H-bonding status. Therefore, they
could be used to study the local H-bonding environments in biological systems. In THF and acetonitrile,
7-MIC had two vibration bands, whereas the other MIC
derivatives had only one vibration band (FIG. S2 in
supplementary materials). The FTIR spectrum of 7MIC in DCM was more complicated than the spectra
of the other MIC derivatives (FIG. S2 in supplementary
materials). Furthermore, the ester carbonyl stretching
vibration bands of all MIC derivatives in toluene were
very complicated; 2-MIC and 7-MIC had three vibration bands, 5-MIC had two vibration bands, and 3-MIC,
4-MIC, and 6-MIC each had one vibration band with
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FIG. 4 UV-Vis absorption spectra of indole and MIC derivatives in water at room temperature.

FIG. 3 FTIR spectra of (a) 4-MIC and (b) 7-MIC in different solvents.

a shoulder (FIG. S2 in supplementary materials). We
suspect that this complexity is caused by π-π interactions between the benzene ring and indoles [30, 31].
We then investigated the FTIR spectra of the MIC
derivatives further. FTIR spectra of 4-MIC in various
solvents were obtained (FIG. 3(a)). More than one vibrational band was observed for 4-MIC in protic solvents (e.g., 2-propanol and MeOH), but only one vibrational band was observed in aprotic solvents (e.g.,
DMSO). Therefore, 4-MIC can be used to investigate
the hydration status of the local environment. When
dissolved in different solvents, 4-MIC, 5-MIC, and 6MIC showed similar responses to the change in solvent
in their vibrational spectra (FIG. S3 in supplementary
materials and FIG. 3(a)). The only difference was that
5-MIC had two vibrational bands in toluene and the
others did not. These results suggest that 4-MIC, 5MIC, and 6-MIC can be used as an IR probe like other
ester studied in Ref.[26]. The situation was different for
the other MIC derivatives. The FTIR spectra of 3-MIC
in different solvents were similar to those of 4-MIC, 5MIC, and 6-MIC, but it could not be used as a protein
side chain probe, instead, it could possibly be used as
a probe for drugs interactions with proteins since it is
the precursor of many drugs [32, 33]. The FTIR spectrum of 7-MIC was very complicated (FIG. 3(b)), and
both the number and positions of its vibrational bands
changed in different solvents. In DMSO, there was only
one vibrational band for 7-MIC, whereas there was more
DOI:10.1063/1674-0068/31/cjcp1805118

than one vibrational band in other solvents and the
spectra were relatively complicated. We performed a
quick density functional theory calculation and found
that 7-MIC could form intramolecular H-bonds, which
may explain the complexity of its FTIR spectra. Quantitative analysis of the 7-MIC IR spectroscopy will be
presented in a future publication. The spectra of 2-MIC
were also complicated, with only one band in DMSO
and THF but more than one band in other solvents.
Since these MIC derivatives have different properties
for use as probes, we could use different MIC derivatives to label different Trp sites and investigate different aspects of the local environment simultaneously. In
addition, the dipole strength of the stretching vibration
of the ester carbonyl is stronger than that of nitrile, and
we suspect that some of the MIC derivatives could be
better IR probes than cyanotryptophan derivatives for
site-specific monitoring of the local environment near
Trp residues.

B. Absorption spectra

The different MIC derivatives dissolved in water had
distinct absorption spectra, as manifested by their spectral shapes, maximum absorption wavelengths (λmax ),
and molar extinction coefficients (ε) (FIG. 4, Table I).
Compared to the indole, the λmax of all the MIC derivatives showed redshifts and spanned from 9 nm (3MIC) to 44 nm (7-MIC). Qualitatively, these results
agree with the literature, where an electron withdrawing group (EWG) on the indole ring leads to a redshift
of λmax and an electron donating group results in a
blueshift of λmax [34]. Since the ester is a moderate
EWG when connected through a carbon and the cyano
is a strong EWG, it is surprised that the λmax shifts of
the MIC derivatives were larger than those of the CNIs
with the same substitution positions. This result indicates that another mechanism besides EWG plays a
role which will be investigated in a future publication.
Notably, the absorption spectrum of 6-MIC had two difc
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TABLE I The absorption (λmax ) and emission (λem ) maxima and the molar extinction coefficient (ε in the unit of
(mol/L)−1 cm−1 ) at λmax and quantum yield (QY) in water
for indole and n-MIC. Quantum yield of indole in water is
cited from Ref.[35].
Compound λmax /nm
Indole
270
2-MIC
293
3-MIC
284
4-MIC
311
5-MIC
279
6-MIC
289
7-MIC
314

ε
λem /nm FWHM/cm−1
5240
350
51.3
700
410
97.0
3040
350
72.2
7800
450
79.6
1120
420
127.1
5000
410
64.6
8170
450
96.3

QY
0.28
0.07
0.04
0.44
0.01
0.94
0.09

FIG. 5 Fluorescence spectra of indole and MIC derivatives
in water at room temperature. The excitation wavelength
(λex ) was 285 nm. The fluorescence spectra of different MIC
derivatives have been “normalized” against the maximum
fluorescence intensity of 6-MIC in each case.

ferent maxima, centered at 289 and 320 nm, which likely
arose from a large separation between the 1La and 1Lb
states in this molecule [16]. Among the MIC derivatives, 4-MIC and 7-MIC showed the largest redshifts in
the λmax , which were above 310 nm. The ε of the MIC
derivatives in the tested solvents were about two-to-six
times higher than those obtained in water (FIG. S4 in
supplementary materials).

C. Fluorescence spectra

The fluorescence spectra of the MIC derivatives in
water were dependent on the substitution position of
the ester carbonyl on the indole ring (FIG. 5). The
emission peak position in the 3-MIC fluorescence spectrum was similar to that in the indole fluorescence spectrum, whereas the fluorescence spectra of all the other
MIC derivatives were redshifted by 60−100 nm. The
shifts for 4-MIC and 7-MIC were about 100 nm, and
were larger than those for any of the CNI derivatives
in water. In all the studied MIC derivatives, 6-MIC
had the strongest fluorescence intensity and 5-MIC had
DOI:10.1063/1674-0068/31/cjcp1805118

FIG. 6 Pictures of a 5 mmol/L 4-MIC (a), a 5 mmol/L
4-CNI (b), and a 5 mmol/L indole (c) in water under illumination of 365-nm light, which was taken using a Canon
EOS M10 camera.

the weakest. Interestingly, the fluorescence bandwidth
of 4-MIC was the broadest and extended to 560 nm,
which is nearly light green (FIG. 6). To the best of our
knowledge, 4-MIC has the largest redshift among all the
indole derivatives reported, which indicates that 4-MIC
might be an excellent fluorescence probe. One can synthesize a tryptophan-based 4-MIC analog fluorophore
probe and use it in various biological studies, especially
in spectroscopic measurements where an amino acidsized fluorescence reporter is required. Since 4-MIC is a
small molecule and sensitive to hydrogen bonding, so it
is a convenient and sensitive probe. It is possible to find
the correlation between the central frequency of ester
carbonyl stretching vibration and the local electrostatic
field by measuring the frequency of the ester carbonyl
stretching vibration of 4-MIC. In addition, the sensitivity of 4-MIC for hydrogen bonding and non-hydrogen
bonding environments is different. We can find more
and more useful information from the difference.
Therefore, we believe that it is possible to develop a
green fluorescent amino acid based on an indole derivative with substitution at the 4 position. We found that
the emission peak position of 3-MIC in EtOH showed a
larger redshift than in any other solvents, and all of the
other MIC derivatives showed their largest redshifts in
water (Table S1 in supplementary materials). We also
found that the fluorescence intensity of 7-MIC in DMSO
was the stronger than in any other studied solvents.

D. Time-resolved fluorescence measurements

Next, we measured the fluorescence decay kinetics
of the MIC derivatives in the different solvents. The
fluorescence decay kinetics of some n-MIC (n=4, 6,
7) in water fit reasonably well to a single-exponential
function, which was used to determine the lifetime
(Table II). However, some other n-MIC (n=2, 3, 5)
were better described by a double-exponential function,
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FIG. 7 Dependence of the fluorescence lifetime of (a) 2-MIC, (b) 3-MIC, (c) 4-MIC, (d) 5-MIC, (e) 6-MIC, and (f) 7-MIC
on the empirical solvent parameter σ. Line corresponds to a linear fit of the data to the following equation: τ =A+Bσ (the
value of parameters A and B are listed in Table S3 in supplementary materials).

TABLE II Fluorescence lifetime (τ ) of n-MIC in different
solvents, as indicated.
Solvent

τ /ns
2-MIC 3-MIC 4-MIC 5-MIC 6-MIC 7-MIC
THF
3.7
2.3
4.9
3.5
3.0
6.6
1,4-Dioxane 4.3
3.0
4.6
4.9
3.1
5.4
ACN
4.3
2.4
5.1
4.1
3.3
8.1
EtOH
4.4
1.4
5.9
8.4
3.7
10.2
MeOH
4.1
6.0
6.0
7.2
3.9
10.1
DMSO
4.8
2.3
6.9
6.6
3.7
16.6
Water
1.8
5.8
8.8
3.9
5.1
5.0

and the lifetimes (τ , Table II) are the intensity-weighted
averages for each time constant, τ . Among the derivatives, 2-MIC had the shortest fluorescence lifetime and
4-MIC had the longest. Combined with the large redshift in the fluorescence spectrum of 4-MIC, these results suggest that 4-MIC could be a good site-specific
amino acid probe for the local protein environment.
Similar to other indole derivatives [30−34], the fluorescence lifetimes of these MIC derivatives were dependent on the solvent. A similar procedure was applied for
lifetime measurements in other solvents (Table II). The
longest lifetime of a MIC derivative (16.6 ns for 7-MIC
in DMSO) was longer than that of a CNI derivative
(15.7 ns for 7-CNI in formamide) [16]. Except for 4CNI, most CNI derivatives have very short fluorescence
lifetime in water, and 4-CNI is the only CNI derivative
DOI:10.1063/1674-0068/31/cjcp1805118

that could be used as a fluorescent probe. However,
the fluorescence lifetimes of multiple n-MICs (n=4, 6,
7) in water are longer than that they are in other solvents, and most of these derivatives could be used as
fluorescent probes.
Traditionally, to study how a solvent affects the fluorescence properties of a fluorophore, empirical solvent
parameters are used to correlate between the solvent
and a fluorescence property. Recently, Hilaire et al. [16]
showed that the fluorescence lifetime of CNI exhibited
a strong correlation with σ=π ∗ +β−α, which is a combination of Kamlet-Taft parameters (Table S2 in supplementary materials). Specifically, the π ∗ parameter
denotes nonspecific electrostatic interactions between
the solute and solvent molecules, whereas the β and α
parameters signify specific H-bonding interactions between the solvent and the carbonyl (β) and NH (α)
groups. Here, we tried to study the influence of the
solvent on the fluorescence lifetimes of MIC derivatives
using a similar approach. The fluorescence lifetime of
3-MIC exhibited a negative linear correlation with σ in
all solvents except for EtOH (FIG. 7). The fluorescence
lifetimes of the other MIC derivatives also exhibited
negative linear correlations with σ in all solvents except
for water and DMSO. These correlations suggest that
increasing either the solvent’s polarizability (i.e., π ∗ )or
its H-bonding interactions (i.e., β) with the ester carbonyl group would decrease the fluorescence lifetimes of
MIC derivatives. By contrast, increasing the H-bonding
interactions with the ester carbonyl group (i.e., α) wou-
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ld have the opposite effect. Notably, the slope of 5MIC was steeper than that of any other MIC derivative,
which indicates that 5-MIC is the most sensitive probe
to the local environment.

IV. CONCLUSION

Spectroscopic studies of protein structure, conformation, function, and dynamics require site-specific probes
with spectroscopic signatures that undergo changes in
response to their environment. Herein, we investigated
a series of MIC derivatives in different solvents using
FTIR and fluorescence spectroscopy. These derivatives
could be used as sensitive IR and fluorescent probes of
the local environment. The derivative 4-MIC, which
emits at 450 nm with a fairly long fluorescence lifetime, is a promising candidate for development of a
fluorescent probe. We believe that this study of MIC
derivatives will expand their utility as novel spectroscopic probes in biological applications.
Supplementary materials: Emission maxima of MIC
derivatives molecules in the indicated solvents; the
Kamlet-Taft parameters: polarizability (π ∗ ), H-bond
accepting ability (β), H-bond donating ability (α) and
σ(π ∗ +β−α) of the indicated solvents; the fitting parameters of FIG. 7; the calculated natural charges of
indole; FTIR of MIC derivatives in a special solvent
and in all solvents; absorption spectra of MIC derivatives molecules in the indicated solvents; fluorescence
spectra of 7-MIC molecules in the indicated solvent; fluorescence decay kinetics of MIC derivatives in water are
given.
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