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Cyano-tryptophans as dual infrared and
fluorescence spectroscopic labels to assess
structural dynamics in proteins†

L. J. G. W. van Wilderen, a H. Brunst, a H. Gustmann, b J. Wachtveitl, b

J. Broosc and J. Bredenbeck *a

The steady state and time-resolved fluorescence and infrared (IR) properties of 4- and 5-cyanotryptophan

(CNTrp) are investigated and compared, and the tryptophan (Trp) analogs are found to be very attractive

to study structural and dynamic properties of proteins. The position of the nitrile substitution as well as the

solvent environment influences the spectroscopic properties (solvatochromism). Similar to native Trp,

electronic (nanosecond) lifetime and emission spectra are modulated by the environment, making CNTrps

attractive fluorescent probes to study the structural dynamics of proteins in complex media. The nitrile

absorption in the IR region can provide local structural information as it responds sensitively to changes in

electrostatics and hydrogen bond (HB) interactions. Importantly, we find that 4CNTrp exhibits a single

absorption in the nitrile stretch region, while the model compound 4CN-indole (4CNI) shows two. Even

though the spectrum of the model compound is perturbed by a Fermi resonance, we find that 4CNTrp

itself is a useful IR label. Moreover, if the nitrile group is substituted at the 5 position, the Trp analog

predominantly reports on its HB status. Because the current literature on similar compounds is too

limited for a detailed solvatochromic analysis, we extend the available data significantly. Only now are

microscopic details such as the mentioned sensitivity to electrostatics coming to light. The vibrational

lifetime of the CN moiety (acting on a picosecond time scale in contrast to the nanosecond time scale

for fluorescent emission) allows for its application in 2D-IR spectroscopy in the low picosecond range.

Taken together, the benefits of CNTrps are that they absorb and emit separately from the naturally

occurring Trp and that in these dual fluorescence/vibrational labels, observables of IR and fluorescence

spectroscopy are modulated differently by their surroundings. Because IR absorption and fluorescence

operate on different time and length scales, they thus provide complementary structural information.

Introduction

The fluorescence of Trp (i.e. in terms of intensity, lifetime, and
wavelength) is strongly modulated by its local electrostatics,
structure and hydrogen bond (HB) partners.1–4 Therefore, it is
widely used as a marker for changes in the hydration status5

and conformation6,7 of a protein. Its fluorescence (it absorbs at
around 280 nm and emits at around 350 nm) has, for instance,

been used via Förster Resonance Energy Transfer (FRET) methods
to gain distance information on length scales of 1–10 nm.8–10

Here, we study cyano-tryptophans (see Fig. 1) as potential protein
labels, having a nitrile group functioning as an additional IR
label. A cyano group on a different amino acid such as
phenylanaline11–15 has, for instance, been used as a direct IR
and fluorescence label in a protein,14 or to perturb the fluores-
cence of GFP’s chromophores while simultaneously reporting

Fig. 1 Model compounds 5CNI, Ac5CNTrp, 4CNI and Ac4CNTrp. The
atom numbering is given for 5CNI.
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on the local electrostatics and HB interactions via the cyano group’s
IR properties.11 Many other natural and unnatural protein
labels are currently available,16,17 illustrating the vast potential
for investigations on protein structures.

A previous study exploited the use of 5CNTrp as a fluores-
cence and IR protein label.16,18,19 Very recently, Hilaire et al.20

reported on 4CNTrp, showing a strong absorption of 4CNTrp at
wavelengths 4300 nm. Together with attractive fluorescence
properties like a high quantum yield and good photostability,
this gives 4CNTrp potential as an attractive protein fluorescence
probe. Nitrile groups have strong IR absorption cross sections,
are spectrally isolated from water and protein absorption bands,
and their central wavenumber is sensitive to changes in local
electrostatics and HB interactions.21 The possibility of the dual
use of 5CNTrp as a fluorescence and IR protein label has already
been pointed out.18 The molar absorptivity of the studied
compounds is assumed to be similar to Trp and those of
previously reported structurally related compounds,22 i.e. about
5000 M�1 cm�1 at the maximum absorption in the UV region,
and about 160 M�1 cm�1 in the infrared region.23 Here, we show
that 4CNTrp can be used both as a dual fluorescence and IR
label, extending the biochemical toolbox and investigating and
comparing the spectroscopic properties of the two CNTrps.23–26

Repositioning the CN group is useful as its spectroscopic
properties are enhanced (e.g. fluorescence quantum yield and
lifetime) and highly directional, thus a different micro-
environment is probed. In order to be able to understand the
response of the label for future use inside a protein environment,
the IR and fluorescence spectral shifts (i.e. solvatochromism) of the
labels as well as those of the CN-indole model compounds are
characterized in this work using a set of solvents having different
polarities and HB interactions. These compounds, shown in Fig. 1,
are 4CN-indole (4CNI), 5CN-indole (5CNI), N-acetyl-4CN-Trp
(Ac4CNTrp) and N-acetyl-5CN-Trp (Ac5CNTrp). The occurring
spectral shifts in both regions of the electromagnetic spectrum
are described by different theoretical models and discussed.

Experimental
Amino acid preparation

DL N-acetyl-4CN-Trp and DL N-acetyl-5CN-Trp were prepared
via condensation of 4CNI or 5CNI with serine in the presence of
acetic acid anhydride and acetic acid essentially as described
before.27,28

Solvents

All solvents (Sigma Aldrich): acetonitrile, chloroform, dichloro-
methane (DCM), dimethylformamide (DMF), dimethyl sulfoxide
(DMSO), perchloroethylene (PCE), tetrahydrofuran (THF),
1,1,1,3,3,3-hexafluoro-2-propanol (HFIP), methanol and 2,2,2-
trifluoroethanol (TFE) were used as received.

Infrared spectroscopy

Steady-state IR measurements were done on a nitrogen-purged
Bruker Tensor 27 FTIR (Bruker, Billerica, USA) equipped with

an MCT detector and 64 scans were made to collect each averaged
spectrum, except the measurement of 5CNI in water, which was
averaged over 256 scans. A flow cell29 having a Polytetrafluorethylen
(PTFE) spacer of 50 mm thickness determines the optical path
length. The solutions had a concentration between 17 mM and
50 mM when solubility was sufficiently high. In H2O, solubility of
all samples was poor. The solubility was also a limiting factor for
4CNI in PCE, Ac4CNTrp in acetonitrile and Ac5cnTrp in chloroform
and PCE. For these samples, saturated solutions with estimated
concentrations down to 0.6 mM for Ac5CNTrp in PCE have been
used, limiting the signal to a noise ratio of the spectra. Ac4CNTrp
does not dissolve in PCE. A third- to seventh-order polynomial
function was used to correct for the broad baseline underlying the
nitrile feature. The spectra in water were collected by using an
added amount of DMSO (10 vol%) to increase the solubility.
Because of limited sample availability, not all solvents were used
for the Trp analogs. The used solvents were chosen to obtain the
largest spread in the solvent field.

Ultrafast IR experiments were performed by using a
Ti:sapphire regenerative amplifier (4.5 mJ, 800 nm, 90 fs, 1 kHz,
Mira Legend Elite HE of Coherent, Santa Clara, USA) that pumped
two home-built optical parametric amplifiers (OPAs). One OPA
was used to generate IR probe pulses by difference frequency
generation (DFG) of the signal and idler in AgGaS2. The other OPA
generated broadband IR pump pulses (about 9 mJ). The spectra
were recorded on a 2� 32 pixel mercury cadmium telluride (MCT)
detector (Infrared Associates, USA). The delay of the IR pump
pulse was controlled by a translation stage. A chopper was used to
collect ’pump-on’ and ’pump-off’ signals. The signal at �20 ps
was subtracted as a background. The instrument response was
about 150 fs. The measurements were done on a sample cell
consisting of two CaF2 windows, separated by a PTFE spacer
(250 mm thick in THF and DMSO, at about 10–30 mM concen-
tration, and 50 mm in H2O, at saturated concentration). A global
analysis was performed on the ultrafast data by using the Globe
Toolbox30 to extract the lifetimes from a sum of exponential
functions fitted to the data.

UV/visible spectroscopy

The UV/visible spectra were measured by using a Hitachi U
2000 or Jasco V-650 spectrophotometer (JASCO Deutschland
GmbH, Pfungstadt, Germany) at room temperature using either
a 1 mm cuvette, a 10 mm cuvette or a flow cell.29 The solvent
spectrum was subtracted as a background and the resulting
spectra (2 nm resolution) were corrected for a constant offset.
The fluorescence spectra were measured either by using a
Perkin Elmer LS 55 spectrometer using a 10 mm cuvette, or
a Jasco FP-8500 spectrometer (JASCO Deutschland GmbH,
Pfungstadt, Germany) using a 10 mm � 4 mm UV-grade quartz
cuvette (29-F/Q/10, Starna GmbH, Pfungstadt, Germany). The
solvent spectrum was subtracted as a background. The solu-
tions were freshly prepared to have an OD of about 0.1 at the
excitation wavelength of 310 nm (corresponding to a concen-
tration of a few tens to 200 mM). The averaged (10 scans)
emission was measured from 250–550 nm in 0.5 nm steps,
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and scatter of the solvent was subtracted by using an independent
measurement.

For the absolute quantum yield determination, a Jasco
FP-8500 spectrometer with a 100 mm integrating sphere (Jasco
ILF-835) was used. For all fluorescence quantum yield measure-
ments, the excitation wavelength of 310 nm and a 10 mm �
4 mm UV-grade quartz cuvette (29-F/Q/10, Starna GmbH) were
used. The data were corrected for spectral characteristics of the
equipment (i.e. detector correction).

Time-resolved fluorescence measurements were performed
with a time-correlated single photon counting (TCSPC) setup,
which was described earlier.31 As an excitation source, a
PicoQuant PLS 310 pulsed laser diode (PicoQuant GmbH,
Berlin, Germany; producing 500–800 ps pulses at 310 nm)
was used, driven by a PDL 800-D diode driver. The solutions
were freshly prepared to have an OD of about 0.1 at 310 nm,
similar to the recording of emission spectra. The sample was
contained in a 10 mm� 4 mm UV-grade quartz cuvette (29-F/Q/10,
Starna GmbH). The sample temperature was held constant at
20 1C. A 320 nm high pass filter (N-WG-320, Schott AG, Mainz,
Germany) was used to block scattered light, and the emitted light
with wavelengths 4320 nm was integrated. Contributions of
Raman scatter in the data collected in H2O (as well as for
Ac4CNTrp in TFE) were minimized for the samples exhibiting
small fluorescence signals by using additional optical filters
(excitation filter: 310 nm UG 11; emission filters: 2 � 375 nm
GG (green glass), 385 nm GG, all from Schott AG, Mainz,
Germany). A TiO2 suspension in each solvent was used as a
scatter sample to determine the instrument response function
(IRF). For the analysis, the data were fitted with a sum of
exponentials after deconvolution with the IRF with the help of
the FluoFit Pro 4.6 (PicoQuant) software. All UV/vis data in H2O

were collected with 10% DMSO, except for the absorption spectrum
of 5CNI as well as all 4CNI data, which were measured by using
10% methanol to increase the solubility.

Results and discussion
Infrared properties

The solvent dependence of the steady-state IR absorption spectrum
of 5CNI is shown in Fig. 2A. Similar to our previous study on methyl
thiocyanate32,33 and that of 3-methyl-5-cyanoindole by Zhang et al.,34

blueshifts are observed for apolar as well as HB forming solvents.
Changing the solvent from apolar perchloroethylene (PCE; dark
blue) to polar dimethyl sulfoxide (DMSO; orange) leads to a redshift
of the nitrile stretch mode. Changing from the non-HB forming
solvent DMSO (orange) to water (black) leads to a blueshift.

The solvatochromic shifts may seem counter-intuitive as the
polarity is usually high for HB forming solvents, yet HB
formation causes a shift in a different direction than when
the polarity is increased. DFT computations on CN in nitriles
and thiocyanates have shown that field components other than
that along the cyanide bond need to be taken into account to
explain such effects.21 Changing the HB geometry can cause either
a blueshift (a linear HB geometry) or a redshift (a non-linear one).
Our data thus support a linear configuration for 5CNI and the other
compounds as well, which show similar shifts upon HB formation.
Table 1 lists all (fitted) central wavenumbers and bandwidths at
fwhm (full width at half maximum). Table S1 (ESI†) also shows the
corresponding errors.

The spectra of 4CNI are distinctly different from 5CNI, as they
do not show a single but two absorption bands (see Fig. 2C), in
agreement with previous observations.35 We therefore at first

Fig. 2 Solvent dependence of the normalized nitrile absorption band of the 5CNI (panel A), Ac5CNTrp (panel B), 4CNI (panel C) and Ac4CNTrp (panel D)
model compounds. The general trend, depicted by arrows in panel A, is seen in all panels (sharing the same abscissa and legend). Some spectra are noisy,
caused by poor solubility. The vertical dashed lines serve as guides to the eye, marking the maxima of DMSO, THF and H2O in the top panels. The central
wavenumbers and widths of each band are given in Table 1.
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were pessimistic about the potential use of Ac4CNTrp as an IR
label. Interestingly, the second peak of 4CNI disappeared for
Ac4CNTrp (see Fig. 2D), greatly simplifying the line shape, and
thus the interpretation of the data. The second peak is most
likely caused by a Fermi resonance, which vanishes upon sub-
stitution. Supporting evidence comes from DFT computations,
which only show one vibration in the nitrile region, in addition
to experimental evidence for the coupling of both bands (2D-IR
spectroscopy reveals instantaneous cross-peaks between the two
bands in isopropanol35). A low wavenumber mode at around
1125 cm�1 apparently changed its wavenumber due to an
additional amino-acid chain, shifting its first overtone away
from the nitrile stretch mode. Polarized 2D-IR experiments,
isotope labelling, or anharmonic frequency computations could
provide further proof for the assignment to a Fermi resonance.
We conclude that Ac4CNTrp can serve as an attractive and
‘simple’ IR probe as it exhibits one band only. It is also noted
that the spectrum of 5CNI in the protic solvent HFIP shows at
least two peaks, which may be similarly explained by an occur-
ring Fermi resonance (Fig. 2A, dark yellow). However, because
this seems to be the only affected spectrum, we assign these two
bands to different HB states (with the low wavenumber band
corresponding to the non-HB species, as it fits best to the
Onsager model for aprotic solvents described below).

In protic solvents, both 5CNI and 4CNI show the largest
fwhm values, indicating inhomogeneous broadening due to HB
formation. Compare for instance, 4CNI in HFIP (both bands
have large fwhm values, being 14 cm�1 and 25 cm�1) to that
obtained in THF (both bands have similar widths, being 9 cm�1

and 10 cm�1). Similar bandwidth effects are also found for
other nitriles.32–34

The solvatochromic effect can be described by Kamlet–Taft
empirical solvatochromic theory, which uses (fixed) solvent-
dependent parameters to describe the observed spectral
shifts.37,38 Using three a, b, and p* parameters (characterizing
the solvent’s HB donor acidity, HB acceptor basicity and solvent

polarity/polarizability, respectively; see Table S3, ESI†), the
model compounds show a linear relationship, even for each
of the Fermi resonance-splitted bands (Fig. 3). A fit to the
function Dn = n0 + a�a + b�b + p�p* for each compound results
in the prefactors listed in Table 2. The linear dependence of
all compounds not only demonstrates the validity of the
Kamlet–Taft model, but also provides an internal consistency
check of all measured data, as shown in Fig. 3, panels A–E.

The R2 values are close to 1 for this linear model and the
linear dependencies are helpful in determining frequency
shifts in other solvents if their Kamlet–Taft parameters are
known. The physical meaning of the Kamlet–Taft parameters,
however, is not very well defined. The modelled wavenumber
shift is assumed to be induced by a homogeneous environ-
ment. In proteins, the micro-environment of the label is
typically rather inhomogeneous, consisting of a relatively stable
scaffold formed by many amino acids, each having their
own polarity and HB forming characteristics. A more physical
picture can be obtained by the Onsager reaction field model
(DnObs ¼ �F

*

Onsager fDm
*

solute, where DnObs is the observed spectral
shift with respect to the gas phase, Dm*solute is the linear Stark
tuning rate, and f is a local field correction factor39), where the
spherical solute’s dipole moment reacts to the solvent field

F
*

Onsager

� �
.40,41 Although this approach models the underlying

physics, it also describes a homogeneous environment, but in
contrast to the Kamlet–Taft model above, it explicitly includes
electrostatics. Because HB interactions are not included in this
simplified model, only the aprotic solvents fit to a straight line

(F
*

Onsager is taken to be proportional to the dimensionless macro-
scopic Onsager factor 2(e � 1)(n2 � 2)/(3(2e � n2)), where e is the
dielectric constant of the solvent, and n is the refractive index of
the solute, which is taken to be nTrp = 1.75442 for all compounds).
It is interesting to note that the proportionality constant between

the field and the observed frequency shift fDm*solute of both peaks
of 4CNI is similar, and that it changes for the 5CN analogs from

Table 1 Central wavenumber nc and fwhm of the nitrile vibration of 5CNI, Ac5CNTrp, 4CNI and Ac4CNTrp in different environments. The listed values
are a result of Lorentzian fits to the data shown in Fig. 2. Using a Gaussian or a Voigt profile produced nearly identical results. Table S1 (ESI) also shows the
corresponding errors

Solvent

Compound 5CNI Ac5CNTrp 4CNI Ac4CNTrp

Dielectric constant e36 nc (fwhm)/cm�1 nc (fwhm)/cm�1 nc (fwhm) peak 1/cm�1 nc (fwhm) peak 2/cm�1 nc (fwhm)/cm�1

Aprotic
PCE 2.27 2226(9) 2219(12) 2218(12) 2233(10)
Chloroform 4.81 2224(12) 2219(15) 2217(11) 2232(12) 2218(10)
THF 7.52 2221(8)a 2220(8)b 2215(9)c 2230(10)c 2216(7)
DCM 8.93 2223(12) 2219(15) 2217(13)c 2230(12)c 2218(11)
Acetonitrile 36.64 2221(10) 2222(9) 2215(9) 2230(14) 2217(10)
DMF 38.25 2218(8) 2214(10)c 2229(11)c

DMSO 47.24 2217(9) 2217(9) 2214(11)c 2229(12)c 2214(7)

Protic
HFIP 16.70 2225(26)/2242(21) 2223(25) 2246(14)
TFE 27.68 2232(23) 2220(13)c 2240(15)c 2225(13)
Methanol 33.0 2224(13) 2217(10)c 2233(12)c 2219(9)
H2O 80.2 2224(13)a 2226(13)b 2219(12) 2235(12) 2221(12)

a Previously reported at 2220(8) cm�1 in THF, 2224(18) cm�1 in a H2O/MeOH (95/5) mixture.23 b Previously reported for Fmoc-L-5CNTrp in THF
and H2O/THF (60/40) at 2220 cm�1. c These values are consistent with previously reported values (deviating by 0.7 cm�1 at most).35
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high for 5CNI to essentially zero for Ac5CNTrp. This is not likely
to be caused by differences in refractive index between the

structurally-related compounds, as a simple calculation reveals
that a deviation of 10% in refractive index (indole deviates by
7%43) leads to a change of about 20% in fDm*solute, and not to a
cancellation. Why the additional substitution induced an insen-
sitivity to electrostatics in Ac4CNTrp but not in Ac5CNTrp
remains to be investigated. A clue may however come from
Table 2, where it is interesting to note that there seems to be a

correlation between the Kamlet–Taft parameter b and fDm*solute.
Strongly negative b values tend to lead to high values for
fDm*solute. Only for Ac5CNTrp a positive b value is found, corres-

ponding to a value of essentially zero for fDm*solute. Although the
sign of a Kamlet–Taft parameter does not have any physical
meaning, it is striking that the same correlation also holds for
MeSCN32,33 (see Table 2). Because fDm*solute is zero for Ac5CNTrp,
one may conclude that the nitrile vibration is not sensitive to the
local electrostatics, but it is predominantly sensitive to HB interac-
tions (see the blueshifted absorption in protic HFIP in Fig. 3D).

Fig. 3 The observed solvent-dependent frequency shifts (wavenumberObs) are predicted by the Kamlet–Taft (i.e. as function of wavenumberKT; see
panels A–E) and Onsager solvent reaction field (panels F–J). For 5CNI in HFIP, only the high wavenumber band is used. The black lines in panels A–E
represent the diagonal, the ones in panels F–J represent a linear fit to the aprotic solvents only. All panels share the same total wavenumber range,
allowing the induced spread in observed central wavenumbers to be easily discerned and compared. All panels share the same legend. The protic
solvents have open symbols, the aprotic solvents have closed ones.

Table 2 Fit parameters resulting from applying the Kamlet–Taft solvato-
chromic relationship and the Onsager reaction field model to the IR data of
the model compounds. The goodness-of-fit (R2) as well as the standard
deviation (in brackets) are included. Table S3 (ESI) shows the used Kamlet–
Taft solvent parameters

Compound

Kamlet–Taft parameters
Onsager
model

A B p n0/cm�1 R2 fDm*solute R2

5CNI 8 (2) �5 (4) �10 (3) 2229.0 0.94 10 (3) 0.77
Ac5CNTrp 9 (2) 4 (3) �6 (2) 2221.2 0.86 �1 (3) 0.02
4CNIpeak 1 3.1 (0.3) �2.9 (0.7) �2.8 (0.5) 2218.3 0.97 5 (1) 0.82
4CNIpeak 2 6.8 (0.8) �2 (2) �4 (1) 2233.2 0.93 4 (1) 0.77
Ac4CNTrp 4.5 (0.3) �3.5 (0.6) �2.6 (0.4) 2219.5 0.98 4 (3) 0.35
MeSCN32,33 7.6 (0.8) �8 (2) �4 (3) 2164.9 0.94 7 (2) 0.79
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More data are required to be collected for different compounds to
ascertain if this correlation still holds. Alternatively, a theoretical
approach such as that described by Błasiak et al.44 may reveal
the links between the molecular environment and the observed
solvatochromism. Based on the results presented here, 4CNTrp is
more promising than 5CNTrp as a local vibrational probe for
changes in electrostatics as well as HB interactions.

In addition to the steady-state IR absorption experiments,
we also undertook ultrafast time-resolved studies in order to
determine the vibrational lifetime and to investigate if it is
modulated by the local environment. In Fig. 4, the results of a
global analysis are shown after applying a fit consisting of a
sum of exponentials to the data. The negative bleach feature in
the difference spectra arises due to a depopulation of the
vibrational ground state, and the positive one arises from an
induced absorption of the first vibrationally excited state (ESA).
The ESA feature vanishes on a picosecond time scale due to
vibrational relaxation, and it is replaced by an induced absorp-
tion at only a slightly lower wavenumber with respect to the
vibrational ground state, which is a typical signature of a hot
ground state. The lifetimes of all compounds are only weakly
solvent-dependent (1.4–1.9 ps) and similar to values found
for other CN stretch vibrations such as that of 3-methyl-5CI
(1.8 ps in DMSO/TFE),34 benzonitrile (4 ps in DMSO,45 3 ps in
methanol46), 4CNphenol (1.5 ps in methanol),47 and cinnamo-
nitrile (3 ps in methanol).46 A lifetime of 1.4–1.9 ps theoretically
corresponds to a 3.4–2.5 cm�1 wide Lorentzian. The larger
linewidth of 8–26 cm�1 that we observe in the FTIR spectra
can therefore be attributed to inhomogeneous broadening. The
’slow’ observed absorption difference spectra (with time con-
stants of 10 ps up to long-lived, i.e. signals that persist for times

longer than our longest measured 150 ps delay time) are signs
of solvent heating. The short vibrational lifetime limits the
potential application of the CN-substituted Trp analogs as
labels for 2D-IR spectroscopy and renders them more suitable
for steady-state applications such as FTIR or regular time-
resolved IR spectroscopies. In agreement with the absorption
spectra shown in Fig. 2C, 4CNI shows two bleaches. Only one
broad ESA feature is found, however, potentially containing
contributions of both ground state bleaches. Two clearly sepa-
rated ESA features are, however, reported in isopropanol.35 For
completeness, the time evolution of the measured raw max-
imum and minimum (difference) absorption signals and their
global fits are shown in the ESI† (Fig. S1).

UV-vis and fluorescence properties

In analogy with the Kamlet–Taft relationship used above to
describe the observed IR shifts, commonly used theoretical
models for emission shifts, such as the Ooshika–Lippert–
Mataga model, are also only capable of modeling unspecific
interactions (e.g. disregarding HB interactions and ignoring
effects due to solvent molecules having a finite size).48,49 In
protic solvents where specific solvent–solute interactions occur,
the Stokes shift is typically larger than predicted.50,51

The absorption spectra of the 5CN analogs show a main
peak at around 280 nm and for those of the 4CN analogs, at
around 305 nm (see Fig. 5). For all compounds, three char-
acteristic solvents are chosen because they represent a low
polarity (THF), a high polarity (DMSO), and a HB forming +
high polarity (water) environment. The corresponding emission
spectra show a solvent-dependent Stokes shift, which classifies
cyanoindoles, like tryptophan, as fluorescent probes that are

Fig. 4 Ultrafast time-resolved IR experiments. The spectra of 5CNI (panels A and B; each compound is measured in THF and in DMSO, shown in the top
and bottom panels, respectively), Ac5CNTrp (C and D), 4CNI (E and F), and Ac4CNTrp (G and H) are a result of a global analysis, after applying a sequential
model. Each spectrum has an associated lifetime, which is given in the legend. The spectra collected in the same solvent have the same colour coding
(see the legend outside panel E) but different symbols (which represent the data points).
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sensitive to their surroundings. The Stokes shift is also visualized in
the inset of panel D where the maximum emission wavelengths are
plotted against the theoretical Kamlet–Taft wavenumber. Because
this model requires 4 parameters for a unique solution, only
Ac4CNTrp is modelled (Fig. 5D). The fluorescence quantum yields
have also been determined (see Table 3). A comparison to a
selection of literature values18,22,52 is presented in Table S2 (ESI†).
Including an additional fast 1 ps component to the fits (to account
for potential instantaneous scatter) did not significantly change the

time constants shown in Table 3. The 4CN analogs have a
significantly higher quantum yield than the 5CN analogs,
rendering the nitrile at the 4 position a more efficient fluores-
cent probe. For example, Ac4CNTrp is found to have a quantum
yield at least two orders of magnitude higher in H2O than that
found for Ac5CNTrp.

The solvent environment influences not only the Stokes shift
of the studied compounds, but also the electronic lifetimes
(and the quantum yield). In Fig. 6, the collected TCSPC signals

Fig. 5 Normalized absorbance and emission spectra of all compounds. The emission is collected after excitation at 310 nm and shown beyond 310 nm (A),
320 nm (B) and 325 nm (C and D). The inset in panel D shows the predicted Kamlet–Taft emission wavelengths as a function of the observed emission at its
maximum (with Dl (nm) = 383 + 11�a + 1.8�b + 25�p*; R2 = 0.95). The values used for the Kamlet–Taft model are the maxima of the corresponding spectra.
The diagonal is shown as a guide to the eye. All panels share the same legend with each solvent having the same colour.

Table 3 Fluorescence properties (quantum yield (QY) and lifetimes) of the studied compounds, determined upon excitation at 310 nm and emission at
wavelengths 4320 nm. The listed lifetimes are determined via a fit to a sum of exponentials, with the standard deviation given in brackets, the fractional
intensity of each component in percent, and the goodness-of-fit parameter w2. Table S2 (ESI) also lists the intensity-averaged lifetimes

Compound Solvent QY

Lifetimes (error)/ns\fractional intensity/%

w2t1 t2 t3

5CNI THF 0.11 4.08 (0.01)\100 1.14
DMSO 0.16 7.15 (0.02)\100 1.20
H2O o0.01 0.240 (0.003)\32 1.83 (0.04)\24 6.6 (0.2)\43 1.01

Ac5CNTrp THF 0.09 2.02 (0.01)\4 5.99 (0.02)\96 1.16
DMSO 0.23 3.5 (0.3)\2 14.60 (0.03)\98 1.16
H2O o0.01 0.340(0.003)\57 5.25 (0.07)\43 1.22

4CNI THF 0.48 5.00 (0.01)\100 1.09
DMSO 0.56 7.40 (0.02)\100 1.11
H2O 0.59 8.90 (0.02)\100 1.28

Ac4CNTrp THF 0.44 2.60 (0.09)\5 7.89 (0.02)\95 1.09
DMSO 0.58 2.13 (0.09)\6 10.17 (0.03)\94 1.24
H2O 0.76 4.4 (0.3)\4 13.90 (0.03)\96 1.15
Chloroform 0.45 2.08 (0.05)\5 6.19 (0.02)\95 1.14
Methanol 0.55 2.8 (0.2)\13 9.00 (0.02)\87 1.21
TFE 0.76 2.6 (0.1)\5 10.03 (0.02)\95 1.47
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are presented, which are integrated at wavelengths greater than
320 nm. The lifetimes fitted to the decay curves are given in
Table 3. The lifetimes are consistent with literature values for
related compounds (see Table S2, ESI†).18,22,53

The indoles (4CNI and 5CNI) generally exhibit single exponential
lifetimes while the other compounds exhibit two or three. Trp
typically exhibits two or three (excitation-independent) fluorescence
lifetimes, which seem to be inherent in its structure and are
attributed to two nearly identical electronic absorption transitions
(having different excited-state dipole moments and HB interaction
sensitivities), or, alternatively, to structural heterogeneity (i.e.
different rotamers).54,55

Water quenches the fluorescence of both 5CN analogs, as
evidenced by their low quantum yields. The lifetime in water
can be more accurately measured for the 4CN analogs, where
the quantum yield is much higher. Here, we see that a more
polar environment extends the electronic lifetime. A similar
trend is also seen for Ac4CNTrp (of which we have most data at
hand), as depicted in Fig. 7. Sorting the nanosecond lifetimes
by size and fitting them to a linear function, we find a positive
slope D.

The observed changes in lifetime (and the quantum yield)
clearly render the labels useful as protein markers as they are
capable of reporting changes in their local environment.

Conclusions

CN-substituted Trp analogs are versatile probes for local electro-
statics and HB interactions, which can be applied both for static
and dynamics measurements. Our detailed studies characterize
the IR and UV/visible spectroscopic properties. Taken together,
these chromophores can be used as reporters of changes in their
local environment on time scales ranging from femtoseconds
(e.g. in vis-pump IR-probe or 2D-IR spectral diffusion experi-
ments) to infinity (i.e. in steady-state experiments). In the IR
region, the model compound 4CNI shows two absorption
features in the nitrile stretch region, which disappear for the
label Ac4CNTrp having an additional substitution on the indole
ring system, considerably simplifying the interpretation of the
solvatochromic shifts and opening up its use as a vibrational
probe in protein studies. In addition, Ac4CNTrp exhibits a large

IR fDm*solute proportionality constant (i.e. a high sensitivity of the
IR wavenumber to changes in electrostatics). These properties,
together with the high fluorescence quantum yield, make
4CNTrp a very promising dual label. Ac5CNTrp, on the other

hand, exhibits essentially a zero fDm*solute proportionality con-
stant. This fact renders it as a suitable IR marker for HB
interactions. Depending on the intended application, all com-
pounds can thus serve as useful local probes, although their use
as an ultrafast 2D-IR label in spectral diffusion measurements is
relatively limited due to their short (o2 ps) vibrational lifetimes.
On slower time scales, the long fluorescence lifetime can be
exploited (i.e. tens of nanoseconds). Not only is their fluores-
cence useful on ‘intermediate’ and longer time scales, they can
be used as vibrational labels as well in transient experiments
(e.g. photoswitchable proteins or protein folding). In that fash-
ion, the fluorescence or IR spectral properties can be tracked as a

Fig. 6 Normalized time-resolved fluorescence emission decays of all compounds in different solvents. For each curve, their multi-exponential fits are
shown (see Table 3 for the fitted lifetimes). For clarity, the dashed fit is coloured grey in water, otherwise black is used. The grey curve represents a typical
instrument response curve (IRF) as collected in each solvent on a reference (TiO2) measurement. The raw data (with residuals) are shown in Fig. S2 (ESI†).

Fig. 7 The electronic lifetime of Ac4CNTrp depends on the dielectric
constant. The lifetimes t2 and t3 listed in Table 3 exhibit two clearly distinct
correlated clusters of datapoints. Both lifetime clusters are fitted separately
to a linear relationship with slope D (depicted near each line). Fig. S3 also
shows the fit to the intensity-averaged lifetimes listed in Table S2 (ESI†),
resulting in the same slope as observed for the slow components.
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function of time (from femtoseconds to open-end) after protein
dynamics has been initiated. Both the IR and fluorescence
properties can then provide valuable information on changes
in local electrostatics and HB status. Probing different parts of
the electromagnetic spectrum (and their associated time scales)
may thus be used to address and access different structural
dynamics phenomena in proteins.
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