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We have investigated the absorption and emission spectrum of 5-hydroxyindole in the gas phase and in various
solvents. 5-Hydroxyindole is the fluorophore of the non-natural amino acid 5-hydroxytryptophan, which has
attracted recent interest as a novel intrinsic probe for protein structure, dynamics, and function. Gas-phase
and implicit solvent calculations were performed with multiconfigurational perturbation theory (CASPT2).
An explicit solvent model was calculated using a decoupled quantum mechanics/molecular mechanics approach,
utilizing recent advances in time-dependent density functional theory. The importance of hydrogen bonding
is shown by comparing the implicit solvent model calculations with the explicit solvent calculations and
experimental results. In line with other indole systems, the order of the 1L state peaks in 5-hydroxindole is
1
Lb at lower energy than 1La, with the emitting state being 1La.
1. Introduction
Processes at the membrane level are often studied using
molecular probes in order to obtain quantitative measurements.
Theuseofenvironment-sensitivefluorescentprobesiswidespread.1-9
The location of the fluorophore within the membrane dipole
potential leads to shifts in absorption and emission and, thus,
reports on the membrane environment. One popular probe is
green fluorescent protein (GFP),1-5 a protein consisting of 238
amino acids. The fluorophore of GFP is a post-translationally
modified sequence of serine, tyrosine, and glycine to a 4-(phydroxybenzylidene)-imidazolidin-5-one structure. This sequence on its own does not show fluorescence, but the extended
environment within GFP causes fluorescence. The interaction
of GFP with other proteins or environments is well-characterized, and there have been many successful applications, because
of the sensitivity of GFP to its environment. However, the size
of GFP can alter the processes being studied, so the search for
smaller, less invasive alternatives is an active area of research.
Tryptophan also shows significant absorption and emission
bands that are sensitive to the environment. Although such
behavior can be readily exploited in a protein containing a single
tryptophan,10-14 many proteins and most cell environments have
more than one tryptophan. Thus, the signal from the probe would
be lost in the “noise” of the other tryptophan residues.9 The
non-natural amino acid 5-hydroxytryptophan6-9 is particularly
interesting, because its first absorption band is found at a
wavelength ∼30 nm longer than that of tryptophan, allowing
easy discrimination from the signals due to natural tryptophan.
In a situation involving more than one tryptophan, 5-hydroxytryptophan would provide a unique probe. The spectroscopically active part of 5-hydroxytryptophan is the 5-hydroxyindole
moiety. There have been several investigations into its use as a
fluorescent label.8,9 The first of these8 focused on the bacteriophage λ-cI repressor, in which the three wild-type tryptophans
were replaced by 5-hydroxytryptophan. The absorption and
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emission spectra showed the hydroxy derivative of tryptophan
to have an absorption shoulder at ∼30 nm longer wavelength
than unmodified tryptophan within the protein environment.
Another study9 looked at the phosphoglycerate kinase (PGK)
protein labeled by inducing expression in the presence of
5-hydroxytryptophan. The labeling site was a location where
conventional fluorescent labels could not be used because of
their size. These applications demonstrated the qualitative
response of the fluorophore to the surrounding environment,
but a more quantitative application requires a clear understanding
of the molecular environment and its effect on 5-hydroxyindole.
This can be achieved using quantum chemical calculations on
the electronically excited states in both the gas phase and
solution.
Many experimental and theoretical investigations have been
conducted on the nature of indole spectroscopy,13-21 concentrating mainly, but not exclusively, on indole and 3-methylindole.
Spectroscopists studying proteins use tryptophan because of the
strong absorption and emission of its energetically low-lying
bands and the environmental sensitivity of these bands. In the
gas phase, the first excited state of indole is the 1Lb state (in
Platt’s notation22), with the 1La state ∼0.4 eV higher in energy
(see ref 13 and references therein). In solution, the larger excitedstate dipole moment of the 1La state causes this state to be more
stabilized than the 1Lb state, sometimes leading to an inversion
of the ordering of the states or the band origins of the states.
This has led to the conclusion that the 1La state is the emitting
state in polar solvents. Thus, as in many other studies, we focus
primarily on the 1L states and their solvatochromism. The more
intense, strongly allowed 1B states occur between 5.7 and 6.5
eV. Several ab initio calculations at the multireference perturbation theory (CASPT2) level have concentrated on these shifts,
using a polarizable continuum model (PCM) for the solvent
effects. Although it is a high level of theory, the PCM does not
capture explicit hydrogen bonding, and so, the calculated spectra
in water are relatively qualitative. The popular time-dependent
density functional theory (TDDFT) approach can handle a
significant number of explicit solvent molecules; however,
previous TDDFT studies did not predict the ordering of the states
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correctly.10 In particular, the 1La state appears much lower in
energy than expected. TDDFT using many “standard” functionals has a known problem with certain excitations,23 especially if an electron is moved a large distance; in these cases,
the electron interacts with itself, resulting in the energy of these
states being too low.
Little experimental or theoretical information is available for
5-hydroxyindole in the gas phase or simple solutions, although
some data are available in proteins in vivo.8,9 In the present
article, we report calculations on the electronic excited states
of 5-hydroxyindole in the gas phase to obtain the main features
of the absorption spectrum. We also calculated the spectrum of
5-hydroxyindole in solution, both with an implicit model and
with explicit solvent molecules. Using asymptotically corrected
functionals, we performed TDDFT calculations including
explicit solvent molecules. Critically, such functionals give the
correct ordering of the states of indole. This allowed us to assign
the spectrum for 5-hydroxyindole in environments with dielectric
constants similar to those found in membrane environments.24
Excited-state geometries have also been obtained for the 1La
and 1Lb states, and the emission spectra have been calculated
in the gas phase and in solution, including an explicit solvent
model. These results were compared with experimental solutionphase absorption and emission data for several solvents. The
use of a decoupled QM/MM scheme allowed us to produce
computational absorption and emission spectra, thus giving
detailed information on the peaks present in each and their
response to the molecular environment.
2. Computational Methods
Complete-active-space self-consistent-field (CASSCF) calculations25 were carried out using an active space of 12 electrons
in 10 orbitals, which we denote as CASSCF(12,10). These
orbitals comprise the π-system of the indole ring, along with a
lone pair from each nitrogen and oxygen. An atomic natural
orbital (ANO) type of basis set26 was employed, contracted to
4s3p2d on carbon, nitrogen, and oxygen and 2s1p on hydrogen.
To calculate fluorescence data, we had to optimize the geometries of the ground state and the excited states of interest. Thus,
the geometries of the ground and first two excited states were
calculated at the CASSCF level, without the use of symmetry.
Because the CASSCF method accounts for only the nondynamical correlation energy, we recovered the dynamical correlation energy using a multiconfigurational variant of perturbation theory, CASPT2.27-30 All single-point energy calculations
were carried out using Cs symmetry. For gas-phase calculations,
Rydberg transitions can be important, so a molecule-centered
Rydberg basis set31 capable of properly describing these states
was added. Following the prescribed procedure,31 the basis set
was contracted from 8s8p8d to 1s1p1d. Because only transitions
of A′ symmetry are being considered, only the Rydberg orbitals
of a′′ symmetry were added to the active space, resulting in an
enlarged active space of (12,13) for the Rydberg calculations.
The orbitals were then optimized at the CASSCF level averaged
over several roots. To calculate the Rydberg transitions, a 10root state-averaged CASSCF calculation was performed, followed by CASPT2 treatment. For the valence transitions, the
orbitals of Rydberg character were deleted from the active space,
and an eight-root calculation was performed, followed by
CASPT2 treatment. This procedure was necessary to avoid
artificial Rydberg-valence mixing.
For the continuum solvent calculations, the polarizable
continuum model (PCM) was employed.32 This model considers
the solute in a cavity of overlapping solvent tesserae (with an
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average area of 0.4 Å2) that have apparent charges to reproduce
the electrostatic potential due to the polarized dielectric within
this cavity. The solvents investigated were water (ε ) 78.39),
dimethylsulfoxide (DMSO; ε ) 46.70), chloroform (ε ) 4.90),
ethanol (ε ) 24.55), and acetonitrile (ε ) 36.64). Rydberg states
are expected to become much higher in energy in a solvated
environment, so for these calculations, the Rydberg basis
functions were omitted. All of these calculations were performed
with Molcas 7.0.33
Gas-phase density functional theory (DFT) calculations were
also performed. The geometries were optimized at the ground
state using the B3LYP functional34 with the LB94 asymptotic
correction.35 The excited-state geometries were obtained numerically using time-dependent DFT (TDDFT) with the same
functionals. The basis set used was the 6-31G(d) basis set of
Pople and co-workers.36 This combination of functionals was
chosen for two major reasons: B3LYP generally gives good
geometries in the ground state, and the LB94 correction was
used because one of the excited states (1La) is believed to have
some charge-transfer character, something that standard functionals fail to describe within the context of TDDFT. For the
single-point calculations, the PBE + correction (hereafter
referred to as PBEOP)37,38 functional was used; this is also an
asymptotically correct functional, giving generally more quantitative excitation energies in our studies of similar systems.
The basis set used for these calculations was 6-311+G(d,p).
The LB94 calculations were performed using NWChem,39
and the PBEOP calculations were performed with Q-Chem.40
For the explicitly solvated calculations, 100 snapshots were
taken from a molecular dynamics (MD) simulation performed
using the CHARMM program41 and the CHARMM22 allhydrogen parameters.42 These simulations were carried out at
constant volume and temperature (300 K). Cubic periodic
boundary conditions were imposed, with a box of length 29.304
Å containing 5-hydroxyindole and 405 water molecules described by the TIP3P potential.43 For the calculations containing
acetonitrile, cubic periodic boundary conditions were used with
a box of length 45.50 Å containing 5-hydroxyindole and 1206
acetonitrile molecules. The acetonitrile parameters were taken
from the work of Grabuleda et al.44 Equilibration lasted for 140
ps, followed by the production dynamics, where the snapshots
were taken every 10 ps. These snapshots were then used in
TDDFT calculations, within the Tamm-Dancoff approximation
(TDA).45 Solvent molecules within 7 Å of any part of 5-hydroxyindole were included in these calculations. This led to an
average of 35 water molecules per 5-hydroxyindole molecule
and 20 acetonitrile molecules per 5-hydroxyindole. The
6-31G(d,p) basis set was used on all atoms. Performing a
TDDFT/TDA calculation on a system of this size would be
computationally demanding, so a scheme was utilized involving
a truncated set of single excitations associated with the atoms
of the fluorophore.46 In this scheme, occupied orbitals were
chosen on the basis of their Mulliken populations. If {λ} is the
subset of basis functions centered on the fluorophore atoms, a
parameter κiocc is defined such that

κiocc )

∑ Mλi
λ

where Mλi is the contribution to the Mulliken population of
orbital i from basis function λ. κiocc is therefore a measure of
the atoms on which orbital i is localized. Similarly, a parameter
κavir can be defined for virtual orbitals, based on molecular
orbital coefficients c
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κvir
a )

TABLE 1: Geometrical Parameters Calculated at the
CASSCF(12,10)/ANO Level of Theorya

∑ c2λa
λ

κocc
i

For this study, an occupied orbital i was included if
g 0.4
au, and a virtual orbital a was included if κavir g 0.5 au. This
method has been implemented within Q-Chem using the
functionals available therein, including PBEOP (although not
LB94), and has been successfully applied in the literature.46-48
The scheme also makes the identification of the states of interest
much easier than using a full TDDFT calculation. For this
reason, we favored this approach over recent advances in
multireference perturbation theory approaches.49-51 Water molecules were included in this subset of single excitations if they
were hydrogen bonding, i.e., donor-acceptor bond length of
less than 3.15 Å and within a cone defined by an angle of 35°.
3. Results and Discussion
3.1. Gas Phase. First, we consider the gas-phase results.
Tables 1 and 2 present the geometrical parameters obtained for
the ground state and two lowest excited states (1Lb and 1La) at
the CASSCF and TDDFT levels of theory, respectively. The
ground state and 1Lb geometries computed at the CASSCF and
TDDFT levels agree closely over most of the structure. The
geometry for the 1La excited state shows the same qualitative
differences from the ground-state structures for both levels of
theory, although the largest deviation in the TDDFT excitedstate geometry from the ground-state geometry is 0.046 Å in
comparison with the CASSCF geometry (0.085 Å), both for
the C8sC9 bond length. As the CASSCF description is based
on a multiconfigurational description of the wave function, we
would expect it to perform better on the more complex electronic
structures such as the 1La state. Upon excitation from the ground
state into the 1Lb state, two bonds exhibit large changes in length
at the CASSCF level: these are the C5sC6 bond (+0.056 Å)
and the C2sC7 ring-bridging bond (+0.055 Å). The changes
show the 1Lb excitation involves mainly the benzene ring. Upon
excitation into the 1La state from the ground state, three
significant bond changes are observed: the C8sC9 bond
discussed above, the C5sC6 bond (0.045 Å), and the C3sC4
bond (0.063 Å). These bond length changes suggest a much
more multiconfigurational state delocalized over both rings.
The gas-phase absorption (including Rydberg states and 0-0
transitions) and emission data calculated at the CASPT2 level
are given in Table 3. For the ground state and L states, in all
cases, the weight of the reference CASSCF wave function in
the CASPT2 calculation was greater than 0.65, indicating that
it was a good zeroth-order reference. Experimental gas-phase
data for 5-hydroxyindole are limited; thus, these calculations
are presented as predictions. The first two excitations are π f
π* in nature. Applying Platt’s notation to 5-hydroxyindole and
using the line of pseudosymmetry through the unsubstituted
indole ring (see Figure 1), these can be labeled as the 1Lb and
1
La states, where the b label refers to a transition moment that
is symmetric to rotation about the long axis of pseudosymmetry.
The L states have a total momentum number of 2n + 1 (where
n is equal to the number of rings), whereas the B states have
total momentum number of 1. Although not strictly applicable
to this molecule, these labels facilitate comparison with other
indole systems. In comparison with CASPT2 calculations
on indole, both 1L states are higher in energy: 4.51 eV (4.43
eV in indole) and 5.15 eV (4.73 eV in indole), respectively.
Dipole moments of 2.14, 2.04, and 6.51 D for the ground state,
the 1Lb state, and the 1La state, respectively, suggest that the
1
La state will be stabilized by a polar solvent. As the band origin

bond

GS

N1C2
C2C3
C3C4
C4C5
C5C6
C6C7
C7C8
C8C9
C2C7
C5O
N1H1
C3H2
C4H3
O-H4
C6H5
C8H6
C9H7

1.374
1.400
1.381
1.410
1.378
1.409
1.438
1.364
1.400
1.361
0.989
1.074
1.073
0.941
1.076
1.069
1.069

a

1

Lb

1.363
1.407
1.429
1.426
1.434
1.410
1.425
1.375
1.455
1.348
0.989
1.072
1.071
0.942
1.073
1.070
1.067

1

La

angle

GS

1.406
1.395
1.444
1.371
1.423
1.409
1.427
1.449
1.401
1.363
0.995
1.071
1.072
0.940
1.072
1.068
1.067

N1C2C3
C2C3C4
C3C4C5
C4C5O
C5C6C7
C6C7C8
C7C8C9
C9N1H1
C2C3H2
C3C4H3
C5OH4
C5C6H5
C7C8H6
C8C9H7

130.4
117.9
120.8
116.0
118.5
133.6
106.7
125.3
121.6
120.8
110.7
120.7
127.4
129.6

1

Lb

130.2
116.8
119.9
116.2
117.0
133.9
107.8
124.5
122.0
121.6
111.0
120.7
126.7
130.5

1

La

127.9
114.2
121.3
117.2
115.5
133.6
107.7
124.0
123.4
120.1
109.5
122.0
128.3
130.7

All bond lengths in angstroms and angles in degrees.

TABLE 2: Geometrical Parameters Calculated at the
LB94/6-31G(d) Level of Theorya
bond

GS

N1C2
C2C3
C3C4
C4C5
C5C6
C6C7
C7C8
C8C9
C2C7
C5O
N1H1
C3H2
C4H3
O-H4
C6H5
C8H6
C9H7

1.384
1.399
1.387
1.413
1.389
1.408
1.436
1.372
1.421
1.375
1.008
1.087
1.085
0.969
1.089
1.081
1.081

a

1

Lb

1.363
1.410
1.420
1.412
1.433
1.408
1.430
1.386
1.448
1.358
1.010
1.084
1.081
0.972
1.087
1.082
1.076

1

La

angle

GS

1.408
1.416
1.425
1.413
1.417
1.428
1.410
1.418
1.438
1.376
1.009
1.081
1.081
0.969
1.083
1.082
1.080

N1C2C3
C2C3C4
C3C4C5
C4C5O
C5C6C7
C6C7C8
C7C8C9
C9N1H1
C2C3H2
C3C4H3
C5OH4
C5C6H5
C7C8H6
C8C9H7

130.8
118.1
120.8
116.0
118.9
134.1
107.1
125.4
121.4
121.0
108.5
120.5
127.0
130.0

1

Lb

129.9
117.8
118.6
116.6
117.8
134.9
108.4
124.4
121.2
122.3
109.0
120.0
126.0
132.3

1

La

129.3
114.7
122.4
115.7
116.0
133.2
108.4
125.4
123.2
120.2
108.0
122.1
127.1
130.0

All bond lengths in angstroms and angles in degrees.

of the 1La state is 0.57 eV higher than the 1Lb origin, we conclude
that the gas-phase emitting state is 1Lb.
The CASPT2 results can be compared with the TDDFT
results in Table 4. In previous TDDFT studies, standard hybrid
density functionals failed to predict the correct ordering of the
1
L states of indole systems. We tested the PBEOP and LB94
corrections on indole, and both functionals correctly predicted
the ordering of the 1L states. The functionals also predict the
correct ordering of the states in 5-hydroxyindole as determined
from the CASPT2 calculations. The excitation energies agree
well for the 1Lb state, although the agreement is slightly less
good for the 1La state. It is not the purpose of these gas-phase
TDDFT calculations to reproduce the CASPT2 values, but rather
to provide a good starting point for larger TDDFT calculations,
so that we can be satisfied that the functionals chosen can
correctly order the excited states.
3.2. Implicit Solvation. To understand the bulk effects of
solvent, the PCM solvation model was used within the CASPT2
framework. Table 5 gives the vertical, adiabatic, and emission
energies computed with the PCM solvent model, along with
the experimental values. The experimental spectra are given in
Figure 2. Both the theoretical and experimental values show
solvatochromic shifts, although the CASPT2 shifts are smaller.
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TABLE 3: Vertical Absorption Spectrum Calculated at the
CASPT2/ANO Level of Theory
excitation energya
state

CASSCF

CASPT2

11A′ (GS)
21A′ (π f π*)
31A′ (π f π*)
41A′ (5a′′ f 3pz)
51A′ (π f π*)
61A′ (π f π*)
71A′ (6a′′ f 3dyz)
81A′ (6a′′ f 3dxz)
91A′ (5a′′ f 3dyz)
101A′ (5a′′ f 3dxz)
111A′ (π f π*)
121A′ (π f π*)
131A′ (4a′′ f 3pz)
141A′ (π f π*)

4.66
6.13
5.12
7.11
7.62
5.67
5.70
5.74
6.36
8.09
8.18
7.01
8.39

4.51 (4.46)d
5.15 (5.03)d
5.61
5.90
6.11
6.20
6.55
6.57
6.63
7.29
7.59
7.65
7.86

TM
dipole osc.
momentb str. directionc
2.14
2.04
6.51
2.42
0.87
2.56
5.36
3.06
11.00
6.31
2.00
1.17
0.52
1.93

0.032
0.102
0.002
0.633
0.154
10-5
0.002
10-4
0.058
0.023
0.060
0.078
0.087

+44
-35
0
0
-71
+44
+63
+39
+35
-2
-89
+79
+37

a

Excitation energies in electronvolts. b Dipole moments,
calculated at the CASSCF level of theory, in Debye (D).
c
Transition moment direction in degrees. Angle is relative to the
long axis shown in Figure 1. d 0-0 transition energy in parentheses.

Figure 1. Numbering scheme for 5-hydroxyindole. The long axis of
pseudosymmetry is shown along with the direction of the positive
transition dipole moment.

TABLE 4: Gas-Phase TDDFT Excitation Energies
Calculated with the LB94 and PBEOP Functionals
state
1

Lb
La

1

1

Lb
1
La

vertical

0-0

Emax

4.51
4.80

LB94
0.05
0.11

4.36
4.61

4.18
4.42

4.33
4.72

PBEOP
0.05
0.08

4.11
4.43

4.01
4.33

f

The 1La band shows the most deviation in the experimental
spectra, with the maximum difference between chloroform and
DMSO of 0.10 eV, compared with theory (0.07 eV). The largest
shift in the CASPT2 results is between water and chloroform
(0.08 eV), compared with experiment (0.09 eV). The theoretical
results between solvents with similar dielectric constants show
much smaller shifts than experiment. The 1Lb band shows very
small deviations in both the calculated and experimental results
for most solvents with the exception of DMSO (experimental
shift of 0.08 eV from chloroform). The PCM thus captures the
qualitative nature of the solvatochromic shifts. In the gas phase,
the separation of the 1Lb and 1La states is 0.64 eV, compared to
a separation of 0.35 eV in water; this clearly shows that the 1La
state is stabilized in the polar solvents, as anticipated from the
gas-phase dipole moments. The 1La state of indole becomes
lower in energy than the 1Lb state in polar solvents, and hydrogen
bonding plays an important part in this process. The PCM model
cannot account for this effect, and this might explain why the
1
La band is not the lowest excited state in these calculations.
From the PCM calculations, the predicted emitting state is
therefore the 1Lb state; this is in contrast to other indole

TABLE 5: Excitation Energies Calculated Using the
CASPT2/PCM Solvation Scheme, Along with Experimental
Resultsa
state

vertical

0-0

Emax

λmaxexpt

emission (expt)

1

Lb
1
La

4.41
4.76

water (ε ) 78.39)
4.15
4.04
4.17
4.44
4.07
4.53

1

Lb
1
La

4.41
4.77

dimethylsulfoxide (ε ) 46.70)
4.14
4.04
4.10
4.44
4.06
4.52

1

Lb
1
La

4.41
4.76

acetonitrile (ε ) 36.64)
4.15
4.06
4.18
4.36
4.05
4.60

1

Lb
1
La

4.41
4.78

ethanol (ε ) 24.55)
4.15
4.05
4.15
4.36
4.06
4.60

-

1

4.43
4.84

chloroform (ε ) 4.90)
4.17
4.06
4.18
4.41
4.01
4.62

-

Lb
1
La
a

3.70

3.73

All energies in electronvolts.

derivatives, where it has been established that the 1La state is,
in fact, the emitting state. Corresponding TDDFT/PCM data
are not available, because the time-dependent response of the
PCM field to the electronic transitions has not been implemented
in the packages used.
3.3. Explicit Solvation. Because hydrogen bonding might
be significant in the solvation of 5-hydroxyindole, we considered
explicit solvent molecules. This would be too computationally
expensive with the CASPT2 method, because additional orbitals
would be required in the active space. Thus, TDDFT was used.
Snapshots were taken every 10 ps from MD simulations in water
and in acetonitrile. These solvents were chosen because their
dielectric constants are similar to those found at the membrane
surface. In the truncated subset of single-excitation TDDFT/
TDA calculations, water molecules were included if they were
hydrogen bonding. On average, 35 explicit water molecules and
20 explicit acetonitrile molecules were used in the TDDFT/
TDA calculations.
The calculated absorption spectrum in water agrees well with
experiment (Figure 3). The 1La band origin is lower in energy
than the 1Lb origin (3.88 and 4.05 eV, respectively). The
calculated peak maximum for the 1Lb occurs at 4.18 eV, agreeing
closely with the experimental peak (4.17 eV). The peak
maximum for the 1La state is calculated to be 4.34 eV, some
0.19 eV below the experimental peak. The width of each band
agrees well with the experimental spectrum, although the
calculated spectrum shows a slight shoulder at 4.76 eVsthis is
still of 1La character. The broadening might be due to contributions from thermal broadening or electronic effects (including
the solvent), and in the experimental spectrum, broadening could
result from excitation into different vibrational modes (FranckCondon broadening). The calculated spectrum in acetonitrile
also agrees with experiment (Figure 4). The 1La band origin is
lowest in energy, with the peaks calculated to be at 4.22 eV for
the 1Lb state and 4.56 eV for the 1La state (compared with
experimental values of 4.16 and 4.59 eV, respectively).
Analysis shows that the key hydrogen bond is that between
the hydroxyl oxygen of 5-hydroxyindole and water. When there
is no hydrogen bonding at this position, the maximum energies
for the 1Lb and La transitions are 4.73 and 4.88 eV, respectively.
With one hydrogen bond, there appears to be a competitive
effect between the two 1L states: the 1Lb state is favored at
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Figure 2. Experimental UV-vis absorption spectra for 5-hydroxyindole recorded in water (solid line), DMSO (squares), acetonitrile (diamonds),
chloroform (triangles), and ethanol (circles). Spectra were obtained on a Biochrom Libra S32 PC spectrometer at room temperature and pressure.
All solutions were at a concentration of 0.25 mM. A background scan of the appropriate solvent was used for normalization.

Figure 3. Calculated TDDFT (long dashes) and experimental (solid line) UV-vis absorption spectrum of 5-hydroxyindole in water. The contribution
from the 1Lb state is shown as the dotted line (single-headed arrow represents the peak). The contribution from the 1La state is shown as the short
dashed line (double-headed arrow represents the peak).

hydrogen-bond distances of less than 2.35 Å, whereas the 1La
state becomes lower in energy beyond this distance (up to ∼2.90
Å). The maximum energies for the 1Lb and La transitions were
4.74 and 4.53 eV, respectively. With two (or more) water
molecules hydrogen bonding at this site, the maximum energies
for the two transitions coincided at 4.57 eV, with the 1La state,
on average, lower in energy than the 1Lb state. TDDFT
calculations performed on 5-hydroxyindole with just one water
molecule (hydrogen bonding at the hydroxyl oxygen site)

showed only a slight lowering of both 1L transitions, indicating
the need for a larger explicit environment of solvent molecules.
As the band origin for 1La lies lowest in energy in both
solvents, we conclude that this state is responsible for emission
in water and acetonitrile. The emission spectra were calculated
from snapshots taken from an MD simulation where the
5-hydroxyindole geometry was constrained at the 1La excited
state and charges obtained from a LoProp52 analysis of the
CASSCF calculations. It was necessary to constrain the
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Figure 4. Calculated TDDFT (long dashes) and experimental (solid line) UV-vis absorption spectrum of 5-hydroxyindole in acetonitrile. The
contribution from the 1Lb state is shown as the dotted line (single-headed arrow represents the peak). The contribution from the 1La state is shown
as the short dashed line (double-headed arrow represents the peak).

geometry in order that it best represent the excited state. The
CASSCF geometry was preferred over the TDDFT geometry
because of the multiconfigurational description and larger basis
set employed. The LoProp charges from the CASSCF calculations on the 1La state were used so that the solvent molecules
in the MD calculations felt an excited-state potential rather than
the ground-state potential. The spectra were built up as an
average of convoluted gaussians (with a bandwidth of 0.1 eV)
centered on each peak. Our selection of snapshots at uniform
intervals from the sampling implicitly included the Boltzmann
weighting. These spectra are given in the Supporting Information, along with the experimental emission plots. The calculated
emission peak for water is in excellent agreement with experiment, both showing an emission peak at 3.70 eV. The
experimental emission spectrum in acetonitrile shows a peak
at 3.73 eV, with the calculated emission peak at 3.87 eV. The
TDDFT results, therefore, show qualitatively the correct solvatochromic shift in the emission peak.
4. Conclusions
In many theoretical calculations, the electronic spectra
reported correspond to molecules at absolute zero. These
calculations are represented by a single excitation and associated
oscillator strength. Experimental spectra measured at higher
temperatures show line broadening and excitations corresponding to a band (or bands) with a distinct shape. Much of the
broadening is due to thermal effects neglected in the theoretical
calculations. In this study, a combination of high-level CASSCF/
CASPT2 calculations in the gas phase, classical MD simulations,
and TDDFT calculations has been used to study 5-hydroxyindole
in an explicit solvent. The calculation of the absorption spectrum
requires only the MD approach followed by the TDDFT
calculations, because the geometry of the 5-hydroxyindole
molecule is unconstrained during the MD simulations. To predict
the emission spectrum, the CASSCF approach is necessary,

because an accurate excited-state geometry is required. This
geometry is then constrained in subsequent MD simulations.
Given problems previously reported with TDDFT on indole
systems, the present study used an asymptotically corrected
functional. The CASSCF geometry optimization supports the
idea that the 1La state involves some charge-transfer character,
so the use of a corrected functional is justified. In contrast to
previous explicit solvation calculations using the sequential
method, we incorporated a larger number of explicit solvent
molecules in our calculations, allowing a second hydration shell
in water. The calculation of the emission spectrum was
performed in a similar manner, by constraining the MD
simulation to keep the 5-hydroxyindole geometry in its CASSCF
excited-state geometry.
The results for 5-hydroxyindole show that the absorption
spectra calculated in solution can be used to interpret the
experimental spectra reliably. This allows us to conclude that,
for both solvents studied, the ordering of the (peak maximum)
excited states is 1Lb lowest in energy followed by 1La. The 0-0
transition is lowest in energy for the 1La band and broader than
that for the 1Lb band. Given the nature of the 0-0 transition, it
is possible to confirm that the emitting state is the 1La state.
The shift in the emission peak on going from water to
acetonitrile (both experimentally and theoretically) reflects the
larger stabilization of the excited-state dipole in the more polar
solvent.
This work has provided some insights into the structure of
the absorption and emission properties of 5-hydroxyindole in
different molecular environments. These insights will facilitate
the study of larger systems (such as proteins) using 5-hydroxytryptophan as a molecular probe to gain quantitative insight
into the environments within these systems. This study also
provides a computational recipe for the production of an accurate
emission spectrum in an efficient manner.
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