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Abstract 
A redshift in the wavelength of excitation spectra is experimentally measured 
as a function of the concentration parameter for tryptophan solutions in wa-
ter. To understand the microscopic causes of this behavior, theoretical calcu-
lations obtained from four model clusters are carried out: (Trp)1 - (H2O)9, 
(Trp)2 - (H2O)18, (Trp)3 - (H2O)27 and (Trp)4 - (H2O)36, where there are inte-
ractions among 1, 2, 3 and 4 molecules of tryptophan. According to the lite-
rature, each interaction occurred with nine molecules of water to stabilize its 
expected zwitterionic form. In these models, the molecules of tryptophan ap-
pear at an adjacent distance among them to generate an analogous behavior 
when there is an experimental increase in the concentration. It is evident that 
the distance between adjacent molecules of tryptophan decreases as their con-
centration increases. The optical properties of these clusters are obtained by 
studying the corresponding excited states and the molecular orbitals involved, 
showing charge transfers by using time-dependent density functional theory 
(TD-DFT) methods. The experimental spectroscopic data are obtained by 
using the clusters proposed, and good agreement is found by drawing a com-
parison with the theoretical data. 
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1. Introduction 

L-tryptophan (Trp) is a widely studied amino acid due to its significant intrinsic 

How to cite this paper: Uriza-Prias, D.M., 
Méndez-Blas, A. and Rivas-Silva, J.F. (2021) 
Redshift of Excitation Wavelength Caused 
by the Concentration of L-Tryptophan in 
Water: A Theoretical and Experimental Study. 
Open Journal of Physical Chemistry, 11, 
87-105. 
https://doi.org/10.4236/ojpc.2021.112005 
 
Received: April 21, 2021 
Accepted: May 23, 2021 
Published: May 26, 2021 
 
Copyright © 2021 by author(s) and  
Scientific Research Publishing Inc. 
This work is licensed under the Creative 
Commons Attribution International  
License (CC BY 4.0). 
http://creativecommons.org/licenses/by/4.0/  

  
Open Access

https://www.scirp.org/journal/ojpc
https://doi.org/10.4236/ojpc.2021.112005
https://www.scirp.org/
https://doi.org/10.4236/ojpc.2021.112005
http://creativecommons.org/licenses/by/4.0/


D. M. Uriza-Prias et al. 
 

 

DOI: 10.4236/ojpc.2021.112005 88 Open Journal of Physical Chemistry 
 

fluorescent properties. The indole groups of tryptophan residues are the domi-
nant source of UV absorbance and emission in proteins [1] [2]. Since a protein 
may have one or a few tryptophan residues, an analysis of the luminescent and 
spectral properties of this aromatic amino acid permits to study the functionality 
and dynamics of proteins [3] [4]. 

The individual behavior of Trp as the main source of fluorescence may give 
some insight into the chemical and biological processes of proteins. One of the 
essential fluorescent properties of Trp is related to its high sensitivity to the local 
environment in both polar and non-polar media [5]. The absorption and emis-
sion spectra may vary due to the local environment where tryptophan is im-
mersed, changing in response to conformational transitions. Other causes may 
be the association of subunits, subtraction of bonds, or denaturation [4]. Actual-
ly, any interaction that occurs affects fluorescence; for example, the hydrogen 
bonding formed between a solute and a solvent is very important to understand 
the physical and chemical processes involved in fluorescence. In recent years, 
theoretical studies on Trp have focused on the stability of Trp isomers in its 
neutral structures inside the gas phase and on its zwitterionic structures in 
aqueous solutions and crystals [6]-[13]. 

Several theoretical and experimental reports regarding the study of trypto-
phan in water are related to the chemical and biological processes that allow hy-
drogen transfer reactions to occur, where its zwitterionic form is attained [12] 
[14] and which is known to be the most stable geometrical configuration 
adopted in polar solvents. The number of molecules of water around Trp (its 
coordination sphere) is essential to stabilize the zwitterion. This zwitterionic 
structure is studied by modeling the effect of water as a solvent and using conti-
nuous or discrete models or a combination of both [14] [15]. In this report, a 
discrete model was selected by using IR spectroscopy and DFT calculations of 
tryptophan structures in their zwitterionic form within clusters of Trp-(H2O)n 
with n ≥ 5 [12]. For β-Alanine, Ghassemizadeh et al. [16] show a direct transfer 
of protons from the amino group to the carboxyl group with five and six mole-
cules of water, which change the Trp molecule from a neutral to a zwitterionic 
form, thereby leading to two bonds that give rise to the COO−  and 3NH+  
components. These molecules of water form as many hydrogen bonds as possi-
ble between them and the zwitterion, so that an additional hydrogen-bonded 
wire is formed between the charged poles with seven and eight molecules of wa-
ter. The indole group also needs to consider hydrogen bonds formed in places 
near the five and six carbon rings. Therefore, nine molecules of water around the 
tryptophan zwitterion are enough to obtain a complete model, as shown by Liu 
et al. [13]. 

Because Trp is a highly flexible molecule with several conformers, other au-
thors have studied some of them in its neutral (in gas phase) and its zwitterionic 
structure (in polar solvents) [11] [17]. 

Regarding its neutral form (non-zwitterionic), in 2005, Huang et al. [18] per-
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formed an extensive temperature analysis of 648 Trp proof structures. These 
authors found 45 conformers representing a local minimum at varying temper-
atures (85 - 498 K). The results are comparable with those obtained by Com-
pagnon et al. (2001) for an isomer at 85 K [19]. These works showed that their 
Trp Conformer 1 is a global minimum at DFT and MP2 levels. This conformer 
is stabilized by a hydrogen bond (COO-NH3) and a favorable interaction be-
tween the COO-NH2 group and the indole group. The authors showed that the 
dominant conformer is Conformer 1 inside the gas phase with a concentration 
of more than 99% at 85 K. At room temperature, its concentration decreases to 
approximately 50%, so it becomes the fifth lowest energy conformer among the 
main isomers in the system, thus representing around 80% of the distribution. 

The most stable structure in the gaseous state is different from that in an 
aqueous environment; thus, its form is expected to change from a neutral to a 
zwitterionic form. Other conformational analyses of Trp in solution carried out 
with nuclear magnetic resonance (NMR), molecular dynamics (MD) and DFT 
calculations have been reported to find the most stable isomer in aqueous media 
[11] [20] [21] [22]. Hurtado et al. [11] performed a study of the thermodynamic 
properties of the sixth most stable zwitterionic conformers. Based on this work, 
the geometry of the most stable structure of their various cases is analyzed in this 
study. 

The electronic transitions that characterize the absorption spectrum of Trp 
are often called La and Lb [1] [23] [24] [25] [26] [27], where the Lb excited state 
has an energy and a dipole moment less than the excited state in the gas phase. 
Furthermore, the La transition is very sensitive to the environment, especially in-
side a polar solvent, changing its excitation dipole moment significantly [28] 
[29] [30]. Similarly, the emission also depends on the solvent, although the par-
ticipation of the Lb state occurs at a lesser extent [4]. 

Some investigations have claimed that large redshifts appear in Trp fluores-
cence arising from solvent polarity. Gryczynski et al. [5] experimentally detected 
a redshift in the emission spectra of Trp in solutions of cyclohexane and ethanol 
at different concentrations. However, in their absorption spectrum, no evident 
changes were found. On the other hand, neither theoretical nor experimental 
evidence of such an effect has been reported when varying the concentration of 
Trp in solution. Since water is an essential biological solvent, a molecular study 
of the intermolecular interactions involving excited states may offer some insight 
into this process. 

In this work, a redshift is experimentally observed in the excitation wave-
length proportional to the systematic increase in the Trp concentration parame-
ter in water. To understand this effect theoretically, it is necessary to emulate the 
concentration in a convenient way. A suitable start is the model proposed by Liu 
et al. [13] that consists of a system of nine molecules of water and one molecule 
of Trp to stabilize de zwitterionic form. Of course, the zwitterionic form of Trp 
can also be stabilized at very high concentrations, due to interaction with nearby 
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Trp molecules, but this case is not of interest for this work, since it can generate 
a concentration quenching effect in the fluorescence and this phenomenon de-
serves another study. Using this structure as a basic entity, the clusters are extended 
from one to four molecules of Trp, i.e., from (Trp)1-(H2O)9 to (Trp)4-(H2O)36, 
maintaining a 1:9 ratio to ensure the stability of the zwitterionic Trp. For the 
theoretical study, the four clusters present excited states that contain the effects 
of an ever-increasing interaction among Trps that allows the distance between 
them to decrease within the clusters. 

2. Experimental Details 

L-Tryptophan with a purity of ≥99.5% was purchased at Sigma-Aldrich. Nine 
solutions were prepared, dissolving Trp in deionized water obtaining concentra-
tions of 0.01, 0.02, 0.05, 0.07, 0.09, 0.5, 1, 2 and 5 mM. Then, the absorption 
spectrum was measured with a UV-Vis-NIR spectrophotometer model Agilent 
Cary 5000. Additionally, the excitation and emission spectra were obtained with 
a Horiba Jobin-Yvon spectrofluorometer model Nanolog. 

3. Computational Details 

According to the literature, it is important to mention that there are different 
Trp conformers to carry out the calculations of this study [6] [7] [9] [13] [18], 
from which the most convenient conformers must be selected to perform this 
work. They are characterized by the dihedral angles χ1 (C3-Cβ-Cα-N) with values 
at approximately 180˚, 60˚ and −60˚, commonly labeled as g+, t and g- due to 
their gauche and trans bonds, and χ2 (Cα-Cβ-C3-C3') with values at approximately 
90˚ and −90˚, commonly labeled as p(perpendicular) and a (anti-perpendicular), 
respectively (Figure 1) Dezube et al. [20] and Eriksen et al. [21] performed a 
conformational analysis of Trp in solution by using molecular dynamics at 300 K 
and molecular mechanics simulations. They demonstrated that the predominant 
conformation occurs where the ring has a perpendicular orientation p and a 
bond in configuration g-, as observed by NMR [31]. 

By modeling with a discrete solvent method, (Trp + explicit molecules of wa-
ter), corresponding to important solute-solvent interactions are taken into ac-
count within the system. Thus, the conformer having a t type bond and a per-
pendicular orientationp, labeled as Zpt, is the most stable conformer. Hurtado et 
al. [11] confirmed this stability by analyzing the six most stable zwitterionic 
conformers reported by Huang et al. [18], surrounding them with eight mole-
cules of water. However, it is experimentally possible to have a combination of 
different conformers that individually contribute to the total fluorescence. There-
fore, the Zag+ conformer was considered to represent the zwitterionic conformer 
of the neutral Nag+ structure, since different authors have reported that it cor-
responds to the minimum energy in the gas phase [6] [7] [8] [9]. As mentioned 
above, a discrete model with nine molecules of water are used. 

In the calculation process, the conformers Zpt and Zag+ were used as starting  
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Figure 1. Dihedral angles of the Trp structure, as proposed by Huang et al. [18]. The an-
gles χ1 and χ2 are defined as (C3-Cβ-Cα-N) and (Cα-Cβ-C3-C3'), respectively. 

 
structures, since Hurtado et al. [11] have previously demonstrated that these 
structures are local minima. 

Since studying the optical properties of a system, such as the absorption and 
emission of light, requires a quantum mechanics treatment, the methodology of 
time-dependent density functional theory (TD-DFT) was selected to perform 
this work. The algorithm accepted first involves obtaining the optimized ground 
state of the system and, then, the vertical transitions between electronic states, 
accepting the Born-Oppenheimer approximation. Once the model of Trp + 9 
molecules of water was selected to carry out this work, the first problem was to 
find the nuclear positions of atoms in the ground state. To solve this problem, the 
interactions on each part of the system must be correctly considered; thus, the 
molecule of Trp must have enough molecules of water to reach its zwitterionic 
form and the surrounding molecules of water must have accurate interactions. 

In the discrete model used in this work, the molecules of water closest to Trp 
have a strong interaction among each other and with Trp, while the molecules of 
water located farther away from Trp stop interacting with it, but they continue 
interacting among each other because of the imposed standard area of vacuum. 
Consequently, it is difficult to obtain a correct geometrical optimization of the 
cluster, especially if a realistic environment is taken into consideration as it is the 
case for this model. Increasing the number of explicit molecules of water around 
Trp is impractical, since it is difficult to establish a boundary where the mole-
cules of water do not interact because they are always doing it. Therefore, a mo-
lecular mechanics (MM) calculation [32] [33] is carried out to consider hun-
dreds of molecules of water, allowing a more realistic modeling through the pe-
riodic boundary conditions. 

In the MM calculation procedure [34], atoms are considered as point par-
ticles; thus, 200 molecules of water surrounding the molecule of Trp are taken 
into account inside the cell. Then, Dreiding Force Field parameters [35] are ap-
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plied in the calculation and, after a step from NTV dynamics to T = 300 K, a 
system that includes the average of all the possible internal atomic positions is 
obtained according to its energy. In the last step of the calculation, the coordi-
nates corresponding to the atoms of the (Trp)1 - (H2O)9 cluster are obtained, 
from which further information about the precise environment is expected to be 
available, even if it is immersed in a vacuum. This process generates the initial 
geometry to perform a quantum mechanics calculation accordingly, which re-
quires as a first step to optimize its geometry at the level of quantum chemistry 
and, subsequently, to calculate its vertical transitions. 

Four clusters were built from the base unit of (Trp)1 - (H2O)9, with the mole-
cules of Trp and the molecules of water increasing at the same rate in two, three 
and four units at reduced distances to model the concentration based on their 
possible interactions. To compare the theoretical results provided by the differ-
ent clusters, the semi-empirical level PM6 [36] was selected to optimize the 
geometry of the ground state. Then, to study their optical properties, the 
TD-DFT method was used since it is an effective tool to calculate the electronic 
transitions. This method was used after obtaining the geometry of the ground 
state because it can identify the effects of the formation of hydrogen bonds on 
the excited molecular state and, therefore, allows the fluorescence of the smaller 
cluster to be analyzed [37]-[44]. 

The difference between the geometry of the ground state and the electronical-
ly excited state mainly occurs due to Stokes shifts, which are the difference be-
tween the emission and absorption energies. Therefore, the hybrid functional 
B3LYP [45] and the 6 - 31 + G(d,p) basis sets were selected, which include pola-
rized functions [46] [47]. The fluorescent excited states can only be calculated 
for the two smaller clusters, since it is necessary to optimize the full geometry of 
the ground state and the selected excited state to emit at the same B3LYP/6-31 + 
G(d,p) level [48] [49] [50], and the other two clusters are too large to be opti-
mized at this level. All calculations of quantum chemistry were performed with 
Gaussian 16 [51]. 

4. Results and Discussion 
4.1. Experimental Results 

Figure 2 shows the overlapping of normalized absorption and excitation spectra 
of Trp in water for each concentration. In general, the absorption peak is located 
at 278 nm. It can be observed that both spectra practically overlap within the 
concentration values from 0.01 to 0.09 mM. However, at higher concentrations 
in the range from 0.5 to 5 mM, the absorption and excitation spectra peaks differ 
from each other. The excitation spectrum shows an apparent displacement at 
longer wavelengths as the concentration increases from 278 to 303 nm. 

Figure 3 displays the emission spectra of Trp in deionized water at concentra-
tion solutions from 0.01 to 5 mM. At lower concentrations, from 0.01 to 0.09 
mM, the curves were obtained by using excitation at 278 nm. On the other hand,  
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Figure 2. Comparison between normalized absorption (dotted black line) and excitation 
spectra (red line) for different concentrations of tryptophan in water. In each panel, 

357 nmemλ = . 
 

 
Figure 3. Normalized emission spectra for different concentrations of tryptophan in water. 

 
the emission at higher concentrations was obtained by using excitations at 293 
nm for 0.5 mM, at 295 nm for 1 mM, at 299 nm for 2 mM and at 303 nm for 5 
mM. This emission occurs because there is a redshift in the excitation curves. It 
can be observed that the intensity of fluorescence increases with concentration 
without modifying the emission peak wavelength at 357 nm. 

4.2. Theoretical Results 
4.2.1. Absorption Analysis 
Before presenting the absorption calculations, the concept of high concentration 
used in this work is further discussed. By definition, the mass concentration is 
proportional to the ratio of the mass of the solute to the volume of the solution. 
In this regard, Figure 4 presents the increase in solute concentration in a solvent. 
At low solute concentrations, the distance between the molecules is very long, but 
as the concentration increases, the average separation distance decreases allowing  
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Figure 4. Qualitative illustration of the mass of a solute at a given volume increasing with 
concentration. At low solute concentrations, the average separation distance between so-
lute molecules is long, but it decreases as the concentration increases, thus a b cr r r> > . 

 
the molecules to have a stronger interaction. Then, the main parameter to con-
sider here is the distance between molecules. Due to the absence of a volume pa-
rameter in this series of calculations (having a molecular cluster surrounded by 
an infinite vacuum), it is important to consider the distance between the mole-
cules of Trp. Under this evidence, the clusters were built keeping in mind two 
purposes: 1) ensuring that each molecule of Trp acquires its correct zwitterionic 
form, surrounding it with nine molecules of water, and 2) using this first case as 
a base unit to build larger clusters, looking for a close distance between the mo-
lecules of Trp. The result is the obtaining of the (Trp)1 - (H2O)9, (Trp)2 - (H2O)18, 
(Trp)3 - (H2O)27, and (Trp)4 - (H2O)36 clusters. The way of modeling these clus-
ters does not depend on the volume parameter, but a simple way of doing it is to 
take the starting point as (Trp)1 - (H2O)36, followed by (Trp)2 - (H2O)36, then 
(Trp)3 - (H2O)36, and, finally, (Trp)4 - (H2O)36, where the number of molecules of 
Trp increases, while the number of molecules of water remain fixed, but it is still 
necessary to consider the correct interactions on each surrounding molecule of 
water and to control the volume parameter. 

Using the clusters for the Zpt and Zag+ conformers, the excited electronic 
states were calculated to obtain the absorption UV-Vis spectra, and the effects of 
molecular interactions were searched according to concentration values. Figure 
5 and Figure 6 show that the envelope of the absorption spectra is in the same 
region at approximately 278 nm, and its intensity increases as the clusters are 
larger, as it occurs experimentally. In addition, the lower energy transitions show 
redshifts when there are more interactions between the molecules of Trp, which 
is a behavior analogous to the excitation spectra shown in Figure 2. The transi-
tion lines for the smallest cluster are observed at approximately 280 nm using 
the most stable conformer, which is the Zpt conformer. They occur at approx-
imately 288 nm with three molecules of Trp and at approximately 301 nm for 
the largest cluster. The redshift of the transition lines occurs at a shorter distance 
for the Zag+ conformer, but now the excited states range from 278 nm for the 
smallest cluster to 295 nm for the largest one. 

In electronic spectroscopy, excitation spectra are directly related to emission 
spectra; thus, excitation spectra only show the absorption bands necessary to 
promote photonemission, whereas the absorption spectra measure the wave-
lengths at which a molecule absorbs light, regardless of its emission spectra. 
Sometimes excitation spectra are the same as absorption spectra, as it can be  
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Figure 5. UV-Vis absorption spectra calculated for the Zpt conformer in the modeled 
clusters. (a) (Trp)1 - (H2O)9, (b) (Trp)2 - (H2O)18, (c) (Trp)3 - (H2O)27 and (d) (Trp)4 - 
(H2O)36. 

 

 
Figure 6. UV-Vis absorption spectra calculated for the Zag+ conformer in the modeled 
clusters. (a) (Trp)1 - (H2O)9, (b) (Trp)2 - (H2O)18, (c) (Trp)3 - (H2O)27 and (d) (Trp)4 - 
(H2O)36. 

 
observed in Figure 2 for concentrations below 0.07 mM, but for concentrations 
above 0.09 mM, both spectra are different due to the fluorescence of the system. 
In this respect, Figure 7 presents a comparison of some experimental results 
with the S2 and S1 excited states of the smallest and largest cluster by using the 
Zpt conformer, respectively. The wavelengths of these excited states are those 
that bestapproximates the peaks of the excitation spectra of the lowest and high-
est concentrations, respectively. The lowest concentration can be observed at 
0.01 mM, which occurs in a peak at 278 nm in the excitation spectrum and is 
similar to the electronic excitation calculated at 280 nm for the smallest cluster, 
(Trp)1 - (H2O)9. The highest concentration at 5 mM results in a peak at 303 nm  
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Figure 7. Experimental excitation spectra of the Trp in water for the 0.01 and 5 mM con-
centrations, represented by the black and red dotted lines, respectively. The electronic ex-
citation states for the (Trp)1 - (H2O)9 and (Trp)4 - (H2O)36 are shown in blue and pink 
lines, respectively. 

 
in the excitation spectrum and is also very close to the electronic excitation 
spectra calculated at 301 nm for the largest cluster (Trp)4 - (H2O)36. Therefore, 
the modeling proposed by this work is reasonably successful. 

4.2.2. Frontier Molecular Orbitals (MOs) 
Table 1 contains the details of the TD-DFT results, focusing on the Zpt confor-
mer for the low-lying and most representative excited states of the (Trp)1 - 
(H2O)9, (Trp)2 - (H2O)18, (Trp)3 - (H2O)27, and (Trp)4 - (H2O)36 clusters. The ab-
sorption energies are described for the singlet-singlet ( 0 nS S→ ) transitions ob-
tained for the discrete model. The composition of the excited states based on the 
molecular orbital contributions occurs as follows: H: HOMO, L: LUMO, H-1: 
HOMO − 1, L + 1: LUMO + 1, etc. Some molecular orbitals in Table 1 are 
shown in Figure 8. It should be mentioned that the number of excited states 
calculated for each cluster increases as the number of molecules of Trp also 
grows, since each molecule of Trp produces a significant contribution, reflected 
in the oscillator strength value. 

Table 1 presents the excitation states discussed below. For the first (Trp)1 - 
(H2O)9 cluster, the S2 excited state has the greatest oscillator strength parameter 
(f). It also has a HOMO → LUMO + 1 (49.36%) contribution, which presents a 

*π σ−  character, with the main transition given from the indole group to the 
side chain and to all the molecules of water. The HOMO → LUMO + 2 (28.17%) 
transition also appears, although it shows a less contribution to S2 and a transi-
tion from indole to indole group and to the side chain. It should be pointed out 
that other authors have studied the molecular orbitals of the indole group and 
found that the La transition occurs mainly due to contributions of HOMO to 
LUMO transitions and small amounts of HOMO − 1 to HOMO + 1. Further-
more, the Lb transition occurs due to the contribution of HOMO to LUMO+1 
and HOMO − 1 to LUMO excitations [1]. In this work, however, the effect of 
solvent interactions modify the La and Lb transitions, but the S2 excited state is  
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Table 1. Transition energies (E) in eV and wavelength (λ) in nm, with oscillator strength 
(f), and the composition of the orbitals that contribute to the transition of the four clus-
ters with Zpt conformer, respectively. 

Cluster State 
One-electron 

excitation 
Composition E (eV) (λ (nm)) f 

(Trp)1 − (H2O)9 S1 76.57% H → L 4.25 (291.78) 0.0098 

  15.92% H → L + 2   

 S2 49.36% H → L + 1 4.42 (280.46) 0.0401 

  28.17% H → L + 2   

 S3 50.79% H → L + 2 4.49 (276.30) 0.0108 

  42.40% H→L + 1   

 S4 57.89% H − 1 → L 4.70 (263.93) 0.0254 

  27.24% H → L + 6   

(T rp)2 − (H2O)18 S1 82.11% H − 1 → L + 1 4.28 (289.72) 0.0129 

  13.55% H − 1 → L + 2   

 S3 89.81% H → L + 2 4.41 (280.98) 0.0491 

  3.43% H − 2 → L + 11   

 S5 78.07% H − 1 → L + 1 4.48 (276.78) 0.0429 

  11.68% H − 1 → L   

 S8 49.41% H − 3 → L 4.67 (265.70) 0.0231 

  20.70% H − 1 → L + 9   

(T rp)3 − (H2O)27 S1 81.87% H − 2 → L 4.30 (288.34) 0.0449 

  4.53% H − 2 → L + 4   

 S2 70.52% H − 1 → L + 1 4.33 (286.52) 0.0500 

  19.78% H − 1 → L   

 S3 55.93% H → L + 3 4.36 (284.55) 0.0323 

  19.37% H → L   

 S6 62.71% H → L + 6 4.47 (277.14) 0.0263 

  14.43% H → L + 3   

 S7 52.06% H − 2 → L + 2 4.48 (276.70) 0.0239 

  27.18% H − 2 → L + 5   

 S15 40.72% H − 4 → L 4.69 (264.26) 0.0391 

  18.65% H − 2 → L + 13   

(T rp)4 − (H2O)36 S1 64.34% H → L + 3 4.12 (300.83) 0.0133 

  24.66% H → L + 2   

 S3 34.85% H − 1 → L + 4 4.32 (286.69) 0.0203 

  24.59% H − 1 → L   

 S5 89.95% H − 3 → L 4.39 (282.47) 0.0480 

 S6 82.94% H − 2 → L + 1 4.40 (281.78) 0.0711 
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Continued 

  6.08% H − 2 → L + 2   

 S9 86.19% H → L + 5 4.47 (277.64) 0.0391 

  15.00% H → L + 1   

 S10 29.67% H − 1 → L + 1 4.48 (276.97) 0.0249 

  18.70% H − 1 → L + 8   

 S16 46.39% H − 4 → L + 3 4.65 (266.86) 0.0360 

  19.56% H − 4 → L + 2   

 S20 47.40% H − 6 → L + 1 4.70 (263.73) 0.0296 

  10.77% H − 6 → L + 2   

 

 
Figure 8. Graphical presentation of the highest representative occupied and the lowest representative 
unoccupied molecular orbitals involved in the absorption lines of the four clusters obtained by using 
TD-DFT/B3LYP/6-311 + G(d,p)//PM6 calculations. 

 
labeled as Lb and the S4 excited state is labeled as La because of their energies. 
Nevertheless, the TD-DFT/B3LYP/6-311G + (d,p) method produces mixed tran-
sition states, i.e., the La and Lb transitions are not pure. Thus, the S1 and S3 ex-
cited states also contain contributions to the Lb and La transitions, respectively. 

For the (Trp)2 - (H2O)18 cluster, the S3 excited state has the largest oscillator 
strength parameter and the main contribution (89.81%) of type *π π→ , where 
label 1 refers to the first Trp of the cluster, and the transition can be identified as 
Lb1 (Table 1). Similarly, the exited state S1 has a contribution of 82.11% of type 
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*
2 2π π→  in the HOMO − 1 to LUMO + 1 transition, which can be labeled as 

Lb2, even though LUMO + 1 shows a charge distribution that includes an inte-
raction between the side chain and the closest molecules of water. In addition, 
the S5 excited state, with a contribution of 78.07%, shows a *

2 2π π→  transition, 
where label 2 refers to the first Trp of the cluster, which corresponds to the La2 
transition. Furthermore, the state S8 with a significant oscillator strength para-
meter (0.0231) shows a transition from the first to the second Trp, which cor-
responds to *

1 2π π→ , where the contribution occurs from the indole group in 
HOMO-3 to all the molecules of Trp in LUMO. 

For the (Trp)3 - (H2O)27 and (Trp)4 - (H2O)36 clusters, more excited states were 
calculated based on the fact that every molecule of Trp in each cluster generates 
an electronic transition type *π π→  with a higher value of the oscillator 
strength parameter. This is the case for states S1, S2 and S3 of the (Trp)3 - (H2O)27 
cluster. However, Figure 8 shows the orbitals LUMO, LUMO + 1 and LUMO + 
2 that provide a relatively smaller contribution from the neighboring molecules 
of Trp. It should be emphasized that upon increase in the cluster with a greater 
number of molecules of Trp, there are more interactions, mainly among the in-
dole groups. For example, in the (Trp)4 - (H2O)36 cluster, the S3 and S5 states 
show transitions type *π π→ , but these orbitals have a contribution shared 
from the indole group of Trp 3 and 4. Transitions such as S6, S9 and S17 were 
found to have contributions with the molecular orbitals, which correspond to 
only one of the molecules of Trp in the cluster. Likewise, as in the previous cases, 
the excited states such as S22, which shows the contribution of molecules in ab-
sorption and their oscillator strength parameter, have a significant value 
(0.0511). 

According to the discussion above, there are transitions where molecules of 
water and alanyl side chain interact, thus having a high probability of occur-
rence, which is a feature that should be taken into consideration. Therefore, in 
clusters with more than one molecule of Trp, excitation going from one mole-
cule to a neighboring one occurs, such as in the H-3 → L transition at the (Trp)2 - 
(H2O)18 cluster. Moreover, in the case of the (Trp)4 - (H2O)36 cluster, the excited 
states where there are contributions in the molecular orbitals are observed, not 
only in one of the four molecules of Trp, but also in the participation of neigh-
boring molecules of Trp (Figure 8). 

Therefore, the solvent effect with a discrete model should include water mo-
lecules around the molecule of Trp, thereby allowing intramolecular interactions 
between the molecules of the solute and solvent to occur. Particularly, this is the 
case of solvents such as water, where some chemical reactions are present, thus 
leading to the stabilization of the zwitterionic forms. 

4.2.3. Fluorescence Emission Analysis 
The TD-DFT method was used at the B3LYP/6-31 + G(d,p) level to optimize the 
ground state (GS) and fluorescent state (FS) geometries only in the (Trp)1 - 
(H2O)9 cluster that has the Zag+ and Zpt configurations. 
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Figure 9 demonstrates the photoluminescent process of the Zpt conformer. 
The cluster with its hydrogen bonds is excited to the state S2 at a wavelength of 
279.5 nm. The states S2 and S1 are coupled and an internal conversion (IC) is 
generated by vibrational modes. After that, the system relaxes to its excited low-
est point with an emission occurring at 348.9 nm. Figure 9 also shows that the 
Trp geometries in the GS and FS are qualitatively similar, although some hydro-
gen bond lengths differ significantly. Actually, the bond length between the ni-
trogen atom of the aromatic ring and the oxygen atom of the nearest molecule of 
water decreases from 1.904 to 1.796 Å, and so do two zwitterion bonds from 
1.842 to 1.766 Å and 1.739 to 1.723 Å. The strong hydrogen bonds indicate that 
the pyrrole ring and the surrounding zwitterion are important to the fluorescent 
process of Trp in water. 

In Figure 10, the computed FS for the (Trp)1 - (H2O)9 cluster that has the 
configurations Zag+ and Zpt are comparable with those obtained for the experi-
mental spectrum at any concentration, since the fluorescence peak located at 357 
nm is in good agreement with the calculated fluorescence wavelength located at  

 

 
Figure 9. Representative diagram of the photoluminescent process for the (Trp)1 - (H2O)9 
cluster with the Zpt conformer. The absorption of the S2 excited state and the emission of 
the S1 excited state are shown here. The optimized geometrical structures of the GS and 
the FS (S1) have been included. The dashed blue lines show the representative hydrogen 
bond lengths measured in Angstrongs (Å) in the cluster for the GS and S1 excited state 
geometries. 

https://doi.org/10.4236/ojpc.2021.112005


D. M. Uriza-Prias et al. 
 

 

DOI: 10.4236/ojpc.2021.112005 101 Open Journal of Physical Chemistry 
 

 
Figure 10. Experimental emission spectra of Trp in water, represented by the dashed 
black lines. The fluorescent states for the (Trp)1 - (H2O)9 cluster and for the Zag+ and Zpt 
conformers are represented by the red and blue lines, respectively. 

 
approximately 349 nm for the Zpt structure. The fluorescent states for the Zpt 
and Zag+ conformers are very similar to the experimental value at 8 and 13 nm, 
respectively. However, the Zpt structure is more stable in water, which is closer 
to the experimental results. 

The FS of the (Trp)1 - (H2O)9 cluster located at 349 nm corresponds to the or-
bital transition from HOMO to LUMO of type *π π→ , based on the theoretical 
results of this work (Figure 8). It should be noted that in both orbitals the elec-
tron densities are located in the indole group. 

5. Conclusions 

In this work, the excitation redshift through the wavelength experimentally gen-
erated by increasing the concentration parameter of Trp in water has been in-
vestigated. At the considered concentrations, the excitation peak appears in the 
absorption band maxima, which indicates that the excitation is accomplished 
only at high concentrations with absorption toward lower energy states in the 
larger absorption band maxima. 

By using the TD-DFT method, all spectral calculations for our clusters were 
found to be in good agreement with the experimental results in this work. The 
interactions among indole groups, side chains and molecules of water that lead 
to the redshift of spectral lines were studied at a molecular level. It was found 
that the contribution of molecules of water around Trp is non-negligible since 
hydrogen bonds stabilize the zwitterionic form. 

Emission spectra were measured at the different concentrations, and the re-
sults were compared with the fluorescent states using the TD-DFT method for 
the first cluster. It was found that strong hydrogen bonds in the zwitterion and 
in the pyrrole ring play an important role in fluorescence. 
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In general, the results indicate similar experimental and theoretical tendencies. 
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