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a b s t r a c t 

7-Fluorotryptophan (7F-Trp) is an important noncanonical derivative of tryptophan (Trp) amino acid which de- 
picts high in vivo stability for the positron emission tomography imaging of Trp metabolism. Irrespective of 
biological importance of 7F-Trp, molecular level understanding about its fluorescence behavior and the photo- 
physical properties in different solvents are still unknown. Hence, the photophysical properties of 7F-Trp in pres- 
ence of biochemically important alcoholic solvents ethanol (ETH), 2,2,2 trifluoroethanol (TFE) and 1,1,1,3,3,3- 
hexafluoro-propan-2-ol (HFIP) has been investigated using spectroscopic, quantum chemical calculation, molec- 
ular dynamic simulation and compared with Trp to understand the role of fluorine in its fluorescence behavior. 
The substitution of fluorine on Trp decreases its fluorescence intensity significantly. The presence of fluorine 
on tryptophan perturbs the interaction of its backbone containing COO 

− and NH 3 
+ with the chromophoric in- 

dole group which probably decreases the barrier of the conical intersection leading to decreased fluorescence 
intensity of 7F-Trp compared to Trp. The fluorescence intensity of Trp and 7F-Trp decreases in presence of flu- 
orinated alcohols compared to ETH. However, the decrease in fluorescence intensity of 7F-Trp is less than Trp 
and peak maxima are blue shifted. Moreover, the trend of excited state lifetime of 7F-Trp in fluorinated alcohols 
is opposite to Trp suggesting that the interaction of 7F-Trp with fluorinated solvents is different than Trp. The 
excited state lifetime of Trp in alcoholic solvents is controlled mainly by solvent polarity. In contrast, the weak 
interaction mediated by the fluorine of 7F-Trp with the fluorine and OH groups of fluorinated solvents plays an 
important role in modulation of its excited state lifetime. This study clearly depicts that noncanonical fluorine of 
7F-Trp plays an important role in controlling its fluorescence properties in the biochemically important alcoholic 
solvents. 
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Biosynthesis of protein is controlled by twenty amino acids which af-
ect several functionality of an organism. Tryptophan (Trp) is one of the
mportant aromatic amino acids whose intrinsic fluorescence property
as been utilized to characterize the structure of proteins in different
nvironments [1] . Extensive studies have been performed to character-
ze the fluorescence properties of Trp which gets markedly affected by
olvent environment, conformational change of protein, and different
uenching processes [2-6] . The functional limitation of proteins due
o the limited number of natural amino acids prompts the develop-
ent of new modified amino acids known as noncanonical amino acids
hich enhances the understanding about the complex functionality and
ovel chemistry of proteins. In this line, several modified Trp have been
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ynthesized to understand the different complex processes associated
ith proteins such as folding, solvation, aggregation, interaction with
ther biomolecules like DNA, RNA, etc. [7-9] . 

Fluorinated amino acids are one of the important noncanonical
mino acids which have been extensively used to understand the
rotein-protein, membrane-protein interactions, modification of the
rotein’s functionality and enhancement of the stability of protein and
nzymes without much affecting their structures [10-15] . Indeed, It has
een shown that the incorporation of fluorinated Trp enhances catabolic
ctivity by several folds as compared to Trp [16] . Although fluorocar-
on and hydrocarbon both are hydrophobic in nature; polarizability
f fluorocarbon group is less than hydrocarbon group due to its high
lectronegativity and small charge. The dipole moment of C-F is higher
nd is of opposite direction than C-H group. Indeed, the higher dipole
mber 2020 
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Fig. 1. The molecular (zwitterionic) structure of Trp and 7F-Trp are shown in 
(a) and (b), respectively. 
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oment of C-F group exerts electrostatic interaction on the neighboring
olvent molecules, hence, the hydrophobicity of the C-F group is known
s polar hydrophobicity [17] . 

The effect of the incorporation of fluorinated amino acids on the hy-
ration of protein was studied by Zewail and coworkers and found that
he side chain fluorination of protein exerts strong electrostatic drag on
ater molecules which slows down reorientation of water near the flu-
rinated surface [18] . Kunston and coworkers incorporated 5-fluoroTrp
n monellin which provides the distinct ultrafast relaxation purely due
o solvent and protein response [19] . Krishnamoorthy and coworkers
ave shown that the incorporation of 5-fluoroTrp in proteins decreases
he lifetime heterogeneity as compared to tryptophan [20] . Recent study
f the different fluorinated tryptophan derivatives in the cellular uptake
tudy suggests that 7-fluorotryptophan (7F-Trp) depict high in vivo sta-
ility and enable a clear delineation of serotonergic areas and melatonin
ineal gland in rat brains compared to 4, 5 and 6 fluoro substituted tryp-
ophan [21] . Trp metabolism has been implicated in the various path-
ays like neuropathogenesis of HIV, serotonin, melatonin and NAD 

+ 

tc. [22] . Moreover, tryptophan metabolism has been used as a new
arget for the treatment of schizophrenia, a mental illness [23] . 7F-Trp
as been suggested as a potential candidate for the positron emission
omography imaging of Trp metabolism [21] . The fluorescence of 7F-
rp can be used as a reporter of local environment of Trp for which
omplete knowledge of its photophysical properties is very important.
rrespective of the importance of 7F-Trp in several biological activities,
he molecular level understanding about its photophysical as well as
uorescence properties in different solvents is elusive. 

In order to probe the role of the solvent organization and its interac-
ion with the noncanonical part of Trp in its fluorescence properties, we
ave investigated the photophysical properties of Trp and 7F-Trp (chem-
cal structures are shown in Fig. 1 ) in the presence of biochemically im-
ortant alcoholic solvents namely, ethanol (ETH), 2,2,2-trifluoroethanol
TFE) and 1,1,1,3,3,3-hexafluoro-propan-2-ol (HFIP), respectively using
pectroscopic, quantum chemical calculation and molecular dynamic
MD) simulation. Fluorinated-ETHs have been chosen as it is well known
hat they act as cosolvents to stabilize the secondary structure of pro-
eins as well as induce the change in their conformation [24 , 25] . The
ydrophobic CF 3 group of TFE favorably surrounds the protein lead-
ng to dehydration of protein backbone which promotes stabilization of
he secondary structure of protein. TFE is also used in biochemistry as
n inhibitor of alcohol dehydrogenase [26] . Similarly, HFIP has been
sed as a primary metabolite of the anesthetic sevoflurane which is
nown to provide beneficial immunomodulatory effects and the same
ffect can be obtained by intravenous administration of HFIP due to
he presence of fluorocarbon groups [27 , 28] . A recent work claims that
he effect of administration of HFIP intravenously in attenuating inflam-
ation has been found to be equal or sometimes superior compared to
nhaled sevoflurane [29] . HFIP may also provide the important struc-
ural insights of some unknown drugs and proteins [30 , 31] . This study
uggests that the conformation of 7F-Trp is different in the ground and
xcited state as compared to Trp which causes to the decrease in its
uorescence. It has been found that the excited state lifetime trend of
F-Trp is opposite to Trp in fluorinated alcohols due to the weak inter-
ction of fluorine of 7F-Trp with the fluorine as well as OH terminals of
uorinated alcohols. 

aterials and methods 

Trp (99%) and 7F-Trp (99%) were purchased from SRL Pvt. Ltd.
nd Sigma-Aldrich, respectively. ETH (99.9%), TFE (99%) and HFIP
99.5%) were purchased from Spectrochem Pvt. Ltd., Mumbai, India.
ll the chemicals were used as received. 

The UV–visible and fluorescence spectra of samples were mea-
ured using Evolution 201 (Thermo Fisher Scientific) and Fluoromax
 (HORIBA JobinYvon Scientific) spectrometers, respectively. The fluo-
escence intensity decays of the samples were measured using the time-
orrelated single-photon counting (TCSPC) setup of Deltaflex (HORIBA).
he excitation source of 280 nm was used for the TCSPC measurements.
he FWHM of the excitation source was found to be ~ 900 ps which
ere measured using liquid scatterer. The emission was collected at the
agic angle polarization and detected using a multiple channel photo-
ultiplier (HPPD-C1). The decay traces were fit using the EzTime soft-
are. The reliability of the fitting was checked by using the reduced

hi-square ( 𝜒2 ) and distribution of the residual methods. The 𝜒2 value
f the fitting was found to be close to one and the distribution of the
esidual was uniformly distributed around zero line. The concentration
f the sample was kept ~50 𝜇M for these measurements and all the ex-
eriments were performed at room temperature. Quantum yield of Trp
nd 7F-Trp in all the solvents were calculated using the standard proto-
ol and details of the calculation have been provided in the supporting
nformation. 

Several different conformers of Trp and 7F-Trp were created using
he semiempirical method which was further optimized using the M06-
X/ 6-31 + g(d) level of theory [32] (Figure S1) to get the minimum en-
rgy structure of these molecules. All the optimization has been per-
ormed in solvent medium which has been implemented using the po-
arizable continuum model (PCM) [33] . It is important to mention that
he PCM model has certain limitations in including the complete effect
f solvent as it only includes the electrostatic interaction and excludes
he effect of weak dispersive interaction [34] . The optimization of each
tructure has been performed in the ground as well as excited states.
requency calculation of each structure depicts positive value which
onfirms that the optimized structure is stable in nature. Further, dif-
erent structures of 1:1 cluster of Trp and 7F-Trp with ETH and TFE in
heir respective bulk medium were optimized in the ground as well as
xcited states to understand the mode of the binding of Trp and 7F-Trp
ith solvent molecules. The emission maxima of monomer of Trp and
F-Trp and its clusters with solvent molecules were calculated to under-
tand its fluorescence properties in different solvents. To rationalize the
pectral shift qualitatively, HOMO–LUMO energy calculation has also
een performed for both amino acids using the same level of theory. All
he quantum chemical calculations were performed using the Gaussian
6 suites of program [35] . In order to characterize the interaction be-
ween the solvent and amino acids, we have performed the Atoms in
olecule (AIM) calculation using AIM 2000 software [36] . 

Molecular dynamics (MD) simulation of Trp and 7F-Trp in ETH and
FE solvents were performed using GROMACS molecular dynamics sim-
lation package (version 5.1) [37] to understand the solvent orientation
round the different groups of amino acids and its correlation with flu-
rescence properties. Optimized potential for liquid simulation for all
tom (OPLS-AA) force field [38] was used for the simulation of these
ystems. The OPLS-AA force field for TFE, Trp and 7F-Trp was gener-
ted using the LigPargen software [39-41] whereas, default OPLS-AA
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Fig. 2. The normalized absorption spectra 
of (a) Trp and (b) 7F-Trp in ETH, TFE and 
HFIP, respectively. 

Fig. 3. The steady state emission spectra of (a) Trp and (b) 7F-Trp in ETH, TFE and HFIP, respectively. The normalized emission spectra are shown in inset. 

f  

a  

e  

i  

o  

e  

p  

b  

b  

w  

t  

c  

M  

f  

l  

t  

E  

d  

l  

e  

t  

t  

o  

t  

a  

fl  

c

R

 

s  

i  

t  

s  

t  

fl  

a  

t  

t  

7  

w
 

c  

s  

i  

t  

i  

r  

s  

o  

a  

t  

a  

s  
orce field available in Gromacs topology was used for ETH. Each amino
cid was solvated with ~ 4000 solvents molecules to generate bulk like
nvironment. In order to remove the unfavorable interaction from the
nitial structure of the system, energy minimization using the 1000 steps
f steepest descent method was performed. Further, each trajectory was
quilibrated in NPT ensemble for 1 ns at 298 K temperature and 1 bar
ressure. Finally, the production run of 50 ns along with the periodic
oundary condition in the NPT ensemble at 298 K temperature and 1
ar pressure was performed. The pressure and temperature of the system
as kept constant by using the Parrinello–Rahman barostat [42] with

ime constant of 1.0 ps and Berendsen thermostat [43] of 0.1 ps time
onstant. Electrostatic interactions were incorporated using the Particle
esh Ewald (PME) [44] with a grid spacing of 0.16 nm. Non-bonded

orce calculation with a grid was used for the generation of neighbor
ist which was updated after every 5 second. In order to understand
he fluorescence properties, the MD simulation of Trp and 7F-Trp in
TH and TFE solvents were performed using their excited state charge
istribution which has been obtained by the quantum chemical calcu-
ation. The radial distribution function g(r) calculation for the differ-
nt sites of amino acids with solvent molecules was performed to get
he role of interaction of solvent molecules in its fluorescence proper-
ies. To model the interactions involving halogen atoms, a new concept
f sigma-hole has drawn significant interest but it is important to note
hat this effect is more effective for heavy atom like iodide and gradu-
lly decreasing like bromide > chloride > fluoride [45-48] . However, for
uoro-compound the effect is almost negligible; hence, we have used
lassical force field without considering sigma-hole concept. 
esults and discussion 

The absorption spectra of Trp and 7F-Trp in ETH, TFE and HFIP are
hown in Fig. 2 . The absorption features of Trp and 7F-Trp are structured
n all the solvents suggesting that both L a and L b states [49] contribute
o their absorption spectrum. Noticeably, the band position and the band
hape of the absorption spectra of Trp are different from 7F-Trp in all
he alcoholic solvents. The absorption spectra get blue shifted on the
uorination of Trp as well as the intensity ratio of the peak centered
round 270 and 260 nm get changed which suggests that the fluorina-
ion of Trp changes the contribution of the mixing of L a and L b states in
heir absorption spectra. Nevertheless, the absorption spectra of Trp and
F-Trp show the same trend in alcoholic solvents and get blue shifted
ith the fluorination of alcohol. 

In order to understand the photophysical properties of noncanoni-
al amino acid in alcoholic solvents, we have measured the emission
pectra of Trp and its fluorinated analogue in the same solvents us-
ng excitation wavelength 280 nm as shown in Fig. 3 . It can be seen
hat the fluorescence intensity of 7F-Trp is significantly less than Trp
n any alcoholic solvents which suggests that the substitution of fluo-
ine quenches the fluorescence intensity of Trp. Apart from the inten-
ity change, the emission spectra get blue shifted with the fluorination
f Trp as the fluorescence maxima of Trp and 7F-Trp appears at 335
nd 310 nm, respectively. The data obtained from the emission spec-
ra suggest that fluorination of Trp destabilizes the excited state as well
s increases the rate of nonradiative process. The fluorescence inten-
ity of both, Trp and 7F-Trp decreases with the fluorination of alcoholic
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Table 1 

The steady state emission maxima ( 𝜆max ), excited state lifetime ( 𝜏) along with their relative amplitude (a), average life time ( <𝜏> ), quantum yield 
( ɸ ), radiative rate constant (K r ) and non-radiative rate constant (K nr ) as well as 𝜒2 value of each fitted curve. 

System Emission ( 𝜆max ) (nm) 𝜏1 (ns) a 1 𝜏2 (ns) a 2 ᵡ 2 <𝜏> ɸ K r × 10 − 6 (s − 1 ) K nr × 10 − 8 (s − 1 ) 

Trp 

ETH 335 1.80 ± 0.05 0.76 4.90 ± 0.20 0.24 0.96 2.10 ± 0.20 0.219 104.3 3.7 

TFE 335 0.39 ± 0.02 0.91 1.94 ± 0.20 0.09 1.03 0.42 ± 0.10 0.016 38.1 23.4 

HFIP 335 0.21 ± 0.03 0.82 3.45 ± 0.20 0.18 1.04 0.25 ± 0.10 0.002 8.0 39.9 

7F-Trp 

ETH 320 0.80 ± 0.02 0.61 4.50 ± 0.10 0.39 1.14 1.16 ± 0.10 0.003 2.6 8.6 

TFE 310 0.82 ± 0.02 0.54 4.90 ± 0.10 0.46 1.11 1.33 ± 0.10 0.001 0.7 7.5 

HFIP 310 0.98 ± 0.03 0.48 4.44 ± 0.08 0.52 1.11 1.64 ± 0.09 0.001 0.6 6.1 

Fig. 4. The excited state fluorescence decay of (a) Trp and (b) 7F-Trp at their respective emission maxima along with their fitting lines in ETH, TFE and HFIP solvents 
respectively. The instrumental response function has been shown in ash line. 
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olvents indicating that the increased polarity as well as acidity of sol-
ents quenches the fluorescence of both amino acids. Noticeably, the %
ecrease in the fluorescence intensity of Trp in fluorinated ETHs with
espect to ETH is more prominent compared to 7F-Trp. 4F-Trp has been
eported to be non-fluorescent in aqueous medium at room temperature
50] but 5F-Trp and 6F-Trp shows comparable fluorescence with that
f Trp [51] . The quantum yield of Trp and 7F-Trp in different alcoholic
olvents ( Table 1 ) follow the similar trend to the emission as the quan-
um yield of Trp is significantly higher than 7F-Trp as well as decrease
n the quantum yield for the fluorinated alcoholic solvents is higher for
rp than 7F-Trp. The quantum yield of 5F-Trp and 6F-Trp are found to
e 0.15 in water [51] which is comparable to Trp (0.14) [52] whereas
he quantum yield of 7F-Trp is drastically reduced. Hence, position of
ubstitution in the benzene ring of Trp is very sensitive to its photo-
hysical properties. The fluorescence maxima of Trp do not show any
ignificant peak shift of the emission maxima on the fluorination of ETH
olvents whereas a significant blue shift of emission maxima in the case
f 7F-Trp is observed in the same set of solvents. The magnitude of the
hange in the emission maxima and fluorescence intensity of 7F-Trp in
lcoholic solvents suggests that the interaction of fluorinated alcoholic
olvents may be different from Trp. 

Excited state lifetime measurements are essential in order to get the
nsight of fluorescence properties of a probe molecule in different sol-
ents as steady state spectroscopy provides the average information.
ig. 4 shows the lifetime ( 𝜏) traces of Trp and 7F-Trp in ETH, TFE and
FIP, respectively whereas the amplitude and the value of the differ-
nt components of 𝜏 of both probes in alcoholic solvents are depicted
n Table 1 . It can be seen that two 𝜏 components are required to fit the
ifetime traces of amino acids in alcoholic solvents. Trp in ETH shows
components of 1.80 and 4.90 ns with the amplitude of 76% and 24%
hereas 7F-Trp in ETH depicts the 𝜏 components of 0.80 and 4.50 ns
ith the amplitude of 61% and 39%, respectively. In earlier study, 𝜏 of
rp in ETH has been best fit with three components, although, the exci-
ation wavelength is 296 nm which is different from this study [53] . The
alue of 𝜏 components of Trp decreases in fluorinated-ETHs compared
o ETH whereas slight increase in the value of the 𝜏 components of 7F-
rp in fluorinated-ETHs was observed than ETH. The different trend of
components of 7F-Trp in fluorinated-ETHs than Trp suggests that the

nvironment of 7F-Trp in fluorinated-ETHs is different compared to Trp.
The 𝜏 of a probe in any solvent medium depends on the dipole mo-

ent of probe, polarity of the medium and solute-solvent interaction.
oticeably, <𝜏> value of 7F-Trp in ETH (1.16 ns) is significantly less

han Trp in same solvent (2.10 ns) which could be due to the higher ex-
ited state dipole moment of 7F-Trp (14.75 D) than Trp (10.27 D) in ETH
s obtained from the quantum chemical calculation discussed below.
he <𝜏> value of Trp in fluorinated-ETHs decreases with successive flu-
rination of solvents. Both the polarity and acidity of fluorinated-ETHs
s higher as compared to ETH [54] which causes to decrease the <𝜏>
f Trp in fluorinated-ETHs. In contrast, <𝜏> value of 7F-Trp in different
lcoholic solvents increases with the fluorination of ETH which is oppo-
ite to the case of Trp. The increase in the <𝜏> of 7F-Trp in fluorinated
olvents suggests that the polarity of the solvents is not an important
actor here and probably the solute-solvent interaction plays a signifi-
ant role in the fluorescence behavior of 7F-Trp. Interestingly, quantum
ield of the 7F-Trp decreases with the fluorination of ETH similar to
rp, however, the <𝜏> of 7F-Trp shows the reverse trend in fluorinated
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Fig. 5. The most stable structure of Trp (a, b) and 7F-Trp (c, d) in their ground 
as well as excited states. The molecular graph of the interaction between the 
different groups of Trp (e, f) and 7F-Trp (g, h) in their ground as well as excited 
states obtained from the AIM analysis. The bond critical point (BCP) is repre- 
sented in red point whereas the ring critical point (RCP) is denoted in the yellow 

color. 
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Table 2 

The energy difference between HOMO and LUMO 

of Trp and 7F-Trp in both of their ground and ex- 
cited states in ETH and TFE solvents. 

ΔE HOMO-LUMO (Kcal/mole) 

Probe Solvent Ground state Excited state 

Trp ETH 165.587 144.704 

TFE 165.593 144.722 

7F-Trp ETH 169.384 150.439 

TFE 169.390 150.477 

Table 3 

The emission maxima (nm) of Trp and 7F-Trp monomer along with their 1:1 
clusters with ETH and TFE have been calculated using the M06-2X/6-31 + g(d) 
level of theory. Polarizable continuum model (PCM) has been used to incorpo- 
rate the effect of respective solvents. 

System Solvent Interaction Emission (nm) 
(Calculated) 

Emission (nm) 
(experimental) 

Monomer 

Trp ETH 313 335 

TFE 313 335 

7F-Trp ETH 289 320 

TFE 289 310 

1:1 cluster 

Trp ETH NH…O 318 335 

ETH COO...HO 314 

TFE NH…O 318 335 

TFE COO...HO 318 

TFE NH…F 317 

TFE NH 3 …O 308 

7F-Trp ETH NH…O 289 320 

ETH COO...HO 289 

ETH NH 3 …O 287 

TFE NH…O 289 310 

TFE COO...HO 289 

TFE NH…F 288 

TFE NH 3 …O 288 

TFE F…F 288 
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𝜌  
TH as compared to Trp. Further, we have calculated the radiative rate
onstant ( K r ) and non-radiative rate constant ( K nr ) of Trp and 7F-Trp
n alcoholic solvents using Eqs. 1 and 2 to enhance our understanding
bout their photophysical properties. From the data, it is apparent that
he K r of Trp decreases with the fluorination of ETH and simultaneously
 nr increases. In contrast, the K r of 7F-Trp decreases with the fluorina-

ion of ETH, however, the K nr also decreases which is the cause of the
bsence of correlation between the <𝜏> and quantum yield of 7F-Trp in
lcoholic solvents. 

= 

𝐾 𝑟 

𝐾 𝑟 + 𝐾 𝑛𝑟 

(1) 

= 

1 
𝐾 𝑟 + 𝐾 𝑛𝑟 

(2) 

To decode the molecular basis of the fluorescence properties of
mino acids in different alcoholic solvents, we have optimized the
onomer of Trp and 7F-Trp with ETH and TFE in the ground as well

s excited states. The frequency of each structure shows positive value
onfirming the minimum energy structure. Further, the peak maxima
f the emission of monomer in their respective bulk medium have been
alculated to compare with the experimental values. Fig. 5 (a–d) de-
icts the most stable structure of ground as well as excited states of Trp
nd 7F-Trp in bulk ETH solvent. The most stable structure of Trp and
F-Trp do not vary significantly from ground to excited state. However,
he orientation of the backbone (NH 3 

+ and COO 

− groups) of Trp and
F-Trp is different as the NH 3 

+ group of Trp is pointing towards its
enzene ring whereas, in the case of 7F-Trp, the orientation of NH 3 

+ 

roup is opposite. The most stable structure of Trp and 7F-Trp shows
hat fluorination of Trp changes its conformation which is in well corre-
ation with the earlier simulation study suggesting that the fluorination
f amino acids affects its conformation [55] . The calculated emission
axima of the most stable structure of Trp and 7F-Trp in ETH appears

t 313 nm and 289 nm ( Table 3 ), respectively which shows that emis-
ion maxima gets blue shifted on the fluorination of Trp which is in the
ine with the experimental data. It is important to mention that absolute
alue of the calculated emission maxima of Trp and 7F-Trp is underes-
imated by ~20–30 nm from its experimental value, however, the trend
f the change of emission spectra predicted from the calculation is in
greement with the experimental data. We have also performed the op-
imization of Trp and 7F-Trp in TFE solvent and the optimized structure
f both the amino acids in the ground and excited state is similar to the

ase of ETH. t  
To explore the nature of electronic transition, highest occupied
olecular orbital (HOMO) and lowest unoccupied molecular orbital

LUMO) calculation has been performed (Figure S7 and Table 2 ). Quan-
um chemical calculation reveals that combination of several transitions
like HOMO-1, HOMO, LUMO, LUMO-1, LUMO-2 etc.) is responsible for
he absorption and emission maxima for both the probes. We have cal-
ulated the HOMO →LUMO transition energy to qualitatively compare
he trend of experimental data. The HOMO–LUMO energy gap of 7F-Trp
s greater than that of Trp in ground and excited states. It confirms that
uorination of Trp destabilizes the excited state causes to show blue
hift in both the absorption and emission spectra. Even in all the cases
he HOMO–LUMO energy gap is slightly greater in TFE solvent than
hat of ETH for both the probes indicating the hypsochromic spectral
hift with the increase of solvent polarity and acidity which correlates
ur experimental finding as well. Moreover, from the orbital diagram
Figure S7) it is depicted that for both the probes there are electronic
ransitions (HOMO →LUMO) from the NH 3 

+ containing backbone chain
HOMO) to the indole moiety (LUMO) of the amino acids occurred. 

In order to understand the bonding nature of the backbone with the
ndole ring of the amino acids, we have performed the AIM analysis of
he most stable structure of Trp and 7F-Trp in their ground and excited
tates as shown in Fig. 5 (e–h). The presence of (3,-1) bond critical point
BCP) with the electron density ( 𝜌) and Laplacian (L) within the range of
.002–0.034 a.u. and 0.024–0.139 a.u., respectively [56] represents the
on-covalent interaction whereas the (3, + 1) ring critical point (RCP)
epicts the presence of cyclic structure. Table 4 represents the value of
and L for the different BCP between the backbone of amino acids with

he indole ring of Trp and 7F-Trp in its ground and excited states. AIM
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Table 4 

Electron density ( 𝜌) and Laplacian (L) at each bond critical point 
(BCP) of the interaction between backbone and indole chromophore 
of both Trp and 7F-Trp at their ground state and excited state ob- 
tained from AIM analysis. 

System BCP of interaction 𝜌 L(a.u.) 

Trp_ground state COO 

− ...H (pyrrole) 0.00636 0.02408 

Trp_excited state NH 3 
+ …C (benzene) 0.01692 0.05256 

7F-Trp_ground state COO 

− ...H (benzene) 0.01199 0.04176 

NH 3 
+ …C (pyrrole) 0.01526 0.05668 

7F-Trp_excited state COO 

− ...H (benzene) 0.01014 0.03600 

NH 3 
+ …C (pyrrole) 0.01524 0.04792 
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tudy of Trp clearly depicts that the local interaction of its backbone
ith the indole ring is different in the ground and excited states ( Fig. 5 ,
 and f). In the ground state of Trp, (3,-1) BCP exists between the back-
one COO 

− and the C-H group of pyrrole ring along with (3, + 1) RCP
hich indicates the presence of cyclic structure between the backbone
nd pyrrole ring of Trp through weak C-H….O interaction. In contrast,
n the excited state of Trp, the C-H…O interaction disappears and the
nteraction between the NH 3 

+ of the backbone takes place with the ben-
ene ring suggesting the presence of N-H…. 𝜋 interaction. The AIM study
uggests that the rotameric state of Trp changes from ground to excited
tate. 

The AIM data of 7F-Trp shows (3,-1) BCP along with (3, + 1) RCP for
he interactions between COO 

− group and C-H of benzene ring as well
s NH 3 

+ group with pyrrole ring indicating that both NH 3 
+ and COO 

− 

roups of the backbone of 7F-Trp interact with its indole group ( Fig. 5 ,
). The excited state structure of 7F-Trp is similar to its ground state
 Fig. 5 , g and h) except slight variation in the interaction of the back-
one with the indole moiety as confirmed by the value of 𝜌 and L shown
n Table 4 . The AIM study depicts that the interaction of the backbone
roups of 7F-Trp with indole moiety is different from Trp in the excited
tate which is probably one of the reasons behind the decreased fluores-
ence intensity of 7F-Trp in alcoholic solvents as compared to Trp. 

The indole moiety of Trp and 7F-Trp is the main source of the fluo-
escence; however, its intensity is modulated by the interaction between
he backbone of amino acid with the indole ring [57] . It is well known
hat the 1 L a state rather than 1 L b (both states are 𝜋𝜋∗ in nature) is the
ain source of the fluorescence emission of indole group of Trp in polar

olvents [58] . It has been found that the 𝜋𝜋∗ states ( 1 L a and 1 L b states ) 
eet at a conical intersection point via a energy barrier which opens
onradiative channel [59] . The tuning of the multiple conical intersec-
ions controls the fluorescence intensity as well as lifetime of indole
olecules [60] . The fluorescence intensity of indole group in Trp is less

han only indole due to the interaction of the backbone side chain of
rp with the indole ring which decreases the barrier between the 𝜋𝜋∗
tates causing to the increased nonradiative rate of fluorescence decay
57] . The AIM data suggests that the interaction of the backbone side
hain with the indole ring is enhanced in 7F-Trp than Trp which proba-
ly increases the nonradiative rate by lowering the barrier of the conical
ntersection of 𝜋𝜋∗ states leading to the decreased fluorescence inten-
ity of 7F-Trp than Trp in alcoholic solvents. Indeed, the recent study on
yno-indole also shows that the presence of electron withdrawing group
ecreases the fluorescence intensity as compared to indole [61] which
s in agreement with our finding about the substitution of electron with-
rawing fluorine on Trp. With the increase of the acidity of the solvents,
he barrier between the 𝜋𝜋∗ states of indole group forming the conical
ntersection is probably decreased; hence, the fluorescence intensity of
rp and 7F-Trp monotonically decreases from ETH to HFIP. 

Further, we have optimized different possible structures of 1:1
lusters of Trp and 7F-Trp with ETH and TFE in their respective bulk
edium ( Fig. 6 , S2 and S3). The optimization of each structure has been
erformed in the ground as well as excited states and the fluorescence
axima of each structure have been computed to correlate it with the
xperimental values. Two structures of Trp-ETH complexes were found
table, out of which, the N-H group of indole interacts with oxygen
f ETH via N-H(ind)….O(ETH) hydrogen bond in the first complex
hereas, in the second complex, COO of the backbone of Trp interacts
ith the OH of ETH through COO(backbone)….HO(ETH) hydrogen
ond. The calculated emission maxima of N-H(ind)….O(ETH) hydrogen
onded structure is slightly closer to the experimental value compared
o the COO(backbone)….HO(ETH) hydrogen bonded complex. The
iversity of the hydrogen bonded structures of Trp with TFE increases
han ETH as N-H(indole)…F(TFE) and NH 3 (backbone)…OH(TFE)
ydrogen bonded structure were found to be stable along with
-H (ind)….O(TFE) and COO(backbone)….HO(TFE) interacted

tructures. The calculated emission maxima of N-H(ind)….O(TFE),
OO(backbone)….HO(TFE) and N-H(indole)…F(TFE) hydrogen
onded complexes are close to the experimental value whereas the
mission maxima of NH 3 (backbone)…OH(TFE) interacting complex
s significantly less than the experimental value suggesting that the
ontribution of this structure is less in its emission feature. 

The N-H(ind)….O(ETH), COO(backbone)….HO(ETH),
H 3 (backbone)…OH(ETH) interacting structures were found to
e stable for 7F-Trp-ETH complex. The calculated peak maxima of all
he structures are almost same and blue shifted compared to Trp-ETH
ase. It is noticeable that both NH 3 

+ and COO 

− groups of the backbone
hain of 7F-Trp are interacting with ETH which is contrast to Trp case
here only COO 

− is interacting with ETH. It is apparent from the
alculation that the fluorination of Trp enhances the interaction of the
ackbone chain of 7F-Trp with the solvent molecules. In the case of TFE
omplex with 7F-Trp, N-H(ind)….O(TFE), COO(backbone)….HO(TFE),
H 3 (backbone)…OH(TFE), N-H(ind)….F(TFE) and F(ind)…..F(TFE)

nteracting structures were found to be stable and their peak maxima
re approximately same and closer to the experimental value sug-
esting the contribution of all these species in their emission spectra.
nlike to other cases, the interaction of the N-H group of indole of
F-Trp with TFE is cyclic in nature where the N-H(ind)….O(TFE) and
-H(TFE)….F(ind) interactions take place simultaneously ( Fig. 6 j).
imilarly, the N-H(ind)….F(TFE) interaction takes place along with
eak F(ind)….F(TFE) interaction and form cyclic structure ( Fig. 6 l).
he interaction of NH 3 

+ of the backbone of 7F-Trp with TFE is
lso cyclic in nature as both the NH 3 (backbone)…O(TFE) and
H 3 (backbone)…F(TFE) interactions appear simultaneously ( Fig. 6 m).

t is apparent from the quantum chemical calculation that the presence
f weak F(ind)….F(TFE), N-H(ind)….F(TFE), NH 3 (backbone)…F(TFE)
nteractions change the solute-solvent interaction of 7F-Trp with TFE
ompared to Trp case. This finding is in agreement with the experimen-
al study where it has been found that the solute-solvent interactions
etween 7F-Trp with fluorinated alcohols are different causing different
xcited state lifetime of 7F-Trp with fluorinated alcohols than Trp. 

The MD simulation of Trp and 7F-Trp in ETH and TFE solvents in-
orporating their excited state charge distribution have been also per-
ormed to understand the solvent organization around the amino acids
n their excited state. Radial distribution function g(r) between the sol-
ent and the chromophoric indole part as well as the backbone (NH 3 

+ 

nd COO 

− ) of probe molecules have been calculated as shown in Figs. 7
nd 8 to get the idea about the solvent orientation around the different
ites of probe molecule. The g(r) for the hydrogen bonding of indole N-H
roup of amino acid with the oxygen of alcoholic solvents decreases for
FE than ETH for Trp and 7F-Trp, both. However, the peak height of the
rst peak of the g(r) for the N–H(ind)…O(solvent) hydrogen bond of in-
ole group of 7F-Trp in ETH and TFE is less than Trp which indicates that
he hydrogen bonding capability of indole group of 7F-Trp is less than
rp ( Fig. 7 a and b). However, the possibility of O–H(solvent)…N(ind)

s almost same for Trp and 7F-Trp ( Fig. 7 c and d). In order to under-
tand the difference in the N–H(ind)…O(solvent) hydrogen bond of in-
ole group of 7F-Trp and Trp with alcoholic solvents, we have probed
he interaction of fluorine of 7F-Trp with ETH and TFE by the calcu-
ation of g(r) for these interactions as shown in Fig. 7 e . The g(r) data
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Fig. 6. The excited state optimized 1:1 clusters of Trp (a-f) and 7F-Trp (g-n) with TFE molecule. The corresponding atomic distances and emission maxima obtained 
from the calculations are mentioned for each structure. 
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epict the possibility of the extremely weak O-H(alc.)…F(indole) inter-
ction for both ETH and TFE. However, the population of the extremely
eak O–H(alc.)…F(7F-Trp) interacted species is slightly higher for the

ase of TFE than ETH. Apart from that, we have also found the evidence
f F(TFE)….F(indole) interaction between the fluorine of TFE and 7F-
rp which probably increases the population of O–H(TFE)…F(7F-Trp)

nteracted species in TFE. The g(r) data of the fluorine terminal of 7F-
rp with alcoholic solvents suggest that the presence of fluorine changes
he interaction of chromophoric indole group of 7F-Trp with alcoholic
olvents significantly as compared to Trp which is in agreement with
he results obtained from quantum chemical calculation. 
Further, we have investigated the effect of fluorination of Trp on the
nteraction of backbone (NH 3 

+ and COO 

− ) of amino acids with solvent
olecules by the calculation of g(r) for different possible interactions

s shown in Fig. 8 . It is apparent from the g(r) data that the interaction
f COO 

− of Trp and 7F-Trp increases with TFE than ETH ( Fig. 8 a and
 b). However, the trend is opposite for NH 3 

+ as the interaction of NH 3 
+ 

f Trp and 7F-Trp decreases for TFE than ETH. Noticeably, the increase
f COO 

− …..HO and decrease in NH 3 
+ …..O interactions of 7F-Trp with

FE is higher than Trp suggesting that the substitution of fluorine mod-
fies the interaction of TFE with the backbone of 7F-Trp. The pattern of
he interaction of solvents with the different motifs of Trp and 7F-Trp



T. Nandy, S. Mondal and P.C. Singh Journal of Photochemistry and Photobiology 3–4 (2020) 100011 

Fig. 7. (a) and (b) represents the g(r) between indole NH (probe) and O (ETH/TFE) of Trp and 7F-Trp, respectively. (c) and (d) represent the g(r) between indole 
N (probe) and HO (ETH/TFE) of Trp and 7F-Trp, respectively. The g(r) of the interaction of the fluorine terminal of the indole group of 7F-Trp with ETH and TFE 
solvents is shown in (e) respectively. 
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Fig. 8. g(r) for the interaction of the backbone (NH 3 
+ and COO 

− ) of Trp and 7F-Trp with ETH and TFE solvent molecules. 
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fl

ith solvents were also probed in the ground state and the trend of the
ata is qualitatively similar to the excited state (Figs. S4 and S5).The
imulation data suggest that the substitution of fluorine modifies the in-
eraction of indole group as well as backbone of 7F-Trp with alcoholic
olvents and the extent of modification for ETH and TFE is different
s fluorine of 7F-Trp interacts with fluorine via only O-H(ETH)….F(7F-
rp) whereas TFE can interact through both, O-H(TFE)….F(7F-Trp) and
(TFE)….F(7F-Trp) interactions, apart from other conventional hydro-
en bonds which is in line with the observation obtained from the quan-
um chemical calculation. The experimental, MD simulation and quan-
um chemical calculation clearly depict that the interaction of fluorine
ith solvent molecules plays an important role in modulating the pho-

ophysical behavior of 7F-Trp in biochemically important alcoholic sol-
ents. 

onclusion 

Various spectroscopic methods like UV–visible, fluorescence spec-
roscopy, excited state lifetime have been utilized to explore the pho-
ophysical properties of noncanonical amino acid 7F-Trp in three bio-
hemically important alcoholic solvents ETH, TFE and HFIP. The re-
ults obtained have been further compared to its canonical analogue
rp in the same solvents to understand the role of fluorine in the mod-
lation of its photophysical properties. It is found that both the absorp-
ion and emission spectra of 7F-Trp are markedly different compared
o Trp showing significant blue shift. The trend of excited state lifetime
f 7F-Trp is also opposite in those three solvents than that of Trp. To
ationalize all these modulation found in the photophysical properties
f 7F-Trp we have performed several theoretical calculations like Atoms
n molecule (AIM) study, quantum chemical calculation, MD simulation.
urprisingly, quantum chemical calculation shows that the most stable
somer of 7F-Trp is completely different compared to Trp. AIM study of
hose most stable isomers shows that the substitution of fluorine on tryp-
ophan perturbs the interaction of its backbone containing COO 

− and
H 3 

+ with the chromophoric indole group which probably decreases
he barrier of the conical intersection leading to the decreased fluores-
ence intensity of 7F-Trp. Although the fluorescence intensity of Trp and
F-Trp decreases in the presence of fluorinated solvents, the decrease is
ess in 7F-Trp than Trp. MD simulation also suggests that the excited
tate lifetime of Trp is controlled by the polarity as well as acidity of the
olvent whereas, the solute-solvent interaction plays an important role
n the case of 7F-Trp. Fluorine of 7F-Trp interacts weakly with the flu-
rine and OH terminal of fluorinated alcohols along with conventional
ydrogen bonds which control the excited state lifetime of 7F-Trp in
uorinated solvents. 
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