J. Bangladesh Acad. Sci. 45(2); 205-215: December 2021 DOI: 10.3329/jbas.v45i2.57212

Journal of Bangladesh Academy of Sciences

Journal homepage: http://www.bas.org.bd/publications/jbas.html

P
el

e T wrioe®

Research Article
Effect of solvents and temperature on the structural, thermodynamic and electronic
properties of capped phenylalanine: A computational study

Md. Alauddin®
Department of Theoretical and Computational Chemistry, University of Dhaka, Dhaka, Bangladesh

ARTICLE INFO
Avrticle History

ABSTRACT

Effects of solvents and temperature on the structural, thermodynamic, and
electronic properties of L-configuration of N-acetyl-phenylalaninyl amide
(NAPA) were studied using density functional theory (DFT) and time-
dependent density functional theory (TD-DFT) approach. Enthalpy (H),
entropy (S) and specific heat capacity (Cv) were found to increase with
the increase of temperature (100 K-1600 K) because of the increasing
intensities of molecular vibration. On the contrary, Gibb’s free energy (G)
was found to decrease with the increase of temperature. The UV-light
absorption maximum, Amax, iS red-shifted in the presence of polar protic,
aprotic and non-polar solvents. On the other hand, calculation shows
that dipole moment in polar solvents (protic and aprotic), non-polar
solvents, and the gas phase are ~3.35, ~3.0, and 2.5 D, respectively.
However, no significant change was found in the HOMO-LUMO
energy gap in the presence of different types of solvents.
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Introduction

Computational studies on biomolecules such as
amino acids, peptides, proteins, lipids, nucleic acids
etc. have become a promising research area because
the objective is to determine the physicochemical
properties as well as biological functions directly or
indirectly from the structural motifs (Schweitzer-
Stenner, 2012; Lanza and Chiacchio, 2013). Due to
the flexibility of biomolecules, experimentally, it is
not too easy to determine the secondary or tertiary
structures of biomolecules (Kolev et al., 2010;
Declerck et al., 2019). However, the computational
approach, mainly density functional theory (DFT),
makes it easy to ascertain the secondary or tertiary
structure (Chahkandi and Chahkandi, 2020; Welesa
and Broda, 2017; Lanza and Chiacchio, 2014).
Recently, a simple peptide with aromatic
chromophore became an interesting research topic as
it is simpler to determine the secondary structure of
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peptides and proteins (Robertson and Simons, 2001;
Sobolewski and Domcke, 2006). The originality for
the formation of the three-dimensional structure of
peptides and proteins mainly occurs from the
intramolecular hydrogen bonding (H-bonding) that
connects proton donor (NH) and acceptor (CO)
amide parts of different residues with the peptide
backbone. Based on the connection of donor-
acceptor amide sites, many secondary arrangements
are formed such as B-strands, y-turns, B-turns or Cyo
interaction and a-helices or Cy3 interaction (Gerhards
et al., 2004; Hunig and Kleinermanns, 2004). Back-
bone configuration (dihedral angles ¢ and v in the
Ramachandran plot) are taken into account to
identify these structural arrangements depending on
the relative orientations of the amide groups
(Chin et al., 2005; Richardson, 1981).
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Both left-handed (L) and right-handed (D)
enantiomeric proteins are found in nature, but most
of the natural proteins have left-handed (L)
configurations (Goodman and Gershwin, 2006; Rose
et al., 1985). Therefore, the researchers are always
interested in working on peptides consisting of L-
amino acids. N-acetyl-phenylalaninyl amide (NAPA)
is a simple dipeptide used to analyze intra- and
intermolecular interactions within the back-bone
chain of the protein. Additionally, the presence
of aromatic side-chain in NAPA shows intense
photophysics in the spectral range of ultra-violet (UV)
(Malis et al., 2014; Molis et al., 2012).

An important matter regarding the stability of the
secondary structures of peptide and protein
involves the effect of solvents (polar protic, polar
aprotic, and non-polar solvents). It is well
established that both explicit and implicit solvent
effects have a key role in stabilizing the charged
peptides due to strong ion-dipole and hydrogen
bonding interactions. However, the magnitude of
these interactions is prominently lessened for the
neutral systems (Mullin and Gordon, 2009).
Another important issue for the structures of
peptides and proteins concerns the effect of
temperature. Several independent research works
have been conducted on peptides to understand the
secondary equilibrium structure (Toal et al., 2014;
Hong et al., 2013; Lanza and Chiacchio, 2014).

Lanza and Chiacchio reported for AcXxxNH> and
ACXxXNHCH3 (Xxx= Gly, Ala, and Leu) model
peptides with left-handed polyproline 11 (PPII)
helix at room temperature. However, the quantity
of p-strand rapidly and becomes
prominent with increasing of temperature. This
shows that the PPIl structural motif is
enthalpically favored, whereas B-strand structure
is stabilized by entropy. A recent DFT and
TDDFT study of the structural, thermodynamic,
spectroscopic, and electronic properties of capped

increases

phenylalanine has been reported (Alauddin, 2021).
In this paper, the results of an investigation of the
structural motif of NAPA and the effect of
solvents and temperature on the thermodynamic
stability and electronic properties of NAPA-A
are reported.

Methods and Materials
Computational details

The conformers of the NAPA compound analyzed
herein were initially explored using the AMBER
force field (Case et al., 2006) included in the Hyper
Chem professional 7.51 package (Hyper Chem
Professional 7.51, 2002). Geometry optimization of
NAPA  was performed using Gaussianl6
computational package (Frisch et al., 2016), and
Gauss View 6.0 were used to visualize the molecular
geometry. The analysis of vibrational modes was
performed on the optimized structures to evaluate the
nature of stationary points and to get zero-point
vibration energy (ZPVE). No imaginary frequencies
were obtained, which confirm the minimum energy
structure. All the quantum chemical calculations
were performed by DFT method combined with
dispersion correction functional (wB97XD) using
the more accurate basis set of cc-pVTZ in the gas
phase. On the other hand, to see the effects of
various solvents, implicit solvent effects were
modeled using the integral equation formalism
variant polarizable continuum model (IEF-PCM)
as implemented in the Gaussian16 program. The
UV-Visible spectra, and the electronic properties
like frontier molecular orbitals (HOMO, highest
occupied molecular orbitals and LUMO, lowest
unoccupied molecular orbital) were calculated
with the aid of the time-dependent density
functional theory (TD-DFT) approach. The
absorption maxima, oscillator strength, HOMO
energy, LUMO, and HOMO-LUMO energy gap
were identified with the help of Gauss-Sum 3.0
software (O’boyle et al., 2008).
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Results and Discussion

Optimized molecular geometry

After conformational explorations of the L-
configuration of NAPA, several conformers
were optimized with DFT/wB97XD/cc-p VTZ
computational approach. Finally, we found the four
most stable conformers of NAPA depending on the
result on backbone dihedral angles (@c, wn) and the
orientation of the phenyl ring (y1). They are assigned
as NAPA-A, NAPA-B, NAPA-C and NAPA-D with
structural motifs of B.(a), y(g+), vu(g-) and y.(a),
respectively, characterized by Ramachandran angles.
The four most stable conformers of NAPA are
shown in Fig. 1 with their structural motifs. The
conformations are assigned gauche (g+) if the y1
dihedral angle lies between 0 and +£120° and anti (a)
otherwise (Chin et al., 2004).

The computed ¢@c, yn, and ' dihedral angles of
NAPA-A, NAPA-B, NAPA-C, and NAPA-D
conformers are shown in Table 1.

NAPA-D with structural motifs of Bi(a), yL(gt),
NAPA-A is the extended backbone form with weak
intramolecular Cs hydrogen-bonding interaction as
well as NH---m interaction. The Ramachandran
angles (¢c, wn) of NAPA-A are -158.89° and
+163.80° that identify the BL(a) structural motif. The
¢c, yn and x* dihedral angles of NAPA-B are -82.97°,
+53.84° and +42.84° respectively that determine
yu(g+) structural motif of NAPA-B. NAPA-C and
NAPA-D have the structural assignments of y.(g-)
and y(a) according to Ramachandran dihedral angles
and phenyl side-chain angle.

Table 1. Comparison of backbone dihedral angles (¢, v, ) and phenyl side-chain dihedral angle (y,) for the DFT-
optimized most stable conformers of NAPA-A, NAPA-B NAPA-C and NAPA-D with their structural motifs.

Conformer Type of angle Dihedral angle In egre (°) Structural
Motifs
Ramachandran angles ¢c = (C18-N16-C1-C24) -158.89 BL(a), E
= - - - + . L), E,
NAPA-A (Backbone angles) yn = (N16-C1-C24-N26) 163.80 Weak Cs
Phenyl side-chainangleangle 1= (N16-C1-C2-C3) -164.31 Interaction
Ramachandran angles ¢c = (C13-N7-C1-C3) -82.97
NAPA-B (Backbone angles) wn = (N7-C1-C3-N9) +53.84 (@), FC7
Interaction
Phenyl side-chain angle y1= (N7-C1-C2-C4) +42.84
Ramachandran angles ¢c = (C13-N7-C1-C3) -86.13
NAPA-C (Backbone angles) wn = (N7-C1-C3-N9) +70.59 (9, F_C7
Interaction
Phenyl side-chain angle y1= (N7-C1-C2-C4) -55.53
Ramachandran angles ¢c = (C13-N7-C1-C3) -83.54 .
NAPA-D (Backbone angles) yn = (N7-C1-C3-N9) +81.76 YL(3), F_C7
Interaction
Phenyl side-chain angle x1= (N7-C1-C2-C4) -165.98
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Fig. 1. The four most stable conformers of NAPA in the gas phase were computed at the DFT/wWB97XD/cc-pVTZ
level of theory. The structural motifs of conformer A, B, C, and D are B, (a), v, (g+), v, (3-) and y, (a), respectively.

Labels g+ and a refer to the orientation of the phenyl side chain relative to the backbone
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Thermodynamics parameters at different
temperatures

The effect of temperature on the thermodynamic
parameters was computed using Gaussian 16.0
program package where temperature and pressure are
298.15 K and 1 atmosphere, respectively, by default.
Gibb’s free energy (G), enthalpy (H), entropy (S),
specific heat capacity (Cy), electronic energy
(Hartree), and polarizability (o) were calculated in
the region of 100 K to 1600 K to quantify the effect
of temperature and displayed in Table 2. The first four
thermodynamic parameters for the NAPA molecule
correlate well with the temperature showing graphs as

represented in Fig. 2.

The correlation fitting equation among changes in G,
H, S, and C, with temperature was fitted by quadratic
formulas, and the fitting equations with regression
factors (R?) are derived using Origin 16 software.
The thermodynamic correlation fitting equations are

G = 156.91093 — 0.09091T — 7.04468 x E~5T?
(R? = 0.99988)
H = 145.40783 + 0.0468T + 3.71738 x E~5T?
(R? = 0.99912)
S = 64.67097 + 0.21404T — 4.2222 x E~5T?
(R? = 0.99986)
C, = 7.99294 + 0.17585T — 5.79716 X E~5T?
(R? = 0.99711)
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Fig. 2. Graphs representing the dependency of Gibb’s free energy (G), enthalpy (H), entropy
(S), and specific heat capacity (Cv) at different temperatures (100K-1600K) for the most stable

conformer of NAPA (NAPA-A).
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Table 2. Temperature dependence selected thermodynamic parameters of NAPA calculated
at the DFT/wB97XD/cc-pVTZ level of theory.

Temp. Gibb’s free Enthalpy, Entropy,S  Specific heat Electronic Polarizibility,
IK energy, G H (cal/mol- capacity, Cv Energy, E a(a.u)
(kcal/mol) (kcal/mol) Kelvin) (cal/mol- (Hartree) zpve
Kelvin) corr.
100 145.109 153.499 83.898 23.822 -687.38286 140.770
200 135.563 156.795 106.163 38.474 -687.38286 140.770
298.15 124.195 161.542 125.263 54.414 -687.38286 140.770
400 110.470 168.121 144.130 70.545 -687.38286 140.770
500 95.165 176.080 161.834 84.255 -687.38286 140.770
600 78.136 185.288 178.590 95.543 -687.38286 140.770
700 59.481 195.518 194.341 104.783 -687.38286 140.770
800 39.300 206.589 209.113 112.432 -687.38286 140.770
900 17.689 218.361 222.971 118.855 -687.38286 140.770
1000 -5.265 230.725 235.993 124.308 -687.38286 140.770
1100 -29.460 243.399 248.255 128.977 -687.38286 140.770
1200 -54.849 256.691 259.827 132.997 -687.38286 140.770
1300 -81.362 270.356 270.772 136.474 -687.38286 140.770
1400 -108.940 284.345 281.146 139.493 -687.38286 140.770
1500 -137.529 298.616 290.999 142.124 -687.38286 140.770
1600 -167.077 313.133 300.375 144.424 -687.38286 140.770
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It is observed from the related figure and table that
the enthalpy rises slowly in the range of low
temperature and rises more steeply in the range of
high temperature. Only translation parts of motion
contribute at low temperatures, but rotational and
vibrational motions are excited as temperature
increases. On the other hand, the change of entropy
increases rapidly with respect to temperature due to
the equipartition of energy. That means the thermal
energy is distributed rapidly to the translational,
rotational, and vibrational modes. The change of
specific heat capacity increases gradually at low
temperatures and gradually reaches a plateau in the
higher temperature region. This indicates that above
a certain temperature (>1000K), molecular motion is
not increased, and henceforth specific heat capacity
becomes almost constant. Another important
thermodynamic parameter is Gibb’s free energy that
decreases with temperature rise. Since the change in
Gibb’s free energy (G) depends on -TAS, (minus
temperature (T) times the change in entropy (S)), it
decreases as the entropy increases with the increase
of temperature.

FElectronic excitation of NAPA-A in gas and
different solvents

The TD-DFT calculation is the most efficient and
commonly utilized method to predict molecules’
electronic  transition, allowing for the best
compromise of the high level of accuracy and low
computational cost. In the gas phase, the six lowest
singlet excited states were calculated using TD-
DFT/wB97XD/cc-pVTZ  computational — method.
Different types of solvents such as polar protic
solvents (water (H20) and methanol (CH3OH)), polar
aprotic  solvents  (dichloromethane  (DCM),
tetrahydrofuran (THF), acetonitrile (CHsCN) and
dimethyl sulfoxide (DMSOQ)) and non-polar solvents
(benzene (C¢Hs), chlorobenzene (CsHsCI), toluene
(CsHsCHs3) and chloroform (CHCIs)) were chosen to
reveal the effect of environmental polarity on frontier
molecular orbitals (HOMO and LUMO) and
electronic absorption spectra. The optical properties,
stability, and chemical reactivity of a molecule

strongly depend on the bandgap energy between
HOMO and LUMO (Alturk et al., 2018). Another
important property to explore the solvation effect is
the molecular dipole moment. It is well-known that
the magnitude of molecular dipole moment in the
solvent phase is larger compared to the gas phase. It
also depends on the polarity of solvents (Kosar and
Albayrak, 2011). The absorption maxima (Amax),
oscillator strengths (f), the energy of HOMO and
LUMO, HOMO-LUMO energy gap, molecular
dipole moment (u), global hardness (1)), softness (S)
and electrophilicity index (o) of NAPA-A at various
solvents were calculated with TD-DFT/wB97XD/cc-
pVTZ computational method using IEF-PCM model.
The computed data obtained in different types of
solvents having different polarities are presented
in Table 3.

The calculated UV-Visible absorption spectra of
NAPA-A in gas and different solvents are exhibited in
Fig. 3. The absorption maximum (Amax) was found at
180.25 nm (6.879 eV) with the oscillator strength of
0.4816 in the gas phase. This is a local excitation (LE)
with the nature of the electronic transition from 7 to ©*
(Malis et al., 2014). On the other hand, Amaxwas found
at around 182 nm (6.813 eV) for polar protic, aprotic,
and non-polar solvents. This indicates that solvation
reduces the excitation energies and induces redshift in
the electronic spectrum. Although the red-shift is not so
large, oscillator strength (f) was enhanced significantly
for the solvation. On the other hand, TDDFT-calculated
results show that the polarity of solvents has little effect
on the energy of frontier orbitals and the HOMO-
LUMO energy gap.

The HOMO-LUMO energy distribution for NAPA-A
at various solvents is shown in Fig.4. It is found that
oscillator strength  enhanced significantly and
almost same magnitude by protic, aprotic and non-
polar solvents. Normally, the molecular dipole
moment in the gas phase is lower compared to the
solvent phase. Our calculation shows that dipole
moment values in polar solvents (protic and aprotic),
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Table 3. DFT calculated absorption maxima (), oscillator strength (f), the energy of HOMO(H),

LUMO (L), HOMO-LUMO (H-L) gap, dipole moment (u), global hardness (), softness (S), and
electrophilicity index (®) of NAPA-A at various solvents.

Types

of Name of Aame f o Lo ;'a:; WD eV  SkV  olV
Ivents
solven Solvents nm PY; oV Y
Gas 180.25 04816 -8.90 124 10.14 2578 5.070 0.0986 1.447
Polar CH:OH 181.52 0.8452 -8.90 1.30 10.20 3379 5.100 0.0980 1416
protic
H,0 181.53 0.8496 -8.90 1.30 10.20 3411 5.100 0.0980 1416
CH:CN 181.62 0.8538 -8.90 1.30 10.20 3.384 5.100 0.0980 1416
Polar
aprotic THF 182.09 0.8745 -8.89 1.30 10.19 3.220 5.095 0.0981 1413
DCM 182.18 0.8856 -8.89 1.30 10.19 3.252 5.095 0.0981 1413
DMSO 182.05 0.8905 -8.90 1.30 10.20 3.396 5.100 0.0980 1416
CHCl; 182.39 0.8873 -8.89 1.29 10.18 3124 5.090 0.0982 1418
Non-
polar CsHsCH; 182.83 0.8936 -8.89 1.28 10.17 2922 5.085 0.0983 1.424
CeHs 182.87 0.8944 -8.89 1.28 10.17 2.906 5085 0.0983 1424
CeHsCl 182.78 0.9231 -8.89 1.30 10.19 3.168 5095 0.0981 1413
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Fig. 3. DFT-calculated UV spectra of the most stable conformer of NAPA (NAPA-A) at various
solvents (polar protic, aprotic and non-polar solvents).
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Fig. 4. The HOMO-LUMO energy distribution plot for the most stable conformer of NAPA (NAPA-
A) at various solvents (polar protic, aprotic, and non-polar solvents).

non-polar solvents and gas are ~3.35, ~3.0, and 2.5
D, respectively. This indicates that dipole moment
increased more by polar solvents, either protic or
aprotic than non-polar solvents because charge
delocalization increases due to the presence of
polar solvents and therefore induces an increase
in dipole moments (Kosar and Albayrak, 2011).

Conclusion

DFT and TD-DFT computational approaches
combined with dispersion correction functional
(wB97XD) using a basis set of cc-pVTZ were
utilized to understand the effects of solvents and
temperature on the structural, thermodynamic and
electronic properties of NAPA-A. The minimum
energy conformer of NAPA is an extended form with
the structural motif of B.(a) in the gas phase. On the
other hand, implicit solvent modeling was done using
IEF-PCM to see the effects of solvents. Selected

thermodynamic parameters such as enthalpy (H),
entropy (S), and specific heat capacity (Cy) were
found to increase with the increase of temperature
(100 K-1600 K) as the intensities of molecular
vibration increases with temperature. However,
Gibb’s free energy (G) gradually decreases because it
depends on entropy. The absorption maxima, Amax,
found at around 182 nm (6.813 eV) for polar protic,
aprotic, and non-polar solvents whereas 180.25nm
(6.879 eV) in the gas phase. This calculation
indicates solvation reduces the excitation energies
and induces redshift in the electronic spectrum.
Interestingly, the red-shift is not too much, but
oscillator strength (f) was enhanced significantly for
the solvation. Calculation of excited state showed
that polarity of solvents has little effect on the energy
of frontier orbitals and HOMO-LUMO energy gap.
However, oscillator strength was enhanced
significantly and almost by the same magnitude by
protic, aprotic, and non-polar solvents. Finally,
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dipole moment calculation showed that it is increased
more by polar solvents, either protic or aprotic
compared to non-polar solvents.
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