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Abstract. The DFT approach was used to investigate the antihypertensive molecule (S)-2-amino-3-(3,4-dihydroxyphenyl)-2-
methyl-propanoic acid at the B3LYP/6-311++G(d,p) level of theory. The electron-hole analysis of three excited states has been
performed, in which the maximum charge transfer length (2.727Å) has been calculated for the first excited state and the minimum
for the third excited state (1.626 Å). On the other hand, the electron-hole overlap is found to be almost negligible for the first excited
state and it is found to be maximum for the second excited state. The variation of thermodynamic properties with temperature
is studied. The correlation graphs are obtained between the thermodynamic quantities (heat capacity, enthalpy, entropy) and
temperature with a very high value of R2 (>0.99). The values of dipole moment, mean polarizability, anisotropy of polarizability,
first hyperpolarizability and second hyperpolarizability are found to be 3.5250 Debye, 12.6980×10-24esu,19.8162×10−24esu,
0.9017×10−30esu and -0.0412×10−35esu, respectively. These values are higher than the value of urea.
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1. INTRODUCTION

Methyldopa, also known as (S)-2-amino-3-(3,4-dihydrox
yphenyl)-2-methyl-propanoic acid, is a centrally acting
antihypertensive medication [1]. Methyldopa consists
of an amino acid skeleton with a pyrocatechol group
and a methyl group. It contains amine, carboxylic acid
and hydroxyl functional groups. It lowers blood pres-
sure by acting through a central mechanism involving the
biotransformation of methyl norepinephrine [2]. Methyl-
dopa is the most preferred medicine for the treatment of
preeclampsia and gestational hypertension [3]. However,
it has some side effects like impairment of renal function,
depression, sedation and bad dreams [3, 4]. Since methyl-
dopa has fewer side effects on infants, it is considered a
safer medicine to use by a breast feeding mother [5].
The literature review reveals combined density functional
theory (DFT) studies on structures in different solvents,

molecular electrostatic surface potential (MEP), natu-
ral bond orbital (NBO) analysis and vibrational studies
on the title molecule [2, 6, 7] Methyldopa exhibits an
electropositive region over oxygen atoms and a negative
region over hydrogen atoms of hydroxyl groups [6]. The
study on frontier molecular orbitals and energy gaps indi-
cates intramolecular charge transfer in the molecule [7].
The energy gap of methyldopa is generally found to be
lower than the energy gap of its derivatives [6, 8]. The
majority of the previous work on the title molecule was
done with small basis sets. On the other hand, higher
basis sets with polarized and diffused functions are re-
quired for more accurate and reliable results [9]. Hence,
the present work has been conducted using B3LYP/6-
311++G(d,p). The electron-hole distribution has been
analysed, which provides additional verification of the
intramolecular charge transfer. The variation of thermo-
dynamic properties with varying temperatures has been
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studied and essential thermodynamic relations have been
deduced. Furthermore, methyldopa, being an organic
molecule, should possess significant nonlinear optical
(NLO) properties [10]. Thus, the quantities like dipole
moment, mean polarizability, anisotropy of polarizabilty,
first hyperpolarizability and second hyperpolarizability
has been determined. The optimized structure of the
methyldopa at B3LYP/6-311++G(d,p) has been shown in
Fig. 1.

FIGURE 1: Optimized structure of methyldopa at
B3LYP/6-311++G(d,p).

2. MATERIALS AND METHODS

2.1 Computational Aspects

The computational study of methyldopa monomer has
been performed using density functional theory (DFT)
[11] employing the Gaussian 09 program [12]. The
molecule’s geometry was optimized using the B3LYP/6-
311++(d,p) level of theory [13, 14]. Gaussview 05 soft-
ware [15] was used to visualize and interpret the output
data of Gaussian-09. The electron-hole distribution in
the molecule has been analysed using Multiwfn 3.8 [16].
The non-linear optical properties and thermal properties
have been computed at the B3LYP/6-311++(d,p) level of
theory.
For the characterization of a charge transfer (CT) due to
excitation in a molecule, the electron-hole overlapping
and charge transfer lengths are calculated using the given
relations [17].

The electron hole overlapping

Sr =
∫ √

ρhole(r)ρele(r) (1)

Charge Transfer length

D =
√

D2
X +D2

y +D2
z (2)

where, Dx =Xele−Xhole, Dy =Yele−Yhole and DZ =Zele−
Zhole.

Here, Xele, Yele and Zele represents X, Y and Z coordi-
nates

of centroid of electron and Xhole, Yhole and Zhole represents
X, Y and Z coordinates of centroid of hole.

The quantity describing NLO properties like first hy-
perpolarizabilty (β0) and second hyperpolarizability (γ0)
alongwith dipole moment (µ0), mean polarizability (|α0|)
and anisotropy of polarizability (∆α), can be calculated
using
the equations [18, 19]:

µ0 = (µ2
X +µ

2
y +µ

2
z )

1/2 (3)

|α0|=
1
3
(µxx +µyy +µzz) (4)

∆α = 2−1/2[(αxx−αyy)
2 +(αyy−αzz)

2 +

(αzz−αxx)
2 +6α

2
xx]

1/2 (5)

β0 = [(βxxx +βxyy +βxzz)
2 +(βyyy +βxxy +

βyzz)
2 +(βzzz +βxxy +βyyz)

2]1/2 (6)

γ0 =
1
5
[γxxxx + γyyyy + γzzzz +2(γxxyy + γyyzz + γzzxx)] (7)

The thermodynamic properties of a system are deter-
mined by the Boltzmann distribution and the partition
function q(V, T) [20].The contributions to entropy, en-
thalpy, and heat capacity result from translational, rota-
tional, electronic and vibrational motion. The partition
functions used for different motions can be stated as be-
low [21]. Translational partition function,

qt =

(
2πmkBT

h2

)3/2

V (8)

Rotational partition function,

qr =
1
σr

(
T
θr

)
(9)

Electronic partition function

qe = ω
−ε0/kBT
0 +ω

−ε1/kBT
1 +ω

−ε2/kBT
2 + ... (10)

Vibrational partition function

qk = Πk
1

1− eΘv,k/T
(11)

where, kB represents Boltzmann constant, ω represents
degeneracy of the energy level, εn is the energy of the n-
th level and Θ=h2/82IkB.
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3. RESULT AND DISCUSSIONS

3.1 Electron-Hole Distribution

The charge transfer (CT) due to excitation in the molecule,
is scrutinized by analyzing the CT due to excitation using
Multiwfn. In the only case, in which the excitation is
directly represented by the HOMO-LUMO transition, the
hole and electron are equivalent to HOMO and LUMO,
respectively [17]. The plots of electron-hole (green-blue)
distribution for different excited states and their respec-
tive electron-hole overlap (S) have been shown in Fig. 2.
The values for electron-hole overlap integral (S), charge
transfer length (D) and ∆r for all three excitation modes
are presented in Table 1. The charge transfer-length (D)
represents the distance between the centroid of electrons
and the centroid of holes, and ∆r represents the quanti-
tative electron excitation mode [22].The overlap integral
for the first, second and third excited states is found to be
0.2706, 0.5825, 0.4500 and their charge transfer length
is found to be 2.727 Å, 1.831 Å and 1.626 Å, respec-
tively. The electron-hole analysis showed that, first and
third excited states have large value of ∆r index (>2Å)
hence, the CT is probable in these two states. However,
the overlap integral (S) of electron-hole is higher for the
third excited state than the first excited state, the charge
transfer is less probable in the third excited state. Besides
this, the charge transfer length (D) is also high in the first
excited state, which means the charge transfer is more
probable in the first excited state. Therefore, on the basis
of overlap integral and charge transfer length, it is con-
cluded that the first excited state corresponds to strong
intra molecular charge transfer due to excitation.

TABLE I: Overlap integral of electron-hole, charge
transfer length (D), ∆r and excitation energy of first,

second and third excited states of methyldopa.

Excitation Overlap Charge transfer ∆ r (Å) Excitation
states integral (S) length (D)(Å) energy(E)eV
First 0.2706 2.727 2.7642 4.612
Second 0.5825 1.831 1.8493 4.705
Third 0.4500 1.626 2.9874 4.995

3.2 NLO Properties

The molecules that have π- conjugated interaction be-
tween donor-acceptor group can exhibit significant non-
linear optical (NLO) properties [23, 24]. NLO properties
are applicable for optical signal processing, telecommuni-
cation, optical computing, etc [24]. The estimated value
of the quantity The dipole moment (µ0), mean polariz-

FIGURE 2: Electron-hole excitation of (a) first, (b)
second (c) third excited states and overlap for (a′) first,

(b′) second, (c′) third excited states.

ability (|α0|), anisotropy of polarizability (∆α),first hy-
perpolarizability (β0) and second hyperpoarizabilty(γ0)
describing the NLO phenomena of methyldopa has been
delineated in Table 2. The estimated value of first hyper-
polarizability 0.9017×10−30 esu is slightly greater than
the value of reference molecule urea 0.3728×10−30 esu).
But, the value of first hyperpolarizability calculated by
Prabakaran and Muthu using the 6-31G(d,p) basis set was
3.782×10−30 esu [7]. This difference in the value may
be due to use of different basis sets for the calculation.
The value of µ0, |α0|, ∆α , β0 and γ0 is found to have the
negative value, -0.0412×10−35 esu. The negative value
of γ0 is one of the important factors that can be utilized in
constructing NLO devices with controllable NLO proper-
ties [24, 25]. Hence, the molecule could be a potential
candidate for studying NLO properties in the future.

3.3 Thermodynamic Properties

Thermodynamic properties are used to assess the drug
molecule’s stability and chemical reactivity [26, 27].
Boltzmann distribution and partition function are used to
evaluate the thermodynamic parameters. In the literature,
the variation of thermodynamic quantities of methyldopa
have been studied at each interval of 100K [7]. How-
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TABLE II: The estimated dipole momentµo, mean polarizability |αo|, anisotropy of polarizability ∆αo, first
hyperpolarizability βo and second hyperpolarizability γo of methyldopa.

Dipole moment Polarizability First hyperpolarizability Second hyperpolarizabilty
Debye (×10−24esu) (×10−30esu) (×10−35esu)

µx= 1.6148 αxx = -76.8156 βxxx = 54.7143 γxxxx= -2741.6992
µy= -1.8569 αxy = -6.6647 βxxy = -12.4652 γyyyy= -911.8254
µz= 2.5238 αyy = -89.8383 βxyy = 24.8604 γzzzz= -432.5846
µo= 3.5250 αxz = 0.1714 βyyy = 4.2333 γxxyy= -676.5233

µo(Urea)= 1.3732 αyz = 1.3593 βxxz = 37.0746 γxxzz= -605.0103
αzz = -90.3878 βxyz = -6.741 γyyzz= -611.3782
|αo| = 12.6980 βyyz = 12.7285 γo= -211.7205
∆αo = 19.8162 βxzz = 12.0654

∆αo(Urea) = 9.7710 βyzz = 6.9303
βyzz = 10.2229

βo = 0.4440

FIGURE 3: Correlation of enthalpy, heat capacity,
entropy and temperature for methyldopa.

ever, to study the behavior of thermodynamic quantities
more precisely, we have studied these properties even at a
smaller interval of 50K.The variation of thermodynamic
properties has been observed in the range of 50 K to 600
K. The estimated values of thermodynamic parameters
are tabulated in Table 3. The graph representing varia-
tion of heat capacity, enthalpy and entropy with respect

to temperature has been depicted in Fig. 3. As stated
by an earlier study, these three quantities are positively
correlated with temperature. The values of R2 were found
to be 1, 0.9995 and 0.9999 for enthalpy, heat capacity and
entropy. The positive value of R2 states that all the ther-
modynamic properties increase with the increasing tem-
perature due to the reason that vibrational energy of the
molecules increases with the temperature [28]. The given
equations represent the correlation of enthalpy (Ho

m), heat
capacity (Co

p,m), entropy (So
m) and temperature.

Ho
m = 590.7424+0.0328T +3.1488×10−4T 2 (12)

Co
p,m = 1.2755+0.2019T −8.2253×10−4T 2 (13)

So
m = 229.4271+0.9572T −2.6464×10−4T 2 (14)

Further, utilizing the above equations, the Gibbs free
energy can be determined, which further helps to judge
the spontaneity of the reactions. In addition, these ther-
modynamic relations are helpful for studying the thermo-
dynamic energies and estimating the direction of the reac-
tion according to the second law of thermodynamics[18].

4. CONCLUSION

The intramolecular charge transfer, thermal properties
and non-linear optical properties of methyldopa have
been determined using DFT method at the B3LYP/6-
311++G(d,p) level of approximation. In the electron-
hole analysis of three excited states, the first excited

state, was found to have the highest charge transfer
length (2.727Å) and a negligible electron-hole overlap
(S=0.2706). Hence, the intramolecular charge trans-
fer due to excitation corresponds to the first excited
states. The thermodynamic relations of heat capacity,
enthalpy, and entropy have been obtained, which is use-
ful in determining the spontaneity and direction of the
reaction. A very high positive correlation is found be-
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TABLE III: Thermodynamic parameters of methyldopa at various temperature.

Temperature Enthalpy Heat capacity Entropy Zero-point energy Total energy
(K) (Kcal/Mol) Cal/Mol-Kelvin) (Cal/Mol-Kelvin) (Joules/Mol) (eV)
50 141.863 12.223 65.349 591651.1 -20260.7940

100 142.661 20.173 77.474 591651.1 -20260.7940
150 143.894 29.130 88.159 591651.1 -20260.7940
200 145.569 37.794 98.304 591651.1 -20260.7940
250 147.670 46.210 108.089 591651.1 -20260.7940
300 150.186 54.369 117.603 591651.1 -20260.7940
350 153.100 62.136 126.879 591651.1 -20260.7940
400 156.390 69.369 135.920 591651.1 -20260.7940
450 160.027 75.984 144.713 591651.1 -20260.7940
500 163.978 81.964 153.243 591651.1 -20260.7940
550 168.213 87.339 161.501 591651.1 -20260.7940
600 172.703 92.167 169.484 591651.1 -20260.7940

tween the thermodynamic properties and the tempera-
ture. This indicates that the thermodynamic properties
increase with the increase in temperature due to the in-
crease of molecular vibrations. The title molecule has
a higher dipole moment (3.5250 Debye), mean polar-
izabilty (12.6980×10−24esu), and the first hyperpolar-
izability (0.9017×10−30esu) than urea. In addition, it
has a negative value of second hyperpolarizability (-
0.0412×10−35esu), which makes it more suitable for
constructing NLO devices. Hence, methyldopa exhibits
significant NLO properties and could be a good candidate
for NLO devices.
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3. Wiciński, M.; Malinowski, B.; Puk, O.; Socha, M.;
and Słupski, M. Methyldopa as an inductor of postpartum
depression and maternal blues: A review. Biomedicine
Pharmacotherapy, 127: 110196 (2020).

4. Oparil, S. Review of therapeutic modalities acting di-
rectly via central pathways. Clinical and Experimental
Hypertension. Part A: Theory and Practice, 4(4-5): 579-
593 (1982).
5. Amro, F. H.; Moussa, H. N.; Ashimi, O. A.; and Sibai,
B. M. Treatment options for hypertension in pregnancy
and puerperium. Expert Opinion on Drug Safety, 15(12),
1635-1642(2016).
6. Merza, M. M.; Hussein, F. M.; and AL-ani, R. R. Phys-
ical properties and biological activity of methyldopa drug
carrier cellulose derivatives. Theoretical study. Egyptian
Journal of Chemistry, 64(8), 4081-4090(2021).
7. Prabakaran, A.; and Muthu, S. Normal coordinate anal-
ysis and vibrational spectroscopy (FT-IR and FT-Raman)
studies of (2S)-2-amino-3-(3, 4-dihydroxyphenyl)-2-
methylpropanoic acid using ab initio HF and DFT method.
Spectrochimica Acta Part A: Molecular and Biomolecular
Spectroscopy, 99: 90-96, (2012).
8. da Silva Gomes, D.; de Lima, J. D. M.; Frazão, N.
F.; and Sarmento, R. G. A quantum biochemical study on
optoelectronic and vibrational properties of the peripheral
inhibitor l-alpha-methyldopa hydrazine. Educação, Ciên-
cia e Saúde, 4(1)(2017).
9. Chaudhary, T.; Chaudhary, M. K.; Joshi, B. D.; de San-
tana, M. S. A.; and Ayala, A. P. Spectroscopic (FT-IR, Ra-
man) analysis and computational study on conformational
geometry, AIM and biological activity of cephalexin from
DFT and molecular docking approach. Journal of Molec-
ular Structure, 1240: 130594 (2021).
10. Kariper, S. E. Spectroscopic and quantum chemical
studies on some -lactam inhibitors. Turkish Computa-
tional and Theoretical Chemistry, 1(2), 13-26(2017).
11. Hohenberg, P.; and Kohn, W. Inhomogeneous elec-
tron gas. Physical review, 136(3B) 864–871 (1964).
12. Frisch, M.J.; Trucks, G.W.; Schlegel, H.B.; Scuse-
ria, G.E.; Cheeseman, J.R.; Robb, M.A.; Scalmani, G.;

20 Chaudhary et al.



The Special Issue of JNPS, ICFP 2022 A Theoretical Study on Charge Transfer ...

Barone, V.; Mennucci, B.; Petersson, G.A.; Nakatsuji,
H.; Caricato,M.; Li, X.; Hratchian, H.P.; Izmzylov, A.F.;
Bloino, J.; Zheng, G.; Sonnenberg, J.L.; Hada, M.; Ehara,
M.; Toyota, K.; Fukuda, R.; Ishida, J.; Hasegawa, M.;
Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Vreven,
T.; Montgomery Jr.; J.A.; Peralta, J.E.; Ogliaro, F.;
Bearpark, M.; Heyd, J.J.; Brothers, E.; Kudin, K.N.;
Staroverov, V.N.; Kobayashi, R.; Normand, J. , Raghava-
chari, A.; Rendell, A.; Burant, J.C.; Iyengar, S.S.; Tomasi,
J.; Cossi, M.; Rega, N.; Millan, J.M.; Klene, M.; Knox,
J.E.; Cross, J.B.; Bakken, V.; Adamo, C.; Jaramillo, J.;
Gomperts, R.; Stratmann, R.E.; Yazyev, O.; Austin, A.J.;
Cammi, R.; Pomelli, C.; Ochterski, J.W.; Martin, R.L.;
Morokuma, K.; Zakrzewski, V.G.; Voth, G.A.; Salvador,
P.; Dannerberg, J.J.; Dapprich, S.; Daniels, A.D.; Farkas,
J.; Foresman, B.; Ortiz, J.V.; Cioslowski, J.; Fox, D.J.
GAUSSIAN 09, Revision, Gaussian, Inc.; Wallingford
CT, (2009).

13. Becke, A. D. A new mixing of Hartree–Fock and lo-
cal density-functional theories. The Journal of chemical
physics, 98(2), 1372-1377 (1993).

14. Parr, R. G. Density functional theory of atoms and
molecules. In Horizons of Quantum Chemistry, pages 5-
15. Springer, (1980).

15. Frisch, A.; Nielson, A. B.; and Holder, A. J. Gaussview
user manual. Gaussian Inc., Pittsburgh, PA, 556 (2000).

16. Lu, T.; and Chen, F. Multiwfn: a multifunctional
wavefunction analyzer. Journal of Computational Chem-
istry, 33(5) 580-592 (2012).

17. Liu, Z.; Lu, T.; and Chen, Q. (2020). An sp-
hybridized all-carboatomic ring, cyclo [18] carbon: Elec-
tronic structure, electronic spectrum, and optical nonlin-
earity. Carbon, 165, 461-467.

18. Joshi, B. D.; Mishra, R.; Tandon, P.; Oliveira, A. C.;
and Ayala, A. P. Quantum chemical studies of structural,
vibrational, NBO and hyperpolarizability of ondansetron
hydrochloride. Journal of Molecular Structure, 1058: 31-
40 (2014).

19. Kumar, A.; Kumar, R.; Gupta, A.; Tandon, P.; and
D’silva, E. D. Molecular structure, nonlinear optical stud-
ies and spectroscopic analysis of chalcone derivative (2e)-
3-[4-(methylsulfanyl) phenyl]-1-(3-bromophenyl) prop-
2-en-1-one by DFT calculations. Journal of Molecular
Structure, 1150:166-178 (2017).

20. Singh, S.; Singh, H.; Karthick, T.; Agarwal, P.;
Erande, R. D.; Dethe, D. H.; and Tandon, P. Combine
experimental and theoretical investigation on an alka-
loid–dimethylisoborreverine. Journal of Molecular Struc-
ture, 1103: 187-201 (2016).

21. Ochterski, J. W. Thermochemistry in gaussian. Gaus-
sian Inc, 1, 1-19 (2000).

22. Guido, C. A.; Cortona, P.; Mennucci, B.; and Adamo,
C. On the metric of charge transfer molecular excitations:
a simple chemical descriptor. Journal of chemical theory
and computation, 9(7), 3118-3126(2013).

23. Venkatesan, P.; Thamotharan, S.; Ilangovan, A.;
Liang, H.; and Sundius, T. Crystal structure, Hirshfeld
surfaces and DFT computation of NLO active (2E)-2-
(ethoxycarbonyl)-3-[(1-methoxy-1-oxo-3-phenylpropan-
2-yl) amino] prop-2-enoic acid. Spectrochimica Acta
Part A: Molecular and Biomolecular Spectroscopy, 153:
625-636 (2016).

24. Pandey, M.; Muthu, S.; and Gowda, N. N. Quan-
tum mechanical and spectroscopic (FT-IR, FT-Raman,
1H, 13C NMR, UV-Vis) studies, NBO, NLO, HOMO,
LUMO and Fukui function analysis of 5-Methoxy-1H-
benzo [d] imidazole-2 (3H)-thione by DFT studies. Jour-
nal of Molecular Structure, 1130: 511-521 (2017).

25. Nakano, M.; Kiribayashi, S.; Yamada, S.; Shigemoto,
I.; and Yamaguchi, K. Theoretical study of the second hy-
perpolarizabilities of three charged states of pentalene. a
consideration of the structure-property correlation for the
sensitive second hyperpolarizability. Chemical Physics
Letters, 262(1-2): 66-73 (1996).

26. Bhuvaneswari, M.; Santhakumari, R.; Usha, C.;
Jayasree, R.; and Sagadevan, S. Synthesis, growth, struc-
tural, Spectroscopic, optical, Thermal, DFT, HOMO–LUMO,
MEP, NBO analysis, and Thermodynamic properties of
vanillin isonicotinic hydrazide single crystal. Journal of
Molecular Structure, 130856 (2021).

27. Chaudhary, M. K.; Prajapati, P.; and Joshi, B.
D. Quantum Chemical Calculation and DFT Study of
Sitagliptin: Insight from Computational Evaluation and
Docking Approach. Journal of Nepal Physical Society,
6(1): 73-83 (2020).

28. Abraham, C. S.; Muthu, S.; Prasana, J. C.; Ar-
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