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In silico investigation of the efects of a molecule’s framework and surroundings on its nonlinear optical (NLO) response is still an
active topic of study in the felds of photonics and optoelectronics. NLO materials play a crucial role in modern photonics and
optoelectronic technologies. Presented here is a comprehensive theoretical analysis of the structural, topological, and NLO
features of 1-methylurea butanedioic acid (MUBA) alongside solvent efects (water, DMSO, and benzene) using the DFTmethod
at the B3LYP(D4)/6–311++G(d,p) level. Geometric and infrared parameters were calculated and compared with experimental
values. Te analysis using atoms in molecules (AIM) and the independent gradient model (IGM) reveals the presence of two
noncovalent intermolecular interactions: N4–H16· · ·O12 and O6–H25· · ·O3, which stabilize the crystal structure. Te natural bond
orbital (NBO) analysis reveals that the LP(1)N4⟶ π∗(C2-O3) interaction is the most stabilizing and is enhanced in solvent
environments. NLO data show that the frst (βtot) and second (〈c〉) hyperpolarizability values of MUBA are approximately 0.6–1.1
and 8.3–17.0 times higher than those of urea. In addition, the quadratic and cubic responses of MUBA are signifcantly reduced
and increased, respectively, in solvent environments. Based on its NLO susceptibilities, MUBA exhibits SHG, EOPE, OKE, and
EFISHG properties, suggesting its potential application in the production of optoelectronic devices and optical limiting.Tis study
enhances our understanding of the factors infuencing the NLO behaviour of organic crystals, providing valuable insights for
designing materials with enhanced NLO characteristics. Te implications extend to industries such as telecommunications and
computing, where faster data transmission rates are in high demand.

1. Introduction

In recent years, there have been numerous theoretical
computations of the (hyper) polarizabilities of molecular
systems focused on designing novel compounds for non-
linear optical (NLO) applications [1–7]. Despite signifcant
advances in the use of NLO materials in areas such as
photonics, laser technology, and optoelectronics, where light
is utilized for information transmission, the search for novel
NLO systems that can better meet the needs of these sectors

continues to be a major focus [1, 7–10]. Current literature
indicates some developments in new and improved NLO
materials (organic, semiorganic, and inorganic) with good
optical damage tolerances and the ability for optical
bandwidth conversion [8–15]. In general, factors such as
conjugated length, molecule conformation, and intra-
molecular charge transfer infuence NLO features [16]. Pegu
[17] conducted a DFT study on the solvent efects on the
nonlinear optical properties of novel paranitroaniline de-
rivatives. Tis study was carried out in various dielectric
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constant media, including vacuum, chloroform, ethanol, and
DMSO. Te fndings revealed that the solvents enhance the
NLO properties of the molecules as their dielectric constants
increase. Among the many compounds explored for their
potential applications as NLO chromophores, urea and its
single-crystal derivatives are also being considered [18].
Urea has a reasonably high laser damage limit and large
nonlinear optical constants [19]. Slow evaporation and seed
rotation techniques were used to synthesize and grow the
organic nonlinear optical crystal, urea p-nitrophenol, for its
potential use as an optical limiter, as reported by Suresh et al.
[20]. Te Z-scan approach outcome reveals that the tests are
suitable for studies on optical limiters due to their optical
nonlinearity. Suresh et al. [21] also investigated the third-
order optical nonlinearity properties of N-methylurea suc-
cinic acid crystal, termed 1-methylurea butanedioic acid
(MUBA) herein (see Figure 1), and its suitability for laser
limiting applications.

Teir fndings indicate that the sample studied can ef-
fectively regulate optics to shield responsive sensing devices
and components from beam failure. Although they exper-
imentally investigated the third-order optical nonlinearity
parameters of MUBA, comprehensive theoretical studies to
support the results and gain insights into the impact of
solvent media have not been conducted. Terefore, a de-
tailed theoretical investigation of the NLO activity of MUBA
alongside solvent efects is necessary to tailor its properties
for specifc applications. Like other intrinsic parameters, the
NLO performance of a compound is infuenced by its
surroundings [22]. Janjua et al. [23] reported that the
electronic and chemical qualities of a compound change in
the presence of solvents.Tey also showed that the main way
the environment afects the NLO signal of compounds is
through solute polarization caused by the solvent. Teo-
retical techniques such as density functional theory (DFT)
can be used to study the infuence of solvents on the NLO
activity of MUBA conveniently. Understanding the re-
lationship between a compound’s electronic structure and
photophysical characteristics using DFT has become cost-
efective and time-efcient [8, 24]. H-bond formations be-
tween the 1-methyl urea (MU) and butanedioic acid (BA)
moieties of MUBA (N–H· · ·O and O–H· · ·O) are possible,
which can stabilize the molecule. Similarly, MU and BA will
engage in intramolecular charge transfer (ICT) throughout
the molecule, with each acting as a donor or acceptor. In
addition, the structure ofMUBA is noncentrosymmetric and
can function as a nonlinear optical (NLO) material. Mate-
rials with NLO properties can be useful in areas such as
telecommunications, data storage, and optical information
processing [1–10, 25, 26].

With this in mind, the main focus of this piece was to
theoretically explore the nonlinear optical (NLO) features of
MUBA, as well as the infuence of three solvents (water,
DMSO, and benzene). To achieve this, structural, electron-
density-based topology (IGM, AIM) and NBO analyses were
performed using the DFT method. Te fnite-feld (FF)
approach was employed to compute static hyper-
polarizabilities, as well as the following frequency-dependent
(dynamic) NLO properties: second-harmonic generation

(SHG), electro-optical Pockels efect (EOPE), electric-
feld-induced second-harmonic generation (EFISHG), and
optical Kerr efect (OKE). Te motivation for this study
stems from the importance of nonlinear optical materials
in various technological applications, including optical
communications, data processing, and imaging. In addi-
tion, by studying the efects of structural modifcations,
topological changes, and solvent interactions, we can gain
insight into the components that determine a material’s
NLO response. Tis understanding can guide the design
and development of NLO materials with desired qualities.
Furthermore, this computational analysis will provide
a cost-efective and efcient technique for investigating the
material’s NLO behaviour, ofering vital information that
can direct experimental eforts and aid in the in-
terpretation of experimental results. Te present work will
make signifcant contributions to the feld of nonlinear
optics and material design. Firstly, by thoroughly in-
vestigating the structural and topological features that
infuence the nonlinear optical response, we enhance our
understanding of the underlying factors governing the
optical behaviour of this crystal. Tis knowledge is highly
valuable for designing new optically active materials with
enhanced functionalities using sound engineering prin-
ciples. Secondly, our study goes beyond conventional
analyses by considering solvent efects on nonlinear optical
properties. By elucidating interactions between crystals
and their surrounding solvent environments, we provide
insights into how solvation infuences optical response
information crucial for applications involving solvated
systems. Furthermore, the current work showcases
methodological advancements by incorporating state-of-
the-art computational techniques such as density func-
tional theory (DFT) and time-dependent density func-
tional theory (TD-DFT). Tese advancements contribute
signifcantly to developing accurate computational tools
for predicting and understanding complex molecular
systems’ optical behaviour. Finally, practical implications
from our fndings extend across various felds including
optoelectronics, photonics, and nonlinear optics. Te
knowledge gained from this study can be leveraged to
design efcient materials for signal processing in
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Figure 1: Te chemical structure of 1-methylurea butanedioic acid
(MUBA) crystal.
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optoelectronics, data storage, and communication tech-
nologies, among other areas.

2. Computational Details

Te Avogadro 1.1.1 tool [27] was utilized to generate the
input fles for the computations. Te ORCA 5.0.3 software
[28] was then employed to perform geometry optimization
and vibrational frequency calculations on MUBA in the
gaseous state using Becke’s three-Lee-Yang-Parr parameter
(B3LYP) functional [29] and the 6–311++G(d,p) Pople basis
set. Only real frequencies were observed, indicating the
stability of the optimized geometry of MUBA is stable. To
account for long-range interactions neglected by B3LYP, the
D4 correction term [30] was incorporated. In addition, the
resolution-of-the-identity (RI-J) [31] and chain-of-spheres
(COSX) [32] approximations with an appropriate auxiliary
basis set were applied to expedite the calculations. Solvent
efects on all properties were investigated using water (protic
solvent, dielectric constant, ε� 80), dimethyl sulfoxide
(DMSO) (aprotic solvent, ε� 46.83), and benzene (nonpolar
solvent, ε� 2.27). Te universal SMD solvation model [33]
implemented in both ORCA and Gaussian software was
used to consider solvent efects at the B3LYP/
6–311++G(d,p) level.

Within the framework of the quantum theory of atoms
in molecules (QTAIM), topological investigations of the
electron density were conducted using the Multiwfn 3.3.9
program [34] in all study media. Te independent gradient
model (IGM) analysis was also utilized with Multiwfn and
visualised with VMD [35]. Topological electron density
studies were carried out in all cases investigated using
wavefunction (WFN) fles generated from the optimized
geometries. IGM (denoted by zg) has been used to char-
acterize noncovalent interactions and is determined as the
diference between the noninteractive (gIGM) and the true
system (g) as follows [36, 37]:

zg(r) � g
IGM

(r) − g(r). (1)

Tis scheme provides a method for automatically
extracting the interactions between two specifc fragments
(zginter), within each of these fragments (zgintra), or in-
volving two atoms (zgpair). Te use of zginter has been
chosen because we are particularly interested in in-
termolecular interactions.

Te NBO analysis was conducted in terms of the second-
order perturbation energy (E(2)) [38] at the B3LYP/
6–311++G(d,p) level using the NBO 3.1 module [39] of the
Gaussian 09 package. Tis analysis was performed to obtain
information on donor-acceptor interactions. E(2) values
were calculated for the donor-acceptor interactions using
the following equation:

E
(2)

� qi

F
2
ij

εi − εj

, (2)

where qi is the orbital occupancy, εi and εj are orbital en-
ergies, and Fij is the of-diagonal NBO Fock matrix
element [40].

Te NLO susceptibilities and attributes of MUBA were
determined with using the Gaussian 09 (revision D) package
[41]. Tis was based on the ORCA-optimized geometries at
the B3LYP/6–311++G(d,p) level, employing the fnite feld
technique. Te static second (βtot) and third-order polar-
izabilities (〈c〉) and the vector constituent of the dynamic
second-order polarizability (βvec) were obtained using the
following equation [8,10]:

βtot � β2x + β2y + β2z 
1/2

, (3)

where βx � (βxxx + βxyy + βxzz), βy � (βyyy + βyzz + βyxx),
and βz � (βzzz + βzxx + βzyy) with βxxx, βxyy, βxzz, βyyy,
βxxy, βzzz, βxxz, and βyyz representing the tensor compo-
nents for the frst hyperpolarizability.

〈c〉 �
1
5

cxxxx + cyyyy + czzzz + 2cxxyy + 2cxxzz + 2cyyzz ,

(4)

with cxxxx , cyyy, czzzz, cxxyy, cxxzz, and cyyzz representing
the tensor components of the second hyperpolarizability.

βvec � β2x + β2y + β2z 
1/2

, (5)

where βi(i � x, y, z) is given by the following equation:

βi �
1
3

  
j�x.y.z

βijj + βjij + βjji . (6)

Te vector component of the frst hyperpolarizability
horizontal to the dipole moment of MUBA, as well as its
dynamic frst and second hyperpolarizabilities, were de-
termined at a wavelength of 1064 nm.

3. Results and Discussion

3.1. Minimum Geometry of MUBA Crystal. Te minimum
geometries of MUBA in all investigated media are shown in
Figure 2. Te corresponding optimized Cartesian co-
ordinates can be found in Tables S1–S5 of the associated
supplementary fle (SF).

Figure 2 illustrates the presence of two intermolecular
hydrogen bonds: N4-H16· · ·O12 and O6-H25· · ·O3 in MUBA
(in the gas phase, DMSO, and benzene) and O6-H25· · ·O3 in
the aqueous phase. Tese bonds form between the MU and
BA moieties of MUBA and signifcantly contribute to the
molecule’s stability.

Presented in Table 1 is a comparison of some experi-
mental (expt) [21] and theoretical (calc) geometric pa-
rameters of MUBA.

Table 1 reveals that the calculated geometric parameters
closely align with their experimental counterparts. To further
compare these bond lengths and angles, a curve ftting analysis
was conducted. Equation (7) shown below was derived with
a correlation coefcient (R2), approaching unity.

calc � 0.99533expt + 0.09995, R
2

� 0.99939. (7)

Based on the correlation coefcient value obtained, the
computed and measured readings align, confrming the
optimized geometry of MUBA and the appropriateness of
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the applied level. Tese results also indicate that the
solvent environment does not afect geometric properties
of MUBA.

In addition, key dihedral angles, including C9-C7-O6-
H25, C11-C10-C9-C7, O3-C2-N4-C5, C5-N4-C2-N1, and O3-
C2-N4-H16 are provided. Ideally, these angles should either
be 0° or 180°. Clearly, these values deviate from 0° or 180° for
perfect planarity. However, it is evident that these values
deviate from the ideal range. For example, the O3-C2-N4-H16
angle in water (15°) deviates from 0° due the elongated N4-
H16· · ·O12 distance, which prevents the complete molecule
from twisting.

Also presented in Table 1 are the computed in-
termolecular hydrogen bond lengths (N4-H16· · ·O12 and O6-
H25· · ·O3) of MUBA in all study media.Te results show that
in all cases, N4-H16· · ·O12 is longer than O6-H25· · ·O3 by
approximately 0.22 and 0.36 Å in gas and solvent phases,
respectively. Tis suggests that O6-H25· · ·O3 plays a more
signifcant role in stabilizing the molecule than N4-
H16· · ·O12.

3.2. Infrared Spectral Evaluation. Table 2 lists some calculated
(scaled) gaseous phase infrared (IR) frequencies for the MUBA
crystal in all study media, along with their likely assignments
and the corresponding experimental values from [21].

Due to electron correlation efects and basis set limi-
tations, the DFT/B3LYP method signifcantly overestimates
normal frequencies [42]. A scaling factor of 0.9614 was
utilized in this study to adjust the frequencies calculated
using the DFT/B3LYP method. Te experimental (IR) and
calculated scaled wavenumbers of the MUBA crystal were
compared. Te linear regression analysis resulted in the
following equation:

νcal � 0.9501νexp + 148.905, R
2

� 0.9992. (8)

Te high R2 value of 0.99916 indicates a perfect agreement
between the measured and computed frequencies, highlighting
the accuracy of the chosen level of theory and the optimized
structures. Te NH2 vibration was experimentally predicted at

(a) (b) (c) (d)

Figure 2: Te minimum geometries of MUBA: (a) gas, (b) water, (c) DMSO, and (d) benzene.

Table 1: Some geometric parameters for MUBA.

Expt.a Gasb Water DMSO Benzene
Bond lengthc (Å)
C7-O8 1.209 1.206 1.222 1.214 1.210
C7-O6 1.306 1.342 1.336 1.335 1.337
O6-H25 0.820 0.986 1.003 0.999 0.992
C2-O3 1.254 1.242 1.264 1.256 1.249
N1-C2 1.331 1.372 1.353 1.361 1.365
N4-C5 1.434 1.451 1.459 1.456 1.453
C7-C9 1.501 1.526 1.511 1.518 1.522
C9-H20 0.970 1.091 1.090 1.091 1.091
C9-H21 0.970 1.090 1.090 1.090 1.090
C9-C10 1.506 1.538 1.537 1.538 1.538
C5-H17 0.960 1.089 1.089 1.090 1.090
C5-H18 0.960 1.097 1.095 1.095 1.096
C5-H19 0.960 1.095 1.093 1.095 1.096
Bond anglec (°)
C7-O6-H25 109.5 112.3 113.2 112.8 112.6
C2-N4-C5 125.9 125.6 124.3 125.5 125.6
C2-N4-H16 117.1 115.1 115.0 115.8 115.4
C5-N4-H16 117.1 119.0 117.1 118.4 118.4
C2-N1-H14 120.0 121.6 121.9 121.6 121.8
C2-N1-H15 120.0 115.5 117.2 116.9 116.4
C7-C9-H20 109.0 109.9 109.1 109.5 109.7
C7-C9-H21 109.0 107.3 108.1 108.1 107.7
O8-C7-O6 123.3 121.2 119.5 120.4 120.8
O8-C7-C9 124.1 122.7 123.3 123.1 122.9
O3-C2-N1 120.0 120.9 120.6 120.9 120.9
O3-C2-N4 120.8 121.9 121.1 121.4 121.5
N4-C2-N1 119.3 117.3 118.4 117.7 117.5
N4-C5-H17 109.5 108.3 108.0 108.1
Dihedral anglec (°)
C9-C7-O6-H25 — 1.7 1.1 1.7 1.4
C11-C10- C9-C7 — 172.0 171.9 171.8 172.1
O3-C2-N4-C5 — 174.6 173.2 176.0 174.2
C5-N4-C2-N1 — 3.8 7.3 2.2 4.4
O3-C2-N4-H16 — 0.5 15.2 1.5 3.2
H − bondc (Å)
N4-H16· · ·O12 — 1.922 2.045 1.967 1.945
O6-H25· · ·O3 — 1.704 1.613 1.614 1.656
a Experimental values obtained from [21]. b Computed geometric pa-
rameters (this work). c Atom labels are displayed in Figure 2.
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3438 cm−1 and theoretically obtained at 3451 cm−1, demon-
strating a good correlation.Te C-O bond stretching vibrations
at 1264 cm−1 were validated by bands corresponding assigned to
the computed vibrational frequency at 1154 cm−1. Tese results
also suggest that solvation leads to an increase in the wave-
numbers of the C-N, C-H, and C-O vibrations.

3.3. Topological Analyses

3.3.1. Analysis of Quantum Teory of Atoms in Molecules
(QTAIM). Te QTAIM analysis was performed to gain spe-
cifc knowledge about the type and strength of the interactions
between the fragments that constitute MUBA. Topological
parameters at bond critical points (BCPs) for MUBA were
computed at the RIJCOSX-B3LYP(D4)/6–311++G(d,p) level
in all media and are summarised in Table 3.

Te fndings reveal that in all studied conditions, a bond
critical point (BCP) occurs between atoms O12 and H16, and
O3 and H25 atoms of the 1-methylurea and butanedioic acid
moieties. Tis observation is consistent with that from
Figure 2. In each case, the ρ(r) values at the BCP are less than
0.1 a.u., while the ∇2ρ (r) values are all positive, suggesting
that the intermolecular H-bonds in MUBA in all study
media are noncovalent in nature. Tis is in accordance with
Koch and Popelier’s H-bond formation requirements. Te
results also show that −G (rBCP)/V (rBCP)> 1 for N4-
H16· · ·O12 and 0.5<−G (r)/V (r)< 1 for O6-H25· · ·O3, im-
plying that N4-H16· · ·O12 is noncovalent, whereas O6-
H25· · ·O3 is partially covalent. In addition, the results in-
dicate that in MUBA, the O6-H25· · ·O3 interaction is
stronger than N4-H16· · ·O12 by about 6.074 and 10.861 kcal/
mol in the gaseous phase and solvent media, respectively.
Tis observation aligns with the geometric parameters. Te
QTAIM analysis provides additional evidence of the exis-
tence of H-bonds in MUBA, contributing to the molecule’s
stabilization. Figure 3 displays themolecular graphs showing
the bond critical points (BCPs) of H-bonds in MUBA.

In addition to the N4-H16· · ·O12 and O6-H25· · ·O3 bonds,
the C10-H22· · ·O3 and H16· · ·H20 bonds are observed in fgure
above in all study environments (except in the gaseous phase).
All of these bonds play a role in stabilizing the molecule by
preventing free rotation and twisting of the molecule.

3.3.2. Independent Gradient Model (IGM) Analysis Based on
Promolecular Densities. Here, interfragment interactions
for the MUBA crystal were calculated using promolecular
densities via the independent gradient model (IGM). Te
IGM representation employs a color code to distinguish

between attractive and repulsive noncovalent interactions
based on the sign of the middle eigenvalue of the Hessian.
Yellow and red represent strong and weak repulsive in-
teractions, while blue and green represent weak and strong
attractive interactions, respectively. Figure 4 shows the
color-flled map, 2D scatter plots, and 3D isosurface for
interfragment interactions of the zg gradient-based de-
scriptor for MUBA in the gaseous and solvent phases.

Figure 4(a) shows the color-flled scatter plot of zg for the
MUBA crystal mapped between 0.0 and 0.2 in all media. It can
be observed from the fgure that all chemical bond areas have
higher zg values as refected in white. However, some dotted
red regions exist in the molecules in all media, indicating that
the function zg has a lower value than the chemical bond area.
Figure 4(b) shows a 2D scatter plot of zginter against sign (λ2) ρ
(r) for theMUBA crystal.Te spikes appear at −0.04 to 0.04 a.u.
in all media, indicating a region of high electron density. Te
height is about 0.110 a.u. (zginter) and implies the presence of
hydrogen bonds. Te corresponding 3D isosurfaces are illus-
trated in Figure 4(c). Te outcome of the IGM evaluation
confrms the presence of two intermolecular interactions: N4-
H16· · ·O12 and O6-H25· · ·O3. Te blue around the centre of the
isosurface corresponding to the O6-H25· · ·O3 interaction is
broader and darker than that corresponding to the N4-
H16· · ·O12 interaction, which is in line with the observations
from the AIM evaluation.

3.4. Natural Bond Orbital Investigation of the MUBA Crystal.
NBO provides a precise method for studying inter- and
intramolecular interactions, as well as conjugative in-
teractions and charge transfer in molecules [43]. Te

Table 2: Calculated IR frequencies for MUBA crystal and the corresponding experimental IR frequencies.

Media
](NH2) ](C − H) ](O − H) ](C − N)

](C − O)

stretching
](C − O)

bending
]exp ]cal ]exp ]cal ]exp ]cal ]exp ]cal ]exp ]cal ]exp ]cal

Gas 3438 3451 2848 2883 — 3595 1429 1277 1264 1154 553 484
DMSO — 3436 — 2901 — 3541 — 1375 — 1226 — 534
Water — 3382 — 2914 — 3567 — 1375 — 1209 — 530
Benzene — 3305 — 2894 — 3567 — 1377 — 1224 — 534

Table 3: Te electron density, its Laplacian, the ratio of the kinetic
energy density, and potential energy density at the BCP, along with
the interatomic interaction energy for MUBA.

Media Hydrogen
bond Ρ (r) ∇2ρ (r) -G(r)/V(r) Eint

Gas O6–H25· · ·O3 0.0408 0.1406 0.9588 −12.019
N4–H16· · ·O12 0.0253 0.0952 1.1279 −5.945

Water O6–H25· · ·O3 0.0526 0.1514 0.8561 −16.676
N4–H16· · ·O12 0.0194 0.0717 1.1829 −4.116

DMSO O6–H25· · ·O3 0.0519 0.1559 0.8686 −16.586
N4–H16· · ·O12 0.0231 0.0861 1.1482 −5.212

Benzene O6–H25· · ·O3 0.0461 0.1496 −0.9124 −14.226
N4–H16· · ·O12 0.0242 0.0906 1.1372 −5.576

ρ (r): the electron density (in a.u.); ∇2ρ (r): Laplacian of the electron density
(in a.u.); -G(r)/V(r): the ratio of the kinetic energy density and potential
energy density; Eint: the interatomic interaction energy (in kcal/mol).
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N4–H16···O12 O6–H25···O3

Benzene

Gas

DMSO

Water

N4–H16···O12
O6–H25···O3

N4–H16···O12 O6–H25···O3
N4–H16···O12

O6–H25···O3

Figure 3: Molecular graphs of MUBA crystal in gas, water, DMSO, and benzene presenting the H-bond interactions.

(a)

(b)
Figure 4: Continued.
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possible donor-acceptor interactions of MUBA along with
their stabilization energies are reported in Table 4.

Generally, the higher the E(2) value, the stronger the
donor-acceptor NBO interaction, leading to increased ICT
throughout the system [44, 45]. Terefore, the donor LP(1)
N4⟶ π∗(C2-O3) acceptor interaction has the highest sta-
bilization energy of 55.25, 62.15, 64.19, and 65.32 kcal/mol
(respectively, in vacuum, benzene, DMSO, and water). It is
evident that the solvent medium, especially polar solvents,
enhances the NBO stabilization energies of the compounds
studied, which can subsequently increase their second
hyperpolarizabilities. In addition, the interactions between
the lone pairs (LP) and antibonding (σ∗, π∗) orbitals:
LP(1)N1⟶ π∗(C2-O3), LP(1)N4⟶ π∗(C2-O3), LP(2)
O6⟶ π∗(C7-O8), LP(2)O8⟶ σ∗(O6-C7), and LP(2)
O13⟶ π∗(C11-O12), exhibit signifcant stabilization en-
ergy in all studied environments compared to bonding (σ, π)
and antibonding (σ∗, π∗) contributions: σ(N4-H16)⟶ σ∗(N1-
C2) and π(C2-O3)⟶ σ∗(C2-O3).

3.5. Atomic Point Charge Analysis. Evaluation of the vari-
ation of polarization and ICT was achieved by estimating
atomic point charges for the MUBA crystal in all in-
vestigation conditions using the Hirshfeld population
analysis scheme. Figure 5 illustrates the total Hirshfeld
charges on the atoms of the two MUBA moieties.

Figure 5 demonstrates that the BA group has an overall
positive charge (electron defcient) for MUBA in all ex-
amined media, while the MU moiety has a net negative
charge (richer in electrons).Tis indicates that ICTis feasible
inMUBA. In addition, this fgures out that the solvent media
induce larger charge separation, suggesting that photo-
induced ICT is more likely to occur in the solution.
MUBA is a noncentrosymmetric system where the BA and
MU moieties, respectively, serve as the electron-acceptor
and donor, as shown by atomic point charge studies. Tis
donor-acceptor system is most likely to act as an NLO
chromophore.

3.6. Reactivity Site Investigation for the MUBA Crystal.
Te identifcation of reactive sites allows for the de-
termination of the most likely electron-donor and acceptor
sites within a compound. Atoms with the most negative

atomic charges are more likely to donate [46]. Te net
atomic charges under the framework of the Hirshfeld
scheme are outlined in Table 5.

Te results show that atomsO8,O3, andO12 are themost
probable reactive sites, as they possess relatively larger
negative charges. Tese atoms are ranked as follows in
decreasing order of their negative charges: O8 >O3 >O12.
Interestingly, in all study media, the highest negative atomic
charge is found in anO atom, indicating its higher reactivity.
In addition, these values increase as we transition from the
gaseous phase to polar media and then to nonpolar media.

3.7. Nonlinear Optical Susceptibilities and Properties of
MUBA. In this section, we discuss the nonlinear optical
(NLO) susceptibilities and properties of MUBA in various
media. See Tables S6–S10 of the SF for the tensor compo-
nents of the static βtot, the dynamic βtot, and 〈γ〉 of the
diferent NLO susceptibilities and properties of MUBA.

3.7.1. First Hyperpolarizability of MUBA. Table 6 provides
the values of the static frst hyperpolarizability tensor (βtot)
for MUBA in diferent media, along with the isotropic
averages of some tensor components along the x, y, and z
directions.

Te βtot value of MUBA in all study media (except
DMSO) is found to be 0.6–1.1 times greater than that of urea.
Tis indicates that MUBA is a potent NLO material,

Gas Water DMSO Benzene

(c)

Figure 4: (a) Color-flled map, (b) 2D scatter plot, and (c) 3D isosurface for interfragment interactions of zg gradient-based descriptor for
MUBA in the gaseous and solvent phases.

Table 4: Donor-acceptor interactions in MUBA and their stabi-
lization energies in the gaseous and solvent phases.

Donor (i)a Acceptor (j)a
E(2)(kcal/mol)

Gas Water DMSO Benzene
σ(N4-H16) σ∗N1-C2 4.78 4.77 4.77 4.78
LP(1)N1 π∗C2-O3 36.27 58.81 47.33 45.21
LP(1)N1 σ∗C2-O3 3.01 0.53 1.86 1.97
LP(2)O3 σ∗N1-C2 20.76 17.94 19.65 19.95
LP(2)O3 σ∗C2-N4 19.10 16.80 16.80 16.93
LP(1)N4 π∗C2-O3 55.25 65.32 64.19 62.15
π(C2-O3) σ∗C2-O3 18.79 8.11 12.56 13.33
LP(2)O6 π∗C7-O8 48.48 52.53 51.41 51.17
LP(2)O8 σ∗O6-C7 30.80 27.72 29.09 29.19
LP(2)O13 π∗C11-O12 47.75 49.10 48.76 48.62
aAtom labels are displayed in Figure 2.
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Figure 5: Total Hirshfeld charges borne by the 1-methylurea and butanedioic acid moieties of MUBA crystal: (a) gas, (b) water, (c) DMSO,
and (d) benzene.

Table 5: Hirshfeld atomic charges of the MUBA crystal in all study media.

Atoms Gas Water DMSO Benzene
N1 −0.1472 −0.1291 −0.1395 −0.1432
C2 0.1927 0.1904 0.1865 0.1893
O3 −0.288 −0.34 0 −0.3150 −0.3021
N4 −0.0924 −0.0884 −0.0898 −0.0922
C5 −0.0258 −0.0205 −0.0216 −0.0240
O6 −0.1923 −0.2159 −0.2093 −0.2001
C7 0.1989 0.2064 0.1964 0.1979
O8 −0.2941 −0.3834 −0.340 −0.3188
C9 −0.0512 −0.0420 −0.0475 −0.0491
C10 −0.0441 −0.0346 −0.0404 −0.0420
C11 0.2292 0.2400 0.2313 0.2302
O12 −0.2515 −0.2853 −0.2598 −0.2566
O13 −0.1573 −0.1633 −0.1588 −0.1578
H14 0.1186 0.1455 0.1410 0.1301
H15 0.1315 0.1473 0.1422 0.1376
H16 0.0922 0.0985 0.0903 0.0908
H17 0.0546 0.0572 0.0577 0.0565
H18 0.0342 0.0445 0.0471 0.0408
H19 0.0364 0.0510 0.0436 0.0395
H20 0.0305 0.0479 0.0392 0.0351
H21 0.0411 0.0522 0.0485 0.0450
H22 0.0491 0.0575 0.0520 0.0507
H23 0.0475 0.0552 0.0521 0.0501
H24 0.1783 0.2069 0.1912 0.1856
H25 0.1098 0.1089 0.1031 0.1068
Te bold values represent the most probable reactive sites.

Table 6: Selected constituents of the static frst hyperpolarizability tensor (in a.u.) with the total value of the tensor (βtot) for MUBA.

Media βxxx βyyy βzzz βx βy βz βtot × 10–30 esu

Gas −119.58 −73.92 −19.89 −162.52 −112.07 −55.97 1.8
Water −26.62 151.48 −95.59 −86.92 67.86 −184.01 1.9
DMSO 7.23 68.73 27.55 −16.91 −2.71 −55.25 0.5
Benzene −71.25 −32.76 −4.96 −106.01 −95.07 −79.85 1.4
Ureaa 0.04 88.59 0.00 −0.06 91.31 0.00 0.8
Conversion is 1 a.u.� 8.6393×10–33 esu. a Prototypical molecule used for comparison purposes.
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consistent with experimental fndings [14]. Te magnitude
of βtot is infuenced by the surrounding environment. For
example, the βtot values in the gaseous phase, water, DMSO,
and benzene are 1.8, 1.9, 0.5, and 1.4×10–30 esu, respectively.
Tis suggests that the quadratic NLO response of MUBA is
slightly reduced in the presence of a solvent, with a signif-
icant decrease observed in DMSO. Tis suggests that its
second-order NLO properties will be low as well.

3.7.2. Second Hyperpolarizability of MUBA. Table 7 presents
the data for the average static second hyperpolarizability
tensor (〈c〉) of MUBA in diferent media, along with the
isotropic values of several tensor components.

Te 〈c〉 values of MUBA are approximately 8.3 and
17.0 times higher than that of urea in the gaseous phase and
solvents, respectively. Te computed average 〈c〉 values for
MUBA are 12.4, 22.6, 23.6, and 16.2×10–36 esu in the
gaseous phase, water, DMSO, and benzene, respectively.
Tis indicates that the 〈c〉 values are infuenced by the
environment. Unlike the quadratic NLO response, the cubic
response of MUBA signifcantly increases in the presence of
a solvent. Tis enhancement can be attributed to the
strengthening of nonbonding orbital interactions in the
solvent media (see the E(2) values). Te 〈c〉 data further
confrms that MUBA is a potent NLO material.

3.7.3. Te Vector Part of the First Hyperpolarizability (βvec) of
MUBA. Table 8 provides the computed vector components
of the dynamic frst hyperpolarizability (βvec) of MUBA
projected along the dipole moment axis at a wavelength of
1064 nm.

Te βvec values of MUBA in all media (except DMSO) at
1064 nm are larger than those of urea. Tis indicates that
MUBA has a higher propensity to act as an NLO material.
Te dynamic frst hyperpolarizability of MUBA is parallel to
the dipole moment vector. Solvation reduces the βvec value of
MUBA at 1064 nm, suggesting that the presence of a solvent
afects its NLO properties.

3.7.4. Nonlinear Optical Properties of MUBA. Table 9
presents the dynamic frst hyperpolarizabilities of MUBA
corresponding to the electro-optical Pockels efect (EOPE)
and second-harmonic generation (SHG), as well as the
dynamic second-order hyperpolarizabilities corresponding
to electric-feld-induced second-harmonic generation
(EFISHG) and optical Kerr efect (OKE) in diferent media.

Te SHG and EOPE values ofMUBA in all media (except
DMSO) are higher than those of urea, indicating its suit-
ability for these NLO processes. Tese properties are higher
in the gaseous phase and lower in DMSO. Te EFISHG and
OKE values of MUBA in all media are signifcantly higher
than those of urea. Interestingly, these values are greater in
solvents compared to vacuum, which is consistent with the
observations from the 〈c〉 susceptibility.

Overall, the results demonstrate that MUBA exhibits
strong NLO properties and has potential applications in the
feld of optoelectronics.

4. Conclusion

A computational evaluation of the structural and electronic-
density-based analyses of 1-methylurea butanedioic acid
(MUBA) crystal as well as its NLO properties and the efects of
solvents (protic, aprotic, and nonpolar) is reported herein. Te
DFTmethod was used alongside the B3LYP functional and the
6–311++G(d,p) basis. Te simulated geometric and IR pa-
rameters were contrasted with their experimental counterparts,
showing good agreement and demonstrating the viability of the
level applied and the obtained optimized structures. Te
N4–H16· · ·O12 and O6–H25· · ·O3 intermolecular interactions,

Table 7: Constituents of the static second hyperpolarizability tensor (in a.u.) together with the average isotropic value of the tensor (〈γ〉) for
MUBA.

Medium cxxxx cyyyy czzzz cxxyy cxxzz cyyzz 〈c〉 × 10–36 esu

Gas 33302.50 31039.10 14087.80 9742.74 5576.30 6963.93 12.4
Water 60906.70 46323.30 34203.30 16051.70 12416.10 13044.10 22.6
DMSO 62849.50 53229.80 32459.20 16987.90 12500.50 13512.30 23.6
Benzene 44393.00 39565.90 19004.50 12408.00 7751.99 8980.69 16.2
Ureaa 11905.50 6994.24 6231.13 4341.06 2090.80 1468.40 4.1
Conversion factor: 1 a.u.� 0.50367×10−39 esu. a Prototypical molecule used for comparison purposes.

Table 8: Vector components of the quadratic polarizabilities of
MUBA at 1064 nm.

Media βx βy βz βvec × 10–30 esu

Gas −192.313 −156.812 −53.8483 2.2
Water −60.4392 36.8813 −84.398 1.0
DMSO −35.0836 −33.7126 −14.1191 0.4
Benzene −126.623 −140.574 −29.9594 1.7
Ureaa −0.07525 94.28701 −0.02508 0.8
a Prototypical molecule used for comparison purposes.

Table 9: Dynamic frst and second hyperpolarizabilities of MUBA
at 1064 nm.

SHGa EOPEa OKEb EFISHGb

Gas 2.08 1.89 13.28 14.93
Water 1.23 1.35 18.30 17.69
DMSO 0.52 0.54 20.45 20.58
Benzene 1.65 1.51 17.39 19.50
Ureac 0.95 0.85 11.39 5.24
SHG: second-harmonic generation; EOPE: electro-optical Pockels efect;
EFISHG: electric-feld-induced second-harmonic generation; OKE: optical
Kerr efect. a value× 10–30 esu; b value× 10–36 esu; c prototypical molecule
used for comparison purposes.
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which signifcantly aid in stabilizing themolecule, are confrmed
by the AIM and IGM analyses. According to the NBO analysis,
the LP(1)N4⟶ π∗C2-O3 interaction contributes the most
stabilization energy, which is increased in solvent media. Te
Hirshfeld scheme predicts thatMUBA is a noncentrosymmetric
system composed of the 1-methylurea (MU) and butanedioic
acid (BA) moieties as electron donor and acceptor groups,
respectively. Te results also show that MUBA exhibits NLO
susceptibilities in both the gaseous phase and in solvent media.
Te βtot value of MUBA in all studymedia (except in DMSO) is
0.6-1.1-fold greater than urea (0.8×10−30 esu). In addition, the
magnitude of MUBA’s βtot is afected by the surrounding
environment, with varying values in diferent media. For the
frst hyperpolarizability, these susceptibilities are higher in the
gaseous phase, while for the second hyperpolarizability, they are
higher in the solvent (especially polar) media. Te results also
indicate that the dynamic frst hyperpolarizability of MUBA in
all media has a vector component that is positive and parallel to
the dipolemoment vector. Analyses of the dynamic second- and
third-order polarizabilities at 1064nm reveal properties such as
SHG, EOPE, EFISHG, and OKE. MUBA can aid in the design
of optoelectronic devices due to its NLO susceptibilities and
properties. Te fndings from this study contribute to the
understanding of the crystal’s properties and ofer guidance for
designing novel materials with tailored NLO characteristics,
paving the way for future material designs with improved
functionality in diverse industries that rely on optic technology
such as the telecommunications or computing sectors where
faster data transmission rates are always desirable outcomes.
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