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Abstract
Single crystals of dipotassium tartrate hemihydrate (DPTH) [K2C4H4O6 ‧ 0.5H2O] were grown by the slow evaporation 
solution technique at room temperature. According to previously reported single-crystal X-ray diffraction (SC-XRD) data, 
DPTH crystallizes in the monoclinic system with a non-centrosymmetric space group I2. The obtained crystalline DPTH 
was subjected to vibrational, nuclear magnetic resonance (NMR), ultraviolet–visible (UV–Vis), photoluminescence (PL), 
and dielectric analysis. Fourier transform infrared (FT-IR) and Fourier transform Raman (FT-Raman) spectral analysis 
revealed that the molecular structure contains the dipotassium cation along with L-tartrate anions. The presence of a molecu-
lar environment with hydrogen and carbon in the molecule was represented by the proton and carbon NMR spectrum. The 
transparency of the entire visible region was shown by the UV–Vis spectra, and 327.94 nm was determined to be the lowest 
cutoff wavelength. The electrical transport behavior of DPTH was investigated through frequency-dependent dielectric con-
stant and dielectric loss studies, providing insight into the polarization mechanisms, charge displacement, and alternating-
current (AC) conduction behavior within the crystal lattice. The observed low dielectric loss at higher frequencies suggests 
minimal energy dissipation, which is favorable for optoelectronic and nonlinear optical (NLO) device applications. The 
second-harmonic generation (SHG) efficiency of the DPTH crystal was about 0.66 of the standard potassium dihydrogen 
phosphite (KDP), indicating its potential for NLO applications. Crystal Explorer software was utilized to compute both the 
two-dimensional (2D) fingerprint plot and the Hirshfeld surface, offering valuable insights into the overall packing features 
of the produced DPTH crystal.
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Introduction

Dipotassium L-tartrate hemihydrate (hereafter DPTH) is 
a dipotassium salt of tartaric acid crystallizing in a non-
centrosymmetric structure with a hemihydrate network.1 
Non-centrosymmetry is a fundamental requirement for sec-
ond-order nonlinear optical (NLO) activity, making DPTH a 
promising candidate for frequency-conversion applications. 
Organic materials possess easily polarizable donor–acceptor 
(push–pull) systems, making them highly suitable for appli-
cations in two-photon absorption, optoelectronics, optical 
data storage, organic light-emitting diodes (LEDs), and pho-
tovoltaic devices.2–5 Tartaric acid is an α-hydroxyl carbox-
ylic acid, which forms a compound suitable for second-har-
monic generation (SHG) when it reacts with various salts.6 
The organic crystals contain carboxyl (COOH) and hydroxyl 
(OH) functional groups, capable of engaging in non-covalent 
interactions (NCI) that play an important role in molecular 
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recognition. Tartrate crystals have also found applications in 
crystal oscillators and transducer technologies owing to their 
favorable dielectric and mechanical properties.7 Previous 
studies have reported the optical, mechanical, and spectro-
scopic properties of tartaric-acid-based crystals with specific 
emphasis on their NLO behavior. Khan et al. investigated the 
mechanical stability and ultrafast spectroscopic response of 
L-tartaric acid crystals,8 while Sasikala et al. theoretically 
predicted strong second- and third-order nonlinear responses 
suitable for laser frequency-doubling and optical-limiting 
applications.9 Balaji et al. demonstrated enhanced optical 
nonlinearity, electro-optic coefficients, and ultrafast response 
in toluidine tartrate crystals.10 Several organic and semi-
organic tartrate crystals have been investigated including 
imidazolium L-tartrate,2 ammonium tartrate,6 toluidine tar-
trate,10 L-histidinium L-tartrate hemihydrate,11 strontium 
tartrate,12 anilinium L-tartrate,13 calcium tartrate tetrahy-
drate,14 and hydroxyethylammonium-D-tartrate monohy-
drate.15 Early investigations by Srivastava et al.16 and Bhat-
tacharjee et al.17 reported the crystal growth and vibrational 
characterization of dipotassium tartrate.

Potassium ions are known to influence polarizability, 
dielectric behavior, and frequency-conversion efficiency 
in well-established NLO crystals such as potassium dihy-
drogen phosphate (KDP) and potassium titanyl phosphate 
(KTP).18–21 However, the role of potassium in organic tar-
trate systems, particularly its influence on the dielectric dis-
persion and optical response, has not been studied. Ashfaq 
et al. conducted a detailed density functional theory (DFT) 
and single-crystal analysis of a novel pyrimethamine-based 
co-crystal salt, revealing valuable insights into its structural 
properties and stability.22 Similarly, Tahir et al. explored the 
stability and molecular interactions of a 2,4-diamino-5-(4-
chlorophenyl)-6-ethylpyrimidin-1-ium salt, emphasizing 
the importance of understanding such interactions in the 
design of stable organic salts.23 Furthermore, recent work 
by Mashhadi et al. on 2,4-dioxothiazolidine-5-acetic acid-
based organic salts highlighted their antioxidant properties 
and structural characteristics using both single-crystal X-ray 
diffraction (SC-XRD) and DFT approaches.24 Collectively, 
these studies underscore the critical role of crystallographic 
and theoretical analyses, including intermolecular con-
tact analysis through Hirshfeld surface studies, in advanc-
ing our understanding of organic salts and their potential 
applications.22–26

In this context, the present work aims to provide a com-
prehensive spectroscopic, optical, and dielectric inves-
tigation of DPTH single crystals. In addition to optical 
and vibrational studies, an understanding of the electrical 
transport behavior through dielectric analysis is crucial for 
evaluating the suitability of DPTH for optoelectronic and 
frequency-conversion applications. The SHG analysis con-
firms the NLO efficiency of DPTH, highlighting its potential 

for frequency-doubling applications. Additionally, Hirshfeld 
surface analysis provides a quantitative understanding of the 
intermolecular interactions governing crystal packing and 
stability. This combined experimental approach establishes 
DPTH as a promising semi-organic NLO material with 
enhanced optical and dielectric functionality.

Experimental

Dipotassium L-tartrate hemihydrate was purchased from 
Sigma-Aldrich (CAS number 6100-19-2). DPTH (4 g) was 
dissolved in distilled water (100 ml), and the resulting solu-
tion was stirred at 35°C to obtain a clear, transparent solu-
tion with a slightly alkaline reaction (pH = 8). The concen-
tration of dipotassium L-tartrate (K2C4H4O6) in the initial 
solution left to crystallize was 0.17 mol/dm3 (i.e., ~4% wt). 
The solution was then left at room temperature to crystal-
lize. After 5 days, transparent, good-quality single crystals 
of K2C4H4O6 ‧ 0.5H2O were obtained (Fig. 1).

Characterization

To study the structural, optical, electronic, and NLO proper-
ties of the synthesized DPTH crystal, a range of characteri-
zation techniques were employed. The obtained single crys-
tals were examined on an Agilent Xcalibur kappa-geometry 
four-circle diffractometer equipped with a Sapphire2 CCD 
detector. The unit cell lattice parameters are consistent with 
previously published SC-XRD data.1 FT-IR spectroscopy 
(Bruker IFS 88) was employed to identify functional groups, 
while FT-Raman spectroscopy (FRA 106 accessory) was 

Fig. 1   Dipotassium tartrate hemihydrate (DPTH) crystal with dimen-
sions of approximately 4.3 × 3.9 × 1.7mm
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performed to provide complementary vibrational informa-
tion. Nuclear magnetic resonance (NMR) spectroscopy 
(Bruker Avance 300 MHz) was conducted for molecular-
level confirmation of hydrogen environments and structural 
integrity. Ultraviolet–visible (UV–Vis) spectroscopy (Perki-
nElmer Lambda 35) was used to assess optical absorption 
and determine the bandgap. The grown crystal material was 
crushed into powder for the photoluminescence (PL) study. 
The PL analysis (PerkinElmer spectrofluorometer) revealed 
emission characteristics and electronic transitions. Hirsh-
feld surface analysis (Crystal Explorer 3.1) was conducted to 
visualize intermolecular interactions and quantify close con-
tacts to evaluate crystal packing stability.27 Dielectric studies 
(HIOKI IM3536 LCR meter) were carried out to measure 
the frequency-dependent dielectric constant and loss, rele-
vant for electronic applications. Finally, SHG measurements 
(Ocean Optics Flame-T CCD spectrograph) confirmed the 
crystal’s non-centrosymmetric nature and NLO activity, sup-
porting its potential for photonic and laser technologies.

Results and Discussion

SC‑XRD Analysis

The obtained single crystals were examined on a four-circle 
kappa-geometry Agilent Xcalibur diffractometer equipped 
with a Sapphire2 area CCD detector. The crystal system, 
space group, and lattice parameters of DPTH were in agree-
ment with those of previously reported SC-XRD data.1 
According to the literature, DPTH crystallizes in a mono-
clinic system with a non-centrosymmetric space group I2. 
All the refinement SC-XRD parameters are given in Table 
SI.1 The asymmetric unit and crystal packing of dipotassium 
L-tartrate hemihydrate (K2C4H4O6 ‧ 0.5H2O) are shown in 
Figs. S1 and S2 in the supplementary materials.

Vibrational Analysis

The distinctive vibrations of the dipotassium cation and 
L-tartrate anion serve as the basis for the vibrational 
spectral analysis. The hydroxyl, carboxylate, and car-
bonyl groups are among the vibrations of the tartrate 
anion group. The carbonyl group (C=O) in tartaric acid 
is joined to one hydroxyl group (–OH) at the ortho posi-
tion. In addition, the hydroxyl group is attached to meta 
positions of carbonyl groups in the other half-plane. The 
FT-IR and FT-Raman vibrational spectra of DPTH are 
shown in Figs. 2 and 3. The hydroxyl (OH), keto (C=O), 
and carboxyl (COOH) function groups give rise to stretch-
ing and bending vibrations. The vibrational spectra and 
the absorption bands of different vibrating molecules 
with respect to their intensity are listed in Table I. The 

DPTH vibrational modes are observed in the range of 
4000–400  cm−1 in both FT-IR and FT-Raman spectra. 
Table I provides a vibrational description for both spec-
tra. The DPTH molecule exhibits C–C, O–H, C=O, K–O, 
and water molecule vibrations. Generally, the O–H stretch-
ing vibrations exhibit higher intensity and are observed 
in the region of 3500–3200 cm−1.28 In the DPTH com-
pound, O–H stretching vibrations are observed at the 
lower frequency of 3128 cm−1 in the Raman spectrum, 
with additional weak peaks at 3010 and 2951  cm−1 in 
both the FT-IR and FT-Raman spectra. In the FT-Raman 
spectrum, a medium-strong stretching vibrational peak 
appears at 2878  cm−1. These peaks confirm the pres-
ence of a hydroxyl group in the tartaric acid in the DPTH 
molecule. The absorption bands arising from the O–H 

Fig. 2   Experimental FT-IR spectrum of DPTH.

Fig. 3   Experimental FT-Raman spectrum of DPTH.
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in-plane bending modes are observed in the region of 
1440–1260  cm−1.29 O–H out-of-plane bending modes 
are observed in the region of 710–517  cm−1.30 In the 
FT-IR spectrum, these vibrations appear as faint peaks 
at 776 cm−1, 640 cm−1, and 599 cm−1. In the FT-Raman 
spectrum, the O–H out-of-plane bending modes are pre-
sent at 731, 635, and 598 cm−1. In general, C–H stretch-
ing vibrations appear in the region of 3100–2900 cm−1.31 
In the DPTH compound, C–H stretching vibrations are 
observed at 2878 cm−1 (medium strong) in the FT-Raman 
spectrum. Weak C–H stretching vibrations are observed 
at 2666 cm−1 and 2622 cm−1 in the FT-IR and FT-Raman 
spectra, respectively. C=O stretching vibrations occur 
in the range of 1700–1400 cm−1.32–34 In this compound, 
FT-IR spectrum peaks are observed at 2733, 2666, 2212, 
1828, and 1665 cm−1. In the FT-Raman spectrum, peaks 
are obtained at 2766, 2622, 2254, 1876, 1766, 1690, and 

1534 cm−1. In the DPTH compound, C–O stretching vibra-
tions are observed at 1492, 1361, and 1321 cm−1 in the 
FT-IR spectrum, and at 1439 and 1362 cm−1 in the FT-
Raman spectrum.35 The absorption at 1534 cm−1 is due 
to the carbonyl C=O group.35 K–O (potassium–oxygen) 
vibrations typically appear in the low-frequency region 
in the FT-IR spectrum, often below 700 cm−1. Specifi-
cally, K–O stretching vibrations in potassium feldspar 
are observed around 531–536 cm−1, 463–466 cm−1, and 
445  cm−1.36 In the present DPTH compound, the K–O 
vibrations exhibit a strong-intensity peak at 854  cm−1 
in the FT-IR spectrum and 888 cm−1 in the FT-Raman 
spectrum. Other peaks located at 538 and 531 cm−1 in the 
FT-IR spectrum and 524 cm−1 in the FT-Raman spectrum 
are assigned to K–O bending vibrations.

Nuclear Magnetic Resonance Analysis

The 1H and 13C NMR spectra of the DPTH crystals are 
shown in Figs. 4 and 5, respectively. As the reference stand-
ard for the proton NMR data, the solvent peak (dimethyl 
sulfoxide = 2.50 ppm) is presented. The carbon NMR value 
is reported from 39.5 ppm to 40.5 ppm in DMSO solvent 
phase. The proton (1H) NMR spectrum reveals distinctive 
peaks for DMSO, which appear as a septet. The peaks in the 
spectrum are assigned as follows: peaks at 5.06 ppm and 
4.31 ppm, a peak at 3.30 ppm, and peaks in the range of 
2.52 ppm to 2.49 ppm are associated with the protons con-
nected within the molecular structure of the DPTH crystal.

In carbon NMR, the pure L-tartrate exhibits a signal at 
175 ppm, while the measured compound shows a signal at 
173.54 ppm. This downfield shift is attributed to electro-
static interaction and partial coordination between potassium 
ions and the carboxylate oxygen atoms of the tartrate anion, 
which alters the local electronic environment of the carbonyl 
carbon. The multiple closely spaced signals observed in the 
carbon NMR spectrum at 40.52 ppm, 40.35 ppm, 40.18 ppm, 
40.01 ppm, 39.85 ppm, 39.68 ppm, and 39.51 ppm originate 
from the DMSO solvent used during the NMR measure-
ments. DMSO generally produces a multiplet in this region 
due to magnetic non-equivalence, temperature effects, 
and instrumental resolution; therefore, these peaks are not 
assigned to chemically distinct carbon environments of the 
DPTH crystal. The intrinsic carbon environments of DPTH 
are instead confirmed by tartrate-related resonances, par-
ticularly the shifted carboxyl carbon signal at 173.54 ppm, 
which reflects potassium–tartrate interactions within the 
crystal lattice.

Tartaric acid in its pure form exhibits a signal at 73 
ppm,37 while in the present DPTH crystal a correspond-
ing signal is observed at 72.61 ppm, further confirms the 
incorporation of the tartrate moiety in the dipotassium salt. 

Table I   Vibrational assignment for DPTH

Intensity description: w weak; vw very weak; s strong; ms medium strong
Vibrational mode description: ν stretching; β bending; ρ rocking; τ 
twisting; ω wagging

FT-IR FT-Raman Vibration modes

– 3128 w ν (OH)
3010 w 2951 w ν (OH)
– 2878 ms ν (OH), ν (CH)
2733 w 2766 w ν (CH), ν (C=O)
2666 w 2622 w ν (CH), ν (C=O)
2212 2254 w ν (C=O)
1828 w 1876 w ν (C=O), ν (OH), β (H–O–H)
– 1766 ms ν (C=O), β (H–O–H)
1665 w 1690 s ν (C=O), β (H–O–H)

1633 ν (C=O), β (H–O–H)
– 1534 s ν (C=O)
1492 w 1439 w β (OH)
1361 w 1362 w β (OH)
1321 w ν (C–O)
1287 vw 1270vw ν (CH), β (C–O–H), ν (OH)
1155 s 1179w (C–O), ꙍ (C–C–O)
1094 ms 1086w ꙍ (C–O), ꙍ (C–C–O)
1010 w 1002 ms ꙍ (C–O),ν (C–C)
854 s 888 s (K–O)
806 s 825 s ν (C–C), (C–O), ꙍ (C–C–O)
776 ms 731 s ꙍ (C–C–O), ν (OH)
640 ms 635 w ꙍ (O–C=O), ꙍ (C–C–O), ꙍ 

(OH)
599 w 598 w ꙍ (C–C–O)
538 m (K–O)
531 m 524 w (K–O)
430 ms 447 ms ν (CO),ν (CC), ꙍ (O–C=O)
405 w 413 w ꙍ (O–C=O)
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Overall, the combined proton and carbon NMR analysis 
confirms the DPTH chemical integrity of the DPTH crystal 
and substantiates the interaction between potassium ions and 
tartrate anions.

Ultraviolet–Visible Analysis

Ultraviolet–visible analysis offers significant insights into 
the transition range, transparency, and bandgap energy, all 
of which play a vital role in optical applications. Figure 6 
illustrates the UV–Vis spectrum of the DPTH compound. 
Its absorption spectrum typically falls within the UV and 
visible range, which is approximately 200 nm to 800 nm. 
The determination of a molecule’s optical bandgap involves 
examining electron transitions within the σ and π orbitals, 
where molecules shift from their ground state to higher 
energy levels upon absorbing UV and visible light. The 
crystal’s impressive optical clarity and its lower cutoff wave-
length render it a highly effective choice for NLO devices, 
laser frequency doubling, and optoelectronic applications.38 
The UV–Vis spectrum of DPTH reveals a prominent absorp-
tion peak at 296.07 nm, signifying the compound’s highest 

light absorption intensity at this wavelength. This peak is 
probably linked to an n–π* transition, where an electron 
undergoes excitation from a filled nth orbital to an empty 
π* (antibonding) orbital.39,40 The occurrence of conjugated 
systems or aliphatic structures within the DPTH molecule is 
expected to contribute to these transitions. The lower cutoff 
wavelength is found to be 327.94 nm, and after that, the 
transparency in the entire visible region is found to be suf-
ficient for use of the material in optical applications. Fur-
ther, Tauc plots were drawn to identify the energy gap of 
the material, which is depicted in Fig. 6 [inset] by taking 
energy (hυ) and (αhυ)2 along the X- and Y-axis, respectively. 
By extending the linear segment of the graph to the X-axis, 
specifically where (αhυ)2 equals zero, the optical bandgap 
energy of the crystal which is calculated as 4.288 eV, and 
it can be considered a suitable candidate for wide-bandgap 
semiconductor and optical device applications.

Photoluminescence Studies

Photoluminescence (PL) occurs when the excited state that 
emits light is created through the absorption of photons.41 

Fig. 4   Proton nuclear magnetic resonance (1H NMR) spectrum of DPTH illustrating the hydrogen environment of the compound.
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The process of excitation can take the form of either a single 
photon or a multiple photons. PL spectroscopy serves as a 
powerful technique for examining molecular-level energy 

levels, physical properties of materials, and energy gap 
states, as well as shallow and deep-level defects. A distinct 
peak becomes evident at 389 nm, implying that the elec-
tronic transition likely entails the transfer of electrons from 
an anti-bonding orbital to a bonding orbital (π*–π). The 
emission wavelength at this value suggests that DPTH could 
be advantageous for applications involving violet-colored 
LED emissions. However, the wide emission peak centered 
at 389 nm indicates violet light emission and is indicative 
of the charge transfer process, along with the trapping of 
electrons. This phenomenon is attributed to the involvement 
of shallow holes transitioning to deeper hole states.42,43 In 
Fig. 7, a significant intense emission peak at 389 nm (with 
an energy gap of 3.18 eV) corresponds to excitons near 
the band edge within the DPTH crystal. The energy esti-
mated from PL (3.18 eV) is less than the bandgap energy 
(4.28 eV), suggesting the presence of sub-bandgaps called 
traps between the valance band and conduction bands. The 
recombination of electrons and holes at the sub-bandgaps is 
mostly non-radiative, such as Shockley–Read–Hall (SRH) 
recombination. This energy loss is dissipated as heat and not 
light.44 Thus, the radiative recombination often requires the 
assistance of phonons, leading to low-energy peaks in PL 

Fig. 5   13C NMR spectrum of DPTH depicting the distribution of carbon environments within the compound.
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emission. The presence of O–H, N–H–O, and O–H–I bonds 
in the prepared materials could lead to the development of 
defect states, which are also responsible for the low energy.45 
Thus, the PL analysis provides insights into the optical and 
electronic characteristics of the DPTH crystal, confirming its 
potential applicability in optoelectronic devices, particularly 
violet LEDs.46,47

Hirshfeld Surface Analysis

A three-dimensional (3D) molecular surface Hirshfeld 
analysis was performed, accompanied by the generation 
of a two-dimensional (2D) fingerprint for the compound. 
This analysis assists in understanding the molecular factors 
influencing crystal packing, underscoring the significance 
of identifying strong hydrogen bonds and other weak non-
covalent interactions for crystal formation.48–50 Hirshfeld 
surface analysis was carried out using Crystal Explorer 
software 3.1. Figure 8a illustrates the Hirshfeld surfaces 
of DPTH with mapped dnorm, di, and de. Figure 8b depicts 
the various interactions of K–O (41.9%), O–H (31.6%), 
K–H (10.2%), H–H (9.5%), O–O (3.5%), C–H (2.2%), C–K 
(0.7%), and C–O (0.4%) present in the DPTH crystal. The 
primary contribution to strong hydrogen bond interactions, 
comprising 41.9%, arises from potassium–oxygen interac-
tions. Additionally, the Hirshfeld surface analysis reveals 
that oxygen-hydrogen interactions constitute 31.6%, potas-
sium-to-hydrogen interactions make up 10.2%, and hydrogen 
itself occupies 9.5% of the DPTH molecule. The remaining 
intermolecular contacts consist of O–O interactions at 3.5%, 
C–H at 2.2%, C–K at 0.7%, and C–O at 0.4%. Interactions 
between atoms, specifically K–O, O–H, and K–H bonds, 
are pivotal in shaping the crystal structure of the DPTH 
compound. These interactions contribute significantly to 
the arrangement of atoms, forming 3D networks. Figure 8c 

illustrates Hirshfeld surfaces of DPTH with mapped di, 
de, dnorm, shape index, curvedness, and fragment patch. In 
the map of the shape index and curvature, the red and blue 
regions highlight hydrogen bonding and stacking and pro-
vide similar information about the crystal’s structural fea-
tures. Each type of Hirshfeld surface plot provides unique 
insights into the molecular structure and its interactions 
within a crystal. The surface smoothness is established by a 
low curvedness value. By analyzing these surfaces together, 
researchers can gain a comprehensive understanding of the 
molecular packing, interaction strengths, and specific con-
tact regions within the crystal lattice.

In Hirshfeld surface analysis, the process of void calcu-
lation involves quantifying and describing the unoccupied 
areas or voids within the structure of a crystal lattice. This 
analytical method offers valuable insights into the structural 
attributes, packing efficiency, and interactions between mol-
ecules present within crystalline materials. To evaluate the 
mechanical resilience of the crystal, a void analysis was 
conducted by aggregating the electron densities of atoms 
with spherically symmetric characteristics found within the 
asymmetric unit.51,52 The void surface is defined as an iso-
surface derived from the procrystalline electron density and 
is computed for the entirety of the unit cell. The intersec-
tion of the void surface with the unit cell boundary and the 
creation of capping faces generate an enclosed volume for 
analysis. The volume of the crystal voids and the percentage 
of unoccupied space within the unit cell were determined 
to be 180.41 Å3 and 23.3%, respectively. By comparing the 
calculated contacts with those that were calculated assuming 
that every type of contact had the same probability of form-
ing, the enrichment ratio may be found. Based on chemical 
composition and aromaticity, the enrichments and contact 
tendencies were examined in a number of compound fami-
lies.53 The enrichment ratio for the K–O interaction in the 
crystal was calculated as 1.04, indicating a slight enrich-
ment compared to what would be expected in a random 
distribution. The O–H interaction enrichment ratio was 
0.98, suggesting it occurs almost as frequently as would be 
anticipated randomly. The K–H interaction showed a signifi-
cantly lower enrichment ratio of 0.485, indicating a notable 
depletion relative to a random distribution. Similarly, the 
H–H interaction enrichment ratio of 0.545 showed depletion 
compared to random expectation.

Dielectric Studies

Dielectric studies provide detailed information on the 
electrical transport behavior of DPTH materials, as they 
are directly associated with charge displacement, polari-
zation mechanisms, and alternating-current (AC) conduc-
tion processes. In non-centrosymmetric organic crystals, 
the frequency-dependent dielectric response offers insight 

Fig. 7   Photoluminescence spectrum of DPTH.



	 E. Mohanapriya et al.

Fig. 8   (a) Complete fingerprint (100%) Hirshfeld surface for DPTH. (b) Relative contributions to the percentage of Hirshfeld surface area for the vari-
ous intermolecular contacts. (c) Hirshfeld surface of DPTH plotted over (a) di, (b) de, (c) dnorm, (d) shape index, (e) curvedness, and (f) fragment patch.

(a)

(b)

(c)
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into the mobility of charge carriers and dipolar orientation 
under an applied electric field. Therefore, the dielectric 
constant and dielectric loss measurements of DPTH were 
analyzed to understand its electrical transport character-
istics. Dielectric analysis reveals the insulating properties 
of various common materials. In this study, the focus is 
on exploring the dielectric characteristics of the devel-
oped DPTH crystal. A notable characteristic of dielectric 
materials is the decrease in the dielectric constant with 
frequency.54 Understanding the electro-optic features of 
these crystalline solids is critical, as the dielectric proper-
ties offer insights into the electric fields within the solid. 
The presence of several types of polarization in these 
materials—including dipole, ionic and electronic polari-
zation, and space charge—is responsible for the change 
in permittivity in the low- to high-frequency region. The 
frequency dependence of electrical properties provides 
a clear view of material applicability in devices.55 The 
dielectric constant and dielectric loss of the crystal were 
calculated using Eqs. (1) and (2).

where C is capacitance (F), δ is loss, t is thickness (m), and 
A is the area of the cross-section.

The direction of polarization within the sample is oppo-
site to the applied or external electric field, which is used 
to explain the electric dipole orientations.56 In the presence 
of an external electric field, these dipoles undergo rotation, 
generating a dipole moment oriented perpendicular to the 
applied field direction. This phenomenon is referred to as the 
rotation of the polarization direction.57,58 Figure 9a shows 
the variation in the dielectric constant (ε′) with the logarithm 
of frequency (log f) in Hz, measured across a temperature 
range from 308 K to 378 K. At lower frequencies (log f ≈ 
2.3–3), the dielectric constant is higher and shows signifi-
cant dispersion. This behavior is most pronounced at 348 K, 
where ε′ reaches a peak of approximately 75. As the fre-
quency increases (log f > 3), the dielectric constant decreases 
and stabilizes, indicating a frequency-dependent dielectric 
relaxation, i.e., attributed to the inhibition of the ionic dipole 
movement.59 At higher frequencies (log f ≈ 5–7), ε′ values 
converge to a relatively constant range (~24–28), regard-
less of temperature. The decrease in dielectric constant 
with increasing frequency is attributed to the reduced con-
tribution of space charge, dipolar, and ionic polarizations 
at higher frequencies. At the higher frequencies, molecular 
dipoles cannot deal with the varying applied electric field, 
and thus dielectric permittivity decreases and reaches a 
constant value.60,61  A high dielectric value at low frequen-
cies reflects the space charge polarization due to the grain 

(1)Dielectric loss, ��� = �� tan �,

(2)Dielectric constant �� = Ct
/

A�0

boundaries in the crystal materials. At very high frequencies, 
the contributions from different polarizations start decreas-
ing and the system is unable to adopt any rapid changes in 
the applied electric field.62 This behavior indicates limited 
long-range charge transport and dominant localized charge 
displacement mechanisms, which are characteristic of insu-
lating and semi-organic NLO crystals.

Figure 9b displays the variation in dielectric loss with 
log f (Hz) at different temperatures ranging from 308 K to 
378 K. At lower frequencies (log f ≈ 2.3–3), the dielectric 
loss is relatively high, with noticeable peaks—especially 
at 358 K, where a sharp peak reaching ~1.0 is observed. 
This behavior is attributed to interfacial (Maxwell–Wag-
ner) polarization and space charge effects, which dominate 

(a)

(b)

Fig. 9   (a) Dielectric constant of DPTH. (b) Dielectric loss of DPTH.
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at low frequencies. As the frequency increases (log f > 3), the 
dielectric loss drops significantly and remains low and stable 
in the mid-frequency region (log f ≈ 4–5). However, a sec-
ondary rise in dielectric loss appears at higher frequencies, 
particularly at elevated temperatures of 358 K and 378 K, 
possibly due to dipolar relaxation or conduction losses.62–65 
The active (ohmic) component of the current increases 
more rapidly than its reactive (capacitive) component, and 
hence dielectric loss increases. However, at higher frequen-
cies (log f ≈ 5–6), dielectric loss decreases with increas-
ing frequency, as the reactive component increases in pro-
portion to the frequency, whereas the active component of 
the current is practically independent of frequency.66 The 
maxima of dielectric loss shift towards higher frequencies 
(log f ≈ 6–7), and the heights of the peaks also increase 
with increasing temperature. This trend in dielectric material 
is due to the increase in the number of charge carriers for 
conduction, which is realized as a decrease in the resistivity 
of the sample.67 The shifting of relaxation peak position in 
the high-frequency region indicates that the charge carri-
ers are thermally activated.65 A peak broadening which is 
slightly asymmetrical in nature can be observed with a rise 
in temperature. The broadening of the peak indicates the 
presence of temperature-dependent electrical relaxation.68 
The low dielectric loss observed at higher frequencies sug-
gests minimal energy dissipation and suppressed charge car-
rier hopping within the crystal lattice. Such electrical trans-
port behavior is advantageous for optoelectronic and NLO 
applications, as it ensures stable polarization response under 
high-frequency electric fields. Furthermore, the dielectric 
properties are influenced by factors such as temperature, 
frequency, and presence of impurities. Notably, the lower 
dielectric constant and dielectric loss at higher frequencies 
suggest a limited presence of electrically active defects in the 
produced crystal, making it suitable for NLO applications.

Electrical Conductivity Studies

Figure 10 illustrates the electrical conductivity (σac) of the 
DPTH single crystal over a temperature range of 308–378 K 
with a step value of 10 K for different frequencies. The 
dependence of σac on frequency for the DPTH crystal can 
be expressed by the following relation.

where C is  capacitance (F), d is thickness (m), and f is 
frequency (Hz).

(3)Electrical resistivity (�) =
A

2�fCd

(4)Electrical conductivity (�) =
1

�
,

The AC conductivity curve can be explained in two 
regions—a flat or plateau region at low angular frequency 
and a dispersion region at high frequency. The frequency 
that separates the dispersion region from the plateau region 
is referred to as the characteristic frequency (ωₚ), which is 
also known as the hopping rate.69 As can be seen in Fig. 10, 
σac increases as frequency increases due to the rapid vibra-
tion of ions when compared to the low-frequency region. 
The alternating electric field changes direction too slowly at 
low frequencies, making it difficult for charge carriers (such 
as ions or localized electrons) to react to it. Thus, the trap-
ping effect or interfacial polarization limits their mobility. 
The carriers are better able to follow the faster alternating 
field as the frequency rises. Hopping conduction, such as 
ion hopping or dipolar relaxation, can take over as a result 
of the reduced impact of polarization.70 At lower frequen-
cies, electrical conductivity is found to be independent 
of frequency and is referred to as the direct-current (DC) 
conductivity (σdc) of the material. The conductivity in this 
region is attributed to ionic charge carriers which undergo 
a random diffusion process through activated hopping. 
The high-frequency region shows increased conductivity, 
attributed to the enhanced mobility of charge carriers, as 
described by Jonscher’s power law.71 The increasing trend 
of conductivity with frequency indicates hopping conduc-
tion of protons through hydrogen bonds.72 As the frequency 
increases, the conduction hopping will decrease with the 
limited interatomic distances and will no longer be randomly 
distributed.73

Second‑Harmonic Generation Studies

The SHG efficiency of the DPTH crystal in comparison with 
the well-established potassium dihydrogen phosphate (KDP) 
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was investigated using the Kurtz–Perry method.74,75 The 
experiment used ultrasmall microcrystals, between 177 µm 
and 250 µm in size, carefully placed on glass slides for sta-
bility. An 800-nm laser was chosen because it works well 
with both DPTH and KDP. The laser was set up precisely 
and operated at 293 K to conduct the Kurtz–Perry test. To 
detect the SHG signal from crystal samples, we used back-
scattering geometry at a 45° angle for precise capture. This 
setup minimized interference from other light sources. Addi-
tionally, a specialized short-pass filter was used to enhance 
signal clarity by removing any unwanted radiation, isolating 
the SHG response of the crystals. The data were collected 
using an advanced CCD spectrograph to accurately record 
and analyze spectral information. Each compound was 
measured 30 times to reduce experimental variation. The 
measurements were averaged over 75 ms to ensure reliabil-
ity and precision. After the experimental steps, both DPTH 
and KDP crystals were closely examined for their ability 
to generate second-harmonic signals. Figure 11 depicts the 
comparative SHG signal intensity of DPTH and KDP. The 
SHG efficiency of DPTH is about 0.66 of the standard KDP 
efficiency, indicating its potential in NLO applications. The 
observed SHG response of DPTH reveals its unique optical 
characteristics and potential for use in optical devices and 
photonics, indicating the need for more research in this area.

Conclusion

DPTH crystals were grown via the slow evaporation method at 
room temperature. A thorough vibrational spectrum analysis, 
considering peak positions and relative intensities, allowed for 
the assignment of fundamental bands in DPTH. Additionally, 
the structure of the DPTH crystal was validated through pro-
ton and carbon NMR spectroscopy investigations. The wide 
optical transparency and a direct optical bandgap of 4.288 eV, 

together with a strong absorption edge at 296.07 nm, clearly 
establish DPTH as a promising UV-filtering material, suitable 
for blocking harmful UV radiation while maintaining visible 
transparency. The observed PL emission at 389 nm, combined 
with good dielectric behavior at lower frequencies, indicates 
that DPTH can be considered for optoelectronic integrated 
devices, such as UV photodetectors, light-emitting compo-
nents, dielectric layers, and insulating materials in micro-
electronic and photonic circuits. These properties support its 
potential integration into multifunctional optoelectronic fields. 
The dielectric nature of DPTH, characterized by increased 
dielectric constant and loss at lower frequencies, suggests its 
potential application in capacitors and insulating materials 
and in the development of dielectric resonators for microwave 
devices. Hirshfeld surfaces and 2D fingerprint plots were gen-
erated to visually represent intermolecular interactions in the 
crystal structure, serving as graphical tools for comprehending 
crystal packing. The associated two-dimensional fingerprint 
map highlights the major and targeted interactions, particu-
larly between dipotassium and oxygen, constituting more than 
41.9% of the Hirshfeld surface. Moreover, the non-centrosym-
metric crystal structure and measurable SHG efficiency (0.66 
times that of KDP), along with optical transparency in the 
visible region, highlight the suitability of DPTH for NLO fre-
quency conversion applications. Although the SHG efficiency 
is moderate, the intrinsic nonlinear response, structural stabil-
ity, and ease of crystal growth make DPTH a viable candi-
date for frequency-doubling and photonic modulation devices. 
Overall, the combined optical, dielectric, photoluminescence, 
and nonlinear properties position DPTH as a multifunctional 
material with suitable prospects in UV filtering, optoelec-
tronic integration, and NLO applications, warranting further 
optimization and device-level investigations.
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