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Abstract: Triglycine sulfate (TGS) single crystals doped with croconic acid (CA) were grown by
evaporation from aqueous solutions. X-ray diffraction analysis shows a slight reduction in unit
cell volume in TGS:CA compared to pure TGS crystals. The polarized Raman and near-infrared
absorption spectra show that the positions of most lines resulting from inter- and intramolecular
vibrations are in good agreement with those in spectra of undoped TGS crystals. The inclusion of CA
in TGS is confirmed by the presence of bands characteristic of CA in the infrared-Fourier transform
spectra. The ultraviolet-visible absorption spectra of TGS:CA are characterized by the presence of
additional absorption bands (compared to the spectra of pure TGS) located in the transparent region
of pure TGS. In the photon energy region 1.6–3.6 eV, a strong “green” luminescence band is present in
TGS:CA upon excitation at λ = 325 nm. The position of the emission band depends on the wavelength
of the exciting light. Doping of TGS with CA causes pinning of domain walls, which is accompanied
by a decrease in amplitude and frequency dispersion of the dielectric anomaly at the phase transition,
a decrease in the switchable polarization and an increase in the coercive field of hysteresis loops.

Keywords: triglycine sulfate; croconic acid; crystal structure; XRD; FTIR and Raman spectroscopy;
UV-Vis absorption; photoluminescence; dielectric properties

1. Introduction

Triglycine sulfate (TGS), (NH2CH2COOH)3·H2SO4, is a well-known above-room
temperature (Tc~49 ◦C) ferroelectric, discovered in 1956 by B.T. Matthias et al. [1]. Its
chemical composition includes the protein amino acid glycine, NH2CH2COOH which
refers TGS to a large class of semiorganic crystals containing amino acids [2]. Second-
order ferroelectric phase transition P21/m (11)→P21 (4) in TGS is accompanied by a strong
anomaly of the dielectric constant (εb~103–105) [3], and nonlinear dielectric susceptibilities
of the second (~4 × 10−3 m/V) and third (~4 × 10−6 m2/V2) order [4,5]. In the vicinity
of phase transition temperature Tc, the TGS crystals exhibit high values of pyroelectric
coefficient 5.5 × 10−4 C·m−2·K−1 (T = 35 ◦C) [6]. They are widely used in the production
of pyroelectric detectors, thermal imaging devices, room temperature (RT) infrared (IR)
detectors, transducers and sensors, etc.

TGS single crystals were synthesized by evaporation from an aqueous solution or slow
cooling method. An addition to the solution of a small amount of different aqua-soluble
substances makes it possible to get doped TGS single crystals and films. Incorporation of

Crystals 2022, 12, 679. https://doi.org/10.3390/cryst12050679 https://www.mdpi.com/journal/crystals

https://doi.org/10.3390/cryst12050679
https://doi.org/10.3390/cryst12050679
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/crystals
https://www.mdpi.com
https://orcid.org/0000-0003-4552-6762
https://orcid.org/0000-0001-9258-3204
https://orcid.org/0000-0002-5255-9530
https://orcid.org/0000-0001-9709-5138
https://orcid.org/0000-0001-9589-8017
https://orcid.org/0000-0003-1278-6904
https://orcid.org/0000-0002-5707-6212
https://doi.org/10.3390/cryst12050679
https://www.mdpi.com/journal/crystals
https://www.mdpi.com/article/10.3390/cryst12050679?type=check_update&version=2


Crystals 2022, 12, 679 2 of 25

doping atoms or molecules in TGS crystal lattice can be successfully used for achieving
a “unipolar” ferroelectric state [7–9] in TGS, improving their nonlinear optical [10], pyro-
and piezoelectric properties [11–13], etc. At present in the literature, there is information
about TGS crystals doped with metal ions and nanoparticles [14–16], amino acids [9,17–22],
organic acids [23–27], inorganic acids and salts [13,28–34]. Doping of TGS with various
organic molecules with a dipole moment from 4 to 6 Debye shows that the greater the
dipole moment of the impurity molecule, the higher the spontaneous polarization Ps and
the pyroelectric coefficient p of the doped crystals. At RT, the Ps and p of the doped crystals
were found to be 5–15% higher than in pure TGS [3,35].

Among other organic acids, croconic acid (CA), C5O5H2, attracts special attention for
several reasons. A pentagonal mono-cyclic molecule of CA consists of the oxocarbonic
anion C5O5

2− connected with two hydrogen ions. The anion exhibits aromaticity, stabilized
by electron delocalization of π electrons around the ring. The CA molecule is characterized
by a flat topology and a large value of the electric dipole moment (~9 Debye [36]). Due to
its relatively small size (~0.5 nm), it can be incorporated into various crystal structures and
affect the structural, optical and dielectric properties of the host substance.

Croconnic acid crystallizes in a non-centrosymmetric structure (sp.gr. Pca21 (29)). CA crys-
tals are above-RT ferroelectrics with the highest spontaneous polarization (Ps ≈ 30 µC/cm2)
among other organic ferroelectrics [37,38]. Due to the non-centrosymmetric crystal struc-
ture, CA crystals and films exhibit a strong second-order optical nonlinearity [39]. CA
derivatives such as croconines can be used as acidochromic dyes for the near-IR region [40]
or considered as visible absorbing croconium dyes [41]. Thin films of croconium dye re-
cently synthesized can be presumedly used in organics solar cells [42]. The incorporation of
CA into the polymer [Ag4(C5O5)2(H2O)2]n results in the appearance of green luminescence,
which is absent in both CA crystals and the polymer [43]. Thin films of CA and above-RT
ferroelectrics benzimidazole (BM) may be combined into a two-dimensional (2D) structure
described by the centrosymmetric symmetry group indicating that BM and CA dipole
moments compensate for each other [44].

Thus, CA looks interesting as a doping agent, which can significantly change the prop-
erties of a host ferroelectric crystal. The purpose of this work was to grow single crystals of
TGS doped with CA (TGS:CA) and study their structural, optical and dielectric properties.

2. Materials and Methods

Doped TGS crystals (TGS:CA) were grown from aqueous solutions of nominally
pure TGS and CA single crystals. Pure TGS crystals were obtained by evaporation from
an aqueous solution of sulfuric acid H2SO4 and amino acid glycine NH2CH2COOH in
a ratio of 1:3. CA crystals were prepared from the CA reagent (Alfa Aesar, Heysham, UK,
B21809, 98% purity) according to the procedure described in [45].

TGS:CA crystals have been grown from aqueous solutions with three different mass
ratios of TGS to CA components: 98:2, 90:10 and 80:20. In the following, such samples will
be referred to as TGS:CA (98:2), TGS:CA(90:10) and TGS:CA (80:20).

Images of TGS, CA, TGS:CA crystals and TGS:CA film with different nominal CA
content are shown in Figure 1. It is evident that the higher the concentration of CA in the
TGS:CA crystals, the more intense their color. Unlike colorless TGS (Figure 1a), TGS:CA
crystals (Figure 1c,d,e) have a yellow color characteristic of CA crystals (Figure 1b), powders,
and solutions. The most intensive colors have TGS:CA (80:20) crystals (Figure 1e), slightly
yellow TGS:CA (98:2) (Figure 1c), and intermediate TGS:CA (90:10) (Figure 1d). TGS:CA
(80:20) films with a thickness of d ≈ 5 µm were prepared by evaporation of an aqueous
solution of TGS and CA onto α-Al2O3 sapphire substrate with an interdigital system of
gold electrodes (Figure 1f). The analysis of film images observed in a polarizing microscope
in reflection mode shows that the films consist of single-crystal blocks with dimensions of
~40 µm.
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Figure 1. Images of (a) TGS and (b) CA crystals used for the growth of TGS:CA crystals and films.
(c) TGS:CA crystals grown from aqueous solution of TGS and CA (TGS:CA (98:2), (d) TGS:CA
(90:10), (e) TGS:CA (80:20)). (f) TGS:CA (80:20) film grown by evaporation on α-Al2O3 substrate with
an interdigital system of electrodes. Black bands in (f) are the regions between gold electrodes. The
distance between electrodes ≈ 40 µm.

2.1. Single Crystal XRD

XRD studies of TGS:CA (80:20) single crystals were carried by a Bruker D8 Venture
setup at RT using Mo-Kα radiation (Kα1 + Kα2, 50 kV, 30 mA) in the Harbin Institute of
Technology, China. TGS:CA (90:10) crystals were examined at the Resource Center "X-ray
Diffraction Methods" of St. Petersburg State University using Bruker Kappa APEX II
DUO diffractometer operated at 45 kV and 0.6 mA (microfocus tube) and equipped with
a CCD area detector. For a single crystal XRD experiment, suitable crystals were fixed on
a micro mount and were measured at RT using monochromatic Mo-Kα radiation. The
structures have been solved by the direct methods by means of the SHELX program [46]
incorporated in the OLEX2 program package [47]. The carbon and nitrogen-bound H atoms
were placed in calculated positions and were included in the refinement in the ‘riding’
model approximation. Empirical absorption correction was applied in the CrysAlisPro
program complex (CrysAlisPro, Agilent Technologies, Yarnton, UK, Version 1.171.36.32)
using spherical harmonics, implemented in the SCALE3 ABSPACK scaling algorithm.
Supplementary crystallographic data have been deposited in the Cambridge Crystallo-
graphic Data Centre (CCDC) (2164627–2164628) and can be obtained free of charge via
www.ccdc.cam.ac.uk/data_request/cif (accessed on 8 April 2022).

2.2. Powder XRD

Powder samples of TGS and TGS:CA (90:10) were prepared by grinding the grown
crystals in a corundum mortar. Powder XRD measurements were carried out utilizing
a D2 Phaser X-ray powder diffractometer (Bruker AXS, Karlsruhe, Germany). Radiation of
an X-ray tube with a copper anode filtered by a Ni Kβ filter (Cu-Kα radiation) was used.
XRD patterns were recorded using a semiconductor linear X-ray detector LYNXEYE (Bruker
AXS, Karlsruhe, Germany).

www.ccdc.cam.ac.uk/data_request/cif
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In the measurements, low-background sample holders prepared from a single-crystal
substrate with the Si(119) orientation were applied for TGS powder. Due to the small
amount of powder, TGS:CA (90:10) powder samples were prepared on a glass substrate
mounted on a plasticine pillow, which made it possible to adjust the height of the sample
setting in the focal plane of the diffractometer.

The measurements were carried out in a symmetric scanning mode θ-2θ in the vertical
Bragg-Brentano θ-θ geometry. To reduce the influence of the possible effect of the preferred
orientation of crystallites, during measurements the sample was rotated around the axis of
the holder, which coincided with the axis of the diffractometer goniometer. The temperature
during the measurements in the sample chamber was 313 ± 1 K.

X-ray phase analysis of diffraction patterns was carried out in the EVA program
(Bruker AXS, Karlsruhe, Germany) [48] using a powder PDF-2 (Powder Diffraction File-2)
database [49]. Theoretical XRD patterns were calculated using the PowderCell program [50].
The parameters of XRD reflections with Miller indices hkl (their angular positions 2θhkl

obs,
full widths at half-maximum FWHM, integral Iint and maximum Imax reflection intensities)
were determined using the EVA program. After introducing angular corrections obtained
from additional measurements of the powder sample mixed with the Si640f XRD powder
standard (NIST, Gaithersburg, MD, USA) the unit cell parameters of the crystalline phase
recorded in the samples were calculated from corrected 2θhkl of the indexed reflections by
the least-squares method using the Celsiz program [51]. The obtained unit cell parameter
values were used as starting points in the Rietveld analysis of the samples.

To estimate microstrains εs and crystallite sizes D, the methods of profile analysis of
XRD lines were used, namely, Williamson-Hall plots (WHP) were constructed according
to the procedure modified for reflections of the pseudo-Voigt (pV) type [52] observed in
the XRD experiment. In the absence of microstrains (εs = 0), the crystallite sizes D were
estimated by the Scherrer formula using the Scherrer coefficient KScherrer = 0.94 for each
observed reflection and averaged over the entire set of observed reflections by the least-
squares method. Classification of the type of XRD reflections, constructing WHP graphs,
and calculation of the averaged sizes of crystallites averaged by the least-squares method
over the entire set of observed reflections were carried out using the SizeCr program [53].

To confirm the single-phase composition and obtain refined values of the unit cell
parameters of crystalline phases and sizes of nanocrystallites, powder XRD patterns were
analyzed by Rietveld fitting of calculated XRD patterns to experimental ones using the
Rietveld program TOPAS [54]. The starting coordinates of the atoms of the structures for
the Rietveld analysis were taken from the CCDC and from the literature.

The XRD patterns fitting was carried out using instrumentally using widened XRD
reflection profiles calculated from the geometry and the diffractometer slits used (FP (first
principles) profiles in the TOPAS program), and supposing that the broadening of the
reflections occurs only due to the size of the crystallites D, which made it possible to refine
the average value of D. To compare the obtained values of D with those estimated by the
SizeCr program, the same Scherrer coefficient KScherrer = 0.94 was used for calculations in
the Scherrer equation during Rietveld refinement, as for SizeCr. Assuming no broadening
of reflections due to microstrains, based on the results obtained when constructing WHP
graphs, microstrains were not included in the refinement.

Refinement of the parameters of the preferred orientation of crystallites along the
crystallographic directions in the March-Dollase model [55] was performed (directions
[010] and [10-1] of the monoclinic TGS:CA structure led to a decrease in the weighted profile
factor of agreement Rwp by ~4% for the TSG:CA sample and ~10% for TGS, where the effect
of preferential orientation was greater). The influence of other directions of preferential
orientation was corrected using the 8th-order spherical harmonics model [56], which led to
a further decrease in Rwp by ~1 and ~2% in TGS:CA and TGS samples, respectively.

The atomic coordinates in the Rietveld fitting were not refined. In addition to the
unit cell parameters, from the structure parameters, only the isotropic temperature factors
of atoms were refined. The values of the overall temperature factors Biso

ov were refined
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for each atom sort. The estimated standard deviations (e.s.d.s) calculated in Rietveld
programs are usually underestimated due to serial correlations between adjacent data
points. Verification of the presence of serial correlations and calculation of the coefficient
me.s.d., correcting by multiplication the standard deviations obtained in TOPAS, were
performed using the program RietEsd [57], written on the basis of the procedure from
Ref. [58]. The drawings of the structure were made using the Vesta program [59]. Further
details of the XRD experiment, WHP XRD line analysis and Rietveld refinement are the
same as published elsewhere [60,61].

Raman spectra of the TGS:CA single crystals were studied using a T64000 spectrome-
ter (Horiba Jobin–Yvon, Paris, France) equipped with a confocal microscope and a silicon
charge-coupled device (CCD) cooled by liquid nitrogen. Polarized micro-Raman measure-
ments were performed at RT, in the spectral range 5–4000 cm−1 in different backscattering
geometries: −Z(XX)Z,−Z(YY)Z, and−Z(XY)Z. Here, the Z-axis is oriented normally to the
crystal surface (100), and X and Y are along ñ*- and b-crystal axes, respectively. A 532 nm
(2.33 eV) Nd:YAG laser (Torus, Laser Quantum, Inc., Stockport, UK) was used as the exci-
tation source. The laser power on the samples was as low as 25–80 µW (with a light spot
size of ~1 µm in diameter) to avoid sample heating. We used 1800 lines/mm grating and
a 100× (NA = 0.90) objective lens to measure Raman spectra. In the low-frequency spectral
region, the Rayleigh line was suppressed using three BragGrate notch filters (OptiGrate
Corp., Oviedo, FL, USA) with an OD = 4 and a spectral bandwidth < 0.3 nm.

The micro-photoluminescence (µ-PL) measurements were carried out in a temperature-
controlled microscope stage Linkam THMS600 (Linkam Sci. Inst. LTd., Redhill, UK). The
line (λ = 325 nm, E = 2.81 eV) of a HeCd laser (Plasma, Ryazan, Russia) was used for PL
excitation. We used 600 lines/mm grating and a large working distance lens (Mitutoyo
50× UV (NA = 0.40)) with a light spot size of ~2 µm and power density of 6 kWt/cm−2

on a sample to measure µ-PL. In addition to the ultraviolet (UV) light excitation, lasers
operating at 405 nm and 532 nm were used to excite PL. In this case, the spectra were
recorded using a double monochromator with diffraction gratings of 1200 lines/mm,
equipped with a photon-counting system.

Measurements of the IR absorption spectra (Fourier-transform infrared (FTIR) spec-
tra) were carried out using an IR-Fourier spectrophotometer IRPrestige-21 with an IR
microscope AIM-8000, both in the specular reflection mode and in the transmission mode,
followed by the Kramers–Kronig transformation. The results were then converted to
absorbance. The measured spectral range was from 650 to 5000 cm−1.

Absorption spectra in the UV-visible (UV-Vis) range were obtained using a UV-3600i
Plus UV-Vis-NIR spectrophotometer (Shimadzu Corp., Kyoto, Japan) at RT in the wave-
length range of 200–2000 nm. The test was conducted in reflection mode using an integrat-
ing sphere. BaSO4 was used as a reference sample.

Measurements of capacity and dielectric losses in TGS:CA (98:2) crystals were per-
formed in the frequency range of 120–105 Hz and temperature interval 297–340 K with
LCR-meters MIT 9216A (Protek, Seattle, WA, USA) and E7-20 (MNIPI, Minsk, Belarus),
using the LabView software package (Version 2011, NIST, Gaithersburg, MD, USA). Silver
glue was used for preparing the electrodes on the (010) faces of the crystals. Dielectric hys-
teresis loops were measured in the Sawyer–Tower circuit. A sinusoidal electric field from
a G3-123 oscillator and a TREK 2200 (Trek Inc., Denver, CO, USA) amplifier was applied to
the crystals. The measurements were carried out at a frequency range of f = 50 Hz at RT.
The signal was taken from a 0.1 µF reference capacitor and recorded with a GDS-71062A
digital oscilloscope. Measurements of capacity and dielectric loops in TGS:CA (80:20) films,
grown on α-Al2O3 sapphire substrates, were carried out using an interdigital system of
gold electrodes deposited on the substrate by photolithography.
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3. Results and Discussion
3.1. Single Crystal XRD Analysis

Crystal data and structure refinement details of TGS:CA crystals obtained by single-
crystal XRD are summarized in Table 1. Crystal structure of TGS:CA is presented in Figure 2.
Coordinates of atoms and their equivalent isotropic/isotropic temperature factors Ueq/Uiso,
bond lengths, and bond angles according to the results of the single-crystal refinements
are presented in Supplementary Materials (Tables S1.1–1.6). Monoclinic crystal system and
space group of TGS:CA are the same as nominally pure TGS crystals. With an increase in
CA nominal content in TGS:CA crystals from 10% to 20% (Table 1), the unit cell volume of
TGS:CA crystals exhibits an observable decrease from V = 642.9 Å3 to 638.5 Å3.

Table 1. Details of crystal data and structure refinement of single crystals.

- TGS:CA (90:10) TGS:CA (80:20)

Chemical formula C6H17N3O10S C6H17N3O10S
Formula weight, Da 323.28 323.28

Crystal system Monoclinic Monoclinic
Space group P21 (4) P21 (4)

a, Å 9.440(9) 9.402(2)
b, Å 12.646(14) 12.623(4)
c, Å 5.738(6) 5.7304(14)
β, ◦ 110.19(5) 110.144(13)

V, Å3 642.9(1.2) 638.5(3)
Z 2 2

Dcalc, g cm−3 1.670 1.682
F(000) 340.0 340.0

µ, mm−1 0.310 0.312
Radiation (λ, Å) Mo-Kα (0.71073) Mo-Kα (0.71073)

Θ max, o 29.999 26.445
h, k, l max 13, 17, 8 11, 15, 7

Reflections collected 6425 7430
Independent reflections 3482 2596

Data/restraints/parameters 3482/1/190 2596/1/193
GoF 1.046 1.081

Final R indexes (Reflections I >=2σ(I)) R1 = 0.0595, wR2 = 0.1604 (2981) R1 = 0.0321, wR2 = 0.0794 (2322)
Final R indexes [)Reflections all) R1 = 0.0674, wR2 = 0.1709 (3482) R1 = 0.0379, wR2 = 0.0829 (2596)

Largest diff. peak/hole,
e·Å−3 0.49/−0.43 0.23/−0.29

Temperature of measurements, K 298 296

It is interesting to compare bond lengths and bond angles in TGS:CA (80:20) and
TGS:CA (90:10) structures (Supplementary Materials Tables S1.5 and S1.6). TGS unit cell
contains two formula units (Z = 2), each consisting of an SO4 tetrahedron and three glycine
molecules. Two of them, GlyI and GlyIII, are glycinium ions N+H3CH2COOH, and the
third is a zwitterion N+H3CH2COO−. Bond angles α, β, γ, and ϕ of the glycine molecule
are schematically shown in Supplementary Materials (Figure S1.1). Table 2 presents bond
angles for GlyI, GlyIII and GlyII ions in TGS:CA (80:20) and TGS:CA (90:10) structures
obtained using single-crystal XRD data.

It is clearly seen that the bond angles α, β, γ, and ϕ are practically the same for the
glycinium ions GlyI and GlyIII and change very little with increasing CA concentration.
The bond angles of the GlyII zwitterion in TGS:CA (90:10) differ significantly from those of
GlyI and GlyIII. Note that in TGS:CA (80:20) this difference is noticeably smaller. Thus, it
can be concluded that with increasing CA concentration, the bond angles α, β, γ, and ϕ of
the zwitterion approach the angles of glucinium ions.
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Figure 2. (a) TSG:CA (90:10) and (b) CA crystal structures. For TSG:CA structure (a) see space group
and unit cell parameters in Table 1. The sizes of the voids in the TSG-like structure are ~0.6 × 1.1 nm.
CA crystal structure (b) is characterized by the space group Pca21 (29) and unit cell parameters
a = 8.7108 Å, b = 5.1683 Å, c = 10.9562 Å [37]. The maximum size of CA molecules is ~0.5 nm.

Table 2. Bond angles of Gly ions GlyI, GlyIII and GlyII in TGS:CA (90:10) and TGS:CA (80:20)
structures obtained using single-crystal XRD data.

TGS:CA (90:10) TGS:CA (80:20)

Gly ion α
OI-CI-O’I

β
OI-CI-CN

I

γ
O’I-CI-CN

I

ϕ
NI-CI-CN

I
α β γ ϕ

I 125.3(4) 113.5(3) 121.1(4) 111.7(3) 125.1(3) 113.4(3) 121.5(3) 111.8(3)
II 127.2(5) 110.2(5) 122.6(4) 110.8(4) 126.4(5) 111.5(5) 122.1(4) 111.5(4)
III 125.2(5) 114.7(5) 120.1(4) 111.6(4) 125.1(5) 113.9(5) 120.9(4) 111.4(4)

It should be noted that the GlyI and GlyIII ions include a COOH hydroxyl group, in
contrast to the zwitterion, which includes a charged COO- group. One can propose that
CA molecules introduced into TGS by doping can be linked to the zwitterion by hydrogen
bonds, and the appearance of a hydrogen ion near the zwitterion brings its structure
closer to GlyI and GlyIII ions. It can be assumed that CA molecules introduced into TGS
by doping can bind to the zwitterion by hydrogen bonds and bring the structure of the
zwitterion closer to the glycinium ions GlyI and GlyIII. This phenomenon is accompanied
by a change in the bond angles in this ion to the values in glycinium ions.

A decrease in the unit cell volume of TGS due to CA doping, mentioned above, is
accompanied also by a decrease in bond lengths in glycinium ions and the zwitterion.
The maximal decrease is observed in GlyII zwittyrion for NI–CN

I, CI–CN
I and OI–CN

I
bonds ~1.4%, 0.84% and 0.8% correspondingly, which confirms the conclusion about the
preferable connection of CA molecules with zwitterion.

3.2. Powder XRD Analysis
3.2.1. X-ray Phase Analysis

X-ray phase analysis showed that samples TGS and TGS:CA (90:10) contain only one
crystalline phase of the TGS structure type. Comparison of the measured and theoretical
XRD patterns of the TSG crystalline phase showed some influence of the effects of the
preferred orientation of powder crystallites, leading to an increase in the intensity of some
XRD reflections, somewhat stronger in the case of the TSG sample (Figure 3). The XRD
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pattern of TGS:CA powder shows the XRD reflections and amorphous halo due to the
contribution of the glass substrate used.

Figure 3. Normalized XRD patterns of TGS and TGS:CA (90:10) powders. The inset illustrates the
shift in the positions of the TGS:CA reflections in comparison with the TGS. Below is a theoretical
diagram of independent reflections shown by vertical bars. The angular position and the relative
intensity of the reflections are calculated theoretically from the structural model [62]. The height of
each line is proportional to the theoretical relative intensity of the corresponding reflection.

3.2.2. Microstructure Parameters from the Analysis of the Profiles of XRD Reflections

The crystal-chemical examination of the TGS and Croconic acid structures shows that
planar CA molecules with a maximum size of ~0.5 nm (Figure 2b) can be located in the
pores of the TGS structure which are up to ~0.6 nm × 1.1 nm in size (Figure 2a). If the
inserted CA molecules are disordered, the TGS structure and, correspondingly, the XRD
pattern does not change, which is exactly what is observed (Figure 3). Only a slight change
in the parameters of the unit cell is expected, resulting in the displacement of the angular
positions of the TGS:CA reflections in comparison with the TGS reflections (see inset in
Figure 3 as an example). Since the Bragg angles of the TGS:CA reflections shift towards
larger values in comparison to the TGS reflections, a decrease in the TGS:CA unit cell
parameters are expected.

Another consequence of introducing the CA molecules into the TGS pores may be
the appearance of microstrains in the TGS:CA nanocrystallites, leading to an additional
broadening of reflections. It was found that the XRD reflections observed in the XRD pat-
terns of all samples are characterized by the ratio of full width at half maximum to integral
width, lying in the range 0.637 ≈ 2/π < FWHM/Bint < (4·ln(2)/π)1/2 ≈ 0.939, i.e., they
are reflections of pV type. WHP graphs constructed for pV reflections (Supplementary
Materials Figure S2.1) showed that there are no microstrains (εs = 0) in the TGS and TGS:CA
(90:10) samples. The sizes DSizeCr of crystallites averaged over the values calculated by the
Scherrer formula independently for each observed reflection are close in TGS and TGS:CA
(90:10) crystallites (see Table 3).
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Table 3. Final agreement factors were obtained as a result of the Rietveld fitting of the calculated
diffraction patterns to the experimental ones (cRwp and cRp factors are given according to RietESD
program calculations). Coefficients me.s.d. for corrections of e.s.d.s of refined parameters obtained by
the Rietveld method, crystallite sizes obtained using the SizeCr program (DSizeCr) and the Rietveld
method (DTOPAS).

Sample Rwp (%)
Rp (%)

cRwp (%)
cRp (%)

RB (%)
me.s.d.

DTOPAS (nm)a DSizeCr (nm)

TGS 7.67
5.65

12.64
11.12

2.63
3.47

65.9(7) 78(22)

TGS:CA (90:10) 5.11
3.86

12.54
12.57

1.87
4.51 76.5(1.7) 77(21)

3.2.3. Rietveld Analysis

As starting structure models, the atomic coordinates of TGS from Ref. [62] and coordi-
nates of atoms from the single-crystal refinement of TGS:CA (90:10) in the current work
were used in the Rietveld refinement.

The satisfactory quality of the Rietveld fit is illustrated graphically in Figure 4. Despite
the fact that the atomic coordinates of the starting structural models were not refined, the
achieved agreement factors (weight profile Rwp and profile Rp factors as well as the profile
weight profile cRwp and cRp factors after subtracting the background contribution, and the
agreement Bragg factors RB, reflecting the consistency of the structure and model) [63]
(Table 3) have rather low values, indicating a satisfactory fit.

The sizes of crystallites DTOPAS, obtained by refinement in the Rietveld TOPAS pro-
gram, are given in Table 3. They agree well with the DSizeCr values obtained by the
SizeCr program.

Comparison of TGS unit cell parameters obtained in Rietveld fitting of TGS and
TGS:CA (90:10) crystals studied in this work are presented in Table 4. The values of the unit
cell parameters obtained by means of the program Celsiz differ from the values presented
in Table 4 in limits of one-two e.s.d.s only.

The unit cell parameters of the TGS and TGS:CA (90:10) samples are somewhat
different, which reflects the incorporation of CA molecules into the pores of TGS:CA.
Apparently, small CA molecules constrict the pores of the TGS structure and induce a slight
decrease in the unit cell parameters of TGS:CA (90:10) in comparison to TGS resulting
in a decrease in the unit cell volume from 643.8(1) Å3 in TGS to 642.6(1) Å3 in TGS:CA
(90:10) (comparison is given for the data obtained in this work at the same measurement
temperature and the same synthesis procedure of the crystals). Thus, the data obtained by
powder XRD demonstrate the same trend of the volume decrease with the incorporation
of CA molecules as in the study of single crystals. In particular, the values obtained for
TGS:CA (90:10) in single crystal and powder investigations are close (cf. Tables 1 and 4).

The refined values of the isotropic temperature factors Uiso
ov, common for each type

of atom, obtained in the refinement, are given in Table 5.
Table 6 summarizes unit cell parameters (a, b, c and monoclinicity angle β) in TGS,

TGS:CA (90:10), and TGS:CA(80:20) crystals and relative changes of the parameters caused
by CA doping according to single crystal and powder XRD experiments. It is seen that the
incorporation of CA molecules results in a relatively small decrease in unit cell volume
(~0.2% in TGS:CA (90:10) and ~ 0.8% in TGS:CA (80:20)). Unit cell parameters a, b, and
c in TGS:CA (80:20) are decreased as compared with TGS by ~ 0.3% and monoclinicity
angle β by ~ 0.2%. Note that a decrease in the unit cell parameters was also observed in
TGS crystals doped with organic molecules of crystal violet having the molecular formula
C25H30N3Cl [33].
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Figure 4. Rietveld fit results for (a) TGS and (b) TGS:CA (90:10). The Miller indices hkl of some
selected non-overlapping reflections are indicated. Insets in (a,b) show the high angle regions of the
XRD patterns.

Table 4. TGS (space group P21 (4)) and TSG:CA(90:10) unit cell parameters obtained in this work by
Rietveld fitting of calculated diffraction patterns to experimental ones a.

a, Å
α, o

b, Å
β, o

c, Å
γ, o V, Å3 Remark

9.4323(7)
90

12.6584(3)
110.359(7)

5.7514(3)
90 643.8(1)

TSG. Powder XRD
(measurements at 313 K).
Rietveld fitting. Structure

model of [62].

9.4261(9)
90

12.6516(4)
110.349(9)

5.7475(4)
90 642.6(1)

TSG:CA(90:10). Powder XRD
(measurements at 313 K).
Rietveld fitting. Structure

model of this work (Table S1.3.
of Supplementary Materials).

a The e.s.d.s of the unit cell parameters are corrected by multiplication on Berár’s coefficient me.s.d.
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Table 5. Isotropic temperature factors Uiso
ov (Å2) common for each type of atom (e.s.d.s given in

parentheses are not corrected for the coefficient me.s.d.).

Scheme
Atom

S O N C H

TGS 0.0386(7) 0.0376(5) 0.028(1) 0.030(1) 0.042(7)
TGS:CA (90:10) 0.0333(7) 0.0346(5) 0.041(1) 0.029(1) 0.058(7)

Table 6. Unit cell parameters of TGS, TGS:CA (90:10) and TGS:CA (80:20) crystals and relative changes
of parameters caused by CA doping according to single crystal and powder XRD experiments.

Sample a, Å
∆a/a, %

b, Å
∆b/b, %

c, Å
∆c/c, %

β, o

∆β/β, %
V, Å3

∆V/V, %

TGS powder 9.4323(7)
0

12.6584(3)
0

5.7514(3)
0

110.359(7)
0

643.8(1)
0

TGS:CA (90:10) powder 9.4261(9)
0.066(12)

12.6516(4)
0.054(4)

5.7475(4)
0.068(9)

110.349(9)
0.009(10)

642.6(1)
0.19(2)

TGS:CA (90:10) single crystal 9.440(9)
−0.082(96)

12.646(14)
0.098(96)

5.738(6)
0.23(10)

110.19(5)
0.153(46)

642.9(1.2)
0.14(19)

TGS:CA (80:20) single crystal 9.402(2)
0.32(2)

12.623(4)
0.28(2)

5.7304(14)
0.365(25)

110.144(13)
0.195(13)

638.5(3)
0.82(5)

3.3. Raman Spectroscopy

The Raman spectra of nominally pure TGS and CA crystals used to prepare TGS:CA
crystals consist of a series of lines > 10 cm−1 wide, located in the range of 50–3200 cm−1. The
spectra obtained are in good agreement with those known from the literature [10,25–28,64,65].
Figure 5 shows a comparison of Raman spectra of nominally pure TGS used for the growth
of TGS:CA single crystals from aqueous solution, and TGS crystal doped with croconic
acid, TGS:CA (90:10).

Figure 5. Polarized Raman spectra of (a) pure TGS and (b) TGS:CA (90:10) single crystals for
excitation at λ = 532 nm. For convenience, the spectra for different polarizations are shifted along the
vertical axis.

The polarized Raman spectra of TGS:CA crystals consist of a large number of lines
almost identical to those observed in nominally pure TGS. The manifestation of these lines
is associated with molecular vibrations in the molecules of glycine and sulfuric acid (see
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Table 7). Doping of TGS crystals with CA leads to the loss of translational symmetry in
TGS:CA solid solutions. For this reason, one would expect a noticeable broadening of the
lines in TGS:CA Raman spectrum [66]. However, no significant difference in line widths
in Figure 5a,b is observed. Thus, a spatial disorder intrinsic to solid solutions does not
significantly affect the Raman spectrum of TGS:CA crystals. It should be noted that the
Raman scattering lines in TGS:CA are observed against the background of luminescence,
which manifests itself in a wide spectral region and is absent in pure TGS.

Table 7. Positions of lines (ν, cm−1) observed in Raman and FTIR spectra of TGS and TGS:CA (90:10)
crystals and their assignments.

No Raman TGS
Lines ν, cm−1

Raman TGS:CA (90:10)
Lines ν, cm−1

FTIR TGS
Lines ν, cm−1

FTIR TGS:CA (90:10)
Lines ν, cm−1 Assignment

1 3165b 3205–3161b 3224–3106b νN–H

2 3149(2)b 3139b

3 3125b 3127b

4 3021(3)s 3021m (3026–2900)b νasCH2

5 3007m 3008w νasCH2

6 2986(8)vs 2988s νsCH2

7 2962vs 2965m2962 νsCH2

8 2923b νNH in NH3
+

9 2857–2847b “

10 2736w “

11 2632w “

12 1876b

13 1742m1738w 1738w

14 1705(7)m 1705(7)w 1715m 1713m νs C=O

15 1672(5)m 1672(5)w 1674w νC=O

16 1647w 1646w 1649w νC=O

17 1642w 1637w δas NH3
+

18 1622w 1620m 1618m νas (COO−)

19 1607m 1606(9)m δas NH3
+

20 1538(6)m 1535w 1543s 1549m δNH2

21 1512w 1512s δ (NH3)+

22 1482(7)m δ CH2

23 1462w 1462w δ NH3
+

24 1442s 1440m 1439s δ CH2

25 1424m 1425w 1429s δ CH2

26 1414m 1414m 1412m 1404w νs COO−

27 1371(6)w 1379m 1381w ωCH2

28 1318(25)m 1321w 1327s 1327s τ-ωCH2

29 1314(6)w 1313s 1313s τ-ωCH2

30 1301m 1301(5)w τ CH2

31 1296sh τ CH2

32 1293(0)w τ CH2

33 1159w 1161 1161sh γ NH3
+
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Table 7. Cont.

N Raman TGS
Lines ν, cm−1

Raman TGS:CA (90:10)
Lines ν, cm−1

FTIR TGS
Lines ν, cm−1

FTIR TGS:CA (90:10)
Lines ν, cm−1 Assignment

34 1148s 1150s ν3(F2) SO4
2−

35 1134(7)m 1137w 1128sh γ NH3
+

36 1114m 1114w γ NH3
+

37 1101m 1103(99)w 1093m 1096s ν3(F2) SO4
2−

38 1083w

39 1065(8)wsh CA:C–O–H

40 1043s 1043(5)m ν3(F2) SO4
2−

41 1035m 1035w 1034m 1036m ν C–N

42 1016m

43 1005(7)w

44 978vs 978vs 986w 986w ν1(A1)SO4
2−

45 927w γ CH2

46 909(13)w 912w 914m 916m γ CH2

47 899(901)s 899(901)m γ CH2

48 889vs 889(7)s 887w 887w ν C–C

49 867 870w 874 ν C–C

50 674(9)m 674w

51 664m 664w δ COO-

52 634sh ν4(F2) SO4
2−

53 629(31)m 629w ν4(F2) SO4
2−

54 613m 611(4)w ν4(F2) SO4
2−

55 581(78)m 581(78)w δ C–CO

56 561m

57 497(500)m 497(500)m δ C–CO

58 464(0)m 462(0)m ν2(E) SO4
2−

59 449s ν2(E) SO4
2−

60 330m 333m δ C–C

61 222w lattice

62 207w “

63 179(2)w “

64 161(7)w “

65 126m 127(8)m “

66 104s “

67 99vs 97(8)s “

68 76s 75(6)m “

69 63s 58(61)m “

70 43m 42(3)s “
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3.4. FTIR

Comparison of FTIR absorption spectra of TGS:CA (90:10) and pure TGS in the spectral
range of 800–3500 cm−1 are presented in Figure 6a. Most of lines observed in the TGS:CA
crystal correspond well to those in pure TGS [13,15,19,25,32,33]. Figure 6b shows absorption
spectrum of TGS:CA for ν = 4000–4800 cm−1. Table 7 lists the lines observed in the Raman
and FTIR spectra of TGS and TGS:CA crystals and their interpretation.

Figure 6. FTIR absorption spectra in (a) TGS:CA (90:10) and TGS crystals in spectral range
ν = 800–3500 cm−1 and (b) TGS:CA (90:10) for ν = 4000–4800 cm−1. Arrows in (a) indicate the
absorption regions caused by CA molecules. For better visualization, the spectra in (a) are shifted
along vertical axis.

The nature of the observed bands in the Raman and FTIR spectra is related to the
motion of atoms in various groups that make up the crystal. In particular, the following
can be noted:

NH3
+ group. A broad band at 3182 cm–1 in the IR spectra of samples in pure and

doped TGS crystals appears due to symmetric stretching vibrations in the NH3
+ group. The

bending vibration of the δNH3
+ group manifests itself at 512 cm−1, the rocking vibrations

of γNH2 at 914 cm−1 [28].
COO− group. The bands at 1620 and 1415 cm–1 in the TGS sample are associated with

antisymmetric and symmetric COO− vibrations, respectively, and indicate the presence of
a zwitterion.

Carboxyl group. The band at 1715 cm−1 of medium intensity, due to the symmetrical
stretching of the C=O bond, indicates the presence of a glycine molecule in the form of
NH3

+CH2COOH (glycine ion) [28].
SO4

2− group. The free SO4
2−-ion, having Td symmetry, has four main vibrations:

a non-degenerate symmetric valence mode ν1(A1), a doubly degenerate bending (de-
formation) mode ν2(E), a three-fold degenerate asymmetric stretching mode ν3(F2) and
a three-fold degenerate asymmetric bending mode ν4(F2). In the crystal, the SO4

2− ion
occupies a site of lower positional symmetry C1. As a result of the absence of an inversion
center in the TGS lattice (at RT, the symmetry of the crystal is P21 (4)) and low positional
symmetry, the IR inactive modes ν1 and ν2 can become active, and the degeneracy of the
ν2, ν3, and ν4 modes can be lifted [64]. The nondegenerate valence mode ν1 appears as
a single band at 978 cm–1, the ν2 mode appears at 449 and 462 cm–1, the ν3 mode appears
at 1043, 1096, and 1150 cm–1 and the ν4 mode appears at 613, 629, 634 cm–1 one.
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It should be noted that the introduction of the CA molecules into TGS leads to the
appearance of new absorption lines in the region of 4000–5000 cm−1 (photon energy
Eph = 0.5–0.6 eV) (Figure 6b), which are absent in the absorption spectra of pure TGS
and CA. The bands in the region of 0.5–0.6 eV are apparently associated with electronic
transitions in impurity centers formed upon doping TGS with CA. The frequencies of
fundamental vibrations of TGS and CA molecules do not exceed 4000 cm−1 (0.5 eV).
The higher-frequency bands in the near-IR region with ν > 4000 cm−1, observed in the
absorption of TGS:CA, may correspond to overtones or combination vibrations, the inten-
sities of which in absorption spectra are determined by the degree of anharmonicity of
the vibrations.

The IR Fourier spectra of CA crystals known in the literature show that strong ab-
sorption bands are observed in the intervals ν = 3300–2000 cm−1 and 1650–1050 cm−1 [67].
A wide absorption band within 3000–2800 cm−1 is related to the νOH stretching vibration
of the strong hydrogen-bonded OH group. In TGS:CA, the broad band at 3020–2900 cm−1

can be attributed to the hydrogen-bonded OH group in CA (Figure 6a). The appearance of
this band indicates that the CA molecules form hydrogen bonds with other molecules in
the TGS. The band at 1065(8) cm−1 observed in TGS:CA crystals can be attributed to the
bending vibrations of the C–O–H group of CA molecules. Thus, the analysis of Raman and
IR spectra shows the presence of CA molecules in the TGS matrix.

3.5. UV-Vis Absorption

UV-Vis absorption spectra of nominally pure TGS crystal were presented in a number
of works [10,21,22,33]. Colorless TGS crystals are transparent in a wide spectral range
and significant optical absorption is observed only for photons with energies Eph ≥ 5.2 eV,
which is manifested by a sharp increase in absorbance below λ = 230–246 nm. The spectral
position of this sharp absorption edge determines the value of the optical bandgap of the
crystal. The value of the optical bandgap Eg calculated from Tauc plots for direct allowed
band-to-band transitions in different TGS samples lies in the region = 5.2–5.7 eV [21,22,33],
but a much higher value of Eg = 6.7 eV has also been mentioned [10]. Presumably, the
spread of the optical bandgap values is related to the quality of TGS crystals.

Figure 7a presents the UV-near IR absorption spectrum for TGS:CA (80:20) crystal. The
doping of TGS with croconic acid is accompanied by the appearance of absorption in the
transparent region of pure TGS. This absorption manifests itself in the form of a structured
long-wavelength tail adjacent to the edge of the fundamental absorption of TGS, as well
as an absorption in the IR region at λ = 1550–2000 nm. The traits of the absorption are
clearly seen when considering the absorption in Tauc coordinates (αEph)2, Eph (Figure 7b)
(where α is the absorption coefficient of the crystal). The shortest wavelength part of the
absorption spectrum in region Eph = (6.0–6.2) eV in Figure 7b is well approximated by
the linear dependence (solid black line), which can be regarded as the Tauc plot related
to direct allowed interband transitions in crystals. The Tauc plot yields an estimation of
the value of the optical bandgap as 5.2 eV, which is close to the Eg value in pure TGS
(~5.2–5.6 eV [21,33]).

The presence of the additional absorption in the TGS:CA spectrum can be associated
with electronic transitions involving defects in the TGS lattice induced by the introduction
of CA molecules into TGS. The contribution of these transitions to the absorption spectrum
can be estimated as the difference between the absorption spectrum of TGS:CA (line 1 in
the inset in Figure 7c) and the fragment of its fundamental absorption spectrum modeled
by the Tauc plot (line 2 in the inset in Figure 7c). The absorption spectrum thus obtained
is shown in Figure 7c. It includes at least two absorption bands with maxima at ~5.2 and
~3.9 eV. The absorption band at ~5.2 eV can presumably be associated with the creation of
excitons localized at the lattice defects, including impurity CA molecules or neighboring
TGS ones.
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Figure 7. (a) UV-Vis absorption spectrum of TGS:CA (80:20) crystal. (b) Fragment of the TGS:CA
UV-Vis absorption spectrum (blue dots) in Tauc coordinates and direct allowed band gap Tauc plot
(dashed red) related to the fundamental absorption edge of TGS:CA (80:20). (c) Structure of the
TGS absorption is caused by the incorporation of CA molecules into the TGS crystal. Inset in (c) is
presented for the explanation of calculations.

Thus, the introduction of croconic acid (CA) impurity into TGS is not accompanied by
a considerable optical-gap shift toward low energies, as has been observed when TGS was
doped with various amino acids [21]. At the same time, the doping is accompanied by the
appearance of new absorption bands in the transparent region of pure TGS, which are due
to the transitions to localized electronic states with energies < Eg.

3.6. Photoluminescence

PL spectra of nominally pure TGS crystals have been described in a number of
works [11,27,33]. Under UV excitation the emission spectrum consists of a broad asymmetri-
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cal band occupying the entire visible region, with a maximum at λ≈ 440 nm (Eph ≈ 2.82 eV).
The luminescence excitation spectrum exhibits a maximum around hνexc ≈ 4 eV
(λexc ≈ 310 nm), which is significantly less than the TGS forbidden energy gap estimated
as 5.6 eV [33]. These peculiarities of the luminescence of TGS indicate that it originates
from optical electronic transitions involving TGS lattice defects with electron energy levels
within the TGS forbidden gap. It is believed that in this situation the broad emission band
is a result of the interaction between the electronic system of the luminescence centres and
the vibrations of the atoms composing the centres and/or surrounding them [68].

Under 405 nm laser excitation the emission spectrum of pure TGS represents factually
a fragment of the long-wavelength wing of the aforesaid emission band (Figure 8). The
narrow line in Figure 8 is attributed to Raman scattering of light in the TGS crystal with the
participation of the CH2 valence mode [64] (see also Table 7). So, the PL intensity is small
and comparable to that of Raman lines.

Figure 8. PL spectra of (a) TGS and (b) TGS:CA (98:2) crystal under 405 nm (Eph = 3.06 eV) laser
excitation at different temperatures (specified in the figure). (c) Normalized PL intensity of TGS:CA
(98:2) crystal at a temperature of 295 K for excitation at λexc ≈ 532 nm, 405 nm and 325 nm.
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CA crystals were found not to luminesce under 405 nm excitation in agreement with
literature data [43]. Incorporating CA molecules in a TGS crystal imparts a yellow color to
it, and the emission spectrum of the doped crystal changes markedly. The PL spectra in
TGS:CA (98:2) under 405 nm excitation for different temperatures are presented in Figure 8b.
In contrast to the TGS emission spectrum (Figure 8a), the TGS:CA (98:2) spectrum contains
a well-defined broad emission band with a maximum at λ ≈ 500 nm (Eph ≈ 2.48 eV). It is
natural to relate the change in the emission spectrum of TGS after its doping with CA to
a change in the energy spectrum of the luminescence centers in TGS induced by the doping.
As mentioned above, incorporating CA into a TGS crystal is expected to form new defects
in the TGS lattice, which can be effective centers of radiative electron-hole recombination
in the solid solution. The optical absorption of CA crystals is characterized by a strong
maximum at ~3 eV [39]. For all that though, the luminescence of CA crystals is negligibly
weak, as CA molecules embedded in TGS can be an effective absorbent of optical radiation
with hν ~ 3 eV (~400 nm), whose energy can be transferred to neighboring luminescence
centres. The large width of the emission band is likely to indicate that the emissive states
of the luminescence centers in TGS:CA (98:2) form a set of closely spaced energy levels
located within the band gap of the solid solution. An increase in the excitation wavelength
reduces the number of the luminescence centers excited. This reduction is accompanied by
a shift of the maximum of the luminescence band to the long-wavelength side (Figure 8c).
Decrease in Eexc

ph from 3.81 eV (λ = 325 nm) to 2.33 eV (λ = 532 nm) results in a decrease in
the PL maximum energy from 2.7 eV to 1.9 eV correspondingly.

When the temperature of TGS:CA (98:2) crystals increases above RT, the emission inten-
sity decreases. Temperature dependence of emission intensity I(T) at the maximum of the
emission band (λmax ≈ 507 nm) is presented in Figure 9a. Emission intensity approximately
linearly decreases with temperature increase and does not reveal any noticeable anomaly at
the ferroelectric phase transition which takes place according to dielectric measurements at
Tc = 322 K (see Section 3.7 “Dielectric properties”). The increase in temperature also leads
to a change in the shape of the emission spectrum. A relationship between luminescence
intensities ratio at 295 and 338 K, I(T = 295 K)/I(T = 338 K), and emission photon energy
illustrates this change (Figure 9b). As seen from Figure 9b an effect of the temperature
quenching is maximal for the emissive states near the maximum of the emission band
Eph ≈ 2.48 eV (λmax ≈ 507 nm) and decreases with a distance from the maximum, i.e., for
emitters with λ < λmax and λ > λmax.

At low excitation intensity the PL emission intensity I is determined by the pump
intensity Iexc and the ratio of the radiative τr and nonradiative τ0 lifetimes of the emissive
state [69]:

I ∝
τ0

τr + τ0
Iexc =

τ

τr
Iexc (1)

Here, τ =
(

τ−1
r + τ−1

0

)−1
is the total lifetime of the emissive state. According to

Equation (1), with increasing temperature, the emission is quenched due to a decrease
in the nonradiative lifetime of the emissive state. A decrease in a nonradiative lifetime
with an increase in temperature is probably due to the intensification of thermal molecular
motion in TGS:CA crystals, which leads to the deactivation of the excited electronic states
of luminescence centres via nonradiative vibrational relaxation of the electronic excitations.
Within this approach [31], a relationship between the nonradiative lifetime of the excited
state and temperature is given by the expression:

τ−1
0 (T) = B exp

(
−EA

kT

)
, (2)

where EA is the activation energy of the nonradiative decay process of the excited state and
B is a constant assigned to the probability of the nonradiative decay as T→ ∞. Taking into
account Equation (2) the Equation (1) may be written in the following form:
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I(T) =
I(0)

1 + C exp
(
− EA

kT

) , (3)

where C ≡ τr·B. Figure 9b shows the results of approximation of I(T) experimental de-
pendence for the emission wavelength of 507 nm by Equation (3). As can be seen from
Figure 9b, good agreement between the experimental and theoretical dependences is ob-
served. The fit gives the value of the activation energy EA = 293 ± 5 meV. This value
characterizes the nonradiative decay processes of the states responsible for the emission at
the maximum of the emission band.

Figure 9. (a) The PL emission intensity dependence on the temperature, I(T), at the maximum of the
emission band (λmax = 507 nm (Eph ≈ 2.48 eV)). (b) Experimental relationship between fluorescence
intensities ratio at T = 295 K and 338 K, I(T = 295 K)/I(T = 338 K) and photon energy (related to
emission wavelength) for the excitation wavelength λexc = 405 nm (Eexc

ph ≈ 3.06 eV). Solid blue lines
in panels (a,b) are experimental dependences and dotted red lines show the fits of the experimental
data by Equation (3).

Strong luminescence with its intensity approximately two orders of magnitude higher
than that of both the Raman lines and luminescence of pure TGS crystal is observed when
TGS:CA (90:10) crystals are excited with 325 nm light (E = 3.81 eV) (Figure 10). PL is
observed in a wide photon energy range Eph = 1.6–3.5 eV with a maximum at Eph = 2.55 eV.
Three bands can be distinguished in the PL spectrum at Eph = 2.13 eV, 2.55 eV and 3.03 eV
(Figure 10), allowing at least three luminescence centers to be identified in TGS:CA. The
relatively high PL intensity can be explained by the high concentration of CA-induced
luminescence centers as well as the significant increase in light absorption at 325 nm in the
TGS:CA (90:10) crystal compared to pure TGS. In addition, it is known that the appearance
of hydrogen bonds in a crystal usually leads to a significant increase in its PL intensity. This
mechanism may also work in TGS:CA crystals since FTIR spectra indicate the presence of
hydrogen bonds of CA molecules.



Crystals 2022, 12, 679 20 of 25

Figure 10. PL spectrum of the TGS:CA (90:10) crystal upon excitation with λexc = 325 nm
(Eexc

ph = 3.81 eV). The decomposition of the PL contour into three Gaussians with maxima at
Eph = 2.13 eV, 2.55 eV, and 3.03 eV is shown.

3.7. Dielectric Properties

In TGS crystals, in the vicinity of the P21/m (11)→ P21 (4) ferroelectric phase transition
at the Curie temperature Tc ≈ 49 ◦C, the permittivity εb obeys the Curie–Weiss law (at
T > Tc εb = C/(T–Tc), C ~ l03 K, εb

max ~ l03–l05) [3,13]. The temperature dependences of
permittivity and dissipation tangent tg(δ) at various frequencies in the TGS crystals used
in our work are shown in Figure 11a. The value of εb

max reaches ~ 6000. The value of
spontaneous polarization at RT in these crystals is Ps ~ 2.8 C/cm2. As shown by numerous
studies of the effect of various inorganic and organic impurities on the ferroelectric and
pyroelectric properties of TGS crystals, the introduction of impurities usually leads to
a decrease in switchable spontaneous polarization, an increase in the coercive field, and
a decrease in the permittivity and losses, but can lead to an increase in the pyroelectric
coefficient [3,13].

In the present work, TGS crystals doped with CA molecules, which have a large
dipole moment d ~ (9–10) Debye [36], were grown. The temperature dependences of the
permittivity of a TGS:CA crystal grown from a solution with a weight content of 98:2
components are shown in Figure 11b. Compared to TGS, the dielectric anomaly in the
phase transition region decreases (εb

max ~ 500) and has a weaker dispersion. The dielectric
hysteresis loops in the TGS:CA (98:2) crystal (Figure 11d) make it possible to estimate the
switchable polarization Psw ~ 0.5 µC/cm2, which is about five times less than in pure TGS.
The coercive field in TGS:CA (98:2) is about four times larger than in TGS (~0.1 kV/mm).
With an increase in the amplitude of the alternating field, the loop is distorted, which
is associated with the removal of domain walls from defects and some increase in the
switchable polarization.

These changes indicate that the introduction of CA molecules into TGS prevents the
formation of nanoscale ferroelectric domains and very mobile domain walls separating
them, which contribute to the permittivity near Tc, and also lead to domain wall pinning.
As a result, the magnitude of the maximum and the frequency dispersion of the dielectric
permittivity decrease during the phase transition, and the switching of polarization by the
motion of domain walls does not occur in the entire volume of the crystal.
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Figure 11. Temperature dependences of permittivity εb and tg(δ) in (a) TGS and (b) TGS:CA (98:2) crys-
tal. (c) Dependence of capacitance C and tg(δ) in TGS:CA (80:20) film. (d) Dielectric hysteresis loops
for different values of electric field amplitude Eamp (indicated in (d)) at RT in a TGS:CA (98:2) crystal.
(e) Dielectric hysteresis loop in TGS:CA (80:20) film for electric field amplitude Eamp = 4.15 kV/mm
at RT.

Figure 11c,e show the temperature dependence of the capacitance C, and the dielectric
hysteresis loop in the TGS:CA (80:20) film, measured using an interdigital electrode system.
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An increase in the CA concentration leads to a strong broadening of the dielectric anomaly,
a decrease in their amplitude, a decrease in switchable polarization, and a strong increase
in the coercive field. Note that in polycrystalline films of pure TGS, prepared in the same
way [70,71] such broadening has not been observed. The most likely reason for such
a strong change in the dielectric properties is the appearance in TGC:CA film of internal
random electric fields caused by the presence of CA molecules. Another reason may be
concerned with film nonuniformity. In Figure 1f we clearly see the presence in the TGS:CA
(80:20) film of blocks of a different color. This indicates the presence of non-uniformity
caused by a spread of CA molecules concentration in blocks. Nevertheless, it can be argued
that an increase in the concentration of CA molecules leads to an increase in the smearing of
the transition, a decrease in the switchable polarization, and an increase in the coercive field.

4. Conclusions

The presented study of CA doped TGS single crystals and films shows that incor-
poration of CA molecules in TGS crystal lattice is followed by an appreciable change of
crystals color that proves the presence of CA molecules in the TGS structure. Nevertheless,
as shown by single-crystal and powder X-ray analysis, as well as Raman and FTIR spec-
troscopy, CA doping does not lead to new phases or microstrains. The TGS crystal structure
remains practically unchanged except for a small decrease in unit cell volume. This is
possible if CA molecules are incorporated in pores of TGS crystal structure whose sizes
are comparable with CA molecules (~0.5 nm). At the same time, the absorption spectra of
TGS:CA crystals differ significantly from the spectra of pure TGS, which manifests itself in
the presence of additional absorption bands with Eph < Eg in the TGS:CA spectra. The most
striking manifestation of CA doping is the appearance of strong luminescence in a wide
spectral range, which is absent both in nominally pure TGS crystals and in crystalline
croconic acid. The appearance of such luminescence may apparently be associated with
the existence of hydrogen bonds between the CA molecules located in the pores of the
TGS lattice and the surrounding molecules forming the TGS lattice. The presence of such
hydrogen bonds is confirmed in particular by the FTIR spectra of the TGS:CA crystals.

Similar to other impurities, the inclusion of CA molecules in the TGS structure leads
to a significant decrease in the dielectric anomaly during the ferroelectric phase transition,
as well as to a switchable polarization and an increase in the coercive field. At the same
time, doping does not change considerably the paraelectric–ferroelectric phase transition
temperature Tc both in TGS:CA crystals and in films. These features can be explained
by the prevention of the formation of nanoscale ferroelectric domains and very mobile
domain walls in the TGS:CA due to the appearance of CA molecules with a very high
electric polarization in the crystal structure.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cryst12050679/s1, Table S1.1. Results of refinement of the
TGS:CA (80:20) structure (space group P1) using single crystal XRD data. Table S1.2. Atomic
displacement parameters for the TGS:CA (80:20). Table S1.3. Results of refinement of the TGS:CA
(90:10) structure (space group P21) using single crystal XRD data. Atomic numbers Z, relative coordi-
nates of atoms (x/a, y/b, z/c) and their isotropic temperature factors U are shown. Table S1.4. Atomic
displacement parameters for the TGS:CA (90:10). Table S1.5. Bond lengths (Å) in TGS:CA (80:20) and
TGS:CA (90:10) structure according to results of structure refinement using single crystal XRD data
(Tables S1.1 and S1.3). Table S1.6. Bond angles (◦) in TGS:CA (80:20) and TGS:CA (90:10) structure
according to results of structure refinement using single crystal XRD data (Tables S1.1 and S1.3).
Figure S1.1 Schematic representation of a glycine molecule. Figure S2.1. WHP graphs for (a) TGS,
(b) TGS:CA (90:10).
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