Open Access Article. Published on 07 November 2024. Downloaded on 12/20/2025 10:57:41 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

PCCP

W) Check for updates ‘

Cite this: Phys. Chem. Chem. Phys.,

2024, 26, 28332
Yukana Terasawa,

Received 6th October 2024,
Accepted 26th October 2024

DOI: 10.1039/d4cp03839h

rsc.li/pccp

In this report, ghostly ultra-trace amounts of alanine in alanine-
doped triglycine sulfate crystal were directly observed by solid-
state nuclear magnetic resonance, and the presence of two
chemical states in the cation form and neutral form in the doped
alanine was revealed. As the result, the crystal structure of alanine-
doped triglycine sulfate was determined for the first time.

Doping trace substances into molecular crystals is an important
tool for controlling material properties at the molecular level."
Triglycine sulfate (TGS)-doped crystals have been extensively
studied; the electrical properties of TGS include a low coercive
field® and high pyroelectricity.®> TGS has been widely used in
infrared spectroscopy and other detection devices because of its
high pyroelectricity. To enhance the electrical properties of
TGS, various substances have been widely examined, such as
TGS doped with EDTA,* benzophenone,” alanine,® and lysine.”
In particular, alanine-doped triglycine sulfate (ATGS) has been
reported to improve the pyroelectricity of TGS® and has become
the subject of extensive research.

TGS is a crystal composed of glycine and sulfuric acid. In
1956, Matthias et al. reported that TGS exhibited ferroelectri-
city. Generally, ferroelectrics undergo spontaneous polarization
(Ps) and a phase transition at the Curie temperature Tc. TGS has
spontaneous polarization parallel to the b-axis and T¢ at 49 °C.°
TGS belongs to the chiral space group P2, and shows ferroelec-
tricity below 49 °C; however, it belongs to the achiral space
group P2;/m and shows paraelectricity above 49 °C.">'! The
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crystal structure of TGS was first analyzed using X-ray diffraction
by Hoshino et al. in 1959, and atomic coordinates other than
those of hydrogen were determined.’ In 1973, Kay et al. deter-
mined the atomic coordinates of TGS, including hydrogen, by
neutron diffraction and analyzed hydrogen bonding in detail.">
According to the report by Hoshino et al.,’ TGS has the following
lattice constants: a = 9.15 (3) A, b = 12.69 (3) A, ¢ = 5.73 (3) A, and
f = 105.7 (3)°; additionally, it has an asymmetric unit (Z = 2)
consisting of three crystallographically independent glycines,
namely, GI, GII, and GIII, and one sulfuric acid. GI and GIII are
in the cation form, and GII is in the zwitterion form.****°

The crystal structure of alanine-doped TGS has been studied
at the molecular level."**>'7"1 Early discussions reported a
model in which alanine doping into GI broke the mirror
symmetry of the unit cell."” On the other hand, Choudhury
et al. reported that alanine was doped into the zwitterion form
GII based on neutron scattering and X-ray diffraction and
proposed a model in which the methyl group of alanine doped
into GII was a barrier to the inversion of the amino group of
glycine in GL.">™"® Bajpai et al. also reported that alanine was
doped into GI, followed by molecular reorientation of GII and
GIII via polarized laser Raman spectroscopy.'® Thus, many
models have been proposed in regard to the doping position
of alanine. The difficulty lies in the fact that the amount of
doped alanine in the TGS crystals is very low; the alanine
doping ratio to TGS ranges from 0.1 to 0.3 mol%."""® As a
result, alanine-derived signals cannot be detected by conven-
tional structural analysis because alanine behaves as if it were a
ghost in the crystal. To date, no signal derived from doped
alanine in crystals has been directly observed, and the position
of the doped alanine has been discussed indirectly from the
observable TGS signal changes."*>'”'® Meanwhile, ATGS
shows extremely unique properties not only in pyroelectricity,
but also in ferroelectricity and chirality.” It is extremely crucial
to determine the crystal structure of ATGS because of its
potential for a wide variety of applications.

In this study, r-alanine-doped TGS (LATGS) single crystals
were prepared with '*N-labeled r-alanine, and direct observation
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of alanine in the crystal was performed by "’N-nuclear magnetic
resonance (NMR) to determine the doped alanine position and
verify the chemical state in the crystal. L-Alanine labeled with
>N enabled the direct observation of alanine because the N
abundance ratio was approximately 300 times greater. Isotropic
chemical shifts were measured and analyzed by >N magic angle
spinning (MAS) NMR, while anisotropic chemical shifts in the
single crystals were determined by single-crystal ">’N-NMR. This
is the first report on single-crystal ">’N-NMR for analyzing trace
amounts of amino acid dopants in molecular crystals; however,
this has been reported for peptides using '°N-labeled amino
acids.”®

A TGS solution was prepared by mixing glycine and sulfuric
acid in pure water at a molar ratio of 3:1. For glycine, the weight
ratio of *N-glycine to ’N-glycine was approximately 7.7:1. The
prepared "’N-enriched glycine-TGS (TGS; hereafter, "’N-enriched
glycine-TGS is referred to simply as TGS) solution was prepared by
solvent evaporation at 20 °C. Moreover, two types of ’N-r-alanine-
TGS (LATGS; hereafter, "’N-1-alanine-TGS is referred to simply as
LATGS) were prepared with a coexistence ratio of *>N-r-alanine to
TGS of 100 mol% and 20 mol% (here, *N-r-alanine and “*N-
glycine were used for alanine and glycine of TGS, respectively). The
100 mol% LATGS solution was prepared by mixing "*N-glycine and
sulfuric acid in pure water at a molar ratio of 3:1 and dissolving
N-i-alanine at a coexistence ratio of 100 mol% to TGS. The
20 mol% LATGS solution was prepared by diluting the prepared
100 mol% LATGS solution 5-fold with TGS solution. These LATGS
solutions were prepared by solvent evaporation at 20 °C.

The as-grown TGS and LATGS crystals were hard and trans-
parent. They exhibited a rhombus-like shape and grew along
the crystallographic b-axis. The crystal structures were con-
firmed by single X-ray diffraction analysis. Single-crystal X-ray
structure analysis confirmed that both TGS and LATGS had the
same structure as previously reported for space group P24; this
consisted of three glycines and one sulfuric acid in an asym-
metric unit, but alanine molecules in LATGS were not
detected.>*' The three glycines are crystallographically inde-
pendent and defined as shown in Fig. 1.

All >N-NMR experiments were performed on a JNM-ECA400
(9.4 T) NMR spectrometer (JEOL, Tokyo, Japan). The resonance
frequency of "N was 40.5 MHz. The spectral width was
24.3 kHz, and the number of data points was 2048. All spectra
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Fig. 1 Crystal structure of TGS. Three crystallographically independent
glycines in an asymmetric unit are defined as Gl, Gll, and GlIl.>%*
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Fig. 2 N MAS NMR spectra of (a) TGS, (b) 20 mol% LATGS, and (c)
100 mol% LATGS.

were accumulated to achieve a suitable signal-to-noise ratio.
The chemical shifts were calibrated by the external reference
ammonium chloride (—341.2 ppm).**

The isotropic >N chemical shifts of TGS and LATGS were
measured by "N MAS NMR. TGS and LATGS powders were
obtained by grinding single crystals of TGS and LATGS, respec-
tively. The magic-angle spinning rate was 9 kHz, and the
repetition time was 5 s. The anisotropic ’N chemical shift
was obtained by single-crystal ">’N NMR.?° The magnetic field of
the NMR is applied perpendicular to the b-axis. The single
crystal of TGS was rotated by 11.3 degrees, and LATGS was
rotated by 22.5 degrees along the magic-angle axis.

Fig. 2a shows the "N MAS NMR spectrum of TGS; here,
three glycine-derived signals, GI, GII, and GIII, were observed in
TGS crystal. These results indicated that >N MAS NMR could
reveal the differences in the chemical state of the nitrogen in
glycine GI, GII, and GIII due to their isotropic chemical shift
differences. The observed chemical shifts of the three signals
(—349.9 ppm, —350.5 ppm, and —351.2 ppm) were in good
agreement with those of glycine observed under sulfate
acidity.”® The chemical shifts of the nitrogen of glycine GI, GII,
and GIII in TGS crystals were consistent with the chemical shifts
of glycine in TGS crystals, reflecting differences in the hydrogen
bonding states formed in TGS crystals, and were observed as
differences in the magnetic field shielding from the electrons of
the hydrogen nuclei to which the respective nitrogen is directly
bound.>* The average distances between hydrogen and nitrogen
atoms determined by neutron scattering were 1.021 A for GI,
1.017 A for GII, and 1.028 A for GII,'® and a closer average
distance from the hydrogen atom correlated to a greater mag-
netic field shielding of the nitrogen nucleus. Therefore, the three
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TGS signals could be attributed to GI (—350.5 ppm), GII
(—351.2 ppm), and GIII (—349.9 ppm).

Fig. 2b shows the "N MAS NMR spectrum of 20 mol%
LATGS. An alanine-derived signal (—336.0 ppm, as indicated by
A in Fig. 2b) was observed independent of the three glycine
signals in TGS crystal. The chemical shift at —336.0 ppm was in
good agreement with the chemical shift of alanine under acidic
conditions.>® The weight ratio of alanine-derived signal A to
glycine in the crystal was 0.147 wt%. The molar ratio of alanine
to TGS was 0.12 mol%, which was in good agreement with the
doping ratio of alanine obtained from solution circular dichro-
ism spectrum measurements.”' The alanine-derived signal was
observed as a single signal and not three signals, as in the GI to
GIII of glycine. Thus, the doping of alanine into GI-GIII was
highly selective and occurred at one location among GI-GIII.

Fig. 2c shows the >N MAS NMR spectrum of 100 mol%
LATGS. In addition to the three glycine signals and the afore-
mentioned alanine-derived signal (—336.0 ppm, as indicated by
Ain Fig. 2¢), a chemical shift (—343.4 ppm, as indicated by A’ in
Fig. 2c) signal was observed; this was also slightly observed in
Fig. 2b. The total weight ratios of alanine-derived signals A and
A’ to glycine in the crystal were 1.03 wt%. The molar ratio of
alanine to TGS was 0.88 mol%, which was in good agreement
with the doping ratio of alanine obtained from solution circular
dichroism spectrum measurements.>® This chemical shift
(—343.4 ppm) was also an alanine-derived signal; however,
instead of a slight difference in hydrogen bonding states
(within 1.3 ppm), as in GI-GIII, this difference caused an
increased shielding (7.4 ppm), and this increased shielding
was likely due to dehydrogenation from alanine nitrogen.>* The
chemical state of this chemical shift (—343.4 ppm) is discussed
below; here, >N MAS NMR showed the presence of one doping
position in TGS and two chemical states in doped alanine.

Here, comparing Fig. 2¢ with Fig. 2b, the intensity of GI and
GIII appears to be slightly decreased due to a broadening of the
signal width induced by changing crystallinity with an increase
in the doping amount of alanine. As abundance is determined
by area rather than intensity in NMR spectra, the area ratios of
the GI-, GII-, and GIlI-derived signals are nearly identical in
20 mol% LATGS and 100 mol% LATGS, respectively, in Fig. 2.
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Also, shown in Fig. 2b and c, with increasing doping amount of
alanine, the A’ signal is highly sensitive compared to the A signal.
This suggests that dehydrogenation from nitrogen in alanine in
the crystal is preferential at high alanine doping levels.

Fig. 3a and b show the anisotropic >N NMR spectra with the
variation of TGS and LATGS single-crystal angles, respectively.
The chemical shifts at each angle are summarized in Fig. 3c.
The anisotropy of the chemical shifts in the single crystals
periodically varies with the orientation of the single crystal
relative to the NMR field direction, enabling the analysis of the
orientation of the molecules in the crystal.>® Nitrogen in amino
acids such as glycine has the smallest magnetic field shielding
tensor along the bound N-C bond axis.>*"*” Therefore, the
signal can be attributed to mapping the periodicity of the
measured chemical shifts to the orientation of the N-C bond-
ing axes of GI, GII, and GIII in the TGS single crystals.

The periodicity of the glycine-derived signal observed at
approximately —350 ppm in the LATGS single crystals is in
good agreement with the periodicity of the chemical shifts in
the TGS single crystals (Fig. 3c); the glycine molecules GI-GIII
in TGS crystals shown in Fig. 1 are from the orientation of the
crystal at 270° in Fig. 3c. The N-C bond axes of GII and GIII are
oriented along the a sin f-axis. The magnetic field of the NMR is
applied along the asin f-axis. The N-C bond axes of GII and
GIII are similarly oriented and approximately perpendicular to
the N-C bond axes of GI. The N-C bond axes of GII and GIII in
Fig. 1 are oriented along the a sin f-axis direction, which is the
direction of the NMR magnetic field. Therefore, the magnetic
field shielding of GII and GIII nitrogen at this rotation angle is
smaller than that of GI nitrogen, and the chemical shifts are
larger for GII and GIII and smaller for GI. As a result, the
periodic chemical shifts indicated by the blue squares in Fig. 3¢
are attributed to GII and GIII, and the periodic chemical shifts
indicated by the red circles are attributed to GI. The alanine-
derived signal in LATGS single crystals shows a periodicity of
chemical shifts similar to that of GI in TGS at lower fields than
glycine (—330 to —345 ppm) (Fig. 3c). This result first indicates
that alanine is doped into GI in TGS single crystals, and the lack
of observed periodicity in the chemical shifts of GII and GIII
indicates a high selectivity of alanine doping into GI as well as
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Fig. 3 Single-crystal *>N NMR of TGS and LATGS. The anisotropic >N NMR spectra of (a) *>°N-labeled TGS and (b) *>N-labeled L-alanine-doped TGS. (c)

Anisotropic ®N chemical shift as a function of single-crystal rotation.
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an isotropic spectrum. In addition, two signals derived from
alanine doped into GI are observed. Thus, the results obtained
from the isotropic and anisotropic >N NMR spectra indicate
that alanine is highly selectively doped into GI in TGS single
crystals and has two different chemical states.

Next, the two chemical states of doped alanine are dis-
cussed. In the solution in which the crystals are grown at a
pH of 2, the cation and zwitterion of glycine exist in a 2: 1 molar
ratio, and the ratio in the TGS crystal is also 2 : 1.?% Alanine has
an isoelectric point similar to that of glycine and a 2:1 molar
ratio of cation to zwitterion in solution. Glycine exists in the
cation form in GI in TGS crystals. Similarly, the chemical state
in which alanine is doped in the cation form in GI is considered
signal A (—336.0 ppm) in Fig. 2c. The other chemical state likely
originates from the doping of zwitterions in solution; however,
as shown in Fig. 2c, the difference in chemical shifts between
the cation form (GI, GIII) and the zwitterion form (GII) in TGS is
small, within 1.3 ppm, and the chemical states are shifted to
higher magnetic fields.

Recent theoretical calculations indicate that zwitterions are
stable when two water molecules are hydrogen bonded around
alanine; however, the neutral form is stable in the absence of
water molecules and is thus susceptible to dehydration.”*°
Multiple channels are available for proton exchange between
the zwitterionic and neutral forms, including the exchange with
intramolecular and surrounding water molecules; this results
in a minimum energy barrier of 2.57 kcal mol *.*"

The process of incorporating molecules into TGS crystals is
described by the Burton-Cabrera-Frank (BCF) surface-diffusion
model.>* The first process is dehydration from the molecules in
solution to the adsorbed layer on the crystal surface. During
this dehydration, molecules that do not fit into the hydrogen
bonding network in the crystal may undergo a conformational
change from zwitterionic to neutral since alanine has a low
doping ratio and its doping position is limited to GI. Based on
these considerations, the following is proposed: alanine in the
cation form in the solution is doped into GI in the cation form
and is detected as signal A (—336.0 ppm) in Fig. 2c. Addition-
ally, alanine in the zwitterionic form in solution is doped into
the neutral form of GI and is detected as signal A’ (—343.4 ppm)
in Fig. 2c.

Conclusions

In this study, for the first time, "°N-labeled r-alanine in TGS
crystals was directly observed by '>N-NMR. Although the doping
ratio of alanine to TGS was extremely low, high selectivity for
alanine doping into GI in TGS crystals was revealed. Addition-
ally, two chemical states of alanine doped into GI were first
reported, and a new model was proposed; in this model, the
two chemical states of alanine are as follows: alanine in the
cation form in the solution is doped into TGS crytsal as the
cation form, and alanine in the zwitterion form in the solution
is doped into TGS crystal as the neutral form. We finally
succeeded in directly capturing the alanine ghost and
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determining the crystal structure of ATGS crystal. The '°N-
NMR method with **N-labeled r-alanine reported here is not
only applicable to '°N-labeled other amino acid-doped TGS but
also expected to be widely applicable to **N-labeled nitrogen-
containing molecules-doped molecular single crystals.
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