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ABSTRACT: Sodium chloride (NaCl) aqueous solution becomes NaCl hydrate, NaCl•2H2O, at low temperature, which is different 
from potassium chloride and is one of typical complex models for studying freeze-drying process in foods and pharmaceuticals. Here, 
we detected unit-cell-sized NaCl particles in ice as precursor substances of NaCl•2H2O during freezing of NaCl solution by using 
terahertz (THz) spectroscopy. In the freezing process, Na+ and Cl− ions form two types of metastable unit-cell-sized NaCl particles 
on the pathway to the well-known NaCl•2H2O crystal production, which are not listed in the phase diagram of freezing of NaCl 
solution but have absorption peaks in THz spectra. This finding of single unit-cell-sized particles signifies the importance of studying 
freeze-drying process deeply and offers a new possibility for the development of freeze-drying technology for the manufacture of 
nanometer-sized particles such as ultra-fine pharmaceutical powders, which more readily dissolve in water.

INTRODUCTION 
Freeze-drying, consisting of freezing and sublimation, has 

been used for food preservation since the time of the Inca Em-
pire.1 Nowadays, it is also used in biomedical applications for 
storage of enzymes and sperm2,3 and manufacture of pharma-
ceutical powders such as vaccines and proteins.1,4 Gaining a bet-
ter understanding of the freeze-drying of sodium chloride 
(NaCl) aqueous solutions would be especially beneficial, be-
cause saline solutions are typical model of isotonic solutions.   
It is known that the freezing damage to biological cells is basi-
cally attributed to two major mechanisms except oxidation 
damage.5,6 One is the osmotic dehydration of cells due to the 
increased concentration of solute. In particular, NaCl in the ex-
tracellular liquid forms eutectic crystals as ice precipitates, 
NaCl•2H2O. This NaCl property is completely different from 
potassium chloride, which does not form hydrate.1 The other is 
the cell destruction through the formation of intracellular ice. In 
spite of extensive studies using X-ray diffraction, nuclear mag-
netic resonance spectroscopy, and thermal analysis,7-9 the sub-
stances formed at the molecular level during freeze-drying are 
still a mystery even in the simplest case of the NaCl solution. 

Also, it has been difficult to observe molecular structures in 
ice using lights: for example, visible lights are scattered in ice 
or reflected on the ice surface and infrared lights are absorbed 
by ice (Fig. 1). In contrast, terahertz (THz)-wave has longer 
wavelength than infrared or visible light, ranging from 1011 to 
1013 Hz of frequency, so it is only absorbed by substances in ice. 
Thus, the THz spectroscopy has the capability of identifying in-
termolecular interactions10-13 and has been used to investigate 
molecular structures in ice.15-20 Using this advantage of the THz 
spectroscopy, here we found a pathway to making single unit-
cell-sized NaCl particles less than 1 nm during freeze-drying of 
NaCl solutions. After complete sublimation, homogeneous cu-
bic NaCl crystals about 10 nm a side grew. According to the 

Ostwald-Freundlich equation, the solubility of substances such 
as pharmaceutical powders exponentially increases when the 
size of them decreases less than 10 nm.20-22 Thus, our finding 
would open up the possibility of developing freeze-drying tech-
nology for the manufacture of very small and homogeneous par-
ticles such as fine pharmaceutical powders that more readily 
dissolve in water and are nearly completely absorbed in the 
body. 

 
RESULTS 
Terahertz spectra during freeze-drying of NaCl solution. 

FIGURE1. Schematic of comparison among visible, infarared, and 
terahertz for the analysis of substance in ice. Visible light is scat-
tered and reflected by ice (left), and infrared light is absorbed by 
ice (middle). Accordingly, these two lights cannot be used to de-
tect substance in ice. On the other hand, ice is transparent for te-
rahertz light, so it can be utilized to investigate the substance in 
ice. 
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A 1-mol/L liquid NaCl solution with a 15-µL volume was 
poured into a ring-shaped polymer container having a 5-mm in-
ternal diameter and a base of THz transmission glass. Conven-
tional THz spectroscopy systems do not have a stable enough 
THz signal to monitor the freeze-drying process. This problem 
was solved by automatically monitoring the position of the THz 
pump laser beam (Fig. S1).23 The NaCl solution, which was 
about 0.7 mm deep in the center, was slowly cooled from 300 
K to 264 K at a rate of 0.5 K every three minutes (taking about 
3.6 hours; see Fig. 2A). The solution was still liquid at 264 K, 
which is lower than the freezing point temperature (269.7 K),24 
because of supercooling. The supercooling phenomenon occurs 
in small-volume aqueous solutions such as droplets.25,26 The 
THz absorption of liquid water is very high, and light over 1.4 
THz cannot penetrate the sample because of the translational 
and rotational modes of water molecules.27,28 After the super-
cooling stopped, a hexagonal (Ih) type of ice (gray in color) ap-
peared (Fig. 2B and Mov. S1). Here, Na+ and Cl− were known 
to be excluded from the ice during its growth29 and to become 
concentrated in a quasi brine layer (QBL).30 The THz absorp-
tion decreased in comparison with that of the NaCl solution be-
cause of the formation of ice Ih at 250 K. The THz absorption 
was higher than the spectrum of the ice, and waves over 2.5 THz 
could not penetrate it. This means the water molecules near the 
Na+ or Cl− ions were not completely frozen. 

The THz absorbance continued to decrease when the sample 
was further cooled to 248 K. At this temperature, the 

concentrated salt solution began to transform into sodium chlo-
ride dihydrate (NaCl･2H2O) crystals (white in color), in accord-
ance with the solid/liquid phase diagram for binary water-NaCl 
(see Fig. 2C and Mov. S2). Here, the phase transition tempera-
ture, 248 K, is lower than the eutectic point of the solution, 
251.95 K,5 and is affected by freezing point depression.28 Two 
peaks appeared in the spectrum below 2.8 THz; one peak is at 
1.5 ~ 1.6 THz, the other wider one is at 2.3 ~ 2.4 THz. The 
baseline under the two peaks rose with increasing frequency due 
to the absorption of the ice and QBL. The baseline at 77 K was 
lower than that at 248 K, confirming that QBL decreased as the 
temperature was lowered.28 At this temperature, the two peaks 
had increased in intensity and sharpened (Fig. 2D), even though 
the formation of NaCl•2H2O crystals had finished. This means 
that the NaCl•2H2O crystals had no absorption peaks in the THz 
spectrum; a quantum mechanical calculation confirmed this to 
be the case (Fig. S2), and thus, unknown substances different 
from NaCl•2H2O crystals must have grown. That is, the two 
peaks originated from unknown substances composed of Na+ 
and Cl− and having a dipole moment. This is notable because 
ice Ih, NaCl, and NaCl•2H2O crystals do not have a dipole mo-
ment for inducing THz absorption peaks. 

The sample temperature was gradually increased from 77 K 
at the rate of 0.5 K every three minutes. The ice Ih sublimated 
when the sample temperature was higher than 200 K at the vac-
uum level of 1.5 Pa. Although the baseline under the two peaks 
reached almost the zero level of absorption, the two peaks still 

remained at 207 K (Fig. 
2E). This means the un-
known substances still ex-
isted after the NaCl solu-
tion was freeze-dried. The 
sample showed no absorp-
tion when it reached 273 
K. This indicates that the 
water molecules were 
completely sublimated, 
and the unknown sub-
stances aggregated and 
formed NaCl crystal pow-
der, which is transparent 
to THz light in this spec-
trum range (Fig. 2F and 
Fig. S3). Overall, these re-
sults suggest that the two 
peaks originated from 
NaCl particles with coor-
dinated water molecules; 
however, it is difficult to 
isolate the substances that 
show absorption to ana-
lyze its structure experi-
mentally. Therefore, we 
took a theoretical way to 
assign the two peaks. 

 

FIGURE2. THz absorption spectra of salt water in a series of liquid, frozen, and freeze-dried salt solution 
states. A 1-mol/L NaCl aqueous solution was placed in a poly(dimethylsiloxane) polymer container with a 
THz transparent glass base. Measurements were made with a THz time-domain spectroscopy system under 
controlled temperature and pressure conditions. The top images were captured with a video camera at (A) 
264, (B) 250, (C) 248 K at atmospheric pressure (101 kPa), and at (D) 77, (E) 207, (F) 273 K in vacuum (1.5 
Pa) while the sample was sublimating. The middle illustrations are molecular models, and below them are 
corresponding THz absorption spectra acquired during the freeze-drying process. 
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Molecular dynamics simulations of single unit-cell-sized 
NaCl-cluster particles. 

The coordinated water molecules seemed to distort the cu-
bic NaCl crystal structures and thereby would have induced a 
dipole moment in the particles. To clarify the structures of the 
NaCl particles in ice, molecular dynamics (MD) simulations 
were performed, including ones on the smallest unit-cell size 
and bigger ones: i.e., 2 × 2 × 2 ((NaCl)4), 2 × 2 × 3 ((NaCl)6), 
and  2 × 3 × 3 ((NaCl)9) configurations, where the numbers rep-
resent the number of ions contained in the dimensions of length 
× width × height. Ten initial configurations were independently 
calculated. The cluster structures of the 2 × 2 × 2 configuration 
that were reached in equilibrium were classified into two parti-
cle types according to their shapes and geometries. Each type is 
less than 1 nm. Type I has a main cluster consisting of three Na+ 

ions and four Cl− ions, together with one Na+ ion one ice lattice 
away from the main cluster (Fig. 3A and Mov. S3). There are 
water molecules between the isolated Na+ ion and the cluster. 
As a result, type I has a dipole moment of ~27 D. The structure 
is noticeably different from the cubic 2 × 2 × 2 cluster. The Type 
II cluster does not contain such water molecules and comprises 
four Na+ and four Cl− ions (Fig. 3B and Mov. S4). It is not the 
usual cubic NaCl crystal, but rather is a distorted cubic structure 
resulting from the interaction with ice in its vicinity. It has a 
dipole moment of ~8 D. 

On the basis of ab initio molecular calculations, the two 
large absorption peaks in the THz spectra were respectively as-
signed to vibrations in the Type I and Type II particles at 1.5 ~ 
1.6 THz  and 2.3 ~ 2.4 THz (Fig. 4A, Fig. S4). According to the 
MD simulation, the same numbers of Type I and Type II parti-
cles formed, so their spectra should be combined into one for 
reproducing the experimental spectra. Some of the Na+ ions 
were distorted in the 2 × 2 × 3 (length × width × height) cluster 

structure. This is thought to be the reason for the small peak for 
this structure (Fig. 4B). Almost no peaks were observed for the 
2 × 3 × 3 structure because the distortion was not as large as in 
the 2 × 2 × 2 or 2 × 2 × 3 cluster structure (Fig. 4B).  The spectra 
of the NaCl clusters with the 2 × 2 × 2, 2 × 2 × 3, and 2 × 3 × 3 
cluster structures were also simulated under different calcula-
tion conditions (Fig. 4C), in which weak constraints were im-
posed on the clusters so as to keep a cubic lattice structure. As 
expected, no peaks were observed because these structures were 
not distorted, and the induced dipole moments were small. 

The NaCl particles aggregated into nanocrystals after the 
water molecules were completely sublimated. The nanocrystals, 
grown on a NaCl microcrystal that was observed by a transmis-
sion electron microscope, were cubes about 10 nm per side (Fig. 
4D). This 10 nm sized cubic NaCl crystals would not have di-
pole moment, also supporting our conclusion that the particles 
after aggregation show no peaks. The simulation results (Fig. 
4A) and experimental results (Fig. 2C to 2E) indicate two large 
peaks in the THz spectra. The peak at the lower frequency can 
be assigned to a Type I particle in which one sodium ion is away 
from the main cluster. The higher frequency peak comes from 
a Type II particle, which is more compact than Type I. Both 
clusters have a dipole moment caused by distortion of the cubic 

FIGURE3. Two types of single unit-cell-sized NaCl-cluster parti-
cle in ice obtained by molecular dynamics simulations. The OH 
bonds of water molecules composing the honeycomb structure of 
ice Ih are depicted as white lines. The ionic bonds between the Na+ 

(red) and Cl−  (green) ions are shown coupled to the centers of ions 
of the same color. A: Type I particle. One Na+ ion is at a distance 
of one ice lattice from the main cluster. B: Type II particle. The 
cluster is distorted from the cubic lattice configuration. 

 

FIGURE4. THz absorption spectra of various NaCl-cluster parti-
cles obtained by molecular orbital calculations. A: Spectra of Type 
I and Type II particles calculated by ab initio molecular orbital 
calculations (blue and red, respectively). More than 7000 config-
urations sampled from the trajectory of the molecular dynamics 
simulation were used as inputs for the ab initio calculations. B: 
Spectra of NaCl particles with 2 × 2 × 3 and 2 × 3 × 3 cluster 
structures (green and pink, respectively). C: Spectra of NaCl par-
ticles with 2 × 2 × 2, 2 × 2 × 3, and 2 × 3 × 3 cluster structures 
(light blue, orange, and grey, respectively), in which weak con-
straints were imposed on the clusters to maintain the cubic lattice 
structures. D: Transmission electron microscope image of nano-
crystals on a NaCl microcrystal. The nanocrystals formed after the 
freeze-drying process of the NaCl solution. 
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lattice structure in ice, which induces the vibrational mode for 
the THz absorption peaks (Fig. S4). 

 
DISCUSSION 

This study revealed that the freeze-drying process can be 
used as a pathway for making metastable unit-cell-sized NaCl 
particles in ice, and that THz spectroscopy has the capability to 
detect such nanoparticles in ice owing to its ability to penetrate 
ice. In the freeze-drying process, Na+ and Cl− ions form two 
types of unit-cell-sized NaCl particles having THz absorption 
peaks in a complementary pathway to the well-known metasta-
ble NaCl•2H2O crystal production. Our strategy using the THz 
spectroscopy is a key to open the door on the study of the freeze-
drying process of substances in ice at the single unit-cell level. 
The finding of making smaller particles composed of nanocrys-
tals using the freeze-drying may also have application in the 
food and biomedical industries for that readily dissolve in water, 
which would solve the dissolution problem of pharmaceuticals.   

 
Materials and Methods 
Sample preparation and measurement setup 

Sodium chloride powder (Sigma-Aldrich, St. Louis) was dissolved in 
distilled water. The solution was then poured into a ring shaped poly(di-
methylsiloxane) polymer container until it was about 0.7 mm deep in 
the center. The base of the container consisted of THz transmission 
glass (a 3-mm thick z-cut quartz plate). The temperature of the con-
tainer was automatically controlled by using a liquid nitrogen circula-
tion system with an electric heater. The chamber containing the sample 
holder was placed on a three-dimensional translation stage and con-
nected to a vacuum pump with a vacuum gauge. The top and bottom of 
the chamber consisted of two THz transmission glass plates. A metal 
pipe through which the liquid nitrogen passed worked as a trap for wa-
ter that sublimated from the sample. The movie of the freeze-drying of 
the sample was recorded using a full HD resolution video recorder 
(HDR-CX520V, Sony, Tokyo) and totaled about 16 hours. Movies 
were recorded in parallel with the THz spectroscopic measurement.  

 
THz time-domain spectroscopy setup 

THz absorption spectra were obtained using a modified THz time-
domain spectroscopy (THz-TDS) system, which consisted of a 9-fs 
near-infrared pulse laser (Integral Pro, Femtolaser, Vienna), mirrors, a 
mechanical delay line to obtain a time-domain spectrum, and two low-
temperature-grown gallium arsenide photoconductive antennas 
(AISPEC, Tokyo) for the THz emitter and detector. The sample in the 
container was measured in a transmittance arrangement. After record-
ing 32 time-domain spectra for each measurement, the spectra were 
added up and averaged to improve the signal to noise ratio. Then, the 
averaged time-domain spectrum was converted into a frequency-do-
main spectrum by making a Fourier transformation. The THz absorp-
tion spectrum was calculated as minus-Log of the ratio of the fre-
quency-domain spectrum of the sample to that of the reference. The 
measurement time for 32 time-domain spectra was less than three 
minutes. The spectral resolution was 0.029 THz. The THz-TDS system 
includes a quadrant photodetector, which monitors the beam from the 
pulse laser and automatically aligns its direction using a mirror on a 
piezo actuator and two feedback loops. By using the two feedback 
loops, the two-dimensional position of the pulsed THz pump laser 
beam can be precisely controlled and aimed at the photoconductive an-
tennas. The amplitude variations of individual spectral components 
from 0.3 to 2 THz after the Fourier transformation of the pulse are 
caused by both intensity and timing errors of the pulse. The averaged 
standard deviation is about 2.82%, which corresponds to 0.012 in terms 
of absorbance.   

 

MD simulations 
MD simulations were performed to obtain the configuration of the 

2 × 2 × 2 ((NaCl)4) cluster in ice. The initial MD simulation system 
consisted of 496 water molecules and four Na+ and Cl- ion pairs. Em-
pirical models were used for the water (SPC/E)31 and ions.32 A periodic 
boundary condition with the size of 31.59 × 23.45 × 22.11 Å3 was im-
posed. Electrostatic interactions were calculated with the particle mesh 
Ewald method33 using a 7 Å cutoff in real space. The cutoff of the Len-
nard-Jones interaction was 7 Å. The time step for the MD was 2 fs. MD 
simulations were performed at a constant volume and temperature with 
a Berendsen thermostat.34 

180 water molecules were arranged as proton disordered ice Ih, 
which acted as an initial nucleation core, and 316 water molecules were 
placed in the bulk liquid phase. The 2 × 2 × 2 cluster was deposited at 
the center of the bulk. The crystals were grown in the direction of the 
secondary prismatic plane. To avoid dispersion and dissolution of the 
hydrated clusters during crystal growth, the positions of the initial core 
of ice Ih and the 2 × 2 × 2 cluster were constrained by a weak harmonic 
potential with a force constant of 1.0 kcal/mol/Å2. The constraint was 
removed after the secondary hydration sphere of the (NaCl)4 cluster 
froze. Ten different initial configurations were employed to optimize 
the structure of the 2 × 2 × 2 clusters. Freezing simulations were per-
formed at 200 K, and all the configurations crystallized into ice Ih 
within 1 µs. The structure of the 2 × 2 × 2 cluster was distorted in the 
final configuration due to its interactions with neighboring water mol-
ecules. After crystallization, MD simulations were conducted for 4 ns 
at 60 K to reduce thermal fluctuations. 

 
Ab-initio molecular calculations  

The THz spectra of the 2 × 2 × 2 clusters and water molecules were 
obtained by conducting vibration analyses using Gaussian 03 at the 
HF/6-31G** level.35 The configurations of the water molecule that co-
ordinates to the 2 × 2 × 2 cluster and the cluster were used as inputs for 
the ab initio calculations; for example, ten inputs were generated when 
the 2 × 2 × 2 hydration number was ten. The THz spectrum of the 2 × 
2 × 2 structure was the average of the spectra of 7484 configurations. 

The THz spectra of the 2 × 2 × 3 and 2 × 3 × 3 structures were 
calculated in the same way. To obtain the spectra of the cubic NaCl 
clusters with 2 × 2 × 2, 2 × 2 × 3, and 2 × 3 × 3 structures, weak con-
straints with a force constant of 1.0 kcal/mol/Å2 to form cubic lattice 
structures were imposed on the clusters even after the secondary hydra-
tion layer had frozen. Then, the spectra were calculated. 

 
Transmission electron microscope imaging 

A transmission electron microscope (JEM-2100F, JEOL Ltd., To-
kyo) operating at an acceleration voltage of 200 kV was used to obtain 
images of NaCl. The NaCl power after the freeze-drying process was 
blown off by dry nitrogen gas and was put onto holey carbon mesh 
grids mounted on a copper holder. 
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