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. Water is a ubiquitous solvent in biological, physical, and chemical processes. Unique properties of water

: result from water's tetrahedral hydrogen-bonded (HB) network (THBN). The original THBN is destroyed

. when water is confined in a nanosized environment or localized at interfaces, resulting in corresponding
changes in HB-dependent properties. In this work, we present an innovative idea to validate the reserve
energy of high-energy water and applications of high-energy water to promote water’s fundamental
activities of solubility, ionic conductivity, and extraction at room temperature. High-energy water with
reduced HBs was created by utilizing hot electrons with energies from the decay of surface plasmon
excited at gold (Au) nanoparticles (NPs). Compared to conventional deionized (DI) water, solubilities
of alkali metal-chloride salts in high-energy water were significantly increased, especially for salts that
release heat when dissolved. The ionic conductivity of NaCl in high-energy water was also markedly
higher, especially when the electrolyte’s concentration was extremely low. In addition, antioxidative

© components, such as polyphenols and 2,3,5,4'-tetrahydroxystilbene-2-O-beta-d-glucoside (THSG) from

. teas, and Polygonum multiflorum (PM), could more effectively be extracted using high-energy water.

. These results demonstrate that high-energy water has emerged as a promising innovative solvent for

. promoting water’s fundamental activities via effective energy transfer.

. Liquid water with defects deviates from the perfect tetrahedral symmetry of a hydrogen-bond (HB) network,
. thereby allowing it to play a central role in a vast number of physical and chemical processes. Intramolecular HBs
. of water clusters and HBs with other molecules critically influence water’s fundamental reactivities'->. Recently,

unique properties of water with a distinguishable HB structure at interfaces have garnered wide attention*-.

However, these interesting properties of water are only found within the interfacial phase, limiting their applica-
: tions. As reported by Velasco-Velez et al., analysis of an ab initio molecular dynamic (AIMD) simulation revealed
. that ~50% of interfacial water molecules lie flat on the gold (Au) surface with broken HBs. This population of
. broken HB molecules is substantially higher than the 22% found in bulk water”. Water is a ubiquitous solvent in
. life sciences and physical and chemical reactions. In red corpuscles, aquaporin water channels are so selective that
. water passes through them to transfer nutrients and metabolites, while protons do not pass through®. In aqueous
. solutions, water can catalyze proton-transfer tautomerism®. In the solution process, the solubility of solid solutes
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in water is a typical issue of concern. In most cases, the solubility increases with increasing temperature; while the
saturated solubility of NaCl is difficult to increase by elevating the temperature of the solution.

On the other hand, if the energy of a photon impinging on a noble metal surface is resonant with the frequency
of the collective oscillations of surface plasmons, light absorption is dramatically increased. Nanostructured metal
surface plasmons can be locally concentrated, from which the large absorption of energy generates excited electrons
known as hot electrons!'*-'2. Hot-electron transfer (HET) can promote many chemical reactions, including the
dissociation of hydrogen'*!* and water splitting!>!¢, and can be developed as plasmoelectric devices!’. Also, hot
electrons can move into the MoS, monolayer to induce a structural phase transition'®, and the generated photocur-
rent generated from hot-electron injection of Au nanorods into ZnO nanowires can be detected by near-infrared
(IR) photodetectors'. However, efficiently extracting hot electrons is very tough, with a reported efficiency of
<1%". In our previous report?’, HET was innovatively utilized to create Au nanoparticle (NP)-treated (AuNT)
water with reduced HBs. The values of degree of non-hydrogen-bonded water (DNHBW) for deionized (DI), AuNT
and super small water cluster (SWC) waters are 21.29, 26.23 and 30.31%, respectively®. The super SWC water was
obtained by irradiating DI water-wetted Au NPs supported on ceramic particles with laser light at 532 nm in situ
Raman spectrum measurement. The created bulk liquid water is energetic and in an electron-doping state, shows
promise in its innovative availability to increase the efficiency and safety of hemodialysis®'. In this work, we present
innovative applications of room-temperature high-energy bulk liquid water by promoting water’s fundamental
activities of solubility, ionic conductivity, and extraction, which are never considered when using conventional DI
water. Interestingly, different evaporation rates of DI water and AuNT water, and their salt-containing solutions
are also discussed.

Many biological, physical, and chemical processes involve energy transfer?. Biological photosynthesis utilizes
the energy of several light photons and can reserve this created energy for use in challenging chemical reactions®,
but only one excited photon is available in general photocatalytic chemistry?%. Recently, Ghosh et al.? reported
that subsequent excitation of radical anions accumulates sufficient energy to reduce stable aryl chlorides into aryl
radicals. In addition, Hammarstrdm?® reported accumulative charge separation for solar fuel production, in which
coupling light-induced single electron transfers to multi-electron catalysis was presented. In our group?, HET from
plasmon excitation of resonantly illuminated Au NPs under green light-emitting diodes (LEDs, with wavelength
maxima centered at 530 nm) was innovatively utilized to create liquid AuNT water with reduced HBs. The created
bulk AuNT water was pH-neutral and free-standing, and its temperature was close to room temperature after
creation. The resulting AuNT water can scavenge free radicals and assist the reduction of Au salts, suggesting its
electron-doping state. In addition, compared to DI water, the chemical potential of AuNT water was significantly
higher, as revealed from an equation of the vapor pressure-dependent chemical potential®” based on its significantly
higher vapor pressure at room temperature®. This suggests that energetic AuNT water with reduced HBs possesses
higher activity, which would be available for promoting biological, physical, and chemical water-related processes.
Moreover, the distinct properties of AuNT water compared to DI water can persist for at least 3 days?, suggesting
its similarity to biological photosynthesis which can use reserved energies for challenging chemical reactions. In
this work, the electron-doping state of AuNT water was further directly confirmed by observing obviously slanting
droplets of AuNT water compared to DI water, which were sprayed from a stainless steel needle electrode (cathode)
in an electron-spin module at 10kV, toward a grounded counter electrode (anode) (Fig. S1). In stationary electric
fields, most of the droplets of AuNT water from the cathodic needle were collected above the central axis of the
anodic plate; while most of the droplets of DI water from the cathodic needle were collected below the central axis
of the anodic plate. Moreover, more droplets of AuNT water, compared to DI water, were observed on the anodic
plate. These phenomena suggest that electrostatic interactions between the negatively charged AuNT water and
anodic plate were stronger.

First, we examined increased saturated solubilities of alkali metal-chloride salts in high-energy AuNT water
with weak HBs, compared to conventional DI water. As shown in Fig. 1a, solubilities of alkali metal-chloride salts
in water significantly increased when DI water (~pH 6.95) was replaced with AuNT water (~pH 6.96) at room
temperature (~22.9 °C), especially for LiCl in an exothermic solution process. These findings are very interest-
ing and important. The general strategy for increasing the solubility of a salt in water is to elevate the solution
temperature. In this work, the innovative strategy of increasing the solubility of the salt utilizing energetic AuNT
water without changing the temperature of the solution was encouraging. The solubility of LiCl (with a heat of
solution of —38k] mol™?) significantly increased from 79.0 + 1.97 to 106.5+7.91 g dL™! (an increase of ~35%)
in AuNT water compared to DI water. The solubility of NaCl (with a heat of solution of 4k] mol™) significantly
increased from 35.7 £ 0.02 to 42.8 + 0.52g dL ! (an increase of ~20%) in AuNT water compared to DI water. It
is well known that it is difficult to increase the solubility of NaCl by elevating the temperature of the solution?®?
because its heat of solution is close to zero (an increase of ~1% from room temperature to 100 °C). Compared to
DI water, a significant increase of ~20% solubility of NaCl in AuNT water would impact many biological processes
because saline solutions are ubiquitously employed in medicine. Notably, the increase of solubility of KCl in a more
obviously endothermic solution in AuNT water was slight. The solubility of KCI (with a heat of solution of 17k]J
mol ') slightly increased from 33.04 0.92 to 33.6+ 0.72g dL ! (an increase of ~1.8%) in AuNT water compared
to DI water. The dissolution of salt is a well-known physical process described in general textbooks based on DI
water, which involves two kinds of lattice and hydration energies. The hydration of ions favors the dissolution of
an jonic solid in water; while lattice energy holds ions together in a crystal lattice, and works against the solution
process. Lattice energy minus hydration energy determines the heat of the solution. Generally, the solubility of a
salt in exothermic solution processes is higher than that in endothermic solution processes. The corresponding
energies of LiCl, NaCl, and KCl in solutions based on DI water are exhibited in the inserted table of Fig. 1a. The
significant increase in the saturated solubility of LiCl in high-energy AuNT water is consistent with Le Chatelier’s
principle. In the dissolution-crystallization equilibrium reaction, high-energy AuNT water can provide additional
energy to favor the dissolution direction when dissolving releases considerable heat, because the released heat is
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Figure 1. Solubilities of alkali metal-chloride salts in deionized (DI) water and in gold nanoparticle-
treated (AuNT) water at room temperature. (a) Dependence of an increase in salt solubility in AuNT water,
compared to salt dissolved in DI water, on its corresponding heat of solution; inset demonstrates the heats of
solutions, and their individual lattice and hydration energies of the corresponding salts in conventional DI
water. (b) Solubility of LiCl in water composed of different ratios of AuNT water in DI and AuNT waters.

readily removed to the ambient laboratory air. In solution, the attraction of water molecules to ions comes from
the ion-dipole force. The O end of H,O orients toward the cation, whereas H atoms of H,O orient toward the
anion. In conventional DI water with strong HBs, compared to water with a disordered HB structure at inter-
faces, the ion-dipole force is reduced due to a reduction in water’s polarity. In our system, the distinct nature of
electron-doping AuNT water with a higher chemical potential and weaker HBs is responsible for its significant
enhancement in solution activity with alkali metal-chloride salts. AuNT water with a higher chemical potential
can provide supplementary energy to overcome the lattice energy in the solution process, more effectively pulling
ions apart and thus favoring dissolution. Cavity high-energy water at the hydrophobic surface, where it cannot
form a stable HB network, was also revealed from theoretical considerations™. In addition, the influence of water’s
HBs on its reactivity was discussed in the HCl dissociation in small water, which involves energy transfer and the
breaking of HBs?. AuNT water possessing weak HBs suggests that there are more free water molecules available
for attraction of water molecules to ions, compared to DI water with strong HBs. This effect can increase the
hydration energy, and similarly, more effectively pull ions apart, thus increasing the solubility. Consistently, the
HB network geometry can influence reaction rates of molecules that are “solvated” in a cluster geometry of water,
as reported in a theoretic approach®. As reported in probing water micro-solvation in proteins by water catalyzed
proton-transfer tautomerism® and in photobiocatalytic chemistry of oxidoreductases using water as the electron
donor®, non-hydrogen-bonded O atoms of H,0O with lone pairs of electrons contribute to these catalytic reactions.
These interesting results that imply that free water molecules promote water’s activities are consistent with those
proposed in this work.

Recently, halogen bonding (XB, the attractive interaction between an electron-deficient halogen atom and a
Lewis base) in water, resulting in enhanced anion recognition in acyclic and rotaxane hosts, was reported in the
literature®®. This observation demonstrates the superior ability of XB over HB for strong anion binding in water.
Since AuNT water used in this work is electron-doping, it can act as a Lewis base to provide additional attraction
to Cl atoms of alkali metal-chloride salts. Therefore, increased solubility of chloride-containing salts was observed
in AuNT water, compared to charge-neutral DI water. Also, the extreme surface propensity of halide ions in water
was reported in the literature®*. Concentrations of chloride and iodide at the water surface are higher than those
in bulk water. On the other hand, the formation of non-HB water at the air/water interface was indeed probed
using Raman multivariate curve resolution®. Integrating these findings, we concluded that non-HB water has
an advantage over HB bulk water in dissolving salts, which is consistent with our findings that AuNT water with
reduced HBs can dissolve more alkali metal-chloride salts. Generally, the saturated solubility of salt in water is
inversely proportional to the heat of solution. The saturated solubility for exothermic solution processes is higher
than that for endothermic solution processes due to entropic preferences. In this work, the lattice energy of salt
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Figure 2. Ionic conductivities of NaCl in different waters at room temperature and their effects on the
corresponding electrochemical reactivities. (a) Dependence of an increase in the ionic conductivity on NaCl
in gold nanoparticle-treated (AuNT) water, compared to NaCl in DI water, on the corresponding concentration
of NaCl. (b) Cyclic voltammograms (CVs) showing different scans in oxidation-reduction cycle (ORC)
treatments with a roughened Au electrode in 0.1 N NaCl in DI water. The ORC condition for the Au electrode
was —0.28 to 4-1.22 V vs. Ag/AgCl at 500 mV/s with respective durations at the cathodic and anodic vertices

of 10 and 5s. (c) CVs showing different scans in ORC treatments with a roughened Au electrode in 0.1 N NaCl
in AuNT water. The ORC condition and the Au electrode were the same as those used in DI water. (d) CVs
showing the 25th scans in ORC treatments with the same roughened Au electrode in DI water and in AuNT
water without electrolytes.

was constant and independent of the kind of water used in the solution process. However, the hydration energy
of salts in AuNT water significantly increased, as discussed before, resulting in a significant reduction in the sum
(lattice energy minus hydration energy) of the heat of the solution. Therefore, a significant increase in the saturated
solubility was observed in AuNT water instead of conventional DI water. In addition, both lattice and hydration
energies are inversely proportional to the distance between neighboring ions, and this distance depends on the sum
of the radii of the ions. For these reasons, these two kinds of energies decrease from the smallest LiCl to the largest
KCI, as shown in the table inserted in Fig. 1a. Correspondingly, the effect of the increased hydration energy on the
solubility of large KCl in AuNT water was reduced. Moreover, distinct attractions to large KCI from electron-doping
AuNT water with weak HBs were reduced. These resulted in a slightly increased solubility of KCl in AuNT water.

Figure 1b shows the increased solubility of LiCl in aqueous solutions containing different ratios of AuNT water.
It demonstrates a satisfactory linear relationship (R?>= 0.983) between LiCl solubility and the correspondingly
increased content of AuNT water in solution. This result suggests that the mixing of AuNT water with DI water is
a physical process, which does not change the distinct activity of AuNT water in solution.

Figure 2a shows ionic conductivities of NaCl at extremely low concentrations in DI water and in AuNT water at
room temperature. Encouragingly, for pure water without NaCl electrolytes, the ionic conductivity of AuNT water
(0.49040.004 1S cm ') was ca. 6-fold the magnitude of that of DI water (0.078 & 0.001 pS cm™?) although their
conductivities in pure waters were both extremely low. However, the ionic conductivity of 3.125 x 107*N NaCl in
AuNT water (2.74 4 0.01 S cm ') was almost the same as that in DI water (2.71 4 0.01 pS cm™!). Moreover, dif-
ferences in ionic conductivities of NaCl in different waters were slight at NaCl concentrations of >3.125 x 107*N,
whereas the increased ionic conductivity of NaCl in AuNT water was reduced with an increase in the NaCl con-
centration below 3.125 x 107*N. The ionic conductivity in water is generally governed by two factors: the abilities
of ion diffusion and ion transfer. Based on these criteria, the ionic conductivity of a specific electrolyte with a
constant concentration at room temperature in conventional DI water would be a constant value. Increasing the
ionic conductivity in high-energy and electron-doping AuNT water with weak HBs was never expected before. In
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our previous study?!, it was reported that AuNT water’s weak HBs were responsible for the correspondingly novel
performance in solute diffusion, which is a critical factor for hemodialysis efficiency. The calculated diffusion coefhi-
cient of 30 mM K;Fe(CN); (involving a one-electron reaction) increased from 2.76 X 107°t0 4.62 x 10~°cm s™! (an
increase of ~67%) when using an AuNT water-based saline solution instead of a conventional DI water-based saline
solution. The magnitude of the diffusion coefficient of 1 mM hydroquinone (involving a two-electron reaction) in
an AuNT water-based saline solution also increased by ca. 24% (from 1.78 x 107 t0 2.20 X 10~°cm s7!). In this
work, the higher ion diffusion in AuNT water was responsible for the correspondingly higher ionic conductivity
of electrolytes in AuNT water. Moreover, transfers of cations and anions in AuNT water with reduced HBs were
easier because there were more free non-HB water molecules available, which can provide electron holes and pairs
for corresponding ion transfers. Interestingly, the increased ionic conductivity in AuNT water was only observed
for NaCl concentrations of <3.125 x 10~*N. Above this concentration, ion conductivities in AuNT water and
DI water were almost the same, and the distinct properties of AuNT water did not affect the corresponding ionic
conductivity. We think that the ions themselves predominantly contributed to the conductivity of water at high
ion concentrations, whereas the increased ionic conductivity from the contribution of AuNT water was slight,
compared to the intrinsically high conductivities in these cases. Nevertheless, the electrochemical reaction with a
roughened Au electrode in 0.1 N NaCl-containing AuNT water, compared to the DI water system, was significantly
enhanced, as discussed below.

Figure 2b,c show typical triangular voltammetric curves for anodic dissolution and cathodic redeposition of Au
onto an Au substrate (in a predominant (111) orientation) in 0.1 N NaCl solutions based on DI water and AuNT
water, respectively. In these experiments, the same Au substrate was used in both the DI water and AuNT water
systems. These oxidation-reduction cycle (ORC) procedures for obtaining surface-enhanced Raman scattering
(SERS)-active Au substrates are generally used in the literature®>*”. Basically, the anodic dissolution of a metal
substrate is easier in AuNT water-based solutions than in DI water-based solutions, which reflects the enhanced
current density. In electrochemical reactions, the recorded current density is critically dependent on the kinetics
and diffusion controls. This result suggests that 0.1 N NaCl electrolytes used in ORCs can diffuse more efficiently in
AuNT water-based solutions under an electric field, which contributes to the observed higher currents at constant
applied potentials. In addition, with scanning in CV experiments, the dissolved Au ions in anodic scans would
be redeposited onto the Au substrate in cathodic scans. Therefore, the Au substrate is roughened with scanning.
This results in increased surface area. Thus, the increased anodic peak currents with scanning in CV experiments
were observed in both DI water-based and AuNT water-based solutions. Moreover, when comparing Fig. 2b,c
for experiments performed in DI water and AuNT water, respectively, with the same Au substrate, it was found
that the anodic dissolution of Au from the Au electrode in 0.1 N NaCl was enhanced in AuNT water. As shown
in a previous study?®, the SERS spectrum of polypyrrole (PPy) deposited on electrochemically roughened Au
with a predominant (111) orientation exhibited a higher intensity and better resolution than that deposited on
electrochemically roughened Au with a predominant (220) orientation. The result was ascribed to the significant
appearance of an anodic peak at ca. 0.1~0.8 V vs. Ag/AgCl on an Au substrate with a predominant (111) orien-
tation (Fig. 2b,c), but it disappeared on the Au substrate with a predominant (220) orientation (Fig. S2). Namely,
the higher this anodic peak was, the stronger the SERS signal of PPy was obtained. Furthermore, this anodic peak
initially showed up on the 5th scan. Figure 2b based on the DI water-system displays a similar phenomenon to
that of a previous study?®. As shown in Fig. 2c based on the AuNT water-system, it notably demonstrates a positive
effect of increasing the anodic peak, which was expected with the correspondingly increased SERS enhancement.
On the 25% scan, the anodic peak current had increased from 3.45 to 4.18 mA (an increase of ~21%) when using
an AuNT water-based solution instead of the conventional DI water-based solution. On the other hand, cathodic
redeposition of Au ions on the same Au substrate with a predominant (220) orientation was easier in the AuNT
water-based solution than in the DI water-based solution, which reflects the significantly enhanced peak current,
as shown in Fig. S2. In addition, further inductively coupled plasma-mass spectrometer (ICP-MS) analyses indi-
cated that the concentration of dissolved Au ions from the Au substrate (0.238 cm?) in 0.1 N NaCl (40 mL) after
500 scans had increased from 7.64 to 11.8 ppm (an increase of ~54%) when using the AuNT water-based solution
instead of the DI water-based solution. These interesting electrochemical benefits based on AuNT water have not
previously been reported in the literature.

Furthermore, similar experiments were performed in an electrolyte-free condition in DI water and in AuNt
water using the same Au substrate, as shown in Fig. 2d. Based on results discussed in Fig. 2a, the triangular voltam-
metric curve in non-conductive DI water without the addition of electrolytes was featureless; while the triangular
voltammetric curve in slightly conductive AuNT water without the addition of electrolytes was also featureless,
but the recorded low current was markedly enlarged. Solid water (ice) has a nearly perfect tetrahedral symmetry
around each water molecule; while liquid water deviates from the perfect tetrahedral symmetry of an HB network
due to defects, thereby allowing it to play a central role in a vast number of chemical processes®*>3°41, as well as
in biological processes*2. All of these liquid water-involving processes respond to liquid water’s activity from its
available water molecules, not fully HB ones. Therefore, the created AuNT water with reduced HBs was intrinsically
active, as demonstrated by the effective promotion of solubility, ionic conductivity, and electrochemical reactivity
in AuNT water. These findings suggest that AuNT water is a promising innovative solvent for promoting water’s
fundamental activities.

As reported in the literature, polyphenols® and 2,3,5,4’-tetrahydroxystilbene-2-O-beta-d-glucoside (THSG)*
are antioxidative components of tea and PM, respectively. They are known to possess many health benefits.
Therefore, further experiments were performed to examine if these healthy components could be more effectively
extracted using high-energy AuNT water. Epigallocatechin gallate (EGCG) in polyphenols is the major active
component of the health benefits of tea. Correspondingly, 2,2-diphenyl-1-picrylhydrazyl (DPPH) is a stable free
radical, which has generally been employed to examine the free radical-scavenging capacity of various chemicals*,
including EGCG?*. Therefore, the health benefits of scavenging DPPH by tea solutions extracted using AuNT water
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Figure 3. Antioxidative abilities of teas and coffees extracted using deionized (DI) water and gold
nanoparticle-treated (AuNT) water at room temperature (a 1-g sample was dissolved in 50 g of water).

(a) ESR spectra of 2,2-diphenyl-1-picrylhydrazyl (DPPH) free radicals based on extracted green teas. The
inset demonstrates the epigallocatechin gallate (EGCG; the major polyphenol) contents in green tea and Pu-er
tea extracted using DI water and AuNT water at room temperature. (b) UV-vis spectra showing the relative
concentrations of caffeic acids in the extracted coffees.

at room temperature were examined. Figure 3a demonstrates the scavenging abilities on DPPH free radicals of
AuNT water-extracted tea solutions. Figure S3 demonstrates the corresponding electron spin resonance (ESR)
spectra. The main ESR signal shown at ca. 3482 G is a characteristic of DPPH radicals*. Encouragingly, DPPH
radicals were significantly reduced in the tea solutions extracted using AuNT water, compared to those extracted
using DI water. The corresponding ESR intensities decreased by ~20% and ~17% for green tea (non-oxidized tea)
and Pu-er tea (post-oxidized tea), respectively, based on AuNT water. Figure 3b demonstrates the corresponding
EGCG contents in tea solutions extracted using different waters. Consistently, EGCG contents were significantly
higher in tea solutions extracted using AuNT water, compared to those extracted using DI water. The corresponding
EGCG contents increased by ~21% and ~10% for green tea and Pu-er tea, respectively, based on AuNT water. To
the best of our knowledge, this increase in EGCG contents of tea solutions extracted using high-energy AuNT
liquid water at room temperature is the first report in the literature. EGCG is classified as a polyphenol with char-
acteristic multi-OH groups, which can form intermolecular HBs with water molecules. As recently reported?, the
electrochemical properties of phenols and quinones in organic solvents are strongly influenced by HBs of water.
It was also reported by our group? that compared to DI water, there is more ‘free water’ in AuNT water with
weaker HBs, which can strongly interact with hydroquinone (HQ) by HBs. Therefore, EGCG was more effectively
extracted from teas utilizing AuNT water with more free water molecules that could form effective intermolecular
HBs with polyphenols.

Figure 4 demonstrates THSG contents from PM, which were extracted with ethanol (EtOH) solutions (60%
EtOH in DI water and AuNT water) at room temperature, in crude extraction solutions and further lyophilized
powders. Figure 4a shows THSG contents of crude extraction solutions. Interestingly, the THSG content was signif-
icantly higher in the crude extract based on AuNT water (28.11 + 1.33 mg g™1), compared to that based on DI water
(25.19+1.20mg g ). The corresponding THSG content significantly increased by ~12% (p < 0.05; this p value
means that the deviation probability of the experimental data was <0.05, which indicates that the experimental
result was significant) for PM extracted using an AuNT water-based solvent. Similarly and more significantly in
statistics, as shown in Fig. 4b based on lyophilized powder dissolved in DI water, the THSG content was signifi-
cantly higher in the lyophilized sample based on AuNT water (109.6 + 0.2mg g'), compared to that based on DI
water (131.3+0.2mg g™"). The corresponding THSG content increased by ~20% (p < 0.001), which was higher
than ~12% for the crude extract, for PM extracted using the AuNT water-based solvent. This result suggests that
a trace of AuNT water in lyophilized samples can suppress oxidation of THSG, as revealed from the antioxidant
capacity of AuNT water®. Moreover, total extraction yields based on lyophilized samples (See SI) were 14.3% and

SCIENTIFICREPORTS | 5:18152 | DOI: 10.1038/srep18152 6



www.nature.com/scientificreports/

a =
Crude extraction solutions
increase : 12 %
30
= 259
& .
£ 20 T
§ EES
i T2
E 5 s
s i
£ 10 Tos
2 00}
g i
O 59
0_
Dy
Matey, ~b, Ve Wag,
seq €y,
Slveyy M sgy
Veng
b e g Lyophilized extraction powders
150 increase : 20 %

120

90 -

30

Content of THSG / mg g

by 4
ety N
'Seq

A5
Cd g, IV"'lr

Figure 4. Contents of 2,3,5,4’-tetrahydroxystilbene-2-O-beta-d-glucoside (THSG) in different types of
extracts from Polygonum multiflorum (PM) extracted using different water-based solvents. (a) In crude
extraction solutions; the inset demonstrates the corresponding HPLC analyses to calculate the contents of
THSG in DI water-based and AuNT water-based solvents; *p < 0.05. (b) In extraction powder; the inset
demonstrates the corresponding HPLC analyses to calculate the contents of THSG from DI water-based and
AuNT water-based solvents; ***p < 0.001.

16.3% for the DI water- and AuNT water-based solvents, respectively. This is an increase of ~14% in the extraction
efficiency using the AuNT water-based solvent. THSG in PM is also a kind of polyphenol with multiple OH groups,
which can form intermolecular HBs with water molecules. Therefore, AuNT water with more free water molecules,
which can form more intermolecular HBs, is responsible for the more-effective extraction of THSG from PM.
As discussed above, AuNT water’s weak HBs are responsible for its better fundamental abilities. In addition,
this effect on the corresponding evaporation rate was examined in ambient laboratory air. As shown in Fig. 5a,
in the first hour, the magnitude of the evaporation rate of AuNT water was markedly higher by ca. 32%, com-
pared to that of DI water. Finally, in the fourth hour, this increase of evaporation rate was greatly reduced to ca.
5.6%. These results suggest that active water molecules in the as-prepared AuNT water quickly evaporated in the
first hour, after which the originally distinct property distinguishable from DI water was greatly reduced in this
experiment-induced aged AuNT water. Figure 5b demonstrates the evaporation rates per hour of different aqueous
solutions of alkali metal-chloride salts. Based on the colligative properties of ionic solutions, the vapor pressure of
ionic solutions should be lower than that of the pure solvent. Thus the evaporation rate of the alkali metal-chloride
salt-containing aqueous solution was lower than that of pure water, as can be seen by comparing Fig. 5b,a. For
example, in a 0.9 wt% NaCl solution (normal saline solution) based on DI water, the magnitude of the evapora-
tion rate in the first hour decreased by ca. 5.2% compared to that of pure DI water. This decrease was ca. 13% in
magnitude based on AuNT water. Similarly, for a 0.9 wt% LiCl solution based on DI water, the magnitude of the
evaporation rate in the first hour was slightly lower by ca. 2.9%, compared to that of pure DI water. This decrease
was greatly enhanced to ca. 27% in magnitude based on AuNT water. However, for 0.9 wt% KCl solutions based
on DI water and AuNT water, the decreases in evaporation rates compared to those of individual pure water were
comparable, with decreases of ca. 12% and 8.7% in magnitude for DI water-based and AuNT water-based systems.
These phenomena, correlated with their differently increased saturated solubilities in AuNT water, are interesting
and are discussed below. Nevertheless, AuNT water-based systems also led to correspondingly faster evaporation
rates in 0.9 wt% alkali metal-chloride salt solutions, compared to those of DI water-based systems. In the first hour
(left plot), magnitudes of evaporation rates of LiCl, NaCl, and KCl in AuNT waters were respectively higher by ca.
0.0%, 21%, and 38%, compared to those of LiCl, NaCl, and KCl in DI waters. Interestingly, this increasing tendency
was inversely proportional to the increasing tendency of the solubilities of different salts in AuNT water, compared
to DI water, as illustrated in Fig. la. These phenomena resulted because most of the active water molecules in AuNT
water are consumed in dissolving LiCl to greatly reduce its hydration energy (its increased saturated solubility in
the AuNT water was the largest). Thus, the originally distinct activity distinguishable from DI water was greatly
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Figure 5. Evaporation rates of deionized (DI) water, gold nanoparticle-treated (AuNT) water and alkali
metal-chloride salt-containing DI water and AuNT water at 1 atm and room temperature with 52% relative
humidity (RH). (a) Evaporation rates per hour of DI water and AuNT water with respect to the passed time.
(b) Evaporation rates per hour based on the first hour (left plot) and the first 4 hours (right plot) of 0.9 wt%
alkali metal-chloride salt-containing DI water and AuNT water. (c) Schematic descriptions of energy-progress
of process curve of the process curve of activated AuNT water in effective energy transfer for dissolution and
evaporation processes.

reduced, which reflects the equal evaporation rate of LiCl solutions in both DI water and AuNT water. This effect
also resulted in a great decrease in the evaporation rate of ca. 27% in magnitude for the 0.9 wt% LiCl solution based
on AuNT water, compared to that of pure AuNT water. Also, the average evaporation rates per hour for the first
4hours (right plot) of LiCl, NaCl, and KCl in AuNT waters were respectively higher by ca. 0.38%, 4.7%, and 7.5%,
compared to those of LiCl, NaCl, and KCl in DI waters. Conclusively, the distinct properties of AuNT water led to
correspondingly faster evaporation rates for both itself and its ionic solutions. The energetic AuNT water created
from HET can released its reserved energy in dissolving salts more effectively. Encouragingly, the remaining reserve
energy in AuNT water, compared to DI water, was also available, which can lead to faster evaporation rates of
ionic solutions. This energy-progress process of the utilized AuNT water is illustrated in Fig. 5¢. In addition, this
innovative idea of validating the reserve energy in AuNT water is exhibited in Figure S2 regarding the ORC pro-
cedure for roughening the same Au substrate (in a predominant (220) orientation) in different waters containing
different 0.1 N alkali metal-chloride salts. As demonstrated in Figure S2, increased cathodic redeposition currents
on the 25% scans of KCl, NaCl, and LiCl in AuNT waters were respectively increased by ca. 44%, 13%, and 2.0%,
compared to those of LiCl, NaCl, and KCl in DI waters. This increasing tendency was inversely proportional to the
increasing trends in solubility of the different salts in AuNT water, compared to DI water, as discussed in Fig. 1a.

We successfully utilized plasmon-induced high-energy AuNT liquid water to promote water’s fundamental
activities of solubility, ionic conductivity, and extraction at room temperature. In addition, the innovative idea of
validating the reserve energy in AuNT water was proposed. The solubility of alkali metal-chloride salts in AuNT
water was significantly increased by increasing the corresponding hydration energy in the solution process. The
ionic conductivity of NaCl in AuNT water was also markedly increased at extremely low concentrations. In addi-
tion, EGCG and THSG were more effectively extracted from teas and PM, respectively, by utilizing AuNT water
with more free water molecules than was possible from effectively intermolecular HBs with polyphenols. Moreover,
the distinct property of AuNT water led to correspondingly fast evaporation rates for both itself and its ionic
solutions. These encouraging findings, which are the first shown in the literature, demonstrate that high-energy
water has emerged as a promising innovative solvent for promoting water’s fundamental activities via effective
energy transfer.
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