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1. Contribution of added bulk water. 

 

 

Supplementary Figure 1 | Contribution of added bulk water. a, Adding bulk water in the 

system after stage 5 contributes to the extra SERS signal that comes from the further filled hot-

spot region (red hatched area in b), showing the broadened SERS spectrum (red curve in a) 

while still keeping the ice-VII feature.   
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2. Correlated decrease of the peak ratio between low and high frequency region 

 

 

Supplementary Figure 2 | Correlated decrease of the peak ratio between low (A/B) and 

high (C/D) frequency region is observed during heating experiment (120 °C, 20 min.). a, 

The results are obtained in a separate experiment and are similar to those presented in Fig. 2c 

in the main text for ultra-purified nanoparticle solution. b, The data show the heat-induced 

change of SERS spectrum of the nanomeniscus produced from less purified nanoparticle 

solution, which is characterized by the broadened OH stretching bands as is also shown in Fig. 

1d in the main text. 
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3. Raman data of DDAA in most ice phases. 

 

 

Supplementary Figure 3 | Raman peaks of DDAA in most ice phases versus temperature 

and pressure. a and c show the positions of ice-Ih2–5, Ic2, II2,3, III2,3, IV6, V2,3, VI3,7, IX3,8, X9, 

XI4, XII10, XIII11, XIV10 and XV12, indicating that all the peaks are located below 3225 cm-1, 

whereas b presents the positions of ice-VII3,7,13–15, ice-VII from supercompressed water16, VII'5 

and VIII3,17,18, showing the available peaks above 3250 cm-1 at low pressure (clearly visible in 

d as the green- and pink-coloured areas). Notice that the ultra-high pressure X phase has no 

OH-stretching band.  
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4. Phase-field diagram of ice-VI and VII. 

 

 

Supplementary Figure 4 | Enlarged phase-field diagram of ice-VI and VII. Blue-dashed 

arrow shows that the minimum pressure of the ice-VII fields is ~2.1 GPa at 300K.  
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5. Comparison of amorphous water nanocluster and our nanoconfined water. 

 

 

Supplementary Figure 5 | Comparison of bandwidths between water nanocluster and our 

nanoconfined water. Compared to the infrared spectrum of isolated water nanoclusters (red 

curve, 48 molecules for 1.5 nm size)19,20, water nanomeniscus exhibits the significantly narrow 

bandwidth, verifying the crystalline structure, not the amorphous phase. 
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6. Change of main phonon band in silicon substrate.  

 

 

Supplementary Figure 6 | Low temperature change of main phonon band in silicon 

substrate on which samples are loaded21.  
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7. Fabrication and characterization of Au@Ag and Pt@Ag nanoparticle.   

We have not used the pure gold or platinum nanoparticle since the plasmonic property (i.e. 

SERS signal enhancement) of gold or platinum is significantly lower than that of silver 

nanoparticle, not enough to get reliable SERS of water nanomeniscus, especially at the shorter 

wavelength region where the Raman cross section of water is increased intrinsically (we used 

488 and 532 nm laser line as excitation). Recently, it has been a well established technology to 

deposit ultrathin gold (or platinum) shell on the core silver nanoparticle, providing silver-

dominant plasmonic property along with the gold (or platinum) surface character22,23.  

For gold coating, we followed the recently developed “galvanic replacement-free deposition 

of gold on silver” method22, while slightly modifying for our spherical Au@Ag nanoparticle. 

Briefly, PVP solution (2 mL, 1 mM) was mixed with ascorbic acid (0.5 mL, 10 mM), NaOH 

solution (0.1 mL, 200 mM) and silver nanoparticle solution (monodispersed or polydispersed, 

0.01 mL, ~5 mg/mL) under magnetic stirring. Next, HAuCl4 solution (0.4 mL, 0.1 mM) was 

titrated into the mixture at a rate of 0.02 mL/min. 10 minutes later, the product was centrifuged 

at 14,000 rpm and washed with DI water more than five times prior to SERS and TEM 

characterization (Fig. S6a – d).  

For platinum coating23, Ag nanoparticle solution (~0.3 mg/mL, 3 mL) was initially stabilized 

with 50 mg of PVP under continuous mixing. Next, reducing agent composed of 100 mg of 

ascorbic acid (in 3 ml of DI water) and aqueous NaOH solution (600 μL, 1.25 M) was added 

to the reaction vessel. Pt precursor solution (12 mg of K2PtCl4 (99.99%, Sigma-Aldrich) in 16 

ml of DI water) was slowly injected at a rate of 4 ml/h for 4 h. Every 2 h, 50 μl of an aqueous 

1.25 M NaOH solution was added to the solution. The nanoparticles were purified via 

centrifugation at 14,000 rpm. with DI water more than five times prior to SERS and TEM 

characterization. (Fig. S6e – h).   
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Supplementary Figure 7 | Characterization of Au@Ag and Pt@Ag nanoparticle. a and e, 

TEM images of single Au@Ag and Pt@Ag nanoparticle. EDS elemental maps of Ag (b, f), Au 

(c) and Pt (g). d and h, EDS elemental line scan taken along the yellow line in a and e, 

respectively.  
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8. Isocyanide-SERS verification of Au (Pt) surface character in Au@Ag (Pt@Ag).  

Since isocyanide group is well known to be sensitively responding to the surface metal 

characteristics via a spectroscopic shift of the NC stretching band, we assembled the isocyanide 

SERS probe (1,4-phenylenediisocyanide) on the Au@Ag or Pt@Ag nanoaggregates. Figure 

S7 clearly shows that the NC stretching band of 1,4-PDI from Au@Ag or Pt@Ag nanoparticle 

aggregates exhibits the peak position reflecting the Au or Pt surface characters, not Ag one, 

which is also supported by the previous reports24–26, confirming the gold (platinum) surface 

characters of Au@Ag (Pt@Ag) nanoparticle. 

 

 

Supplementary Figure 8 | NC stretching bands in SERS of 1,4-phenylenediisocyanide 

assembled on Ag, Au@Ag and Pt@Ag nanoparticle aggregates.  
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9. Fabrication of three kinds of OH-SAM@Ag and SERS dependency. 

Hydrophilic OH surface was rendered by thiol-based self-assembled monolayer (SAM) 

molecules: 2-mercpatoethanol (Aldrich, 99%), 3-mercapto-1-propanol (Aldrich, 95%) and 6-

mercapto-1-hexanol (Aldrich, 97%), for varying the length of alkyl chain (C2, C3, C6). The 

Ag nanoparticles were coated by these OH-SAM molecules by adding 10 l ethanolic solutions 

to 1ml Ag colloids with enough amount of PVP stabilizer, to prevent from aggregation in the 

solution state. After incubating the mixture for 10 minutes at room temperature, solutions were 

washed more than 5 times with DI water for SERS measurement of water nanomeniscus.  

 

Supplementary Figure 9 | Plasmonic coupling (SERS hot spot) between adjacent silver 

nanoparticles.  a, Effective plasmonic coupling is decreased with the increasing alkyl chain 

length of the OH-SAM molecules, so that SERS of water nanomeniscus formed at the crevices 

becomes difficult to be observed with the increasing number of alkyl group. (SAM thickness 

of 0.175 nm, 0.3 nm and 0.75 nm for C2, C3 and C6 SAM, respectively27,28. Scale bar in Raman 

spectra indicates the Raman counts at the condition of 1 mW at 532 nm, 1 second integration 

time and 90 accumulations.) b, FEM simulation results show that the electromagnetic field 

intensity in the region where nanomeniscus forms decreases significantly with the increasing 

shell (OH-SAM) thickness of the particle (0.175 nm, 0.3 nm and 0.75 nm). The refractive index 

value for the OH-SAM was provided by the result in the previous report29. Scale bar denotes 

the intensity of scattered electromagnetic field |E| near the crevice.  
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Now, let us discuss the plausibility of SERS of the water nanomeniscus: OH-SAM@Ag vs 

SHINER (Shell-isolated Nanoparticle-enhanced Raman Spectroscopy) particle.  

At first, we expected the appearance of SERS of the water nanomeniscus especially at the silica 

surface since it has the surface characteristic of the natural sands. However, we observed 

experimentally in Figure S9 (theoretically in Fig. S9b) that the SERS of the water 

nanomeniscus critically depends on the length of alkyl group of OH-SAM, indicating that if 

the thickness of the SAM is over 1 nm (C6), SERS of the water nanomeniscus is hardly 

detectable at the crevices of the particle aggregates. Considering that the minimum thickness 

of silica shell in SHINER nanoparticle is 1 nm up to now30,31, SERS of the water nanomeniscus 

was not observed in the aggregates of SHINER nanoparticle as expected. 
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10. Fabrication of monodispersed silver nanoparticles. 

For monodispersed Ag nanoparticles, we followed the protocol of using mixture of glycerol 

and water, developed by Schlücker’s group32. Briefly, a 50 mL glycerol–water mixture (40 vol% 

glycerol) was stirred in a 100 mL flask and heated up to 95 ˚C. After a few minutes later, 9 mg 

silver nitrate along with 1 mL sodium citrate (3%) were added to the solvent, followed by 

stirring for 1 hour at 95 ˚C. Then, using this particle as seed and combining with glycerol, PVP 

and ascorbic acid, we synthesized monodisperse Ag nanoparticles of 43 nm, 70 nm and 100 

nm sizes, which are confirmed by narrow bandwidth and maximum peak position in the 

extinction spectrum (Fig. S10). 

 

 

Supplementary Figure 10 | UV-VIS Absorbance of monodispersed Ag nanoparticles. 

Diameter is denoted near each spectrum.  

 

 

 

 

 



14 

 

11. Fabrication of polydispersed silver nanoparticle. 

For polydispersed silver nanoparticle, we used the modified polyol synthesis23 which is 

generally used for silver nanocube and very sensitive to the environmental conditions. We 

slightly changed the reaction conditions such as heating temperature or reagent concentration. 

Polydispersity of the sample is supported by the large bandwidth in absorbance spectrum (Fig. 

S10) along with field-emission scanning electron microscopic (FESEM) investigation, 

showing the coexistence of various kinds of rod, wire and polyhedral shape of nanoparticles in 

the dried aggregates (Fig. S11).  

 

Supplementary Figure 11 | UV-VIS Absorbance of monodispersed (44 nm diameter) and 

polydispersed Ag nanoparticle solution.  

 

 

 

Supplementary Figure 12 | FE-SEM image of dried polydispersed Ag nanoparticles.  
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12. Correlated Low and high frequency bands in various systems of our experiments.  

 

Supplementary Figure 13. Correlated behavior between low and high frequency bands 

observed in the washing stages (a and b) and in the various kinds of nanoparticles (c and d).  
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13. SERS of water nanomeniscus in different forms of silver substrate. 

 

Supplementary Figure 14 | SERS of water nanomeniscus in silver substrate made by 

different methods. The nano-roughened silver electrode produced by the conventional 

electrochemical-ORC (oxidation reduction cycle) method33 as well as the dried nanoaggregates 

made by the NaBH4-reduced silver nanoparticle34 show a very similar SERS feature of the 

nanoconfined water in ambient condition that is presented in the main text (i.e., that produced 

by the sodium citrate-reduced silver nanoaggregates). The results confirm that the observed 

SERS peak of the nanoconfined water meniscus is not due to other silver-water or other 

impurity-water complex compounds that can be produced during experiments.  
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14. Ultra-sonication effect on the SERS spectrum. 

 

Supplementary Figure 15 | Ultra-sonication effect on the SERS spectrum. Silver 

nanoparticle is known to be sensitive to the external stimuli. To examine whether the ultra-

sonication procedure leads to formation of other kinds of silver-water complex compound 

(besides the nanoconfined water meniscus), we diluted the solution 15 times only with the 

distilled water without any ultra-sonication treatment in the sample preparation stage. The dried 

aggregates prepared by this method also exhibit the similar spectral features of ice-VII. The 

results show that the SERS peak of water nanomeniscus is not associated with any sonication-

induced products that may be formed during experiments.  
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Supplementary Notes 1. Estimates of SERS enhancement factor and near-surface 

pressure.  

(i) SERS enhancement factor 

The signal enhancement factor (EF) is defined as, EF =
𝐼SERS

𝑁SERS

𝐼bulk

𝑁bulk
⁄ , where I and 

N denote the Raman scattering intensity and number of probed molecules, respectively. We 

irradiated with 20-mW laser light (532 nm) for bulk-water Raman measurement due to the very 

low optical Raman cross-section, while 1mW laser was used for the nanomeniscus SERS 

measurement. Since we obtained the same Raman signal intensity with each laser power, the 

ratio of ISERS Ibulk⁄  is ~20. For bulk-water measurement, the sampling volume is assumed as 

a cylinder geometry with ~2 m diameter with 20 m height and the water density of 1 g/ml, 

giving the Nbulk value as ~2.1 × 1012. The volume of single hot-spot area between two silver 

nanospheres is derived by a simple geometrical calculation using the FEM method, which 

provides NSERS ~ 775 water molecules in the single hot spot region. In the randomly dried 

nanoaggregates, we estimate the maximum EF value (< 5.42 × 107 ), from the hot spot 

numbers (< 1000 in the single laser spot of ~2 m), although it is difficult to count the exact 

number by analyzing the TEM (transmission electron microscope) or FE-SEM (field emission 

scanning electron microscope) images of the samples.   

 

(ii) Pressure near the surface 

We estimate the pressure exerted on the single water molecule situated near the silver 

surface. The force between a water dipole P = q × 𝛿0 (=1.8546 D) and its image on the metal 

is calculated by the image-dipole equation1, F(d) ≈  
3P2

4𝜋𝜖0(2d)4 , where d is the distance between 

the dipole and its image. If we assume that the cross-sectional area of a single water molecule 
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on the silver surface is ~ (0.3 nm)2 and the distance between a confined water molecule and its 

image has the molecular size of single water (~ 0.3 nm), the pressure between them is calculated 

qualitatively as ~1.37 GPa. For comparison, if the distance between a surface adsorbed water 

(in direct contact with the silver surface) and its image is on the order of atomic diameter of 

oxygen (~ 0.12 nm), the pressure is obtained as ~3 GPa, supporting that the surface water 

molecules are more strongly bound than the confined ones, as also manifested by the invariant 

DA peak of the nanoconfined water during heating of the system. 
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