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Effect of infrared radiation on interfacial water at hydrophilic surfaces 
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A B S T R A C T   

Hydrophilic materials such as Nafion can nucleate the buildup of interfacial water, which shows features 
different from bulk water. We investigated the effect of infrared (IR) light on a negatively charged, interfacial 
exclusion zone (EZ) and a positively charged proton zone (PZ) formed in the vicinity of Nafion. After irradiation 
for 5 min by mid-IR light, EZ size increased with an expansion ratio of 1.41. A significant expansion was also 
found in the size of PZ, equivalent to an increment of about 1.39 × 1016 molecules of hydronium ions. Thus, IR 
radiation not only builds EZ, but at the same time drives release of protons from the growing EZ to bulk water. 
Near-IR illumination also showed expansion of EZ and PZ water. These results imply that incident IR light not 
only promotes the build-up of interfacial water at the hydrophilic surface, but also provides a driving force for 
charge separation.   

1. INTRODUCTION 

Water is essential for life. Yet, our understanding of water may be no 
deeper than the tip of the iceberg. An article titled “What don’t we 
know,” published in Science, mentioned 125 scientific issues that are still 
in suspense, and the structure of water was cited as an unsolved question 
[1]. In recent decades, interfacial water formed on the surfaces of 
various materials has gained widespread attention [2]. Many studies 
have demonstrated that interfacial water tends to exhibit long-range 
order, which may shed a light on our basic understanding of water 
structure. 

The physical and chemical properties of interfacial adsorbed water 
(relative humidity = 5% ~ 95%) have been reported to be determined 
by both water-surface interactions and water-water interactions [3,4]. 
With sparse water coverage, one layer of water molecules is reported to 
lie flat on the surface of substrates [5]. When the relative humidity in-
creases from 30% to 60%, a hydrogen-bonded bilayer structure is re-
ported for mica and silicon oxide surfaces [6,7]. The extended hydrogen 
bond network within the hydration layers leads to the reorientation of 
water molecules and forming ice-like rings of water hexamers [8]. This 
ice-like long-range ordered structure of interfacial water is not uncom-
mon and has also been found in water films ranging from multiple layers 
to hundreds of layers [9,10]. 

Recently, ordered water zones as large as a few hundred micrometers 
wide and differing from water in bulk have been found in the vicinity of 
various hydrophilic surfaces [11]. One of the salient characteristics of 

this zone is its ability to exclude solutes and microspheres; hence, it is 
termed an exclusion zone (EZ). Notably, EZ water exhibits different 
physical properties compared to bulk water. Some of them include a 
higher refractive index and viscosity, as well as light adsorption at 270 
nm [12]. Another is charge separation between the EZ and bulk water 
[13,14]. It has also been reported that the EZ water adjacent to the 
surface of Nafion has an electrical potential as large as − 200 mV, which 
indicates the formation of net negative charges in EZ [14]. Similar 
charge separation caused by strong water-surface interaction has also 
been found for interfacial water on the surface of silicon oxide [15]. 

Recent studies have shown that interfacial water can be affected by 
electromagnetic energy. Ultraviolet radiation, for example, can provide 
driving energy for the dissociation of the interfacial water into OH− and 
H+ [16]. Infrared (IR) energy, which is ubiquitous on our earth, can 
drive the expansion of interfacial water. Chai et al. reported that with 
comparable incident power, IR light shows a considerably stronger 
positive effect on EZ size compared to visible and UV light [17]. 
Considering the charge-separation potential within interfacial water, a 
related question emerged: will irradiation with IR light accelerate 
charge separation and bring more protons into the bulk water? Driven 
by this question, this study investigates the effect of IR radiation of 
various intensities and wavelengths on the development of EZ water 
next to Nafion and the associated proton release. 

* Corresponding author. 
E-mail address: anqiw66@uw.edu (A. Wang).  

Contents lists available at ScienceDirect 

Colloid and Interface Science Communications 

journal homepage: www.elsevier.com/locate/colcom 

https://doi.org/10.1016/j.colcom.2021.100397 
Received 29 January 2021; Received in revised form 9 March 2021; Accepted 14 March 2021   

mailto:anqiw66@uw.edu
www.sciencedirect.com/science/journal/22150382
https://www.elsevier.com/locate/colcom
https://doi.org/10.1016/j.colcom.2021.100397
https://doi.org/10.1016/j.colcom.2021.100397
https://doi.org/10.1016/j.colcom.2021.100397
http://crossmark.crossref.org/dialog/?doi=10.1016/j.colcom.2021.100397&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Colloid and Interface Science Communications 42 (2021) 100397

2

2. EXPERIMENTAL SECTION 

2.1. MATERIALS 

Analytical grade K2HPO4 (99.0%) and KH2PO4 (99.0%) were ob-
tained from Sigma-Aldrich. Nafion 117 membrane was also purchased 
from Sigma-Aldrich. The pH-sensitive dye, which changes color from red 
to purple in aqueous solution in the pH range 3.0–10.0, was purchased 
from Honeywell Fluka. Carboxylate microsphere (1 μm diameter, 2.5% 
w/v suspensions, 4.55 × 1010 particles/ml) was purchased from Poly-
sciences. Deionized (DI) water with a resistivity of 18.2 MΩ cm was 
purified with a Barnstead D3750 Nanopure Diamond water system. 

2.2. SAMPLE PREPARATION 

For all experiments, samples were prepared from DI water. To 
visualize the size and pH value of interfacial water, carboxylate micro-
sphere suspensions and pH-sensitive dye were dispersed in water, at 
microsphere-to-water and dye-to-water volume ratios of 1:300 and 1:20, 
respectively. Because DI water absorbs carbon dioxide from the air, the 
water was slightly acidic, with a pH of 6.35 ± 0.10. To adjust the pH of 
the water to neutral, potassium phosphate buffer was used. Potassium 
phosphate buffer stock solution (1 M, pH 7.0) was prepared from equal 
volumes of 1 M K2HPO4 solution and 1 M KH2PO4 solution, then stored 
at 4 ◦C. A small volume of this stock solution was pipetted into the water 
at a concentration of 1 mM to bring the pH value to 7.00 ± 0.10. The 
Nafion membrane was cut into pieces (3 × 20 mm) and pre-soaked in 1 L 
DI water for 24 h before use. 

2.3. CONTROL AND IR IRRADITATION EXPERIMENTS 

For control experiments, 1 mL water containing 1 mM phosphate 
buffer with pH-sensitive dye and microspheres was injected into a small 
chamber. This chamber was made from a 5-mm thick plastic block with 
a hollow cuboid (15 × 12 mm) cut out in the center. The bottom of the 
chamber was covered with a 1-mm thick glass slide. In the central ver-
tical plane of this chamber, a thin groove was set in the plastic to hold 
the Nafion sample. A piece of Nafion membrane was carefully immersed 
into the water without causing appreciable disturbance and was 
mounted in the vertical plane. Then, the chamber was carefully placed 
on the stage of an inverted microscope (Axiovert 100TV, Zeiss) for the 
observation of interfacial water zones, over a period of 10 min. Images 
were recorded with a color camera (EO3112C, Edmund Optics) and 
were further processed by ImageJ software to measure the sizes of the 
respective zones. The white balance of the camera was manually set to a 
fixed value for all observations to avoid unexpected color shifts in mi-
crographs. A calibration was performed to relate pixel units to length 
units. By adjusting focus knobs to focus on the central-depth layer of the 
water sample, the influences of air disturbance and bottom friction were 
minimized. To avert any effect of ambient light, all experiments were 
conducted in a dark room, and the light of the microscope was only 
turned on for the short time of observation. 

For IR irradiation experiments, samples were irradiated immediately 
once Nafion was placed in the chamber containing the solution. A mid- 
infrared (MIR) LED (LED30Sr, Boston Electronics) with wavelength at 
3.0 μm, and three near-infrared (NIR) LEDs (Thorlabs) with wavelength 
at 810, 840, and 870 nm were used. A pinhole (100 μm, Edmund Optics) 
was mounted tightly with the IR diode to screen the light into a beam. 
The IR diode was set about 2 mm above the water level in the chamber, 
and the IR light was irradiated from directly above the EZ water. All IR 
LEDs were driven at 2 kHz by a universal LED driver (D-31 M, IBSG) 
which provided a quasi-continuous wave mode. The LED current could 
be adjusted in the range of 25–250 mA through the driver, and the 
corresponding output power of the MIR LED was in the range of 5–50 
μW. We should mention that operation at a power higher than MIR 
LED’s safe intensity limit (30 μW) may decrease LED emission power, 

making the output power less predictable. The schematic diagram of the 
experimental device is shown in Fig. 1. After shining IR for 5 min, the 
size of EZ water and proton transmission zone was observed under the 
microscope. 

2.4. INFRARED VISUALIZATION 

The temperature of water samples after treatment under control 
condition and IR irradiation was observed through infrared radiation 
emitted from the water surface [18]. The infrared image was obtained 
with the use of an infrared sensing camera (SC-6000, FLIR Systems), 
which has a spectral sensitivity range between 3 and 5 μm in wavelength 
and a temperature sensitivity of 50 mK. ExaminIR 1.2.0.1076 (FLIR 
Systems) software was used for visualization of the data. 

3. RESULTS AND DISCUSSION 

Hydrophilic materials such as Nafion show a distinct ability to 
initiate buildup of interfacial water, which shows different features from 
bulk water. In this study, we investigated the effect of incident IR light 
on the expansion of interfacial water and the increase of protons 
generated from EZ water. The IR-driven expansion of water zones con-
taining opposite charges in the vicinity of Nafion pose a possibility of IR- 
driven charge separation in water. 

3.1. WATER ZONES DIFFERENT FROM BULK WATER 

The interfacial water zone began forming immediately when Nafion 
was set into the chamber. Consistent with what has been generally re-
ported [17,19,20], we found that interfacial water could exclude mi-
crospheres and pH dye, for which reason it was termed an exclusion 
zone, or EZ. Fig. 2 shows the formation of EZ water (colorless) contig-
uous to the Nafion, as well as an adjacent red zone beyond, indicating a 
high proton concentration. A pH scale was made according to the 
observation of water samples with pH ranging from 3.0 to 10.0 under the 
microscope. Compared to this pH scale, the pH of the red zone was 4.0, 
for which reason it was named as a proton zone (PZ) in this study. Since 
no external protons were added into the water and the Nafion had been 
pre-soaked in DI water for 24 h, the protons in the bulk water must be 
sourced from the growing interfacial water. As shown in Fig. 2, when the 
contact time of Nafion with water increased from 2 to 8 min, the size of 
EZ more than doubled and the size of PZ also enlarged. This increase of 
EZ size next to Nafion was consistent with results obtained using other 
hydrophilic materials, such as polyvinyl alcohol (PVA) gel and ghee, all 
showing that microspheres migrated away rapidly from hydrophilic 
surfaces. Leaving a microsphere-free zone of several hundred microns 
after 10 min [19,20]. 

EZ and PZ waters next to hydrophilic surfaces exhibit properties 
significantly different from bulk water. Evidence has shown that charge 
separation occurs near the surface of hydrophilic materials, leading to 

Fig. 1. Schematic diagram of the experimental apparatus.  
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negative charges in EZ water and positive charges in PZ water [21]. 
Previous work has shown not only that the electrical potential of 
interfacial, or EZ water could be as large as − 200 mV, but also that a 
current flow could be observed between EZ and bulk water [14]. The 
low pH of PZ water in Fig. 2 implies the gathering of excess protons (or 
hydronium ions), which migrated from interfacial water under the force 
of molecular diffusion. 

3.2. STABILITY OF EZ SIZE AND PZ SIZE 

To obtain sizes of EZ water and PZ water, measurements were taken 
from six different positions on both sides of the Nafion membrane, and 

the average values were calculated. In a time-course study (Fig. 3), the 
buildup rates of EZ water and PZ water were highest during the first 5 
min, and then stabilized. During the first 5 min, the size of EZ water 
increased from 185 ± 6 to 575 ± 75 μm, and the size of PZ water 
expanded from 722 ± 204 to 902 ± 46 μm. After 8 min, the size of the PZ 
increased to about 1000 μm due to the diffusion of hydronium ions 
further into the bulk water. Meanwhile, the boundary between PZ and 
bulk water became blurred after 10 min. Thus, we used 5 min as an 
optimal time at which to measure the sizes of EZ and PZ in different sets 
of experiments. 

The concentration of phosphate buffer solution used in this work was 
low enough (1 mM) that it would not be expected to hinder the for-
mation of EZ water [20,22]. HPO4

2− in the buffer may combine with 
protons to form H2PO4

− , while the remaining free protons should be 
dispersed in the form of hydronium ions. Hydronium ions caused the pH 
of PZ water to reach approximately 4 (as shown in Fig. 2). 

When considering the formation of the interfacial water zone, it is 
natural to think about whether EZ water might have been caused by a 
chemical gradient, that is, substances flowing out of Nafion, pushing the 
microspheres away from the surface of Nafion. However, this conjecture 
is contradicted by two experimental results: Firstly, if the EZ water de-
rives from released substances, then these substances should diffuse 
from a high concentration area (the material surface) to a low concen-
tration area (the bulk water), eventually distributing uniformly. How-
ever, the size of the EZ remained practically unchanged after reaching its 
maximum value at 5–10 min. Another study illustrated that maximum 
EZ size could be maintained for as long as 60 min [23], which, again, 
indicates that the EZ water has a unique formation mechanism. Sec-
ondly, even if substances in the Nafion flowed out and led to the for-
mation of EZ, then they must be acidic because red (acidic) PZ water 
appeared without adding acid into the sample. The source of these acidic 
substances might be protons bound to sulfonic groups on the surface of 
Nafion because, when Nafion was presoaked in water, a pH decrease was 
observed in the bulk water. However, if the PZ water was caused by 
proton release from Nafion, then the EZ water would no doubt stain red, 
like the PZ water. But our experimental results showed that EZ water 
was not stained at all. Therefore, the formation of EZ water and PZ water 
was apparently not driven by the substances diffusing from Nafion. 

To understand the driving force underlying the development of EZ 
and PZ water, we must first recognize the unique properties of those 
waters. A proposed explanation is that the distinct opposite charges of 
EZ water and PZ water are created by an ice-like structure of interfacial 
water at hydrophilic surfaces [12,24]. In long-range interactions with 
the substrate, an extended network is formed within the first few hy-
dration layers of interfacial water [8]. These hexagonal networks can 
extend to several hundred microns and contribute to the generation of 
EZ water [12]. The layers of EZ water are tightly stacked together by 
electrostatic attractions between successively shifted layers. Building 
this stack arguably causes the loss of protons, which then migrate into 
bulk water to form PZ water. The mechanism of EZ formation on hy-
drophilic surfaces is still controversial and debated [25–27], which is 
out of the scope of this article. 

3.3. EFFECT OF IR RADIATION ON EZ WATER AND PZ WATER 

To evaluate the effect of incident IR exposure on EZ and PZ water, we 
irradiated EZ water with IR light of various intensities. Expansion ratios 
were calculated by dividing the size of EZ and PZ water zones after IR 
irradiation by that of the control experiment with no IR. Fig. 4 shows 
that increasing the IR intensity from 5 to 50 μW expands the EZ water 
and PZ water significantly (p < 0.05), with expansion ratios ranging 
from 1.23 ± 0.02 to 1.41 ± 0.07 for EZ water and from 1.44 ± 0.04 to 
1.65 ± 0.06 for PZ water, respectively. The amount of proton spread 
over PZ water was roughly calculated from the volume of PZ water, 
under the assumption that the protons are uniformly distributed. As the 
IR intensity increased from 0 to 30 μW, the concentration of protons in 

Fig. 2. Exclusion zone (EZ) in the vicinity of Nafion, and the proton zone (PZ) 
in bulk water at (A) 2 min and (B) 8 min. 

Fig. 3. Time course of EZ and PZ sizes in the vicinity of Nafion. Experiments 
were conducted in a dark room to avoid the influence of stray light. The error 
bars represent standard deviation of means (n = 3). 
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the PZ water increased from 3.64 × 10− 8 to 5.95 × 10− 8 mol, which is an 
increase of 1.39 × 1016 molecules of hydronium ions. This growth of EZ 
size and proton release is reasonably explained by the unique structure 
of EZ water. Liquid water strongly absorbs IR at 3 μm [28], the same 
wavelength used in this study. Shining IR at water leads to stronger 
vibrations of the O–H bonds. As a result, higher IR intensities lead to a 
weakened strength of O–H bonds between water molecules, increasing 
the possibility that those molecules can participate in the expansion of 
EZ. When a wider EZ is established, more water molecules could un-
dergo charge separation with more hydronium ions released into the 
bulk, resulting in an expansion of the PZ. 

IR radiation not only impacts the structure of EZ water but also 
causes a thermodiffusion of microspheres in bulk water. Thermodiffu-
sion is typically characterized by the Soret (ST) coefficient, which related 
to the direction of particle migration under the force of a temperature 
gradient. When ST > 0, suspended particles move from hot to cold re-
gions in the solution. The ST value of carboxylate microspheres was 3 
K− 1 [29], which means that the carboxylate microspheres will migrate 
away from the IR light spot, and that increasing the IR light intensity 
may enhance the process. The infrared images in Fig. 5 show that the 
temperature difference in the near-Nafion water caused by IR irradiation 
is very small (less than 0.2 ◦C), nevertheless, the possibility of subtle 
temperature changes should still be considered. We found that when the 
IR spot was moved away from Nafion and EZ to bulk water, the size of EZ 
showed little change after illumination, and microspheres did not 
migrate away from the light spot, which indicates that IR-driven particle 
movement is likely to occur only at the interfacial region. 

3.4. EFFECT OF NIR ON EZ AND PZ WATERS 

Water absorbs IR radiation over a wide range of wavelengths. The 
highest absorption coefficient lies in the mid-infrared (MIR), with a 
maximum absorption peak at 3 μm [28]. The absorption coefficient of 
water in the near infrared (NIR) is relatively low, with a correspondingly 
higher penetration depth than the MIR light. To investigate the effect of 
NIR radiation on EZ and PZ water, NIR LEDs with wavelengths of 810, 
840, and 870 nm were used. Expansion ratios were calculated by 
dividing the size of water zones after IR irradiation by that of the control 
experiment. 

As shown in Fig. 6, both EZ water and PZ water expanded after NIR 
irradiation, with expansion ratios ranging from 1.23 ± 0.05 to 1.36 ±
0.04 for EZ water and from 1.14 ± 0.18 to 1.36 ± 0.09 for PZ water, 
respectively. The maximum expansion ratio occurred at 810 nm. In 
comparison, when using an MIR wavelength of 3.0 μm, the expansion 
ratios of EZ and PZ waters were 1.41 ± 0.07 and 1.51 ± 0.19, respec-
tively. Generally, the power of available NIR LEDs is much higher than 

that of MIR LEDs, so same-intensity comparision is difficult. In this 
study, the light intensity of NIR LEDs with wavelengths from 810 to 870 
nm was 22 mW. In Fig. 6, the light intensity of the MIR LED was only 40 
μW, which was less than 0.2% of the NIR light intensity. Therefore, 
while NIR light can increase the size of EZ and PZ waters, MIR (3 μm) is 
considerably more effective. 

The influence of NIR on interfacial water may shed light on the 
emerging field of light therapy. Red wavelengths (630–670 nm) and NIR 
wavelengths (810–880 nm) are considered ideal for light therapy 
because of their relatively deep tissue penetration [30]. Light therapy 
was reported to show benefits by increasing the synthesis of adenosine 
triphosphate (ATP), the basic energy supply for all cellular activity [31]. 

Fig. 4. Effect of IR intensity on the expansion ratios of EZ and PZ sizes after IR 
(3.0 μm) illumination for 5 min. Experiment was conducted in dark room. The 
error bars represent standard deviation of means (n = 3). 

Fig. 5. The temperature of water samples at (A) 5 min under control condition 
and (B) after 5 min of IR irradiation (40 μW). Experiment was conducted in 
dark room. Temperature calibration in degrees Celsius is provided at the right 
side of the figure. 

Fig. 6. Expansion ratio of EZ and PZ sizes under near-IR or mid-IR radiation for 
5 min. Experiment was conducted in dark room. The error bars represent 
standard deviation of means (n = 3). 
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Moreover, light therapy has been shown to reduce pain, accelerate 
wound healing, improve sports injury recovery, arrest neuronal death, 
and prevent tissue damage [32–34]. However, the biochemical mecha-
nisms of light therapy are still not fully understood. Possible sites for 
primary action of light include mitochondria, responsible for generating 
ATP [35]. It has been reported that NIR irradiation could increase 
mitochondrial membrane potential, which further increased ATP [31]. 

Recently, interfacial water has been suggested as a possible photo-
receptor in light therapy [36]. Cells are tightly filled with organelles and 
various macromolecules. This extremely crowded cellular environment 
implies that the cell water is mainly interfacial [11,37]. Our results 
showed that NIR radiation not only expanded the EZ but also enlarged 
the PZ, implying additional proton release. Thus, a possible hypothesis is 
that EZ might be a target of NIR as an energy sink, which cells may use to 
establish a proton gradient to produce ATP for cellular processes. This 
presumption may deserve further investigation. 

4. CONCLUSIONS 

Zones of interfacial EZ and PZ water formed in the vicinity of Nafion 
stabilized after 5 min. Values were 575 and 902 μm, respectively. MIR 
radiation with wavelength of 3.0 μm expanded the size of both EZ and 
PZ water significantly, with respective expansion ratios of 1.41 and 1.51 
after five minutes of irradiation. Similar expansion was found under NIR 
illumination of wavelengths between 810 and 870 nm, although in the 
latter case, employed IR intensities were considerably higher. The spe-
cial structure of interfacial water can be responsible for the separation of 
EZ and PZ waters, stemming from a splitting of net charges near 
hydrophilic-material surfaces. The effect of thermal diffusion during IR 
irradiation should be relatively weak due to very subtle temperature 
variation. 

We have clearly demonstrated that IR radiation drives the buildup of 
a microsphere-free zone, with concomitant release of protons into a 
proton-rich zone. The results suggest that IR could be a driving force not 
only for EZ buildup but also for charge gradient in water. Whether such 
IR-driven charge gradient could be converted to chemical, mechanical 
or electrical energy is an attractive and challenging study because of the 
ubiquitous supply of IR from solar energy, free for the taking. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgements 

This work was supported by the SAGST Foundation, Award Number 
CS-P12665, Germany, and an anonymous donation. We thank Zheng Li, 
Magdalena Kowacz, Arazi Pinhas, Tao Ye, and Abha Sharma for useful 
scientific discussions. 

References 

[1] D. Kennedy, C. Norman, What don’t we know? Science 309 (2005) 75–102. 
[2] M.A. Henderson, The interaction of water with solid surfaces: fundamental aspects 

revisited, Surf. Sci. Rep. 46 (2002) 1–308. 
[3] D. Argyris, D.R. Cole, A. Striolo, Hydration structure on crystalline silica substrates, 

Langmuir 25 (2009) 8025–8035. 
[4] P.A. Thiel, T.E. Madey, The interaction of water with solid surfaces: fundamental 

aspects, Surf. Sci. Rep. 7 (1987) 211–385. 
[5] C. Benndorf, T.E. Madey, Adsorption of H2O on clean and oxygen-preposed Ni 

(110), Surf. Sci. 194 (1988) 63–91. 

[6] L. Chen, X. He, H. Liu, L. Qian, S.H. Kim, Water adsorption on hydrophilic and 
hydrophobic surfaces of silicon, J. Phys. Chem. C 122 (2018) 11385–11391. 

[7] G. Zhao, Q. Tan, L. Xiang, D. Cai, H. Zeng, H. Yi, Z. Ni, Y. Chen, Structure and 
properties of water film adsorbed on mica surfaces, J. Chem. Phys. 143 (2015) 
104705. 

[8] D. Argyris, T. Ho, D.R. Cole, A. Striolo, Molecular dynamics studies of interfacial 
water at the alumina surface, J. Phys. Chem. C 115 (2011) 2038–2046. 

[9] D.B. Asay, S.H. Kim, Evolution of the adsorbed water layer structure on silicon 
oxide at room temperature, J. Phys. Chem. B 109 (2005) 16760–16763. 

[10] V.P. Denisov, B. Halle, Protein hydration dynamics in aqueous solution: a 
comparison of bovine pancreatic trypsin inhibitor and ubiquitin by oxygen-17 spin 
relaxation dispersion, J. Mol. Biol. 245 (1995) 682–697. 

[11] J.M. Zheng, W.C. Chin, E. Khijniak, E. Khijniak Jr., G.H. Pollack, Surfaces and 
interfacial water: evidence that hydrophilic surfaces have long-range impact, Adv. 
Colloid Interf. Sci. 127 (2006) 19–27. 

[12] G.H. Pollack, The Fourth Phase of Water, Ebner & Sons, Seattle, WA, 2013. 
[13] R. Das, G.H. Pollack, Charge-based forces at the nafion–water interface, Langmuir 

29 (2013) 2651–2658. 
[14] G.H. Pollack, in: J.M. Zheng, G.H. Pollack, I.L. Cameron, D.N. Wheatley (Eds.), 

Solute Exclusion and Potential Distribution Near Hydrophilic Surfaces. In Water 
and the Cell, Springer, Dordrecht, 2006, pp. 165–174. 

[15] A. Verdaguer, C. Weis, G. Oncins, G. Ketteler, H. Bluhm, M. Salmeron, Growth and 
structure of water on SiO2 films on Si investigated by kelvin probe microscopy and 
in situ x-ray spectroscopies, Langmuir 23 (2007) 9699–9703. 

[16] M. Wolf, S. Nettesheim, J. White, E. Hasselbrink, G. Ertl, Dynamics of the 
ultraviolet photochemistry of water adsorbed on Pd (111), J. Chem. Phys. 94 
(1991) 4609–4619. 

[17] B. Chai, H. Yoo, G.H. Pollack, Effect of radiant energy on near-surface water, 
J. Phys. Chem. B 113 (2009) 13953–13958. 

[18] I. Rad, G.H. Pollack, Cooling of pure water at room temperature by weak electric 
currents, J. Phys. Chem. B 122 (2018) 7711–7717. 

[19] J.M. Zheng, G.H. Pollack, Long-range forces extending from polymer-gel surfaces, 
Phys. Rev. E 68 (2003), 031408. 

[20] A. Sharma, G.H. Pollack, Healthy fats and exclusion-zone size, Food Chem. 316 
(2020) 126305. 

[21] E. Nagornyak, H. Yoo, G.H. Pollack, Mechanism of attraction between like-charged 
particles in aqueous solution, Soft Matter 5 (2009) 3850–3857. 

[22] J.M. Zheng, A. Wexler, G.H. Pollack, Effect of buffers on aqueous solute-exclusion 
zones around ion-exchange resins, J. Colloid Interface Sci. 332 (2009) 511–514. 

[23] R. Das, Interfacial Water at Hydrophilic Surfaces: Measurement of Force at the 
Nafion-Water Interface, Ph.D. Dissertation, University of Washington, Seattle, WA, 
2012. 

[24] R. Ma, D. Cao, C. Zhu, Y. Tian, J. Peng, J. Guo, J. Chen, X.Z. Li, J.S. Francisco, X. 
C. Zeng, Atomic imaging of the edge structure and growth of a two-dimensional 
hexagonal ice, Nature 577 (2020) 60–63. 

[25] M.J. Esplandiu, D. Reguera, J. Fraxedas, Electrophoretic origin of long-range 
repulsion of colloids near water/Nafion interfaces, Soft Matter 16 (2020) 
3717–3726. 

[26] D. Florea, S. Musa, J.M. Huyghe, H.M. Wyss, Long-range repulsion of colloids 
driven by ion exchange and diffusiophoresis, PNAS 111 (2014) 6554–6559. 

[27] G. Spatola, A. Viale, E. Brussolo, R. Binetti, S. Aime, Insights into interfacial water 
structuring at the Nafion surface by T 1-weighted magnetic resonance imaging, 
Langmuir 36 (2019) 540–545. 

[28] G.M. Hale, M.R. Querry, Optical constants of water in the 200-nm to 200-μm 
wavelength region, Appl. Opt. 12 (1973) 555–563. 

[29] S. Duhr, D. Braun, Why molecules move along a temperature gradient, PNAS 103 
(2006) 19678–19682. 

[30] T. Karu, Primary and secondary mechanisms of action of visible to near-IR 
radiation on cells, J. Photochem. Photobiol. B 49 (1999) 1–17. 

[31] C. Ferraresi, B. Kaippert, P. Avci, Y.Y. Huang, M.V. de Sousa, V.S. Bagnato, N. 
A. Parizotto, M.R. Hamblin, Low-level laser (light) therapy increases mitochondrial 
membrane potential and ATP synthesis in C2C12 myotubes with a peak response at 
3–6 h, Photochem. Photobiol. 91 (2015) 411–416. 

[32] D.M. Johnstone, C. Moro, J. Stone, A.L. Benabid, J. Mitrofanis, Turning on lights to 
stop neurodegeneration: the potential of near infrared light therapy in Alzheimer’s 
and Parkinson’s disease, Front. Neurosci. 9 (2016) 500. 

[33] J.T. Eells, M.T. Wong Riley, J. VerHoeve, M. Henry, E.V. Buchman, M.P. Kane, L. 
J. Gould, R. Das, M. Jett, B.D. Hodgson, Mitochondrial signal transduction in 
accelerated wound and retinal healing by near-infrared light therapy, 
Mitochondrion 4 (2004) 559–567. 

[34] Hamblin, M. R.; Demidova, T.N. Mechanisms of Low Level Light Therapy. doi:http 
s://doi.org/10.1117/12.646294 (accessed Feb 10, 2006). 

[35] Y.Y. Huang, A.C. Chen, J.D. Carroll, M.R. Hamblin, Biphasic dose response in low 
level light therapy, Dose-Response 7 (2009) 9–27. 

[36] H.P. Kim, Lightening up light therapy: activation of retrograde signaling pathway 
by photobiomodulation, Biomol. Ther. 22 (2014) 491–496. 

[37] G.H. Pollack, Cells, Gels and the Engines of Life: A New, Unifying Approach to Cell 
Function, Ebner & Sons, Seattle, WA, 2001. 

A. Wang and G.H. Pollack                                                                                                                                                                                                                    

http://refhub.elsevier.com/S2215-0382(21)00037-6/rf0005
http://refhub.elsevier.com/S2215-0382(21)00037-6/rf0010
http://refhub.elsevier.com/S2215-0382(21)00037-6/rf0010
http://refhub.elsevier.com/S2215-0382(21)00037-6/rf0015
http://refhub.elsevier.com/S2215-0382(21)00037-6/rf0015
http://refhub.elsevier.com/S2215-0382(21)00037-6/rf0020
http://refhub.elsevier.com/S2215-0382(21)00037-6/rf0020
http://refhub.elsevier.com/S2215-0382(21)00037-6/rf0025
http://refhub.elsevier.com/S2215-0382(21)00037-6/rf0025
http://refhub.elsevier.com/S2215-0382(21)00037-6/rf0030
http://refhub.elsevier.com/S2215-0382(21)00037-6/rf0030
http://refhub.elsevier.com/S2215-0382(21)00037-6/rf0035
http://refhub.elsevier.com/S2215-0382(21)00037-6/rf0035
http://refhub.elsevier.com/S2215-0382(21)00037-6/rf0035
http://refhub.elsevier.com/S2215-0382(21)00037-6/rf0040
http://refhub.elsevier.com/S2215-0382(21)00037-6/rf0040
http://refhub.elsevier.com/S2215-0382(21)00037-6/rf0045
http://refhub.elsevier.com/S2215-0382(21)00037-6/rf0045
http://refhub.elsevier.com/S2215-0382(21)00037-6/rf0050
http://refhub.elsevier.com/S2215-0382(21)00037-6/rf0050
http://refhub.elsevier.com/S2215-0382(21)00037-6/rf0050
http://refhub.elsevier.com/S2215-0382(21)00037-6/rf0055
http://refhub.elsevier.com/S2215-0382(21)00037-6/rf0055
http://refhub.elsevier.com/S2215-0382(21)00037-6/rf0055
http://refhub.elsevier.com/S2215-0382(21)00037-6/rf0060
http://refhub.elsevier.com/S2215-0382(21)00037-6/rf0065
http://refhub.elsevier.com/S2215-0382(21)00037-6/rf0065
http://refhub.elsevier.com/S2215-0382(21)00037-6/rf0070
http://refhub.elsevier.com/S2215-0382(21)00037-6/rf0070
http://refhub.elsevier.com/S2215-0382(21)00037-6/rf0070
http://refhub.elsevier.com/S2215-0382(21)00037-6/rf0075
http://refhub.elsevier.com/S2215-0382(21)00037-6/rf0075
http://refhub.elsevier.com/S2215-0382(21)00037-6/rf0075
http://refhub.elsevier.com/S2215-0382(21)00037-6/rf0080
http://refhub.elsevier.com/S2215-0382(21)00037-6/rf0080
http://refhub.elsevier.com/S2215-0382(21)00037-6/rf0080
http://refhub.elsevier.com/S2215-0382(21)00037-6/rf0085
http://refhub.elsevier.com/S2215-0382(21)00037-6/rf0085
http://refhub.elsevier.com/S2215-0382(21)00037-6/rf0090
http://refhub.elsevier.com/S2215-0382(21)00037-6/rf0090
http://refhub.elsevier.com/S2215-0382(21)00037-6/rf0095
http://refhub.elsevier.com/S2215-0382(21)00037-6/rf0095
http://refhub.elsevier.com/S2215-0382(21)00037-6/rf0100
http://refhub.elsevier.com/S2215-0382(21)00037-6/rf0100
http://refhub.elsevier.com/S2215-0382(21)00037-6/rf0105
http://refhub.elsevier.com/S2215-0382(21)00037-6/rf0105
http://refhub.elsevier.com/S2215-0382(21)00037-6/rf0110
http://refhub.elsevier.com/S2215-0382(21)00037-6/rf0110
http://refhub.elsevier.com/S2215-0382(21)00037-6/rf0115
http://refhub.elsevier.com/S2215-0382(21)00037-6/rf0115
http://refhub.elsevier.com/S2215-0382(21)00037-6/rf0115
http://refhub.elsevier.com/S2215-0382(21)00037-6/rf0120
http://refhub.elsevier.com/S2215-0382(21)00037-6/rf0120
http://refhub.elsevier.com/S2215-0382(21)00037-6/rf0120
http://refhub.elsevier.com/S2215-0382(21)00037-6/rf0125
http://refhub.elsevier.com/S2215-0382(21)00037-6/rf0125
http://refhub.elsevier.com/S2215-0382(21)00037-6/rf0125
http://refhub.elsevier.com/S2215-0382(21)00037-6/rf0130
http://refhub.elsevier.com/S2215-0382(21)00037-6/rf0130
http://refhub.elsevier.com/S2215-0382(21)00037-6/rf0135
http://refhub.elsevier.com/S2215-0382(21)00037-6/rf0135
http://refhub.elsevier.com/S2215-0382(21)00037-6/rf0135
http://refhub.elsevier.com/S2215-0382(21)00037-6/rf0140
http://refhub.elsevier.com/S2215-0382(21)00037-6/rf0140
http://refhub.elsevier.com/S2215-0382(21)00037-6/rf0145
http://refhub.elsevier.com/S2215-0382(21)00037-6/rf0145
http://refhub.elsevier.com/S2215-0382(21)00037-6/rf0150
http://refhub.elsevier.com/S2215-0382(21)00037-6/rf0150
http://refhub.elsevier.com/S2215-0382(21)00037-6/rf0155
http://refhub.elsevier.com/S2215-0382(21)00037-6/rf0155
http://refhub.elsevier.com/S2215-0382(21)00037-6/rf0155
http://refhub.elsevier.com/S2215-0382(21)00037-6/rf0155
http://refhub.elsevier.com/S2215-0382(21)00037-6/rf0160
http://refhub.elsevier.com/S2215-0382(21)00037-6/rf0160
http://refhub.elsevier.com/S2215-0382(21)00037-6/rf0160
http://refhub.elsevier.com/S2215-0382(21)00037-6/rf0165
http://refhub.elsevier.com/S2215-0382(21)00037-6/rf0165
http://refhub.elsevier.com/S2215-0382(21)00037-6/rf0165
http://refhub.elsevier.com/S2215-0382(21)00037-6/rf0165
https://doi.org/10.1117/12.646294
https://doi.org/10.1117/12.646294
http://refhub.elsevier.com/S2215-0382(21)00037-6/rf0170
http://refhub.elsevier.com/S2215-0382(21)00037-6/rf0170
http://refhub.elsevier.com/S2215-0382(21)00037-6/rf0175
http://refhub.elsevier.com/S2215-0382(21)00037-6/rf0175
http://refhub.elsevier.com/S2215-0382(21)00037-6/rf0180
http://refhub.elsevier.com/S2215-0382(21)00037-6/rf0180

	Effect of infrared radiation on interfacial water at hydrophilic surfaces
	1 INTRODUCTION
	2 EXPERIMENTAL SECTION
	2.1 MATERIALS
	2.2 SAMPLE PREPARATION
	2.3 CONTROL AND IR IRRADITATION EXPERIMENTS
	2.4 INFRARED VISUALIZATION

	3 RESULTS AND DISCUSSION
	3.1 WATER ZONES DIFFERENT FROM BULK WATER
	3.2 STABILITY OF EZ SIZE AND PZ SIZE
	3.3 EFFECT OF IR RADIATION ON EZ WATER AND PZ WATER
	3.4 EFFECT OF NIR ON EZ AND PZ WATERS

	4 CONCLUSIONS
	Declaration of Competing Interest
	Acknowledgements
	References


