[image: image24.jpg]




Chapter 3
The Saga of Near-Surface Water

In a glass, all the water looks the same. Peering closely into a glass of water gives no hint that water in one region might differ fundamentally from the water in another region; after all, water is water. However, I have learned how deceptive appearances can be. Material surfaces of all kind including those of suspended particles and molecules impact nearby water molecules so profoundly that everything about the local water changes — literally everything.

This new perspective all began with a chance encounter at a scientific conference.

Lunch with Hirai

On a blisteringly hot day in the late 1990s, while darting from one building to another to attend a seminar, I had the good fortune to run into Professor Toshihiro Hirai from Japan’s Shinshu University. We chatted at length. I described the book I was then writing on the role of water in cell function (Cells, Gels, and the Engines of Life). The subject evidently caught his attention, for as we proceeded to lunch to escape the heat Hirai alerted me to a seemingly relevant observation that his students had made — one that ultimately turned out to be pivotal for understanding water.
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Hirai and his students had been studying blood flow in vessels. They used physical mimics: cylindrical tunnels bored in gels. Rather than pumping real blood through these channels, they pumped microsphere suspensions, i.e., water containing tiny spherical particles that modeled red blood cells (Fig. 3.1). The gel’s transparency allowed the investigators to see the microspheres easily in a microscope. Hirai eagerly shared his observations with me.

[image: image2.wmf]His results were interesting, but what really caught my attention was his description of the odd behavior of the microspheres as they flowed through the channel. Hirai said that the suspended microspheres avoided the annular zone adjacent to the gel surface; they preferred instead to flow within the core. The zone immediately adjacent to the gel boundary remained devoid of microspheres (Fig. 3.2). Hirai told me that he did not pay particular attention to this feature, assuming it was a secondary effect. The possible centrality of this near-surface phenomenon apparently had not occurred to him.

[image: image3.wmf]Following that encounter, Hirai and I exchanged many emails. Exercising care to avoid overstepping the boundaries of polite Japanese communication, I tried hard to persuade him to publish his findings, as I wanted to cite them in my then-forthcoming book. That was not to happen. Growing perceptibly impatient with my incessant emails, Hirai offered to include me as coauthor of any forthcoming publication if I would simply let him proceed at his own pace.

[image: image4.wmf]To the best of my knowledge Hirai’s observations remain unpublished. However, quite serendipitously, a former postdoctoral research fellow of his moved to Seattle, and popped into my lab looking for work. I instantly hired him. Jian-ming (“Jim”) Zheng and I proceeded to follow up on Hirai’s observations.

I had reason to suspect that the microspheres’ proclivity to avoid the zone near the gel surface might signal something significant. From previous knowledge it seemed possible that the gel surface might order the water molecules for some distance, pushing out suspended microspheres in the same way that a growing ice crystal pushes out suspended matter. Despite the unorthodox nature of this hypothesis, my 2001 book detailed a substantial body of evidence supporting the notion.

The most astonishing aspect of Hirai’s observations, however, was the scale. The microsphere-free zone extended about a tenth of a millimeter inward from the gel surface, implying that hundreds of thousands layers of water molecules were lining up. Even I, an author championing the idea of water ordering as a central feature of cell function (Pollack, 2001), had trouble with that magnitude. The span seemed too monumental.

We might have been a tad less skeptical if we had been aware of older scientific studies. Over sixty years ago Henniker (1949) wrote a review article with much the same conclusion. He cited more than 100 papers showing that surfaces impact water and other liquids out to many thousands of molecular layers. Totally unaware of this evidence, we naively went on to reinvent the wheel.


Our initial experiments were simpler than Hirai’s. We began with a simple chamber. We placed a common water-based gel in the chamber and suffused it with an aqueous suspension of microspheres. We then peered into the microscope to see what might happen. As soon as the liquid met the gel, the microspheres began moving away from the gel’s surface, leaving a microsphere-free zone some 100 to 200 µm wide. Water remained in that space, but no microspheres. Once formed the zone stayed put: the microspheres did not invade the void even after several hours of examination. Figure 3.3 shows an example of this “exclusion zone.”
[image: image5.wmf]These observations revealed that the microsphere-free zone seen by Hirai was not a feature arising from flow, like a boundary-layer effect: our setup was static and had no flow. Yet, we saw the same result. Something about the gel surface appeared to drive the microspheres into a hasty retreat, leaving behind them a distinct exclusion zone.
Trivial Explanation?
While simple to observe, this exclusion phenomenon flies in the face of the widely accepted tenets of modern chemistry. It should not happen. Surfaces certainly affect adjacent fluid, but it is widely presumed that the impact of the surface is limited to a few fluid molecular layers (despite the evidence cited in Henniker’s review). Thus, we were obliged to consider whether there was a trivial explanation for the exclusion.

[image: image6..pict]Regarding trivial explanations it is helpful to understand that the prevailing view is based on the electrical “double layer.” A charged surface placed in water will attract oppositely charged ions previously dissolved in that water. These counter-ions amount to a second, or “double” layer of charge over and above the original surface charge. Effectively, they neutralize the surface charge (Fig. 3.4). To an observer situated in the water just far enough beyond that double layer, the neutralized surface should be essentially unnoticeable, as though the surface were not present at all.

Chemists label that critical distance as the “Debye length,” after the Dutch physicist Peter Debye. Its value reflects the extensiveness of the cloud of counter-ions. Although its exact value depends on many factors, the Debye length is typically on the nanometer scale. Beyond those few nanometers, any solute or particle in the liquid should be unaffected by the presence of the material surface.

However, that is not what we observed. The particles were definitely affected by the interface, for microspheres distanced themselves from the interface by some 100,000 times the Debye length (Fig. 3.3). According to the double-layer theory, the impact should extend over a hair’s breadth, but in fact it extended over a football field. 
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Our observation spelled trouble for us, for the double-layer theory is a bedrock concept of surface chemistry. Challenging that theory with an observation implying a possible wholesale ordering of water molecules meant that we had to be sure. We had to be certain that the observation was not confounded by a trivial explanation or an underlying artifact (scientific jargon for error).

Therefore, Zheng and I spent a full year to probing every conceivable error. Additionally, we had input from others who did not shy away from suggesting possible gremlins, lurking insidiously beneath the conceptual surface.
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We addressed multiple issues, of which three particularly concerned us (Zheng and Pollack, 2003). The first involved the convectional water flow arising from thermal gradients, i.e., from different temperatures in different regions, which might create fluidic swirls that drew microspheres away from the surface. We did observe convection in many of our experiments, but we also had experiments in which such flow was altogether absent; even without convectional flow the exclusion zone persisted. Hence, we concluded that any such flows could not be a general explanation for the exclusion zones.

A second issue was the polymer-brush effect. Gels are made of polymers, whose strands might project into the surrounding solution like the bristles of a brush. Sparse enough bristles might go undetected in the microscope even while they excluded the relatively large microspheres. Running a sensitive nanoprobe parallel to the gel surface, we found no evidence for any such bristles, so we discounted this effect as a likely explanation for the zones.

Later experiments confirmed the same. They revealed exclusion zones adjacent to surfaces completely devoid of any bristles. First we explored self-assembled monolayers, which are single molecular layers, and therefore have no projecting polymers; exclusion zones were nevertheless present (Zheng et al., 2006). We also found substantial exclusion zones next to metal surfaces (Chai et al., 2012), which again, contained no bristles.
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[image: image10.wmf]Finally, we found exclusion zones so extensive that no polymer strand could conceivably explain them. Using long, horizontal cylindrical chambers, we positioned disc-like gels at one end, and filled the cylinder with a microsphere suspension. Exclusion zones grew in the usual way, extending several hundred micrometers from the gel surface. However, the growth didn’t stop there (Fig. 3.5). In such long chambers the EZs continue to grow by wedging into pole-like dendrites, sometimes branching, and typically reaching to the very end, even in meter-long chamber (Yoo et al., 2011). Clearly, a polymer-brush effect cannot plausibly account for meter-long exclusion zones.

[image: image11.wmf]A third trivial explanation for the exclusion zone invokes long-range electrostatic repulsion. If both the material surface and the microspheres are negatively charged, then they should repel one other, creating a zone of exclusion. Even though the standard double-layer theory predicts that such repulsive forces will vanish at separations beyond a few nanometers, we nevertheless considered the repulsion hypothesis as potentially viable. We tested it by substituting positive microspheres for negative ones expecting them, according to that theory, to move toward the negative surface. Sometimes the positively charged microspheres did collapse the exclusion zone entirely; in other instances, however, the zone not only remained in evidence but also remained the same size (Zheng and Pollack, 2003; Zheng et al., 2006).
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More conclusive were results obtained by switching the charge of the excluding surface. For these experiments we used gel beads, whose spherical surfaces create shell-like zones of exclusion (Fig. 3.6). Negatively charged microspheres were consistently excluded whether the beads’ surface contained positively or negatively charged polymers (Zheng et al., 2009). Hence, exclusion zones cannot arise from simple electrostatic repulsion, even allowing for repulsive forces extending far beyond conventional expectation. Nor could electrostatic repulsion conceivably create meter-long exclusion zones (Fig. 3.5).

These tests lent confidence. They confirm that trivial explanations do not explain microsphere exclusion. The zones are real — and unexplained. More than twenty laboratories have confirmed their existence during the past decade. Furthermore (to our chagrin), a recently uncovered paper published forty years ago showed largely the same result: microsphere-exclusion zones of several hundred micrometers adjacent to both artificial and biological gel surfaces (Green and Otori, 1970). Hence, microsphere exclusion next to gels is anything but a fluke. Something unusual is happening that creates the exclusion in the vicinity of these gel surfaces.

Are Exclusion Zones General?
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High on our list of questions was whether near-surface exclusion might be unique to the particular gels under study. The answer came quickly: the phenomenon was far more general.

We first explored a diverse array of water-containing gels (hydrogels). All showed exclusion, including hydrogels made of biological molecules such as collagen. We also saw exclusion next to natural biological surfaces, including muscle, vascular endothelium (inside of blood vessels), and various plant roots. We saw it as well next to self-assembled monolayers — single molecular layers — implying that surface features are more important than volume or depth in creating the EZ.

Various charged polymers also show exclusion. An especially potent one is Nafion, a polymer made hydrophilic by abundance sulfonic acid groups. You’ll see Nafion popping up again and again in these chapters because of its usefulness in generating exclusion zones. Its backbone is Teflon-like, but many negative charges built onto that backbone make it a potent excluder.

The paper by Zheng et al. (2006) contains the details for all of these observations. Representative examples are shown in Figure 3.7.

All of the materials above fall into the category of “hydrophilic,” or water loving. Their love for water seems profound enough to exclude other suitors for that intimate space. By contrast, “hydrophobic,” or water-hating, surfaces such as Teflon are inept; no exclusion zones could be seen. It appears that the exclusion phenomenon belongs largely to the class of hydrophilic surfaces.

Next we ask, what does the exclusion zone exclude? We found exclusion of both particles and solutes (Zheng et al., 2006). Microspheres fabricated from various substances and ranging in size from 10 µm down to 0.1 µm were excluded. The protein albumin was excluded, as were various dyes whose molecular weights extended downward to as low as 100 Daltons​ — only a little bigger than common salt molecules. Thus, the excluded entities spanned a mass ratio on the order of a thousand billion. Even red blood cells, several strains of bacteria, and ordinary dirt particles scraped from outside our laboratory were excluded.

These experiments implied that the EZ was a rather general excluder, although it was not yet clear whether solutes smaller than approximately 100 Daltons might also be excluded. The only anomalous features were the breaches — patches devoid of the expected EZs. These EZ-free patches could be found next to metal surfaces, and also next to polymeric membranes used in osmosis experiments (Chapter 11). They were rather like holes penetrating through the exclusion zones.

In other words, the exclusion phenomenon is general. Any hydrophilic surface seems able to exclude; and, any entity that could be suspended or dissolved in water seems to be excluded. The phenomenon appears to be fundamental.
Why Are Solutes Excluded?
The section above provides evidence that repulsion cannot explain the exclusion zone. Something else must be responsible for pushing particles and solutes far from the hydrophilic surface.

I alluded earlier to an alternative possibility: that the surface induces nearby water molecules to line up as they would in a liquid crystal. As the crystalline zone grows, it pushes out solutes like a bulldozer clears rocks. This is not a new idea. The previously referenced Henniker (1949) paper reviews many older works showing that various liquids, including water, massively reorder over long ranges in the vicinity of interfaces.

Henniker was not a lonely voice in the wind. The idea of long-range water ordering was advanced by a number of scientists, including such prominent figures as Gilbert Ling and Albert Szent-Györgyi (Fig. 3.8). Szent-Györgyi won the Nobel Prize for discovering vitamin C and was considered a seminal thinker, a scientist’s scientist. A cornerstone of his thinking was long-range ordering of water, which he regarded as a major pillar in the edifice of life.
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Gilbert Ling emphasized the central role of water ordering in cell function. Employing  this paradigm, he constructed a revolutionary framework for the biology of the cell. He wrote five books on this issue, the latest being his 2001 monograph, Life at the Cell and Below-Cell Level. This book lays out the idea that the cell’s numerous charged surfaces order nearby water, which in turn excludes most solutes. According to Ling, this is the very reason why most solutes are in low concentrations inside the cell: they are excluded by the cell’s ordered water.

With the stage amply set by these towering figures, together with Walter Drost-Hansen, James Clegg, and the many cited in Henniker’s review, the idea that charged or hydrophilic surfaces might order water molecules out to some distance seemed plausible to us. We understood that most chemists thought it impossible because molecules tend toward disorder. However, some reason for the long-range exclusion had to exist. Although the voices of these scientists had been long forgotten, possibly because various debacles pushed scientists away from water, we sensed that water ordering could account for the observed zones of exclusion. We set out to explore the possibility.

Evidence that Surfaces Impact Water out to Large Distances

To explore the character of the exclusion zone we pursued a number of approaches, largely in parallel. In each case, we used the purest water obtainable in a standard laboratory setting. We examined a physical or chemical feature of that water.  We tested whether that feature differed in the exclusion zone and in the region beyond the exclusion zone. By so doing we were able to pin down the character of exclusion-zone water. This section is fairly technical, but I hope you will bear with me through the description of five different tests.

(i) One feature we explored was light absorption. Substances differ in how they absorb light; i.e., the relative amount of light absorbed over the spectrum of wavelengths varies from substance to substance. We wanted to see whether the spectrum of absorption differed between the EZ and the bulk water beyond. 
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To test for such differences, we set up the experiment shown in Fig. 3.9a. We bonded a sheet of Nafion to the inside face of a standard optical container, or cuvette, which was then filled with water. As mentioned earlier, Nafion generates a robust exclusion zone, which extends from the surface into the water. A window of light could penetrate the water at various distances from the Nafion surface, allowing us to investigate regions both beyond, and in the heart of the EZ.

[image: image22.jpg]water

IS
2
(]
QO
o}
)

gel

200 um
—




Figure 3.9b shows that, far from the Nafion-water interface, the spectrum was flat — i.e., it was no different from a blank water sample. That was anticipated. However, shifting the cuvette so that the illuminated window came closer to the Nafion-water interface caused a strong absorption peak to appear. The wavelength was approximately 270 nm. The 270-nm absorption peak grew with the window’s proximity to the Nafion surface and eventually dominated the spectrum. Since no such peak appeared in the bulk water beyond the EZ, it became clear that the absorption features of the interfacial zone differ remarkably from those of the bulk zone.
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(ii) Absorption differences can also be tested at longer wavelengths, extending beyond the visible range and into the infrared region of the electromagnetic spectrum. Figure 3.10 shows a map of absorption magnitude around a triangular piece of Nafion submerged in water. Different colors indicate different absorption magnitudes. The blue color, far from the Nafion, indicates uniform absorption magnitude. Closer to the Nafion, the color changes reflect differing levels of absorption.  Again, it is clear that a structural feature of the interfacial zone differs from that of bulk water. Further work using ultrathin samples should yield more detailed spectral information.

(iii) A third approach to exploring the differences between the exclusion zone and the bulk-water zone uses an infrared camera. The camera measures the infrared radiation emitted from a specimen. If the EZ differs in character from bulk water, we might expect different infrared emission.
To make the measurement we placed a piece of Nafion in a shallow chamber containing water, and allowed it to equilibrate for one hour. We then collected infrared radiation from the sample, averaging over multiple image frames. 
Fig. 3.11 shows a representative result. The slightly ragged region adjacent to the Nafion is dark, which means that it radiates very little, while the more distant regions of water radiate more brightly. The dark zone extends 0.3 to 0.5 mm from the sample surface, a distance equal to Nafion’s exclusion zone. Evidently, the exclusion zone radiates substantially less than the water beyond.

Interpreting the result requires some understanding of what determines infrared intensity. You are probably aware that hotter items radiate more infrared — that’s how airport thermal-image scanners are able to detect whether you need to be quarantined because you’ve got high-temperature flu. However, intensity is not a function of temperature alone; it is the product of temperature and “emissivity,” the latter reflecting the character of the emitting structure. Ordered structures such as crystals emit less infrared than disordered structures, whose charged components move actively to and fro and thereby generate infrared energy.

The result displayed in Figure 3.11 cannot be explained by sustained temperature differences. The records were averaged over extended periods of time, so any temperature gradients between the EZ and the bulk zone beyond should have been averaged out. Emissivity differences seem a more reasonable explanation. The darker EZ implies lower emissivity than bulk water; i.e., the EZ is more crystalline than bulk water.

(iv) For the fourth method, we used magnetic resonance imaging (MRI). This is the same technique used in hospitals for imaging tumors and various organ structures. Raymond Damadian, the pioneer who patented the technique, based it on the principle that water situated in different environments differs in character; the distinctness permits imaging. In this procedure a pulsed magnetic field excites nuclei, which then relax to their ground states. The proton relaxation times give spatially resolved information on the degree of restriction imposed by the local environment. 
A map of relaxation time (T2) is shown in Figure 3.12. The figure shows a dark band between the gel and the water. Darker regions denote shorter relaxation times, which implies more restriction. The thickness of this dark band is approximately 60 m, equal to the size of this gel’s exclusion zone. Apparently, molecules within the exclusion zone suffer appreciable rotational restriction relative to water molecules beyond that zone.

This result is not unique. An earlier study reported similar restriction at even longer distances from various material surfaces (Olodovskii and Berestova, 1992). And, a subsequent report from our laboratory found a chemical shift of near surface water, implying a different chemical species (Yoo et al. 2011). Hence, magnetic resonance techniques show that the chemical environment of near-surface water is different from that of bulk water.
(v) Viscosity, a fifth measure of physical attributes, reflects the degree of liquidity. Honey is more viscous than water. To test whether the viscosity inside the exclusion zone differs from that of bulk water, we used a technique called falling-ball viscometry. Taking a small chamber, we lined the bottom with a sheet of Nafion, and filled it with water. Spheres were then dropped into the water. The spherical blobs descended through the water at roughly constant velocity but as they entered the region of the exclusion zone they slowed progressively. Slowness implies higher viscosity. A representative result is shown in Figure 3.13.

All five sets of experiments described above show that water in the exclusion zone differs from that beyond the zone. EZ water is more viscous, more stable, and its molecular motions are more restricted; its light-absorption spectra also differ, both in the UV-Visible range as well as the infrared range. Hence, EZ water clearly differs from bulk water — in some way that must surely reflect function.
Order in the Exclusion Zone

Our favored hypothesis for explaining exclusion was water ordering. Substances avoid ordered regions — that’s why crystals are so pure. Hence, it appeared plausible that an ordered zone of water might explain the observed exclusion. The evidence above supported the hypothesis of ordering, but those experiments did not address the issue directly. For that, we needed other kinds of evidence.

We had good reason to suspect order. Mae-wan Ho’s wonderful book, The Rainbow and the Worm (2008), contains beautiful polarizing microscopic images showing biological order. Polarizing microscopy is a standard approach for detecting order, especially in minerals. The principle is simple: if molecular structures are lined up, then the optical properties will vary in different directions, giving rise to so-called birefringence. Ho shows order extending over extensive regions of a worm’s body and concludes that the observed ordering comes largely from water. An image from that book is shown in Figure 3.14.

Tempted to investigate this ourselves, we set up our own polarizing microscopic system. We used it to explore water ordering in the vicinity of Nafion. Some experiments showed no obvious birefringence and we presumed that the method was insufficiently sensitive. Others, however, gave positive results that confirmed Ho’s observations. Figure 3.15 shows the water far from the Nafion interface as blue, indicating random molecular orientation. Closer to the interface, the green color indicates that the molecules are not random, but ordered. The ordered region corresponds to the expected zone of exclusion, immediately adjacent to the Nafion. In other words, water in the exclusion zone is more ordered than the bulk water farther away.

The ordered zone of Figure 3.15 is vast relative to molecular dimensions. With the water-molecule size being of the order of 0.25 to 0.3 nm, a 100-µm wide exclusion zone implies an ordered stack some 300,000 molecules deep. The ordered zone in the figure corresponds to approximately 1,000,000 water molecules. That’s not a trivial number. 
Two papers address the plausibility of such long-range order from theoretical points of view. One came from the late Rustum Roy, a pioneer in the materials science field. Roy et al. (2005) point out that templating surfaces can order molten semiconductor materials such as silicon into crystalline arrays that extend extremely far from the respective templating surfaces, without any transfer of template molecules. The same applies to the ordering of molten aluminum by aluminum-oxide surfaces. Such common precedents led the authors to suggest the likelihood of a similar ordering of water molecules — building outward from a template.

Arguing from a physical chemical point of view, Ling (2003) concluded something similar: at least under “ideal” conditions water ordering could extend almost infinitely. In other words, the proclivity to order can sometimes outweigh nature’s tendency to disorder. The next chapter addresses this important consideration in some detail. These theoretical arguments provide some underpinning for the experimental evidence for long-range ordering. They give substance to the result.

Hence, exclusion begins to make sense. Solutes and particles avoid the ordered zone, preferring the bulk region where they can more easily satisfy their thirst for hydration. They remain outside the ordered region, and that creates the “exclusion zone.” The question why that zone is ordered cries for answer. Please be patient.

Could It Be True?

Grappling with a concept so radical is not easy. Anyone nurtured on textbooks of modern chemistry will find little here that strikes a resonant chord. Those textbooks imply something quite different from what we have found: they suggest that only a few layers of water molecules will organize next to charged surfaces. Beyond those few layers, not much of particular note is happening.
While that view has prevailed for years for seemingly good reasons, many scientists have begun to recognize that water has properties not quite so mundane. Multiple issues have resisted explanation, some of them listed in the opening chapter. Because of these interpretational difficulties, unsuspected features of water are now being considered more seriously — the field has finally begun opening its eyes to new and unexpected findings.
The next section of chapters follows that theme. It begins with the feature to which Hirai first alerted us: the exclusion zone. It then builds on that foundation. It shows that molecular ordering of water is the proverbial tip of the iceberg: something much deeper is going on. The deeper phenomena will be fundamental for the science of everyday life, yet ultimately simple enough to be understandable even to me.
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Figure 3.1. Microspheres are common tools for scientists.





Fig. 3.14. Drosophila larva freshly hatched under the polarized light microscope set up to optimize detection of liquid crystalline phases based on interference colors. The colors indicate that all the molecules, including especially the water are aligned; the particular colors depend of the orientation of the molecular alignment and their degree of birefringence.  For more details see Ho (2008), pp 219-221.





Figure 3.3. Microsphere-exclusion zone (EZ) next to a gel surface. The zone grows with time and then remains relatively stable after about five minutes.





Fig. 3.5. Long EZ projection. The disc-like gel creates a disc-like EZ that wedges into a long dendritic projection that can extend one meter or more.





Figure 3.2. Schematic diagram illustrating the microsphere-free zone just inside the gel tunnel.





Figure 3.4. Standard double-layer theory. Charged surface (left) is expected to attract counterions of opposite polarity, which effectively mask the surface charge. An observer sitting in the liquid far from the interface should not sense the neutralized surface. 
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Figure 3.8. Prominent scientists convinced of long-range water ordering. Albert Szent-Györgyi in his later years, and Gilbert Ling in his earlier years.





Figure 3.9. (a) UV-VIS spectrometer setup. Moving the cuvette laterally allowed us to interrogate water at various distances from the Nafion surface. (b) Absorption spectrum measured at various distances from the Nafion-water interface, denoted by numbers above each curve.





Figure 3.10. Triangular specimen of Nafion in water examined using infrared absorption. Color differences indicate differences of absorption.





Figure 3.12. MRI map of T2 relaxation times. A capillary tube was filled half with polyvinyl alcohol gel and half with water. The darker band, corresponding to the exclusion zone, indicates more molecular restriction.








Figure 3.13. Viscous character of the EZ (shaded). Viscosity was measured in water at various heights above a Nafion surface (red curve). Control (green curve) was obtained with surfaces exhibiting little or no exclusion zone. 





Figure 3.11. Infrared emission image of Nafion next to water. Sample equilibrated at room temperature. Black band running horizontally across the middle of the image corresponds to the expected location of the exclusion zone. 





Figure 3.15. Arrowhead-shaped piece of Nafion sheet in water, examined using polarizing microscopy. Blue indicates the random orientation of molecules. Color (see scale at right) indicates degree of ordering. 





Figure 3.6. Microspheres excluded from the vicinity of a charged gel bead, as seen in an optical microscope. (Color arises because of microscope filter.) Bead was positioned on glass surface, and microsphere suspension was added. EZ grew with time to the value shown.





Figure 3.7. Examples of microsphere-exclusion zones, viewed in an optical microscope. Top left: polyacrylic acid gel. Top right: self-assembled monolayer on gold. Bottom left: muscle. Bottom right: Nafion polymer, time series.
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