SECTION III
WHAT MOVES WATER MOVES THE WORLD
The prevailing framework for understanding natural phenomena does not recognize the presence of exclusion zones. If EZs are present, then their impact must be taken into account. This seems self-evident.

Exploring the exclusion zones’ impact begins here as we apply the EZ paradigm to some foundational concepts of natural science. Pursuing this course will bring radical shifts in understanding, whose merit you will be free to judge.
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Chapter 8
A Universal Attractor

If anything is fundamental in science, surely it must be the notion of charge: opposite charges attract and like charges repel. So let me pose a question: Suppose that you pull a charged particle from your left pocket and a similarly charged particle from your right pocket, and place them in a beaker of water. You position them close enough that they “feel” one another’s charge. What happens to the distance between those two particles?
When I ask this question during talks, typically no hand will rise up in response. People sense a trick and fear that the wrong answer might publicly confirm their deeply rooted insecurities. A brave soul might eventually raise a hand and meekly utter that “well … uh … the particles will obviously repel and move apart.”

In fact, they move toward one another.

Before you rashly conclude that your author must be on some kind of drug, let me assure you that this paradox is not a hallucination. The phenomenon has been known for a century. Irving Langmuir, a figure significant enough to merit an eponymous physical chemistry journal, knew this phenomenon well; and the legendary physicist Richard Feynman eventually put forth a sensible explanation that did not defy any tenets of fundamental physics (Feynman, 1964).

We explore this paradoxical phenomenon for three reasons: First, the very fact that it is unexpected makes us curious; second, Feynman’s explanation implicitly foresaw the role of something surprisingly similar to an EZ; and third, the phenomenon is more than just a quirk — it is a fundamental feature of natural science whose application turns out to be extremely broad. And it violates no fundamental law of physics.

All right then, why would two like-charged particles dumped into water want to move toward one another?

Mechanism of Paradoxical Attraction
Feynman put forth a simple explanation for this attraction. In his inimitable style he opined: “like-likes-like” because of intermediate “unlikes.” In other words, like-charged entities attract (or “like”) each another because charges of opposite polarity lodge in between. Thus, a positive ion intermediate will draw negatively charged spheres together (Fig. 8.1).

I appreciate that Feynman’s like-likes-like mechanism may be difficult to fathom. We will see ample evidence in this chapter that it really does work — extremely well. It provides simple explanations for many paradoxical phenomena. 
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Had Feynman been in the audience when I asked my question, he would assuredly have blurted out an answer; but his answer would have been conjectural, for not much was known at that time about the source of those opposite charges. It took Norio Ise of Kyoto University to gather the supporting evidence. His pioneering work provided compelling support for Feynman’s simple notion.
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Ise studied colloids. Chemists know colloids well, but others may have only a vague notion of what exactly they are. Colloids are relatively homogeneous mixtures of particles and solvent — think of yoghurt, blood, or milk (Fig. 8.2). Their particles are smaller than pebbles but larger than molecules; typically, they are on the micron or submicron scale. You can detect their presence because they scatter light and therefore lend opacity to the mixture. You cannot see the particles individually without a microscope; nevertheless, they are present throughout, thickening both the milk you drink and the blood that passes through your veins.
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Ise explored colloids made of microspheres and water — as simple as you can get. If you wait long enough after mixing, the particles will have redistributed themselves into regular arrays called “colloid crystals.” The example shown in Figure 8.3 illustrates the crystal’s two most notable features: (i) the particles are regularly spaced; and (ii) the particles remain separated from one another. The separations may appear small, but they are large enough to include inter-particle lineups of thousands of solvent molecules.

Ise and his colleagues found that these crystals formed through electrical attraction (Ito et al., 1994). Immediately after mixing, the microspheres dispersed throughout the solvent medium; but with time they drew gradually toward one another. In so doing, they left behind voids that could be completely free of microspheres (Fig. 8.4). These voids resemble the larger, cylindrical void described in Figure 1.3.
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It did not end there. Within those condensed zones, the microspheres underwent further attractions over time, finally morphing into regular arrays such as the one illustrated in Figure 8.3.
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Ise and his colleagues went on to explore the effects of many variables on the drawing force (Ise, 1986, 2005, 2010). The Feynman prediction fit in every case: the results could be explained only if unlike charges lay in between the like-charged particles. On this basis they concluded that Feynman was on track. The paradoxical attraction really did arise from something orthodox: attraction between unlike charges. No need to invoke anything even hinting of some violation of fundamental physics.

[image: image10.wmf]For the elegance of his work, Ise received the highest science prize one can receive in Japan: dinner with the Emperor. Both the food and the conversation, I’m told, were excellent (Fig. 8.5).

Confirming Long-Range Attractions
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While straightforward, the Feynman-Ise mechanism has not sat well with many physical chemists, who argue that any such attractions should be impossible. Their views are based on the so-called DLVO theory, which precludes any such long-range interaction. DLVO is the acronym drawn from the surnames of those responsible for that formulation: Derjaguin and Landau (Russian) and Verwey and Overbeek (Dutch). Thus “DLVO.”

The DLVO theory describes the force developed between two charged surfaces facing each another in a liquid medium. It builds from the presumption that each charged surface will attract counter-ions from the liquid; these ions will mask the surface charge like a shroud masks a corpse (Fig. 8.6 left). An observer sitting in the liquid at enough distance from the surface will hardly “feel” the presence of that surface charge; it is as though that charged surface were absent. A meter will register zero. 
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DLVO theory can’t account for the observed attractions. In that theory, two charged surfaces lying even a short distance apart do not feel one another; therefore, they cannot attract. The critical separation depends on various factors, but is typically no more than a few tens of nanometers, and often only a tenth of that. By contrast, Ise’s observations show attractions even at micrometer-scale separations, and in a moment I’ll show you attractions practically on a millimeter scale. DLVO theory does not fit those observations.
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That theory’s problem is fundamental. At the very heart of the theory is a presumed charge distribution that conflicts with the experimentally measured one. Figure 8.6, right, schematizes the experimentally measured distribution, taken from Chapter 4. It shows a vast zone of charge extending a substantial distance from the surface into the water​. That is the EZ charge. DLVO shows nothing of the kind (Fig. 8.6a): the surface charge is masked, and nothing exists beyond the mask. This gross disparity notwithstanding, many chemists cling to DLVO theory.
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Because of this adherence, some physical chemists have doubted that the observed attractions could exist. Some have carried the flag of doubt rather aggressively (Mudler, 2010) Ise has responded vigorously to each and every one of those challenges, and to my knowledge his defense remains unchallenged (Ise, 2007; Ise and Sogami, 2010).
Nevertheless, it was tempting to see if we could confirm and perhaps even extend the Feynman-Ise attraction. So we launched experimental tests using gel beads. The beads come in two different charge polarities, which can be distinguished by color. By molecular standards these half-millimeter beads are galumphing masses — millions of times the volume of the diminutive microspheres used commonly by Ise and others. This large size helped us see what was really going on.

We placed two like-charged beads on the floor of a small chamber containing pure water, positioning the beads at some distance from one another. Then we waited to see what might happen. Occasionally, the beads would move spontaneously toward one another, hinting at the anticipated attraction; more commonly, they would sit resolutely where they started. It occurred to us that the beads’ tendency to stick to the chamber floor might obscure any evidence of attraction, so we began a protocol of lightly tapping the bottom of the chamber to free the beads. That strategy worked (Fig 8.7). With each tap, the beads visibly freed themselves from the floor and could move about as they wished before settling down and sticking once again. With this multiple-tap protocol in place, we tracked the distance between beads.
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The results were clear (Nagornyak et al., 2009): The like-charged beads consistently attracted one another (Fig 8.8). Even beads initially separated by close to half a millimeter drew progressively closer together. This happened consistently with both negatively and positively charged bead pairs. In fact, the positive beads were less surface sticky and often attracted without any tapping at all.

So, the attraction was confirmed even in the simplest possible system: two large beads in water. Like-likes-like even from afar — a result that was particularly pleasing.

The remaining issue was the unlike charges required for mediating the attraction. How could we be certain of their presence? And from where might they come? 
Confirming the Role of Unlike Charges
A possible source of unlike charges is the exclusion zone. The EZ naturally generates unlike charges, which lie beyond the EZ.

From this book’s earlier chapters we know that a particle suspended in water is more than just a particle suspended in water: the particle has a large, enveloping exclusion zone. The EZ is charged, while the vicinity beyond the EZ contains ions of opposite charge. Thus, a negatively charged particle suspended in water should be surrounded by numerous positively charged ions. 
This charge distribution is experimentally confirmed (Fig. 8.9). In Figure 8.9 (top), the intense red color indicates extremely low pH — a high concentration of hydronium ions. Those positive charges lie beyond the dye-deficient negatively charged EZ — as diagrammed in Figure 8.9, bottom. The features are similar to those found next to flat surfaces; but here the surfaces are spherical.
Now, instead of a single negatively charged particle, suppose you have a pair, and suppose that those particles reside at some distance from one another (Fig 8.10). Surrounding each particle-plus-EZ are abundant positive charges. Their highest concentration will lie in the zone between the particles because that zone contains contributions from both particles, not just one. The result? Being oppositely charged and dumb, the microspheres will inevitably be attracted to the region of highest charge in much the same way as many of us are drawn toward the most attractive of the opposite sex. The particles will move toward one another.

An important point is that this mechanism does not violate any laws of conventional physics. Like charges do not attract. It is opposite charges that attract, just as you learned in freshman physics. They present themselves in high concentration between particles, and that charge intermediate creates the attraction. EZ buildup creates plenty of free charges, enough to mediate attraction even at unexpectedly large distances (Fig. 8.8).

And those charges really are present. With the advent of the macroscopic bead model described above it became possible to test directly for their presence. We tested this in two ways. The first used pH-sensitive dyes, which confirmed the high proton concentration between negatively charged beads, as well as the high OH- concentration (high pH) between positively charged beads. The second used fine microelectrodes; it confirmed that the electrical potential in the zone between the particles was opposite that of the EZ (Nagornyak et al., 2009).

Hence the opposites required for mediating the attraction are confirmed to be present. Feynman can rest in peace — if ever there was any question.

Force Balance: Establishing an End Point
With a mechanism in place for explaining the attractive movements, a logical question arises: when does the movement stop? We know that spheres generally stop before they bump into one another (Fig 8.3, top). But why should that be? Why shouldn’t the particles simply smash into one another?

The secret lies in a repulsive force. After all, like-charges do repel. The repulsive force between particles is weak when the particles are far apart; there, attraction dominates. As the negatively charged spheres draw closer to one another, negative-negative repulsion will increase. When it increases enough to balance the attraction, the movement will cease. It is a simple balance between attraction and repulsion. 
Such balance can yield either of two end points, and we have seen both in the laboratory (Fig 8.11). For typical micron-sized particles in water, the end point occurs when the particles remain some distance apart from one another. There, repulsive and attractive forces come into balance, yielding the standard colloid crystal (top).

For larger particles, such as the half-millimeter beads, the attraction m ay continue to outweigh the repulsion even until the particles touch. The reason is that the regions flanking the touch point remain separated with sizeable gaps (bottom); the many opposite charges lodged within those gaps sustain the attraction. Meanwhile, repulsions remain relatively weak because of the large surface separations. With strong attraction and weak repulsion, attraction predominates until the spheres literally bump into one another — at which point the attraction holds them together. Multiple spheres clump together. This arrangement still reflects crystalline order, but without any separation.

In any event, the crystal forms when repulsive and attractive forces lie in balance. Abundant charges keep the system in tight balance, even with large particle separations.

---

BOX: CANDY CRYSTALS

Salt and sugar crystals represent extremes of the like-likes-like mechanism. You can produce sugar crystals by heating sugar (sucrose) in water in the presence of an immersed seed crystal, and letting the water slowly cool and evaporate. The “hard” crystal that forms is known as rock candy. The many opposing charges keep it solid.

The presence of those charges can be confirmed by cracking the crystal in the dark: you’ll see sparks. As the crystal breaks the separated charges jump across a fracture, yielding a discharge similar to lightning. The sparks are popularly seen with wintergreen-flavored Lifesaver candy. In a darkened room, you either crunch the crystal with pliers or have your friend crunch the crystal orally: if your friend’s mouth is dry enough you’ll see blue sparks.

---
Solutions versus Suspensions

In considering the behavior of colloidal particles immersed in water, I have repeatedly employed the term “suspension” in a rather loose way. What exactly is a suspension? And how do suspended entities differ from dissolved entities?

Physical chemists have laid down a clear distinction between the two phenomena, but the material presented here raises some question. Chemists consider molecules dissolved because they react with water. Thus, relative to their size, molecules contain appreciable shells of “hydration,” while particles presumably contain relatively little. Particles are therefore considered not truly dissolved, but merely suspended.

However, colloidal particles do react with water. Their exclusion zones amount to “hydration,” and building that hydration involves chemical reactions. In this sense, suspended particles are much the same as dissolved solutes (Fig. 8.12). The same governing mechanisms might apply for both. To appreciate the logic of this argument, think of an entity whose size lies at the boundary between molecule and particle. Is it dissolved, or is it suspended? If conventional rules apply, which set should govern?

If these two phenomena are indeed manifestations of a single principle, then some of the complex mechanistic explanations that now prevail might give way to simpler ones. One scientific shoe might fit all.
Implications

The main message of this chapter is that everything seems to attract everything else. We know that like-likes-unlike; and we’ve seen here that like-likes-like.  In the latter case I stress that the rules of conventional physics are not violated; physics still works. Regrettably, the cutely memorable phrase “like-likes-like” does tend to mislead. The point is that attraction is practically universal. At least in water, everything attracts everything else.

For the two types of attraction, the governing mechanisms differ, especially in terms of energy. For objects with unlike charges, the attraction is axiomatic: we take it on faith that positive attracts negative. This attraction requires no energy. In fact, when particles of opposite charge approach one another they actually release the potential energy attendant with charge separation.

By contrast, the like-like mechanism is subtler. Here, the attraction arises ultimately from the sun’s energy. By creating EZs, light separates the charges responsible for mediating the attraction. The more intense the light, the more intense the attraction (Zhao et al., 2008). So the like-likes-like attraction requires energy: As long as the sun continues to deliver energy, like-charged entities will continue to attract.

The like-likes-like attraction could extend beyond colloids. At the small end of the scale, think of the simple hydrogen molecule, gaseous hydrogen. Two atoms share electron clouds. Thus, opposite charges lie between two like-charged entities. At the macroscopic end of the scale consider blobs of solid material. Charged metallic balls placed on a gently shaken dielectric table soon take on two-dimensional order; and sure enough, opposite charges lie in between the balls on the dielectric substrate (Tata et al., 2000). Both situations resemble the colloid crystal.

Beyond differences of scale, the medium in which the attraction occurs can vary. Exclusion zones are found not only in water but also in diverse polar solvents such as ethanol and acetic acid (Chai et al., 2010); hence, the like-likes-like mechanism could apply there as well. Moreover, the principles could apply even to non-liquid states of matter. Colloid-like principles have been shown to apply both in gases and in separated solids; hence, like-likes-like could apply at least in theory in all phases of matter. All you’d need is electromagnetic energy for driving the process, and that energy exists all around us.

The mechanism might plausibly extend to biological entities. For example, freshly synthesized biomolecules self-assemble into larger-scale structures including filaments and vesicles. The assembly mechanism is incompletely understood. One wonders whether the like-likes-like mechanism might play a role in gathering those molecules together. At the larger end of the biological scale consider the schooling of fish. This aggregative behavior is supposedly evolutionary. However, a slimy, gel-like substance coats the surface of the fish; since gels build exclusion zones, one wonders the extent to which the like-likes-like mechanism might play a role in the evident ordering. Could fish capitalize on this mechanism to help organize?

Finally, think of some everyday observations, like the isolated puffy cloud in the clear blue sky (Fig 1.2). That cloud is built of like-charged aerosol water droplets. Like-charged droplets should disperse — but we see the opposite: they coalesce into discrete clouds. The coalescence could well occur as the result of the like-likes-like mechanism, opposite charges holding the charged droplets together. Through the gift of the sun’s energy, the aerosol particles attract to form a cloud. The phenomenon ordinarily called “condensation” could be nothing more than a simple manifestation of like-likes-like.

Even sandcastles may achieve their strength by this same mechanism (Chapter 1). Those castles are not built of sand alone; they also contain water, which goes into building EZs around each sand particle. You can envision the result: In between EZ-enveloped sand particles lie protonated water molecules. Those unlikes constitute the glue that holds it all together (Fig. 8.13).

So, while the like-likes-like mechanism was originally advanced to explain the paradoxical behavior of colloidal particles, the principle’s applicability could range far more broadly. It could extend from the atomic scale, all the way even to the cosmic scale if charged plasmas really do fill space (Thornhill and Talbott, 2007).

Let me speculate that this like-likes-like attractor may be universal. It is certainly counterintuitive, yet not so difficult to fathom. It supplants the reflexive view that like-charges must repel no matter what
 — replacing it with a more nuanced model of particle interaction requiring the input of electromagnetic energy. If it is right, then multiple foundations could crumble. So don’t be surprised to see the like-likes-like principle popping up in forthcoming chapters to explain common phenomena otherwise unexplainable. This principle may be as foundational as any.

Summary

Particles suspended in aqueous media surround themselves with charge. The particles are enveloped by exclusion zones, which in turn envelop themselves with charges of opposite polarity. The opposite charges lie in highest concentration in between particles, which explains why the particles attract and move toward one another. The attraction is natural.

Known as the like-likes-like mechanism, this attraction does not imply that like-charges themselves attract; rather, the attraction comes from the presence of unlike charges in between the particles. Hence, the rules of physics are not violated. Like still likes unlike at the most basic level.

Think of the philosophical implications of this seemingly universal attraction. In Japanese culture (dating from the 11th century Tale of Genji), the way to bring two warring men together is to put an attractive woman in between. Like-likes-like operates similarly: The intervening opposite creates the attraction. If you allow some poetic license I would opine that a world filled with attractions should be more hospitable than one filled with repulsions. Perhaps these universal attractions are something worth pondering (Fig. 8.14). 
----

The like-likes-like mechanism forms the basis of the next chapter, which deals with Brownian motion — the jittery dance of suspended particles. My interest was initially triggered by a paradox: Particles suspended in water randomly dance about; however, once one of those particles joins the ranks of a colloid crystal, its motion practically ceases. It settles into place and stands at attention like all of its neighbors. Not only did this change seem curious, but also the jittery dance itself seemed odd: the particles seem possessed of a kind of internal energy, as though they were practically alive.

Why particles seem alive in suspension but dead when recruited into an organized array is an issue that haunted me endlessly. I could not stop thinking about it. Eventually, it led to the simple understanding detailed in the next chapter, which explores the very genesis of that jittery motion.
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Fig 8.9. Top: Negatively charged bead (dark) in water. Lighter region surrounding dark sphere is the EZ, where pH dye is excluded. Intensely red region beyond indicates low pH, or high concentration of protons. Bottom: Diagrammatic representation of charges surrounding particle.





Figure 8.3. Eventual distribution of latex particles, 0.4-µm diameter, 2% concentration in aqueous suspension. From Dosho et al. (1993).





Figure 8.5. Norio Ise receiving Japan’s highest science prize. Emperor and Empress at left. Courtesy Japan Academy of Science.





Figure 8.1. Negatively charged particles may attract if enough positive charges lie in between.





Figure 8.2. Milk is a common example of a colloidal suspension.





Fig. 8.6. Contrasting charge distributions. (a) Charge distribution presumed for DLVO theory, where counter-ions gather next to charged surface. (b) Charge distribution measured experimentally. 








Figure 8.4. Microspheres draw together over time, leaving large voids that contain no microspheres. Frame width: 10 µm. From Ito et al. (1994). 





Figure 8.7. Experimental technique used to unstuck beads from floor. 





Figure 8.8. Bead separation as a function of time. Beads move progressively closer. Pictures above correspond to data points beneath.





Figure 8.10. Expected distribution of charge when two spheres are near one another.





Figure 8.11. Stable points for smaller particles (top) and larger particles (bottom). End points occur when attractions balance repulsions. 





Figure 8.12. Similar hydration of molecule and particle implies the two phenomena are similar in principle.








Figure 8.14. Opposites can come together under the right circumstances.








Crushed Lifesaver candy generates light, visible in darkened room.





Figure 8.13. Like-unlike forces glue sand particles together.








