PHAse diagrams and the States of matter

A phase diagram specifies the physical state of a substance as temperature and pressure vary.  The diagram consists of regions separated by lines.  Each region displays the conditions at which a particular phase is stable.  Each line between two regions displays the conditions at which those two phases are in equilibrium.  This phase diagram is typical for most substances. 

In general, lower temperatures and higher pressures correspond to the solid phase, higher P and T correspond to the liquid phase, and lower P and higher T correspond to the gas phase.

1.  SCREEN shows F 12.9A with axes, regions, and lines, but no other labels.  Narration cues appearance of labels on the three regions: "Solid (higher P, lower T)," "Liquid (higher P, higher T)," and "Gas (lower P, higher T)."  The camera closes in on a point in the center of the solid region, which expands to full screen.  In the field is an atomic-scale view of a solid made up of orange spheres. Each particle is very close to its neighbors and arranged in a very regular array.  Packing is body-centered cubic.  Each particle is moving slightly about its center but never exchanging position with another particle. 

Let's close in to the diagram and view the various parts on the molecular level.  A magnified view within the solid region shows the regular array of tightly packed particles typical of a crystalline solid.  Notice that the particles in a solid are not fixed, but jiggle in place about their crystal sites. 

2.  SCREEN shows F 12.9A again with labels form Screen 1 in place.  The camera closes in on a point in the center of the liquid region, which expands to full screen.  In the field is an atomic-scale view of a liquid made up of orange spheres.  Each particle is very close to its neighbors but there is no orderly packing at all.  All particles are randomly positioned (see, for example, F 4.16, center blowup circle) and each is moving and continually changing positions with other particles.  

A magnified view of the liquid reveals a major difference between it and the solid.  The particles are still in close contact, but their positions are much less restricted than in the solid, and they roll and tumble around one another.

3.  SCREEN shows F 12.9A again with labels from Screen 1 in place.  The camera closes in on a point in the center of the gaseous region, which expands to full screen.  In the field is an atomic-scale view of a gas made up of orange spheres.  Each particle is separated from its neighbors by a large space.  All particles are moving randomly in straight-line paths.  Occasionally one particle collides with another.  At any point, only 2-3 particles are visible in the field, continually moving in and out of field.  

In stark contrast to the solid and liquid phases, a magnified view of the gas shows the particles far apart except when they collide. 
4.  SCREEN shows F 12.9A again with labels from Screen 1 in place.  The camera closes in on a point on the line between the solid and liquid regions, which expands to full screen.  The field shows an atomic-scale view of the solid in contact with the liquid above it.  Over a few (5-7) seconds, a few particles of the solid loosen and move into the liquid while a few particles of the liquid land on the solid surface and remain in the regular array.  Label of line says "melting-freezing."  The number of particles that leaves the solid should equal the number that leaves the liquid over the time interval.  

At any point along the solid-liquid line, the phases are in equilibrium.  Melting and freezing are occurring at the same rate.  In other words, the same number of particles are moving from the solid to the liquid per unit time as are moving from the liquid to the solid.

5.  SCREEN shows F 12.9A again with labels from Screen 4 in place.  The camera closes in on a point on the line between the liquid and gas regions, which expands to full screen.  The field shows an atomic-scale view of the liquid in contact with gas above it.  Over a few (5-7) seconds, a few particles from the surface of the liquid move into the gas while a few particles of the gas land on the liquid surface and remain there.  "Label of line says vaporizing-condensing."  The number of particles that leaves the liquid should equal the number that leaves the gas over the time interval. 
Similarly, at any point along the liquid-gas line, vaporizing and condensing are occurring at the same rate, which means that the number of particles moving from the liquid to the gas per unit time equals the number moving from the gas to the liquid.
6.  SCREEN shows F 12.9A again with labels from Screen 5 in place.  The camera closes in on a point on the line between the solid and gas regions, which expands to full screen.  The field shows an atomic-scale view of the solid in contact with gas above it.  Over a few (5-7) seconds, a few particles from the surface of the solid move into the gas while a few particles of the gas land on the solid surface and remain in the regular array.  Label of line says "subliming-depositing."  The number of particles that leaves the solid should equal the number that leaves the gas over the time interval.  

Finally, along the solid-gas line, subliming and depositing are occurring at the same rate; that is, the same number of particles are moving from the solid to the gas per unit time as are moving from the gas to the solid.

7.  SCREEN shows F 12.9A again with labels from Screen 6 in place.  The camera closes in on the point at the upper right end of the liquid-gas line.  Two other points appear very close and on either side of this point, one in the gas region and the other in the liquid region.  First one, then the other, of these other points expands to half-screen atomic-scale circles.  During the narration, these two circles move slowly toward each other and overlap.  In the liquid-phase circle, the particles slowly separate a bit so there are small spaces between them.  They move in straight-line paths, frequently colliding.  As the circle moves and the spaces become larger, some particles necessarily leave the field.  In the gas-phase circle, the particles slowly approach each other so there are smaller spaces between them.  They continue to move in straight-line paths, but colliode more frequently.  As the circle moves and the spaces become smaller, more particles necessarily enter the field.  This process continues—more space and fewer particles in the liquid circle, less space and more particles in the gas circle— until the circles overlap, at which point the circles and number of particles must look identical.  Then, the camera moves back and the single resulting circle becomes the point at the end of the liquid-gas line.  Label says "critical point."

Two other features of the phase diagram are important.  The first is that the liquid-gas line ends at a point, called the critical point, beyond which the distinction between a liquid and a gas disappears.  Let's close in on this point and two points very close by to see what this means.  At a nearby point in the gas region, the gas is under very high pressure, so the particles are reasonably close to each other.  Thus, the density of the gas is relatively high.  At a nearby point in the liquid region, the liquid is at a very high temperature, so the particles are beginning to separate from each other.  Thus, the density of the liquid is relatively low.  As these two points approach the critical point, the particles in the gas move even closer together and the density increases, while the particles in the liquid separate even more and the density decreases.  At the critical point, the densities become equal and the phase separation between liquid and gas disappears.

8.  SCREEN shows F 12.9A again with labels from Screen 7 in place.  The camera closes in on the point at the junction of the solid-gas, solid-liquid, and liquid-gas lines, which expands to full screen.  The field shows solid slightly emerging from beneath the liquid, so that both solid and liquid are in contact with gas.  Over the time period, 3 particles move from solid to gas, 3 from gas to solid, 3 from solid to liquid , 3 from liquid to solid, 3 from liquid to gas, and 3 from gas to liquid.  Then circle shrinks back to point and label says "triple point."

The second important feature occurs at the junction of the three phase-boundary lines.  At this point, called the triple point, the three phases are in equilibrium simultaneously.

9.  SCREEN shows F 12.9A again with labels from Screen 8 in place.  Camera shows point in solid region, which expands to partial-screen circle, so that phase diagram can still be seen underneath circle.  Circle shows solid at atomic scale, as in Screen 1.  Then, after a second or two, circle shrinks back again to the point.  Line from point appears and begins moving horizontally left to right.  When it reaches solid-liquid line, it pauses and expands to partial-screen circle of atomic scale view as in Screen 4.    Then circle shrinks back again to the point on the line and line continues moving.  In middle of liquid region, it pauses and expands to partial-screen circle of atomic scale view as in Screen 2.  Then circle shrinks back again to the point on the line and line continues moving.  When line reaches liquid-gas line, it pauses and expands to partial-screen circle of atomic scale view as in Screen 5.  Then circle shrinks back again to the point on the line and line continues moving.  In middle of gas region, it pauses and expands to partial-screen circle of atomic scale view as in Screen 3.  Then another line begins in the solid region below the triple point and moves horizontally from solid to gas region, stopping and expanding momentarily when it reaches the solid-gas line, as in Screen 6.  Screen 9 moves quickly through the various atomic views.

What would happen to the sample if we steadily increase the temperature at constant pressure; that is, move horizontally from left to right on the diagram? The changes depend somewhat on the starting pressure. Let's begin at some pressure between the critical point and the triple point.  Starting with the solid, we increase the temperature until the solid and liquid are in equilibrium.  Increase the temperature above the melting point and the pure liquid exists.  Then, the liquid and gas are in equilibrium, and further heating vaporizes the sample to the gas.  

Suppose we had begun at some pressure below the triple-point pressure.  We begin with the solid as before, but heating brings the solid into equilibrium with the gas, not with the liquid.  And further heating sublimes the solid to the gas.  Carbon dioxide behaves this way.  It has a triple-point pressure of 5.1 atmospheres.  Warming a piece of dry ice at ordinary room pressures of around one atmosphere changes it directly into the gas.  Liquid CO2 is not stable at one atmosphere.

10.  SCREEN shows F 12.9A again with labels from Screen 8 in place.  Camera shows point in solid region, which expands to partial-screen circle, so that phase diagram can still be seen underneath circle.  Circle shows solid at atomic scale, as in Screen 1.  Then circle shrinks back again to the point.  Line from point appears and begins moving vertically downward.  When it reaches solid-liquid line, it pauses and expands to partial-screen circle of atomic scale view as in Screen 4.    Then circle shrinks back again to the point on the line and line continues moving.  In liquid region, it pauses and expands to partial-screen circle of atomic scale view as in Screen 2.  Then circle shrinks back again to the point on the line and line continues moving.  When line reaches liquid-gas line, it pauses and expands to partial-screen circle of atomic scale view as in Screen 5.  Then circle shrinks back again to the point on the line and line continues moving.  In gas region, it pauses and expands to partial-screen circle of atomic scale view as in Screen 3.  Screen 10 moves quickly through the various atomic views.

Now, let's see the changes the sample undergoes as we decrease the pressure at constant temperature; that is, move down the phase diagram.  Here, the starting temperature determines how the sample changes.  If we start with the solid at some temperature higher than the triple-point temperature and lower the pressure, we first reach the solid-liquid equilibrium state.  Thus, the sample melts due only to a change in pressure.  Then the pure liquid exists until a further pressure decrease gives liquid and gas in equilibrium, and finally the pure gas.  Notice that if we start at any temperature lower than, to the left of, the triple-point temperature, we move directly from solid to gas.

Here is the phase diagram showing all regions, points, and equilibrium processes.
