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Properties of Water
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Introduction

You could easily argue that water is the most important compound for living things. A majority of the mass of your body and the bodies of mostly life forms is water. Water is the most abundant compound on Earth's surface, covering roughly 70% of the planet's exterior making it a major component of all environments that support life. While you probably do not think of water as being particularly special, there are several properties of water that actually make it very unusual when compared to other compounds. Those properties give water central importance in all biological systems. Life as we know it could not exist without water.

Water has three states. Below freezing water is a solid (ice or snowflakes), between freezing and boiling water is a liquid, and above its boiling point water is a gas (water vapor or steam). There are words scientists use to describe water changing from one state to another. Water changing from solid to liquid is said to be melting. When it changes from liquid to gas it is evaporating. Water changing from gas to liquid is called condensation. An example of condensation is the 'dew' that forms on the outside of a glass of cold soda. Frost formation is when water changes from gas directly to solid form. When water changes directly from solid to gas the process is called sublimation. 

Many of the life-sustaining properties of water would not be relevant on a planet other than the Earth. Earth is said to be at the triple point for water because water is found on Earth in all three forms – solid, liquid, and gas. Earth has just the right range of temperatures and air pressures to allow water to be found in all three states. Water is unique in that it is the only natural substance that is found in all three states at the temperatures normally found on Earth. Earth's water is constantly interacting with other compounds, the atmosphere, the soil, and the bodies of living things – always changing state and always in motion.

Most liquids contract (lose volume) when they get colder. Water is different. Water contracts until it reaches 4 C° then it expands until it is solid. Solid water is less dense than liquid water. If water worked like other liquids, then there would be no such thing as an iceberg, the ice in your soft drink would sink to the bottom of the glass, and ponds would freeze from the bottom up. The density of water is dependent on its temperature. When cooled from room temperature liquid water becomes increasingly dense, just like other substances. But at approximately 4° C, water reaches its maximum density. As it is cooled further, it expands to become less dense. This unusual negative thermal expansion is attributed to strong, orientation-dependent, intermolecular interactions. Upon freezing, the density of ice decreases by about 9%.The reason for this is the 'cooling' of intermolecular vibrations allowing the molecules to form steady hydrogen bonds with their neighbors. Water also expands significantly as the temperature increases. Its density decreases by 4% from its highest value as a liquid when approaching the boiling point.

These properties of water have important consequences in its role in the ecosystems of Earth. Water of a temperature of 4° C will always accumulate at the bottom of fresh water lakes, irrespective of the temperature in the atmosphere. Since water and ice are poor conductors of heat (good insulators) it is unlikely that sufficiently deep lakes will freeze completely unless stirred by strong currents that would mix cooler and warmer water and accelerate the cooling. In warming weather, chunks of ice float, rather than sink to the bottom where they might melt extremely slowly. These properties preserve aquatic life, which can survive in water under floating ice.

Water is miscible (it mixes) with many liquids, for example ethanol, forming a single homogeneous liquid. Water vapor is completely miscible with air. On the other hand, water and most oils are immiscible usually forming layers according to increasing density from the top.
You should know water's molecular formula is H2O. As the diagram below on the left shows, that is one atom of oxygen bonded to two atoms of hydrogen. The hydrogen atoms are bonded to one side of the oxygen atom resulting in a water molecule having a positive charge on the side where the hydrogen atoms are and a negative charge on the oxygen atom side. Since opposite electrical charges attract, water molecules tend to attract each other, making water kind of "sticky." As the right-side diagram shows, the side of the molecule with the hydrogen atoms (positive charge) attracts the oxygen side (negative charge) of a different water molecule. 

[image: image3.jpg]O~
FONOX





All these water molecules attracting each other means they tend to clump together. Water is called the universal solvent because it dissolves more substances than any other liquid. This means that wherever water goes, either through the ground or through our bodies, it takes along valuable chemicals, minerals, and nutrients. 
Remember that a molecule that has regions that carry a positive charge and regions that carry a negative charge, like water, are said to be polar. The water molecule forms an angle, with hydrogen atoms at the tips and oxygen at the vertex. Since oxygen has a higher affinity for electrons than hydrogen, the side of the molecule with the oxygen atom has a partial negative charge. The charge differences cause water molecules to be attracted to each other (the relatively positive areas being attracted to the relatively negative areas) and to other polar molecules. This attraction contributes to hydrogen bonding, and explains why water drops are, in fact, drops. If it wasn't for some of Earth's forces, such as gravity, a drop of water would be ball shaped – a perfect sphere. Although hydrogen bonding is a relatively weak attraction compared to the covalent bonds within the water molecule itself, it is responsible for a number of water's physical properties. 

In a discrete water molecule, there are two hydrogen atoms and one oxygen atom. Two molecules of water can form a hydrogen bond between them; the simplest case. When more molecules are present, as is the case of liquid water, more bonds are possible because the oxygen of one water molecule has two lone pairs of electrons, each of which can form a hydrogen bond with a hydrogen on another water molecule. This can repeat such that every water molecule is hydrogen-bonded with up to four other molecules. Hydrogen bonding strongly affects the crystal structure of ice, helping to create an open hexagonal lattice. The solid phase of water floats on the liquid, unlike most other substances.

Liquid water's high boiling point is due to the high number of hydrogen bonds each molecule can form relative to its low molecular mass. Owing to the difficulty of breaking these bonds, water has a very high boiling point, melting point, and viscosity compared to otherwise similar liquids not conjoined by hydrogen bonds. The extra bonding between water molecules also gives liquid water a large specific heat capacity. This high heat capacity makes water a good heat storage medium and heat shield. The hydrogen bonds formed between the positive and negative poles on water molecules create surface tension, cohesion, and adhesion – other important properties of water that we will explore in this lab.
MATERIALS

stop watch

paper clip

small dish with water

small containers of room temperature water, oil, and soapy water

a dropper for each of the containers

a square of wax paper or parafilm
2 pieces of capillary tubing of different diameters

metric ruler

small container of colored water into which to set the capillary tubing

2 equal amounts, about 100 mL, of water and vegetable oil

2 250-mL Erlenmeyer flasks
2 thermometers

hot plate

electronic balance

salt and sugar

4 plastic cups and stirring spoons
PROCEDURE 

Surface Tension

Surface tension is the name we give to the cohesion of water molecules at the surface of a body of water. Water has a high surface tension caused by the strong cohesion between water molecules. It is the highest of the non-metallic liquids. In other words, water is sticky and elastic, and tends to clump together in drops rather than spread out in a thin film. 
This picture illustrates “sticky” water molecules creating surface tension.


Surface tension allows water strider insects to 'skate' across the top of a pond. You can experiment with surface tension. Try floating a pin or a paperclip on the top if a glass of water. A metal pin or paper clip is denser than water, but because of the surface tension the water is able to hold up the metal.

The purpose of this part of the lab is to investigate the property of the surface tension of water. You will look at the way that water sticks to itself to make a rounded shape, the way that water behaves as a “skin” at the surface, and a comparison of water’s surface tension with two other liquids, oil and soapy water. 
1.  Using a graduated plastic pipette containing room temperature water, place 0.5 ml of water onto a piece of parafilm over a laminated grid sheet. Measure the number of grid squares covered by the large drop. Enter that value in the table below.
2.  Repeat this procedure with oil and then with the soapy water.

Fill in the table below with the number of grid squares covered by each substance.
	
	Water
	Oil
	Soapy Water

	Number of grid squares covered
	
	
	


1.  What does a high surface tension do to the number of liquid molecules that can stay together?

2.  Based on your results, compare the surface tension of these three samples.

3.   Draw what the drops look like from the side view. Be sure to capture the relative height/flatness of each drop.

	Water


	Oil
	Soapy Water

	
	
	



Cohesion and Adhesion

The hydrogen bonding between water molecules is behind two of water's other important properties: cohesion and adhesion. Cohesion refers to the fact that water sticks to itself very easily. Adhesion means that water also sticks very well to other things, which is why it spreads out in a thin film on certain surfaces, like glass. When water comes into contact with these surfaces, the adhesive forces are stronger than the cohesive forces. Instead of sticking together in a ball, it spreads out. On extremely clean/smooth glass the water may form a thin film because the molecular forces between glass and water molecules (adhesive forces) are stronger than the cohesive forces. 
Measuring Capillary Action

Due to interplay of the forces of adhesion and surface tension, water exhibits capillary action whereby water rises into a narrow tube against the force of gravity. Water adheres to the inside wall of the tube and surface tension tends to straighten the surface causing a surface rise and more water is pulled up through cohesion. The process continues as the water flows up the tube until there is enough water such that gravity balances the adhesive force. You can see capillary action by placing a straw into a glass of water. The water climbs up the straw. What is happening is that the water molecules are attracted to the straw molecules. When one water molecule moves closer to the straw molecules the other water molecules (which are cohesively attracted to that water molecule) also move up into the straw. Capillary action is limited by gravity and the size of the straw. The thinner the straw or tube the higher up capillary action will pull the water. You might remember the meniscus in the graduated cylinder measurements from Lab 1.The meniscus is formed due to the same type of cohesion and adhesion forces.
Surface tension and capillary action are important in biology. For example, when water is carried through xylem (vascular tissue) up stems in plants, the strong intermolecular attractions (cohesion) hold the water column together and adhesive properties maintain the water attachment to the xylem and prevent tension rupture caused by transpiration pull. Xylem cells are long, narrow, hollow tubes containing no living material and impregnated with bands or spirals of lignin. Joined end to end, they provide a continuous pathway from the roots through the stem and to the leaves. As well as being waterproof, the lignin provides strength to stop the vessels from collapsing. The narrow diameters of the xylem vessels increase the capillarity forces. We will look at xylem cells when we examine plant tissues in Lab 14. Capillary action is also important in the movement of water in tiny blood vessels in the bodies of animals.  
The purpose of this part of the lab is to investigate capillary action. You will work with capillary tubing of various diameters to see the rate at which water is able to climb up the tubes. This is very similar to the way that water enters a plant and travels upward in the small tubes throughout the plant’s body. The stickiness of the water molecule allows the water to cling to the surface of the inside of the tubes. You will see how the diameter of the tube correlates with the rate of traveling up the tube by measuring how high the dye-colored water column is at the end of the time intervals.

Hold each of the two capillary tubes vertically in the dye-colored water. Allow the water to rise in each tube as far as it will go. Use the metric ruler to measure and record the height of the colored water for each of the tubes in the table. Now hold one of the capillary tubes at a slant. Record the level of water taken up by the tubing.

	Height of water inside tube in mm
	Small Capillary Tube
	Large Capillary Tube

	upright
	
	

	slanted
	
	


What statement can you make about water’s speed of climbing a capillary tube relative to the diameter of the capillary?

Can you explain why the capillary tube takes up a different amount of water when held on a slant rather than being held vertically? Think about the forces involved.

Solubility

Water is also a good solvent due to its polarity. So many substances are soluble in water that it is often called the universal solvent. A solvent is the liquid that is doing the dissolving. A solute is the substance that will be dissolved in the liquid. Substances that will mix well and dissolve in water (e.g. salts) are known as hydrophilic ("water-loving") substances, while those that do not mix well with water (e.g. fats and oils), are known as hydrophobic ("water-fearing") substances. The ability of a substance to dissolve in water is determined by whether or not the substance can match or better the strong attractive forces that water molecules generate between other water molecules. If a substance has properties that do not allow it to overcome these strong intermolecular forces, the molecules are pushed out from the water, and do not dissolve. In biological cells and organelles, water is in contact with membrane and protein surfaces that are hydrophilic; that is, surfaces that have a strong attraction to water such that water adheres to them. These forces are actually responsible for keeping biological membranes in tact. As all life processes happen across a membrane surface, it is difficult to imagine life without these water adhesion interactions.

When an ionic or polar compound enters water, it is surrounded by water molecules. The relatively small size of water molecules typically allows many water molecules to surround one molecule of solute. The partially negative end of the water is attracted to positively charged components of the solute and vice versa for the positive ends of the water molecules and the negatively charged components of the solute. In general, ionic and polar substances such as acids, alcohols, and salts are relatively soluble in water, and non-polar substances such as fats and oils are not. Non-polar molecules stay together in water because it is energetically more favorable for the water molecules to hydrogen bond to each other than to engage with non-polar molecules. An example of an ionic solute is table salt; the sodium chloride, NaCl, separates into Na+ ions and Cl− ions, each being surrounded by water molecules. The ions are then easily transported away from their crystalline lattice into solution. An example of a nonionic solute is table sugar. The water forms hydrogen bonds with the polar regions of the sugar molecule and allows it to be carried away into solution.

Water's solvency is why water is rarely pure; it usually has several minerals dissolved in it. Water may be soft or hard, depending on mineral content, and the degree of water purity has an effect on foods processed or prepared in it. Natural soft water may contain some organic matter but no mineral salts. Artificially softened water is produced when calcium (Ca) and magnesium (Mg) are replaced by sodium (Na). Temporary hard water contains bicarbonates of calcium and magnesium.  These salts are changed to insoluble salts when water is boiled and they are deposited as crust on the inside of cooking utensils. Permanent hard water contains salts which form insoluble precipitates such as calcium, iron, and magnesium.  Sulfates of magnesium, chloride, and calcium cannot be removed by boiling. Distilled water has most of the chemical impurities removed by boiling the water and condensing the steam which is collected again as water. Hard water is usually alkaline and may have a significant influence on the color and texture of cooked vegetables (giving a slightly yellow color in boiled white vegetables), and it can prolong cooking time for some vegetables, owing to reactions of pectic substances with the salts in hard water. Soap will not lather well in hard water, but hard water isn't usually dangerous. It can also cause lime scale deposits in pipes, water heaters and toilets. Even though soft water is generally free of insoluble salts and is preferred for food preparation, hard water is considered beneficial from a health standpoint.  Hard water also causes cloudiness in tea and coffee and other beverages.
Try dissolving 1.5 grams of each solute (salt and sugar) in 50 ml of each solvent (water and oil) in paper or plastic cups. Stir each to help them dissolve. Record your observations about how quickly and thoroughly each of the solutes dissolves.
	SOLVENT
	SOLUTES

	
	Salt
	Sugar

	Water


	
	

	Oil


	
	



1.  Summarize what you found in your experiment based on your recorded observations.

2.  Why do you think that some substances dissolve easier in one type of liquid than in another? Be as specific as you can. Describe what is happening in each at the molecular level.
Heat Capacity

Water has a very high specific heat capacity – the amount of heat per unit mass required to raise its temperature by one degree Celsius. The energy required to raise the temperature of water by one degree Celsius is 4.2 joules per gram. Water also has a high heat of vaporization, which means that it can absorb a lot of heat without its temperature raising much. This plays a huge role in climate because it means that oceans take a long time to warm up. The high specific heat index of water also helps regulate the rate at which air changes temperature which is why the temperature change between seasons is gradual rather than sudden, especially near the oceans. This is also why water is valuable to industries and in your car's radiator as a coolant.
The purpose of this part of the lab is to investigate the heat capacity of water. You will measure the temperature of water (specific heat of water is 4.2 J/gram°C) and vegetable oil (specific heat of vegetable oil is 1.7 J/gram°C) over equal intervals of time, and will record your data. Specific heat is the amount of energy required to raise 1.0 gram of a substance 1.0° C. [NOTE: Here we are using Joules (J) as a measure of energy, but you might be more familiar with calories. 1 calorie is equal to 4.2 Joules.]
1.  Set the flasks containing water and oil on the hot plate.

2.  Take the initial temperature reading of each of the liquids.

3.  Turn on the hot plate to a medium temperature.

4.  In Table 4-5, record the temperature of the liquid in each flask every 2 minutes until the water boils. DO NOT attempt to let the oil boil.
5.  Move the flasks with tongs or a heat-resistant set of gloves to a place for them to cool. Continue to record the temperatures for an additional 10 minutes as each liquid cools. You might graph your data in a line graph – put both the water and oil data on the same graph so they can be compared.
	Liquids
	Water Temperature
	Vegetable Oil Temperature

	2 minutes
	
	

	4 minutes
	
	

	6 minutes
	
	

	8 minutes
	
	

	10 minutes
	
	

	12 minutes
	
	

	14 minutes
	
	

	16 minutes
	
	

	18 minutes
	
	

	20 minutes
	
	

	22 minutes
	
	

	24 minutes
	
	

	26 minutes
	
	



1. Compare the boiling temperatures of water and of oil. What is the relationship between hydrogen bonding and boiling temperature?

2. What happened to the temperature of the water and the oil after boiling? Explain why.

DISCUSSION QUESTIONS

1.  Does water always boil at the same temperature?  Explain.

2.  Will water get hotter the longer it boils?  Why or why not?

3.  What causes the surface tension in water?

4.  Why does water have a high boiling and a low freezing point?

5. Why is water such an important molecule to living things? (Write a brief answer.)
 
 

6.  Explain why the hydrogen and oxygen atoms don't share electrons equally in a water molecule.

7.  What happens when an ionic compound such as sodium chloride (table salt) dissolves in water?

8. Give an example of an organism using capillarity.
9.  We all know that ice floats; we take it for granted. However, in nature, the solid form of a substance being less dense than the liquid form is extraordinary. What we don’t know or think about much is how our world would be affected if ice did not float in water. Assume that there will be one change in the way that nature behaves: On the day after tomorrow, worldwide, ice (the solid form of water) will now become denser than water, rather than its current state, which is less dense. What will be the impact of this change? Summarize your thoughts about the impact on the world if ice were denser than liquid water.

10. How does water’s specific heat have an impact on our climate?

11. Explain how a spider can walk on water.
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