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Teacher’s notes
Introduction

Outcome 3 of the Researching Chemistry unit of Higher Chemistry states that the student can present and analyse information in an appropriate format, draw valid conclusions and make a valid evaluation of procedures. 
In order to be able to evaluate their procedures and arrive at valid conclusions, students should have:
· experience of representing experimental data using a scatter graph
· experience of sketching lines and/or curves of best fit
· experience of calculations of averages (means) for experimental data
· experience of identification and elimination of ‘rogue’ points from results
· qualitative appreciation of the relative accuracy of apparatus used to measure the volume of liquids
· qualitative appreciation of the reproducibility of repeated measurements from variability of data values
· qualitative understanding of the uncertainty associated with a measurement.
The accompanying Student’s Notes includes a worked example covering each of the skills described by the bullet points listed above, plus a number of questions which allow students to practice these skills. Worked answers to these questions are provided. 

The ability to process data correctly and make decisions about the quality of the data is an essential skill for the practising chemist. Although statistical methods are normally used to draw best-fit graphs or test data for reliability, this is not required at Higher level. Students must simply obtain a qualitative understanding of the approaches used to estimate the reliability of data obtained from experiments. 

Representing experimental data using a scatter graph
Sketching lines and/or curves of best fit

Scatter graphs are similar to line graphs in that they use horizontal and vertical axes to plot data points. However, they have a very specific purpose. Scatter plots show how much one variable is affected by another. The relationship between two variables is called their correlation. If there is a linear relationship between two variables (for example when plotting concentration against rate of reaction) then the closer the data points come to making a straight line, the higher the correlation between the two variables, or the stronger the relationship.

Best-fit lines can also be called trend lines or linear regressions. Plotting data as a scatter graph suggests that you are investigating the relationship between the two variables and a ‘join-the-dots’ graph is rarely appropriate. Instead, a line of best fit should be drawn to establish the relationship, if any, between the variables.

The student materials contain the instructions for drawing a scatter graph manually. Most students will have the opportunity to draw graphs using Microsoft Excel or similar packages (including free versions such as Google Docs, Open Office Calc and ThinkFree). Details for drawing graphs using the different versions of Excel can be found online. Excel will draw a trend line on a graph either as a straight line or an exponential fit. 
Exercise 1

Students are asked to plot the following data as a scatter plot and draw the line of best fit.
	Concentration of KI/mol l–1
	Rate of reaction/s–1

	0.01

0.02

0.05

0.1

0.2
	0.013

0.021

0.044

0.122

0.212


The graph produced by Excel from this data is shown below.
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The equation of the line is given as y = 1.0795x + 0.0004. If students draw the graph manually, they can calculate the slope of the graph and compare it to this value of 1.079. 

Replicate measurements 

Students should be made aware that replicate experiments should always be performed. The number of replicate experiments carried out will depend on the particular experiment, but a minimum of three times is recommended. The purpose of replicate measurements is to assess the variability and prevent a mistake affecting the conclusion of an experiment. Students should have an understanding that the closer together the values from repeated experiments are, the better the reproducibility. Generally, an experiment can be considered to be reliable if the results are reproducible. 
Sample results from a titration using two different indicators are given below (and in the student material). Students are simply asked to look at the two sets of data as an example of a case where Indicator B provides more reproducible results than Indicator A.
	Volume of acid/cm3

	Indicator A
	Indicator B

	9.8
10.1
9.5
9.8
10.0
9.6
9.3
	9.9
9.8
9.9
10.0
9.8
9.8
10.0


Calculating the average (mean) value for experimental data

Although students should be aware of how to calculate an average value, there is no harm in ensuring that this is the case! There is really no difference between the terms ‘mean’ and ‘average’, although statisticians use ‘mean’. The mean is the sum of the measured values divided by the number of measurements.
When advising students on rounding, it is best to express the mean with one more digit than was present in the original data.
Exercise 2
Students are asked to calculate the mean of the following sets of data; answers are given in parentheses.
(a) 0.123, 0.109, 0.128, 0.116, 0.119; (0.119)

(b) 10.2, 11.8, 11.0, 10.8, 11.3; (11.02)

Identification and elimination of ‘rogue’ points from results 

Students should develop an understanding that every measurement will contain some degree of error. This can manifest itself by the presence of ‘rogue’ points in a data set. Without using statistical methods, students can eliminate rogue points, ie those that do not fit the best fit line or curve. It is difficult to identify rogue points in a set of replicate data unless a single point is very different from the other points in the set. 
If a ‘true’ value is available for a measurement, a single data point can be eliminated if it takes the mean value away from the ‘true’ value. An example of this type of identification and elimination is given in the student material.

Exercise 3

A student is using titration to determine the vitamin C content of a carton of orange juice. The student performs 10 replicate measurements using 10 ml of orange juice each time. 
The mass of vitamin C, in milligrams, found in each 10 ml sample is as follows:
1.95, 2.12, 1.89, 2.04, 2.68, 1.99, 2.09, 2.01, 1.92, 2.11

From this data, 2.68 mg ‘looks’ like a rogue point because it seems much higher than the rest of the numbers obtained. In this case, we can check if it can be eliminated because the carton will have a vitamin C content that we can use for comparison. The stated content of vitamin C on the carton is 2 mg per 10 ml.

Calculate the average of all 10 data points
1.95, 2.12, 1.89, 2.04, 2.68, 1.99, 2.09, 2.01, 1.92, 2.11

Calculate the average of 9 data points, eliminating 2.68
1.95, 2.12, 1.89, 2.04, 1.99, 2.09, 2.01, 1.92, 2.11

The mean of 10 values is 2.08
The mean of 9 values is 2.01

By comparing these two means to the 2 mg stated content on the carton, we can see that, in this case, it is valid to reject the rogue value of 2.68 mg.

Qualitative appreciation of the relative accuracy of apparatus used to measure the volume of liquids

Students should develop an understanding that volume measurements will always have an associated error, the magnitude of which depends on the piece of measuring equipment used. Students at Higher should know that a pipette is a more accurate piece of equipment for measuring volume than a measuring cylinder, for example, but they may not be aware that the equipment will have a stated tolerance. The tolerance values can be used to compare the relative accuracies of the different pieces of equipment used in the laboratory to measure volume.
The student task involves looking at beakers, measuring cylinders, burettes, pipettes and volumetric flasks, and recording the stated tolerances (given as ± values on the equipment). This is a measure of the accuracy of the apparatus for measuring the specified volume. The ± value is called the uncertainty of the measurement. A piece of laboratory glassware may specify that it contains a certain volume when it is filled to a certain mark. For example, a measuring cylinder may specify a volume of 100 ± 5 cm3 when filled to the top mark. This means that when you fill the cylinder to the 100 cm3 mark, as carefully as you can, the actual volume will be between 95 and 105 cm3. 

Students are asked to rank the glassware in terms of accuracy. This can be done as a percentage of the total volume, or simply by the magnitude of the uncertainty given. The purpose is for students to appreciate that error is always present.

Exercise 4
Examples of the tolerances of common laboratory equipment for measuring volume are given in the table below. Note that these values are examples only, the actual values will vary depending on the glassware available.
	Apparatus
	Volume measured

± uncertainty (ml)
	Most accurate

↓

Least accurate

	10 ml pipette
	10 ± 0.4
	

	25 ml pipette
	25 ± 0.6
	

	100 ml volumetric flask
	100 ± 0.2
	

	250 ml volumetric flask
	250 ± 0.3
	

	10 ml measuring cylinder
	10 ± 0.2
	

	100 ml measuring cylinder
	100 ± 1.0
	

	50 ml burette
	50 ± 1.0
	

	50 ml beaker
	40 ± 2
	

	100 ml beaker
	80 ± 4
	


A qualitative understanding of the uncertainty associated with a measurement
The appreciation of error in volume measurement is extended to other types of measurement in this section. Students are asked to identify laboratory apparatus that gives uncertainty values. This may be a more difficult task compared with the volume measurement, as most equipment will not have a stated uncertainty. Students could search on the internet for uncertainties for different measurements. 

If appropriate, students could be instructed that the uncertainty of a measurement can be taken as half the value that they estimate. For example, if a thermometer is marked to 0.1°C and the temperature is recorded to 0.01°C, then the hundredths of a degree are being estimated and so the error can be up to half of this value. 

Exercise 5
Consider the different types of measuring equipment in the laboratory. Look at the equipment used for measuring length, mass, temperature and anything else you can think of. Check if the equipment has a stated uncertainty or tolerance and record it in the table below – don’t forget the units.
	Apparatus
	Uncertainty

	1 decimal place balance

3 decimal place balance

Thermometer with 0.1°C divisions

Ruler with 0.1 cm divisions
	±0.01 g (stated)

±0.1 mg (stated)

±0.05°C (half of smallest division)

±0.05 cm (half of smallest division)


This task illustrates that there is always an uncertainty associated with a measurement. The level of uncertainty varies depending on the complexity of the equipment. 
Student’s notes

Introduction

As part of the Researching Chemistry unit of Higher Chemistry you will be required to prepare a scientific communication that presents the aim, results and conclusions from a practical investigation related to a topical issue in chemistry. The ability to process and analyse any information that you obtain from experimental results is an essential skill and this publication is designed to help you become familiar with a number of techniques and concepts, some of which will be useful to you in preparing your communication.
This resource contains information, worked examples and sample questions covering the following concepts:
· representing experimental data using a scatter graph

· sketching lines or curves of best fit

· appreciation of the results obtained from repeated measurements

· calculation of averages (means) for experiments

· identification and elimination of ‘rogue’ points from the analysis of results

· appreciation of the relative accuracy of apparatus used to measure the volume of liquids

· expression of the uncertainty associated with a measurement as a ± value.
Representing experimental data using a scatter graph

When you carry out an experiment, you normally change one variable and measure another. For example, you might investigate the effect of changing temperature on rate of reaction. In this case, you change the temperature and measure the time taken for the reaction.
Graphs are a visual way of showing the relationship between two variables. Experimental data is often plotted as a scatter graph. Any trend in the relationship between the two variables can be seen from the graph.

An example of a scatter graph is shown below:
 SHAPE  \* MERGEFORMAT 



This graph was drawn using Microsoft Excel. Programs like Excel will draw the graph for you but hand-drawn graphs can also be used. The following guidelines will help you with hand-drawn graphs and also with graphs drawn using computer programs.

Guidelines for plotting a scatter graph
· Draw axes at right angles to each other:

· The horizontal is the x-axis – the independent variable (the one that you change) is plotted here.
· The vertical is the y-axis – the dependent variable (the one you measure) is plotted here.
· Label the axes with the two variables and their units. The variable that you change will go on the x-axis and the variable that you measure will go on the y-axis. 
· Put the correct scale on each axis. The correct scale is decided from the range of points you have to plot but must always be uniform. So if you have a range of points, 0.5, 1.3, 1.9, 3.4, 4.8, then the scale will be from 0–5, evenly spread. 
· Plot the points.

Drawing the line – the best fit
When you have plotted the points, you have to join them up with some sort of line. The usual graph shapes are a straight line or a smooth curve. If the graph is a straight line, use a ruler to draw it. Ideally, the line would go through all the points, but this rarely happens and so you need to draw the line which 
goes as near as possible to as many points as possible. This is called the line of best fit. Do not draw a line from one dot to the next. This will give a ‘join the dots’ look to the graph and can prevent you from seeing the trend to the graph. 
An example of a graph where a line has been drawn by ‘joining the dots’ is shown below. 

 SHAPE  \* MERGEFORMAT 



It would be difficult to draw a conclusion about the trend of this graph the way it has been drawn. However, when a line of best fit is drawn, a trend can be seen, as shown below.
 SHAPE  \* MERGEFORMAT 



When drawing a straight line of best fit, try to draw the line through the middle of the points. You might not hit any of the points directly. You should aim to have the same number of points above and below your line.
If the graph is not a line but a curve, then the line joining the points has to be drawn freehand, but it should still be drawn as a smooth curve which fits as many points as well as possible. See the example given below.

 SHAPE  \* MERGEFORMAT 



Exercise 1
Plot the following data as a scatter plot and draw the line of best fit.
	Concentration of KI/mol l–1
	Rate of reaction/s–1

	0.01

0.02

0.05

0.10

0.20
	0.013

0.021

0.044

0.122

0.212


If available, you could draw the graph using Excel and show the line of best fit. Excel will also display the equation of the line. Compare the gradient of your line with that of the line drawn by Excel. If Excel is not available, the Teacher’s Guide for this material provides the equation of the line as calculated using Excel.

Replicate measurements 
In an investigation, replicate experiments should always be performed. This means that the experiment is repeated several times. The number of replicate experiments carried out will depend on the particular experiment, but a minimum of three times is recommended. The purpose of replicate measurements is to assess the variability and prevent a mistake affecting the conclusion of your experiment The closeness of the values obtained from repeated experiments gives you an idea of the reproducibility of the experiment.  This simply means that your experiment can be reproduced with the same result obtained each time. In general, the more reproducible your results, the more valid they are.

For example, suppose you have carried out an acid–base titration with two different indicators. The results obtained are shown in the table below:
	Volume of acid/cm3

	Indicator A
	Indicator B

	9.8
10.1
9.5
9.8
10.0
9.6
9.3
	9.9
9.8
9.9
10.0
9.8
9.8
10.0


From looking at this data, it is clear that the titre volumes obtained using Indicator B are closer together than those obtained when using Indicator A. From this observation, it can be concluded that Indicator B gives better reproducibility.

Calculating the average (mean) value for experimental data

When you have obtained a series of measurements from your experiment, you should calculate the mean – also called the average. The mean is the sum of the measured values divided by the number of measurements.
For example, to find the average for 821, 783, 834 and 855, you add the four numbers together and divide the total by four:
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To avoid rounding errors, you should express the average with one more digit than was present in the original data.

Exercise 2
Find the averages for the following sets of data:
(a) 0.123, 0.109, 0.128, 0.116, 0.119
(b) 10.2, 11.8, 11.0, 10.8, 11.3

Identification and elimination of ‘rogue’ points from results
Errors will always be present in any measurement you make. Sometimes it is easy to identify when you have made a mistake. For example, when you weigh a solid sample and transfer it to a flask to prepare a solution, you might spill some solid and so you know that the mass of solid transferred to the flask does not match the mass you recorded from the reading on the balance.
In most cases, however, you will have no obvious errors but still obtain a data point that does not seem to match the trend in the rest of your data. As you have already seen in drawing a best-fit line or curve, you do not ‘join the dots’ in drawing a graph, you draw the line to pass through most of the points. In this case, points far away from the line can be considered to be ‘rogue’ points, but they do not affect the line that you have drawn.
It is more difficult to identify rogue points when you have repeated the same experiment a number of times and are calculating the average. You cannot ignore a point just because it does not ‘look’ right, but there are occasions when you can reject a point.
For example, a student is using titration to determine the vitamin C content of a carton of orange juice. The student performs 10 replicate measurements, using 10 ml of orange juice each time. 

The mass of vitamin C, in milligrams, found in each 10 ml sample is as follows:
1.95, 2.12, 1.89, 2.04, 2.68, 1.99, 2.09, 2.01, 1.92, 2.11
From this data, 2.68 mg looks like a rogue point because it seems much higher than the rest of the numbers obtained. In this case, we can check if it can be eliminated because the carton will have a vitamin C content that we 
can use for comparison. The stated content of vitamin C on the carton is 2 mg per 10 ml. 
Exercise 3
Calculate the average of all 10 data points
1.95, 2.12, 1.89, 2.04, 2.68, 1.99, 2.09, 2.01, 1.92, 2.11

Calculate the average of 9 data points, eliminating 2.68
1.95, 2.12, 1.89, 2.04, 1.99, 2.09, 2.01, 1.92, 2.11

By comparing these two averages to the 2 mg stated content on the carton, we can see that, in this case, it is valid to reject the rogue value of 2.68 mg.

Qualitative appreciation of the relative accuracy of apparatus used to measure the volume of liquids

The volume of liquids can be measured using several pieces of common laboratory equipment. Beakers, measuring cylinders, burettes, pipettes and volumetric flasks are used to measure volume with differing degrees of accuracy. Accuracy means closeness to the true value. On the pieces of apparatus that are used to measure volume, you will see a number with a plus or minus (±) then another number. This is a measure of the accuracy of the apparatus for measuring the specified volume. The ± value is called the uncertainty of the measurement.

A piece of laboratory glassware may specify that it contains a certain volume when it is filled to a certain mark. For example, a measuring cylinder may specify a volume of 100 ± 5 cm3 when filled to the top mark. This means that when you fill the cylinder to the 100 cm3 mark, as carefully as you can, the actual volume will be between 95 and 105 cm3. 
Exercise 4
Look at the different pieces of apparatus used to measure volume and record the tolerances printed on the equipment. Use this information to place the pieces of equipment in order of accuracy in the table below.
	Apparatus
	Volume measured 
± uncertainty
	Most accurate
↓

Least accurate

	
	
	


What must be appreciated from this task is that there will always be an error associated with volume measurement. Even if you are extremely careful, use a volumetric flask and fill the flask exactly to the line, the stated tolerance on the flask tells you that it will not contain exactly the volume printed on the flask. 
A qualitative understanding of the uncertainty associated with a measurement

When considering volume measurements, we saw that there will always be error attached to the measurement regardless of how careful you are. The same rule applies to all measurements. All measurements have an uncertainty built into them.

Exercise 5
Consider the different types of measuring equipment in the laboratory. Look at the equipment used for measuring length, mass, temperature and anything else you can think of. Check if the equipment has a stated uncertainty or tolerance and record it in the table below; don’t forget the units. If you can’t find any uncertainties printed on equipment, you could search on the internet for suppliers of laboratory equipment and record the values given on these sites. 

	Apparatus
	Measurement ± uncertainty

	
	


This task illustrates that there is always an uncertainty associated with a measurement. The level of uncertainty varies depending on the complexity of the equipment. 

Make sure that you do not add your own errors when making measurements by being as careful as you can when reading scales, transferring solids and liquids and copying down numbers.
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