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Spectroscopy is the study of how matter interacts with electromagnetic radiation.  Using a device called a 

spectrometer, one can identify many qualities of matter, such as what type of substance it is and how much 

of it is present.  Using a spectrometer of original design, this experiment included spectroscopy in order to 

predict the concentration of a Copper(II) Sulfate solution.  Ultimately the homemade spectrometer was able 

to perform to some basic expectations, but proved to be less than accurate when it came to predicting an 

unknown concentration of Copper(II) Sulfate. 

 

 

I. INTRODUCTION 

Spectrophotometry is used to identify constituent 

chemicals of a solution and determine their relative 

abundance. In general a light source is passed through a 

solution where in, certain wavelengths are either absorbed or 

transmitted. Every solutes absorbs and transmits 

characteristic wavelengths of light, thus the occurrence of an 

absorption or transmission peak at a particular wavelength 

can be used to identify solutes within a solution.  Using the 

Beer-Lambert Law one can also use the absorption at such 

peaks to predict the concentration of a solute. 

 The original goal of this experiment was created a 

cellphone operated spectrophotometer that could measure 

the concentration of contaminants within a water sample, 

this however proved to be vastly past the capabilities of our 

spectrometer. Instead the goal became to create a functional 

calibrated spectrometer that could predict the concentration 

of copper (II) sulfate in distilled water.  

 

II. BASIC PRINCIPLES 
Beer Lambert-Law: 

The Beer lambert Law in the case of a single solute relates 

the absorption to c the concentration, l the path length of the 

light through the solution, and ε the molar attenuation 

coefficient.  

𝐴 = 𝜀𝑐𝑙 
In order to predict the concentration of solution 

from its absorbance the molar attenuation coefficient must 

be determined. For a well-designed spectrometer the molar 

attenuation coefficient for a particular solute can be looked 

up as given by previous experiments, but it is often far more 

accurate to calculate the coefficient for the specific 

spectrophotometer by using a calibration curve. A 

calibration curve is merely a linear fit of the absorption with 

respect concentration where the slope of the fit will be εl, 

where l the path length is known. The accuracy of the 

measurement of the molar attenuation constant decides the 

accuracy of the spectrometer. 

 
Figure 1: General calibration curve 

The absorbance for a particular concentration can 

be determined by taking the log of the incident light on the 

solution divided by the light transmitted by the solution. 

𝐴 = log
𝐼0
𝐼

 

 Only for a certain region of concentrations will the plot be 

linear so the range of solution concentrations must be chosen 

carefully.  

 Diffraction Grating: 

In order to analyze the absorbance of each 

individual wavelength the transmitted light must be 

dispersed into a spectrum. This is easily done in a predictable 

way using a diffraction grating. A diffraction grating is a 

evenly ridged surface that cleverly uses the interference 

properties of light to create well defined interference maxima 

described by the equation, 

d(sin𝜽i-sin𝜽m)=m𝜆 

Where d is the separation of the grating, 𝜽i is the angle of 

incoming light, and 𝜽m is the angle of the reflected maxima. 

One can see that given different values of 𝜆 one calculates 

different values of 𝜽m for the same 𝜽i. One can also imagine 

a continuum of 𝜆 values would produce a spectrum. 

 

 

 



  

III. PROCEDURE 
A. Preparation  

The Spectrophotometer: 

The spectrometer functions very simply. As can be seen in 

Fig.2 It uses the camera led as light source to illuminate the 

sample. This light passes down a chamber, bounces of an 

angled mirror and reflects off diffraction grating made out of 

a CD (d=1.6𝜇m). The m=-1 order maxima then reflects down 

another chamber and hits the camera for analysis. 

 
Figure 2: This figure shows a basic diagram of the spectrometer. 

The chambers are constructed entirely out of LEGOs with 

the dimensions shown. The chambers are separated by a 

piece of paper. The diffraction grating is glued to a movable 

LEGO piece so the maxima could be aimed down the 

chamber and the mirror is glued to a short angled LEGO. 

 
Figure 3: These three pictures show the layout of the 

spectrometer.  The left and middle photo show where the camera 

and light source enter the spectrometer (in both photos, the light 

source uses the right hole and the camera uses the left hole).  The 

photo on the left shows where the cuvettes are inserted. 

As seen in fig.3 two port holes allow the camera and the 

light source into the chamber. Two polarizers overlapped 

perpendicular to each other cover the light source to dim the 

light so as not to oversaturate the pixels of the camera. Two 

gratings cover the hole in front of the light source to make 

the light appear to the camera as a point source and to further 

dim the light. 

A coverable port on the top serves to position cuvettes, 

holding solutions, firmly in the path of the light. A case glued 

to the spectrometer serves to hold the phone in place. The 

total cost of building the spectrometer was $19 

 

 

B. Calibration of the Spectrometer 

To start, an empty cuvette was inserted into the 

spectrometer to take a photo of its spectrum.  This became 

the reference photo that would be compared to the other 

photos. 

Next, the first solution of known copper sulfate solution 

0.1M was inserted into the spectrometer and had three 

pictures taken of its spectrum.  This process was repeated for 

the solutions of 0.2M, 0.3M, and 0.4M.  All the time, camera 

and spectrometer were kept in as fixed a position as possible 

so that all of the photos were taken under as similar 

conditions as possible. 

Once all of the photos needed were taken, the reference 

photo the empty cuvette’s spectrum was put into the 

cellphone spectrometer application.  The application 

required a single point in the blue end of the spectrum to be 

selected and a single point in the red end of the spectrum to 

be selected, and then connected the two points so that a line 

passed through the entire spectrum with the initial two points 

as endpoints.  Then one by one each of the other spectrum 

photos was put into the program and put through the same 

process.  As each photo was input, the lines crossing the 

reference and sample spectrums analyzed the intensity of the 

light of each photo along each wavelength within the 

spectrum.   Using the different intensities at like 

wavelengths, the program took the log of the ratio of the 

reference intensities and the sample intensities (this is the 

absorbance) and graphed this value against wavelength. 

For each graph, it was identified at which wavelengths the 

absorbance had a peak and recorded the value of the 

absorbance relative maximums, in particular the peaks that 

were closer to the red end of the spectrum, as copper(II) 

sulfate is expected to have a higher absorbance of red light 

than blue light.  However, due to limitations of the program, 

wavelengths greater than 720nm could not be analyzed. 

It was ultimately decided to use peak values found in the 

range of 588nm-620nm.  Using these values and the Beer-

Lambert law, a graph of absorption versus concentration was 

generated and the slope of the graph was used to estimate the 

molar attenuation coefficient (ɛ) for copper(II) sulfate. 

C. Measuring an Unknown Concentration 

Once an estimated ɛ was found, a new sample of copper 

sulfate solution was prepared and put through the same 

process as the other samples.  Based on the ɛ measured, the 

concentration of copper sulfate of the new solution was 

estimated.  Afterwards, the actual concentration was 

measured and the two values were compared. 

 

 

 

 

 

 

 

 

 



  

IV. FIGURES 

 

 
Figure 4: This is the spectrum of the light source through an 

empty cuvette; it is the reference spectrum 

 
Figure 5: This is the spectrum of the light source through a 0.1M 

solution of copper(II) sulfate. 

 
Figure 6:This is the spectrum of the light source through a 0.2M 

solution of copper(II) sulfate.  At this point is can be seen by the 

naked eye that the red end of the spectrum is fading while the blue 

end of the spectrum remains seemingly unaffected. 

 

 

 

 

 

 

 

 

Calibration Concentrations 

 
Table 1: This table shows the list of the known concentrations of 

copper(II) sulfate used to calculate the calibration curve. 

Molarity 0.4M CuIISO4 H2O 

0.10M 0.75ml 2.25ml 

0.20M 1.50ml 1.50ml 

0.30M 2.25ml 2.25ml 

0.40M 3.00ml 0ml 

 

 

 

 

 

 

 

 
Figure 7: This graphs the ratio of intensities of 0.1M solution 

spectrum and the reference spectrum versus wavelength. 

 

 
Figure 8: This graphs the ratio of intensities of 0.2M solution 

spectrum and the reference spectrum versus wavelength. 



  

 
Figure 9: This is the spectrum of the light source though a 0.3M 

solution of copper(II) sulfate.  The red end of the spectrum is seen 

to be fading even further. 

 
Figure 10: This is the spectrum of the light source through a 

0.4M solution of copper(II) sulfate.  The red end of its spectrum is 

the most faded of all of the sample solutions. 

 

 
Figure 11: This is the spectrum of the light source through an 

unknown concentration solution of copper(II) sulfate. 

 

Figure 12: This graphs the ratio of intensities of an unknown 

solution's spectrum and the reference spectrum versus wavelength. 

 
Figure 13: This graphs the ratio of intensities of 0.3M solution 

spectrum and the reference spectrum versus wavelength. 

 

 
Figure 14: This graphs the ratio of intensities of 0.4M solution 

spectrum and the reference spectrum versus wavelength. 

 

 
Figure 15: This graph takes the peak absorption values in the 

588nm-620nm range from each of the previous graphs and plots 

them with error bars against concentration.  The slope this line is 

used to estimate the molar attenuation coefficient (ε). 

 

 

 

 

 

 



  

V. ANALYSIS 
Calibration 

The absorptions for each respective concentration were 

measured and plotted in python seen in figure 15. A linear fit 

was applied to the data set. The slope εl was found to be .10 

± 0.01M-1, given that l is .01mm this gives an ε of 10 ± 1     

M-1mm-1, The increasing error bars are due to the error 

mentioned in the discussion section v. The reduced chi-

squared was found to be 0.095 and the P value was found to 

be 0.91. These are fairly good values but only because of the 

large error allowances of the data set allowing large 

deviations in the fit to seem acceptable. Ideally the accuracy 

of the measurement of ε should be much higher if the 

spectrophotometer is to be useful. A y-intercept had to be 

included in the fit to model the data. This intercept was 

calculated to be .858 ± 0.002. This addition to the model is 

fine if the concentrations to be measured in the future lie 

within the range of the calibration curve, but it is bad 

otherwise. A model with a y-intercept implies that as the 

concentration approaches zero the absorbance does not. This 

is impossible in reality and can only be due the beer lambert 

law breaking down at lower concentrations (this very often 

happens) or due to using a bad reference (one with too high 

a transmittance.) 
 

Determination of unknown 

Using the now calculated ε the concentration of the 

unknown can be determined. It was found to be .30 ± 0.07M. 

The actual concentration of the unknown, 0.21M, is located 

out of the error range of this estimation. This is bad; it 

indicates the spectrometer is not accurate enough. The error 

involved in this is the same type of error that cause the large 

deviation in the last data point and will be mentioned in the 

discussion section v.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

VI. DISCUSSION 
Sources of Error 

Upon the conclusion of the experiment, it was clear that 

there were several sources of error during the experiment. 

i) The control spectrum would have been improved 

if instead of an empty cuvette, a cuvette filled 

with distilled water would have been used, as this 

would have better accounted for the absorptions 

spectrum of water that was undoubtedly affecting 

the results 

 

 

 

 

 

 

 

 

ii) The light used was not a continuous spectrum. 

Instead it was a mixture of red, blue, and green.  

Fig.16 shows this clearly. 

 
Figure 16: This graph shows the intensity of each major 

individual color (red, green, and blue) versus wavelength. It is clear 

from this chart that the light is not a continuous spectrum, but 

rather a mixture of three colors. 



  

iii) The spectrometer analysis program that was 

used, often behaved inconsistently and since each 

of the sample spectrum photos was taken at a 

separate time from the reference photo, the 

program required unrealistic levels of stability 

when taking photos of different sample 

spectrums.  There are likely better programs out 

there and there also exists the option to program 

an original one.  

iv) The LEGOs used to make the spectrometer were 

non-uniform in color and most of them were 

reflective, which along with any other possible 

light contaminations, may have skewed the 

results.  This could have been minimized by 

using LEGOs of the same color and/or painting 

the LEGOs a dark, non-reflective color. 

v) The large error in the last data bar is due to the 

fact that as the data was taken each set of data 

would correlate to itself but not subsequent sets 

of data. That is if one calculated the calibration 

curve and the absorbance of the unknown all in a 

short period they would get good values, and if 

they did again in a short period they would again 

get good values. However two these sets of 

would not match they would yield different 

values of absorption for each concentration. 

Simply put the spectrophotometer could be made 

to be very precise but not accurate. It is important 

to note that the time period in which the measure 

values began to change correlated to overheating 

of phone making it appear to be the cause. 

vi) Based on the spectrum photos the red end of the 

spectrum seems as if it could have served as a 

good candidate for measuring the absorbance. 

Yet due to the way the wavelength axis was 

manually defined, by placing 720nm at the red 

end of the spectrum, one could not accurately 

define where the red end of the spectrum began 

as seen in figure 10. 

 

 

VI. CONCLUSIONS 

 

The homemade spectrometer was successful in that it did 

meet the basic requirements to function as a spectrometer, 

using LEGOs and a smartphone as its main components, 

which was one of the goals of the experiment.  However, due 

to the many sources of error and poor analytical results 

produced by this experiment, it is clear that this spectrometer 

in its current state should not be used for precise or complex 

measurements; by making some of the changes to the design 

listed previously, the spectrometer might produce 

significantly better results. 

It is also clear that the experimental design should be 

improved before attempting to repeat this experiment.    

However, the experiment did seem to indicate that, with 

the above improvements, it is possible to build a working and 

likely quite accurate spectrometer made using only LEGOs 

and a smartphone. 
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