pK, of Methyl Red?

Purpose: The pky of methyl red will be determined by measuring abaoce spectra as a
function of pH.

Introduction

Methyl red (4-dimethylaminobenzene-2’-carboxyuaid) is a commonly used indicator for
acid-base titrations. We will measure the visildsaption spectra of the acidic and basic forms
of this compound. Next we will prepare a seriebuffered solutions of methyl red at known pH.
By following the change in absorbance as a funabiopH we will determine the acid
dissociation constant, or gKThis technique is not restricted to indicatorg] aan be used with

any substance whose absorption spectrum chandepMit
The acid form of the indicator, which we willsignate as HMR, is zwitter ionic, Figure 1. The
basic form is designated as MR
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Figure 1. Acid and base forms of methyl red.

The equilibrium of interest is
HMR + HO - MR + HO* 1

The equilibrium constant is the acid dissociationstant:
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. _ [H3O][MRT]
Ka' =" THMR]

The prime indicates that we have used concentsat@ther than activities. Activities are
necessary in true thermodynamic equilibrium corstddsing concentrations, instead, gives the
effective or conditional equilibrium constant. Bgfohition pH = — log [H] and pkg = — log K.
Taking the (- log) of both sides of EqQ. 2 gives:

[MR]

In this experiment we will determine this eduilum constant, pK, by varying the pH and
measuring the ratio [MR[HMR]. We will use acetic acid-acetate bufferscantrol the pH,
since the I value for acetic acid is in the same range a&thealue for methyl red. The pH of
these buffers force methyl red to distribute itselimewhat evenly between the two colored
forms.

The absorption of light is governed by the Be@mbert Law:

A=gr[X] 4

where A is the absorbanaeis the molar absorption coefficients the path length of the cell in
centimeters, and [X] is the concentration of theaabing species in moles per liter. The
absorbance of mixtures is the sum of the sepabstgrbencies. In mixtures of the acid and base
forms of methyl red the total absorbance is

A =AvR™ * AHMR )

The absorption spectra of HMR and MdRe given schematically in Figure 2. For two
components in solution, the absorbance must beureghat two different wavelengths. The best
wavelengths to choose for the analysis are whezdam absorbs strongly and the absorbance
of the other form is negligible. Examination of &ig 2 reveals that there are no wavelengths
where one form, acid or base, absorbs exclusitelythis case, we need to set up two equations
in two unknowns, one equation for each waveleng#il the two wavelengths; andA,. The
absorbance &\ is A; and afA; is A,. The two measurements then provide two simultaneous
equations with two unknowns:

A1 =€,ur ! [MR] + €1 HMR ! [HMR] 6
Az =&,uwr [ [MRT] + & nwr { [HMR] 7

The molar absorbance coefficients are illustrateBligure 2. The molar absorbance coefficients
are determined from standard solutions that comaeécomponent alone. Egs. 6 and 7 provide
two equations in two unknowns. For an unknown $ofytthe absorbances at the two
wavelengths, Aand A, are determined and then Egs. 6 and 7 are sobvetdd unknown
concentrations [MR and [HMR] at each given pH.
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Figure 2: Absorbance of a solution is the sum efghsorbances of the constituents.
Measurements at two wavelengths are necessarydordee the composition of a two-
constituent solution if the absorbance bands opeflae first subscript indexes the
wavelength and the second subscript indexes thetitgent.

An isosbestic point is defined as the wavelengikre two species have the same molar
absorptivity. At the isosbestic point the total amnce of a solution of the two ions is
independent of their relative concentrations butegendent only upon the total dye
concentration. The appearance of an isosbesti¢ {goavidence that only two species are
involved. Figure 2 shows two isosbestic points. Yioliuse your spectra to determine if there
are only two absorbing species in this experiment.

lonic Strength Dependence

Equilibrium constants involving ionic species aspecially sensitive to ionic strength. The
ionic strength is a measure of the total ion cotregion in solution. The activity of all the
species in solution are a function of the ioniesgith. In this experiment we are neglecting the
difference between activity and concentration oKy applies to only one specific ionic
strength. The ionic strength is defined as

1
=3 Zqziz 7

where ¢is the concentration of ion i angdig the charge on ion i. The sum is taken gveioak
in solution. For a 1:1 salt of singly charged iosisch as NaCl, KCI, and sodium acetate, the
concentration of the salt is equal to the ioniersgth. KClI is added to the solution in this
experiment to maintain a constant ionic strength.
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Procedure

Equipment and Solutions

2 X 100-mL volumetric flasks

3 x 10-mL volumetric pipets

1 x 10-mL graduated cylinder

7 x 30-mL beakers

3 x 50-mL burets

2 x plastic buret funnels

1 x stirring rod

2 x Pasteur pipets

1 x box Chem wipes

1 x buret stand

3 x 150 mL beakers

1 x plastic cuvette

pH meter and electrodes, pH 4 and 7 buffers fordstedization
0.10 M acetic acid, 0.10 M sodium acetate, andvLKCI

Stock Solution of Methyl Red

Prepare a 0.05% solution of methyl red by diss@\dr025 g in 20 mL of 95% ethanol in a 50-
mL volumetric flask. Add water to within a few mif ihe mark. Add ~0.1 M NaOH drop-by-
drop until all the solid dissolves and then dilidehe mark. Transfer 20 mL of this solution into
50 mL of 95% ethanol in a 200 mL volumetric flaBklute to the mark with water. This solution
should be orange colored. (This solution may beemgufor you; check with your instructor.)
Make sure to record the actual weight of methylused to make up this solution.

Basic Solution of Methyl Red

Prepare a basic solution of methyl red by adding 100-ml volumetric flask the following:
10.0 ml of 0.100 M sodium acetate, 10.0 ml of toels methyl red solution, and using a
graduated cylinder 9 ml of 1.0 M potassium chloridéute to the mark with distilled water and
mix thoroughly. Save a small portion of this sadatto determine the absorbance spectrum of
the basic form of methyl red.

Theionic strength of all solutionswill be kept at 0.1M using KCl.
The molarity of methyl red in this solution is negligible, compared to the KCI concentration.

Acid Solution of Methyl red

Prepare an acidic solution of the indicator by agdo a 100-ml volumetric flask the following:
10.0 ml of 0.100 M acetic acid solution, 10.0 mtioé stock methyl red solution, and 10 ml of
the 1.00 M potassium chloride solution. Dilutelie tark with distilled water and mix
thoroughly. Save a small portion of this solutiordetermine the absorbance spectrum of the
acidic form of methyl red.

This solution requires more potassium chloride solution to maintain an ionic strength of
0.1 M because the acetic acid is not strongly ionized and therefore does not contribute ions
to the solution.
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Preparation of Buffered Methyl Red Solutions

Fill two burets with the acidic and basic methyd solutions. Prepare five buffer solutions, by
mixing V ml of the basic solution with (20-V) ml d¢iie acidic solution in small beakers. A range
from 10 ml to 18 ml for V will give optimum results

Measurement of the pH of the Buffered Methyl Retufsans

Calibrate the pH meter using pH 7 and pH 4 buffelsasure the pH of each of the five buffer
solutions by inserting the measuring electrodesctly into each of the beakers you prepared in
the last step. Be sure to rinse and dry off theteddes (with a stream of air from an empty wash
bottle) before inserting them into the next solntito avoid cross contamination and dilution.
Instructions on the use of the pH meter is in tigrument Instructions section of this lab
manual. You can do these measurements after yewmaee the absorbance spectra, if you are
careful in keeping sufficient volume of your sobuts to submerge the pH electrode past the
reference junction.

Absorbance Measurements

In this experiment you will use an Ocean Opticgidiarray spectrophotometer. This instrument
will allow you to scan the full spectrum of the sidn at each pH. You will then be able to
verify the existence of an isosbestic point. Inginns for use of the Ocean Optics diode array
spectrophotometers are given in the Appendix. Yokl overlay the spectra to make the
isosbestic point easier to see. Scan your specima350-850 nm.

(a) Calibrate with distilled water.

(b) Rinse the cuvette with two small portions & thethyl red solution that is in just sodium
acetate, then fill the cuvette and measure itsrabsae. This spectrum will be used to calculate

€1,MR andez,vr .

(c) Rinse the cuvette with two small portions & thethyl red solution that is in just acetic acid,
then fill cuvette and measure its absorbance. @ydhle spectra using the “Store Latest Run”
option. This spectrum will be used to calculatevgr andez,pvr.

(d) Use the above spectra to pick the two absobamvelengths. Measure the absorbance of
each of the prepared buffered solutions: rinsetivette twice with small amounts of each new
solution, then fill. Overlay the spectra using tBéore Latest Run” option. Measure each
spectrum.

Calculations

Calculate the concentration of methyl red inrysolutions. Use the spectrum in just sodium
acetate to calculat,vr” ande;,ur .Use the spectrum in just acetic acid to calcuatgir and
€2,nmr- Use Excel and Eqgs. 6 and 7 to determine the ctrat®ns of [MR] and [HMR] at each
pH. Plot log([MR]/[HMRY]) versus pH. Fit a straight line to the pldthe intercept of this line
with the x axis (not the y axis as usual) corresisaio equal concentrations of the basic and
acidic forms of the indicator. From the pH at thiatercept, determine the gKAlso determine
the pkg from the y intercept. In your report rearrange &¢p give straight line form with

y=log([MR]J/[HMRY]) and prove that the x intercept is gkand the y intercept is —pK
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Report

Include an Introduction, Theory, Procedure, Resand Discussion. In the Introduction,
describe the experiment and the expected resalfew sentences. For the Theory section, just
reference the write-up, but also do the requestegtation from the Calculations section. In
other words, the Theory section is just a referdaap: please segK, of Methyl Red " in the
CH341 Lab Manual for the theory and procedure)thedshort derivation.

For the Procedure section, describe enoughuwfymcedure so that another student could
easily repeat your experiments. Tell exactly wimat ¢id using explicit volumes, weight, and
temperature. Give the manufacturer and model ohaegpr instrumentation (UV-Vis
spectrophotometer in this experiment). Use pasetém describe your procedure. Don't copy the
procedure from the write-up; state exactly wyat did.

For the Results section, provide the data_aalarformat, includingall infor mation
necessary to repeat your calculations. Please format your tables in a fashion similah®&
literature (i.e. don't attach an Excel spreadshé&¢tch your graph. Graphs should be at least
one-third pagén size with axes labeled and with units. Slopes iatercepts from curve fitting
should alwayde given with uncertainties. Include the uncetteiar the the plg values
propagated from the curve fit values (see the BExralysis handout for instructions for
representing uncertainties). (You do not need epagate the uncertainties of the volume
measurements through to the final results. Judtwsith the uncertainties in the fit coefficients).

In the Discussion section, comment on the uaussyt of the final results:

1. What is the predominate random experimentalikote that correctible student
mistakes are not random experimental errors. Famgke, spills or not following the
instructions produce systematic errors, so you lshoot report them as random errors.

2. Which pky' is more accurate, and why?

3. Compare your final results to the literatureueal

4. Estimate the expected error in the final relsatted on the measurement errors. Based on
your estimate answer the following question. Isdfierence between your equilibrium
constant and the literature value larger thanebbriique is capable of? In other words, is
there some unaccountable source of error? To leel@gswer this question, please note
the following helpful hint on error propagation fbiis experiment.

Did you find an isosbestic point? Discuss thpontiance of finding an isosbestic point.

Finally in the Discussion section, also disdireschemical significancef the results. The
chemical significance can be addressed in seviéeahate ways:

« State why these results are useful and important,
« State how this experiment and technique fit in®larger world of chemistry, or
» Discuss why someone might need to do a studyi®type.

Estimating the Expected Error in the Final Result Based on the Measurement Errors. You can
estimate an upper bound for the expected errdramesult by using just one data point and Eq.
3. Least squares curve fitting will give a smaélenor, since the result is based on multiple trials
but doing the calculation with just one data paeiiit give an upper bound for the final error. The
uncertainty in absorbance measurements is £0.00@sat Since using the Beer-Lambert Law for
calculating concentrations involves multiplicatiand division, the errors in the concentrations
from the absorbances propagate as relative eewvesn (though we used some matrix tricks in the
process). The uncertainty in pH measurements B3tQnless extra care is taken. For answering
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the question “is the difference between your efjaiim constant and the literature value larger
than the technique is capable of?” only a rougimasion of the expected error is necessary. A
complete and precise propagation of errors treatimarot necessary. You will need to use
propagation of errors rules, but focusing only lo@ tnajor errors with approximate calculations
is sufficient.
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Appendix: Ocean Optics Spectrophotometer swith Vernier Data Acquisition Software
I nstructions

Introduction:

The absorbance of a sample is given as A =Jg(ivhere } is the intensity without sample
present and | is the intensity with the sampléalight path of the spectrophotometer. This
calculation is done at each wavelength in the spectThe value of,l/depends on wavelength
and must be determined by placing a referenceamkidample in the instrument. The terms
reference and blank are used interchangeably. &feeence is usually a cuvette filled with only
the solvent or the buffer for the experiment. Thacpss of acquiring the reference spectrum is
called calibration in Logger Pro. Every time youtsWw solvents or buffers, a new reference
spectrum must be taken, so the instrument mustdadibrated.

|. Getting Started and Calibration

1. Start the LoggdPro 3 software.

2. The spectrophotometer should be automaticatlygeized by the software showing the colors
of the visible spectrum in the data window with Wkangth as the horizontal axis. If the visible
spectrum is not displayed, select Connect Interfa&pectrometer- Scan for Spectrometers
from the Experiment menu.

3. Select Set Up SensorsSpectrometer: from the Experiment menu. The Spexcter dialog

box will be displayed. Set Wavelength Smoothin@ Bind Samples to Average in the 30 to 2000
range. Use more Samples for more precise absorbdhgeu are using regular plastic cuvettes,
set the wavelength range to 350 — 850 nm; UV mastvettes, set the wavelength range to 260-
850 nm; or UV quartz cuvettes, set the wavelengige to 200-850 nm. The Integration time
will be set for you automatically when you do tladilaration in the next step. Click on Close.

x

Spectrometer H

05 Yerzsion: 2041000 Driver: 51108
Serial Mumber: USB2E 3840

Integration Time: |21 ms
Wavelenath Smoothing; ID
Samples to Average: |3':|

wiavelength Range: |35|J o ISED nm

Help | HestnleDefauItsl Cloze |

Figure 1. Settings for fast analysis with regullaspc cuvettes or work in the visible range.

4. To calibrate the Spectrometer, choose Calibra®pectrometer from the Experiment menu.
The calibration dialog box will display the messaty#aiting...60 seconds for lamp to warm

up.” (see Figure 2) The minimum warm up time is onierute.NOTE: For best results, allow

the spectrometer to warm up for at least five minutes. Following the instructions in the dialog
box to complete the calibration, use a cuvettedithbout % full with the solvent or buffer for
your reference, as instructed. Check to make sgraon-frosted, clear sides are in the light path.
The cuvette should be inserted all the way thrahglcell holder. You should feel that the
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cuvette is gently, but firmly, held in place sottilau cannot twist the cuvette. Click Finish
Calibration and then click OK.

Calibrate Spectrometer X|
Wigiting 32 seconds For lamp bo warm up.., Skip Warnup

Place & blank cuvette in the device: Fimish Calibration |

[~ Disable Calibration {Use Raw values)

Help | (a4 | Cancel |

Figure 2. Calibration stores a reference spectrum.

After the first calibration, the lamp should be m&d up enough that you can skip the warm-up
period on subsequent calibrations. The procesalififration sets the integration time for
maximum sensitivity and also stores a referencetapa.

I1. Measuring Absor bance Spectra

1. Replace the reference cuvette with your san@iilek on Sl Check the baseline of
your spectrum. For example, notice in Figure 3 thatbaseline has some noise. If the baseline
appears to be at exactly zero absorbance and stownsise, then the baseline is actually
negative and is “chopped off” by the software. ®a dther hand, check if the baseline is at an
absorbance significantly above zero. In either caslee baseline for your spectrum is
significantly different from zero, gently repositithe cuvette to minimize the offset from zero.

When you have obtained a good spectrum = B

2. You can read the absorbance using the Examahehip clicking oné. Then move the
cursor along the spectrum. The wavelength and bhsoe will be displayed in the new dialog
box in the data window, Figure 3. For simultanewuwsti-constituent determinations, find the
wavelengths that give the maximum difference irodbsnce between the species. Use these
wavelengths throughout your experiment.

w4508 Ay 0,000

Figure 3. Spectrurh"‘gfﬁe'rystal Violet with the ExamiTool.
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3. Expanding the Axes: If you need to expand the x or y axis to see ypecsum better, use
one of three methods:

Automatic scaling: Click on the Autoscale ict Eﬁ .
Using the cursor: Position the cursor over the axis you want toaexp The cursor will
change shape, Figure 4. Drag the mouse to chaage#e expansion.

0.1—_ \

¢

Click and drag to stretch ¥ axis]

0.0

A n Figure 4. Move the cursor over the axis to cleahg axis scale.

Direct input: Click near the maximum or minimum of the axis yoanivto change. A dialog
box will appear, Figure 5, and you can the typthevalue that you want for the scale limit.

Click to edit ¥ min

Figure 5. Click near the axis maximum or minimwnshow the dialog box.

When working with multiple samples, you may chotusplot each spectrum separately or you
can overlay successive spectra. Normally you @ohespectrum separately.

Plotting each spectrum separately:
4. Save the data file to the disk by pulling dawa file menu and choosing Save As...
Save your data files to the Documedisectory.

5. Pull down the Data menu and choose Clear AlaDat

6. Replace the cuvette with another sample. Youmeayl to calibrate again if there is a
different reference solvent or buffer for the nemgple. Return to step 1.

Overlayed Spectra
4. If you wish to overlay several spectra, chooseeS_atest Run from the Experiment
menu. This step allows you to overlay the next spaton top of the current spectra, with
all showing. However, this step does save the data file to the disk.

5. Replace the cuvette with another sample.
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6. When you click on Collect this time, if you didt store the latest run to set-up for
overlayed spectra in step 3, you will get a didlog:

x

Starting collection now will erase the latest data, Wwhat would wou like to do’?

Store Latest Flun I Erase and Continue | Append To Latest | Cancel |

To overlay the next spectrum on top of the lastspeclick on Store Latest Run.

7. If you overlay your spectra, remember to saug yombined spectra to disk. To save the
data file to the disk pull down the file menu ambose Save As... Save your data files to
the_ Documentslirectory.

8. If your spectrum is noisy, you can increasestitéing for the number of Samples to Average in
step 1.3 and retake your spectrum. Alternativeby gan use spectral smoothing. Spectral
smoothing averages together adjacent data poiatapply spectral smoothing, choose New
Calculated Column from the Data menu. Enter “Attess Name, “A” as the Short Name, and
leave the units blank. Absorbance is unitless. Bheformula for the column into the Equation
edit box, by choosing smoothSg from the functiomnhmand “Absorbance” from the Variables
menu, as shown below. CIi{ pone |,

x|

Column Definition |Options | Data Sets |

r~Labels and Units:

Mame: IA j
Shart Mare: IAl j Urits: I j

—Equation:

IsmoothSG("Absorbance")

Functions = Yariables {Columns) = Parameters =

™ Display during Live Readouts

Click on the y-axis label. Choose “A.” A graph ohgothed absorbance will be displayed.

0.25
. 0.20
&
8 -
5 Yooas
£ Ey
(=]
g 3
“ 0.10
3
0.05
T T A IO A S e B B A A A B B S S S S b e
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< Wavelength (nm) = “ Wavelength (nm) =

Figure 6. Spectral smoothing decreases the appeacimoise.
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[11. Finishing up

1. Make sure to rinse your cuvettes three timek r@agent grade water. Remembertoaise
paper towels to clean the glass or plastic surfamdg use ChemWipes. Don't stick anything
sharp into the cuvettes, including a test tubehbrus

2. Make sure the area around the spectrometezas end dry.

3. Please unplug the spectrometer’s transfariftee deuterium lamp in the spectrometer has a
limited lifetime and replacements are very expessiv




