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Examples that illustrate the development of analytical

methods are highlighted throughout the textbook,

using representative methods, such as the determi

Of qulnlne ln urlne by ﬂuorescence Spectroscopy (Shown spectrum has a single emission band at 450 nm. Quinine is excreted rap-

on the right), or using experimental data, such

optimization of an HPLC separation by controlling the

mobile phase’s pH (shown below).

A central feature ot Awnalytical Chemistry 2.7 1s
— E°05/H30 ~ PHrange the use of ladder diagrams to help students

cet* ] think intuitively about the importance of
Q— EoCea+/Ce3+ = +1.44 V F . ey :
o3t 417 controlling equilibrium chemistry when
E Cedt + Felt =—= Ce3+° Fe3+

5+ pH pK, = 3.17 | developing an analytical method. Two
( — E'Fe3t/Fe2+ = +0.68V 2.17 examples are shown on the left: one that
illustrates how a mediator works in constant-
— E°H30%/My current coulometry, and one that illustrates
the need to control pH when using a

more negative fluoride ISE

Representative Method 10.3

Determination of Quinine in Urine
e lth er DEscripTION OF METHOD
Quinine is an alkaloid used to treat malaria. It is a strongly fluorescent

natlo N |compound in dilute solutions of H,SO4 (®4=0.55). Quinine’s excitation

spectrum has absorption bands at 250 nm and 350 nm and its emission

idly from the body in urine and is determined by measuring its fluores-
1S the cence following its extraction from the urine sample.

PROCEDURE

Transfer a 2.00-mL sample of urine to a 15-mL test tube and use 3.7 M
NaOH to adjust its pH to between 9 and 10. Add 4 mL of a 3:1 (v/v)
mixture of chloroform and isopropanol and shake the contents of the test
tube for one minute. Allow the organic and the aqueous (urine) layers to

(a) 50— 1: benzoic acid (b) 2.0- 1: benzoic acid separate and transfer the organic phase to a clean test tube. Add 2.00 mL

1 - 2:terephthalicacid of 0.05 M H,SOy to the organic phase and shake the contents for one

3: p-hydroxybenzoic acid 3: p-hydroxybenzoic acid . All h . d th l d f
40 18- 4: p-aminobenzoic acid minute. Allow the organic and the aqueous layers to separate and transfer
a the aqueous phase to the sample cell. Measure the fluorescent emission at
E 34_ 16 450 nm using an excitation wavelength of 350 nm. Determine the con-
QJ
£ _‘CQ"_ centration of quinine in the urine sample using a set of external standards
S 204 T \ g in 0.05 M H,SOy, prepared from a 100.0 ppm solution of quinine in
£ PR WInCows 0.05 M H,SOy. Use distilled water as a blank.
17
= 10— 1.2 3y QUESTIONS
Lo 1. Chloride ion quenches the intensity of quinine’s fluorescent emission.
01, . [ , . L , , , : For example, in the presence of 100 ppm NaCl (61 ppm CI") qui-
3.5 4.0 4> 5.0 3.5 3.5 4.0 4.5 5.0 5.5 nine’s emission intensity is only 83% of its emission intensity in the
i, . FIJH c;lfmc')bnlehphaseh AETURRR. EH ofmeOb'Ielph?S? _ absence of chloride. The presence of 1000 ppm NaCl (610 ppm CI")
ligure 12.17 Example showing how the mobile phase pH in liquid ¢ romatography affects sclectivity: (fl) retention i e T T T R e £ e e G o
times for four substituted benzoic acids as a function of the mobile phase’s pH; (b) alpha values for three pairs of solutes ... .. . .

. . . : o : emission intensity in the absence of chloride. The concentration of
that are difficult to separate. See text for details. The mobile phase is an acetic acid/sodium acetate buffer and the sta- hloride ) call f 4600-6700 CI. Explai
tionary phase is a nonpolar hydrocarbon. Data from Harvey, D. T.; Byerly, S.; Bowman, A.; Tomlin, J. “Optimization chioride In urine typically ranges from 6700 pp m AL Lxplaih
of HPLC and GC Separations Using Response Surfaces,” /. Chem. Educ. 1991, 68, 162—168. how this procedure prevents an interference from chloride.
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Ve l‘.; /|\ y: M A 4 | l /" "\ | 4 260 nm. The choice of wavelength affects each analyte’s sig- Contlnuous Varlatlons and for the
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Contextual Case Studies

New to this edition of Analytical Chemistry 2.1 are contextual case studies that illustrate topics
covered in the textbook. Each case study is available in two formats: a text file that faculty can use
as 1s or modify to meet local needs, and a web-based version that allows students to interact with
the case study’s data using figures created with Plotly (https://plotly/). Each case study includes
an Instructor’s Guide, which provides additional background information and suggested
responses to the case study’s investigations. Two case studies are complete and are highlighted
below; additional case studies are in development.

Case Study 1: The first case study introduces method development in the context of the analysis
of several pharmacologically important components in a medicinal plant, and is based on results
published in the literature as “Simultaneous extraction of hydrosoluble phenolic acids and
liposoluble tanshinones from Salvia wmiltiorrhiza radix by an optimized microwave-assisted
extraction method,” the full reference for which is Fang, X.; Wang, J.; Zhang, S.; Zhao, Q.; Zheng,
Z..; and Song, Z. Sep. Purif- Technol. 2012, 86, 149-156. The topics covered in the module (see below
left) include selecting a mobile phase and an analytical wavelength, optimizing the experimental
conditions for extracting the analyte, and evaluating the method’s accuracy. A typical example of
an investigation in its web-based format (see below right) includes data in the form of a
chromatogram that students can manipulate to find retention times and peak heights.

PART I: THE ANALYTICAL PROBLEM
e Investigation 1: Properties of Danshen's Constituent Compounds

Investigation 31: Extraction Yield for Other Analytes
PART II: SEPARATING AND ANALYZING MIXTURES USING HPLC WITH UV DETECTION

e Investigations 2-3: Reverse-Phase HPLC and Order of Elution of Solutes Table 3 summarizes the predicted extraction yields for the remaining compounds in Danshen. The
e Investigations 4-6: UV Detection and Beer's Law predicted extraction yields for lithospermic acid, salvianolic acid A, cryptotanshinone, tanshinone I, and
tanshinone IIA are from the empirical models used to construct the response surfaces in Figures 11-

PART III: EXTRACTING ANALYTES FROM SAMPLES 15; the predicted extraction yields for rosmarinic acid and for dihydrotanshinone are the average

e Investigations 7-9: Solvent Extraction of Danshen results of the 13 trials used in their respective central-composite designs.
PART IV: OPTIMIZING THE SOLVENT, TEMPERATURE, AND MICROWAVE POWER TABLE 3. PREDICTED EXTRACTION YIELDS FOR DANSHEN'S CONSTITUENTS

e Investigation 10: One-Factor-at-a-Time Experimental Optimizations analyte extraction yield (mg/g) analyte extraction yield (mg/g)

e Investigations 11-13: Optimizing the Solvent (Part A) danshensu (see investigation 30)  dihydrotanshinone 0.424

e Investigation 14: Optimizing the Solvent (Part B) rosmarinic acid 2.317 cryptotanshinone 0.917

e Investigation 15: Optimizing the Temperature (Part A) lithospermic acid 2.657 tanshinone I 1.336

e Investigation 16: Optimizing the Temperature (Part B) salvianolic acid A 0.600 tanshinone IIA 2.762

e Investigation 17: Optimizing the Microwave's Power (Part A)
e Investigation 18: Optimizing the Microwave's Power (Part B)

Investigation 31. Figure 18 shows the chromatogram for a sample of Danshen extracted using the
optimized conditions from Part VI. Using this chromatogram, calculate the actual extraction yield for

PART V: OPTIMIZING THE SOLID-TO-SOLUTION RATIO AND THE EXTRACTION TIME each analyte and report its experimental extraction yield as a percentage of its predicted extraction
o Investigations 19-21: Optimizing Two Factors at Once Using a Central-Composite Design yield from Table 3. (You may recall that in Investigation 6 you determined the relationship between

o : B - - - 3 - absorbance and concentration for each analyte.) Do your results provide confidence in our analytical
U Investhatlops 22-23: Modeling_the Effect of Solid-to-Solution Ratio and Extraction Time on method? Why or why not?
Extraction Yield of Danshensu
e Investigations 24-25: Modeling_the Effect of Solid-to-Solution Ratio and Extraction Time on Q | ik
Extraction Yields of Other Analytes Figure 18: HPLC of Danshen Extracted Using Optimum Conditions

PART VI: FINDNG THE GLOBAL OPTIMUM ACROSS ALL ANALYTES

e Investigation 26: Individual Desirability Functions
e Investigations 27-29: The Global Desirability Function and the Total Extraction of Danshen = 100
<<
PART VII: VERIFYING THE ANALYTICAL METHOD'S ACCURACY %
e Investigation 30: Extraction Yield for Danshensu o (27.93, 62.8)
e Investigation 31: Extraction Yields for Other Analytes 3 50
e Investigation 32: Comparing_Results to Other Analytical Methods _%
e Investigation 33: Spike-Recovery Studies © h L
0
35

PART VIII: APPLYING THE ANALYTICAL METHOD
e Investigation 34: Analysis of Wild and Cultivated Samples of Danshen
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PART IX: SUMMARY OF CASE STUDY
e Closing Thoughts

Case Study 2: The second case study introduces students to ways ot thinking about and working
with data using, as an example, the analysis of 1.69-0z packages of plain M&Ms. The module’s
topics and an example of a typical investigation are shown below.

PART I: WAYS TO DESCRIBE DATA
e Investigations 1-3: Categorical/Numerical Data & Nominal/Ordinal Data
e Investigations 4-5: Ratio/Interval Data & Discrete/Continuous Data

Investigations 9-11: Using a Box and Whisker Plot to Compare Data Sets

In addition to providing us with insight into the results for a single variable, we can use box and

PART II: WAYS TO VISUALIZE DATA whi_sker plots and dot pI.oFs to examipe differenges between variables and differences within a single
. . . variable when we can divide that variable into different groups.
e Investigation 6: Box and Whisker Plots and Dot Plots

e Investigations 7 and 8: Using a Box and Whisker Plot to Screen a Data Set Investigation 9. Figure 2 shows box and whisker plots and dot plots for all six colors of M&Ms
- . . . . included in Table 2 (note: even with jittering, you will not be able to see all 30 samples in these dot
® InveSUQMwa plots). Based on these plots, where do you see similarities and where do you see differences in the
e Investigation 12: Using a Histogram to Compare Data Sets distribution of M&Ms? What do these similarities and differences suggest to you? For those
; ; . ; - _ S i distributions that do not appear symmetrical, suggest one or more reasons for the lack of symmetry.
¢ Investlgwg a Histogram-The Importance of anmg' [What do the relative positions of the data for brown and for green M&Ms suggest about their relative
abundance in 1.69-0z packages of plain M&Ms?

PART III: WAYS TO SUMMARIZE DATA
e Investigation 15: Samples and Populations
e Investigations 16 and 17: Central Tendency and Spread Figure 2: Box and Whisker Plots for all Colors of M&Ms

PART IV: WAYS TO MODEL DATA
e Investigation 18: Building and Testing Models 247 -—— ] E‘“e
e Investigation 19: The Binomial Distribution °

e Investigations 20 and 21: The Poisson Distribution . B orang
e Investigations 22-25: The Normal Distribution E ;T’l .

PART V: WAYS TO DRAW CONCLUSIONS FROM DATA
e Investigations 26-28: Confidence Intervals
e Investigation 29: Signficance Testing

number of M&Ms in a 1.69-0z bag

PART VI: NOW ITS YOUR TURN!
e Investigation 30: Carrying Out Your Own Analysis of Data

APPENDICIES blue brown green  or ange red yellow
e Appendix 1: External Resources for Teaching and Learning_Statistics
e Appendix 2: Single-Sided Normal Distribution
e Appendix 3: Critical Values for t

color

Case studies in the planning stages will explore topics such as sampling, standardization methods,
calibration errors, paper-based assays, proficiency studies, and additional examples of method
development.

Inspiration: participants in summer curriculum workshops sponsored by the Analytical
Sciences Digital Library (ASDL); visit http://bit.ly/1QeZ5mb to review other materials.

R Functions, Packages, and Shiny Apps

Also new to this edition of Analytical Chemuistry 2.1 are materials developed for use in the R
programming environment (https://www.r-project.org/), including functions and packages
for generating figures and for simulating data, and learning modules built using the R Shiny

package (http://shiny.rstudio.com/).

30 lines (30 sloc) 973 Bytes

wa_sb = function(conc.acid = 0.1, conc.base = 0.1, pka = 5, pkw = 14,
vol.acid = 50, eqpt = FALSE, overlay = FALSE, ...) {
On the right 1s an R function that plots T e acid  volaca/onc: hase
. . . kw = 10"™-pkw
the titration curve for a weak acid-strong e oo
. . . h = 10~-ph
base titration given the analyte’s and the ke
. . delta = h - oh
titrant’s concentration, the analyte’s pK, Alpha = ka/(ka + h)
volume = vol.acid * (conc.acid * alpha - delta)/(conc.base + delta)
the solvent’s pK , and the volume of 4t = data. frame(volune, ph)
. . df = df [df$volume > 0 & df$volume < 2 x veq, ]
solution. Optional arguments allow for rownames (df) = 1:nrow(df)
. . . . if (overlay == FALSE) {
displaying the equivalence point and for plot(dfsvolune, df$ph, type = "1", lud = 2, xlin =
. . . c(0, 1.5 x veq), ylim = c(0, pkw),
overlaying two or more titration curves. D etme o] strong base ()T, yiah = TR
{ ¥ 1 } else { o C
An example of the function’s output is e N rsvotume, dfeuh. e )

b
if (egpt == TRUE) {
x = c(veq, veq)

to the left of the figure. L~ oo, b 1)

shown below right with the code shown

lines(x, y, type = "1", lty = 2, col = "red")
}
invisible(df)
}
wa_sb(pka = 3, col = "blue", egpt = TRUE) -
wa_sb(pka = 5, col = "sienna", " oKa =3

overlay = TRUE)
wa_sb(pka = 7, col = "violetred",
overlay = TRUE)
wa_sb(pka = 9, col = "seagreen",
overlay = TRUE)
legend(x = "topleft",
legend = c("pKa = 3", "pKa = 5", "pKa = 7", N
"pKa = 9%), ~ -
lwd = rep(2, 4),

pH

" n nwo_ n nw, oo " e I I I T
col = c("blue", "sienna", "violetred", 0 0 20 20 40 50 50 -
"seagreen"),
]_-ty — I"Gp(l, 4)) volume of strong base (mL)

The R package titrationCurves includes functions for acid-base, redox, complexation, and
precipitation titrations. Additional functions and packages are planned for visualizing topics
in the statistical analysis of data, the optimization of experiments, and in equilibrium
chemistry, and for generating data sets, to name a few.

Also under development are interactive learning modules, such as the one illustrated below.
These learning modules are built using the Shiny package and run locally on a computer
with R installed or from a remote server (http://www.shinyapps.io/). Additional Shiny
Apps are in development to explore topics such as the central limit theorem, sampling, and
signal processing, to name a few.

Home Investigation O Investigation 1 Investigation 2 Investigation 3 Investigation 4 Investigation 5 Investigation 6

Instrumental Limitation to Beer's Law

Polychromatic Radiation

< < T -

Another important assumption in the derivation of Beer's law is that o —— analytical wavelength only : S —— analytical wavelength only :
the source emits just a single wavelength of light. As we know from — = both wavelengths l — = both wavelengths '
Investigation 1, the source is continuous, emitting light at all S : S :
wavelengths in our analytical window of 400 nm to 750 nm. 8 ' 3 |

S N | S o
To explore the consequence of polychromatic radiation for Beer's § < I é < I
law, we will examine how the simultaneous absorbance of two ® ® |
wavelengths of light affects a calibration curve. The two sliders s 7 S 7
allow you to select the analytical wavelength (the wavelength for
which we wish to measure and to report the absorbance), and to P : 1 2 : : i = |
select the second, interfering wavelength of light. The four graphs to 400 450 500 550 600 650 700 750 400 450 500 550 600 650 700 750

the right show the wavelengths selected and the resulting
calibration curves. Results when using the analytical wavelength wavelength (nm) wavelength (nm)
only are shown using a solid red line and results when including the

second wavelength are shown using a dashed red line. . i ) X ) .
analytical wavelength with negative offset analytical wavelength with positive offset

The effect of polychromatic radiation may lead to negative or to

positive deviations from Beer's law. What conditions favor a S 1 — analytical wavelength only . S | — analytical wavelength only .
negative deviation? What conditions favor a positive deviation? If — — both wavelengths — — both wavelengths
you set the analytical wavelength to match the optimum wavelength 2 _ - - 2 _
from Investigation 2, is the effect of the interferring wavelength the 3 - bt -7
same when the offset is positive and when the offset is negative? If g o~ g o~
no, propose an explanation for why. g ° g °
© o

Analytical Wavelength (nm) S S
450 649 | 700

o o

S | I | | | S | I I | |

0.0 0.5 1.0 1.5 20 0.0 0.5 1.0 1.5 20

Offset (+ nm) concentration (mM) concentration (mM)

m
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References: to access, review, and use these materials, visit http://bit.ly/1OYIczn and

https://github.com/dtharvey.



