Instructor Chemical List and Materials
Experiment Chemicals List per experiment
Item

CAS# (source/purity)

Unit price ($)
(Aug. 2020)

Prorated
cost ($0.00)

Reagents

~3-4 mL 𝛽-myrcene

123-35-3 (Sigma-Aldrich technical
grade, containing 1000 ppm BHT as
inhibitor/~90%)

0.16/mL

0.64

~3 mL di-n-butyl itaconate

2155-60-4 (Sigma-Aldrich/96%)

0.13/mL

0.39

125 mg sodium dodecyl sulfate

151-21-3 (Sigma-Aldrich/≥99%)

1.33/g

0.17

10 mg ammonium persulfate

7727-54-0 (Fisher/98%)

0.16/g

0.01

75 mg NaHCO3

144-55-8

0.04/g

0.01

Deionized water (University facilities)

priceless

190 pf. Ethanol

64-17-5

0.0033/mL

0.33

37% aq. HCl

7647-01-0

0.04/mL

0.12

Benzoyl peroxide (50 mg)

94-36-0 (Sigma-Aldrich/≥98%)

0.81/g

0.04

2M NaOH solution (to de-inhibit
monomers)

1310-73-2 (prepared)
~200 mL

0.06/mL

0.10

CDCl3 for 1H NMR

865-49-5 (Sigma-Aldrich)

0.46/mL

0.23

Example of possible solvents for swelling Reagent or spectral grade
tests:
solvents can be used based on
availability in lab.
 CHCl3
 THF
 acetone
 DMSO
 DI Water
 methanol
 isopropanol
 ethyl acetate
 hexanes
 methyl t-butyl ether (MTBE)
~ 2.00/exp

Experiment Materials List per experiment
Glass syringes with needles (2 for whole class, taped to the stock bottles of 𝛽-myrcene and dibutyl
itaconate)
Micro stir bar (x2)
2 scintillation vials (20 mL) for reactions ($0.30/vial – Oct. 2020)
5 2-dram vials for swelling tests ($0.25/vial – Oct. 2020)
1 PTFE cap for 20 mL scintillation vial
2 beakers
Aluminum pan (3 inch)
Metal spatulas
Glass pipettes with bulbs (x5 for class, for dispensing solvents for swelling experiments)
Reaction heating block for 20 mL scintillation vial with temperature sensor (alternatively a sand bath or
oil bath could be used)

Instructor Notes
Preparation of the 𝜷-myrcene (perform in a hood):
A day or two before the experiment it is important that the inhibitor, butylated hydroxytoluene, be
removed from the -myrcene. This procedure was performed by transferring the calculated volume of
-myrcene needed for the class (and a little extra to account for loses) into a separatory funnel. It was
then washed two times with an equal volume of 2 M NaOH. After separation, the neat monomer was
dried with a small amount of magnesium sulfate and gravity filtered in the student reagent bottle.
The ethanolic HCl solution was prepared by adding 3 mL of aq. 37 % HCl to 97 mL of 190 ethanol and
stored in a closed container until used.

Comments of Feed Ratio Study
As described in the manuscript, we wanted to incorporate a feed ratio study to stimulate student
discussion of experimental results. As illustrated in Table 3, 100 % of the students using the a 1:1 mole
ratio of myr : dbi found this ratio to be in agreement with their 1H NMR integration values. However,
student data suggested that feed ratios of 2:1 or 3:1 myr : dbi tended to incorporate more myrcene than
expected; which is a curious result; according to Sarkar and Bhowmick, dbi has a higher reactivity ratio
when adding to either myr or dbi.1 A possible explanation for this result is that highly non-polar myr-rich
polymer chains struggle to remain soluble in the more polar dbi-rich medium. The myr-rich polymer
chains may be better solubilized by myr monomer-rich domains, which could lead to higher than
expected incorporation of myr in the solvent-less polymerization. Further investigation is needed to
discern this hypothesis.

1

Sarkar, P.; Bhowmick, A. K. Green Approach toward Sustainable Polymer: Synthesis and
Characterization of Poly(Myrcene-Co-Dibutyl Itaconate). ACS Sustainable Chem. Eng. 2016, 4
(4), 2129–2141.

S1

Version A: Polymer Laboratory Course - Student Experiment Handout
Exploring Green Reaction Media for the Copolymerization of Bio-based
Monomers
Report Due: In Lecture, Date
Report Revision Due: In Lecture, Date
In Lab 2, you were exposed to the radical copolymerization of the petroleum-derived monomers,
styrene and methacrylate esters. In addition, Lab 3 introduced the concept of emulsion
polymerization, where a surfactant can form a stable ‘two-phase’ aqueous solution featuring
micelles. This experiment will draw upon both of these themes but incorporate divergent green
reaction conditions, utilize sustainable starting materials, generate minimal and more
environmentally friendly waste, and demonstrate the utility of cross-linked materials.1
The overwhelming majority of the synthetic plastics produced today are derived from petroleum, a nonrenewable resource. Current research in the University of Minnesota’s Center for Sustainable Polymers, 2
as well other industrial and academic institutions, focuses on developing new more environmentally
friendly materials from renewable feedstocks. This lab demonstrates the use of the two potentially plantderived monomers. 𝛽-Myrcene (myr) can be sourced from pyrolysis of 𝛽-pinene, a terpene natural product
isolated from the cluster pine tree or hemp plant. Dibutyl itaconate (dbi) is derived from fermentation of
glucose. Recent literature has shown that these monomers copolymerize in a non-hazardous macroemulsion
of aqueous sodium dodecyl sulfate and sodium bicarbonate, initiated by ammonium persulfate (Scheme 1).3
This polymerization experiment features green reaction conditions and a convenient workup, as well as safe
and sustainably derived reagents.

Scheme 1. Copolymerization of β-myrcene and dibutyl itaconate via emulsion
In designing this experiment for the 4223 polymer course, it was discovered that the polymeric material
isolated from this reaction had extensive crosslinking. Cross-linked materials abound in the commercial
marketplace. Many adhesives, insulating materials, and gels feature this architecture. One unique property
of certain cross-linked networks is the ability to “swell,” or take up solvent like a sponge driven by entropy
(disorder—chains can spread out) and enthalpy (“like dissolves like”). This characteristic has been

2

National Science Foundation Center for Sustainable Polymers, https://csp.umn.edu/ (accessed June 26, 2019).
Sarkar, P.; Bhowmick, A. K. Green Approach toward Sustainable Polymer: Synthesis and Characterization of
Poly(Myrcene-Co-Dibutyl Itaconate). ACS Sustainable Chem. Eng. 2016, 4 (4), 2129–2141.
https://doi.org/10.1021/acssuschemeng.5b01591.
3
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utilized extensively in the biomedical field for applications such as drug delivery.4 In this experiment, a
cross-linked polymer network will be synthesized and its ability to swell in a variety of organic solvents to
form “organogels” will be studied. For contrast, a hydrogel material, such as sodium polyacrylate used in
baby diapers, swell in water. The polymer network itself is not fully soluble in NMR solvents (it swells
instead) and thus the product of the emulsion polymerization cannot be characterized by 1H NMR
spectroscopy.
It was also discovered that if the reaction conditions were changed from using an emulsion medium to
running the synthesis without solvent (neat or in the bulk), a linear and branched copolymer was produced
using the same monomers (myr and dbi) (Scheme 2). The non-cross-linked polymer chains are soluble in
CDCl3 and afford the ability to use 1H NMR spectroscopy. From NMR spectroscopy, one can calculate
conversion from monomer to polymer, copolymer ratio (ratio of myr:dbi in the copolymer), and numberaverage molecular weight (Mn) by end-group analysis (EGA). Mn is the molecular mass of the average
polymer chain. EGA allows determination of the ratio of the initiating species (the end group) to the repeat
unit (monomer) resonances in the NMR spectrum. Each group will synthesize a polymer with different
monomer ratios ofβ-myrcene (myr) and dibutyl itaconate (dbi), and the resulting incorporation of these
monomers into the polymer can be measured by 1H NMR spectroscopy.

Scheme 2. Bulk radical copolymerization of myrcene and dibutyl itaconate
Both reactions occur via a radical polymerization mechanism. Radical polymerization uses an initiating
species to begin the reaction. The ammonium persulfate is the radical initiator in the emulsion
polymerization and benzoyl peroxide is the radical initiator in the bulk polymerization. Chains propagate
(grow) via radical addition to the π-bonds of myr and dbi hence forming a copolymer. Notice that the
reaction occurs on the least hindered double bond of myr and 1,4-addition or 4,1- addition is presumed to
be the major pathway as illustrated in Figure 1a.
“Crosslinking” can occur in this polymerization when dangling alkenes, a result of 1,2- or 4,3polymerization instead of the normal 1,4- (Figure 1b), react with other polymer chains, thus connecting the
two chains together. This process repeats throughout the material to make a continuous copolymer network.

4

Li, J.; Mooney, D. J. Designing Hydrogels for Controlled Drug Delivery. Nature Reviews Materials 2016, 1 (12),
16071. https://doi.org/10.1038/natrevmats.2016.71.
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Figure 1. Proposed additions of propagating chain (P∙) to myr: a) major 1,4- or 4,1 addition to diene; and
b) 1,2- or 4,3- addition resulting in formation of dangling alkenes available for cross-linking

However, crosslinking is highly dependent on reaction conditions/medium. This lab introduces the concept
of emulsion polymerization, an alternate reaction medium, where a surfactant, in this case sodium dodecyl
sulfate, can form a stable “two-phase” aqueous solution featuring micelles (Figure 2). The hydrophilic
“head” of the surfactant interacts with the water, while the polymerization reaction occurs inside the
hydrophobic core of the micelle created by the aliphatic “tail.” Sodium dodecyl sulfate is also called sodium
lauryl sulfate and is used in many domestic cleaning, personal hygiene, cosmetic, and food products. To
maximize the potential of crosslinking in the macroemulsion polymerization, the monomers are vigorously
stirred in the emulsion solution for 25 minutes at 30 ℃ to enhance incorporation into the hydrophobic
center of the micelle before the initiator, APS, is added. This presumably facilitates more rapid and proximal
propagation of chains. At the end of the reaction, acidification of the mixture in ethanol causes protonation
of the surfactant which breaks up the emulsion, and allows precipitation of the polymeric product from the
solution.

Figure 2. Depiction of micelle present in the emulsion polymerization.
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Experimental:
Myrcene should be handled and used in the hood at all times. Work in groups of 2.
DAY 1
A. Sustainable organogel via green emulsion polymerization
The goal of this experiment is to prepare a crosslinked gel from sustainable sources using a green
macroemulsion radical polymerization and to compare its swelling behavior in a range of laboratory
solvents.

1. Calculate the volumes needed to use 13.1 mmol myrcene and 6.7 mmol dibutyl itaconate
for the reaction.
2. Label a 20 mL scintillation vial. To this vial, add a small stir bar, 75 mg of NaHCO3, and
125 mg of sodium dodecyl sulfate (SDS) and 12.5 mL DI water. Cap and shake to
dissolve solids.
3. Add the proper loadings of β-myrcene (myr) and dibutyl itaconate (dbi) via syringe; cap
and shake vigorously for 30 seconds. Stir at 30 °C for 25 min on the pie plate to form a
stable macroemulsion. [while you wait, go to Part B]
4. Dissolve 25 mg of ammonium persulfate (APS) into 1 mL of DI water. Pipet this solution
into the reaction mixture, cap, and heat to 70 °C for 2 hours on the pie plate. Check every
20 minutes to be sure the reaction is stirring vigourously.
5. Allow the polymerization mixture to cool. Meanwhile, pour 100 mL of acidified ethanol
(3% HCl) into a 150 mL beaker and prepare a separate 100 mL beaker of DI water.
6. Pour the reaction mixture into the acidified ethanol and stir vigorously with a stir rod
until a white coagulum precipitates out onto your stir rod.
7. Carefully, pull out the resulting polymer coagulum and submerge and swirl it in the DI
water to rinse.
8. Knead excess liquid out of the material with your gloved hands against the side of the
beaker.
9. Place the sample in a labeled aluminum pan and place it in the assigned vacuum oven to
be heated at 60 °C overnight under reduced pressure.

B. Sustainable copolymer via radical bulk polymerization
The goal of this experiment is to prepare a statistical linear and branched copolymer from sustainable
sources (the same as above) via radical bulk polymerization and to analyze the molecular weight,
conversion, and copolymer ratio via 1H NMR spectroscopy.

1. To a 2-dram vial with a green PTFE cap, add the volume of monomers needed to make 5
mmol total of polymer based on your group’s assigned monomer ratios from Table 1.
Stir for 5 minutes to mix thoroughly.
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2. Add 12 mg of benzoyl peroxide to the vial and stir to dissolve. Cap your vial tightly with
a PTFE-lined cap, and heat and stir at 70 °C until the following week.
Table 1. Copolymer feed ratio assignments (5 mmol total monomer)
Group #

monomer ratios

1

myr 1 : dbi 1

2

myr 2 : dbi 1

3

myr 3 : dbi 1

DAY 2
C. 1H NMR spectral analysis of bulk polymerization
1. Scrape some of your bulk polymer sample from your vial with a spatula (it will be sticky) and place
the end of the spatula in a 1-dram vial. Try to deposit the polymer on the bottom/sides of the vial.
Inject ~0.75 mL of CDCl3 into the vial and swirl to dissolve your polymer. Be patient—this may
take some time. Once dissolved, pipette this solution into the NMR tube and prepare for analysis.

2.

H NMR analysis of your bulk polymer will be guided using the “NMR” homework assignment.

1

D. Qualitative swelling comparison of various solvents
1. In 5 separate 2-dram vials, add (to each) 20-30 mg of your crosslinked material. No need to be
exact—just grab 5 pieces of about the same size.
2. Add 1 pipet-full of any five solvents which represent a range broad range of polarities (choosing
from chloroform, tetrahydrofuran, ethyl acetate, methylene chloride, acetone, hexane,
methyl t-butyl ether, methanol, DMSO, and water) to each vial. Observe the qualitative
differences in the swelling behavior of each system.

Waste Disposal
Neutralize the acidified ethanol precipitation mixture with excess sodium bicarbonate (pH ~6-8) and
transfer to the contained labeled POLYMER SOLVENT WASTE.
Decant qualitative swelling solvents from swelling experiments into the ORGANIC SOLVENT
HAZARDOUS WASTE. The DI water can be put down the drain.
Scrape the bulk and swelled polymer samples into the ORGANIC SOLID HAZARDOUS WASTE. Glass
vials should be rinsed with acetone and placed into glass waste if reasonably clean. If you are unable to
remove the polymer, place the whole vial into ORGANIC SOLID HAZARDOUS WASTE.
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Version A: Polymer Laboratory Course - Radical Polymerization and
Gelation Assignment
Radical polymerization and gelation assignment

*

Scheme 2. Bulk copolymerization of myr and dbi to form linear poly(myr-co-dbi)
1. Draw a reasonable curved-arrow mechanism for the radical copolymerization of myr
and dbi. Use the space below. You may draw one continuous mechanism,
except for questions e-f.
a. Begin by drawing the mechanism for the decomposition of the initiator.
b. Draw the addition of the species generated in question a to a molecule of myr
at the position labeled by the *. Draw the “4,1-” product, as drawn in Scheme
1.
c. Draw the mechanism for the addition of the reactive species generated in
question b to a molecule of dbi.
d. Finally, draw the mechanism for the homocoupling of two of the products from
question c to terminate the polymerization.
e. Polymerizations also commonly terminate by H-atom abstraction. Draw the
mechanism for how the species generated after question c would abstract a
hydrogen atom from the product provided to terminate the polymer chain and
generate a mid-chain-radical-bearing product (also contributes to branching).

f. BONUS: the initiating species (formed in step a) can decompose further by a
decarboxylation pathway. Draw the mechanism for this process and addition
of the resulting species to myr, similarly to question b.

Use the space below to draw your mechanisms from questions 1a-d.
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H-atom abstraction (question e)

2. First, list the 5 solvents you chose for the qualitative swelling experiment, and rank
order them from least to most polar. Support these observations with dielectric
constants from the literature. Second, describe each solvent’s relative swelling
behavior with your crosslinked polymer with the terms “no detectable swelling,”
“minimal swelling,” “moderate swelling,” or “significant swelling.”

Solvent

Solvent
dielectric
constant ()

Relative Swelling behavior

1 (least polar)
2
3
4
5 (most polar)
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3. Explain why various solvents are able to swell the crosslinked
polymer you made to different extents. What does this tell you
about the relative hydrophobic/hydrophilic nature of the gel?
Relate this concept to the relative enthalpies of interaction
between your polymer network and a ‘good’ or ‘bad’ solvent.
Lastly, briefly comment on why it is always favorable for a polymer
network to swell in solvent with respect to entropy.

~ 1 hr

remaining
solvent

r.t.

solvent
crosslinked
polymer

swelled gel

4. Explore the literature to find an interesting application of organogels or hydrogels.
State the following, along with the reference in ACS format:
a. The chemical composition (repeat unit) of the polymer in the gel
b. The solvent and nature of the crosslinking (i.e. chemical, ionic, etc.)
c. The application—briefly summarize what functions or properties were
investigated
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Version A: Polymer Laboratory Course – 1H NMR Assignment
1H

NMR Interpretation of the Myr-Dbi Bulk Copolymer Spectrum

A single 1H NMR spectrum can be used to characterize the composition and estimate the size of the statistical
copolymer of -myrcene and dibutyl itaconate resulting from bulk polymerization (Scheme 1). The number average
molar mass, Mn, approximates the total molecular weight of all the chains in the polymer sample (divided by the
number of polymer chains in the sample). This value is determined using integration peaks from the initiator,
assumed present as one per polymer chain, and the integrations of distinguishable protons from each copolymer
present. This calculation is called an end-group analysis, EGA.
The copolymer ratios (% myr : % dbi) can be determined by again, using distinguishable peaks from each polymer
unit and the associated number of protons.

Scheme 2. Bulk radical copolymerization of myrcene and dibutyl itaconate
Step-by-step analysis and reference spectra are given below to be used for interpretation of your own spectrum.
1. Study the NMRs provided for starting monomers, -myrcene and dibutyl itaconate, below. Notice the chemical
shift of each set of protons and the differences in J values for cis and trans protons. Make sure you understand
all assignments and splitting patterns observed. Of particular note are the two triplets corresponding to the two
sets of two protons alpha to the ester oxygens.
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-Myrcene 1H NMR spectrum (400 MHz, CDCl3)

Dibutyl itaconate 1H NMR spectrum (400 MHz, CDCl3)
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2. Using the reference spectra of -myrcene and dibutyl itaconate above, identify and label any resonances on
YOUR bulk polymer NMR spectrum corresponding to leftover starting material. Alkene protons are most
visible (5–6.5 ppm) as well as the dbi triplets (4–4.5 ppm).

3. On your NMR spectrum, the initiator peak (~8.1 ppm) should be set to 2.00 H’s. This will serve as the internal
standard for doing your molecular weight calculations. Recall that there is one initiator capping each chain
(see polymer structure at the beginning of the assignment)

4. Now, use the polymer structure in Scheme 2 as a guide: On YOUR bulk polymer NMR, label and integrate
which resonances correspond to
a. the alkene protons of the copolymer
b. the -CH2- protons next to oxygen in the esters of poly(dibutyl itaconate).
Hint: the resonances in the polymer will be broadened significantly, and the integrations will be large. Why?

5. Calculate the following values for your statistical copolymer based on the integrations you performed. Hint:
Remember that if you compare a resonance representing two protons to one that represents four, you will
have to account for that in your calculation.
a. Calculate how many repeat units of the following are present in your polymer. Second, calculate the
mol% of each monomer present in your polymer.

b. Calculate the number-average molecular weight of your sample (Mn) by multiplying the number of
repeat units of each monomer, calculated above, by its respective molar mass (myr = 136.2 g/mol, dbi
= 242.3 g/mol) and add them together. Report the final Mn in g/mol. Count the initiator molar mass as
negligible.
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c. Calculate the conversion from each monomer to polymer. This is performed by comparing the
integration of the leftover monomer to the corresponding polymer resonances.
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Version B: Organic Chemistry Laboratory Course – Student Experimental
Handout
Sustainable Organogels via Green Emulsion Polymerization
2311 Summer 2019
A new experiment for the teaching laboratories
Questions
What are the differences in properties between crosslinked and non-crosslinked polymers? What are organogels and
their applications? What strategies are being used to design more environmentally-friendly plastics?
Green Concepts
Renewable feedstocks, safer solvents and reagents, less waste and more!
The overwhelming majority of the plastics produced today are derived from petroleum, a non-renewable resource.
Current research in the University of Minnesota’s Center for Sustainable Polymers, 5 as well other industrial and
academic institutions, focuses on developing new more environmentally friendly materials from renewable
feedstocks. This lab demonstrates the use of the two potentially plant-derived monomers. 𝛽-Myrcene (myr) is can
be derived from pyrolysis of 𝛽-pinene a terpene natural product isolated from the cluster pine tree or hemp plant.
Dibutyl itaconate (dbi) is derived from fermentation of glucose. Recent literature has shown that these monomers
copolymerize in a non-hazardous macroemulsion of aqueous sodium dodecyl sulfate and sodium bicarbonate,
initiated by ammonium persulfate (Scheme 1) as a radical catalyst.6 This polymerization experiment features green
reaction conditions and a convenient workup, as well as safe and sustainably derived reagents.

Scheme 1. Copolymerization of β-myrcene and dibutyl itaconate via emulsion
U of MN graduate student Ethan Gormong and Professor Michael Wentzel of Augsburg University discovered that
the polymeric material isolated from this reaction had extensive crosslinking. Crosslinked materials abound in the
commercial marketplace. Many adhesives, insulating materials, and gels feature this architecture. One unique
property of certain crosslinked networks is the ability to “swell,” or take up solvent like a sponge driven by entropy
(disorder—chains can spread out) and enthalpy (think “like dissolves like”). This characteristic has been utilized
extensively in the biomedical field for applications such as drug delivery.7 In this experiment, a crosslinked polymer
network will be synthesized and its ability to swell in a variety of organic solvents to form “organogels” will be
5

National Science Foundation Center for Sustainable Polymers, https://csp.umn.edu/ (accessed June 26, 2019).
Sarkar, P.; Bhowmick, A. K. Green Approach toward Sustainable Polymer: Synthesis and Characterization of Poly(MyrceneCo-Dibutyl Itaconate). ACS Sustainable Chem. Eng. 2016, 4 (4), 2129–2141. https://doi.org/10.1021/acssuschemeng.5b01591.
7
Li, J.; Mooney, D. J. Designing Hydrogels for Controlled Drug Delivery. Nature Reviews Materials 2016, 1 (12), 16071.
https://doi.org/10.1038/natrevmats.2016.71.
6
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studied. For contrast, a hydrogel material, such as those used in baby diapers, swell in water. The polymer network
itself is not fully soluble in NMR solvents (it swells instead) and thus the product of the emulsion polymerization
cannot be characterized by 1H NMR spectroscopy.
It was also discovered that if the reaction conditions were changed from using an emulsion medium to running the
synthesis without solvent (neat or in the bulk), a linear and branched copolymer was produced using the same
monomers (myr and dbi) (Scheme 2). The non-crosslinked polymer chains are soluble in CDCl3 and afford the ability
to use 1H NMR spectroscopy. From NMR spectroscopy, one can calculate conversion from monomer to polymer,
copolymer ratio (ratio of myr:dbi in the copolymer), and number-average molecular weight (Mn) by end-group
analysis (EGA). Mn is the molecular mass of the average polymer chain. EGA allows determination of the ratio of the
initiating species (the end group) to the repeat unit (monomer) resonances in the NMR spectrum. Each group will
synthesize a polymer with different monomer ratios ofβ-myrcene (myr) and dibutyl itaconate (dbi), and the resulting
incorporation of these monomers into the polymer can be measured by 1H NMR spectroscopy.

Scheme 2. Bulk radical copolymerization of myrcene and dibutyl itaconate
Both reactions occur via a radical polymerization mechanism. Radical polymerization uses an initiating species to
begin the reaction. The ammonium persulfate is the radical initiator in the emulsion polymerization and benzoyl
peroxide is the radical initiator in the bulk polymerization. Chains propagate (grow) via radical addition to the πbonds of myr and dbi hence forming a copolymer. Notice that the reaction occurs on the least hindered double bond
of myr and 1,4-addition is presumed to be the major pathway as illustrated in Scheme 1 and 2.
“Crosslinking” can occur in this polymerization when dangling alkenes, a product of 1,2- or 3,4- polymerization
instead of the normal 1,4-, illustrated in Figure 1, in the polymer backbone react with other polymer chains, thus
connecting the two chains together. This process repeats throughout the material to make a continuous copolymer
network. However, crosslinking is highly dependent on reaction conditions/medium. This lab introduces the concept
of emulsion polymerization, an alternate reaction medium, where a surfactant, in this case sodium dodecyl sulfate,
can form a stable “two-phase” aqueous solution featuring micelles (Figure 2). The hydrophilic “head” of the
surfactant interacts with the water, while the polymerization reaction occurs inside the hydrophobic core of the
micelle created by the aliphatic “tail.” Sodium dodecyl sulfate is also called sodium lauryl sulfate and is used in many
domestic cleaning, personal hygiene, cosmetic, and food products.
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Figure 1. Dangling alkenes afforded by 1,2- or 3,4- addition of myr onto a propagating chain.

Figure 2. Depiction of micelle present in the emulsion polymerization.
Experimental:
Myrcene should be handled and used in the hood at all times. Work in groups of 2.
DAY 1
A. Sustainable organogel via green emulsion polymerization
The goal of this experiment is to prepare a crosslinked gel from sustainable sources using a green macroemulsion
radical polymerization and to compare its swelling behavior in a range of laboratory solvents.
1. Label a 20 mL scintillation vial for your group. To this vial, add a small stir bar, 75 mg of NaHCO3, and 125 mg
of sodium dodecyl sulfate (SDS) and ~12.5 mL DI water. Cap and shake to dissolve solids.
2. Add 2.25 mL β-myrcene (myr) (d = 0.794 g/mL) and 1.65 mL dibutyl itaconate (dbi) (d = 0.985 g/mL) via syringe
into the emulsion mixture. Cap and shake vigorously for 30 seconds. Stir rapidly at 30 °C for 25 min on the
reaction block pie plate to form a stable macroemulsion. [while you wait, go to Part B]
3. Dissolve 25 mg of ammonium persulfate (APS) into ~1 mL of DI water. Pipet this solution into the reaction
mixture, cap, and heat to 70 °C for 2 hours on the pie plate.
4. Allow the polymerization mixture to cool for 10 minutes. Meanwhile, prepare 100 mL of an acidic solution of
95% ethanol by slowly adding ~3 mL of conc. aq HCl to 97 mL of 95% ethanol in a 150 mL beaker. Prepare a
separate 250 mL beaker with 100 mL of DI water.
5. Pour the reaction mixture into the acidified ethanol and stir vigorously with a stir rod until a white coagulum
precipitates out onto your stir rod.
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6. Carefully, pull out the resulting polymer coagulum and submerge and swirl it in the DI water to rinse.
7. Knead excess liquid out of the material with your gloved hands against the side of the beaker.
8. Place the sample in an aluminum pan and place it in the assigned vacuum oven to be heated at 60 °C under
reduced pressure.
B. Sustainable copolymer via radical bulk polymerization
The goal of this experiment is to prepare a statistical linear and branched copolymer from sustainable sources (the
same as above) via radical bulk polymerization and to analyze the molecular weight, conversion, and copolymer
ratio via 1H NMR spectroscopy.
1. To a 20 mL scintillation vial equipped with a stir bar, add the molar ratio of myr and dbi as assigned in Table
1, but use only 5 mmol total monomer. Stir for 5 minutes to mix thoroughly.
2. Add 12 mg of benzoyl peroxide to the 2-dram vial (preferably with a green PTFE cap) and stir to dissolve.
Cap your vial tightly, and heat and stir at 70 °C on the designated pie plate reaction block until the following
week.

Table 1. Copolymer monomer ratio assignments (5 mmol total monomer)

Group #
1
2
3
4
5
6

monomer ratios
myr 1 : dbi 1
myr 1.5 : dbi 1
myr 2 : dbi 1
myr 2.5 : dbi 1
myr 3 : dbi 1
myr 3.5 : dbi 1

Volumes (myr / dbi)
0.45 mL / 0.61 mL
0.51 mL / 0.49 mL
0.56 mL / 0.41 mL
0.61 mL / 0.35 mL
0.64 mL / 0.31 mL
0.67 mL / 0.27 mL

DAY 2
C. 1H NMR spectral analysis of bulk polymerization
1. Scrape some of your bulk polymer sample from your vial with a spatula (it will be sticky) and place the end
of the spatula in a 1-dram vial. Try to deposit the polymer on the bottom/sides of the vial. Inject ~0.75 mL
of CDCl3 into the vial and swirl to dissolve your polymer. Be patient—this may take some time. Once
dissolved, pipette this solution into the NMR tube and prepare for analysis.
2. 1H NMR analysis of your bulk polymer will be guided using the “NMR” homework assignment.
D. Qualitative swelling comparison of various solvents
1. In 5 separate 2-dram vials, add (to each) 20-30 mg of your crosslinked material. No need to be exact—just
tear 5 pieces of about the same size.
2. Add 1 pipet-full of the various solvents provided to each vial. Observe the qualitative differences in the
swelling behavior of each system.

Waste Disposal
S17

Neutralize the acidified ethanol precipitation mixture with excess sodium bicarbonate (pH ~6-8) and transfer to the
contained labeled POLYMER SOLVENT WASTE.
Decant qualitative swelling solvents from swelling experiments into the ORGANIC SOLVENT HAZARDOUS
WASTE. The DI water can be put down the drain.
Scrape the bulk and swelled polymer samples into the ORGANIC SOLID HAZARDOUS WASTE. Glass vials
should be rinsed with acetone and placed into glass waste if reasonably clean. If you are unable to remove the polymer,
place the whole vial into ORGANIC SOLID HAZARDOUS WASTE.
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Version B: Organic Chemistry Laboratory Course – 1H NMR Interpretation Guide
for Students
1H

NMR Interpretation of the Myr-Dbi Bulk Copolymer Spectrum
Results to be reported on the Organogel Worksheet
2311, Summer 2019

The 1H NMR spectrum can be used to characterize the composition and size of the statistical copolymer of myrcene and dibutyl itaconate resulting from bulk polymerization (Scheme 1). The number average molar mass,
Mn, approximates the total molecular weight of all the chains in the polymer sample (divided by the number of
polymer chains in the sample). This value is determined using integration peaks from the initiator, assumed present
as one per polymer chain, and the integrations of distinguishable protons from each copolymer present. This
calculation is called an end-group analysis, EGA.
The copolymer ratios (% myr : % dbi) can be determined by again, using distinguishable peaks from each polymer
unit and the associated number of protons.

Scheme 2. Bulk radical copolymerization of myrcene and dibutyl itaconate
Step-by-step analysis, reference spectra, and sample calculations are given below to be used for interpretation of
your own spectrum.
1. Study the NMRs provided for starting monomers, -myrcene and dibutyl itaconate, below. Notice the chemical
shift of each set of protons and the differences in J values for cis and trans protons. Make sure you understand
all assignments and splitting patterns observed. Of particular note, are the two triplets corresponding to
protons 10 & 14 in dbi.
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2. Using the reference spectra of -myrcene and dibutyl itaconate studied above, identify and label any
resonances on YOUR bulk polymer NMR spectrum corresponding to leftover starting material. Alkene
protons are most significant as well as the dbi triplets. A sample spectrum with these labels is illustrated
below. Draw structures and the associated peaks on your spectrum.
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3. On your NMR spectrum, the initiator peak (~8.1 ppm) was set to 2.00 H’s. This will serve as the internal
standard for doing your molecular weight calculations. This will serve as the internal standard for doing your
molecular weight calculations. Recall that there is one initiator capping each chain (see polymer structure at
the beginning of the assignment)
4. Now, on YOUR bulk polymer NMR, label and integrate which resonances correspond to
a. the alkene protons of the polymer (peak 4a above)
b. the -CH2- protons next to oxygen in the esters (peak 4b above) in poly(dibutyl itaconate).
Hint: the resonances in the polymer will be broadened significantly, and the integrations will be large. Why?
5. Calculate the following values for your statistical copolymer based on the integrations you performed. Hint:
Remember that if you compare a resonance representing two protons to one that represents four, you will
have to account for that in your calculation.
a. Calculate how many repeat units of the following are present in your polymer. Second, calculate
the mol% of each monomer present in your polymer. (Show calculations and results on your
organogel worksheet)
A sample calculation is provided below (using the numbers from the above polymer spectrum).
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105
2

(myr 4a integral)
(# of alkene protons represented in the myr repeat unit)

52 repeat units myr
52
52 + 45

179
4

(dbi 4b integral)
(# of -CH2- protons represented in the repeat unit)

= 54 mol% myr

45 repeat units dbi
45
52 + 45

= 46 mol% dbi

b. Number-average molecular weight of your sample (Mn) by multiplying the number of repeat units
of each monomer, calculated above, by its respective molar mass (myr = 136.2 g/mol, dbi = 242.3
g/mol) and add them together. Report the final Mn in g/mol. Count the initiator molar mass as
negligible.
From Sample NMR spectrum:
[52 (myr) x 136.2 g/mol)] + [45 (dbi) x 242.3 g/mol] = 7,082 + 10,904 = 17,985 g/mol  18 kg/mol

Show calculations and results for YOUR spectrum on your organogel worksheet
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Version B: Organic Chemistry Laboratory Course – Student Worksheet
SUSTAINABLE ORGANOGELS VIA GREEN EMULSION POLYMERIZATION
Chemistry 2311, Summer 2019
Student Name _____________________________________

TA _____________________

Partner Name _____________________________________

Date ___________________

A. Green Emulsion Copolymerization
Reaction Scheme: Draw the reaction scheme of the reaction performed providing all chemical structures. Number
all double bonds in the two starting materials and then where they end up in the product.

Table of Reagents: Complete the table below with the actual quantities of the reagents used.
𝜷-myrcene

dibutyl
itaconate

Sodium
bicarbonate

Ammonium
persulfate

Sodium
dodecyl sulfate

MW
Mass, g
mmoles
Volume, mL
Density, g/mL
Reaction Observations: Describe the appearance of the reaction/product at each stage listed below:
1) Emulsion mixture with all reactants after additional of the ammonium persulfate initiator:

2) Reaction mixture after heating for 2 hours:

3) Pouring of the polymerization mixture into the acidic ethanol and isolation of product:

4) Appearance and physical properties of the copolymer before drying:
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Results
Theoretical
Yield

Actual Yield

% yield

Appearance and Physical Properties

Dried Product
Qualitative Swelling Test: List the solvents used and record results

SOLVENT

Time Allotted
Observed
Swelling*
0-4
 0 = no swelling, 1 = small amount, 2 = slight swelling 3 = moderate swelling 4 = large swelling

Discussion and Conclusion: What trend was observed with respect to swelling properties of the cross-linked
copolymer and polarity of the solvents explored? Would the copolymer be considered more hydrophilic or
hydrophobic in nature?

Additional Question: Poly(methyl methacrylate) (PMMA) has been used in organogel applications. Provide the
structure of the monomer that would be used to synthesize this polymer via radical polymerization.
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B. Bulk Copolymerization
Table of Reagents: Complete the table below with the actual quantities of the reagents used. Identify the
monomer ratios used.
𝜷-myrcene

dibutyl itaconate

benzoyl peroxide

MW
Mass, g
mmoles
Volume, mL
Density, g/mL

Radical Mechanism: Draw out the full structure of benzoyl peroxide and illustrate with proper arrow notation a)
formation of the species that acts as the initiator for the reaction and b) reaction of the initiator with one molecule of
𝛽-myrcene and the resulting product.

Determination of Copolymer Mole Ratios & Average Number Molecular Mass, Mn, by 1H NMR Analysis
(refer to the NMR assignment step-by-step guide given)
a. Attach your expanded 300 MHz 1H NMR spectrum of the bulk copolymerization product. Identify the
components by referring to the reference spectra of starting materials given on the guide. Draw the structures of
the initiator peak, product, and any starting material remaining in the spectrum (it might be one, both, or none).
b. Label the benzoyl peroxide initiator peak.
c. Label hydrogens 4a and 4b of your product (see sample 1H NMR spectrum of poly(myr-co-dbi))
d. Label 3c and 3b of dbi, if present, and the doublet of doublet of myr at 6.38 ppm, if present.
e. Use the integration values to calculate the number of repeat units for myr and dbi. Show your calculations
below and circle the number of repeat units of each.
Myr:
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Dbi:
f.

g.

Use the calculated # of repeat units to calculate the mole% of the myr and dbi (in other words, the
copolymer ratio). How does this compare with your ASSIGNED monomer ratios?

Use the repeat units determined above to calculate the number average molecular mass of the copolymer,
(Mn) as described on the NMR guide. Report the value in kg/mol. Show calculations.

Summary Table of Results:
Mn, kg/mol

myr:dbi ratio

Theoretical Value*
Calculated from 1H NMR

*this can be estimated by adding the grams of each of the reactants and dividing by the moles (not mmol) of
benzoyl peroxide; used since the benzoyl peroxide is the initiator and assumed to be present as 1 mole/copolymer
chain.
We hope you enjoyed the experiment! JW, MW, EG
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