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Spain
§Department of Chemical Engineering and ⊥Department of Chemistry, Stanford University, Stanford, California 94305, United States

*S Supporting Information

ABSTRACT: In this laboratory experiment, students work in pairs to
synthesize a simple aliphatic polycarbonate via ring-opening polymer-
ization of trimethylene carbonate using 1,8-diazabicyclo[5.4.0]undec-7-
ene and thiourea as organocatalysts. Following polymer isolation,
students cool the material in a dry ice/acetone bath to observe its glass-
transition behavior. This experiment is convenient to perform under
teaching laboratory conditions and reinforces key concepts learned in
second-year undergraduate organic chemistry, for example, nucleo-
philic acyl substitution, transesterification reactions, and Lewis acidity−basicity. Additionally, the experiment introduces students
to polymer chemistry, heterocycles, materials science, and green chemistry. It also covers interesting concepts that are less
frequently encountered at the undergraduate level such as biomimetic chemistry, bifunctional catalysis, and polymer−glass
transitions.
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Polymers are widely found in both the natural world and
modern society. Natural examples include biopolymers

such as cellulose, proteins, DNA, and spider’s silk, while
examples of synthetic polymers include commodity plastics,
synthetic fabrics and rubbers, etc. Despite this ubiquity and the
fact that polymer science has grown into a major research area
in both industry and academia, the topic remains under-
represented in undergraduate chemistry1,2 and chemical
engineering3 curricula. This issue has begun to be addressed,
as evidenced by several recent publications that feature
undergraduate polymer experiments.4−11 The current work
contributes to this effort by providing a laboratory experiment
on a class of polymers (i.e., polycarbonates) that has yet to be
treated in this Journal. In addition, this laboratory exercise also
demonstrates the phenomenon of polymer−glass transitions, a
concept that has not been previously covered. This practical
demonstration is visually appealing to students and simulta-
neously aids understanding and promotes enthusiasm in the
topic. The pedagogical goals of this experiment are to introduce
students to polymer chemistry, bifunctional catalysis, and green
chemistry while many key concepts encountered in under-
graduate organic chemistry, for example, nucleophilic acyl
substitution, transesterification reactions, and Lewis acidity/
basicity, are reinforced. Finally, this laboratory also illustrates
the importance of NMR spectroscopy as a tool for monitoring
reaction progress and analyzing polymer composition (e.g., to

determine degree of polymerization, end group analysis, etc.) in
addition to its routine use as a characterization method.

■ BACKGROUND

Aliphatic polycarbonates represent a class of polymers that are
promising as biomaterials because of their biodegradability,12

biocompatibility, and low toxicity. Earlier studies have shown
that aliphatic polycarbonates undergo slow hydrolytic degrada-
tion in vitro and accelerated enzymatic degradation in vivo.12a

For instance, a poly(trimethylene carbonate) film incurred a 9%
weight loss over 30 weeks via in vitro hydrolytic degradation,
whereas the weight loss in rats over 24 weeks was 21.1%.12a

The degradation products of polycarbonates are alcohols and
carbon dioxide. Potential applications of these polymers include
drug delivery, gene delivery, and use as antimicrobial
agents.13−17 Aliphatic polycarbonates can be synthesized by
chain growth ring-opening polymerization (commonly abbre-
viated as ROP) of cyclic carbonates via organocatalytic, anionic,
cationic, coordination−insertion, or enzymatic methods.18−20

Tin(II) bis(2-ethylhexanoate), or Sn(Oct)2, is an effective and
commonly used catalyst-initiator for ROP.4,9 However, the
toxicity of tin compounds21−24 and the difficulty in removing
heavy metal residues from polymer products stimulated the
search for more environmentally-friendly catalysts.18−20 The
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development of basic organocatalysts such as 1,8-
diazabicyclo[5.4.0]undec-7-ene (DBU) and 1,5,7-
triazabicyclo[4.4.0]dec-5-ene (TBD) has obviated the need
for tin-based for ROP catalysts.18,25−27 By using a primary
alcohol initiator such as 1-pyrenebutanol, polymerization of a
cyclic carbonate such as trimethylene carbonate (TMC) can be
readily initiated by catalytic quantities of DBU and a cocatalyst
such as N′-[3,5-bis(trifluoromethyl)phenyl]-N-cyclohexylth-
iourea (TU) (Scheme 1). In just 1 h, high conversions of the

monomer to polycarbonate can be achieved. The short reaction
time and robustness of the polymerization make this experi-
ment ideal as a single-session laboratory experiment under
standard teaching laboratory conditions. The absence of any
toxic-metal catalysts is also attractive from a safety standpoint.
The putative polymerization mechanism28 (Scheme 2) is

particularly instructive for undergraduates as it involves many
organic chemistry concepts such as nucleophilic substitution,
tetrahedral intermediates, Lewis acids/bases, hydrogen bond-
ing, and ring strain. Here, a dual-activation mechanism is
operative. An alcohol initiator is activated by DBU, while the
electrophilic carbonyl group of the monomer is activated by
thiourea via hydrogen bonding in both cases. This is an
example of bifunctional catalysis. The alcohol then attacks the
carbonate in a nucleophilic acyl-substitution reaction whereby

the OH nucleophile first adds to the CO of the carbonate to
give a hydrogen-bonded tetrahedral intermediate that sub-
sequently collapses to a linear hydroxyalkylcarbonate (Scheme
2). This hydrogen-bonded alcohol subsequently attacks another
TMC molecule, and the entire process is repeated, which
results in chain elongation. The terminal hydrogen-bonded
alcohol becomes “dormant” when all monomer molecules are
exhausted but resumes the chain-growth process if more TMC
is subsequently introduced. Such a chain-growth polymer-
ization mechanism, in which the polymer cannot undergo chain
transfer or termination, is termed “living chain-growth
polymerization”. When desired, the reaction is terminated by
protonation, and hence removal of the DBU catalyst with an
acid (e.g., benzoic acid), or by end-capping the terminal alcohol
with acetyl chloride or acetic anhydride, occurs.
Living chain-growth polymerization enables precise control

of the degree of polymerization (DP), dispersity (Đ), and end-
group fidelity. Dispersity, which reflects the distribution of
molecular weights in a polymer sample, is another new concept
to undergraduates without prior exposure to polymer
chemistry. With organocatalytic ROP, it is possible to prepare
narrow-disperse polycarbonate of any target DP by simply
controlling the monomer-to-initiator feed ratio. In comparison,
step-growth condensation polymerization limits the practically
accessible range of polymer molecular weights and is typically
associated with broader Đ values. The ability to obtain narrow
dispersities consistently can help to minimize batch-to-batch
variations in the polymer’s physical or biological properties.
In this experiment, students are also introduced to the

concept of glass transitions. The glass transition temperature
(Tg) of a polymer is the temperature below which the material
undergoes a transition from a soft, rubbery solid to a hard,
glassy, and brittle one. The aliphatic polycarbonate featured in
this laboratory has a Tg value of about −30 °C. Following
polymer isolation, students cool the material in a dry ice/
acetone bath at −78 °C to induce this phase transition quickly,
whereby the polycarbonate is transformed from a viscous syrup
to a hard, glassy solid. Since the glass transition is reversible, the

Scheme 1. Poly(TMC) Formed by Organocatalytic ROP of
TMC

Scheme 2. Formation of Poly(TMC) from TMC via a Dual-Activation Mechanism by DBU and TU
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polymer reverts to its original state upon warming to room
temperature. This final exercise is simple but of sufficient visual
appeal to promote student enthusiasm, while it simultaneously
introduces a physical chemistry concept.

■ EXPERIMENTAL SECTION

A single, 3 h laboratory session is required for this experiment,
where students work in pairs to synthesize poly(TMC) via

organocatalytic ring-opening polymerization of TMC. In this
experiment, TMC is dissolved in toluene with 1-pyrenebutanol
(polymerization initiator) and a catalytic amount of the
thiourea cocatalyst. In practice, any simple primary alcohol
may be used, but in this case, the 1-pyrenebutyloxy moiety
serves as a useful handle for characterization of the average DP
by 1H NMR spectroscopy or gel-permeation chromatography
(GPC) in UV detection mode (where available). The basic

Figure 1. 1H NMR (300 MHz) spectra. Crude sample: (a) expanded view of the 4.0−4.7 ppm region that shows 99% conversion, (b) full spectrum
of precipitated poly(TMC). The use of 1H NMR spectroscopy for polymer end-group analysis also allowed the average length of the polycarbonate
chains, or the DP of the polymer, to be determined.
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DBU catalyst is added last, and the mixture is stirred at room
temperature for 1 h before being quenched with benzoic acid to
bring about chain termination. A small quantity of the crude
mixture is withdrawn by pipet for 1H NMR spectroscopy so
that monomer conversion to polymer can be determined.
Students calculate the percentage conversion based on the
relative signal integrations of the monomer versus polycar-
bonate methylene protons. The polycarbonate is precipitated
into methanol, isolated, and air-dried. The vial containing the
dry polymer is cooled to −78 °C in a dry ice/acetone bath to
induce the liquid−glass transition, during which students
observe a change in the material’s physical appearance and
mechanical properties. Finally, a second NMR sample (i.e.,
postpurification) of the polymer is prepared for determination
of DP. Additional experimental details and accompanying
instructor’s notes are provided in the Supporting Information.

Laboratory Implementation

This polymer synthesis experiment was carried out by 12
students who worked in pairs as part of a second-year
undergraduate organic chemistry laboratory course. The entire
experiment was easily completed in about 3 h, and each student
pair successfully synthesized, purified, and isolated the
polycarbonate product under teaching laboratory conditions
without the need for glovebox or Schlenk techniques.
Conversion of the TMC monomer to polycarbonate was

evidenced by 1H NMR spectroscopy since the four methylene
protons proximal to the carbonate linkage show different
chemical shifts (ppm) depending on whether they are on the
cyclic carbonate monomer or the linear polycarbonate. The
chemical shift of the four protons on TMC is 4.43 ppm, but as
the ROP reaction progresses, a new triplet due to the
methylene protons of poly(TMC) appears at 4.25 ppm (Figure
1). Percentage conversion of monomer-to-polymer was derived
from the relative integrations of these two NMR peaks.
Conversions achieved by the students ranged from 70% to
nearly 100%, with two-thirds of the class obtaining over 90%.
Figure 1 shows sample student NMR data that feature a crude
spectrum before precipitation (expanded 4.0−4.7 ppm region)
and a full spectrum of the precipitated polymer; the minor
triplet at 4.30 ppm is from 1-pyrenebutanol. On the basis of the
relative peak integrations in the crude NMR spectrum, these
two students obtained a conversion of 99%.
The target DP value for this laboratory was 50, and most

students successfully obtained values of about 35, while one
student pair managed to achieve a DP value of 42. Gratifyingly,
the ranges of experimental conversions (70−95%) and DP
values (32−42) were fairly narrow across the board, and the
deviations from expected values are most likely attributable to
the accuracy with which the reagents and solvents were
measured by the students.
The glass transition demonstration was observed by all

students upon cooling of their isolated polymers in a dry ice/
acetone bath. As the polymer was cooled below its glass
transition temperature (≈ −30 °C), the tacky, “gooey” polymer
was transformed into a hard, glassy solid that could be picked
up and manipulated with a spatula (Figure 2). On the basis of
student feedback, this quick but visually stimulating demon-
stration was the most enjoyable part of the entire experiment;
thus, this proved to be an easy yet effective way to visually
illustrate the concept of a polymer−glass transition.

Possible Variations

Where available, GPC may be used to determine the number-
average molecular weight (Mn) and the dispersity (Mw/Mn,
where Mw is the weight-average molecular weight). Instrument
access and circumstances permitting, students may submit their
precipitated polymer samples for GPC analysis. The character-
ization would be carried out by the instructors after the
laboratory session. This technique allows students to observe
the molecular weight distribution of their polymers, something
that is unattainable with NMR data alone.

■ HAZARDS
TMC, or 1,3-dioxan-2-one, is an irritant and may be harmful if
inhaled or absorbed through the skin. Toluene, methanol, and
acetone are flammable solvents that are harmful if swallowed
and should be used in well-ventilated areas away from ignition
sources. DBU is toxic if ingested and is a corrosive irritant to
the skin and eyes. N′-[3,5-Bis(trifluoromethyl)phenyl]-N-
cyclohexylthiourea (TU), 1-pyrenebutanol, and benzoic acid
are irritants to the eyes, skin, and respiratory system. Dry-ice
(solid CO2) presents an asphyxiation hazard and may also
cause cryogenic burns. Good ventilation is essential, and
contact with exposed skin must be avoided. Chloroform-d is an
inhalation hazard and suspected carcinogen. The poly(TMC)
product should be assumed to be an irritant and handled as
such. Students must wear safety glasses, face protection,
protective clothing, and the appropriate gloves. All work should
be carried out in well-ventilated fume hoods under the
supervision of one or more instructors.

■ SUMMARY
This laboratory experiment on polycarbonate synthesis
provided students the experience of synthesizing a simple
biodegradable polymer and introduced them to the concepts of
living chain-growth polymerization, ring-opening polymer-
ization of a cyclic monomer, bifunctional catalysis, organo-
catalysis, and glass transitions. The experiment was found to be
highly reliable, with results being easily reproduced in 3 h or
less by second-year organic chemistry undergraduates who
worked in pairs under standard teaching laboratory conditions.
Every student pair was successful in synthesizing a polymer,
with two-thirds of the class achieving over 90% monomer
conversion and the remainder obtaining around 70%. Most of
the students obtained a polycarbonate with a DP value around
35, while one pair managed to achieve a DP value of 42. The
range of student results in terms of conversion and DP value
was fairly small, and the differences were ultimately attributed
to how accurately the reagents and solvents were measured by
the students. All students were able to observe the glass-
transition behavior upon cooling of their isolated polymers.
The polymer experiment served to reinforce many of the

principles that students had learned in their organic chemistry

Figure 2. Liquid−glass transition of poly(TMC) induced by external
cooling.
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classes. Furthermore, the simplicity, reproducibility, and visual
appeal of the experiment enabled students to gain their first
hands-on experience with polymer synthesis in an accessible,
safe, and enjoyable way.

■ ASSOCIATED CONTENT
*S Supporting Information

Student handout, notes and detailed experimental procedure
for instructors, list of chemicals, idealized NMR and GPC data
obtained by the authors, and prelab and postlab questions and
solutions. This material is available via the Internet at http://
pubs.acs.org.

■ AUTHOR INFORMATION
Corresponding Authors

*E-mail: chanj@us.ibm.com.
*E-mail: hedrick@us.ibm.com.
Notes

The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
H.S. gratefully acknowledges support through a postdoctoral
grant (DKR) from the Basque Government. Financial support
from the Basque government and MINECO through project
number MAT2010-16171 is also acknowledged. C.H.F. is
supported by the National Science Foundation Graduate
Research Fellowship and the Department of Defense (DoD)
through the National Defense Science & Engineering Graduate
Fellowship (NDSEG) Program. R.M.W. and J.L.H. acknowl-
edge the NSF-GOALI program for support of this work (NSF-
CHE 957386).

■ REFERENCES
(1) Hodgson, S. C.; Bigger, S. W.; Billingham, N. C. Studying
Synthetic Polymers in the Undergraduate Chemistry Curriculum: A
Review of the Educational Literature. J. Chem. Educ. 2001, 78 (4),
555−556.
(2) Jefferson, A.; Phillips, D. N. Teaching Polymer Science to Third-
Year Undergraduate Chemistry Students. J. Chem. Educ. 1999, 76 (2),
232−235.
(3) Stenzel, M. H.; Barner-Kowolik, C. Polymer Scince in
Undergraduate Chemical Engineering and Industrial Chemistry
Curricula: A Modular Approach. J. Chem. Educ. 2006, 83 (10),
1521−1530.
(4) Schneiderman, D. K.; Gilmer, C.; Wentzel, M. T.; Martello, M.
T.; Kubo, T.; Wissinger, J. E. Sustainable Polymers in the Organic
Chemistry Laboratory: Synthesis and Characterization of a Renewable
Polymer from δ-Decalactone and L-Lactide. J. Chem. Educ. 2014, 91
(1), 131−135.
(5) Donahue, C. J.; Exline, J. A.; Warner, C. Chemical Recycling of
Pop Bottles: The Synthesis of Dibenzyl Terephthalate from Plastic
Polyethylene Terephthalate. J. Chem. Educ. 2003, 80 (1), 79−82.
(6) Kamber, N. E.; Tsujii, Y.; Keets, K.; Waymouth, R. M.; Pratt, R.
C.; Nyce, G. W.; Hedrick, J. L. The Depolymerization of Poly-
(ethylene terephthalate) (PET) Using N-Heterocyclic Carbenes from
Ionic Liquids. J. Chem. Educ. 2010, 87 (5), 519−521.
(7) Pappenfus, T. M.; Hermanson, D. L.; Kohl, S. G.; Melby, J. H.;
Thoma, L. M.; Carpenter, N. E.; da Silva Filho, D. A.; Bredas, J.-L.
Regiochemistry of Poly(3-hexylthiophene) Synthesis and Investigation
of a Conducting Polymer. J. Chem. Educ. 2010, 87 (5), 522−525.
(8) Goto, H.; Yoneyama, H.; Togashi, F.; Ohta, R.; Tsujimoto, A.;
Kita, E.; Ohshima, K.-I. Preparation of Conducting Polymers by
Electrochemical Methods and Demonstration of a Polymer Battery. J.
Chem. Educ. 2008, 85 (8), 1067−1070.

(9) Robert, J. L.; Aubrecht, K. B. Ring-Opening Polymerization of
Lactide To Form a Biodegradable Polymer. J. Chem. Educ. 2008, 85
(2), 258−260.
(10) Weizman, H.; Nielsen, C.; Weizman, O. S.; Nemat-Nasser, S.
Synthesis of a Self-Healing Polymer Based on Reversible Diels-Alder
Reaction: An Advanced Undergraduate Laboratory at the Interface of
Organic Chemistry and Materials Science. J. Chem. Educ. 2011, 88 (8),
1137−1140.
(11) (a) Pinto, M. L. Formulation, Preparation, and Characterization
of Polyurethane Foams. J. Chem. Educ. 2010, 87 (2), 212−215.
(b) Bennett, G. D. A Green Polymerization of Aspartic Acid for the
Undergraduate Organic Laboratory. J. Chem. Educ. 2005, 82 (9),
1380−1381.
(12) (a) Zhu, K. J.; Hendren, R. W.; Jensen, K. C.; Pitt, G. Synthesis,
Properties, and Biodegradation of Poly(1,3-trimethylene carbonate).
Macromolecules 1991, 24 (8), 1736−1740. (b) Watanabe, J.; Kotera,
H.; Akashi, M. Reflective Interfaces of Poly(trimethylene carbonate)-
based Polymers: Enzymatic Degradation and Selective Adsorption.
Macromolecules 2007, 40 (24), 8731−8736.
(13) Suriano, F.; Coulembier, O.; Hedrick, J. L.; Dubois, P.
Functionalized Cyclic Carbonates: From Synthesis and Metal-Free
Catalyzed Ring-Opening Polymerization to Applications. Polym. Chem.
2011, 2 (3), 528−533.
(14) Ong, Z. Y.; Fukushima, K.; Coady, D. J.; Yang, Y.-Y.; Ee, P. L.
R.; Hedrick, J. L. Rational Design of Biodegradable Cationic
Polycarbonates for Gene Delivery. J. Controlled Release 2011, 152
(1), 120−126.
(15) Cooley, C. B.; Trantow, B. M.; Nederberg, F.; Kiesewetter, M.
K.; Hedrick, J. L.; Waymouth, R. M.; Wender, P. A. Oligocarbonate
Molecular Transporters: Oligomerization-Based Syntheses and Cell-
Penetrating Studies. J. Am. Chem. Soc. 2009, 131 (45), 16401−16403.
(16) Suriano, F.; Pratt, R.; Tan, J. P. K.; Wiradharma, N.; Nelson, A.;
Yang, Y.-Y.; Dubois, P.; Hedrick, J. L. Synthesis of a Family of
Amphiphilic Glycopolymers via Controlled Ring-Opening Polymer-
ization of Functionalized Cyclic Carbonates and Their Application in
Drug Delivery. Biomaterials 2010, 31 (9), 2637−2645.
(17) Nederberg, F.; Zhang, Y.; Tan, J. P. K.; Xu, K.; Wang, H.; Yang,
C.; Gao, S.; Guo, X. D.; Fukushima, K.; Li, L.; Hedrick, J. L.; Yang, Y.-
Y. Biodegradable Nanostructures with Selective Lysis of Microbial
Membranes. Nat. Chem. 2011, 3 (5), 409−414.
(18) Kamber, N. E.; Jeong, W.; Waymouth, R. M.; Pratt, R. C.;
Lohmeijer, B. G. G.; Hedrick, J. L. Organocatalytic Ring-Opening
Polymerization. Chem. Rev. 2007, 107 (12), 5813−5840.
(19) Kiesewetter, M. K.; Shin, E. J.; Hedrick, J. L.; Waymouth, R. M.
Organocatalysis: Opportunities and Challenges for Polymer Synthesis.
Macromolecules 2010, 43 (5), 2093−2107.
(20) Dove, A. P. Organic Catalysis for Ring-Opening Polymerization.
ACS Macro Lett. 2012, 1 (12), 1409−1412.
(21) Tanzi, M. C.; Verderio, P.; Lampugnani, M. G.; Resnati, M.;
Dejana, E.; Sturani, E. Cytotoxicity of Some Catalysts Commonly
Used in the Synthesis of Copolymers for Biomedical Use. J. Mater. Sci.:
Mater. Med. 1994, 5 (6−7), 393−396.
(22) Subramoniam, A.; Khandelwal, S.; Dwivedi, P. D.; Khanna, S.;
Shanker, R. Dibutyltin Dilaurate-Induced Thymic Atrophy and
Modulation of Phosphoinositide Pathway of Cell Signalling in
Thymocytes of Rats. Immunopharmacol. Immunotoxicol. 1994, 16
(4), 645−677.
(23) Subramoniam, A.; Husain, R.; Seth, P. K. Reduction of
Phosphoinositides and Diacylglycerol Levels in Repeatedly Dibutyltin
Dilaurate-Treated Rat Brain. Toxicol. Lett. 1991, 57 (3), 245−250.
(24) Mushtaq, M.; Mukhtar, H.; Datta, K. K.; Tandon, S. G.; Seth, P.
K. Toxicological Studies of a Leachable Stabilizer Di-n-Butyltin
Dilaurate (DBTL): Effects on Hepatic Drug Metabolizing Enzyme
Activities. Drug Chem. Toxicol. 1981, 4 (1), 75−88.
(25) Nederberg, F.; Lohmeijer, B. G. G.; Leibfarth, F.; Pratt, R. C.;
Choi, J.; Dove, A. P.; Waymouth, R. M.; Hedrick, J. L. Organocatalytic
Ring-Opening Polymerization of Trimethylene Carbonate. Biomacro-
molecules 2007, 8 (1), 153−160.

Journal of Chemical Education Laboratory Experiment

dx.doi.org/10.1021/ed500595k | J. Chem. Educ. XXXX, XXX, XXX−XXXE

http://pubs.acs.org
http://pubs.acs.org
mailto:chanj@us.ibm.com
mailto:hedrick@us.ibm.com


(26) Nederberg, F.; Trang, V.; Pratt, R. C.; Mason, A. F.; Frank, C.
W.; Waymouth, R. M.; Hedrick, J. L. New Ground for Organic
Catalysis: A Ring-Opening Polymerization Approach to Hydrogels.
Biomacromolecules 2007, 8 (11), 3294−3297.
(27) Todd, R.; Rubio, G.; Hall, D. J.; Tempelaar, S.; Dove, A. P.
Benzyl Bispidine as an Efficient Replacement for (−)-Sparteine in
Ring-Opening Polymerization. Chem. Sci. 2013, 4, 1092−1097.
(28) Lohmeijer, B. G. G.; Pratt, R. C.; Leibfarth, F.; Logan, J. W.;
Long, D. A.; Dove, A. P.; Nederberg, F.; Choi, J.; Wade, C.;
Waymouth, R. M.; Hedrick, J. L. Guanidine and Amidine Organo-
catalysts for Ring-Opening Polymerization of Cyclic Esters. Macro-
molecules 2006, 39 (25), 8574−8583.

Journal of Chemical Education Laboratory Experiment

dx.doi.org/10.1021/ed500595k | J. Chem. Educ. XXXX, XXX, XXX−XXXF


