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ABSTRACT: In this laboratory, students calculated the nutritional value of common
foods to assess the energy content needed to answer an everyday life application; for
example, how many kilometers can an average person run with the energy provided by
100 g (3.5 oz) of beef? The optimized geometries and the formation enthalpies of the
nutritional components of the food and their combustion products were calculated using
molecular mechanics and a semiempirical method, AM1 or PM3, on the lab computers.
These data were used to assess the energy content of common foods and compare with
food label information. This general chemistry laboratory was designed for students of
food engineering, yet it is applicable to students in any general chemistry course. Groups
of students have successfully completed the laboratory as described here. The software
was introduced, and the calculations were carried out in two, 2.5 h-long sessions.
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■ INTRODUCTION

This laboratory is to introduce college students to computa-
tional molecular modeling techniques that will allow them to
perform thermodynamic calculations related to nutrition. There
are multiple advantages to engaging students in this way, such
as the benefits of visualization in the comprehension of
molecular-level phenomena,1,2 the connection of the chemistry
curriculum to real life issues,3 and the preparation for a 21st
century computer-rich work environment. The laboratory was
developed for first year students taking chemistry for food
science, human nutrition, and pharmacy majors, and it has also
been used for standard general chemistry courses. College
students are habitual users of digital technology,4 so it should
be easy to engage in computational chemistry with them.
Simulations carried out at the atomic level with quantum

mechanical calculations start by giving the approximate
structural molecular formula. These techniques allow the
building of complex molecular images that can be enlarged or
rotated in space (Figure 1), and the image of the molecule can
be represented in different ways such as tubes with ribbons or
balls and spokes5,6 (Figure 2).
The calculations proposed are fast enough to be performed

on several molecules of different size and form. It is thus
possible to enhance understanding of several trends in families
of structurally related molecules (in this lab: alanine, valine,
leucine, iso-leucine).

New editions of chemistry textbooks include food and
nutrition responding to contemporary concerns about a healthy
and balanced nutrition and its relation with chemistry.7−9

Similarly, in celebration of the International Year of Chemistry
(IYC2011), the Swedish Chemical Society chose two months
to address food10 to show the connection of chemistry with
everyday life. In the laboratory presented here, students began
by reading recent articles from popular sources, both to access
up-to-date information on food or nutrition and to help them
relate course content to each day life.11 In addition, the
assigned reading can promote interesting discussions in class
among the students and with the instructor.
The field of computer simulation has been rapidly developing

in chemistry: just in academic circles, a literature search (Web

Figure 1. Glucose molecule visualized from different angles, modeled
with tubes. PM3 calculation with Spartan.19
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of Science) using the keywords computational and chemistry
led to more than 8000 references between the years 2000 and
2014. Simulations contribute to cutting edge research, both as
computer experiments in themselves and in interpreting
complex experimental data. The speed of technological
progress is such that computational chemistry is being used
more frequently in industries such as materials,12 energy,13

catalysis,14 and drug discovery.15 Especially in the latter, some
industries are already turning toward molecular computations
as a primary source of research and development.16

■ EXPERIMENTAL OVERVIEW
This exercise is based on a modification and extension of the
exercise proposed by Caffery et al.17 Students were introduced
to the basic processes of releasing energy from food. They
became familiarized with molecular modeling techniques and
performed simple thermodynamic calculations. They calculated
the energy released in the combustion of food items according
to the food’s composition in terms of carbohydrates, fats and
proteins. As a starting point, carbohydrates are represented
solely by glucose, fats are represented solely by stearin, and
proteins are represented solely by a single amino acid or
dipeptide. The chosen molecules require brief calculations
which are recommended for students with no prior modeling
experience. For the computational calculations performed in
the lab, the degradation products of glucose and stearin were
assumed to be CO2 and H2O and, in the case of proteins, urea,
(NH2)2CO, CO2, and H2O. Students then were able to
compare their results to packaging information on food items.
Finally, questions like “How many kilometers can an average
person run with the energy provided by 100 g of beef?” were
answered by students based on their molecular modeling results
and calculations.

■ BACKGROUND
A complete discussion of food energy values can be found in
Brown et al.9 and is summarized here. Food energy values can

be measured with a bomb calorimeter. The heat flow, measured
at constant volume, corresponds to the change in internal
energy. Food containers and packages report this energy. The
values informed for food items correspond to nutritional
calories (Cal), equivalent to thermochemical kilocalories, that
is, 1 Cal = 1000 cal = 4184 J.
The energy that our body needs comes mainly from the

carbohydrates and from fats. Carbohydrates break down in the
bowels yielding glucose (C6H12O6). Glucose is transported to
the cells, where it reacts with O2 in a series of steps that finally
produce CO2(g) and H2O(l), and the enthalpy for the overall
reaction is

+ → +

Δ ° = −H

C H O (s) 6O (g) 6CO (g) 6H O(l)

2816 kJ
6 12 6 2 2 2

The accepted mean energy value or content for carbohydrates
is 17 kJ/g (or 4 kcal/g).
Fats produce CO2 and H2O both during metabolism and

combustion in a calorimetric bomb. For stearin C57H110O6, a
typical fat, the combustion reaction is as follows:

+ → +

Δ ° = −H

2C H O (s) 163O (g) 114CO (g) 110H O(l)

75, 520 kJ
57 110 6 2 2 2

The accepted mean energy value of fats is 38 kJ/g (or 9 kcal/
g). The metabolism of proteins produces less energy than in
the calorimeter combustion because the products are different.
In a calorimetric bomb, the nitrogen atoms of proteins are
liberated as N2; in the organism, they are liberated as urea
(NH2)2CO. On average, proteins produce 17 kJ/g (or 4 kcal/
g) in the organism, the same as carbohydrates.
The preceding enthalpy combustion values were obtained

from enthalpy of formation data for solid glucose and stearin,
and liquid water. In this computational exercise, these
substances are considered in vacuum (gas phase), so enthalpy
results will not be exactly the same. Although enthalpy and
internal energy are distinct thermochemical concepts, ΔnRT
values for the reactions with the compounds considered
represents a minor contribution.

■ EXPERIMENTAL DETAILS
This computational exercise was developed for first year
students taking chemistry. They worked in groups of three
students maximum per PC. Each team worked with two food
items at least. Prior to performing calculations, discussions were
carried out regarding several aspects on chemistry of nutrition.
The software was introduced and the calculations were carried
out in two sessions of 2.5 h each.
Computational Package

Our results reported in this work were obtained using
Hyperchem.618 package at PM3 level calculations. Some
students have also performed the lab with Spartan Student,19

and any computational package with semiempirical level
calculations (e.g., MOPAC,20 AMPAC,21 GAUSSIAN22)
could be used similarly.
Prelab Reading

Prior to the laboratory session, students had to read the lab
manual (provided in the Supporting Information), sections of
the text book addressing foods (e.g., “Foods” from section 5.8
Foods and Fuels of Brown et al.9), and specific up-to-date
articles (e.g., “Clean Your Plate, Save Energy”, Brown, V.;23 “It’s

Figure 2. Partial visualization of the protein titin, with 1BPV code
from the Protein Data Bank. (Top) Ball and spoke representation.
(Bottom) Tube representation with ribbons. Both without H atoms
and modeled with Spartan.19
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Your Food Talking”, Fessenden, M.;24 “Cranberries in your
medicine cabinet”, Halford, B;25 “The New Naturals”,
Bomgardner, M. M.;26 “Food Fights”, Bomgardner, M. M.;27

“A natural Green boost for muscles”, Ritter, S. K., Bomgardner,
M. M.28).
The purpose of this early activity was to introduce students

in the reading of pertinent professional journals; to identify
unknown terminology, and cooperatively start constructing a
glossary. Each group was asked to bring at least one question
referring to the assigned article to promote discussion in the
groups.
Computations

The laboratory was then conducted in the following stages: The
molecular structure to be analyzed was built on the PC screen.
Figure 3 shows alanine, arginine, and stearin as example

molecules. The molecular geometry was optimized through
molecular mechanics techniques29−33 and the energy was
further minimized by application of a semiempirical method
(e.g., AM134 or PM335−37). The heat of formation of the
compound was recorded, as calculated by the semiempirical
method chosen above. The same procedure was followed for
the combustion products, i.e., H2O, CO2, and (NH2)2CO,
when applicable. The balanced equation for the combustion
reaction of the compound under analysis was written. Figure 4
compares the visual impact of the oxidation of glucose written
as a chemical equation and as seen by the students using
Hyperchem.

The molar heat of combustion for that compound was
calculated by means of Hess’s Law, as well as the kilocalories
per gram released. The results were analyzed, discussed, and
compared to data from references, and conclusions were drawn.
Related questions or calculations about nutrition completed the
discussion.

■ RESULTS AND ANALYSIS
Given that only isolated molecules are modeled, all calculations
are performed in the gas phase, leading to some differences
between data reported in combustion equations presented
above and values reported in Table 1. The values of formation
and combustion heats obtained via Hyperchem with the PM3
method are reported in Table 1 for glucose, stearin, stearic acid,
some amino acids and dipeptides, and combustion products.
For example, to calculate the value of ΔcH for the dipeptide
formed by phenylalanine−aspartic acid, the reaction considered
was

+

→ + +

C H N O (g) 13O (g)

(NH ) CO(g) 12CO (g) 6H O(g)
13 16 2 5 2

2 2 2 2

Data in Table 1 corresponding to Spartan-10, as yielded by
AM1 calculations, are within a 10% difference, with the
exception of glucose at 11.8%. The differences in combustion
calculations via Hyperchem and Spartan in Table 1 are less than
7%, except for some dipeptides at 13% (this increased
percentage may be additionally due to conformational effects,
not only to the different methods used).
For this exercise, students had to know a priori the mass

percentage composition of certain food items; they chose the
degradation products for each nutrient; then they derived, with
semiempirical calculations, the energy per gram released in the
complete combustion of the component and they reported the
total energy released by every 100 g of the food item in
question (or per serving, depending on the local nutrition
labels). They finally compared their values with those published
on the package of the item.
In Table 2, the energy values of several common food items

are shown (negative signs are omitted), obtained for a given
selection of degradation products (see footnotes in Table 1).
Calories in Table 2 are thermochemical and the errors

correspond to the deviation regarding values obtained
according to footnote b in Table 2. The errors for 15 food
items range from 3 to 22%, with an average error of ∼12%. The
calculations performed in the lab with Spartan provide a
reasonable approximation to the reported energy values. If
desired, this exercise could be complemented with experimental
thermochemistry determinations of any food item whose
composition in fats, carbohydrates and proteins is reported
on its package. Our students worked with marshmallows and
peanuts, and the results as compared to the packaging
information were within ∼1−20% error for computational
calculations, and 60−85% error for experimental thermochem-
istry determinations.
An example of the discussion question posed to the students

was as follows: How many kilometers can an average person
run with the energy provided by 100 g (3.5 oz) of beef?
According to Brown, T. L. et al.,9 an average person uses 62
kcal/km while running. Students were able to calculate that
beef provided energy for 4.42 km (2.75 mi), showing that the
first-principles atomistic calculations in this lab can be used to
answer everyday life questions.

Figure 3. Example starting points of a calculation. (Top left)
Molecular structure of arginine modeled with Spartan using balls
and sticks. (Top right) Molecular structure of alanine prepared with
GaussView38 using Molden39 for visualization. (Bottom) Stearin
modeled with Spartan using space filling.

Figure 4. Oxidation of glucose to CO2 and H2O written, above, as a
chemical equation and, below, visualized using Hyperchem.
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■ CONCLUSION

This lab presents different aspects of general chemistry
curriculum: stoichiometric calculations, mass composition,
thermochemistry, an introduction to molecular modeling and
theoretical chemistry, biochemistry, and links with real life
through nutrition and the caloric content of food items.
The students can find good agreement with the calculations

performed in this computational laboratory and food item data
as reported on the labels. When combined with simplistic
calorimetric experiments, the calculated values may be more
accurate than the experimental determinations, leading to
interesting discussions about the limitations of each method.
The procedure described here opens the possibility of
considering amino acids with sulfur, tripeptides, and other
(larger) molecules to provide results for a greater range of food
items.
As presented in the introduction, the instructor can propose

different questions to the students to help them to find
relations between this exercise and real life. Students were able
to calculate the amount of a particular food item that would
enable a model person to perform a particular activity, showing
that the first-principles atomistic calculations in this lab can be
used to answer everyday life questions.

■ ASSOCIATED CONTENT
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Expanded tables of values for enthalpies of amino acids,
dipeptides and energy content of food items and the student
handout. This material is available via the Internet at http://
pubs.acs.org.

■ AUTHOR INFORMATION

Corresponding Author

*E-mail: lut1@psu.edu.

Notes

The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS

Values obtained via AM1 in Spartan 10 were kindly provided by
an anonymous reviewer and are gratefully acknowledged.

■ REFERENCES
(1) Levy, D. How dynamic visualization technology can support
molecular reasoning. J. Sci. Educ. Technol. 2013, 22, 702−717.
(2) Chiu, J. L.; Linn, M. C. Supporting knowledge integration in
chemistry with a visualization-enhanced inquiry unit. J. Sci. Educ.
Technol. 2014, 23, 37−58.
(3) Ultay, N.; Calik, M. A thematic review of studies into the
effectiveness of context-based chemistry curricula. J. Sci. Educ. Technol.
2012, 21, 686−701.
(4) Pedro,́ F. The New Millennium Learners: Challenging our Views on
ICT and Learning, OECD-CERI, May 2006, http://www.oecd.org/
edu/ceri/38358359.pdf (accessed Aug 2014) OECD: Organization for
Economic Co-operation and Development. CERI: Centre for
Educational Research and Innovation.
(5) Abraham, M.; Varghese, V.; Tang, H. Using molecular
representations to aid student understanding of stereochemical
concepts. J. Chem. Educ. 2010, 87 (12), 1425−1429.
(6) Detlef, U.; Sabine, N.; Sascha, S. The effect of three-dimensional
simulations on the understanding of chemical structures and their
properties. Res. Sci. Educ. 2009, 39 (4), 495−513.
(7) Moore, J. W.; Stanitski, C. L.; Jurs, P. C. Chemistry: The Molecular
Science, 4th ed.; Brooks/Cole: Belmont, CA, 2010; Chapter 6, pp
256−258.

Table 1. Formation and Combustion Enthalpies of Some Examples of Amino Acids, Fats, Carbohydrates, Dipeptides and
Combustion Products with Hyperchem 6 (HyCh) and Spartan 10a

ΔfH (kJ/mol) ΔfH (kJ/mol) ΔcH (kJ/mol) ΔcH (kJ/g) ΔcH (kJ/g)

Compounds HyCh Spartan HyCh HyCh Spartan

Alanine −419.95 −421.84 −1434.61 −16.12 −15.02
Arginine −359.41 −338.50 −2078.93 −11.95 −12.15
Stearin −2223.04 −2460.17 −30369.65 −34.12* −33.89
Stearic Acid −784.17 −862.77 −9649.53 −33.98 −33.78
Glucose −1116.08 −1265.22 −2361.82 −13.12* −12.37
Phenylalanine-aspartic acid −837.89 −861.88 −4947.54 −17.67* −17.20
Arginine-aspartic acid −895.12 −889.34 −3210.49 −11.11 −12.60
Glycine-glutamine −740.69 −768.10 −2257.59 −11.12 −9.65
CO2 −355.99 −334.00
Urea −171.73 −188.07
H2O −223.67 −247.86

aComplete tables in Supporting Information. *, value used to calculate the energy content of food items.

Table 2. Energy Values for Several Food Items

Food
Item Carbohydrates, % Fat, % Protein, %

Energy calc.
(kJ/g)a

Energy conv.
(kJ/g)b

Energy calc.
(kcal/g)

Energy conv.
(kcal/g)

Ref. data,c

(kJ/g) Error, %

Beef 0 21.1 23.6 11.41 12.03 2.73 2.88 15 5
Bread 52 3 9 9.45 11.51 2.26 2.75 12 18
Cheese 0 33.5 26 16.07 17.15 3.84 4.10 20 6
Eggs 0.7 10 13 5.82 6.13 1.39 1.46 6 5

aObtained using the values (*) of Table 1. bObtained using the conventional values of 17 kJ/g for carbohydrates and proteins, and 38 kJ/g for fat.
cExtracted values from usual textbooks (Brown et al;9 Chang;40 Atkins and Beran41).

Journal of Chemical Education Laboratory Experiment

dx.doi.org/10.1021/ed2008894 | J. Chem. Educ. XXXX, XXX, XXX−XXXD

http://pubs.acs.org
http://pubs.acs.org
mailto:lut1@psu.edu
http://www.oecd.org/edu/ceri/38358359.pdf
http://www.oecd.org/edu/ceri/38358359.pdf


(8) Buell, P.; Girard, J. Chemistry Fundamentals, an Environmental
Perspective, 2nd ed.; Jones and Bartlett: Sudbury, MA, 2003; Chapter
15, pp 453−481.
(9) Brown, T. H.; LeMay, H. E., Jr.; Bursten, B. E.; Murphy, C. J.;
Woodward, P. M.; Stoltzfus, M. W. Chemistry, the Central Science, 13th
ed.; Pearson: Upper Saddle River, NJ, 2015; Chapter 5, Section 8, pp
194−196.
(10) Christensson, C.; Sjostrom, J. Chemistry in context: analysis of
thematic chemistry videos available online. Chem. Educ. Res. Pract.
2014, 15, 59−69.
(11) Amaral, K. E.; Shibley, I. A., Jr. Using popular nonfiction in
organic chemistry: teaching more than content. J. Chem. Educ. 2010,
87 (4), 400−404.
(12) Multiscale Asphalt Modeling, Asphalt Research Consortium
Quarterly Technical Progress Report, Federal Highway Administra-
tion, Jan 2014.
(13) Virtual Reality Helps Unlock More Energy, Shell http://www.
shell.com/global/future-energy/innovation/researching-around-the-
world/iscope.html (accessed May 2014).
(14) Computational Catalysis; Asthagiri, A., Janik, M. J., Eds.; RSC
Publishing: Cambridge, U.K., 2013.
(15) Charles H. Reynolds, “Structure based drug design has become
an indispensable tool in drug discovery”, quote in Jacoby, M.
Chemistry by the Numbers. Chem. Eng. News 2013, 91 (36), 51−55.
(16) Singer, E. MIT reviews, 2011 http://m.technologyreview.com/
biomedicine/38081/ (accessed May 2014).
(17) Caffery, M.; Dobosh, P.; Richardson, D. Laboratory Exercises
Using Hyperchem; Hypercube Inc.: Gainesville, FL, 1998; pp 121−122.
(18) HyperChem 6 Pro; Hypercube, Inc.: Gainesville, FL, 2000.
(19) Spartan Student V.6; Wavefunction, Inc., Irvine, CA, 2014.
(20) Stewart, J. J. P. MOPAC 2012; Computational Chemistry;
MOPAC: Colorado Springs, CO, 2012; HTTP://OpenMOPAC.net.
(21) AMPAC 10, 1992−2013; Semichem, Inc.: Shawnee, KS.
(22) Gaussian 03; Gaussian, Inc.: Pittsburgh PA, 2003.
(23) Brown, V. Clean your plate, save energy. Conservation: The
U.S. wastes as much energy in tossed-out food as Sweden consumes in
a year. Chem. Eng. News 2010 http://cen.acs.org/articles/88/web/
2010/07/Clean-Plate-Save-Energy.html (last accessed Dec 2011).
(24) Fessenden, M. It’s your food talking. Sci. Am. 2013, 308 (5),
22−22.
(25) Halford, B. Cranberries in your medicine cabinet. Chem. Eng.
News 2013, 91 (46), 28−29.
(26) Bomgardner, M. M. The new naturals. Chem. Eng. News 2014,
92 (6), 10−15.
(27) Bomgardner, M. M. Food fights. Chem. Eng. News 2014, 92
(18), 18−19.
(28) Ritter, S. K.; Bomgardner, M. M. A natural Green boost for
muscles. Chem. Eng. News 2014, 92 (18), 27−28.
(29) Halgren, T. A. Merck molecular force field. I. Basis, form, scope,
parameterization, and performance of MMFF94. J. Comput. Chem.
1996, 17, 490−519.
(30) Halgren, T. A. Merck molecular force field. II. MMFF94 van der
Waals and electrostatic parameters for intermolecular interactions. J.
Comput. Chem. 1996, 17, 520−552.
(31) Halgren, T. A. Merck molecular force field. III. Molecular
geometries and vibrational frequencies for MMFF94. J. Comput. Chem.
1996, 17, 553−586.
(32) Halgren, T. A.; Nachbar, R. B. Merck molecular force field. IV.
Conformational energies and geometries for MMFF94. J. Comput.
Chem. 1996, 17, 587−615.
(33) Halgren, T. A. Merck molecular force field. V. Extension of
MMFF94 using experimental data, additional computational data and
empirical rules. J. Comput. Chem. 1996, 17, 616−641.
(34) Dewar, M. J. S.; Zoebisch, E. G.; Healy, E. F.; Stewart, J. J. P.
Development and use of quantum mechanical molecular models. 76.
AM1: A new general purpose quantum mechanical molecular model. J.
Am. Chem. Soc. 1985, 107 (13), 3902−3909.
(35) Stewart, J. J. P. Example of the advantage of the BFGS geometry
optimizer over the DFP. Comput. Chem. 1989, 13, 157−158.

(36) Stewart, J. J. P. Optimization of parameters for semi-empirical
methods. I. Method. J. Comput. Chem. 1989, 10, 209−220.
(37) Stewart, J. J. P. Optimization of parameters for semi-empirical
methods. II. Applications. J. Comput. Chem. 1989, 10, 221−264.
(38) GaussView, V. 5; Dennington, R.; Keith, T.; Millam, J.;
Semichem, Inc., Shawnee Mission, KS, 2009.
(39) Schaftenaar, G.; Noordik, J. H. Molden: A pre- and post-
processing program for molecular and electronic structures. J. Comput.-
Aided Mol. Design 2000, 14, 123−134.
(40) Chang, R. Quiḿica, 9th ed.; Mc Graw-Hill Interamericana:
Mex́ico, 2007; p 245.
(41) Atkins, P. W.; Beran, J. A. General Chemistry, 2nd ed.; Freeman,
W. H.: New York, 1992; p 220.

Journal of Chemical Education Laboratory Experiment

dx.doi.org/10.1021/ed2008894 | J. Chem. Educ. XXXX, XXX, XXX−XXXE

http://www.shell.com/global/future-energy/innovation/researching-around-the-world/iscope.html
http://www.shell.com/global/future-energy/innovation/researching-around-the-world/iscope.html
http://www.shell.com/global/future-energy/innovation/researching-around-the-world/iscope.html
http://m.technologyreview.com/biomedicine/38081/
http://m.technologyreview.com/biomedicine/38081/
HTTP://OpenMOPAC.net
http://cen.acs.org/articles/88/web/2010/07/Clean-Plate-Save-Energy.html
http://cen.acs.org/articles/88/web/2010/07/Clean-Plate-Save-Energy.html

