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 This dissertation is a combination of two research areas, experimental physical chemistry, 

Chapters I to V, and chemical education, Chapters VI to VII. 

 Chapters I to V describe research on the water-mediated chemistry of oxidized 

atmospheric molecules and the impact that water has on the spectra of these environmental 

systems.  The role of water in the Earth’s atmosphere has been of considerable interest due to its 

ability to impact chemistry and climate.  Oxidized atmospheric molecules in the presence of 

water have the ability to form hydrogen bonded water complexes.  The spectroscopic 

investigation of nitric acid-water complexes, outlined in Chapter III, was undertaken to 

characterize intermolecular hydrogen bonds in a water-restricted environment at ambient 

temperatures.  Additionally, this characterization of nitric acid-water complexes allowed for the 

comparison of calculated overtone OH-stretching vibrational band frequencies, intensities, and 

anharmonicities of intermolecular hydrogen-bonded water complexes with experimental 

observations. 

Oxidized organic molecules, such as aldehydes and ketones, in addition to forming 

hydrogen-bonded water complexes can undergo a hydration reaction of the carbonyl group and 

form germinal diols in the presence of water.  This chemistry has been studied extensively in 

bulk aqueous media, however little is known about this process in the gas-phase at low water 

concentrations.  The focus of the studies outlined in Chapters IV and V is motivated by the 
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ability of pyruvic acid and formaldehyde to form germinal diols and water complexes in water-

restricted environment.   This water-mediated chemistry changes the physical and chemical 

properties of these organic molecules, therefore, impacting the partitioning between gas and 

particle phase, as well as the chemistry and photochemistry of oxidized organic molecules in the 

Earth’s atmosphere.  The results presented in this dissertation may help resolve the significant 

discrepancy between atmospherically measured oxidized organic molecules and predictions of 

atmospheric models at different relative humidities.  

The chemical education portion of this manuscript presented in Chapters VI and VII 

includes the development of a survey to determine how effective a laboratory experiment is in 

contributing to students’ understanding of fundamental chemistry.  The specific example used is 

an electrochemical cell.  Our initial results showed that while most of our students could answer 

quantitative questions about the operation of the cell, their conceptual understanding of the 

microscopic processes that occur within the cell was inconsistent with the material presented in 

class.  In particular, we noticed that while many students were able to correctly describe the 

events that take place at the surface of the anode and cathode, their understanding of the events 

that take place at the salt bridge was lacking.  

In this investigation, we were able to confirm the misconceptions reported in previous 

studies.  Our results suggest that a relatively modest, incremental revision of the experiment 

reduces these misconceptions and helped the students to develop a molecular-scale picture of the 

processes that occur within an electrochemical cell.  
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Chapter I:  Water-Mediated Chemistry of Oxidized Atmospheric Compounds 
 
 
 
 

1.1 Motivation 
 

In the presence of water oxidized atmospheric molecules have the ability to form 

hydrogen-bonded water complexes.  These complexes have been of considerable interest, due to 

their potential role in atmospheric chemistry[1-5] and climate.[6-9] Vibrational spectra of these 

complexes, at ambient temperatures, are needed to assess their atmospheric importance.[1, 4, 6, 

9-13]  In addition to forming hydrogen-bonded water complexes, oxidized organic atmospheric 

molecules, such as aldehydes and to a lesser extant ketones, can undergo a hydration reaction of 

the carbonyl group and form geminal diols.[14-16] The formation of hydrogen-bonded 

complexes and geminal diols changes the physical and chemical properties of atmospheric 

molecules, therefore, impacting the partitioning between gas and particle phase,[17-19] as well 

as their chemistry and photochemistry in the atmosphere.  The work presented here uses the 

combination of infrared spectroscopy and theoretical calculations to gain insight into the water-

mediated chemistry of oxidized organic molecules at low water concentrations. 

This hydration of oxidized organic molecules is well known in aqueous solutions,[15, 20-

30] where this reaction occurs efficiently and is acid catalyzed.  However the formation of 

geminal diols was not expected at low water concentrations due to the common belief that there 

is insufficient water present to favor hydration.  The work in this thesis contradicts to this 

assumption and the experimental results suggest the possibility of water catalysis enhancing the 
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extent of geminal diol formation.  Our investigation of the hydration reaction of oxidized organic 

molecules has shown a dependence on the water concentration.[31-34] 

A major consequence of this gas-phase water-mediated chemistry is that the formation of 

geminal diols will suppress the near-UV photochemistry due to absorbance of aldehydes, ketones 

and ketoacids electronic states.  Traditionally, climate and chemical models only incorporate 

electronic excitation via ultraviolet (UV) light and subsequent dissociation as the predominant 

source of atmospheric photochemistry.  The two alcohol groups in the diol provide an alternative 

photochemical pathway via overtone excitation of the OH chromophores.[36-38] Red light 

initiated chemistry by excitation of the OH vibrations overtones in the ground electronic state has 

been proposed to be significant for oxidized atmospheric species.[2, 7, 12, 13, 33, 39-48]   

 

1.2 Characterization of Nitric Acid-Water Complex in the Mid- and Near-Infrared 
Regions at Ambient Temperatures in Carbon Tetrachloride 

 
In this work we present the vibrational spectrum of a hydrogen-bonded complex, nitric 

acid-water, in the region 6000 cm-1 to 11000 cm-1 using Fourier-transform infrared spectroscopy.  

This study builds on previous observation of the nitric acid-water complex in the mid-infrared 

via a carbon tetrachloride matrix to investigate the vibrational overtone region of the complex at 

ambient conditions.  Our experimental observations of nOH = 1, 2 and 3 of the nitric acid-water 

complex provides a testing ground for the simple harmonically coupled anharmonic oscillator 

local-mode model treatment of OH-vibrational overtone spectra of hydrogen bonded complexes. 

 

1.3 Hydration of Pyruvic Acid to its Geminal-Diol, 2,2-Dihydroxporanoic Acid, in a 
Water-Restricted Environment 

 
In this work we present the spectroscopic characterization of 2,2-dihydroxypropanoic 

acid (CH3C(OH)2COOH) and its complexes with water. Based on the Fourier-transform mid-
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infrared and nuclear magnetic resonance spectroscopy (NMR), the water-mediated hydration 

between pyruvic acid (CH3COCOOH) and its geminal diol counterpart, 2,2-dihydroxypropanoic 

acid, was investigated at very low water concentration at ambient temperatures.  By isolating 

pyruvic acid and water in a carbon tetrachloride matrix we determined the effect of water 

concentration on the extent of the hydration process. We experimentally observed large 

concentrations of 2,2-dihydroxypropanoic acid in the water-restricted environment of the carbon 

tetrachloride matrix, explained by the role of hydrogen-bonded water clusters in promoting the 

hydration of the carbonyl in pyruvic acid. 

 

1.4 Gas-Phase Water Mediated Equilibrium Between Formaldehyde and Methanediol 
 

In this work, we present the spectroscopic characterization of methanediol and its 

hydrated complexes in the gas phase.  Based on our Fourier-transform mid-infrared spectroscopy 

we determined the water-mediated equilibrium between formaldehyde and methanediol at low 

relative humidity (RH ≤ 5%) and ambient temperatures.  The Gibbs energy determined in this 

study implies the possibility of gas-phase hydration of the carbonyl groups at ambient 

temperatures.  Consequences of the hydration of formaldehyde for field measurements and 

atmospheric chemistry are discussed. 

 

1.5 Dissertation overview Part A:  Experimental Physical Chemistry 
 

The work presented in this section of the dissertation is divided into four chapters and 

three appendices. Chapter II presents the experimental set-up for all spectroscopic studies.  

Chapter III presents the characterization of the nitric acid-water complex in the mid- and near-

infrared regions at ambient temperature via a carbon tetrachloride matrix.  Chapter IV presents 

the extent of hydration of pyruvic acid to its geminal diol in a water-restricted environment.  
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Chapter V presents the gas-phase water-mediated equilibrium between formaldehyde and 

methanediol.  Appendix A out-lines the carbonic acid investigation and presents preliminary 

spectra and assignments.  Appendix B out-lines new particle formation by nucleation of gas-

phase methanediol experiments.  Appendix C out-lines the photolysis experiments of 

methanediol in the gas-phase. 
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Chapter II:  Experimental Apparatus 
 
 
 
 

2.1 Introduction 
 

The experiments described in this dissertation involve Fourier-Transform Spectroscopy 

(FTS) and Nuclear Magnetic Resonance (NMR).  This chapter reviews and outlines the 

spectroscopic technique FTS and NMR.  The combination of FTS with an carbon tetrachloride 

matrix was used in the investigation of nitric acid,[1] pyruvic acid,[2] and carbonic acid.  NMR 

was used in the investigation of pyruvic acid.[2]  Formaldehyde[3] studies were performed in the 

gas-phase within a static cell using FTS. The FTS technique was employed to explore water-

mediated chemistry, and to assign and analyze the effects of intra- and inter-molecular hydrogen 

bonding.   

The spectroscopic methods in these experiments were used in conjunction with theory in 

order to analyze and interpret the vibrational spectra.  In the last section the theoretical method 

that was used is described. 

 

2.2 Fourier-Transform Spectroscopy 

2.2.1 Background Information 
 

The development of FTS would have been impossible without the Michelson 

interferometer[4-6] and Fast Fourier Transform (FFT).[7]  A. A. Michelson invented this 

spectrometer in 1880,[4-6] and won the Nobel Prize in Physics in 1907 for using it to accurately 

measuring wavelengths of light.   J. W. Cooley and J. W. Tukey invented the FFT algorithm, 
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which allowed for rapid calculations of the Fourier transforms required to convert an 

interferogram into a spectrum.  Originally FTS was used to test the existence of a “luminiferous 

aether”, a medium that allows for the propagation of light waves. Today most commonly FTS is 

used for optical spectroscopy in the mid- and near-infrared (IR), however it can be expanded to 

the visible and ultraviolet spectral (UV) regions.  The discussion in this dissertation is limited to 

FTS in the mid- and near-IR, as the experimental investigations were not carried out in the 

visible or UV spectral regions.  Two FTS instruments, Bruker IFS 66 v/s and Bruker Tensor 27, 

were used in our experimental investigations, the discussion in this chapter will be the general 

theory of FTS, while the individual chapters contain information regarding the set-up of the 

specific experimental presented in this dissertation.  The books by P. R. Griffiths, et al.,[8] and B. 

C. Smith[9] were consulted during our FTS investigations. 

 To understand the advantages of FTS over other traditional absorption spectroscopic 

methods the design of an FTS spectrometer must be discussed.  The design of many 

interferometers used for FTS is based on that of the two-beam Michelson interferometer,[4-6] 

shown in Figure 2.1.  The Michelson interferometer consists of a broadband radiation source, 

beamsplitter, and two mutually perpendicular plane mirrors, one of which can move along an 

axis that is perpendicular to its plane.  This interferometer divides a beam of radiation emitted 

from the source via the beamsplitter into two paths; one half is directed onto the fixed mirror and 

the other half reflects off the moving mirror.  Then the two beams are recombined after a path 

difference has been introduced.  The difference in distance traveled by these two light beam is   
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Figure 2.1 An optical diagram of a Michelson interferometer. 

 

called the optical path difference, δ.  When the beams return to the beamsplitter, they interfere 

and are again partially reflected and partially transmitted.  Ultimately the beam is directed 

through the sample before reaching the detector, which provides the spectral information in a 

Fourier transform spectrometer. 

 The distance travelled by the two light beams is the same, when the moving mirror and 

fixed mirror are the same distance from the beam splitter.  This is known as zero path distance 

(ZPD).  Therefore, the distance that the moving mirror is moved from ZPD is known as the 

mirror displacement, Δ.  The mirror displacement is measured with an internal HeNe laser.  
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When the two beams of light reflected from the fixed and moving mirror recombine at the 

beamsplitter at ZPD, they will be in phase.  Therefore, the crests and troughs will constructively 

interfere, as shown in Figure 2.2.  Constructive interference also occurs when the optical path  

 

Figure 2.2 An illustration of the fixed mirror light beam (����) and the moving mirror light 
beam (--��--) in a Michelson interferometer when the optical path difference is zero (ZPD).  The 
two beams are completely in phase and constructively interfere, shown by the solid line, 
combing to give an intense light beam 

difference is equal to multiples of the wavelength, λ.  In these instances the light beam reflecting 

off the moving mirror has travelled a different distance then the light beam reflecting off the 

fixed mirror, but in the correct phase to lead to constructive interference.  Constructive 

interference results in an intense light beam.  In short constructive interference occurs for any 

value of δ where the two light beams are in phase, as summarized in Equation 2.1, where n = 0, 1, 

2, … .  Conversely, when the mirror displacement of the moving mirror is ¼λ away of the ZPD,  

 

 fixed mirror light beam
 moving mirror light beam
 constructive interference of the two light beams
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δ = nλ 2.1 
 

the two light beams recombine at the beamsplitter and are completely out of phase.  Therefore, 

the crests and troughs will destructively interfere, as shown in Figure 2.3, and will result in a 

 

Figure 2.3 An illustration of the fixed mirror light beam (����) and the moving mirror light 
beam (--��--) in a Michelson interferometer when the optical path difference is ½ of a 
wavelength of light.  The two beams are completely our of phase and destructively interfere, 
shown by the solid line, combining to give a weak light beam. 

weak beam.  Destructive interference occurs for any multiple of an optical path difference of ½λ, 

as summarized in Equation 2.2, where n = 0, 1, 2, … .  At distances between equations 2.1 and 

 

δ = (n + ½)λ 2.2 
 

2.2 the interference is a combination between constructive and destructive interference and the 

intensity varies accordingly.   

 fixed mirror light beam
 moving mirror light beam
 destructive interference of the two light beams
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A plot of the light intensity as a function of optical path difference is called an 

interferogram, I(δ).  The interferogram of a broadband source is shown in Figure 2.4.   

 

Figure 2.4 The interferogram of a broadband source.  The centerburst is the sharp intensity spike 
at the ZPD, where all wavelengths are constructively interfering. 

 

In a broadband source the light is a continuum of wavelengths, where each gives rise to its own 

unique cosine wave interferograms.  The total interferogram is the summation of the 

interferograms from all the different wavelengths, which is given by Equation 2.3, where B(v) is 

the spectral intensity as a function of the wavenumber, 
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v.  The interferogram has a sharp intensity (spike) at ZPD, which is called a centerburst, and low 

intensity at high optical path differences, which are called the wings of the interferograms, as can 

be seen in Figure 2.4.  The interferogram, I(δ), is not yet a spectrum, it is a plot of detector 

response as a function of light path difference.  The interferogram, I(δ), is converted to a 

spectrum, B(v), the intensity as a function of wavenumber, by performing a Fourier-Transform.  

The Fourier-Transform converts an independent variable of a function through the general 

integrals 2.4 and 2.5, where f(x) and F(k) are general functions.   

 

 2.4 

 2.5 

 

Therefore, the interferogram, I(δ), as shown in equation 2.3 can be transformed to the spectrum, 

B(v), by equation 2.6 

 

 2.6 

 

The performance of Fourier Transform spectrometers (FT) is ultimately determined by 

the resolution and signal-to-noise ratio (SNR).  The spectral resolution is a measure of the ability 

of an FT to distinguish spectral features and is controlled by two parts of the interferometer, the 

optical path difference of the moving mirror, and the aperture diameter of the light beam.  The 

larger the optical path difference the more opportunities for the instrument to distinguish 

between individual sinusoids of each wavelength.  Therefore, as the optical path difference 

increases the easier it is for the FT to distinguish spectral features, this relationship is 
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summarized in Equation 2.7.  Increasing the optical path difference increases the time required to 

acquire a 

 

 2.7 

 

scan.  A scan is defined by one cycle of the moving mirror, the moving mirror starts at ZPD, 

travels the requested optical path difference and returns to ZPD.  Therefore, the greater the 

optical path difference the longer the time it takes to collect one scan, this relationship is 

summarized in Equation 2.8, where t is time.  The diameter of the 

 

! 

resolution "  t  2.8 
 

aperture also effects the resolution, the smaller the aperture diameter the less dispersion in the 

source beam and therefore the better the resolution.  Decreasing the aperture diameter allows less 

light to pass through the sample, and therefore lowers the SNR.  To increase the SNR multiple 

scans are averaged together, this will in turn increase the time to acquire a spectrum. Thus, the 

FTS “trading rules”, high resolution spectra are inherently noisier and take longer time to collect, 

but contain a lot of information.  Low-resolution spectra are not as noisy and take less time to 

collect, but have lower information content. 

As previously described, the interferogram in Figure 2.4, is a large number of sinusoidal 

signals added together.  The Fourier transform calculates the infrared spectrum from the summed 

sinusoidal waves in the interferogram.  This process requires performing a mathematical integral 

on the interferogram.  The limits of this integral ideally would be ± ∞, however it is impossible 

for the moving mirror to travel an infinite distance and to collect an infinite number of data 
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points to obtain an interferogram that will Fourier transform properly.  Therefore, the 

interferogram and the integral is truncated at a finite point and the limits of integration are the 

ZPD and the desired optical path difference.  Truncation of the interferogram and integral affects 

the spectrum by introducing sidelobes to peaks.  An apodization function is employed to 

suppress these affects.  A side effect of using apodization functions is that the spectral resolution 

is reduced.  Suppressing the sidelobes causes an altering of the instrument lineshape and a 

widening of the observed transitions.  Therefore, an apodization function must account for both 

the intensity and frequency resolution needs for a given experiment: the experiments presented 

here utilized a 3-term Blackman-Harris apodization function.[8] 

The interferogram is symmetric around the centerburst, as can be seen in Figure 2.4.  This 

is due to the moving mirror passing through every point twice in one scan.  This process is both 

time and data intensive, therefore the FTS collects half of the interferogram.  Now the 

interferogram is asymmetric and artifacts are introduced.   An error is introduced to the intensity 

and frequency in the spectrum, along with a phase lag from various components in the 

instrument.  A phase correction is used by the FTS software that accounts for these artifacts.  A 

phase correction is a low-resolution scan (usually 4 cm-1) in which both sides of the 

interferogram are collected and the asymmetry between the two sides are observed by the FTS 

software.  The FTS software then creates a correction function from this data, and multiplies the 

interferogram in every subsequent scan, eliminating the need to use the entire interferogram.  

The phase correction is specific to the parameters of each experiment (i.e. aperture, wavelength 

range, light source, beam splitter, etc.). 

The FTS has many advantages over other traditional absorption spectroscopy methods.  

All source wavelengths are measured simultaneously, also known as the Multiplex advantage.  
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Thus, the complete spectrum is recorded rapidly, which allows for many scans to be averaged, as 

a result one has the ability to reduce the SNR.  The energy throughput in FTS is much higher 

than in dispersive techniques, and therefore allow for more light to be absorbed by the sample, 

this is known as the Throughput advantage or the Jacquinot advantage.  Additionally, due to the 

Connes advantage, the wavenumber scale of the interferometer is kept very stable and well 

characterized by the use of the a HeNe laser which serves as a internal reference.  The FTS is a 

robust and versatile technique that can be used to obtain a large amount of data. 

2.2.2 Detail of FTS Instrument in the Vaida Lab 
 

The specific configuration for each experiment is provided in detail in the individual 

chapters.  Here the two FTS instruments will be discussed that were used in this thesis; the 

Bruker IFS 66 v/s and the Bruker Tensor 27.  The Bruker IFS 66 v/s allows the user to control 

the various parameters for each experiment and uses the Michelson interferometer that was 

described in the previous section, with an upper limit of a 0.10 cm-1 resolution.  The Bruker IFS 

66 v/s has the possibility to change the light source, beamsplitter and detector to accommodate 

the spectral region of interest.  The experiments performed in the mid-infrared (800 cm-1 – 4000 

cm-1) used a globar light source with a KBr beamsplitter, a Mercury-Cadmium-Telluride (MCT) 

detector , and a resolution of 0.25 cm-1 and 1 cm-1.  In the experiments performed in the near 

infrared (4000 cm-1 – 8000 cm-1) a quartz tungsten-halogen lamp, a CaF2 beamsplitter, a Indium-

Antimonide (InSb) detector, and a resolution of 1 cm-1 was used.  In both experimental set-ups 

the detectors were nitrogen cooled.  To lower the trace absorbing species in the background the 

spectrometer was put under vacuum.  The FTS was used both in the internal and external mode.  

In the internal mode the sample cell and detector are housed inside the spectrometer, in the 
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external mode they are on the outside of the spectrometer.  In the external mode a nitrogen 

purged box is built around the set-up to lower the absorbing species in the background. 

The Bruker Tensor 27 is a smaller and less diverse FTS instrument than the Bruker IFS 

66 v/s. with a relatively lower resolution, 1 cm-1.  The experiments performed with the Bruker 

Tensor 27 were between 500 cm-1 and 5000 cm-1, using the globar light source with a KBr 

beamsplitter, and a MCT detector or a DTGS detector.  The Bruker Tensor 27 uses a 

RockSolidTM cube corner interferometer.  Unlike the Michelson interferometer, the RockSolidTM 

cube corner interferometer consists of two fixed mirrors on a platform that has the ability to pivot 

back and forth to change the pathlength.  Although this type of interferometer limits the optical 

path difference it does allow the instrument to be less susceptible to vibrations in the lab, and the 

alignment is more stable than the Michelson interferometer.  

2.3 Nuclear Magnetic Resonance 

2.3.1 Background Information 
 

Nuclear Magnetic Resonance (NMR) is a powerful technique that is available for the 

investigation of the structure of molecules.  NMR is considered a type of absorption 

spectroscopy.  It involves the absorption of radiowaves by the nuclei of molecules located in a 

magnetic field.  Although, the energy of radiofrequency (RF) is low, it is great enough to affect 

the nuclear spin of electrons in a molecule.  The fundamental property of spin is inherent to all 

protons, electrons, and neutrons as defined by quantum mechanics.  Charged particles, such as 

protons and electrons, possess spin, which creates a magnetic moment along the axis of rotation.  

The magnetic moment can interact with an external magnetic field, such as produced by the 

NMR spectrometer and/or produced by surrounding electrons.  In the presence of an applied 

magnetic field, nuclei with nuclear spin can exist in one of two discrete energy levels, as shown 
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in Figure 2.5.  The energy levels are separated by ΔE.  The lower energy level (m = ½) has the 

nuclear magnetic moment aligned with the field.  The higher energy level (m = -½) has the 

nuclear magnetic moment aligned against the field.  Irradiating the sample with RF, the nuclei 

absorbs energy, and become excited.  The spin is flipped from a lower potential energy level to a 

higher potential energy.  Monitoring the frequencies that are absorbed by the nuclei in a 

magnetic field provides information about the chemical structure of the molecule.[10, 11] 

 

 

Figure 2.5 Energy levels for a nucleus with a spin quantum number of 1/v.[11] 

 
Modern NMR spectrometers use the Fourier Transform (FT), which allow for faster data 

acquisition and increase sensitivity compared to continuous wave NMRs.  The fundamentals of 

FT spectroscopy and the advantages gained through the use of FT spectroscopy were discussed 

in Section 2.2.1.  A schematic of a typical FT-NMR is shown in Figure 2.6.  Brief periodic 

pulses of intense RF energy simultaneously excite all of the nuclei.  Following the excitation 
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pulse, the nuclei relax and the free induction decay (FID) is detected.  The frequencies, 

intensities, and line shapes of the excited nuclei are contained in the FID signal.  FT converts the 

FID signal from a time-domain to the frequency-domain, which produces an absorption spectrum.  

The NMR spectra are commonly plotted as absorption intensity of RF radiation versus the 

chemical shift, δ.  The chemical shift is a relative term, which is equal to 1 ppm of the 

 

Figure 2.6 Schematic diagram of a typical FT-NMR spectrometer. 

 

spectrometer operating frequency.  The observed differences in chemical shifts are due to the 

small local magnetic fields of electrons surrounding the different nuclei present in the molecule.  

The magnitude of a chemical shift is dependent on the ability of the electrons to shield the nuclei 

from the applied magnetic field.  Additionally, the nuclei can be affected by the magnetic field of 

adjoining nuclei in the molecule.  This phenomenon is known as spin-spin splitting, and further 
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splits the observed peaks.  The integrated peak area, regardless of its splitting pattern, is directly 

proportional to the number of nuclei that produces the particular peak.  

The advantage of NMR spectroscopy is that it has the potential to detect and resolve 

every chemically distinct nucleus in a molecule.  This provides structural information on a 

molecular level.[12]  The major disadvantage of this spectroscopic technique is that it is 

relatively insensitive, due to the naturally low abundance of NMR-active nuclei.[13] 

2.3.2 Detail of NMR Instrument at University of Colorado, Boulder 
 

The NMR facility under the direction of Dr. Richard Shoemaker at the University of 

Colorado, Boulder, has several FT-NMR spectrometers.  The NMR spectrometers range from 

300 MHz to 800 MHz.  Additionally, they are equipped with various probes, optimized for 

different nuclei including 1H, 13C, 19F, and 31P. The specific NMR spectrometer parameters used 

for the experiments in this thesis are detailed in Section 2.4.2.  The NMR studies were done with 

collaboration with Dr. Richard Shoemaker. 

 

2.4 Sample Handling and Experiment Set-Up 

2.4.1 Carbon Tetrachloride Experiments 
 

The carbon tetrachloride (Aldrich, >99.5%, anhydrous) used for the investigation of nitric 

acid,[1] pyruvic acid,[2] and carbonic acid water interactions was dried with silica gel and 

purified with activated carbon within a closed reservoir.  The specific preparation of the nitric 

acid, pyruvic acid and carbonic acid aqueous solutions is provided in detail in the individual 

chapters. 

Stock carbon tetrachloride/aqueous acid solutions were prepared by vigorously mixing 

excess aqueous acid solution with dried carbon tetrachloride.  The mixtures were then transferred 
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to a closed reservoir and allowed to phase separate over night.  After phase separation the carbon 

tetrachloride layer of each carbon tetrachloride/aqueous acid solution was transferred from each 

respective closed reservoir into a glass cell fitted with IR Quartz or Calcium Fluoride windows.  

Cell path length varied from 2.5 cm – 30 cm, in order to improve the signal to noise ratio, and 

increase the absorbance.  The glass cell is shown in Figure 2.7. 

 

Figure 2.7 A schematic of the glass cell used in carbon tetrachloride matrix experiments.  The 
cell path length varied from 2.5 - 15 cm and was fitted with either IR Quartz or Calcium Fluoride 
windows.  (A) Side view. (B) Front view. 

 

The glass cell and all the glassware, including the IR Quartz windows, used in these 

experiments were salinized.  This process was performed to prevent hydrogen bonding to the 

glass cell walls and IR Quartz windows, rendering the surfaces hydrophobic, and thereby 

eliminating spectroscopic artifacts.  First the glassware was cleaned with concentrated sulfuric 

acid, and then soaked in Nanopure water (NERL reagent grade water 18 MΩ) overnight, in order 

to leach our any residual acid.  The clean glassware was then soaked overnight in a silanol 

solution.  The silanol solution is a 10% (v/v) dimethylethoxysilane (Gelest, Inc.) in ethanol, pH 

adjusted to 4.5 – 5.5 with acetic acid and potassium hydroxide.  The silanol is decanted and the 

glassware was rinsed with ethanol and heated in an oven for 10 minutes at 110 °C, to drive off 

A B
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the ethanol and to cure the saline layer.  The preparation and conditioning of the glassware used 

was adapted from the salinization procedure provided by Kuo, M. H., et al.[14] 

The infrared absorption spectra of the carbon tetrachloride/aqueous acid layers were 

measured at room temperature in the mid-infrared with two commercial Fourier Transform 

Spectrometers (FTS).  A Bruker TENSOR 27 (DTLGS detector and resolution of 1 cm-1) in the 

mid-infrared from 2800 cm-1 – 4000 cm-1 with 100 scans/spectrum and a Bruker IFS 66v 

(InGaAs detector and resolution of 0.25 cm-1) in the mid- and near-infrared from 2800 cm-1 – 

4000 cm-1 and 6300 cm-1 – 7600 cm-1. 

2.4.2 NMR Experiments 
 

Aqueous pyruvic acid solutions for 13C nuclear magnetic resonance (NMR) spectroscopic 

studies were prepared by appropriately diluting 98 wt.% pyruvic acid with Nanopure water by 

weight and were vigorously mixed.  The mixtures were then transferred to NMR tubes for 

spectroscopic analysis. 

13C NMR spectra of the aqueous pyruvic acid solutions were obtained with a Varian 

Inova-400 NMR spectrometer operating at 100.63 MHz.  For quantization of the 13C NMR 

resonances, a 60° excitation pulse of 9.3 µs duration was used for acquisition with a recycle 

delay of 4.3 seconds for signal averaging.  It was not necessary to use extraordinarily long 

relaxation delays because the T1 relaxation time-constant should not change significantly with 

relative molar concentration. Internal ratios of similar peak intensities within each spectrum were 

used to determine the relative molar ratio of pyruvic and 2,2-dihydroxypropanoic acids.  To 

eliminate relative intensity variation due to the Nuclear Overhauser Effect, broadband 1H 

inverse-gated decoupling was used such that the decoupler was off during the 3.0 second 

relaxation delay.  To achieve adequate digital resolution for peak integration, the time-domain 
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NMR signal consisting of 64K complex points was zero-filled to 256K prior to application of the 

Fourier Transform. 

2.4.3 Gas-Phase Experiments 
 

Formaldehyde was prepared by heating paraformadehyde (Aldrich, 95%, prills) to 

110 °C, trapping the vapor at liquid N2 temperature, then distilling the formaldehyde from a dry 

ice trap into a pressure controlled spectroscopic glass cell, as adapted from Khoshkhoo, H. et 

al.[15] Methanediol was prepared in-situ, by first introducing formaldehyde into a pressure 

controlled spectroscopic glass cell, then opening the cell to the room atmosphere until the 

internal pressure of the cell was equal to the room pressure. The spectroscopic glass cell used in 

these experiments had a 7.62 cm inner diameter, a path length of 62.23 cm and was fitted with 

KRS-5 windows.  The initial internal partial pressure of the spectroscopic glass cell prior to 

introducing the sample was approximately 15 mTorr.  

 The infrared absorption spectra of formaldehyde and methanediol were measured at room 

temperature in the mid-infrared with a commercial Fourier Transform Spectrometer (FTS) in a 

glass static cell.  A Bruker TENSOR 27 (mercury cadmium telluride (MCT) detector and 

resolution of 1 cm-1) was used from 600 cm-1 – 4000 cm-1). 

2.4.4 Photochemistry Experiments 
 

Formaldehyde and methanediol were prepared as described in Section 2.4.3 Gas-Phase 

Experiments.  The photolysis experiments were conducted using in-situ detection of the gas-

phase products using a commercial Fourier Transform Spectrometer (FTS).  A cross glass static 

cell was used for the photolysis experiments.  The cross cell consisted of two cells, which were 

connected with a #50 Ace-Threds threaded glass joint.  The upper glass cell had an inner 

diameter of 7.62 cm, a path length of 62.23 cm and was fitted with calcium fluoride (CaF2) 
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windows.  The lower glass cell had an inner diameter of 2.54 cm, a path length of 62.23 cm and 

was fitted with KRS-5 windows. The photolysis beam passed through the upper glass cell, while 

the mid-infrared beam passed through the lower glass cell.  The glass cell is shown in Figure 2.8. 

 

Figure 2.8 A schematic of the photolysis experimental set-up.  The photolysis beam path is 
shown in yellow and the infrared beam path is shown in red. 

The infrared absorption spectra of formaldehydes, methanediol and photoproducts were 

measured at room temperature in the mid-infrared with a commercial FTS.  A Bruker TENSOR 

27 (mercury cadmium telluride (MCT) detector and resolution of 1 cm-1) was used from 600 cm-

1 – 4000 cm-1). 
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2.5 Theoretical Calculations 
 

Theoretical analysis was used in conjunction with spectroscopic methods to analyze and 

interpret the vibrational spectra in this thesis.  All quantum chemistry calculations were 

performed at the B3LYP/6-311++G(3df,3pd)[16-21] level of theory using Gaussian03[21] 

quantum chemistry package.  The structures of the compounds investigated were optimized and 

the normal mode frequencies were determined.  Single point calculations were used to generate a 

one dimensional potential energy surface for the OH chromophores and their local mode 

vibrational frequencies were subsequently determined using the harmonically coupled 

anharmonic oscillator method.  The detail of the harmonically coupled anharmonic oscillator 

(HCAO) method is described elsewhere.[22, 23] The potential energy curves with respect to the 

OH-stretching coordinate used for the local mode vibrational calculation, were obtained by 

displacing the OH bond length by ±0.2 Å from equilibrium in steps of 0.05 Å while keeping all 

other structural parameters fixed at their equilibrium values. The points were fit to a Morse 

potential and the local-mode OH-stretching frequency was determined from the second-, third-, 

and fourth-order derivatives of the potential energy curve according to the procedure given by 

Kjaergaard[22] and Howard et al.[24] 

 The oscillator strengths of each OH-stretching transition have been calculated within the 

HCAO local mode model with local mode parameters that were determined with an ab initio 

calculated dipole moment function as described by Low, G. R., et al.[25]  The theoretical studies 

were performed with the advice from the Skodje group. 
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2.6 Conclusion 
 

The work conducted in this thesis used spectroscopic techniques, FTS and NMR as well 

as theoretical calculations.  The carbon tetrachloride matrix was used to study the vibrational 

spectra of nitric acid-water complexes, the water-mediated chemistry of pyruvic acid and 2,2-

dihydroxypropanoic acid and the observation of carbonic acid, covered in Chapters III, IV and 

Appendix A.  NMR was used to aid in the observation and characterization of 2,2-

dihydroxypropanoic acid, covered in Chapter IV.  The water-mediated chemistry of 

formaldehyde and methanediol, as well as the photolysis experiments were investigated in the 

gas-phase using vibrational spectroscopy, covered in Chapters V, VI and Appendix A and B.  

Theoretical calculations were used to aid in the assignment of spectroscopic features in all of the 

work conducted in this thesis. 
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Chapter III:  Characterization of Nitric Acid-Water Complex in the Mid- and Near-
Infrared Regions at Ambient Temperatures in Carbon Tetrachloride 
 
 
 
 

3.1 Introduction 
 

Hydrogen-bonded complexes, in particular water complexes, have been of considerable 

interest due to their impact in both biological and environmental systems.  In this study, the nitric 

acid-water (HNO3•H2O) complex is investigated through spectroscopic analysis of the 

vibrational overtone region at ambient temperatures.  The intent of our work is to provide 

spectroscopic results to allow for the comparison with calculated overtone OH-stretching 

vibrational band frequencies, intensities and anharmonicities of intermolecular hydrogen-bonded 

hydrated complexes. 

 Hydrated complexes have been proposed to play a potential role in atmospheric 

chemistry[1-5] and climate.[6-11] Vibrational spectra of these complexes, at ambient 

temperatures, are needed to assess their atmospheric importance.[1, 6, 7, 10-14] In this context, 

spectroscopic studies of the vibrational overtone transitions which are able to access the 

anharmonic part of the potential energy surface are required.  Overtone-induced chemistry 

through the OH-stretch has been proposed as a viable pathway for photochemical processing of 

hydrates in the Earth’s atmosphere.[2, 8, 12, 13, 15-18] While vibrational overtone transitions 

are significantly weaker than transition between electronic states, intensities of the OH-stretching 

vibrational overtones are larger than their analogous CH-, NH- and SH-stretching vibrational 

overtone transitions.[19, 20] In the Earth’s oxidizing atmosphere OH chromophores are excellent 

targets for a spectroscopic study.  The low vapor pressures of oxidized species (acids, alcohols, 
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etc.) and the low cross section of OH-stretching overtone transitions challenges spectroscopic 

investigations of hydrogen-bonded hydrated complexes at atmospherically relevant temperatures. 

Theoretical treatment of fundamental molecular vibrations has been successful using the normal-

mode model.[21] However, the normal-mode model is less successful in treating vibrational 

overtone transitions.  For XH-stretching modes (where X = O, C, N and S) in the vibrational 

overtone region the harmonically coupled anharmonic oscillator (HCAO) local-mode model has 

been developed and tested successfully for CH and more recently, OH containing molecules.[21-

28] The simple HCAO local-model and ab initio-calculated dipole moment functions have been 

used to predict overtone OH-stretching vibrational band frequencies and intensities of 

intermolecular hydrogen-bonded nitric acid-water complex.[29]  The simple HCAO local-mode 

model, also referred to as the anharmonic oscillator (AO) local-mode model, only includes OH-

stretching modes with no coupling to other vibrational modes.  Previous work has shown the 

simple HCAO local-mode model is a good approximation for overtone transitions.[26, 30]  

Theoretical investigations have shown that the overtone transitions of the hydrogen-bonded OH 

bond in hydrates are sensitive to the ab inito basis set used.[19, 31, 32] However, testing of the 

theoretical predictions for hydrogen-bonded systems have been limited to intramolecular 

hydrogen bonded molecules since vibrational overtone spectra of intermolecular hydrogen-

bonded hydrated complexes are not available at ambient temperatures.[19, 33] 

The work presented in this chapter describes the first spectroscopic characterization of an 

intermolecular hydrogen-bonded complex, HNO3•H2O, in the vibrational overtone region at 

atmospherically relevant temperatures.  This spectroscopic investigation of the nitric acid hydrate 

builds on known fundamental information of the complex.  The molecular structure of the 

HNO3•H2O complex has been determined through microwave studies.[34]  Nitric acid hydrates 
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have been extensively studied experimentally at low temperatures, and through theoretical 

treatments.[1-3, 29, 35-48]  Interest in the characterization of the HNO3•H2O complex is in part 

due to its role in the chemistry of the upper and lower atmosphere and the strong hydrogen 

bonding interactions between water and nitric acid.[44] A recent study by Kuo et al.[49] 

investigated nitric acid-water interaction via isolation in carbon tetrachloride, in the mid-infrared 

from 3000 to 4000 cm-1, at ambient conditions.  This environment has been shown to be an 

effective method to investigate and characterize intermolecular hydrogen-bonded complexes, 

such as 1,4-butanediol with aprotic solvents[50] and N-methyldiacetamide with phenol 

derivatives.[51]  In this work we have used this environment to extend the characterization of the 

HNO3•H2O complex as done by Kuo et al.[49] to the vibrational overtone region.  Our 

investigation provides a testing ground for AO local-mode treatment of the nitric acid 

monohydrate. 

 

3.2 Experimental 

3.2.1 Materials and Sample Preparation 
 

All materials were purchased from Sigma-Aldrich Chemical Co., Inc.  Carbon 

tetrachloride (Aldrich, >99.5%, anhydrous) was dried with silica gel and activated carbon in a 

closed reservoir.  Near 100 wt.% nitric acid was generated by the addition of 1:1 mole ratio of 

concentrated sulfuric acid (Aldrich, 95-98%, A.C.S. Reagent), at room temperature, to a 

potassium nitrate (Aldrich, 99+%, A.C.S. Reagent) reservoir, at 50-60 °C, within a simple 

distillation set-up held under vacuum.  The nitric acid product was collected in a trap submerged 

in a dry ice/ethanol bath, at -75 to -80 °C.   Aqueous nitric acid solutions were prepared from 70 

wt.% nitric acid (Aldrich, A.C.S. reagent) and diluted with Nanopure water (NERL reagent grade 

water 18 MΩ). 
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 Stock carbon tetrachloride/aqueous nitric acid solutions were prepared by vigorously 

mixing excess 70 and 49 wt.% nitric acid with dried carbon tetrachloride.  The mixtures were 

then transferred to a closed reservoir using a vacuum line, and allowed to phase separate over 

night.  The carbon tetrachloride/water solution was prepared similarly.  The carbon 

tetrachloride/near 100 wt.% nitric acid solution was prepared by vigorously mixing 3 µL of 

concentrated nitric acid with 30 mL of dried carbon tetrachloride.   

 After phase separation the carbon tetrachloride layer of each carbon tetrachloride/water 

and carbon tetrachloride/nitric acid solutions was transferred from each respective closed 

reservoir into a glass cell fitted with IR Quartz windows.  Preparation and conditioning of the 

glass cell and all glassware used is described elsewhere.[49] Cell path length varied form 2.5 cm 

– 15 cm, in order to improve the signal to noise ratio, and increase the absorbance. 

 

3.2.2 Spectroscopic Studies 
 
 The infrared absorption spectra of carbon tetrachloride/water and carbon 

tetrachloride/nitric acid solutions were measured at room temperature in the mid- and near-

infrared with two commercial Fourier Transform (FTS) Spectrometers.   A Thermo Nicolet 

Avatar 360 (DTGS KBr detector, 100 scans/spectrum, resolution 1.0 cm-1) was used in the mid-

infrared from 2500 to 4000 cm-1.  A Bruker IFS 66v (InGaAs detector, 100 scans/spectrum, 

resolution of 0.25 cm-1) was used in the near infrared from 6000 to 11000 cm-1. 

 

3.3 Results and Discussion 
 

In this work the OH-stretching frequency, 

! 

˜ " , and anharmonicity, 

! 

˜ " x , values were 

calculated for the OH bond in HNO3 and the hydrogen bonded OH in the HNO3 of the 
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HNO3•H2O complex, as described by Kjaergaard[29] and Howard et. al.[52]  The 

! 

˜ "  and 

! 

˜ " x  

values were determined using QCISD theory and the 6-311++G-(2d,2p) basis set.  The local-

mode parameters calculated with the QCISD/6-311++G(2d,2p) method for HNO3 and the 

HNO3•H2O complex are shown in Table 3.1.   Using the HNO3 experimental data we obtained 

the scaling factors 0.9546 and 

Table 3.1 Calculated Local-Mode Frequencies (cm-1)a for Nitric Acid and Nitric Acid-Water 
Complex 

 !!  

! 

˜ " x  
HNO3 3621 71.4 
H2O•HNO3 3300 81.8 
a  Calculated with the QCISD/6-311++G(2d,2p) method.  The calculated frequencies and 
anharmonicities have been scaled by 0.9546 and 0.6659, respectively, for the OH in the HNO3 
unit 
 

0.6659 for 

! 

˜ "  and 

! 

˜ " x , so that the theoretical values reproduced experimental results in an 

ambient CCl4 matrix. The experimentally derived frequency and anharmonicity of the OH-

stretching oscillator in HNO3, in CCl4 at room temperature, were found to be 3621 cm-1 and 71.4 

cm-1, respectively, from our observed fundamental and ΔνOH = 1-3 overtone transition 

frequencies.  We have scaled the ab initio-calculated !!  and 

! 

˜ " x  for the HNO3•H2O complex, 

with the scaling factors obtained from the HNO3 experimental data.  Appropriate scaling factors 

provided corrected OH-stretching frequencies and anharmonicities for comparison with 

spectrsocopically observed vibrational overtone transitions of the HNO3•H2O complex. The 

theoretical work completed in this chapter follows closely Kjaergaard[29] and Howard et. al.[52]  

The reported  OH-stretching frequencies by Kjaergaard[29] were not used here because they 

were scaled to fit gas phase results.  



 36 

 An QCISD/6-311+G(2d,2p) optimized structure of HNO3 and the HNO3•H2O complex is 

shown in Figure 3.1. The observed and calculated OH-stretching 

 
 

(a) (b) 

 

Figure 3.1 QCISD/6-311+G(2d,2p) optimized structure of (a) HNO3 and (b) the HNO3�H2O 
complex 

 

transition frequencies for HNO3 are given in Table 3.2. The ab initio-calculated and

HNO3-scaled frequency and anharmonicity of the bonding OH in the HNO3 of the HNO3•H2O 

complex was determined to be 3300 cm-1 and 81.8 cm-1, respectively.  
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Table 3.2 Experimentally Observed and ab initio Calculated H2O, HNO3, and HNO3•H2O 
Complex Resonances and Assignment of Observed Peaks from 3000 cm-1 to 11000 cm-1. 

vibrational mode ab initio  calculated 
frequency (cm-1) 

experimentally observed 
frequency (cm-1) 

H2O   
n1  3617c, 3617d 

n 3  3708 c, 3709 d 

2 n OH  7161.60 c 
 n 1+n 3  7161.60 c 

3 n OH 
 10489.68 c 

HNO3   
2 n 2  3360c, 3358 d 

n 1 3478a 3475 c, 3475 d 

n 1+2 n 4  6065.38 c 

2 n 1- n 8  6275.36 c 

2 n 1- n 7  6351.60 c 

2 n 1- n 9  6440.80 c 

2 n 1 6814 a 6826.04 c 

2 n 1+ n 4  8052 c 

2 n 1+ n 3 
 8066.78 c 

2 n 1+2 n 8  8681 c 
3 n 1 10006 a 9996.45 c 

HNO3•H2O   
free OH (H2O) 3711 b 3706 c, 3708 d 

donor OH (H2O) 3617 b 3616 c, 3617 d 

donor OH (HNO3)    
u = 1 3137 a 3119c 

u = 2 6111 a 6062 c 

u = 3 8920 a 8851 c 

a Our AO local-mode model calculated OH-stretching transitions with the QCISD/6-
311++G(2d,2p) method, HNO3-scaled   
b Escribano, R. et al. DFT level calculations were used to obtain the calculated frequencies, 
scaled by 0.958.[42] 
c Our experimentally observed OH-stretching transitions, at T = 20°C 
d Kuo, M. H. et al.[49] 

The experimental frequency and anharmonicity of the OH-stretching oscillator of the

bonding OH in the HNO3 of the HNO3•H2O complex were derived to be 3286 cm-1 and 84.3 cm-

1, respectively, from our observed fundamental and ΔνOH = 1-3 overtone transition frequencies.  
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Our experimentally observed and calculated OH transition frequencies for the HNO3•H2O 

complex agree within the uncertainty in measured band frequencies, due to overlapping peaks. 

The agreement between observed and calculated OH-stretching transitions frequencies for the 

HNO3•H2O complex is good, as illustrated with results in Table 3.2.  

 The vibrational overtone study of the HNO3•H2O complex has been motivated by the 

recent results of Kuo et al.,[49] who explored the interactions between HNO3 and H2O dispersed 

within carbon tetrachloride at ambient temperatures in the mid-infrared from 3000 to 4000 cm-1. 

Their results show that a carbon tetrachloride matrix is an effective method to investigate water 

complexes.[49] Addition of nitric acid to carbon tetrachloride created spectral features due to 

molecular nitric acid as well as hydrates: nitric acid monohydrate (NAM), nitric acid dihydrate 

(NAD), and nitric acid trihydrate (NAT). Figure 3.2

shows a comparison of our spectra of 49 wt.% HNO3 aqueous solution and that of Kuo et al.[49] 

53 wt.% HNO3 aqueous solution, which are within excellent agreement. Figure 3.3 contains a 

comparison of the mid-infrared absorption spectra of the carbon tetrachloride layer of near to 100 

wt.% HNO3, 49 wt.% HNO3 and 100 wt.% H2O.   The following is a summary of Kuo et. al.[49] 

results and peak assignments, and is presented in Table 3.2 and Figure 3.3.  The peak at 3475 cm-

1 is attributed to n1 OH stretch of molecular nitric acid.   
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Figure 3.2 A comparison of the Kuo et al.[49] mid-infrared absorption spectrum of 53 wt.% 
HNO3 with the spectrum obtained in this work of 49 wt.% HNO3.  Absorbance has been offset 
for clarity. 

 

 

Figure 3.3 Observed mid-infrared absorption spectra of (a) 49 wt.%, (b) concentrated HNO3, 
and (c) 100 wt.% H2O in the carbon tetrachloride layer at a 1 cm-1 resolution form 3000 cm-1 to 
4000 cm-1.  The presence of nitric acid complexes is confirmed by the broad peak marked with ✳, 
and doubled peaks marked with l. 
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The peaks at 3617 cm-1 and 3709 cm-1 are assigned to the symmetric and antisymmetric stretch 

of molecular water, respectively. Evidence of nitric acid hydrates can be clearly observed in the 

spectrum of 49 wt.% HNO3.  A collection of broad peaks are observed between 3000 – 3300 cm-

1, which were assigned by Kuo et al.[49] to donor OH of HNO3, in NAM, NAD and NAT. The 

peak at 3359 cm-1 was previously assigned[49] to the donor OH in a water-water hydrogen bond, 

within a ring formed by nitric acid hydrates.  We believe that this feature is due to an overtone 

hot band of HNO3.  This assignment is supported by the gas phase results of HNO3 by 

Feierabend et al.[53] and the lack of H2O concentration dependence, as can be seen in Figure 3.3.  

In addition to the appearance of the above-mentioned new spectral features, the water symmetric 

and antisymmetric stretch peaks develop a doublet structure, which was attributed[49] to the 

water molecule donating a hydrogen to nitric acid, therefore slightly red-shifting the symmetric 

and antisymmetric OH-stretch.  The characterization of the infrared absorption spectra of water, 

nitric acid and the water-nitric acid complex in the mid-infrared at room temperature shows that 

the samples contain nitric acid hydrates. 

 In this chapter I have extended the characterization of the HNO3•H2O complex from the 

mid-infrared to the vibrational overtone region. Figure 3.4 shows a 0.25 cm-1 resolution near-

infrared absorption spectrum of the carbon tetrachloride layer of 70 wt.% HNO3 aqueous 

solution from 6000 to 11000 cm-1.  This spectral region is dominated by transitions due to 

overtones and combinations of the fundamental normal modes of water and nitric acid, which are 

summarized in Table 3.2.  The most prominent features observed in the vibrational overtone 

region are the peaks at 6826 cm-1 and a collection of broad peaks between 7000 – 7500 cm-1, 

shown in Figure 3.4, which are assigned to 2n1 OH-stretch of molecular HNO3 and to 2nOH and 

the combination band n1+n3 of H2O, respectively.  The peak at 6062 cm-1 is assigned to the 
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combination band n1+2n4 of HNO3.  The peaks at 6275.36 cm-1, 6351.60 cm-1 and 8681 cm-1 are 

tentatively assigned to the combination bands 2n1-n8, 

 

Figure 3.4 Observed and fitted near-infrared absorption spectrum of 70 wt.% HNO3 aqueous 
solution in the carbon tetrachloride layer at a 0.25 cm-1 resolution from 6000 cm-1 to 11000 cm-1.  
The peaks at 6062 cm-1 and 8851 cm-1, marked with ✳, are assigned to υ = 2 and υ = 3 of the 
donor OH-stretch of nitric acid in the HNO3•H2O complex. T= 20 °C. 

2n1-n7 and 2n1+2n8, respectively, of molecular HNO3.  Tentative assignments of transitions are 

based on vibrational frequencies of the normal modes of molecular nitric acid.  These transitions 

have not been previously reported or assigned. The summary of the peaks observed in this work 

is shown in Table 3.2. The assignment of the observed peaks was done by comparison to gas 

phase results[49, 53] and theoretical predictions.[29, 42, 54] The noticeable 80 – 90 cm-1 

difference between OH-stretching frequencies for gas phase spectra and CCl4 matrix spectra of 

molecular HNO3 is due to matrix effects in the liquid phase.  

 Evidence of the HNO3•H2O complex can be observed in Figure 3.4 by the small 

shoulders at 6062 cm-1 and the peak at 8851 cm-1, which are assigned to the first and second 

overtone of donor OH-stretch of HNO3 within the HNO3•H2O complex. A comparison of the 
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near-infrared absorption spectrum of the carbon tetrachloride layer of near 100 wt.% HNO3 and 

100 wt.% H2O with 70 wt.% HNO3 aqueous solutions is shown in Figure 3.5.  The comparison 

of the spectra in Figure 3.5 allowed for observation of changes in spectral features due to 

hydration and our AO local-mode model calculated and scaled OH frequencies assisted in the 

assignment of the spectral features due to the HNO3•H2O complex.  Our experimentally 

 

Figure 3.5 Comparison of the observed near-infrared absorption spectra of H2O, 70 wt.% HNO3 
aqueous with concentrated HNO3 solutions in the carbon tetrachloride layer at a 0.25 cm-1 
resolution from 6000 – 11000 cm-1.  The red shift of the first OH-stretch overtone of H2O in the 
HNO3•H2O complex has been marked with l. 

observed OH frequencies for the HNO3•H2O complex were slightly red shifted, 18 cm-1, 49 cm-1 

and 69 cm-1 when compared with our AO local-mode model calculated and scaled OH 

frequencies for n = 1, 2 and 3, respectively.  This difference between theory and experimental 

OH frequencies for the HNO3•H2O complex emphasizes the effect on the anharmonicity of the 

complex, when compared to the anharmonicity of molecular HNO3, due to intermolecular 

hydrogen bonding.  The elongation of the OH bond length of HNO3 and H2O in the HNO3•H2O 

complex leads to a change of electron density and therefore a shallower, more anharmonic 
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potential energy surface.  This is supported by derived anharmonicities of 71.6 cm-1 and 84.3 cm-

1, for the donor OH stretch of HNO3 and the HNO3•H2O complex, respectively.  The observed 

increase in anharmonicity of the HNO3•H2O complex compared with molecular HNO3 is good 

agreement with theoretical calculations, presented by Kjaergaard[29] using the QCISD/6-

311++G(2d,2p) method. 

The presence of the HNO3•H2O complex can be more clearly observed by a slight 30 cm-

1 red shift of the 2nOH OH-stretch of water, which is attributed to the presence of nitric acid 

monohydrate upon the addition of HNO3 to H2O to the carbon tetrachloride layer.  The red-shift 

of the OH overtone stretching transitions of water are consistent with what is seen in the 

fundamental region, as discussed by Kuo, et al.[49]  In agreement with observation, a similar 

red-shift of the OH-stretching transitions of H2O in the overtone region can be observed upon the 

comparison of calculated spectra of H2O and the HNO3•H2O complex.[29] 

 Previously, HCAO local-mode model treatments of molecular HNO3 and H2O, have 

shown that the donor OH bond length of HNO3 and H2O in the HNO3•H2O complex is increased 

by 16 mÅ and 4 mÅ, respectively.[29] It was argued that the observed bond angle for the donor 

OH of HNO3 and the acceptor O of H2O of 175.01º, supports the increased bond length and 

hydrogen bonding, as it was earlier implied.[46]  The increase of bond length for the donor OH 

of HNO3 and acceptor OH of H2O in the HNO3•H2O complex is predicted to give rise to a 

significant red-shift of the OH-stretching transitions for the complex with respect to the 

molecular units OH-stretching transitions in the fundamental and overtone regions.  The 

theoretical predictions of a red shift of the OH-stretching transitions agree well with our 

experimental results. In the fundamental region the red shift of the donor OH of HNO3 in this 

work was observed to be 356 cm-1 (3475 cm-1 to 3119 cm-1), whereas the acceptor OH of H2O is 
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only slightly red-shifted by 19 cm-1 (3708 cm-1 to 3689 cm-1).  Similar results are observed in the 

spectra of the vibrational overtone region.  The donor OH of HNO3 is red-shifted by 764 cm-1 

(6826 cm-1 to 6062 cm-1) and 1145 cm-1 (9996 cm-1and 8851 cm-1) for Δν = 2 and 3, respectively. 

The acceptor OH of H2O is only slightly red-shifted by 36 cm-1 (7162 cm-1 to 7126 cm-1) and 44 

cm-1 (10494 cm-1 to 10450 cm-1) for Δν = 2 and 3, respectively, in good agreement with the 

theoretical predictions.[29]  

3.4 Summary 
 

In this study we present vibrational spectra of the intermolecular hydrogen-bonded nitric 

acid-water complex.  This investigation of the nitric acid-water complex builds on previous 

work[49] in the mid-infrared via a carbon tetrachloride matrix at ambient conditions.  With this 

method we were able to observe new transitions for molecular nitric acid and its hydrate in the 

vibrational overtone region up to 11,000 cm-1. The experimental observations of nOH = 2 and 3 of 

the nitric acid-water complex at ambient temperatures provides the first report of vibrational 

overtone spectra of an intermolecular hydrogen-bonded hydrated complex.   

The work presented in this chapter allowed for the comparison of experimental results at 

ambient temperatures with AO local-mode model treatment of intermolecular hydrogen-bonded 

complexes.  The observed OH-stretch frequencies for molecular nitric acid are in excellent 

agreement with the theoretical AO local-mode model calculated frequencies. The AO local-mode 

model was in good agreement with the OH-stretch frequencies in the vibrational overtone region 

for the hydrated complex. As expected, larger experimental anharmonicity is found in spectra of 

OH frequencies for the HNO3•H2O complex. 
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Chapter IV:  Hydration of Pyruvic Acid to its Geminal-Diol, 2,2-Dihydroxypropanoic Acid, 
in a Water-Restricted Environment 
 
 
 
 
4.1 Introduction 
 

In the presence of water, aldehydes and to a lesser extent ketones have the ability to form 

geminal diols by the hydration of the carbonyl group.[1-3]  This chemistry has been studied 

extensively in bulk aqueous media,[4-9] where this reaction occurs efficiently and is acid 

catalyzed.  However, little is known about this process at low water concentrations where the 

acid catalyzed mechanism is not applicable.  Significant discrepancies between atmospherically 

measured oxidized organic molecules and predictions of atmospheric models have been 

observed.[10]  Spectroscopic studies of the hydration of oxidized organic molecules in water-

restricted environments might contribute to assessments of their atmospheric importance.   

This study investigates the hydration of pyruvic acid in a water-restricted environment at 

ambient temperatures using a carbon tetrachloride matrix. While well known in aqueous 

solutions, the formation of the geminal diol of pyruvic acid, 2,2-dihydroxypropanoic acid, was 

not expected in a water-restricted environment. Our present results suggest the possibility of 

water enhancing the extent of diol formation at low water concentrations. 

Pyruvic acid has been previously characterized in the mid-infrared in a carbon 

tetrachloride matrix[11] and in the gas-phase.[12] However, no vibrational spectra of 2,2-

dihydroxypropanoic acid, or water complexes of pyruvic and 2,2-dihydroxypropanoic acids, 

have been reported at ambient temperatures, prior to the present study.  A matrix isolation study 
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of methanediol by Lugez, et al.[13] and recent works by Plath, et al.[14] and Axson, et al.[14, 

15] provide the only infrared spectra of other geminal diols in the literature.  The characterization 

of pyruvic acid hydrates, 2,2-dihydroxypropanoic acid and its hydrates provided in this chapter 

using infrared spectroscopy makes it possible to investigate the water mediated hydration 

between pyruvic acid and 2,2-dihydroxypropanoic acid at low water concentration.  

The hydrophobic solvent, carbon tetrachloride, was chosen in this study because of its 

low water solubility.  Additionally, pyruvic acid has been shown to stay as a monomer in non-

polar solvents, such as carbon tetrachloride, due to its ability to form intramolecular hydrogen 

bonds.[6] Formation of intramolecular bonds weakens the tendency of this molecule to form 

dimers by intermolecular hydrogen bonds. Accordingly, the carbon tetrachloride matrix is a 

perfect medium for the observation and characterization of pyruvic acid-water interactions at 

ambient temperatures.  This environment has been shown to be effective for investigating the 

rotational structure of water[16] and for characterizing intermolecular hydrogen-bonded 

complexes, such as 1,4-butanediol with aprotic solvents,[17] N-methyldiacetamide with phenol 

derivatives,[18] nitric acid-water complexes,[19, 20] ions[21], and water dimer.[22]  As shown 

here, this medium made it possible to observe pyruvic and 2,2-dihydroxypropanoic acid-water 

complexes, adding to the literature on hydrogen bonded complexes.[16, 19-21, 23, 24] 

Organic acids are important environmental constituents due to their possible impact on 

climate as a result of the contribution to organic aerosols and to the formation of cloud 

condensation nuclei.[25-29]  Pyruvic acid is one of the most abundant keto acids in the 

atmosphere, where it is generated by photochemical oxidation of biogenically emitted organic 

compounds such as isoprene.[30, 31]  Pyruvic acid has been observed in the gas-phase, in 

aerosols, and in rainwater in both remote continental and marine atmospheres.[32-41]  The role 
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of pyruvic acid in secondary organic aerosol formation in both clouds and aerosols has led to 

investigations by field measurements,[32, 34-42] laboratory studies[43-45] and theoretical 

modeling.[33, 46]  While, the contribution of all organics in secondary organic aerosol chemistry 

is underestimated by approximately an order of magnitude.[47, 48]  Pyruvic acid’s UV 

photochemistry in the gas phase, in clouds, aerosols and on ice, has been included in these 

models.[49, 50]  The major sink for pyruvic acid in the atmosphere is considered to be UV 

photolysis.[51] Red light initiated chemistry by excitation of the OH vibration overtones in the 

ground electronic state has been proposed to be significant for oxidized atmospheric species.[12, 

14, 52-63]  OH vibrational overtone pumping through the absorption of visible solar photons 

may provide another pathway for loss of pyruvic and 2,2-dihydroxypropanoic acids in the 

atmosphere potentially leading to different photoproducts.[12] 

4.2 Experimental 
 
4.2.1 Materials and Sample Preparation 
 

All materials were purchased from Sigma-Aldrich Chemical Co., Inc.  Carbon 

tetrachloride (Aldrich, >99.5%, anhydrous) was dried with silica gel and activated carbon in a 

closed reservoir.  The samples in this study were prepared using two different methods to allow 

for qualitative observations and quantitative interpretations (via infrared spectroscopy).  For our 

qualitative analysis in the mid- and near-infrared spectroscopic studies the aqueous pyruvic acid 

solutions were prepared by diluting 98 wt.% pyruvic acid (Aldrich, 98%) with Nanopure water 

(NERL reagent grade water 18MΩ) by weight.  Stock carbon tetrachloride/aqueous pyruvic acid 

solutions were prepared by vigorously mixing excess 45, 35, 24, 15, 5 and 0 wt.% pyruvic acid 

aqueous solutions with dried carbon tetrachloride.  The mixtures were then transferred to a 

closed reservoir and allowed to phase separate over night.  For our quantitative interpretations 
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the aqueous 16 and 8 wt.% pyruvic acid solutions were prepared by adding 0.5 or 1.0 µL of 

pyruvic acid to 50 mL of carbon tetrachloride saturated with Nanopure water.  The carbon 

tetrachloride/98 wt.% pyruvic acid solution was prepared by vigorously mixing 3 µL of 98 wt.% 

pyruvic acid with 30 mL of dried carbon tetrachloride.   

 After phase separation, the carbon tetrachloride layer of each carbon 

tetrachloride/pyruvic acid solution was transferred from each respective closed reservoir into a 

glass cell, with a path length of 2.5 cm for the mid-infrared studies and 30 cm for the near-

infrared studies, both fitted with calcium fluoride windows.  Preparation and conditioning of the 

glass cell and all glassware used in this work is described elsewhere.[19] 

 Aqueous pyruvic acid solutions for 13C nuclear magnetic resonance (NMR) spectroscopic 

studies were prepared by appropriately diluting 98 wt.% pyruvic acid with Nanopure water by 

weight and were vigorously mixed.  The mixtures were then transferred to NMR tubes for 

spectroscopic analysis. 

4.2.2 Spectroscopic Studies 
 

The infrared absorption spectra of the carbon tetrachloride/pyruvic acid layers were 

measured at room temperature in the mid- and near-infrared with two commercial Fourier 

Transform Spectrometers (FTS).  A Bruker TENSOR 27 (DTLGS detector and resolution of 1 

cm-1) was used for 16 and 8 wt.% carbon tetrachloride/pyruvic acid solutions, in the mid-infrared 

from 2800 cm-1 – 4000 cm-1 with 100 scans/spectrum and a Bruker IFS 66v (InGaAs detector 

and resolution of 0.25 cm-1) was used for 45, 35, 24, 15, 5 and 0 wt.% carbon 

tetrachloride/pyruvic acid solutions in the mid- and near-infrared from 2800 cm-1 – 4000 cm-1 

and 6300 cm-1 – 7600 cm-1.  The higher resolution spectrometer was used in the near-infrared 
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region in order to investigate the first overtone region of the aqueous pyruvic acid solutions, but 

was not necessary in the mid-infrared region. 

13C NMR spectra of the aqueous pyruvic acid solutions were obtained with a Varian 

Inova-400 NMR spectrometer operating at 100.63 MHz.  For quantization of the 13C NMR 

resonances, a 60° excitation pulse of 9.3 µs duration was used for acquisition with a recycle 

delay of 4.3 seconds for signal averaging.  It was not necessary to use extraordinarily long 

relaxation delays because the T1 relaxation time-constant should not change significantly with 

relative molar concentration. Internal ratios of similar peak intensities within each spectrum were 

used to determine the relative molar ratio of pyruvic and 2,2-dihydroxypropanoic acids.  To 

eliminate relative intensity variation due to the Nuclear Overhauser Effect, broadband 1H 

inverse-gated decoupling was used such that the decoupler was off during the 3.0 second 

relaxation delay.  To achieve adequate digital resolution for peak integration, the time-domain 

NMR signal consisting of 64K complex points was zero-filled to 256K prior to application of the 

Fourier Transform. 

4.2.3 Theoretical Calculations 
 

The structures of formaldehyde and methanediol, as well as the fundamental vibrational 

mode OH frequencies of methanediol were calculated using the anharmonic oscillator local-

mode (AO) method with the B3LYP[64, 65] functional with 6-311++G(3df,3pd)[66-69] basis set 

on the Gaussian 03 program.[69] The detail of the harmonically coupled anharmonic oscillator 

(HCAO) method is described elsewhere.[70, 71] The potential energy curves with respect to the 

OH-stretching coordinate used for the local mode vibrational calculation, were obtained by 

displacing the OH bond length by ±0.2 Å from equilibrium in steps of 0.05 Å while keeping all 

other structural parameters fixed at their equilibrium values. The points were fit to a Morse 
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potential and the local-mode OH-stretching frequency, !! , and anharmonicity, !!x , were 

determined from the second-, third-, and fourth-order derivatives of the potential energy curve 

according to the equations given by Kjaergaard[70] and Howard et al.[72] Peak assignments 

along with AO method calculated frequencies are presented in Table 4.1.  The calculated 

oscillator strengths of each OH-stretching transition have been calculated within the HCAO local 

mode model with local mode parameters that were determined with an ab initio calculated dipole 

moment function, as described by Low, G. R., et al.[74] 
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Table 4.1 Experimentally observed and calculated H2O, CH3COCOOH, CH3COCOOH⋅H2O, 
CH3C(OH)2COOH and CH3C(OH)2COOH⋅H2O frequencies and assignment from 3300 cm-1 to 
3700 cm-1 and 6500 cm-1 to 7400 cm-1. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

vibrational mode calculated 
frequency (cm-1) 

experimentally observed 
frequency (cm-1) 

H2O    
n1 3656

d
 3616

 a
, 3616

b
 

n 3 3755
d
 3708

a
, 3708

b
 

2nOH  7162a 

n1+n3  7162a 

CH3COCOOH   
Isomer Tce    

uOH
acid 3360

 a
, 3494

c
 3429

a
, 3430

c
 

2uOH
acid 6633

 a
 6632

 a
 

Isomer Tte   
uOH

acid 3557
 a
, 3602

c
 3561

a
, 3563

c
 

2uOH
acid 6983

 a
 6872

 a
 

Isomer Cte   
uOH

acid 3594
c
 3561

a
, 3563

c
 

Isomer E1   
uOH

acid 3616
c
 3561

a
, 3573

c
 

uOH
enolic  3514

a
, 3516

c
 

CH3COCOOH⋅H2O   
Conformer Tce    

uOH
acid 2842

a
 2975

a
 

Conformer Tte   
uOH

acid  2808
a
 2887

a
 

CH3C(OH)2COOH   
Conformer  Tce   

uOH
acid 3487

a
 3429

a
 

uOH
bonding 3566

a
  

uOH
free  3686

a
 3634

a
 

2uOH
free  7175

a
 7084

a
 

CH3C(OH)2COOH ⋅H2O   
Conformer  Tce   

uOH
acid 2828

a
 2929

a
 

uOH
bonding 3386

a
  

uOH
free 3669

a
 3634

a
 

2uOH
free 7149

a
 7084

a
 



 57 

a Experimentally observed or calculated OH-stretching transitions presented in this work.  HCAO 
local-mode model was used to obtain calculated OH-stretching transitions. 
b Kuo, M. H. et al.[19] 
c Raczynska, E. D. et al.[73] 
d Kjaergaard, H. G.  HCAO local-mode model was used to obtain calculated OH-stretching 
transitions.[70] 

 

4.3 Results and Discussion 
 
4.3.1 Characterization of Vibrational Spectra in the Mid-Infrared 
 

Pyruvic acid is an α-ketoacid, which is most stable in its ketone form,[11, 12, 43, 75-78] 

but can exist in its enol form via a keto-enol tautomerism. The flexibility of the C-αC-C-O chain 

in the keto and O-αC-C-O in the enol form allows for many possible conformations.[11]  The 

three thermodynamically stable keto conformations, Tce, Tte, Cte, and the most stable enol form, 

E1, of pyruvic acid, have been previously observed within a carbon tetrachloride matrix and 

assigned by Raczyńska, E. D. et al.[11]  The nomenclature for the keto conformations were taken 

from Yang, X. et al.[75] and the nomenclature for the enol form was taken from Raczyńska, E. D.  

 
(a) 

 
(b) 
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(c) 

 
 

(d) 

 
(e) 

 
 

 

(f) 

 
 

(g) 

 
 

 

(h) 

Figure 4.1 B3LYP/6-311++G(3df,3pd) optimized structures of (a) Tce- CH3COCOOH, (b) Tte- 
CH3COCOOH, (c) Tce-CH3C(OH)2COOH, (d) Tte-CH3C(OH)2COOH (e) Tce-
CH3COCOOH•H2O (f) Tte-CH3COCOOH•H2O (g) Tce-CH3C(OH)2COOH•H2O and (h)  Tte-
CH3C(OH)2COOH •H2O. 
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et al.[11]  In this investigation in addition to observing Tce-, Tte-, Cte- and E1-pyruvic acid 

conformers we have observed Tce-2,2-dihydroxypropanoic acid and the hydrates of Tce- and 

Tte-pyruvic acids and Tce-2,2-dihydroxypropanoic.  The emphasis in this study is on the lowest 

energy, reactive Tce-pyruvic acid conformer.[12, 53]  The Tce-pyruvic acid conformer is the 

most stable structure, due to strong intramolecular hydrogen bonding between the carbonyl C=O 

and the carboxylic OH functional groups.[76] The B3LYP/6-311++G(3df,3pd) optimized 

structures of the two most stable conformers of pyruvic acid, Tce-CH3COCOOH and Tte-

CH3COCOOH, and the two structures of 2,2-dihydroxypropanoic acid, Tce-CH3C(OH)2COOH 

and Tte-CH3C(OH)2COOH, are shown in Figure 4.1. The Tce and Tte-pyruvic acid conformers 

differ by a trans and cis conformation of the carboxylic hydrogen atom and the carbonyl groups. 

The Tte-pyruvic acid conformer is stabilized by a weaker intramolecular hydrogen bond.  Carbon 

tetrachloride matrix[11] and gas-phase[12] infrared spectra are available in the literature for 

pyruvic acid, but no vibrational spectra of pyruvic acid hydrates, 2,2-dihydroxypropanoic acid 

and its hydrates have been reported prior to the present study.  Figure 4.2 contains the 

fundamental vibrational mid-infrared spectra of 45, 35, 24, 15 and 0 wt.% aqueous pyruvic acid 

solutions in carbon tetrachloride, at 20°C, obtained in this chapter. 

To aid and support assignments of our mid- and near-infrared spectra we conducted a 

hydration investigation of pyruvic acid in aqueous phase via 13C NMR and performed theoretical 

calculations of the structures and fundamental vibrational mode frequencies for pyruvic acid, 

2,2-dihydroxypropanoic acid and their  
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Figure 4.2 Observed mid-infrared absorption spectra of aqueous pyruvic acid solutions in the 
carbon tetrachloride layer are shown as a function of weight percent, at 0.25 cm-1 resolution from 
2800 to 4000 cm-1. Tte- and Cte-CH3COCOOH and E1 conformers of pyruvic acid are also 
present, but unmarked and spectra have been offset for clarity.   

corresponding monohydrates of the most stable conformers.  The 13C NMR spectra of aqueous 

pyruvic acid solutions, shown in Figure 4.3, indicate that at high water/pyruvic acid ratios new 

spectral features appear attributed to the presence of 2,2-dihydroxypropanoic acid.  Vibrational 

peak assignments of the infrared spectra along with AO method calculated OH-stretching 

transitions are presented in Table 4.1.   

The ability of pyruvic acid to hydrate its carbonyl group in the presence of water to form 

2,2-dihydroxypropanoic acid and the distinct spectroscopic signatures of these two OH 

chromophores allows  to investigate the extent of the water-mediated hydration.  In aqueous 

solution, these acids could hydrolyze to give H3O+, CH3COCOO- and CH3C(OH)2COO- ions; 

however, these species were not observed  
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Figure 4.3 13C NMR spectra of aqueous pyruvic acid solutions are shown as a function of weight 
percent.  Spectra have been offset for clarity.  The features due to 2,2-dihyroxyporpanoic acid 
conformers have been indicated with green boxes.  
 

in this experiment.  The spectra shown in Figure 4.2, indicate that molecular pyruvic and 2,2-

dihydroxypropanoic acids and their hydrates are the primary constituents in this water-restricted 

environment.  The spectral features at 3429 cm-1, 3561 cm-1 and 3514 cm-1 are attributed to the 

OH-stretches of the four molecular pyruvic acid conformers Tce, Tte, Cte and E1, respectively, 
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with the most stable Tce-pyruvic acid conformer appearing with the highest intensity as expected. 

The peak at 3561 cm-1 is comprised of overlapped transitions for the Tte- and Cte-pyruvic acid 

conformers. Our observations of the OH-stretches of molecular Tce-, Tte-, Cte- and E1-pyruvic 

acid conformers in a carbon tetrachloride matrix are in excellent agreement with previous work 

in the same environment by Raczyńska, E. D. et al.[11, 73], which reported these features at 

3430 cm-1, 3563 cm-1 and 3516 cm-1 respectively.  The OH-stretch of molecular Tce- and Tte-

pyruvic acid has been observed in the gas-phase at 3467 cm-1 and 3579 cm-1, respectively.[12]  

The peaks at 3616 cm-1 and 3708 cm-1 are assigned to the symmetric and antisymmetric OH-

stretch of molecular water, respectively.  Previous work by Kuo et al.[19] has observed the 

symmetric and antisymmetric OH-stretch of H2O in a carbon tetrachloride matrix at 3617 cm-1 

and 3708 cm-1, respectively, and we follow their assignments for water.   

At high water/pyruvic acid ratios, several new spectral features are observed.  A new 

peak appears at 3634 cm-1 and a broad spectrum develops between 2800 cm-1 and 3100 cm-1. We 

assign the peak at 3634 cm-1 to overlapping free OH-stretching transitions of Tce-2,2-

dihydroxypropanoic acid and its monohydrate.  This assignment was aided by our theoretical 

calculations given in Table 4.1. Intermolecular hydrogen bonding is expected to produce a 

significant red-shift of the OH-stretching transitions in the complex.[12, 14, 59, 71, 73, 80-83]  

Therefore, we can assign the broad spectrum in the infrared between 2800 cm-1 and 3100 cm-1 to 

Tce- and Tte-pyruvic monohydrates (Tce- and Tte-CH3COCOOH•H2O) and Tce-2,2-

dihydroxypropanoic acid monohydrate (Tce-CH3C(OH)2COOH•H2O).  We performed 

theoretical calculations to obtain structures of monohydrate clusters of Tce- and Tte-pyruvic and 

Tce-2,2-dihyroxypropanoic acids, as shown in Figure 4.1, as well as their fundamental OH peak 

positions, to get a firm assignment of the broad spectral feature.  The monohydrate formation 
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leads to an increase in the acid OH bond length of Tce- and Tte-pyruvic and Tce-2,2-

dihydroxypropanoic acids.  By comparing the values reported in Figure 4.1 we see a small 

increase in OH bond length of 13 mÅ, 22 mÅ and 17 mÅ for Tce- and Tte-pyruvic and Tce-2,2-

dihydroxypropanoic acids, respectively.  The elongation of the OH bond length of the acid OH 

of Tce- and Tte-pyruvic and Tce-2,2-dihydroxypropanoic acid monohydrates is a characteristic of 

molecules complexed to water and is indicative of intermolecular hydrogen bonding.  The most 

defined peaks centered at 2887 cm-1, 2929 cm-1 and 2975 cm-1 are assigned to Tte-

CH3COCOOH•H2O, Tce-CH3C(OH)2COOH•H2O and Tce-CH3COCOOH•H2O respectively.  

These assignments were aided by the calculated vibrational frequencies for these monohydrates 

shown in Table 4.1.  The noticeable difference between calculated and observed calculated 

frequencies is due to a matrix shift as well as the limited ability of theory to accurately predict 

intermolecular hydrogen bonded OH vibrations.  In the fundamental region, the red-shift of the 

acid OH of Tte-CH3COCOOH•H2O, Tce-CH3C(OH)2COOH•H2O and Tce-CH3COCOOH•H2O 

was observed to be 674 cm-1 (3561 cm-1 to 2887 cm-1),  500 cm-1 (3429 cm-1 to 2929 cm-1) and  

518 cm-1 (3429 cm-1 to 2975 cm-1), respectively. The theoretically predicted red-shifts of the acid 

OH-stretching transitions calculated in this study are expected to be 749 cm-1 for Tte-

CH3COCOOH•H2O, 659 cm-1 for Tce-CH3C(OH)2COOH•H2O and 518 cm-1 for Tce-

CH3COCOOH•H2O, in agreement with the experimental results. 

 
4.3.2 Characterization of Vibrational Spectra in the Near-Infrared 
 

We have extended our characterization of pyruvic acid, 2,2-dihydroxypropanoic acid and 

their corresponding monohydrates from the mid-infrared to the vibrational overtone (near 

infrared) region.  Figure 4.4 shows a 0.25 cm-1 resolution near-infrared absorption spectra of the 



 64 

carbon tetrachloride layer of 98, 45, 24, 15 and 0 wt.% pyruvic acid aqueous solutions form 6400 

cm-1 to 7500 cm-1.  This spectral region is dominated by transitions due to overtones of the 

fundamental normal modes of water, pyruvic and 2,2-dihydroxypropanoic acids.  The most 

prominent features observed in the vibrational overtone region are the peaks at 6632 cm-1, 6872 

cm-1, 7227 cm-1 and a collection of broad peaks between 7000 cm-1 – 7500 cm-1, as shown in 

Figure 4.4, which are assigned to 2n1 OH-stretch of molecular Tce- and Tte-CH3COCOOH and 

to 2nOH and the combination band n1+n3 of molecular H2O, respectively.  We assign the peak at 

7088 cm-1, which appears at high water/pyruvic acid ratios, to overlapping free OH-stretching 

transitions of Tce-2,2-hydroxypropanoic acid and its monohydrate, this assignment is supported 

by our calculated frequencies, as shown in Table 4.1. 

The effect of intermolecular hydrogen bonding due the formation of Tce-pyruvic and 

Tce-2,2-dihydroxypropanoic acid monohydrates can be clearly observed by a slight 37 cm-1 

(7120 cm-1 to 7083 cm-1) red-shift of the 2nOH OH-stretch of water in the vibrational overtone 

region, as shown Figure 4.4.   The slight red-shift of the  
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Figure 4.4  Observed near-infrared absorption spectra of aqueous pyruvic acid solutions in the 
carbon tetrachloride layer are shown as a function of weight percent, at 0.25 cm-1 resolution from 
6400 to 7500 cm-1. The peak at 7088cm-1 is assigned to υ = 2 of the free OH stretching transition 
in the Tce-CH3C(OH)2COOH and Tce-CH3C(OH)2COOH•H2O complex. Spectra have been 
offset for clarity.   

acceptor OH of H2O and the appearance of small shoulders centered at 7116 cm-1 are attributed 

to the presence of the Tce-pyruvic and Tce-2,2-dihydroxypropanoic acid hydrates.  The red-shift 

of the OH overtone stretching transitions of water are consistent with what has been observed 

experimentally[20] and predicted theoretically[70] with the nitric acid-water monohydrate. 

4.3.3.1.Water Mediated Hydration between Pyruvic and 2-2-dihydroxypropanoic Acids  
 

Our spectroscopic results, as shown in Figures 4.2 and 4.3, allowed for qualitative 

observation and characterization of molecular Tce-, Tte- Cte- and E1-pyruvic and Tce-2,2-

dihydroxypropanoic acids and Tce- and Tte-pyruvic and Tce-2,2-dihydroxypropanoic acid 

monohydrates within a water-restricted environment at ambient temperatures.  In order to 

quantify the extent of the hydration of pyruvic acid to 2,2-dihydroxypropanoic acid, the 

concentrations of Tce-pyruvic acid and Tce-2,2-dihydroxypropanoic acid were required and were 
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determined by taking the ratio of the integrated area of the acid OH-stretching transition with the 

corresponding theoretical oscillator strength, shown by Eq. 1.  Where OHx represents the acid 

OH for Tce-pyruvic acid or the free OH for Tce-2,2-dihydroxypropanoic.  The integrated areas of 

each OH-acid and free OH-stretching transitions were determined by fitting each spectrum in the 

appropriate region with Gaussian fits via IGOR Pro Version 6.02A, as shown in Figure 4.5.   

 

AreaOHx
!!1

!!2

! d !!

l " NAe
2

4"0mec
2 ln10

fOHx

= [CH3COCOOH] or [CH3C(OH)2COOH]  

 

(1) 

 

Due to the overlapping OH-stretching transitions of the free OH on Tce-2,2-dihyrdoxypropanoic 

acid and its monohydrate it was not possible to separate and determine their individual 

concentrations.  Therefore the total geminal diol concentration was determined by taking the 

ratio of the integrated area of the free OH-stretching transition with the average of the theoretical 

oscillator strengths for Tce-2,2-dihyrdoxypropanoic acid and its monohydrate using Eq. 1.  The 

integrated areas of the OH-stretching transitions, the theoretical oscillator strengths and the 

concentrations for both acids are summarized in Table 4.2. 
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Figure 4.5 Observed mid-infrared absorption spectra, shown in black, of 1.0 µL (16 wt.%) 
pyruvic acid in carbon tetrachloride saturated with Nanopure water solutions, at 1 cm-1 resolution 
(a) from 2800 cm-1 to 3100 cm-1 and (b) from 3300 cm-1 to 4000 cm-1. The pyruvic acid 
molecular and water complex peaks are indicated in red, the resolvable water peaks are in blue 
and the features due to 2,2-dihydroxyproponoic acid and water complex peaks are in green.  The 
resonance centered at 3018 cm-1 is an impurity. 
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Table 4.2 The integrated area of OH-stretching transitions, the calculated oscillator strengths and 
the determined concentrations of Tce-pyruvic acid and Tce-2,2-dihydroxypropanoic acid and its 
corresponding water complex are shown here. 

Pyruvic acid wt.% Tce-
CH3COCOOH 

Tce- 
CH3C(OH)2COOH 

Tce- 
CH3C(OH)2COOH 

⋅H2O 

Area* 

15 7.22689 0.860297 
24 15.9396 0.508982 
35 33.4019 0.206982 
45 49.2495 0.115478 

Oscillator Strength 
f01** 2.09 × 10-5 

5.75 × 10-6 8.56 × 10-6 
7.16 × 10-6 

Concentration, 
M* 

15 2.14 × 10-5 2.04 × 10-5 
24 4.71 × 10-4 1.21 × 10-5 
35 9.87 × 10-4 4.92 × 10-6 
45 1.46 × 10-3 8.50 × 10-6 

* Due to the overlapping OH-stretching transitions of the free OH on Tce-2,2-
dihyrdoxypropanoic acid and its monohydrate, the integrated area was obtained and 
concentration of the geminal diol was determined.  ** In order to determine the total geminal 
diol concentration the average oscillator strengths of the free OH on Tce-2,2-dihydroxypropanoic 
acid and its monohydrate were used.  

 

The extent of the hydration of pyruvic acid to 2,2-dihydroxypropanoic acid is denoted by 

Q and is given by Eq. 2.  The Q determined for the 45, 35, 24, and 15 

 

! 

Q =
[CH3C(OH)2COOH]
[CH3COCOOH]

 (2) 

 

wt.% aqueous pyruvic acid solutions in carbon tetrachloride are 2.3 × 10-3, 6.2 × 10-3, 3.2× 10-2,  

and 1.2 × 10-1, respectively.  We note that this analysis depends on the accuracy of the calculated 

relative fundamental intensities of the two peaks.  Previous studies have shown that B3LYP 

intensities give results within a factor of two of the experimental values.  On the other hand, 

when relative intensities are considered, this discrepancy is much smaller, and we have 
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previously compared the B3LYP intensity ratios for the two conformers of pyruvic acid with 

CCSD(T) results and saw that it was off by less than 10%.  Therefore, we believe that the above 

Q values are accurate only to the two digits that are reported.  The dependence of Q on the water 

concentration suggests that water and water complexes play an important role in the hydration of 

pyruvic acid to 2,2-dihydroxypropanoic acid.  The relative population of 2,2-dihydroxypropanoic 

acid is much grater than what is expected from the consideration of one water molecule and we 

believe that larger water clusters promote the hydration process.  The importance of including 

water complexes in order to account for the observed water dependence in other hydration 

studies has been stated by Plath, et al.[14] and Axson, et al.[15] in the observation of the geminal 

diols of glyoxylic acid and methylglyoxal in the gas-phase, respectively.  The work by 

Gandour,[79] and Wolfe, et al.,[80] have proposed that the hydration of a carbonyl group 

proceeds in aqueous solution via a cyclic transition state containing two or three water 

molecules.[80]  They suggest the formation of a cyclic six- or eight-membered reaction complex, 

with two or three protons moving more or less synchronously in the transition state.  The 

formation of a cyclic reaction complex to lower the barrier for the similar hydration reaction of 

fluoromethanol was also shown by K. Takahashi, et al.[24] 

4.4 Summary 
 

The vibrational spectra of Tce-, Tte-, Cte- and E1-pyruvic acid conformers as well as Tce- 

and Tte-2,2-dihydroxypropanoic acid and their monohydrates are reported here at ambient 

temperatures in a water restricted environment.  With this method, we were able to make the first 

spectroscopic observation of 2,2-dihydroxypropanoic acid and monohydrates of Tce- and Tte-

pyruvic and Tce-2,2-dihydroxypropanoic acids in the mid- and near-infrared.  The results from 
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this study show that at ambient conditions in this water-restricted environment, pyruvic acid will 

undergo hydration to form 2,2-dihydroxypropanoic acid. 

This investigation of the equilibrium between pyruvic and 2,2-dihydroxypropanoic acids 

showed that in order to explain the experimentally observed large concentration of 2,2-

dihydroxypropanoic acid it was necessary to incorporate intermolecular hydrogen-bonded water 

complexes in the reaction mechanism.  Our findings shows that the hydration equilibrium of 

pyruvic acid to 2,2-dihydroxypropanoic acid is dependent on the water concentration, supporting 

previous work[79, 80] suggesting that the hydration of a carbonyl group in aqueous solution 

proceeds via a cyclic transition state containing two to four water molecules.   

We conclude that significant concentration of the geminal diol of pyruvic acid may form 

in water-restricted situations typical in environmental chemistry. 2,2-Dihydroxypropanoic acid 

has different chemical and physical properties than pyruvic acid.  These results imply the 

importance of relative humidity on the partitioning between gas and particle phase. [30, 31, 81]  

Hydration of the carbonyl group will have important consequences to the photochemistry of 

pyruvic acid and other aldehydes and ketones in the atmosphere. 
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Chapter V:  Gas-Phase Mediated Equilibrium Between Formaldehyde and Methanediol 
 
 
 
 

5.1 Introduction 
 

Formaldehyde is known to be the photochemical oxidation product of methane and non-

methane volatile organic compounds (NMVOCs) in ambient air.  It is one of the most abundant 

carbonyl compounds[1] and the smallest member of the aldehyde family.  The hydration of 

formaldehyde to methanediol has been studied extensively in bulk aqueous media.[2-10]  While 

hydration is well known in aqueous solutions where it proceeds by acid catalysis, this chemistry 

was not expected in gas-phase due to the common belief that there is insufficient water present to 

favor hydration.  Our observation of methanediol in this work, through the hydration of 

formaldehyde in the gas-phase at low water concentrations contradicts this belief.  Similar results 

were obtained for gas-phase hydration of glyoxylic acid[11] and methylglyoxal,[12] and  in the 

hydration of pyruvic acid in a carbon tetrachloride matrix in an environment of low water 

concentration.[13]  The products of this chemistry, the geminal diol, has different the physical 

and chemical properties than the aldehyde.  These results might explain the variability between 

field measurements of oxidized organic molecules, such as formaldehyde, and atmospheric 

models.[14-19]   

This study investigates the hydration of formaldehyde at low water concentrations in the 

gas-phase at ambient temperatures using a combination of Fourier transform spectroscopy (FTS) 

and theory.  Characterization of formaldehyde, methanediol, and their water clusters provided in 

this work allowed for the determination of the water mediated gas-phase equilibrium between 
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formaldehyde and methanediol.  The equilibrium constant, Kp, for Reaction 1 (R1) is calculated 

using spectrsocopically determined concentrations of formaldehyde, methanediol, and water.  

This investigation shows the gas-phase hydration of formaldehyde occurs under relatively dry 

environmental conditions and is water mediated.   

H2CO + H2O ßà H2C(OH)2 R1 

 

5.2 Experimental 

5.2.1 Materials and Sample Preparation 
 

All materials were purchased from Sigma-Aldrich Chemical Co., Inc.  Formaldehyde was 

prepared by heating paraformadehyde (Aldrich, 95%, prills) to 110 °C, trapping the vapor at 

liquid N2 temperature, then distilling the formaldehyde from a dry ice trap into a pressure 

controlled spectroscopic glass cell, as adapted from Khoshkhoo, H. et al.[20]  Methanediol was 

prepared in situ, by first introducing formaldehyde into a pressure controlled spectroscopic glass 

cell, then opening the cell to the room atmosphere until the internal pressure of the cell was equal 

to the room pressure. The spectroscopic glass cell used in these experiments had a path length of 

62.23 cm and was fitted with KRS-5 windows.  The initial internal pressure of the spectroscopic 

glass cell was approximately 15 mTorr. 

 

5.2.2 Spectroscopic Studies 
 

The infrared absorption spectra of formaldehyde and methanediol were measured at room 

temperature in the mid-infrared with a commercial Fourier Transform Spectrometer (FTS) in a 

glass static cell.  A Bruker TENSOR 27 (mercury cadmium telluride (MCT) detector and 

resolution of 1 cm-1) was used from 600 cm-1 – 4000 cm-1. 
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5.2.3 Theoretical Calculation 
 

The structures of formaldehyde, methanediol, and the monohydrate methanediol complex 

were optimized and normal mode frequencies were determined for each compound at the 

B3LYP/6-311++G(3df,3pd)[21-26] level of theory using the Gaussian03[26] quantum chemistry 

package. Single point calculations were used to generate a one dimensional potential energy 

surface for the OH chromophores and their local mode vibrational frequencies were subsequently 

determined using the harmonically coupled anharmonic oscillator method.  The detail of the 

harmonically coupled anharmonic oscillator (HCAO) method is described elsewhere.[27, 28] 

The potential energy curves with respect to the OH-stretching coordinate used for the local mode 

vibrational calculation, were obtained by displacing the OH bond length by ±0.2 Å from 

equilibrium in steps of 0.05 Å while keeping all other structural parameters fixed at their 

equilibrium values. The points were fit to a Morse potential and the local-mode OH-stretching 

frequency was determined from the second-, third-, and fourth-order derivatives of the potential 

energy curve according to the procedure given by Kjaergaard[27] and Howard et al.[29] Peak 

assignments along with AO method calculated frequencies are presented in Table 5.1. 
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Table 5.1 Experimentally Observed and Calculated formaldehyde (H2CO), methanediol 
(H2C(OH)2), and methanediol-water complex (H2C(OH)2�H2O) Resonances and Assignment of 
Observed Peaks from 1350 cm-1 to 3700 cm-1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

a Experimentally observed or calculated transitions presented in this work.  HCAO local-mode 
model was used to obtain calculated OH-stretching transitions. 
b  Khoshkhoo, H., et al.[20] 
 
 The oscillator strengths of each OH-stretching transition have been calculated within the 

HCAO local mode model with local mode parameters that were determined with an ab initio 

calculated dipole moment function as described by Low, G. R., et al.[30] 

vibrational mode calculated 
frequency (cm-1) 

experimentally 
observed 

frequency (cm-1) 
H2CO    

n1 2886 2800a, 2797.1b 
n 2 1821 1745a, 1742.0b 
2n 2  3471a 
n3 1531 1501a, 1498.8b 
n 4 2944 2800a, 2863.0b 
n 6 1201, 1265 1165 a, 1167.3b 

H2C(OH)2 
  

n 1 3033 2926a 
n 2 1369 1476a 
n 3 1444 1238a 
n 4 3081 2979a 
n 5 1035 934a 
n 6 1050 934a 

n OH free 3640a  
H2C(OH)2�H2O   

n 1 3041 2926a 
n 2 1370 1238a 
n 3 1083 1094a 
n 4 3092 2979a 
n 5 1023 1003a 
n 6 985 914a 
n 7 701 634a 

n OH free   
n OH bonding  3100-3400a 
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 The calculated transition state theory (TST)[31] rate constants for the hydration of 

formaldehyde and the calculated equilibrium constants for the hydrated formaldehyde cluster 

evaporation reactions required the optimized geometries, energies, and vibrational frequencies of 

water, the hydrated formaldehyde clusters, H2CO�(H2O)n for n = 0, 1, 2, 3, and 4, and the 

associated hydration transition states.  These quantities were computed at the B3LYP/6-

31+G(d,p)[21-23, 25, 32-34] level of theory.  Where the n=3 and n=4 hydrated formaldehyde 

clusters had more than one stable conformation, only the most stable cluster was included in the 

calculation for the rate constant and the equilibrium constants and exclusion of the less stable 

cluster geometries is not expected to dramatically affect the results.  The most stable cluster 

conformations corresponded to 8 and 10 membered “rings” and were connected via the 

minimum energy path through the “ring” transition states to the corresponding most stable, 

“ring”, methanediol hydrated clusters. The formaldehyde clusters used are shown in Figure 5.1. 

5.3 Results and Discussion 
 

The theoretical calculations performed and shown in this section were performed and 

analyzed by Zeb C. Kramer. 

5.3.1 Characterization of Vibrational Spectra in the Mid-Infrared 
 

The optimized structure of formaldehyde is shown in Figure 5.2.  The two stable 

methanediol conformations are trans- and tilt-methanediol, the B3LYP/6-311++G(3df,3pd) 

optimized structure of the trans conformer is shown in Figure 5.2. In this work we only 

considered the trans-methanediol conformation as we expect it to be the dominant conformer at 

room temperature. 

Figure 5.3A contains the fundamental vibrational mid-infrared spectrum of formaldehyde 

at room temperature.  Our calculated frequencies and literature  
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Figure 5.1 The most stable equilibrium hydrated formaldehyde clusters and their corresponding 
hydration transition states and methanediol products calculated at the B3LYP/6-31+G(d,p) level 
of theory. 
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(b) 
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Figure 5.2 The B3LYP/6-311++G(3df,3pd) optimized structures of (a) formaldehyde, (b) trans-
methanediol and (c) trans-methanediol monohydrate. 

 
values[20] were used to assist in the assignment of the spectral features of formaldehyde.  The 

spectral features at 1165 cm-1 and 1501 cm-1 are attributed to the wagging, ν6, and scissoring, ν3, 

vibrations of CH2 in formaldehyde, respectively.  The C=O stretching transition, ν2, of 

formaldehyde has been assigned to the spectral feature at 1745 cm-1.  The congested spectral 

feature centered at 2800 cm-1 is comprised of overlapped symmetric, ν1, and antisymmetric, ν4, 

stretching transitions of CH2 in formaldehyde.  Our observation of the vibrational modes of 

formaldehyde are in excellent agreement with previous work by Khoshkhoo, H., et al.[20]  We 

attribute the spectral feature at 3471 cm-1 to the first overtone of the C=O stretching transition, 

2ν2.  These assignments as well as the calculated frequencies are summarized in Table 5.1. 

Upon the addition of water to formaldehyde in the gas-phase at room temperature  several 

new spectral features are observed, as shown in Figure 5.3B.
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Figure 5.3 Observed mid-infrared absorption spectra of gas-phase (A) formaldehyde and (B) 
formaldehyde, methanediol and water mixture, at 1 cm-1 resolution form 600 cm-1 to 3700 cm-1.  
The spectral features assigned to formaldehyde, methanediol and methanediol hydrate are 
labeled in black, green ,and blue, respectively 

New peaks appear between 600 cm-1 and 1300cm-1, the congested spectral feature centered at 

2800 cm-1 is enhanced between 2900 cm-1 and 3000 cm-1 and a broad spectrum develops 

between 3100 cm-1 and 3400 cm-1.  Based on our calculated frequencies of methanediol and the 

methanediol water-complex we assign the peak centered at 934 cm-1 to the symmetric, ν5, and 

anti-symmetric, ν6, C–O stretching transitions in molecular methanediol.  The peak at 1238 cm-1 

we assign to the CH2 rock and free OH symmetric wag, ν3, in methanediol.  The peak centered at 

1476 cm-1 we attribute to the CH2 and free OH symmetric wag, ν2, in methanediol.  The 

enhancement of the congested spectral feature between 2900 cm-1 to 3000 cm-1 we assign to the 

CH2 symmetric, ν1, and anti-symmetric, ν4, stretch of both methanediol and methanediol water-

complexes.  The peak at 634 cm-1 we associate with the OH wag, ν7, of the bonding OH in 
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methanediol water-complexes.  The peaks centered at 914 cm-1 and 1094 cm-1 we assign to the 

free, ν6, and bonding, ν3, C–O stretch in the methanediol water-complex.  We assign the peaks 

centered at 1003 cm-1 and 1238 cm-1 to the CH2 rock and free OH symmetric, ν5, and anti-

symmetric, ν2, wag in the methanediol water-complex.  The broad spectrum between 3100 cm-1 

and 3400 cm-1 we assign to the bonding OH stretching transition, νOH bonding, in methanediol 

water-complexes.  Our assignment of all the spectral features were determined with our 

calculated vibrational frequencies of methanediol and methanediol water-complex as shown in 

Table 5.1.  This work provides the first IR spectrum of methanediol and methanediol water 

complexes at room temperature. 

5.3.2 Determination of Water, Formaldehyde, and Methanediol Concentrations 
 

The spectroscopic characterization of the vibrational spectra in the mid-infrared allowed 

us to quantify the amount of water, formaldehyde, and methanediol present in each spectrum as 

shown below. 

5.3.3 Partial Pressure of Water 
 

Experimentally observed spectroscopic water lines were compared with high-resolution 

transmission molecular absorption database (HITRAN) water lines and line strengths to 

determine the partial pressure of water, as summarized in Table 5.2.  Two water lines at 1918 

cm-1 and 3920 cm-1 were isolated and analyzed.  The H2O number density (N/v) was determined 

via Equation 1: 

 

 (1) 

 

! 

N
v

=
Abs.

L "#H2O
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The path length of the spectroscopic glass cell, L, was 62.23 cm and  (cm molecule-1) is the 

HITRAN line strength for each water line.  The partial pressure of water, pH2O, was determined 

using the average N/v from the two water lines and then using the ideal gas law to convert to the 

vapor pressure of water. 

Table 5.2 Partial Pressure of Water 

Experiment int abs 1918 cm-1 int abs 3920 cm-1 Avg N/v, molecule cm-3 pH2O, atm 
1 0.02264 0.02356 1.3 × 1016 5.4 × 10-4 

2 0.02308 0.01732 1.2 × 1016 4.7 × 10-4 
3 0.02415 0.02381 1.4 × 1016 5.6 × 10-4 
4 0.01427 0.00728 6.2 × 1015 2.5 × 10-4 

 
Partial pressures, pH2O, of water determined from experimental spectra and HITRAN.  Integrated 
absorbance (int abs) for each experimental water lines were used.  Water lines 1918 cm-1 and 
3920 cm-1 had the following cross-sections: 2.93 × 1020 and 2.61 × 1020 cm moleculue-1.[45] 
 

5.3.4 Partial Pressure of Formaldehyde 
 

The partial pressure of formaldehyde, pH2CO, for each experiment was determined 

spectrsocopically using the integrated absorbance of the formaldehyde C=O stretch, 2v2, from 

3466 cm-1 to 3473 cm-1 and a cross-section of 8.29 × 10-20 cm molecule-1, derived from the 

experimentally determined cross-section for the formaldehyde C=O stretch, v2, by Klotz, B. et 

al.,[35] as summarized in Table 5.3.  The formaldehyde N/v was determined using Equation 1 

and the pH2CO was obtained using the ideal gas law.   

 

Table 5.3 Partial Pressure of Formaldehyde 

Experiment int abs, cm-1 Avg N/v, molecule cm-3 pH2CO, atm 
1 1.77 1.49 × 1017 5.95 × 10-3 

2 1.79 1.51 × 1017 6.03 × 10-3 
3 1.81 1.52 × 1017 6.09 × 10-3 
4 1.66 1.40 × 1017 5.58 × 10-3 

 

! 

"H2O
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Partial pressures of formaldehyde, pH2CO, determined from experimental spectra.  Integrated 
absorbance (int abs) for the formaldehyde C=O stretch, 2v2, at 3471 cm-1 was used. The 
experimentally derived σC=O of 8.29 × 1020 cm molecule-1 was used. 

 

5.3.5 Partial Pressure of Methanediol 
 
 The partial pressure of methanediol, pH2C(OH)2, was determined spectrsocopically using 

the symmetric C–O stretch, ν5, at 914 cm-1 and a theoretically calculated methanediol cross-

section, , of 1.54 × 10-17 cm molecule-1.  The integrated absorbance along with the 

calculated cross-section was used in Equation 1 to determine the methanediol N/v and the 

pH2C(OH)2 was then obtained using the ideal gas law. The experimentally obtained partial 

pressures are shown in Table 5.4. 

 

Table 5.4 Partial Pressure of Methanediol 

Experiment int abs, cm-1 Avg N/v, molecule cm-3 pH2C(OH)2, atm 
1 2.05 9.25 × 1014 3.69 × 10-5 

2 1.69 7.62 × 1014 3.04 × 10-5 
3 1.82 8.21 × 1014 3.28 × 10-5 
4 0.93 4.20 × 1014 1.68 × 10-5 

 
Partial pressure of methanediol, pH2C(OH)2, determined from experimental spectra integrated 
absorbance (int abs) for the methanediol C–O stretch at  914 cm-1 was taken.  Theoretically 
calculated σC-O 1.54 × 10-17 cm molecule-1 is used. 
 
 
 
 

5.3.6 Water-Mediated Gas-Phase Equilibrium Constant 
 

In the gas phase equilibrium, the most abundant species will be free formaldehyde, free 

water, and free methanediol so that  the equilibrium constant, Kp, can be obtained from the 

partial pressures derived from our spectra using Eq. 2. 

 

! 

"H2C(OH)2
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 (2) 

 

The Kp mean value for the four experiments, as summarized in Table 5.5, 11.0 ± 1.1.  Due to the 

limitations of our experimental set-up the water concentration was not varied over a large range.  

Although, we were able to observe the formation of methanediol-water complexes in our spectra, 

as shown in Figure 3b, we were not able to quantify the partial pressure of complexes in our 

experiments.  The Gibbs energy (ΔG°) was calculated from KP using Eq. 3. 

 

 (3) 

 

Our mean experimentally determined ΔG°, are summarized in Table 5.5, -1.40 ± 0.06 kcal mol-1. 

 

Table 5.5 Experimental equilibrium constant and Gibbs energy. 

Experiment pH2O, atm pH2CO, atm  pH2C(OH)2, atm 
1 5.4 × 10-4 5.95 × 10-3 3.69 × 10-5 

2 4.7 × 10-4 6.03 × 10-3 3.04 × 10-5 
3 5.6 × 10-4 6.09 × 10-3 3.28 × 10-5 
4 2.5 × 10-4 5.58 × 10-3 1.68 × 10-5 

Experiment Kp ΔG°, kcal mol-1 
-1.42 
-1.39 
-1.32 
-1.46 

1 11.5 
2 10.8 
3 9.67 
4 12.2 

Experimentally determined gas-phase water-mediated equilibrium constant, Kp, values calculated 
using Eq. 3 for reaction R1 between formaldehyde and methanediol and the experimentally 
determined Gibbs energy, ΔG°, kcal mol-1, values calculated using Eq. 4.  Temperature was 
293.15 K.   Kp values have and error of ± 1.1 and , ΔG° values have an error of ± 0.06 kcal mol-1. 
 

! 

Kp =
pH2C(OH)2
pH2O " pH2CO

  

! 

"G! = #RT(lnKp )
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Previous investigations of the hydration of formaldehyde have been performed in the 

bulk aqueous media.[2-10]  These investigations determined the Gibbs energy for R1 to be -4.6 

kcal mol-1,[10] with an equilibrium constant of 2000, corresponding to more then 80% of the 

aqueous formaldehyde solution being methanediol. Our gas-phase determined Gibbs energy and 

equilibrium constant for R1 are significantly smaller, but are not unreasonable.  For comparison, 

methylglyoxal[12] was shown to hydrate to form its geminal diol counterpart in the gas-phase, 

with a ΔG° of -3.09 kcal mol-1.[12] Therefore, our experimental gas-phase determination of 

Gibbs energy change of -1.40 ± 0.06 kcal mol-1, R1, suggests the production of methanediol can 

proceed under very dry conditions (RH% < 5%).  This observation is in agreement with previous 

investigations of the hydration of the carbonyl group in the gas-phase of glyoxylic acid[11] and 

methylglyoxal[12]  and the hydration of pyruvic acid[13] in a carbon tetrachloride matrix with 

low water concentrations. Our investigation of the hydration of formaldehyde at higher water 

concentration have found that the spectral features are diminished due to water.  The high 

solubility if these diols in water is consistent with other systems in the literature.[36] 

 The presence of excess water molecules in R1 catalyzes the thermal hydration of 

formaldehyde by significantly lowering the energy of the transition state relative to the 

reactants.[37, 38]  Similar observations of “single molecule” catalysis was observed in the 

literature,[36, 39-41] in an investigation of water catalysis of acetaldehyde reaction with OH. 

This barrier lowering occurs via the formation of a hydrogen-bonded network manifested as a 6, 

8, or 10 membered ring.  The ring conformation properly orients the reactant complex for the 

reaction process and so reduces the steric strain and distance of the hydrogen transfer at the 

transition state.  The hydration reaction then proceeds as a concerted hydrogen transfer along the 

hydrogen bonded network as the water oxygen and formaldehyde carbon simultaneously form a 
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bond.  The dramatic effect of the presence of catalytic water can be seen from the transition state 

theory rate constants shown in Table 5.6 and Figure 5.4 at the ambient temperature of 298 K.  

There is essentially no reaction for the formaldehyde monohydrate complex at this temperature 

as a result of the high energy transition state.  The presence of one catalytic water in the 

formaldehyde dihydrate lowers the activation energy by over 16 kcal mol-1 and increases the 

calculated rate constant by more than 10 orders of magnitude.  Additional catalytic waters in the 

reaction complex lower the activation energy even further. For the three and four water hydrated 

clusters, the ring conformation is present not only at the 
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Table 5.6 Unimolecular Transition State Theory Rate Constants, Activation Energies, and Pre-
exponential Factors at 298 K for the Reaction H2CO�(H2O)nà H2C(OH)2�(H2O)n-1 

Reaction kTST, s-1 Ea, kcal mol-1 A, s-1 
n=1 8.81 × 10-18 37.95 1.28 × 1010 
n=2 8.16 × 10-6 21.23 2.18 × 109 
n=3 1.52 × 10-1 14.29 1.78 × 108 
n=4 3.99 × 102 8.54 1.91 × 107 

All calculations for the barrier energies, frequencies, and reactant and transition state geometries 
necessary to determine the TST rate constant were performed at the B3LYP/6-31+G(d,p) level of 
theory.  Although several different conformations exist for the equilibrium clusters 
H2CO�(H2O)n for n=3 and 4, we account only for those directly connected through the transition 
state via the minimum energy path to the most stable “ring” hydrated conformers of the 
methanediol clusters. 
 

 

 

Figure 5.4 The logarithm of the unimolecular formaldehyde hydration rate constant at 298 K is 
shown versus the number of water molecules in the hydrated formaldehyde reactant complex. 

waters in the reaction complex lower the activation energy even further. For the three and four 

water hydrated clusters, the ring conformation is present not only at the transition state but as a 

stable equilibrium point. The experimental study of Winkelman and coworkers report the 
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activation energy and the pre-exponential factor of the hydration of formaldehyde in an aqueous 

solution to be 5.8 kcal mol-1 and 2.04 × 105 s-1, respectively.[42] The results from Table 6 seem 

to imply a convergence to this solution phase limit as the number of waters in the formaldehyde 

cluster increases.  The theoretical calculations of Wolfe et al.[37] and the molecular dynamics 

simulations of Nielsen et al.[6] have led those authors to postulate that the hydration of 

formaldehyde in solution is preceded by the formation of three and four water reactant ring 

complexes.[42]  The rate constant calculations in this work, in agreement with Williams et 

al.[38] and Wolfe et al.[37], suggest that the gas phase hydration of formaldehyde must also be 

preceded by the complexation of at least two waters for any marked reaction to occur.  Likely the 

most significant reaction pathway at ambient temperatures proceeds through the complexation of 

at least three or more water molecules.  To summarize, in order for methanediol formation to 

occur in gas phase, the formaldehyde must first complex with two or more waters. 

 For given partial pressures of formaldehyde and water vapor, an equilibrium distribution 

of hydrated formaldehyde complexes will form.  The relevant calculated equilibrium constants 

for the formation of these complexes are shown in Table 5.7 for a temperature of 298 K.  The 

equilibrium constant for the evaporation of the monohydrate complex is large and implies that 

free formaldehyde and water is largely favored over the complex.  In fact, it is not until three or 

four waters have been added to the cluster, so the stable ring complex configurations may form, 

that the energy stabilization from the formation of hydrogen bonds begins to balance the loss of
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Table 5.7 Calculated Hydrated Formaldehyde Cluster Evaporation Pressure, Standard State 1 
atm,  Equilibrium Constants H2CO�(H2O)nà H2CO�(H2O)n-1 + H2O. 
 

Reaction Kp 
n=1 1.39 × 102 
n=2 3.96 × 101 
n=3 1.43 
n=4 1.60 × 101 

All energy, frequency, and geometry calculations necessary to compute the equilibrium constants 
were performed at the B3LYP/6-31+G(d,p) level of theory.  The n=3 and n=4 cluster geometries 
were chosen to be the most stable, “ring”, configurations found.  
 

entropy and an addition of a free water molecule to the complex is less unfavorable.  This result 

has a significant implication for the formation of methanediol.  In order to form a substantial 

amount of hydrated complexes necessary for the conversion to methanediol, the water and 

formaldehyde reactants must be present in considerable amounts to form complexes to proceed 

to form the diol.  In Figure 5.5, the percent of formaldehyde present in hydrated form at 

equilibrium at 298 K is plotted as the concentration of water is varied and clearly illustrates the 

necessity of a substantial water concentration to cause complexation.  The rate of

methanediol production is, therefore, expected to strongly depend upon the partial pressure of 

water and the formation of a significant amount of hydrated formaldehyde clusters is suggested 

to be a limiting step in the reaction. The presence of large amounts of water poses an 

experimental challenge in the detection of methanediol and its formation kinetics in the gas 

phase as absorption due to water and the hydrated complexes of methanediol and formaldehyde 

are difficult, if not impossible, to resolve.  Abundance of water essentially “washes out” the 

spectrum. Our observation of methanediol in the gas phase proves that the hydration of 

formaldehyde indeed occurs but further kinetic work will be necessary to validate any proposed 

mechanism. 
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Figure 5.5 The percent of 6.00 × 10-3 atm of gas phase formaldehyde found as a hydrated 
complex, H2CO�(H2O)n, in equilibrium and at temperature of 298 K is shown as the partial 
pressure of water is varied.  The curve was calculated from a complex equilibrium scheme using 
the theoretical equilibrium constants shown in Table 5.7 

 

5.4 Summary 
 

Formaldehyde is an important atmospheric compound that is formed in the 

photochemical oxidation of methane and other higher hydrocarbons of both natural and 

anthropogenic origins.  In this investigation, we obtained and assigned the gas-phase IR 

vibrational spectra of formaldehyde, trans-methanediol and trans-methanediol monohydrate, and 

observed that formaldehyde will undergo hydration to form methanediol at low relative humidity 

< 5%.  

The predominant atmospheric sinks for formaldehyde are UV photolysis, oxidation by 

OH, and dry and wet deposition.[43]  A major consequence of this gas-phase water-mediated 

chemistry is that the conversion of formaldehyde to methanediol will suppress the near-UV 

photochemistry due to absorbance of formaldehyde electronic states.   The two alcohol groups in 
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the diol provide an alternative photochemical pathway via overtone excitation of the OH 

chromophores of the methanediol.[58-60]  Red light initiated chemistry by excitation of the OH 

vibration overtones in the ground electronic state has been proposed to be significant for 

oxidized atmospheric species.[11, 44-57]  The OH chromophores of the diol have the ability to 

undergo red light initiated chemistry by excitation of the OH vibration overtones in the ground 

electronic state, which has been suggested for other oxidized atmospheric species[11, 44-57]  In 

addition, these results provide a insight into the discrepancies between  measurements of 

oxidized organic molecules in the field and in atmospheric models.[14-19] 

The gas-phase water-mediated equilibrium constant Kp was determined using the spectral 

features of formaldehyde, methanediol and water.  The observed Kp implies that the gas-phase 

formation of the diol is possible in the atmosphere at low water concentrations and therefore has 

the possibility to affect the gas-particle partitioning of formaldehyde and its ability to form 

secondary organic aerosols (SOA).  Results of field measurements and atmospheric models find 

that the formation pathways of SOA is highly speculative which leads to uncertainties in 

prediction of atmospheric models.[15, 17, 61]  Atmospheric models have shown that a 

significant SOA source is missing when comparing the model prediction to simultaneous field 

measurements of volatile organic compounds (VOCs) and aerosol particles.[14, 15, 17, 62, 63]  

The results of this work point to the role that methanediol could play in the formation of SOA, 

due to its lower vapor pressure and tendency to form intermolecular hydrogen bonds.   
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Chapter VI:  The Development of Assessment Tools to Determine Student Learning in 
Undergraduate Chemistry 
 
 
 
 
6.1 Motivation  
 
 The classroom discourse in university and college courses and laboratory classrooms has 

significantly changed over the last two decades.  At many institutions, traditional lectures and 

recitations have been supplemented or replaced by a variety of interactive engagement strategies, 

while traditional verification or "cookbook" laboratory exercises have been replaced with guided 

inquiry experiments. The goal of these transformations has been to place students at the center of 

learning.  A student-centered environment focuses on the delivery of material presented to 

students rather than just the content of the material.  The importance of this approach was 

highlighted in two reports from the American Association for the Advancement of Science 

(AAAS).[1, 2]  These studies concluded that listening alone is not sufficient for meaningful 

learning; instead students need to engage in discussions, write, and read as well as to reinforce 

their understanding through problem solving.[1, 2]  Based upon these observations about how 

students learn[3-9], a wide variety of science courses, ranging from the environmental sciences 

to physical chemistry, have incorporated student-centered environments.[10-16] 

 Along with these important transformations in science education comes a need for valid 

and reliable assessment tools, so as to ensure that the transformations are truly effective.  The 

work presented in this thesis focuses on assessment in two areas: the first-year chemistry 

laboratory and the upper-division physical chemistry lecture course.  
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6.2 Student Understanding of the Electrochemical Cell and the Salt Bridge 
 

For many years, laboratory exercises in lower-division science courses have 

predominantly followed the "verification" model. The goal of a verification lab is to demonstrate 

an established scientific principle - to show that some fact or relationship presented in lecture is 

true. Students are given a detailed procedure to follow, and are instructed to analyze their data 

using relationships that they have been given ahead of time. This approach to laboratory 

instruction has been heavily criticized, on multiple grounds. Observations of student discourse in 

the laboratory setting have shown that students are often so preoccupied with "getting through" 

the prescribed laboratory procedure that they devote little attention to what is actually going 

on.[3,4]  The emphasis upon verification of prescribed results means that the laboratory 

experience has little resemblance to an authentic research environment. Taken together this 

evidence suggests that traditional laboratory exercises do not appreciably help students to 

understand the underlying concepts, and do not contribute to student understanding of the 

scientific method   

The ineffectiveness of the traditional laboratory format has led educators to explore a 

variety of alternatives, which have been broadly described as "inquiry-based " or "discovery-

based" laboratory exercises. At one extreme - so-called "open inquiry" labs - students are 

expected not only to devise the procedures that they will use to answer particular research 

questions but also to create research questions that are appropriate for the concepts that they are 

studying.  In between the extremes of open inquiry and traditional verification labs fall a number 

of approaches that have been described as "structured inquiry" or "guided inquiry".  These 

approaches allow students to establish relationships among the variables through the analysis of 
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their own data, although students are still given some specific experimental directions.[17, 18] 

Education researchers have described the difficulties that are associated with teaching inquiry 

laboratory courses, and have provided suggestions about how to overcome such difficulties [17, 

18]. A primary focus of investigations concerning the adoption of guided-inquiry experiments 

has been linking student attitudes and achievements[19-24] as well as student perceptions of 

such experiments.[25] In contrast, less research has directly addressed the impact of the 

laboratory on student conceptual understanding.  

Over the past few years, the General Chemistry program at the University of Colorado 

has been engaged in a critical examination and revision of the general chemistry laboratory 

courses, The revisions have been incremental rather than radical, incorporating elements of 

guided inquiry within traditional exercises.  Up till now, however, no assessment tools have been 

developed to quantify the effect of these changes on student learning. 

In Chapter VII of this thesis we investigate the impact of an electrochemistry laboratory 

exercise on student understanding.  Electrochemistry was chosen based on an extensive literature 

that describes the difficulties that students have with the subject matter [26-31].  In the first 

phase of this project, free-response questionnaires were developed and administered to a sample 

of students. These pilot surveys showed that while most of our students could answer 

quantitative questions about the operation of an electrochemical cell, their conceptual 

understanding of the microscopic processes that occur within the cell was inconsistent and 

incomplete.  The student responses were then used to construct a laboratory post-test that was 

administered to a larger sample of students in Spring 2010 and again in Spring 2011. In between 

the two terms, the laboratory exercise was revised so as to better address the difficulties revealed 

by the pilot surveys.  After the revisions a substantial improvement on the post-test was found, 
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suggesting that the relatively modest changes to the laboratory procedure helped the students to 

develop a more consistent picture of the processes that occur within an electrochemical cell. 

 
6.3 Transforming Upper-Division Physical Chemistry Teaching Based on Education 
Research 
 

Quantum mechanics links many of the conceptual ideas to which students are introduced 

during their first years in college-level science education.  Student difficulties have been 

observed throughout quantum mechanics, at both the undergraduate[32-42]and graduate 

levels.[43] A major project in this area has recently been carried out in the Physics department at 

the University of Colorado. As a part of this project, interactive simulations [44, 45] and 

assessment tools[40, 46] been developed and used in undergraduate quantum physics courses. 

Physics and chemistry students typically have a different background in mathematics, as 

well as different problem-solving skills.  The insights developed in studies of physics students 

may not, therefore, be directly applicable to chemistry courses.  Recent work in chemical 

education has identified some of the reasons that chemistry students have difficulty with 

quantum mechanics.  Most chemistry students lack the fundamental physical concepts necessary 

to construct the advanced concepts that are central to a quantum mechanics applications,[47, 48], 

and they usually do not have the mathematical background that is expected.[49] As a result, the 

previously developed assessment tools need to be adapted, and new pedagogical tools need to be 

developed, to fit the specific needs of chemistry students. 

In this part of the thesis we have investigated the effects of new interactive teaching tools 

on student understanding in quantum mechanics.  We assessed student attitudes and beliefs about 

science using the Chem-CLASS (Colorado Learning Attitudes about Science Survey) 

instrument[50].  The Chem-CLASS consists of fifty statements to which students respond using 
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a five-point Likert scale. In addition, we adapted a quantum mechanics concept survey that was 

originally developed for an upper-division physics course for use in chemistry.  Both surveys 

were administered at the beginning and at the end of a second-semester Physical Chemistry 

course so that we could measure the incoming knowledge of students and the knowledge that 

was gained as a consequence of completing the course. 

 

6.4 Dissertation Overview Part B:  Chemical Education 
 

The work presented in this section of the dissertation consists of one chapter and two 

appendices.  Chapter VII describes the electrochemistry laboratory project.  Appendix C   

contains the supplementary material for Chapter VII, the pre- and post-electrochemistry pilot 

surveys, the electrochemistry post-test, and the voltaic cell laboratory exercises for the Spring 

2010 and 2011 semesters.  Appendix D outlines the quantum mechanics education project and 

provides the assessment surveys. 
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Chapter VII:  Student Understanding of the Electrochemical Cell and the Salt Bridge 
 
 
 
 
7.1 Introduction 
 

Laboratory experiments attempt to provide a hands-on environment for students that allows 

them to practice and apply the chemistry concepts presented in lecture.  However, the extent to 

which laboratory experiments actually contribute to students’ understanding is not clear.  The 

work presented here investigates the impact of laboratory exercise involving electrochemical 

cells on students’ understanding of the microscopic processes that occur within the 

electrochemical cell.  

Research in science education has shown that students express many misconceptions in 

their understanding of scientific phenomena.[1] Here we use the term “misconception” to 

describe a student’s expression of a “nonscientific idea” in reasoning about an observed 

scientific process.  Identifying and understanding the sources of student misconceptions is 

important in students’ learning science.  It has even been stated that student misconceptions 

characterize science learning.[2] Many studies have argued that in order for students to achieve 

meaningful learning, their misconceptions have to be supplemented with valid conceptions, 

otherwise new learning is distorted.  These conclusions are based upon common patterns of 

student difficulties that have been observed in physics,[4] biology,[5] and chemistry[6], at a wide 

variety of educational institutions extending across several continents. Since student 

misconceptions do not exist in isolation from the contexts in which they appear, identifying and 

measuring to what extent students’ learning is constrained or influenced by particular 
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misconceptions is difficult.  Deeply rooted misconceptions can be extraordinarily difficult to 

dislodge - many decades of experience have shown that merely correcting the students in a 

classroom or laboratory situation is insufficient. A more productive strategy is to design an 

environment within which students are forced to confront and resolve the inconsistencies in their 

reasoning on their own. 

 In this chapter, we describe an investigation of student conceptual understanding of 

electrochemistry in the context of a first-year general chemistry course at a large state-supported 

research university.  We chose to focus on elementary electrochemistry for two reasons.  First, 

there is a substantial body of research literature dealing with student difficulties in this area[7-

17]; second, the instructors in the general chemistry program at this University had suggested, 

based upon their own observations of students, that the laboratory procedure in this subject area 

needed to be improved. Previous investigations have identified a number of particular student 

difficulties in electrochemistry.[12-17] One prominent misconception found in both high school 

and college students is the idea that electrons flow through the salt bridge from the anode to the 

cathode to complete the circuit.[12, 17] More generally, the research shows that many students 

can solve conventional numerical problems in electrochemistry without being able to answer 

qualitative questions related to the same underlying concepts.[12]  

 Our study reproduces the observations of earlier investigations [12-17] For example, we 

found that many students were able to use standard reduction potentials in order to predict the 

direction of the chemical reaction, but were unable to develop a schematic of an electrochemical 

cell [9], and that many students were unable to describe the function of the salt bridge.  An 

analysis of the laboratory manual for this exercise revealed that relatively little attention was 

devoted to qualitative issues such as the role of the salt bridge. This led us to revise the 
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experimental procedure by incorporating questions and operations designed to stimulate critical 

thinking within the laboratory environment. The results of a laboratory post-test suggest that 

these changes have led to an improvement in conceptual understanding. 

 
7.2 Methodology 

7.2.1 General Outline of Project 

 This investigation is based on previously observed student difficulties regarding the 

qualitative interpretation of the microscopic processes within an electrochemical cell.  The 

investigation spanned two academic years.  The subjects involved in this study were studying 

electrochemistry in an introductory general chemistry freshmen level course at the University of 

Colorado, Boulder.  The investigation was conducted in four phases, as described below. 

 

(1) Identification of subject of study; Electrochemistry 

(2) Exploration of student difficulties and identification of misconceptions 

(3)  Instrument design and identification of the possible sources of the misunderstanding 

(4) Modification of laboratory experiment and collection of student responses 

7.2.2 The Laboratory Program 

Each general chemistry course at the University of Colorado, Boulder includes 4 credit 

hours of lecture and recitation and 1 credit hour of lab.  Although the students are required to 

enroll into the lecture, recitation, and lab sessions simultaneously, the three sections run 

independently of one another.  Course lecturers are involved with the teaching of lab, in order to 

present chemical concepts in lecture consistent to those covered in the laboratory experiments.  

Each term of the general chemistry laboratory course consists of either 9 or 12 verification or 

guided-inquiry laboratory experiments.  The students attend a 3 hour weekly lab session, which 
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contains 18 – 21 students per one graduate student teaching assistant (TA).  Lab sessions are 

scheduled at 1:00 -4:00 PM on Monday through Friday, at 9:00-12:00 AM on Tuesday and 

Thursday, and 6:00-9:00 PM on Tuesday evening. The TA introduces the laboratory experiment 

in a 15 – 30 minute lecture, which may include but is not limited to the background of the 

chemical concepts explored in the experiment and any relevant laboratory techniques to the 

students.  Prior to entering the lab the students are required to complete a pre-laboratory 

assignment, which may ask quantitative, qualitative, and/or procedural questions that apply to 

the particular experiment. 

7.2.3 Participants 

Study participants were students enrolled in general chemistry courses in the spring 

semesters of 2010 and 2011.  This study included 211 students, 106 students in the spring 

semester of 2010 and 105 students in the spring semester of 2011.  The course instructor and 

laboratory instructor was the same for each year, as were all of the student assignments aside 

from the laboratory itself. Furthermore, the time line for the course and the laboratory 

experiments was the same.  Table 7.1 presents the time line for the lecture and laboratory. 

 

Table 7.1 Electrochemistry time-line in the lecture and laboratory. 

Lecture and Laboratory Time-Line Week Number 
Electrochemistry Lecture 8 – 9 
Electrochemistry WebAssign (Homework Set) 9 
Laboratory Exercise 6 - Voltaic Electrochemical Cells 9 
Post Laboratory Exercise 6 Assignment Due 10 
Electrochemistry Questionnaire 10 
Exam II (Including electrochemistry) 10 
 

The Exam takes place on Thursday evening, after all but one of the laboratory sections have 

taken place. For this study, students were selected from the Monday-Thursday afternoon sections 
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and from Tuesday and Thursday morning sections. One section from each of these time periods 

was selected.  

7.2.4 Instrument 

The instrument used in this study consisted of a 7-item list of multiple-choice questions, 

shown in Figures 1a and 1b.  This questionnaire was constructed on the basis of responses to 

previous open response questionnaires on electrochemical cells, which identified misconceptions 

that the students in this course had.  The 7-item questionnaire was given after the post laboratory 

assignment for the Laboratory Exercise 6 – Voltaic Electrochemical Cells was turned in.  The 

students had one week to complete the post laboratory assignment after completing the exercise 

in the laboratory.  The 7-item questionnaire consisted of three parts.  Part 1 asked students to 

identify the events that take place at the salt bridge in a voltaic cell similar to one that the 

students explored in the laboratory exercise.  Part 2 asked student to identify the microscopic 

processes that the salt bridge allows; the results from this part are not included in this discussion 

due to the possible ambiguity of the question and answer choices.  Part 3 contained attitude 

questions. 

 
7.3 Results and Discussion 

7.3.1  Pilot Studies 

 The pilot studies consisted of a pair of open-response surveys, administered before and 

after the laboratory exercise, but after classroom instruction in electrochemistry. Each survey 

contains two questions, one qualitative and the other quantitative, both associated with a single 

concept.  In both of the surveys the qualitative question asks the student to schematically explain 

the microscopic phenomena at the anode and cathode, and at the ends of salt bridge in the anode 

and cathode half-cell compartments.  The quantitative question in the pre-lab survey asks the 
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student to calculate the standard cell potential for the voltaic cell, while the question in the post-

lab survey asks for the cell potential for a concentration cell.  The detailed pre- and post-lab 

surveys are included in Appendix C. 

 

7.3.1.1 Scoring Rubric 

 The pre- and post-lab surveys were scored using the rubric shown in Table 7.2. A rubric 

is used to score the pre- and post-surveys on a five-point scale.  A poor match between the 

student’s answer and an expert's response is denoted by a low numerical value, while a good 

match between the two answers is denoted by a high numerical value.  The rubric and scoring 

definitions have been adapted from the work of J. Barbera.[18] 

 

Table 7.2 Grading rubric used for detailed pre- and post-survey.* 

Rubric Score Criterion 

0 

 
Student has no idea or student response is totally incorrect or 
irrelevant as compared to the expert response on the central 

concept(s) 
 

1 

Student response includes some aspects of the expert response on 
the central concept(s) but major aspects of the expert response on 

the central concept(s) are missing or incorrect 
 

2 

Student response matches expert response on the central concept(s) 
but with one important aspect of the central concept(s) missing or 

incorrect. 
 

3 

Student response essentially matches expert response on the central 
concept(s) but some of the details concerning the central concept(s) 

are missing or incorrect. 
 

4 
Student response matches the expert response on the central 

concept(s). 
 

* Rubric and scoring definition have been adapted from the work by J. Barbera.[18]  
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7.3.1.2 Pre-lab Survey 
 

To gauge the incoming knowledge of students we administered a pre-lab survey.  

Students were given 10 minutes to complete this survey individually prior to starting the 

laboratory exercise.  This survey contained material that the students would perform in the 

laboratory exercise.  The laboratory exercise and pre-survey were tied to the course material.  

This allowed us to measure the students’ incoming knowledge after possibly completing 

homework problems, attending lectures and reading the textbook. 

 

Table 7.3 Pre-lab survey results.  69 students participated in total. 

Score Anode Cathode Salt-bridge 
anode 

Salt-bridge 
cathode 

Cell 
potential 

0 35 % 35 % 59 % 61 % 23 % 
1 9 % 10 % 25 % 23 % 3 % 
2 32 % 32 % 10 % 10 % 0 % 
3 20 % 20 % 4 % 4 % 0 % 
4 4 % 3 % 1 % 1 % 74 % 

 

 The pre-lab survey for electrochemistry assesses students’ incoming knowledge of the 

microscopic processes that take place within a voltaic cell.  A copy of the survey can be seen in 

Appendix C.  The first question shows a diagram of a voltaic cell and asks students to explain on 

a molecular level what is happening in each half-cell, at the salt bridge and anode/cathode metal 

ends and the metal wire connecting the anode and cathode, with as much detail as possible.  

Students are also asked to write out any chemical reactions, if they apply.  The second question 

on the survey asks student to calculate the standard cell potential for the above voltaic cell. 

 The results of the pre-lab survey are shown in Table 7.3.  Most (74%) of the students 

were able to correctly calculate the standard cell potential, regardless if they were able to explain 

on a molecular level the events that occur within the voltaic cell.  The 23% of students that did 
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not correctly calculate the standard cell potential mostly switched that anode and cathode.  The 

3% of students that received a score of 1, had the anode and cathode correctly assigned, but 

reversed the sign of the standard cell potential.  Students in general were able to explain the 

events that occur at the anode and cathode ends in the half-cell compartments, as can be seen in 

Table 7.1.  Most students used a chemical reaction to explain the events.  However, many of 

these students had troubles in describing the microscopic processes that occurred at the salt 

bridge in either the anode or cathode half-cell compartment.  In agreement with previous 

observations, student responses showed the flow of electrons through the salt bridge, as shown in 

Figure 7.1. 

 

Figure 7.1 Students schematic description of the micro processes that occur within an 
electrochemical cell. 
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7.3.1.3 Post-lab Survey 

 To measure the effect that the voltaic cell laboratory exercise on student knowledge in 

regard to electrochemistry we administered a post-lab survey.  Students were given 10 minutes to 

complete this survey individually, prior to starting the next laboratory exercise.  This survey was 

given to students one week after completing the voltaic cell laboratory exercise and immediately 

after they turned in the post-laboratory assignment.  The survey contained material that students 

performed in the voltaic laboratory exercise.  The survey was tied to the course material. 

 

 

 

Table 7.4 Post-electrochemistry survey results.  63 students participated in total. 

Score Anode Cathode Salt-bridge 
anode 

Salt-bridge 
cathode 

Cell 
potential 

0 52 % 52 % 73 % 73 % 31 % 
1 8 % 8 % 11 % 11 % 0 % 
2 16 % 16 % 5 % 5 % 0 % 
3 11 % 11 % 2 % 2 % 0 % 
4 13 % 13 % 10 % 10 % 69 % 

 

 The post-lab survey for electrochemistry assesses students’ knowledge of the microscopic 

processes that take place within a voltaic cell after the completion of the voltaic cell laboratory 

exercise and post-laboratory assignment.  A copy of the survey can be seen in Appendix C.  The 

first question shows a diagram of a concentration voltaic cell and asks students to explain on a 

molecular level what is happening in each half-cell, at the salt bridge and anode/cathode metal 

ends and the metal wire connecting the anode and cathode, with as much detail as possible.  

Students are also asked to write out any chemical reactions, if they apply.  The second question 

on the survey asks student to calculate the cell potential for the above concentration voltaic cell. 
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The results of the survey are shown in Table 7.4.  In general there was no net gain in 

knowledge by students after completing the laboratory exercise and post-laboratory assignment.  

Consistent with the results of the pre-lab survey, 69% of students were able to correctly calculate 

the standard cell potential, irrespective of whether they were able to explain on a molecular level 

the events that occur within the voltaic cell. The remaining 31% of students were not able to set-

up the cell potential equation correctly.  Students' responses reflected the same understanding of 

the events that occur at the anode and cathode ends in the half-cell compartments, as can be seen 

in Table 7.1.  Most students used a chemical reaction to explain the events.  However, just as in 

the pre-lab survey many of these students had trouble describing the microscopic processes that 

occurred at the salt bridge in either the anode or cathode half-cell compartment. 

 

7.3.2 Electrochemistry Post-Lab test  

On the basis of our student observations and student responses to the pilot surveys, a 7 

item electrochemistry post-lab test was developed. The test focused on the microscopic processes 

that occur at the salt bridge in both the anode and cathode half-cell compartments, as shown in 

Appendix C.  It also included questions designed to measure student’ confidence concerning 

their understanding of the role of the salt-bridge in particular, and of electrochemistry in general.  

In the Spring 2010 semester of general chemistry, students took the test in order to confirm our 

previous observations of the pilot studies.  The laboratory exercise was also examined for 

possible sources of misunderstanding. In the analysis of the laboratory exercise we identified that 

the written procedure devoted little attention to developing a qualitative understanding of 

processes taking place at the salt bridge.  The procedure instructed students about how to 
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construct the salt bridge, but the students were not asked to explore its function or its role in the 

electrochemical cell. 

7.3.3 Modifications to the Voltaic Cell Laboratory Exercise 
 

In the fourth phase of our study modifications to the voltaic cell laboratory exercise were 

made.  The changes were centered on the salt bridge and its function.  Students were instructed 

to explore the behavior of an electrochemical cell with and without a salt bridge. In addition, 

they were asked to answer questions about its function, both during the laboratory period and as 

a part of their pre- and post-laboratory questions.  The voltaic cell laboratory exercise for Spring 

2010 and 2011 semesters can be seen in the Appendix C.  After the Spring 2011 students turned 

in their post laboratory assignment, they were then given the same 7-item lab post-test that was 

given to students in Spring 2010.  The total number and percentage of students in spring 2010 

and 2011 that identified the correct process that occurs at the anode and cathode half-cell of the 

electrochemical cell is summarized in Table 7.5.  In addition, Table 7.3 shows the total number 

and percentage of students in spring 2010 and 2011 that identified that electrons either enter or 

exit the salt bridge in the anode and cathode half-cell compartments of the electrochemical cell.  

We observed that the average percentage of students that identified electrons flowing through the 

salt bridge in Spring 2010 was 34% while in Spring 2011 the percentage of students was 23%.  

We believe that the decrease of 11% of students identifying the flow of electrons through the salt 

bridge between the semesters is a positive response to the changes made to the laboratory 

procedure.  Student responses also showed that they were making more sophisticated choices in 

the later semester.  In Spring 2010 only 18% of the students identified that while potassium ions 

(choice C) would be flowing out of the salt bridge into the cathode half-cell compartment, nitrate 

ions (choice B) would be flowing into the salt bridge.  In Spring 2011 27% of the students 
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identified this phenomenon.  Our observation of students making more educated choices was 

also reflected in the percentage of students making more than three choices in answering either 

the cathode or anode half-cell compartment question.  In 2010 

 

Table 7.5 Distribution of Results of the Electrochemistry Questions Regarding the Microscopic 
Processes that Occur at the Salt Bridge. 

Year Question G and H, % Only C, % Only  
B and C, % Only A, % Only 

A and L,% 

2010* 1 (cathode) 33, 31 % 66, 62 % 19, 18 %   
2 (anode) 35, 33 %   61, 58 % 7, 7% 

2011** 1 (cathode) 22, 21 % 65, 62 % 28, 27 %   
2 (anode) 23, 22 %   68, 65 % 10, 10% 

* 106 students participated in the 2010 spring semester.  ** 105 students participated in the 2011 
spring semester 
 

an average of 11% of the students selected more than three choices to answer question 1 and 2, 

while in the Spring 2011 semester an average of 6% of students selected more than three choices 

in answering the same questions.  We conjecture that students who were making more then three 

choices per questions were guessing rather than thinking about their response.  The decrease in 

the number of students identifying the flow of electrons through the salt bridge and the increase 

in the number making more sophisticated choices suggests that students were thinking more 

about the micro processes that occurred at the salt bridge, and/or the role of the salt bridge within 

the electrochemical cell. 

Student responses also revealed that the modifications to the laboratory exercise 

improved student confidence in their understanding of electrochemistry in general as well as in 

the role of the salt bridge.  There is a dramatic positive shift between students in the Spring 2010 

semester and the Spring 2011 semester.  Table 7.6 summarizes the attitude responses from total 

number and percentage of students in spring 2010 and 2011.  
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Table 7.6 Distribution of Results of Attitude Responses Regarding Student Confidence in 
Understanding Electrochemistry and the Role of the Salt Bridge in the Electrochemical Cell. 

Spring Semester 
Year Question 1 2 3 

2010* 4 (electrochemistry) 8, 8 % 16, 15 % 25, 25 % 
5 (Salt Bridge) 4, 4% 13, 12 % 29, 27 % 

2011** 4 (electrochemistry) 4, 4 % 11, 10 % 18, 17 % 
5 (Salt Bridge) 0, 0 % 4, 4 % 18, 17 % 

Spring Semester 
Year Question 4 5 6 

2010* 4 (electrochemistry) 35, 33 % 20, 19% 1, 1% 
5 (Salt Bridge) 31, 29 % 19, 18 % 9, 8 % 

2011** 4 (electrochemistry) 45, 43 % 23, 22 % 3, 3 % 
5 (Salt Bridge) 20, 19 % 40, 38 % 22, 21 % 

The scale ranges from 1 – 6, where 1 represents very little confidence and 6 represents a lot of 
confidence.  * 106 students participated in the 2010 spring semester.  ** 105 students 
participated in the 2011 spring semester.  
 

7.4 Summary 

In our investigation, we reproduced several key observations made by previous studies of 

student conceptual understanding of electrochemistry, which showed that successful 

performance on conventional numerical problems is not always accompanied by a qualitative 

understanding of the underlying phenomena. In particular, we found that even after lecture, 

recitation, homework and a traditional verification lab, a significant fraction of students did not 

understand the function of the salt bridge.  Student performance on a conceptual post-test 

improved after the laboratory exercise was revised so as to more closely engage the students in 

thinking about the molecular-scale phenomena responsible for the macroscopic observations, 

suggesting that more students were developing a consistent molecular-scale picture of the 

processes occurring in an electrochemical cell.  This suggests that incremental, low-cost 
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revisions to traditional laboratory procedures can reduce the prevalence of student 

misconceptions and improve student conceptual understanding. 
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Appendix A:  Mid-Infrared Spectra of Carbonic Acid 
 
 
 
 

A.1 Experimental 

A.1.1 Spectroscopic Studies 
 

Infrared absorption spectra were obtained at room temperature with a commercial Fourier 

Transform (FTS) Spectrometer.  A Bruker IFS 66v (MCT detector, 100 scans/spectrum, 

resolution of 0.25 cm-1) was used in the mid-infrared from 1700 cm-1 to 4500 cm-1.  The 

instrument was held under vacuum before and during data collection. 

 A glass cell was used to obtain the mid-infrared spectra of carbon tetrachloride/water 

solutions.  The cell path length varied from 2.5 – 15 cm in order to improve the signal to noise 

ratio, and to increase the absorbance.  The glass cell was fitted with IR quartz windows. Special 

conditioning of the glass cell and all glassware was done to prevent hydrogen bonding.  

Preparation and conditioning of the glass cell and all glassware used is described in Chapter II 

Section 2.4.1. 

A.1.2 Materials and Sample Preparation 
 

All materials were purchased from Sigma-Aldrich Chemical Co., Inc.  Carbon 

tetrachloride (Aldrich, >99.5%, anhydrous) was dried with silica gel and activated carbon in a 

closed reservoir.  The saturated water spectrum was prepared by mixing Nanopure water (NERL 

reagent grade water 18 MΩ) with dried carbon tetrachloride and allowed to phase separate.  The 

spectrum was taken of the carbon tetrachloride layer only.  The stock solution was prepared by 
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filling a 10 µL syringe with Nanopure water, weighing it, adding the contents to 100 mL 

volumetric flask of dried carbon tetrachloride, and then mixing vigorously using a sonicator.  

Dilutions were made by transferring a known volume of stock solution from the stock solution 

volumetric flask to the IR glass cell, taking a spectrum, and diluting the stock solution 

volumetric flask with a known volume of dried carbon tetrachloride.  These procedures were 

repeated to obtain the spectra in this work. 
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A.2 Results 
 

 
Figure A.1. Observed mid-infrared absorption spectra of carbon tetrachloride/water solutions at 
0.25 cm-1 resolution from 1750 cm-1 to 4500 cm-1.  The spectrum marked with the dashed line 
represents carbon tetrachloride saturated with Nanopure water.  The spectrum with the solid 
black line represents the carbon tetrachloride with a low water concentration. 

 The presence of carbonic acid is confirmed with the appearance of the C=O stretch at 

1810 cm-1 and OH stretch at 3180 cm-1.  The spectral features have been assigned with assistance 

of work by Moore, M. H., et al.[2]  It should be noted that there is a shoulder that appears at 

lower water concentration, this could be due to intermolecular hydrogen bonding between 

carbonic acid and water.  Additionally, a peak at 2825 cm-1 is present at high water concentration, 

but has not been assigned here.
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Figure A.2. Observed mid-infrared absorption spectrum of dried carbon tetrachloride at 0.25 cm-

1 resolution from 3200 cm-1 to 4300 cm-1. 

 
The presence of carbonic acid is confirmed with the appearance of the first overtone of 

the C=O stretch at 3590 cm-1.  The peak at 4220 cm-1 is tentatively assigned to a combination 

band of the OH stretch with the C-O symmetric stretch of carbonic acid.  The combination band 

was assigned with assistance of work by Moore, M. H., et al.[2]  The peaks at 3590 cm-1 and 

4220 cm-1 are not present at high water concentration, where carbonic acid is not expected to be 

stable.
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Table A.1 Experimentally Observed H2O and H2CO3 Resonances and Assignment of Observed 
Peaks from 1700 cm-1 to 4500 cm-1

. 

vibrational mode literature 
frequency (cm-1) 

experimentally observed 
frequency (cm-1) 

H2O   
n1 3617b 3617a 

n 3 3709b 3708a 

H2CO3   
n OH 3030c 3180a 

n C=O  1705c 1810a 

2n C=O  3590a 
a Our experimentally observed stretching transitions, at room temperature 
b Kuo, M. H., et al.[1] 
c Moore, M. H., et al.[2] 
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Appendix B:  Photochemical Reaction Pathways of Gas-Phase Methanediol 
 
 
 
 

B.1 Experimental 

B.1.1 Spectroscopic Studies 
 

Infrared absorption spectra were obtained at room temperature with a commercial Fourier 

Transform (FTS) spectrometer.  A Bruker TENSOR 27 (mercury cadmium telluride (MCT) 

detector and resolution of 1 cm-1) was used in the mid-infrared from 600 cm-1 – 4000 cm-1.  The 

instrument was purged with dry and carbon dioxide free air before and during data collection. 

 A cross glass static cell was used to obtain the mid-infrared spectra and for the photolysis 

experiments.  The cross cell consisted of two cells, which were connected with a #50 Ace-Threds 

threaded glass joint.  The upper glass cell had an inner diameter of 7.62 cm, a path length of 

62.23 cm and was fitted with calcium fluoride (CaF2) windows.  The lower glass cell had an 

inner diameter of 2.54 cm, a path length of 62.23 cm and was fitted with KRS-5 windows.  The 

photolysis beam passed through the upper glass cell, while the mid-infrared beam passed through 

the lower glass cell.  The glass cell schematic is shown in Chapter II Section 2.4.4 Figure 2.8.  A 

purge box, which was purged with dry and carbon dioxide air before and during data collection, 

was built around the cross glass cell and the detector. 

 

B.1.2. Materials and Sample Preparation 
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 All materials were purchased from Sigma-Aldrich Chemical CO., Inc.  Formaldehyde 

was prepared by heating paraformadehyde (Aldrich, 95%, prills) to 110 °C, trapping the vapor at 

liquid N2 temperature, then distilling the formaldehyde from a dry ice trap into a pressure 

controlled spectroscopic glass cell, as adapted from Khoshkhoo, H. et al.[1] Methanediol was 

prepared in-situ, by first introducing formaldehyde into a pressure controlled spectroscopic glass 

cell, then opening the cell to the room atmosphere until the internal pressure of the cell was equal 

to the room pressure. The initial internal pressure of the spectroscopic glass cell was 

approximately 15 mTorr. 

 The hydration of formaldehyde to methanediol was allowed for one hour.  The hydration 

reaction was monitored by taking a spectrum (100 scans with 1 cm-1) every five minutes of the 

sample in the lower glass cell.  After one hour the photolysis beam was allowed to pass through 

the upper glass cell for three hours.  As the photolysis beam was passing through the sample, the 

photolysis reactions were monitored by taking a spectrum every five minutes using FTS of the 

lower glass cell.  A spectrum (100 scans with 1 cm-1) was taken every five minutes for three 

hours. 
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B.2 Results 

 

Figure B.1. Observed infrared absorption spectra of formaldehyde, methandiol, water, carbon 
dioxide in the gas-phase at 1 cm-1 resolution from 800 cm-1 to 7000 cm-1.  The spectrum in the 
black is the sample prior to exposure to the photolysis beam and the spectrum in the blue is after 
the sample was exposed to the photolysis beam for three hours.  No difference in the spectra was 
observed  

B.3 Summary 
 

A major consequence of this gas-phase water-mediated chemistry is that the conversion 

of formaldehyde to methanediol will suppress the near-UV photochemistry due to absorbance of 

formaldehyde electronic states.  The major atmospheric sinks for formaldehyde are UV 

photolysis, oxidation by OH, and dry and wet deposition.[2] Red light initiated chemistry by 

excitation of the OH vibration overtones in the ground electronic state has been proposed to be 

significant for oxidized atmospheric species.[3-17]  The two alcohol groups in the diol provide 

an alternative photochemical pathway via overtone excitation of the OH chromophores of the 
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methanediol.[18-20]  The OH chromophores of the diol have the ability to undergo red light 

initiated chemistry by excitation of the OH vibration overtones in the ground electronic state, 

which has been suggested for other oxidized atmospheric species[3-17] 

 The theoretical study of by J. S. Francisco, et al.[21] showed methanediol has a 

sufficiently long lifetime to allow further decomposition reactions.  However the barriers to 

elimination of hydrogen gas to form formic acid and elimination of water to form a carbene are 

too high to be of significance.  The proposed reaction pathways of formaldehyde are shown in 

Figure B.2.  While our photolysis experiments did not provide spectroscopic evidence of formic 

acid we believe or experiment was limited by the low sensitivity of our FTS and low water 

concentrations.  The presence of excess water molecules has been suggested to catalyze 

photoreactions due to the formation of hydrogen-bonded complexes.[12, 22]  The intermolecular 

hydrogen bonding in hydrogen-bonded complex elongates the OH bond length, therefore 

changing the electron density leading to a shallower, more anharmonic potential energy surface.  

Future photolysis investigations should be performed at higher water concentrations to determine 

the significance of methanediol light initiated reactions.  We suggest using in these experiments 

with a cavity enhanced techniques, which are significantly more sensitive than FTS. 
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Figure B.2. Reaction pathway scheme for gas-phase hydrolysis of formaldehyde.  Proposed by J. 
S. Francisco, et al.[21] 
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Appendix C:  Electrochemical Cell Surveys and Questionnaire 

C.1 Electrochemical Cell Pre-Survey 

 
 

Sample Question: 
 
In CHEM 1111 you performed a laboratory experiment that allowed you to identify an 
unknown metal from the volume of H2(g) generated. 
 
Below is a diagram of an apparatus you used to generate and collect H2 gas. The diagram 
below explains what is happening on a molecular level inside the reaction tube. 
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Over the weekend, you and a couple of your friends from CHEM 1131 got together to study and go over 
some of the material for the upcoming exam.  Upon coming across some questions on electrochemistry 
some of your friends in the group got stuck on the following question. 
 

An electrochemical cell is composed of Zn metal in a 1.0 M ZnSO4
 solution, Cu metal in a 

1.0 M Cu(NO3)2 solution and a 10 M KNO3 salt bridge.  Find the E°cell for this system. 
 

Half-Reaction E°cell (V) 
Cu ! Cu2+ + 2 e- - 0.34 
Zn ! Zn2+ + 2 e- + 0.74 

 
Use the diagram below to describe how you would explain to your friends what is happening on a 
molecular level in each half-cell reaction, at the salt bridge and anode/cathode metal ends and the metal 
wire connecting the anode and cathode, with as much detail as possible.  Write out any chemical 
reactions, if they apply. 

Using the reductions potentials given calculate the E°cell.  

!"#$%& '!()#$%&
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C.2 Electrochemical Cell Post-Survey 

 
 

Name: 

While writing up your Voltaic Electrochemical Cells laboratory report, you noticed that for your 
measured potential, for compartment I. and V., you recorded 0V, for Part 3. Concentration Cell 
Potentials.  
 
You were given the following information in your laboratory experiment: 
 
 Part 3.  Concentration Cell Potentials 
 
 In addition to cell compartment I from Part 1, prepare the following cell compartments 
 

V. Cu in 0.1 M Cu (NO3)2 
VI. Cu in 0.01 M Cu (NO3)2 
VII. Cu in 0.001 M Cu (NO3)2 

  
Measure and record the potentials and electrode polarities (red or black, cathode or 
anode) for cells composed of compartment I and each of the other compartments (V, VI 
and VII) 
 
(The compartment information from Part 1 is as follows) 
 

I. Cu in 1 M Cu (NO3)2 
 
In the space below, explain what might have happened during your experiment and how that would 
result in a 0V measured potential? 
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Name: 

Given the information above, what would you expect for the measured potential be for compartment I. 
and V. 

 
Half-Reaction E°cell 

Cu ! Cu2+ + 2 e- - 0.34 
 
Before doing any calculations, use the diagram below to describe what you think is happening on a 
molecular level in each half-cell reaction, at the salt bridge and anode/cathode metal ends and the metal 
wire connecting the anode and cathode.  

 

 
Now calculate the predicted cell potential.  F = 9.64853 " 104 

!"#$%& '!()#$%&
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C.3 Conceptual questioner (questions 1 – 2) concerning the salt bridge within an 
electrochemical cell. 

 

 

 
Use the electrochemical cell shown below, which has a +1.08 volts for its emf, to answer questions 1 and 2. 

 
1. Select all the diagrams which apply from below that depict on a micro level what is occurring at the salt bridge 

in the Cu|Cu2+ half-cell? 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

2. Select all the diagrams which apply from below that depict on a micro level what is occurring at the salt bridge 
in the Zn|Zn2+ half-cell? 
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C.4  Conceptual questioner (questions 3 – 7) concerning the salt bridge within an 
electrochemical cell. 
 

 

 
 

3. The salt bridge allows for the          from the          
         to diffuse towards the         .  (There may be more 
then one answer.) 
 
(a) electrons, lead electrode, iron electrode 
(b) electrons, iron electrode, lead electrode 
(c) cations, salt bridge, lead electrolyte solution 
(d) anions, salt bridge, lead electrolyte solution 
(e) cations, salt bridge, iron electrolyte solution 
(f) anions, salt bridge, iron electrolyte solution 

 
 
 
 

4. On a scale of 1 – 6 how confident do you feel in your understanding of electrochemistry, where 1 represents 
very little confidence and 6 represents a lot of confidence? 
 

1 2 3 4 5 6 
 

5. On a scale of 1 – 6 how confident do you feel in you understanding of what the purpose of the salt bridge is, 
where 1 represents very little confidence and 6 represents a lot of confidence? 
 

1 2 3 4 5 6 
 

6. On a scale of 1 – 6 how much effort did you put into answering this worksheet, where 1 represents very little 
effort and 6 represents a lot of effort? 
 

1 2 3 4 5 6 
  

7. How well do you think you did on answering the first three questions? 
 
(a) 3 out of 3 
(b) 2 out of 3 
(c) 1 out of 3 
(d) 0 out of 3 

!"#$%&'&
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C.5 Laboratory Experiment Spring Semester 2010 
Laboratory Exercise 6   

 
VOLTAIC ELECTROCHEMICAL CELLS 

________________________________________________________________________ 
 
OBJECTIVES 
 

- To construct a variety of voltaic cells and measure their cell potentials. 

- To investigate the influence of concentration on cell potentials. 

 
INTRODUCTION 
 
Review your text and class notes for background on voltaic cells. This introduction will address 
how voltaic cells will be made and used in this lab exercise. 
 
A voltaic electrochemical cell consists of two cell compartments that are in electrical contact by 
means of a salt bridge. The cell potential is measured by attaching wires (leads) to the two 
electrodes and connecting these wires to a voltmeter. See Figure 1: 

 
Figure 1: A Voltaic Cell Setup 

Source: http://www.uq.edu.au/_School_Science_Lessons/UNChem2b.html  
 
In this lab exercise, each cell compartment will consist of a small beaker, partially filled with an 
aqueous metal solution (e.g., Cu(NO3)2) and a metal strip (the same metal as in the solution) that 
serves as the electrode, either the anode or the cathode.  
 
The salt bridge is a glass U-tube filled with 1 M KNO3 and supporting strips of filter papers 
(moistened with the KNO3 solution) at the two ends of the tubes using corks. The U-tube hangs 
between the two beakers with its ends immersed in the solution.   
 
The voltmeter for this lab exercise is a modified pH meter.   
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PROCEDURE 
 
NOTES:  A strip of lead metal will be one of the electrodes. Wear gloves when handling. 
 
Part 1.  Preparation and Set up 
 
1.1 Cell compartments: Clean several 50 or 100 mL beakers. Label each one and place about 10 

mL of each of the following solutions: 
 

I. Cu in 1.0 M Cu(NO3)2 
 
II. Zn in 1.0 M ZnSO4 
 
III. Pb in 1.0 M Pb(NO3)2 
 
IV. Fe in 1.0 M FeSO4 

 
NOTE:  Only a small amount of solution is needed, just enough to cover the bottom of 
your smallest beakers and moisten the filter paper of the salt bridge when it is inserted.  
 

1.2 Salt bridge construction: Based on the description in the introduction and the TAs 
instructions, construct the salt bridge. 

 
1.3  Electrodes: Copper and iron rods, zinc and lead strips, and carbon rods will be used as 

electrodes. In order to obtain meaningful cell potentials, it is important that the surfaces of 
these electrodes are clean. The copper, zinc, lead and iron electrodes can be cleaned with 
emery cloth or steel wool followed by rinsing the electrodes briefly in 1M HNO3 and then in 
distilled water. The carbon rods can be cleaned by brief immersion in 1M H2SO4, followed 
by a thorough rinsing with distilled water.  The carbon rods should be kept in distilled water 
between experiments. 

 
CAUTION: nitric and sulfuric acids are severe skin irritants.  If you spill any on your 
skin, immediately wash the affected area with plenty of water.   

 
1.4 Voltmeter:  Connect the electrode leads to the coaxial plug on the back of the voltmeter 

(pH meter).  After turning on the voltmeter, press mode twice, so that the display shows 
"mV" in the upper left-hand corner.  When the two leads are touched together, the display 
should read "0mV". 

 
Part 2.  Measuring Standard Cells Potentials 
 
Use cell compartments I and II (Cu(NO3)3 and ZnSO4). Insert the corresponding metal rod or 
strip into each beaker. Place the salt bridge over the two beakers; ensure that the ends of the salt 
bridge are in the solution. Add more solution if necessary. Attach the voltmeter leads to the metal 
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with alligator clips so that a positive cell potential is read; if the potential is negative, switch the 
leads. For this cell, the copper electrode is the cathode (positive) and the zinc electrode is the 
anode (negative). Record the color of the lead (red or black) going to copper and going to zinc; 
based on this association between lead color and electrode type, you will be able in subsequent 
cell measurements to identify the cathode and the anode for the cell.   
 
When the cell potential is measured and recorded, remove the salt bridge, rinse the ends with 
distilled water and shake off the excess. Do this after each measurement. If you notice a 
precipitate in a half cell, it is caused by contamination from an inadequately rinsed salt bridge. 
 
Now measure the cell potential of all other combinations of the four compartments.  Connect the 
leads to the electrodes so that the cell potential reading is positive indicating a spontaneous redox 
event. Knowing the association between the color of the lead and the electrode type, you can 
determine which electrode is the cathode and which is the anode. If the display reads a negative 
potential, switch the leads to get a positive potential.  Record in your notebook which lead (red 
or black) goes to which metal when the cell potential is positive; identify each metal as either the 
cathode (+) or the anode (-).  
 
When all combinations of cells have been measured, discard the contents of cells II, III, and IV 
in the appropriate waste container, retaining compartment I for use in Part 3. Rinse the electrodes 
with distilled water and dry them with a Kimwipe.  
 
Part 3.  Concentration Cell Potentials 
 
In addition to cell compartment I from Part 1, prepare the following cell compartments: 
 

V.  Cu in 0.1 M Cu(NO3)2 

VI.  Cu in 0.01 M Cu(NO3)2 

VII. Cu in 0.001 M Cu(NO3)2 

Measure and record the potentials and electrode polarities (red or black, cathode or anode) for 
cells composed of compartment I and each of the other compartments (V, VI and VII.) 
 
Retain compartment I for use in Part 4; discard the solutions from cell compartments V, VI and 
VII. Rinse the electrodes with distilled water and dry them with a Kimwipe. 
 
Part 4.  Effect of Concentration on the Cells Containing the Fe3+/Fe2+ Couple  
 
Prepare the following cell compartments: 
 

IX.  Carbon in a solution containing equal portions of 1.0 M FeSO4 and 1.0 M FeCl3 

 X.   Carbon in a solution containing equal portions of 1.0 M FeSO4 and 0.1 M FeCl3 

XI.  Carbon in a solution containing equal portions of 0.1 M FeSO4 and 1.0 M FeCl3 
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Measure and record the potentials and electrode polarities for cells composed of compartment I 
and compartments IX, X and XI. 
 
 
STUDENT ASSIGNMENTS 
 
 
I. Pre-laboratory Preparation 
 
Prior to attending the laboratory and recitation period, complete the following activities in an 
organized manner your laboratory notebook.  This assignment is due at the beginning of the 
recitation period. 
 
 A. Introductory Statement 
 

In one paragraph, summarize in your own words (not the lab manual’s), the purpose, theory 
and procedure for this laboratory exercise. 

  
 
 B. Pre-laboratory Questions / Activities 
 

1. Which electrodes will be used to measure the potential of the Fe3+/Fe2+ couple? 
 

2. Explain what a concentration cell is.  What is the value of E° for a concentration cell 
containing different concentrations of Ag+ in contact with Ag electrodes.  Explain your 
answer. 

 
3. Consider a cell Cu(s) | Cu2+, 0.10 M || Cu2+, 0.10 M | Cu(s).  What would the cell 

potential be for this cell?   
 
 
 C. Prepare Data Section for lab 
  

Prior to the start of lab, prepare the data collection section of the notebook, beginning with 
the next page after the pre-lab questions/activities. Format this section for the collection of 
data during the lab, using the procedure section of the lab write-up and the Data Collection 
section below as a guide for the data fields. Note that you will not turn in the empty data 
pages as part of the prelab (Introductory statement and Pre-lab questions/activities), but the 
data page(s) must be formatted prior coming to lab. 
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II. Data Collection 
 
In your laboratory notebook, format the data section so that you can record data during the lab.  
Leave room in order to compensate for mistakes, multiple trials, and/or additional data that 
should be recorded during the lab. 
 
 

Part 2.  Standard Cell Potentials  
 
For each of the 6 cells constructed in Part 2, state the color and sign (+ or -) of both the 
cathode and the anode. Then create a table with the following headers and enter the pertinent 
data when a positive cell potential was obtained. The first cell is entered as an example. 
 
Cathode:  Color of lead:____________ Sign:_________ 
Anode:  Color of lead:____________ Sign:_________ 
 

 Cell Cathode Anode Cell Potential, mV 
 I + II Cu Zn 725 

 
Part 3.  Concentration Cell Potentials  

 
Record data from these cells as for Part 2. 

 
 
Part 4.  Effect of Concentration of Fe3+/Fe2+ Couple Cells  

 
Record data from these cells as for Part 2. 

 
III. Calculations 
 
Begin calculations on the next page after the data section in your laboratory notebook. You must 
SHOW ALL WORK for calculations made in order to obtain a result. The following list will 
guide your work but other calculations may be necessary in order to substantiate results.  Be sure 
to label all results clearly and always include units. 
 

• Calculated cell potentials 

Using the table of standard reduction potentials (in acidic solution) in your textbook, 
calculate the cell potentials for each of the voltaic cells in Part 2. Compare these calculated 
cell potentials to the measured values.  Explain any differences in sign or magnitude. 

 
• Concentration cell calculations 

Use the Nernst equation and concentrations of Cu2+ to calculate the cell potentials for the 
cells that constructed in Part 3 using cell compartment I with each of cell compartments V, 
VI, and VII. In each case, calculate the percent error between the values you calculate and 
the cell potential value measured for each cell. 
 
 
 
• Graphical analysis of Fe3+/Fe2+ Cells  
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The relationship between cell potential and concentration of cell components can be analyzed 
graphically.  The Nernst equation  

Ecell = E°cell - (RT/nF) lnQ  =  E°cell – (0.0592V/n) logQ   

can be algebraically rearranged in a straight-line equation form of y = mx + b: 

Ecell = – (0.0592/n) logQ  + E°cell 

where y = Ecell, m (slope) =  -(0.0592/n), x = log(Q), and  E °cell is b.  

And for the Fe(III)/Fe(II) cell in Part 4 where  

2 Fe3+  +  Cu  →  2 Fe2+  +  Cu2+. 
 
  the exact form of the Nernst equation becomes: 

 
  Ecell = - (0.0592 / n) log ([Fe2+]2 / [Fe3+]2) + E°cell 
  or Ecell = - 2 (0.0592 / n) log ([Fe2+] / [Fe3+]) + E°cell 

 
 The factor of 2 comes from the stoichiometry of the balanced equation. 

 
o Make a graph of Ecell vs. log([Fe2+]/[Fe3+]) using the three data points from Part 4 data.  

Refer to Silberberg, Figure 21.11 and the graphing appendix in this lab manual.  Use 
graphing software to make the plot and determine the equation of the best-fit line. 

o From the equation of the best fit line calculate the value of n for the overall reaction 
and Eo for the cell. Hint: The E°cell obtained from the graph is with respect to E° for 
the oxidation of Cu to Cu2+ (-0.34V); therefore, a negative 0.34V must be subtracted 
from Eo cell to get the Fe3+ to Fe2+ half cell potential referenced to the standard 
hydrogen electrode (SHE). 

 
IV. Post-Laboratory Assignment 
 
There are no post-lab activities or questions for this lab exercise. 

 
V.  Results and Conclusion 

 
Write a paragraph summarizing your results and what you determined during the exercises you 
participated in.  Make sure to discuss your results.  Include errors that occurred (human error will 
not be accepted) as well as interesting or significant implications of the information you obtained. 



 170 

 

C.6 Laboratory Experiment Spring Semester 2011 
Laboratory Exercise 6   

 
VOLTAIC ELECTROCHEMICAL CELLS 

________________________________________________________________________ 
 
OBJECTIVES 
 

- To construct a variety of voltaic cells and measure their cell potentials. 

- To investigate the influence of concentration on cell potentials. 

 
INTRODUCTION 
 
Review your text and class notes for background on voltaic cells. This introduction will address 
how voltaic cells will be made and used in this lab exercise. 
 
A voltaic electrochemical cell consists of two cell compartments that are in electrical contact by 
means of a salt bridge. The cell potential is measured by attaching wires (leads) to the two 
electrodes and connecting these wires to a voltmeter. See Figure 1: 

 
Figure 1: A Voltaic Cell Setup 

Source: http://www.uq.edu.au/_School_Science_Lessons/UNChem2b.html  
 
In this lab exercise, each cell compartment will consist of a small beaker, partially filled with an 
aqueous metal solution (e.g., Cu(NO3)2) and a metal strip (the same metal as in the solution) that 
serves as the electrode, either the anode or the cathode.  
 
The salt bridge is a glass U-tube filled with 1 M KNO3 and supporting strips of filter papers 
(moistened with the KNO3 solution) at the two ends of the tubes using corks. The U-tube hangs 
between the two beakers with its ends immersed in the solution.   
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The voltmeter for this lab exercise is a modified pH meter.   
 
 
PROCEDURE 
 
NOTES:  A strip of lead metal will be one of the electrodes. Wear gloves when handling. 
 
Part 1.  Preparation and Set up 
 
1.5 Cell compartments: Clean several 50 or 100 mL beakers. Label each one and place about 10 

mL of each of the following solutions: 
 

I. Cu in 1.0 M Cu(NO3)2 
 
II. Zn in 1.0 M ZnSO4 
 
III. Pb in 1.0 M Pb(NO3)2 
 
IV. Fe in 1.0 M FeSO4 

 
NOTE:  Only a small amount of solution is needed, just enough to cover the bottom of 
your smallest beakers and moisten the filter paper of the salt bridge when it is inserted.  
 

1.6 Salt bridge construction: Based on the description in the introduction and the TAs 
instructions, construct the salt bridge. 

 
1.7  Electrodes: Copper and iron rods, zinc and lead strips, and carbon rods will be used as 

electrodes. In order to obtain meaningful cell potentials, it is important that the surfaces of 
these electrodes are clean. The copper, zinc, lead and iron electrodes can be cleaned with 
emery cloth or steel wool followed by rinsing the electrodes briefly in 1M HNO3 and then in 
distilled water. The carbon rods can be cleaned by brief immersion in 1M H2SO4, followed 
by a thorough rinsing with distilled water.  The carbon rods should be kept in distilled water 
between experiments. 

 
CAUTION: nitric and sulfuric acids are severe skin irritants.  If you spill any on your 
skin, immediately wash the affected area with plenty of water.   

 
1.8 Voltmeter:  Connect the electrode leads to the coaxial plug on the back of the voltmeter 

(pH meter).  After turning on the voltmeter, press mode twice, so that the display shows 
"mV" in the upper left-hand corner.  When the two leads are touched together, the display 
should read "0mV". 

 
Part 2.  Measuring Standard Cells Potentials 
 
Use cell compartments I and II (Cu(NO3)3 and ZnSO4). Insert the corresponding metal rod or 
strip into each beaker. Place the salt bridge over the two beakers; ensure that the ends of the salt 



 172 

bridge are in the solution. Add more solution if necessary. Attach the voltmeter leads to the metal 
with alligator clips so that a positive cell potential is read; if the potential is negative, switch the 
leads. For this cell, the copper electrode is the cathode (positive) and the zinc electrode is the 
anode (negative). Record the color of the lead (red or black) going to copper and going to zinc; 
based on this association between lead color and electrode type, you will be able in subsequent 
cell measurements to identify the cathode and the anode for the cell.   
 
When the cell potential is measured and recorded, remove the salt bridge, rinse the ends with 
distilled water and shake off the excess. Do this after each measurement. If you notice a 
precipitate in a half cell, it is caused by contamination from an inadequately rinsed salt bridge. 
 
Now measure the cell potential of all other combinations of the four compartments.  Connect the 
leads to the electrodes so that the cell potential reading is positive indicating a spontaneous redox 
event. Knowing the association between the color of the lead and the electrode type, you can 
determine which electrode is the cathode and which is the anode. If the display reads a negative 
potential, switch the leads to get a positive potential.  Record in your notebook which lead (red 
or black) goes to which metal when the cell potential is positive; identify each metal as either the 
cathode (+) or the anode (-).  
 
When all combinations of cells have been measured, discard the contents of cells II, III, and IV 
in the appropriate waste container, retaining compartment I for use in Part 3. Rinse the electrodes 
with distilled water and dry them with a Kimwipe.  
 
Part 3.  Concentration Cell Potentials 
 
In addition to cell compartment I from Part 1, prepare the following cell compartments: 
 

V.  Cu in 0.1 M Cu(NO3)2 

VI.  Cu in 0.01 M Cu(NO3)2 

VII. Cu in 0.001 M Cu(NO3)2 

Measure and record the potentials and electrode polarities (red or black, cathode or anode) for 
cells composed of compartment I and each of the other compartments (V, VI and VII.) 
 
Retain compartment I for use in Part 4; discard the solutions from cell compartments V, VI and 
VII. Rinse the electrodes with distilled water and dry them with a Kimwipe. 
 
Part 4.  Effect of Concentration on the Cells Containing the Fe3+/Fe2+ Couple  
 
Prepare the following cell compartments: 
 

IX.  Carbon in a solution containing equal portions of 1.0 M FeSO4 and 1.0 M FeCl3 

 X.   Carbon in a solution containing equal portions of 1.0 M FeSO4 and 0.1 M FeCl3 

XI.  Carbon in a solution containing equal portions of 0.1 M FeSO4 and 1.0 M FeCl3 
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Measure and record the potentials and electrode polarities for cells composed of compartment I 
and compartments IX, X and XI. 
 
 
STUDENT ASSIGNMENTS 
 
 
I. Pre-laboratory Preparation 
 
Prior to attending the laboratory and recitation period, complete the following activities in an 
organized manner your laboratory notebook.  This assignment is due at the beginning of the 
recitation period. 
 
 A. Introductory Statement 
 

In one paragraph, summarize in your own words (not the lab manual’s), the purpose, theory 
and procedure for this laboratory exercise. 

  
 
 B. Pre-laboratory Questions / Activities 
 

1. Which electrodes will be used to measure the potential of the Fe3+/Fe2+ couple? 
 

2. Explain what a concentration cell is.  What is the value of E° for a concentration cell 
containing different concentrations of Ag+ in contact with Ag electrodes.  Explain your 
answer. 

 
3. Consider a cell Cu(s) | Cu2+, 0.10 M || Cu2+, 0.10 M | Cu(s).  What would the cell 

potential be for this cell?   
 
 
 C. Prepare Data Section for lab 
  

Prior to the start of lab, prepare the data collection section of the notebook, beginning with 
the next page after the pre-lab questions/activities. Format this section for the collection of 
data during the lab, using the procedure section of the lab write-up and the Data Collection 
section below as a guide for the data fields. Note that you will not turn in the empty data 
pages as part of the prelab (Introductory statement and Pre-lab questions/activities), but the 
data page(s) must be formatted prior coming to lab. 
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II. Data Collection 
 
In your laboratory notebook, format the data section so that you can record data during the lab.  
Leave room in order to compensate for mistakes, multiple trials, and/or additional data that 
should be recorded during the lab. 
 
 

Part 2.  Standard Cell Potentials  
 
For each of the 6 cells constructed in Part 2, state the color and sign (+ or -) of both the 
cathode and the anode. Then create a table with the following headers and enter the pertinent 
data when a positive cell potential was obtained. The first cell is entered as an example. 
 
Cathode:  Color of lead:____________ Sign:_________ 
Anode:  Color of lead:____________ Sign:_________ 
 

 Cell Cathode Anode Cell Potential, mV 
 I + II Cu Zn 725 

 
Part 3.  Concentration Cell Potentials  

 
Record data from these cells as for Part 2. 

 
 
Part 4.  Effect of Concentration of Fe3+/Fe2+ Couple Cells  

 
Record data from these cells as for Part 2. 

 
III. Calculations 
 
Begin calculations on the next page after the data section in your laboratory notebook. You must 
SHOW ALL WORK for calculations made in order to obtain a result. The following list will 
guide your work but other calculations may be necessary in order to substantiate results.  Be sure 
to label all results clearly and always include units. 
 

• Calculated cell potentials 

Using the table of standard reduction potentials (in acidic solution) in your textbook, 
calculate the cell potentials for each of the voltaic cells in Part 2. Compare these calculated 
cell potentials to the measured values.  Explain any differences in sign or magnitude. 

 
• Concentration cell calculations 

Use the Nernst equation and concentrations of Cu2+ to calculate the cell potentials for the 
cells that constructed in Part 3 using cell compartment I with each of cell compartments V, 
VI, and VII. In each case, calculate the percent error between the values you calculate and 
the cell potential value measured for each cell. 
 
 
 
• Graphical analysis of Fe3+/Fe2+ Cells  
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The relationship between cell potential and concentration of cell components can be analyzed 
graphically.  The Nernst equation  

Ecell = E°cell - (RT/nF) lnQ  =  E°cell – (0.0592V/n) logQ   

can be algebraically rearranged in a straight-line equation form of y = mx + b: 

Ecell = – (0.0592/n) logQ  + E°cell 

where y = Ecell, m (slope) =  -(0.0592/n), x = log(Q), and  E °cell is b.  

And for the Fe(III)/Fe(II) cell in Part 4 where  

2 Fe3+  +  Cu  →  2 Fe2+  +  Cu2+. 
 
  the exact form of the Nernst equation becomes: 

 
  Ecell = - (0.0592 / n) log ([Fe2+]2 / [Fe3+]2) + E°cell 
  or Ecell = - 2 (0.0592 / n) log ([Fe2+] / [Fe3+]) + E°cell 

 
 The factor of 2 comes from the stoichiometry of the balanced equation. 

 
o Make a graph of Ecell vs. log([Fe2+]/[Fe3+]) using the three data points from Part 4 data.  

Refer to Silberberg, Figure 21.11 and the graphing appendix in this lab manual.  Use 
graphing software to make the plot and determine the equation of the best-fit line. 

o From the equation of the best fit line calculate the value of n for the overall reaction 
and Eo for the cell. Hint: The E°cell obtained from the graph is with respect to E° for 
the oxidation of Cu to Cu2+ (-0.34V); therefore, a negative 0.34V must be subtracted 
from Eo cell to get the Fe3+ to Fe2+ half cell potential referenced to the standard 
hydrogen electrode (SHE). 

 
IV. Post-Laboratory Assignment 
 
There are no post-lab activities or questions for this lab exercise. 

 
V.  Results and Conclusion 

 
Write a paragraph summarizing your results and what you determined during the exercises you 
participated in.  Make sure to discuss your results.  Include errors that occurred (human error will 
not be accepted) as well as interesting or significant implications of the information you obtained. 

 



 176 

 
 

Appendix D:  Transforming Upper-Division Physical Chemistry Teaching Based on 
Education Research 
 
 
 

D.1 Summary 
 

Research in science education has helped to identify the key difficulties that students 

encounter when learning quantum mechanics. These difficulties show up at both the 

undergraduate [1-11]and graduate[12]  level. Most of this research has involved observations of 

physics students.  Since physics and chemistry student typically have different backgrounds in 

mathematics, as well as different problem-solving skills, the insights developed in these studies 

may not be directly applicable to chemistry students.  The overall goal of this project was to 

create new pedagogical tools for use in the classroom, and to create instruments to assess the 

effect of these new pedagogical tools on student learning in an upper division physical chemistry 

course.  The project was carried out in three stages. First, learning goals were defined for the 

course. Next, the instrument was developed and used to measure the impact of the changes made 

to the course. Finally, the results of the assessment were used as feedback to further improve 

student learning.  This appendix focuses on the development of the pre- and post-quantum 

mechanics concept survey. 

The quantum mechanics concept surveys were adapted from an instrument that had been 

developed for an upper-division physics course. Two surveys were given to students, one at the 

beginning of the course and one at the end; these are included in appendices E.2 and E.3, 

respectively. At the University of Colorado, the quantum mechanics is taught in the second 
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semester of a two-semester Physical Chemistry sequence.  The "pre-survey" was administered at 

the beginning of the first lecture, in order to measure the knowledge of students coming into the 

course.  This survey was divided into three parts. The first part (questions 1 – 8) was focused on 

mathematical manipulations and dimensional analysis. This portion of the survey was developed 

to give the instructor insight into the students’ mathematical ability.  The second part of the pre-

survey (questions 9 – 15) covered concepts that the students may have been exposed to in their 

previous classes, such as general chemistry or introductory physics courses.  The third part of the 

pre-survey (questions 16 – 20) was intended to measure the attitudes and beliefs that students 

coming into the course had about quantum mechanics and its applications. 

The "post-survey" was administered at the beginning of the final lecture of the same 

course. It was intended to measure the knowledge gained by students as a consequence of 

completing the course.  This survey was also divided into three parts.  The first part (questions 1 

and 2) was focused on dimensional analysis.  The second part  (questions 3 – 14) was devoted to 

concepts that had been covered in the course, with an emphasis on quantum mechanics.  Some of 

the questions in this section of the post-survey were the same as the questions in the pre-survey, 

while others were new.  By asking students the same questions in the pre- and post-survey we 

were able to measure if student conceptual understanding improved as a consequence of 

completing the course.  The new questions in the post-survey were intended to measure the 

extent to which students were able to understand new concepts introduced in the course itself.  

The third part of the post-survey (questions 15 – 19) was intended to measure the extent to which 

student attitudes and beliefs toward quantum mechanics and its application had changed after 

completing the course. 
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D.2 Mathematics and Quantum Mechanics Pre Conceptual Survey 

 
 

!"#$%&"#'()*"+,*-."+#.&*!%($"+'()*/0%*12+(%3#."4*5.06%7*
!

"#$!%&'!()!*+,&(-./!0+'1(&2$,!33!
!
!
!
!

4#%$! 5'$"#$1.)-'! #)! 2+(&! '6.1!7(//!+2#! .""'-2! ,#%$! 8$.9':! ! 4#%$! 5$#"'&&#$! 7(//! )#2! &''! ,#%$!
()9(;(9%./!&-#$'!#)!2+(&!'6.1<!#)/,!2+'!.88$'8.2'!&-#$'&!#"!2+'!-/.&&!.&!.!7+#/':!

!
=#2'! 2+.2! &#1'!>%'&2(#)&!1.,!9'./!7(2+! 2#5(-&! 2+.2! +.;'!)#2! ?'')!'65/(-(2/,! -#;'$'9! ()! ,#%$!
-/.&&:! !@#)A2!7#$$,! .?#%2! 2+(&B! C%&2! 9#! ,#%$!?'&2! 2#! "(8%$'!#%2! 2+'! .)&7'$!?.&'9!#)!7+.2! ,#%!
D)#7:!

!
E.$D!.//!.)&7'$&!#)!,#%$!&+''2:!
!
*/'.&'!.)&7'$!.//!>%'&2(#)&:!
!
4#%$!.)&7'$&!&+#%/9!$'"/'-2!7+.2!,#%!5'$&#).//,!2+()D:!
!
*/.)!2#!"()(&+!2+'!FG!>%'&2(#)&!()!HG!1()%2'&:!
!
I+.)D!,#%J!
!
!
!



 179 

 
 

!" #$%&'()*+$,-'.*/$!$ 01$2$,-'.*/$&3$ 45*$ 3&/'$!$6$"$7# $%8$95*/*$     

! 

i " #1 "$ $:50%5$&3$ 45*$
3&))&90,;$1424*'*,41$2/*$!"#$%"$ $
$

#" <$"$01$2$/*2)$,-'.*/$2,=$%$01$2$0'2;0,2/>$,-'.*/"$$$
?" <$03$%$!$@8$45*,$!$01$2,$0'2;0,2/>$,-'.*/"$$ $
A" <$03$"$=$@$2,=$%$!$@$45*,$!$01$2$0'2;0,2/>$,-'.*/"$ $
B" <$/*2)$2,=$0'2;0,2/>$,-'.*/1$2/*$1(*%02)$%21*1$&3$%&'()*+$,-'.*/1"$
C" <$45*$%&'()*+$%&,D-;24*$&3$!$01$;0E*,$.>$$$!F$"$"$G$$%"$

$
H" :50%5$&3$45*$3&))&90,;$1424*'*,41$0,$45*$%&,4*+4$&3$E*%4&/$2);*./2$01$!"#$%8$95*/*$&8$'$

2/*$E*%4&/1$2,=$&8$'$2/*$1%2)2/1"$
$

#" <$&(+('$=('$+$&$
?" <(&$+$I'$+$)J$=$I&$+$'J$+$)$
A" <$&&$!$&&$
B" <$&I'&J$=$I&'J&$
C" <$I&#+$'J&$=$&&$+$'&$

(
K" :50%5$&3$ 45*$ 3&))&90,;$1424*'*,41$ 0,$ 45*$%&,4*+4$&3$ 45*$=&4$(/&=-%4$&/$1%2)2/$(/&=-%4$

2/*$!"#$%8$95*/*$&8$'8$)$2/*$E*%4&/1$2,=$&$01$2$1%2)2/"$ $
$$

#" <$&#'(= ('#&8$2,=$45*$/*1-)4$&3$45*$=&4$(/&=-%4$01$2$E*%4&/"$
?" <$&#I'(+$)J$=$&#'$+$&#)$
A" <$&I&#'J$=$I&(&J#'(=(&#I&'*$=(I&#'J&$
B" <$03$&#'$=$@$2,=$&(2,=$'$2/*$,&4$,-))$E*%4&/18$45*,$&$2,=$'$2/*$(2/2))*)"$$

$
L" :50%5$&3$45*$3&))&90,;$1424*'*,41$/*;2/=0,;$'24/0+$2==040&,$2,=$1%2)2/$'-)4()0%240&,$01$

!"#$%8$95*/*$(8$)$2/*$&$$$'$'24/0%*1"$
$

#" <$45*$'24/0+$G($01$%2))*=$45*$,*;240E*$&3$45*$'24/0+$(M$$G($=$IN!J(*$
?" <$45*$'24/0+$($G$)$01$%2))*=$45*$=033*/*,%*$&3$($2,=$)M$($G$)$=$($+$IN)J$
A" <$45*$1-'$&3$'24/0+*1$9045$=033*/*,4$10O*1$0,$=*30,*=$21$($+#)"$
B" <$45*$(/&=-%4$&3$45*$'24/0+$($.>$2$1%2)2/$+8$9/044*,$+(8$01$45*$'24/0+$&.420,*=$.>$

'-)40()>0,;$*2%5$*)*'*,4$&3$($.>$+*$



 180 

 
 

!

"# 

! 

ˆ D = d
dx

! $%! &'! ()&*+,(! -.! &'! -+(/&0-/#! ! 12$32! -.! 02(! .-,,-4$'5! %0&0(*('0%! &6-70!

-+(/&0-/%!&/(!!"#$%8!42(/(!

! 

ˆ A ,  ˆ B !&/(!-+(/&0-/%!
!

9# :!&!-+(/&0-/!$%!&!/7,(!02&0!0/&'%.-/*%!&!5$;('!.7'30$-'!$'0-!&'-02(/!.7'30$-'#!

<# :!02(!%7*!04-!,$'(&/!-+(/&0-/%!$%!=(.$'(=!6>!

! 

( ˆ A + ˆ B ) f (x) " ˆ A f (x) + ˆ B f (x)#!
?# :! ABBA ˆˆˆˆ = !

@# :!02(!+/-=730!-.!04-!-+(/&0-/%!$%!=(.$'(=!6>!

! 

ˆ A ̂  B f (x) " ˆ A [ ˆ B f (x)]#!
A# :!02(!3-**70&0-/!-.!04-!-+(/&0-/%!$%!=(.$'(=!6>!

! 

[ ˆ A , ˆ B ] " ˆ A ̂  B # ˆ B ̂  A #!
B# :!$.!

! 

ˆ A ̂  B = ˆ B ̂  A !&'=!&%!&!3-'%(C7('3(!

! 

[ ˆ A , ˆ B ] = 08!4(!%&>!02&0!

! 

ˆ A !&'=!

! 

ˆ B !=-!'-0!
3-**70(#!

!

D# 12$32!-.!02(!.-,,4$'5!.7'30$-'%!%&0$%.$(%!02(!=$..(/('0$&,!(C&70$-'!

! 

a"f
"x

+ b = 0 #!

9# 

! 

f =
"bex

a
!!!!

<# 

! 

f = "bx ln(a) !!

?# 

! 

f =
"xb
a

!

@# 

! 

f = b(loga x) !

A# 
ab
ef
bx!

= !

!

E# !9!0>+$3&,!/&=$7%!-.!$%-,&0(=!'(70/&,!&0-*%!0>+$3&,,>!/&'5(%!6(04(('!:!

!

9# F#G!H!G!3*
IJ
!

<# F#G!H!G!K!

?# F#G!H!G!+*!

@# F#G!H!G!.*!

!

L# !M$'(0$3!('(/5>!2&%!=$*('%$-'%!-.!:!

!

9# :!N-7,(%!

<# :!O$,-5/&*%!0$*(%!*(0(/%!%C7&/(=!+(/!%(3-'=!%C7&/(=!

?# :!*&%%!0$*(%!,('502!%C7&/(=!+(/!0$*(!%C7&/(=!

@# :!3*
IJ
!
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!
"# $%&! '()*+),!)-! +(*%-! .%/0.! -%&! &1&2-+/3(2! &3&+*4! 1&5&1.! (3! )3! )-/,!0(-%! )3!

&1&2-+/3!)-!&3&+*4!1&5&1!!,#!!6%&3!-%(.!&1&2-+/3!,/5&.!7+/,!&3&+*4!1&5&1!!,!-/!
!38!1(*%-!(.!&,(--&'#!!$%&!*+&)-&+!-%&!&3&+*4!'(77&+&32&!9&-0&&3!-%&!&1&2-+/3(2!
&3&+*4!1&5&1.!!,!)3'!!3!:!!
!

;# :-%&!,/+&!<%/-/3.!)+&!&,(--&'#!
=# :-%&!9+(*%-&+!>%(*%&+!(3-&3.(-4?!(.!-%&!&,(--&'!1(*%-#!
@# :-%&!1/3*&+!-%&!0)5&1&3*-%!>-%&!,/+&!+&'?!/7!-%&!1(*%-!&,(--&'#!!
A# :-%&!.%/+-&+!-%&!0)5&1&3*-%!>-%&!,/+&!91B&?!/7!-%&!1(*%-!&,(--&'#!!
C# D/+&!-%)3!/3&!/7!-%&!)9/5&!)3.0&+.!(.!2/++&2-#!

!
!
EF# $%&!&1&2-+/3!(3!)!%4'+/*&3!)-/,!(.!(3!(-.!*+/B3'!.-)-&#!!G/B!,&).B+&!-%&!'(.-)32&!/7!-%&!

&1&2-+/3!7+/,!-%&!3B21&B.#!!6%)-!0(11!9&!-%&!+&.B1-!/7!-%(.!,&).B+&,&3-H!
!

;# G/B!0(11!,&).B+&!-%&!'(.-)32&!-/!9&!-%&!=/%+!+)'(B.#!
=# G/B! 2/B1'! ,&).B+&! )34! '(.-)32&! 9&-0&&3! I&+/! )3'! (37(3(-4! 0(-%! &JB)1!

<+/9)9(1(-4#!
@# G/B!)+&!,/.-!1(K&14!-/!,&).B+&!-%&!'(.-)32&!-/!9&!-%&!=/%+!+)'(B.8!9B-!-%&+&!(.!)!

+)3*&!/7!/-%&+!'(.-)32&.!-%)-!4/B!2/B1'!</..(914!,&).B+&#!
A# $%&+&! (.! )3! &JB)1! <+/9)9(1(-4! /7! 7(3'(3*! -%&! &1&2-+/3! )-! )34! '(.-)32&! 0(-%(3! )!

+)3*&!7+/,!)!1(--1&!9(-!1&..!-%)3!-%&!=/%+!+)'(B.!-/!)!1(--1&!9(-!,/+&!-%)3!-%&!=/%+!
+)'(B.#!

!
!

EE# ;3! &1&2-+/3! (3! )3! )-/,! %).! -%&! &3&+*4! 1&5&1! '()*+),! )-! +(*%-#! ! $%&!
&1&2-+/3!(.!(3!(-.!1/0&.-!&3&+*4!.-)-&8!).!.%/03!(3!-%&!'()*+),#!!6%)-!
(.!-%&!1/0&.-!&3&+*4!<%/-/3!-%)-!(-!2)3!)9./+9H!

!
;# L-!2)3!)9./+9!)!<%/-/3!/7!)34!)+9(-+)+(14!.,)11!&3&+*4#!
=# !E!
@# !M!
A# !M!N!!E!
C# !O!N!!P!

!
!
!
!
EM# $+B&!/+!Q)1.&R!L3!-%&!)9.&32&!/7!&S-&+3)1!7/+2&.8!&1&2-+/3.!,/5&!)1/3*!.(3B./(')1!<)-%.#!!

CS<1)(3!4/B+!2%/(2&!(3!-%&!7+&&!.<)2&!9&1/0#!
!

;# $+B&!
=# Q)1.&!

!
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!"# $%&' ())' *+' ),)-./%+' *+0' *' +)&./%+'1%23+4' 56' 6%&' *.' .7)' (*1)' (8))0#' ' 9%:'0%' .7)3/'
:*2),)+4.7('!'-%18*/);'

'
<# !+)&./%+'='!),)-./%+'
># !+)&./%+'?'!),)-./%+'
@# !+)&./%+'A'!),)-./%+'

'
BC8,*3+'6%&/'/)*(%+3+4'3+'.7)'D/))'(8*-)'5),%:#'

'
'
'
'
'
'
'
'
'
'
'
'
'

'
'
'
'
!E# $%&' (7%%.' *' 5)*1' %D' 87%.%+(' .7/%&47' *' 8*3/' %D'

(,3.(' *.' *' (-/))+#' ' F7)' 5)*1' 3(' (%':)*G' .7*.' .7)'
87%.%+(' *//32)' *.' .7)' (-/))+' %+)' *.' *' .31)H' 5&.'
)2)+.&*,,6' .7)6'5&3,0'&8'*+' 3+.)/D)/)+-)'8*..)/+H'
*(' (7%:+' 3+' .7)' 83-.&/)' *.' /347.#' 'I7*.' -*+' 6%&'
(*6' *5%&.' :73-7' (,3.' *+6' 8*/.3-&,*/' 87%.%+' :)+.'
.7/%&47;'

'
<# B*-7'87%.%+':)+.'.7/%&47')3.7)/'.7)',)D.'(,3.'%/'.7)'/347.'(,3.#''JD':)'7*0'*'4%%0'

)+%&47' 0).)-.%/H' :)' -%&,0' 0).)/13+)' :73-7' %+)' :3.7%&.' -7*+43+4' .7)'
3+.)/D)/)+-)'8*..)/+#'

># B*-7' 87%.%+' :)+.' .7/%&47' )3.7)/' .7)' ,)D.' (,3.' %/' .7)' /347.' (,3.H' 5&.' 3.' 3('
D&+0*1)+.*,,6'318%((35,)'.%'0).)/13+)':73-7'%+)#'

@# B*-7'87%.%+':)+.' .7/%&47'5%.7' (,3.(#' ' JD':)'7*0' *' 4%%0' )+%&47'0).)-.%/H':)'
-%&,0'1)*(&/)'*'87%.%+'3+'5%.7'8,*-)('*.'%+-)#'

K# B*-7'87%.%+':)+.' .7/%&47'5%.7' (,3.(#' ' JD':)'7*0' *' 4%%0' )+%&47'0).)-.%/H':)'
-%&,0' 1)*(&/)' *' 87%.%+' 4%3+4' .7/%&47' %+)' (,3.' %/' .7)' %.7)/H' 5&.' .73(' :%&,0'
0)(./%6'.7)'3+.)/D)/)+-)'8*..)/+#'

B# J.'3('318%((35,)'.%'0).)/13+)':7).7)/'.7)'87%.%+':)+.'.7/%&47'%+)'(,3.'%/'5%.7#'
'
'
'
'
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!
!
"#$ %&'! ()*+,'! -'./0! 1&/01! 2&,''! 3)((','42! !! /,-)25.1$! !6&52! )4(/,752)/4! )1! *)8'4! -9! 2&'!

52/7):!/,-)25.!,';,'1'4252)/41$!!!
!
!
!
!
!
!
!
!
!

<$ %&'!!"/,-)25.1!,';,'1'42!2&'!=+542+7!4+7-',1!#!>!?@!$!>!A$!
B$ C5:&!!! /,-)25.! ;,/-5-).)29! :/42/+,! ,';,'1'421! 2&'! 8/.+7'! )4!0&):&!0'! &58'! 5!

&)*&!;,/-5-).)29!2/!()43!54!'.':2,/4!)4!1+:&!54!/,-)25.$!
D$ C5:&! !! /,-)25.! ;,/-5-).)29! :/42/+,! ,';,'1'421! 2&'! 8/.+7'! )4! 0&):&! ;,/2/41@!

4'+2,/41!543!'.':2,/41!,'1)3'$!
E$ <!;,/-5-).)29!:/42/+,!/(!2&'!;,/-5-).)29!3'41)29!/(!2&'!*,/+43F1252'!G!52/7$!

!
H/,!=+'12)/41!"I!J!KL!1252'!0&'2&',!9/+!5*,''!0)2&!2&'!(/../0)4*!1252'7'421@!0&','!#!9/+!

12,/4*.9!5*,''!543!"!9/+!12,/4*.9!3)15*,''$!
!
"I$ M+542+7! 7':&54):1! )1! /4.9! )7;/,2542! 2/! ;&91):5.! :&'7)12,9@! 51! /;;/1'3! 2/! /,*54):@!

:&'7)12,9@!-)/:&'7)12,9@!-)/./*9@!'2:$!
!

<$ #!N!12,/4*.9!5*,''$!
B$ ?!
D$ A!
E$ K!
C$ "!
H$ L!N!12,/4*.9!3)15*,''$!

!
"O$ M+542+7!7':&54):1! 5../01! (/,! 2&'! 3'1:,);2)/4P;,'3):2)/4! /(! 7/.':+.5,! 12,+:2+,'! 543!

-'&58)/,!/(!7/.':+.'1$!
!

<$ #!N!12,/4*.9!5*,''$!
B$ ?!
D$ A!
E$ K!
C$ "!
H$ L!N!12,/4*.9!3)15*,''$!

!
!
!
!
!
!
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!
!
!

"#$ %&'!()*!+,*-!./)012.3!&+!,012,()4,&*3!&+!5')*4'0!0.(6)*,(3!,*!7&'8!.9.87-)7!2,+.$!
!

:$ ;!<!348&*=27!)=8..$!
>$ ?!
@$ A!
B$ C!
D$ "!
E$ F!<!348&*=27!-,3)=8..$!

!
"G$ H')*4'0!0.(6)*,(3!,3!'3.-!,*!46.!,*4.818.4)4,&*!&+!31.(48&(&1,(!8.3'243$!
!

:$ ;!<!348&*=27!)=8..$!
>$ ?!
@$ A!
B$ C!
D$ "!
E$ F!<!348&*=27!-,3)=8..$!

!
CF$ I!)0!,*4.8.34.-!,*!5')*4'0!0.(6)*,(3!)*-!,43!)112,()4,&*3$!
!

:$ ;!<!348&*=27!)=8..$!
>$ ?!
@$ A!
B$ C!
D$ "!
E$ F!<!348&*=27!-,3)=8..$!

!
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D.3 Mathematics and Quantum Mechanics Post Conceptual Survey 

 
 

!"#$%&"#'()*"+,*-."+#.&*!%($"+'()*/0)#*10+(%2#."3*
4.56%7*

!
"#$!%&'!()!*+,&(-./!0+'1(&2$,!33!

!
!
!
!

4#%$! 5'$"#$1.)-'! #)! 2+(&! '6.1!7(//!+0#! .""'-2! ,#%$! 8$.9':! ! 4#%$! 5$#"'&&#$! 7(//! )#2! &''! ,#%$!
()9(;(9%./!&-#$'!#)!2+(&!'6.1<!#)/,!2+'!.88$'8.2'!&-#$'&!#"!2+'!-/.&&!.&!.!7+#/':!

!
=#2'! 2+.2! &#1'!>%'&2(#)&!1.,!9'./!7(2+! 2#5(-&! 2+.2! +.;'!)#2! ?'')!'65/(-(2/,! -#;'$'9! ()! ,#%$!
-/.&&:!!@#)A2!7#$$,!.?#%2!2+(&B!.)&7'$!.//!>%'&2(#)&!2#!2+'!?'&2!#"!,#%$!.?(/(2,:!

!
C.$D!.//!.)&7'$&!#)!,#%$!&+''2:!
!
*/'.&'!.)&7'$!.//!>%'&2(#)&:!
!
4#%$!.)&7'$&!&+#%/9!$'"/'-2!7+.2!,#%!5'$&#).//,!2+()D:!
!
*/.)!2#!"()(&+!2+'!EF!>%'&2(#)&!()!GH!1()%2'&:!
!
I+.)D!,#%J!
!
!!

! !
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!" #$%&'()*+$,*-(./$01$(/0+*%2-$32.%,*+$*%04/$%&'()*++&$,*352/$62%7223$8$
$

#" 9":$;$:$)4<!$
=" 9":$;$:$>$
?" 9":$;$:$'4$
@" 9":$;$:$14$
$

A" B(32%()$232,5&$C*/$-(423/(03/$01$8$
$

#" 8$D0.+2/$
=" 8$E(0+5,*4/$%(42/$42%2,/$/F.*,2-$'2,$/2)03-$/F.*,2-$
?" 8$4*//$%(42/$+235%C$/F.*,2-$'2,$%(42$/F.*,2-$
@" 8$)4<!$

$
:" GC2$ -(*5,*4$*%$ ,(5C%$ /C07/$ %C2$ 2+2)%,03()$ 232,5&$ +2H2+/$ (3$ *3$ *%04$7(%C$ *3$

2+2)%,03$*%$232,5&$+2H2+$!4"$$IC23$%C(/$2+2)%,03$40H2/$1,04$232,5&$+2H2+$!4$%0$
!3J$+(5C%$(/$24(%%2-"$$GC2$5,2*%2,$%C2$232,5&$-(112,23)2$62%7223$%C2$2+2)%,03()$
232,5&$+2H2+/$!4$*3-$!3$8$$
$

#" 8%C2$40,2$'C0%03/$24(%%2-"$
=" 8%C2$6,(5C%2,$KC(5C2,$(3%23/(%&L$%C2$+(5C%$24(%%2-"$
?" 8%C2$+0352,$%C2$7*H2+235%C$K%C2$40,2$,2-L$01$%C2$+(5C%$24(%%2-"$$
@" 8%C2$/C0,%2,$%C2$7*H2+235%C$K%C2$40,2$6+.2L$01$%C2$+(5C%$24(%%2-"$$
M" N0,2$%C*3$032$01$%C2$*60H2$*3/72,/$(/$)0,,2)%"$

$
$
O" GC2$2+2)%,03$(3$*$C&-,0523$*%04$(/$(3$(%/$5,0.3-$/%*%2"$$P0.$42*/.,2$%C2$-(/%*3)2$01$%C2$

2+2)%,03$1,04$%C2$3.)+2./"$$IC*%$7(++$62$%C2$,2/.+%$01$%C(/$42*/.,2423%Q$
$

#" P0.$7(++$42*/.,2$%C2$-(/%*3)2$%0$62$%C2$=0C,$,*-(./"$
=" P0.$ )0.+-$ 42*/.,2$ *3&$ -(/%*3)2$ 62%7223$ R2,0$ *3-$ (31(3(%&$ 7(%C$ 2F.*+$

',06*6(+(%&"$
?" P0.$*,2$40/%$+(E2+&$%0$42*/.,2$%C2$-(/%*3)2$%0$62$%C2$=0C,$,*-(./J$6.%$%C2,2$(/$*$

,*352$01$0%C2,$-(/%*3)2/$%C*%$&0.$)0.+-$'0//(6+&$42*/.,2"$
@" GC2,2$ (/$ *3$ 2F.*+$ ',06*6(+(%&$ 01$ 1(3-(35$ %C2$ 2+2)%,03$ *%$ *3&$ -(/%*3)2$ 7(%C(3$ *$

,*352$1,04$*$+(%%+2$6(%$+2//$%C*3$%C2$=0C,$,*-(./$%0$*$+(%%+2$6(%$40,2$%C*3$%C2$=0C,$
,*-(./"$

$
S" G,.2$0,$T*+/2U$V3$%C2$*6/23)2$01$2W%2,3*+$10,)2/J$2+2)%,03/$40H2$*+035$/(3./0(-*+$'*%C/"$
$

#" G,.2$
=" T*+/2$
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!" #$% &'&()*+$% ,$% -$% -)+.% /-0% )/&% &$&*12% '&3&'% 4,-1*-.% -)% *,1/)"% % 5/&% &'&()*+$% ,0% ,$% ,)0%
'+6&0)% &$&*12% 0)-)&7% -0% 0/+6$% ,$% )/&% 4,-1*-."% %8/-)% ,0% )/&% '+6&0)%
&$&*12%9/+)+$%)/-)%,)%(-$%-:0+*:;%

%
#" <)%(-$%-:0+*:%-%9/+)+$%+=%-$2%-*:,)*-*,'2%0.-''%&$&*12"%
>" !?%
@" !A%
B" !A%C%!?%
D" !E%C%!F%

%
%
%
%
G" H+I% 0&&% -$% &'&()*+$% -$4% -% $&I)*+$%.+3,$1% :2% 2+I% -)% )/&% 0-.&% 09&&4"% % J+6%4+% )/&,*%

6-3&'&$1)/0%!%(+.9-*&;%
%

#" !$&I)*+$%K%!&'&()*+$%
>" !$&I)*+$%L%!&'&()*+$%
@" !$&I)*+$%M%!&'&()*+$%

%
<$%)/&%09-(&%:&'+6%&N9'-,$%2+I*%*&-0+$,$1%)+%OI&0),+$%G"%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
P" 5/&%)+)-'%&$&*12%+=%-$%&'&()*+$%-=)&*%,)%)I$$&'0%)/*+I1/%-%9+)&$),-'%&$&*12%:-**,&*%,0Q%
%

#" Q1*&-)&*%)/-$%,)0%&$&*12%:&=+*&%)I$$&',$1"%
>" Q&OI-'%)+%,)0%&$&*12%:&=+*&%)I$$&',$1"%
@" Q'&00%)/-$%,)0%&$&*12%:&=+*&%)I$$&',$1"%

%
%
%
%
%
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!
!
!
"# $%&! '()*+,%-*! "! .! //0! 1%-*,2)&! 3! 43&+,15)!

6,+7! +7)! %-)82,9)-*,%-35! 4%+)-+,35! )-)&:;!
<(-1+,%-!45%++)2!3+!&,:7+!3-2!+%+35!)-)&:;!!#!!
=7)!>35()!%<!4%+)-+,35!)-)&:;!&)93,-*!3+!?@!
3*!A!!!BC!%&!A!!!.C#!

!
!
!
!
!
/@# D&)!+7)&)!3-;!355%6)2!>35()*!%<!+7)!43&+,15)E*!+%+35!)-)&:;!!!6,+7!!!F!"@0!3-2!,<!*%0!3&)!355!

>35()*!355%6)20!%&!%-5;!3!2,*1&)+)!*)+!%<!)-)&:;!>35()*G!
!

D# =7)&)!3&)!-%!355%6)2!>35()*!%<!)-)&:;!,-!+7,*!&3-:)#!
H# I-5;!1)&+3,-!2,*1&)+)!>35()*!%<!)-)&:;!,-!+7,*!&3-:)!3&)!355%6)2#!
J# D55!>35()*!%<!)-)&:;!,-!+7,*!&3-:)!3&)!355%6)2#!

!
!
//# D&)!+7)&)!3-;!355%6)2!>35()*!%<!+7)!43&+,15)E*!+%+35!)-)&:;!!!6,+7!!!K!"@0!3-2!,<!*%0!3&)!355!

>35()*!355%6)20!%&!%-5;!3!2,*1&)+)!*)+!%<!)-)&:;!>35()*G!
!

D# =7)&)!3&)!-%!355%6)2!>35()*!%<!)-)&:;!,-!+7,*!&3-:)#!
H# I-5;!1)&+3,-!2,*1&)+)!>35()*!%<!)-)&:;!,-!+7,*!&3-:)!3&)!355%6)2#!
J# D55!>35()*!%<!)-)&:;!,-!+7,*!&3-:)!3&)!355%6)2#!

!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
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!
!"#$

!
"#

" "

"
"
"
"
"

$%& '()"*+,-.)"/0".+,(0"1(231"/"420)50+/6")5).,7"*-580+25"!9":;"
3().)"0()"420)50+/6")5).,7"+1"+5*+5+0)"+*"""+1"6)11"0(/5"#"2."
,.)/0)." 0(/5" <;" /5=" (/1" /" 16/50)=" >2002?" +5" >)03))5" #"
/5=" <;" 12" 0(/0" 0()" 420)50+/6" 3)66" +1" =))4)." 25" 0()" .+,(0"
0(/5" 25" 0()" 6)*0&" " @(+8(" 2*" 0()" 46201" 2*" A!9":AB" C1&" "" +1"
?210" 6+D)67" 02" 82..)1425=" 02" /" 10/0+25/.7" 10/0)" 2*" 0(+1"
420)50+/6"3)66E"

"
"
"

"
"
"
"
"
"
"
"
"
"
"
"
"
"
"
"
"
"
"

F&" G2.)"0(/5"25)"2*"0()1)"+1"/"4211+>6)"10/0+25/.7"10/0)&"
"
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!"# $%&' ()*+' ,+' -./%+' 0%*10' ,' 02,(0%*+' *3' +%&'
0(,+.,)' (,-+' *3' ,' *2&45.6&20.*2,)' 1,7&'
3829+.*2'3*-','(,-+.9)&:'!;<=:'7&-080'<#' '!;<=' .0'
(8-&)>' -&,)#' ' $%&' ),?&)0:' @:' @@:' ,25' @@@:' .25.9,+&'
-&/.*20' .2' 1%.9%' 6&,08-&6&2+0' *3' +%&'
(*0.+.*2' *3' +%&' (,-+.9)&' 9,2' ?&'6,5&#' ' A-5&-'
+%&' (-*?,?.).+.&0:' B:' *3' 3.25.2/' +%&' (,-+.9)&' .2'
-&/.*20'@:'@@:',25'@@@:'3-*6'?.//&0+'+*'06,))&0+#'

'
C# B;@@@='D'B;@='D'B;@@='
E# B;@@='D'B;@='D'B;@@@='
F# B;@@@='D'B;@@='D'B;@='
G# B;@='D'B;@@='D'B;@@@='
H# B;@@='D'B;@@@='D'B;@='

'
'
'
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