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ABSTRACT 

 

In the past few decades, computational chemistry has emerged as a research tool in the 

pharmaceutical industry. Computational chemistry can be used to model the structure of 

individual molecules and predict chemical properties, which can be used in the process of drug 

design. In addition to its predictive capabilities, computational chemistry can also be used to 

validate experimental results. This research focuses on the use of computational chemistry to 

characterize and model acetaminophen following an experimental synthesis. Acetaminophen was 

synthesized in the laboratory and analyzed using Infrared Spectroscopy. Then, the products and 

reactants of the synthesis were modeled using the Spartan 5.0 software and calculated spectra 

were obtained for various EDF2 potentials. The calculated spectra converged with the 

experimental gas phase IR spectra interfaced in the Spartan software. The calculated spectra for 

acetaminophen were also consistent with IR absorption ranges found in the literature. 
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Chapter 1  
 

Introduction 

Background 

Acetaminophen 

Acetaminophen, also known as paracetamol in the United Kingdom, is an active 

ingredient used in many pain-relieving pharmaceutical preparations. It is considered an 

antipyretic because of its fever-reducing capabilities and is classified as an analgesic due to its 

ability to reduce pain. Due to its limited side effects when consumed in recommended doses, 

acetaminophen is a widely used analgesic. When prescribed by a doctor, acetaminophen may be 

administered in therapeutic doses to most individuals, including: elderly patients, children, and 

pregnant women1. However, overdoses of acetaminophen can be toxic and result in severe liver 

damage. 

Acetaminophen was introduced to the medical community in England in 1893, but was 

sparingly used as an antipyretic2. In 1949, it was determined that acetaminophen was the active 

metabolite of two established antipyretic drugs: acetanilide and phenacetin3,4. After this 

discovery, acetaminophen became a popular antipyretic in the United Kingdom, but failed to 

gain popularity in the United States until the mid 1950’s. In 1955, McNeil Laboratories marketed 

acetaminophen under the name Tylenol, which is now one of the best-selling analgesics on the 

market.  

Even though acetaminophen has been a widely used analgesic since the early 1950’s, its 

exact mechanism of action is still poorly understood5. As a result, acetaminophen continues to be 
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studied in the pharmaceutical industry in order to better understand the biochemical interactions 

that produce its pharmacological effect. This process is referred to as the pharmacological 

mechanism of action.  

 In addition, acetaminophen is used in the pharmaceutical industry to study the efficiency 

of various analytical methods such as FT-IR spectroscopy and Raman spectroscopy to determine 

qualitative purity and quantitative quality of manufactured tablets.  Quantitative quality refers to 

the measurement of the amount of acetaminophen present in each tablet compared to the quantity 

listed by the manufacturer. Qualitative purity refers to the presence of acetaminophen and 

absence of contaminants present in manufactured tablets.   

 

Acetaminophen Research 

The areas of acetaminophen research vary greatly, with topics ranging from 

pharmacological action to quality control assessment. Acetaminophen is still actively studied in 

the pharmaceutical industry. Previous studies have indicated that acetaminophen’s antipyretic 

activity results from its inhibition of prostaglandins, especially in the brain6,7. Further elucidation 

of acetaminophen’s action has indicated that the COX gene is involved in the antipyretic activity 

of acetaminophen. It appears that acetaminophen inhibits prostaglandins by competing for the 

active site on the COX gene8. 

Aside from studying the mechanism of action, current research in the pharmaceutical 

industry aims to measure both qualitative and quantitative quality of commercially manufactured 

tablets. Unfortunately, current techniques used for qualitative determination and quality control 

assessment, such as chromatography, are both costly and time-consuming. As a result, more 

cost-effective and time-efficient methods of analysis, such as Raman spectroscopy, Infrared (IR) 
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spectroscopy, and Nuclear Magnetic Resonance (NMR) spectroscopy have recently been 

explored to identify other possible techniques for quantitative and qualitative determination. 

Previous studies have indicated that Raman spectroscopy and FT-IR spectroscopy can provide an 

effective method of qualitative determination when assessing acetaminophen concentration in 

pharmaceutical tablets9,10. 

Recent research has indicated that Raman spectroscopy is an adequate method of 

quantitative quality control for commercial formulations. A study compared experimental 

quantitative values to the values assigned by the manufacturer of the drug11. With Raman 

spectroscopy, a discrepancy of 2.5% was found between the experimental quantitative values and 

the quantitative amount assigned by the manufacturer, which indicated that Raman spectroscopy 

was a sufficient method of quality control assessment11.  

 

Computational Chemistry 

Another area of pharmaceutical research is drug development, specifically structure and 

ligand based drug design12. Structure and ligand based drug design uses information about a 

specific biological target within the body—known as the ligand—to develop a drug that contains 

the appropriate structure to bind to the ligand. Possible structures and biochemical interactions 

for a novel drug can be predicted using computational chemistry.  

Computational chemistry refers to a relatively new research field that utilizes software to 

provide models of chemical molecules as well as predict chemical outcomes. The possible 

chemical properties that can be predicted using computational chemistry include: molecular 

geometry, energies of molecules, transition states, chemical reactivity, and analytical spectra. 

The computational approach has become increasingly popular in the last decade as a result of the 
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advancement of computers. Computational software can be used to validate experimental results 

based on fundamental processes, but it can also be used as a predictive method for future 

studies13.  

A portion of pharmaceutical research is shifting toward theoretical modeling in order to 

save money on costly lab experiments14. By using computational chemistry, predictions about 

the solubility and reactivity of a new drug can be made without conducting wet laboratory 

experiments. In addition, computational software allows researchers to perform calculations from 

experimental data that help to determine the most stable crystalline structure and can be used to 

complement other analytical methods13,15. Therefore, computational chemistry can be a useful 

resource in drug design based on its capabilities to model chemical reactions and predict 

chemical properties16. 

The two main areas of atomic level computational calculations in chemistry are 

molecular modeling and quantum mechanics. Both areas can be used to calculate the 

intermolecular forces that occur between molecules. Intermolecular forces are molecular 

interactions that can either cause the molecules to repel or attract. These forces include ion-

dipole interactions, hydrogen bonding, dipole-dipole interactions, and van der Waals forces. 

Computational software can help predict these intermolecular forces through parameterization or 

by using the principles of quantum mechanics17.  

Typically, molecular structures and energies are well represented by molecular 

mechanics. Molecular mechanics tends to focus on the motions of the nuclei rather than the 

electrons. By focusing on the motion of the nuclei, the electrons are not explicitly studied at all, 

assuming they are optimally distributed around the nuclei17. Therefore, molecular mechanics 

calculations, or force field calculations, focus on the structure of the molecule rather than the 
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electronic or spectroscopic properties. One of the most widely used force fields in molecular 

mechanics is the MMFF potential, which can be especially useful in the study of small 

molecules, specifically those molecules that are relevant to drugs18.  

In computational chemistry, one of the more advanced techniques for calculating 

molecular structure is the density functional theory (DFT). This technique focuses on the 

electron density to calculate the electronic structure of a molecule. These calculations can be 

used to interpret the behavior of complex systems17.  

Another significant aspect of DFT is the ability to represent molecular orbitals and 

electron densities. Stylized shapes and colors can be used to indicate the varying electron 

densities within a molecule. These properties are combined to develop an isodensity surface—a 

surface of constant total electron density—that is represented graphically by computational 

software. The isodensity surface can also be used to calculate the electrostatic potential surface, 

which depicts the distribution in charge over the molecule’s surface. This property helps to 

identify regions in a molecule that may be susceptible to electron attack based on the electron 

density of the region. This behavior is important when analyzing the pharmacological action of 

potential drugs17.  

In addition, computational chemistry can be utilized to predict thermodynamic and 

spectroscopic properties. Computational chemistry can be used to estimate standard enthalpies of 

formation for molecules with complex three-dimensional structures. Computational methods also 

allow a scientist to study the effect of solvation on the enthalpy of formation without actually 

conducting experiments in the laboratory. The ability to predict as much information about the 

molecule as possible without entering the laboratory can prevent a costly trial and error 

experimental period, which can ultimately lead to a faster and cheaper drug discovery process17. 
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Goals and Objectives 

 

The goal of my research was to synthesize acetaminophen, characterize the product using 

computational software, and compare the synthesized product to an acetaminophen standard 

through spectroscopy. The synthetic route used for this experiment was a combination of p-

aminophenol and acetic anhydride. My research involved implementing the technique of 

characterization, which goes beyond the conventional measure of purity such as melting point 

and introduces the synergy of experimentally obtained IR spectra with computationally 

generated vibrational frequencies.  

 Originally, Raman Spectroscopy was to be used in addition to Infrared Spectroscopy to 

analyze the synthesized acetaminophen. However, Raman Spectroscopy was unavailable. The 

addition of the Raman component would have been beneficial to the research because it would 

have provided more insight into the theoretically calculated spectra. In the spectra calculated by 

the Spartan 5.0 computational software, Infrared Spectroscopy and Raman Spectroscopy are 

shown in conjunction, since their wavelengths are so similar. Therefore, experimental data for 

both Raman Spectroscopy and Infrared Spectroscopy would allow a more thorough comparison 

of the calculated spectra and the experimental spectra to characterize the product.  
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Synthesis of Acetaminophen 

 

Figure 1. Reactants and products for the synthesis of acetaminophen 

 

The synthesis of acetaminophen has been well studied19,20, and therefore, the focus of this 

research was not to develop a novel synthesis of acetaminophen. The protocol used for this 

research is available in the literature21. The synthetic route used in this research was the addition 

of p-aminophenol and acetic anhydride. The products of the reaction are acetaminophen and 

acetic acid. Figure 1 shows the organic structures for the reactants and products of the 

acetaminophen synthesis reaction. Upon completion of the reaction, determination of the desired 

product can be analyzed using melting point and spectroscopic techniques. Indication of 

impurities can be seen in an experimental melting point that varies from the literature value of 

the melting point of acetaminophen, 169 °C22. Qualitative determination of the product can also 

be analyzed by comparing the IR spectrum of the synthesized product to the IR spectrum of an 

acetaminophen standard.  

 



8 

Structures and Molecular Models 

 

Figure 2. The organic structure of acetaminophen 

 

 Acetaminophen is an aromatic compound that includes a hydroxyl functional group as 

well as an amide.  Figure 2 shows the organic structure of the acetaminophen molecule. Certain 

characteristics of the molecule’s reactivity can be predicted based on the functional groups of the 

organic structure. However, the organic structure can sometimes be complex, making it difficult 

to visualize the vibrations of a molecule.  One of the advantages of computational chemistry is 

the ability to model a molecule in its most stable form. 

 

Figure 3. A molecular model of the acetaminophen 

molecule generated using Spartan 5.0 computational 

software 
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Figure 3 exhibits the molecular model of acetaminophen generated from the Spartan 5.0 

software. The model was built based on the organic structure depicted in Figure 2. The dark grey 

spheres represent carbon atoms, the red spheres represent oxygen, the blue sphere represents 

nitrogen, and the remaining white spheres represent hydrogen atoms. The model has been energy 

minimized in order to show acetaminophen in its most stable state. In addition to generating 

models, such as the one shown above, Spartan provides visualization of the vibrational modes 

that occur between each atom at varying frequencies.  

 

Figure 4. Molecular actions within a molecule that can be 

demonstrated by computational software 

 

Figure 4 displays the different molecular actions that can be demonstrated by the Spartan 

software. The action labeled scissoring on the diagram can also be referred to as a “bend.” Also, 

stretching may occur in the absence of symmetry, in which case it cannot be labeled as either 
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symmetric or asymmetric. Each peak present in an IR spectrum corresponds to one of the 

vibrational actions shown above. Computational software models these vibrational actions that 

occur at each peak. For example, a peak that appears at 3484 cm -1 on an IR spectrum may 

correspond to an N-H stretch that can be modeled using computational software.  
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Significance of Research 

 

As computational chemistry continues to emerge as a useful technique in the scientific 

community, an introductory study using computational methods to enhance the comprehension 

of the obtained product offers a potential advancement from previous techniques used in 

chemistry to analyze experimental products. In the absence of computational chemistry, 

acetaminophen can only be determined by experimental measures such as melting point and 

analytical techniques such as spectroscopy. With the use of computational chemistry, 

experimental results can be validated through the modeling of the molecular interactions of 

acetaminophen, and the experimental product can be characterized based on the combination of 

experimental data and computational methods.  

In previous studies, the presence of acetaminophen was analyzed using FT-IR 

spectroscopy9 and Raman spectroscopy10, and the purity of acetaminophen was determined using 

melting point23. Other studies have implemented computational chemistry to predict or validate 

experimental results24. However, the combination of experimental analysis and computational 

software to characterize acetaminophen has not yet been explored.  

In addition, computational chemistry can be utilized as a diagnostic resource in chemistry 

laboratory courses. Introducing computational chemistry in the undergraduate laboratory setting 

can improve comprehension of molecular-level phenomenon through visualization25,26 and 

provide an example of how computational chemistry can be utilized in industry. As the 

pharmaceutical industry continues to shift toward the use of theoretical modeling and 
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computational chemistry, the use of computational chemistry in a laboratory setting can offer 

students useful skills that can later be employed in graduate school and industry. 
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Chapter 2  
 

Materials and Methods 

Synthesis 

Acetaminophen was synthesized according to Katz’s method21 by adding p-aminophenol, 

water, and phosphoric acid to an Erlenmeyer flask. The flask was placed in warm water for 10 

minutes. Then, the flask was transferred to an ice bath for 30 minutes to form crystals. The 

crystals were recovered using a filtration apparatus and allowed to dry. Once the crystals had 

dried, both the crude acetaminophen and water were added to a beaker, and the solution was 

heated. The beaker was then placed in an ice bath for 20 minutes to allow crystals to reform. The 

purified acetaminophen was collected using a filtration apparatus and the crystals were allowed 

to dry.  The synthesis was conducted twice in order to compare results. 

 

Analysis 

 An IR spectrum for the synthesized acetaminophen was measured. The samples were 

ground and mixed with KBr in a 1:100 ratio in order to run the IR. A KBr “blank” was also used 

to run the IR. Table 1 contains the mass values for the samples and KBr used to run each IR. An 

IR spectrum for an analytical grade acetaminophen standard was also measured for comparison. 
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Table 1. The mass of the acetaminophen standard, synthesized acetaminophen samples, and 

KBr used to run IR spectra 

 

Sample 

 

 

Sample Mass (g) 

 

KBr Mass (g) 

 

Blank 

 

 

— 

 

0.3175 

 

Acetaminophen Standard 

 

 

0.0286 

 

0.3086 

 

Synthesized Acetaminophen 

Trial #1 

 

 

0.0307 

 

0.3340 

 

Synthesized Acetaminophen 

Trial #2 

 

 

0.0265 

 

0.3186 
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Computational Calculations 

 

 

Figure 5. Molecular models of reactants and products of the acetaminophen synthesis 

generated by the Spartan 5.0 software 

 

 Spartan 5.0 software was used to model the products and the reactants for the synthesis of 

acetaminophen.  Figure 5 shows the reactants and products generated by the Spartan software. 

Each molecule was built by choosing the appropriate atoms, fragments, and hybridizations. 

These molecular components were chosen from the “build” menu of the software package. The 

molecules were energy minimized with molecular mechanics using the MMFF potentials27. The 

infrared vibrational frequencies were then determined with full electronic structure calculations 

using Density Functional Theory28,29 with the EDF2 potentials30 at the 6-31G* level31. A 

theoretical IR spectrum was calculated for each reactant and product.  The theoretical IR 

spectrum for acetaminophen was compared to the IR spectrum for the experimentally 

synthesized acetaminophen and analytical acetaminophen standard.  

 A second set of calculations was run for acetic acid and acetic anhydride with the EDF2 

potentials at the 6-311++G** level31. A calculated spectra was attempted for the acetaminophen 

and p-aminophenol for the 6-311++G** potential but the calculation could not be completed due 
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to a limitation in the calculating capabilities of the computers available during the time of the 

research. It is possible that the calculations could be performed using a more advanced computer 

system, but no such system was available during this research. For this reason, a 6-311G** 

potential31 and 6-311+G** potential31 were used for p-aminophenol and a 6-311+G** potential 

was used for acetaminophen.   

 Spartan software also interfaces the NIST Chemistry WebBook to provide experimental 

IR spectra in the software package. The calculated spectra for the two different theoretical 

potentials for each respective molecule were compared to the experimental IR Spectra available 

in Spartan using linear regression.  
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Chapter 3  
 

Results 

Experimental IR Spectra and Boiling Point 

 The IR spectra of the synthesized acetaminophen, an acetaminophen standard, and p-

aminophenol were obtained experimentally. Figure 6 shows the IR spectrum of p-aminophenol, 

Figure 7 shows the IR spectrum of the acetaminophen standard, and Figure 8 shows the IR 

spectrum of the experimentally synthesized acetaminophen. The boiling point for the synthesized 

acetaminophen was 165 °C, which was close to the literature value of 169 °C22.  

 

 

Figure 6. P-aminophenol IR spectrum 
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Figure 7. Acetaminophen standard IR spectrum 

 

 

Figure 8. Synthesized acetaminophen IR spectrum 
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Theoretical Calculations 

 Following each calculation using the Spartan 5.0 software, an IR spectrum was 

generated, as well as a list of the corresponding peak for the calculated spectrum. Figure 9 shows 

a screenshot of the output of the calculation performed. The list of peaks corresponding to the IR 

spectrum is shown on the right. The predicted motion of the molecule was displayed using the 

molecular model on the left side of the screen. A calculated spectrum was generated for all of the 

reactants and products of the acetaminophen synthesis. The most notable peaks from each 

reactant and product are shown in Table 2. The molecular motion assigned to each peak is also 

shown in Table 2.  

 

 

Figure 9. Screenshot of Spartan software calculation 
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Table 2. IR shift frequency values for reactants and products of acetaminophen synthesis 

reaction generated by Spartan software 

P-aminophenol Acetic 
anhydride 

Acetaminophen Acetic acid Assignment 

 757   C-O bend 
   838 C-C-O stretch 
 920   C-O stretch 
   1179 C-OH bend 
 1210   C-O stretch 
  1271  C-O stretch 
   1273 C-O-H stretch 

1279    C-N Stretch 
  1345  C-O-H bend 
  1511  C-N stretch 

1516    C-N stretch 
  1519  N-C=O stretch 
  1725  C=O stretch 
 1791   C=O stretch 
 1826   C=O stretch 
   1831 C=O stretch 

3412    N-H stretch 
  3484  N-H stretch 

3506    N-H stretch 
   3607 O-H stretch 
  3624  O-H stretch 

3633    O-H stretch 
 

 Two different potentials were used to obtain calculated IR spectra for each of the 

reactants and products. These calculated IR spectra were compared to the experimental IR 

spectra interfaced in Spartan. Figure 10 shows the linear regressions used to compare the 

experimental and calculated values of acetic anhydride for two different potentials: 6-31G* and 

6-311++G**. The R2  value for the trend line corresponding to 6-31G*  was 0.99385 and the R2 

value for the trend line corresponding to 6-311++G** was 0.99492. An ideal value for an R2 
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value is 1.00. The R2 value for the 6-31++G** trend line was slightly closer to 1.00 than the R2 

value for the 6-31G* trend line.  

 

 

Figure 10. Linear regression of the experimental and calculated IR spectra for acetic 

anhydride generated by Spartan software 

 

 A linear regression was also calculated for acetic acid, which was a product of the 

synthesis. Figure 11 shows the linear regression comparison of the experimental and calculated 

Spartan values for acetic acid for two different potentials. The two potentials compared in the 

linear regression of acetic acid were 6-31G* and 6-311++G**. The R2 value for the trend line 

corresponding to 6-31G* was 0.99545 and the R2 value for the trend line corresponding to  

6-31++G** was 0.99749. The R2 value for the 6-31++G** trend line was slightly closer to 1.00 

than the R2 value for the 6-31G* trend line.  
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Figure 11. Linear regression of the calculated and experimental IR spectra for acetic acid 

generated by Spartan software 

 

Figure 12 shows the linear regression comparison for the calculated and experimental 

values from Spartan for p-aminophenol.  The theoretical spectra were calculated for three other 

potentials. The three potentials used were 6-31G*, 6-311G**, and 6-311+G**. The R2 value for 

the 6-31G* trend line was 0.99868, the R2 value for the 6-311G** trend line was 0.99859, and 

the R2 value for the 6-311+G** trend line was 0.99836. The R2 value was almost the same for all 

three potentials and the three R2 values were all very close to 1.00.   
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Figure 12. Linear regression of the calculated and experimental IR spectra for p-

aminophenol generated by Spartan software 

 

Figure 13 shows the linear regression comparing the experimental spectrum and 

calculated spectrum from Spartan for acetaminophen for two different potentials. The two 

potentials used were 6-31G* and 6-311+G**.  The R2 value for the 6-31G* trend line was 

0.99976 and the R2 value for the 6-311+G** trend line was 0.99906. The R2 values for the two 

potentials were almost identical and both R2 values were very close to 1.00. 
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Figure 13. Linear regression of the calculated and experimental IR spectra for 

acetaminophen generated by Spartan software 
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Chapter 4  
 

Discussion 

 The IR spectrum obtained for the synthesized acetaminophen was consistent with the IR 

spectrum for the acetaminophen standard, as shown in Figure 7 and Figure 8. This convergence 

of experimental results indicated that the desired product—acetaminophen—was formed. 

However, the acetaminophen experimental IR spectrum was shifted compared to the calculated 

spectrum generated by Spartan. The experimental IR spectrum for the synthesized 

acetaminophen also contained more peaks than the calculated spectrum generated by Spartan. 

The experimental IR spectrum from the p-aminophenol was also shifted compared to the 

calculated IR spectrum. The difference between the two experimental and calculated spectra 

indicate the possibility that a shift factor needed to be used to account for the discrepancy. 

However, recent research indicated that a benefit of the EDF2 potential was that no such factor 

should need to be applied19.  

 To resolve the discrepancy between the experimental IR spectrum for the synthesized 

acetaminophen and the calculated IR spectrum, an experimental spectrum interfaced by the 

Spartan software was compared to the calculated spectrum. The experimental spectrum 

interfaced by the Spartan software appeared more consistent with the calculated spectrum, but 

did not appear to be consistent with the experimental IR spectrum for the synthesized 

acetaminophen. Upon further investigation, it was determined that the interfaced experimental 

spectrum for Spartan was for the gas phase of acetaminophen, whereas the IR spectrum for the 
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synthesized acetaminophen was for the solid state. The NIST Chemistry WebBook, which was 

the database interfaced in the Spartan software, also contained an experimental IR spectrum for 

the solid-state acetaminophen. The solid-state experimental spectrum was consistent with the IR 

spectrum for the synthesized acetaminophen, which further supported that acetaminophen was 

the product of the synthesis reaction.  

 Since the experimental IR spectrum for the synthesized acetaminophen could not be 

directly compared to the calculated IR spectrum, the theoretical spectrum for all of the reactants 

and products was analyzed independently. Table 2 shows the most notable peaks for the 

reactants and products, as well as the molecular motion associated with each peak.  

 

Figure 14. Organic structures of p-aminophenol and acetaminophen 

 

 The structure of acetaminophen is more closely related to p-aminophenol than acetic acid 

or acetic anhydride. The structures of the two compounds are shown in Figure 14.  The 

difference between the two structures is that acetaminophen contains an amide functional group, 

whereas p-aminophenol only contains an amino functional group. The different peaks in the 

theoretical spectra found in Table 2 represent the difference in the structures. In the calculated 
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spectra, a peak at 1725 cm-1 indicated a C=O stretch for the acetaminophen molecule. This peak 

was consistent with the carbonyl compound absorption range of 1670 cm-1 to 1780 cm-1 found in 

the literature, which are shown in Table 332. The theoretical acetaminophen spectra also 

contained a peak at 3484 cm-1 that corresponded to an N-H stretch. This value was consistent 

with the literature absorption range of 3300 cm-1 to 3500 cm-1 that indicates an N-H bond of an 

amine functional group32. The theoretical spectra for p-aminophenol contained two N-H stretch 

peaks at 3412 cm-1 and 3506 cm-1, which were also consistent with the literature range. The two 

peaks in the amine absorption range were consistent with the expected results for p-aminophenol, 

since there are two N-H bonds.  

 

Table 3. IR absorption peak ranges based on functional group 
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 The potential used for the calculated spectra in Table 2 was 6-31G* because it was the 

lowest basis set used for each compound. The other basis sets used in the linear regression plots 

were 6-311G**, 6-311+G**, and 6-311++G**. In Figure 10, a linear regression was used to 

show how the 6-31G* basis set and the 6-311++G** basis set compared to the experimental IR 

spectra interfaced in Spartan for acetic anhydride. The R2 value for the 6-311++G** basis set 

trend line was closer to 1.00, which indicated that it was a better fit to the experimental spectrum. 

Similarly, the R2 value for the 6-311++G** basis set trend line was also closer to 1.00 for acetic 

acid as shown in Figure 11. These results indicate that 6-311++G** basis set provides more 

accurate calculated spectra compared to the 6-31G* basis set.  

 On the other hand, when the higher potentials were compared to the 6-31G* basis set for 

p-aminophenol and acetaminophen, the R2 values were almost identical. As shown in Figure 12, 

the trend lines for the 6-31G* basis set, the 6-311G** basis set, and the 6-311+G** basis set 

yielded almost the exact same R2 value, which indicated that all three basis sets were consistent 

with the experimental spectrum. The R2 value for the 6-31G* trend line and the 6-311+G** trend 

line for acetaminophen were also almost the same, as shown in Figure 13. Overall, the results of 

the linear regression analysis seemed to show that for smaller molecules such as acetic acid and 

acetic anhydride, a higher level basis set was a more accurate fit to the experimental data, but for 

larger molecules like p-aminophenol and acetaminophen, the higher level basis set did not 

deviate much from the 6-31G* basis set.  

 As stated earlier, a theoretical spectra for the 6-311++G** basis set was attempted for 

both p-aminophenol and acetaminophen, but the calculations could not be completed on the 

computers available during the time of the research. Basis sets are a set of functions that are 

combined through quantum calculations to create molecular orbitals33.  The basis sets used in 
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this research were 6-31G*, 6-311G**, 6-311+G**, and 6-311++G**. These basis sets fall under 

a category called split-valence basis sets, which were designed by John Pople’s research group. 

The general notation for these basis sets is X-YZg, where X represents the core atomic orbital 

basis function and Y and Z represent the valence orbitals. In other words, the more letters, plus 

signs, and asterisks that follow the hyphen in the basis set name represent the various orbitals 

that an election can travel to33. Since each orbital is associated with at least one type of Gaussian 

function, the calculations can become extremely complex. For this reason, the 6-311++G** 

calculation could not be performed on the computers available on campus for larger molecules 

such as acetaminophen and p-aminophenol. It is possible that the calculations could be 

performed with a more advanced computer system, but such an advanced computer system is not 

always available to students.  
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Conclusion

 Acetaminophen can be modeled using Spartan 5.0 computational software. The IR 

spectra calculated by Spartan can also be compared to spectra found in the literature. However, 

at the present time, the IR spectra calculated by Spartan software available to students cannot be 

directly compared to experimentally obtained solid-state IR spectra. When using computational 

software in the laboratory setting, it is important to account for the phase of the compound being 

studied. As shown in the IR spectra, the IR spectrum of the gas phase of acetaminophen differs 

from the solid state IR spectrum. This discrepancy indicates that researchers should either change 

the phase of the compound being studied, or study the spectra independently.  

 This study also indicates a weakness in computational chemistry software. As 

computational chemistry packages continue to improve to better represent experimental data, this 

study can indicate areas of discrepancy in the data. This study could lead to further investigation 

of the computational chemistry software and improve methods for matching computational 

calculations to experimental data.  

 In addition, this experiment can serve as the basis for future undergraduate studies 

utilizing computational software. It is important to note that the software used for this study was 

a computational software package available to students. However, the package did not contain 

the option to show solid-state IR spectra, which is the spectral method most often used by 

undergraduate students. The results of this study may encourage computational software 

companies to include solid-state IR calculations in student software packages in order to better 

represent the results of undergraduate laboratory studies.
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