[bookmark: _Hlk182331837]Investigating Crystal Violet Reactivity and Color with Quantum Theory and Interactive Webpages
John W. Keller* and Arianna L. Demmerly
AUTHOR INFORMATION
Corresponding Author
John W. Keller - Department of Chemistry and Biochemistry, University of Alaska Fairbanks, Fairbanks, AK 99775 
Author
Arianna L. Demmerly - Department of Chemistry and Biochemistry, University of Alaska Fairbanks, Fairbanks, AK 99775

ABSTRACT
This computational exercise gives students an in-depth look at the reactants, transition state, and product of the crystal violet alkaline hydrolysis reaction. The exercise, which is aimed at second semester general chemistry students, involves DFT energy calculations on five structures: crystal violet cation, crystal violet alcohol, and 4-water complexes of hydroxide ion, addition transition state, and alcohol product. The B3LYP/6-31G(d,p) level of theory using the SMD continuum solvation model provides realistic energy changes and MO energies. Using the latter, the max of crystal violet and the colorless alcohol product are estimated from the HOMO-LUMO energy gaps. To facilitate student calculations, the molecules are first viewed on interactive webpages, then the structures are downloaded and imported into WebMO. Completing five ORCA calculations requires less than 10 min. Analyzing the results and completing an 8-page worksheet requires 2-3 h. This exercise brings together concepts from across the first-year chemistry curriculum, including resonance, electronegativity and polarity, hydrogen bonding, molecular orbital theory, spectroscopy, and energy change during a chemical reaction. 
GRAPHICAL ABSTRACT
[image: ]








KEYWORDS 
Crystal Violet, DFT, ORCA, WebMO, JSmol, Transition State, Cluster, Activation Energy, LUMO, HOMO, UV-VIS, First-Year Undergraduate/General Chemistry

INTRODUCTION
Computational chemistry has been gradually introduced into the chemistry curriculum during the past decades as computational methods have become more common in chemistry research and as the power of computational hardware has increased. Published computational exercises have been mostly designed for upper division chemistry courses that delve into computational mathematics or organic mechanism details. These have often required specialized computational software that is installed in a computer lab accessible only to the small upper division classes or a general chemistry honors section.1 Rarely, entire classes gain access to such facilities.2-4
The potential user base for computational chemistry instruction has widened with the introduction of the WebMO program.5 WebMO has a number of features that recommend it for use in large enrollment classes: it requires no software installation by the user besides a web browser; it can use a variety of computational packages including Gaussian, ORCA, MOPAC, xTB, GAMESS, and others; computational servers may be installed either locally or in the cloud; and jobs are saved in a database, allowing users to log back in after completing a calculation to check their results. Several general chemistry computational exercises using WebMO have been reported, with most focusing on VSEPR theory.6-8 Labs related to resonance9 and the inductive effect10 have also been reported. Esselman and Block used embedded WebMO molecular orbital files to teach a modified VSEPR theory.11 Computational chemistry has been introduced into secondary schools.12
[bookmark: _Hlk182331965]To date, computational applications in general chemistry deal mostly with the geometries of small molecules7,12 and the bond orders and molecular orbitals (MOs) of resonance stabilized ions.9 The study of larger chemical systems faces certain barriers. Unless they are carefully designed, density functional theory (DFT) calculations on large molecules often cannot be completed within a typical lab period. Even using software with a user-friendly interface, the complete build-optimize-analyze cycle for a larger molecule is still challenging and time consuming.
This article describes our approach to large molecule DFT calculations in general chemistry, which utilizes interactive webpages and single point calculations in WebMO. The molecules in question occur in the crystal violet (CV) alkaline hydrolysis reaction, which is the subject of a kinetics experiment earlier in the semester. Based on the calculation results, students analyze resonance stabilization and charge distribution within CV, calculate energies of activation and reaction, and use HOMO-LUMO energy gaps to predict UV-VIS spectra.  
ALKALINE HYDROLYSIS OF CRYSTAL VIOLET
CV reacts with aqueous NaOH to give the colorless crystal violet alcohol (CVOH) (Equation 1). The reaction progress is followed by measuring the decrease in the CV absorbance at the 590 nm max. This fact, and the slow reaction rate, make the experiment suitable for a general chemistry lab.13-16 Kinetics studies on this second-order reaction have been reported by Richie et al.17,18 and others.19-22 CV reacts slowly compared to other triarylmethyl cations due to the strong stabilization of its cationic center by three dimethylaminophenyl substituents.
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Hydroxide ions are strongly hydrogen-bonded in water as shown by both experiment23-25 and theory.26-33 Molecular dynamics simulations of aqueous NaOH show 3, 4 or 5 waters donating H-bonds to the hydroxide O. The calculations in this exercise use a bridged 4-water-OH- cluster (Fig. 1), which is the most stable 4-water-OH- geometry at this level of theory (See Supporting Information).26 Thus, the activation barrier in this reaction arises from loosening and breaking H‑bonds to hydroxide. This cluster size gives an activation energy of 6.8 kcal mol-1 and a reaction energy of ‑10.5 kcal mol-1. These are somewhat low compared to Richie’s experimental enthalpy of activation H‡ of 15.3 kcal mol-1 and Horxn of -6.6 kcal mol-1.17 Larger clusters give more accurate values but require longer calculation times. These calculations use the solvation model density (SMD) theory34 where the molecules are surrounded by a polarizable surface that mimics a molecule’s interaction with the bulk water environment. Without the polarizable surface, i.e. in the gas phase, DE for the CV + OH-4wat  CVOH-4wat reaction is ‑78 kcal/mol. The gas phase model is missing the large aqueous solvation energies that stabilize the ionic reactants. 
These molecules and their water complexes are first presented to students on interactive JSmol webpages from which the structure files are downloaded. These include CV and CVOH; and 4-water clusters of OH-, CVOH, and the CV-OH transition state.35 A frequency calculation on the transition state-OH-water cluster showed an imaginary vibration along the hydroxide-CV reaction coordinate. The others are energy minima with all real vibrations. 
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Description automatically generated]Figure 1. Reactants, transition state, and product of the crystal violet alkaline hydrolysis as they appear on each interactive webpage: (a) 4-water-OH- cluster, (b) crystal violet cation, (c) 4-water-OH-crystal violet transition state, (d) 4-water-crystal violet alcohol complex. Hydrogen bonds are cyan; the O-C reacting bond is red; OH oxygen is fuchsia.


INSTRUCTIONAL SETTING
University of Alaska Fairbanks has an American Chemical Society–approved chemistry major program. The science and engineering major general chemistry series is offered each semester; an atoms-first textbook is used. The course enrolls about 140 students in the spring semester and 60 in the fall. Lab classes have a maximum of 20 students and are taught by graduate students or final-year undergraduates. 
LEARNING OBJECTIVES
The goal of this lab is to reveal the molecular phenomena occurring during a simple addition reaction, and the power of quantum theory to illuminate these phenomena. The DFT calculations provide quantitative and graphical descriptions that supplement traditional concepts of resonance, bonding in Lewis formulas, electronegativity, bond polarity, exo- and endothermic reactions, transition states, and the electromagnetic spectrum. Some of these are addressed in Parts A-C of the worksheet (see Supporting Information).  
The overall learning objectives are:
(i) Understand that crystal violet cation is a hybrid of several resonance structures which show the ion’s positive charge being equally shared over all three branches of the molecule.  
(ii) Be able to relate the calculated energy content of reactants, transition state, and product to a reaction energy diagram. Understand that the energy changes during the crystal violet-hydroxide reaction are due to breaking and making bonds. 
(iii) Understand how the color loss that accompanies conversion of crystal violet to crystal violet alcohol is due to the increase in the HOMO-LUMO energy gap. Use the calculated HOMO-LUMO energy gap DE, Planck’s constant (h), the energy equation DE = h to calculate approximate max‘s for crystal violet and crystal violet alcohol. 
Part A: Partial charges and resonance. Electronegativity differences in bonded atoms cause partial charge separations, which are estimated as part of a single point energy calculation in ORCA.36 WebMO reports Loewdin partial atomic charges in the View Job page and students record values for the three N atoms on the worksheet. Scaffolding is provided in the student handout by a discussion of partial atomic charges in HF, NH3, NH4+, and the CV cation (see Supporting Information).  
This section of the lab addresses the computational evidence for resonance in CV. To refresh memories, resonance in the formate ion is discussed in the handout. The Lewis formula of CV (Eq. 1) shows one nitrogen with a +1 formal charge. However, the DFT calculation reveals that the partial charges on all the N atoms are identical (-0.038). In addition, the bond lengths in the three aryl groups are invariant, and the electron density and electrostatic potential surfaces appear to be 3-fold symmetric. Thus, CV is a hybrid of 3 (or more) formulas. The worksheet asks students to fill in missing multiple bonds and formal charges in skeletal formulas, and to explain their answers in terms of the symmetry perceived in the surfaces. 
Part B: Activation and reaction energies. Students calculate these energies using the ORCA output, then locate the reactants, transition state and products on a plot of the relative energies. The logic of energy scales is not always obvious. This is especially true when the absolute energies of reactants and products are all negative, as they are for quantum calculations that incorporate both core and valence electrons. The pre-lab for the experiment provides practice in dealing with negative energies in a small Erxn calculation. 
Part C: UV-vis spectroscopy and the electromagnetic spectrum. Why is CV violet, while CVOH is colorless? This section builds on previous knowledge about atomic emission and absorption spectra, and the MOs of diatomic molecules. Here the orbitals in question are the HOMO and LUMO, which can be viewed in WebMO. Values for max of CV and CVOH are calculated from HOMO-LUMO energy differences, which are then substituted into E=h. 
Assuming that the spectral absorbance is due mainly to promotion of an electron from the HOMO to LUMO, the calculations yield max values of 465 nm for CV and 254 nm for CVOH. These are not close to the experimental values of 590 nm and 280 nm; however, they do allow students to assign the absorbances to the correct spectral range, i.e., visible and ultraviolet. This discrepancy occurs because upon promotion of an electron, the LUMO and other MO’s change in a way that reduces the required excitation energy. The observed absorption wavelength is thus longer than expected based on the LUMO-HOMO gap of the ground state. Various advanced theoretical analyses of the CV absorption spectrum have been published.37,38 
More practically, this lab shows students how to use WebMO and ORCA to carry out basic quantum theory calculations. In future chemistry classes or projects, these students hopefully will be more adept at using computational methods. To this end, WebMO sites ideally can be made available throughout the semester, allowing students to import or build molecules and carry out simple calculations at any time.
 WORKSHEET RESULTS 
In the Spring 2025 semester, this exercise was completed within the 3-h lab, including all ORCA calculations and filling out the worksheet. The main benefit of this policy was to allow the teaching assistants to offer advice to the class and to consult with individuals. One hundred twenty-five students completed the worksheet, although several did not finish on time. Scores ranged from 63% to 100% with an average of 89%. A chart of scores by topic is in the Supporting Information (Fig. S1, Table S1). 
The general trend was that students did well on the mathematical calculations of max (93%) and DE (76%) that utilize skills of dimensional analysis, unit conversions, and scientific notation already heavily emphasized in both general chemistry semesters. Where some students tripped up was applying DE’s to the reaction progress graph (62%) and giving a cogent explanation for why the energy first increases then decreases going to the product (61%). It did not seem to help that the latter answer is contained in Fig. 2 of the lab handout. Another area of difficulty was drawing Lewis structures of the H2O-OH- complex in the pre-lab (59%) and adding formal charges and double bonds in the CV cation resonance forms (61%). This is a difficult concept even when addressed head-on in first semester general chemistry. 

JSmol INTERACTIVE WEBPAGES 
In our experience, students encounter various difficulties with molecular modeling software especially when they must build and optimize a molecule. Optimizing the structure once it is built may require many minutes, and even then, a geometry optimization job may arrive at an incorrect isomer or conformer. Our work-around is to provide optimized structures in easy-to-understand graphical format that can be imported into the WebMO workspace. A 1-2-min energy calculation then provides relevant details such as energy content, charge distribution, and bond distances. 
Fig. 2 shows three of the pages that introduce students to crystal violet quantum calculations.35 The upper portion of the index page (a) links to sub-pages showing the structures in Fig. 1 and CVOH. Right-clicking one of the JSmol molecule pages brings up a menu offering to save the structure on the local computer in the molfile format (.mol). After logging into WebMO, the File, Import Molecule menu is used to bring the molecule into the workspace. The lower portion of the index page (b) and (c) show pages that  are not downloaded but which illustrate the surfaces of CV discussed in Part A of the worksheet. The total electron density surface (b) provides visual evidence that CV is completely symmetric despite the formula showing only one resonance form. The electrostatic potential surface (c) illustrates the electroneutrality of the central carbon (green color) and the buildup of valence electrons near -bonds and N atoms (yellow and red). The electrophilic reactivity surface (see the abstract graphic) shows the amplitude of the LUMO at about 1.2 Å above the C and N atoms. The electron-rich hydroxide ion attacks CV on the central C where the amplitude of the LUMO is maximal. 
Rotating a molecule on a JSmol interactive webpage or in WebMO helps one perceive its overall shape better than viewing a static image. Rotation provides important visual clues about the 3D shape of the object. On the other hand, comprehending the shape of an unfamiliar object such as crystal violet cation based on a stationary image, as students sometimes try to do, is nearly impossible. These webpages contain directions on how to rotate with the mouse and a button in the right panel that automatically spins the molecule.  
HTML files for the JSmol webpages are in the Supporting Information. JSmol, the web version of the Jmol molecular graphics program,39 requires that JSmol program files be installed along with the interactive webpages.   
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Figure 2. (a) Index page with links to interactive molecular pages, (b) JSmol page linked from the “Total electron density” entry on the index page, (c) JSmol page linked from the “Electrostatic potential” entry on the index page. The JSmol pages contain explanatory notes and interactive buttons that show or hide mapped isosurfaces. The JSmol page linked from the “Electrophilic reactivity” entry is shown in the abstract graphic.




WEBMO AND COMPUTE SERVERS 
To simplify student job input and speed up calculations, WebMO was customized in three ways: (1) the orca.html file was edited to set the default method as B3LYP; default basis set as 6-31G(d,p); multiplicity as singlet; solvent as water; and the number of cores as 8. (2) Using the Template Manager, a custom template was created, which is a copy of the ORCA Molecular Energy template but with an additional section specifying the SMD polarizable continuum model.34 See the Supporting Information for an example input file. (3) In WebMO, the charge setting in the Job Options page is read from column 6 of an imported .mol file. These are zero for all atoms of the downloaded structures except the quaternary N of CV. To force the correct automated entry of +1, the cv-orc.mol file stored on the JSmol webserver must be modified to read +3 for this atom.
To further speed up calculations, the WebMO Remote Server and System Manager apps can be used to control the flow of jobs. Exactly how this is done will depend on the computing environment within a department. Using on-premises servers resulted in the calculations taking 1-2 minutes, even when there were two concurrent lab sections. Students completed the lab in 3 hours or less; therefore, most of the lab time was spent navigating the calculation View Job pages and completing the worksheet.
Three second semester general chemistry classes have completed this exercise: 7-section classes in 2024 and 2025, and a 3-section class in Fall 2024. The exercise was essentially the same in the three semesters, except that in one semester the background compute engine was Gaussian rather than ORCA. The molecular geometries, energies, charges, and surfaces are identical with the two programs. 
LIMITATIONS
The main limitation of this laboratory exercise is that it must be implemented by faculty and/or staff with expertise in webpage management, Linux or Windows operating systems, and installation and maintenance of WebMO and the ORCA computational software. Other limitations relate to the correlation of this lab with the local general chemistry curriculum: this exercise makes the most sense if it is preceded by the corresponding crystal violet kinetics laboratory and if MO theory has been covered earlier in the year. 
CONCLUSIONS 
Crystal violet provides fertile ground for teaching general chemistry concepts, especially when the properties of the ion and the hydrolysis reactants and product can be computed. In this lab, less than 10 min of online computing uncover a wealth of details about the reaction that had previously been experienced only as a purple solution whose color fades. The details illustrate the effect of resonance on a molecule’s geometry and charge distribution; enable close inspection of a transition state and the factors behind its higher energy content; and emphasize the role that MOs, particularly the LUMO, play in color production and chemical reactivity. 
We show here that density functional theory calculations on large molecules can be carried out in a timely fashion by students in a general chemistry lab. To make this possible we installed WebMO and the ORCA computational program; slightly modified WebMO to define default computational parameters that minimize calculation wall times; connected remote compute servers to WebMO; and provided the optimized structures on interactive webpages.
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Crystal violet cation and the electrophilic reactivity surface
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5 Models for Study

The following are links to webpages that display 3D models of crystal violet and
other molecules involved in the color bleaching reaction. After opening each
webpage, download the model to your computer as a .mol file. Right-click on the
molecule (Mac, ctrl-click) and use the File, Save, entry on the pop-up menu.

* Crystal violet cation CV

* Crystal violet alcohol CVOH

* OH- ion solvated by 4 waters OH-..4waters

* Crystal violet alcohol solvated by 4 waters CVOH...4waters

* Crystal violet - OH transition state solvated by 4 waters CV..OH..4waters

Worksheet part A. View these surfaces of the CV* ion:

* Total electron density.
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- E " ity

A4-min Youtube video showing how to save a .mol file from a webpage, with TNT
as an example molecule. It is imported into WebMO, the energy is calculated, and
the MOs (including HOMO and LUMO) are displayed.
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