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INTRODUCTION
Computational chemistry has gradually been introduced into the chemistry curriculum during the past decades due to the increased use of computational methods in chemical research, the increased speed and decreased cost of computational hardware, and improvements in molecular graphics programs. Published computational exercises have been mostly designed for upper division chemistry courses where they delve into computational mathematics or organic mechanism details. These have often required specialized computational software which is installed in a computer lab accessible only to the smaller upper division classes or general chemistry (GC) honors sections.1 Rarely, entire classes gain access to these 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 GC computational exercises using WebMO have been reported; most focus 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 GC deal mostly with the geometries of small molecules7, 12 and studying the bond orders and MOs of resonance stabilized ions and molecules.9 Moving into larger chemical systems faces certain barriers. With some students, the complexity of larger organic molecules leads to sensory overload. But also, obtaining realistic results may require one or more density functional theory (DFT) calculations that cannot be completed within a typical lab period. Even using software with an intuitive graphical user interface, the build-optimize-analyze cycle for a larger molecule is still a challenge.
This article describes how lab students can get a quick start on DFT calculations of large molecules by downloading the pre-optimized structures from interactive webpages. These molecules are ones that occur in the crystal violet (CV) alkaline hydrolysis reaction, which is the subject of a popular 2nd semester GC kinetics experiment. Based on the calculation results, students are challenged to analyze resonance stabilization and charge distribution within CV; the nature of the reaction transition state, energies of activation and reaction; and the HOMO-LUMO energy gaps in CV and the colorless crystal violet alcohol  product CVOH.  
ALKALINE HYDROLYSIS OF CRYSTAL VIOLET
Crystal violet cation (CV) reacts with aqueous NaOH to give the colorless crystal violet alcohol (CVOH) product (Equation 1). The reaction progress is followed by measuring the decrease in CV absorbance at 590 nm. This fact, and the relatively slow reaction rate, make the experiment suitable for a GC lab.13-16 Kinetics studies on this second-order reaction were originally 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 the cationic center by the dimethylaminophenyl substituents.
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Obtaining semi-realistic reaction energies computationally for this reaction requires use of a DFT method with the SMD polarizable continuum model;23 a medium-size basis set; and, as a reactant, a water-hydroxide ion cluster. Experimental24-26 and theoretical27-34 studies have shown that hydroxide ion is strongly hydrogen-bonded in water. Molecular dynamics simulations of aqueous NaOH show 3, 4 or 5 waters donating H-bonds to O, but with OH rarely donating. Thus, reaction of hydroxide with CV involves initial breaking and loosening H‑bonds, which is a major contributor to the activation barrier. Richie et al. reported a DG‡ of 18.4 kcal mol-1 (DH‡, 15.3 kcal mol-1) at 25.0 oC with DGorxn of -6.3 kcal mol-1 (DHorxn, -6.6 kcal mol-1).17 Derivation of these values from Richie’s data is given in the Supporting Information. The calculations in this computational exercise use a bridged 4-water-OH- cluster (Fig. 1a), which is one of the most stable 4-water-OH- geometries.27 This cluster size gives activation and reaction energies that are somewhat low (6.8 kcal mol-1and -10.5 kcal mol-1, respectively). Larger clusters give more accurate values but these require longer calculation times and in our view present unnecessary structural complexity. 
These molecules and their water complexes are first presented on interactive webpages from which the structure files can be downloaded; these included CV, CVOH, and 4-water clusters of OH-, CVOH, and the CV-OH transition state.35
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INSTRUCTIONAL SETTING
University of Alaska Fairbanks has an American Chemical Society approved chemistry major program. The science and engineering majors’ GC 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 are taught by graduate students or final-year undergraduates and contain 20 students. 
LEARNING OBJECTIVES
The goal of this lab is foster students’ appreciation for the unseen phenomena at work during a simple chemical reaction, and how these can be illuminated using quantum theory. Delving deeply into the crystal violet bleaching reaction reveals the occurrence of multiple concepts from a typical science majors course, including Lewis formulas, resonance, electronegativity, polar bonds, aspects of molecular orbital theory, exo- and endothermic reactions, transition states, and the electromagnetic spectrum. Some of these are addressed explicitly in the worksheet.  
Bond polarity. Electronegativity differences in bonded atoms cause partial charge separations, which are estimated as part of an ORCA single point energy calculation. Orca calculates partial atomic charges by three methods: Mulliken, Loewdin, and Mayer. WebMO reports Loewdin charges in the View Job page. Students should be able display the partial charge output, record values for different atoms on the worksheet, and rationalize why they might differ from zero. Scaffolding is provided by discussing partial atomic charges in HF and NH3 molecules in the handout (see the Supporting Information). . 
Resonance. This section of the lab gives students another chance to grapple with the difficult concept of resonance.36 To refresh memories, resonance in formate ion is discussed in the handout. The Lewis formula of CV (Eq. 1) shows one nitrogen with a +1 formal charge. However, a DFT calculation shows Loewdin partial charges on all three N’s are identical (-0.038). In additon, the bond lengths and angles are invariant in the three aryl groups, 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 provides skeletal formulas and students are asked to fill in missing multiple bonds and formal charges and explain their answer in terms of the symmetry perceived in the JSmol surfaces. 
Energy change. Some students master the logic of a relative energy scale. Others struggle when the calculated absolute energies of reactants and products are all negative, as they are for ORCA calculations. Skaffolding is provided by giving a practice DErxn calculation in the pre-lab. 
UV-vis spectroscopy and the electromagnetic spectrum. Part 3 investigates why CV is violet, while CVOH is colorless. This section builds on previous knowledge about atomic emission and absorption spectra. Here the orbitals in question are the HOMO to LUMO, which can be viewed in WebMO. max. values for CV and CVOH are calculated from HOMO and LUMO energies which are then substituted into DE=h. This equation and the required constants to 4 significant figures are provided. Nevertheless, we found that about one-quarter of the reports failed to arrive at the correct  max values due to algebra errors, or calculator errors related to exponents, or transcription errors. 
Assuming that the spectra are due to promotion of an electron from the HOMO to LUMO gives max values of 465 nm and 258 nm for CV and CVOH, respectively. The experimental values are 590 nm and 280 nm.. A higher level of theory (TDDFT with M06-2X/def2-TZVP) is worse at 440 nm. 
Computational chemistry. The aim of this lab to show students how to carry out basic quantum theory calculations, yet include some shortcuts in order to keep the time required within one lab period. It is still necessary for students to do a basic WebMO+ORCA calculation. In theory this would enable students to use WebMO and ORCA (or other computational engines) in future chemistry classes, or projects. OurWebMO site is available throughout the semester, which allows students to log on any time, build or import molecules, and carry out a simple calculations. 
JSmol INTERACTIVE WEBPAGES 
In our experience, students encounter various difficulties with molecular modeling software especially when they must build and optimize a molecule prior to getting the “answer.” For example, WebMO’s Cleanup button places hydrogens on any atom that does not have a full set of bonds; this is a problem if the correct Lewis structure is not drawn. Optimizing the structure once it is built may require many minutes, and even then it may arrive at an incorrect isomer or conformer. A work-around to provide the structures in easy-to-understand graphical format that can be directly imported into the WebMO workspace. A 2-min energy calculation then provides relevant details such as energy content, charge distribution, and bond distances. ORCA also calculates molecular orbital energies and spatial distributions.37 
Fig. 2 shows two of the pages that introduce students to crystal violet quantum calculations.35The index page (a) links to sub-pages showing the structures in Fig. 1. Right clicking one of these pages brings up a menu offering to save the structure on the local computer in the MDL molfile format (.mol). After logging into WebMO, the File, Import Molecule menu is used to bring the molecule into the workspace. Fig. 1(b) shows one of three pages that are not downloaded but are used to illustrate surfaces of CV+ that are discussed on the student worksheet. The surfaces are loaded only after the appropriate button is selected. The total electron density surface provides visual evidence that CV+ is completely symmetric despite its formula showing only one resonance form. 
[image: ]HTML files for the JSmol web pages and web server instructions are in the Supporting Information. JSmol is the web version of the Jmol molecular graphics program;38, 39 it requires that the JSmol program files be installed on the web server. The web pages can be hosted on any web server:  in the cloud or on premises. At UAF the JSmol web pages are hosted on a virtual machine installed on the WebMO server. If the web servers reside inside a university’s firewall-protected network, they can be made world readable by installation of a DNS tunnel, which must be done by the campus network security office. This setting allows remote learning chemistry students to participate in crystal violet quantum theory lab. 
WEBMO AND COMPUTE SERVERS 
The enterprise edition of WebMO v 23.0.017e was used for this exercise. During the week when the lab was scheduled certain modifications were made to simplify job input and speed up calculations. (1) WebMO’s orca.html file was edited to make B3LYP and 6-31G(d,p) the default method and basis set; multiplicity is singlet; and the water solvent and cartesian coordinates are selected. (2) A custom template “Molecular Energy – 106” was created, which was a copy of the WebMO ORCA Molecular Energy template, and which included a %cpcm section specifying the SMD polarizable continuum model. (3) The Charge setting on the WebMO Job Options page is taken from the imported .mol file, which is non-zero only for CV. In that case the .mol file stored on the JSmol webserver is modified to replace +1 with +3 for the quaternary N. WebMO interprets that as +1. 
In this lab setup, a head node runs WebMO, ORCA and a virtual machine containing JSmol and JSmol webpages. Two multi-core remote servers are networked with the WebMO server. In the WebMO Interface Manager the maximum number of cores on each server was set to 16 and the default number of cores per job was set to 8. This allows two calculations to proceed simultaneously, and forces subsequent jobs out onto the remote servers. 
A major concern with this experiment is the time required for multiple simultaneous lab sections to do single-point DFT calculations on molecules with 570 (for CV) to 690 (CVOH-4-water cluster) basis functions. Whether this is feasible or not depends on several factors: the efficiency of the compute engine program; the number and processing power of available servers; the level of theory of the calculations; the number of sections, and students per section and whether they work singly or in pairs. Our setup uses Gaussian 16 or ORCA 6.0, three compute servers with off-the-shelf 16-core processors with hyperthreading enabled, B3LYP/6-31G(d,p)/SMD theory, and a maximum of 2 sections with 20 students per section working in pairs. The scheduled lab time at UAF is 3 h. Under these conditions most students complete the computations within 2 h.
This lab has been completed by two 2nd -semester GC classes: a 7-section class in Spring 2024 and a 3-section class in Fall 2024. The exercise was the same in the two semesters, except that the background compute engine was Gaussian 16 for the former and ORCA 6.0 for the latter. The molecular geometries, energies, charges, and surfaces were identical, however ORCA calculations were about twice as fast as Gaussian. Also, an ORCA single point energy calculation includes the coeficients for the molecular orbitals, whereas Gaussian requires a separate Molecular Orbitals job in WebMO.  
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Figure 1. Optimized structures of 4-water-OH- cluster (a), CV cation (b), transition
state of addition reaction (c), and the product crystal violet alcohol (CVOH) (d).
These are used by students for single-point calculations. Theory: B3LYP/6-
31G(d,p)/SMD.
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Figure 2. Index webpage (a) and the JSmol page linked from the “Total electron density” entry.
Each of the JSmol pages contain an explanatory note and interactive buttons to show or hide

different aspects of the structure.





