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ABSTRACT: The Unified Reaction Valley Approach (URVA) enables the precise
mechanistic analysis of chemical reactions through the detailed examination of the
reaction path (RP) traced by the reaction complex (RC) on the potential energy
surface. In this approach, the curvature of the RP is decomposed into curvature
components tied to changes in the RC’s internal coordinates during a given
reaction (e.g., changes in bond lengths, bond angles, or dihedral angles). The RP
curvature decomposition is then analyzed to identify the reaction’s key mechanistic
events. However, this curvature decomposition analysis involves a fragmented and
often time-consuming computational workflow requiring multiple visualization
software. To address this analysis limitation, the URVAvis graphical user interface
is introduced herein. URVAvis enables the user to visualize the data necessary for the curvature decomposition analysis in a single,
integrated platform, thereby streamlining this analysis workflow and enhancing the practical usability of URVA for mechanistic
studies. The capabilities of URVAvis are demonstrated for an elementary step of the astrochemically relevant gas-phase reaction
between acetonitrile (CH3CN) and the carbon monochloride ion (CCl+). Through the URVAvis-facilitated analysis of the
elementary step’s RP curvature decomposition, essential mechanistic events of the reaction are elucidated.

■ INTRODUCTION
Quantum chemistry has been widely employed since the 1980s
for the theoretical investigation of chemical reaction mecha-
nisms.1,2 It continues to provide salient insights into a wide
range of mechanisms, ranging from those of catalytic reactions
with industrial applications3−10 to those of astrochemical
reactions occurring deep within outer space.11−18 Such
mechanistic insights emerge from the analysis of the potential
energy surface (PES), which describes the potential energy of a
given molecular system with respect to its geometrical
configuration under the Born−Oppenheimer approximation.19

Chemical reactions are characterized by the transformation of
the reaction complex (RC), the union of the reacting species,
into a product or set of products. This transformation occurs
along the reaction pathway (RP) of the RC PES, and it often
includes the formation of transition states (TS) and
intermediate structures corresponding to stationary points on
the PES. Thus, by mapping out the RP, the mechanism of the
reaction can be predicted.

However, this mapping is far from trivial. For a given N-atom
RC, its corresponding PES is a multidimensional surface with
Nvib = 3N − Ntr dimensions (Ntr = 5 or 6 for linear or nonlinear
RCs, respectively). Hence, scanning this labyrinthine surface for
a chemically meaningful RP is a formidable computational task.
The intrinsic reaction coordinate (IRC) formalism of Fukui20 is
one of the most well-known methods to evaluate RPs, although
other methods are also employed (e.g., the nudged elastic band

(NEB)21 and its doubly NEB (DNEB) variant,22 the quadratic
string method (QSM),23 the zero- and finite-temperature string
methods (SM),24,25 and various growing string (GS)
methods26−28). In recent years, machine learning (ML)
techniques based on supervised learning29−31 or reinforcement
learning32−34 have also been utilized to explore RC PESs.

Once the RP is mapped, the mechanistic changes to the RC
during the reaction (e.g., bond formation/dissociation) can also
be predicted. However, these changes are generally determined
by considering only the stationary points along the RP, leading
to an incomplete picture of the evolution of the RC between
stationary points. Consequently, this stationary-point-centered
approach limits the depth of mechanistic analysis for each
reaction in a given reaction mechanism. To surpass this
limitation and explore the evolution of the RC between
stationary points, the Unified Reaction Valley Approach
(URVA) can be utilized.35 URVA focuses on an often-
overlooked aspect of the RP during mechanistic studies: its
curvature. Specifically, the RP is a curve in the multidimensional
space of the RC PES, and its curvature varies as a function of the
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reaction coordinate, the arc length of the RP, as shown in Figure
1. Examining this plot, one can identify segments of the reaction

coordinate containing a local curvature maximum flanked by
two local curvature minima; each of these segments is referred to
as a reaction phase, where one or more significant mechanistic
changes to the RC occur, such as bond formation/dissocia-
tion.36,37 Through the analysis of URVA reaction phases, such
significant changes to the RC, which often occur at nonsta-
tionary points along the RP, are brought to light. URVA has been
applied to a wide variety of reactions occurring in the gas phase,

in solution, and even within enzymes − a comprehensive
overview of these works is given in a previous review article.35

URVA analysis is a multistep process, and the mathematical
formalism underpinning this process is reviewed in detail in
previous literature.38 To summarize, however, the first step
involves computing the scalar curvature of each point along the
RP − the RP is determined beforehand using the IRC formalism.
For a given RP point specified by the reaction coordinate s, the
scalar curvature is the magnitude of the curvature vector38

s
s

s s s s s s
g

f f( )
1

( )
( ( ) ( ) ( ( )) ( ) ( ) ( ))x x= [ ]†

(1)

where g̃(s) is the mass-weighted gradient vector, fx̃(s) is the
mass-weighted Hessian matrix, and η(s) is the RP direction
vector, which can be expressed in terms of the mass-weighted
gradient vector as38

s
s
s

g
g

( )
( )
( )

=
(2)

In the second step, the local curvature maxima and their
flanking local minima are determined, leading to the
identification of reaction phases.36,37 Next, the curvature for
each identified reaction phase is decomposed into smaller
curvature components, corresponding to the changes of
different portions of the RC during each phase.38 These RC
portions are described in terms of internal coordinates such as
bond lengths, bond angles, and dihedral angles38 or alternative
coordinates such as Cremer-Pople puckering coordinates for
cyclic RCs.39 More specifically, for a set of Nvib internal
coordinates, the curvature component associated with internal
coordinate n (n = 1, ···, Nvib) is given by38

s s su( ) ( ) ( )n n= †
(3)

where un(s) is the internal coordinate vector. The sign of κn(s),
in particular, is relevant to the curvature decomposition. When
κn(s) is positive, the associated internal coordinate undergoes a

Figure 1. Example plot of the scalar RP curvature (solid black line) as a
function of the reaction coordinate, s. TS denotes the transition state,
K1−K4 indicate curvature maxima, and M1−M4 indicate curvature
minima. An interval of the reaction coordinate containing a maximum
flanked by two minima is called a reaction phase. Furthermore, the
curvature can be decomposed into internal coordinate curvature
components (solid colored lines). Reproduced from ref 35. with
permission from the Royal Society of Chemistry.

Figure 2.URVA RP curvature decomposition analysis for determining the mechanistic events of each URVA reaction phase. The analysis of a generic
single replacement reaction AB + C → A + BC occurring during phase 1 of a multiphase elementary reaction is shown as an example. For the curvature
and energy plots, dashed lines demarcate the end points of reaction phases along s. The s value of the transition state (TS) is indicated by the dotted line
on the energy plot. See text for further explanation of each step.
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change that contributes to (i.e., “supporting”) the curving of the
RP. Conversely, when κn(s) is negative, the associated internal
coordinate undergoes a change that is suppressing (i.e.,
“resisting”) the curving of the RP. Since positive and negative
curvature components both influence the curving of the RP,
their associated internal coordinates are both of mechanistic
significance. The κn(s) values are plotted alongside the overall
curvature (Figure 1), enabling the identification of mechanis-
tically significant internal coordinates for each reaction phase.

While the curvature decomposition enables the identification
of such internal coordinates, this identification is only the first
step in a three-step URVA postprocessing analysis, referred to
hereafter as URVA RP curvature decomposition analysis, for
determining the mechanistic events for each reaction phase. The
steps of this analysis are illustrated in Figure 2. Here, a generic
single replacement reaction AB + C → A + BC, occurring during
phase 1 of a multiphase elementary reaction, is considered as an
example. In the first step of the analysis, the internal coordinates
C1 (AB bond length), C2 (∠ABC bond angle), and C3 (BC
interatomic distance) can be identified as mechanistically
significant internal coordinates for phase 1, since they have
pronounced curvature component curves. To understand how
changes to these internal coordinates during phase 1 are
connected to the phase’s mechanistic events, the second step of
the analysis comes into play: simultaneously visualizing the
changes to the RC geometry (described in part or in whole by
the identified coordinates), the RC electronic energy, and RP
curvature as a function of s. Other RC scalar properties besides
electronic energy could also be visualized for this step (e.g.,
atomic charges) if desired; for simplicity, however, this
additional analysis will not be conducted here. Visualizations
of the energy and curvature are shown as plots of the two
quantities as a function of s. The curvature plot enables the
identification of the interval of s describing phase 1, which
contains a local curvature maximum flanked by two local
curvature minima. At several points within this identified
interval (e.g., s = s1, s2, s3, ···), the RC geometry can be visualized
to assess the changes to its internal coordinates during this
phase. Comparing the internal coordinates of the RC geometries
at s = s1, s2, and s3, there is an observed increase in C1, increase in
C2, and decrease in C3. For the third and final step of the analysis,
these visualized changes to the three internal coordinates can be
considered alongside the RC energy plot to determine the

phase’s mechanistic events. Through this step, three key
mechanistic events for the AB + C → A + BC reaction are
determined: the mutual approach and reorientation of the RC
fragments AB and C (increase in C2 and decrease in C3), the
energetically demanding dissociation of the AB bond (increase
in C1 and sharp increase in RC energy from s2 to the TS), and
finally the formation of the BC bond (decrease in C3 and
decrease in RC energy from the TS to s3). This example reaction,
albeit a simple one, demonstrates how URVA RP curvature
decomposition analysis can yield mechanistic insights for each
URVA reaction phase.

However, there is a serious practical challenge that arises
when attempting to conduct URVA RP curvature decom-
position analysis: the simultaneous visualization of the RC
geometry, RP curvature, and RC energy as a function of the
reaction coordinate (Figure 2, Step 2). Previously, multiple
molecular and data visualization software were required for this
step of this analysis, thereby making it a fragmented and often
time-consuming endeavor. To circumvent this bottleneck
during URVA RP curvature decomposition analysis, URVAvis
is introduced herein. URVAvis is a graphical user interface
(GUI) that interactively and simultaneously visualizes the
evolution of a given reaction’s RP curvature, RC geometry, and
RC electronic energy. By eliminating the need for multiple
visualization software, this GUI greatly streamlines URVA RP
curvature decomposition analysis. Thus, URVAvis can be
utilized for the visual mechanistic analysis of chemical reactions
based on URVA. URVAvis is open source and free of charge; it is
publicly available through the URVAvis GitHub repository,40

where the documentation can also be found. In this work, a
detailed description of the program and its role in facilitating
URVA RP curvature decomposition analysis is given.

■ METHODS
Technical details pertaining to URVAvis (i.e., code develop-
ment, key libraries utilized, compatibility requirements, and
licensing) can be found in Section S1 of the Supporting
Information. To demonstrate the capabilities of URVAvis, an
elementary step of the gas-phase reaction between acetonitrile
(CH3CN) and the carbon monochloride ion (CCl+) will be
considered in this work.

Figure 3. RC PES of the reaction between CH3CN and CCl+, evaluated at the DLPNO−CCSD(T)/aug-cc-pVTZ//MP2/cc-pVTZ level of theory.
Singular imaginary frequencies of TS structures are also provided. Reproduced from ref 56. Copyright 2025 American Chemical Society.
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The CH3CN + CCl+ Reaction

CH3CN was first detected in interstellar molecular clouds Sgr A
and B2 in 197141 and has since been detected in various
astronomical systems ranging from comets42−44 to protoplan-
etary disks.45,46 Unlike acetonitrile, however, CCl+ has not been
detected in outer space yet, although it may be present in the z =
0.89 molecular absorber toward the quasar PKS 1830−211,
where HCl, its proposed chemical precursor,47 and CF+, its
fluorinated counterpart,48 were previously detected. CH3CN
has also been detected in this molecular absorber as well,49

suggesting that CH3CN and CCl+−if present−may react
therein. In 2021, Krohn et al.50 experimentally investigated
this reaction, observing the formation of NCCl, HNCCl+, C2H2,
and C2H3

+ as the primary products. The C2H2 product, in
particular, is of special astrochemical significance. C2H2 has been
extensively investigated for its potential role as a chemical
precursor to the formation of complex organic molecules
(COMs)51,52 that serve as the building blocks of prebiotic
molecules, such as amino acids.53 The exogenous hypothesis of
the origin of life on Earth contends that these prebiotic
molecules were delivered to a primordial Earth through
astronomical objects that incorporated these materials during
their formation (e.g., comets, meteoroids, and asteroids),
thereby providing the starting materials necessary for life to
emerge.54,55 Thus, the CH3CN + CCl+ reaction may have acted
as one synthetic starting point for the formation of COMs and
subsequently prebiotic molecules in outer space − molecules
that may have enabled the origin of life on Earth.
Mechanistic Analysis

Recently, we mechanistically examined this reaction.56 The RC
PES (Figure 3) shows the conversion of CH3CN (1) and CCl+
(2) into products 7,8, and 10−12, which are the same products
experimentally observed by Krohn et al.50 All single point
energies for the stationary point structures were evaluated at the
DLPNO−CCSD(T)57/aug-cc-pVTZ58,59//MP260/cc-
pVTZ59,61 level of theory, corrected for zero-point vibrational
energies evaluated from frequency calculations at the MP2/cc-
pVTZ level of theory.56 Initially, 1 and 2 react in a barrierless
reaction to form intermediate 3, which then endothermally

isomerizes to form the highly unstable carbene intermediate 4.
This carbene then undergoes a highly exothermic hydrogen
migration reaction to form 5, the most stable intermediate in the
PES. This intermediate can traverse four different paths on the
PES to form the aforementioned products.

Prior to product formation, however, intermediate 5 can
transform into intermediate 6. This elementary reaction merits
further examination. Comparing only the stationary point
geometries of 5, 6, and transition state TS56, it may appear
that the only mechanistically significant events occurring during
the reaction are the cleavage of 5’s C4N6 bond and the
formation of a 3-center, 2-electron (3c-2e) bond between H3,
C1, and C4. However, there are other significant mechanistic
events that are not accounted for by this simple comparison. To
determine these events, we applied URVA to this reaction.56

The URVA results for the reaction are shown in Figure 4.56

Figure 4a,4b depicts the reaction energy profile with labeled
reaction phases and the RP curvature with curvature
components, respectively. There are eight reaction phases
along the reaction coordinate s, and each reaction phase contains
a curvature local maximum with two adjacent curvature minima.
Through URVA RP curvature decomposition analysis, the
mechanistic events of each phase were determined.56 The RC
structural changes across the eight phases are shown in Figure 5;
in addition, a phase-by-phase animation of the reaction
(“urva_reaction_phases.mp4”) is given in the Supporting
Information. To facilitate the discussion in the following section,
a brief overview of the chemical insights for each phase will be
provided.

Phases 1 and 2 describe the cleavage of the C4N6 single bond
to form C2H3

+ and NCCl fragments bound together to form a van
der Waals (VdW) complex. During phase 3, H2 forms a 3c-2e
bond with C1 and C4, as depicted in Figure 5; this isomer of
C2H3

+, which contains a bridged hydrogen atom bonded to both
C1 and C4, will be referred to hereafter as B−C2H3

+. In addition,
both the C2H3

+ and NCCl fragments begin to undergo
reconfiguration−that is, they begin to mutually distance
themselves from each another and undergo reorientation (i.e.,
toward the collinear arrangement of intermediate 6). In phase 4,

Figure 4. RC evolution during the eight-phase reaction of 5 to form 6, as illustrated by the (a) reaction energy profile, including the RC energy change
for each phase, and the (b) total RP curvature (solid black line) and the decomposition into curvature components (colored solid lines). The TS is
indicated by the black dotted line shown at s = 0 amu1/2 Bohr, while the curvature minima separating each reaction phase are denoted by black dotted
lines labeled M1-M7. Reproduced from ref 56. Copyright 2025 American Chemical Society.
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the 3c-2e bond of B−C2H3
+ undergoes dissociation and H2 is

once again singly bonded to C1. Figure 4a shows a sudden
increase in the RC energy−by ∼5 kcal/mol−during phases 4
and 5 that reaches an energy maximum when transition state
TS56 is formed near the very beginning of phase 6. This
anomalous increase in the energy shortly prior to TS formation
can be explained by the conversion of B−C2H3

+ into a Y-shaped
isomer of C2H3

+ during phases 4 and 5 (Figure 5) − this isomer
will be referred to hereafter as Y−C2H3

+. Previous theoreti-
cal62−67 and experimental68−71 studies have demonstrated that
B−C2H3

+ is more energetically stable than Y−C2H3
+ by ≳4 kcal/

mol; thus, the conversion of the former to the latter during
phases 4 and 5 results in the sudden increase in the RC energy.
During phases 6 and 7, however, Y−C2H3

+ converts back into B−
C2H3

+, resulting in a RC energy decrease that plateaus near the
end of phase 7 once the new B−C2H3

+ isomer is fully formed.
Considered together, phases 4−7 describe the conversion of B−
C2H3

+to Y−C2H3
+ and back; this series of transformations

explains the soft bump in the RC energy from phases 4−7.
Finally, during phase 8, the B−C2H3

+ and NCCl fragments
undergo further mutual distancing and reorientation, eventually
resulting in the formation of intermediate 6 after phase 8. There

is no reaction phase to mark the termination of fragment
reorientation due to numerical instabilities that were encoun-
tered by URVA when evaluating the curvature of the reaction’s
exit channel; however, no other mechanistic events occur
beyond phase 8.

This URVA-based description of the elementary reaction
provides a significantly more precise mechanistic description
than what could be gleaned from only comparing stationary
point structures on the PES. A mere comparison of the
stationary point geometries of 5, 6, andTS56 would give the false
impression that the only mechanistically significant events
occurring during the reaction would be the cleavage of the C4N6
bond and the formation of the 3c-2e bond between H3, C1, and
C4. However, this simple mechanistic description cannot
explain the soft bump in the RC energy near the TS. Our
analysis of the URVA data for this reaction addressed this
energetic anomaly by revealing that there are also intermediary
transformations between the B−C2H3

+ and Y−C2H3
+ isomers of

the RC’s C2H3
+ fragment.56 These transient yet significant

mechanistic events, reflecting the exceptional mobility of the
hydrogen atoms of the C2H3

+ RC fragment during the reaction,

Figure 5. RC geometry changes during the eight-phase reaction of 5 to form 6. The RC geometry at the end of each phase is shown, with the reaction
coordinate (s) values corresponding to those shown in Figure 4. An example of each C2H3

+ isomer (i.e., B−C2H3
+ and Y−C2H3

+) is circled.
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are captured by the eight URVA phases, thus explaining the
anomalous shape of the reaction’s energy profile.

Importantly, the mechanistic events for each of the reaction’s
eight URVA reaction phases were determined through URVA
RP curvature decomposition analysis.56 In the following section,
URVAvis will be applied to the reaction to first describe the
program’s functionalities and then demonstrate how the
program can facilitate the URVA RP curvature decomposition
analysis of any given reaction phase.

■ RESULTS AND DISCUSSION

URVAvis Input Files
To explain the functionalities of URVAvis, the required input
files will be described first. There are three input files:

1. RC geometry file: Contains the geometry of the RC at
each point along the RP in the XYZ chemical file format.

2. RC energy file: Contains the electronic energy of the RC
at each point along the RP in the CSV file format.

3. RP curvature file: Contains the scalar curvature at each
point along the RP in the DAT file format.

The URVA2025 program,72 developed to conduct URVA
analysis, automatically generates the RC energy file and the RP
curvature file as output. To generate the RC geometry file, our
group has developed a separate postprocessing script that reads
in the output file of a preceding IRC calculation and extracts all
calculated geometries contained within it. This script, along with
the URVA2025 program, can currently be obtained upon

request, although both will be made publicly available in the near
future on our group’s GitHub page,73 with all documentation
pertaining to installation and usage included. To facilitate the
URVA calculation, the preceding IRC calculation implements
the reaction path following procedure of Hratchian and Kraka,74

which can be utilized to track the RP far out into its entrance and
exit channels.
URVAvis Functionalities

An example of the application of URVAvis is shown in Figure 6.
Here, the conversion of intermediate 5 to intermediate 6 during
the reaction between CH3CN and CCl+ (Figure 3) is examined.
An animation of URVAvis being applied to this particular
elementary reaction can be found on the URVAvis GitHub
page.40 The GUI has three prominent features: the 2D RC
visual, the RC visual control panel, and the curvature and energy
plots.

2D Visual of RC. Based on the geometries contained in the
RC geometry input file, the program generates a 2D animation
frame for each point along the reaction path (Figure 6b). For a
specified reaction coordinate s, its corresponding frame is shown
in the GUI. The Atomic Simulation Environment (ASE) Python
library75,76 is utilized by the program to automatically generate
these frames; the process by which URVAvis chooses the
optimal animation plane for the RC visual is described in Section
S2 of the Supporting Information. This is a one-time process and
takes only a few minutes to complete, depending on the number
of geometries to be processed. Once generated, the frames are

Figure 6. URVAvis GUI, with the (a) curvature and energy plots, (b) 2D RC visual, and (c) RC visual control panel. The elementary reaction being
analyzed is the conversion of intermediate 5 to intermediate 6 (see Figure 3). Note: The frame rate controls on the bottom-left side of the GUI are part
of the RC visual control panel. Atoms are labeled as follows: white for hydrogen, blue for nitrogen, gray for carbon, and green for chlorine.
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stored in a new subdirectory within the same directory as the
input files, and the frames can be reused if the program is rerun at
a later time.

RC Visual Control Panel. This panel, shown right below the
visual of the RC (Figure 6c), contains a set of controls that the
user can use to visually examine the changes to the RC and its
properties during its reaction. At the top of the panel is a slider
that can be manually controlled by one’s mouse cursor. The user
can move the slider forward or backward along s.

There are four additional ways for the user to explore the
reaction coordinate as well. For the first option, the user can
enter a specific value of s they would like to examine in the text
field below the slider and press the “Jump to s value” button. For
the second option, there is a series of buttons below this text field
that can be used to animate the reaction in either direction (i.e.,
“Reverse”, “Pause”, and “Forward”). The frame rate of the
animations, which is 25 frames per second by default, can be
adjusted by the user using the controls on the bottom left-hand
side of the interface; the user can enter the new frame rate into
the frame rate text field and press the “Set Frame Rate” button.
Third, the user can simply move from one value of s to its
neighboring value (i.e., “Step Forward” and “Step Backward”)
Lastly, below the animation controls, there is a series of buttons
which can instantly shift the slider to the first point along the RP
(i.e., “First Point”), the transition state corresponding to s = 0.00
amu1/2 Bohr (i.e., “Transition State”), or the last point along the
RP (i.e., “Last Point”).

If the user would like to obtain the geometry of the RC at a
particular value of s for further quantum chemical analysis (e.g.,
Natural Bond Orbital (NBO) analysis77,78 or the Quantum
Theory of Atoms and Molecules (QTAIM)79), they can press
the “Download XYZ File” button, which will write an XYZ file
containing the RC’s geometry to the same directory as the
URVAvis input files. Alternatively, the “View with ASE GUI”
will generate a new window with a 3D visual of the RC at s
(Figure 7). This 3D structure is generated by the ASE GUI,75,76

integrated into URVAvis, which allows the user to rotate the

structure in 3D space, and evaluate the values of specific internal
coordinates, and render the RC in ball-and-stick or the default
format shown in Figure 6, among other functions.75,76 As
demonstrated later, the ASE GUI is especially useful during the
URVA RP curvature decomposition analysis of a given reaction
phase.

Curvature and Energy Plots. On the left side of the GUI
(Figure 6a), there are two interactive plots that describe the RP
scalar curvature and RC energy as a function of reaction
coordinate s. These plots can be cross-compared with the
evolving 2D visual of the RC to analyze the URVA RP curvature
decomposition, given in plots such as Figure 4b, and thus
determine the phase’s key mechanistic events. In addition, the
plots contain tracers, red vertical lines that correspond to the
value of s specified by the user through the RC visual control
panel; these plot tracers make the comparison between the plots
and the RC visual easier. If the user changes the value of s, the
tracers will shift to the new value of s accordingly.

Currently, the tracers cannot be used when the reaction is
being automatically animated by the GUI. This measure is taken
to prevent the program from crashing, especially at higher frame
rates. To ensure that the user does not accidentally use the
tracers when animating the reaction, the animation buttons are
automatically disabled when the tracers are enabled, as shown in
Figure 6c. If the user would like to enable the animation buttons,
they can simply press the “Disable Tracers” button on the
bottom right-side of the visual control panel. After the tracers are
disabled, they can always be re-enabled by pressing the “Enable
Tracers” button, which appears after the tracers have been
disabled. However, there is no risk of crashing if the user moves
the slider with their mouse while the tracers are enabled − a
suitable alternative to the automatic animation option if the user
encounters any issues.
URVA RP Curvature Decomposition Analysis with URVAvis

As previously mentioned, URVAvis can be utilized by the user to
facilitate the URVA RP curvature decomposition for each
reaction phase and thus determine the phases’ key mechanistic

Figure 7. ASE GUI75,76 integrated into URVAvis. The RC geometry depicted is the same as that of Figure 6 but presented from a 3D perspective. The
user can rotate the RC in 3D space, render the RC in the default format (e.g., Figure 6) or the ball-and-stick format depicted here, and view internal
coordinate values. An example of the GUI being used to evaluate the interatomic distance between carbon and nitrogen atoms (circled in dark green) is
shown, with the CN interatomic distance printed at the bottom-left corner of the GUI.
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Figure 8. URVA reaction phase 3, viewed with the URVAvis GUI. The curvature, energy, and geometry at the (a) start and (b) end of the phase are
depicted. Labels for the atoms, the start/end of the phase, and the B−C2H3

+ fragment are added.
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event(s). To demonstrate this capability, URVAvis will be
utilized in this section to analyze the RP curvature
decomposition of URVA reaction phase 3 (Figure 4). Through
this analysis, two essential mechanistic events of the reaction
from 5 to 6 will be unraveled.

For the first step of the URVA RP decomposition analysis
(Figure 2), the internal coordinates whose pronounced
curvature components make up the phase 3 curvature
decomposition are identified. As shown in Figure 4b, the
phase 3 curvature decomposition involves many curvature
components, but the five most pronounced curvature
component curves correspond to the internal coordinates
H2C4, C4N6, ∠H2C1C4, ∠C1C4N6, and ∠H3C1C4.

With these five internal coordinates in mind, we can utilize
URVAvis for the second step of the analysis: the visualization of
the changes to the internal coordinates (i.e., RC geometry), RP
curvature, and RC energy during phase 3. Figure 8a,8b depict
two static snapshots of URVAvis at the start and end of the
phase, respectively, as indicated by the local curvature minima
marked by the GUI’s red curvature plot tracer. In addition, an
animation of phase 3 being navigated with URVAvis (“urva-
vis_phase-3.mp4”) is given in the Supporting Information.
Examining the two snapshots and the animation, it becomes
visibly evident that the H2C4, C4N6, ∠H2C1C4, ∠C1C4N6,
and ∠H3C1C4 internal coordinates do indeed change to various
degrees. These changes can be more precisely quantified using
the aforementioned ASE GUI integrated into URVAvis (Figure
7). Using the ASE GUI, we find that during phase 3, there is a
decrease in the H2C4 (1.6 Å to 1.4 Å) and ∠H2C1C4 (86.2° to
67.2°) coordinates, accompanied by an increase in the C4N6
(2.3 Å to 2.6 Å), ∠H3C1C4 (152.4° to 173.1°), and ∠C1C4N6
(121.2° to 121.7°) coordinates. Finally, evaluating the changes
in the RC energy profile, we observe that the RC energy, which
sharply increased in the preceding phases 1 and 2 due to the
energetic cleavage of the C4N6 bond, nearly plateaus during
phase 3 (i.e., the energy increases only slightly−on the order of a
few kcal/mol).

Equipped with these geometric and energetic observations,
we reach the third and final step of the analysis: determining the
mechanistic events. The observations reveal the two key
mechanistic events occurring during the phase. The first, most
apparent mechanistic event is the reorientation of the C2H3

+

fragment’s hydrogen atoms H2 and H3 to form the B−C2H3
+

isomer shown in Figure 8b, a process that is described by the
changes to the H2C4, ∠H2C1C4, and ∠H3C1C4 coordinates.
As shown in the phase 3 URVAvis animation, this reorientation
process involves the rotation of H2 toward C4 to form a 3c-2e
bond with C1 and C4, resulting in the reduction of the H2C4
and ∠H2C1C4 coordinates, while H3 becomes increasingly
aligned with the C1C4 bond axis, resulting in the ∠H3C1C4
coordinate approaching 180°. In our previous work,56 we
applied NBO analysis to the RC geometry at the end of phase 3
and verified that 3c-2e bond formation does indeed occur; with
URVAvis, this RC geometry−or any other geometry along s−
can now be directly exported from the GUI for such an analysis.
The first mechanistic event, however, explains neither the
changes to the C4N6 and ∠C1C4N6 coordinates nor the slight
increase in the energy during phase 3. Rather, these particular
changes can be described by the second mechanistic event: the
initial reconfiguration (i.e., the mutual distancing and
reorientation) of the NCCl and C2H3

+ fragments, formed after
C4N6 bond cleavage during phases 1 and 2. More specifically, as
shown in the animation, the mutual distancing between the two

fragments involves an increase in the C4N6 coordinate while the
fragment reorientation involves a very slight increase in the
∠C1C4N6 coordinate. Although the mutual distancing and
fragment reorientation processes are seemingly trivial compared
the formation of B−C2H3

+, these two processes continue for the
remainder of the elementary reaction, as evidenced by the
structural changes to the RC during phases 4−8 (Figure 5) −
ultimately resulting in the distanced, collinear configuration of
the NCCl and C2H3

+ fragments by the end of the reaction.
From an energetics standpoint, the initial mutual distancing

and fragment reorientation explain the slight increase in energy
during phase 3. Since NCCl has a high dipole moment of ∼2.8
D80,81 and the B−C2H3

+ fragment is both charged and has a
moderate dipole moment of ∼1.1 D,62 the mutual distancing
and fragment reorientation processes requires energy to
overcome the attractive ion-dipole and dipole−dipole inter-
actions between the two fragments. This energetic penalty may
be mitigated by the energy released during the formation of the
B−C2H3

+ fragment’s 3c-2e bond, but further analysis beyond the
scope of the present work would be needed to quantitatively
assess this energetic counterbalancing between the two
mechanistic events.

Overall, the URVAvis-facilitated analysis of the phase 3
curvature decomposition elucidate the phase’s two key
mechanistic events, thus providing a detailed mechanistic
description of this phase that also qualitatively accounts for
the phase’s near-plateauing of the RC energy profile. As
mentioned in the beginning of this section, these two
mechanistic events are also essential to the 5 to 6 reaction: the
formation of the B−C2H3

+ fragment during phase 3 sets the stage
for the aforementioned chemical conversions between B−C2H3

+

and Y−C2H3
+ during phases 4−7, while the initial reconfigura-

tion of the RC fragments kicks off a continual reconfiguration of
the fragments that continues until the very end of the reaction.
Without URVAvis, acquiring these mechanistic insights from
the URVA RP curvature decomposition analysis is time-
consuming and fragmented due to the need for multiple
software to simultaneously visualize the curvature, energy, and
geometry as a function of the reaction coordinate. With
URVAvis, however, this multifaceted analysis is conducted on
a single, integrated software platform, making it significantly
more straightforward and streamlined than before.

■ CONCLUSIONS
URVAvis, a GUI for the visual mechanistic analysis of chemical
reactions based on URVA, is presented in this work. Designed to
streamline the URVA RP curvature decomposition analysis of
output data generated by the URVA202572 program, the GUI
eliminates the need for utilizing multiple molecular and data
visualization software when analyzing the curvature decom-
position of each URVA reaction phase. The program’s
interactive and simultaneous visualization of the RP curvature,
RC energy, and RC geometry as a function of the reaction
coordinate provides a simplified, user-friendly approach to
studying reaction phases. This simplification, in turn, enables the
user to more easily determine the mechanistic events of each
phase, thus facilitating mechanistic studies of reactions with
URVA.

In future versions of URVAvis, two new sets of GUI features
will be included. The first of these will be plots presenting the
changes in various nonenergetic scalar RC properties as a
function of the reaction coordinate (e.g., internal coordinate
values, atomic charges derived from NBO analysis,77,78 dipole
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moments, etc.). Including plots of these properties alongside the
current URVAvis energy and curvature plots will enable the user
to acquire even more detailed insights into the mechanistic
events revealed through the URVA RP curvature decomposition
analysis. The second set of features to be added to URVAvis
pertain to the GUI’s energy and curvature plots. These plots, in
contrast to their counterparts in Figure 4, currently do not
include lines demarcating reaction phases and, in the case of the
curvature plot, do not include the curvature component curves
either. However, these features will be included in future GUI
updates. Once reaction phase demarcation lines for both plots
and curvature decomposition curves for the curvature plot are
included, the plots will resemble the Figure 4 plots. Hence, these
additions would expand the utility of URVAvis beyond
facilitating URVA RP curvature decomposition analysis and
allow the user to also easily generate energy and curvature plots
that could be readily disseminated to the research community
(e.g., through presentations or publications).

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.jpca.6c02027.

URVAvis technical details and a description of the process
for selecting the optimal animation plane for the URVAvis
2D RC visual (PDF)
urva_reaction_phases.mp4: A descriptive, phase-by-
phase animation of the eight URVA reaction phases
describing the reaction from intermediates 5 to 6 (MP4)
urva-vis_phase-3.mp4: An animation of the user examin-
ing URVA reaction phase 3 of the reaction from
intermediates 5 to 6 with URVAvis (MP4)
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