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7.3: Computational Instructions

The exercise that we will be completing today seeks to calculate the thermodynamic changes that occur in a substitution reaction
between chloromethane and a bromide anion. As shown in Figure 3, the bromide ion will substitute for the chloride ion traveling
through a transition state where the carbon bromide bond is forming while the carbon-chloride bond is breaking. This substitution
is known as an SN2 reaction.

Br + H,C-Cl —— Br—CH; + CI

Starting Materials Products

Transition State

C-CI BDE = 84 kcal/mol
C-Br BDE = 68 kcal/mol

Figure 3: Substitution reaction between a bromide ion and chloromethane. The bond dissociation enthalpy for both the C — Br and

C — Cl bond are shown below.
One of the major uses of DFT calculations is to find and compute the energies of transition states between steps of a reaction.
Because the heights of energy barriers to transition states from reactants directly correlate with rates of reaction, transition state
modeling can be very informative with respect to the feasibility of proposed reaction steps. Orca has a convenient method for
finding transition states between two chemical systems (reactants and products/intermediates).

We will now walk through the calculation you need to perform to produce a reaction coordinate diagram of a simple SN2 reaction.
Start by creating a folder on your desktop and name it Transition_State. After this, you should download the associated files for this
computation exercise and move them to the folder that you just created. As shown in Figure 4 (top) the Transition_State Folder
should contain a Starting Output, Product Output, and TS subfolder that contains the files necessary to complete the experiment. To
save computational time, the energy calculations for the starting materials and products have been provided for you and can be
found in the Starting Output, and Product Output file. We will be calculating the energy and structure of the transition state using
Orca. As indicated above, Orca has a convenient method for finding transition states between two chemical systems. This method
is referred to as nudged elastic band with transition state optimization. This method works by creating a series of “images” as
intermediates between the reactants and the products of a reaction step. Each image then undergoes a constrained geometry
optimization and energy calculation creating a minimal energy path between the reactants and the products. The image that is the
highest in energy is then utilized to help determine the structure of the transition state.
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Figure 4. The supporting files for this experiment. (Top) The complete supporting files for this exercise. (Bottom) The contents of
the TS folder nested in Transition_State.
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Let’s look through our input script to see what each command is doing (Figure 5). Like in previous exercises, the input script starts
with a comment describing what we are trying to calculate. The second line, starting with a ! symbol, tells the computer the level of
theory and basis set (B3LYP def2-SVP) as well as the calculations we want to perform (NEB-TS=Nudged Elastic Band Transition
State Search, and FREQ=Frequency calculation necessary for thermochemistry data). The fourth line of the script, shown by a red
arrow, indicates the ending structure to be used for the transition state search, product.xyz. The final line of the input script
indicates that the starting coordinates of the structure can be found in starting.xyz. Moreover, the two numbers preceding the file
name indicate the starting structure has an overall negative charge and a spin multiplicity of 1, meaning that all electrons in the
structure are paired. You do not need to change any commands on this input file. The preceding description is included such that
you can use this file to calculate other transition states should you desire.

# transition state search
| !B3LYP def2-SVP NEB-TS FREQ

%NEB NEB_END_XYZFILE "product.xyz" END —

* xyzfile =1 1 starting.xyz <&

Figure 5. The generic input script for determining a transition state. You do not need to change any commands within this input

script. The line indicated by the red arrow shows the product of the reaction step, while the blue arrow indicates the starting

materials.
We can now run our calculation using Orca via the command line as we did in the previous exercises. Briefly, open the command
prompt to your PC by right clicking on the start button and searching for command prompt. First, we need to tell the computer to
look on the C drive and we do this by typing C: and hitting enter. Next, we need to tell the computer where the input script and the
coordinates file are to run the calculation. We do this by typing cd (space) and pasting the file path. When you hit enter the
computer will paste a new line indicating that the current directory has changed, as shown in Figure 6A. To find the file path of
your input script, right click on the input script (ts.inp) and select properties. The file path will appear under location, and you can
highlight and copy this file path (Figure 6B).
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Figure 6. (Left) Changing of the file path in the command prompt to match the location of our input script. 6B. (Right) Locating
the file path on the properties window of the input script (Red Arrow).

Next, we will run the calculation by typing orca ts.inp > ts.out and pressing enter. At first it may not appear like anything is
happening, but the folder on your desktop labeled TS will quickly become populated with the output of your calculation.

Depending upon the speed of your computer, the calculation will take about 10-15 minutes, and upon completion the command
prompt will print another line indicating that it is ready for the next command (Figure 7).

https://chem.libretexts.org/@go/page/470381


https://libretexts.org/
https://creativecommons.org/licenses/by-nc-sa/4.0/
https://chem.libretexts.org/@go/page/470381?pdf

LibreTexts-

BEX Command Prompt

orca ts.inp > ts.out

Figure 7. Running the calculation using the command line. The line indicated by the red arrow shows the computer that we want to
use Orca to calculate the commands in ts.inp and that the results of this calculation should be placed in the output file ts.out. The
line indicated by the blue arrow is the computer indicating that the calculation is complete, and the command prompt is ready for
the next command.

Visualizing the Reaction and Transition State

You can visualize the reaction that you are modeling using some of the output files from the transition state calculation. Open the
file ts_MEP _trj.xyz in Avogadro and click Extensions = Animation to bring up the window shown in Figure 8.”° From here click
dynamic bonds and use the slide button to move the reaction from reactants to products and back. About halfway from reactants to
products will be a position where the C — C1 bond is partially broken and the C — Br bond is partially formed.
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Figure 8. Examining the reaction trajectory file.

To visualize the optimized transition state please open the output file of our calculation, ts.out, in Avogadro. As shown in Figure 9
the optimized transition state shows the Br — C bond being formed while the C — C1 bond is being broken. Additionally, you will
see a set of vibrational modes just like when you calculated the IR spectrum of hexane in a previous exercise. Unlike in the
previous exercises, you will notice that one of the vibrational modes for this transition state will be imaginary in nature, as
represented by a negative sign. Because a transition state represents the highest point on a reaction coordinate diagram there exists
a vibrational mode (the imaginary mode) that if it vibrates will push the molecules either closer to products or closer to reactants.
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This mode will show the bonds forming and breaking at the transition states. To see this motion, click on the negative vibrational
mode in the list of vibrational modes and press start animation.
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Figure 9. Examining the vibrational modes of the calculated transition states. The start animation button is shown with a blue

arrow.
To view the energy values associated with the transition state (calculated), or the provided reactants/products please open the
respective output files in notepad. By scrolling to the end of the file you can find the total Gibbs free energy (G), as well as the
enthalpy (H) and entropy (.S) of the starting materials. The position of these values is shown in Figure 10 for the starting materials
of our substitution reaction. Please note that entropy values are shown as .S x T', entropy X temperature in Kelvin.
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ENTHALPY

The enthalpy is H = U + kBxT
kB is Boltzmann's constant

Total free energy +.»  =—3073.60932321 Eh
Thermal Enthalpy correction “ns 0.00094421 Eh 0.59 kcal/mol
Total Enthalpy «.+ =3073.60837900 Eh Q-—._____

Note: Only C1 symmetry has been detected, increase convergence thresholds
if your molecule has a higher symmetry. Symmetry factor of 1.0 is
used for the rotational entropy correction.

Note: Rotational entropy computed according to Herzber

Point Group: C1, Symmetry Number: 1
Rotational constants in cm-1: 5.222521 0.024622 0.024622

ENTROPY

The entropy contributions are T#S = T*(S(el)+S(vib)+S(rot)+S(trans))

S(el) - electronic entropy
S(vib) - vibrational entropy
S(rot) - rotational entropy

S(trans)- translational entropy

units of energy

Electronic entropy e 0.00000000 Eh 0.00 kcal/mol
Vibrational entropy e 0.00510554 Eh 3.20 kcal/mol
Rotational entropy . 0.01222782 Eh 7.67 kcal/mol
Translational entropy ses 0.01924704 Eh 12.08 kcal/mol
Final entropy term . 0.03658041 Eh 22.95 kcal/mol

In case the symmetry of your molecule has not been determined ¢
or in case you have a reason to use a different symmetry number we prin
out the resulting rotational entropy values for sn=1,12 :

sn=1 | S(rot)= 0.01222782 Eh 7.67 kcal/mol
sn= 2 | S(rot)= 0.01157336 Eh 7.26 kcal/mol
sn= 3 | S(rot)= 0.01119053 Eh 7.02 kcal/mol
sn= 4 | S(rot)= 0.01091891 Eh 6.85 kcal/mol
sn=5 | S(rot)= 0.01070822 Eh 6.72 kcal/mol
sn=6 | S(rot)= 0.01053608 Eh 6.61 kcal/mol
sn=7 | S(rot)= 0.01039053 Eh 6.52 kcal/mol
sn= 8 | S(rot)= 0.01026445 Eh 6.44 kcal/mol
sn=9 | S(rot)= 0.01015324 Eh 6.37 kcal/mol
sn=10 | S(rot)= 0.01005376 Eh 6.31 kcal/mol
sn=11 | S(rot)= 0.00996377 Eh 6.25 kcal/mol
sn=12 | S(rot)= 0.00988162 Eh 6.20 kcal/mol

GIBBS FREE ENERGY

The Gibbs free energy is G = H - T*S

Total enthalpy ... -3073.60837900 Eh
Total entropy correction . -0.03658041 Eh -22.95 kcal/mol
Final Gibbs free energy «ov —3073.64495941 Eh <

Figure 10. Example output file for the starting materials of the reaction. The values for G, H, and S are indicated by arrows.
Please note that the entropy term has already been multiplied by the temperature (298.15 K). This means that the final entropy term
isreally T' x S.
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