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Computational Details

Molecular Dynamics (MD) Simulations

The charges for chloroform, pyridine N-oxide (PNO) and 3,3-dimethyl-1,1,2,2-
tetracyanocyclopropane (DMTCCP) were derived by restrained electrostatic potential (RESP)
method? to fit the B3LYP/6-31+G** charges calculated with the Gaussian 09 program?. The
topology files were generated with the Antechamber module® in AMBER 14* This
methodology is in accordance with the GAFF (Generalized Amber Force Field)®

parameterization.

The MD simulations were performed with the sander program of the AMBER 14 package. All
the simulations employed periodic boundary conditions. The PME (Particle Mesh Ewald)® was
used to calculate electrostatic energy. All the bonds were constrained using the SHAKE'
algorithm, which allowed us to use a higher time step of 2 fs. Langevin dynamics was used to
regulate the temperature with a collision frequency of 5 ps .2 Isotropic scaling was
implemented for pressure regulation associated with a pressure relaxation time of 1 ps. Prior to
data collection, the systems were energy minimized and equilibrated. After energy
minimization, the system was equilibrated for 1 ns under NVT. The system was equilibrated
under NPT at a constant pressure of 1 bar for 5 ns in the following stage. This was followed by
a production run, which was run under similar conditions as the previous equilibration phase
under NPT.

The production trajectory was 40 ns long for the PNO-DMTCCP system. The PNO-DMTCCP
system contained 1 DMTCCP, 40 PNO and 512 chloroform molecules. The various analyses
were carried out using the cpptraj module® of AMBER 14 and TRAVIS®Y,

To calculate the diffusion co-efficients, we have sampled the mean squared displacements
(MSD) of the molecules from 20 independent sampling simulation runs (each 2 ns long)
starting from the same initial coordinates.!* The diffusion coefficient can be calculated from
the slope of the plot between the MSD of the required species versus simulation time by using
equation-S1. The independence of the 20 MD runs was achieved by using different random

seeds used for the generation of initial velocities.

MSD=2nDt (S1)



where, n is the number of dimensions in which the MD simulations were performed (in our
case, n = 3), D is the diffusion coefficient, and t is time.

Least square fitting the mean MSD versus time data for DMTCCP in CHCIz and PNO-
DMTCCP in CHCIlzin Figure 4d yielded the following equations, respectively:

y=0.21x - 6.88,R? = 0.99 (for DMTCCP in CHCls) (S2)
y=0.15x + 20.66, R? = 0.99 (for PNO-DMTCCP in CHCls) (S3)

where R? is the correlation coefficient.
The value Domtccp/Dpno-bmTcep Was computed as the ratio of the slope of equation-S2 to the
slope of equation-S3, giving a value of 1.40.

Distribution functions

Although we could visualize the maximum probability of finding PNO around DMTCCP
through the spatial distribution function (SDF) in Figure 2 in the main text, we have calculated
various other distribution functions to get a more concrete picture of the arrangement of the

PNO molecules.
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Figure S1. (a) Radial distribution function (RDF) between the oxygen atom of PNO molecules
and the centre of the ring (COR) of DMTCCP. (b) The spherical coordinate system is used as
a reference for distribution functions presented in the following figures. (c) Angular
distribution function (ADF) of the polar angle & of the nearest neighbouring PNO molecules
of DMTCCP (d) Angular distribution function (ADF) of the azimuthal angle ¢ for the nearest
neighbouring PNO molecules of DMTCCP.
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These include the RDF from Figure 2b and the ADFs from Figures S1c and S1d. To understand
these distribution functions, we used a spherical coordinate system (Figure S1b). The origin O
of the coordinate system is placed at the centre of the ring (COR) of DMTCCP with the ring
of DMTCCP in the XY plane. The radial distance r is the distance between COR of DMTCCP
and the oxygen atom of PNO (OP). The polar angle 0 is defined as the angle between the zenith
direction (Z) and the line OP (line joining the centre of the ring and the oxygen atom of PNO),
and the azimuthal angle ¢ is the angle between the azimuth reference direction (X) and the
projection of the line OP on the XY plane (OP’). It is also important to note that OX bisects the
side of the cyclopropane ring containing the two carbon atoms substituted with the four nitrile
groups. Having explained the coordinate system, we move to the various distribution functions.

Figure S1c shows the distribution of the polar angle 6 for the nearest neighbouring PNO



molecules of DMTCCP. The peak is centred ~90° which shows that the oxygen atom of the
PNO molecule approaches the DMTCCP along the plane of the ring of DMTCCP.

Further, we have calculated the azimuthal angle distribution ¢ for the nearest neighboring PNO
molecules of DMTCCP (Figure S1d). The prominent peaks near ~0° and ~360° show that the
oxygen atom of PNO primarily approaches the DMTCCP along the region flanked by the four
nitriles (corresponds to the large isosurface in the SDF in Figure 2c¢). The small peaks near
~120° and ~240° are contributed by the PNO molecules approaching the other two sides of the
cyclopropane ring (corresponds to the small spheres on the two sides of the cyclopropane ring
not containing the nitrile pocket in the SDF in Figure 2c).

Quantum Mechanical Calculations

The monomers and PNO:DMTCCP complex structures were optimized at the RI-B97D3/def2-
TZVPP level of theory, and the single point energy was calculated at the gold standard CCSD
(T)/def2-TZVPP level of theory in chloroform using Cosmoprep module in Turbomole V7.2
software package!?. The molecular electrostatic potential surface for the DMTCCP was
calculated at the MP2/def2TZVPP level of theory and the surface was mapped with the
isovalue of 0.001 a.u. within the colour range of -0.05 a.u. to +0.05 a.u with the help of
GaussView 6 software®, The natural bond orbital (NBO) calculations were performed at the
MP2/def2TZVPP level of theory using NBO-3.0 programme!* in Gaussian-16 software
package®®. The computational NMR was performed at the B3LYP/def2TZVPP level of theory
in the Gaussian-16 software package. It is worth to mention that the polarisable continuum
model was used to include the solvent (CHCI5) effect to the systems.

We also optimized one structure of PNO-DMTCCP complex where PNO is directed towards
the methyl group. In Figure 1d in the main manuscript, the methyl groups also show the
positive potential region. But the interaction energy is -5.59 kJ/mol, which is too low for the
homodimer to be detected in the solution phase. Thus the most probable structure would be the
structure mentioned in Figure 3a.

Thermodynamical parameters (H and AH) in solution at CCSD(T) level were calculated as
follows:

The HECSP-T(sol) was calculated from the equation given below?:
HCCSD-T(SO|) - ECCSD-T(gaS) + HB97-D (SO|) + ZPEB97-D (SO|) + [EBQ7-D (SO|) — EB97-D (gas)]

To calculate the change in enthalpy upon complex formation, we used the following equation:



AHCCSP-T (s0l) = HECSP-T(sol)pno-bmTeep — [HECSP-T(sol)omTecp + HECSP-T(sol)pno]

Table S1: Details of NBO Analysis

Contribution
Orbital Contribution AE? (kJ/mol)
(%)
LP(1)O20 — n*Ca-Ns 1.76
LP(2)02 — n*Ca-Ns 1.89 29
LP(3)O20 — n*Ca-Ns 3.02
LP(1)O20 — n*Cs-N7 1.34 9
LP(2)O20 — n*Cs-N7 0.80
LP(1)O20 — n*Cg-Ng 1.39 10
LP(2)O20 — n*Cg-Ng 0.88
LP(1)O20 — n*C10-N11 181
LP(2)O20 — n*C10-N11 1.76 30
LP(3)O20 — n*C10-N11 3.32
Total n—n* energy 17.97 78
LP(1)O2 — 0*C1-Cz 1.47 "
LP(3)O20 — 6*C1-C> 1.18
LP(1)O20 — 6*C2-Cs 1.42 1
LP(3)O20 — 6*C2-C3 1.09
Total C-bond energy 5.16 22
Total donor-acceptor energy 23.13 --

QTAIM Analysis:
The QTAIM analysis was performed with the wave function obtained at the MP2/def2-TZVPP

level of theory. The molecular graph shows only one bond critical point between the PNO-O
with the nearest carbon atom, i.e., the carbon atom of the cyclopropane ring, which is an
indicator of the C-bond with only one carbon atom of DMTCCP. The characteristics of the
bond critical point (BCP) i.e., the electron density (p) and the laplacian of the electron density
(V?p), follow the criteria mentioned by Koch and Popelier.}” But the molecular graph does not
show any BCP for the n—n* interaction. This is because the bond path is shown between the
two closest atoms. More than two bond critical points lead to a ring critical point (RCP). In this
heterodimer, it seems that the BCPs between the O atom of PNO and C atoms of DMTCCP
and the RCPs are in close proximity. To avoid the coalescence of BCPs and RCPs, only one
BCP is shown. This is also reflected in the mutual penetration of the interacting atomic pairs,
as short distances lead to high mutual penetration. The values for the mutual penetration are



given below in Table S2. However, the positive values of the mutual penetration also confirm
the presence of the noncovalent interaction between PNO and DMTCCP.8 We have provided
the distances between the carbon atoms of DMTCCP and the oxygen atom of PNO in Figure
S2 and the molecular graph of the PNO-DMTCCP complex in Figure S3.

Table S2: Mutual penetration for the interacting atomic pairs.

Interacting Mutual Penetration
atomic pairs (a.u.)
020e-Cl1 1.34
020ee-C3 1.33
020e++C4 1.22
020e++C6 0.87
0209++C8 0.88
020e+C10 1.23

Figure S2: Distances between the PNO-O atom and the carbon atoms involved in the n—c*

and n—7* interactions.
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Figure S3: Molecular graph of the PNO-DMTCCP complex with the characteristics
parameters of the BCP suggests the presence of the C-bond.



Experimental Details

Materials and method:

Acetone, malononitrile, sodium acetate, ethanol, and bromine solution were used without
further purification to synthesize DMTCCP following the method described by Heywood et
al.!®. To characterize the DMTCCP, and we used *H (400 MHz) and C (100 MHz) NMR
spectroscopy.

The IH_NMR spectrum of DMTCCP shows a peak at 1.80 ppm for the methyl groups. The peak
at 1.55 ppm is due to the water in CDCl3z which was taken care of while performing the
concentration- and temperature-dependent experiments by drying the solvent over the
molecular sieves. The *C-NMR spectrum of DMTCCP shows peaks at 108.13 ppm for CN,
41.00 ppm for C(CN)2, 25.95 ppm for C(CHj3)2, and 20.23 ppm for CHs group.
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Figure S4: 'H-NMR spectrum of DMTCCP
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Figure S5: 3C-NMR spectrum of DMTCCP




We would like to mention that both solutes are present in the solid state, and while performing
the experiments, they were taken in milligrams, which hardly alters the total volume.
Subsequently, the density and polarity of the solvent remain unaffected. We measured the
viscosities of the CDClz, DMTCCP in the CDCls, and PNO in CDClIs at 21°C. The measured

viscosities were 0.47 cP for all the cases.

NMR experiment details to evaluate the strength of the interaction

CDCl3 was used as a solvent for NMR experiments. All NMR studies (except DOSY) were
conducted using a Bruker Avance-I1l HD liquid state 400 MHz NMR spectrometer equipped
with a triple-channel cryoprobe equipped with z-gradients.

Concentration-dependent NMR details

We performed the concentration-dependent NMR titration with a fixed concentration of
DMTCCP at 0.03M with a varying concentration of PNO from 75mM to 2M. The temperature
of the experiment was fixed at 298K. We fitted the data into the following equation to find out

the equilibrium constant of the interaction and thus, the change in Gibb's free energy.

8obs = Oy, + (A8 Xy) (S4)

where,

{1+ k([H]o + [610)} — [{1 + k([Ho + [610)}2 — (4K2[H],[G]o)] /2
Y= 2k[H],

dobs 1s the observed chemical shift, 6Ho IS the chemical shift when only host (DMTCCP) is
present, Ad is the difference between the final chemical shift and initial chemical shift, [H]o is
the initial concentration of the host, [G]o is the total concentration of the guest (PNO), i.e., free
PNO molecules and complexed PNO molecules, and k is the equilibrium constant of the

following equilibrium:

H+G =HG
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Figure S6: Concentration-dependent **C-NMR spectra at 298K.

In the concentration-dependent 3C-NMR we observed a downfield chemical shift of the nitrile
carbon upon increasing the concentration of the PNO. Now, when we added PNO to the
solution of DMTCCP, due to the n—n* interaction, we observed the downfield shift. After
that, as we added more PNO, the chemical shift observed is due to the combined chemical
shifts of the monomer (DMTCCP) and the dimer (PNO-DMTCCP ) as follows:

dobs = XomTccp*dpmrcep + (1-XpmTtecp)* dpNo-DMTCCP

where Xpmrccp is the fraction of DMTCCP molecules present in the solution and (1-Xpmrccp)
denotes the fraction of complex (PNO-DMTCCP ) present in the solution.

Again, why we are observing a downfield chemical shift instead of an upfield chemical shift
upon complex formation can be described from the c—=n* energy gap of the C=0 or C=N
bond.? Lesser the gap, the more is chemical shift value. To explain this, we conducted Natural
Localised Molecular Orbital (NLMO) analysis. It shows that the average c—n* energy gap for
C=N in DMTCCP is 1.142. In contrast, the same in DMTCCP-PNO is 1.128, which suggests
that the c—>n* energy gap of the C=N bond decreases by 0.014, leading to the downfield shift.

Temperature-dependent NMR details



We performed the temperature-dependent NMR with a 0.03M DMTCCP-1.5M PNO solution
by varying the temperature from 233K to 313K. We fitted the data into the following equation

to get the change in enthalpy for the interaction.

Oops = SHO + (A6 Xy) (S5)
where,

AH-TAS 2 AH-T,

_ Y,
1+ e ), + 1610 - [{1 +e Cm )l + [610)) - (4e‘2(T“)[H10[G]0)] 2

y= AH-TAS

Ze_( RT )[1—1]0

AH and AS are the enthalpy change and entropy change for dimer formation, respectively. R is

the universal gas constant, and T is the temperature.
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Figure S7: Temperature-dependent *C-NMR experiment with 0.03M DMTCCP-1.5M PNO
solution.

DOSY experiments details

Translational diffusion measurements® were performed using the Pulse field Gradient
Stimulated Echo (PGSE) method with bipolar gradients to reduce the effect of Eddy current in
the 700MHz NMR machine. The diffusion experiments were performed with 8 scans for each

gradient strength and with 16 different gradient strengths varied linearly from 5% to 95% of



the maximum gradient strength, 48.15 Gauss/cm being the peak gradient value. Recycle delay
was 5s, duration of gradient pulses was 1 ms, while the diffusion delay of 30 ms and 40 ms
were used for DMTCCP and DMTCCP+PNO samples, respectively. The concentration of
DMTCCP was kept at 0.03M for both monomer and complex. The concentration of PNO taken
in the mixture was 1.5M, i.e., 0.03M DMTCCP-1.5M PNO solution was taken for the complex.



Cartesian Coordinates of the Optimized Structures (in A)

PNO-DMTCCP (in gas phase)
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PNO-DMTCCP (in CHCl3)
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N 1563336900 1.241738900 -3.116057500
C 1.621668000 2.158986300  0.355653500
N 1.709767600  3.312018700  0.280518500
C 0.739153100 0.251232500  1.543851400
N 0.122670400 -0.150282200  2.439683100
C 3.070525300 -1.397163800  0.760908800
H 3.691492100 -1.152533500 1.627913500
H 2.171804400 -1.909966900  1.109809800
H 3.629927700 -2.076430400 0.110684400
C 3.996301100 0.612259700 -0.503200200
H 4.627593300 0.871175300  0.352120800
H 4.560505600 -0.050014500 -1.166684600
H 3.754999300 1.527630200 -1.047801700
O  -1.146309200 1.054365400 -0.545591400
N  -2.229375800 0.486980500 -0.131437900
C -2.762691700  0.815178800  1.089795600
C -3.921435600 0.211512100  1.548683100
C -4.571087700 -0.750949000  0.771456400
C -4.018847500 -1.076465700 -0.470188300
C  -2.859151100 -0.456405600 -0.904069300
H  -2.202162300 1.563560000 1.633684200
H  -4.304093900 0.504209200 2.521661100
H -5.479084000 -1.231012200 1.121584500
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H -2.370511300 -0.657365000 -1.847955400
PNO Dimer (in CHCIs)
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C 3.4829856 -0.9820683 -1.1318574
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H 7.8890211 3.9036270 5.9267301

H 85607064 2.4593914 6.7149485

H 9.4365469 3.2289279 5.3755165
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