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Abstract:

This work presents a computational study on how CO and COs: interact with small aliphatic functional
molecules: HF, HCN, NH3, PH3. Calculations were performed using Density Functional Theory (DFT)
at B3YLP-D3(BJ)/6-31++G(d,p) level of theory. Interaction is feebly weak (< 5.00 kcalmol),
exothermic, and non-spontaneous. NCI and RDG analysis have suggested the interaction to be primarily
dispersive. Application of external electric field (EEF) exerted nominal to considerable impact on the
stability of the interaction. The interaction energy of the complexes is found to depend on the direction
and magnitude of the applied EEF.
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1. Introduction:

Carbon monoxide (CO) is a poisonous gas, originates from incomplete combustion of fossil fuels.
Vehicle exhaust is one of the chief contributors to increased CO concentration in the atmosphere along
with burning of plant-based materials [1]. Carbon dioxide (CO>) is also harmful to the global climate
because it traps heat in the atmosphere. Concentration of COz is also increasing with time and burning of
fossil fuels is one of the major contributors to this [2]. Mixtures of CO and CO; are released from
several sources like metal factories, CO2 conversion processes, partial burning of fuels, coal gasification
etc. [1,2]. Both these gases can be turned into many useful organic compounds under suitable conditions
[3-7]. For this, efficient capture and effective release of CO and CO; is imperative from the view point
of industry and environment remediation.

Adsorption based method with metal-organic frameworks (MOFs), carbon nanomaterials (CNMs),
coordination polymer etc. are very common [8-10]. These materials have useful features like a high
surface area, porous structures, and strong ability to absorb gases. their properties can be tailored by
dopants (metal, non-metal), adding different functional molecules. Both organic and inorganic molecules
are used in functionalizing these materials and hence understanding the interaction of CO and CO> with
functional molecules could be handy in designing new materials for efficient CO and CO> adsorption.
However, in absence of any preferential adsorption site, selectivity of binding CO is questionable.
Organic functional molecules have previously been used in functionalization of aforesaid molecules
especially for functionalization of carbon nanomaterials (fullerene, carbon nanotubes, graphene) [11-13].
For example, functionalization is known to improve efficacy of MOFs for CO; selectivity and durability
[14]. Previously interaction of CO; with aqueous amine-based model system has been studied (solvent
effects, thermodynamic and kinetic properties) [15]. Espinal et al., have previously studied the
interaction of CO with different carbon surfaces and suggested the importance of defects on the
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adsorption properties. [16] Donor-acceptor interactions in ethanol-CO> mixtures under supercritical
conditions has been studied, suggesting the importance of hydrogen bonding and charge transfer in the
adsorption process.[17] Mo et al. have studied the interaction of CO. with pyrrole and pyridine and
suggested the role of N-atom (facilitate electrostatic and hydrogen bonding interactions) in the
adsorption process [18]. Not much emphasis has been given to inorganic molecules and hence in this
study the interaction of few inorganic functional molecules with CO and CO; is attempted. Therefore,
the interaction of CO and CO; with inorganic molecules such as HCN, HF, NH3; and PH3 are studied in
this manuscript. Density functional theory (DFT) is used for understanding different aspects of the said
interaction. Several recent literatures have made use of DFT for studying the interaction of CO and CO>
with different materials [11-19]. Nature of interaction between the interacting systems are also
scrutinized. Apart from this, effect of external electric field (EEF) on the chosen interaction (stability) is
also studied. Presence of EEF is also known to impact the adsorption/release of CO> from penta-CoN
nanosheet [19]. Also, EEF is known to activate the C=0 bond of CO2 molecule [19]

2. Theoretical and computational details

All quantum chemical simulations were executed using Gaussian 09 package [20]. Geometry
optimization and frequency calculation are carried out at B3YLP-D3(BJ)/6-31++G(d,p) level of theory.
Since, the interaction is expected to non-covalent, there might some role of dispersive interaction. Hence
dispersion corrected functional is used for the study. The presence of real minima is ensured by absence
of imaginary frequency. The stability/strength of the interaction is estimated in terms of interaction
energy (IE) by supermolecular approach. According to this, IE can be defined as the difference between
the ground state energies of the adducts and the individual monomers. Counterpoise correction method
(N=2) is applied to minimize Basis Set Superposition Error (BSSE) and improve the accuracy of the
calculated IE values [21]. Similar protocol is adopted for calculation of enthalpy (AH) and free energy
changes (AG) as well. QTAIM (Quantum theory of atoms in molecules), NCI (non-covalent interaction)
and RDG (reduced density gradient analysis is made to understand the nature of interaction. For the
purpose, Multiwfn, VMD and gnuplot programme packages are used [22-24]. To study the effect of
external influences, uniform electric fields were applied in the x, y, and z directions, both positive and
negative, with strengths ranging from +0.0200 and -0.0200 au. This allowed us to understand how
electric fields alter the strength of the interactions [25,26].

3. Results and discussions:

3.1. Geometry of the complexes

In this manuscript the adducts formed by CO/CO; with HCN, HF, NH3 and PHj3 are represented as CO-
HCN, CO-HF, CO-NHs;, CO-PH3 CO2-HCN, CO:-HF, CO;-NH3 and CO;-PH3. The optimized
geometries of the adducts along with their possible interacting distances are shown in Figure 1.
Referring to Figure 1, it is seen that the interacting distances vary from 1.92 - 3.99 A (significantly
longer than the normal covalent distances), thus suggesting towards the involvement of non-covalent
interaction between the interacting units. As far as interacting distances are concerned, the adducts CO-
HCN, CO-HF and CO»-HF are expected to stronger (interacting distances < 2.50 A). Lee et al., have
also studied the interaction of CO; with the chosen inorganic functional molecules and suggested similar
geometry (at M06-2X/aVDZ and MP2/aVTZ level of theory) of the complexes [27]. This suggested
towards the suitability of the theoretical levels for the study.
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Figure 1: Optimized geometries of (a) CO-HCN, (b) CO-HF, (c) CO-NH3s, (d) CO-PH3, (e) CO2-
HCN, (f) CO2-HF, (g) CO2-NH3, (h) CO2-PH3 complexes with their respective cartesian axes.

3.2 Interaction Energy and thermodynamic parameters

Interaction energy (IE) is of key importance for predicting the stability of adduct. Hence, BSSE
corrected IE values are calculated for the adducts and the results are presented in Table 1. In this table
more negative value corresponds to higher IE and higher stability. Referring to Table 1, the interaction
of CO and CO: with the chosen inorganic functional molecules is considerably weak with IE values
within the range -1.01 to -3.64 kcalmol!. Strongest adduct is formed between CO, and NH; while
weakest adduct is formed between CO and PHj3. Stronger interaction with NH3 can be attributed to the
ease of electron donation from the lone pair of N-atom to electron deficient C-atom of CO2. Amongst the
complexes of CO», the stability decreased in the order: CO>-NHj3 (-3.64) > CO»-HF (-3.35) > CO»-PH3 (-
2.33) > CO,-HCN (-2.13); kcalmol!. Moreover, the interaction with CO, is more favourable (more
negative IE values), Table 1. Amongst the interactions involving CO, the CO-HF is the strongest one
with IE value 2.03 kcalmol!. This can be attributed to better proton donating capability of HF
molecules. Lee et al., have reported the IE value of -3.37, -2.87, -2.06 and -1.34 kcalmol™! for CO,-NH3,
CO2-HF, CO2-HCN and CO»2-PH3 adducts respectively at M06-2X/aPVDZ level of theory [27]. Our
calculation has suggested slightly stronger interaction. This is because of the used functional. B3LYP-
D3(BJ) is a dispersion corrected functional and incorporates dispersion contribution exclusively.
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Tablel: IE, AH and AG values (kcalmol!) of the adducts in gas phase

Complexes IE AH AG HOMO energy
CO-HCN -1.44 -0.56 3.87 -229.78
CO-HF -2.03 -1.17 7.29 -257.62
CO-NH3 -1.29 -0.22 4.77 -171.67
CO-PH3 -1.01 -0.13 4.10 -175.72
CO2-HCN -2.13 -0.31 2.16 -227.08
COz-HF -3.35 -2.21 3.27 -253.88
CO2-NH;3; -3.64 -1.73 3.70 -178.82
CO»-PH3 -2.33 -0.26 4.17 -179.27

To check whether the interaction is thermodynamically favourable or not, AH and AG values are
calculated and the obtained results are shown in Table 1. Referring to this table, the AH values are all
negative (-0.13 to -2.21 kcalmol '), thereby suggesting the exothermic nature of complexation. However,
the observed AG values are all positive (2.16 to 7.29 kcalmol™), thus indicate the non-spontaneity of the
process. The positive AG values are because of compensation in entropy after complexation. Usually for
strong a strong interaction, AG values are negative while for weak interaction, the same is reported to be
positive. [28,29]

3.3 Variation in HOMO energy, NCI and RDG analysis

HOMO energy values are found to be within the range -171.67 to -253.88 kcalmol™!, Table 1. Compared
to CO complexes, HOMO energy is found to be more negative for corresponding CO, complexes. More
negative the HOMO energy higher, difficult is the electron release and hence higher is the stability.
Thus, CO2 complexes are more stable than complexes of CO. IE values also predicted similar stability
trends for the complexes. To scrutinize the relationship between IE values and HOMO energy, the two
parameters are plotted against each other. For complexes with CO, moderate to strong linear relationship
is found between IE and HOMO energy and IE value with R? values of 0.80, while no such relationship
is observed in case of CO2 complexes (R?> ~ 0). Usually for a charge-controlled interaction such as
cation-m interaction the linear relationship between IE values and HOMO energy is common [28]. Since,
the interaction is weak and possibly dispersion dominant, so no strong linear relationship is observed for
the chosen complexes.

NCI (non-covalent interaction) analysis is performed and isosurface plot is visualized to predict the
nature of interaction. The obtained RDG isosurface plots are shown in Figure 2. In the figure, the green
colour corresponds to weak attractive van der Waal’s interaction. It is seen that there exist a green
coloured isosurface between the interacting systems for all the complexes, Figure 2. Thus, the
interacting systems are held together by weak forces like van der Waal’s interaction or dispersive
interaction [30]. Moreover, reduced density gradient (s function) vs sign (A2)p plot is also analysed
(Figure 3). Appearance of green colour at low negative p value also indicated the existence of weak
forces between the interacting units [31].
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Figure 2: RDG isosurface plots for (a) CO-HCN, (b) CO-HF, (¢) CO-NHs, (d) CO-PH3, (¢) CO:-
HCN, (f) CO2-HF, (g) CO2-NH3, (h) CO2-PH; complexes.
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Figure 3: Reduced density gradient (s function) vs sign (12)p (au) plot for (a) CO-HCN, (b) CO-
HF, (¢) CO-NH3, (d) CO-PH3, (e) CO2-HCN, (f) CO2-HF, (g) CO2-NH3, (h) CO:2-PH3 complexes.

3.4. Effect of Electric Field on interaction energy

External electric fields (EEFs) can influence interaction between two systems. Therefore, interactions of
CO and CO; with HCN, HF, NH3 and PHj3 are also studied in presence of EEF. For the purpose, EEF is
applied along the positive and negative direction of x-, y- and z-axes and the obtained results are
presented in Figure 3. Presence of EEF exerted nominal to significant impact on the IE values and
thereby can affect the stability of the interaction, Figure 3.

CO-HCN complex: In absence of EEF the IE value is -1.44 kcalmol™'. Along the x-axis, the observed IE
values increased (becomes more negative) in the positive direction while in the negative field, the same
becomes positive; making the interaction unstable, Figure 3a. IE value is increased to -23.50 kcalmol™!
at +0.0200 au and decreased to 10.16 kcalmol™! at -0.0200 au. The interaction is unstable in presence of
EEF in the negative x-direction (0.0025 au onwards). The increase in IE values in presence of EEF in the
positive field is sharper than the decrease in IE values in the negative field, Figure 3a. Application of
EEF along y- and z-axes does not impart any notable impact on the stability of the complexes (IE values
are comparable), Figure 3a. Thus, one can desorb CO from HCN on applying EEF along negative x-
direction while the same in the positive x-direction facilitates the adsorption of CO on HCN.

CO-HF complex: In absence of EEF the IE value is -2.03 kcalmol!. Along the z-axis, the observed IE
values increased (becomes more negative) in the positive direction while in the negative field, the same
becomes positive; making the interaction unstable at higher field strength, Figure 3b. IE value is
increased to -17.16 kcalmol! at +0.0200 au and decreased to 7.40 kcalmol' at -0.0200 au. The
interaction is unstable in presence of EEF in the negative z-direction (0.0050 au onwards). The increase
in IE values in presence of EEF in the positive field is sharper than the decrease in IE values in the
negative field, Figure 3b. Application of EEF along x- and y-axes does not impart any notable impact
on the stability of the complexes (IE values are comparable), Figure 3b. Thus, one can desorb CO from
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HF on applying EEF along negative z-direction while the same in the positive z-direction facilitates the
adsorption of CO on HF.

CO-NH;3 complex: In absence of EEF the IE value is -1.29 kcalmol!. Along the x-axis, the observed IE
values increased (becomes more negative) in the positive direction while in the negative field, the same
becomes positive; making the interaction unstable at higher field strength, Figure 3c. IE value is
increased to -14.84 kcalmol! at +0.0200 au and decreased to 5.24 kcalmol! at -0.0200 au. The
interaction is unstable in presence of EEF in the negative x-direction (0.0050 au onwards). The increase
in IE values in presence of EEF in the positive field is sharper than the decrease in IE values in the
negative field, Figure 3c. Application of EEF along y- and z-axes does not impart any notable impact on
the stability of the complexes (IE values are comparable; slightly larger impact is observed along y-
direction), Figure 3c¢. Thus, one can desorb CO from NH3 on applying EEF along negative x-direction
while the same in the positive x-direction facilitates the adsorption of CO on NHs.

CO-PH; complex: In absence of EEF the IE value is -1.01 kcalmol™!. Along the y-axis, the observed IE
values increased (becomes more negative) in the positive direction while in the negative field, first the
IE value is decreased (less negative) and then increased (more negative) at higher field strength, Figure
3d. IE value is increased to -8.22 kcalmol™! at +0.0200 au and 3.07 kcalmol™! at -0.0200 au. The increase
in IE values in presence of EEF in the positive field is sharper than the decrease in IE values in the
negative field, Figure 3d. Application of EEF along x- and z-also exerts similar impact on the stability
of the complexes. IE values become more negative along positive direction and less negative along
negative direction. However, the complex is stable at stronger field irrespective of the its direction,
Figure 3d. Thus, presence of EEF facilitates the interaction especially at stronger field.

Thus, interaction of CO molecules with the chosen molecules is affected in presence of EEF and the
strength of interaction is dependent on the direction and magnitude of the applied EEF. Recent
literatures on adsorption of CO also reported similar role of EEF on the adsorption process [32-35]. Mn
and Tc doped graphene has been reported to interact with CO molecule in presence of EEF [32]. On the
other hand, CO adsorption/desorption behavior on Al-doped graphene in presence of EEF have indicated
that application of the field in negative direction strengthens the adsorption while the same on positive
direction weakens the adsorption [33]. Application of EEF on the adsorption of CO on a graphene-based
materials has also been reported to promote the adsorption process [34]. Adsorption of CO molecule on
aluminium nitride nanotube is facilitated by parallel application EEF while the for EEF at transverse
direction show a significant reverse trend [35].
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Figure 2: Effect of EEF on IEs of (a) CO-HCN, (b) CO-HF, (c) CO-NH3, (d) CO-PH3, (e) CO2-
HCN, (g) CO2-HF, (h) CO2-NH3, (j) CO2-PH3 complexes

CO>-HCN complex: In absence of EEF the IE value is -2.13 kcalmol™'. Along the x-axis, the observed IE
values increased (becomes more negative) in the positive direction while in the negative field, the same
becomes positive; making the interaction unstable, Figure 3e. IE value is increased to -23.53 kcalmol™!
at +0.0200 au and decreased to 10.43 kcalmol™! at -0.0200 au. The interaction is unstable in presence of
EEF in the negative x-direction (0.0050 au onwards). The increase in IE values in presence of EEF in the
positive field is sharper than the decrease in IE values in the negative field, Figure 3e. Application of
EEF along y- and z-axes does not impart any notable impact on the stability of the complexes (IE values
are comparable), Figure 3e. At stronger, filed, the interaction becomes more favourable (more negative
IE). Thus, one can desorb CO> from HCN on applying EEF along negative x-direction (from 0.0050 au)
while the same in the positive x-direction facilitates the adsorption of CO> on HCN.
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CO:>-HF complex: In absence of EEF the IE value is -3.35 kcalmol™'. Along the x-axis, the observed IE
values increased (becomes more negative) in the negative direction while in the positive field, the same
becomes positive; making the interaction unstable, Figure 3f. IE value is increased to -20.12 kcalmol™!
at -0.0200 au and decreased to 5.63 kcalmol™! at +0.0200 au. The interaction is unstable in presence of
EEF in the positive x-direction (0.0075 au onwards). The increase in IE values in presence of EEF in the
negative field is sharper than the decrease in IE values in the positive field, Figure 3f. Application of
EEF along y- and z-axes does not impart any notable impact on the stability of the complexes (IE values
are comparable), Figure 3f. At stronger, filed, the interaction becomes more favourable (more negative
IE) along negative field. Thus, one can desorb CO> from HF on applying EEF along positive x-direction
(from 0.0075 au) while the same in the negative x-direction facilitates the adsorption of CO on HF.
CO>-NH3 complex: In absence of EEF the IE value is -3.64 kcalmol™!. Along the x-axis, the observed IE
values increased (becomes more negative) in the positive direction while in the negative field, the same
becomes positive; making the interaction unstable at higher field strength, Figure 3g. IE value is
increased to -18.39 kcalmol! at +0.0200 au and decreased to 5.24 kcalmol! at -0.0200 au. The
interaction is unstable in presence of EEF in the negative x-direction (0.0050 au onwards). The increase
in IE values in presence of EEF in the positive field is sharper than the decrease in IE values in the
negative field, Figure 3g. Application of EEF along y- and z-axes does not impart any notable impact on
the stability of the complexes (IE values are comparable; slightly larger impact is observed along y-
direction), Figure 3g. At stronger field, the interaction is facilitated along both positive and negative
directions. Thus, one can desorb CO; from NH;3 on applying EEF along negative x-direction while the
same in the positive x-direction facilitates the adsorption of CO on NHs.

CO:>-PH; complex: In absence of EEF the IE value is -2.33 kcalmol!. Along the y-axis, the observed IE
values increased (becomes more negative) in the positive direction while in the negative field, first the
IE value is decreased (less negative) and then increased (more negative) at higher field strength, Figure
3h. IE value is increased to -8.22 kcalmol! at +0.0200 au and -8.85 kcalmol™! at -0.0200 au. The
increase in IE values in presence of EEF is comparable in both negative and positive direction, Figure
3h. Application of EEF along x- and z-also exerts similar impact on the stability of the complexes. IE
values become more negative at stronger field strength, Figure 3h. Thus, presence of EEF facilitates the
interaction especially at stronger field.

Like interaction of CO, the strength of interaction between CO:2 and chosen functional molecules found
to depend on the direction and magnitude of EEF. Previous literatures on the interaction of CO2 with
different molecules also advocated in favor of our observation. Presence of EEF is known to increase the
interaction of CO2 molecules with MoS; monolayers and water/Fe;O4 nanofluid [36,37]. CO; removal
by P-doped Ceo-fullerene have indicated the transformation of nature of adsorption from physisorption to
chemisorption [38]. The adsorbent has been reported to recovered and reused by controlling the extent of
applied EEF. Electric field-controlled CO> capture on BCsN monolayers has indicated that presence of
EEF facilitates adsorption and activation of CO2 [39]. CO2 adsorption on MoS: monolayer in presence
of EEF have indicated a decreased adsorption energy followed by an increase is same with increase in
applied field strength (towards positive direction [40]. The study also scrutinized the variation of dipole
moment and charge capacity in presence of EEF.

4. Conclusion:
The present study investigates how external electric fields (EEF) influence the interactions of CO and
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CO; with HCN, HF, NH; and PH3 (inorganic functional molecules) using DFT calculations. The
interaction is very weak, exothermic, and non-spontaneous in nature. The interaction is primarily
dispersive on nature. The application of an EEF imparts nominal to remarkable impact on the stability of
the interaction. The variation in stability in presence of EEF depends directly on the magnitude and
direction of its application. On application of EEF of suitable magnitude in appropriate direction one can
control the adsorption and desorption of CO and CO» molecules from the selected functional molecules.
The results could be important for designing suitable nanomaterial functionalized with the chosen
molecules for effective removal of CO and CO; molecules.
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