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Abstract  

The electronic structure and rearrangements of anionic [ClMg(η
2
-O2C)] and  [ClMg(η

2
-

CO2)]
-
 complexes have been elucidated by the combined use of bonding evolution 

theory (BET), quantum theory of atoms in molecules (QTAIM) and non-covalent 

interactions index (NCI). The results obtained from this quantum chemical topological 

study allow identifying the evolution of strong and weak interactions among Mg, O and 

C atoms, as well as the origin of the preference of the system for a determined reaction 

pathway, recovering the electron flow and bonding patterns along the reaction pathways 

connecting these complexes. 
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Introduction 

Carbon dioxide (CO2) is viewed as an optimal C-1 source in organic synthesis 

owing to its abundance, availability and low cost.[1-10] Likewise, its conversion into 

more added value chemicals is currently receiving special attention due to the 

significant increase of CO2, one of the most important causes directly linked to climate 

change. In this sense, the excessive production of CO2 has been recognized as one of the 

greatest environmental threats of our times,[11] and therefore, it is of crucial importance 

to reduce the CO2 accumulation in the atmosphere in order to mitigate its increasing 

buildup.  

Chemical fixation of CO2 by metal complexes has gained an increasing attention 

and has been currently studied at length, even at a strictly molecular level,[12-16] but it 

still represents at the present time one of the most relevant issues; while improvements 

in the feasibility of using CO2 as a carbon feedstock in chemical synthesis are being 

currently carried out.[10,4] In this context, magnesium complexes are highly promising 

materials since they combine the possibility to produce, through (photo)catalytically 

driven reactions, raw materials and valuable chemicals, together with a substantial 

mitigation of the greenhouse effect,[17-28] as well as play an important role in carbon–

carbon bond forming reactions.[29-31] However, despite considerable efforts to develop 

structure–reactivity relationships, the actual reaction mechanisms of such magnesium 

oxide complexes are still controversial.[32] A complete understanding of the 

coordination of CO2 to the Mg is essential in order to give some insights into the 

reactivity towards CO2 activation. 

The most common coordination of CO2 in neutral and anionic complexes 

containing a single metal atom has been found to be monodentate M(η
1
-CO2) and 

bidentate M(η
2
-CO2),[33,4,34-36] whereas cationic species have shown to exclusively 

have a linear “end-on” coordination [M-(CO2)n]
+
.[37-43] Recently, Miller et al.[44] 

have identified a bidentate double oxygen metal–CO2 coordination magnesium complex 

[ClMg(η
2
-O2C)]

-
 that has not been previously observed neither in neutral nor in charged 

unimetallic complexes. In this study, the evidence of a bidentate double oxygen 

magnesium complex [ClMg(η
2
-O2C)]

-
 has been supported by infrared photodissociation 

spectroscopy and quantum chemical calculations, where exploration of potential energy 

surfaces (PES) for the obtaining of the [ClMg(η
2
-O2C)]

- 
complex has been carried out. 

Motivated by these results, we present herein in greater detail the analysis of the 
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electronic structure and rearrangements of both anionic [ClMg(η
2
-O2C)]

-
 and [ClMg(η

2
-

CO2)]
-
 complexes.  

For a detailed analysis of a chemical system, relevant intermediates and 

transition states are identified according to their relative energies. Within this context, 

the direct analysis of the wave-function that is an eigenstate of an electronic 

Hamiltonian provides the complete information about these stationary structures and 

thus of the geometry and electronic structure of the system. However, the wave-function 

is an extremely complex mathematical function, which depends on the positions and 

spins of all the electrons; therefore, analyzing details or comparing many-electron wave-

functions is a demanding task owing to various practical difficulties. To overcome this 

inconvenience, the molecular orbital theory or the valence bond theory are used in an 

attempt to connect with classical chemical concepts such as chemical bond, electron 

pair or Lewis structure. Another procedure is to condense the relevant information into a 

single three-dimensional function of space, a scalar field, and describe chemical 

reactivity based on well-defined physical entities accessible from experiments. This 

strategy belongs to the framework of Quantum Chemical Topology (QCT),[45] a 

subarea of quantum mechanics providing a rigorous and exact definition of bonding 

within an atomic ensemble in terms of topological properties of different scalar fields 

that yields a wealth of calculated chemical information from the wave-function of a 

molecule. 

In the present work three procedures are employed to characterize the electronic 

structures and rearrangements of both anionic [ClMg(η
2
-O2C)]

-
 and [ClMg(η

2
-CO2)]

- 

complexes: the bonding evolution theory (BET), proposed by Krokidis and Silvi[46-50] 

which combines the topological analysis of the Electron Localization Function 

(ELF)[51,52] and Thom’s Catastrophe theory (CT);[53] the topological analysis of the 

electron density in the framework of the Quantum Theory of Atoms in Molecules 

(QTAIM)[54]; and the Noncovalent Interaction (NCI) index.[55]. NCI approach has 

shown great success for visualizing weak interactions and enabling the characterization 

of both stabilizing (hydrogen bonds, van der Waals) and destabilizing (steric clashes) 

interactions in different molecules and materials.[56-60] The combination of these 

procedures has become very insightful for probing the electronic structure, and 

constitutes a powerful tool in the study of chemical events, providing new strategies to 

understand and visualize the electron flow along the molecular mechanisms of chemical 

rearrangements. 
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This paper is organized as follows: the theoretical procedures and computational 

procedures are described in section 2. In the following section, the results are presented 

and discussed, and finally the conclusions section provides a summary of the work and 

concluding remarks. 

 

Computational procedures 

 

Quantum chemical calculations have been performed using the Gaussian 09 

program.[61] We have selected the B3LYP[62,63] exchange-correlation functional and 

the 6-311++G** basis set for the geometry optimizations. Vibrational frequencies were 

calculated to characterize the structures as minimum or transition states (TSs) as well as 

to obtain the zero-point energy corrections. Afterwards the intrinsic reaction coordinate 

(IRC)[64,65] pathway was traced to their corresponding associated reactants and 

products. A mass-weighted step of 0.05 amu
1/2

 bohr has been employed until the 

minimum was reached. For each point along the IRC, the wave function has been 

obtained and the ELF analysis has been performed by means of the TopMod09 

package[66] considering a cubical grid of stepsize smaller than 0.05 bohr. The ELF 

basins are visualized using the program Chimera.[67] The topological partition of the 

ELF gradient field[52] provides basins of attractors, which are classified as core and 

valence basins. Core basins C(A) can be thought as atomic cores, while valence basins 

V(A) can be interpreted as bond and lone pairs, where A is the atomic symbol of the 

element. V(A), V(A,B) or V(A,B,C) are characterized by their coordination number 

with core basins (synaptic order) as monosynaptic, disynaptic or trisynaptic basins, 

respectively.[68] 

Along a reaction pathway (which links the chemical structures and therefore the 

topologies of the ELF gradient fields of the reactants with those of the products) the 

system experiences a series of structural stability domains (SSDs) within which all the 

critical points are hyperbolic separated by catastrophic points at which at least one 

critical point is non-hyperbolic. The bifurcation catastrophes occurring at these turning 

points are identified according to Thom’s classification [53] which gives access to their 

unfolding, a compact polynomial expression which contains all the information about 

how ELF may change as the control parameters change. In this way, a chemical reaction 

is viewed as a sequence of elementary chemical processes characterized by a 

catastrophe. These chemical processes are classified according to the variation of the 
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number of basins μ and/or of the synaptic order σ of at least one basin. Some reviews on 

the ingredients and applicability of BET to understand and rationalize chemical 

structure and reactivity have been discussed and scrutinized in more detail.[47,69-71] 

Topological analysis of the electron density obtained by QTAIM is done by 

using the program Multiwfn.[72] QTAIM, a model based on quantum mechanics and 

physical observables, provides a rigorous and exact definition of bonding within an 

atomic ensemble in terms of topological properties of its charge density. In addition, 

NCI is a topological tool to visualize noncovalent interactions,[73] providing rich 

representations of a range of attractive and repulsive interactions. The NCI scheme is 

based on the so-called reduced density gradient s(ρ) function, which is defined using the 

electron density, ρ, and its first derivatives as follows: 

𝑠(𝜌) =
1

2(3𝜋2)1/3
|∇𝜌(𝑟)|

𝜌(𝑟)4/3
 

where ρ(r) is the electron density. In density tails (i.e., regions far from the molecule, in 

which the density is decaying to zero exponentially), the reduced gradient has very large 

positive values. On the contrary, the s(ρ) function assumes very small values, 

approaching zero, for regions of both covalent bonding and noncovalent interactions. 

By multiplying the density by the sign of the second eigenvalue of the density Hessian 

(λ2), one can distinguish the strength and the attractive or repulsive nature of the 

interactions.[57] A characterization of places where the noncovalent interactions play an 

essential role in a molecule stems from the experimental observations that such 

interactions may be responsible for the course of the chemical reactions.[56] Likewise, 

the density critical point (CP) that occurs between weak inter- or intramolecular 

interactions induces dramatic changes in the s(ρ) plot.[59] Since the behavior of s(ρ) at 

low densities is dominated by ρ(r), s(ρ) tends to diverge except in the regions around a 

density CP, where the density gradient dominates, and s(ρ) approaches zero. 

 

Results and discussion 

 

In the present study we have characterized the formation processes of both 

[ClMg(η
2
-O2C)]

-
 and [ClMg(η

2
-CO2)]

-
 complexes (P-A and P-B respectively, see 

Figure 1) from an oxalic acid and a magnesium salt complex (R). Likewise, we have 

performed the topological analysis of the electron density under the domain of the BET, 
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QTAIM and the NCI index in order to describe the evolution of the topology of these 

three gradient fields. 

  

i) Energy and geometry description 

The results obtained from the exploration of the PESs have been found in line with 

those previously reported by Miller et al.[44] The calculated energy profile involving 

the formation processes of both [ClMg(η
2
-O2C)]

-
 (P-A) and [ClMg(η

2
-CO2)]

-
 (P-B) 

complexes from oxalic acid and a magnesium salt complex (R and R´) has been 

depicted in Figure 1. The exploration of the PES for the formation of P-A reveals that 

TS-A is predicted to be 32.8 kcal mol
-1

 above the line of the oxalic complex R or R´ 

and clearly more favored than TS-B. TS-A has been characterized by means of a unique 

imaginary vibrational mode that is mainly associated with the stretching of O4-Mg 

bond. In addition, a detailed exploration of the PES reveals the appearance of a 

bifurcation point (Bif) along the path connecting TS-A and R and R´. The presence of 

Bif was confirmed by means of IRC calculations and corresponds to the link between 

the species R or R´ due to the rotation of the torsion angle O4-C1-C2-O1; this species is 

predicted to be 23.8 kcal mol
-1

 higher in energy than R or R´. Likewise, the relaxation 

of TS-A in an opposite way gives rise to the formation of the intermediate I-A. This 

species is calculated to be 23.0 kcal mol
-1

 higher than R complex, while this 

rearrangement entails a change in the coordination of the metal center; in particular, Mg 

atom interacts now with O1 and O3. Certainly, this change in the coordination prepares 

the system for the imminent C-C dissociation in order to give rise to the formation of 

the bidentate double oxygen complex interacting with CO2 (P-A). It is worth noting that 

the formation of P-A from I-A does not entail a thermal process, and therefore, the 

system needs to invest 26.8 kcal mol
-1

 to reach P-A, and the subsequent liberation of 

products: the bidentate complex [ClMg(η
2
-O2C)]

-
 + CO2. Note that the liberation of the 

final products from P-A is predicted slightly endothermic (only 0.5 kcal mol
-1

). 

On the other hand, the alternative route to reach the bidentate complex 

[ClMg(η
2
-CO2)]

-
 is obtained via TS-B, which is predicted to be 53.7 kcal mol

-1
 higher 

in energy than R complex and certainly less favored than the reaction pathway via TS-

A. Subsequently, TS-B gives rise to the formation of the product complex P-B which is 

predicted to be only 1.4 kcal mol
-1

 more stable than TS-B and where the CO2 molecule 

weakly interacts with the [ClMg(η
2
-CO2)]

-
 moiety. Finally, the liberation of the final 
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products ([ClMg(η
2
-CO2)]

-
 + CO2) from P-B is predicted to be endothermic by 2.6 kcal 

mol
-1

. 

 

ii) Topological description 

a) Formation of the [ClMg(η
2
-CO2)]

-
 complex  

The BET analysis of the reaction pathway for the formation of the [ClMg(η
2
-CO2)]

- 

complex has been carried out. The evolution of the basin populations for some ELF-

attractors along the IRC is depicted in Figure 2 and the respective snapshots of their 

corresponding SSDs for some selected points on the IRC path are depicted in Figure 3. 

QTAIM and NCI analyses have been also performed in order to complement the BET 

analysis. 

At R complex, the basins localized are (see Figure 3): 8 core basins (purple 

buttons), 5 disynaptic basins (green buttons) accounting for the C-C and C-O bonds, and 

11 monosynaptic basins (red buttons) accounting for the oxygen and chlorine lone pairs. 

For the sake of clarity, the monosynaptic basins populations of each O atom have been 

unified as a unique basin population, i.e Vi=1,2…(Xi) = V(Xi). In addition, due to the low 

and positive values of the electron density and its Laplacian, respectively, at their 

corresponding bond critical points (BCPs) (3,-1), the system suggests “closed shell” 

interactions between Mg-O3, Mg-O4 and Mg-Cl bonds (see Table 1a). This is also 

corroborated by the NCI index; Figure 4a shows the strong attractive interaction, blue in 

color and very disk-shaped between Mg-Cl, Mg-O3 and Mg-O4 atoms; this is a very 

localized interaction which expands from the corresponding BCPs.[59] Moreover, a 

second weak interaction is observed from the green isosurface at the center of the ring 

formed by C1-C2-O3-Mg-O4 atoms which is related to the ring critical point (RCP) 

localized in the QTAIM analysis. 

The BET analysis of this chemical rearrangement reveals three well-established 

chemical events (or structural stability domains, SSDs) associated with two topological 

changes. Starting from the R complex, the first topological change of the ELF field 

accounts for a cusp-type catastrophe which connects SSD-I and SSD-II, where the 

disynaptic basin V(C1,C2) splits into two monosynaptic basins V(C1) and V(C2) (see 

Figures 2 and 3). Interestingly, the V(C1,C2) basin collapses and splits into two new 

monosynaptic basins due to an excess of charge density, whereas the rest of the basin 

populations remain almost unaltered (see Figures 2 and 3b). The QTAIM analysis at the 

first point of the SSD-II also accounts for the breaking process of the C1-C2 bond (see 
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Table 1b). For instance, small value of electron density ρ(rBCP), positive value of the 

laplacian (rBCP) and negative energy density E
e
(rBCP) at the (3,-1) BCP confirm the 

breaking process of C1-C2 bond. Likewise, the NCI analysis also accounts for week 

interactions (depicted in blue in Figure 4b) between C1-C2 atoms.  

The main factors observed in the course of the SSD-II is the steady increase in 

the population of the monosynaptic basin V(C2), while the population of the 

monosynaptic basin V(C1) decreases as the reaction proceeds. At the same time, the 

population of the disynaptic basins V(C1,O2) and V(C1,O4) grow (this is even 

emphasized at the end of the SSD-II) giving rise to the imminent liberation of CO2 

molecule. The SSD-II finishes with the annihilation of the monosynaptic basing V(C1) 

giving rise to the last SSD-III. A fold-type of catastrophe accounts for the annihilation 

of the monosynaptic basin V(C1); in contrast, the presence of the monosynaptic basin 

V(C2) in the course of SSD-III reveals the strong carbene character of the complex 

[ClMg(η
2
-CO2)]

-
 which is supported by the considerably augmented population of the 

monosynaptic basin V(C2) (~ 2.5e) at the end of this SSD. Likewise, it is important to 

note that TS-B has been localized along the SSD-III; nevertheless the rupture of the C1-

C2 bond from the ELF point of view takes place at an earlier stage of the process (in 

particular in the SSD-II), and therefore, TS-B only plays a role from the energetic 

description. In addition, both QTAIM and NCI analyses for P-B show the presence of 

weak interactions between the CO2 molecule and the [ClMg(η
2
-CO2)]

-
 moiety, which is 

reflected in the localized (3,-1) BCP between C1 and O3 atoms accounting for a “closed 

shell” interaction (for details see Table 1d); in addition, the NCI analysis also reveals 

this weak type of interaction which is reflected as a green isosurface dividing the 

complex P-B into two fragments. Moreover, QTAIM and NCI show and coincide that 

the interaction between C2, and O3 with Mg in the [ClMg(η
2
-CO2)]

-
 moiety lacks of 

covalent character, although strong interactions in blue are sensed from the NCI 

analysis these were predicted at values of the electron density close to zero. 

Consequently, the absence of dysinaptic basins V(C2,Mg) and V(O3,Mg) also 

corroborates this response from the system (for details compare Table 1d and Figure 4d) 

 

b) Formation of the [ClMg(η
2
-O2C)]

-
 complex 

 

The evolution of the ELF-field shows that there are not topological changes in the 

sequence R → Bif → TS-A → I-A. Actually, the same type and number of basins have 
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been found in all these species in spite of the important geometrical rearrangements 

involved in this step (see Figure 1). The absence of breaking/forming processes only 

accounts for the change in the coordination of the magnesium atom. Thus, the evolution 

of the basin populations from R to I-A just reveal minor modifications in the 

populations of monosynaptic basins (V(O1), V(O2), V(O3), V(O4)) and disynaptic 

basins (V(C1,O4), V(C1,O2), V(C1,C2), V(C2,O3) V(C2,O1)). Likewise, the 

transformation of R into R´ via Bif does not account for any topological change since 

the type of interactions involved in R´ are exactly the same as those found in R, and 

therefore, R´ does not entail any special feature as compared to R. 

As stated above, the transformation of I-A into P-A cannot be conceived as a 

thermal process; a photodissociation would have been required for the subsequent 

formation of P-A. Consequently no reaction pathway was traced to characterize the 

final step of this chemical rearrangement; therefore, we have characterized just the final 

intermediate P-A in order to complete the topological analysis. After the 

photodissociation process, the topological evolution of the ELF results in a similar 

distribution of ELF basins (see Figure 5) as obtained for the formation of P-B, i.e. 

transformation of the disynaptic basin V(C1,C2) into the monosynaptic basin V(C2) 

with the concomitantly annihilation of the monosyptic basin V(C1). Despite the similar 

ELF-topology that present P-A and P-B, the spatial distribution of their monosynaptic 

basins V(C2) is rather dissimilar making these two carbene species considerably 

different in terms of their chemical reactivity due to the orientation of the monosynaptic 

basin V(C2). Note that the carbene character of species P-B has been experimentally 

observed.[44] 

 

Conclusions 

 

The combined use of ELF, QTAIM and NCI within QCT framework is a useful 

tool for studying the mechanisms of chemical reactions through the evolution of the 

topology of these three gradient fields, allowing the characterization of the electron 

redistribution in the course of a given chemical reaction. 

The electronic structure and rearrangements of anionic [ClMg(η
2
-O2C)] and 

[ClMg(η
2
-CO2)]

-
 complexes have been elucidated and the results obtained from this 

quantum chemical topological study allow to identify the evolution of strong and weak 

interactions among Mg and O and C atoms, recovering the electron flows and bonding 
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patterns along the reaction pathways connecting these complexes. The reaction 

mechanisms for the rearrangements of anionic [ClMg(η
2
-O2C)] and [ClMg(η

2
-CO2)]

-
 

complexes were rationalized in terms of chemical events that drive the chemical 

reaction and provides substantial information about chemical bonding along the reaction 

pathway, and allows us to investigate in detail the corresponding reaction pathways and 

to understand the flow of electrons that attends the process. Thus, the main reason for 

the preference of the system for the formation of I-A instead of P-B is reflected in the 

evolution of the population of the disynaptic basin V(C1,C2). The formation of P-B 

entails a collapse of the disynaptic basin V(C1,C2) due to an excess of charge density 

making the formation of P-B energetically more demanding and consequently a route 

kinetically less favorable. The conversion of R into I-A does not accounts for any 

breaking/forming process, and therefore, to overcome the energy barrier associated with 

TS-A makes this route significantly preferred.  
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Table.1 Values of the electron density ρ(rBCP), potential energy density V(rBCP), kinetic 

energy density G(rBCP), Laplacian of the electron density ∇2ρ(rBCP) and electronic 

energy density E
e
(rBCP) at the (3,-1) BCPs 

a) R complex 

Bond ρ(rBCP) V(rBCP) G(rBCP) ∇2ρ(rBCP) E
e
(rBCP) 

Mg-Cl 0.044 -0.055 0.057 0.237 0.002 

Mg-O3 0.055 -0.082 0.096 0.430 0.014 

Mg-O4 0.055 -0.082 0.096 0.430 0.014 

C1-O4 0.326 -0.858 0.366 -0.501 -0.492 

C2-O3 0.326 -0.858 0.366 -0.501 -0.492 

C2-O1 0.407 -1.326 0.639 -0.185 -0.687 

C1-O2 0.407 -1.326 0.639 -0.185 -0.687 

C1-C2 0.223 -0.208 0.047 -0.458 -0.161 

b) SSD-II 

Bond ρ(rBCP) V(rBCP) G(rBCP) 𝛁𝟐𝝆(rBCP) E
e
(rBCP) 

Mg-Cl  0.044 -0.054 0.056 0.234 0.002 

Mg-O3 0.049 -0.070 0.082 0.380 0.012 

Mg-O4 0.042 -0.055 0.067 0.313 0.012 

C2-O3 0.337 -0.920 0.402 -0.463 -0.518 

C1-O4 0.365 -1.067 0.483 -0.399 -0.584 

C1-C2 0.047 -0.017 0.011 0.020 -0.006 

C2-O1 0.410 -1.385 0.693 0.005 -0.692 

C1-O2 0.420 -1.442 0.726 0.043 -0.715 

c) SSD-III 

Bond ρ(rBCP) V(rBCP) G(rBCP) 𝛁𝟐𝝆(rBCP) E
e
(rBCP) 

Mg-Cl 0.042 -0.050 0.052 0.215 0.002 

Mg-O3 0.050 -0.073 0.086 0.394 0.013 

Mg-O4 0.012 -0.011 0.013 0.588 0.002 

C2-O3 0.306 -0.761 0.315 -0.521 -0.446 

Mg-C2 0.043 -0.057 0.058 0.241 0.001 

C2-O1 0.446 -1.535 0.752 -0.124 -0.783 

C1-O4 0.398 -1.302 0.642 -0.069 -0.660 

C1-O2 0.461 -1.658 0.837 0.069 -0.820 

d) P-B 

Bond ρ(rBCP) V(rBCP) G(rBCP) 𝛁𝟐𝝆(rBCP) E
e
(rBCP) 

Mg-Cl 0.042 -0.050 0.052 0.214 0.002 

Mg-O3 0.048 -0.070 0.082 0.378 0.012 

Mg-C2 0.022 -0.059 0.060 0.244 0.001 

C2-O3 0.299 -0.721 0.293 -0.537 0.428 

C1-O3 0.015 -0.011 0.012 0.055 0.001 

C2-O1 0.399 -1.312 0.648 -0.059 0.664 

C1-O4 0.449 -1.554 0.763 -0.105 0.791 
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Figure captions: 

 

Fig.1 Potential energy profile (including the zero-point energy correction) and 

geometries of the stationary points for A and B mechanisms, leading to the bidentate 

double oxygen complex [ClMg(η
2
-O2C)]

-
 (P-A), and bidentate carbon oxygen complex 

[ClMg(η
2
-CO2)]

-
  (P-B) complex. Relative energies (in kcal mol

-1
) to reactants (R) 

 

Fig.2 Evolution of the populations of some basins along the IRC pathway for the 

formation of P-B as a function of the reaction coordinate (amu
½ 

bohr). Dashed lines 

separate the three structural stability domains (SSD). For the sake of clarity, the valence 

basin populations of oxygen atoms have been unified as a unique basin population, i.e 

Vi=1,2…(Xi) = V(Xi) 

 

Fig.3 Snapshots of the ELF localization domains for selected points along the 

IRC for the formation of P-B. The isosurface value is =0.814. The reaction coordinate 

value is: (a) s = - 5.519 amu
1/2

 bohr (b) s= - 1.499 amu
1/2

 bohr (c) s = -0.050 amu
1/2

 bohr 

(d) s = 2.591 amu
1/2

 bohr. The color code is as follows: green, disynaptic basins; red, 

monosynaptic basins; purple, core basins 

 

Fig.4 Plots of the reduced density gradient versus the electron density multiplied 

by the sing of the second Hessian eigenvalue ρ(r)(λ2) and the respective reduced 

gradient isosurfaces 

 

Fig.5 Snapshots of the ELF localization domain (=0.814 isosurface) for Bif, 

TS-A, I-A and [ClMg(
2
-O2C)]

-
. The color code is as follows: green, disynaptic basins; 

red, monosynaptic basins; purple, core basins 
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