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Abstract 

The formation of complexes between hexafluorobenzene and the Lewis bases dimethyl ether, dimethyl 

ether-d6, trimethylamine and trimethylamine-d9 was investigated experimentally using FTIR 

spectroscopy on solutions of liquid krypton. Additional bands found in the spectra of mixtures were 

assigned to lone pair···π complexes using ab initio calculations at the MP2/aug-cc-pVDZ level. By 

constructing Van ‘t Hoff plots, experimental complexation enthalpies were determined of -6.0(6) kJ 

mol
-1

 for the complex with dimethyl ether(-d6) and -6.7(9) kJ mol
-1 

for the complex with 

trimethylamine(-d9). These values are in good agreement with calculated enthalpy values. 

Introduction 

The electrostatic potential on the molecular surface of unsaturated, locally electron deficient molecules 

shows a region of positive electrostatic potential, perpendicular to (a part of) the molecular framework, 

often denoted as a π-hole. 
1
 In recent years it has been shown both theoretically 

2-3
 and experimentally 

4-5
 that molecules are able to form noncovalent interactions with anions and lone pairs of Lewis bases 

through this π-hole, forming  anion···π and lone pair···π (lp···π) complexes, respectively. A review 

concerning these noncovalent interactions has recently been published by Bauzá et al. 
6
   

The most studied lp···π complex is undoubtedly the hexafluorobenzene-water (C6F6–H2O) complex, 

which has been described in much detail both theoretically 
7-8

 and experimentally. 
9-13

 The interest in 

C6F6 can be attributed to its use as a solvent in several spectroscopic techniques as well as its use as a 
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standard in 
19

F NMR and 
13

C NMR. Furthermore, C6F6 acts as a good model compound for 

perfluorinated aromatic rings in larger organic compounds, such as perfluorohalocarbons (PFHC’s), 

which are often used in the fields of crystal engineering and supramolecular chemistry.
14-15

 Therefore, 

a good understanding of the nature of the interactions with these compounds is crucial. Furthermore, 

as halogen atoms are often used to withdraw electrons from the π-system, lp···π interactions are often 

found in systems where halogen bonds are also present. To illustrate the influence of halogenation on 

the π-system, the electrostatic potential on the molecular surfaces of benzene and C6F6 are shown in 

Figure S1. 

It should be noted however that the formation of lp···π complexes is not limited to aromatic bond 

donors, such as C6F6, but can also be found for non-aromatic donors containing an electron deficient 

π-system, such as the C2F3X (X=F, Cl, Br, I) systems. The existence of lp···π bonded complex at 

thermodynamic equilibrium between the donor molecules C2F4 and C2F3Cl and Lewis bases dimethyl 

ether 
16

 and trimethylamine 
17

 has already been demonstrated. Furthermore, lp···π complex was also 

found experimentally using pulsed-jet Fourier transform microwave spectroscopy for the complexes of 

C2F3Cl with water, 
18

 dimethyl ether and ammonia. 
19

 

Even though the complexes between C6F6 and different Lewis bases have been described theoretically, 

20-21
 experimental results supporting these findings, apart from the complex formed with water, are still 

scarce. 
22

 In this study the complexes between C6F6 and dimethyl ether (DME) and trimethylamine 

(TMA) have been evaluated at equilibrium conditions using FTIR spectroscopy of liquid noble gas 

solutions.  

Experimental and Computational methods 

Hexafluorobenzene (C6F6) was purchased from Sigma-Aldrich and had a stated purity of +99.5%. The 

sample was transferred into a sample tube and degassed using the freeze-thaw cycle procedure. 

Dimethyl ether (99+%), dimethyl ether-d6 (98+% d), trimethylamine (99%) and trimethylamine-d9 

(+99% d) were also purchased from Aldrich and were used without further purification steps. The 

solvent gas krypton was supplied by Air Liquide and had a stated purity of 99.9995%. 

The infrared spectra were recorded on a Bruker 66v FTIR spectrometer, equipped with a globar 

source, a Ge/KBr beam splitter and MCT detector, cooled with liquid nitrogen. All interferograms 

were averaged over 500 scans, Blackman-Harris 3-term apodized and Fourier transformed with a zero 

filling factor of 8 to yield spectra with a resolution of 0.5 cm
-1

. Thermal expansion of the solvent gas 

during temperature studies was accounted for using the method published by van der Veken. 
23

 The 

numbering of the fundamental vibrational modes of DME, DME-d6, TMA, TMA-d9 and C6F6 follows 

the numbering scheme of Herzberg. 
24-25

 To aid assignments and avoid spectral congestion, 

measurements are performed using both undeuterated and fully deuterated Lewis bases. When 
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referring to (measurements or results of) both the undeuterated and fully deuterated Lewis bases, the 

notations DME(-d6) and TMA(-d9) are used in the remainder of this paper, whereas the parentheses are 

omitted when referring to the deuterated species only. As the experimental setup does not allow for 

verification of full solubility of the compounds, exact concentrations are not known. Estimated mole 

fractions of the solutions varied between 1.9 × 10
-5

 and 1.9 × 10
-2

 for C6F6, 6.6 × 10
-4

 and 2.8 × 10
-2

 for 

DME(-d6) and 5.6 × 10
-4

 and 1.5 × 10
-2

 for TMA(-d9). In order to obtain spectra in which the bands of 

interest have a maximal absorbance of 1, combined with the necessity to retain an appreciable amount 

of complex, solutions containing a limited amount of the molecule of interest with a large excess of 

the other molecule were prepared. 

To support the experimental measurements, ab initio MP2 calculations were performed using 

Dunning’s augmented correlation consistent basis sets of double zeta quality (aug-cc-pVDZ) in 

Gaussian09. 
26

 The counterpoise technique as proposed by Boys and Bernardi was used during all ab 

initio calculations to account for the basis set superposition error. 
27

 Energies at the basis set limit were 

calculated with Molpro 
28

 using the extrapolation scheme of Truhlar, in which the effect of electron 

correlation is obtained from MP2 calculations. 
29

  

𝐸𝐶𝐵𝑆
𝐻𝐹 =

3𝛼

3𝛼 − 2𝛼
𝐸3
𝐻𝐹 −

2𝛼

3𝛼 − 2𝛼
𝐸2
𝐻𝐹 

(1) 

𝐸𝐶𝐵𝑆
𝑐𝑜𝑟,𝑀𝑃2 =

3𝛽

3𝛽 − 2𝛽
𝐸3
𝑐𝑜𝑟,𝑀𝑃2 −

2𝛽

3𝛽 − 2𝛽
𝐸2
𝑐𝑜𝑟,𝑀𝑃2

 
(2) 

In these calculations α = 3.4 and β=2.2, 
29

 while energies with subscript 2 and 3 are calculated using 

the aug-cc-pVDZ and aug-cc-pVTZ basis sets respectively. 

Furthermore, a correction for higher order correlation effects is made using Hobza’s method, 
30

 

yielding results of 𝐸𝐶𝐵𝑆
𝐶𝐶𝑆𝐷(𝑇)

 quality. 

∆𝐸𝐶𝐶𝑆𝐷(𝑇) = |𝐸𝐶𝐶𝑆𝐷(𝑇) − 𝐸𝑀𝑃2|
𝑎𝑢𝑔−𝑐𝑐−𝑝𝑉𝐷𝑍(−𝑃𝑃)

 (3) 

𝐸𝐶𝐵𝑆
𝐶𝐶𝑆𝐷(𝑇)

= 𝐸𝐶𝐵𝑆
𝐻𝐹 + 𝐸𝐶𝐵𝑆

𝑐𝑜𝑟,𝑀𝑃2 + ∆𝐸𝐶𝐶𝑆𝐷(𝑇) (4) 

Complexation enthalpies in the gas phase ∆H°(vap,calc) were obtained from the calculated 

complexation energies ∆E(CCSD(T)) by applying a zero-point energy correction and a correction for 

thermal effects, obtained from statistical thermodynamics at MP2/aug-cc-pVDZ level of theory, 

calculated at 138 K, the center of the experimental temperature interval of 120 K to 156 K. By 

correcting these calculated enthalpy values with solvent effects, obtained from the Monte Carlo Free 

Energy Perturbation (MC-FEP) approach using an in-house modified version of BOSS 4.0 
31

, 

complexation enthalpies in solution ∆H°(LNg,calc) are obtained which can be compared with the 

experimental complexation enthalpies ∆H°(LNg). A full description of the computation methods used 

has been summarized before. 
32

 

 

Results and discussion: 
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From the ab initio MP2/aug-cc-pVDZ calculations, only one stable complex isomer was found for 

both Lewis bases, in which the lone pair of the Lewis base faces the center of the C6F6 ring. The 

MP2/aug-cc-pVDZ optimized structures of both complexes are given in Figure 1, whereas 

intermolecular parameters of the complexes as well as calculated complexation energies and 

calculated and experimental complexation enthalpies are given in Table 1. Cartesian coordinates of the 

monomer and complex geometries are given in Tables S1 and S2 of the ESI. 

 

Figure 1: MP2/aug-cc-pVDZ equilibrium geometries for the O···π complex between C6F6 and DME 

(top) and N···π complex between C6F6 and TMA (bottom), including the designation of the binding 

distance and angles given in Table 1. The centroid of the C6F6 ring is shown in purple. 

Table 1: Intermolecular distance Req (Å) between the donor atom and the centroid of the C6F6 ring, 

bond angles and dihedrals (°), calculated complexation energies at different levels of theory and 

experimental complexation enthalpies (kJ mol
-1

) for the complexes of C6F6 with DME and TMA. 

lp
…

π bonded C6F6·DME C6F6·TMA 

Symmetry Cs C3v 

Req=Rπ···Y 2.99 3.02 

θ 91.04 90.05/89.95 

τ 121.64 108.86 

ΔE (DZ) 
a 

-19.8 -25.8 

ΔE (TZ)
 b 

-21.2 -27.2 

ΔE (CCSD(T)) 
c 

-19.6 -24.3 

∆H° (vap,calc)  -17.4 -22.4 

∆H° (LKr,calc) -7.8 -9.3 

   

Experimental
 d   

∆H° (LKr) -6.0(6) -6.7(9) 
a
 MP2/aug-cc-pVDZ energy, 

b
 MP2/aug-cc-pVTZ energy, 

c
 CCSD(T)/CBS extrapolated energy, 

d
 

values determined in the 120 K – 156 K temperature interval. 
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From the complex geometry shown in Figure 1 and the geometrical parameters in Table 1 it can be 

clearly seen that the lone pair of oxygen faces towards the π-system of C6F6, resulting in a lp···π 

interaction formed through the center of the ring, the angle θ between the oxygen-centroid line and the 

molecular plane of C6F6 being 91.04°. The angle between the DME bisector and the oxygen-centroid 

line (τ) of 121.64° shows that the dimethyl ether molecule is tilted towards the C6F6 molecular plane 

and is also consistent with the rabbit-ear configuration of the lone pairs on the oxygen atom. This tilted 

position also enables the formation of secondary interactions between the methyl groups of DME and 

C6F6. In order to visualize these secondary interactions, the lp···π complexes were analyzed using the 

noncovalent interactions index visualized using NCIPLOT 
33-34

, for which the results are given in 

Figure S2 of the ESI. In Figure S2, the presence of interaction surfaces between the methyl groups and 

C6F6 can be seen, adjoined to the bowl-like surface caused by the O···π interaction. Optimization of 

this complex with and without imposing Cs symmetry yielded the same complexation geometry and 

energy. Rotation of DME above the C6F6 molecular plane yields a transition state with an increase in 

energy of 0.12 kJ mol
-1

 compared to the ground state. For this transition state, a single imaginary 

frequency was found of 10.9i cm
-1

. As this energy barrier is smaller than the kT value at 120 K, the 

existence of large amplitude motions is expected. 

For the complex between C6F6 and TMA, shown in Figure 1, a complex geometry with C3v symmetry, 

in which the lone pair of the Lewis base faces directly to the centroid of the C6F6 ring is observed, the 

angle between the nitrogen atom, C6F6 centroid and C6F6 carbon atom (θ) being either 90.05° or 89.95° 

for carbon atoms of the C6F6 ring which are eclipsed and non-eclipsed with the TMA carbon atoms, 

respectively. Optimization without symmetry restrictions yielded the same complex geometry. Apart 

from the bowl-like surface caused by the N···π interaction, only very small secondary interaction 

surfaces between the methyl groups and C6F6 are observed for this complex in the gradient isosurfaces 

shown in Figure S2. The complex geometry in which C6F6 and TMA have been rotated 60° from each 

other, leading to a staggered configuration with C3v symmetry, increased the energy by 0.09 kJ mol
-1

 

and yielded one imaginary frequency (8.6i cm
-1

). Also here the existence of large amplitude motions is 

expected. 

When comparing the complexation energies of both complexes, a decrease in complexation energy of 

0.2 kJ mol
-1

 and 1.5 kJ mol
-1

 for the complexes with DME and TMA respectively can be observed 

when going from the MP2/aug-cc-pVDZ level to the (extrapolated) CCSD(T)/CBS level. Upon 

correction of the CCSD(T)/CBS energies for zero-point energy, thermal and solvent effects to obtain 

complex enthalpies ∆H°(LKr,calc), the complex with TMA remains stronger than the complex with 

DME, the difference in strength between both complexes, however, diminishes from -4.7 to -1.6 kJ 

mol
-1

.  
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In order to determine the nature of the attractive interaction, an NBO analysis of both complexes was 

performed. However, as in a previous study 
17

, this analysis did not yield clear results as to which 

electron transfers are responsible for the attractive interaction. It was found that the charge transfer for 

both complexes is smaller than 0.001, which indicates that the attraction is mainly electrostatic, rather 

than due to charge transfer.  

Experimental assignment of the vibrational modes of the Lewis bases is based on assignments of 

liquefied noble gas solutions found in the literature. 
35-37

 To aid the assignment of the DME-d6 modes, 

the anharmonic force field of DME-d6 was also calculated using Gaussian09 at the MP2/aug-cc-pVDZ 

level. For the assignment of C6F6, gas phase 
38-39

 and matrix isolation frequencies
10

 found in the 

literature were used.  

From the ab initio calculated frequencies, given in Tables S4 to S7 of the ESI, it is clear that only 4 

out of 20 vibrational modes are IR active, of which ν4 and ν14 lie outside the studied spectral range. 

The remaining vibrational modes ν12 and ν13 have a large IR intensity, resulting in the use of diluted 

solutions for the study of these vibrational modes. Apart from these fundamental transitions, two 

further bands at 1024.8 cm
-1

 and 1016.9 cm
-1

 are observed in these solutions, which are the result of a 

complex Fermi resonance in this spectral range and have been described before in the gas phase. 

Possible assignments are the double combination ν11 + ν19, the triple combination ν14 + ν17 + ν18 and the 

quadruple combinations ν8 + 2ν14 + ν20, ν10 + ν11 + ν14 +  ν20 and  ν14 + ν17 + 2ν20. It should also be 

noted that the relative intensity of the bands in this spectral region differs strongly with those observed 

previously in a solid N2 matrix, where the band at 1016.9 cm
-1

 is not observed, 
10

 and the low 

resolution gas phase spectra, in which the band with the highest frequency has the largest intensity. 
39

 

The infrared spectrum of the ν12 and ν13 spectral region of C6F6 for a C6F6 solution in LKr is given in 

Figure S3. 

For both observable fundamental bands of C6F6, shown in panels A and B of Figure 2, an additional 

band is observed in the spectra of mixtures of C6F6 with DME upon subtraction. For the ν12 mode 

(panel A), a blue shifted band with a shift of 0.9 cm
-1

 is observed, whereas a redshifted band with a 

shift of -1.2 cm
-1 

appears near the ν13 band (panel B). Both complexation shifts are in good agreement 

with the calculated complexation shifts for the lp···π complex of 1.3 cm
-1 

and -2.8 cm
-1

, respectively. 

To study complex bands of the DME(-d6) modes, solutions with increased concentrations of C6F6 were 

measured. A spectrum of the ν6 spectral region of DME is also shown in Figure 2, panel C, in which a 

complex band with a -3.9 cm
-1

 redshift, corresponding to the calculated shift of -6.1 cm
-1

 for the lp···π 

complex, can be observed. Spectra of the above mentioned spectral ranges for C6F6·DME-d6 mixtures 

are given in Figure S4 of the ESI. An assignment of the monomers and corresponding complex bands 

is given in Table 2 for DME and in Table S8 for DME-d6. 
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Figure 2: Infrared spectra of the C6F6 ν12 spectral region (panel A), C6F6 ν13 spectral region (panel B) 

and DME ν6 spectral region (panel C) of solutions of mixtures of C6F6 and DME dissolved in LKr at 

120 K. In each panel, trace a represents the mixed solution, while traces b and c show the solution 

containing only C6F6 or DME, respectively. Trace d represents the spectrum of the complex and is 

obtained by subtracting the rescaled traces b and c from trace a. 

Table 2: Experimental infrared frequencies for the monomer and complex, as well as experimental 

complexation shifts (Δνexp) and MP2/aug-cc-pVDZ calculated complexation shifts (Δνcalc,O···π), in cm-1, 

for the  O···π bonded  complex of C6F6 with DME dissolved in LKr at 120 K. 

 Assignment Symmetry νmonomer νcomplex Δνexp Δνcalc,O···π 

    
 

  

C6F6 ν12 E1u 1532.0 1532.9 0.9 1.3 

 ν12 
13

C E1u 1525.9 1527.1 1.2 1.3 

   1024.8 1024.9 0.1  

   1016.9 1017.0 0.1  

 ν13 E1u 999.0 997.8 -1.2 -2.8 

       

DME ν1 A1 2990.4 2990.5 0.1 -8.5 

 ν16 B2 2990.4 2990.5 0.1 -8.6 

 ν12 B1 2916.6 2919.5 2.9 1.8 

 ν2 A1 2811.9 2816.1 4.2 -2.7 

 ν18 B2 1457.7 1458.4 0.7 -0.1 

 ν13 B1 1454.9 1454.7 -0.2 -2.3 

 ν19 B2 1426.3 1425.3 -1.0 -0.7 

 ν5 A1 1245.1 1245.9 0.8 -2.0 

 ν20 B2 1172.1   -6.9 

 ν21 B2 1099.1   -4.0 

 ν6 A1 929.4 925.5 -3.9 -6.1 

 

For mixtures of C6F6 with TMA(-d9), spectra of the fundamental bands of C6F6 are given in Figures 3 

(TMA) and S5 of the ESI (TMA-d9). The C6F6 ν13 spectral region of the mixture with TMA-d9 is not 

given due to overlap with the ν5 mode of TMA-d9. As with DME, a blue shifted complex band, with a 

shift of 0.8 cm
-1

 is observed in the ν12 spectral region (panel 3A), as well as a -2.5 cm
-1

 redshifted 

complex band in the ν13 region (panel 3B). Both bands are again in good agreement with the calculated 

values for the lp···π complex of 1.3 cm
-1

 and -3.9 cm
-1

, respectively. An assignment of the monomers 

and corresponding complex bands is given in Table 3 for TMA and in Table S9 for TMA-d9. 
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Figure 3: Infrared spectra of the C6F6 ν12 spectral region (panel A) and C6F6 ν13 spectral region (panel 

B) of solutions of mixtures of C6F6 and TMA dissolved in LKr at 120 K. In each panel, trace a 

represents the mixed solution, while traces b and c show the solution containing only C6F6 or TMA, 

respectively. Trace d represents the spectrum of the complex and is obtained by subtracting the 

rescaled traces b and c from trace a. 

Table 3: Experimental infrared frequencies for the monomer and complex, as well as experimental 

complexation shifts (Δνexp) and MP2/aug-cc-pVDZ calculated complexation shifts (Δνcalc, N···π), in cm-

1, for the  N···π bonded  complex of C6F6 with TMA dissolved in LKr at 120 K. 

 Assignment Symmetry νmonomer νcomplex Δνexp Δνcalc,N···π 

       

C6F6 ν12 E1u 1532.0 1532.8 0.8 1.3 

 ν12 
13

C E1u 1525.9 1527.1 1.2 1.3 

   1024.8 1021.5 -3.3  

   1016.9 1014.4 -2.5  

 ν13 E1u 999.0 996.5 -2.5 -3.9 

       

TMA ν12 E 2977.0 2978.4 1.4 -11.1 

 ν1 A1 2944.4 2944.2 -0.2 -9.2 

 ν13 E 2944.4 2944.2 -0.2 -9.1 

 2 ν4 A1 2818.6 2822.6 4.0 1.4 

 ν2 A1 2769.0 2773.1 4.1 7.3 

 ν14 E 2769.0 2773.1 4.1 8.5 

 ν20+ ν21 E 1474.8 1472.8 -2.0 -4.1 

 ν15 E 1467.6 1468.7 1.1 1.7 

 ν3 A1 1454.8 1454.3 -0.5 -3.2 

 ν4 A1 1438.8 1437.6 -1.2 0.7 

 ν16 E 1438.8 1437.6 -1.2 -3.8 

 ν17 E 1405.3   0.1 

 ν18 E 1273.3 1271.4 -1.9 -2.1 

 ν5 A1 1184.3 1187.1 2.8 0.9 

 ν19 E 1098.5 1098.4 -0.1 -2.2 

 ν20 E 1041.5 1039.3 -2.2 -1.8 

 ν6 A1 828.1 826.5 -1.6 -3.8 

 

Even though calculated and experimental shifts are in good agreement for most vibrational modes, 

some discrepancies can be found in Tables 2, 3, S8 and S9 regarding the complexation shift direction. 

Many of the vibrational modes with inconsistent shifts are found in the C-H stretching region (around 

3000 cm
-1

 for the undeuterated and 2000 cm
-1

 for the deuterated Lewis bases), where, apart from the 

fundamentals, many overtones and combination bands are found. Therefore the complexation shifts in 

1540 1530 1000 995
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this region are often perturbed by Fermi resonances, and the assignment of these complex bands is 

rather difficult. For the DME ν18 mode both the calculated and experimental shifts are very small, 

whereas the DME ν5 mode (CH3-rocking mode) is very sensitive to the orientation of the DME 

molecule towards C6F6 in the complex, which might be influenced by the small rotational barrier 

discussed before. For DME-d6 the vibrational modes ν13, ν20 and ν19 have a large overlap, so that the 

spectra had to be decomposed in order to determine frequencies. For TMA the discrepancy for the ν4 

mode can be explained by the overlap with ν16 mode, which has a red shift, as calculated. 

 

By constructing Van ‘t Hoff plots from measurements between 120 K and 156 K, 7 experimental 

complexation enthalpies between -5.0 and -6.8 kJ mol
-1 

have been determined for the lp···π complex 

of C6F6 with DME(-d6), the average being of -6.0(6) kJ mol
-1

. For the lp···π complex with TMA(-d9), 

5 experimental complexation enthalpies were determined between -5.6 kJ mol
-1

 and -8.1 kJ mol
-1

, with 

an average value of -6.7(9) kJ mol
-1

. An example of a Van ‘t Hoff plot for each complex is shown in 

Figure S6 of the ESI. Further detailed information on the subtraction procedure and numerical 

integration for the Van ‘t Hoff plots is available upon request. 

Apart from the 1:1 complexes described above, 1:2 complexes in which 2 Lewis base molecules form 

an anti-cooperative sandwich complex on opposite sides of the C6F6 molecular plane can be envisaged. 

Such complexes have been observed experimentally in studies involving benzene and a large excess of 

the donor molecules CF3I 
40

 and halothane 
41

. The existence of (an appreciable amount of) 1:2 complex 

typically results in the formation of complex bands at the lowest temperatures near the C6F6 monomer 

bands with shifts greater than those of the 1:1 complex. Indeed, MP2/aug-cc-pVDZ ab initio 

calculations of the C6F6·2DME complex with C2h symmetry and C6F6·2TMA complex with D3h 

symmetry, for which the Cartesian coordinates are given in tables S3.1 and S3.2 of the ESI confirm 

that the complexation shifts of the ν12 and ν13 modes of C6F6  are about two times larger than the 

complexation shift of the 1:1 complexes. Calculation of the vibrational frequencies confirmed that 

both complex geometries are real minima. Complexation energies at the MP2/aug-cc-pVDZ level are -

38.7 kJ mol
-1 

and - 49.5 kJ mol
-1

 for the complexes involving 2 DME and 2 TMA molecules, 

respectively. These values are slightly smaller than double the complexation energies of the 1:1 

complexes reported in Table 1 (-39.7 kJ mol
-1

 and -50.6 kJ mol
-1

), indicating a small anti-cooperative 

effect. The fact that this anti-cooperative effect is rather minute is consistent with the small charge 

transfer from the Lewis bases towards C6F6 observed in the previously mentioned NBO-analysis. 

To demonstrate the stoichiometry of the complex present in the solutions, a concentration study 
42

 in 

which mixtures with different concentrations are measured at 120 K was performed. By plotting the 

integrated intensity of a complex band against the product of integrated intensities of the monomers, 

for different ratios of the monomers, the stoichiometry of the complex can be determined. The general 

principles and results of these concentration studies are given in Figures S7 and S8 of the ESI. The 



10 

 

data clearly show that for both Lewis bases a linear correlation is found only for a proposed 1:1 

stoichiometry, which supports the idea that in the solutions mainly 1:1 complexes are formed.The 

appearance of weak spectral features red shifted from the 999.0 cm
-1

 monomer transition and from the 

997.8 cm
-1

 and 996.5 cm
-1

 transitions assigned to the 1:1 complexes with DME and TMA respectively, 

also indicates the formation of 1:2 complex, albeit with an equilibrium concentration substantially 

smaller than that for the 1:1 complex. As an example, the spectra of the complex bands of C6F6.TMA 

mixtures with different TMA concentrations, as well as their differential spectrum, is given in Figure 

S9. Further indication that 1:2 complex is only present in a small amount compared to the 1:1 complex 

is supported by the fact that the gradients of the Van ‘t Hoff plots are not influenced by omitting the 

measurements at the lowest temperatures. We have therefore retained the results of the lowest 

temperatures in the construction of the Van ‘t Hoff plot, even though these are most likely to contain 

some intensity of the 1:2 complex. 

Conclusions: 

The existence of an attractive interaction between C6F6 and the Lewis bases DME(-d6) and TMA(-d9) 

has been demonstrated experimentally through the use of FTIR on LKr solutions. By comparing 

experimental complexation shifts with shifts obtained from ab initio calculations, it was found that the 

1:1 complexes are formed through lone pair···π type interactions. Furthermore, indications for the 

presence of a small amount of 1:2 complex, involving 2 Lewis base molecules on opposite sides of the 

C6F6 molecular plane were found for mixtures with both DME(-d6) and TMA(-d9). For the complex 

with DME, a complex geometry with Cs symmetry was calculated in which the methyl groups of DME 

are tilted towards C6F6, enabling the formation of secondary interactions, which have been visualized 

using NCIPlot. For the interaction with TMA, a complex with C3v geometry was obtained, in which 

the methyl groups of TMA are eclipsed with the carbon atoms of C6F6. From the construction of Van 

‘t Hoff plots, experimental complexation enthalpies of –6.0(6) kJ mol
-1

 and  –6.7(9) kJ mol
-1

 were 

determined for the 1:1 complexes involving DME(-d6) and TMA(-d9), respectively. 

 

Supporting Information Available:  

MP2/aug-cc-pVDZ cartesian coordinates, vibrational frequencies and IR intensities of all monomers 

and complexes, experimental frequencies of C6F6, DME-d6 and TMA-d9 and observed complex bands 

in LKr, ESP of benzene and hexafluorobenzene, NCI plots for both lp···π complexes, IR spectra of the 

regions of interest for C6F6 and mixtures involving DME-d6 and TMA-d9, typical Van ‘t Hoff plots for 

the lp···π complexes, the results from concentration studies for C6F6·DME and C6F6·TMA complexes 

and spectra of the C6F6·TMA ν13 complex band for different TMA concentrations. This material is 

available free of charge via www.sciencedirect.com. 
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Graphical Abstract: 

 

Bullet Points: 

1) Cryosolutions of C6F6 with dimethyl ether or trimethylamine are studied with FTIR. 

2) Complex bands are assigned to lone pair···π complex using ab initio calculations. 

3) Assignment of observed monomer and complex bands is given. 

4) Using Van ‘t Hoff plots, complex enthalpies of both complexes are determined. 

 


