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Abstract 

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

a positive region perpendicular to (a part of) the molecular framework. In recent years it has been 

shown both theoretically and experimentally that molecules are able to form noncovalent interactions 

with Lewis bases through this π-hole. When studying unsaturated perfluorohalogenated molecules 

containing a higher halogen atom, a second electropositive region is also observed near the halogen 

atom. This region, often denoted as a σ-hole, allows the molecules to interact with Lewis bases and 

form a halogen bond. 

To experimentally characterize the competition between both these noncovalent interactions, Fourier 

transform infrared and Raman spectra of liquefied noble gas solutions containing 

perfluorohalogenated ethylene derivatives (C2F3X; X= F, Cl, Br or I) and trimethylamine(-d9) were 

investigated. Analysis of the spectra shows that in mixed solutions of trimethylamine(-d9) and C2F4 or 

C2F3Cl lone pair···π complex is present, while evidence for halogen bonded complex is found in 

solutions containing TMA(-d9) and C2F3Cl, C2F3Br or C2F3I. For all species observed, complexation 

enthalpies were determined, the values varying between -4.9(1) and -24.4 kJ mol
-1

.  
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1. Introduction 

Halogen bonds (XB) have gained a large increase in interest during the past decade in the fields of 

supramolecular chemistry and crystal engineering
1
 as well as biochemistry, molecular recognition and 

rational drug design.
2-3

 Thanks to this increased interest, halogen bonds have now been studied 

extensively both theoretically and experimentally.  

The existence of halogen bonding has been characterized theoretically by the presence of a positive 

region in the electrostatic potential surface near the halogen atom, opposite to the covalent bond, the 

so-called σ-hole.
4
 Since the strength of halogen bonds strongly depends on both the involved halogen 
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atom and the properties of the molecule to which it is covalently bonded, it is possible to tune the 

strength of the noncovalent interaction by altering the halogen atom or the properties of the covalently 

bonded molecule.
5-6

  In many applications relatively strong interactions are preferred, which has, 

especially in the field of supramolecular chemistry, led to the use of molecules containing strong 

electron withdrawing moieties, such as highly halogenated, or more specifically highly fluorinated, 

molecules as halogen bond donors. Thanks to the work of Resnati and Metrangolo, 

perfluorohalocarbons (PFHC’s) are nowadays considered “iconic” halogen bond donors.
7-8

  

However, when the locally strongly electron deficient molecules are also unsaturated, they can exhibit 

a region of positive electrostatic potential perpendicular to the molecular plane. In analogy with the 

term σ-hole, such a positive region, perpendicular to a portion of the molecular framework, is called a 

π-hole.
9
 To illustrate this π-hole, as well as the σ-hole, the electrostatic potential surfaces of C2F4, 

C2F3Cl, C2F3Br and C2F3I are shown in Figure 1. 

 

 

Figure 1:  Electrostatic potential of C2F4 (left), C2F3Cl, C2F3Br and C2F3I (right) on the molecular 

surface defined by the 0.001 electrons Bohr
-3

 contour of the electron density, with positive, neutral and 

negative regions shown in blue, green and red, respectively. 

In recent years, attractive noncovalent interactions between these regions of positive electrostatic 

potential and electron rich sites in Lewis bases, often called lone pair-π interactions (lp···π), have also 

been observed in theoretical
10-12

 and experimental studies.
13-18

 These studies have demonstrated that 

lp···π interactions occur most commonly through oxygen,
19-20

 largely because of the overwhelming 

biological importance of water.
13-14

 Theoretical and experimental information on lp···π interactions 

involving other electron donors, such as nitrogen, still remains scarce.
21-24

 

Furthermore, in nearly all of these studies the π-system in the bond donor molecule is based on an 

aromatic ring structure.
25

 The effect of electron withdrawing groups leading to electron deficiency in 

the π system, is however not restricted to aromatic compounds. In a previous study published by our 

group, we have demonstrated the lp···π bonding possibility of a non-aromatic system of the C2F3X 

(X=F, Cl, Br, I) type with the oxygen lone pair of dimethyl ether (DME).
26

  The choice for DME was 

based on the biochemical significance of the oxygen···π interaction with the water molecule, as well 

as the limitations of the used experimental equipment and techniques, which don’t allow for the 

straightforward analysis of complexes involving strong self-associating molecules such as water.  



3 

 

 

The aim of this study is to build further on the findings of Gou et al.,
27

 in which the existence of the 

lp···π complex of C2F3Cl·NH3 was demonstrated using pulsed-jet Fourier transform microwave 

spectroscopy, and expand the field of lp···π interactions at thermodynamic equilibrium to systems 

with a non-aromatic bond donor and the lone pair of a nitrogen atom. This is achieved by 

experimentally studying mixtures of a trifluorohaloethylene-moiety C2F3X (X= F, Cl , Br or I), which 

has an electron deficient π-system, with the Lewis base trimethylamine (TMA) in noble gas solutions 

using Fourier transform infrared (FTIR) and Raman spectroscopy. In order to avoid spectral 

congestion and aid assignment of the complex bands, measurements are performed using regular TMA 

and fully deuterated TMA-d9. When referring to (measurements or results of) both undeuterated and 

fully deuterated TMA the notation TMA(-d9) is used in the remainder of this paper. The final aim of 

this study is to investigate whether lp···π interactions involving the lp of a nitrogen atom can be 

observed in an environment at thermodynamic equilibrium and if they are able to coexist and/or 

compete with competitive halogen bonds under these conditions. 

 

2. Experimental 

The samples of tetrafluoroethylene (C2F4, 99%) bromotrifluoroethylene (C2F3Br, 98%) and 

chlorotrifluoroethylene (C2F3Cl, 99%) were purchased from ABCR. Iodotrifluoroethylene (C2F3I, 

97%) was obtained from Lancaster while the samples of trimethylamine (TMA, 99%) and fully 

deuterated trimethylamine (TMA-d9, 99 atom% D) were purchased from Sigma-Aldrich. The solvent 

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

Linde and had a stated purity of 99.999%. All products were used without further purification. 

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.
28

 

Raman spectra were recorded using a Trivista 557 spectrometer consisting of a double f = 50 cm 

monochromator equipped with 300/1500/2000 lines mm
-1

 gratings and a f = 70 cm spectrograph 

equipped with 500/1800/2400 lines mm
-1

 gratings and a back-end illuminated LN2 cooled CCD 

detector. The 514.5 nm line of a Spectra-Physics Stabilite 2017 argon ion laser was used for Raman 

excitation, the power of the incident laser beam was set to 0.8 W. Frequencies were calibrated using 

Ne emission lines, and are expected to be accurate to 0.5 cm
-1

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

Dunning’s augmented correlation consistent basis sets of double (aug-cc-pVDZ) or triple (aug-cc-

pVTZ) zeta quality in Gaussian09.
29

 The standard aug-cc-pVDZ and aug-cc-pVTZ basis sets were 

used for hydrogen, carbon, nitrogen, fluorine and chlorine, while aug-cc-pVDZ-PP and aug-cc-pVTZ-

PP basis sets including small-core energy-consistent relativistic pseudopotentials (PP) were used for 

bromine and iodine.
30-31

 The counterpoise technique as proposed by Boys and Bernardi was used 

during all ab initio calculations to account for basis set superposition error.
32

 Energies at the basis set 

limit were calculated with Molpro
33

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

electron correlation is obtained from MP2 calculations.
34

  

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,
34

 while energies with subscript 2 and 3 are calculated using the 

aug-cc-pVDZ(-PP) and aug-cc-pVTZ(-PP) basis sets respectively. 

Furthermore, a correction for higher order correlation effects is made using Hobza’s method,
35

 

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 vapor 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. Correction of these calculated enthalpy values with solvent effects yields 

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

complexation enthalpies ∆H°(LNg). Corrections for thermal effects and zero-point vibrational 

contributions were obtained using statistical thermodynamics, whereas the effects of solvation were 

accounted for using the Monte Carlo Free Energy Perturbation (MC-FEP) approach in an in-house 

modified version of BOSS 4.0.
36

 

 

3. Results 

Geometries of both types of complexes with their respective angles are shown in Figure 2. 

Intermolecular bonding distances and angles as well as calculated energetics for all calculated 

C2F3X.TMA complex geometries have been summarized in Table 1. Cartesian coordinates of all 

monomers and complex geometries are given in Tables S1 to S12 of the ESI. To enable comparison 

with halogen bonded complexes formed through C(sp
3
) bonded halogen atoms, theoretical results 

using an identical computational method and experimental results
37

 for the equivalent CF3X.TMA 
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(X=Cl, Br, I) halogen bonded complexes have also been included in these tables. Explanation of the 

intermolecular properties is given in Figure S1 of the ESI. As in our previous publication on the 

C2F3X.DME complexes, no stationary point could be found for a halogen bonded geometry between 

C2F4 and TMA, which is consistent with the lack of σ-hole in the electrostatic potential surface in the 

vicinity of the fluorine atom.
26

 

            

Figure 2: MP2/aug-cc-pVDZ(-PP) equilibrium geometries for the halogen (left) and N
…

π (right) 

bonded complexes of C2F3X (X = F, Cl, Br and I) with trimethylamine, including the designation of 

the angles given in Table 1. 

Table 1: Intermolecular distance Req (Å), bond angles and dihedrals (°) and the MP2/aug-cc-pVDZ(-

PP) ΔE(DZ), MP2/aug-cc-pVTZ(-PP) ΔE(TZ) and CCSD(T)/CBS ΔE(CCSD(T)) complexation 

energies (kJ mol
-1

) for the complexes of C2F3X (X = F, Cl, Br, I) with trimethylamine. For 

completeness, the corresponding values for the complexes of CF3X (X = Cl, Br, I) with 

trimethylamine are also given. 

N
…

π bonded C2F4
.TMA C2F3Cl.TMA C2F3Br.TMA C2F3I.TMA 

Req=RC=C···N 2.95 2.92 2.92 2.92 

θC=C…N
 102.2 100.3 100.4 100.9 

φC···N-C 116.9 117.6 116.9 115.3 

ψ
C=C…N-C

 180.0 155.3 152.1 150.2 

ΔE (DZ) -15.1 -18.1 -18.5 -19.1 

ΔE (TZ) -16.5 -19.9 -20.6 -21.4 

ΔE (CCSD(T)) -16.8 -19.6 -20.1 -20.6 

Halogen bonded C2F3Cl.TMA C2F3Br.TMA C2F3I.TMA 

Req=RX···N 2.98 2.85 2.84 

θC-X…N
 176.4 179.0 178.9 

φC-N···X 118.4 108.4 108.4 

ΔE (DZ) -14.7 -24.6 -36.3 

ΔE (TZ) -15.3 -25.0 -36.6 

ΔE (CCSD(T)) -15.1 -24.8 -36.0 

Halogen bonded CF3Cl.TMA CF3Br.TMA CF3I.TMA 

Req=RX···N 2.96 2.83 2.82 

θC-X…N
 180.0 180.0 180.0 

ψF-C···N-C 58.3 0.1 0.0 
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ΔE (DZ) -15.2 -25.0 -37.1 

ΔE (TZ) -15.8 -25.3 -37.3 

ΔE (CCSD(T)) -15.6 -25.0 -36.5 

 

For the C2F3X (X = Cl, Br, I) halogen bonded complexes a strong increase in bonding energy is 

observed from –15.1 kJ mol
-1

 to -36.0 kJ mol
-1

 at the CCSD(T)/CBS level going from chlorine to 

iodine, combined with a decrease in bond distance from 2.98 Å  to 2.84 Å. For all halogen bonded 

complexes a nearly linear C-X···N bonding geometry is observed, the bonding angles lying between 

176.4 and 179.0°. From Table 1 it is also clear to see that the complexation energy for the lp···π 

bonded complexes of C2F3Cl, C2F3Br and C2F3I is quite similar, the values lying between -19.6 kJ  

mol
-1

 and -20.6 kJ mol
-1

 at the CCSD(T)/CBS level, with a slight increase towards the complexes 

involving donors with a more polarizable halogen atom. For the lp···π bonded complex with C2F4, the 

lower value of –16.8 kJ mol
-1

 can be explained by the lack of  secondary C-H···F interactions, whereas 

secondary C-H···X (X = Cl, Br, I) interactions are present in the other lp···π complexes (vide infra). In 

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

noncovalent interactions index visualized using NCIPLOT
38-39

, for which the results are given in 

Figure S2 of the ESI. These images show that apart from the intermolecular interaction surface caused 

by the lp···π interaction, two additional intermolecular interaction surfaces appear between the 

hydrogens of TMA and the higher halogen atoms of C2F3Cl, C2F3Br and C2F3I, corresponding to these 

secondary C-H···X (X = Cl, Br, I) interactions. As mentioned in the previous study of C2F3X·DME, 

the existence of secondary interaction also influences the geometry of the formed lp···π complex. 

Here, a deviation from the linear C=C···N-C torsion angle ψ of the complex with C2F4 is observed for 

the other three lp···π bonded complexes, with the torsion angle decreasing from 155.3° to 150.2° 

going from the chlorine to the iodine substituted donor molecule. From the θC=C···N angle, which lies 

between 100.3° and 102.2°, it is also clear that the nitrogen atom does not lie directly above the C(sp
2
) 

atom, but slightly further along the C=C axis, which corresponds to the position of the π* orbital. 

An overview of the calculated CCSD(T)/CBS complexation energies and calculated complex 

enthalpies in the vapor phase and in solution is given in Table 2.  

 

Table 2: Values of the CCSD(T)/CBS complexation energies, the calculated vapor phase 

complexation enthalpies, the calculated complexation enthalpies in liquid krypton (LKr) or liquid 

xenon (LXe) and the corresponding experimentally obtained complexation enthalpies for the 

complexes of C2F3X (X = F, Cl, Br, I) with TMA in kJ mol
-1

. For completeness, the corresponding 

values for the halogen bonded complexes of CF3X (X = Cl, Br, I) with TMA, determined in liquid 

argon (LAr), LKr or LXe are also given.  

  N
…

π interaction 

 

halogen bond 

 

halogen bond 

 

C2F4 C2F3Cl C2F3Br C2F3I 

 

C2F3Cl C2F3Br C2F3I 

 

CF3Cl CF3Br CF3I 

∆E (CCSD(T)) -16.8 -19.6 -20.1 -20.6  -15.1 -24.8 -36.0 

 

-15.6 -25.0 -36.5 

∆H° (vap,calc) -14.5 -17.2 -17.7 -17.3  -12.7 -22.2 -32.1 

 

-13.7 -22.4 -32.6 
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∆H° (LXe,calc)    -9.2    -31.6    -32.2 

∆H° (LKr,calc) -7.8 -9.3 -9.5   -9.5 -19.7  

 

 -19.9  

∆H° (LAr,calc)          -10.2   

             

Experimental         

 

   

∆H° (LXe)        -24.4(2)    -28.7(1) 

∆H° (LKr) -4.9(2) -4.9(1)    -8.3(4) -15.7(3)  

 

 -18.3(1)  

∆H° (LAr)          -8.9(2)   

 

In order to distinguish the different complex geometries, vibrational modes in which both isomers 

have sufficiently different calculated complexation shifts, preferably one redshifted and the other 

blueshifted, have been selected for further experimental study. By analyzing the ab initio calculated 

shifts, given in Tables S13 to S26 of the ESI, three modes of interest were selected for further 

experimental study. The numbering of the fundamental vibrational modes of all compounds follows 

the numbering scheme of Herzberg.
40

  

The first mode concerns the C=C stretching vibration, which for all four C2F3X (X = F, Cl, Br, I) 

compounds has a calculated blueshift for the lp···π complex and a redshift for the XB complex. The 

observation that the lp···π interactions cause a blueshift for the C=C stretching mode contradicts with 

the general expectation
41

 that these types of complexes are characterized by a charge transfer from the 

lone pair to the  π* orbital and thus should be characterized by a  weakening of  the C=C bond.  To 

shed more light on the underlying nature of this contradiction, an NBO analysis of the lp···π 

interaction was attempted. Unfortunately, due to many different energetic contributions to the 

interaction energy, this analysis did not offer a clear indication whether the interaction can be ascribed 

solely to a pure  n→π* interaction.  

The calculated blueshifts for the lp···π complex are 3.2 cm
-1

, 4.0 cm
-1

, 4.0 cm
-1

 and 3.9 cm
-1

 for the 

complexes involving C2F4, C2F3Cl, C2F3Br and C2F3I respectively, while the calculated redshifts for 

the XB complexes of the latter three compounds are -5.3 cm
-1

, -8.7 cm
-1

 and -12.1 cm
-1

 respectively. It 

should however also be noted that this vibrational mode has Ag symmetry for C2F4, and thus has no IR 

intensity. Experimental study of this vibrational mode will therefore be conducted using Raman 

spectroscopy. 

IR spectra of the C=C stretching region of the C2F3X (X = F, Cl, Br, I) are shown in Figure 3 for the 

complexes with TMA and in Figure S3 of the ESI for the complexes with TMA-d9. Raman spectra for 

the same spectral regions are also given in Figures 4 (TMA) and S4 (TMA-d9). 



8 

 

 

Figure 3: Infrared spectra of the νC=C spectral region of C2F3X (X = F, Cl, Br, I) for solutions of 

mixtures of trimethylamine with C2F4 (panel A), C2F3Cl (panel B), C2F3Br (panel C) and C2F3I (panel 

D) dissolved in LKr at 120 K for panels A-C and LXe at 170 K for panel D. In each panel, trace a 

represents the mixed solution, while traces b and c show the solution containing only C2F3X or 

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

subtracting the rescaled traces b and c from trace a. New bands due to the 1:1 C(sp
2
)-X···N halogen 

bonded and the 1:1 lp···π bonded complexes are marked with an asterisk (*) and an open circle (°), 

respectively. 

 

Figure 4: Raman spectra of the νC=C spectral region of C2F3X (X = F, Cl, Br, I) for solutions of 

mixtures of trimethylamine with C2F4 (panel A), C2F3Cl (panel B), C2F3Br (panel C) and C2F3I (panel 

D) 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 C2F3X or trimethylamine, respectively. Trace d represents the 

spectrum of the complex and is obtained by subtracting the rescaled traces b and c from trace a. New 

bands due to the 1:1 C(sp
2
)-X···N halogen bonded and the 1:1 lp···π bonded complexes are marked 

with an asterisk (*) and an open circle (°), respectively. 

In the Raman spectra of C2F4·TMA(-d9), shown in panels 4A and S4A, a weak blueshifted complex 

band can be observed in the spectra of the mixtures. This band, which is blueshifted by 5.1 cm
-1

, 

corresponds well to the calculated shift of 3.2 cm
-1

 for the lp···π complex. 

For the mixtures of C2F3Cl and TMA(-d9), shown in panels 3B, 4B, S3B and S4B, two complex bands 

are observed in the C=C stretching region upon subtraction. The blueshifted band with a complexation 

shift of 5.2 cm
-1

 can be assigned to the lp···π bonded complex with a calculated shift of 4.0 cm
-1

, 
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whereas the -3.9 cm
-1

 redshifted band agrees very well with the calculated value of -5.3 cm
-1

 for the 

halogen bonded complex. 

For the mixtures involving C2F3Br, shown in panels 3C, 4C, S3C and S4C, only a -7.5 cm
-1

 redshifted 

band is observed in the C=C stretching region, which agrees well with the calculated value of -8.7 cm
-1

 

for the XB complex. No blueshifted band corresponding to the lp···π complex, which has a calculated 

shift of 4.0 cm
-1

, is observed in any of the spectra. 

Due to the relatively high complexation strength of the C2F3I.TMA complex, combined with the 

necessity to retain a discernible amount of both monomers for the temperature studies, FTIR 

measurements of this complex were performed in LXe, enabling the use of a higher temperatures.
42

 

In the IR (panels 3D and S3D) and Raman (panels 4D and S4D) spectra, a strong complex band is 

observed with a -11.0 cm
-1

 redshift which is assigned to the XB complex with a calculated shift of -

12.1 cm
-1

. Again, no indications were found for the presence of the lp···π complex for this bond donor. 

A second region where both complex geometries can be distinguished based on the frequency 

calculations is found in the region of the antisymmetric CF2 stretching mode, shown in Figure 5 for 

complexes involving TMA and Figure S5 of the ESI for the complexes of TMA-d9. For this 

vibrational mode, a redshift of -8.8, -12.8 and -18.0 cm
-1

 is predicted for the halogen bonded 

complexes with C2F3Cl, C2F3Br and C2F3I respectively, whereas blueshifts of 3.1, 3.4 and 3.7 cm
-1

 are 

predicted for the equivalent lp···π bonded complexes. For C2F4, the cis and trans C-F stretching 

vibrations (ν9 and ν5 respectively) can be found in this spectral region. However, since the trans C-F 

stretching vibration ν5 is IR inactive, only the cis C-F stretching mode is observed in IR, which has a 

calculated complexation shift of -10.6 cm
-1

 for the lp···π complex.  

Since the vibrational modes in this spectral region have a limited Raman intensity, they were not 

studied experimentally using Raman spectroscopy. 

 

Figure 5: Infrared spectra of the C-F stretching region of C2F3X (X = F, Cl, Br, I) for solutions of 

mixtures of trimethylamine with C2F4 (panel A), C2F3Cl (panel B), C2F3Br (panel C) and C2F3I (panel 

D) dissolved in LKr at 120 K for panels A-C and LXe at 170 K for panel D. In each panel, trace a 

represents the mixed solution, while traces b and c show the solution containing only C2F3X or 

trimethylamine, respectively. Trace d represents the spectrum of the complex and is obtained by 
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subtracting the rescaled traces b and c from trace a. New bands due to the 1:1 C(sp
2
)-X···N halogen 

bonded and the 1:1 lp···π bonded complexes are marked with an asterisk (*) and an open circle (°), 

respectively. 

For C2F4, spectra of the cis C-F stretching region (ν9) are shown in panels 5A and S5A. For this 

transition, a complex band with a redshift of -3.4 cm
-1

 is isolated using the subtraction method, which 

is assigned to the lp···π complex with a calculated redshift of -10.6 cm
-1

. 

For the ν2 antisymmetric CF2 stretching mode of C2F3Cl, shown in panels 5B and S5B, two complex 

bands with shifts of -7.1 cm
-1

 and 2.7 cm
-1

 are observed, which are assigned to the XB complex with a 

calculated shift of -8.8 cm
-1

 and the lp···π complex with a calculated complexation shift of 3.5 cm
-1

 

respectively.  

For the mixtures involving TMA and C2F3I or C2F3Br, shown in panels 5D and 5C respectively, only 

redshifted complexation bands are observed, corresponding to the halogen bonded isomers, the 

calculated and experimental complexation shifts being -18.0 cm
-1

 and -15.9 cm
-1

 for C2F3I and -12.8 

cm
-1

 and -11.7 cm
-1

 for C2F3Br.  

Further indication of the coexistence of the lp···π and halogen bonded complex in C2F3Cl·TMA(-d9) 

mixtures is found for the ν10 vibrational mode, of which the spectral region is shown in Figure 6. 

Subtraction yields two complex bands with experimental shifts of -0.5 and -2.0 cm
-1

 , corresponding to 

the halogen and lp···π bonded complex respectively, which have calculated shifts of -1.4 and -9.1 cm
-

1
. 

 

Figure 6: Infrared spectra of the ν10 vibrational mode of a C2F3Cl mixtures with trimethylamine, 

dissolved in LKr at 120 K. Trace a represents the mixed solution, while traces b and c show the 

solution containing only C2F3Cl or trimethylamine, respectively. Trace d represents the spectrum of 

the complex and is obtained by subtracting the rescaled traces b and c from trace a. New bands due to 

the 1:1 C(sp
2
)-X···N halogen bonded and the 1:1 lp···π bonded complexes are marked with an asterisk 

(*) and an open circle (°), respectively. 

A full overview of the assignment of the vibrational modes for all monomers and complexes is given 

in Tables 3 to 6 for the complexes involving TMA and Tables S27 to S30 for the complexes involving 

TMA-d9. 

540 530
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Table 3: Experimental vibrational frequencies for the monomer and complexes, 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 (N···π) of C2F4 with TMA dissolved in LKr at 120 

K. 

 Assignment νmonomer νcomplex Δνexp Δνcalc,N···π 

   
 

  

C2F4 ν1+ ν9 3196.6 3196.6 0.0 -7.5 

 ν1+ ν11 3045.3 3048.4 3.1 -1.0 

 ν1 1870.8 1875.9 5.1 3.2 

 ν9 1330.5 1327.1 -3.4 -10.6 

 ν11 1179.5 1177.9 -1.6 -4.1 

 ν2 778.1 777.8 -0.3 -3.3 

 ν12 554.7 554.4 -0.3 -0.9 

 ν6 549.9 550.0 0.1 -0.4 

 ν8 505.5 501.0 -4.5 -13.6 

 ν3 395.5 395.4 -0.1 -0.9 

      

TMA ν12 2977.0 2980.8 2.8 -3.1 

 ν1 2944.4 2947.1 2.7 -0.4 

 ν13 2944.4 2947.1 2.7 -3.9 

 2 ν4 2818.3 2822.0 3.7 1.7 

 ν2 2768.6 2778.7 10.1 6.9 

 ν14 2768.6 2778.7 10.1 7.6 

 ν20+ ν21 1474.8 1472.7 -2.1 0.9 

 ν15 1467.6 1470.1 2.5 0.7 

 ν3 1454.8 1454.5 -0.3 -0.8 

 ν4 1438.8 1440.6 1.8 0.8 

 ν16 1438.8 1440.6 1.8 -1.1 

 ν5 1184.3 
a
  2.3 

 ν19 1098.5 1099.0 0.5 -1.2 

 ν20 1041.4 1040.0 -1.4 -0.2 

 ν6 828.1 826.1 -2.0 -2.0 
a
 Band could not be isolated due to overlap with C2F4 modes. 

Table 4 : Experimental vibrational frequencies for the monomer and complexes, as well as 

experimental complexation shifts (Δνexp) and MP2/aug-cc-pVDZ calculated complexation shifts 

(Δνcalc), in cm-1, for the halogen bonded complex (HalB) and N···π bonded  complex (N···π) of 

C2F3Cl with TMA dissolved in LKr at 120 K. 

   HalB N···π 

 Assignment νmonomer νcomplex Δνexp Δνcalc νcomplex Δνexp Δνcalc 

         

C2F3Cl ν1 1795.2 1791.3 -3.9 -5.3 1800.4 5.2 4.0 

 ν1 (
13

C) 1788.5 
a 

 -5.3 
a
  4.0 

 ν2 1328.1 1321.0 -7.1 -8.8 1330.8 2.7 3.1 

 ν3 1214.3 1210.6 -3.7 -8.1 1210.6 -3.7 -7.9 

 2ν10 1074.8 1073.1 -1.7  1073.1 -1.7  

 ν4 1053.7 
b 

 -3.9 1052.6 -1.1 -1.9 

 ν5 (
35

Cl) 691.2 689.3 -1.9 -4.7 691.0 -0.2 -2.1 

 ν5 (
37

Cl) 689.6 687.6 -2.0 -4.7 689.3 -0.3 -2.1 

 ν10 535.0 534.5 -0.5 -1.4 533.0 -2.0 -9.1 

 ν6 516.3 516.7 0.4 0.7 516.0 -0.3 0.1 
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 ν7 (
35

Cl) 462.4 458.3 -4.1 -5.8 462.0 -0.4 -1.0 

 ν7 (
37

Cl) 456.5
 

452.4 -4.1 -5.8 456.3 -0.2 -1.0 

 ν8 338.1 340.1 2.0 2.6 
a
  -1.1 

 ν9 189.8 
a
  8.6 

a
  -0.1 

         

TMA ν12 2977.0 2978.2 1.2 -1.0 2978.2 1.2 -2.6 

 ν1 2944.4 2945.4 1.0 0.4 2945.4 1.0 -0.4 

 ν13 2944.4 2945.4 1.0 -0.3 2945.4 1.0 -3.3 

 2 ν4 2818.6 2822.4 3.8 1.5 2822.4 3.8 0.8 

 ν2 2769.0 2772.6 3.6 8.5 2772.6 3.6 7.1 

 ν14 2769.0 2772.6 3.6 9.6 2772.6 3.6 7.8 

 ν20+ ν21 1474.8 1473.8 -1.0 -1.8 1473.8 -1.0 -1.8 

 ν15 1467.6 1468.1 0.5 0.4 1468.1 0.5 0.5 

 ν3 1454.8 1454.6 -0.2 -0.4 1454.6 -0.2 -1.1 

 ν4 1438.8 1439.3 0.5 0.8 1439.3 0.5 0.4 

 ν16 1438.8 1439.3 0.5 -0.8 1439.3 0.5 -1.5 

 ν17 1405.3  1406.3 1.0 0.5 1406.3 1.0 0.0 

 ν18 1273.3 1271.8 -1.5 -0.3 1271.8 -1.5 -0.6 

 ν5 1184.3 1187.7 3.4 3.4 1187.7 3.4 2.7 

 ν19 1098.5 1098.7 0.2 -1.0 1098.7 0.2 -1.3 

 ν20 1041.5 
b 

 -0.7 
b 

 -0.7 

 ν6 828.1 827.4 -0.7 -2.1 827.4 -0.7 -2.3 

 ν21 424.0 422.4 -1.6 -1.1 422.4 -1.6 -1.1 

 ν7 372.6 380.2 7.6 5.8 380.2 7.6 6.1 
a
 Complex band has not been observed. 

b
 Bands could not be isolated due to overlap between the C2F3Cl ν4-mode and TMA ν20-mode. 

Table 5: Experimental vibrational frequencies, experimental complexation shifts and  

MP2/aug-cc-pVDZ-PP calculated complexation shifts (Δνcalc,HalB), in cm-1, for the halogen bonded 

complex of C2F3Br with TMA dissolved in LKr at 120 K. For completeness, the MP2/aug-cc-pVDZ-

PP calculated complexation shifts of the N
…

π bonded complexes (Δνcalc,N···π) are also given. 

 

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

       

C2F3Br ν1 1781.8 1774.3 -7.5 -8.7 4.0 

 ν2 1319.8 1308.1 -11.7 -12.8 3.4 

 ν3 1197.2 1184.9 -12.3 -12.9 -7.1 

 2 ν10 1072.6 1071.7 -0.9 -0.8 -20.1 

 ν5 + ν7 (
79

Br) 1034.4 1024.3 -10.1 -6.2 -1.2 

 ν5 + ν7 (
81

Br) 1033.3 1024.3 -9.0 -6.2 -1.2 

 2ν6 1018.8 1018.6 -0.2 0.8 0.2 

 ν4 1016.6 1006.9 -9.7 -6.2 -1.2 

 ν5 663.9 659.3 -4.6 -5.7 -1.4 

 ν10 535.2 534.7 -0.5 -0.4 -10.0 

 ν6 509.1 509.7 0.6 0.4 0.1 

 ν7 365.8 352.3 -13.5 -14.6 0.5 

 ν8 311.1 310.8 -0.3 -0.3 -1.0 

 ν9 162.2 168.8 6.6 9.9 0.2 

       

TMA ν12 2977.0 2980.3 3.3 1.2 -2.7 

 ν1 2944.4 2952.8 8.4 3.1 -0.5 

 ν13 2944.4 2952.8 8.4 3.4 -3.4 

 2 ν4 2818.6 2827.9 9.3 1.3 0.4 
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 ν2 2769.0 2778.8 9.8 17.9 6.6 

 ν14 2769.0 2778.8 9.8 19.8 7.3 

 ν20+ ν21 1474.8 1472.8 -2.0 -4.4 -1.9 

 ν15 1467.6 1468.3 0.7 0.4 0.3 

 ν3 1454.8 1453.5 -1.3 0.2 -1.2 

 ν4 1438.8 1440.0 1.2 0.7 0.2 

 ν16 1438.8 1440.0 1.2 -0.9 -1.6 

 ν18 1273.3 1270.2 -3.1 -1.3 -0.7 

 ν5 1184.3 1192.4 8.1 7.3 2.6 

 ν19 1098.5 1098.6 0.1 -1.4 -1.3 

 ν20 1041.5 1037.9 -3.6 -2.6 -0.8 

 ν6 828.1 826.2 -1.9 -4.0 -2.3 

 ν21 424.0 422.1 -1.9 -1.8 -1.1 

 ν7 372.6 388.9 16.3 14.7 5.8 

 ν22 277.9 272.2 -5.7 -6.6 -2.2 

 

Table 6: Experimental vibrational frequencies, experimental complexation shifts and  

MP2/aug-cc-pVDZ-PP calculated complexation shifts (Δνcalc,HalB), in cm-1, for the halogen bonded 

complex of C2F3I with TMA dissolved in LXe at 170 K. For completeness, the MP2/aug-cc-pVDZ-PP 

calculated complexation shifts of the N
…

π bonded complexes (Δνcalc,N···π) are also given. 

 

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

       

C2F3I ν1 1757.8 1746.8 -11.0 -12.1 3.9 

 ν1 (
13

C) 1742.3 1731.5 -10.8 -12.1 3.9 

 ν4 + ν7 1324.6 1305.4 -19.2 -21.2 -0.2 

 ν2 1311.2 1295.3 -15.9 -18.0 3.7 

 2 ν5 1301.6 1288.2 -13.4 -11.9 -2.3 

 ν3 1173.9 1158.7 -15.2 -17.3 -6.5 

 ν5 + ν6 1155.2 1146.3 -8.9 -5.9 -1.0 

 2 ν10 1076.4 1075.0 -1.4 -0.7 -20.5 

 2 ν6 1012.5 1011.2 -1.3 0.1 0.3 

 ν4 1001.2 995.6 -5.6 -7.2 -0.8 

 ν10 537.5 536.6 -0.9 -0.3 -10.2 

 ν6 506.4 505.7 -0.7 0.03 0.1 

 ν7 321.1 307.4
 

-13.7 -14.0 0.6 

 ν8 286.8 276.7
 

-10.1 -9.8 -1.0 

       

TMA ν12 2977.0 2979.9 2.9 5.2 -2.8 

 ν1 2944.4 2951.3 6.9 8.6 -0.5 

 ν13 2944.4 2951.3 6.9 9.1 -3.6 

 2 ν4 2818.3 2838.7 20.4 0.3 0.1 

 ν2 2768.6 2782.6 14.0 31.0 6.3 

 ν14 2768.6 2782.6 14.0 33.9 6.9 

 ν20+ ν21 1474.8 1470.2 -4.6 -9.0 -2.1 

 ν15 1467.6 1467.1 -0.5 0.2 0.1 

 ν3 1454.8 1450.1 -4.7 1.3 -1.3 

 ν4 1438.8 1440.3 1.5 0.1 0.0 

 ν16 1438.8 1440.3 1.5 -0.9 -1.8 

 ν18 1273.4 1267.0 -6.4 -4.2 -0.8 

 ν5 1184.3 1196.8 12.5 12.4 2.5 

 ν19 1098.5 1097.7 -0.8 -2.0 -1.5 

 ν20 1041.4 1033.3 -8.1 -6.3 -0.9 
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 ν6 828.1 825.5 -2.6 -7.2 -2.4 

 ν21 424.0
 

421.4 -2.4 -2.7 -1.2 

 ν7 372.6
 

403.1  30.5 28.0 5.7 
 

After these assignments, complex enthalpies were determined by creating van ‘t Hoff plots. An 

illustration of these van ‘t Hoff plots is given in Figures S6 and S7 of the ESI. For the halogen bonded 

complexes of C2F3I.TMA(-d9) in LXe and C2F3Br.TMA(-d9) in LKr, average complexation enthalpies 

of -24.4(2) kJ mol
-1

 and -15.7(3) kJ mol
-1

 respectively were determined. For the complexes of C2F3Cl 

and TMA(-d9) a complexation enthalpy of -8.3(4) kJ mol
-1

 was found for the halogen bonded complex, 

whereas the lp···π bonded complex had a complexation enthalpy of -4.9(1) kJ mol
-1

. For the lp···π 

bonded complex with C2F4 an experimental complexation enthalpy of -4.9(2) kJ mol
-1 

was found. An 

overview of all experimental complexation enthalpies is given in Table 2. 

 

4. Discussion 

Mixtures involving C2F4 and TMA(-d9) yield complex bands which, based on the ab initio frequency 

calculations, can all be assigned to the lp···π bonded complex. Using these complex bands, an 

experimental complexation enthalpy of -4.9(2) kJ mol
-1

 was determined. Consistent with the lack of σ-

hole in the electrostatic potential surface, no halogen bonded (XB) complex is formed in these 

mixtures. 

For the mixtures of C2F3Cl and TMA(-d9), well separated complex bands for both complex isomers are 

observed for several vibrational modes, thus proving the coexistence of the halogen bonded and lp···π 

bonded complexes in these solutions. Complexation enthalpies of -8.3(4) kJ mol
-1

 and -4.9(1) kJ mol
-1

 

were measured for the XB and lp···π complex respectively. 

As opposed to our previous publication involving DME,
26

 no indications at all were found for the 

presence of lp···π bonded complex in the mixtures of C2F3Br and TMA. This is in line with the 

calculated difference in complexation enthalpy of 10.2 kJ mol
-1

 between both complexes at the 

CCSD(T)/CBS level, as opposed to 3.9 kJ mol
-1

 for the complexes involving DME. For the halogen 

bonded complex, an experimental complexation enthalpy in LKr was determined of -15.7(3) kJ mol
-1

. 

When using C2F3I as a bond donor molecule, only bands assigned to the halogen bonded complex can 

be observed. The absence of lp···π complex can be explained by the 22.4 kJ mol
-1 

difference in 

calculated enthalpy in LXe
 
with the XB complex, resulting in the weaker complex not being able to 

compete at thermodynamic equilibrium. For the XB complex, a calculated complexation enthalpy of -

24.4(2) kJ mol
-1

 was determined in LXe. 
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From the experimental complexation enthalpies it is clear that the strength of the halogen bond is 

strongly influenced by the size of the halogen atom involved, with an increase in complexation 

enthalpy from -8.3(4) kJ mol
-1

 for C2F3Cl to -15.7(3) kJ mol
-1

 for C2F3Br and -24.4(2) kJ mol
-1 

for 

C2F3I. The influence of the halogen atom on the strength of the lp···π interaction is much smaller, 

yielding lp···π complexes of similar strength for C2F4·TMA(-d9) and C2F3Cl·TMA(-d9). 

Extrapolation of the MP2/aug-cc-pVDZ(-pp) energies to the CCSD(T)/CBS level yields only a limited 

difference in complexation strength. Comparison of the experimental complexation enthalpies with the 

calculated enthalpies, determined using the extrapolated complexation energies, shows that the latter 

values are all higher, but follow the same complexation strength order. It is therefore noteworthy that, 

even though large basis sets are required in order to obtain accurate energetics for weak intermolecular 

interactions, the use of smaller basis set also yields correct trends, since these trends are fairly 

insensitive to the basis set size.
20

  

When comparing the experimental results to those of the study involving DME, 
26

 it is clear that the 

C(sp²)X XB complexes with TMA still follow the Cl < Br < I bond strength order, but are about 70 % 

stronger (-9.3(5) vs. -15.7(3) kJ mol
-1

 for Br and -14.2(5) vs. -24.4(2) kJ mol
-1 

for I). For the lp···π 

bonded complexes, too little data is currently available to reach conclusions concerning bond strength 

orders. More experimental data involving complexes with other Lewis bases is needed to obtain 

definitive conclusions concerning the influence of the changing halogen atom on the strength of the 

lp···π complex. 

The experimental confirmation of the existence of the lp···π bonded C2F3Cl·TMA(-d9) complex is also 

in line with the recent report of Gou et al. 
27

, in which the C2F3Cl·NH3 lp···π bonded complex was 

found experimentally using pulsed-jet FTMW. Since the FTMW measurements take place in 

supersonic expansion, and not at thermodynamic equilibrium, only the complex with the largest 

complexation energy can be observed, thus disabling the identification of the XB complex with this 

technique. Indeed, from the results of our calculations shown in Table 2, it can be seen that the lp···π 

complex has a higher binding energy than the XB complex for C2F3Cl·TMA (-19.6 kJ mol
-1

 vs. -15.1 

kJ mol
-1

) at the CCSD(T)/CBS level. However, when applying solvent corrections, this strength order 

is reversed, leading to a ∆H° (LKr,calc) of -9.3 kJ mol
-1

 for the lp···π complex and -9.5 kJ mol
-1

 for 

the XB complex. This comparison also clearly shows that in order to study competing interactions, 

measurements have to be performed at thermodynamic equilibrium. 

Finally, comparison of the experimental complexation enthalpies of the halogen bonded complexes 

with those of the equivalent CF3X (Cl, Br, I) complexes shows a slight decrease in bonding strength 

when the halogen atom is bonded to a sp
2
 rather than a sp

3
 hybridized carbon atom, which was also 

observed in the study of C2F3X·DME and can be ascribed to the decreased number of electron 

withdrawing fluorine atoms geminal to the involved halogen atom.  
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5. Conclusions 

Ab initio calculations of the interactions between C2F3X (X=F, Cl, Br, I) and TMA yielded lp···π 

bonded complexes for all four donor molecules, whereas halogen bonded complexes were only found 

for donor molecules containing Cl or higher halogens. For the halogen bonded complexes, a 

significant increase in complexation energy, from -15.6 kJ mol
-1 

to -36.5 kJ mol
-1

 at the CCSD(T)/CBS 

level, is observed going from Cl to I. For the lp···π complexes, complexation energies between -19.6 

kJ mol
-1 

and -20.6 kJ mol
-1

 are observed for the complexes with C2F3Cl, C2F3Br and C2F3I, whereas a 

complexation energy of -16.8 kJ mol
-1

 is found for the complex with C2F4. This discrepancy can be 

attributed to the presence of secondary interactions with the diffuse heavier halogens Cl, Br and I. 

Experimental assignment of the complexes in the subtracted IR and Raman spectra was aided by 

harmonic ab initio frequency calculations. 

Experimentally, lp···π bonded complexes have been observed in noble gas solutions containing C2F4 

or C2F3Cl and TMA(-d9) at thermodynamic equilibrium using FTIR and Raman spectroscopy, which 

clearly demonstrates that formation of lp···π interactions is definitely not limited to oxygen based 

Lewis bases. Moreover, as demonstrated by the simultaneous observation of the C2F3Cl·TMA(-d9) 

halogen bonded and lp···π complex, these noncovalent interaction are able to coexist. Furthermore, 

solutions containing C2F3Br and TMA(-d9) in LKr or C2F3I and TMA(-d9) in LXe only yielded 

halogen bonded complexes. 

From temperature studies, complexation enthalpies in LKr were found to be -4.9(1) and -4.9(2) kJ 

mol
-1

 for the C2F4·TMA(-d9) and C2F3Cl·TMA(-d9) lp···π complex respectively, whereas the 

C2F3Cl·TMA(-d9) XB complex has a complexation enthalpy of -8.3(4) kJ mol
-1

. Complexation 

enthalpies of the halogen bonded complexes of C2F3Br and TMA(-d9) in LKr or C2F3I and TMA(-d9) 

in LXe have been determined as -15.7(3) kJ mol
-1

  and -24.4(2) kJ mol
-1

 respectively. 

The observed complexation strength tendencies are found to be similar to those of the complexes 

involving dimethyl ether
26

 and are in line with the calculated values at the CCSD(T)/CBS level. 

However, the absolute strength of the halogen bonded complexes involving trimethylamine were 

found to be stronger than the DME complexes. For the lp···π bonded complexes too little experimental 

data is currently available to assess whether the difference in strength between the DME and TMA 

complexes is negligible. From the experiments it is also clear that lp···π interactions are able to 

compete with weak halogen bonds at thermodynamic equilibrium, which makes them an interesting 

tool in supramolecular chemistry, crystal engineering and rational drug design. Even though the high 

directionality of halogen bonds is one of their greatest advantages in these fields of research, it might 

well be their biggest weakness when competing with other noncovalent interactions, since the high 
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directionality often does not allow for the formation of additional stabilizing interactions, whereas 

these are commonly found with hydrogen bonded complexes or lp···π complexes. 

 

Supporting Information Available:  

MP2/aug-cc-pVDZ(-PP) cartesian coordinates, vibrational frequencies, IR and Raman intensities of all 

monomers and complexes, experimental frequencies of C2F3X (X= F, Cl, Br) in LKr, C2F3I in LXe, 

TMA and observed complexes, example of the CF3X·TMA (X = Cl, Br, I) MP2/aug-cc-pVDZ(-PP) 

equilibrium geometry, NCI plots for all lp···π complexes, IR and Raman spectra of the regions of 

interest for mixtures involving TMA-d9 and typical van ‘t Hoff plots for the XB and lp···π complexes. 

This material is available free of charge via the Internet at http://pubs.acs.org. 
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