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Abstract 

Previous experimental and theoretical studies of various model compounds dissolved in liquid noble 

gases have shown that iodine halogen bonding can compete with hydrogen bonding and that 

experimental information on the thermodynamic equilibria present can be derived. To get a more 

general grasp of the competition between halogen bonding and hydrogen bonding, and to expand the 

set of experimental data to other, weaker, halogen donors, solutions in liquid krypton containing 

mixtures of bromodifluoromethane with trimethylamine or the fully deuterated trimethylamine-d9 are 

studied using FTIR spectroscopy. Analysis of the experimental data obtained is supported by ab initio 

calculations, statistical thermodynamics and Monte Carlo-Free Energy Perturbation calculations.  

Careful comparison of the spectra of the monomers and of the mixtures studied, shows that for all 

solutions studied, only features due to a hydrogen-bonded complex are observed. The experimental 

complexation enthalpy for this species is determined to be -14.2(4) kJ mol
-1

.  
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1. Introduction 

Halogen bonding (XB), the noncovalent interaction in which covalently bonded halogen atoms 

interact with electron rich moieties through a region with positive electrostatic potential along the 

covalent bond axis, the σ-hole, has been widely studied in the past decades. 
1-4

 Within these studies, it 

was found that the strength of the noncovalent interactions correlates well with the size of the σ-hole 

on the halogen atom involved. 
5
 Ways to increase the size of the σ-hole, and thus strengthen the 

noncovalent interactions formed include enhancing the electron withdrawing properties of the 

covalently bonded molecule 
6
 and increasing the size of the halogen atom involved. 

7
 Another aspect 

relevant to the field of halogen bonding is its relationship with the more ubiquitous hydrogen bonds 

(HB). 
8
 It has been demonstrated that these noncovalent interactions are able to coexist, 

9-11
 cooperate 

12
 and compete 

13-17
 with each other in several theoretical and experimental studies. 

In previous studies, we have investigated the competition between iodine halogen bonding and 

hydrogen bonding by performing infrared and Raman measurements on liquid noble gas solutions 

containing one of several Lewis bases and the combined donor molecules difluoroiodomethane 

(CHF2I) 
18-19

 or fluoroiodomethane (CH2FI) 
20

. The experimental measurements, performed at 

thermodynamic equilibrium, were supported by ab initio calculations to assign the complex bands 

observed and rationalize the results. In these studies, it was demonstrated that softer Lewis bases tend 

to prefer iodine halogen bonding over hydrogen bonding, while decreasing the number of fluorine 

atoms on the donor molecule weakens both noncovalent interactions.  

As the size of the halogen atom involved is one of the key factors determining the strength of the 

halogen bond formed, we wish to investigate the effect of using a bromine atom (instead of an iodine 

atom) as a halogen bond donor on the competition with hydrogen bonding. Therefore, in the current 

study, the complexes formed between bromodifluoromethane (CHF2Br) and trimethylamine (TMA) in 

liquid krypton (LKr) solutions are studied using FTIR. The choice for CHF2Br is motivated by the fact 

that the use of a small molecule avoids complications in the spectra associated with internal rotations, 

while the presence of two fluorine atoms enhances the strength of the noncovalent interactions formed. 

Since it was shown in a previous study 
18

 that for the combination of CHF2I with TMA the halogen-

bonded complex is significantly more stable than the hydrogen-bonded complex, the same Lewis base 

is used within this study to give the halogen-bonded complex the best possible chance to compete with 

its hydrogen-bonded counterpart.  

The results obtained within this study will be compared with the results of previous studies involving 

TMA with CHF2I to assess how substituting the iodine atom with a bromine atom influences the 

strength of both noncovalent interactions. Furthermore, an additional comparison with the results for 

the complex between fluoroform (CF3H) and TMA will yield information on the influence of the third 
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halogen atom of a CHF2X (X = F, Br, I) molecule on the formed hydrogen bond. To reveal the effect 

of adding fluorine atoms to the covalently bonded molecule on halogen bonding, the results are also 

compared with those of the halogen-bonded complex between TMA and bromotrifluoromethane 

(CF3Br). 

 

2. Experimental 

Bromodifluoromethane (CHF2Br) was purchased from Fluorochem and was used without further 

purification. Trimethylamine (TMA, 99%) and fully deuterated trimethylamine (TMA-d9, +99% d) 

were purchased from Sigma-Aldrich and were used without further purification. The solvent gas 

krypton was supplied by Air Liquide and had a stated purity of 99.9995%. When referring to 

(measurements or results of) both undeuterated and fully deuterated the notation TMA(-d9) is used in 

the remainder of this paper. 

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. Measurements were 

conducted in cells equipped with Si windows and a path length of 10 mm 
21

 to obtain spectra between 

6500 cm
-1

 and 450 cm
-1

. 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

.  

Estimated mole fractions of the solutions varied between 1.3 × 10
-4

 and 2.3 × 10
-3

 for CHF2Br and 5.6 

× 10
-4

 and 1.5 × 10
-3

 for TMA(-d9). As the experimental setup does not allow for verification of full 

solubility of the compounds, or verification of the fluid level in the filling tube, exact concentrations 

are not known.  The monomers CHF2Br and TMA and the complexes formed are believed to be fully 

soluble in LKr in both the concentration and the temperature ranges studied, as no traces of 

crystallization or changes due to a decrease or increase in solubility were observed during any of the 

measurements. 

 

Experimental complexation enthalpies were determined from van ‘t Hoff plots, based on 

measurements performed in the 120-156 K temperature interval. The concentrations of the different 

solutions studied, and the temperature intervals used are summarized in the ESI. Using a subtraction 

procedure in which spectra of monomer solutions, recorded at identical temperatures and similar 

concentrations, are rescaled and subtracted from the spectrum of the mixture, spectra are obtained 

containing solely complex bands, 
21

 The corresponding band intensities for monomers and complexes 

are obtained using numerical integration. Thermal expansion of the solvent gas during temperature 

studies was accounted for using the method published by van der Veken 
22

.  To ensure that no 
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numerical instabilities due to the non-linearity of the MCT detector used could occur during analysis,  

for all numerical procedures performed, only complex and monomer with an absorbance below 1.0 

were considered.  

  

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

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

Gaussian09. 
23

 The standard aug-cc-pVDZ basis set was used for hydrogen, carbon, nitrogen, fluorine 

and chlorine, while aug-cc-pVDZ-PP basis set including a small-core energy-consistent relativistic 

pseudopotential (PP) was used for bromine. 
24-25

 The counterpoise technique as proposed by Boys and 

Bernardi 
26

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

Energies at the basis set limit were calculated with Molpro 
27

 using the extrapolation scheme of 

Truhlar 
28

 in which the effect of electron correlation is obtained from MP2 calculations.  

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, 
28

 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 the method of Jurečka and 

Hobza 
29

, 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, calculated at the MP2/aug-cc-pVDZ(-PP) level of theory. Correction of these 

calculated enthalpy values with solvent effects yields complexation enthalpies in liquid krypton (LKr) 

∆H°(LKr,calc) which can be compared with the experimental complexation enthalpies ∆H°(LKr). 

Corrections for thermal effects and zero-point vibrational contributions were obtained using statistical 

thermodynamics, whereas effects of solvation were accounted for using the Monte Carlo Free Energy 

Perturbation (MC-FEP) approach as implemented in an in-house modified version of BOSS 4.0. 
30

 

 

3. Results 

3.1. Ab initio calculations 

Two stable complex geometries were obtained from ab initio calculations at the MP2/aug-cc-pVDZ-

PP level for the CHF2Br·TMA dimer. In the first complex, CHF2Br interacts through its bromine atom 
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with the nitrogen atom in TMA, thus forming a halogen-bonded complex, while in the second dimer 

the hydrogen atom of CHF2Br interacts with the nitrogen atom, forming a hydrogen-bonded complex. 

Both equilibrium geometries have a Cs symmetry and are shown in Figure 1. The main intermolecular 

structural parameters and relative energies are summarized in Table 1. Cartesian coordinates of both 

monomers and complexes are given in Tables S1 and S2 of the ESI. 

 

Figure 1: Ab initio calculated MP2/aug-cc-pVDZ-PP geometries for the halogen-bonded (left) and 

hydrogen-bonded complex (right) of CHF2Br with TMA. 

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

CCSD(T)/CBS ΔE(CCSD(T)) extrapolated complexation energies, calculated vapor phase 

complexation enthalpies ∆H° (vap,calc), the calculated complexation enthalpies in liquid krypton 

(∆H° (LKr,calc)) and the corresponding experimentally obtained complexation enthalpies (∆H° (LKr)) 

(kJ mol
-1

) for the complexes of CHF2Br with TMA. For comparison, the ∆H° (LKr,calc) and (∆H° 

(LKr) values for the CHF2I·TMA complexes are also included (kJ mol
-1

). 

  CHF2Br 

 

 

XB HB 

 
Req=RX…N 

a
 

2.94 2.22  

φC-X…N 
a
 

178.4 162.3  

ψC-N…X 
a
 

111.8/107.1/107.1 115.5/105.8/105.8  

    

∆E (DZ) -19.0 -23.8  

∆E (CCSD(T)) -19.1 -24.8  

∆H° (vap,calc) -16.7 -22.0  

∆H° (LKr,calc) -13.6 -16.5  

    

Experimental    

∆H° (LKr) - -14.2(4)  

    

∆H° (CHF2I, LKr,calc) 
b 

-23.4 -16.6  

∆H° (CHF2I , LKr) 
c 

-19.0(3) -14.7(2)  
a
 X = Br (in XB), H (in HB) 

b
 values calculated using identical parameters, reported by Geboes et al. 

20
 
  

c
 values reported by Nagels et al. 

18
  

For the halogen-bonded complex between CHF2Br and TMA a nearly linear geometry is found (φ = 

178.43°), while for the hydrogen-bonded complex the C-H···N angle φ decreases to 162.3°. As before for 

the complexes formed with difluoroiodomethane, 
18-19

 this deviation from a linear geometry can be 
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explained by the ability to form secondary interactions in the hydrogen-bonded complex, which have 

been revealed by the noncovalent interactions (NCI) index visualized using NCIPLOT 
31-32

. Plots of 

the reduced density gradient versus the electron density multiplied by the sign of the second Hessian 

eigenvalue and figures showing the gradient isosurfaces are given in Figure 2. Indeed, for the 

halogen-bonded complex a single disk-like surface is observed between bromine and the nitrogen 

atom, whereas for the hydrogen-bonded complex, apart from the disk-like surface between hydrogen 

and nitrogen, a broad surface is observed between the diffuse bromine atom and hydrogen atoms of 

two of the methyl groups of TMA.  

 
 

 
 

  

Figure 2: Plots of the reduced density gradient versus the electron density multiplied by the sign of 

the second Hessian eigenvalue (left) and gradient isosurfaces (s = 0.5 a.u., right) for the 

halogen-bonded complex (top) and the hydrogen-bonded complex (bottom) between CHF2Br and 

TMA. 

 

3.2 Infrared spectroscopy 

An overview of experimentally observed monomer bands, complexation shifts and the corresponding 

calculated shifts is given in Table 2 for TMA and Table 3 for TMA-d9. A selection of the spectral 

regions discussed in this study is given in Figure 3 for CHF2Br·TMA mixtures and Figure 4 for 

CHF2Br·TMA-d9 mixtures. 

The assignments of the experimental frequencies of TMA and TMA-d9 are based on previous studies, 

whereas the assignment of the CHF2Br bands and complex bands is based on ab initio calculations at 
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the MP2/aug-cc-pVDZ-PP level of theory, for which the results are given in Tables S3 and S4 of the 

ESI.  

3.2.1 CH2FBr·TMA infrared spectra 

Investigation of the subtracted spectra of the mixtures of bromodifluoromethane (CHF2Br) with TMA 

reveals clear complex bands in several spectral regions. To assess whether these bands can be assigned 

to halogen or hydrogen-bonded complex, spectral regions where both complex isomers have opposing 

shifts are the first focus of this study. One such region is found for the CHF2Br ν4 spectral region, 

shown in panel 3C, for which a redshift of -8.0 cm
-1

 is calculated for the hydrogen-bonded complex 

and a blueshift of 0.2 cm
-1

 for the halogen-bonded complex. Upon subtraction, using a subtraction 

factor for CHF2Br determined in another spectral region, only a -8.2 cm
-1

 redshifted band 

corresponding to the hydrogen-bonded complex is retained. For the CHF2Br ν2 vibrational mode a 

43.0 cm
-1

 blueshifted band is predicted for the hydrogen-bonded complex, while a -0.3 cm
-1

 redshift 

has been calculated for the halogen-bonded complex. Upon subtraction, a large 32.3 cm
-1

 blueshifted 

band is retained, as can be seen in panel B of Figure 3, which is assigned to the hydrogen-bonded 

complex. The second complex band in this panel at 1268 cm
-1

 is assigned to the ν18 mode of TMA, for 

which experimental shift of -5.1 cm
-1

 corresponds well to the calculated value of -4.9 cm
-1

 for the 

hydrogen-bonded complex. Finally, the absence of halogen-bonded complex can also be observed in 

the CHF2Br ν7 spectral region, shown in panel 3A, where a 33.5 cm
-1

 blueshifted band is observed 

corresponding to the hydrogen-bonded complex with a calculated shift of 59.9 cm
-1

. On the right-hand 

side of this panel, the more intense hydrogen-bonded complex band of the ν2 mode of CHF2Br can also 

be seen in part, but no complex band corresponding to the halogen-bonded complex, for which a 

redshift of -2.5 cm
-1

 is calculated, is observed in the spectra. 

 
Figure 3: Infrared spectra of selected spectral regions for the mixtures of CHF2Br with TMA 

dissolved in LKr at 120 K. In each panel, trace a represents the mixed solution, while traces b and c 

show the rescaled spectra of the solutions containing only CHF2Br or TMA, respectively. Trace d 

represents the spectrum of the complex which is obtained by subtracting the rescaled traces b and c 

from trace a. Bands due to the hydrogen-bonded complex observed in traces d are marked with an 

open circle (°). Estimated mole fractions of the solutions of the mixtures are 2.3 × 10
-3 

for CHF2Br and 

5.6 × 10
-4 

for TMA-d9 in panel A, 3.8 × 10
-4

 for CHF2Br and 7.5 × 10
-4

 for TMA-d9 in panel B and C. 
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Table 2: Experimental vibrational frequencies for the monomers and complex, experimental 

complexation shifts (Δνexp,HB) and MP2/aug-cc-pVDZ-PP calculated complexation shifts, in cm-1, for 

the hydrogen-bonded complex (Δνcalc,HB) and halogen-bonded complex (Δνcalc,XB) of CHF2Br with 

TMA dissolved in LKr at 120 K. 

 Assignment νmonomer νcomplex Δνexp,HB Δνcalc,HB Δνcalc,XB 

       

CHF2Br  3025.4 -    

 ν1 3014.4 
a
  -74.1 -12.1 

 ν7 1343.6 1377.1 33.5 59.9 -2.5 

 ν2 1277.8 1310.1 32.3 43.0 -0.3 

 ν8 1119.7 1107.5 -12.2 -12.3 -19.3 

 ν3 1093.5 1080.9 -12.6 -13.1 -6.7 

 ν4 712.9 704.7 -8.2 -8.0 0.2 

 ν5 578.0 576.8 -1.2 -0.8 -4.9 

       

TMA ν12 2977.0 2980.8 3.8 1.2 0.1 

 ν1 2944.4 2947.5 3.1 3.0 1.6 

 ν13 2944.4 2947.5 3.1 3.3 1.5 

 2 ν4 2818.6 2821.9 3.3 2.9 0.9 

 ν2 2769.0 2778.2 9.2 16.9 12.4 

 ν14 2769.0 2778.2 9.2 19.3 13.7 

 ν20+ ν21 1474.8 1472.5 -2.3 -6.4 -2.7 

 ν15 1467.6 1469.6 2.0 1.4 0.1 

 ν3 1454.8 1453.8 -1.0 2.0 -0.4 

 ν4 1438.8 1440.6 1.8 1.4 0.4 

 ν16 1438.8 1440.6 1.8 1.0 -1.1 

 ν17 1405.3 -  1.5 0.4 

 ν18 1273.3 1268.2 -5.1 -4.9 0.0 

 ν5 1184.3 1192.9 8.6 8.4 5.0 

 ν19 1098.5 1099.3 0.8 -0.5 -1.3 

 ν20 1041.5 1036.3 -5.2 -4.2 -1.2 

 ν6 828.1 826.2 -1.9 -3.9 -3.5 
a
 Band could not be assigned due to overlap with TMA C-H stretching modes. 

 

3.2.2 CH2FBr·TMA-d9 infrared spectra 

In addition to the spectral regions discussed for mixtures with TMA, the use of TMA-d9 also enables 

the inspection of the C-H stretching mode of CHF2Br. For this CHF2Br ν1 spectral region, shown in 

panel A of Figure 4, a complex band with a redshift of -42.7 cm
-1

 is observed, corresponding to the 

hydrogen-bonded complex with a calculated shift of -74.3 cm
-1

. No second redshifted band, 

corresponding to the predicted redshift of -12.1 cm
-1

 for the hydrogen-bonded complex is observed. 

For the other three spectral regions discussed for the CHF2Br·TMA mixtures, analogous results were 

obtained, confirming the absence of halogen-bonded complex. These spectral regions are also shown 

in Figure 4, while an overview of the experimental and calculated shifts is given in Table 3. 
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Figure 4: Infrared spectra of selected spectral regions for the mixtures of CHF2Br with TMA-d9 

dissolved in LKr at 120 K. In each panel, trace a represents the mixed solution, while traces b and c 

show the rescaled spectra of the solutions containing only CHF2Br or TMA-d9, respectively. Trace d 

represents the spectrum of the complex which is obtained by subtracting the rescaled traces b and c 

from trace a. Bands due to the hydrogen-bonded complex observed in traces d are marked with an 

open circle (°). Estimated mole fractions of the solutions of the mixtures are 2.3 × 10
-3 

for CHF2Br and 

5.6 × 10
-4 

for TMA-d9 in panel A, 2.3 × 10
-3 

for CHF2Br and 1.5 × 10
-3 

for TMA-d9 in panel B and 3.8 

× 10
-4 

for CHF2Br and 7.5 × 10
-4 

for TMA-d9 in panels C and D. 

Just as in the previous study of the CH2FI·TMA(-d9) complexes, 
20

 a complex band for the ν3 mode of 

TMA-d9 is observed in the infrared spectrum, despite the fact that this mode has too low an intensity to 

be observed for the monomer, as shown in Figure 5. As shown in Table S4B of the ESI, upon 

complexation, the calculated infrared intensity rises from 0.2 km mol
-1

 for the monomer to 1.3 km 

mol
-1

 for the hydrogen-bonded complex. To determine the experimental complexation shift, the 

vibrational frequency of the monomer is determined using Raman spectroscopy in LKr at the same 

temperature as the FTIR measurements. 

 

Figure 5: Infrared spectrum of the spectral region of the ν3 mode of TMA-d9 for  mixtures of CHF2Br 

with TMA-d9 dissolved in LKr at 120 K. Trace a represents the mixed solution, while traces b and c 

show the rescaled spectra of the solutions containing only CHF2Br or TMA-d9, respectively. Trace d 

represents the spectrum of the complex which is obtained by subtracting the rescaled traces b and c 

from trace a. The complex band due to the hydrogen-bonded complex observed in trace d is marked 

with an open circle (°). Estimated mole fractions of the solution of the mixture are 2.3 × 10
-3 

for 

CHF2Br and 1.5 × 10
-3 

for TMA-d9. 
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Table 3: Experimental vibrational frequencies for the monomers and complex, experimental 

complexation shifts (Δνexp,HB) and MP2/aug-cc-pVDZ-PP calculated complexation shifts, in cm-1, for 

the hydrogen-bonded complex (Δνcalc,HB) and halogen-bonded complex (Δνcalc,XB) of CHF2Br with 

TMA-d9 dissolved in LKr at 120 K. 

 Assignment νmonomer νcomplex Δνexp Δνcalc,HB Δνcalc,XB 

       

CHF2Br  3025.4 -    

 ν1 3014.4 2971.7 -42.7 -74.3 -12.1 

 ν7 1343.6 1378.0 34.4 60.2 -2.5 

 ν2 1277.8 1311.0 33.2 43.3 -5.6 
a
 

 ν8 1119.7 1107.7 -12.0 -11.8 -19.3 

 ν3 1093.5 1081.0 -12.5 -14.3 -5.6 

 ν4 712.9 704.5 -8.4 -8.2 0.1 

 ν5 578.0 576.8 -1.2 -0.8 -4.9 

       

TMA-d9 ν12 2233.0 2235.3 2.3 1.1 0.2 

 ν1 2182.2 2187.9 5.7 3.3 5.5 

 ν13 2182.2 2187.9 5.7 3.9 5.8 

 ν2 2029.5 2030.0 0.5 9.9 7.1 

 ν14 2029.5 2038.6 9.1 11.3 7.9 

 ν19+ ν21 1226.5 1224.7 -1.8 -1.8 -0.8 

 ν15 1220.8 1224.7 3.9 -8.5 -1.1 

 ν3 1139.4 
b
 1137.8 -1.6 -2.2 -1.6 

 ν4 1063.0 1063.6 0.6 1.7 -1.3 

 ν16 1063.0 1063.6 0.6 0.2 -1.0 

 ν17 1055.7 -  0.7 0.4 

 ν18 1047.7 -  0.6 -0.7 

 ν5 1004.0 1014.0 10.0 10.3 6.0 

 ν19 873.9 873.5 -0.4 -0.6 0.1 

 ν20 832.8 -  -0.7 -1.0 

 ν6 741.1 739.6 -1.5 -2.5 -2.4 
a
 mode is degenerate with TMA-d9 modes in the ab initio calculations 

b
 frequency obtained from a Raman measurement at 120 K 

 

3.2.3 van ‘t Hoff Plots and experimental complexation enthalpies 

Van ’t Hoff plots based on measurements in the 120 - 156 K temperature interval of CHF2Br·TMA(-

d9) mixtures, for which details are given in Table S5 of the ESI, yielded twelve experimental 

complexation enthalpies with an average value of -14.2(4) kJ mol
-1

. An illustration of one of these van 

‘t Hoff plots is given in Figure 6.  For all Van ‘t Hoff plots derived, an a posteriori approach 
21

 

correcting the slope of the regression lines obtained was used to correct the complexation enthalpy 

derived for thermal expansion of the solvent.
22
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Figure 6: van ‘t Hoff plot of the hydrogen-bonded complex between CHF2Br and TMA-d9 in LKr in 

the 120-156 K temperature interval. 

 

4. Discussion 

For the mixtures involving CHF2Br and TMA, all observed complex bands were assigned to the 

hydrogen-bonded complex, whereas no evidence for the presence of halogen-bonded complex was 

observed. Furthermore, an average experimental complexation enthalpy of -14.2(4) kJ mol
-1

 was 

determined from van ‘t Hoff plots for the hydrogen-bonded complex, which is in good agreement with 

the calculated value of -16.5 kJ mol
-1

. Comparison with the ab initio results of the CHF2I·TMA 

complexes 
18

 also reveals that the transition from iodine to bromine strongly decreases the strength of 

the halogen-bonded complex, the calculated complexation enthalpies being -23.4 kJ mol
-1

 

and -13.6 kJ mol
-1

. For the hydrogen-bonded complexes, nearly identical calculated complexation 

enthalpies are computed, amounting to -16.6 kJ mol
-1

 for the CHF2I·TMA hydrogen-bonded complex 

and -16.5 kJ mol
-1

 for the CHF2Br·TMA hydrogen-bonded complex, thus demonstrating that the 

nature of the heavier halogen present in the molecule has very little effect on the hydrogen-bonded 

complex. The negligible influence of this halogen atom on the hydrogen bond strength is also 

confirmed experimentally, where the observed complexation enthalpy of -14.2(4) kJ mol
-1

 for the 

hydrogen-bonded complex between CHF2Br and TMA is nearly identical to the complexation 

enthalpy of -14.7(2) kJ mol
-1

 for the hydrogen-bonded complex between CHF2I and TMA. 

Furthermore, these values are also very comparable to the complexation enthalpy of -14.6(8) kJ mol
-1

 

reported for the complex between TMA and fluoroform (CF3H) in liquid argon and liquid krypton by 

Bertsev et al. 
33 

and by Hauchecorne et al. 
34

, thus confirming that the exact nature of the third halogen 

atom in CHF2X molecules does not influence the strength of the hydrogen-bonded complex with TMA 

noticeably. 

Also worth noting is the fact that the halogen-bonded complex between bromotrifluoromethane 

(CF3Br) and TMA, reported previously with a complexation enthalpy in liquid argon of -18.3(1) kJ mol
-

1 
34

, is noticeably stronger than the hydrogen-bonded complex with fluoroform. Comparison with the 

results of the current study show that replacing one of the fluorine atoms of CF3Br with a hydrogen 
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atom reduced the potential strength of the bromine halogen bond sufficiently for it no longer being 

able to compete with the hydrogen bond. 

Even though the absence of the halogen-bonded complex comes as a bit of a surprise considering its 

calculated enthalpy in solution is only 2.9 kJ mol
-1

 higher than that of the hydrogen-bonded complex, 

which corresponds with a relative population estimated to be in the order of 5 to 10 % at 138 K, it is 

consistent with observations in a previous study involving halothane (1-bromo-1-chloro-2,2,2-

trifluoroethane) and TMA, where the halogen-bonded complex was also not observed. 
35

 the reason for 

this, most probably, is related to the fact  that in both halothane and CHF2Br, the bromine and 

hydrogen atom are covalently bonded to the same carbon atom, along with two electron withdrawing 

groups (i.e. a chlorine atom and trifluoromethyl group for halothane). The absence of halogen-bonded 

complex for both donor molecules in mixtures containing TMA, a Lewis base that has proven to be an 

excellent target for halogen bonding in previous studies, 
18, 20

 is a good indicator for the fact that 

bromine halogen bonding is significantly weaker than hydrogen bonding when both donor atoms are 

covalently bonded to the same carbon atom. It would therefore be interesting to see whether this 

tendency holds up when both donor atoms are covalently bonded to different carbon atoms in larger 

molecules, such as 1-bromo-1,2,2-trifluoroethane or 1-bromo-2,3,5,6-tetrafluorobenzene. Ab initio 

calculations at the MP2/aug-cc-pVDZ-PP level of theory yielded complexation energies 

of -24.9 kJ mol
-1

 for the HB complex and -23.2 kJ mol
-1

 for the XB complex with the former donor 

and -22.3 kJ mol
-1

 for the HB complex and -25.1 kJ mol
-1

 for the XB complex with the latter donor. 

The absence of the halogen-bonded complex has also been observed in a preliminary study by 

Delanoye et al. 
36

 investigating mixtures of CHF2Br with dimethyl ether, acetone or oxirane in liquid 

krypton. Furthermore, with an experimental complexation enthalpy in LKr of -12.0(1) kJ mol
-1

, the 

CHF2Br·DME hydrogen-bonded complex is weaker than the currently studied hydrogen-bonded 

complex with TMA (∆H°(LKr) = -14.2(4) kJ mol
-1

). This tendency has also been observed in the study of 

the complexes with CHF2I 
18

, where the hydrogen-bonded complexes with DME and TMA had 

experimental complexation enthalpies of -10.5(5) kJ mol
-1 and -14.7(2) kJ mol

-1
 respectively and the 

study with the bond donor molecule CH2FI 
20

, with complexation enthalpies of -7.0(2) kJ mol
-1

 for the 

HB complex with DME and -9.6(2) kJ mol
-1

 for the HB complex with TMA.  

 

5. Conclusions 

Ab initio calculations yielded both a stable hydrogen-bonded an halogen-bonded complex between 

CHF2Br and TMA(-d9), the complexation enthalpies in liquid krypton being -16.5 and -13.6 kJ mol
-1

 

respectively, upon correction for thermal and solvent effects on the complexation energies of 

CCSD(T)/CBS quality. Infrared spectroscopy on mixtures of both compounds in LKr revealed that 
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only hydrogen-bonded complex is present, for which an experimental complexation enthalpy was 

determined of -14.2(4) kJ mol
-1

. Comparison with the complexes of CHF2I with TMA shows that the 

transition from iodine to bromine greatly diminishes the strength of the halogen-bonded complex, as 

expected for smaller halogen atoms, while the influence on the strength of the hydrogen-bonded 

complex is negligible.  

 

Supporting Information Available:  

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

CHF2Br, TMA and the halogen and hydrogen-bonded complexes and overview of parameters used in 

van ‘t Hoff plots. 
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