
1 

Electronic Supplementary Information (ESI) 

 

Polar Stacking of Molecules in Liquid Chloroform 

J. J. Shephard,a,b A. K. Soper,c S. K. Callear,c S. Imberti,c J. S. O. Evansb and C. G. Salzmanna* 

a Department of Chemistry, University College London, 20 Gordon Street, WC1H 0AJ London, UK 

b Department of Chemistry, Durham University, South Road, Durham DH1 3LE, UK 

c ISIS Facility, Rutherford Appleton Laboratory, Didcot OX11 0QX, UK 

* Corresponding author: c.salzmann@ucl.ac.uk (C. G. Salzmann) 

 

 

 

Table of Contents 

1 Materials ................................................................................................................................................. 2 

2 Neutron diffraction experiments ............................................................................................................. 2 

3 Data modeling ........................................................................................................................................ 3 

4 Structural analysis .................................................................................................................................. 5 

5 Comparison with X-ray diffraction data ................................................................................................. 5 

6 Kirkwood correlation factor from dielectric spectroscopy and the EPSR-derived model ...................... 6 

7 References .............................................................................................................................................. 7 

  

Electronic Supplementary Material (ESI) for ChemComm.
This journal is © The Royal Society of Chemistry 2014



2 

1 Materials 

Chloroform (CHCl3) and deuterated chloroform (CDCl3) were purchased from Sigma Aldrich and used 

without further purification. The liquids, with quoted purities of 99.9 weight% and 99.96 D / H atom%, 

contained ~200 ppm of amylene as a chemical stabilizer to prevent the formation of phosgene. 

2 Neutron diffraction experiments 

Ti0.68Zr0.32 null-scattering alloy sample cells with internal dimensions of 1 × 38 × 38 mm were used to 

contain the two neat liquids as well as a 50 mol% mixture of CHCl3 and CDCl3 during the neutron 

scattering measurements. These were carried out at 25 and –53°C for ~1000 μA h of proton current on the 

Small Angle Neutron Diffractometer for Amorphous and Liquid Samples (SANDALS) at the ISIS 

spallation neutron source at the Rutherford Appleton Laboratory, UK. 

SANDALS detects neutrons scattered by a sample at angles between 3.9 and 39°, and covers a 

wavevector-transfer range of 0.1 – 50 Å–1. The wavevector transfer, Q, is calculated from the wavelengths 

of the incident neutrons, λ, and their scattering angles, 2, according to: 

 𝑄 =
4𝜋

𝜆
sin 𝜃          Eq. S1 

The raw data were corrected for absorption and multiple scattering using the GudrunN software 

package which was also used to subtract the perturbation to the data caused by inelastic collisions.1 These 

inelasticity features were removed using the Iterate Gudrun routine in GudrunN to give the total structure 

factors, F(Q)s, of the liquids. The datasets collected at 25 and –53°C are shown in Figure 1 and Figure S1, 

respectively. 

 

Figure S1. Experimental (black crosses) and EPSR-derived (blue lines) total structure factors for 

chloroform liquids at 53C. 
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3 Data modeling 

To produce suitable starting structures of liquid chloroform for modeling the experimental diffraction data 

a standard Monte Carlo simulation was carried out using the EPSR (empirical potential structure 

refinement) programme.2, 3 For this, a cubic box with dimensions of 58.5298 Å (56.9057 Å) was filled with 

1500 CHCl3 molecules giving an atomic density of 0.037405 atoms Å–3 (0.040700 atoms Å–3) consistent 

with the experimental density at 25C (–53C).4 The average bond lengths and angles of chloroform were 

taken from a microwave experiment,5 whereas the Lennard-Jones parameters and partials charges used 

were determined by Barlette et al.6 (Table S1). 

 

Table S1. Average bond lengths, rA–B, and angles, A–B–C, Lennard-Jones 

parameters,  and , and partial charges, q, used for the starting 

configuration of the EPSR simulation. 

rC–Cl / Å 1.758   

rC–H / Å 1.085*   

γCl–C–Cl / ° 111.3   

γCl–C–H / ° 107.5   

 / Å C: 3.800 H: 0 Cl: 3.470 

 / kJ mol–1 C: 0.3138 H: 0 Cl: 1.2552 

q / e C: –0.050 H: 0.185 Cl: –0.045 
* changed from 1.1 Å to give a better fit to our data. 

 

From a structural model of chloroform, six radially averaged pair-correlation functions can be obtained, 

gCC(r), gCH(r), gCCl(r), gHH(r), gHCl(r) and gClCl(r). These are related to the corresponding partial 

structure factors, SA-B(Q), by Fourier sine transform7 

 𝑆A−B(𝑄) = 1 +
4𝜋𝜌0

𝑄
∫ 𝑟[𝑔A−B(𝑟) − 1] sin(𝑄𝑟) 𝑑𝑟

∞

0
     Eq. S2 

where  is the atomic number density. A total structure factor, F(Q), can then be calculated from the 

weighted sums of the partial structure factors. 

 𝐹(𝑄) = ∑ (2 − 𝛿𝐴−𝐵)𝑤𝐴−𝐵(𝑆𝐴−𝐵(𝑄) − 1)𝐴≤𝐵       Eq. S3 

The Kronecker delta, δA–B, ensures that ‘like’ terms, for which A = B, are not counted twice. The 

weighting factors, wA–B, by which the partial structure factors contribute to F(Q) depend on the atomic 

fractions of the different types of atoms, cA, and their neutron scattering lengths bA.7 

 𝑤A−B = 𝑐A𝑐B𝑏A𝑏B         Eq. S4 

The weighting factors of the various atom pairs for CHCl3, CDCl3 and C(H/D)Cl3 are given in Table 

S2. Due to the difference in neutron scattering length between 1H (–3.74 fm) and D (6.67 fm) all SA–B(Q)s 

related to H, SC–H(Q), SH–H(Q) and SH–Cl(Q), contribute differently to the F(Q)s of the three isotopically 

different liquids. 
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Table S2. Weighting factors, wA–B, indicating the relative 

contributions of the partial structure factors, SA–B(Q)s, to the total 

structure factors, F(Q)s. 

 CHCl3 C(H/D)Cl3 CDCl3 

wCC / fm2 1.77 1.77 1.77 

wCH / fm2 –1.99 0.78 3.55 

wCCl / fm2 15.28 15.28 15.28 

wHH / fm2 0.56 0.09 1.78 

wHCl / fm2 –8.60 3.38 15.33 

wClCl / fm2 33.02 33.02 33.02 

 

In principle, to fully describe the structure of liquid chloroform all six SA–B(Q)s need to be known. 

However, since only three F(Q)s with different hydrogen contrasts are available from our experiment, 

EPSR is required to estimate some of the missing structural information. To prepare the final structural 

model EPSR compares simulated F(Q) data with the experimental F(Q)s and introduces so-called 

empirical potentials between the atom pairs in the structural model in an iterative process until the 

simulated F(Q)s provide the best possible fit to the experimental F(Q)s. The best fits obtained for the 25 

and –53C datasets are shown in Figure 1 and Figure S1, respectively. Figure S2 shows the intermolecular 

parts of the six gA-B(r) functions of the best fit EPSR models for chloroform at 25 and –53°C. 

 

Figure S2. Intermolecular parts of the gA-B(r) pair-correlation functions of liquid chloroform at 25C 

(green) and –53C (blue). 
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data and the Q-range shown in Fig. 1 these sums take values of 4.14 b sr–1 atom–1 for the starting structure 

and 3.13 b sr–1 atom–1 after the best fits have been obtained using the empirical potentials. The most 

pronounced improvements to the fits were observed in the 1 to 4 Å–1 Q-range which is primarily sensitive 

to intermolecular correlations. In summary, it can be concluded that the potential parameters from ref. 6 

produce a very reasonable starting structure. Yet, the additional descriptive power of the empirical 

potentials is needed in order to obtain the best possible fits to the experimental data. 

4 Structural analysis 

The various angle-dependent correlation functions shown in Figure 2 and 3 were obtained by fitting 

generalized spherical harmonic functions8, 9 to the partial structure factors using the EPSR auxiliary 

routines SHARM or SDF. The spherical harmonic functions made use of the following Clebsch-Gordon 

coefficients:  l = 0, 1, 2, 3, 4; l1 = 0, 1, 2, 3, 4; l2 = 0, 1, 2, 3, 4; n1 = 0, 1, 2, 3, 4; n2 = 0, 1, 2, 3, 4. The input 

parameters used to create the plots in Figures 2 and 3 with the plot2D or plot3D programmes are listed in 

Table S3. 

 

Table S3. Input parameters for the plotting programmes to visualize the angle-

dependent correlation functions. 

 g(r, ) g(r, , ) g(r, ) 

Figure 2b,d 2c,e 3a 

plotting programme plot2d plot3d plot2d 

l1 1, 2, 3, 4 1, 2, 3, 4 1, 2, 3, 4 

l2 0 0 1, 2, 3, 4 

n1 0 1, 2, 3, 4 0 

n2 0 0 0 

m 0 0 1 

5 Comparison with X-ray diffraction data 

X-ray diffraction relies on the scattering of X-ray radiation by the electrons of the atoms present in a 

sample.7 For this reason, the way in which the various partial structural factors contribute to the X-ray total 

structure factor is different compared to neutron diffraction. In the case of chloroform, the partial structure 

factors related to Cl contribute the most and the ones related to H the least to the X-ray total structure 

factor. A Panalytical X’pert Pro diffractometer equipped with a silver-anode X-ray tube (K = 0.56 Å) and 

a focusing mirror was used to collect total scattering X-ray diffraction data of chloroform at 25°C in a 

borosilicate capillary. The data was reduced using the GudrunX software package. Figure S3 shows that 

the X-ray total structure factor of chloroform is consistent with the EPSR-derived structural model from 

neutron data which provides an additional independent test of our structural model. 
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Figure S3. Experimental (black crosses) and EPSR-derived X-ray total structure factor (green) for liquid 

chloroform at 25°C. 

6 Kirkwood correlation factor from dielectric spectroscopy and the 

EPSR-derived model 

The Kirkwood correlation factor, gK, indicates the net relative dipole alignment of polar molecules in 

liquids10, 11 and is defined as 

𝑔𝐾 = 1 +  𝑁⟨cos 𝛼⟩         Eq. S5 

where N is the number of contributing molecular dipoles and ⟨cos 𝛼⟩ the average of the cosines of the 

relative dipole alignments. For liquids with tendencies for parallel dipole alignment gK is greater than one. 

Values smaller than one indicate that antiparallel dipole alignments are favoured. 

Using the Kirkwood-Fröhlich equation (eq. S6),12, 13 gK can be estimated for chloroform as 1.26 at 298 

K from the static dielectric constant  (4.80),14 the high-frequency dielectric constant  (2.17),15 the 

vapour-phase dipole moment 0 (1.04 D)14 and the number density of molecules  (0.0748 Å-3). Sigvartsen 

et al., have estimated a value 1.40 for gK using slightly different values for the various physical 

quantities.16 

𝑔𝐾 =
(𝜀−𝜀)(2𝜀+𝜀)

𝜀(𝜀+2)2 ∙
9𝑘𝑇

4𝜋𝜌𝜇0
2        Eq. S6 

In addition to estimating gK from dielectric data it can also be calculated from the EPSR-derived 

structural model using the hCOM-COM(l=1, l1=1, l2=0; n1=0, n2=0;r) function which contains the relative 

dipole alignment information and is obtained from spherical-harmonic expansion (cf. chapter 4).17 

𝑔𝐾(𝑟max) = 1 −
1

3√3
𝜌 ∫ 4𝜋𝑟2 ℎCOM−COM(110; 00; 𝑟)

𝑟max

0
𝑑𝑟     Eq. S7 

The distance-dependent Kirkwood correlation function, gK(rmax), is shown in Figure S4 which tends 

towards gK with increasing rmax. Using rmax of 20 Å, the gK value of the EPSR-derived model structure of 

liquid chloroform can be estimated as 1.56  0.35 which is, within the margins of error, in agreement with 

the values obtained from dielectric spectroscopy. 
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Figure S4. The distance-dependent Kirkwood correlation function derived from the EPSR structural 

model. 

The limitations in obtaining more accurate gK values from structural models are that the integration is 

only possible to finite values of rmax and the increasing contributions of noise at larger distances. However, 

the values derived from dielectric data are also affected by systematic errors due to simplifications made in 

the derivation of the Kirkwood-Fröhlich equation.12 Furthermore,  is typically difficult to measure and 

therefore often only estimated from an empirical relationship with the refractive index.18 

In summary, both dielectric spectroscopy and our diffraction study show a tendency for parallel dipole 

alignment in chloroform. We emphasise that while dielectric spectroscopy gives highly accurate 

information on the bulk dielectric properties of polar liquids, diffraction studies offer the great advantage 

in that they provide direct insights into their local structures. 
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