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Abstract 

The rotational spectrum of 2,5-dichlorothiophene (DCT) was measured for the first time 

using Fourier transform microwave spectroscopy from 5.5-19 GHz. Dense hyperfine splitting 

patterns due to the two quadrupolar chlorine nuclei (I=3/2) were resolved and assigned for the 

35Cl-35Cl, 37Cl-35Cl and 37Cl-37Cl isotopologues as well as for the two 13C and one 34S analogs with 

two 35Cl atoms allowing derivation of their respective nuclear quadrupole coupling tensors. The 

rotational constants obtained from fitting the spectra of the six isotopic species allowed derivation 

of the experimental geometry of DCT for comparison with the equilibrium structure computed at 

the MP2/aug-cc-pVTZ level. This revealed that the electron withdrawing effect of chlorine causes 

small distortions to the ring geometry relative to thiophene including a 1.1o increase in the two S-

C-C angles and a 0.012 Å increase to the two S-C bonds.   
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Introduction 

 Thiophenes are important heterocyclic building blocks in the synthesis of value-added 

chemicals in the agriculture and pharmaceutical industries as this five-membered ring can replace 

the benzene moiety in certain bioactive compounds without compromising its function.1 This is 

seen, for example, in drugs such as the analgesic sufentanil, the thiophene analogue of fentanyl. 

Halogen-substituted derivatives such as α-chlorothiophene are used by medicinal chemists to 

tweak the bioactivity of the heterocycle by, for example, adding a new activation site or by altering 

steric hindrance. Consequently, these structural motifs are found in pharmaceuticals such as the 

nonsteroidal anti-inflammatory drug lornoxicam, the anti-fungal medicine tioconazole and the 

anticoagulant	rivaroxaban.2  

In terms of their fundamental physical and chemical properties, chlorine-containing 

molecules hold a place of special interest for the NMR community owing to unique spectral 

features arising from the relatively large nuclear quadrupole moments (Q) of 35Cl (-81.65(80) 

mbarn) and 37Cl (-64.35(64) mbarn) which are both I=3/2 nuclei.3 To avoid broad NMR line 

shapes, samples with a high Q nucleus in a region of high symmetry are needed to employ 

standard spectroscopic methods unless a single crystal can be formed. Even so, the resulting 

spectra often need to be interpreted in the high field limit (where the Larmor frequency is much 

greater than the quadrupolar frequency) requiring large magnets for data acquisition. As a result 

of these challenges, Bryce and Sward have highlighted an overall ‘dearth’ of experimental and 

quantum chemical information regarding the chemical shift tensors of chlorinated molecules.3 The 
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complementary technique of rotational spectroscopy offers promise of support in this regard as 

molecules containing high Q nuclei can be studied in isolation. Analysis of the splitting patterns 

arising from quadrupolar nuclei allow the derivation of accurate spectroscopic constants (eQq or 

χ, known as CQ in the NMR community)4 which describe the interaction of the nuclear quadrupole 

moment and the surrounding electric field gradient. The quadrupole coupling tensors of many 

species with a single chlorine atom including those of 2-5 and 3-chlorothiophene,6 for example, 

have been obtained in this way.  

From a rotational spectroscopy perspective, cases involving two quadrupolar nuclei pose 

a significant challenge as the hyperfine patterns can be quite complex. A survey of the literature 

shows a number of examples in which the hyperfine structure of molecules with two chlorine 

atoms has been investigated via microwave spectroscopy in the last seven decades.7–23 In the 

earliest studies, as Stark modulated microwave spectrometers measured line positions to only a 

few hundreds of kHz, the splitting patterns were only partially resolved for a few transitions or the 

spectral analysis was completed with only one hyperfine component for each transition.18–20  More 

recently, the improved resolution of Fourier transform microwave (FTMW) spectrometers has 

enabled more comprehensive studies of dichlorinated species9–12,21–23 and their weakly bound 

complexes.13–15  

Our interest in 2,5-dichlorothiophene (DCT), as detailed in this paper, addresses the 

challenge of assigning complex hyperfine structure arising from two chlorine nuclei for a species 

that has, before now, never been studied via high resolution spectroscopy. Careful analysis of the 

splitting patterns yielded accurate χ values for diagonal and off-diagonal elements of the nuclear 

quadrupole coupling tensor for the 35Cl-35Cl, 37Cl-35Cl and 37Cl-37Cl isotopic species and the 34S 

and two 13C analogues of the 35Cl-35Cl containing compound. Using the experimental rotational 

constants of the isotopologues, the substitution (rs), ground state effective (r0) and mass-weighted 

(rm(1)) geometries of DCT were derived for comparison with the equilibrium structure (re) predicted 

using MP2/aug-cc-pVTZ calculations. Compared with thiophene, the S-C-C angles and S-C bond 
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lengths are slightly larger in DCT which is rationalized using natural bond orbital (NBO) analysis 

to deduce the changes in the electronic structure that accompany chlorine substitution.  

 

 

 

Experimental Methods 

DCT was purchased from Sigma-Aldrich Canada (98%; bp 162˚C) and used to prepare a 

gas mixture by flowing the neon carrier gas through a glass bubbler at a pressure of ~1 bar. The 

seeded neon was introduced into the high vacuum chamber of the spectrometers as a supersonic 

jet expansion using a General Valve Series 9 pulsed nozzle. The pure rotational spectrum of DCT 

was then recorded using our chirped pulse (cp)24 and Balle-Flygare (BF)25 Fourier transform 

microwave (FTMW) spectrometers. The cp-FTMW instrument was initially used to measure a low 

resolution (~200 kHz FWHM), broadband spectrum from 7-19 GHz in segments of 2 GHz. This 

survey spectrum enabled preliminary assignment of clusters of rotational transitions 

corresponding to the three chlorine isotopic variations of DCT (35Cl-35Cl, 37Cl-35Cl, and 37Cl-37Cl) 

and the 34S and two 13C analogues of the first of these. The higher resolution BF-FTMW 

spectrometer (~7 kHz FWHM) was then used to investigate the patterns of hyperfine transitions 

within each cluster of lines resulting in a more precise determination of frequencies to within ±3 

kHz typically and to measure lower frequency transitions down to 5.5 GHz. Transitions measured 

using the BF instrument are split into a Doppler pair because of the coaxially oriented arrangement 

of the supersonic jet and resonator axis. The line position is obtained as the arithmetic mean of 

the frequencies of the Doppler components. All assigned transitions are given as Supporting 

Information. 

 

Computational Methods  
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The equilibrium geometry of DCT and relevant spectroscopic constants, including the 

chlorine nuclear quadrupole hyperfine constants, were predicted using ab initio calculations at the 

MP2/aug-cc-pVTZ level of theory in Gaussian 16 Revision C.0126 for each of the three 

isotopologues. This method was chosen following some preliminary benchmarking tests of 

similar-sized basis sets at the MP2 and B3LYP levels of theory to determine which could best 

predict the experimental rotational and 35Cl nuclear quadrupole coupling constants of 2-

chlorothiophene.5 The geometry optimization calculations for the isotopologues of DCT were 

followed by harmonic frequency calculations to ensure that the structures corresponded to a 

minimum and to estimate the quartic centrifugal distortion constants. The key spectroscopic 

parameters are summarized in Tables 1 and 2 and the internal coordinates of the six 

isotopologues of DCT are given in the Supporting Information. Natural bond orbital (NBO)27 

analysis was also performed on the optimized structures of DCT, 2-chlorothiophene and 

thiophene at the B3LYP-D3(BJ)\aug-cc-pVTZ level to deduce the relationship between the 

electronic properties and geometry of DCT. 

 

Results 
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DCT is a planar molecule with a substantial dipole along the b-inertial axis (0.997 D, 

MP2/aug-cc-pVTZ) upon which the sulfur atom sits.  The two chlorine atoms are equivalent in the 

35Cl-35Cl and 37Cl-37Cl isotopologues but not in the case of 37Cl-35Cl. Considering the natural 

occurrence of the 35Cl and 37Cl isotopes of 75.5% and 24.3%, respectively, the relative abundance 

of the 35Cl-35Cl, 37Cl-35Cl, and 37Cl-37Cl isotopologues is 9:6:1. This ratio takes into account that 

the 37Cl in the 37Cl-35Cl isotopic species can be substituted on either side of sulfur in the ring. As 

seen in Figure 1 which displays a portion of the broadband spectrum collected with the cp-FTMW 

spectrometer, clusters of transitions were readily observed that matched this ratio. These clusters 

arise from the chlorine nuclear quadrupole hyperfine structure of a particular b-type rotational 

transition (in this case J’ Ka’ Kc’-J’’ Ka’’ Kc’’=313-202). Transitions due to the 34S and two 13C 

isotopologues (with 35Cl-35Cl) were also recorded with intensities that were ~4% and ~2% of the 

 

Figure 1. Portion of cp-FTMW spectrum (from averaging 1.5 million FIDs) depicting the chlorine 
nuclear quadrupole hyperfine patterns for the three isotopologues of DCT. 
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main isotopologue as expected based on the isotopic abundance and the symmetry of the DCT 

providing two equivalent Cα and Cβ.  

For the 35Cl-35Cl and 37Cl-37Cl species, which have equivalent quadrupolar nuclei (I1=I2), 

the total angular momentum (F) used for labelling the hyperfine transitions in the analysis 

combines the rotational angular momentum (J) with the total nuclear spin (It) as follows: 

!!""⃑ + !""""⃑ = !#""⃑ 	; 		!#""⃑ + 	 (⃑ = )⃑ 

while the treatment in the case of the mixed 37Cl-35Cl isotopologue (I1≠I2) used the scheme:  

!!""⃑ + (⃑ = )!"""⃑ 	; 		)!"""⃑ + 	 !""""⃑ = )⃑ 

Following these labelling conventions, the complex hyperfine patterns were simulated using ab 

initio estimates of the nuclear quadrupole coupling constants (χ) for the 35Cl-35Cl, 37Cl-35Cl, and 

37Cl-37Cl species from Tables 1 and 2 and these were compared with the experimental spectrum. 

By first identifying the most intense hyperfine features of a few prominent rotational transitions, a 

full assignment was soon realized. Figure 2 demonstrates the excellent agreement between the 

simulated and experimental hyperfine patterns for the 313-202 rotational transition of 35Cl-35Cl DCT.  

The observed transitions for each isotopologue of DCT were fit using Pickett's SPFIT 

program28 with Watson's A-reduced Hamiltonian29 Ir representation and the resulting constants 

are compiled in Tables 1 and 2 while the observed frequencies are provided as Supporting 

Information. The equivalence of the two chlorine nuclei in the 35Cl-35Cl and 37Cl-37Cl isotopologues 

was considered by requiring the magnitude of their χ values to be the same during the fit while 

constraining the χab off-diagonal terms to be of opposite sign. In the end, the rms errors of the six 

fits are less than 2 kHz which indicates that the employed model Hamiltonian does an excellent 

job of accounting for the complex splitting patterns of the isotopologues. Although the sulfur atom 

is shifted slightly (0.035 Å, MP2/aug-cc-pVTZ) off the b-axis in the 37Cl-35Cl isotopologue due to 

the different center of mass, this subtle symmetry-breaking change did not permit observation of 

a-type transitions as │μa│ was estimated to be negligible (0.002 D, MP2/aug-cc-pVTZ). 
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Furthermore, as each rotational transition is split into a large number of hyperfine components, 

we could not identify features due to the remaining minor isotopic species including those with 34S 

and 13C substitution. 

 

Figure 2. Comparison of the predicted and experimental nuclear quadrupole hyperfine structure 
of a single rotational transition of 35Cl-35Cl DCT. 
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Table 1. Experimental (A-Reduced Ir Representation) and Theoretical (MP2/aug-cc-pVTZ) Spectroscopic constants of the Cl 
Isotopologues of DCT with 1σ Uncertainties in Parentheses. 

 ab initio experiment 

 35Cl-35Cl 37Cl-35Cl 37Cl-37Cl 35Cl-35Cl 37Cl-35Cl 37Cl-37Cl 
A /MHz 5002 4997 4992 4998.956162(38) 4994.561332(42) 4990.020188(71)    

B 800.9 780.5 760.8 802.180493(28) 781.958088(31)  762.243911(63)    

C  690.4 675.4 660.2  691.185920(26) 676.039390(29)  661.173941(48)    

ΔJ /kHz 0.01668 0.01595 0.01525 0.01722(21) 0.01650(26) 0.01689(55)    

ΔK  1.562 1.587 1.606 [1.562]a [ 1.587] a  [ 1.606]a   

ΔJK  −0.002222 −0.005720  −0.009196 [−0.002222]a [−0.005720]a  [−0.009196]a  

δJ  0.002911 0.002733 0.002566 [0.002911]a [0.002733] b  [0.002566] a 

δK  0.09323 0.08964 0.08615 [ 0.09323]a [0.08964]a  [ 0.08615]a    

Cl(1) 3/2 χaa /MHz −97.466 −76.965 (37Cl) −76.832 −103.5166(13) −81.7294(40) (37Cl)  −81.5838(35)      

Cl(2) 3/2 χaa   −97.466 −97.317 (35Cl) −76.832 {−103.5166(13)}b −103.3328(35) (35Cl)  {−81.5838(35)}b      

Cl(1)1/4(χbb−χcc ) −1.464 −1.134 (37Cl) −1.156 −1.40085(24) −1.08070(53) (37Cl) −1.10436(51) 

Cl(2) 1/4(χbb−χcc ) −1.464 −1.496 (35Cl) −1.156 {−1.40085(24)}b −1.43091(47) (35Cl) {−1.10436(51)} b 

Cl(1) χab 25.267 −19.763 (37Cl) −19.930 27.3051(32) −21.329(18) (37Cl)  −21.525(19)       

Cl(2) χab -25.267 25.499 (35Cl)  19.930 {−27.3051(32)}c 27.536(15) (35Cl)   {21.525(19)}c      

No. of lines − − − 345 320 109 

rms /kHz − − − 1.5 1.5 1.5 
aParameter fixed at the ab initio value; bSet as equal to value for other Cl nucleus during fit; cSet as equal in magnitude but opposite 
sign to the value of the other Cl.30                              
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Table 2. Experimental (A-Reduced Ir Representation) and Theoretical (MP2/aug-cc-pVTZ) Spectroscopic Constants of the 34S and 13C 
Isotopologues of DCT (with 35Cl-35Cl) with 1σ Uncertainties in Parentheses. 

 ab initio experiment 

 34S 13Cα 13Cβ 34S 13Cα 13Cβ 
A /MHz 4910 4999 4893 4906.74710(16) 4996.44989(41) 4890.60341(39)    

B 800.9 799.0 800.3 802.19413(14) 800.31726(35)  801.53576(33)    

C 688.6 688.9 687.8 689.404267(50) 689.75517(10)  688.596924(94)    

ΔJ /kHz 0.01666 0.01659 0.01654 [0.01666] a [0.01659] a [0.01654] a 

ΔK  1.421 1.577 1.528 [1.421]a [1.577] a [1.528] a 

ΔJK  0.007805 −0.003410 −0.002526 [0.007805] a [−0.003410] a [−0.002526] a 

δJ  0.002918 0.002894 0.002947 [0.002918] a [0.002894] a [0.002947] a 

δK  0.09341 0.09254 0.09182 [0.09341] a [0.09254] a [0.09182] a 

3/2 χaa /MHz −97.466 −97.506 −97.618 −103.5035(67) −103.516(16) −103.541(13) 

1/4(χbb−χcc ) −1.464 −1.458 −1.439 −1.4014(11) −1.4006(20) −1.4049(21) 

χab ±25.267 ±25.217 ±25.077 ±27.328(29) ±27.306(28) ±27.34(10) 

No. of lines    52 30 28 

rms /kHz    1.9 2.0 1.8 
aParameter fixed at the ab initio value. 
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With accurate sets of experimental rotational constants for six isotopologues in Tables 1 

and 2, the geometry of DCT was estimated via Kraitchmann’s equations (rs)31 and direct least 

squares fitting of the moments of inertia to structural parameters (r0, rm(1))32,33 as described below. 

Due to the C2v symmetry of DCT, very few parameters are actually needed to describe the 

geometry of the ring and as the molecule is planar, only two rotational constants from each set 

are linearly independent. First, the absolute values of the Kraitchman coordinates for each heavy 

atom (along with their respective Costain errors)34 were determined with Kisiel’s KRA program35,36 

by using the average coordinates obtained from consideration of each of the three pairs of 

rotational constants (AB, AC, BC) as advocated in the study of 1,2-dichlorobenzene.12 As S lies 

on the b-axis of DCT, its a-coordinate was imaginary and set to zero. The signs of the coordinates 

were then inferred using the ab initio equilibrium geometry (re) of DCT and the resulting atomic 

positions were used to calculate the internal coordinates of DCT and their 1σ uncertainties using 

the EVAL routine.35,36 These are listed under the rs heading in Table 3.  Next, the effective ground 

state (r0) structure was estimated by least squares fitting of the moments of inertia using Kisiel’s 

STRFIT program35,36 again by averaging the results from three data sets (AB, AC, BC) and by 

requiring maintenance of C2v symmetry.  In this procedure, the bond lengths and angles involving 

hydrogen were fixed to their ab initio values and any parameters that were not directly fit were 

subsequently calculated from the final set of atomic positons; the results summarized in Table 3. 

Finally, the mass-weighted geometry (rm(1)) was derived from the full set of 18 rotational constants 

in an effort to provide a more meaningful account of the vibrational effects. In comparing the r0 

and rm(1) geometries in Table 3, the standard deviation of individual internal coordinates is reduced 

by the inclusion of empirical parameters (ca, cb, cc)33 in the latter as expected but some of these 

bond lengths and angles change by significantly more than their nominal precision as noted also 

in the study of 1,2-dichlorobenzene.12   
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Discussion 

  In this work, the ground state rotational, centrifugal distortion and nuclear quadrupole 

coupling constants of the six isotopologues of DCT were precisely determined for the first time 

via microwave spectroscopy. The experimentally-derived rotational constants in are within 0.2% 

of the equilibrium rotational constants (MP2/aug-cc-pVTZ) suggesting that the experimental 

geometry is similar to the equilibrium (re) structure of DCT. The inertial defects (Δ0=0.073 uÅ2) 

and planar moments (Pcc=−0.037 uÅ2) are the same for all three isotopic species and point to a 

planar molecule as expected.  

The parameters related to the chlorine nuclear quadrupole coupling constants in Tables 1 

and 2 have been separated into the individual tensor components in Table 4 in the principal inertial 

frame (a, b, c) and transformed also into the chlorine field gradient frame (x, y, z) through 

diagonalization of the matrix using QDIAG.35,36 Comparison of these values with the ab initio 

estimates (also in Table 4) show that while the correct trends are captured by quantum chemical 

calculations, the experimental χ values differ from the theoretical estimates by as much as 8%. 

Similar large discrepancies are noted in nuclear quadrupole parameters of chlorine in the 

Table 3. Comparison of the Experimental (rs, r0, rm(1)) and Theoretical (re) (MP2/aug-cc-pVTZ) 
Geometry of DCT, 2-Chlorothiophene (2CT) and Thiophene (T) with Bond Distances in Å and Bond 
Angles in Degrees with 1σ Uncertainties in Parentheses. 

 rS 
DCT 

r0 
DCT 

rm(1) 
DCT 

re 
DCT 

re 
2CT 

re 
thiophene 

R(C2-S) 1.712(5) 1.719(8) 1.715(4) 1.723 1.717 1.711 
R(C2-Cl) 1.720(3) 1.711(3) 1.719(2) 1.712 1.714  
R(C2-C3) 1.369(6) 1.376(6) 1.362(3) 1.375 1.377 1.378 
R(C3-C4) 1.424(3) 1.429(14) 1.429(3) 1.415 1.413 1.413 
<S-C2-Cl 120.2(4) 120.4(6) 120.0(2) 120.2 120.6  
<S-C2-C3 113.4(1) 113.0(6) 113.5(1) 112.5 112.4 111.4 
<C2-S-C5 90.2(2) 90.7(3) 90.1(1) 90.7 91.4 92.3 
<C2-C3-C4 111.5(2) 111.7(6) 111.5(1) 112.1 111.5 112.5 

       
Npar

a  5 8    
σfitb  0.012 0.0039    

aNumber of independent parameters in the fit; bStandard deviation of fit 
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literature when common computational methods are employed as seen in chloroform37 for 

example where the experimentally derived χzz value differed by 13% from the prediction 

(MP2/aug-cc-pVDZ). This was attributed to the failure of Gaussian-type orbital basis functions at 

capturing the sharp cusp in electron density at the quadrupolar nucleus.22 When employing 

standard computational methods, ad hoc scaling factors have been shown to compensate for this 

shortcoming but these factors are dependent on the theory and basis set employed as shown in 

a comprehensive study of chlorine-containing species.37 As two-thirds of the NMR-active nuclei 

in the periodic table are quadrupolar in nature,3 this challenge in modelling key parameters for 

seemingly simple molecules with widely accessible computational tools is noteworthy. Future 

efforts to improve the reliability of ‘blackbox’ calculations for nuclei like chlorine based on results 

from gas phase measurements would, no doubt, be of great interest to both the NMR and 

molecular spectroscopy communities. 

The chlorine nuclear quadrupole coupling constants of DCT provide important structural 

details for this planar molecule. The component of the tensor perpendicular to the plane of the 

ring should be constant for a specific isotope and this is confirmed by the χcc values in Table 4. 

The 35Cl/37Cl ratio of χcc is 1.268 which is in good agreement with the value reported for 2CT5 and 

other chlorine-containing species.38 The angle θza between the inertial a-axis of DCT and the z-

axis of the chlorine quadrupole coupling tensor for the parent species in Table 4, −14.2338(14)o, 

is very similar to the angle θstr between the C-Cl bond and the a-axis of the molecule, -15.0(7)o, 

derived from the r0 geometry (and in agreement with the ab initio estimates) which indicates that the z-

axis of the chlorine field gradient is nearly aligned with the C-Cl bond. This is further confirmed by 

the small nuclear quadrupole asymmetry parameter ! = #$!! − $""&/$## in DCT (−0.017457(32)) 

which indicates that the electric field gradient at chlorine is nearly cylindrically symmetric about 

the C-Cl bond.  
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Table 4. Chlorine Nuclear Quadrupole Coupling Constants and Related Parameters for the Isotopologues of DCT with 1σ uncertainties 
in parentheses. 

 35Cl-35Cl 35Cl-35Cl 35Cl-37Cl 37Cl-37Cl 34S(35Cl-35Cl) 13Cα(35Cl-35Cl) 13Cβ(35Cl-35Cl) 
 ab initioa  35Cl 37Cl     
χaa /MHz  −64.977 −69.0111(13) -68.8885(35) −54.4863(40) −54.3892(35) −69.0023(67) −69.011(16) −69.027(13) 
χbb 29.561 31.7039(13) 31.5824(35) 25.0818(40) 24.9859(35) 31.6983(68) 31.704(16) 31.704(13) 
χcc  35.417 37.3072(13) 37.3061(35) 29.4045(40) 29.4033(35) 37.3040(68) 37.307(16) 37.323(13) 
χab  ±25.267 ±27.3051(32) 27.536(15) −21.329(18) ±21.525(19) ±27.328(29) ±27.306(28) ±27.34(10) 
χzz −71.306 −75.9375(20) −75.9403(79) −59.8431(93) −59.8506(96) −75.941(15) −75.938(20) −75.969(49) 
χxx 35.890 38.6303(20) 38.6342(79) 30.4386(93) 30.4473(96) 38.637(15) 38.631(20) 38.646(49) 
χyy 35.417 37.3072(13) 37.3061(35) 29.4045(40) 29.4033(34) 37.3040(68) 37.307(16) 37.323(13) 
θza /o 14.063 14.2338(14) 14.3644(66)o 14.098(10)o 14.237(11)o 14.246(13)o 14.234(13)o 14.247(44)o 
θstr 15.088 15.0(7)       
η −0.006637 −0.017457(32) −0.01749(11) −0.01728(17) −0.01744(17) −0.01755(22) −0.01743(34) −0.01742(67) 

aMP2/aug-cc-pVTZ 
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Comparison of the three experimental geometries with the equilibrium structure (re) for 

DCT in Table 3, reveals that the r0 method provides a good estimate of the arrangement of heavy 

atoms with all internal coordinates agreeing to within 1σ of the theoretical values. The geometry 

of DCT is remarkably similar to those of the related compounds thiophene and 2-chlorothiophene 

(2CT); the relevant re parameters for the latter two were calculated in this work and are also 

included in Table 3 for comparison. The most significant change in the ring backbone is seen for 

the <C2-S-C5 angle which decreases by 1.6o from thiophene to DCT. This is seemingly driven by 

changes in the electronic structure at the neighboring sites where the chlorine substitution occurs 

as both the <S-C2-C3 angle and R(C2-S) bond length (and the equivalent parameters by 

symmetry) increase by 1.1o and 0.012 Å, respectively. Similar structural effects are noted at C2 in 

2CT in comparison to the parent compound. The increase in the ring angle at the site of 

chlorination is smaller than has been reported for fluorination on aromatic rings (2-3o).39–47 This 

was previously explained in terms of the polarity of the C-X bond as a result of the inclusion on 

an electron withdrawing substituent (X). This change results in more p-character in the hybrid 

orbital centered on the carbon directed towards the halogen atom. In DCT and 2CT, for example, 

the character of this orbital directed at chlorine is sp2.6 based on NBO analysis compared with sp2 

hybridization in thiophene. More unexpected is the slight lengthening of the C2-S bond in the 

chlorinated compounds as the ring opening at the halogenation site is normally accompanied by 

shortening of the adjacent bonds due to the increased s-character in the hybrid orbitals on C2 

directed to neighboring atoms within the ring itself. In this case, the shorter C-S bond in the 

thiophene parent is consistent with the larger difference in natural charges on C2 (−0.415) and S 

(0.450) compared with those in DCT (C2: −0.273, S: 0.491) and 2CT (C2: −0.278, S: 0.473) 

resulting from the electron withdrawing properties of chlorine.   

 

 

 



12 
 

Conclusion 

 The rotational spectrum of DCT, including transitions of the 35Cl-35Cl, 37Cl-35Cl and 37Cl-

37Cl isotopologues, was recorded and its complex patterns of transitions arising from two 

quadrupolar chlorine nuclei were analysed to derive accurate experimental nuclear quadrupolar 

coupling constants. The results show that the experimentally-derived χ values differ from 

theoretical predictions (MP2/aug-cc-pVTZ level of theory) by as much as 8% suggesting that 

further studies that provide benchmark data of this type are worthwhile to improve the accuracy 

of modelling NMR properties of quadrupolar nuclei. The experimental geometry of DCT, in 

comparison to thiophene, reveals small changes to the ring when the electron withdrawing 

chlorine atoms are added in the ortho positions including a 1.1o increase in the <S-C-C angles 

and a 0.012 Å increase in the S-C bond lengths. The subtle changes in the ring angles at the sites 

of chlorination in DCT may be constrained by the geometry of the five-membered ring to some 

extent as halogen substitution on six-membered rings has shown changes that are two to three 

times larger.39–41 

 

Supporting Information  

Cartesian coordinates for DCT (MP2/aug-cc-pVTZ) 
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