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ABSTRACT 

 

Solid-state nuclear magnetic resonance (SSNMR) has proven to be a useful tool in 

the characterization of non-covalent interactions such as hydrogen bonding and cation-ˊ 

interactions.  In recent years, the scientific community has manifested a renewed interest 

towards an important class of non-covalent interaction, halogen bonding (XB), as it has 

applications in various fields such as crystal engineering and biological processes.  This 

dissertation demonstrates that NMR parameters measured in the solid state are sensitive to 

changes in electronic structure, which are caused by halogen bonds.   

A series of halogen bonded compounds exhibiting interactions between different 

diiodoperfluorobenzenes (p- C6F4I2, o- C6F4I2, sym- C6F3I3, p- C6H4I2) and various halogen 

bond acceptors have been synthesized as part of this work.  These new halogen bonded 

compounds were characterized with a combined theoretical and experimental SSNMR, X-

ray diffraction (XRD) methods.  The complete multinuclear magnetic resonance 

spectroscopy of the nuclei involved directly in the halogen bond (13C, 14/15N, 31P, 77Se, 

35/37Cl and 79/81Br) were recorded at multiple magnetic fields (4.7, 9.4, 11.75 and 21.1 T).  

The specialized SSNMR experiments provided high-resolution spectra of quadrupolar 

nuclei, which were WURST-QCPMG or solid-echo type experiments combined with the 

variable offset cumulative spectral (VOCS) method, as for spin 1/2 nuclei cross polarization 

magic angle spinning (CPMAS) experiments were usually appropriate.   

This dissertation will discuss successful applications of SSNMR spectroscopy to 

characterize halogen bonds, it will demonstrate the significant changes in NMR observables 

in the presence of XB interaction and thus establish that NMR parameters are very sensitive 
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to halogen bonding interaction.  Furthermore, this work explains why the NMR parameters 

are correlated with the halogen bonding interaction.  The different trends observed between 

the NMR observables and the halogen bonding were further understood with a ZORA-DFT 

natural localized molecular orbital (NLMO) study.   
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component parallel to the 14N, 13C dipolar vector. The splitting arises from 14N 

nuclide Zeeman eigenstates ± 1, 0. ........................................................................... 52 

Figure 2.12 Vector model of the tp NMR radiofrequency field pulse and delivery of the 

NMR signal.  In (a) the Boltzmann equilibrium is reached, and the net 

magnetization vector is aligned with the external magnetic field, M.  After an 
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as described here.  Before repeating each step, a delay of about 5 times T1 is 

necessary to reach the Boltzmann equilibrium and perform another RF pulse.  

During this interval, the spins will dephase in the transverse plane as shown 

in (e). ......................................................................................................................... 56 

Figure 2.13 (a) Simulated MAS spectra for a spin 1/2 nucleus acquired at 9.4 T, where 

CSA dominates the powder pattern (W  = 100 ppm, k  = 0.5, diso= 100 ppm).  
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MAS spectrum of a quadrupolar nucleus will not have the appearance of a 

solution spectra as it does not average out the second-order quadrupolar 

interaction.  The inset shows the scheme of the MAS sample setup: the rotor 
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Figure 2.15 Solid echo (or quadrupolar echo or Solomon echo) pulse sequence in (a) is 

used to overcome line broadening from the quadrupolar coupling interaction 

or homonuclear dipole-dipole coupling. Hahn echo (spin echo) pulse sequence 
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in (b) usually used to overcome FID distortions caused by CSA or 

heteronuclear dipole-dipole coupling. (c) Vector model of Hahn echo where 

the colored arrows depict experiment and dephasing. .............................................. 63 
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Figure 3.1 Halogen bonding contacts in compounds 1 to 5 with the corresponding 

formula and compound number.  In compounds 1 to 4, the halide interacts 

with two crystallographically distinct iodines, whereas in compound 5 the 

bromide interacts with one.  Cations are omitted for clarity. .................................... 92 

Figure 3.2 2 x 2 x 2 cell of compound 3 shown along the b axis.  The p-C6F4I2 molecules 

form polymeric chains with a bridging bromide.  Those chains alternate with 

rows of cations (n-Bu4N+) along the b axis.  There is disorder at the end of the 

butyl chains.  Hydrogens are omitted for clarity. .................................................... 100 

Figure 3.3 2 x 2 x 2 cell of compound 4 shown along the b axis.  The p-C6F4I2 molecules 

form polymeric chains with a bridging bromide. Those chains alternate with 

rows of cations (n-Bu4N+) along the b axis.  There is disorder at the end of the 

butyl chains.  Hydrogens are omitted for clarity. .................................................... 100 

Figure 3.4 2 x 2 x 2 cell of compound 1 along the a axis.  The p-C6F4I2 molecules form 

polymeric chains with a bridging chloride. Those chains alternate with rows 

of cations (n-Bu4N+) along the a axis.  Hydrogens are omitted for clarity. ............ 102 

Figure 3.5 3 x 3 x 3 cell of compound 2 shown along the a axis.  The p-C6F4I2 molecules 

form polymeric chains with a bridging chloride.  Those chains alternate with 

rows of cations (n-Bu4N+) along the a axis.  There is disorder at the end of the 

butyl chains.  Hydrogens are omitted for clarity. .................................................... 103 

Figure 3.6 3 x 3 x 3 cell of compound 5 shown along the b axis.  The rows of EtPh3P+ 

cations alternate with rows of [Br···IðC6F4ðI···Br]2- moieties. The 
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inversion centered phenyl embrace motif.  Hydrogens are omitted for clarity. ...... 104 

Figure 3.7 Experimental (solid line) and simulated (dashed line) 13C CPMAS SSNMR 

spectra for the region of the carbon covalently bonded to iodine. The spectra 

on the left were recorded at 21.1 T with a MAS speed of 18 kHz and 

correspond to p-DITFB (a), 1 (b), 2 (c), 3 (d), 4 (e), and 5 (f). The right column 

corresponds to the spectra recorded at 9.4 T with a spinning speed of 8 kHz, 

where the spinning sidebands are indicated by a red asterisk and carbon atoms 

from the butyl chains are cut with a red dash.  The spectra correspond to p-

DITFB (g), 1 (h), 2 (i), 3 (j), 4 (k), and 5 (l). .......................................................... 107 

Figure 3.8 Plot of experimental values of ŭiso(13C) as a function of the corresponding 

carbon-iodine distance, dCðI, for carbons directly bonded to iodine.  The 

values of ŭiso(13C) are taken from Table 3.3 and the values of dCðI are tabulated 

in Table 3.2.  The black diamonds represent the halogen bonded compounds 

1, 2, 3, and 5 and the blue square represents p-DITFB. The red diamonds 
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represent compound 4, where the assignment is ambiguous; they could be very 

well be assigned in reverse order from the ZORA DFT cluster model 

calculations.  Some of the experimental vertical error bars are within the size 

of the symbols.  The best fit represented by a black line is an exponential 

function: ŭiso(13C) = 8.5629 × (1-exp(-128.96 ȹ d)) + 76.5, Pearson correlation 

coefficient R² = 0.9613, where ȹd = dCðI(XB compound) - dCðI(p-DITFB).  A linear fit 

to the data for the halogen bonded complexes (blue square excluded from fit) 

is described by: ŭiso(13C) = 220.15d-379.71, R2 = 0.859. ......................................... 109 

Figure 3.9 13C CPMAS SSNMR spectra acquired at 21.1 T of (a) p-DITFB, (b) 1, (c) 2, 

(d) 3, (e) 4, and (f) 5.  The insets show vertical expansions (4x).  The asterisks 

denote spinning sidebands. ..................................................................................... 111 

Figure 3.10 13C CPMAS SSNMR spectra acquired at 9.4 T of (a) p-DITFB, (b) 1, (c) 2, 

(d) 3, (e) 4, and (f) 5.  The insets show vertical expansions (4x, except for (f)).  

The asterisks denote spinning sidebands................................................................. 112 

Figure 3.11 Labelling scheme used for attributing the diso(13C) values of XB compounds 1 

to 5 and starting material p-DITFB, where A is either P or N and X is Cl or 
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Figure 3.12 Calculated 13C isotropic chemical shift of the carbon covalently bonded to 

iodine in a cluster model involving p-DITFB and chloride, using ZORA DFT 

implemented in ADF (GGA PBE and ZORA/TZP basis set).  Plot (a and c) 

corresponds to ŭiso(
13C) in function of decreasing halogen bond strength (from 

RXB = 0.79 to 0.98), where the value of ɗCðI···ClĖ is fixed to 180°. The shaded 

areas represent the range of observed RXB values for the halogen bonded 

compounds reported herein (RXB = 0.79 to 0.82).  In (a), scalar and spin-orbit 

relativistic effects are calculated using ZORA and in (c) no relativistic effects 

are included.  Plots (b and d) correspond to ŭiso(13C) as a function of increasing 

distance between the carbon and covalently bond iodine (dCðI), where the 

halogen bond strength is held constant to 0.81 and ɗCðI---Cl is linear. Scalar and 

spin-orbit relativistic effects are implemented using ZORA in (b) and not in 

(d).  Solid lines are of best linear fit, except in the case of (c) where a second-

order polynomial is used. The lines of best fit are as follows: (a) ŭiso(
13C)  = -

77.961RXB + 168.43, (b) ŭiso(13C)  = 60.75(dCðI) - 22.814, (c) ŭiso(13C)  = 

64.21RXB
2 ï 148.25RXB + 207.56 and the linear fit would be ŭiso(13C) = -

33.96RXB + 156.92, Pearson correlation coefficient R2 = 0.9902; (d) ŭiso(13C)  

= 76.75(dCðI) - 31.585. ........................................................................................... 116 

Figure 4.1 General halogen bonding motif (X = Cl or Br) for 1, 2, 3, 4, 8, and 9. .................. 130 

Figure 4.2 Local halogen bonding geometries for some of the compounds studied in this 

work, from XRD (left), and corresponding molecular structure schemes 

(right). Each atom is color coded: iodine is violet, chlorine is turquoise, 

bromine is orange, fluorine is green, carbon is black, and hydrogen is gray. 

Relative atom sizes are based on their relative van der Waalsô radii.  See angles 

and bond distances in Table 4.3.  6 has two crystallographically distinct 

chloride sites, where the symmetry about site A and B are almost perfectly 

octahedral and square planar, respectively. 7 exhibits dianionic species of the 

form [Br···IïC6H4ïI···Br] 2-.  Cations are not shown. ............................................. 134 

Figure 4.3 3 x 3 x 3 super cell of 7. The dianionic species [Br···IðC6H4ðI···Br] 2- is 

between rows of EtPh3P+ cations along the a axis in (a) and along the b axis in 

(b). Also in (b) the cations are associated two by two into an inversion-
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centered phenyl embrace motif. .............................................................................. 135 

Figure 4.4 XB compounds 8 (a) and 9 (b) form one dimensional chains in the crystal 

lattice.  The halogen bond acceptor (ClĖ or BrĖ) forms short contacts with two 

iodines from different DITFB molecules in a polymeric manner. .......................... 136 

Figure 4.5 (a) 2 x 2 x 2 super cell of 8 shown along the a axis where hydrogen atoms and 

n-Bu4P+ cations are not shown for clarity.  Along the b axis it is possible to 

see that the cations form rows between the aromatic o-DITFB molecules, in 

the empty space as seen in (b). ................................................................................ 137 

Figure 4.6 (a) 2 x 2 x 2 super cell of 9 shown along the a axis.  Hydrogen atoms are not 

shown for clarity.  Rows of the polymeric anionic zigzag chains can be 

observed along the a axis, and the n-Bu4P+ cations are between the rows 

formed by these chains. (b) View along the b axis. ................................................ 137 

Figure 4.7 (a) 3 x 3 x 3 super cell of compound 10 viewed along the c axis.  In (b), the 

disordered DCM molecules and all hydrogen atoms have been removed for 
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Figure 4.8 Double x cell of 6 shown along the b axis (C2/c space group).  Hydrogen 

atoms are omitted for clarity. .................................................................................. 139 

Figure 4.9 Selected regions of the experimental (solid line) and simulated (dashed line) 
13C CPMAS SSNMR spectra of (a, d) o-DITFB, (b, e) 9, (c, f) 8 recorded at 

21.1 T (left, (a)-(c)) and 9.4 T (middle, (d) ï (f)); (g) p-DIB, (h) 7, (i) p-DITFB 

(this spectrum was also shown in ref. 40), and (j) 6, recorded at 21.1 T (right).  

In the case of 8, intensities of the lines in the simulations were adjusted to 

match the experimental data.  This accounts in an ad hoc manner for partial 

overlap of unresolved resonances and possible small differences in site 

intensities due to differential cross-polarization efficiencies. ................................. 141 

Figure 4.10 81Br SSNMR spectra of stationary powdered halogen-bonded compounds 

acquired at 21.1 T.  Experimental spectra are shown in (a) 4, (c) 9, (e) 3, (g) 

7, (i) 5, and their respective simulated spectra are in (b), (d), (f), (h), and (j).  

Asterisks in (i) mark an impurity. ........................................................................... 143 

Figure 4.11 79Br static SSNMR spectra of powdered halogen bonding compounds 

acquired at Bo = 21.1 T using VOCS methodology and a solid-echo 

experiment. Experimental spectrum of (a) 4 and (c) 9, where (b) and (d) show 

their simulated spectra, respectively.  The red dash in (a) indicates the 

observed 13C peak in the 79Br spectrum.  The inset (f) shows the high-

frequency discontinuity of the 79Br spectrum of 4.  In (e) is the same region of 

the 79Br spectrum recorded with a single pulse experiment with proton 

decoupling, where the carbon peaks are resolved. .................................................. 144 

Figure 4.12 35Cl SSNMR spectra of static powdered halogen-bonded compounds acquired 

at 21.1 T. Experimental spectra are shown in (a) 6, (c) 10, (e) 2, (g) 8, (i) 1 

and their simulated spectra are in (b), (d), (f), (h), and (j), respectively. 

Residual Ph4PCl in (c) is marked by a red asterisk. There are two 

crystallographically distinct sites in compound 6 (a), and three 

crystallographically distinct sites in 8 (g); (simulations shown with dashed 

lines). ....................................................................................................................... 148 

Figure 4.13 37Cl static SSNMR spectra of powdered halogen bonding compounds acquired 

at B0 = 21.1 T using VOCS methodology and a solid-echo experiment. 
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Experimental spectra are shown in (a) 6, (c) 10, (e) 2, (g) 8 and their simulated 

spectra are in (b), (d), (f), and (h), respectively.  Residual Ph4PCl is marked 

by an asterisk in (a). ................................................................................................ 149 

Figure 4.14 35Cl static SSNMR spectra of powdered halogen bonding compounds acquired 

at B0 = 9.4 T using VOCS methodology and a WURST-QCPMG experiment. 

Experimental spectra: (a) 6, (c) 10, (e) 2, (g) 8, and (i) 1.  Simulations are 

shown in (b), (d), (f), (h), and (j), respectively. Residual Ph4PCl is marked 

with an asterisk in (c).  There are two crystallographically distinct sites in 

compound 6 and three distinct chlorine sites for compound 8. ............................... 152 

Figure 4.15 37Cl static SSNMR spectra of powdered halogen bonding compounds acquired 

at B0 = 9.4 T using VOCS methodology and a WURST-QCPMG experiment. 

Experimental spectra: (a) 6, (c) 10, (e) 2, (g) 8, and (i) 1.  Simulations are 

shown in (b), (d), (f), (h), and (j), respectively. Residual Ph4PCl is marked 

with an asterisk in (c).  There are two crystallographically distinct sites in 

compound 6 and three distinct chlorine sites for compound 8.  Clearly, 

experimental and simulated line shapes do not show all the same 

discontinuities due to the low sensitivity of 37Cl particularly at this magnetic 

field strength. .......................................................................................................... 153 

Figure 4.16 Left:  (a) Simplified molecular orbital diagram for a halogen bond between a 

C-I moiety and a chloride ion (after Pinter et al.51).  Right: NLMO 

contributions to the largest principal component of the 35Cl EFG tensor in a 

model halogen bonded system (F3CðI···ClĖ···IðCF3).  In (b) the lone pair 

orbital for chloride is represented for I···Cl-···I angles less than or equal to 

110° and the inset is the representation of the less important core orbital 

NLMO.  In (c) is the chlorine lone pair orbital for ɗI···Cl-···I Ó115° and in the 

inset the core orbital is presented.  The lone pair orbitals dominate the resulting 
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Figure 4.17 The 35Cl EFG tensor orientations in a model halogen bonded system (CF3ð

I···Cl-···IðCF3) at different angles: (a) 180° , (b) 115°  and (c) 110°  

respectively.  The chlorine, iodine, carbon, and fluorine atoms are represented 

in blue, purple, gray, and green respectively. ......................................................... 156 

Figure 4.18 (a) Plot of the calculated EFG tensor components (where V33 are the red 

triangles, V22 are the green squares and V11 are the blue diamonds, with V33 Ó 

V22 Ó V11) for 35Cl in a F3CðI···Cl-···IðCF3 model system where the I···Cl-

···I angle is varied.  In (b) the NLMO contributions to the largest principal 

component V33 are plotted as a function of ɗI···ClĖ···I where the solid black 

squares represent the contributions from the chlorine lone pair orbitals and the 

black line represents the contributions from the chlorine core orbitals.  

Overlaid on this plot are the values of the calculated contributions for the 

experimental halogen-bonded complexes (values from Table 4.7).  In red are 

data for the chloride compounds (squares: lone pair NLMOs; diamonds: core 

NLMOs), showing excellent agreement with the data for the model system.  

The corresponding data for the bromide compounds are shown as empty 

squares and diamonds; as expected, the values are larger than those for 

chloride due to differences in geometry, unit cell volume, and Sternheimer 

antishielding factor. ................................................................................................. 158 

Figure 4.19 (a) Plot of quadrupolar asymmetry parameter versus I···ClĖ···I angle.  The 

black diamonds represent the calculated values for 35Cl in a F3CðI···ClĖ···Ið
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CF3 model system.  The red triangles and blue circles represent the 

experimental values for 35Cl and 81Br, respectively. (b) Plot of experimentally 

determined values of the largest component of the EFG tensor for 35Cl (red 

triangles) and 81Br (blue circles) versus the value of the I···ClĖ···I angle for 

compounds where two iodines interact with one halide anion.  Solid lines 

show the best linear fit; V33(81Br) = 0.0073(ɗI···BrĖ···I) - 0.0084 and V33(35Cl) = 

0.0056(ɗI···ClĖ···I) - 0.3383. ........................................................................................ 161 

Figure 4.20 Plots of calculated versus experimental EFG tensors for bromine (a, b) and 

chlorine (c).  The principal components V33, V22, and V11 are represented by 

the red triangles, green squares, and blue diamonds, respectively.  Solid lines 

represent the best linear fit: (a) CQ(calc.) = 2.4446 CQ(exp.) + 13.423, R 2 = 

0.8933 (b) calc.(V11) = 1.4926exp.(V11) ï 0.1952, R 2 = 2.2722, calc.(V22) = 

2.413exp.(V22) ï 0.0548, R2 = 0.9765, calc.(V33) = 2.4446exp.(V33) ï 0.2185, 

R2 = 0.8955; (c) calc.(V11) = 2.1957exp.(V11) ï 0.0235, R2 = 0.8826, calc.(V22) 

= 2.7712exp.(V22) ï 0.041, R2 = 0.8826, calc.(V33) = 2.5907exp.(V33) ï 0.0148, 
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Figure 5.1 Local halogen bonding geometries for compounds (Ph3PSe)(p-DITFB) 11, 

(Ph3PSe)(o-DITFB) 12, and (Ph3PSe)(sym-C6F3I3) 13 studied in this work, 

from XRD.  See angles and bond lengths in Table 5.2.  Compounds 11 and 13 

have two crystallographically distinct selenium and phosphorus sites each.  

Each atom is colour-coded: selenium (red), phosphorus (orange), carbon 

(grey), iodine (purple), fluorine (green) and hydrogen (white)............................... 175 

Figure 5.2 Crystal packing of 12 in a 3 x 3 x 3 super cell viewed along the a axis (a) and 

b axis (b).  In (b) the extended network are observed.  The phenyl rings on P 

are omitted to more clearly show the network. ....................................................... 183 

Figure 5.3 Crystal packing of a 3 x 3 x 3 unit cell for 13 along the b axis.  There are two 

crystallographically unique selenium sites in 13. One is highlighted by the 

blue surface of a polyhedron which forms a one dimensional zigzag chain 

along the b axis.  The second site is within a discrete entity between the zigzag 

chains.  The phenyl rings on P are omitted for clarity. ........................................... 184 

Figure 5.4 Experimental PXRD patterns (red trace) for (a) (Ph3PSe)(p-DITFB), (b) 

(Ph3PSe)(o-DITFB), (c) (Ph3PSe)(sym-TITFB) along with simulations in 

black based on single crystal X-ray data.  All experiments were carried out 

using a Rigaku Ultima IV instrument with 2ɗ ranging between 5 and 50Á in 

increments of 0.02° at a rate of 0.6° per minute.  Simulations were generated 

using Mercury software available from the CCDC. ................................................ 185 

Figure 5.5 Experimental 13C CPMAS SSNMR spectra acquired at 9.4 T are presented for 

(a) (Ph3PSe)(p-DITFB) with a MAS rate of 8 kHz, (b) (Ph3PSe)(o-DITFB) 

with a MAS rate of 5 kHz, and (c) (Ph3PSe)(sym-TITFB) with a MAS rate of 

10 kHz.  Red asterisks indicate spinning sidebands and the inset shows a 

vertical expansion of the C-I region.  The peaks of interest, particularly in (b), 

were further identified by experiments at different MAS rates. ............................. 187 

Figure 5.6 Experimental 31P CPMAS SSNMR spectra (blue) acquired at 9.4 T for (b) 11 

(MAS 3 kHz), (d) 12 (MAS 2.1 kHz), and (f) 13 (MAS 3 kHz).  Their 
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Figure 5.7 Experimental 31P CPMAS SSNMR spectra acquired at 11.75 T with a 

spinning frequency of 10 kHz are presented for (b) 11, (d) 12, (f) 13.  Their 

respective simulated spectra are shown in blue ((a), (c) and (e)). ........................... 191 

Figure 5.8 Experimental 77Se CPMAS SSNMR spectra acquired at 9.4 T with MAS rates 

of 6.5 kHz (b) and 8 kHz (d) for compound 11.  Simulations are shown in 

black.  The centrebands for each of the two crystallographically distinct sites 

are highlighted in blue bars.  Each of these is split into a doublet due to J(77Se, 

31P) coupling. .......................................................................................................... 192 

Figure 5.9 Experimental 77Se CPMAS SSNMR spectra acquired at 9.4 T with MAS rates 

of 3 kHz (b) and 5 kHz (d) for compound 12.  Simulations are shown in black 

((a) and (c)).  The centrebands, highlighted in blue bars, are split into doublets 

due to J(77Se, 31P) coupling.  Small differences in the relative intensities of 

some of the peaks in the experimental and simulated spectra have been 

observed previously (see e.g,. Figures 6 and 9 of reference 45).  Additionally, 

dipolar coupling to 19F and 127I may serve to further broaden and alter spectral 

intensities in the present work.  From the crystal structure, the values of 

RDD(127I,77Se) for the two shortest contacts are 118 and 101 Hz; the largest 

value of RDD(77Se,19F) is 431 Hz. ............................................................................ 193 

Figure 5.10 Experimental 77Se CPMAS SSNMR spectra of (Ph3PSe)(o-DITFB) acquired 

at 11.75 T with a spinning frequency of 3 kHz (b) and at 21.1 T with a spinning 

frequency of 10 kHz (d).  Their respective simulated spectra are in black ((a) 

and (c)).  A long relaxation time constant (T1) hindered the acquisition of a 

spectrum with good signal-to-noise at 21.1 T in a reasonable time. ....................... 193 

Figure 5.11 Experimental 77Se CPMAS SSNMR spectra acquired at 9.4 T at a MAS rate 

of 5.5 kHz (b) and 8 kHz (d) for compound 13. Simulations are shown in black 

((a) and (c)).  The centrebands, highlighted in blue bars, are split into doublets 

due to J(77Se, 31P) coupling.  The relative intensities of sites 1 and 2 were 

adjusted to be ~1:1.2 for the best fit to experiment; attributable to differential 

cross-polarization efficiencies. ................................................................................ 194 

Figure 5.12 (a) Experimental diso(77Se) values as a function of the experimental P=Se bond 

lengths for the compounds in Table 5.2 (diso(77Se)exp. = 3924dP=Se - 8505 ppm, 

R2 = 0.8407).  In (b) and (c) are plots of calculated versus experimental 

chemical shift tensor parameters for selenium.  Solid lines represent the best 

linear fit: (b, TPSS) diso
calc. = 2.1919 diso

exp. + 586.08 ppm, (b, revPBE) diso
calc. 

= 2.3368 diso
exp. + 542.34 ppm and (c, TPSS) d11

calc. = 1.4071 d11
exp. + 460.28 

ppm, d22
calc. = 2.3579 d22

exp. + 555.75 ppm and d33
calc. = 0.8816 d33

exp. + 300.06 

ppm.  (d) Optimized dP=Se distances as function of RXB for a cluster model 

comprised of (CH3)3PSe···ICF3 (dP=Se
calc. = 1.485(RXB)2 - 2.701(RXB) + 3.360 

(R2 = 0.9699) or dP=Se
calc. = -0.0739RXB + 2.199, R2 = 0.8642). ................................ 196 

Figure 5.13 (a) Experimental 31P chemical shifts as a function of the selenium-phosphorus 

distances, dP=Se. (b) Selenium-phosphorus distances as a function of the 

cumulative halogen bond reduced distance parameter, RXB.  (c) ZORA 

calculated 77Se isotropic chemical shifts as a function of dP=Se.  For (c), 

computations (ZORA revPBE) were performed on a cluster model 

((CH3)3PSe···ICF3) where the I···Se distance was increased by increments of 

0.04 Å between 3.40 (RXB = 0.85) and 3.66 Å (RXB = 0.92) and kept fixed while 

the model was geometry optimized. ....................................................................... 200 
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Figure 5.14 (a) Calculated versus experimental J(77Se, 31P) coupling constants for the 

compounds in Table 5.4 (revPBE ZORA/TZP).  Two models were used: blue 

squares account for the model where the molecule of the halogen bonding 

acceptor and donor are included and the black circles omit all halogen bond 

acceptor(s) in the model.  The solid lines are linear fits: (a, blue squares) 

J(77Se,31P)calc. = 0.714 J(77Se,31P)exp. - 163 Hz, R2 = 0.9719, RMSD = 37 Hz, 

and (a, black circles) J(77Se,31P)calc. = 0.315 J(77Se,31P)exp. - 458 Hz, R2 = 

0.8761. (b) Plot of the sum of Lewis and non-Lewis largest NLMO 

contributions to J(77Se,31P) as a function RXB for the (CH3)3PSe···ICF3 cluster 

model (Top: blue diamonds represent the Se=P bonding orbital (K = -9.81 RXB 

ï 251.5) and black squares represent the selenium lone pair orbital (K = -144.9 

RXB ï 160.4). Bottom: red triangles represent the sum of the contributions from 

the selenium lone pair orbital, the phosphorus lone pair orbital, and the Se=P 

bonding orbital (K = -163.9 RXB ï 505.6) while the turquoise circles represent 

the total coupling including all other minor contributions (K = -169.6 RXB ï 

518.9)). (c) Experimental J(77Se, 31P) coupling constants for the compound in 

Table 4 as a function of RXB (J(77Se,31P)exp. = -752.6 RXB  - 58.77 Hz, R2 = 

0.9304). (d) Calculated J(77Se, 31P) coupling constants as a function of RXB for 

the model compound (CH3)3PSe···ICF3 (J(77Se,31P)calc. =2395.6 (RXB)2 - 

4411.5(RXB) + 1404.3 Hz, R2 = 0.9699 or J(77Se,31P)calc. = -174.15 RRB  - 468.48 
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1 

Thesis Scope and Objectives 

THESIS SCOPE AND OBJECTIVES 

 Halogen bonds are a class of non-covalent interactions which have sparked interest 

in the scientific community in the last two decades due to their applications in diverse areas 

of research.  Therefore, Chapter 1 is dedicated to the definitions of a chemical bond and 

non-covalent interactions followed by a brief perspective on the emergence of halogen 

bonds in the literature and the recently established definition of the halogen bond by the 

International Union of Pure and Applied Chemistry (IUPAC).  The nature of the halogen 

bond will be described in terms of the forces that influence the interaction.  Finally, Section 

1.3 discusses why halogen bonds are highly interesting to the scientific community. 

This thesis focuses on characterizing newly synthesized halogen bonded (XB) 

compounds with modern solid-state Nuclear Magnetic Resonance (SSNMR) techniques.  

NMR is a powerful tool permitting the complete molecular and electronic structure 

determination of materials at the atomic level in a non-destructive manner. NMR also has 

the advantage of observing dynamic processes within a material and distinguishes between 

different polymorphs structures for a given material.  SSNMR is an advantageous method 

to study solids, as it characterizes bulk material of powdered or amorphous states at the 

atomic level even when long-range crystalline order is absent, unlike diffraction techniques.  

The reasoning behind using SSNMR to characterize XB is described later in Section 2.4.   

Furthermore, the work focuses on the reasons why the NMR parameters will vary 

depending on the local halogen bonded environment.  The three key objectives are: (1) to 

acquire benchmark NMR parameters of new halogen bonded compounds and describe them 

in the context of the related NMR data, (2) gather theoretical results generated from 
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quantum calculations to compliment the experimental observed data, and (3) define clear 

trends between the observed NMR parameters and the halogen bonding interaction.   

Chapter 2 covers the theory of SSNMR, and the experimental methods used to 

analyze the novel halogen bonded compound.  Chapter 2 will also cover basic 

computational concepts such as density functional theory (DFT).  The various software 

packages that implement this level of theory will  also be presented along with an overview 

of their different advantages.  Finally, a brief section on the fundamentals of X-ray 

crystallography (XRD) and powder X-ray diffraction (PXRD) will be included.  X-ray 

crystallography will be the method used to characterize the local halogen bonded geometry 

of the various synthesized compounds.  This work is a symbiosis of experimental and 

theoretical approaches correlating NMR observables and halogen bonded structures in the 

solid state.      

In Chapter 3, halogen bonding compounds exhibiting the CðI···XĖ (where X = Br 

or Cl) halogen bonded motifs will be investigated using 13C SSNMR.  It will demonstrate 

how the 13C isotropic chemical shift of the carbon covalently bonded to iodine (CðI···XĖ) 

is correlated to the XB interaction.   

In Chapter 4, it will be shown that the quadrupolar NMR parameters are sensitive 

probes of halogen bonds in a series of compounds containing CðI···XĖ···IðC (where X 

= Br or Cl) halogen bonded motifs.  This Chapter will validate how the 79/81Br and 35/37Cl 

quadrupolar coupling constants and asymmetry parameters vary as a function of the 

IĿĿĿXĖĿĿĿI angle.  This experimentally observed correlation will be explained in terms of 

simple molecular orbitals, where a natural localized molecular orbital (NLMO) analysis 

conducted on a cluster model validates the established experimental trends. 
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In Chapter 5, measurements of J(31P,77Se) couplings in both 31P and 77Se CPMAS 

SSNMR spectra will be presented for the first time in compounds featuring -P=Se···I-C- 

halogen bonded motifs.  Also, it will prove how the J(31P,77Se) values are dependent on 

their halogen bonding environment.  An NLMO analysis will reveal the major contributing 

orbitals to J-coupling, as well as the relationship between the changes in the J-coupling 

constants and the halogen bonding interaction.  Thus, Chapter 5 will show how a different 

NMR observable has a dependence on the halogen bonding interaction through correlations 

between their local halogen bonded geometry and electronic structure. 

 In Chapter 6 is presented a study of the bidentate halogen bond acceptors 

thiocyanate (SCN-) and selenocyanate (SeCN-) moieties in the new halogen bonded 

compounds of the form (R4NSCN)x(p-C6F4I2)y and (R4NSeCN)x(o or p-C6F4I2)y.  XRD will 

be used to elucidate their crystal structures after which, correlations between the local 

halogen bonding environment of the compounds and the NMR chemical shift tensors of the 

probed nuclei (e.g. 13C, 77Se, and 14/15N) involved directly and indirectly in the halogen bond 

could be established.  The results are compared with simple thiocyanate and selenocyanate 

salts where distinct changes in the NMR parameters in the presence of halogen bonds are 

observed.  Those results are correlated in terms of the XB interaction and interpreted in the 

context of Ramseyôs theory.  Additionally, in order to corroborate experimental findings, 

DFT will be used to compute the shielding tensors of the synthesized compounds.   
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1 INTRODUCTION TO H ALOGEN BONDS 

1.1 CHEMICAL BONDS 

 The formation of a molecule results from various interactions between atoms under 

specific conditions.  Chemists have multiple models to describe bonding in molecules, one 

of them being orbitals, which is an approximation to a wavefunction of the electrons and 

nuclei describing a system.1  From the Born-Oppenheimer approximation (BOA), it is 

possible to separate the wavefunction into a product of electronic wavefunction and nuclear 

wavefunction. The BOA allows the sole consideration of the electronic wavefunction, and 

orbitals also describe an area of probability for finding electrons. The linear combination 

of atomic orbitals (LCAO) is a second useful approximation that describes the orbitals 

mentioned above as a combination to define a molecule.  Hence, orbitals are a visual model 

for the chemist generated by quantum mechanical calculations and are not physically 

observable.  Lewis, as early as 1916, 2 described chemical bonds by using the orbital model.  

For example, a chemical bond is often defined as the distribution and delocalization of 

electron density over an entire molecule and may be experimentally observed with 

diffraction methods (vide infra).  The orbital model will predict the presence of a chemical 

bond when the interacting atomic orbitals overlap, thus indicating shared electron density.  

Figure 1.1 shows an example of an orbital energy level diagram for dihydrogen.  The 

diagram shows the lower energy bonding orbital of H2 (ů1s), which is the addition of the 

constructive atomic s orbitals of two hydrogen atoms is possible because the  ů1s bond is 

more stable upon formation.  The antibonding orbital (ů1s
*) is the sum of opposite phases 

of the atomic hydrogen orbitals, resulting in destructive interference, a less stable bond upon 

formation. 
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Figure 1.1 Orbital energy diagram for H2 molecule.   

 

The various types of chemical interactions are classified depending on the atoms 

involved in bonding: (1) covalent bond, (2) ionic bond, (3) metallic bond, (4) non-covalent 

interactions.3    A covalent bond results from sharing valence electrons between two 

interacting atoms, and yields new chemical species with properties differing from the 

original atoms or molecules.  Ionic bonds result from the attraction between oppositely 

charged ions such as in sodium chloride.  Metallic bonds occur in metals, which lose 

electrons easily due to their low ionization energy.  Letôs consider the ñelectron seaò model,3 

the valence electrons come together from all the atoms in the lattice and then are delocalized 

over the entire metal.  The metal is held together by the positively charged metal atoms 

attracting the sea of electrons. Covalent, ionic and metallic bonds are usually considered 

short-range interactions with distances between the bonding atoms shorter than 2 Å, and 
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are classified as strong bonds and have a range of bond energies 60- 870 kJ·mol-1 (F2 and 

HCN, respectively), 756 kJ·mol-1 (NaCl), 60-180 kJ·mol-1 (Li 2 and Li-Metal, respectively), 

respectively for example. 6  Electrostatic ï or non-covalent ï interactions are driven by 

different types of intermolecular forces. Intermolecular forces were first observed by van 

der Waals, in 1873, and often lead to molecular clusters, which affects the physical 

properties of the observed system. 4  Non-covalent interactions are considered weak as they 

are one or two orders of magnitude smaller than covalent bonds.5  The stabilizing energy of 

a non-covalent interaction varies between 4 - 84 kJ·mol-1, and the interaction usually occurs 

at distances of several Angstroms.  Presented here is a review of the intermolecular forces.   

Coulombic Forces  

Coulombic forces (U(r)) arise from ions separated by a distance (r) and point charge 

(Q) which is defined in Equation 1.1: 

Ὗὶ
Ὡέ
ς

τ“‘έ

ὗ ὗ

ὶς
  [1.1] 

where eo is the elementary charge (1.602 Ö10-19 C), and ɛo is the permeability constant 

(8.854Ö10-12 C2J-1m-1).6  Coulombic forces are strong long-range interactions, they can arise 

from dipole-dipole interactions or dipole-ion interactions (vide infra).   

Dipolar Forces and Ion-Dipole Force 

Dipolar forces exist between all polar molecules.  By definition, polar molecules 

have permanent dipoles: the barycenter of the positive and negative regions of the molecule 

do not coincide.  The dipolar force is a result of the attraction between the dipoles of the 

neighboring molecules or atoms. Their energy is equal to the sum of their Coulombic 

contributions.3   
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An ion-dipole force occurs between mixtures of ionic compounds and polar 

compounds.  In the case of sodium chloride in water, for example, the cation interacts with 

the negative dipole of water.  These interactions depend on the orientation of the dipole 

with respect to the ion, and they play a vital role in solvation. 

Polarization Forces 

Polarization forces exist between induced charges among molecules or atoms. They 

induce a dipole moment (ɛind) that is proportional to the polarization field (Ep) and the 

coefficient of proportionality of polarizability (ap) as described in Equation 1.2.6   

‘ ‌ÐὉÐ  [1.2] 

Polarization forces are also known as Debye forces in the case of dipoles in thermal rotation 

neighboring a non-polar molecule. 

Dispersion Forces 

A dispersion interaction occurs from instantaneous and observable changes in the 

electron distribution within a molecule or atom.3  That phenomenon is also known as an 

instantaneous electric dipole that fluctuates rapidly; it will  temporarily induce a dipole to 

its neighbor, thus creating an instantaneous attraction of the dipole.  The dispersion energy 

(ED) takes the following form: 

Ὁ Ï

Ï
  [1.3] 

where hv is the energy, and dispersion is a short electrostatic interaction (r6)-1.  Dispersion 

is not a weak interaction, it is the most important contribution to attractive forces and is the 

third term in the van der Waals interaction, also known as the London dispersion force. 
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Charge Transfer 

A charge transfer type bond requires a good electron acceptor (i.e. high electron 

affinity) and an electron-donating system (i.e. low ionization energy).6  An example of a 

charge transfer complex is I2ÖÖÖC6H6. In that complex, there is a flow of electrons from the 

donor (p- system) to the acceptor (iodine).  The molecular interaction occurs when the pair 

permits a low energy barrier overlap between the lowest unoccupied orbital of the acceptor 

and the highest occupied molecular orbital of the donor permitting the flow of electrons.7  

Usually, the interaction is accompanied by a change in intramolecular and intermolecular 

distances, as well as a change in their relative orientation. 

 

1.2 H ALOGEN BONDING INTERACTION  

This dissertation is interested in a particular type of non-covalent interaction: the 

halogen bond. A brief overview of the background of this non-covalent interaction will be 

presented followed by a rigorous definition where the various intermolecular forces will 

prove useful to explain the nature of the halogen bond.  Finally, the importance of halogen 

bonds for the scientific community will be discussed.    

 

1.2.1 History of Halogen Bonds 

The recognition of a halogen bonding interaction is not new but remained until 

recently mostly undefined.  Guthrie, in 1863, reported the first dihalogen molecule forming 

a complex with a Lewis base, I2-NH3.
8  Benesi and Hildebrand, in 1948, published the first 

donor-acceptor molecule between I2 and benzene.9, 10  Mulliken, in 1950, observed similar 
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complexes among ethers and carbonyl derivatives, and explained the interaction in terms 

of charge transfer type bonds.11, 12  Bent, in 1968, published a review of the similarities of 

hydrogen and halogen bonding.13  Hassel (Nobel Prize in Chemistry 1969) demonstrated, 

in 1970, the importance of halogen atoms in molecular self-assembly phenomena.14  He 

also described the interactions as charge transfer bonds.  Dumas et al. was the first to name 

the charge transfer type bond as halogen bond for complexes containing pyridine, THF, or 

anisole and silamethane or tetrahalomethane.15   

Although halogen bonds have had a direct impact on all research fields where 

molecular recognition and self-assembly processes are important,16  up until the 1990s, very 

few studies had been conducted on the specific nature and underlying mechanism 

surrounding the halogen bond.  Since then, the scientific community has rallied around the 

question: how to define this forgotten non-covalent interaction?  

 

1.2.2 Halogen Bonding Definition 

A workshop funded by the International Union of Pure and Applied Chemistry 

(IUPAC) in 2012 on halogen bonds (XB)17 released a general definition of the halogen 

bond.  

ñA halogen bond occurs when there is evidence of a net attractive interaction 

between an electrophilic region associated with a halogen atom in a molecular 

entity and a nucleophilic region in another, or the same, molecular entity.18  A 

typical halogen bond is denoted by the three dots in RðX···YðZ.   RðX is the 

halogen bond donor, X is any halogen atom with an electrophilic (electron-poor) 
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region, and R is a group (see p. 1118 in ref. 17) covalently bound to X. In some 

cases, X may be covalently bound to more than one group (see p. 1118 in ref. 17). 

It may also form more than one halogen bond. Y is the halogen bond acceptor 

and is typically a molecular entity (see p. 1142 in ref. 17) possessing at least one 

nucleophilic (electron rich) region.ò 19 

  

1.2.2.1 Sigma-hole 

 Halogens are electronegative atoms and are usually viewed as negative in character 

when participating in a covalent bond.  Brink, Murray, and Politzer used molecular 

electrostatic potential surfaces to explain such an interaction between the halogen and a 

nucleophilic site.20  The electrostatic potential is a real physical property that may be 

obtained by diffraction methods (cf. Section 2.3) or theoretically with quantum calculations.  

It describes the complete charge distribution in a system and is described in Equation 1.6.21   

Firstly, letôs recall Coulombôs force (Equation 1.1), which is an interaction between 

two-point charges separated by a distance (r).  The integration of that force (U(r)) will 

provide its energy as shown in Equation 1.4:  

ЎὉ ᷿ Ὗ Ὠὶ᷿ Ὧ ὧέί—Ὠὶ  [1.4] 

where k is a constant and ɗ is the angle between r and U(r).  An electric field (Ů(r)) and an 

electrostatic potential (V(r)) are created by a point charge in its surrounding space, and those 

phenomena are mathematically described in Equation 1.5: 

‐ὶ Ὧ
ὗὥ

ὶς
 ÁÎÄ ὠὶ Ὧ

ὗὥ

ὶ
  [1.5] 
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Secondly, it is convenient to take into consideration that for molecules or 

complexes, the nuclei and electrons can be viewed as point charges.  A force (U(r)) is felt at 

a point charge (Q) when placed at a distance (r) from a second-point charge (Qa).  That 

force is equal to the product of the Ů(r) and the charge (U(r)= QŮ(r)), and its associated energy 

is proportional to the electric potential (ȹE(r)= QV(r)).   

Finally, the V(r) created at any point r  can be obtained by the sum over all nuclei and 

the integration of electron density (ɟ(r)).  The electrostatic potential is described in Equation 

1.6 for a nucleus A with charge Z located at ra: 

ὠ В !

ȿ ►ȿ
᷿

► ►

ȿ► ►ȿ!   [1.6] 

where rǋ designates the infinite number of points in space.  

 Calculated electrostatic potential is usually computed for the molecular surface of 

the molecule with a contour equal to an electronic density of 0.001 au.22  The V(r) surface 

of a covalently bonded halogen reveals anisotropy: a positive electrostatic potential region 

at the far end of the RðX bond, which is surrounded by negative electrostatic potential.23, 

24  The positive region is known as the ů-hole25, 26, 27, 28, 29, 30 and its magnitude depends on 

the nature of the halogen nucleus and the electron-withdrawing power of the R fragment.  

In general, the strength of the halogen bonding interaction increases with increasing 

polarization ability of the atom: F << Cl < Br <I.  In particular cases, fluorine has been 

observed to form a halogen bond: CNðF, F2, FOF, (NO2)3CðF.30, 31, 32, 33,34  This is 

possible because the ů-hole is less negative than the surrounding negative electrostatic 

potential surface, and the nucleophile has an electric field strong enough to induce a positive 
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region on fluorine.  Depicted in Figure 1.2 are the electrostatic potentials of the 

trifluoromethane halogens,35 where the ů-hole is present in red.  

 

Figure 1.2 The molecular electrostatic potential, in Hartrees at 0.001 au. isodensity surface of 

(a) CF4, (b) CF3Cl, (c) CF3Br, and (d) CF3I evidence the increasing presence of a s-hole, where 

the negative electron density is designated by the blue region and the positive region is shown in 

red.  (Figure adapted from Clark et al.24) 

  

 Halogen bonding interactions are highly directional due to the positive nature of the 

ů-hole.  The position of the ů-hole along the RðX bond explains the near linearity (close 

to 180°) of the interaction.23, 21  Another characteristic feature of a halogen bond is their 

ability to form short contacts with the nucleophilic site.  The conditions for a short contact 

is the distance between the halogen, and the nucleophile (dX···Y) must be less than the sum 

of the van der Waals radii36,37 of the respective atoms (d×vdW).19  The normalized distance 

parameter (RXB = dX···Y / d×vdW) is the ratio of those distances and is one measure of the 

extent of the halogen bonding interaction (i.e. if RXB < 1, then XB interaction is present).   
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Figure 1.3 Scheme describing the key features of a halogen bonding interaction.   

 

1.2.2.2 Nature of Halogen Bonding Interaction  

The exact nature of the halogen bond is still disputed, the bonding contributions of 

this non-covalent interaction often depend upon the individual interacting species and the 

various intermolecular forces are: (1) electrostatic effects, (2) charge transfer, (3) 

polarization and (4) dispersion.  

 Bent, Hassel, and Mulliken first described halogen bonding as a charge transfer 

type bond.11, 13, 14  It is still sometimes described as having a significant donor/acceptor 

component.  In some cases, charge transfer occurs from the negative site Y to a ů*-

antibonding orbital of the halogen bond donor, RðX.38  The charge transfer phenomenon 

is shown in Figure 1.4 for the symmetric trihalide Cl3
-, which is an extreme case of halogen 

bonding.38  
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Figure 1.4 Orbital energy level diagram of ClðCl···Cl-, representing the electron donation 

from the p lone pair orbital of ClĖ to the ů* antibonding orbital of Cl-Cl. 

  

 The nature of a halogen bond is also described as electrostatically-driven. 39  

However, there are other effects that may govern the interaction such as polarization and 

dispersion.  Polarization describes the electronic density of the ů-hole for halogen bonded 

complexes.  The electric fields of the nucleophilic site and the positive ů-hole induce 

electronic density redistribution around the halogen and the nucleophilic site (redistribution 

in the direction following Y to X : Ὑɂ8ϽϽϽ9ɂ:).40, 41   Dispersion effects involving 

nuclear-electronic interactions can also play a role in this non-covalent interaction when the 

ů-hole is weakly positive.42, 43, 44 

Computational studies can be misleading because the level of theory and basis sets 

used (Section 2.2) may render the polarization and charge transfer effects indistinguishable.  

Wang et al. stress that the two effects, aforementioned, are experimentally distinguishable.  

Hence, they are distinctive physical phenomena.45  Charge transfers are due to excitation of 
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the electrons between the halogen bond donor and acceptor, while polarization effects are 

due to the delocalization of the electrons inside the halogen bonded components.   

 

1.2.2.3 Similarities to Hydrogen Bonding 

Halogen bonds are in many ways analogous to hydrogen bonds (HB).46  Halogen 

and hydrogen bonding can be treated as an attractive interactions between an electrophile 

(the hydrogen or halogen) and a nucleophilic site. 47   Both interactions donate electron 

density from the nucleophilic to electrophilic part of the molecule.  Hydrogen bonding is 

the most well-known electron acceptor and non-covalent interaction.48   Notably, the 

directionalities of the two types of bonding interactions tend to differ.49  Politzer and his 

group also determined the presence of a ů-hole along the hydrogen bond.50,51  The positive 

region of the electrostatic potential surface of a hydrogen bond tends to be more spherical, 

hence present in the entirety of the surface, like a Lewis acid.52  Consequently, the spherical 

distribution of the V(r) creates less directional interactions than the analogous XB.51 

 Hydrogen bonds cover a wide range of bond energy.  The range includes weak 

interactions with energies as low as 2 kJ·mol-1 (e.g. CH4···OH2)
53 to stronger interactions 

with interaction energies as high as 167 kJ·mol-1 (e.g. FðH···F-).54  Hence, the energy 

associated with halogen bonds (8-40 kJ mol-1)29, 33 is intermediate between weak and strong 

hydrogen bonds.55  For example, hydrogen bonds will be stronger than halogen bonds when 

fluorine or chlorine donors are involved, and they will have the same order of magnitude 

for the bromine or iodine.  In the latter case, when the halogen bond donor is iodine (I2···I
-

, 200 kJ mol-1) or astatine (At), the interaction will be stronger than HB.56   
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Furthermore, these interactions (halogen and hydrogen bonds) will compete when 

placed in the same media.41  Di Paolo and Sandfordy observed the phenomenon 

experimentally: different IR bands appeared for compounds crystallized in the presence of 

reagents capable of halogen bonding. 57  Their study stated that compounds that co-

crystallize with either hydrogen or halogen bonds will preferentially do so via the halogen 

moiety.58  However, Aakeröy and Spartz, emphasized the similarities between the strength 

of the hydrogen and halogen bond donors.  In their study, the competing interactions lead 

to complicated structural analysis in order to determine the dominant one.59  For example, 

in the case of the co-crystal 4,4́-bipyridyl-N,N´-dioxide para-diiodotetrafluorobenzene (p- 

DITFB), both HB and XB interactions compete for one acceptor molecule, and the N-oxide 

(i.e. acceptor site) simultaneously engages in both non-covalent interactions through a 

bifurcated bond.60  Structures of starting material of cocrystal are shown in Figure 1.5.  A 

study by Jones et al. of the XB complex, methyldiphenylphosphine oxide p-DITFB (see 

Figure 1.5), demonstrated that changes in the reaction conditions will affect the dominant 

non-covalent interaction, XB or HB, as is the case when the stoichiometric amounts of 

initial components are varied.61  

 

Figure 1.5 Scheme of starting materials in the co-crystal 4,4́ -bipyridyl-N,N´-dioxide para-

diiodotetrafluorobenzene and methyldiphenylphosphine oxide p-DITFB. 

 



Jasmine Viger-Gravel 

17 

Chapter 1: Introduction to Halogen Bonds 

1.2.2.4 Other Non-Covalent Interactions 

Other well-known non-covalent interactions such as cation··· ,́62 anion··· ,́63 -́  ́

stacking, 64 CH···ˊ65 are commonly studied in supramolecular chemistry (Section 1.3.3) 

and have energies varying between 2-120 kJ mol-1.  Moreover, Politzer and his group 

demonstrated that the ů-hole is a phenomenon not only limited in explaining the hydrogen 

or halogen bond but also to bonding in general for other atoms in Groups from the periodic 

table.41  The electrostatic potential of other Groups also indicated a positive region of V(r) 

surrounded by a negative region of V(r).  They coined this phenomenon ů-hole bonding, 

which refers to the positive region of electrostatic potential participating in the non-covalent 

interaction.  However, the Politzer group emphasizes that the observation of such a bond is 

not new: they have been observed, fifty years ago, between covalently bonded atoms from 

periodic Groups 14-16 and Lewis bases.66, 67  Later, Metrangolo et al. published an article 

to establish a convention for naming the various non-covalent interactions.  The proposed 

terminology takes into account ů-hole bonding and identifies it according to the periodic 

Group containing the atom representing the electrophilic site of the complex.68   

The chalcogen bonds designate an interaction between elements of Group 16 as an 

electrophile.69  An example of this type of bond is observed between sulfur and chloride in 

a derivative of thiamine, which is a vitamin of the B complex.70   

Analogous to chalcogen bonds, Group 14 and 15 elements demonstrate the capability 

to interact with a nucleophil ic site.  The interactions were named tetral bonds (Group 14)71 

72 and pnicogen bonds (Group 15).73,74,75  Politzer et al. revealed that the less polarizable 

and the most electronegative atoms of Group 14-16 (C, N, O and F) will not have a positive 

electrostatic region.41  Still, as mentioned, fluorine can form a halogen bond when the 
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conditions are favorable (recall Section 1.2.2.1, this is applicable for a ů-hole in tetral bond).  

Some calculations have demonstrated the possible presence of tetral bonds in compounds 

where carbon is the electrophile. 76,77,78  Also, the molecular electrostatic potential surface 

shows evidence of strong tetral bonds between the silicon atoms for a cluster of three F3Sið

OðSiF3 (108 and 155 kJ mol-1).79 

 

1.3 APPLICATIONS OF H ALOGEN BONDING INTERACTIONS  

1.3.3 Crystal Engineering Applications 

The goal of supramolecular chemistry is to establish strategies that permit the design 

of a specific system.  These strategies are based on informed choices, where, as an example, 

the properties of the starting material components are known.  Crystal engineering is a 

branch of supramolecular chemistry that uses intermolecular forces to assemble molecular 

components.80  Useful concepts used in crystal engineering are self-assembly and synthon.  

Self-assembly is a spontaneous process, under thermodynamic control, of small chemical 

entities to form a large system.81  A supramolecular synthon is a structural unit that is part 

of the supermolecule, which can be assembled with intermolecular interactions by a 

conceivable synthetic pathway.82   

Only in the last decade or so have halogen bonds taken a more prominent role in 

crystal engineering, partly because they are more directional than the analogous hydrogen 

bonds and have the property of being tunable.  Tunability is a term often used to describe 

the variation in the strength of the interaction depending on the halogen bond acceptor or 

donor involved in a system.  The adjustment of the strength of the interaction also affects 

the properties of the halogen bonded complex.  Furthermore, halogen bonds have the 
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capacity to align their components with specific orientations, which are appealing in the 

architecture of supramolecular,83  or functional materials, such as anion-organic 

frameworks84,85 and crystalline assemblies86,87 with applications in liquid crystals,88 and 

conducting materials or magnetic molecular materials.89, 90  

Imakubo and Kato, in 1995, introduced the first conducting material engineered 

with halogen bonds.  It consisted of an organization of a radical cation between a halogen 

bond donor, the cationic iodotetrathifulvalence (EDT-TFF-1), and halogen bond acceptor 

composed of bromide- or iodide- Ag(CN)2Ė salts.91   Yamamoto et al. reported a 

supramolecular conducting nanowire composed of an insulating sheet self-assembled by 

halogen bonds between tetraiodoethene and counter anions (BrĖ, IĖ) around the conducting 

material (EDT-TFF).92   

Metrangolo et al. developed basic approaches to synthese one and two dimensional 

(1D, or 2D, respectively) architectures using halogen bonding interactions.  A 1D network 

involves ditopic halogen-bond donors and acceptors.93  Usually, the ditopic halogen bond 

donor is DITFB.  The halogen-bond acceptor will either have two electron lone pairs or will 

have two different acceptor sites.  The literature abounds with examples of such assemblies 

where infinite 1D zigzag chains are formed with such building blocks.  Examples exist 

where the non-covalent interaction propagates through the XB motif in the following crystal 

structures: the I···Nðaryl motif is found in 2,3,5,6-tetramethyl-1,4-benzodicarbonitrile p-

DITFB,94 the I···NſC motif is formed in 1,4-bis(3-quinolyl)-1,3-butadiyne p-DITFB,95, 96 

the I···N-aryl motif is present in 4,4´-bipyridine 1,3- or o- DITFB97 and in the analogous 

4,4́ -bipyridine 1,3- or 1,2- dibromotetrafluorobenzene (see structures of molecules in 
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Figure 1.6).98  In this dissertation, most XB networks form 1D architectures using this 

approach.   

 

Figure 1.6 Scheme of starting material compounds in co-crystals forming 1D XB networks: 

2,3,5,6-tetramethyl-1,4-benzodicarbonitrile p-DITFB, 1,4-bis(3-quinolyl)-1,3-butadiyne p-

DITFB, 4,4́ -bipyridine 1,3- or o- DITFB, and 4,4́ -bipyridine 1,3- or 1,2- 

dibromotetrafluorobenzene. 

 

Similarly, a halogen bond acceptor acting as tridentate components generate two-

dimensional networks.  A tridentate component will  orient the non-covalent interaction in 

a roughly orthogonal direction.  Self-assembly of onium halides with dihalocarbons forms 

honeycomb-type structures with I···IðC type XB motifs. An example is depicted in Figure 

1.7.  
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Figure 1.7 Two-dimensional halogen bonded honeycomb network for co-crystals of 

tetraethyl(phosphonium0.5:ammonium0.5) iodide and sym- C6F3I3. 99   Figure generated with 

Diamond 4.0 software and the crystal structure code in CCDC is 665601.  

  

 Akin, three-dimensional (3D) architectures can be formed by using tetradentate 

modules.  Such networks are present in the halogen bond complex tetraphenylphosphonium 

iodide diiodoacetylene or tetrakis(4-pyridyl)pentaerythritol 1,6-diiodoperfluorohexane 

(See Figure 1.8).100, 101  Aakeröy and coworkers successfully employed the linear property 

of XB interactions combined with the knowledge of 2D crystal engineering to predict the 

formation of a dimeric halogen-bonded discrete capsule where I···N motifs are present 

between calixarenes.102  Tothadi and Desariju synthesized 3D halogen bonded complexes 

by incorporating both hydrogen and halogen bonds.  Their crystal engineering strategy is 

based on the size and shape of the starting molecules, as well as established synthons such 

as acid···amide and I···ON2 interactions.103 
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Figure 1.8 Scheme of starting material compounds in co-crystals forming 3D XB networks: 

tetraphenylphosphonium iodide diiodoacetylene or tetrakis(4-pyridyl)pentaerythritol 1,6-

diiodoperfluorohexane. 

 

1.3.4 Biological Applications 

The importance of halogen bonds has been shown in the formation of complexes 

with halogen-substituted ligands and their biological substrates.104  Most biological systems 

are not naturally halogenated.  Halogens are being incorporated into proteins, nucleic acids, 

binding ligands or recognition systems to solve their crystal structures using XRD (Section 

2.3). 105, 106   The proper understanding of halogen bonding will help establish their 

significance in biological systems, where they have been observed in molecular recognition 

and folding processes, as well as in ligand binding.107, 108, 109  

A survey realized in 2004 in the search engine of the Protein Data Bank (PDB) first 

identified the halogen bonds in biomolecular systems.109 The halogen bond was found to 

be widespread throughout the database and prompted the usual interaction between a 

halogen bond acceptor (O, N, S) and donor (halogen) forming short contacts (RXB < dVdW) 

with a near linear angle between the acceptor and donor.110  More recent surveys of the 

PDB now list 600 biomolecular halogen bonds,111,112, 113  demonstrating how they are 

essential to structures of biomacromolecules such as and proteins or nucleic acids.  It should 
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be noted that the geometry of halogen bonds is the property used to identify the 

intermolecular interaction in biological systems.  To avoid misinterpreting a short contact 

arising from close packing from a true halogen bond, the distance criteria is key.  Hence, 

the presence of a halogen bond in a biomolecule is accepted when RXB Ò 0.96, 0.97, 0.98 

for Cl, Br and I, respectively.   

The thyroid hormones are examples of naturally iodinated molecules.  Molecular 

recognition enables the halogen bond donor thyroxine to interact with the thyroid hormone 

receptors (T3 or T4) to regulate the metabolism.  Also, thyroxine recognizes its extracellular 

transport protein transthyretin.114,115,116  This is shown in Figure 1.9. 

 

Figure 1.9 Interaction of thyroid hormone receptor TRɓ: (a) with 3,5,3́ -triiodo-L-thyronine 

(T3) (PDB code 1XZX).  (Figure inspired from P.S. Ho110).  

  

 The crystal structure of the enzyme aldose reductase with a halogenated inhibitor 

revealed short Br···O halogen bonding interactions forcing the deoxyribonucleic acid 

(DNA) into four-stranded Holliday junction. These interactions account for the fold 
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selectivity against binding of the inhibitor and is also an example of the effect of halogen 

bonds on molecular conformation.109 

 Also, because they have potential in pharmacology, an interesting class of halogen 

bond donors are inhibitors of proteins.  The protein kinases are an example where halogen 

bonds have been observed to act as inhibitors.119  Protein kinase is a primary target for 

treatment of chronic inflammatory diseases, neurodegenerative disorders, cancers117 and 

others.   

Furthermore, 20 % of pharmacological compounds presently used or found in clinical 

trials are halogenated molecules.110  Hence, XB have been heralded for their potential in 

drug design to generate inhibitors against critical targets.118, 119, 120  In a tutorial review by 

Parisini et al., small halogenated molecules were analyzed for their affinity to their 

biological counterpart.  They studied essential drugs such as inhibitors of HIV-1 reverse 

transcriptase and systematically determined patterns of substituents which could potentially 

direct halogen bonds and increase binding affinity.121  Further, applications for halogen 

bonds to transport anions across lipid bilayer membranes has proven successful as they are 

more lipophilic than the analogous hydrogen bonds already used in the field.122  The interest 

of anion transport is also driven by the possible medicinal use in treating cystic fibrosis.123   

 

1.4 BENCHMAR K DATA FOR H ALOGEN BOND S 

Over the past decade, halogen bonds have been extensively characterized by X-ray 

diffraction (XRD) in the solid state90, 124 or with computational predictions.125  Multiple 

groups have investigated how to perform quantum calculations to best reproduce this 
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particular type of electrostatic interaction, halogen bonds.  The Hobza group has been 

involved in reproducing accurate energy and geometry calculations and in the determination 

of the nature of halogen bonds by developing semi-empirical quantum mechanical methods 

to describe XB.126,127,128  Another invested theoretical group involved in the theoretical 

characterization of halogen bonds are Karpfe.129 

   Simultaneously, Legon and coworkers have made significant contributions to 

understanding halogen bonds in the gas phase.130,131  They have examined experimentally 

how the structures of halogen-bonded complexes depend on the nature of the halogen and 

the Lewis base with the use of rotational spectroscopy.  Among the parameters that can be 

extracted from such experiments are the halogen nuclear quadrupolar coupling constants, 

CQ, which give quantitative information about the electric field redistribution associated 

with the halogen bonding process.132,133 

Also, XB has sparked interest in the development of anion binding134, 135, 136, 137,  138 

and catalysis.139  The Taylor group has made progress to report thermodynamic data for 

these non-covalent interactions in the design of multidentate receptor design in the solution 

phase.140,141,142,143  The Erdelyi group has also committed to the characterization of halogen 

bonds in the solution phase with NMR.144,145,146,147  In addition, infrared and Raman 

spectroscopy have proven to be successful methods for characterizing XB in cryogenic 

solutions as the halogen stretching frequency is Raman active for the starting material and 

halogen bonded system.148, 149   

Using the search engine Web of Science, there are now 1071 publications in the 

literature for the keywords halogen bond as a topic search (from 2001 to May 6th, 2015).  

This represents an increase of 267 % compared to the years 1900 to 2000 (yielded 401 
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results), thus demonstrating the growing interest of the scientific community towards this 

particular non-covalent bond.  Here, the main focus was describing the nature of the 

interaction and its main applications.  There are many more interesting reviews on the 

subject of halogen bonds that may be consulted for more in-depth information on the 

subject.150,151   

The work in this dissertation focuses on the characterization of halogen bonds with 

NMR in the solid state.  As will be discussed in more detail in the following Chapters, the 

analogous hydrogen bond has been successfully characterized with SSNMR methods.152  

Hence, it will be shown that the same method can be employed for halogen bonds, such is 

the objective of the present thesis. 
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2 SOLID -STATE NUCLEAR MAGNETIC RESONANCE , QUANTUM 

CALCULATIONS  AND X-RAY CRYSTALLOGRAPHY: THEORY AND 

METHOD S 

2.1 INTRODUCTION TO PRINCIP LES OF SSNMR 

Particles are composed of atoms, which are, themselves, composed of electrons and 

nuclei.  The scientific field of nuclear magnetic resonance (NMR) spectroscopy focuses on 

the physical properties of atomic nuclei, in particular, nuclear magnetism.   

When a magnetic nucleus is in the presence of a magnetic field (Bo) it is associated 

with a magnetic moment (µ) and its energy (Emag) will be given by the dot product of the 

vectors: 

ὉάὥὫ ⱧϽ║▫  [2.1] 

In 1922 Otto Stern (Nobel Prize in Physics, 1943) and Walter Gerlach conducted an 

experiment that demonstrated that all nuclei possess an intrinsic physical property known 

as spin.1  In 1928, Wolfgang Pauli (Nobel Prize in Physics, 1945) experimentally observed 

and explained the presence of (electron) spin in a magnetic field.2  It was Paul Dirac (Nobel 

Prize in Physics, 1933) who fully formulated the relativistic quantum theory where spin and 

positron emerged naturally.3,4   

The next theoretical sections will demonstrate how nuclear spins contribute 

significantly to the mathematical manipulations used to derive the NMR principles.  

 

2.1.1 The Zeeman Interaction 

Spin possesses an intrinsic angular momentum.  Quantum mechanics is necessary 

for the correct description of spin angular momentum.  Spin angular momentum is 
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quantized and is represented by the spin quantum number I (I = 0, 1/2, 1, 3/2, é) and the 

spin magnetic quantum number ml (ml = I, I-1, é, -I).  Nuclei that possess I greater than 

zero are said to be NMR active.  Spin angular momentum is different from classical angular 

momentum, which is visualized as a rotating object along an axis with a directional vector.  

Since it is difficult to visualize a phenomenon such as spin, it is sometimes represented 

similarly to the way a top revolves about an axis (hereafter known as precession and 

depicted in Figure 2.1).  The magnitude of the spin angular momentum (S) is given by: 

Ὓ üὍὍ ρ  [2.2] 

where ǩ is Planck's constant/2p (1.0546 · 10-34 J s).  Any nuclei with a spin quantum number 

generates a magnetic moment proportional to the spin angular momentum as shown in 

Equation 2.3:  

Ⱨ ‎╢   [2.3] 

where ɔ is the gyromagnetic ratio (an isotope property), and the ̂  symbol indicates a 

quantum mechanical operator.5   

 

Figure 2.1 Nuclear precession for a nucleus with a positive and negative gyromagnetic ratio. 

(Figure inspired from Levitt5). 
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When a nucleus is placed in an external magnetic field (Bo) the energy levels are no 

longer degenerate; they are divided into eigenstates (2I+1). This interaction is known as the 

Zeeman effect.6,7  The energy of each state is given by Equation 2.4 and the difference 

between energy states (DE) is shown in Equation 2.5.  

Ὁ άü‎ὄ  [2.4] 

ЎὉ ü‎ὄ  [2.5] 

Figure 2.2 shows the energy level diagrams for a spin 1/2 nucleus and a spin 3/2 

nucleus with a positive ɔ.  

 

Figure 2.2 Zeeman energy states for a nuclei with (a) I = 1/2 and (b) 3/2 with a ɔ > 0. 

 

One can determine the energy for a macroscopic sample consisting of a population 

of nuclear spins, but not for a single nucleus.  The eigenstates in a magnetic field are 

associated with different energies and will follow the Boltzmann distribution.  The 

Boltzmann distribution predicts that the nuclear spin population (N) of a state (Ŭ or ɓ) lower 
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in energy is more populated and decreases exponentially for higher energy levels, at 

constant temperature (T).  Equation 2.6 describes the difference in nuclear spin population 

expected with the Boltzmann distribution.  

ɻ

ɼ
Ὡ

Ў

" Ὡ
ü

"   [2.6] 

where kB is the Boltzmann constant (1.381 Ö10-23 J K-1).8 

To increase the difference in spin population (NŬ/Nɓ), one can increase the magnetic 

field, which will increase the energy gap between the eigenstates, or one can lower the 

temperature and use nuclei with larger ɔ ratio values. 

 

2.1.2 NMR Signal Detection 

To manipulate the spin populations from one energy state to the other when they are 

placed in a magnetic field, electromagnetic radiation equal to the energy gap (the 

radiofrequency (RF) radiation in the electromagnetic spectrum) is used.  In this section, the 

response of nuclear spins to an applied RF field is explained before reviewing the 

fundamental NMR interactions.  

Once the sample of interest is placed in a magnetic field, the sum of the µ of each 

particle will yield a net bulk magnetization vector known as the nuclear spin magnetic 

moment M.  M will  align along the z-axis as shown in Figure 2.3(a).  When an RF field is 

applied via the coil situated in the x-y plane, the magnetization vector will be ñtippedò away 

from the z-axis and will rotate like a sweeping a cone with a constant angle along ɓ, see 

Figure 2.3(b).  This motion of the nuclear spin angular momentum is referred to as spin 
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precession.9,5  The frequency of such a precession is known as the Larmor frequency and is 

equal to: 

ὺὒ
‎ὄέ

ς“
 ÏÒ ‫ὒ ‎ὄέ  [2.7]  

The Larmor frequency is dependent on Bo and ɔ of the nucleus observed and can be 

expressed in Hz (ɜL) or rad·s-1 (wL).  This permits the detection of a signal for the x- and y-

component of the magnetization vector of M, which exhibits precession along the z-axis 

oscillating at a frequency wxt as described by the Equations in 2.8 (Figure 2.3(c)).9  

╜Ø -ίὭὲ‍ὧέί‫ØÔ ÁÎÄ -Ù ╜ίὭὲ‍ίὭὲ‫ØÔ  [2.8] 

 

Figure 2.3 (a) Scheme of the bulk magnetization of individual magnetic moments, (b) the 

vector model of Larmor precession, and (c) the x-component of magnitude M through the tilting 

of the angle b as detected by NMR. (Figure inspired from Keeler.9) 

When an RF pulse is applied to the coil along the x-axis, it generates a magnetic 

field (B1) about that axis, which oscillates into two counter-rotating components (B1
°).  

Figure 2.4 shows the B1
- component rotating in the clockwise (negative sense) oscillating 

frequency of -w1t.  In a rotating frame where the oscillating frequency is equal to -w1t, the 

field will appear static.  Moving the rotating frame removes its time dependency to the 

field.9 
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Figure 2.4 The B1
-
 field is in a fixed axis system in the laboratory frame, whereas the axis 

system is mobile in the rotating frame. 

 In the rotating frame at an angular frequency of wrot. fram., the magnetization appears 

to precess at the difference between wL and the rotating frame frequency and is called the 

offset, Woff (Woff =wL - wrot. frame and ȹB = -Woff/ɔ).  The applied magnetic field in the rotating 

frame of reference is affected by the magnetic field of the applied RF pulse (B1) and the 

reduced field caused by the offset.  The resulting effective field is shown in Figure 2.5 and 

described in Equation 2.9.  Hence, in the rotating frame of reference, the reduced field along 

the z-axis can be much smaller than the applied magnetic field and can influence B1. 

ὄὩὪὪ ὄρ
ς wέ  wὶέὸȢὪὶὥάȢ

‎

ς

  [2.9] 

 

Figure 2.5 Effective field in the rotating frame of reference. (Figure inspired from Keeler.9) 

 A more detailed description of the specific NMR experiments for solids relevant to 

this work will be explained in detail in the later section 2.1.4 Solid-State NMR Methods. 

 



Jasmine Viger-Gravel 

40 

Chapter 2: SSNMR, Quantum Calculations, and X-ray Crystallography: Theory and Method  

2.1.3 Fundamental Nuclear Magnetic Interactions 

Explanation of the concepts and conventions used when discussing SSNMR 

spectroscopy of 13C, 14/15N, 77Se, 35/37Cl, and 79/81Br nuclei (directly involved in the halogen 

bonding interaction) follows.  The Hamiltonian operator (Ὄ) for a given nucleus in an 

external magnetic field is: 

Ὄ Ὄ Ὄ Ὄ Ὄ Ὄ  [2.10] 

where Ὄ: represents the Zeeman Hamiltonian, Ὄ1 is the Hamiltonian for the quadrupolar 

interaction, Ὄʎ is the magnetic shielding Hamiltonian,  Ὄ  is the direct dipolar coupling 

Hamiltonian, and Ὄ* is the indirect nuclear spin-spin coupling Hamiltonian.  The four 

interactions (quadrupolar, magnetic shielding, direct dipolar coupling, and indirect nuclear 

spin-spin coupling) are treated as perturbations to the Zeeman interaction.  As the Zeeman 

interaction has already been addressed (vide supra), the Hamiltonian operator (Ὄὤ) 

describing this interaction can be written as: 

Ὄὤ ‎ὄέὍὤ  [2.11] 

where Ὅ Ὅὢȟ Ὅὣȟ Ὅὤ is a nuclear spin operator, hence Ὅὤ is the nuclear spin operator along 

the z- axis . 

In the following sections, the nuclear magnetic interactions relevant to this work will be 

addressed in detail. 
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2.1.3.1 Magnetic Shielding and Chemical Shift Anisotropy 

Before discussing chemical shift (possibly one of the most significant NMR 

parameters), the concept of magnetic shielding (MS) interaction must be considered.  A 

new magnetic field is created by the interaction of the applied external magnetic field with 

the electrons in a molecule so that the total field at the nucleus is given by Equation 2.12 

and the interaction is known as magnetic shielding.10 

ὄ ρ „ὄ  [2.12] 

The Hamiltonian in Equation 2.13 describes the effect of MS interaction in an NMR 

spectrum.  MS is generally represented as a second rank tensor (Ɑ).  Diagonalization of Ɑ 

yields the orientation of its principal axis system (PAS) relative to the external axis system.  

In the PAS, the three principal components of the symmetric Ɑ tensor are by convention 

ordered as ů11 Ò ů22 Ò ů33.
11  

Ὄ„ ‎ὄέⱭὍ  [2.13] 

„ „ „
„ „ „
„ „ „

„ π π
π „ π
π π „

 [2.14] 

A simple formula relates a given shielding tensor component to the chemical shift (CS) 

tensor component when a suitable shielding reference exists.  The CS is reported in units of 

parts per million (ppm) of Bo: 

‏
 
Ͻρπȟ‏ ‏ ‏   [2.15] 

The isotropic shielding (ůiso) or chemical shift (ŭiso) is the average of the three principal 

components of the Ɑ and CS tensors, respectively, and is shown in Equation 2.16.  The 
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Maryland convention12  is used in this work to report the CS and MS tensor 

parameters.13,14,15  The span (ɋ) designates the breadth of the powder pattern and is shown 

in Equation 2.17.  The skew (ə) represents its asymmetry and ranges between °1, as 

expressed in Equation 2.18.  

‏   [2.16] 

  „ „ ‏ ‏   [2.17] 

‖   [2.18] 

In a crystalline powdered solid sample, the resulting NMR spectrum is a statistical 

distribution of all the crystallites in different orientations with respect to the magnetic field, 

yielding a broad resonance.  These broad resonances are known as powder patterns and are 

characterized by orientation-dependent inhomogeneous broadening (anisotropy).  Shown 

in Figure 2.6 are spectra simulated using chemical shift anisotropy (CSA). 
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Figure 2.6 Simulated (WSolids program) static spectra for spin I = 1/2 nuclei, 31P at a magnetic 

field of 9.4 T as an example (ɜL = 162.16 MHz) and the diso value is set to 0 ppm.  Shown on the 

spectra are the CS tensors using the Maryland convention, where the span (ɋ) is equal to 200 ppm.  

The skew (k) is equal to 0 in (a), and the spectrum is said to be axially symmetric when the skew 

is equal to (b) ə = +1.0, or (c) ə = -1.0.  When the powder pattern is axially symmetric, two of the 

principal components have the same value: d11 = d22 for k = +1.0 and d22 = d33 for k  = -1.0. 

 

2.1.3.2 Quadrupolar Interaction 

  When the spin quantum number I, of a nucleus, is greater than 1/2, it will 

be associated with a nuclear electric quadrupolar moment (Q).  This means that the nuclear 

charge distribution around the nucleus is no longer uniform. As illustrated in Figure 2.7, 
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when the value of Q is positive the nuclear charge distribution will be a prolate spheroid 

and when Q is negative the distribution will be an oblate spheroid.   

 

Figure 2.7 Qualitative representation of the nuclear charge distribution for I > 1/2 with a 

positive Q value and prolate spheroid distribution (a) and negative Q value and oblate spheroid 

distribution (b), where the partial electric charge, ±ŭ is shown in the scheme. 

  

 The Q will interact with the electric field gradient (EFG) at the nucleus creating the 

quadrupolar interaction (QI). The QI is observed in our NMR spectra and results in a 

broadened resonance with a characteristic line shape.  The QI Hamiltonian shown in 

Equation 2.19 is necessary when considering the study of integer spin nuclides like 14N (I 

= 1) or half-integer nuclei such as 35/37Cl (I = 3/2) and 79/81Br (I = 3/2), which will be 

encountered in this work.  The diagonalized QI Hamiltonian expanded into its PAS is shown 

in Equation 2.20 

Ὄὗ
Ὡὗ

τὍςὍρü
Ὅ╥Ὅ  [2.19] 

Ὄ ὠ σὍ Ὅ ὠ σὍ Ὅ ὠ σὍ Ὅ   [2.20] 

where e is the fundamental charge (1.602 176 · 10-19 C). 

The EFG tensor (╥) is expressed as a traceless symmetric 3 X 3 matrix shown in 

Equation 2.21.  When the ╥ tensor is diagonalized, it provides three traceless principal 



Jasmine Viger-Gravel 

45 

Chapter 2: SSNMR, Quantum Calculations, and X-ray Crystallography: Theory and Method  

components defined as ȿὠσσȿ ȿὠςςȿ ȿὠρρȿ, allowing the determination of the relative 

orientation of the EFG tensor PAS with respect to the molecular frame. 

ὠ ὠ ὠ
ὠ ὠ ὠ
ὠ ὠ ὠ

ὠ π π
π ὠ π
π π ὠ

  [2.21] 

The EFG components may be fully described using the quadrupolar coupling constant (CQ) 

and asymmetry (ɖQ) parameters : 

ὅ   [2.22] 

–   [2.23] 

ὠσσ ὠςς ὠρρ π  [2.24] 

where h is Planckôs constant (6.62607 · 10-34 J s), and the measurement of CQ is directly 

related to the largest principal component of the EFG tensor. 

Even if the QI is usually an overwhelming interaction in the SSNMR spectrum, it is 

important to note that the presence of CSA can be observed.  This is the case in most of the 

quadrupolar SSNMR spectra presented in this work.  As both CS and EFG tensor 

interactions are diagonalized, their relative tensor orientation in the PAS can be connected 

with respect to the external magnetic field.  Figure 2.8 depicts an additional set of three 

parameters known as the Euler angles16 that have been introduced to relate the orientation 

of the CS and EFG tensors. 
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Figure 2.8 Depiction of the Euler angles Ŭ, ɓ, and ɔ used for relating the PAS of the EFG tensor 

and the CS tensor PAS in the frame of reference. 

 

2.1.3.2.1 Effect of the Quadrupolar Interaction on the SSNMR Line Shape 

 The quadrupolar interaction is treated as a perturbation to the Zeeman 

interaction.  Using perturbation theory, the QI Hamiltonian can be written as: 

Ὄ Ὄ Ὄ Ὄ Ễ 

where Ὄὗ
Ὅ

 indicates the Hamiltonian for the first order QI effect, Ὄὗ
ὍὍ

 for the second 

order QI, and so on.  The QI will mainly affect the Zeeman eigenstates, ml shown in 

Equation 2.25: 

Ὁάὰ Ὁὤȟάὰ Ὁὗȟάὰ
Ὅ Ὁὗȟάὰ

 ὍὍ Ễ [2.25] 

where Ὁάὰ is the total energy of eigenstate ml, Ὁὤȟάὰ is the energy of the Zeeman spin states, 

and the first and second order QI are indicated by Ὁὗȟάὰ
Ὅ and Ὁὗȟάὰ

 ὍὍ, respectively.  If the 
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system is placed in a strong magnetic field then it is assumed that the Zeeman interaction is 

much stronger than the QI, and only the first-order QI needs to be considered.  Equation 

2.26 shows this using ɗ and ◖ polar coordinates orienting the EFG tensor into its PAS with 

respect to the external magnetic field.  However, when the Zeeman interaction is not much 

stronger than the QI, the higher terms in the perturbation Hamiltonian series need to be 

addressed.17  Equation 2.27 describes Ὁ άὰ
ὗ ὍὍ.  Corrections up to second order QI are 

sufficient for splittings caused to the Zeeman interaction that are less than ~1/10.18 

Ὁ  ‎üὄά σά ὍὍ ρ   [2.26] 

Ὁ  Ὡήὗ

τὍςὍ ρ

ά

‫

ρ

Ὓ
ὍὍ ρ σά σ –  

ρ

ςψ
ψὍὍ ρ ρςά σ – σ σὧέί— ρ φ–ίὭὲ—ὧέίς‰  

ρψὍὍ ρ στά υ
ρψ – συὧέί— σπὧέί— σ

–ίὭὲ—χὧέί ρὧέίς‰ – ίὭὲ—ὧέίτ‰
 [2.27] 

Figure 2.9 is the energy level diagram emphasizing the energy corrections of the Zeeman 

interaction by first and second order QI for a nucleus with a spin of I = 3/2. 
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Figure 2.9 The energy level diagram first and second QI interaction on I = 3/2 nuclei with 

energy correction. 

 

According to the energy equation of the eigenstate of the QI, the energy of the 

central transition (CT, ml = +1/2 ź ml = -1/2) is unaffected by the first order QI interaction.  

The value of the quadrupolar frequency (ɜQ)23 is determined by the difference between the 

eigenstate (ȹml = 1) values.  For a nucleus with spin I = 5/2, each separation between ml 

°1/2 ź °3/2, and °3/2 ź °5/2 designates the satellite transitions. The value of ɜQ is 

proportional to CQ as described in Equation 2.28. 

’1
σὅ1

ςὍςὍρ
  [2.28] 

However, the CT is affected by the second-order QI interaction and the second-

order quadrupolar shift is given by Equation 2.29.  The breadth of the CT of the powder 

pattern under static conditions is described by Equation 2.30. 
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Ў’ȟ
1

,
ρ   [2.29] 

Ў’
ᴾ

  [2.30] 

 

Examples of CT selective static SSNMR spectra of a quadrupolar spin 3/2 nucleus, 

where only the QI is observed (no CSA), are shown in Figure 2.10.  These simulations are 

performed using the WSolids1 software,19  which treats the QI as described here, a 

perturbation to the Zeeman interaction up to second order QI.  It has been observed in the 

literature that this approximation fails when the Zeeman interaction is comparable to the QI 

or when the Zeeman interaction is small, or the nuclei has a low ɔ, or large Q, and or large 

EFG tensors.20,21  When such a situation arises, perturbation theory to second order QI is 

not a suitable expression to describe the NMR line shape.  The QUEST software developed 

by Perras et al. has been made available to the scientific community to simulate such broad 

spectra by using «exact» methods when the second-order perturbation theory is invalid.22  
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Figure 2.10 Quadrupolar static SSNMR spectrum of the CT under first order perturbation 

theory.  In this example the quadrupolar nuclei 35Cl (I = 3/2) at a field of 9.4 T (’L(35Cl) = 39.26 

MHz) is used where the isotropic shift is equal to 0 Hz.  In (a) the asymmetry parameter is fixed 

to 0.5 and the CQ value is varied.  In (b) the CQ value is fixed at 5 MHz and the ɖQ is varied. 

 

2.1.3.3 Direct Dipolar Coupling 

Direct dipole-dipole coupling results from the interaction between the magnetic 

fields generated by each nuclear spin moment.23  The total dipolar coupling Hamiltonian is 

given by Equation 2.31.24 

Ὄ$ ὬὙ$$Ὅρ╓Ὅς  [2.31] 

The dipolar coupling Hamiltonian between two different nuclei with spin quantum numbers 

I1, I2 and gyromagnetic ratios ɔ1, ɔ2 can be written as follows: 

Ὄ$ ‎
Ὅ
‎
ς
üς

‘έ

τ“

ὍρϽὍς

ὶσ
σ

ὍρϽὶ ὍρϽὶ

ὶυ
  [2.32] 
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where ὶ is the internuclear vector.  The dipolar coupling vector ╓ may be diagonalized in 

its PAS with respect to the external magnetic field, resulting in a perfectly axially-

symmetric first rank tensor. 

Ὄ$ ὬὙ$$Ὅ Ὅ Ὅ
ρ π π
π ρ π
π π ς

Ὅ

Ὅ

Ὅ

 [2.33] 

This through-space interaction is represented by the dipolar coupling constant (RDD) and is 

related to the inverse cube of the internuclear distance (r) as shown in Equation 2.34.25   

Ὑ$$  
ü
 ộὶ Ớ  [2.34] 

 Dipolar coupling is observed between heteronuclear spin pairs in this work: 

either between the quadrupolar nuclide 14N (I = 1) and 13C (I = 1/2) or, between the nucleus 

31P (I = 1/2) and 77Se (I = 1/2).  The dipolar coupling interaction causes huge line 

broadening, which is usually a hindrance for an NMR spectroscopist because it causes a 

loss in resolution.  This effect will be observed in most spin 1/2 nuclei SSNMR spectra 

presented in this work.  The reason for this is that the compounds studied contain iodine, 

which has a quadrupolar nucleus with a large quadrupole moment.  However, when the 

dipolar coupling interaction is resolved it is one of the most significant experimental 

measurements of the internuclear distance, geometry, and conformation of the observed 

compound.26  This interaction is also referred to as through-space coupling.  Figure 2.11 

illustrates the theoretical 13C static and magic angle spinning (Section 2.1.4.1.1) NMR 

spectra for a 14N, 13C spin pair with RDD = 1400 Hz and CQ(14N) = -2.0 MHz at 9.4 T.   
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Figure 2.11 Simulated NMR line shapes for a 14N, 13C spin pair with RDD= 1400 Hz, CQ(14N) = 

-2.0 MHz at 9.4 T, and CSA: diso = 100 ppm, ɋ = 300 ppm, ə = +1.  The EFG tensor is assumed 

to be axially symmetric with the largest principal component parallel to the 14N, 13C dipolar vector. 

The splitting arises from 14N nuclide Zeeman eigenstates ± 1, 0. 

 

2.1.3.4 Indirect Nuclear Spin-Spin Coupling 

 The indirect nuclear spin-spin coupling (J-coupling) is an interaction 

between nuclear spins mediated by intervening electrons.23  This through-bond coupling is 

a very informative tool as it is a direct probe of molecular connectivity.  The Hamiltonian 

may be written in the following way: 

Ὄ ὬὍ*Ὅ [2.35] 

The J-coupling interaction is represented as a second rank tensor (*). 

Diagonalization of * yields the orientation of its PAS relative to the external axis system.  

In the PAS, three principal components result for the symmetric * tensor. 
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The isotropic J-coupling (Jiso) is the average of the three principal components of 

the * tensors, and the anisotropic part (ȹJ) of J is usually very small.  Even though ȹJ is 

small, it is still observed in SSNMR spectra.  Experimentally, the RDD and ȹJ interactions 

are determined as a single value, the effective dipolar coupling constant Reff.  These 

interactions have been observed in some of the work presented in this thesis. 

ὙÅÆÆὙ$$
ɝ

 [2.37] 

According to Ramseyôs theory,11 five mechanisms contribute to J-coupling: 

(1) diamagnetic spin-orbital (DSO) coupling, (2) paramagnetic spin-orbital (PSO) 

coupling, (3) Fermi-contact (FC) coupling, (4) spin-dipolar (SD) coupling, and (5) Fermi-

contact spin-dipolar (FC Ö SD) cross-coupling.11  The dominant term, FC, is the interaction 

between the nuclear and electron spins when the electrons are at the nucleus.  The 

magnitude of the FC J-coupling is usually indicative of s orbital overlap between the nuclei.  

The DSO and PSO terms are responsible for the electron interactions between the nuclear 

spin angular momentum and orbital angular momentum.  Similarly, the FC term accounts 

for the interaction between the nuclear spin angular momentum and orbital angular 

momentum of the nucleus.   

The reduced spin-spin coupling tensor (K) is often reported instead of the J-coupling 

as it is independent of the gyromagnetic ratios. 

ὑ
‎ρ‎ς

  [2.38] 
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J-couplings are on the order of several to a hundred Hertz. Hence, it is an interaction that is 

usually observed in solution and spin 1/2 nuclei.  However, J-couplings have recently been 

observed experimentally between quadrupolar nuclei for various inorganic systems in the 

solid state.27  Experimentally observing J-coupling was a challenging task as SSNMR 

spectrum of quadrupolar nuclei will span over multiple kHz and the J-coupling interactions 

are small in comparison (few Hz).   

 

2.1.4 Solid-State NMR Methods 

Spins will undergo a relaxation phenomenon. There are two different mechanisms.  

The first is spin-lattice or longitudinal relaxation, T1: the time constant for the build up of 

magnetization, M, is reached along the direction of the external magnetic field.  The second 

is spin-spin or transverse relaxation, T2: a loss of phase coherence (decay of magnetization) 

among the nuclei after a RF pulse, and is less than or equal to T1. The line-width of the 

NMR signal will depend on T2 (line-width at half height, ȹɜ1/2=1/pT2).
28   

The one-pulse experiment consists of applying an RF field of pulse length and 

power equal to p/2 in the x direction.  A p/2 pulse is used to obtain the maximum intensity 

of the NMR signal and is directed as shown by Equation 2.39. 

  — ‫ὸ [2.39] 

where tp is the duration of the pulse and ɗp is the angle.29  This is understood when one 

looks at Figure 2.5 above and now relates this to the effective field in frequency units, as 

shown in Equation 2.40. 
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The net magnetization that reached equilibrium along the z- axis after a certain delay 

(5ÖT1) will be redirected along the ïy- axis; this phenomenon is also known as transverse 

magnetization.  The movement of the magnetization may be followed in Figure 2.12.  The 

magnetization precesses in the transverse plane at the offset (Woff) and the variation of 

magnetization with time (t) may be determined as vectors precessing through the angle 

Wofft.
9 The components are equal to: 

╜Ø ╜ίὭὲWÏÆÆὸ ÁÎÄ ╜Ù ╜ὧέίWÏÆÆὸ   [2.39] 

The NMR signal is detected as a free induction decay (FID) in the time domain and 

a mathematical operation known as the Fourier transformation30,31 transfers the information 

into the frequency domain yielding the NMR spectrum.  The NMR spectrum contains all 

the information of the interactions previously discussed: MS, QI, D, and J-coupling.   
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Figure 2.12 Vector model of the tp NMR radiofrequency field pulse and delivery of the NMR 

signal.  In (a) the Boltzmann equilibrium is reached, and the net magnetization vector is aligned 

with the external magnetic field, M.  After an RF pulse of — = p/2x in (b) the M vector is now in 

the xy plane, and is called the transverse magnetization.  The NMR signal is detected as an FID in 

(c) and the FT of the signal yields the spectrum in the frequency domain in (d).  To increase the 

signal of the spectrum, multiple experiments are acquired such as described here.  Before repeating 

each step, a delay of about 5 times T1 is necessary to reach the Boltzmann equilibrium and perform 

another RF pulse.  During this interval, the spins will dephase in the transverse plane as shown in 

(e). 

 

 However, sometimes a single pulse experiment (also referred to as a Bloch decay) 

is insufficient to recover all of the information desired from the system under study.   

 

2.1.4.1   Signal and Resolution Enhancement Methods: 

 A static SSNMR spectrum as stated previously is a statistical distribution of 

all orientations of the crystallites in the powder sample.  The spectrum contains the 
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information of all of the NMR interactions with their full tensor form, which are orientation-

dependent.  Obtaining the full tensor information is an advantage in SSNMR, however, 

when multiple crystallographically non-equivalent nucleus sites are present in the sample, 

there is an overlap of the powder patterns and resolution is low.  NMR spectroscopists have 

developed methods to enhance resolution and sensitivity for such experiments.  Here are 

presented the most commonly used methods in the solid-state NMR field as well as the 

experiments used for this work. 

 

2.1.4.1.1  Magic Angle Spinning 

  A resolution method routinely used by SSNMR spectroscopists is magic 

angle spinning (MAS).  The experimental setup for the sample is shown in the inset of 

Figure 2.13.  A sample is placed about an angle ɗR with respect to the external magnetic 

field (ɗR, Bo), which is equal to 54.74º.  The angle relates the orientation of the interaction 

tensor fixed in the molecular frame.  It varies with time as the molecule rotates with the 

sample.32  Hence, spinning the sample about that axis will have the effect of averaging the 

anisotropy associated with the Zeeman interaction (no mixing of the Zeeman interaction, 

i.e. second order QI).  Concretely, for spin 1/2 nuclei, it will suppress CSA, heteronuclear 

dipolar coupling (diminished homonuclear dipolar coupling), and for quadrupolar nuclei, 

MAS will remove first order QI and reduce second order QI as shown in Figure 2.13.   
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Figure 2.13 (a) Simulated MAS spectra for a spin 1/2 nucleus acquired at 9.4 T, where CSA 

dominates the powder pattern (W  = 100 ppm, k  = 0.5, diso= 100 ppm).  The Figure illustrates how 

using slow MAS spinning speeds makes it possible to obtain the powder pattern with spinning 

sidebands.  As the MAS frequency is increased the isotropic peak becomes evident.  (b) Simulated 

MAS spectra for a quadrupolar nucleus, I = 3/2 (CQ = 5 MHz, ɖQ = 0.4 and diso= 0 Hz).  The MAS 

spectrum of a quadrupolar nucleus will not have the appearance of a solution spectra as it does not 

average out the second-order quadrupolar interaction.  The inset shows the scheme of the MAS 

sample setup: the rotor is placed at 54.74 º and spun along that axis.  

 

The mathematical explanation of the magic angle is the dependency of the 

interactions mentioned above on the average of the orientation (σὧέίς—2 ρ) term.  For 

the case of CSA, a sample is placed in a rotor at the angle —2 (angle between Bo and the 

spinning axis) and two other angles stand out (Figure 2.13 inset): the angle ɓ between the 

principal z-axis of the CS tensor and the spinning axis, and the angle ɗ between the principal 

z-axis and the Bo.  The angle controlled experimentally is ɗR and when that value is equal 

to 54.74º, the σὧέίς—Ὑ ρ term is zero and so the average will also be null.18,33,34   
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When the spinning speed is fast enough to suppress the anisotropy (3 to 4 times 

greater than the anisotropy), only the isotropic chemical shift is observed, similar to what 

is observed in a solution spectrum for a spin 1/2 nucleus (see Figure 2.13(a)).  If the spinning 

speed does not average out the anisotropy, spinning sidebands are observed at resonances 

spaced at integer multiples of the spinning speed (ɜMAS) from the ŭiso resonance.  Slowly 

spinning the sample will generate a spinning sideband manifold mimicking a static 

spectrum.  Although the ŭiso peak is not necessarily the most intense resonance of the 

spinning sidebands, it is the only spinning sideband that does not change position with 

spinning speed, hence permitting its identification.  Spinning sidebands can be very useful 

in the determination of CSA as will be shown through this work.  It should also be noted 

that CSA is proportional to the external magnetic field; when the Bo increases so does the 

CSA.  Higher magnetic fields are not always advantageous for spin 1/2 nuclei, because the 

intensity of the signal is dispersed throughout the line shape and it may be difficult to 

acquire a spectrum with a respectable S/N ratio.35 

For quadrupolar nuclei, the MAS spectrum is 3 to 4 times narrower than the static 

spectrum36 and the powder pattern depends only on the EFG tensors.  This phenomenon 

makes it easier to simulate the powder pattern when the CSA and Euler angles may be 

removed (only depends on three parameters instead of nine).   

 

2.1.4.1.2 Proton Decoupling 

Proton decoupling is used in of all the experiments for this work because the 

heteronuclear dipolar coupling interaction between 1H and the observed nuclei is 
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overpowering.  The removal of the dipolar coupling interaction permits observation of the 

signal of the desired nucleus.  The pulse sequence used in the decoupling scheme is varied 

to be as powerful as possible, but also to be as gentle on the laboratory equipment as 

possible.  The simplest and most effective way to decouple protons is to apply an RF field 

at the frequency of the protons' resonance while acquiring the FID on the nucleus of interest.  

This is shown in the pulse sequences given in the later sections and is usually referred to as 

continuous-wave (CW).37  However, this work uses other decoupling schemes, such as two 

pulse phase modulation (TPPM)38 and a variation of this known as SPINAL64.39  By 

optimizing the pulse length and phase in the pulse sequences, the TPPM and SPINAL64 

schemes greatly reduce residual line widths from dipolar coupling, and enhance the 

resolution and sensitivity for the nucleus of interest; for example, 13C or 35/37Cl.  The 

decoupling schemes are continuous cycles composed of two pulses for TPPM with opposite 

phases (Equation 2.43), whereas SPINAL uses those phases to construct a super cycle 

where the phases and angles are slightly varied (Equations 2.43 and 2.45). 

400-ὖὖȟ ×ÈÅÒÅ ὖ ρφυρπЈÁÎÄ ὖ ρφυȤρπ Ј   [2.41] 

30).!,ȟ 1ρφυρπЈρφυȤρπρφυρυρφυȤρυϽρφυςπЈρφυȤςπρφυρυρφυȤρυ 

1 ρφυȤρπ Јρφυ ρπ ρφυȤρυ ρφυ ρυϽρφυȤςπ Јρφυ ςπ ρφυȤρυ ρφυ ρυ  [2.42]   

30).!,φτ1111 1111  [2.43] 

 

2.1.4.1.3 Cross Polarization Pulse Sequence 

Cross polarization (CP) is a signal enhancement experiment used to increase the 

signal of a dilute spin (e.g. 13C, 15N, 77Se) for dipolar coupled nuclei.  Dilute spins tend to 
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be associated with long T1 relaxation times because the homonuclear dipolar interaction 

that stimulates this relaxation mechanism is almost absent.  The CP pulse sequence (Figure 

2.14) operates by transferring spin magnetization from the abundant spin to the dilute spin 

when the frequencies are equal, increasing sensitivity and, therefore, the signal to noise 

(S/N) ratio by a factor of ɔabundant/ɔ dilute.
40  Hence, this experiment helps with two main 

points: (1) an increase in S/N ratio for the dilute spin and (2) it decreases experimental time.  

To achieve this magnetization transfer, the Hartmann-Hahn match must be satisfied and is 

defined as: 

‎
(
ὄρ

ρ( ‎
8
ὄρ8  [2.44] 

where ɔ is the gyromagnetic ratio and B1 is the magnetic field.  In this example, the proton 

is the abundant nucleus, and X is the dilute nucleus.  

 

Figure 2.14 Cross polarization pulse sequence. 

  

 A decrease in experimental time is achieved, since the T1 mechanism for the 

experiment will be directed by the abundant spin, where homonuclear dipolar coupling 

interactions are present and trigger the relaxation.32  CP is routinely used under MAS 

spinning conditions (CPMAS) for spin 1/2 nuclei.41,35  It has been demonstrated in the 

literature that CPMAS is inefficient for quadrupolar nuclei due to its time dependence 
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component in the energy state with the rotor period when spinning;42,43 however it is 

possible to obtain a signal enhancement when the sample is static.44,45     

 

 

2.1.4.1.4 Refocusing Experiment: Hahn Echo and Solid Echo Pulse Sequence 

 When acquiring the spectrum of a broad powder pattern some issues of 

distorted line shapes may arise.  Refocusing experiments are usually the solution for 

remedying those distortions that are a result of rapid FID decay.  Spin dephasing, which is 

constant with time, can be refocused using spin-echo experiments and are shown in Figure 

2.15.   
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Figure 2.15 Solid echo (or quadrupolar echo or Solomon echo) pulse sequence in (a) is used to 

overcome line broadening from the quadrupolar coupling interaction or homonuclear dipole-dipole 

coupling. Hahn echo (spin echo) pulse sequence in (b) usually used to overcome FID distortions 

caused by CSA or heteronuclear dipole-dipole coupling. (c) Vector model of Hahn echo where the 

colored arrows depict experiment and dephasing. 

 

Dephasing of the spin may be caused by magnetic field inhomogeneity, local 

magnetic field susceptibility, CSA, dipolar coupling, or quadrupolar interaction.46 The spin 

echo pulse sequence47 is shown in (b), and its corresponding vector model is shown in (c).  

The sequence begins with an initial p/2x pulse to create magnetization along the y-axis of 
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the rotating sample, known as the excitation pulse. The magnetization vector rotates in the 

x-y plane. This is usually followed by a dephasing period during a delay (Ű1).  After a second 

px pulse is applied, the spins are flipped in the transverse plane, thus refocusing the initial 

pulse. Again the pulse rotates in the xy plane during a delay period (Ű2). At the end, the FID 

is collected in the y- axis forming a spin-echo where one can choose to process all the data 

points when the full echo is acquired or simply half the echo (remove the other data points).  

The solid echo experiment uses two p/2 pulse.48,49  It is observed to produce uniform 

excitation, yielding cleaner line shape when compared to the Hahn echo experiment (pulse 

sequence in Figure 2.15(a)).  This uniform excitation will , unfortunately, yield a lower 

signal when compared to a Hahn echo experiment, by a factor of about two.50  However, 

this is acceptable when the QI is overwhelming. Cleaner line shapes, where discontinuities 

are obvious, might permit the observation of CSA in those circumstances.  

 

2.1.4.1.5 WURST-QCPMG Experiment 

The acquisition of a static quadrupolar nuclei powder pattern may span over 

hundreds of kHz to MHz. They are also known as ultra-wideline spectra.  Short and high-

power RF fields must be used to uniformly excite a large bandwidth; however the RF fields 

used are usually limited by hardware, which is ~200 kHz amplitudes, and depends on the 

Q factor of the NMR probe.  Hence, an ultra-wideline spectrum cannot be observed in one 

spectral window.  The broad spectra are acquired in multiple pieces that are co-added to 

yield the full powder pattern.  This is achieved by varying the offset frequency in a stepwise 

fashion, known as the variable offset cumulative spectra (VOCS) acquisition method.51   
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Another possibility to acquire ultra-wideline spectra of quadrupolar nuclei is 

proposed by Bhattacharyya and Frydman,52 where a chirped pulse, such as WURST53, is 

used.  A chirped pulse is a shaped pulse were the adiabatic condition is not met because 

sweeping rates are too fast or low RF powers are used, which has the effect of no longer 

enhancing the signal by satellite inversion or saturation of the CT.54   Also, a WURST pulse 

has a round-off shape of amplitude profile, its phase is a quadratic function of time, and it 

has linear sweep rate of effective frequency.  The use of a chirped WURST pulse was 

observed to excite broader bandwidth (frequency range) uniformly than a instead of a 

square pulse in a single spectral window, and simultaneously permits control of the RF field 

strength and durations, which are usually limited by the probe.  In this work, the further 

modified pulse sequence by OôDell and Schurko is used.55  They integrated the sensitivity 

enhancement technique of quadrupolar Carr-Purcell-Meiboom-Gill (QCPMG) 56 

henceforth known as WURST-QCPMG, where the pulse sequence is depicted in Figure 

2.16. 

 
 

Figure 2.16 WURST-QCPMG pulse sequence. 

 

After the first WURST pulse (Pexc) and delay (Ű1), there are two short delays (Ű2 and 

Ű3) necessary for the time switch between the transmission and acquisition modes.  
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Following this is the QCPMG enhancement part, which is a refocusing loop that will be 

repeated N times, and consists of a second WURST pulse (Pref  = Pexc) and acquisition time 

(full echo, Ű4).  The FIDs acquired with WURST-QCPMG result in frequency dispersed 

echoes where the time domain amplitude reflects the frequency domain signal intensity.  

They are not FT; they are treated with absolute value/magnitude mode were a series of 

spikelets, separated by Ű4
-1, mimics the powder pattern.  This method can also be combined 

with the VOCS technique, which is now commonly used for the acquisition of wideline 

quadrupolar nuclei in SSNMR spectroscopy.   

 

2.2 QUANTUM CHEMICAL CALCULATIONS  

Computational methods are used as a complementary technique to the SSNMR 

experiments performed, because it is possible to obtain NMR parameters such as J-

couplings, MS tensors, and EFG tensors.  Here, quantum calculations are also used as a 

helpful tool to understand the halogen bonding interaction in terms of our NMR parameters, 

which will be described in details in the later Chapters.  In this section, the different density 

functional theory (DFT) methods used to calculate the NMR parameters for the non-

covalent interactions presented in this work are discussed.  The NMR parameters were 

extracted using a modified version of EFGShield program.57 

 

2.2.1 Density Functional Theory 

DFT calculations, contrarily to ab initio calculations, are not based on the 

Schrodinger equation (H Ɋ=E Ɋ).  Ab initio calculations try to solve the exact wave function 
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(Ɋ) to describe the behaviour of all the N electrons in a system.  DFT will approximate the 

wave function to its electron density (ɟ(r)), where the energy in the ground state is 

determined by its electronic density, such as in Equation 2.47. 

Ὁ Ὁ”ὶ   [2.45] 

The partitioning of the electron density is described by Kohn-Sham orbitals (ű) (not 

wavefunctions), described in Equation 2.48. 

”ὶ В ȿʒȿ В ʒ   [2.46] 

where NŬ is the number of spin-up electrons' orbitals, and Nɓ is the number of spin down 

electrons' orbitals.  The Kohn-Sham approach breaks down the total energy into three 

functional terms: (1) the kinetic energy functional T[ɟ(r)], (2) the Coulomb functional 

U[ɟ(r)], and (3) the exchange and correlation (XC) functional Exc[ɟ(r)], and is shown in 

Equation 2.49. 

Ὁ”ὶ 4”ὶ 5”ὶ %8#”ὶ   [2.47] 

The XC functional term accounts for the approximation errors from the true kinetic 

and coulombic functionals. However, they are not accounting for interactions such as 

repulsion and attraction between the electrons and nuclei.  It is an unknown functional and 

will remain so.58  Multiple approximations of the XC functional exist and have been tried 

in this work in various software packages and will be described in the sections below. 
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2.2.2 Gaussian'09 Software 

The Gaussian'09 software package59 is used to calculate J-coupling, MS, and EFG 

tensor parameters. The Gaussian'09 software permits the study of cluster models. This is 

useful when studying a particular part of the crystal structure, for example, halogen bonds.  

All cluster models of the experimental compounds are generated from the X-ray crystal 

structure, which include the molecules participating in the non-covalent interaction, and 

truncate the other atoms at ~4 - 5 Å away from the system of interest.  This has the 

advantage of decreasing computational time and cost, and does not usually affect the 

calculated NMR parameters.   

When calculating the theoretical NMR parameters, there was always the challenge 

of selecting an appropriate level of theory to reproduce the observed experimental 

electrostatic interactions.  The selection of the level of theory to reproduce electrostatic 

interactions is limited by the available level of theory to calculate NMR parameters.  This 

work uses mainly hybrid-DFT level of theory such as B3LYP60 and TPSS61 functional 

terms, in combination with the Gaussian'09 basis sets developed by Pople (i.e. 6-311G+) as 

they provided reproducible calculations of the observed NMR parameters.59   

 

2.2.3 ADF 

This work also uses the Amsterdam Density Functional (ADF) Theory software 

version 2009.0162 to calculate NMR tensor parameters for cluster models.  In addition to 

this, the ADF program has the ability to evaluate accurately all required atomic matrix 

elements and to permit the implementation of the zeroth-order regular approximation 
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(ZORA) formulism.63,64,65  As well, it has the capacity of calculating and viewing the 

natural localized molecular orbital (NLMO)66 in terms of NMR parameters.  

ZORA 

MS, J-coupling, and the QI are dependent on the electron motion close to the 

nucleus in question.    A heavier nucleus with greater electronic mass requires a relativistic 

correction to account for its velocity, as the core electrons will travel closer to the speed of 

light.  As a result, the radial functions of the s and p electrons are contracted naturally 

accompanying a decrease in the effective nuclear charge of the d and f electrons.    

The ZORA formalism accounts for scalar and spin-orbit relativistic effects, which 

have an important effect on the core orbitals (s orbital matrix in the calculations) for a heavy 

element when calculating NMR parameters.67  The ZORA formalism is derived from the 

Dirac equation of the wave function and the Pauli approximation.  The Zora formalism will 

demonstrate how the relativistic effects predict relative anisotropy for the * tensor.63,64,65  

The spin-orbit effect will factor splitting of the orbital energy levels when there is coupling 

between the electron spin and the orbital electronsô angular momentum.68  When the 

chemical shift tensor for a nucleus bound to a heavy element is calculated, scalar and spin-

orbit relativistic effects need to be accounted for in the calculations in order to reproduce 

experimental observations.  A heavy atom will induce large, lower-frequency shifts through 

a polarization mechanism on the NMR nuclei bound to it.  This phenomenon is known as 

the heavy-atom effect69 and it is observed in the halogen bonded systems studied in this 

work.  Scalar relativistic effects mainly cause a modification of the overall electronic 

structure in the system under study.67 
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NLMO 

The orbital-based analysis of the calculated NMR parameters permits the 

establishment of different contributions in a visual support that chemists are familiar with: 

molecular orbitals (MO).  The modern localized molecular orbital analysis is obtained from 

the set of canonical MO and applying a unitary transformation to obtain the maximum and 

minimum localization criterion.  In the ADF code,70 the natural bonding orbital (NBO) is 

used to determine the NLMO through the formalism as written below: 

‰ Wὡ В Wὡ ȟύὬὩὶὩ W В •ὄ   [2.48] 

where the Wn are a set of strongly-localized NBOs resembling the Lewis dot formula, and 

Wjj and NBOs are expressed in atomic orbital (AO) basis set, •
ὶ
ὄὶὲ.  The NLMO orbital, 

‰
Ὦ
ὔὒὓὕ

, is the sum of the localized  WὮ term corresponding to its parent NBO, and the 

remaining terms represent delocalization of the electron density.66  The resulting Lewis-

type NLMOs can be visualized with the graphical user interface (GUI) program adfview 

and are represented by core functions, lone pairs, and bonding orbitals. 

The exchange-correlation functional used with the ADF software is the generalized 

gradient approximation (GGA). The Exc[ɟ(r)] term is expressed as an electronic gradient 

distribution to provide a more realistic account of the inhomogenous electronic distribution 

in a molecule.  The hybrid DFT functional revised PBE was employed in this work.71,72  

The basis sets used for all atoms were Slater-type triple-zeta with polarization (TZP) 

functions incorporated in the ADF software's library, as well as the relativistic optimized 

(ZORA/TZP) version functions, when necessary.   
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2.2.4 GIPAW-DFT  

DFT plane wave method calculations on periodic structures are possible using the 

gauge-including projector augmented-wave (GIPAW)73 methods for NMR calculations in 

the Cambridge Serial Total Energy Package (CASTEP version 4.1, Materials Studio 

3.2).74,75  The crystal structure is described as an infinite crystal lattice, which is the ideal 

case for solids.  This is modeled with three-dimensional plane waves for the valence 

electron density and yet modeled with pseudopotential schemes for the electron core 

density.76  The calculation of all-electron properties from pseudopotential schemes is 

possible when GIPAW is used, which include translational invariance in the presence of a 

magnetic field.  In these calculations, a plane-wave basis set is used to describe the 

electronic band and is defined by the cut-off energy and k-point grid.  The energy cut-off 

will be a representation of the quality of the calculation (enables convergence), and the k-

point grid is the number of sample points used in a primitive cell in reciprocal space.76  In 

this work, GIPAW-DFT calculations are not often successful because the unit cell of the X-

ray crystal structures reported for this work are very large (~ >1000 Å) and the calculations 

do not converge.  The level of theory used for these calculations is the PBE functional71,72 

under the GGA approximation.  

 

2.3 X-RAY CRYSTALLOGRAPHY 

2.3.5 Fundamentals of X-ray Diffraction  

X-rays are generated by bombarding a metal with high-energy electrons that will 

decelerate and generate a continuous range of wavelengths called Bremsstrahlung 
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combined with high-intensity peaks (KŬ). This electromagnetic radiation is used in a method 

known as X-ray crystallography to reveal the position of every atom in a molecule and 

determine its conformation in 3D.  However, a single crystal of the system of interest must 

be obtained because the high electron density it produces permits scattering of the X-ray. 

This is an important component of this technique as will  be discussed below in relation to 

the diffraction phenomenon.  X-ray crystallography is a complementary technique used in 

this work.  Single crystal X-ray crystallography methods permit the determination of 

chemical bond distances and angles.  This allows the halogen bonded environment to be 

determined from X-ray measurements and to be related to the variation in the NMR 

parameters. 

 Modern X-ray crystallography methods developed by Nobel Prize winners William 

Henry Bragg and William Lawrence Bragg77, use a monochromatic beam of X-rays while 

rotating the single crystal until a reflection is detected.  Single-crystal diffraction patterns 

are measured by using a four-circle diffractometer as depicted in Figure 2.17 below.  

 

Figure 2.17 A four-circle diffractometer where A, B, C and D are the orientations of the 

components, and where each reflection (hkl) (vide infra) is monitored. 

 Advances in the X-ray field have made it semi-automated.  A computer may control 

and rotate the crystal to detect diffractions, and to measure its intensity, as well as 
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background noise.  There is also an automatic indexing to help systematize determination 

of the crystal structure.78 

X-ray scattering is caused by the oscillation of incoming electromagnetic waves of 

electrons at the atom depending on the number of electrons the nucleus has.  Scattering will 

be stronger for heavier nuclei (more valence electrons).  X-rays detect all atoms except 

hydrogens (only one electron). 

When a crystal is subject to X-rays, the interference of resulting scattered reflections 

causes a phenomenon called diffraction.  Braggôs law of XRD (see Figure 2.18) is evidence 

for the periodic structure of the crystal containing stacks of reflecting lattice planes.  

Braggôs law states that scattering X-rays are separated by a distance d and the wavelength 

of radiation, ɚ, follows Equation 2.50 below: 

‗ ςὨίὭὲ—  [2.49] 

where ɗc is the glancing angle.79,77  The primary use of Braggôs law is the determination of 

spacing between the layers in the lattice (vide infra). 

 

 

Figure 2.18 Braggôs law, reflection. 
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2.3.6 Lattice and Crystal System 

A basic crystal structure is defined by space lattice patterns, which are three-

dimensional infinite sequences of lattice points surrounded by identical neighbours.  The 

unit cell of a crystal structure is the fundamental parallel-sided unit that contains the 

repeating pattern by translational motion; lengths are denoted by ac, bc and cc and angles by 

Ŭc, ɓc, and ɔc.  Crystal structures are classified into seven systems (Table 2.1) based on the 

rotational symmetry elements that the unit cell possesses, and are further classified into 

fourteen distinct lattices in three-dimensional space known as the Bravais lattices7 depicted 

in Figure 2.19.  

Table 2.1 The seven crystal systems. 

System Essential Symmetries The 14 Bravais Latticesa 

Triclinic None P    

Monoclinic 1 C2 axis P C   

Orthorhombic 3 ƍ C2 axis P C Ic F 

Rhombohedral 1 C3 axis R or P    

Tetragonal 1 C4 axis P  Ic  

Hexagonal 1 C6 axis P    

Cubic 4 C3 axis in a Td arrangement P  Ic F 

  a Figure 2.19 depicts the 14 lattice systems with their different crystal axes. In the illustrations, 

(P) indicates a primitive or simple unit cell, (C) indicates a base-centered cell unit with two lattice 

points on two opposite faces, (Ic) indicates a body-centered unit cell and (F) indicates a face-

centered unit cell.   
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Figure 2.19 The crystal systems and the Bravais Lattice. 

  

Miller indices (hkl) are used to identify the spacing and directions of different planes 

in the lattice of the crystal, where the points at the reciprocals of the fractional intercepts 
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intersection of the ac, bc, cc axes of the unit cell form a plane.80  Figure 2.20 illustrates the 

relationship between these planes and axes of a unit cell and to dimension, hc. 

 
Figure 2.20 Miller indices (a) and spacing in a unit cell example for simple cubic (b). 

 

Since X-ray scattering is caused by the oscillation of incoming electromagnetic 

waves at the nucleus, that electron density is employed to solve the detailed structure of a 

crystal from its primary unit cell.  A structure factor, Fhkl, is first calculated and is defined 

below in Equation 2.52: 

ὊὬὯὰ ВὪὮὩ
Ὥ•ὬὯὰὮ

Ὦ ȟ•
ὬὯὰὮ

ς“ὬὼὮ ὯώὮ ὰᾀὮ  [2.50] 

The intensity of a reflection (hkl) is proportional to |Fhkl|
2.81  In a second time, once the 

structure factor is known, the electron density ɟ(r) in the unit cell can be determined by 

Equation 2.53: 

”ὶ В Ὂ Ὡ   [2.51] 

where V is the volume and Equation 2.52 is the Fourier synthesis.  In some cases, phase 

problems are encountered.  The resulting non-centrosymmetric unit cells are in that case 

solved with the Patterson synthesis.81  The final step is the structure refinement, where the 
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parameters are adjusted systematically to give the best fit between observed and calculated 

diffracted intensities. 

These crystal systems are further classified into space groups.  A space group is a 

classification according to symmetry operations arising from translation through space, 

where the infinite array of points is indistinguishable from before the symmetry operation.82  

These are the well-known point group symmetry operations such as the proper (Cn) and 

improper (Sn) n-fold rotation about an axis, the reflection in a mirror plane (ůmp), and the 

inversion (i).7  Translational elements allow two additional types of symmetry operations: 

screw axes and glide plane operations.7  All of the space groups defining crystal structures 

have been tabulated and made available by the International Union of Crystallography 

(IUCr).83,84  The asymmetric unit is the smallest part of the space group necessary to build 

the whole space by using symmetry operations. 

 

2.3.7 Powder X-ray Diffraction  

Powder X-ray diffraction (PXRD) is a useful alternative to single X-ray 

crystallography when a single crystal of suitable quality and size cannot be grown.  The 

resulting diffractogram is a combination of diffraction lines with specific intensities and 

positions that contains the same information obtained from a single crystal experiment, but 

is compressed into one dimension.  The positions of the diffractions' maxima depend on the 

periodicity of the structure; the relative intensities depend on the distribution of the 

scattering material.85  It is possible but quite complicated to obtain the crystal structure from 

a PXRD because overlapping peaks hide much important information.  One of the main 

uses of PXRD is to verify the presence of a single phase or multiple phases in the bulk 
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material by comparing the diffractogram with diffraction patterns stored in large data banks.  

Well over half a million substances have been indexed and recorded by the International 

Centre for Diffraction Data (ICDD).86  PXRD is used to verify bulk material purity and is 

shown throughout this work.   

The diffraction maxima intensity is characterized by a set of Miller indices and is 

defined by a scattering vector H in reciprocal space (H = hac+ kbc +lcc, where ac, bc and cc 

are the reciprocal lattice vectors); the structure factor F(H) is related to the electron density 

in the unit cell defined as:  

ὊὌ ȿὊὌȿÅØÐὭ‌Ὄ ”᷿ὶὩὼὴς“ὭὌϽὶὨὶ  [2.52] 

where r is the vector r = acx + bcy + ccz in the lattice (ac, bc, cc are the lattice vector defining 

the periodicity in the crystal structure), the structure factor ȿὊ╗ȿ is its amplitude, and 

‌╗  is its phase.  The X-ray crystal structure may be elucidated with the Patterson 

synthesis such as was described in section 2.3.2.  More on the subject of solving structures 

from PXRD may be obtained from the references Harris85 as well as Rissanen and 

Gavezzotti.82 

Powder diffractometers use a Bragg-Brentano parafocusing instrument, where 

radiation from the monochromator deviates from the high-intensity KŬ radiation and the X-

rays converge into a knife slit and then diverge onto the specimen.  Scattered X-rays from 

the flat sample converge at the receiving slit and are received at a solid detector.  It is at the 

detector (which rotates) that the sample will be subject to the ɗ/2ɗ scanning mode.   

Diverse elements can affect the measurements. Precautions must be taken when 

preparing the sample and acquiring the diffractogram.  For example, the sample must be 
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flat and crushed into a fine powder to avoid preferred orientation and to observe a statistical 

distribution of the peak positions and intensities.87  Temperature may change the structure 

to a polymorphic form, which would be revealed by new peaks in the diffractogram.  It is 

observed that crystals produce sharp X-ray diffraction peaks whereas amorphous materials 

such as glass or polymers will produce few diffraction peaks with maxima and diffuse 

backgrounds.  This explains the long experimental times encountered for the halogen 

bonded compounds (polymeric 1D to 2D networks materials) to obtain useful 

diffractograms with high-intensity peaks. 

 

2.4 THESIS MOTIVATION  

2.4.1 Nuclei of Interest 

In the present dissertation, new techniques are developed for the application of 

SSNMR to provide insight into the halogen bonding were developed.  XRD and SSNMR 

have been used to characterize successfully a series of new halogen bonded compounds 

exhibiting interactions between the iconic halogen bond donor,88 diiodobenzene (p-C6F4I2, 

o-C6F4I2, p-C6H4I2) and various halogen bond acceptors.  The nuclei directly involved in 

the non-covalent interaction were probed with SSNMR.  This will permit the elucidation of 

the three-dimensional structure of the halogen bonded materials.  Benchmark SSNMR data 

of halogen bonded compounds could be a useful tool for structure determination when 

crystal structures are unavailable. 

Some of the important nuclear properties of the nuclei observed in this dissertation 

are presented in Table 2.2.  Some are referred to as exotic nuclei because, as will be 



Jasmine Viger-Gravel 

80 

Chapter 2: SSNMR, Quantum Calculations, and X-ray Crystallography: Theory and Method  

discussed, they have particular nuclear properties, which make them difficult to study using 

NMR.      

 

Table 2.2 Nuclear properties of the nuclei studied in this work. 
nucleus 1H 13C 14N 15N 31P 77Se 35Cl 37Cl 79Br 81Br 

I 1/2 1/2 1 1/2 1/2 1/2 3/2 3/2 3/2 3/2 

Natural abundance/ % 99.99 1.07 99.63 0.37 100.00 7.63 75.78 24.22 50.69 49.31 

ɔ/ 107 rad s-1 T-1 26.75 6.73 1.93 -2.71 10.84 5.13 2.62 2.18 6.73 7.25 

vL(Bo = 9.4 T) / MHz 400.22 100.66 28.93 -40.58 162.16 76.68 39.26 32.68 100.62 108.46 

Q / mbarna 0 0 20.4 0 0 0 -81.65 -64.35 313 262 
aThe Q values are from Pyykkö.89 

13C is known to be a low-abundance nucleus (n.a. 1.07%), so in order to observe the 

complete CS tensor for the carbon of interest, isotope labelling must sometimes be 

employed since SSNMR enhancement methods are not enough to improve S/N.  The same 

is true for the 15N nucleus which has an even lower natural abundance (n.a. 0.37%), where 

the observation of the isotropic peak at fast spinning speeds combined with CP 

enhancement experiment will require long experimental time (overnight).  For some 

SSNMR experiments in this work, the nucleus of interest was enriched with isotope labeling 

15N.  In other experiments, quadrupolar 14N (I = 1 and Q = 20.4 mbarn) static SSNMR 

spectra were acquired instead, as its natural abundance is extremely high (n.a. 99.63 %).  

However, for low gamma quadrupolar nuclei (ɔ < 1.93·107rad s-1T-1), the use of the National 

ultrahigh-field NMR facility for solids (21.1 T) is necessary to increase sensitivity. 

SSNMR of the 100% naturally abundant 31P nuclei, which has a high Larmor 

frequency (vL (Bo = 9.4 T) = 162.16 MHz), provides a large amount of information since the 

complete CS tensor may be acquired at the moderate field of 9.4 T.  It is also possible to 

observe J-coupling when the interaction is present.  The exotic 77Se nucleus (n.a. 7.63 %) 

is known for large CSA90 and long T1 relaxation times91,92  and 77Se SSNMR93 provides a 
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particularly sensitive probe of molecular structure as it exhibits a large chemical shift range 

of over 3000 ppm.94,95     

Moreover, presented in this study are the complete 35/37Cl (I = 3/2) and 79/81Br (I = 3/2) 

SSNMR spectra of the halides directly involved in the XB interaction, recorded at two fields 

(9.4 T and 21.1 T) using either WURST-QCPMG or solid-echo type experiments combined 

with the VOCS method.  These quadrupolar nuclei require ultra-high magnetic fields to 

increase sensitivity when acquiring their SSNMR spectra.  Chlorine, when combined with 

a large Q moment, provides challenges for acquiring nice spectra: it is a low-gamma nucleus 

with two isotopes, 35Cl (Q = -81.65 mbarn, n.a. 75.78 %, ɔ = 2.62·107rad s-1T-1) and 37Cl (Q 

= -64.35 mbarn, n.a. 24.22 %, ɔ =2.18·107rad s-1T-1).  Chlorine-35 usually affords nicer line 

shapes due to its higher natural abundance.  Bromine also has two NMR-active nuclei 79Br 

(Q = 313 mbarn, n.a. 50.69 %, ɔ = 6.73·107rad s-1T-1) and 81Br (Q = 262 mbarn, n.a. 49.31 

%, ɔ = 7.25·107rad s-1T-1), which yield ultra-wideline spectra due to their very large Q 

moment values.  When studying halogen bonded systems with SSNMR, the much-diluted 

quantity of nuclei probed by unit of volume adds a level of difficulty.  The latter Chapters 

of this work will show how these issues have been mitigated. Halogen SSNMR 

spectroscopy has proven to be an excellent tool to characterize halogen bonding 

interactions, as the NMR parameters are very sensitive to a local halogen bonding 

environment.  

 

2.4.2 Motivation 

Since NMR has proven to be a useful characterization method of other non-covalent 

interaction, such as into hydrogen bonding,96,97,98, 99 cation-p interactions,100, 101 and CH/p 
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interactions, 102 for example, it has sparked the interest to apply this to halogen bonds.  As 

will be unraveled in the following Chapters, SSNMR has proven to provide fundamental 

insight into the XB phenomenon. 

A previous study in our group considered halides involved in weak halogen bonding 

directly using chlorine, bromine, and iodine SSNMR in a series of haloanilium halides.103  

The 81Br QI, isotropic CS, and CS span all proved to vary slightly as a function of the 

strength of the halogen bonding interaction.  One difficulty encountered in that study was 

the simultaneous presence of halogen bonds and hydrogen bonds to halide ions, thereby 

complicating the interpretation of results solely in terms of the halogen bonding 

environment.  The XB compounds presented in this thesis are devoid of hydrogen bonds 

and are considered to possess moderately strong halogen bonds when their RXB values are 

considered (ranging between 0.79 and 0.93). 

Single X-ray crystallography is an effective characterization tool that succeeds in 

elucidating the three-dimensional structure of many solids, but sometimes other methods 

are necessary. For example, XRD is not a suitable method for determining the positions of 

hydrogens in a lattice, since it requires a single crystal to characterize the structure; if 

disorder is present, or an amorphous system, or a powder state, it cannot be characterized 

by this method.  Therefore, in this study the initial motivation was to use SSNMR to 

characterize the halogen bonding interaction so that when a single crystal is not possible, 

SSNMR is a potential solution.   

As was demonstrated in the previous theoretical sections of this Chapter, NMR 

interactions are influenced by the distribution of electrons about the nucleus.  The NMR 

parameters are sensitive to chemical differences at the nucleus of interest.  A main task was 
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to measure accurately all of the NMR interactions (CS tensor, J-coupling, RDD, EFG tensor) 

for the nuclei involved in halogen bonding. 

SSNMR methods were chosen over solution as they provide unique insights into 

halogen bonds and provide several advantages: 

¶ Competing halogen bonding interactions between the solvent and the halogen 

bond donor are absent  

¶ Powdered samples are used (no need for a crystalline sample or single crystal) 

¶ Complete NMR tensors may be measured instead of only their isotropic values 

¶ Quadrupolar NMR is possible in the solid state, where I > 1/2 represent three-

quarters of the NMR-active nuclei in the periodic table104  

  The NMR interactions studied were then correlated with the specific structural 

feature of the halogen bonding environment (bond length, XB angles, etc.).  For this reason, 

X-ray crystallography is a complementary tool for this work: it provides the benchmark 

data of the structural properties of the new XB compounds studied here.  Furthermore, 

computational chemistry will permit the experimental results to be corroborated by 

theoretical results and will permit the visualization of the EFG and CS tensor components 

with respect to the molecular frame.  Equally important, computational chemistry will 

provide a means of understanding the correlation between the NMR observables and the 

halogen bonding interaction by using an MO interpretation.  

In this dissertation, a combination of experimental and theoretical approaches have 

been carefully applied to arrive at a successful correlation between various fundamental 
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NMR interactions in the halogen bonding environment, and they will be demonstrated 

thoroughly in the following Chapters.    
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3 SSNMR STUDY OF H ALOGEN BOND DONORS IN C-I ···Xė MOTIFS 

3.1 INTRODUCTION  

As mentioned in Chapter 2, NMR has proven to be an excellent tool for the 

characterization of hydrogen bonding in solution and solids.1  Following suit, 1H NMR has 

also been used for the study of halogen bond formation.  This was observed by a CS change 

for the methylene protons of CH2Cl2, CH2Br2, and CH2I2 and the haloformic protons 

(CHCl3, CHBr3, and CHI3) in the presence of various amines, ethers, and non-polar 

electron-rich solvents.2, 3  Resnati and co-workers also used multinuclear solution NMR to 

demonstrate the presence of XB between quinuclidine and 1-iodoperfluoropropane.4  The 

1H and 13C NMR spectra showed changes in the CS of the interacting compounds relative 

to the isolated components.  Additional evidence of a CˈIĿĿĿN electrostatic interaction 

originated from 19F (I = 1/2, n.a. 100 %) and 14N NMR spectra, where chemical shifts 

changed by several ppm upon complexation.  Metrangolo and co-workers used 19F NMR 

to quantify the halogen bonding interaction in various halo-perfluorocarbons and 

heteroatom-containing hydrocarbons by correlating the solventôs electron donor ability to 

chemical shifts.5  The Taylor group has also used 19F NMR in titration experiments to 

determine the strength of the halogen bonding interaction in solution.6   

Our group is interested in the study of the XB via SSNMR, where solvent effects are 

absent, and complete NMR interaction tensors may afford additional insight into the XB 

phenomenon.  In the present work, the compounds have been designed such that only 

halogen bonding is present between halides and covalently-bonded iodine, and any possible 

competing effects of hydrogen bonding are absent.  This will facilitate the elucidation of a 

relationship between halogen bonding environment and NMR parameters. 
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The proposed IUPAC definition of halogen bonding states that changes in magnetic 

resonance parameters may accompany the formation of a halogen bond.7  Understanding 

what drives the change in the chemical shift when XB occurs motivates this work.  In 

solution, 13C NMR has been used to probe XB, and there have been strong correlations 

between the electron-donor ability of the solvent and the chemical shift.8,9,10  In the solid 

state, it is more difficult to observe the resonance of the covalently-bonded carbon involved 

in halogen bonding interactions due to the strong residual dipolar interactions with the 

halogen nucleus11 , 12  and long relaxation times.  Our present approach involves a 

combination of XRD, multi-field SSNMR, and computational analysis.  In this study, the 

single-crystal X-ray structures and 13C SSNMR spectra of five halogen bonded compounds 

constructed from p-DITFB and ammonium or phosphonium halide (XĖ = Cl, Br) salts of 

the form RNX and RPX, where  R = n-Bu4 or EtPh3 are reported.  The compounds depicted 

in Figure 3.1 have the following formulas: [(n-Bu4NCl)(p-DITFB)] (1), [(n-Bu4PCl)(p-

DITFB)] (2), [(n-Bu4NBr)(p-DITFB)] (3), [(n-Bu4PBr)(p-DITFB)] (4), [(EtPh3PBr)2(p-

DITFB)] (5).  Compounds 1 and 3 were previously reported by Abate et al.; however, the 

structure solved by our group for 3 is slightly different (vide infra).13  The crystallographic 

structure of each compound will be discussed with an emphasis on the subtle differences in 

the various halogen bonding networks.  There will also be a comparison between the 13C 

CPMAS SSNMR spectra of the XB compounds to its starting material, p-DITFB.  Properly 

describing the NMR parameters in these compounds involves many challenges which will 

be discussed (vide infra); the ZORA-DFT approach is employed which allows for the 

treatment of scalar and spin-orbit relativistic effects. 
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Figure 3.1 Halogen bonding contacts in compounds 1 to 5 with the corresponding formula and 

compound number.  In compounds 1 to 4, the halide interacts with two crystallographically distinct 

iodines, whereas in compound 5 the bromide interacts with one.  Cations are omitted for clarity.  

 

3.2 EXPERIMENTAL SECTION  

3.2.1 Sample Preparation 

All ammonium and phosphonium salts of the form RNX and RPX, where R = n-

Bu4 or EtPh3 and X = Cl or Br, were purchased from Aldrich and used without further 

purification.  Compounds 1 and 4 were prepared according to previously reported 

literature13 but using a different solvent, dichloromethane.  Compounds 2, 3, and 5, were all 

prepared by dissolving equimolar amounts of R4NX or R4PX with p-DITFB, in a minimum 

amount of dichloromethane.  Vials containing the solutions were then placed into a closed 

jar containing mineral oil and left to evaporate until the desired compound crystallized. 

3.2.2 X-ray Crystallography 

Data collection results for compounds 1, 2, 3, 4, and 5 represent the best data sets 

obtained in several trials for each sample.  The crystals were mounted on thin glass fibers 

using paraffin oil.  Mounted crystals were cooled by a stream of dry air to 200.15 °K prior 
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to data collection.  Data were collected on a Bruker AXS KAPPA single crystal 

diffractometer equipped with a sealed Mo tube source (wavelength 0.71073 Å) and APEX 

II CCD detector.  Raw data collection and processing were performed with the APEX II 

software package from BRUKER AXS.14  Diffraction data for 1, 2, 4, and 5 were collected 

with a sequence of 0.5° w scans at 0, 120, and 240° in j.  Diffraction data for 3 were 

collected with a sequence of 0.5° w scans at 0, 90, 180 and 270° in j due to the lower 

quality of the crystal and weaker diffraction intensity to provide adequate data coverage.  

Initial unit cell parameters were determined from 60 data frames collected for different 

sections of the Ewald sphere.  Semi-empirical absorption corrections based on equivalent 

reflections were applied.15   Systematic absences in the diffraction data set and unit cell 

parameters were consistent with the monoclinic C2/c (ˉ15) space group for compound 4, 

monoclinic P21/n (ˉ14) for compound 5, monoclinic P21/c (ˉ14) for compounds 1 and 2, 

and orthorhombic Pccn (ˉ56) for compound 3.  Solutions in the centrosymmetric space 

groups for all compounds yielded chemically reasonable and computationally stable results 

of refinement.  The structures were solved by direct methods, completed with difference 

Fourier synthesis, and refined with full-matrix least-squares procedures based on F2.  These 

are further explained in the structure refinement section. 

All hydrogen atoms were treated as idealized contributions. All scattering factors are 

contained in several versions of the SHELXTL program library, with the latest version used 

being v.6.12.16  Crystallographic data and selected data collection parameters are reported 

in Table 3.1. 
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Table 3.1 Crystallographic Data and Selected Data Collection Parameters 

 

 

Additional information on X-ray structure refinement 

Structures of 1, 3, 4, and 5 contain molecules of p-DITFB located on the inversion 

center.  During the refinement of the structure for compound 2, unusually large thermal 

motion parameters for several atoms in the n-Bu chains of the phosphonium cation 

suggested positional disorder.  Disorder was modeled for the last two carbon atoms in the 

aliphatic chains and occupancy factors for both disorder models were refined to a 50/50 

compound 2 3 4 5 

empirical formula C22H36ClF4I2P C22H36BrF4I2N C44H72Br2F8I4P2 C23H20BrF2IP 

formula weight / g/mol 696.730 724.23 1482.38 572.17 

crystal size/ mm 0.17 x 0.15 x 

0.14 

0.18 x 0.13 x 

0.11 

0.17 x 0.12 x 

0.11 

0.31 x 0.19 x 

0.19 

crystal system monoclinic orthorhombic monoclinic monoclinic 

space group P21/c Pccn C2/c P21/n 

Z 4 8 4 4 

a/ Å 14.4599(2) 48.3095(10) 49.7447(10) 10.8351(3) 

b/Å 14.9417(2) 8.7022(2) 8.4785(2) 11.9074(3) 

c/ Å 15.0638(2) 13.6477(3) 14.1541(3) 17.0179(4) 

Ŭ/ ° 90 90.00 90.00 90 

ɓ/ ° 117.6830 90.00 104.1190(10) 92.3430(10) 

ɔ/ ° 90 90.00 90.00 90 

Volume / Å3 2882.06(7) 5737.5(2) 5789.3(2) 2175.35(10) 

calculated density/ mg/m3 1.606 1.677 1.701 1.747 

absorption coefficient/ mm-

1 

2.364 3.620 3.641 3.405 

F(000) 1368 2816 2880 1116 

Ū range for data collection/ 

° 

2.05 to 28.31 1.69 to 28.26 1.69 to 28.33 2.10 to 28.33 

limiting indices  -19 <= h <= 19, 

-19 <= k <= 19,  

-20 <= l <= 19 

-64 <= h <= 53, 

-11 <= k <= 11, 

-18 <= l <= 18 

-66 <= h <= 64, 

0 <= k <= 11, 

0 <= l <= 18 

-14 <= h <= 14,  

-14 <= k <= 15, 

-22 <= l <= 19 

reflections collected/unique 62401 / 7118 58424 / 7074 15069 / 7049 23686 / 5372 

R (int) 0.0186 0.0297 0.0000 0.0233 

completeness to Ū = 28.32/ 

% 

99.1 99.2 97.6 98.9 

max and min transmission 0.7331 and 

0.6894 

0.6916 and 

0.5619 

0.6902 and 

0.5765 

0.5639 and 

0.4183 

data/restraints/parameters 7118 / 75 / 298 7074 / 244 / 319 7049 / 221 / 347 5372 / 0 / 254 

goodness-of-fit on F2 1.027 1.122 1.002 1.045 

final R indices [I > 2Ŭ(I)]  R1 = 0.209,  

wR2 = 0.0492 

R1 = 0.0668 

wR2 = 0.1844 

R1 = 0.0429 

wR2 =0.1057 

R1 = 0.0167 

wR2 =0.0452 

R indices (all data) R1 = 0.269,  

wR2 = 0.0537 

R1 = 0.0742 

wR2 = 0.1888 

R1 =0.0570 

wR2 = 0.1136 

R1 = 0.0190 

wR2 =0.0464 

largest diff peak/hole/ eĀ ¡-

3 

0.671 and -0.714 1.001 and -

1.481 

1.007 and -1.448 0.346 and -

0.650 
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ratio for both disordered fragments.  Similar disorder was discovered for the aliphatic chains 

of the cations in the structures of 3 and 4.  Similar models of the disorder for two tail carbon 

atoms of two n-Bu residues were refined with occupancy factors of 50/50 and 45/55 for 

compound 3.  The structure of compound 4 was refined with occupancy factors of 67/33 

and 50/50 for disorder models similar to those described for 2 and 3.  The structures 3 and 

4 contain disordered molecules of p-DITFB located on the inversion center.  In both cases, 

disorder was modeled as a rotation of the aryl ring around the I - I axis.  In the case of 4, 

the rotational angle was found to be 48.67(3.02)Ǔ whereas for 3 this angle was found to be 

25.20(2.66)Ǔ, describing two disordered positions of the aryl rings.  In order to improve the 

refinement results, obtain acceptable thermal motion parameters, and retain desirable 

molecular geometry, several sets of restraints were applied during the refinement of both 

structures.  During the data collection for 4 it was discovered that crystal contained two 

non-merohedrally twinned domains.  Twinning issues were resolved by integrating the data 

with two independent orientation matrices and performing the refinement using the HKLF 

5 reflection intensities file.  Refinement of the domain contributions yielded a twinning 

ratio of 48.3%. 

 

3.2.3 13C Solid-State NMR Spectroscopy 

All compounds were ground into fine powders and packed in 4 mm outer diameter 

(o.d.) zirconia rotors.  Data were acquired at the University of Ottawa using a 9.4 T (ɜL(13C) 

= 100.6 MHz) wide-bore magnet equipped with a Bruker Avance III 400 console and a 4 

mm Bruker triple resonance MAS probe.  Data were also acquired at the National Ultrahigh-

Field NMR Facility for Solids in Ottawa using a 21.1 T (ɜL(13C) = 226.3 MHz) standard-
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bore magnet equipped with a Bruker AVANCE II 900 console and a double-resonance 

MAS probe.  

9.4 T Data.  13C SSNMR spectra were collected using CPMAS.  Experimental setup and 

pulse calibration were performed using the recommended IUPAC standard for 13C (I = 1/2), 

solid glycine (ŭ(13C=O) = 176.4 ppm with respect to TMS).17  For compounds 1, 2, 5 and 

3, 4 the recycle delays and contact times were optimized to 13 s and 5 s, and 3 ms and 5 

ms, respectively.  The proton ˊ/2 pulse was set to 3.50 ɛs in all cases, and the MAS 

frequencies were 8 kHz with the exception of 5 where 7.5 kHz was used. The number of 

scans varied for each compound, from a few hundred to 4k, and the experiments were run 

until a reasonable signal-to-noise ratio was obtained.  Total experimental times ranged from 

64 min to 15 h.  In the case of p-DITFB, a rotor-synchronized Hahn-echo (i.e. ˊ/2-Ű1- -́Ű2-

acq)18  MAS experiment was used.  Pulse calibration was performed on the secondary 

reference adamantane (ŭ(13C) = 38.55 and 29.50 ppm relative to TMS).  The spinning speed 

was set to 8 kHz, while the recycle delay and ˊ/2 pulse length were 20 s and 2.75 ɛs, 

respectively.  TPPM 1H decoupling was used for all experiments.19  Line broadening was 

also used in the processing of the data and varied from 25 to 100 Hz.  

21.1 T Data.  The same method was used at this field for the acquisition of the 13C SSNMR 

spectra as was done at 9.4 T.  The MAS frequency was set to 18 kHz.  The following 

parameters were used for the CPMAS experiments: recycle delay of 10 s, contact time of 3 

ms and ˊ/2 pulse length of 2.50 ɛs.  The number of scans varied for each compound, ranging 

from 256 to 1024.  As for the Hahn-echo MAS experiment (p-DITFB), a total of 4k scans 

were collected using a recycle delay equal to 10 s and a ˊ/2 pulse length of 5 ɛs. 
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All NMR data were processed with Bruker TopSpin 3.0 software. The FIDs acquired 

using a Hahn-echo experiment for p-DITFB were left shifted an appropriate number of data 

points to the top of the echo.  The number of distinct diso(
13C) values for carbon atoms 

directly bonded to iodine atoms was determined independently from the X-ray crystal 

structures (one value for each magnetically distinct carbon site).  Simulations of the MAS 

NMR spectra were carried out using WSolids120 through manual iteration using the 

appropriate number of diso(
13C) values, and apodization.  The precision in the reported 

diso(
13C) values was assessed through simultaneous iterative fitting of the 13C MAS NMR 

spectra obtained at both 21.1 and 9.4 T.   Stack plots of the experimental and simulated 

spectra were prepared using DMFIT (v.2011).21 

 

3.2.4 Computational Details 

Cluster models centered on the halide ion involved in halogen bonding were 

generated using the X-ray crystal structuresô atomic coordinates (models used are depicted 

in Figure 3.1).  The structure of Chaplot et al. was used for p-DITFB.22  The 13C magnetic 

shielding tensors were calculated with the ADF software (version 2009.01).23  Two sets of 

calculations were carried out: one set including scalar and spin-orbit relativistic effects 

using the ZORA, and the other set omitting relativistic effects.  The PBE or revPBE, were 

the GGA exchange-correlation functional used in combination with the ZORA/TZP basis 

set.  Some calculations were done with additional diffuse functions on the halide ions.  For 

compounds 3 and 4, disorder in the aromatic rings was eliminated by using an average 

structure of optimized C and F coordinates.  The calculations were performed using the 

High-Performance Virtual Computing Laboratory (HPCVL).  Magnetic shielding tensors 
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were converted to chemical shift tensors using the following equation: ‏
 
 

(where ůref = 184.1 ppm for carbon24, ŭij is the chemical shift tensor component, and ůij is 

the magnetic shielding tensor component).  

 

3.3 RESULTS AND DISCUSSION 

3.3.5 X-ray Crystal Structures 

Single-crystal X-ray crystallography was used to characterize the novel halogen 

bonded compounds 2, 3, 4, and 5.  Relevant crystallographic data are presented in Table 

3.1.  Halogen bonding interactions are considered to be present when the distance between 

the halogen (i.e., iodine) and the halide (i.e., XĖ = Cl-, Br-), dIðX, is shorter than the sum of 

their Van der Waals (VdW) radii (1.75, 1.85, 1.98 Å for Cl, Br, I,25 and 1.81, 1.96, 2.20 Å 

for Cl-, Br-, and I-, respectively26).  The ratio of the short intermolecular contact distance 

and the sum of the VdW radii (dVdW) is presented as the normalized distance parameter, 

RXB = dIðX/SdVdW, and is useful to describe the short contacts (i.e., RXB = 1 is a weak to 

non-existent XB).27  Furthermore, the carbon-iodine bond length, dCˈI, will change for each 

halogen bonded compound largely as a consequence of the non-covalent interaction.  As 

described in the proposed IUPAC definition of XB, the length of the RˈX covalent bond 

usually increases upon XB formation.7  A further point is that the XB interaction has been 

observed to be almost linear in the case of a nucleophile interacting with an RX molecule.  

The halide will often align itself at an angle, qCðI···XĖ, that varies between 160 and 180°.  

These intermolecular contact distances and angles are reported in Table 3.2 for the 

compounds of interest as well as other geometrical information pertaining to their halogen 

bonding environments.  Compounds 1 and 3 have been reported previously and discussed 
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thoroughly in the context of halogen bonding by Abate et al.13  Similar compounds have 

previously been discussed in terms of halogen bonding by Triguero et al., where 1,3,5-

trifluoro-2,4,6-triiodobenzene is co-crystallized with n-Bu4NX or n-Bu4PX (X = Cl-, Br-).28  

Grebe et al. report donor-acceptor compounds involving Ph4PX or Me4NX (X = Cl-, Br-) 

and p-DITFB.29  Hence, in this section our new crystal structures are briefly described and 

analyzed in terms of how they compare with previously reported crystallographic data.  The 

halogen bonding motifs observed here are reminiscent of some of those reported for 

artificial anion receptors and related complexes.30  

Table 3.2 Selected Intermolecular Contact Distances and Anglesa 

 compound #I dIˈC /Åb dI···X /Å RXB
c qCˈIĿĿĿX /° qI···X···I /° 

1 [(n-Bu4NCl)(p-C6F4I2)]d 1 2.107 2.988 0.79 178.1 109.1 

  2 2.096 3.104 0.82 170.2  

2 [(n-Bu4PCl)(p-C6F4I2)] 1 2.095 3.038 0.80 175.3 155.6 

  2 2.102 2.976 0.79 176.9  

3 [(n-Bu4NBr)(p-C6F4I2)] 1 2.112 3.168 0.80 175.3 139.2 

  2 2.096 3.232 0.82 177.9  

4 [(n-Bu4PBr)(p-C6F4I2)] 1 2.105 3.189 0.81 176.8 140.9 

  2 2.099 3.196 0.81 177.7  

5 [(EtPh3PBr)2(p-C6F4I2)] 1 2.108 3.148 0.80 175.5 ð 
a See also models in Figure 3.1.  b Experimental values determined by X-ray crystallography.  c RXB, normalized 

distance parameter, RXB = dI···X/SdVdW, where dI···X is the shortest contact distance between the halogen and 

the halide and dVdW is the sum of their Van der Waals radii (1.98 Å for  I, and 1.81, 1.96 Å for ClĖ and Br-,  

respectively).   d This compound was previously reported by Abate et al.
13  

Compound 1 exhibits the same unit cell parameters and halogen bonding 

environment as previously reported;13 the chlorides enable the formation of long chains by 

interacting with iodines from two different p-DITFB molecules (see Figure 3.1).  As for 3, 

Abate et al. have solved a different structure that crystallizes in the monoclinic space group 

C2/c.  Presently, co-crystallization of n-Bu4PCl and p-C6F4I2 in a different solvent 

(dichloromethane) afforded 3, but which packs in the orthorhombic Pccn space group.  The 
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main difference between this polymorph and the previously reported one is disorder of the 

aromatic ring in the ac plane (Figure 3.2).  Compound 2 packs in the same space group and 

crystal system as compound 1 (P21/c).  Compound 4 also packs in a monoclinic crystal 

system, but in a different space group (P21/n).  Similarly to compound 3, the aromatic ring 

in the ac plane in 4 exhibits disorder (see Figure 3.3). 

 
Figure 3.2 2 x 2 x 2 cell of compound 3 shown along the b axis.  The p-C6F4I2 molecules form 

polymeric chains with a bridging bromide.  Those chains alternate with rows of cations (n-Bu4N+) 

along the b axis.  There is disorder at the end of the butyl chains.  Hydrogens are omitted for clarity. 

 

 
Figure 3.3 2 x 2 x 2 cell of compound 4 shown along the b axis.  The p-C6F4I2 molecules form 

polymeric chains with a bridging bromide. Those chains alternate with rows of cations (n-Bu4N+) 

along the b axis.  There is disorder at the end of the butyl chains.  Hydrogens are omitted for clarity. 
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In all of the halogen bonded compounds reported here with the exception of 5, the 

two iodines of p-DITFB act as acceptors of electron density, and they form almost linear 

CðI···XĖ arrangements with the donor of electron density (i.e., ClĖ or Br-).  The CðI···XĖ 

angles range from 170.2 to 178.1° for compounds 1 to 4, and their normalized distance 

parameter, RXB, values range between 0.79 and 0.82 (see Table 3.2).  Hence, these 

compounds can be classified as having moderately strong halogen bonding interactions, 

since the short linear contacts, dIðX, observed are ~ 20% shorter than their VdW radii.  

These XB compounds form polymeric anionic zigzag chains with halide bridges and have 

different coordination angles.  The I···ClĖ···I angles are 109.1° and 155.6° for 1 and 2 

respectively, and the I···BrĖ···I angles are 139.2° and 140.9° for 3 and 4, respectively (see 

Figure 3.1).  In these compounds, the two iodines which interact with the halide are 

crystallographically non-equivalent.  Similar halogen bonding environments were also 

observed by Grebe et al., where the zigzag chains for [(Me4NCl)(p-DITFB)] and 

(Me4N)[(p-C6F4I2)Br]· CH3CN had, however, more acute angles, qI···ClĖ···I = 77.2° and  

qI···BrĖ···I = 74.3°.29  Furthermore, Abate et al. found an almost identical IĿĿĿBrĖ···I angle for 

compound 3 (138.4°).13  

The crystal packing is similar for compounds 1 and 2.  The rows of polymeric chains 

between the halide and the p-DITFB molecules are separated by a row of cations.  This is 

observed along the a axis for compounds 1 and 2, as depicted in Figures 3.4 and 3.5, 

respectively (Figures along different axis are also present in Appendix A).  Also, the butyl 

chains in compound 2 exhibit some disorder.  In contrast to 1 and 2, the polymeric chains 

in 3 and 4 formed by the two molecules of p-DITFB bridged by a bromide are not in the 

same plane; the non-disordered aromatic ring p-DITFB is in the ab plane, oriented almost 
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perpendicular to the disordered aromatic ring. The cations, n-Bu4N
+ or n-Bu4P

+, and 

bromide anions alternate in columns along the b axis, (Figure 3.2 and 3.3).   

 

 

Figure 3.4 2 x 2 x 2 cell of compound 1 along the a axis.  The p-C6F4I2 molecules form 

polymeric chains with a bridging chloride. Those chains alternate with rows of cations (n-Bu4N+) 

along the a axis.  Hydrogens are omitted for clarity. 
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Figure 3.5 3 x 3 x 3 cell of compound 2 shown along the a axis.  The p-C6F4I2 molecules form 

polymeric chains with a bridging chloride.  Those chains alternate with rows of cations (n-Bu4N+) 

along the a axis.  There is disorder at the end of the butyl chains.  Hydrogens are omitted for clarity. 

 

Finally, compound 5 is formed between EtPh3PBr and p-C6F4I2, resulting in 

[(EtPh3PBr)2(p-DITFB)] which crystallizes in a monoclinic system with a P21/n space 

group.  The bromide anion acts as a terminal donor, forming a dianionic [Br···IðC6F4ð

I···Br]2- species (see Figure 3.1).  This scaffold has been observed previously by Grebe et 

al. in the compounds (Ph4P)2[(p-C6F4I2)Cl2]· 4CH2Cl2  and (Ph4P)2[(p-C6F4I2)Br2]· 

4CH2Cl2.
29  Rows of EtPh3P

+ cations alternate with rows of [Br···IðC6F4ðI···Br]2- 

moieties along the b axis, (Figure 3.6).  Also, a view of the unit cell of 5 shows that the 

cations are associated two by two into an inversion-centered phenyl embrace motif.  

Triguero et al. observed the same pattern in (Ph4P)[(sym-C6F3I3)Br]28 and mention that it is 
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a recurrent motif for Ph3PR derivatives.31, 32 Again, the bromide adopts characteristic XB 

by forming systematic strong ~ 180̄  I···Br - contacts (R = 0.80 and ɗ CðI···Br Ė = 175.5°).  

 

Figure 3.6 3 x 3 x 3 cell of compound 5 shown along the b axis.  The rows of EtPh3P+ cations 

alternate with rows of [Br···IðC6F4ðI···Br]2- moieties. The ethyltriphenylphosphonium cations 

are associated two by two into the inversion centered phenyl embrace motif.  Hydrogens are 

omitted for clarity. 

 

3.3.6 Solid-State NMR Spectroscopy: 13C Chemical Shifts 

Presented in Figure 3.7 are sections of the 13C CPMAS NMR spectra corresponding 

to the covalently bonded CˈI regions for solid powdered samples of 1 to 5, and for p-

DITFB.  Such spectra are challenging to acquire with a good signal-to-noise ratio given the 

lack of directly bonded protons on the carbons of interest, the directly bonded iodine, the 

nearby fluorines, and long relaxation times.  The 13C chemical shifts for each of the 

compounds considered in this work are summarized in Table 3.3.  These were obtained by 

a simultaneous simulation of each of the spectra acquired at both 9.4 and 21.1 T magnetic 

field strengths, shown in Figure 3.7 (g-l) and (a-f), respectively.  The full 13C CPMAS 
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SSNMR spectra for compounds 1 to 5 and for p-DITFB acquired at both fields may be 

found in Figure 3.8 and 3.9.  The assignments of their chemical shifts are tabulated in Table 

3.4 and follow the labelling depicted in Figure 3.10. 

Table 3.3 Calculated and Experimental 13C Isotropic Chemical Shifts of 

Carbon Covalently Bonded to Iodine 

 compound diso(13C) exp. / ppma diso(13C) calc. / ppmb 

 p-C6F4I2 76.50(0.50) 72.12 

1 [(n-Bu4NCl)(p-C6F4I2)] 83.92(0.01) 114.17 

  80.64(0.02) 85.22 

2 [(n-Bu4PCl)(p-C6F4I2)] 81.75(0.45) 94.74 

  83.65(0.15) 98.21 

3 [(n-Bu4NBr)(p-C6F4I2)] 84.72(0.10) 92.95 

  81.84(0.01) 69.53 

4 [(n-Bu4PBr)(p-C6F4I2)] 83.80(0.06) 117.66 

  83.00(0.02) 67.54 

5 [(EtPh3PBr)2(p-C6F4I2)] 84.50(0.25) 95.62 
a Experimental 13C isotropic chemical shift of the carbon covalently bonded to iodine. In parentheses are the 

errors assessed from WSolids1 simulations.  b DFT calculated diso(13C) including scalar and spin-orbit 

relativistic effects using ZORA as implemented in ADF.  The revPBE exchange-correlation functional was 

used with the ZORA/TZP basis set, plus extra diffuse functions on the halide ion (ADF AUG directory).  

 

Several important points can be made concerning the 13C CP MAS SSNMR spectra. 

The use of the 21.1 T instrument allows for improved precision of the 13C chemical shifts 

since the residual dipolar coupling (RDC) between 13C and quadrupolar halogen nuclides 

(i.e.,127I) decreases significantly at such a field, 33 and this is observed by a decrease in the 

line widths (80 to 200 Hz) of the resonances compared to the ones observed at 9.4 T (137 

to 289 Hz).  Residual dipolar coupling was satisfactorily accounted for with the use of 

apodization, as no specific asymmetric broadening or splitting patterns attributable to RDC 

were observed.  This approach was validated by the consistent field-independent chemical 

shift values obtained in both applied magnetic fields.  From the crystal structures, two 
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resonances are expected in 1, 2, 3, and 4 for the carbons bonded to iodine whereas in 5 only 

one is anticipated.  The spectra acquired at 21.1 T are consistent with the expected number 

of CðI resonances in all compounds with an increase in spectral resolution when compared 

to data acquired at 9.4 T.  One particularly clear and unambiguous aspect of the spectra in 

Figure 3.7 is that an increase in diso(
13C) is observed for the CðI resonance in the presence 

of halogen bonding relative to pure p-DITFB (76.50(0.50) ppm).  These range from 

80.64(0.02) ppm for 1 to 84.72(0.10) ppm for 3.  The fact that these chemical shifts are 

substantially lower than those typically observed for aromatic carbons is due to a well-

known relativistic spin-orbit-induced heavy atom substituent effect caused by the 

covalently bonded iodine.34 
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Figure 3.7 Experimental (solid line) and simulated (dashed line) 13C CPMAS SSNMR spectra 

for the region of the carbon covalently bonded to iodine. The spectra on the left were recorded at 

21.1 T with a MAS speed of 18 kHz and correspond to p-DITFB (a), 1 (b), 2 (c), 3 (d), 4 (e), and 

5 (f). The right column corresponds to the spectra recorded at 9.4 T with a spinning speed of 8 

kHz, where the spinning sidebands are indicated by a red asterisk and carbon atoms from the butyl 

chains are cut with a red dash.  The spectra correspond to p-DITFB (g), 1 (h), 2 (i), 3 (j), 4 (k), and 

5 (l). 
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It is of interest to further understand why changes in the value of diso(
13C) occur for 

the CˈI carbons in the presence of halogen bonding, relative to p-DITFB alone, where 

such an interaction is absent.  It was mentioned in the previous section that the geometry of 

the halogen bond is different in each of the compounds studied.  Firstly, the value of diso for 

the 13C directly bonded to the iodine involved in halogen bonding was plotted as a function 

of the strength of the XB by using the normalized distance parameter, RXB.  No clear 

correlation could be distinguished for the series of XB compounds presented here.  

Secondly, the CðI distances, dCˈI, are different for each of the halogen bonded 

compounds, and this distance is one possible indicator of halogen bonding.7  When the 

values of diso(
13C) are plotted as function of their respective CˈI distances, a good 

exponential correlation is observed (R2 = 0.9613, see Figure 3.8).  An exponential is used 

to fit the data, since in principle as the bond length becomes infinitely long, the CS value 

observed would be constant (however, the physical meaning of this value is unclear).  A 

linear fit which excludes the datum for the non-halogen bonded p-DITFB is reasonable as 

well (Figure 3.8).  It is critical to note here that the assignments of the two values of diso(
13C) 

to the two different crystallographic sites in a particular compound were determined 

independently from ZORA-DFT calculations (vide infra).  There is no obvious way to do 

this experimentally, and therefore the correlation presented in Figure 3.8 should be 

considered as an experimental correlation established with the aid of computation.  Small 

cluster models of the halogen bonding environment were used for the calculations, as shown 

in Figure 3.1.  The calculated values of diso(
13C) are presented in Table 3.3.  In most cases 

it can be seen that when the CðI distance increases, the value of diso(
13C) will also increase, 

perhaps since the spin-orbit effect is reduced.  It is also interesting to mention that, 
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consistent with this interpretation, p-DITFB has the most shielded carbon CS (76.50(0.50) 

ppm) and shortest dCˈI (blue diamond in Figure 3.8).   

 

Figure 3.8 Plot of experimental values of ŭiso(13C) as a function of the corresponding carbon-

iodine distance, dCðI, for carbons directly bonded to iodine.  The values of ŭiso(13C) are taken from 

Table 3.3 and the values of dCðI are tabulated in Table 3.2.  The black diamonds represent the 

halogen bonded compounds 1, 2, 3, and 5 and the blue square represents p-DITFB. The red 

diamonds represent compound 4, where the assignment is ambiguous; they could be very well be 

assigned in reverse order from the ZORA DFT cluster model calculations.  Some of the 

experimental vertical error bars are within the size of the symbols.  The best fit represented by a 

black line is an exponential function: ŭiso(13C) = 8.5629 × (1-exp(-128.96 ȹ d)) + 76.5, Pearson 

correlation coefficient R² = 0.9613, where ȹd = dCðI(XB compound) - dCðI(p-DITFB).  A linear fit to the 

data for the halogen bonded complexes (blue square excluded from fit) is described by: ŭiso(13C) = 

220.15d-379.71, R2 = 0.859. 

 

To our knowledge, this is the first time this trend correlating the values of diso(
13C) to 

the CðI distance in halogen bonds has been reported in the solid state.  Indeed, difficulties 

in observing such shifts and interpreting them have been described previously in the 
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literature.  Efforts by Bouchmella and co-workers on the acquisition of 13C CPMAS NMR 

spectra for halogen bonded compounds of imidazolyl-containing haloalkenes and 

haloalkynes have been reported.11  Unfortunately, they were unable to observe the chemical 

shifts of the carbons bonded to iodine experimentally.  Our observations are consistent with 

previous reports of 13C chemical shifts in solution.  Goroff and coworkers demonstrated 

that there is a measurable change in carbon resonances associated with the carbons bonded 

to iodine due to halogen bonding interactions with the solvent in diiodohexatriyne and 

diiodooctatetrayne.8  These changed from 0.9 ppm in CDCl3 to 14.6 ppm in DMSO for C6I2 

and from 1.9 ppm in CDCl3 to 17.9 ppm in DMSO for C8I2.  This phenomenon is well 

known for iodoalkynes, were the carbon in iodophenylacetylene has a chemical shift of 6.1 

ppm in CDCl3 and 20 ppm in pyridine-d5.
9,10  However, Glaser, Kaupp and co-workers have 

eloquently described the challenges in understanding such changes, particularly in solution, 

where spin-orbit effects and coordination shifts may nearly cancel each other out, making 

trends difficult to identify experimentally.35 
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Figure 3.9 13C CPMAS SSNMR spectra acquired at 21.1 T of (a) p-DITFB, (b) 1, (c) 2, (d) 3, 

(e) 4, and (f) 5.  The insets show vertical expansions (4x).  The asterisks denote spinning sidebands. 
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Figure 3.10 13C CPMAS SSNMR spectra acquired at 9.4 T of (a) p-DITFB, (b) 1, (c) 2, (d) 3, 

(e) 4, and (f) 5.  The insets show vertical expansions (4x, except for (f)).  The asterisks denote 

spinning sidebands. 
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Table 3.4 Experimental diso(
13C) (ppm) of p-DITFB and compounds 1 to 5a 

compound     CðI 

 a, d 

CðF  

b, c, e, f 

p-DITFB     76.50 147.3 

 
CH2 

j ,k , r, s 

CH2 

h, m, p, u 

CH2 

i, l, q, t 

CH3    

g, n, o, v 

  

1 
61.5-58.8 24.0-26.0 21.6-19.6 16.0, 14.4-13.0 83.92 

80.64 

148.0-

145.5  

2 
26.2-24.5 23.1-22.1 18.1-17.2 15.5-12.2 81.75 

83.65 

147.4-

145.2 

3 
62.5-60.0 26.2-24.6 22.9, 20.7-19.8 14.9, 14.6, 13.5, 

12.2 

84.72 

81.84 

147.2-

145.7 

4 
26.1-24.7 23.1-22.2 18.1-15.2 13.4-12.5 83.80 

83.00 

 

 
CH3 g 

CH2 h 

CH2 

i 

CH 

j, k, l 

   

5 
7.9 

17.2 

112.7,116.5, 120.3-

118.4 

j, 131.3-129.3 

k, 134.5-132.1 

l, 138.5-135.9 

 84.50 147.2-

145.0 

a 13C CS assignment follows scheme depicted in Figure 3.11. 

 

 

Figure 3.11 Labelling scheme used for attributing the diso(13C) values of XB compounds 1 to 5 

and starting material p-DITFB, where A is either P or N and X is Cl or Br. 

 

3.3.7 ZORA DFT Calculations of 13C Magnetic Shieldings and Chemical Shifts 

The challenges associated with chemical shift calculations for 13C bonded to heavy 

atoms have been discussed in the literature.34,35  ZORA-DFT computed 13CðI chemical 

shifts for the compounds of interest are reported in Table 3.3.  While the calculations 

provide chemical shifts which are significantly lower than those of aromatic carbons 

lacking a bonded iodine, the computed values of diso(
13C) generally overestimate the 
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experimental data by tens of ppm. Calculations of these data are quite challenging for 

various reasons, and there are several possible explanations for the deviation between 

experiment and theory.  For example, the cluster models used here do not allow for a full 

treatment of the effect of the ions in the crystal lattice on the computed NMR parameters.  

The GIPAW DFT method36 does allow for calculations using periodic boundary conditions; 

however, it was concluded that the inclusion of relativistic effects via ZORA is more 

important for the present compounds (see Table A1, Appendix A).  It would be desirable to 

be able to include periodic boundary conditions as well as ZORA relativistic effects; while 

this is an ongoing area of research,37 it is beyond our current computational capabilities.  

Furthermore, in general it is known that the treatment of relativistic effects as well as the 

relative roles of dispersion and electrostatics in the XB are challenging for current 

computational methods.38  On balance, the approach used here is a reasonable one given 

the various competing factors involved and the computational tools available. 

Given the relatively poor absolute agreement between the experimental and 

calculated shifts shown in Table 3.3, I sought to confirm the experimentally observed trend 

(Figure 3.8) by attempting to reproduce the trend computationally, without focus on the 

precise magnitudes of the computed shifts.  Additional calculations of 13C chemical shifts 

were therefore performed on cluster models involving a molecule of p-DITFB halogen-

bonded through one iodine to a chloride ion (see Figure A3, Appendix A).  Two different 

systematic studies were performed.  First, the short contact between the chloride and iodine 

was increased systematically from RXB = 0.79 to 0.98, while the CðI distance and the 

halogen bonding angle, qCˈI···ClĖ were kept fixed at 2.096 Å and 180°, respectively.  Shown 

in Figure 3.12 is an inverse linear correlation between the increasing strength of the XB 
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interaction and the calculated values of diso(
13C) of the carbon covalently bonded to iodine.  

In Figure 3.12(a), scalar and spin-orbit relativistic effects are included in the calculations 

using ZORA, since spin-orbit-induced effects are expected in the presence of iodine.34  In 

Figure 3.12(b), the same plot is presented without the incorporation of relativistic effects.  

Therefore, a second-order polynomial is used to best fit the data (R2 = 1).  The general trend 

is the same in both cases: an increase in XB strength is accompanied by an increase in 

chemical shift.  The shaded areas in the plots are representative of the strength of the XB in 

the compounds presented in this study (RXB = 0.79 to 0.82).  A 6 ppm change is observed 

over this range when relativistic effects are incorporated in the calculations, and a 3 ppm 

change is observed for the non-relativistic calculations.  Both sets of data are consistent 

with experiment, where a 4 ppm range is observed for diso(
13C).  Recall, however, that a 

clear correlation between diso(
13C) and RXB was not observed experimentally.  Therefore, a 

second series of calculations was performed where the CðI distance was increased from 

2.094 to 2.110 Å (representing the range of CðI bond length observed by XRD in our 

series of XB compounds) by increments of 0.002 Å and the normalized distance parameter, 

RXB, was fixed at 0.81 with a linear CˈIĿĿĿClĖ angle.  Linear correlations are observed 

between the values of diso(
13C) and the CðI bond length (Figure 3.12 with (b) and without 

(c) scalar and spin-orbit relativistic effects).  In both cases, there is a ~1 ppm increase in 

diso(
13C) when increasing the CˈI bond length, and the same general trends are observed 

whether relativistic effects are included or not.  However, the inclusion of scalar and spin-

orbit relativistic effects in the calculations results in a decrease in the value of diso(
13C) by 

25 ppm relative to the non-relativistic results (~105 ppm vs ~130 ppm).  Relativistic ZORA-
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DFT calculations reproduce better the observed magnitudes of the chemical shifts of carbon 

covalently bonded to iodine.          

 

Figure 3.12 Calculated 13C isotropic chemical shift of the carbon covalently bonded to iodine 

in a cluster model involving p-DITFB and chloride, using ZORA DFT implemented in ADF (GGA 

PBE and ZORA/TZP basis set).  Plot (a and c) corresponds to ŭiso(
13C) in function of decreasing 

halogen bond strength (from RXB = 0.79 to 0.98), where the value of ɗCðI···ClĖ is fixed to 180°. The 

shaded areas represent the range of observed RXB values for the halogen bonded compounds 

reported herein (RXB = 0.79 to 0.82).  In (a), scalar and spin-orbit relativistic effects are calculated 

using ZORA and in (c) no relativistic effects are included.  Plots (b and d) correspond to ŭiso(13C) 

as a function of increasing distance between the carbon and covalently bond iodine (dCðI), where 

the halogen bond strength is held constant to 0.81 and ɗCðI---Cl is linear. Scalar and spin-orbit 

relativistic effects are implemented using ZORA in (b) and not in (d).  Solid lines are of best linear 

fit, except in the case of (c) where a second-order polynomial is used. The lines of best fit are as 

follows: (a) ŭiso(
13C)  = -77.961RXB + 168.43, (b) ŭiso(13C)  = 60.75(dCðI) - 22.814, (c) ŭiso(13C)  = 

64.21RXB
2 ï 148.25RXB + 207.56 and the linear fit would be ŭiso(13C) = -33.96RXB + 156.92, Pearson 

correlation coefficient R2 = 0.9902; (d) ŭiso(13C)  = 76.75(dCðI) - 31.585. 
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ZORA-DFT calculations and experiments both suggest that an increase in the CˈI 

bond length correlates with an increase in the 13C chemical shift for CˈI groups involved 

in halogen bonds.  While experimentally it was observed that increases in the CˈI bond 

length correlate  best in an inverse exponential manner with diso(
13C), a linear trend is 

observed using ZORA-DFT.  It is reasonable to suggest that this might be due to the 

constraints of the model.   For example, the XB strength is fixed to RXB = 0.81 in the 

calculations whereas experimentally, when the halogen bond strength increases, the CˈI 

bond length simultaneously increases.  This might also help to explain the 1 ppm change 

observed computationally versus the 4 ppm change observed experimentally for diso(
13C) 

over the same range of CˈI bond lengths.  However, even though the calculated chemical 

shifts are overestimated, the overall trend is the one observed experimentally: an increase 

in the CðI bond length will result in a higher chemical shift of the carbon resonance 

involved in the XB interaction.   

 

3.4 CONCLUSIONS  

The preparation of a series of compounds have been reported exhibiting halogen 

bonding between p-diiodotetrafluorobenzene and halide anions, and characterized by close 

linear contacts. The XB compounds have been studied by XRD and 13C solid-state magnetic 

resonance spectroscopy.  X-ray diffraction revealed similarities and differences in the 

halogen bonding motifs for halides described by Abate et al.,13 Triguero et al.,28 and Grebe 

et al.29  In particular, the halides are ditopic and form long polymeric chains with I···XĖ···I 

angles ranging from 109.1 to 140.9̄ for compounds 1 to 4.  The bromine anion in compound 

5 forms halogen bonds with one iodine, forming [Br···IðC6F4ðI···Br]2- moieties.   
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 For compounds 1 to 5, the solid-state 13C chemical shifts increase by several ppm 

relative to the pure non-halogen-bonded p-DITFB component.  Recalling the provisional 

IUPAC definition of the XB interaction (RðX···YðZ), the halogen bond may lead to 

characteristic changes in the NMR signals of RðX.  In this study, the value of diso(
13C) is 

correlated to the halogen bonding environment, as quantified by the carbon-iodine bond 

length.  As the CˈI distance increases, the chemical shift also increases.  Correlations with 

the value of the normalized distance parameter, RXB, were not observed experimentally; this 

may be in part due to the fact that both chloride and bromide electron donors are considered 

within the same data set.  ZORA-DFT calculations of the 13C chemical shift carried out on 

a cluster model reproduced the experimental trend as the carbon-iodine distance was varied.  

The inclusion of scalar and spin-orbit relativistic effects in the calculations resulted in a 

decrease in the computed values of diso(
13C) of about 25 ppm.  It is clear that there is further 

room for improvement in the calculation of magnetic shielding tensors in halogen-bonded 

systems where relativistic effects are important.  This combined experimental-theoretical 

study has demonstrated that carbon-iodine-halide halogen bonding interactions are 

reflected in the 13C chemical shifts, thereby providing an example of the utility of NMR 

methods in characterizing halogen bonding interactions in the solid state.39 
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4 SSNMR  AND NLMO  STUDY OF QUADRUPOLAR H ALOGEN BOND 

ACCEPTORS IN C-IÖÖÖX-ÖÖÖI -C MOTIFS  

4.1 INTRODUCTION AND OBJECTIVES 

 Letôs recall a feature from the IUPAC definition of XB that states ñthe X···Y 

halogen bond usually leads to characteristic changes in the NMR signals of RðX and Yð

Z.1  As was previously stated in the introduction of Chapter 3, such changes were observed 

in 1H,2 13C,3 and 19F NMR studies in solution.134,135  Erdélyi has used NMR to demonstrate 

elegantly that symmetric halogen bonding is preferred in solution in certain [N-XĖN]+ 

systems.4  In the solid state, Weingarth and co-workers have determined N···I distances 

from 15N-127I dipolar coupling interactions through rotary resonance recoupling 15N 

SSNMR experiments.5  As well other studies conducted in our group, 6,7 have observed 

significant changes in the CS tensors and CQ of the nuclei involved in the halogen bond 

compared to the starting material which is devoid of the non-covalent interaction with 

multinuclear solid-state magnetic resonance (14/15N, 35/37Cl, 79/81Br, and 127I).8,9,10,11,12,13,14,15 

 One of the open questions in characterizing halogen bonds concerns the 

understanding of how the NMR parameters of the nuclei involved in halogen bonds, 

particularly the halogens themselves, may be more rigorously related to (1) the local XB 

geometry and (2) the local electronic structure; more specifically, the MOs involved in the 

halogen bond.       

In the present study, novel complexes have been synthesized to have moderately 

strong halogen bonds specifically, with RXB values ranging between 0.79 and 0.91.  In 

addition, these co-crystals were designed to be devoid of competing interactions such as 

hydrogen bonding.  The compounds used in this study contain iodoperfluorobenzenes, 
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ñnow considered to be the óiconicô halogen bond donorsò,16 co-crystallized with different 

ammonium or phosphonium halide XB acceptors.  In addition to characterization by XRD, 

comprehensive multinuclear solid-state magnetic resonance spectroscopic studies are 

reported.  The origins of the observed NMR parameters, such as the quadrupolar coupling 

constant, CQ, and asymmetry parameter, hQ, are further examined with NLMO analyses.17,18  

NLMO analyses provide direct insight into the relationship between structure and spectral 

parameters by allowing one to identify contributions of individual occupied MOs to the 

NMR interaction tensors.19  This work, therefore, combines experimental and theoretical 

methods to provide insight into the relationship between the geometry and electronic 

structure of halogen bonds and their corresponding spectroscopic observables.  

 

4.2 EXPERIMENTAL SECTION  

4.2.1 Sample Preparation 

Starting materials were purchased from Sigma-Aldrich and were used without 

further purification.  At room temperature, equimolar amounts of either p-DITFB, o-

DITFB,  or p-diiodobenzene (p-DIB) were dissolved in dichloromethane with an 

ammonium or phosphonium salt, (n-Bu4PCl, n-Bu4PBr,  n-Bu4NBr, Ph4PCl, EtPh3PBr) 

yielding the following halogen-bonded co-crystals:  [(n-Bu4NCl)(p-DITFB)] 143, [(n-

Bu4PCl)(p-DITFB)] 2, [(n-Bu4PBr)(p-DITFB)] 3, [(n-Bu4NBr)(p-DITFB)] 4, 

[(EtPh3PBr)(p-DITFB)] 5, [(Ph4PCl)(p-DITFB)] 6, [(EtPh3PBr)2(p-DIB)] 7, [(n-

Bu4PCl)(o-DITFB)] 8, [(n-Bu4PBr)(o-DITFB)] 9, [(Ph4PCl)(o-DITFB)]·(CH2Cl2)2 10.  The 

preparation and crystal structures of some of the halogen-bonded compounds containing p-
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DITFB were previously reported.43  The numbering used for the compounds is summarized 

in Table 4.1 below. 

Table 4.1 Halogen Bonded Compounds and Labelling. 
compound n-Bu4NX 

(X = Cl-, Br-) 

n-Bu4PX 

(X = Cl-, Br-) 

Ph4PCl 

 

EtPh3PBr 

 

p- DITFB  [(n-Bu4NCl)(p-C6F4I2)] 

1 
[(n-Bu4NBr)(p-C6F4I2)] 

4 

[(n-Bu4PCl)(p-C6F4I2)] 

2 
[(n-Bu4PBr)(p-C6F4I2)] 

3 

[(Ph4PCl)(p-C6F4I2)] 

6 

[(EtPh3PBr)2(p-C6F4I2)] 

5 

o- DITFB   [(n-Bu4PCl)(o-C6F4I2)] 

8 

[(n-Bu4PBr)(o-C6F4I2)] 

9 

[(Ph4PCl)(o-

C6F4I2)]·(CH2Cl2)2 

10 

 

p- DIB     [(EtPh3PBr)2(p-

C6H4I2)] 

7 

 

Crystals of compounds 6 and 8 were obtained by slow evaporation from a minimum 

amount of dichloromethane.  Crystals of compounds 9 and 10 were obtained using a slow 

diffusion method.  The compounds were dissolved in a minimum amount of 

dichloromethane and placed in a vial which was then placed in a jar containing hexane and 

sealed. 

 

4.2.2 Single Crystal X-ray Diffraction 

Data collection results for compounds 1-5 are reported in Chapter 3 section 3.2.2.  Data 

collection results for compounds 6, 7, 8, 9, 10, and o-DITFB represent the best data sets 

obtained in several trials for each sample.  The crystals were mounted on thin glass fibers 

using paraffin oil.  Prior to data collection, crystals were cooled to 200.15 K.  Data were 

collected on a Bruker AXS SMART single crystal diffractometer equipped with a sealed 

Mo tube source (wavelength 0.71073 Å) APEX II CCD detector.  Raw data collection and 

processing were performed with the APEX II software package from BRUKER AXS.20  
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Diffraction data for 6, 7, 8, 9, and o-DITFB were collected with a sequence of 0.5° w scans 

at 0, 120, and 240° in j.  In order to ensure adequate data redundancy, diffraction data for 

10 were collected with a sequence of 0.5° w scans at 0, 90, 180 and 270° in j due to their 

lower symmetry.  Initial unit cell parameters were determined from 60 data frames with a 

0.3° w scan, each collected for different sections of the Ewald sphere.  Semi-empirical 

absorption corrections based on equivalent reflections were applied.21  Systematic absences 

in the diffraction dataset and unit cell parameters were consistent with triclinic Pρ (ˉ2) for 

compound 10, monoclinic P21/c (ˉ14) for compounds 8 and 9, monoclinic P21/n (ˉ14) 

for compound 7 and o-DITFB, and monoclinic C2/c (ˉ15) for compound 6.  Solutions in 

centrosymmetric space groups for all compounds yielded chemically reasonable and 

computationally stable results of refinement.  The structures were solved by direct methods, 

completed with difference Fourier synthesis, and refined with full-matrix least-squares 

procedures based on F2.  Further PXRD experimental information and diffractograms are 

given in Appendix B. 

 For compound 10, thermal motion parameters for atoms of two partially occupied 

CH2Cl2 solvent molecules suggested a positional disorder not related to the symmetry 

elements. Disorder was successfully modeled; however, the set of geometrical (SADI) and 

thermal motion (SIMU, DELU) restraints were applied to achieve acceptable molecular 

geometries and thermal motion values.  Disordered fragment occupancies were refined with 

satisfactory results at 25%: 25% for both CH2Cl2 solvent molecules. 

 In the structural models of 8, 9, 10, and o-DITFB, all molecular fragments of the 

structures are located in general positions (i.e., not on symmetry elements).  In the structure 

of 6, two molecules of p-C6I2F4 are located on two different inversion centers whereas all 
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the other structural fragments are situated in general positions.  Similarly, one molecule of 

p-C6I2H4 in the structure of 7 also occupies an inversion center with the rest of the moieties 

located in general positions.  In structural models for all compounds, hydrogen atoms were 

located from the differences in Fourier maps.  However, after initial positioning, all 

hydrogen atoms were constrained to suitable geometries and subsequently treated as 

idealized contributions during the refinement.  All scattering factors are contained in several 

versions of the SHELXTL program library, with the latest version being used (6.12).22  

   

4.2.2.1 Comments on the X-ray structure of 6 and 8 

In the case of 6, two out of four arene molecules are located on an inversion center. 

Upon inspection of the bond distances, it was found that one of the carbon ï iodine bonds 

is noticeably shorter than all other bonds of this type in the structure.  However, upon closer 

investigation of the thermal motion parameters for the atoms of the 

tetrafluorodiiodobenzene molecules with unusually short bonds, it was discovered that the 

arene molecules exhibit minor positional disorder. This disorder could be described as a 

minor rotation of the molecule in the plane of aromatic ring with the pivot point located on 

the iodine atom opposed to the unusually short bond.  Unfortunately, the disorder was not 

prominent enough to be successfully resolved.  An attempt to treat the disorder by splitting 

the locations of above-mentioned molecule into two positions and refining the occupancies 

did not lead to a significant improvement of the overall quality of the structure. Moreover, 

introduction of several restraints was necessary to obtain satisfactory geometrical and 

thermal motion parameters.  After careful consideration, an undesirable decrease in the 

data-to-parameters ratio due to the disorder modeling outweighed the slight increase in the 
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quality of the model.  Therefore, the disorder modeling with occupation refinement was 

removed from the final structure. 

Diffraction data for compound 8 were collected to 0.75 Å resolution; however, due 

to small crystal size and weak diffraction it was discovered that both R(int) and R(sigma) 

exceed 35% for the data below 0.95 Å resolution.  Based on the R(sigma) value, data were 

truncated to 0.90 Å resolution for refinement.  Refinement of the structural model 

demonstrated good agreement of the stronger reflections with the predicted theoretical 

values, with R1 = 0.0607 and wR2 = 0.1203 for all the reflections with I > 2s(I).  It should 

be noted that for weak reflections, both R1 and wR2 values increase moderately. However, 

such an increase can be explained by weak diffraction at high angles and higher resolution 

cut off at 0.90 Å.  Thermal motion parameters for the carbon atoms of the butyl chains of 

the n-Bu4P
+ fragments suggest symmetry unrelated positional disorder.  Due to untreated 

disorder, thermal motion parameter values are more pronounced than for the all the other 

atoms in the crystal structure.  Modelling of the disorder would require the introduction of 

additional refinement parameters as well as geometry and thermal motion restraints. 

Despite the disorder, the structural fragments that define the halogen-halide interaction 

within the structure are refined with acceptable positional precision and thermal motion 

parameter values.  Considering all of the above and in order to conserve an acceptable data-

to-parameters ratio for the rather large asymmetric unit, the structure was refined without 

modelling the disorder.  It should be understood that unusually large thermal motion 

parameters for the n-Bu4P
+ fragments are responsible for the apparent shortening of C(sp3) 

ï C(sp3) bonds, and this may be considered as a crystallographic artifact.  
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4.2.3 Solid-State NMR Spectroscopy 

Carbon-13 and chlorine-35/37 SSNMR experiments were carried out on a 400 MHz 

(B0 =  9.4 T) Bruker Avance III wide-bore spectrometer equipped with a triple resonance 4 

mm MAS probe and a 5 mm solenoid probe, respectively.  13C, 35/37Cl, and 79/81Br SSNMR 

experiments were also carried out at the National Ultrahigh-field NMR Facility for Solids 

in Ottawa using a 21.1 T Bruker Avance II spectrometer equipped with either a Bruker 4 

mm double-resonance MAS probe for 13C or a home-built 5 mm solenoid probe for 35/37Cl 

and 79/81Br.  Samples were powdered and packed in 4 mm o.d. zirconium oxide rotors for 

13C experiments, and in 5 mm glass tubes for static 35/37Cl and 79/81Br experiments.  Further 

experimental information is given in Appendix B.         

4.2.3.1 13C SSNMR 

Ramped amplitude 13C CPMAS NMR23 spectra were collected with SPINAL64 1H 

decoupling24 for all samples containing protons at two fields, 9.4 T and 21.1 T (13C Larmor 

frequencies of 100.613 MHz and 226.338 MHz, respectively).  Chemical shifts were 

referenced to solid glycine (ŭiso(
13C=O) 176.4 ppm with respect to TMS).  The ˊ/2 pulse 

length and contact times were 3.5 ɛs and 3 ms or 5 ms at 9.4 T, and 2.5 ɛs and 3 ms at 21.1 

T.  Recycle delays ranged from 5 to 15 s.  A single-channel rotor synchronized Hahn-echo 

experiment (i.e., ˊ/2-Ű1- -́Ű2-acq) was used for the acquisition of the spectrum of o-DITFB.   

4.2.3.2 35/37Cl SSNMR 

Chlorine chemical shifts and pulse widths were calibrated using the 35/37Cl NMR 

signal of KCl powder (diso(KCl(s)) = 8.54 ppm with respect to 0.1 M NaCl in D2O).  The 

CT-selective pulse widths were scaled by 1/2(I + ½).  Spectra were collected under 

stationary conditions at two fields (vL(35Cl) = 39.204 MHz at 9.4 T and 88.194 MHz at 21.1 



Jasmine Viger-Gravel 

128 

Chapter 4: SSNMR, and NLMO Study of Quadrupolar Halogen Bond Acceptors in CI֢···X-···I֢C Motifs 

T; vL(
37Cl) = 32.634 MHz at 9.4 T and 73.412 MHz at 21.1 T).  At 9.4 T, WURST-

QCPMG25 experiments combined with proton CW decoupling to acquire 35/37Cl NMR 

spectra in combination with VOCS method (100 kHz steps) were advantageous at 9.4 T as 

the nuclei of interest are dilute in the halogen-bonded complexes (35/37Cl ranges from 6.29 

to 33.1 mg/cm3) and the spectra are broad.26  A 50 ɛs WURST pulse with 500 kHz 

bandwidth sweeping from high to low frequency was used with pulse powers optimized 

experimentally (see Appendix B).  The spikelet separation was set to 5 kHz by setting the 

echo duration to 106 ɛs with pulse ring-down times of 20 ɛs; 128 echoes were acquired in 

every scan.  The recycle delays used for these compounds varied between 2 and 4 s.  At 

21.1 T, 35/37Cl SSNMR signals were acquired using an echo (i.e., ˊ/2-Ű1-ˊ/2-Ű2-acq)27 pulse 

sequence combined with the VOCS method and CW proton decoupling.  Typical 

acquisition parameters were CT-selective ˊ/2 pulse lengths of 4 ɛs, spectral windows of 

500 kHz, Ű1 values of 45 ɛs, pulse delays of 1 or 2 s, and 14k to 32k scans per piece.   

4.2.3.3 79/81Br SSNMR 

Experimental setup, pulse calibration, and referencing were done using solid KBr 

(diso(KBr(s)) = 54.51 ppm with respect to 0.03 M NaBr in D2O).  The Larmor frequencies 

for bromine were vL(79Br) = 225.518 MHz and vL(81Br) 243.094 MHz at 21.1 T.  The CT-

selective 79/81Br pulses were 1.5 ms for the Solomon echo experiment used to acquire the 

SSNMR spectra.  A recycle delay of 0.2 s, spectral window of 2 MHz, and transmitter 

offsets of 500 kHz were used.  Ű1 varied between 18 and 175 ɛs, and each piece was 

collected with 14k to 24k scans.  
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4.2.3.4 Spectral Simulation and Processing 

All NMR data were processed with Bruker TopSpin 3.0 software.  Echoes were left-

shifted where required.  The WURST-QCPMG spectra were processed in magnitude mode.  

The first echo of each of the 37Cl WURST-QCPMG datasets was omitted due to probe 

ringing.  No apodization is used when processing these spectra.  For the VOCS method, 

each piece is processed identically, and co-added together to yield the final spectrum.  

Simulations were performed with WSolids128 and DMFIT (v.2011).29  Simulations of 13C 

NMR spectra included chemical shifts, line broadening, and the appropriate number of 

crystallographic sites determined by X-ray crystallography.  Stack plots of the experimental 

and simulated spectra were prepared using DMFIT.  Further information is given in the 

Appendix B.  

 

4.2.4 Computational Details 

Models were generated from X-ray crystal structure atomic coordinates for each 

halogen-bonded compound using one halide ion and the nearest interacting (p- or o)-DITFB 

or p-DIB molecule(s) (see Figure 4.1). 
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Figure 4.1 General halogen bonding motif (X = Cl or Br) for 1, 2, 3, 4, 8, and 9. 

 

  Only for Cl2 (site A) of 6 were the diiodotetrafluorobenzenes replaced by 

iodotrifluoromethane molecules to ensure convergence.  The positions of the fluorine atoms 

in that model were optimized in Gaussian0930 (B3LYP/3-21G).  The NLMOs, EFG and MS 

tensors were calculated with the ADF program.  Scalar and spin-orbit relativistic effects 

were included using the ZORA.  The exchange-correlation functional GGA revPBE of 

Zhang and Yang is used for all calculations.31  The basis sets used for all atoms were Slater-

type triple-zeta with polarization functions.  A diffuse function was included in the basis 

set for the halide ion (i.e., AUG/ATZP)32, whereas the basis set used for all the other atoms 

was relativistically optimized (i.e., ZORA/TZP).33 

The EFG and shielding tensors contained in the output ýles were analyzed using a 

modiýed version of the EFGShield program. 34   Magnetic shielding constants were 

converted to chemical shifts according to the formula ‏
 
, where sref is the 

absolute shielding constant of a reference compound (184.1 ppm for 13C in TMS;35 974 

ppm for 35/37Cl in infinitely dilute Cl-(aq)).36  The concentration of 0.1 M NaCl in D2O
37 
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and the significant isotope shift of ~5 ppm caused by D2O
38  is accounted for in order to 

properly compare the calculated and experimental ŭiso(
35/37Cl) values. 

 

4.3 RESULTS AND DISCUSSION 

4.3.1 X-ray Crystal Structures and Halogen Bond Geometry  

Summarized in Table 4.2 are the crystallographic data for the new XB compounds 

and in Table 4.3 are the relevant halogen bonding distances, dI···XĖ, and angles, qCðI···XĖ, as 

well as the I···XĖ···I angles (qI···XĖ···I) for the compounds studied presently (see Figure 4.1).  

Also presented in Table 4.3 are the carbon-iodine bond lengths, which have been 

demonstrated to increase upon XB formation.1  The crystal structures for XB compounds 1, 

2, 3, 4, and 5 show a range of ClĖ···I and BrĖ···I halogen bond environments and have been 

discussed previously.40  The discussion below will therefore focus on crystallographic 

aspects of the new XB compounds.  Their local halogen bonded environment are shown in 

Figure 4.2. Also shown in Table 4.3 are the normalized distance parameters, RXB (vdW radii 

(1.98 Å for covalent I, and 1.81 and 1.96 Å for ClĖ and Br-, respectively26), which range 

from 0.79 (1) to 0.91 (7).  These values indicate the presence of moderately strong (1) to 

weak (5) halogen bonds.  Very strong halogen bonds can have RXB values as low as 0.69.39,1  

All of the reported compounds exhibit near-linear halogen bonds, with angles ranging from 

167.6º to 179.4º for qCðI···ClĖ, and 170.7º to 178.2º for qCðI···BrĖ.   
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Table 4.2 Crystallographic Data and Selected Data Collection Parameters 
compound  6 7  8 9 10a 

empirical 

formula 

C42H20ClF12I6P C46H44Br2I2P2  C66H108Cl3F12I6P3 C22H36BrF4I2P C31H22Cl3F4I2P 

formula 

weight 

1580.40 1072.37  2090.18 741.19 861.60 

crystal size, 

mm 

0.21 x 0.17 x 

0.15 

0.24 x 0.20 x 

0.17 

 0.27 x 0.23 x 

0.11 

0.24 x 0.18 x 

0.10 

0.21 x 0.14 x 

0.14 

crystal system monoclinic  monoclinic  monoclinic monoclinic  triclinic  

space group C 2/c P21/n  P21/c P21/c Pρ 

Z 8 2  4 4 2 

a, Å 18.5756(2) 9.24230(10)  13.4256(3) 13.1132 (4) 11.8135(2) 

b, Å 19.3258(2) 12.5396(2)  25.3718(6) 15.1457(5) 12.8379(3) 

c, Å 26.4008(3) 18.5824(3)  25.3449(6) 14.4157(5) 13.4744(3) 

Ŭ, ° 90.00 90  90 90.00 92.2880(10) 

ɓ, ° 99.1840(10) 98.3230(10)  98.915(2) 98.7470(10) 114.0890(10) 

ɔ, ° 90.00 90  90 90.00 104.8300(10) 

volume, Å3 9356.08(18) 2130.92(5)  8529.0(3) 2829.78(16) 1779.12(7) 

R1 (ref) 0.0366 0.0228  0.1716 0.0289 0.0390 

wR2 (ref) 0.0763 0.0520  0.1541 0.0604 0.1208 

a 10 is a solvate. 
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Table 4.3 Selected Intermolecular Contact Distances, Angles, and Halogen 

Bonding Environment Surrounding the Halides in Halogen-Bonded Compoundsa 

compound #I dIðC /Å dIĿĿĿXĖ /Å Rb qCðIĿĿĿXĖ /° qIĿĿĿXĖĿĿĿI /° Ix···X-···Iy 

1c 1 2.1071 2.988 0.79 178.1 109.1 I1···Cl-···I2 

 
2 2.0963 3.104 0.82 170.2 

 
 

2c 1 2.0946 3.038 0.80 175.0 155.7 I1···Cl-···I2 

 
2 2.1022 2.976 0.79 177.0 

 
 

3c 1 2.1046 3.189 0.83 176.8 140.9 I1···Br-···I2 

 2 2.0995 3.196 0.83 177.7   

4c 1 2.1121 3.166 0.83 175.3 139.2 I1···Br-···I2 

 2 2.0963 3.236 0.84 177.9   

5c 1 2.1081 3.147 0.82 175.5 ð  

6  Cl1 1 2.0931 3.204 0.85 174.4 91.6 I1···Cl-···I2 

 2 2.0952 3.240 0.86 167.6 75.7 I2···Cl-···I3 

       Cl2 3 2.0653 3.332 0.88 174.6 100.4 I1···Cl-···I3 

 4 2.0872 3.191 0.85 179.4 176.3 I4···Cl-···I5 

 5 2.0944 3.204 0.85 176.1   

 6 2.0925 3.204 0.85 174.5   

7 1 2.1125 3.472 0.91 170.7 ð  

8  Cl1 1 2.1152 3.157 0.84 175.8 112.0 I3···Cl-···I2 

 
2 2.0965 3.088 0.82 175.3 144.5 I1···Cl-···I6 

       Cl2 3 2.1173 3.115 0.83 178.0 123.4 I5···Cl-···I4 

 
4 2.115 3.150 0.83 174.9 

 
 

       Cl3 5 2.0948 3.052 0.81 169.6 
 

 

 6 2.0874 3.062 0.81 176.8 
 

 

9 1 2.1085 3.347 0.87 174.6 80.4 I1···Br-···I2 

 2 2.1047 3.269 0.85 174.1   

10d 1 2.1058 3.132 0.83 177.4 120.1 I1···Cl-···I2 

 
2 2.1065 3.152 0.83 176.1 

 
 

aRefer to Figure 4.1 for information on the reported angles and distances.  bRXB, normalized distance 

parameter, RXB = dIĿĿĿXĖ/SdVdW, where dI···X is the shortest contact distance between the halogen and the halide 

and dVdW is the sum of their van der Waals radii (1.98 Å for  I, and 1.81, 1.96 Å for ClĖ and Br-,  respectively).42  

cCrystal structure reported in ref. 40  d Disordered solvate (DCM).  
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Figure 4.2 Local halogen bonding geometries for some of the compounds studied in this work, 

from XRD (left), and corresponding molecular structure schemes (right). Each atom is color coded: 

iodine is violet, chlorine is turquoise, bromine is orange, fluorine is green, carbon is black, and 

hydrogen is gray. Relative atom sizes are based on their relative van der Waalsô radii.  See angles 

and bond distances in Table 4.3.  6 has two crystallographically distinct chloride sites, where the 

symmetry about site A and B are almost perfectly octahedral and square planar, respectively. 7 

exhibits dianionic species of the form [Br···IïC6H4ïI···Br] 2-.  Cations are not shown. 
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 7 exhibits the same dianionic motif ([Br···IðC6H4ðI···Br]2-) as the previously 

described  compound 540 (see Figure 4.2), as well as the same space group and crystal 

system (P21/n and monoclinic).  7 is the only reported compound in this study where the 

halogen donor molecule is p-diiodobenzene, and exhibits the weakest XB interaction with 

an RXB value of 0.91.  This is attributed to the fact that protons are less electron-withdrawing 

than fluorine; this leads to the formation of a smaller s-hole to interact with the halogen 

bond acceptor (BrĖ).41 A super cell may be viewed in Figure 4.3, where it is observed that 

the dianionic species form discrete entities in alternating rows with PPh3Et+ cations which 

are associated two-by-two into an inversion-centered phenyl embrace motif.  This motif has 

been observed for bulky phosphonium salts (i.e., Ph3PR) derivatives42, and was also 

observed in compound 5.40  

 

Figure 4.3 3 x 3 x 3 super cell of 7. The dianionic species [Br···IðC6H4ðI···Br] 2- is between 

rows of EtPh3P+ cations along the a axis in (a) and along the b axis in (b). Also in (b) the cations 

are associated two by two into an inversion-centered phenyl embrace motif. 

 



Jasmine Viger-Gravel 

136 

Chapter 4: SSNMR, and NLMO Study of Quadrupolar Halogen Bond Acceptors in CI֢···X-···I֢C Motifs 

Halogen-bonded compounds 8 and 9 form one-dimensional architectures as shown 

in Figure 4.4.  Each halogen bond acceptor (ClĖ or BrĖ) interacts with two iodine atoms, 

forming polymeric anionic zigzag chains as described for compounds 1, 2, 3, and 440 and 

by Abate et al.43  Interestingly, for 8 there are three crystallographically distinct chloride 

ion sites; the environment surrounding each halide is quite different, with I···Cl-···I angles 

of 112.0°, 144.5°, and 123.4° for Cl1, Cl2, and Cl3, respectively.  One bromide site is 

present in 9 and the I···BrĖ···I angle is rather acute, 80.4°.  Such acute angles have been 

observed previously by Grebe et al. in similar compounds.44  Both 8 and 9 pack in the 

monoclinic crystal system with the P21/c space group.  Figure 4.5 and 4.6 show the packing 

diagrams for compounds 8 and 9, respectively.   

 

Figure 4.4 XB compounds 8 (a) and 9 (b) form one dimensional chains in the crystal lattice.  

The halogen bond acceptor (ClĖ or BrĖ) forms short contacts with two iodines from different DITFB 

molecules in a polymeric manner. 
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Figure 4.5 (a) 2 x 2 x 2 super cell of 8 shown along the a axis where hydrogen atoms and n-

Bu4P+ cations are not shown for clarity.  Along the b axis it is possible to see that the cations form 

rows between the aromatic o-DITFB molecules, in the empty space as seen in (b). 

 

 

Figure 4.6 (a) 2 x 2 x 2 super cell of 9 shown along the a axis.  Hydrogen atoms are not shown 

for clarity.  Rows of the polymeric anionic zigzag chains can be observed along the a axis, and the 

n-Bu4P+ cations are between the rows formed by these chains. (b) View along the b axis. 

 

Compound 10 packs in the triclinic crystal system and Pρ space group.  Two 

molecules of o-DITFB and two chlorides interact together as shown in Figure 4.2, where 

two halogen bond donors (I) interact with one halogen bond acceptor (Cl-), forming a I···Cl-
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···I angle of 120.1°.  In the unit cell along the c axis, there are two halogen-bonded 

complexes forming a row.  These rows are separated by PPh4
+ cations associated two-by-

two into an inversion-centered phenyl embrace motif (Figure 4.7), as observed for 5 and 7. 

42,40  Dichloromethane molecules crystallize in the unit cell. 

 

Figure 4.7 (a) 3 x 3 x 3 super cell of compound 10 viewed along the c axis.  In (b), the 

disordered DCM molecules and all hydrogen atoms have been removed for clarity. 

 

Finally, in 6 ([(Ph4PCl)(p-DITFB)]) there are two unique chloride sites in the crystal 

structure with two very different halogen bonding environments and crystal networks.  The 

first chloride site is at the centre of a distorted square planar motif, where four different XB 

donor molecules interact with a single chloride anion (see Figure 4.2).  These form infinite 

one-dimensional networks along the c axis (see Figure 4.8).  The second chloride site sits 

at the centre of a distorted octahedron by interacting with six iodine atoms (Figure 4.2), and 

forms a secondary intrinsic two-dimensional network (see Figure 4.8).    In 6, when 

observing both chloride sites, they alternate rows along the b axis (Figure 4.8).  Looking at 
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the overall structure along the c axis, the Ph4P
+ cation forms columns with the halide, which 

alternates rows with p-DITFB molecules. 

 

Figure 4.8 Double x cell of 6 shown along the b axis (C2/c space group).  Hydrogen atoms are 

omitted for clarity. 

 The C-H hydrogen atoms in the onium counterions are well-removed from the 

halide ionsô coordination sphere in all compounds.  Aliphatic CH-chloride contacts 

typically cluster around 2.39 Å,45 whereas most of the shortest H-anion distances in the 

compounds studied here are around 3 Å.          

    

4.3.2 Solid-State NMR Spectroscopy: Correlation of NMR Data with Local Structure 

4.3.2.1 13C NMR 

The 13C CPMAS NMR spectra of 6, 7, 8, and 9, corresponding to the region of the 

carbons covalently bonded to iodine are shown in Figure 4.9.  Analogous spectra of the 

pure non-halogen-bonded aromatic compounds (o-DITFB, p-DITFB, p-DIB) are also 

shown.  The chemical shifts, which were obtained by simultaneously fitting the spectra at 

magnetic fields of 9.4 and 21.1 T, are summarized in Table 4.4.  The full 13C CPMAS NMR 

spectra and chemical shift assignments may be found in Appendix B.  As previously 
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described,40 such spectra are challenging to acquire due to possible relaxation caused by to 

the directly bonded iodine, nearby fluorines causing dipolar broadening, and distant protons 

rendering CP inefficient.  The use of a 21.1 T spectrometer was essential to resolve some 

of the chemical shifts observed for the carbons involved in the weak XB interaction.  The 

residual dipolar coupling (RDC) between a spin-½ nucleus such as 13C and a quadrupolar 

nucleus such as 127I is reduced at higher magnetic fields, as is apparent when the line widths 

observed at 9.4 T are compared to those measured at 21.1 T (~125 vs ~90 Hz).  No splitting 

or asymmetric broadening attributable to RDC is observed, and spectra at both fields were 

fit with consistent chemical shift values.  A calculation using typical parameters for the 127I-

13C dipolar coupling constant (657 Hz) and the 127I quadrupolar coupling constant (1000 

MHz) gives a residual dipolar coupling constant of about -1.1 kHz at 21.1 T.  A spectral 

simulation based on these values shows that a fully 127I-coupled 13C multiplet line shape 

should span about 12 ppm at 21.1 T, suggesting that the 13C line shapes obtained presently 

are at least partly 127I-self-decoupled.      

Table 4.4 Experimental 13C Isotropic Chemical Shifts of Carbons Covalently 

Bonded to Iodine. 

 
compound diso (13C) / ppma 

 
o-C6F4I2 92.6(1.3) 

 p-C6H4I2 97.1(2.6) 

6b [(Ph4PCl)(p-C6F4I2)] 80.2(1.5) 

7 [(EtPh3PBr)2(p-C6H4I2)]  99.5(0.5) 

8b [(n-Bu4PCl)(o-C6F4I2)]  102.5(0.3) 

   101.4(0.3) 

  100.2(0.5) 

  97.9(0.2) 

9 [(n-Bu4PBr)(o-C6F4I2)]  98.6(0.4) 

   101.4(0.4) 
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aExperimental 13C isotropic chemical shift of the carbon covalently bonded to iodine. In parentheses are the 

errors, which are equal to the line width at half height.  bFor 8 and 6, six distinct carbon sites are expected for 

each, from X-ray crystallography.   

 

Figure 4.9 Selected regions of the experimental (solid line) and simulated (dashed line) 13C 

CPMAS SSNMR spectra of (a, d) o-DITFB, (b, e) 9, (c, f) 8 recorded at 21.1 T (left, (a)-(c)) and 

9.4 T (middle, (d) ï (f)); (g) p-DIB, (h) 7, (i) p-DITFB (this spectrum was also shown in ref. 40), 

and (j) 6, recorded at 21.1 T (right).  In the case of 8, intensities of the lines in the simulations were 

adjusted to match the experimental data.  This accounts in an ad hoc manner for partial overlap of 

unresolved resonances and possible small differences in site intensities due to differential cross-

polarization efficiencies.  

 

     Higher 13C chemical shifts are observed to generally correlate with longer CˈI bonds 

in the halogen-bonded o-DITFB compounds.  The values of diso(
13C) for the CˈI carbons 

in 9 (98.6(0.4) and 101.4(0.4) ppm) and 8 (102.5(0.3), 101.4(0.3), 100.2(0.5), 97.9(0.2) 

ppm), are all significantly larger than that for pure o-DITFB where no XB is present, 

92.6(1.3) ppm.  This is consistent with the trend noted for halogen-bonded p-DITFB 
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compounds.40  The substantially lower chemical shift observed for the carbon bonded to 

iodine compared to the typical chemical shift of carbons in aromatic rings is due to a 

relativistic spin-orbit-induced heavy atom substituent effect; the magnitude of the 

relativistic shift is largely due to the magnitude of the spin-orbit splitting of the heavy atom 

and tends to increase with the valence s orbital character of the observed nucleus.46  

However, a precise correlation between dCðI and diso(
13C) values cannot be established for 

the halogen-bonded o-DITFB compounds since for two out of the four compounds studied 

here, not all the isotropic peaks of the different crystallographically distinct carbons are 

resolved.  In the case of 8, six non-equivalent carbons are expected from the crystal structure 

and only four resonances are resolved in the NMR spectra at both fields (Figure 4.9(c,f)). 

The 13C resonance of the halogen-bonded complex 7 is more deshielded (diso(
13C) = 

99.5(0.5) ppm) when compared to pure p-DIB (Figure 4.9(g,h)) (97.1(2.6) ppm).  In this 

example, the increase in chemical shift upon halogen bonding may be clearly correlated to 

an increased carbon iodine distance (dCðI = 2.09635 and 2.1125 Å, for p-DIB and 7 

respectively) measured from X-ray since only one distinct carbon site is present for both 

the XB compound and the starting material.   

Compound 6 should have a total of six distinct carbon sites which are involved in 

halogen bonds.  In spectra recorded at fields of 9.4 and 21.1 T, only one very broad peak is 

observed; hence, none of the chemical shifts can be resolved (Figure 4.9(j)).  However, it 

is clear that the carbon isotropic chemical shift of the halogen-bonded complex is 

deshielded with respect to p-DITFB, as was previously observed for 1, 2, 3, 4, and 5.40  This 

follows the overall trend even though a site-specific correlation with the six different C̍I 

distances cannot be established.  
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4.3.2.2 79/81Br NMR 

Compounds with a bromide anion as halogen bond acceptor have been characterized 

with 79/81Br SSNMR at 21.1 T (see Figure 4.10 and 4.11).  The bromine NMR parameters 

summarized in Table 4.5 were obtained by simultaneously simulating the NMR spectra of 

both bromine isotopes when possible.  These spectra span several MHz due to second-order 

quadrupolar broadening.  Incorporating CSA is important in order to obtain the correct 

simulations of the 79/81Br spectra.  Figure B7 in the Appendix B highlights the mismatch 

between experimental and simulated spectra when CSA is omitted from the fits.  Attempts 

to acquire these spectra at moderate magnetic fields of 9.4 T or 11.75 T were impractical 

due to the combined effect of the large breadth of the spectra and because the bromide 

concentration is quite low for 79/81BrĖ, ranging from 23 mg/cm3 (9) to 64 mg/cm3 (7).   

 

Figure 4.10 81Br SSNMR spectra of stationary powdered halogen-bonded compounds acquired 

at 21.1 T.  Experimental spectra are shown in (a) 4, (c) 9, (e) 3, (g) 7, (i) 5, and their respective 

simulated spectra are in (b), (d), (f), (h), and (j).  Asterisks in (i) mark an impurity. 
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Figure 4.11 79Br static SSNMR spectra of powdered halogen bonding compounds acquired at 

Bo = 21.1 T using VOCS methodology and a solid-echo experiment. Experimental spectrum of (a) 

4 and (c) 9, where (b) and (d) show their simulated spectra, respectively.  The red dash in (a) 

indicates the observed 13C peak in the 79Br spectrum.  The inset (f) shows the high-frequency 

discontinuity of the 79Br spectrum of 4.  In (e) is the same region of the 79Br spectrum recorded 

with a single pulse experiment with proton decoupling, where the carbon peaks are resolved. 

 The 81Br quadrupolar coupling constants for this series of halogen-bonded 

compounds vary from 21.5(0.1) MHz for 7 to 58.0(0.2) MHz for 4.  These values are an 

order of magnitude greater than the values for the pure bromide starting materials, i.e., 

ammonium or phosphonium bromide salts.8, 47   Generally, less symmetric electronic 

environments will correlate with larger CQ values.  They are in the same range (CQ(81Br) = 

12.3 to 45.3 MHz) as the values reported for halogen-bonded haloanilium halides by Attrell 

et al.15  The 81Br isotropic chemical shifts are within the known range for bromides,6 ranging 

from 140(10) ppm to 350(5) ppm, and the CS tensor spans range from less than 50 ppm to 

320(20) ppm.   

Compounds 4 and 3 are isostructural and feature polymeric anionic chains with 

ɗI···BrĖ···I angles of 139.2° and 140.9°, respectively.  Two polymorphs are known for 4: that 



Jasmine Viger-Gravel 

145 

Chapter 4: SSNMR, and NLMO Study of Quadrupolar Halogen Bond Acceptors in CI֢···X-···I֢C Motifs 

of Metrangolo et al.43 crystallizes in a C2/c space group whereas our group reported a Pccn 

space group.40  Compound 3 also packs in the C2/c space group.  These halogen-bonded 

compounds are characterized by similar 81Br EFG tensor parameters (Table 4.5): |CQ(81Br)| 

values of 58.0(0.2) and 57.0(0.2) MHz and ɖQ values of 0.22(0.01) and 0.19(0.01) for 4 and 

3, respectively.  At higher magnetic field, bromine CSA contributes significantly to the 

NMR line shapes (Figure 4.10 (a) and (e); the span, W, is 255(20) ppm for 4 and 110(10) 

ppm for 3; see also Figure B7, Appendix B).  The halogen-bonded compound 9 also forms 

polymeric anionic zigzag chains, but with acute I···Br-···I angles (80.4Ǔ) and packs in the 

P21/c space group.  Qualitatively, this compound gives a much narrower 81Br NMR line 

shape which is quantified by a |CQ(81Br)| value of 30.8(0.1) MHz (Figure 4.10(c)).  This 

value may be related to the local halogen bonding environment (vide infra).  Bromine CSA 

parameters for 9 are in between the values reported for 3 and 4, e.g., a span, W, of 192(10) 

ppm.  To improve the precision of the reported quadrupolar and CS tensor parameters, 79Br 

NMR spectra of compounds 4 and 9 were also acquired and are shown in the Figure 4.11.   

Table 4.5 Experimental 81Br EFG and CS Tensor Parameters for Halogen-

Bonded Compoundsa 

 |CQ(81Br)| / MHzb ɖQ
 ŭiso / ppm ɋ / ppm k Ŭ / ° ɓ / ° ɔ / ° 

3 57.0(0.2) 0.19(0.01) 310(10) 110(10) 0.9(0.3) 0(0) 20(10) 90(0) 

4 58.0(0.2) 0.22(0.01) 250(6) 255(20) 1.0(0.2) 0(0) 0(0) 90(20) 

5 21.5(0.1) 0.32(0.01) 140(10) 115(15) -0.9(0.2) 90(2) 0(5) 30(5) 

7 40.7(0.1) 0.26(0.01) 210(10) 320(20) 0.9(0.1) 0(20) 5(1) 90(40) 

9 30.8(0.1) 0.27(0.01) 256(4) 192(10) 0.0(0.1) 34(4) 82(2) 12(2) 
a Error bounds are given in parentheses.  b  While CQ may take any real value, only |CQ| can be measured from 

conventional SSNMR experiments.   

 

Two dianionic bromide-containing species, 5 and 7, are isostructural and pack in 

the same space group, P21/n.  Their 81Br NMR spectra are shown in Figure 4.10(i, g).  As 
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stated above, compound 7 exhibits a much weaker halogen bond compared to 5.  This 

difference is reflected in their respective 81Br EFG and CSA parameters.  For example, the 

value of |CQ(81Br)| for 7, 21.5(0.1) MHz, is half the value observed for 5, 40.7(0.1) MHz.  

The smaller value of CQ for 7 may be qualitatively rationalized by considering that the 

bromide anion in this compound is much further removed from the nearby iodine, and its 

local electronic environment more closely approximates that of an isolated BrĖ anion for 

which the value of CQ is zero.  The asymmetry parameters are similar, with values of 

0.26(0.01) and 0.32(0.01) for 5 and 7, respectively.  Also, the more weakly halogen-bonded 

complex 7 has a smaller bromine chemical shift (140(10) ppm) and span (115(15) ppm) 

compared to 5 (ŭiso = 210(10) ppm and ɋ = 320(20)ppm), corroborating the trend reported 

by Attrell et al.15 

4.3.2.3  35/37Cl SSNMR 

Presented in Figures 4.12 and 4.13 are the 35/37Cl NMR spectra (21.1 T) of the 

halogen-bonded complexes in which the halogen bond acceptor is a chloride anion.  The 

spectra acquired at 9.4 T for 35Cl and 37Cl using the WURST-QCPMG pulse sequence are 

also shown in Figures 4.41 and 4.15, respectively.  The 35Cl EFG and CS tensor parameters 

are presented in Table 4.6 and were obtained by simultaneously modeling the NMR spectra 

of both chlorine isotopesô spectra at two magnetic fields.  
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Table 4.6 Experimental 35Cl EFG and CS tensor Parameters for Halogen-

Bonded Compounds.a 

 
|CQ(35Cl)| / 

MHz  
ɖQ  

ŭiso / 

ppm 

ɋ / 

ppm  
ə  Ŭ / ° ɓ / ° ɔ / ° 

      1 5.43(0.05) 1.00(0.01) 117(3) 94(4) -0.3(0.2) 0(5) 0(8) 106(4) 

      2  10.42(0.04) 0.07(0.01) 132(4) 180(15) 0.85(0.10) 35(30) 2(2) 45(20) 

6c  site 1 3.66(0.10) 0.38(0.04) 177(8) 60(15) -0.4(0.2) 120(20) 106(16) 35(10) 

     site 2 6.85(0.10) 0.12(0.02) 98(4) 96(10) 0.0(0.2) 0(10) 90(10) 40(10) 

8b  site 1 4.57(0.20) 1.00(0.04) 112(10) <20 - - - - 

     site 2 8.22(0.30) 0.12(0.04) 148(20) <30 - - - - 

     site 3 7.15(0.05) 0.70(0.04) 135(20) <50 - - - - 

      10 6.77(0.20) 0.44(0.04) 94(10) 60(20) 1.00(0.04)  5(4)  

 
a Error bounds are given in parentheses. See also footnotes b and c of Table 3.4.  b Three crystallographically 

distinct chlorine sites are determined from the XRD structure.  The asymmetry parameter is characteristic of 

the halogen bonding environment, and each site may be assigned to the corresponding chloride.  Details of 

the assignment are in the main text.  No CSA is incorporated in these fits to avoid over-interpretation of the 

NMR spectrum.  c Two crystallographically distinct chlorine sites are present in the crystal structure of 6.  The 

chloride in the pseudo-Oh geometry was assigned as Cl1, as the CQ is the smaller which is expected for a 

quadrupolar nucleus in a symmetric environment.  The second site has a larger CQ value, in agreement with 

its square planar geometry. 
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Figure 4.12 35Cl SSNMR spectra of static powdered halogen-bonded compounds acquired at 

21.1 T. Experimental spectra are shown in (a) 6, (c) 10, (e) 2, (g) 8, (i) 1 and their simulated spectra 

are in (b), (d), (f), (h), and (j), respectively. Residual Ph4PCl in (c) is marked by a red asterisk. 

There are two crystallographically distinct sites in compound 6 (a), and three crystallographically 

distinct sites in 8 (g); (simulations shown with dashed lines).   
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Figure 4.13 37Cl static SSNMR spectra of powdered halogen bonding compounds acquired at 

B0 = 21.1 T using VOCS methodology and a solid-echo experiment. Experimental spectra are 

shown in (a) 6, (c) 10, (e) 2, (g) 8 and their simulated spectra are in (b), (d), (f), and (h), 

respectively.  Residual Ph4PCl is marked by an asterisk in (a).   

 

 The 35Cl quadrupolar coupling constants range from 3.66(0.10) MHz for 6 to 

10.42(0.04) MHz for 2.  The largest of these values is slightly greater than that observed 

previously15 for more weakly halogen-bonded compounds.  The chloride compounds in this 

study are moderately strongly halogen-bonded with RXB values ranging from 0.79 to 0.87.  

The asymmetry parameters vary across the entire range of possible values, from 0.07(0.01) 

for 2 to 1.00(0.01) for 1.  All spectra of the halogen-bonded complexes were simulated with 

CSA, where the effect is more prominent at 21.1 T; however, due to the small magnitude 

of the anisotropies and small overall range in their values, no clear correlation with any 

structural element is noted.  The chlorine isotropic chemical shifts range from 98(4) ppm 



Jasmine Viger-Gravel 

150 

Chapter 4: SSNMR, and NLMO Study of Quadrupolar Halogen Bond Acceptors in CI֢···X-···I֢C Motifs 

for 6 to 148(20) ppm for 8 and the span from 60(15) ppm for 6 to 180(15) ppm for 2, which 

are within the known range of values for chloride ions in non-symmetric 

environments.6,12,48,49  

The chlorine EFG tensor parameters may be related to the chloride anion halogen 

bonding environment and to the local electronic structure (vide infra).  First, consider the 

spectrum of 6, where two crystallographically non-equivalent chlorine sites are present, 

shown in Figure 4.12 (a).  From the NMR line shape, the two different sites are clearly 

differentiated as shown by the spectral deconvolution.  It is possible to resolve multiple 

sites from a spectrum of quadrupolar nuclei as the quadrupolar coupling constant is 

dependent on the coordination environment.  When the coordination environment 

surrounding the nuclide is spherically symmetric, the CQ will be null and any divergence 

from that symmetry will cause an increase in CQ.50  In 6, chlorine site 1 (Cl1) is in a nearly 

octahedral geometry according to the X-ray crystal structure.  This site may be assigned to 

the narrower 35Cl NMR powder pattern with the smaller |CQ(35Cl)| value of 3.66(0.10) MHz.  

The second chlorine site is in a pseudo-square planar geometry and may be assigned to the 

broader 35Cl line shape characterized by a quadrupolar coupling constant of 6.85(0.10) MHz  

(this assignment is supported by DFT calculations, vide infra).   

Compounds 1, 2, and 8 have similar halogen bonding environments where one 

chloride anion interacts with two iodine atoms, thereby forming infinite linear polymeric 

anionic chains.  1 and 2 have very similar structures and only differ by their cation, either 

being n-Bu4N
+ or n-Bu4P

+ respectively; they additionally pack in the same space group 

P21/c.  This change in cation is accompanied by a change in the angle surrounding the 

halide, qI···ClĖ···I = 109.1° for 1 and 155.7° for 2.  This interesting feature in their structures 
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might explain the very different line shapes observed for these halogen-bonded compounds 

(see Figure 4.12 (e) and (i)) as will be demonstrated through the NLMO analysis, vide infra.  

The |CQ(35Cl)| value for 1 (5.43(0.05) MHz) is about half that for 2 (10.42(0.04) MHz).  

Even more intriguing, the asymmetry parameters takes on two limiting values where in 1 

two spectral discontinuities (óhornsô) collapse with an hQ value equal to one (1.00(0.01)) 

and for 2, two distinct horns may be observed where the asymmetry parameter approaches 

zero (0.07(0.01)).   

Compound 8 exhibits three crystallographically distinct chloride sites in the unit 

cell.  They all have similar halogen bonding environments, where one chloride anion 

interacts with two halogen bond donors, forming a one-dimensional network (Figure 4.4).  

However, from the 35Cl NMR spectrum (see Figure 4.12 (g)), it is not directly obvious how 

to assign the three powder patterns to the three crystallographic sites (vide infra).     
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Figure 4.14 35Cl static SSNMR spectra of powdered halogen bonding compounds acquired at 

B0 = 9.4 T using VOCS methodology and a WURST-QCPMG experiment. Experimental spectra: 

(a) 6, (c) 10, (e) 2, (g) 8, and (i) 1.  Simulations are shown in (b), (d), (f), (h), and (j), respectively. 

Residual Ph4PCl is marked with an asterisk in (c).  There are two crystallographically distinct sites 

in compound 6 and three distinct chlorine sites for compound 8. 
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Figure 4.15 37Cl static SSNMR spectra of powdered halogen bonding compounds acquired at 

B0 = 9.4 T using VOCS methodology and a WURST-QCPMG experiment. Experimental spectra: 

(a) 6, (c) 10, (e) 2, (g) 8, and (i) 1.  Simulations are shown in (b), (d), (f), (h), and (j), respectively. 

Residual Ph4PCl is marked with an asterisk in (c).  There are two crystallographically distinct sites 

in compound 6 and three distinct chlorine sites for compound 8.  Clearly, experimental and 

simulated line shapes do not show all the same discontinuities due to the low sensitivity of 37Cl 

particularly at this magnetic field strength. 

 

4.3.3 Discussion: NLMO Analysis of the Halide Quadrupolar Coupling Tensors in 

the Context of the Experimental NMR and X-ray Data 

The origins of the quadrupolar interaction at the halide nuclei as a result of the 

formation of a halogen bond may be intuitively grasped by considering a standard molecular 

orbital diagram (Figure 4.16(a); after Pinter et al.51).  Interaction of a halide lone pair 

(represented here by a p orbital) with the s* orbital of the carbon-iodine bond results in a 
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halogen bond.  It is the polarization of this same p orbital which gives rise to the quadrupolar 

interaction at the halide nucleus.   

 

Figure 4.16 Left:  (a) Simplified molecular orbital diagram for a halogen bond between a C-I 

moiety and a chloride ion (after Pinter et al.51).  Right: NLMO contributions to the largest principal 

component of the 35Cl EFG tensor in a model halogen bonded system (F3CðI···ClĖ···IðCF3).  In 

(b) the lone pair orbital for chloride is represented for I···Cl-···I angles less than or equal to 110° 

and the inset is the representation of the less important core orbital NLMO.  In (c) is the chlorine 

lone pair orbital for ɗI···Cl-···I Ó115° and in the inset the core orbital is presented.  The lone pair 

orbitals dominate the resulting EFG. 

 

 While this qualitative picture is useful, ZORA DFT computations were carried out 

to provide more theoretically rigorous insight into the relationship between the halogen 

bond acceptorsô local environment and the observed NMR parameters.  The calculations 

are used to analyze the contributions of key molecular orbitals to the halide EFG tensors, 

through an NLMO analysis.17,18,19  The theoretical basis of this analysis has been described 

and applied by Autschbach et al.17  One of this methodôs advantages is that it provides 
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interpretation of the NMR parameters in terms of orbitals which are familiar to chemists 

(e.g., lone pairs, bonding orbitals, and core functions).  Here, a model comprised of two 

molecules of iodotrifluoromethane halogen-bonded with a chloride anion, where the I···Cl-

···I angle was varied between 85 and 180° in 5° increments, was employed.  The calculated 

value of V33 was chosen for more in-depth analysis as it determines the value of the chlorine 

quadrupolar coupling constant.  The major NLMO contributions to V33(
35Cl) as core and 

lone-pair orbitals are presented in the Appendix B. 

Plotted in Figure 4.18(a) are the calculated 35Cl principal components of the EFG 

tensor as a function of the I···Cl-···I angle.  A change in sign of the principal components, 

V11 and V33, is evident for angles exceeding the tetrahedral angle of about 110Ǔ.  From the 

calculations it is possible to determine the orientation of the EFG tensor, which has been 

plotted in Figure 4.17 for three I···Cl-···I angles of interest: 110, 115, and 180 degrees.  At 

ɗI···ClĖ···I = 110°, the eigenvector corresponding to V33 lies in the I···Cl-···I plane and bisects 

the ɗI···ClĖ···I angle.  Around 115°, the eigenvector reorients to lie close to the I···ClĖ 

internuclear vector, and finally at 180° it is completely aligned with the I···Cl-···I axis.  
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Figure 4.17 The 35Cl EFG tensor orientations in a model halogen bonded system (CF3ðI···Cl-

···IðCF3) at different angles: (a) 180° , (b) 115°  and (c) 110°  respectively.  The chlorine, iodine, 

carbon, and fluorine atoms are represented in blue, purple, gray, and green respectively. 

  

 When the NLMO contributions to V33 are examined, two main types of MOs centred 

on the chloride anion dominate: core orbitals and lone pair orbitals.  From the plot shown 

in Figure 4.18(b), one can see that the contributions from the sum of the chloride core 

orbitals are minor (black line) and do not vary significantly between 80 and 180°.  The same 

can be observed qualitatively from a plot of these core orbitals (Figure 4.16).  Conversely, 

the contributions to V33 from the sum of the chloride ion lone pair NLMOs are more 

important: the same change in sign is observed between the angles 110 and 115° as for V33 

(black squares).  Additional details as well as each contributing lone pair orbital have been 

tabulated and plotted in the Appendix B.  Examination of the lone pair NLMO which largely 

determines the value of V33 in Figure 4.16(b, c) reveals that the main contributing orbital 

changes at ~115°.  At 115° and for larger angles, the principal axis of the orbital is aligned 



Jasmine Viger-Gravel 

157 

Chapter 4: SSNMR, and NLMO Study of Quadrupolar Halogen Bond Acceptors in CI֢···X-···I֢C Motifs 

with the iodine atom; this corresponds to the localized orbital which is responsible for the 

halogen bond.  To put this in the context of more familiar orbital types, consider again the 

MO diagram in Figure 4.16(a) which depicts explicitly the chloride p-orbital involved in 

the halogen bond.  This p-orbital may be readily identified with the p-type NLMO resulting 

from our DFT calculations and shown in Figure 4.16(c), thus providing an intuitive 

understanding of the connection between the simple MO diagram, the NLMO analysis, and 

the resulting NMR parameters.   
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Figure 4.18 (a) Plot of the calculated EFG tensor components (where V33 are the red triangles, 

V22 are the green squares and V11 are the blue diamonds, with V33 Ó V22 Ó V11) for 35Cl in a F3Cð

I···Cl-···IðCF3 model system where the I···Cl-···I angle is varied.  In (b) the NLMO contributions 

to the largest principal component V33 are plotted as a function of ɗI···ClĖ···I where the solid black 

squares represent the contributions from the chlorine lone pair orbitals and the black line represents 

the contributions from the chlorine core orbitals.  Overlaid on this plot are the values of the 

calculated contributions for the experimental halogen-bonded complexes (values from Table 4.7).  

In red are data for the chloride compounds (squares: lone pair NLMOs; diamonds: core NLMOs), 

showing excellent agreement with the data for the model system.  The corresponding data for the 

bromide compounds are shown as empty squares and diamonds; as expected, the values are larger 

than those for chloride due to differences in geometry, unit cell volume, and Sternheimer 

antishielding factor. 

 

 Additionally, when the I···Cl-···I angle approaches linearity there is an increase in 

the contribution from the sum of the chloride lone pair orbitals to V33, since there is a greater 

degree of halogen bonding which further distorts this ópô orbital.  Hence, the main 



Jasmine Viger-Gravel 

159 

Chapter 4: SSNMR, and NLMO Study of Quadrupolar Halogen Bond Acceptors in CI֢···X-···I֢C Motifs 

contribution from the chloride lone pair orbital after 115° is proposed to be the orbital that 

dictates the value of the chlorine quadrupolar coupling constant, the orbital may also be 

visualized as participating in electron donation to the s-hole characteristic of the halogen 

bond.  In the limit of an idealized model system, this interpretation of the value of CQ can 

thus be taken as a measure of the halogen bonding interaction.   

To validate the above hypothesis, the same NLMO analysis of V33 was conducted 

for each of the halogen-bonded complexes studied experimentally (4, 3, 9 for bromide and 

1, 2, 8, 10 for chloride; see Table 4.7).  When the halogen-bonded environment is comprised 

of two XB donors (iodine) interacting with a halide (I···X-···I motif), the same 

contributions are observed from the core and lone pair orbitals for the halide as were 

observed for the model system discussed above.  Examination of the results plotted in 

Figure 4.18(b) shows that the calculated contributions for the halogen-bonded compounds 

follow the same trend for chloride (red) and bromide (black outline; the values are larger 

for this nuclide), and also follow the general trend established for the iodotrifluoromethane 

model.  A change in sign is observed around 110 to 115° from the contributing lone pair 

orbitals (squares) to V33 and a linear trend is observed for the contribution of the core orbital 

(diamonds) to V33.  The two dianionic species 5 and 7 have additional minor contributions 

from iodine lone pair orbitals to V33.  Compound 6 has a different geometry.  Its main 

contribution to V33 is from the chloride core and lone pair orbitals. The octahedral site in 6 

also has a very minor contribution from the iodine lone pair.  

 

 



Jasmine Viger-Gravel 

160 

Chapter 4: SSNMR, and NLMO Study of Quadrupolar Halogen Bond Acceptors in CI֢···X-···I֢C Motifs 

Table 4.7 Analysis of Calculated Chlorine EFG Tensor NLMO Contributions to 

the Largest Principal Component (V33) in Halogen-Bonded Compounds. 

compound core (Cl-) lone pair (Cl-) lone pair (I)a Sumb V33 

1 -0.070 -0.809  -0.879 -0.831 

2 0.128 1.301  1.429 1.337 

3 0.277 2.381  2.658 2.452 

4 0.271 2.383 
 

2.654 2.456 

5 0.247 2.127 -0.106 2.268 2.165 

6  site 1 0.029 0.262 -0.042 0.249 0.245 

    site 2 -0.098 -0.999  -1.097 -0.968 

7 0.116 0.876 -0.074 0.918 0.840 

8  site 1 -0.068 -0.832  -0.900 -0.848 

    site 2 0.108 1.215  1.323 1.246 

    site 3 0.079 0.882  0.961 0.898 

9 -0.165 -1.567  -1.732 -1.581 

10 0.067 0.757 -0.035 0.789 0.764 
a Blank lines indicate that contributions are less than 5% of the sum.  b Sum of ócoreô and ósum(LP)ô.  Values 

obtained in this way differ from the total calculated V33 (final column) because not all of the contributions are 

printed. 

 

Finally, similar plots were prepared for the experimental values of V33 as a function 

of the I···XĖ···I angle determined from X-ray crystallography for the halogen-bonded 

complexes in this study (Figure 4.19(b)).  Satisfyingly, when the I···X-···I angle increases, 

the largest principal component of the halide EFG tensor also increases.  This is in 

agreement with the computational study discussed above.  The calculated asymmetry 

parameters are plotted as a function of the I···XĖ···I angle extracted from the NLMO EFG 

tensor study in Figure 4.19(a).  The plot forms a bell shape over the range 80° to 180°.  

Overlaid on the same plot are the experimental values of the asymmetry parameters of the 

halogen-bonded complexes as a function of their experimentally determined I···XĖ···I 

angles.  Data for the chloride and bromide compounds both follow the predicted trend.  
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From this conclusions can be drawn: the experimentally observed asymmetry parameters 

are largely determined by the I···XĖ···I angles, as suggested by ZORA DFT.   

 

Figure 4.19 (a) Plot of quadrupolar asymmetry parameter versus I···ClĖ···I angle.  The black 

diamonds represent the calculated values for 35Cl in a F3CðI···ClĖ···IðCF3 model system.  The 

red triangles and blue circles represent the experimental values for 35Cl and 81Br, respectively. (b) 

Plot of experimentally determined values of the largest component of the EFG tensor for 35Cl (red 

triangles) and 81Br (blue circles) versus the value of the I···ClĖ···I angle for compounds where two 

iodines interact with one halide anion.  Solid lines show the best linear fit; V33(81Br) = 

0.0073(ɗI···BrĖ···I) - 0.0084 and V33(35Cl) = 0.0056(ɗI···ClĖ···I) - 0.3383. 

 

 A simple picture explaining the reasons behind this may be gleaned from a re-

inspection of the data in Figure 4.16 and 4.17.  When the I···XĖ···I angle is zero, the 

asymmetry parameter is zero due to the cylindrical I···XĖ···I symmetry, with the largest, 

unique EFG tensor component (V33) oriented along the symmetry axis of the two halogen 

bonds.  The chloride p orbital is oriented along this same axis and contributes to the electric 

field gradient in that direction.  Similarly, when the I···XĖ···I angle is 90Ǔ (the other limiting 

case), the V33 component lies perpendicular to the plane containing those three atoms, and 

the remaining components lying in the plane (V11 and V22) are equal due to symmetry, 

resulting again in an asymmetry parameter of zero.  For all intermediate angles, the values 

of V11 and V22 will not be equal due to the lower symmetry of the molecule, and the resulting 



Jasmine Viger-Gravel 

162 

Chapter 4: SSNMR, and NLMO Study of Quadrupolar Halogen Bond Acceptors in CI֢···X-···I֢C Motifs 

asymmetry parameter will be non-zero.  The asymmetry parameter reaches a maximum 

value of unity when the I···XĖ···I angle is near the tetrahedral angle and the EFG tensor 

component V22 lies close to one of the iodine-chloride internuclear vectors (Figure 4.17). 

Once this dependence on the local structure surrounding the halide was understood 

it was possible to successfully simulate the 35Cl NMR spectrum for compound 8, [(n-

Bu4PCl)(o-DITFB)], where three distinct chloride ion sites are present.  The I···ClĖ···I 

angles allowed for a good prediction of the asymmetry parameters for the three sites.  For 

chloride site 1 qI···ClĖ···I = 112.0° the hQ is 0.94(0.02), whereas the second chloride site has 

a much larger angle (qI···ClĖ···I = 144.5°) and the value of hQ is 0.14(0.04).  The third chloride 

site has an I···ClĖ···I angle in between those for the two other sites (123.4°) and hQ is 

0.72(0.10).  This is a satisfying example of how the halogen bonding environment 

surrounding the halide is manifested in the NMR parameters, and highlights the advantages 

of a combined experimental-theoretical approach to evaluate the NMR parameters when 

there are multiple non-equivalent sites in the sample of interest where site assignment may 

be ambiguous.  In addition to the fundamental insights provided by this analysis, value also 

lies in the extension of the spectroscopic and computational methods employed herein to 

characterize halogen-bonded complexes where diffraction methods may not be amenable. 

Given the clear-cut dependence of the halide quadrupolar asymmetry parameter on 

the I···ClĖ···I angle in halogen-bonded systems, it is of interest to compare this result to 

similar findings available for hydrogen bonds.  The 2H asymmetry parameters for deuterons 

in hydrogen bonds are known to deviate somewhat from zero for non-linear geometries,52 

but the dependence on structure can be complicated.53  However, deuterons are electron 

acceptors in hydrogen bonds, whereas halide ions in halogen bonds are electron donors.  A 
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more apposite discussion is then of 17O quadrupolar asymmetry parameters in hydrogen 

bonds of the form ïN-H ··· O=C, where the oxygen acts as the electron donor.  Wu and co-

workers have demonstrated that h(17O) decreases as rN···O increases in hydrogen-bonded 

amides.54  They have also shown that h(17O) correlates with the hydrogen bond strength in 

a series of nucleic acid bases.55  The full bell-shaped dependence noted presently for the 

halide quadrupolar asymmetry parameter is not seen for typical hydrogen bonds, likely 

simply due to constraints on possible hydrogen bond geometries relative to what is seen for 

halogen bonds.  Interestingly, however, Smith and co-workers reported56 that computed 17O 

EFG tensor orientations change with the strength of the hydrogen bond, analogously to what 

has been noted for halogen bonds in this work (Figure 4.17). 

Additional computations resulted in the NMR parameters for 13C, 35/37Cl, and 79/81Br 

of the XB compounds studied experimentally.  The calculated NMR parameters are 

summarized in Table 4.8 and 4.9 for chlorine and bromine, respectively.  The models used 

consist of the simple halogen bonding environment surrounding the halide (see Figure 4.2). 
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Table 4.8 Calculated 35Cl EFG and CS Tensor Parameters for Halogen-Bonded 

Compoundsa 

 
CQ(35Cl) / 

 MHz  
ɖQ  ŭiso / ppmc ɋ / ppm  ə  Ŭ / ° ɓ / ° ɔ / ° 

1 15.76 0.69 233 313 0.03 272 89 357 

2 -25.36 0.18 197 480 0.95 37 1 79 

6 site 1 -4.67 0.43 186 88 0.01 28 1 79 

   site 2 18.38 0.02 215 239 -0.99 183 90 3 

8 site 1 16.03 0.84 245 406 -0.12 271 90 1 

   site 2 -23.60 0.23 212 495 0.68 320 1 146 

   site 3 -17.01 0.83 240 442 0.10 30 2 241 

10 -14.42 0.63 106 198 0.82 280 1 79 

 

a Relativistic scalar ZORA calculation using the revPBE exchange-correlation functional and the all electron 

basis set: ZORA/TZP.  bA simple formula relates the shielding component to the chemical shift (CS, ‏

 
) component when a suitable shielding reference exists, „  = 974 ppm in the case of chlorine. 57  To 

properly compare the calculated and experimental ŭiso values, the concentration of 0.1 M NaCl in D2O, which 

is negligible 58 and the significant isotope shift of ~5 ppm due to D2O must be account for.59 

 

Table 4.9 Calculated 81Br EFG and MS Tensor Parameters for Halogen-

Bonded Compoundsa 

 
|CQ(81Br)|  

/ MHz 
ɖQ siso / ppm ɋ / ppm ə Ŭ / ° ɓ / ° ɔ / ° 

3 149.88 0.32 2397.5 889 0.70 161 3 294 

4 145.96 0.34 2433.8 870 0.65 158 2 293 

5 132.18 0.04 2520.9 1031 0.93 151 1 210 

7 51.26 0.01 2997.1 410 0.95 76 4 292 

9 -96.16 0.19 2368.9 492 -0.63 61 86 180 
a Relativistic scalar ZORA calculation using the revPBE exchange-correlation functional and the all-electron 

basis set: ZORA/TZP. 

 

The 13C chemical shifts are overestimated by the calculations, consistent with our 

previous report on p-DITFB complexes (see Appendix B for full 13C resonance 

assignments).40  Nevertheless, in cases where distinct carbon resonances were observed 

experimentally, assignments to particular crystallographic sites were possible on the basis 
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of differences in the carbon-iodine bond lengths.  The calculations similarly overestimate 

the halide quadrupolar coupling parameters and show correlations of varying quality 

(Figure 4.20).  Multiple reasons may explain this inability to reproduce the experimental 

values precisely.  For one, DFT calculations are performed in the gas phase and use a simple 

cluster model whereas the compounds of interest crystallize in the solid state.  A full 

treatment of the effect of the ions in the crystal lattice on the computed NMR parameters is 

possible with the gauge-including projector-augmented wave (GIPAW) DFT method60 for 

calculations using periodic boundary conditions; however, for the present work many of the 

unit cells are too large for us to carry out such computations.  Furthermore, I was interested 

in the NLMO analysis offered with the ZORA DFT method.  The inclusion of relativistic 

effects via ZORA is important for computing the 13C magnetic shielding tensors for carbon 

atoms bonded to iodine.  Our calculations are carried out at 0 K while the X-ray and NMR 

data are acquired at higher temperatures.  This may also contribute to the discrepancies 

between the experimental and calculated values shown in Figure 4.20. 

Since there is no single generally available computational approach at present which 

will simultaneously properly account for all of the above-mentioned issues, compromises 

were made in choosing the best approach to address the problem at hand.  The priorities for 

this study ((i) the ability to carry out an NLMO analysis to gain insight into the relationship 

between the halogen bond and the NMR observables and (ii) a proper consideration of 

relativistic effects on the NMR parameters) meant that the ZORA DFT method offered the 

best compromise. 
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Figure 4.20 Plots of calculated versus experimental EFG tensors for bromine (a, b) and chlorine 

(c).  The principal components V33, V22, and V11 are represented by the red triangles, green squares, 

and blue diamonds, respectively.  Solid lines represent the best linear fit: (a) CQ(calc.) = 2.4446 

CQ(exp.) + 13.423, R 2 = 0.8933 (b) calc.(V11) = 1.4926exp.(V11) ï 0.1952, R 2 = 2.2722, calc.(V22) 

= 2.413exp.(V22) ï 0.0548, R2 = 0.9765, calc.(V33) = 2.4446exp.(V33) ï 0.2185, R2 = 0.8955; (c) 

calc.(V11) = 2.1957exp.(V11) ï 0.0235, R2 = 0.8826, calc.(V22) = 2.7712exp.(V22) ï 0.041, R2 = 

0.8826, calc.(V33) = 2.5907exp.(V33) ï 0.0148, R2 = 0.7080. 
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4.4 CONCLUSIONS  

 A multifaceted study of halogen bonds has been presented.  New halogen-bonded 

compounds without competing hydrogen bonds were prepared and characterized with X-

ray crystallography and multinuclear magnetic resonance spectroscopy (13C, 35/37Cl, 

79/81Br).  These iodobenzene-onium halide co-crystals exhibit C-I···XĖ distances and angles 

which allow them to be classified as moderately strong halogen-bonded compounds as 

quantified by their reduced distance parameters, RXB, of 0.79 to 0.91.  The main conclusions 

of this study are as follows: 

¶ From 13C CPMAS SSNMR, an increase in the chemical shift is observed for the 

ipso CðI carbon of the halogen o-diiodotetrafluorobenzene bonded complexes 

when compared to the starting materials; 13C chemical shifts are therefore diagnostic 

of the strength of the halogen bond. 

¶ From halogen SSNMR studies of a larger series of co-crystals, the NMR parameters 

of chloride and bromide anions were correlated to the local halogen bonding 

environment.  For example, octahedral and square planar chloride ion coordination 

environments are clearly differentiated on the basis of their 35Cl nuclear quadrupolar 

coupling constant. For C-I···XĖ···I-C systems, the value of the halogen quadrupolar 

coupling constant correlates with the strength of the halogen bond. 

¶ A NLMO DFT study afforded further chemical insight into the relationship between 

the quadrupolar NMR parameters of the halide ions, their local halogen bond 

environment, and an intuitive molecular orbital picture.  The value of the 

quadrupolar coupling constant and the quadrupolar asymmetry parameter were 

found to be well correlated with the I···XĖ···I angle.  Furthermore, this dependence 
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could be explained, via both an NLMO analysis and a simple canonical MO picture, 

as arising largely from the contribution of a lone pair-type orbital centered on the 

halide ion.  The experimental asymmetry parameters follow the DFT trend and are 

highly correlated to the I···XĖ···I angle.   

¶ The correlations noted between the halide quadrupolar coupling parameters and the 

local halogen bond geometry are in qualitative agreement with the limited 

corresponding data available for the comparable electron donors in hydrogen bonds 

(i.e., 17O quadrupolar parameters for oxygen); however the data for halogen bonds 

cover a broader range of geometries.   

Overall, this work contributes to a chemically intuitive understanding of the connection 

between the geometry and electronic structure of halogen bonds and various NMR 

parameters with the aid of NLMO analysis.  The experimental and computational methods 

employed here, as well as the insights gained, set the stage and hold promise for studying 

more complex halogen bond environments, such as those found in biomolecules,61 gels,83 

receptors,135 MOF-like framework materials,85 and other systems where diffraction 

methods may provide an incomplete picture. 
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5 STUDY OF C-IÖÖÖP=SE H ALOGEN BOND MOTIFS BY SSNMR COMBINED 

WITH AN NLMO  ANALYSIS 

5.1  INTRODUCTION AND OBJECTIVES 

The impact that NMR spectroscopy has had on the characterization and understanding 

of hydrogen bonds in solution and the solid state paved the way for study of another non-

covalent interaction, the halogen bond.  Carlsson et al. have elegantly probed the symmetry 

of halogen bonds in solution using NMR chemical shifts.1  Yan et al. have recently studied 

the possible application of s-hole···ClĖ bonds in separation science using 19F NMR titration 

experiments in solution.2  Our group has recently reported SSNMR studies of halogen-

bonded complexes and demonstrated the relationships between various NMR observables 

and the halogen bond geometry and environment (Chapter 3 and 4).3,4,5,6  For instance, 13C 

chemical shifts of the ipso C-I carbon in diiodoperfluorobenzene-halide complexes 

exhibiting halogen bonds were shown to be sensitive to the C-I bond length, which in turn 

is a measure of the extent of halogen bonding in the C-I···XĖ motif.4  Chlorine-35/37, 

bromine-79/81, and iodine-127 SSNMR spectroscopies of halogen-bonded anions have 

revealed the sensitivity of the nuclear quadrupolar coupling tensors to the halogen bond 

environment.5,6   

The study of hydrogen bonds (e.g., N-H···O=C in proteins) by NMR spectroscopy 

took a quantum leap forward with the successful measurement and interpretation of indirect 

nuclear spin-spin (J) couplings across and within such bonds, in solution and in the solid 

state.7, 8, 9, 10   For example, Limbach and co-workers have examined such couplings 

experimentally and computationally in small molecules.11,12  J-couplings have also been 
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measured in van der Waalsô complexes13 and have been used to characterize CH-p 

interactions.14  

J-couplings are present in principle between the various nuclei involved in a halogen 

bond.  To our knowledge, however, J-coupling constants have not been measured 

experimentally for halogen bonds.  Computed J-coupling constants for model systems in 

the gas phase have been reported, and these suggest that non-negligible one-bond and two-

bond couplings are possible and that there is a dependence on the local geometry.15  A 

multinuclear SSNMR study is reported here of phosphine selenide-iodofluorobenzene 

complexes exhibiting P=Se···I halogen bonds.  J-couplings measured between 31P and 77Se 

(both spin-1/2 nuclides) are shown to be sensitive to the presence and geometry of the 

halogen bond between the P=Se and I-C moieties.  77Se and 31P chemical shift tensors are 

also measured experimentally and interpreted in relation to halogen bonding.  Related work 

has demonstrated the sensitivity of J(77Se,31P) coupling to selenium-cadmium interactions 

in solutions containing phosphine selenides and cadmium complexes.16,17  Our data are 

interpreted in the context of single-crystal and PXRD data and DFT calculations.  An 

NLMO 18 DFT analysis of the J(77Se, 31P) coupling constants provides insight into the 

connection between the experimental observables and the electronic structure.  Such 

analyses have been applied to study magnetic shielding tensors, electric field gradient 

tensors, and J-couplings in a variety of systems.19,20,21,22   
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5.2 EXPERIMENTAL SECTION  

5.2.1 Sample Preparation 

Iodobenzene derivatives (p-C6F4I2, o-C6F4I2) and triphenylphosphine selenide 

(Ph3PSe) were purchased from Aldrich and used without further purification.  sym-C6F3I3 

was acquired from Alfa Aesar and used as received.  Compounds (Ph3PSe)(p-DITFB)  11 

and (Ph3PSe)(o-DITFB) 12 were prepared according to the literature.23  The syntheses of 

11 and 12 were scaled to yield 150 to 200 mg of the desired product for SSNMR studies.  

o- or p-DITFB (0.1295 g, 0.32 mmol) was mixed with Ph3PSe (0.1100 g, 0.32 mmol) in a 

small vial and dissolved in a minimum amount of dichloromethane at room temperature.  

The mixture was left to evaporate slowly, yielding 11 and 12.  Compound (Ph3PSe)(sym-

C6F3I3) 13 was prepared by dissolving equimolar amounts of Ph3PSe (0.0787 g, 0.23 mmol) 

with sym-C6F3I3 (0.1175 g, 0.23 mmol) in a minimum amount of dichloromethane.  A vial 

containing the solution was then left at room temperature until the desired compound 

crystallized, (13).  All samples were prepared at natural isotopic abundance.  Their local 

halogen bonded environment is depicted in Figure 5.1. 

 

Figure 5.1 Local halogen bonding geometries for compounds (Ph3PSe)(p-DITFB) 11, 

(Ph3PSe)(o-DITFB) 12, and (Ph3PSe)(sym-C6F3I3) 13 studied in this work, from XRD.  See angles 

and bond lengths in Table 5.2.  Compounds 11 and 13 have two crystallographically distinct 

selenium and phosphorus sites each.  Each atom is colour-coded: selenium (red), phosphorus 

(orange), carbon (grey), iodine (purple), fluorine (green) and hydrogen (white). 
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5.2.2 Single-Crystal X-ray Crystallography 

Data collection results for compounds 11, 12, and 13 represent the best data sets 

obtained in several trials for each sample.  The crystals were mounted on thin glass fibers 

using paraffin oil.  Mounted crystals were cooled by a stream of dry air to 200.15 K prior 

to data collection.  Data were collected on a Bruker AXS KAPPA single crystal 

diffractometer equipped with a sealed Mo tube source (wavelength 0.71073 Å) and APEX 

II CCD detector.  Raw data collection and processing were performed with the APEX II 

software package from BRUKER AXS.24  Diffraction data for 11, 12, and 13 were collected 

with a sequence of 0.5° w scans at 0, 120, and 240° in j.  Unit cell parameters for 11 were 

verified to be consistent with the literature.23  Systematic absences in the diffraction data 

set and unit cell parameters were consistent with the monoclinic P21/n space group for 

compounds 12 and 13.  Solutions in centrosymmetric space groups for all compounds 

yielded chemically reasonable and computationally stable results of refinement.  The 

structures were solved by direct methods, completed with difference Fourier synthesis, and 

refined with full-matrix least-squares procedures based on F2.  All hydrogen atoms were 

treated as idealized contributions. All scattering factors are contained in several versions of 

the SHELXTL program library, with the latest version used being 6.12.25  Crystallographic 

data and selected data collection parameters are reported in Table 5.1. 
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Table 5.1 Crystallographic Data and Selected Data Collection Parameters 

 

 

 

 

 

 

 

 

 

 

 

 

5.2.3 Powder X-ray Diffraction  

Sample purity and identity were verified by X-ray powder diffraction analysis.  All 

experiments were carried out using a Rigaku Ultima IV instrument at room temperature 

(298 ± 1 K) with Cu Ka1 radiation (ɚ = 1.54060 ¡).  All experiments were carried out with 

2ɗ ranging between 5 and 50Á in increments of 0.02Á at a rate of 0.6Á per minute.  

Simulations of patterns from single crystal results were generated using Mercury software 

available from the CCDC and were compared to those observed for bulk reaction products. 

compound 12 13 

empirical formula C24H15F4I2PSe C48H30F6I6P2Se2 

formula weight / g/mol 743.09 1701.98 

crystal size/ mm 0.28 x 0.19 x 0.17 0.22 x 0.14 x 0.13 

crystal system monoclinic monoclinic 

space group P 21/n P 21/n 

Z 4 4 

a/ Å 13.7022(3) 28.1286(7) 

b/Å 12.7689(3) 9.4276(3) 

c/ Å 13.9386(3) 23.3606(7) 

Ŭ/ ° 90 90 

ɓ/ ° 101.2140(10) 93.1692(16) 

ɔ/ ° 90 90 

Volume / Å3 2392.16(9) 5085.92(27) 

calculated density/ Mg/m3 2.063 2.223 

absorption coefficient/ mm-1 4.259 5.214 

F(000) 1400 3152 

Ū range for data collection/ Á 1.91 to 28.33 1.764 to 30.535 

limiting indices  -18 <= h <= 18, 

-17 <= k <= 17,  

-17 <= l <= 18 

-29 <= h <= 32, 

-13 <= k <= 13, 

-33 <= l <= 32 

reflections collected/unique 31024/5895 77460  

R (int) 0.0187 0.0297 

completeness to Ū = 28.32/ % 98.9 99.4 

max and min transmission 0.5313 and 0.3818 0.550 and 0.393 

data/restraints/parameters 5895/0/289 15250 /0 /577 

goodness-of-fit on F2 1.049 1.017 

final R indices [I > 2Ŭ(I)]  R1 = 0.0164,  

wR2 = 0.0416 

R1 = 0.0287 

wR2 = 0.0641 

R indices (all data) R1 = 0.0179,  

wR2 = 0.0424 

R1 = 0.0379 

wR2 = 0.0681 

largest diff peak/hole/ eĀ ¡-3 0.407 and -0.757  1.625 and -2.108 
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5.2.4 Solid-State NMR Spectroscopy 

All compounds were ground into fine powders and packed in 4 mm o.d. zirconia 

rotors.  Data were acquired at the University of Ottawa using either a 9.4 T (ɜL(13C) = 100.6 

MHz, ɜL(
31P) = 161.976 MHz, ɜL(

77Se) = 76.311 MHz) magnet equipped with a Bruker 

Avance III 400 console and a 4 mm Bruker triple resonance MAS probe or a 11.75 T 

(ɜL(13C) = 125.758 MHz, ɜL(
31P) = 202.456 MHz, ɜL(

77Se) = 95.382 MHz) Bruker Avance 

500 wide bore spectrometer equipped  with a 4 mm triple resonance MAS probe.  Some 

data were also acquired at the National Ultrahigh-Field NMR Facility for Solids in Ottawa 

using a 21.1 T (ɜL(77Se) = 171.668 MHz) standard-bore magnet equipped with a Bruker 

AVANCE II 900 console and a double-resonance MAS probe.  

Spectra for 13C, 31P, and 77Se were collected under CPMAS conditions26 with proton 

decoupling.  Experimental setup and pulse calibration were performed using solid glycine 

for 13C (ŭiso(
13C=O) = 176.4 ppm with respect to TMS),27,28 solid diammonium selenate 

((NH4)2SeO4) for 77Se (diso = 1040.2 ppm with respect to Se(CH3)2(l)),
29 and ammonium 

dihydrogen phosphate for 31P (NH4H2PO4, diso = 0.81 ppm with respect to H3PO4 in 85% 

D2O).30 

5.2.4.1 13C SSNMR. 

Recycle delays were 35, 10, and 15 s respectively for 11, 12, and 13.  The proton 

ˊ/2 pulse and contact time were set to 3.25 or 3.50 ɛs and 2 ms, respectively, in all cases.  

MAS frequencies varied between 8 and 10 kHz.   
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5.2.4.2 31P SSNMR.  

 31P SSNMR experiments used a recycle delay of 6 s at 9.4 T and 30 s at 11.75 T.  The 

proton ˊ/2 pulse length was optimized to 2.50 or 3.00 ɛs at 9.4 T and 4.50 ɛs at 11.75 T.  

The contact time was 5 ms and 2 ms at 9.4 and 11.75 T, respectively.  MAS frequencies 

varied between 2.1 kHz and 10 kHz.   

5.2.4.3 77Se SSNMR. 

 For 77Se NMR experiments, the recycle delays were 34 s, 20 s, and 30s for compounds 11, 

12, 13, respectively.  The 1H ˊ/2 pulse length used for the CP experiments was typically 

3.75 ɛs at 9.4 T.  The proton ˊ/2 pulse lengths used at 11.75 and 21.1 T were 2.8 and 4.0 

ɛs, respectively.  The contact time was typically 20 ms.  

Spectra were simulated using WSOLIDS31 and SIMPSON.32  Additional experimental 

details may be found in Appendix C. 

 

5.2.5 Computational Details 

Cluster models were generated using the X-ray crystal structuresô atomic 

coordinates and are depicted in Figure 5.1.  The structure of Codding and Kerr33 was used 

for Ph3PSe.  31P and 77Se magnetic shielding tensors were calculated with the ADF 

software3450 or Gaussian0951 software.  The positions of the hydrogen atoms in the models 

were optimized prior to NMR calculations.  For the DFT calculations performed with 

Gaussian09 software, the TPSS functional35 and 6-311G** basis set were used.   

For all calculations using ADF, scalar relativistic effects were included via the 

ZORA.36  All contributions to the * tensor were included in the calculations.  NLMO 
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analyses were performed with the NBO 5.0 code37 in ADF18,50 and were visualized with the 

program adfview.  The revised PBE38 GGA exchange-correlation functional was used with 

the ZORA triple zeta basis set for magnetic shielding and * tensor calculations.  

Additionally the meta-GGA TPSS functional was used for a second set of J-coupling 

calculations.  These calculations were performed using the High-Performance Virtual 

Computing Laboratory (HPCVL). 

A simplified model was prepared for the calculations on site 2 of compound 13.  In 

this model, the sym-C6F3I3 molecules were replaced by CF3I and the positions of all other 

atoms were fixed while the new fluorine positions were optimized before proceeding to the 

magnetic shielding and J-coupling calculations.  Also, a systematic study was performed 

on a small cluster model of (CH3)3PSe···ICF3 were the Se···I distance was varied 

systematically by increments of 0.04 Å between 3.40 (RXB = 0.85) and 3.66 Å (RXB = 0.92).  

For each calculation, the model was geometry optimized while keeping the Se···I distance 

fixed.  With the converged geometry, the J-coupling calculation combined with the NLMO 

analysis was then performed, as well as the magnetic shielding tensor calculations.  Note 

that the halogen bond geometry itself is not optimized computationally in any of the present 

calculations.  

The computed magnetic shielding tensors were analyzed using the EFGShield program.39  

Magnetic shielding tensors were converted to chemical shift tensors using the following 

equation: ‏
 
 (where ůref = 2069 ppm for selenium in Se(CH3)2(l)

40
 and where ůref 

= 331.51 ppm for phosphorus in H3PO4 (85% D2O)41).  The ADF output files from the J-

coupling calculations were analyzed to select the NLMOs with large contributions to the 
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isotropic J-coupling constant.  The sum of the Lewis and non-Lewis terms are reported for 

the largest contributions.  

 

5.3 RESULTS AND DISCUSSION 

5.3.6 The Structures of (Ph3PSe)(o-DITFB) and (Ph 3PSe)(sym-TITFB)  

Co-crystallization of triphenylphosphine selenide (Ph3PSe) and iodobenzene 

derivatives (o- or p-C6F4I2 and sym-C6F3I3 which are also referred to as DITFB and TITFB, 

respectively) yielded two novel co-crystals exhibiting halogen bonds, (12) and (13), and 

(11) which was previously reported by Arman et al.23  The relevant halogen bond distances, 

dI···Se, angles, qCðI···Se, and I···Se···I angles (qI···Se···I), as well as RXB
, carbon-iodine bond 

lengths (dIðC), phosphorus-selenium bond lengths (dP=Se), and P=Se···I angles (qP=Se···I) are 

given in Table 5.2.    Summarized in Table 5.1 are the crystallographic data for compounds 

12 and 13.   
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Table 5.2 Selected halogen bond intermolecular contact distances and angles.a 

  dIðC /Å dI···Se /Å RXB
b qCðI···Se /° dP=Se/Å qP=Se···I /° qI···Se···I /° RDD

d / Hz 

Ph3PSe  - - - - 2.1080 - - 995 

  - - - - 2.1074 - - 996 

11 
Site 1 2.092 3.4224 0.86 166.5 2.1070 112.6 - 997 

 
Site 2 2.082 3.4944 0.88 171.4 2.1270 113.0 126.0 969 

 
 2.078 3.6841 0.93 154.9 - 88.9 -  

12 
Site 1 2.0986 3.4014 0.85 175.2 2.1320 104.0 139.8 962 

 
 2.1034 3.5863 0.90 174.7 - 91.9 -  

13 
Site 1 2.0949 3.5528 0.89 166.8 2.1190 104.6 - 980 

 
Site 2 2.0901 3.5027 0.88 162.5 2.1252 107.3 118.6 972 

 
 2.0886 3.6024 0.91 159.2 

- 
91.3 

-  

 
 2.0842 3.9227 0.99 159.7 

- 
155.3 

-  

a See models in Figure 5.1.  Experimental values determined by single-crystal X-ray crystallography.  b RXB = 

dX···Y/SdVdW, the ratio of the distance between the halogen (i.e., I) and the electron donor (i.e., Se) to the sum 

of their van der Waals radii (1.98 Å for I and 2.00 Å for Se).
 42

  c Arman et al.23  d 77Se-31P dipolar coupling 

constant,Ὑ ộὶ Ớ, where ‘ is the permeability constant, ‎ and ‎ are the magnetogyric ratios 

of the coupled spins I and S (i.e., 31P and 77Se) and ộὶ Ớ is the motionally-averaged inverse cube of the 

distance between the coupled nuclei. 

 

The X-ray crystal structure of 11 was verified to match that reported previously.23  

The halogen bond environments in 11 may be described as follows: there are two different 

selenium sites and both engage in halogen bonding with iodine.  Interactions at one of the 

sites (labelled site 2 in Figure 5.1) result in infinite chains along the a axis involving one 

halogen bond acceptor (i.e., Se) and two halogen bond donors from different p-DITFB 

molecules.  Selenium atoms in the other distinct site (labelled site 1 in Figure 1) interact 
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with one iodine atom and the result is discrete halogen-bonded entities rather than infinite 

chains. 

One polymorph of compound 12 has been previously reported;23 however, in this 

work a different polymorph is reported, which crystallizes in the P21/n space group (Table 

5.1).  The polymorph synthesized in this work features discrete halogen-bonded entities; 

the selenium atom forms short contacts with two iodine atoms (RXB = 0.85 and 0.90) from 

different arene molecules with a I···Se···I angle of 138.8°.  The CðI···Se angles are nearly 

linear (175.2° and 174.7°).  The local structural motif is shown in Figure 5.1.  The extended 

crystal network is shown in Figure 5.2.   

 

Figure 5.2 Crystal packing of 12 in a 3 x 3 x 3 super cell viewed along the a axis (a) and b axis 

(b).  In (b) the extended network are observed.  The phenyl rings on P are omitted to more clearly 

show the network.  

 

Compound 13 crystallizes in the P21/n space group.  This halogen-bonded 

compound has two crystallographically distinct P=Se environments (see Figure 5.1).  The 

first selenium atom interacts with a single iodine atom (RXB = 0.89; qCðI···Se = 166.8°), 
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resulting in discrete entities in the crystal lattice (see Figure 5.3).  The second 

crystallographically distinct type of selenium atom is surrounded by three iodine atoms 

from different sym-TITFB molecules as depicted in Figure 5.1.  The values of RXB for each 

of the three Se···I contacts are 0.88, 0.91, and 0.99, respectively.  This indicates that the 

third contact hardly constitutes a halogen bond (i.e., an RXB value of 1 implies that the atoms 

in question are no closer than the sum of their van der Waalsô radii).  The two iodine atoms 

involved in halogen bonding with Se form a I···Se···I angle of 118.6°.  These interactions 

at the second selenium site result in polymeric zigzag chains along the b axis (Figure 5.3).   

 

Figure 5.3 Crystal packing of a 3 x 3 x 3 unit cell for 13 along the b axis.  There are two 

crystallographically unique selenium sites in 13. One is highlighted by the blue surface of a 

polyhedron which forms a one dimensional zigzag chain along the b axis.  The second site is within 

a discrete entity between the zigzag chains.  The phenyl rings on P are omitted for clarity.  

 
























































































































































































































