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ABSTRACT: Solid-State Nuclear Magnetic Resonance (SSNMR) is a versatile characterization technique that can provide a 
plethora of information complementary to Single Crystal X-Ray Diffraction (SCXRD) analysis. However, the latter is still 
pivotal in assessing the halogen bond (XB) occurrence and having a rough estimation of its strength through the normalized 
distance parameter (RXB), obtained from experimental crystallographic data. Herein, we present an experimental and com-
putational investigation of the relationship between the strength of an XB and the SSNMR chemical shifts of the non-
quadrupolar nuclei either directly involved in the interaction (15N) or covalently bonded to the halogen atom (13C). We have 
prepared two series of X-bonded co-crystals based upon two different dipyridyl modules, and several halobenzenes and 
diiodoalkanes, as XB-donors. SCXRD structures of three novel co-crystals between 1,2-bis(4-pyridyl)ethane, and 1,4-diiodo-
benzene, 1,6-diiodododecafluorohexane, and 1,8-diiodohexadecafluorooctane are reported. For the first time, the change in 
the 15N SSNMR chemical shifts upon XB formation is shown to experimentally correlate with the strength of the XB. The 
same overall trend is confirmed by density functional theory (DFT) calculations of the chemical shifts. 13C NQS experiments 
show a positive, linear correlation between the chemical shifts and the C–I elongation, which is an indirect probe of the 
strength of the XB. These correlations can be of general utility to estimate the strength of the XB occurring in diverse 
adducts by using affordable SSNMR analysis.  

In recent years, halogen bonding (XB) has been attracting 
increasing attention thanks to its applications in different 
fields, e.g., crystal engineering, materials chemistry, and 
biochemistry.1-3 The success of this specific noncovalent in-
teraction derives from its unique physico-chemical proper-
ties, namely strength, selectivity, tunability, and direction-
ality.4,5 XB spans an energy range similar to that of the 
more commonly used hydrogen bonding, i.e., 5–200 
kJ/mol.6 By changing the XB-donor atom involved in the 
interaction or its covalently-bound substituents it is possi-
ble to fine-tune the final strength of the XB, an extremely 
useful feature for the design of new supramolecular spe-
cies.7 In addition, XB is strongly directional,8,9 thus ena-
bling the predictable alignment of molecular building 
blocks into crystalline architectures and functional mate-
rials, such as photoresponsive polymers, pharmaceutical 
co-crystals, porous materials, among others.10-14 XB plays 
also a key role in anion recognition and coordination both 
in solid state and in solution,15,16 ability of relevant interest 
especially for biological systems.17 

The 2013 IUPAC XB definition states: “A halogen bond oc-
curs 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 an-
other, or the same, molecular entity”.18 The counterintui-
tive electrophilic behavior of the elements of the XVII 
group arises from the anisotropic molecular electrostatic 
potential distribution around halogens atoms, which 
shows the emergence of a region of positive electrostatic 

potential, called -hole, along the extension of the covalent 
bond the halogen atom is involved in.19 

The XB occurrence can be detected by a number of analyt-
ical techniques: since the first studies in the 1960’s, the 
most employed ones are single crystal X-ray diffraction 
(SCXRD) analysis, nuclear magnetic resonance (NMR), vi-
brational and UV-visible spectroscopies, and thermal anal-
ysis.20 However, XB has long been studied in the solid state 
mainly by X-ray diffraction techniques,1 while NMR spec-
troscopy has been traditionally adopted only to shed light 
on its solution behavior.21 IR and Raman spectroscopies 
have been applied both in solution and in the solid state.22 
These studies in condensed phases have been corroborated 
by gas phase investigations,23 as well as data mining from 
crystallographic databases such as the CSD.1,8,24 Moreover, 
computational studies have been crucial to elucidate the 
nature of XB or to fully understand the structural changes 
observed upon XB formation.25,26 Within this framework, 



 

NMR techniques offer unique opportunities to the study of 
XB. Solution NMR spectroscopy has proven to be a conven-
ient and sensitive tool to establish the occurrence of XB in 
supramolecular adducts, to rank the ability of XB donors 
and acceptors, and even to describe thermodynamic and 
geometric characteristics of formed adducts.5,12,27-33 

Unlike solution NMR, detailed studies of XB by solid-state 
NMR (SSNMR) have been carried out only in recent years, 
although some 13C CPMAS data of a complex between 1,4-
diazabicyclo[2.2.2]octane and CBr4 were already reported 
by Kochi in 1987.34 Recently, efforts are directed to in-
depth, specialized SSNMR analysis, with multinuclear ap-
proaches and systematic resort to quantum chemical cal-
culations with DFT-based methods. 

XB can be probed by looking at the atoms close to the in-
teraction: the halogen atom, the carbon covalently bonded 
to it, and the nitrogen (if present). While the acquisi-
tion/interpretation of both 13C and 15N spectra is straight-
forward since it is based on the variation of the chemical 
shift parameter upon XB formation, the acquisition/inter-
pretation of halogen atoms spectra is still challenging. In-
deed, 35/37Cl, 79/81Br, and 127I are all quadrupolar nuclei (i.e., 
I > ½) with very high quadrupolar coupling constants. This 
leads to very broad lines (in the order of tens of MHz) that 
require a combination of sophisticated hardware and tech-
niques to be employed, such as very high magnetic fields 
(up to 21 T), ultra-fast MAS (up to 100 kHz), acquisition of 
several subspectra to be added for collecting the whole sig-
nal, and special pulse sequences (QCPMG). On the other 
hand, quadrupolar nuclei provide several other interesting 
parameters in addition to the chemical shift, such as quad-
rupolar coupling constants and electric field gradient ten-
sors that add further insights into the halogen environ-
ment, and thus into the XB. Bouchmella et al. have demon-
strated that SSNMR is a sensitive technique to detect XB 
formation: they have studied X-bonded imidazole and 
morpholine-based compounds, which show an increase of 
the 15N chemical shifts as the intermolecular N···I distance 
increases.35 Shortly after, Weingarth et al. have determined 
the intermolecular N···I distance by studying the dipolar 
15N/127I coupling in a 15N-enriched benzyl-di(4-iodoben-
zyl)amine.36 Viger-Gravel et al. have published a detailed 
study on thiocyanate anions X-bonded to diiodo-
perfluoroarenes.37 13C chemical shifts were found to in-
crease in the presence of XB compared to reference un-
bonded compounds, while 15N chemical shifts were found 
to decrease under the same conditions. Selenocyanates  
were noted to show the opposite trends. Bryce and co-
workers have used high-field SSNMR to directly probe 
weak XBs involving 35Cl, 81Br, and 127I in various solid 
haloanilinium halides,38 where the authors found interest-
ing correlations between isostructural compounds. Widdi-
field et al. have, instead, reported a multinuclear study on 
a series of decamethonium diiodide-dihalogenated ben-
zene co-crystals.39 They have carried out 13C, 14/15N, 19F, and 
127I SSNMR experiments to examine the effect of XB occur-
rence on several NMR parameters. In particular, XB was 
found to cause 13C chemical shift increase at the carbon 
atom directly adjacent to the XB-donor, as well as the 14N 

and 127I quadrupolar coupling constants were judged sensi-
tive probes of the co-crystals formation. Viger-Gravel et al. 
established a correlation between 13C chemical shift values 
and C–I bond lengths in co-crystals of 1,4-diiodotetra-
fluorobenzene with ammonium or phosphonium halide 
salts.40 Despite the discrepancies found between experi-
mental and computed data, they were able to conclude 
that the chemical shift increases as the C–I distance in-
creases. Recently, Bryce and co-workers have performed a 
multifaceted study on iodobenzene-onium halide co-crys-
tals exhibiting C–I···X− interactions. They have confirmed 
that 13C chemical shifts are diagnostic of the strength of the 
XB; at the same time they have found a correlation be-
tween quadrupolar NMR parameters and the local XB ge-
ometry.41  

Few other SSNMR investigations on XB are also reported 
in the literature42-44 and there is still a need for a multinu-
clear SSNMR investigations in order to find a systematic 
relationship between the changes in chemical shift of at-
oms involved in XB and the strength of the interaction. In-
deed, clear and general relationships between NMR pa-
rameters and x-ray data are still missing. For this reason, 
we performed a complete screening by 15N and 13C SSNMR 
of different XB-donors in two series of X-bonded supramo-
lecular structures, constructed by assembling dipyridyl de-
rivatives and either halobenzenes or haloalkanes. The in-
vestigation of strength and structural organization has 
been carried out by a combined SSNMR, FTIR, SCXRD, and 
computational approach. Three new X-bonded adducts be-
tween 1,2-bis(4-pyridyl)ethane as XB acceptor and 1,4-diio-
dobenzene, 1,8-diiodohexadecafluorooctane, and 1,6-diio-
dododecafluorohexane are also reported. 

Figure 1. Molecular building blocks of the X-bonded co-crys-
tals under study. 
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EXPERIMENTAL SECTION 

Supramolecular synthesis. All the starting materials 
were purchased from Sigma-Aldrich and were used with-
out further purification. At room temperature, equimolar 
amount of 4,4’-bipyridine (1A, bipy) or 1,2-bis(4-
pyridyl)ethane (1B, bipyet) were dissolved in acetone with 
1,8-diiodohexadecafluorooctane (DIHFO), 1,6-diiododode-
cafluorohexane (DIDFH) or 1,4-diiodotetrafluorobenzene 
(DITFB). At room temperature, equimolar amounts of ei-
ther 1A or 1B were also dissolved in chloroform with 1,4-
dibromotetrafluorobenzene (DBrTFB) and in dichloro-
methane with 1,4-diiodobenzene (DIB). All the solutions 
were put in vials and then placed in jars containing paraffin 
oil and sealed. All of the adducts were obtained in the form 
of good-quality single crystals by slow-evaporation of the 
solvent. The crystalline products were all washed with cold 
heptane before further characterization. The obtained ad-
ducts are shown in Table 1. 

 

Table 1. Obtained halogen-bonded co-crystals. 

 Co-cryst 

[(1A)·(1,4-dibromotetrafluorobenzene)] 2A 

[(1A)·(1,4-diodobenzene)] 3A 

[(1A)·(1,4-diiodotetrafluorobenzene)] 4A 

[(1A)·(1,8-diiodohexadecafluorooctane)] 5A 

[(1A)·(1,6-diiodododecafluorohexane)] 6A 

[(1B)·(1,4-dibromotetrafluorobenzene)] 2B 

[(1B)·(1,4-diodobenzene)] 3B 

[(1B)·(1,4-diiodotetrafluorobenzene)] 4B 

[(1B)·(1,8-diiodohexadecafluorooctane)] 5B 

[(1B)·(1,6-diiodododecafluorohexane)] 6B 

 

Thermal analysis.  DSC analyses were performed using a 
Mettler Toledo DSC 823e. 2–20 mg of each sample were 
closed in an aluminum pan and measured with heat-
ing/cooling rates of 10 °C/min. 

Single crystal X-ray diffraction analysis. The crystals 
were measured using Mo-Kα radiation on a Bruker KAPPA 
APEX II diffractometer with a Bruker KRYOFLEX low tem-
perature device. Formation of co-crystals 2A, 3A, 4A, 5A, 
6A, 2B, 4B, 5B, and 6B was confirmed by crystal cell 
determination and comparison with previously reported 
data.4,28,45 Crystal structures of the new adducts 3B, 5B, and 
6B were solved by direct method and refined against F2 us-
ing SHELXL97.46 Packing diagrams were generated using 
Mercury.47 Intermolecular interactions were analyzed with 
PLATON.48 The non-hydrogen atoms were refined aniso-
tropically and hydrogen atoms were refined using differ-
ence Fourier map or positioned geometrically. Selected 
crystallographic data and supramolecular infinite chain 
within the crystal structure for co-crystals 3B, 5B and 6B 
are reported in SI.  

Powder X-ray diffraction analysis. A Bruker AXS D8 
powder diffractometer was used for all PXRD measure-
ments with experimental parameters as follows: Cu-Kα ra-
diation. Scanning interval: 5–40° 2θ. The experimental 
PXRD patterns and calculated PXRD patterns from single 
crystal structures were compared to confirm the composi-
tion of bulk materials. 

IR-spectroscopy. IR spectra were obtained using a Nicolet 
iS50 FTIR spectrometer equipment with ATR device. For 
each compound two different spectra were collected: Far 
IR spectrum (128 scans, 100–1000 cm-1) using solid substrate 
beam splitter; middle IR (32 scans, 1000–4000 cm-1) with 
KBr beam splitter. All the spectra were measured with a 
resolution of ±4 cm-1 and corrected with the baseline cor-
rection tool of the OMNIC software. 

Computational details. Periodic lattice calculations were 
performed by means of Quantum Espresso version 5.1.2.49 
The Generalized Gradient Approximation (GGA) func-
tional PW86PBE,50,51 with the inclusion of the exchange-
hole dipole moment (XDM)52 dispersion correction 
method for accurate model of the X-bonded interactions 
was used in all calculations. XDM dispersion energies were 
computed using the modified version of Quantum Es-
presso, adopting the appropriate damping parameters for 
the functional PW86PBE (a1 = 0.6836 and a2 = 1.5045).52a 
For geometry optimizations, the solid-state crystal struc-
tures from either the literature or the present study (i.e., 
3B, 5B, and 6B) were considered as starting structures. Cal-
culations were performed with the variable-cell scheme, 
adopting the Kresse-Joubert Projected Augmented Wave 
pseudopotentials.53 A cut-off of 60 Ry was used for struc-
tural optimization. The NMR chemical shifts were calcu-
lated using an 80 Ry energy cut-off by the GIPAW 
method.54 A 60 Ry cut-off for NMR calculations gave un-
satisfactory results, but values higher than 80 Ry did not 
significantly improved the quality of the data. The theoret-
ical absolute magnetic shielding (σ) values were converted 
into chemical shift scale (δ) by subtracting the shielding 
values from the experimental absolute shielding value of 
liquid ammonia at 300 K, 244.6 ppm, given in literature.55 
Additional chemical shift calculation details may be found 
in the Supporting Information (SI), Table S1. The Brillouin 
zones were automatically sampled with the Monkhorst-
Pack scheme,56 in a similar approach as previously de-
scribed.57 Geometry optimization, phonon and NMR 
chemical shift calculations for compounds 2A, 3A, 4A, 5A, 
6A, 2B, 3B, 4B, 5B, 6B were performed with a grid mesh of 
2×1×1, 2×2×2, 2×2×1, 3×2×1, 2×1×2, 1×2×1, 3×1×1, 3×1×1, and 
3×1×1, respectively. For compounds 1A, and 1B grid meshes 
of 2×2×1 and 3×1×2 were respectively used. 

Solid-State NMR Spectroscopy. SSNMR measurements 
were carried out on a Bruker AVANCE II 400 instrument 
operating at 400.23, 376.55, 100.65 and 40.56 MHz for 1H, 
19F, 13C and 15N, respectively. Powdered samples were 
packed in cylindrical 4 mm o.d. zirconia rotors, with sam-
ple volume of 80 μL. 

15N CPMAS (cross-polarization magic-angle spinning) 
spectra were recorded at room temperature at the spinning 
speed of 9 kHz. A ramp cross-polarization pulse sequence58 



 

was used with contact time of 4 ms, a 1H 90° pulse of 3.80 
μs, recycle delays ranging from 5 to 60 s, and 2048–10240 
transients. The two pulse phase modulation (TPPM) de-
coupling scheme59 was used with a frequency field of 66 
kHz. All spectra were acquired with a resolution of 0.5 
ppm. 
13C non-quaternary suppression (NQS) spectra were col-
lected at room temperature at spinning speed of 12 or 13 
kHz, with 13C 180° refocusing pulse of 9.20 μs and dephas-
ing times ranging from 40 to 55 μs. The pulse width and 
the RF power were finely adjusted for best resolution. 
1H/13C ramp cross-polarization pulse sequence was used 
with contact time of 9 ms, a 1H 90° pulse of 4.00 μs, recycle 
delays ranging from 5 to 60 s, and 1440–7680 transients. 
19F/13C ramp cross-polarization pulse sequence was em-
ployed with contact time of 9 ms, a 19F 90° pulse of 3.40 μs, 
recycle delays ranging from 20 to 60 s, and 256–2304 tran-
sients. The 19F/13C Hartmann-Hahn conditions were cali-
brated on a poly(tetrafluoroethylene) sample. For all sam-
ples containing protons a two-pulse phase modulation 
(TPPM) decoupling scheme was used with frequency field 
of 62 kHz, while in the case of samples containing fluorine 
atoms a swept-frequency two-pulse phase modulation 
(SWf-TPPM) decoupling scheme60 was used, with fre-
quency field of 74 kHz. 13C and 15N chemical shift scales 
were referenced to glycine (13C methylene signal at 43.5 
ppm) and to (NH4)2SO4 (15N ammonium signal at δ = 24.7 
ppm with respect to NH3), respectively as external stand-
ards. All NMR data were processed with Bruker TOPSPIN 
2.1 software. 

 

Figure 2. Supramolecular infinite 1D chains in the crystal 
structure of 3B viewed along the b crystallographic axis. 
Colour legend: C, grey; H, white; N, light blue; I, magenta.  

 

RESULTS AND DISCUSSION 

Thermal and structural characterization of halogen-
bonded adducts. Thermal analysis by DSC confirmed the 
formation of new chemical species by comparing melting 
points and degradation temperatures of systems obtained 
on mixing starting materials with melting points of starting 
materials or of adducts already reported in literature. 2A, 
3A, 5A, 6A, 2B, 4B, 5B, and 6B pack in the P−1 triclinic 
space group, 3B and 4A crystallize in the monoclinic crystal 
system in P21/n and P21/c space groups, respectively, see 
crystallographic Table S2 in the SI. All the X-bonded sys-
tems under study were chosen due to their similar 1D su-

pramolecular arrangement and hence their comparable ge-
ometry. All the chosen XB-acceptors and donors are di-
topic and both their coordination sites are involved in 
forming halogen-bonded infinite supramolecular 1D 
chains, as shown in Figure 2. In all of the obtained struc-
tures, XBs tend to be close to linearity: C–X···N (X = Br, I) 
angles fall, in fact, in the range 172.3–177.5°, see Table 2. The 
X···N distances are expressed as normalized contacts (RXB) 
calculated as the ratio DXN /(rX + rN), where DXN is the ex-

perimental distance between the halogen atoms (X) and 
the XB-acceptor nitrogen and rX and rN are the correspond-

ing vdW radii. The use of RXB allows contacts of chemically 
different interacting sites to be directly compared.61 As ex-
pected, the shortest, namely the strongest, interactions are 
those involving iodoperfluorinated XB donors, thanks to 
the electron-withdrawing effect of the perfluorinated resi-
due, which increases the magnitude of the positive σ-hole 
on iodine.7 Except for co-crystals 2A and 2B, in all other su-
pramolecular adducts the RXB is shorter for the systems in-
volving 1B as XB acceptor, due to the higher Lewis base 
character of 1B compared to 1A. Before NMR analysis the 
composition of the bulk crystalline materials was con-
firmed by comparing experimental and calculated PXRD 
patterns, as shown in detail in the SI. 

 

Table 2. Normalized XB contacts (RXB) and C–X···N (X= 
Br, I) angles (θC–X···N) for the supramolecular adducts 
under study. 

Co-crystal RXB θC–X···N (°) 

2A 
0.85* 

0.88* 

177.21 (4)* 

176.40 (4)* 

3A 0.86 176.1 (1) 

4A 0.81 177.3 (1) 

5A 0.81 176.7 (2) 

6A 0.80 177.5 (6) 

2B 0.89 172.3 (3) 

3B 0.84 177.41 (6) 

4B 0.79 175.8 (3) 

5B 0.78 176.3 (1) 

6B 0.78 176.97 (6) 

*two crystallographically independent X-bonds. 

Solid-State NMR Spectroscopy: correlation of NMR 
data with the strength of XB. 15N NMR. The 15N CPMAS 
NMR spectra of compounds 2A–6A, 2B–6B and of the 
starting materials, 1A, 1B, are shown in Figure 3 (X-bonded 
nitrogen region). With the only exception of compound 
2A, in both series it can be noted the occurrence of a sys-
tematic low-frequency shift in the signal of the dipyridyl 
nitrogen upon co-crystal formation, which is consistent 
with the lone pair sharing for pyridine-like nitrogen at-
oms.62 The magnitude of the shift increases going from 
haloarenes to haloalkanes, and this result is consistent 



 

with the measured distance of the XB, that is, RXB. Specifi-
cally, the strongest N···I attraction occurs in 6B, for which 
we observed a shift upon XB formation (Δδiso 15N)  

 

                           

Figure 3. 15N (40.56 MHz) CPMAS spectra of the two series of X-bonded compounds 2A–6A and 2B–6B, together with starting 
materials 1A and 1B, recorded at 9 kHz. The vertical lines highlight the systematic shift upon XB formation. 

Table 3. Experimental 15N isotropic chemical shift of dipyridyl nitrogens directly involved in XB. 

 Comp/co-crysta δiso 15N (ppm)b Δδiso 15N (ppm)c   Comp/co-crysta δiso 15N (ppm)b Δδiso 15N (ppm)c 

1A Bipy 289.3   1B Bipyet 288.2  

2A (bipy)·(DBrTFB) 292.2 −3.0  2B (bipyet)·(DBrTFB) 279.3 8.9 

3A (bipy)·(DIB) 288.7 0.6  3B (bipyet)·(DIB) 281.7 6.4 

4A (bipy)·(DITFB) 285.0 4.3  4B (bipyet)·(DITFB) 271.4 15.8 

5A (bipy)·(DIHFO) 278.7 10.5  5B (bipyet)·(DIHFO) 270.0 18.2 

6A (bipy)·(DIDFH) 278.3 11.0  6B (bipyet)·(DIDFH) 269.4 18.8 

aX-bonded co-crystals are listed top-down in order of increasing XB strength, that is, RXB. cExperimental change of the 15N chemical 
shift upon XB formation, with respect to the corresponding dipyridyl derivative (bipy or bipyet). 

 

as high as 19 ppm (see Table 3). The other compounds ex-
hibit progressively lower Δδiso 15N, affording an overall 
trend that dictates the strength of the XB donor in the or-
der DIDFH ≥ DIHFO > DITFB > DBrTFB > DIB for bipyet 
series, while for bipy series the strength of the XB donors 
follows the order DIDFH ≥ DIHFO > DITFB > DIB > 
DBrTFB. The donors hierarchy in bipyet series is in agree-
ment with the one proposed by Aakeröy et al;7 however, 
the trend does not hold in the bipy series because DIB and 
DIBrTFB are exchanged with each other. We sought to ex-
plain such difference in the following ways. (i) Bipyet is a 
better XB acceptor than bipy, because of the ethyl moiety 
that increases its basic character. Therefore, in the bipy se-
ries the XB is less strong and, in absence of a pronounced 

σ-hole as in the case of DIB and DBrTFB, the XB will be 
even weaker. Hence, we can infer that other crystal pack-
ing effects rather than the XB alone may have an influence 
on the chemical shifts of 2A and 3A, thus altering the do-
nors hierarchy. (ii) The unexpected high-frequency shift in 
2A might be one of the reasons that leads DBrTFB to be a 
worse XB donor than DIB in bipy series, therefore we ex-
plored the changes in the tensor components that occur in 
the presence of the XB. Owing to the very low 15N natural 
abundance, the 15N chemical shift tensors could not be ex-
perimentally obtained, thus they were computed. The re-
sults of GIPAW DFT computations are summarized in Ta-
ble 4. For purposes of comparison, the isotropic chemical 
shifts from 15N CPMAS spectra recorded in this work are 



 

also given in the table. The experimental δiso 15N values are 
overestimated by the  

 

Table 4. Calculateda nitrogen chemical shift tensorsb for X-bonded co-crystals herein reported. 

Compound Ω (ppm) Κ δ11 (ppm)c δ22 (ppm)c δ33 (ppm)c δave (ppm)c δiso (ppm)d 

1A 659 0.38 629 424 −30 341 314 

2Ae 
657 0.38 631 428 −26 344 317 

658 0.38 630 427 −28 343 

3A 645 0.36 628 420 −17 343 313 

4A 612 0.40 602 419 −10 337 310 

5A 572 0.44 569 409 −3 325 303 

6A 577 0.43 573 408 −4 325 303 

1B 686 0.36 646 426 −40 344 313 

2B 621 0.41 598 416 −23 330 304 

3B 614 0.42 593 416 −21 329 306 

4B 571 0.43 569 407 −2 324 297 

5B 534 0.50 534 401 0 311 295 

6B 528 0.49 535 401 7 314 294 

aPW86PBE-XDM calculation. bChemical shift tensor parameters: span, Ω ≈ δ11 − δ33; skew, κ = 3(δ22 – δiso)/Ω; average of the principal 
components, δave = (δ11 + δ22 + δ33)/3, where δ11 ≥ δ22 ≥ δ33. cAll chemical shift tensor components are referenced to liquid NH3 at 300 
K. dExperimental isotropic chemical shifts taken from Table 3, referenced to liquid NH3. eTwo crystallographically independent 
nitrogen sites. 

calculations by several ppm, even with the adoption of the 
XDM method. However, while it should be noted that the 
challenges associated with this type of chemical calcula-
tions are not trivial at all, the overestimation of the SSNMR 
chemical shifts has been systematically reported in the case 
of XB.37,39,40 Consistent with previous results,37 we observed 
a reduction in the tensor span upon XB formation; the de-
crease is in the order of 10% for the bipy series, and of 20% 
for the bipyet series. Without any surprise, the principal 
components of the chemical shift tensor provide a more 
sensitive information than the isotropic chemical shift. In-
deed, the δiso range for all systems is in the order of 10–20 
ppm, while the change in the principal component is much 
larger, up to 100 ppm. In particular, the component which 
changes the most is the least shielded component, δ11: it 
varies within the range of 62 ppm for bipy series, and 112 
ppm for bipyet series. The other two components show 
narrower ranges: the δ22 component changes within the 
range of 20–25 ppm, while the δ33 component falls within 
the range of 27–47 ppm respectively for bipy and bipyet se-
ries. 

These results are in excellent agreement with those ob-
tained by Facelli in a study of the changes of the 15N chem-
ical shift tensor in pyridine upon hydrogen bonding for-
mation.63 According to Facelli’s work, the least shielded 
component δ11 lies in the direction tangential to the aro-
matic ring. The middle principal component δ22 also lies in 
the plane of the molecule and along the radial direction, 
while the most shielded component δ33 lies in the direction 
perpendicular to the aromatic ring (see Figure 4). 

The δ11 component is dominated by the n-π* (lone-pair) 
transition, which is the one with the smallest energy gap. 

The δ22 component is dominated by σN–C-π* transitions. 
The δ33 component is instead dominated by the σ-electro-
nic structure.64 Furthermore, according to the Ramsey ex-
pression of the chemical shift,65 the paramagnetic term is 
inversely proportional to the energy gap between the 
HOMO and LUMO pair of orbitals; hence, following the 
decreasing trend observed for δ11 and δ22 values we may 
speculate that there should be an increase of the energy 
difference between orbitals upon XB formation. 

 

Figure 4. Orientation of the principal components of the 15N 
chemical shift tensor in pyridine, after Solum et al.64 The 
shaded areas represent the electron orbitals making the larg-
est contribution to the chemical shift tensor components. 

 

Such account may be rationalized as follows. Pinter et al. 
have used accurate DFT calculations to demonstrate that 
the XB has a non-negligible part of charge transfer charac-
ter, especially when the halogen and the Lewis base are 
soft.66 The same authors pointed out that the observed or-
bital-interaction stabilization comes from the donation of 
the lone pair of the halogen acceptor to the σ* orbital of 



 

the donor. For these reasons we think that the orbital-in-
teraction stabilization coming from charge transfer en-
larges the gap of the nitrogen n-π* and σN–C-π* transition 
in the X-bonded compound, thus reducing the δ11, δ22 val-
ues accordingly. This is true for all the compounds herein 
but for 2A, which displays a slight increase of the δ11, δ22 
components. This opposite behavior helps to explain why 
the δiso 15N of the above compound shifts toward high fre-
quency when compared to that of the bipy alone; moreo-
ver, the trend is confirmed by the computed δave 15N value, 
which increases with respect to the bipy alone. The accu-
racy of these accounts should be verified by a thorough 
DFT study with molecular orbital analysis, including fully 
relativistic pseudopotentials. However, while the inclusion 
of relativistic corrections to periodic boundary conditions 
is still an ongoing area of research,40 an extensive molecu-
lar orbital analysis was beyond the scope of the present 
work. 
15N chemical shifts are a direct source of information about 
XB surrounding, thus we hypothesized a strong depend-
ence with the XB geometry and strength. This prompted us 
to examine the experimental correlation between the shift 
in δiso 15N upon co-crystal formation and the normalized 
distance parameter, RXB. 

 

 

Figure 5. Plot of experimental values of the change in 15N 
chemical shifts upon co-crystal formation as a function of the 
corresponding normalized distance parameter. The values are 
taken from Table 3. The blue circles represent the two X-
bonded co-crystals whose space groups are different from the 
others. The solid line represents the best fit including the lat-
ter: Δδiso 15N = −221.9RXB + 189.7, R2 = 0.8572. The dashed line 
represents the best fit excluding 3B and 4A data points: Δδiso 
15N = −237.0RXB + 202.4, R2 = 0.9798. 

 

The plot is given in Figure 5; a remarkably good linear cor-
relation is observed (R2 = 0.9798) when the X-bonded co-
crystals are taken within the same space group (i.e., P-1). 
The inclusion of the 3B and 4A data points, which crystal-
lize respectively in the P21/n and P21/c space groups, dra-
matically worsen the relationship (R2 = 0.8572). Difficulties 
lie in comparing such distinct XB geometries, hence such 
constraints are needed. In addition, we have excluded a 
priori the 2B datum for two reasons: firstly, because it has 

a significantly different angle of interaction (172.3°), prob-
ably due to the geometry of the ethyl moiety. Secondly, be-
cause it exhibits C–Br bond shortening. The C–X bond 
shortening upon XB formation is not something unheard 
of: in fact, Pinter et al. have addressed the issue from a mo-
lecular orbital perspective.66 They have attributed the 
smaller bond length upon XB formation to a modulating 
effect of the XB acceptor on the orbital energies of X: since 
the acceptor is electron rich, thus partially negative, the 
coordination of the acceptor to X elevates the orbital ener-
gies of X. Such perturbation results in a smaller energy mis-
match between interacting atomic orbitals of C and X, thus 
making the bond stronger (i.e., shorter). This phenomenon 
usually takes place upon increasing the hardness of the 
Lewis base, and this is exactly what happens when we 
switch from bipy (2A) to bipyet (2B). The same authors 
also explain why the C–X bond shortening does not occur 
with iodine: as previously mentioned, the N∙∙∙I bond has a 
non-negligible contribution from charge transfer; how-
ever, charge transfer and proximity of negative charge 
work against each other. Therefore, when the effect of 
charge transfer is smaller than that of the negative charge, 
C–X bond shortening happens and vice versa. On balance, 
it can be seen that when the RXB increases, the value of Δδiso 

15N decreases. This is a reasonable trend: as the XB becomes 
gradually weak, the 15N chemical shifts becomes more sim-
ilar to that of the starting material. The experimental cor-
relation is reproduced computationally, although the mag-
nitude of the shifts is overestimated (see Figure 6). To the 
best of our knowledge, this is the first successful correla-
tion between SSNMR 15N chemical shifts and strength of 
the XB. 

 

 

Figure 6. Plot of computed values of the change in chemical 
shifts upon XB formation as a function of the corresponding 
normalized distance parameter. The values are taken from Ta-
ble 4. The blue diamonds represent the two X-bonded com-
pounds whose space groups are different from the others. The 
solid line represents the best fit including the latter: Δδave 15N 
= −339.7RXB + 290.4, R2 = 0.7327. The dashed line represents 
the best fit excluding 3B and 4A data points: Δδave 15N = 
−382.8RXB + 325.7, R2 = 0.9568. 

 



 

13C NMR. Figure 7 presents the covalently bonded C–X re-
gions of the 13C NQS NMR spectra for compounds 2A– 

 

  

Figure 7. Selected regions corresponding to the C–X resonance of the experimental 13C NQS spectra of X-bonded co-crystals rec-
orded at 12 kHz. The vertical lines highlight the systematic high-frequency shift upon XB formation in (b) and (c). The starting 
materials do not appear in (d) and (e) because they melted inside the rotor. 

 

6A, 2B–6B. Analogous spectra of the pure starting material 
are also shown. In order to get sensitivity enhancement, 
when possible we performed a NQS experiments with 
19F/13C CP instead of the standard 1H/13C CP, thus improving 
the signal-to-noise ratio of the C–X signals with a dramatic 
reduction of the number of scans. The observed isotropic 
chemical shifts for the carbon nuclei are given in Table 5. 
The full 13C NQS NMR spectra and chemical shift assign-
ments may be found in the Supporting Information. It is 
well known39-42 that the 13C resonances of carbons cova-
lently bonded to quadrupolar nuclei are broadened or even 
split due to second-order quadrupolar effects via residual 
dipolar coupling (RDC). This phenomenon enlarges the er-
ror in 13C isotropic chemical shifts measurement. In general 
no splitting or asymmetric broadening was observed for 
the peaks of carbon atoms bonded to iodine, while for the 
carbons bonded to bromine we observed the characteristic 
asymmetric quartet67 arising from second order effects. It 
was mentioned in the introduction that the 13C SSNMR 
chemical shift of carbon atoms bonded to iodine in both 
aromatic39-41 and C(sp)12,42 XB donors are known to increase 
upon XB formation. Consistent with these data, the spectra 
presented in Figure 7 clearly show an increase of δiso 13C rel-
ative to the pure compounds when XB occurs. The chemi-
cal shift of carbon directly bonded to bromine atom also 
move to higher frequencies upon XB formation although 
the extent of the shift is quite modest (about 1 ppm) when 
compared to the carbon-iodine system. For co-crystals 5A, 
6A, 5B, and 6B, the lack of the starting materials spectra 
prevents us from observing whether the same trend up-
holds. 

 

Table 5. 13C Isotropic chemical shifts of carbons cova-
lently bonded to halogen atoms. 

 Comp/co-cryst δiso 13C (ppm) dC–X (Å) 

 DBrTFB 99.9 1.867 

 DITFB 77.0 2.075 

 DIB 98.2 2.091 

 DIDFH n/aa n/ab 

 DIHFO n/aa n/ab 

2A [(bipy)(DBrTFB)] 100.9c n/ac 

3A [(bipy)(DIB)] 101.7 2.105 

4A [(bipy)(DITFB)] 79.6 2.094 

5A [(bipy)(DIHFO)] 97.1 2.162 

6A [(bipy)(DIDFH)] 97.6 2.149 

2B [(bipyet)(DBrTFB)] 95.9d 1.860 

3B [(bipyet)(DIB)] 99.8 2.112 

4B [(bipyet)(DITFB)] 81.2 2.101 

5B [(bipyet)(DIHFO)] 96.7 2.149 

6B [(bipyet)(DIDFH)] 96.8 2.157 

aNot applicable due to low melting temperatures (powder 
melts inside the rotor). bLack of SCXRD data. cTwo resonances 
for two carbon sites were expected in 2A. dEstimated value due 
to the presence of unresolved quadruplet. 

(a) (b) (c)

(d) (e)



 

 

Figure 8. Plot of the experimental values of 13C chemical shift 
of carbons covalently bonded to iodine. The values are taken 
from Table 5. The best fit is represented by a linear function: 
δiso 13C = 266.5dC–I − 477.3, R2 = 0.9664. 

 

As for nitrogen chemical shift, we tried to correlate the 13C 
chemical shifts to the changes of the XB environment by 
plotting δiso 13C values as a function of the corresponding 
C–I distances, dC–I (see Figure 8). We observed a reasonable 
trend with a remarkable linear correlation (R2 = 0.9664), 
even considering the pure DITFE. This  is consistent with 
the computed linear fit between δiso 13C values and their re-
spective C–I distances reported by Bryce and collabora-
tors.40 The trend is also in nice agreement with 15N data re-
lated to the strength of the different XB donors: stronger 
XBs are associated with higher shift values. It is worthy to 
note that this trend comprises both aromatic and aliphatic 
sp3 carbons, thus giving a better overview of the 13C SSNMR 
chemical shifts of X-bonded compounds, as well as linking 
the sparse data already present in the literature. 

 

CONCLUSIONS 

The present contribution demonstrates the ability of 
SSNMR spectroscopy to directly investigate the XB with a 
simple technique such as CPMAS avoiding the challenging 
examination of halogen atoms, which are affected by well-
known issues, such as excessive line-broadening, ex-
tremely expensive hardware, and complicated pulse se-
quences. The problem has been tackled by selecting proto-
typical 1D X-bonded co-crystals61 exhibiting various types 
of C–X···N (X = I, Br) interactions. These co-crystals have 
been separated in two series based upon two different XB 
acceptors, arranging them in rank order on the basis of 
their normalized distance parameter, RXB, which is a con-
venient indicator of the interaction strength. By doing so, 
we wanted to verify whether this crystallographic trend 
could be reproduced by means of 15N and 13C SSNMR, thus 
giving us the chance to test the ability of the technique in 
quantifying the XB strength. 

For both series, the solid-state 15N chemical shifts generally 
decrease upon XB formation. When the change of chemi-
cal shifts is plotted against the corresponding RXB value, a 
good linear correlation is observed. This experimental 

trend has been reproduced reasonably well by GIPAW DFT 
calculations. Indeed an interesting relationship between 
solid-state 15N chemical shifts and the strength of the XB 
has been successfully determined. 

For co-crystals 2A–4A and 2B–4B, the solid-state 13C chem-
ical shifts generally increase upon XB formation. This trend 
could not be examined for co-crystals 5A, 6A, and 5B, 6B, 
owing to the solid-liquid phase transition of the starting 
materials inside the magnet. Nonetheless, we were able to 
establish a correlation between the isotropic value of the 
carbon chemical shifts and the C–I distance: as the chemi-
cal shift increases, so does the C–I length. This correlation 
has demonstrated to be reliable only within comparable C–
X environments, i.e., within iodoperfluorobenzene or bro-
moperfluorobenzene series. Indeed, correlations with the 
RXB have not been observed experimentally, perhaps due 
do the many different carbon environments considered. 

Overall, this work provides an effective method for the di-
rect detection of the XB by natural abundance 15N SSNMR. 
The 15N isotropic chemical shifts are diagnostic of the 
strength of the XB, and demonstrated to be more sensitive 
probes of the XB than 13C chemical shifts in a large set of X-
bonded systems. Further studies on different XB motifs 
may extend the use of SSNMR as a first-choice technique 
when preliminary characterization of XB compounds is re-
quired. 
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