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Hydrogen bonding vs. halogen bonding: the
solvent decides†

Craig. C. Robertson, a James S. Wright, a Elliot J. Carrington, ‡a

Robin N. Perutz, *b Christopher A. Hunter *c and Lee Brammer *a

Control of intermolecular interactions is integral to harnessing self-assembly in nature. Here we

demonstrate that control of the competition between hydrogen bonds and halogen bonds, the two

most highly studied directional intermolecular interactions, can be exerted by choice of solvent (polarity)

to direct the self-assembly of co-crystals. Competitive co-crystal formation has been investigated for

three pairs of hydrogen bond and halogen bond donors, which can compete for a common acceptor

group. These competitions have been examined in seven different solvents. Product formation has been

determined and phase purity has been examined by analysis of powder X-ray diffraction patterns.

Formation of hydrogen-bonded co-crystals is favoured from less polar solvents and halogen-bonded

co-crystals from more polar solvents. The solvent polarity at which the crystal formation switches from

hydrogen-bond to halogen-bond dominance depends on the relative strengths of the interactions, but is

not a function of the solution-phase interactions alone. The results clearly establish that an appreciation

of solvent effects is critical to obtain control of the intermolecular interactions.

Introduction

Inspiration from molecular recognition and self-assembly

processes in nature has led to the exploration of self-assembly

in chemistry with a view to exerting synthetic control. Such

efforts are central to prominent research elds such as supra-

molecular chemistry1,2 and crystal engineering,3,4 and are of

increasing impact in areas such as materials chemistry5 and

catalysis.6 Control of self-assembly processes remains highly

challenging as a consequence of the relatively weak interactions

involved. Most prominent of these interactions, both in natu-

rally occurring systems and in synthetic assemblies, are

hydrogen bonds (HBs), which are among the strongest and

most directional of intermolecular interactions. Another class

of important, directional intermolecular interactions are

halogen bonds (XBs). Halogen bonds have come to prominence

over the past 15 years,7–10 and have been exploited in the elds of

crystal engineering,11,12 so matter,13 protein–ligand interac-

tions,14 anion recognition and transport,15,16 catalysis17 and

materials chemistry.18,19 Halogen bonds involve the interaction

of a covalently-bound halogen atom, usually iodine, with an

electron-rich region of a neighbouring atom or molecule. The

halogen adopts a Lewis acidic role, exemplied by the region of

positive electrostatic potential on the surface of the halogen,

which lies trans to its s-bond and is usually referred to as the s-

hole.20 In this article we clearly demonstrate for the rst time,

using co-crystal formation as an exemplar, that appreciation of

solvent properties is essential to control the outcome of direct

competition between formation of hydrogen bonds and

halogen bonds in self-assembly.

Understanding the role of specic intermolecular interac-

tions in directing crystal growth is of particular interest in

designing crystalline forms of commodity chemicals, such as

pharmaceuticals,21,22 agrochemicals,23 pigments24 and energetic

materials,25,26 whose physical properties depend on their solid

form. Such forms include not only single phases and their

polymorphs, but also solvates and, increasingly, co-crystals,

which allow the inclusion of a variety of co-crystal former

molecules to enable tuning of physical properties through

changes in crystal structure. A number of approaches have been

taken to understand the formation of co-crystals and enable

development of new materials.27 Computational approaches

include crystal structure prediction (CSP), which is based on

calculation of lattice enthalpies for putative crystal struc-

tures.28,29 Alternatively, interaction propensity calculations can
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be used to predict co-crystal formation based on likelihood of

formation of intermolecular interactions,30 principally

hydrogen bonds, between available functional groups, and are

based on knowledge from the large number of known crystal

structures present in the Cambridge Structural Database.31

Experimental approaches may involve screening of a number of

potential co-formers (molecules used to form co-crystals with

a desired compound). Co-formers are selected based upon their

likely formation of intermolecular interactions and screened in

a series of co-crystallization experiments.32,33 Absent from most

approaches is a specic consideration of the role of solvent in

crystal structure formation although solvent effects on directing

the crystallization of different polymorphs of molecular crystals

have been observed.34 One reason for this is the complexity of

accounting for the kinetic and thermodynamic role of solvent in

the methodology used, but another reason is a lack of under-

standing of its importance. The potential inuence of solvent

on solution-phase self-assembly, however, extends far beyond

crystallization processes and improved control of molecular

self-assembly remains a goal for supramolecular chemistry if we

are to harness intermolecular interactions in the manner in

which nature has evolved to do so.

The effect of solvent on hydrogen bonding in solution has

been studied. Notably, the hydrogen bonding scale developed

by Hunter quantitatively relates empirical hydrogen bond donor

strength (a) and hydrogen bond acceptor strength (b) parame-

ters to the free energy of interaction for the hydrogen bond in

solution.35 This model explicitly accounts for the role of the

solvent by taking into account its hydrogen bond donor and

acceptor strengths (as, bs). Recently we have demonstrated that

the strongly-bound halogen-bonded complex iodine$thiourea is

stable in a wide range of solvent environments in contrast to

hydrogen-bonding interactions, which may be strong in

nonpolar solvents, but weak in polar solvents.36 These results

led us to consider more broadly the role of solvent in directing

the competition between intermolecular interactions in the

formation of crystals, and specically co-crystals as a prominent

exemplar of self-assembly. We chose the competition between

hydrogen bonding and halogen bonding, the two most widely

studied intermolecular interactions, for this investigation. The

competition between 1,4-diiodotetrauorobenzene (1) and

hydroquinone (2a) to form co-crystals with 1,2-bis(4-pyridyl)

ethane (3) via halogen bonding or hydrogen bonding, respec-

tively, was examined by Metrangolo, Resnati and coworkers.37

Their report, showing that the halogen-bonded co-crystals 1$3

formed exclusively, in preference to the hydrogen-bonded co-

crystals 2a$3, when 1, 2a and 3 are dissolved in equimolar

quantities in acetone, provided a starting point for our

investigations.

Here we report a series of co-crystal formation experiments

using halogen-bond donor 1 in competition with either

hydrogen-bond donor 2a or its monouoro- or tetrauoro-

substituted analogues, 2b and 2c, respectively (Scheme 1).

These studies were conducted in seven different solvents with 3

as the acceptor, forming a co-crystal in each case. Thus, we have

examined hydrogen bond vs. halogen bond pairings of different

relative interaction strengths and the role of solvent polarity in

controlling the competition. In all cases the hydrogen-bonded

co-crystals (2$3) are formed selectively in the least polar

solvent, toluene, but formation of the halogen-bonded co-

crystal (1$3) ultimately dominates as solvent polarity

increases. These results are discussed in the context of solution-

phase NMR titrations that determine hydrogen bond and

halogen bond strengths, and demonstrate the critical role of

solvent in tuning the competition between intermolecular

interactions and controlling the form of the co-crystal product.

The crossover point (in solvent polarity) between formation of

the two crystalline products correlates with the relative strength

of the halogen bonds and hydrogen bonds formed.

Results and discussion

Single crystals of the co-crystals 1$3 (XB network), 2a$3 (HB

network), 2b$3 (HB) and 2c$3 (HB) were prepared separately by

co-crystallization of each pair of components in acetone. The

crystal structures of the four co-crystals establish that each

comprises 1D networks in which the two molecular compo-

nents alternate and are linked via either C–I/N halogen bonds

(1$3) or O–H/N hydrogen bonds (2a$3, 2b$3 and 2c$3). In each

case the 1D networks adopt stacking arrangements of the

aromatic rings in the two molecular components. Structure 1$3

is arranged in offset homomolecular stacks (Fig. 1a), structures

2a$3 and 2b$3 are isostructural and exhibit separate homo-

molecular and heteromolecular stacks (Fig. 1b and c), and 2c$3

exhibits stacks containing both homomolecular and hetero-

molecular interactions (Fig. 1d).

Having established the crystal structures of the possible co-

crystals, bulk syntheses of each co-crystal were undertaken by

co-crystallization of each pair of components from acetone. In

each case Pawley tting38 of the resultant powder diffraction

pattern established that the co-crystals form as the only crys-

talline product (see Section 9 of ESI†). Powder diffraction

further established that the patterns for the hydrogen-bonded

co-crystals 2$3 could be readily distinguished from those of

the halogen-bonded co-crystal 1$3, and that all co-crystals could

Scheme 1 Synthesis of hydrogen-bonded (HB) and halogen-bonded

(XB) co-crystals. Co-crystallization of XB donor 1 or HB donor 2 with

1,2-bis(4-pyridyl)ethane 3 to form the XB network 1$3 or HB network

as 2$3, respectively.

Chem. Sci. This journal is © The Royal Society of Chemistry 2017
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be readily distinguished from crystals of the single molecular

components (1, 2 and 3).

Three competitive co-crystallization systems (A, B and C)

were then investigated in which a halogen bond donor directly

competes with a hydrogen bond donor to form co-crystals with

a common acceptor molecule. 1,2-Bis(4-pyridyl)ethane 3 was

used as the ditopic acceptor of hydrogen bonds or halogen

bonds throughout all experiments. 1,4-Diiodotetra-

uorobenzene 1 served as the ditopic XB donor and the strength

of the competing HB donor was adjusted by using either

hydroquinone 2a (the weakest HB donor, used in system A),

uorohydroquinone 2b (intermediate strength, system B) or

tetrauorohydroquinone 2c (strongest HB donor, system C).

The ranking of the hydrogen bond donor strengths was

conrmed by solution-phase NMR spectroscopic titrations and

is discussed in more detail below. An equimolar solution of 1, 3,

and either 2a, 2b or 2c was prepared in each of seven solvents

and the solvent was allowed to evaporate slowly for 24 h at room

temperature. The solid formed was isolated by ltration, dried

and ground before characterization by powder X-ray diffraction.

Where the powder pattern could be indexed as a single phase,

the phase purity of the product was established by Pawley

renement and where a mixture of products was identied

upon indexing, mixed-phase Rietveld renement39 was con-

ducted to establish the relative proportions of the products (see

Sections 10–12 in ESI†).

The results from system A (1, 2a and 3) conrm the previ-

ously reported formation of the XB co-crystal 1$3 in acetone and

clearly establish by PXRD that it is the sole product under the

experimental conditions used (Fig. 2). The experiments in the

other six solvents, however, establish the pivotal role of the

solvent in determining the outcome of the competition between

halogen bonding and hydrogen bonding in the self-assembly

process that leads to co-crystal formation. The XB co-crystal

also forms exclusively in the three solvents more polar than

acetone, but decreasing the solvent polarity increases the like-

lihood of formation of the HB network 2a$3, such that mixtures

of the two co-crystals are formed in CHCl3 and CH2Cl2, but the

HB network is formed exclusively in toluene (Table 1, Fig. 3).

Fig. 1 Crystal structures of co-crystals: (a) XB network 1$3, (b) HB network 2a$3, (c) HB network 2b$3, (d) HB network 2c$3. The molecule of 2b

(in (c)) exhibits 50 : 50 F/H disorder at the 2- and 5-positions; disordered H atom sites are not shown. The crystal structures of 1$3 and 2a$3 have

been previously reported37 and are consistent with the structures determined herein.

Fig. 2 Exclusive formation of halogen-bonded co-crystal 1$3 obtained from system A competitive co-crystallization in acetone. Observed

(black) and calculated (red) powder X-ray diffraction profiles and difference plot [Iobs � Icalc] (grey) of the Pawley refinement showing the fit for

co-crystal 1$3 as a single phase obtained from system A competitive co-crystallization in acetone (synchrotron radiation l ¼ 0.82582(1) Å, 4.0#

2q # 46.0�, dmin ¼ 1.06 Å; Rwp 0.0511, Rwp0 ¼ 0.1143).

This journal is © The Royal Society of Chemistry 2017 Chem. Sci.

Edge Article Chemical Science
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The outcomes from systems B and C establish the generality

of the ndings (Table 1). Thus, increasing the HB donor

strength by changing from 2a to 2b results in formation of the

HB co-crystal (now 2b$3) becoming more probable in increas-

ingly polar solvents. Thus, formation of 2b$3 occurs almost

exclusively (HB $ 95%) in all solvents less polar than acetone,

whereas the XB co-crystals 1$3 form exclusively in acetone and

the more polar solvents. Further increase in the HB donor

strength by using 2c leads to formation only of the HB co-crystal

(2c$3) in all solvents except i-propanol, the most polar solvent

used, in which a mixture of the HB and XB co-crystals results,

with former dominating.

In parallel to the diffraction studies of co-crystal formation,

the strengths of the hydrogen bonding and halogen bonding

interactions present in the co-crystals were examined in solu-

tion by NMR spectroscopic titration. In order to limit the

solution-phase studies to 1 : 1 binding and to ensure solubility

at the concentrations needed, monotopic analogues of 1–3 were

used for the titrations (C6F5I for 1; p-cresol for 2a, 2-uoro-p-

cresol and 3-uoro-p-cresol for 2b, C6F5OH for 2c, and 4-pico-

line for 3). Titrations were carried out in three of the seven

solvents used for the co-crystallization experiments, toluene,

chloroform and acetonitrile and the changes in 1H and/or 19F

chemical shis were tted to 1 : 1 binding isotherms, enabling

association constants for the hydrogen bonding or halogen

bonding interaction to be determined (Table 2). The titrations

establish that monouorination of the phenol leads to a small

increase in association constant and peruorination leads to

a more dramatic increase, for titrations in a given solvent,

conrming the increase in hydrogen bond donor capability

from 2a to 2b to 2c, with the greater change being from 2b to 2c.

Association constants for all hydrogen bonds decrease with

increasing solvent polarity from toluene to chloroform to

acetonitrile. It is also noted that the association constants for

the halogen-bonded complexes are effectively too small to

measure in all three solvents. These association constants are

smaller than those of all hydrogen bonds in toluene and chlo-

roform and any change in halogen bond strength upon

increasing solvent polarity cannot be discerned.

Table 1 Outcomes of competitive co-crystallization experiments, as

established by PXRD, in all solvents, listed in order of increasing

polaritya

a Solvent polarity lacks a formal quantitative IUPAC denition and is
rather a loosely dened term that encompasses a number of solvent
properties. We have used the Reichardt ET(30) parameter,40 which is
one of the most commonly used quantitative representations of the
solvent properties associated with the concept of solvent polarity. HB
refers to hydrogen-bonded co-crystal 2a$3 (system A), 2b$3 (system B)
or 2c$3 (system C); XB refers to halogen-bonded co-crystal 1$3.

Fig. 3 Powder X-ray diffraction patterns for products of system A competitive co-crystallizations from 7 solvents. Patterns shown in red when

only HB co-crystals were formed, blue when only XB co-crystals were formed and purple when mixtures of HB and XB co-crystals were

detected. All patterns are shown in the range 17.7 Å > d > 1.82 Å. For clarity of presentation, the scales are adjusted to allow representation as 2q (�)

appropriate for Cu-Ka radiation. Fits to patterns are provided in Section 10 of ESI.†

Chem. Sci. This journal is © The Royal Society of Chemistry 2017
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The solution-phase interactions require the formation of the

HB or XB and the desolvation of the interacting functional groups.

Co-crystal formation also requires formation of the HB or XB, but

involves desolvation of the entire molecule and formation of

additional intermolecular interactions, such as stacking of the

aromatic rings and C–H/O hydrogen bonds. Kinetics effects may

also play a role in the co-crystal competition experiment, whereas

the solution-phase measurements are made at thermodynamic

equilibrium. Thus the solution-phase bimolecular association

and the co-crystal formation have important common features,

but are not identical. Our measurements show the importance of

the solvent in determining the strength of interaction in solution

and the type of co-crystal formed. They show that solvent polarity

has a major effect on the outcome of co-crystallization experi-

ments. More polar solvents weaken HB interactions in solution

and favour XB co-crystals.

The boundary between HB and XB co-crystal formation shis

to higher polarity solvents as the HB interaction energy

increases, and the solution-phase HB and XB association

constants are consistent with this outcome. Thus, in toluene

solution the association constants for hydrogen bonding are

maximised and are stronger than halogen bonding for all three

HB donors, which is consistent with the fact that only HB co-

crystals are observed from this solvent. The solution-phase

association constants are much lower in acetonitrile, so that

only the stability of the hydrogen-bonded complex with the

peruorinated phenol could be measured. This result is again

in agreement with the observation of HB co-crystals for the

competition experiment with peruorinated hydroquinone 2c

in acetonitrile. In chloroform solution, hydrogen bonding is

stronger than halogen bonding for all three HB donors, and HB

co-crystals are formed for all three HB donors in this solvent.

The solution-phase association constants are consistent with

the outcome of the co-crystal competition experiment in chlo-

roform, but in the case of hydroquinone some XB co-crystals are

also observed. The consistency between solution-phase

measurements and co-crystal formation indicates that the HB/

XB are the dominant intermolecular interactions in deter-

mining the outcome of the co-crystal competition experiment.

The only discrepancy is the system A result in chloroform,

which shows that the other factors do have some inuence on

the crystallization outcome.

Previous studies of competition between hydrogen bonding

and halogen bonding in co-crystal formation37,41–43 have focused

on tuning halogen bond strength, which is oen empirically

estimated or qualitatively ranked rather than quantied. In all

prior studies the role of solvent has not been taken into account.

In most cases a single crystallization solvent has been used

exclusively, or at least predominantly, this solvent oen being

an alcohol or acetone. In the very few studies that consider the

role of solvent, focus is restricted to solution-phase

binding15,36,44,45 and does not consider the impact on control-

ling crystallization, but supports the potentially important role

for halogen bonding in more polar solvents.

Conclusions

We have demonstrated the critical role of solvent in directing

self-assembly by examining a system in which either hydrogen

bonding or halogen bonding may play a prominent role and

showing that either hydrogen-bonded co-crystals or halogen-

bonded co-crystals can be selected exclusively by appropriate

choice of solvent. The role of solvent choice has been evaluated

experimentally in seven solvents using molecular components

that are representative of commonly used molecular building

blocks in supramolecular systems. All products have been

identied and their phase purity or composition determined by

analysis of powder X-ray diffraction data. Specically, hydrogen-

bonded co-crystals form in the least polar solvents and halogen-

bonded co-crystals in the more polar solvents. The solvent

polarity at which the preference switches from hydrogen

bonding to halogen bonding depends upon the relative strength

of the two types of interaction. The inuence of solvent is all the

more striking because it is not immediately evident that

halogen bonds should be favoured in the more polar solvents.

The implications of the results are not restricted to the

development of co-crystals, which are seen as a practical option

for tuning the physical properties of the solid forms of the active

ingredients of pharmaceuticals, agrochemicals, high-energy-

density materials (e.g. explosives & propellants), and other

molecular crystalline materials. The results point to the wider

importance of understanding solvation in the context of

Table 2 Association constants (M�1) from NMR spectroscopic titra-

tions at 298 Ka

Solvent Toluene Chloroform Acetonitrile

Guest

Host

31 � 1 19 � 2 <1

40 � 1 20 � 1 <1

62 � 5 52 � 2 <1

1300 � 50 850 � 60 19 � 1

1 � 1 <1 <1

a Errors determined by 2 � standard deviation of multiple repeat
titrations.

This journal is © The Royal Society of Chemistry 2017 Chem. Sci.
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numerous physical and chemical phenomena,46 most directly

those involving self-assembly and molecular recognition, but

encompassing areas such as materials chemistry, catalysis and

ion transport and recognition. We believe the results will

stimulate examination of solvent-control of intermolecular

interactions in many of these areas of application.

Experimental section
1H and 19F NMR spectroscopic titrations

1H and 19F NMR spectra were recorded on a Bruker Avance II 400

spectrometer at 400.1 MHz and 374.9 Hz respectively at 298 K,

using the residual proton signal of the deuterated solvent or

a capillary insert with D2O as the reference. For 1H NMR spectra,

the chemical shis (dH) are assigned relative to tetramethylsilane

(TMS) at dH ¼ 0. For 19F NMR spectra, the chemical shis (dF) are

assigned relative to CFCl3 at dF 0. Analyses of NMR spectra were

carried out using Topspin version 3.2 or iNMR version 5.2.1.

Measurement of mass of solids was carried out on a Precisa 125A

balance. Measurement of volumes of liquids was carried out using

Eppendorf Multipette XStream electronic pipettors. In a typical

titration 10 Norell S-400 NMR tubes, each with different concen-

trations of host and guest as measured with a programmed

Multipette XStream, were used to record NMR spectra using the

automated sample recording system (BACS). The concentration of

guest (4-picoline) was chosen to obtain a binding isotherm of

>50% saturation in each titration. Titrations were repeated at least

twice for reproducibility and estimation of errors. Binding

constants, Ka, were determined by non-linear least-squares tting

the observed and calculated chemical shis to a 1 : 1 binding

isotherm using a macro-based Microso Excel tting program

written by Christopher A. Hunter (University of Cambridge).

Where possible ts were conducted using multiple 1H or 19F

signals for each titration. For further details see ESI section 4.†

Single crystal X-ray diffraction studies of co-crystals

Intensity data for 2b$3 and 2c$3were collected at 100 K on a either

a Bruker SMART APEX-II CCD diffractometer operating with aMo-

Ka sealed-tube X-ray source or Bruker D8 VENTURE diffractom-

eter equipped with the PHOTON 100 CMOS detector, using a Cu-

Ka microfocus X-ray source. A summary of data collection and

structure renement parameters is provided in the ESI (Table

S3†). Data were corrected for absorption using empirical methods

(SADABS) based upon symmetry equivalent reections combined

with measurements at different azimuthal angles.47 The crystal

structures were solved and rened against all F2 values using

SHELXL48 accessed via the Olex2 program.49 Non-hydrogen atoms

were rened anisotropically. Hydrogen atoms were placed in

calculated positions with idealized geometries and then rened by

employing a riding model and isotropic displacement parame-

ters. Crystal structures of 1$3 and 2a$3 have been previously re-

ported and are therefore not reported in full here.37

Powder X-ray diffraction studies

Microcrystalline powder samples were loaded into 0.7 mm boro-

silicate capillaries. X-ray diffraction data were collected using

either synchrotron radiation at beamline I11 at Diamond Light

Source50 or at the University of Sheffield using Cu-Ka radiation on

a Bruker D8 ADVANCE X-ray powder diffractometer equipped

with focusing Göbel mirror optics and a high-resolution energy-

dispersive Lynxeye XE detector. Full details of data collections

are provided in ESI.† Powder pattern indexing and tting was

carried out using the TOPAS program.51,52 Where the powder

pattern could be indexed as a single phase, the phase purity of the

material was established by Pawley renement38 and where

a mixture of products was identied upon indexing, mixed-phase

Rietveld renement39 was conducted to establish the relative

proportions of the products. Comparison with powder patterns

calculated from single crystal structures was used to provide

a preliminary qualitative assessment of experimental powder

patterns prior to quantitative tting. Full details of tting of

powder patterns are provided in Sections 8–12 of the ESI.†
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