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Halogen Bonding
Noncovalent bonding

‘‘with courageous simplification, one might assert that

the chemistry of the last century was largely the

chemistry of covalent bonding, whereas that of the

present century is more likely to be the chemistry of

noncovalent binding’’

2

Schneider H.-J. Angew. Chem., Int. Ed., 2009, 48, 3924–3977



Hydrogen and Halogen Bonding
Fundamental interactions

hydrogen bond  (HB)
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X = I, Br, Cl

B = S, N, Se, O

halogen bond  (XB)

...

Ruggiu F., Solov'ev V., Marcou G., Horvath D., Graton J., 
Le Questel J.-Y., Varnek A. Mol. Inf. 2014, 33, 477–487



Halogen Bonding
Importance

4

crystal engineering liquid crystal design

Beale T.M., Chudzinski M.G., Sarwar M.G., Taylor M.S. Chem. Soc. Rev., 2013, 42, 1667-1680

Approximately one third of all drugs 
in therapeutic use are halogenated

The number of biological X-bonds
identified in the PDB is over 600

Scholfield M.R., Vander Zanden C.M., Carter M., Ho P.S. Protein Science, 2013, 22, 139—152



Halogen Bonding
The nature of the interaction
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Clark T., Hennemann M., Murray J.S., Politzer P.  J. Mol. Model. 2007, 13, 291–296
Politzer P., Murray J.S. , Clark T. Phys. Chem. Chem. Phys., 2013, 15, 11178–11189

d+ d-

Traditional chemical 
textbook description 

state-of-the-art description:

the molecular electrostatic 
potential, in Hartrees, at the 0.001 
electrons Bohr−3 isodensity surface

F

F

F I

molecule CF3I

a region of positive 
electrostatic potential 
is called a s-hole



Thermodynamic Functions of Halogen Bonding
Formation of single halogen bond

R-X + B = R-X…B

K = CRX…B/(CRX
.CB) stability constant

DG  = - RT ln10 logK free energy

DH enthalpy

DS = (DH – DG) / T entropy

logK  -1 …  5 - DH  10 … 50 kJ/mol

6
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Halogen bond  acceptor Halogen bond donor

. . .

logK = 5.2  (in cyclohexane at 298 K)

DG = -29.8 kJ/mol

Strength of Halogen Bonding
Stability constant and Gibbs free energy

N I I

Chudzinski M.G., Taylor M.S. J. Org. Chem. 2012, 77, 3483−3491
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Halogen bond  acceptor Halogen bond donor

Beale T.M., Chudzinski M.G., Sarwar M.G., Taylor M.S. Chem. Soc. Rev., 2013, 42, 1667-1680

logK = 0.15  (in C6H12 at 298 K)

DG = -0.8 kJ/mol

Stability of Halogen Bonding
Stability constant and Gibbs free energy



Modeling and Prediction of Halogen-Bond 
Thermodynamics
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1. Linear free energy relationships (LFER)

2. Quantum chemical (QC) methods

3. Quantitative structure-property relationships (QSPR)



Modeling and Prediction of Halogen Bond 
Thermodynamics
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1. Linear free energy relationships

2. Quantum chemical methods

3. Quantitative structure-property relationships
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Thermodynamics of Halogen Bonding in Solution:

Substituent, Structural, and Solvent Effects

Sarwar M.G., Dragisic B., Salsberg L.J., Gouliaras C., Taylor M.S.  J. Am. Chem. Soc. 2010, 132, 1646-1653

Linear Free Energy Relationships
Halogen Bond Thermodynamics
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Linear Free Energy Relationships
Thermodynamics of Halogen Bonding in Solution

Sarwar M.G., Dragisic B., Salsberg L.J., Gouliaras C., Taylor M.S.  J. Am. Chem. Soc. 2010, 132, 1646-1653
Sarwar M. Studies of halogen bonding in solution. Lambert Acad. Publ., 2012, 204 pp.

Surface electrostatic potential at iodine atom, kcal/mol

logK

OMe 

DFT (B3LYP/6-31+G**-LANLdp) computational methods
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Modeling and Prediction of Halogen Bond 
Thermodynamics
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1. Linear free energy relationships

2. Quantum chemical methods

3. Quantitative structure-property relationships
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Correlations between Computation and Experimental

Thermodynamics of Halogen Bonding

Chudzinski M.G., Taylor M.S. J. Org. Chem. 2012, 77, 3483−3491

Quantum chemical methods
Halogen Bond Thermodynamics
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Halogen-Bonded Complexes in Alkane Solvent 

Data Set

Chudzinski M.G., Taylor M.S. J. Org. Chem. 2012, 77, 3483−3491

complex DGexp, kcal/mol

C6F5I···NEt3 -0.2

C6F5I···O=SBu2 -0.4

C8F17I··· NEt3 -0.6

C8F17I···NEt3 -1.1

C6F5I···O=PBu3 -1.5

C8F17I···O=PBu3 -1.7

C6F5I··· -1.8

C8F17I··· -2.1

I2···O=SBu2 -2.6

I2···O=PBu3 -3.7

I2··· NEt3 -5.0

I2··· -7.1

N

The 1:1 halogen bonding in 
cyclohexane and heptane at 

298 K

12 complexes

experimental method: 
19

F NMR
N

N
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Halogen-Bonded Complexes in Alkane Solvent 

Methods and Results

Chudzinski M.G., Taylor M.S. J. Org. Chem. 2012, 77, 3483−3491

-DGexp , kcal/mol

-DEcalc , kcal/mol

R2
det = 0.977

RMSE = 0.30

Methods

Geometry optimizations
MP2/6-31+G(d,p)-LANL2DZdp

Energy calculations
DFT functionals: B97-1, B97-2, ...

23 levels of theory
B97-1
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Quantitative Structure-Property Relationships
Prediction of Halogen Bond Thermodynamics

1. Linear free energy relationships

2. Quantum chemical methods

3. Quantitative structure-property relationships
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Halogen Bonding of Various Organic Compounds 

with Diiodine

Quantitative Structure-Property Relationships
Modeling and Prediction of Halogen Bond Thermodynamics



Halogen Bonding of Organic Acceptors with Diiodine

Workflow of the QSPR modelling

19

Initial data: 
768 logKBI2 values

Data for QSPR modelling:
598 logKBI2 values
in alkanes at 298 K

Generation of
ISIDA fragment descriptors:

MA0  MA1  MA2  MA3 

Elaboration and validation of 
the SVM and MLR models:

5-fold cross-validation

Complementary test set of
polyfunctional compounds



Halogen Bonding of Organic Acceptors with Diiodine

Data for QSPR modelling
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Initial data: 
768 logKBI2 values

Table S1 [1]

1. Laurence C., Graton J., Berthelot M., El Ghomari M.J. Chem. Eur. J. 2011, 17, 10431-10444  (Supp. Inf.)

Data for QSPR modelling:
598 logKBI2 values
in alkanes at 298 K

Generation of
ISIDA fragment descriptors:

MA0  MA1  MA2  MA3 

Elaboration and validation of 
the SVM and MLR models:

5-fold cross-validation

Complementary test set of
polyfunctional compounds



Halogen Bonding of Organic Acceptors with Diiodine

Data Set

Halogen-bond acceptors: 598 various organic  compounds – Lewis bases

Halogen-bond donor: diiodine

B + I2 = B…I2

The stability constant:   logKBI2, exp

The 1:1 complexation:   in heptane, cyclohexane, 
hexane, methylcyclohexane 
at 298 K

21

Laurence C., Graton J., Berthelot M., El Ghomari M.J. Chem. Eur. J. 2011, 17, 10431-10444  (Supp. Inf.)



Halogen Bonding of Organic Acceptors with Diiodine

Halogen Acceptor Groups

acceptor group group name

>C=S sulfur of thiocarbonyl group

>N- amine nitrogen

O=P← oxygen of phosphoryl group

>Nar aromatic nitrogen

-Se- selen of selenides

S=P← sulfur of thiophosphoryl group

>S=O oxygen of sulfinyl group

-S- sulfur of sulfide, thiol

>C=O carbonyl oxygen

-C≡N nitrile nitrogen

-O- ether oxygen

Csp2 benzenes, alkenes

Br- I- bromoalkanes, iodoalkanes

22



Diiodine Complexes of Organic Acceptors

Stability constants for the families of Lewis bases

23

logKBI2



Halogen Bonding of Organic Acceptors with Diiodine

ISIDA fragment descriptors

24

Initial data: 
768 logKBI2 values

Table S1 [1]

1. Laurence C., Graton J., Berthelot M., El Ghomari M.J. Chem. Eur. J. 2011, 17, 10431-10444  (Supp. Inf.)

Data for QSPR modelling:
598 logKBI2 values
in alkanes at 298 K

Generation of
ISIDA fragment descriptors:

MA0  MA1  MA2  MA3 

Elaboration and validation of 
the SVM and MLR models:

5-fold cross-validation

Complementary test set of
polyfunctional compounds



Halogen Bonding of Organic Acceptors with Diiodine

Descriptors

Four Types of ISIDA Fragment Descriptors:

MA0 – no marked atoms, all generated fragments

MA1 – only fragments beginning with marked atom

MA2 – only fragments containing marked atom

MA3 – all fragments with a special flag on marked atom

25



Fragment descriptors
Four marked atom strategies
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MA0

C=C
C-C
4 C-N
2 C-N-C
C-C-N
C=C-N
N-C-N
C-C=C
C-C=C-N
C-C-N-C
C=C-C-N

MA1

2 N-C
N-C-C
N-C-N
N-C-C=C

MA2

2 C-N
C-N-C
C-C-N
N-C-N
C-C-N-C
C=C-C-N

MA3

C=C
C-C
2 C-N*
2 C-N
C-N-C
C-N*-C
C-C-N*
C=C-N
N-C-N*
C-C=C
C-C=C-N
C-C-N*-C
C=C-C-N*

e x a m p l e

shortest topological paths

length: from 2 to 4 atoms



Halogen Bonding of Organic Acceptors with Diiodine

Elaboration and validation of the SVM and MLR models
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Initial data: 
768 logKBI2 values

Table S1 [1]

1. Laurence C., Graton J., Berthelot M., El Ghomari M.J. Chem. Eur. J. 2011, 17, 10431-10444  (Supp. Inf.)

Data for QSPR modelling:
598 logKBI2 values
in alkanes at 298 K

Generation of
ISIDA fragment descriptors:

MA0  MA1  MA2  MA3 

Elaboration and validation of 
the SVM and MLR models:

5-fold cross-validation

Complementary test set of
polyfunctional compounds



Halogen Bonding of Organic Acceptors with Diiodine

Methods

28

Support vector machines:   

The LibSVM package

Ensemble Multiple Linear Regression method: 

The ISIDA/QSPR software

URLs:
http://infochim.u-strasbg.fr/spip.php?rubrique53 
http://vpsolovev.ru/programs/



Acceptable QSPR models

Applicable individual models

Applicability domain (AD)
Bounding Box
Fragment Control
Quorum Control

Excluding of outlying predictions
Thompson's rule 

m

< Ypred > = 1/mS Ypred, i
i = 1

Consensus model

Consensus model for predicting stability constant
Model applicability domain  and excluding of outlying predictions

29



Halogen Bonding of Organic Acceptors with Diiodine

External 5-fold cross-validation

30

2

1 2 3 4 5

3 3

3 3

1 1 1 1

2 2 2

4 4 4

45555

f i v e f o l d s

training sets

test sets

initial set

determination 
coefficient:

root mean squared error :



0.3

0.4

0.5

0.6
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Different marked atom strategies
Root mean squared error of  external cross validation 

MA0 MA1 MA2 MA3

RMSE

MLRSVM

0 2 4

0

2

4

logKexp

logKpred



Halogen Bonding of Organic Acceptors with Diiodine

Test set of polyfunctional compounds
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Initial data: 
768 logKBI2 values

Table S1 [1]

1. Laurence C., Graton J., Berthelot M., El Ghomari M.J. Chem. Eur. J. 2011, 17, 10431-10444  (Supp. Inf.)

Data for QSPR modelling:
598 logKBI2 values
in alkanes at 298 K

Generation of
ISIDA fragment descriptors:

MA0  MA1  MA2  MA3 

Elaboration and validation of 
the SVM and MLR models:

5-fold cross-validation

Complementary test set of
polyfunctional compounds



1.87
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Se
Me

S

Me

0.88
-0.51

Diiodine Complexes of Organic Acceptors

Prediction of effective stability constant

B + I2 =  B...I2                   logKef, exp

prediction: experiment:

logK1

logK2

logK3

?



1:1   Se...I2

1:1   S...I2

1:1   p...I2

1:2   Se...I2 S...I2

1:2   Se...I2 p...I2

1:2   S...I2 p...I2

1:3   Se...I2 S...I2 p...I2

34

Q, J

Co
B/Co

I2

0.6

0

B + I2 =  B...I2                   logKef, pred

Diiodine Complexes of Organic Acceptors

Prediction of effective stability constant

0.15 6

B + I2 =  B...I2                   logKef, exp

prediction:

experiment:

complexes:

Modelling of chemical equilibria by ChemEqui program 
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0.0

0.5
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2.5
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Diiodine Complexes of Organic Acceptors

Prediction of effective stability constants

logKef, pred

logKef, exp

RMSE = 0.49, Rdet
2 = 0.788, n = 11

SVM

Complementary test set of polyfunctional compounds



Halogen Bonding of Organic Acceptors with Diiodine

Halogen bond Predictors

36

URL:
The SVM consensus model is publically available:
http://infochim.u-strasbg.fr/webserv/VSEngine.html

URL:
The MLR consensus model is publically available:
http://vpsolovev.ru/programs/

The SVM models

The MLR models



CONCLUSIONS

 The QSPR modeling was performed for the stability constant of
the halogen bonding of organic compounds with diiodine as the
reference halogen donor.

 The consensus models based on the ISIDA fragment descriptors
with the labeling of the halogen acceptor atoms are able to
predict the halogen bond strength of different acceptor sites of
the polyfunctional molecule.

 The predictors based on the QSPR consensus models are
implemented on our websites together with the estimation of
their applicability domain.
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Halogen Bonding and Other s-Hole Interactions:

a Perspective

Politzer P., Murray J.S., Clark T. Phys. Chem. Chem. Phys., 2013, 15, 11178-11189

Quantum chemical methods
Halogen Bond Thermodynamics



Halogen Bonding: gas phase complex formation 

Computed thermodynamic properties

40
Politzer P., Murray J.S., Clark T. Phys. Chem. Chem. Phys., 2013, 15, 11178-11189

Computational levels
Geometry optimizations and energy minima:   M06-2X/aug-cc-pVTZ
Zero-point energies and thermal terms:   M06-2X/6-311G(d)

kcal mol-1 at 298 K



0.1

0.2

0.3
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The families of Lewis bases
Root mean squared error of  external cross validation 

RMSE

MLR

>C=S
>N-

>Nar

-Se-
-S-

>C=O
-C≡N

-O-
Csp2



Hydrogen Bonding versus Halogen Bonding
Bonding of Various Organic Compounds
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logKBHX

logKBI2

B + I2 =  B...I2                   logKBI2

B +       = B...     logKBHX
O

H

F

O
H

F



Hydrogen Bonding versus Halogen Bonding
Bonding of oxygen bases: C=O, -O-, P=O, S=O
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B + I2 =  B...I2                   logKBI2

B +       = B...     logKBHX
O

H

F

O
H

F

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5

-1.0

-0.5

0.0

0.5

1.0

1.5

2.0

2.5

logKBI2

logKBHX

logKBI2 = - 1.07 + 0.97logKBHX

s = 0.20, Rcorr
2 = 0.942

n = 85



Hydrogen Bonding versus Halogen Bonding
Bonding of aromatic nitrogen bases: Nsp2
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1.0 1.5 2.0 2.5

1.0

1.5

2.0

2.5

3.0

3.5 logKBI2 = - 0.50 + 1.42logKBHX

s = 0.25, Rcorr
2 = 0.876

n = 36

logKBHX

logKBI2

B + I2 =  B...I2                   logKBI2

B +       = B...     logKBHX
O

H

F

O
H

F



Hydrogen Bonding versus Halogen Bonding
Bonding of sulfur bases: -S-, C=S, P=S
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logKBHX

s = 0.27, Rcorr
2 = 0.904

n = 21

logKBI2 = 1.74 + 1.39logKBHX

logKBI2

B + I2 =  B...I2                   logKBI2

B +       = B...     logKBHX
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