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Consider a molecule (A) with nuclei of charge Z; at points (j) = [x; y; z;]. Let py be the
electron density in an elementary volume Vy centered at point (k) = [xy yk zk]. px is derived

from MP2/6-31G** wavefunctions. Each e-pixel has charge gy = px V. In an usual MO

calculation for a medium size organic molecule, with typical steps of 0.08 /f\, one has some
10° pixels, too many for practical use; the distribution is then contracted into n X n X n
super-pixels, n being called the condensation level. Each pixel is assigned to a particular
atom in the molecule, as follows. Let p be the number of atoms for which the nucleus-pixel
distance is smaller than the atomic radius. If p=1, the pixel is assigned to that atom. If p >
1, the pixel is assigned to the atom from which the distance is the smallest fraction of the

atomic radius. If p = 0, the pixel is assigned to the atom whose atomic surface is nearest.
Consider now a second molecule, B with nuclei of charge Z,, at points (1) = [xy Ym

Zml], and whose e-pixels of charge g; = p; V; are at positions (i) = [x; y; zi]. Let Ry, be

the distance between any two centers of pixels or nuclear positions / and #n; the

electrostatic potential ®; generated by molecule A at point (i) of the charge density of
molecule B and that generated by molecule A at nucleus m of molecule B, @, , with

the corresponding Coulombic potential energies E; and E,,,, are respectively:

®; = 1/(4neo) [ Zi g /R + X Zj/ Ry 1; Ei= q; @ (D)
D, = 1/(4neo) [ Lk gk /Rim + 2§ Z/ Rjm ] B = Ziy Oy 2)
EcoulAB =2 Ei + Zim En (3)

When e-pixels of two approaching molecules overlap, besides the un-physical aspect
of the matter, numerical singularities in the R”' dependence may result for very short
pixel-pixel distances; all pixel-pixel distances shorter than half the stepsize of the

pixel mesh are reset at half the stepsize (the 'collision avoidance' procedure).
Let ¢; be the total electric field exerted by surrounding molecules at pixel i, o; the
polarizability at pixel i, and L the dipole induced at pixel i by that field. The linear

polarization energy is:

2

Epori=-172 pig =-12 a; & 4
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. is approximated in the PIXEL scheme as o = (¢i/Zatom) Qatom, Where Z,iom and
Qlatom are the atomic charge and polarizability of the atom to whose basin the pixel

belongs (from standard repertories). The sum of a; 's is equal to the total volume
polarizability of the molecule.

As before, when e-pixels of two molecules overlap pixel-pixel distances are
subjected to the 'collision avoidance' scheme (see above); then, the polarization energy

at pixel i is damped as:
2
EPol,i =-1/2 05} [8i dl] for e < €max » di = eXp‘( €i /(Smax -& 1)) (5)

and Epg)i = 0 for € > €max - €max » the limiting field, is an adjustable empirical

parameter in the formulation. The total polarization energy at a molecule is the sum of

polarization energies at each of its electron density pixels, EpotoT = 2 Epoi -

Dispersion energies are calculated as a sum of pixel-pixel terms in a London-type

expression:
Epigan = (-39)ZiaZ 5 Eos f(R) ooy / [(4me°)” (Ry)° ] ©6)
f(R) = exp[-(D/R;j —1)*] ( for Ryj<D) (7)

where D is an adjustable empirical parameter. Epg (the 'oscillator strength') can be
taken in a first approximation as the energy of the highest occupied molecular orbital
(HOMO), or, in a more refined approach, by considering each pixel as a separate
oscillator, with a formal ionization potential /;, which in turn is a function of the
ionization potential, I° of the atom to whose basin the pixel belongs, and of the

distance between the pixel and the atomic nucleus, R;:
Eos=(L1)";  L=I° exp(-BR) 8)

The empirical parameter [ is a function of the atom type (see Table).

URL.: http://mc.manusc%iptcentral.com/tandf/tmph



©CoO~NOUTA,WNPE

Molecular Physics Page 4 of 102

For the repulsion energy, the total charge density overlap integral between
molecules A and B calculated over the original uncontracted charge densities is
subdivided into contributions from pairs of atomic species m and n, Sy,. The

expressions are:

Sa=2ia Zig [ pi (A) pj(B)]V )
ERep,mn = (Kl - KZ Aan) Smn (10)

where Ay mn 1S the corresponding difference in Pauling electronegativity. K; and and
K, are positive disposable parameters. For atoms with Z>30 (in this case Br and I) the
presence of the d-electrons in the valence shell produces larger overlap and hence a
slight (8%) decrease in K| is introduced. The total repulsion energy is the sum over all
m-n pairs.

The total intermolecular Pixel interaction energy is:
Etot = Ecoul + Epol + EDisp + ERep (11)

The empirical parameters in the Pixel formulation were optimized considering 1) the
agreement between calculated lattice energies and experimental heats of sublimation
for organic crystals, 2) interaction energies between molecular dimers in comparison
with ab initio calculations, and 3) qualitative agreement between Pixel partitioned
energies and Intermolecular Perturbation Theory (IMPT) partitioned energies. The
numbers are gmgx = 150 10 Vm™ ineq. (5), D=3.0 A ineq. (7), K, = 4800 and K,
= 1200 in eq. (10) for energies in kJ mol” with electron densities in electrons A ™.
While these are suggested as universal parameters, very minor adjustments can be
made to fit any desired thermochemical or structural property of the particular system
under investigation, without substantial loss of physical realism.

The PIXEL computer code and documentation, OPiX package, are downloadable

under the conditions stated from the author's site: http://users.unimi.it/gavezzot

Table Physical properties of atoms in the Pixel formulation
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atom atomic atomic electronegativity ionization potential,
radius, A polarizability, A3 au

I° B
H 1.10 0.39 2.1 0.500 0.4
C aliphatic 1.77 1.05 2.5 0.414 0.8
C aromatic 1.77 1.35 2.5 0.414 0.9
12 C aromatic  1.77 1.90 2.5 0.414 1.05
13 bridge
14 N 1.64 0.95 3.0 0.534 0.5
15 0 1.58 0.75 3.5 0.500 0.4
16 F 1.46 0.50 4.0 0.640 0.0
18 Cl 1.76 2.30 3.0 0.477 0.35
19 S 1.81 3.00 2.5 0.381 0.4
20 Br 1.87 3.27 2.80 0.434 0.1
21 I 2.03 5.50 2.50 0.384 0.1

©CoO~NOUTA,WNPE

24 A.Gavezzotti, Molecular Aggregation, Oxford University Press, Oxford 2007, pp.304{f.
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1
2
3
Atomic coordinates for all the molecole involved in the calculations
4
S iodoisopropane
6 I 0.0000 0.0000 0.0000
7 C 0.0000 0.0000 -2.1500
8 C 1.2574 -0.7259 -2.6633
9 C -1.2574 -0.7259  -2.6633
H 0.0000 1.0182 -2.5100
10 H 2.1392 -0.2167 -2.3033
11 H 1.2574 -0.7259  -3.7433
12 H 1.2574  -1.7441  -2.3033
H -2.1392 -0.2167 -2.3033
13 H -1.2574 -0.7259 -3.7433
14 H -1.2574 -1.7441 -2.3033
15
16 bromoisopropane
BR 0.0000 0.0000 0.0000
17 C 0.0000 0.0000 -1.9500
18 C 1.2574 -0.7259  -2.4633
19 C -1.2574 -0.7259  -2.4633
H 0.0000 1.0182  -2.3100
20 H 2.1392  -0.2167 -2.1033
21 H 1.2574 -0.7259  -3.5433
22 H 1.2574  -1.7441 -2.1033
H -2.1392 -0.2167 -2.1033
23 H -1.2574 -0.7259 -3.5433
24 H -1.2574 -1.7441 -2.1033
25
26 benzonitrile
27 N 0.000000 0.000000 0.000000
28 c 0.000000 0.000000 -1.138000
29 c 0.000000 0.000000 -2.538600
C 0.000000 -1.214600 -3.235800
30 C 0.000000 -1.213600 -4.606700
31 C 0.000000  -0.000000  -5.320100
32 c 0.000000 1.213600 -4.606700
33 C 0.000000 1.214600 -3.235800
H 0.000000 -2.149400 -2.695000
34 H 0.000000 -2.150800 -5.143400
35 H 0.000000 0.000000 —6.400100
H 0.000000 2.150800 -5.143400
36
37 H 0.000000 2.149400 -2.695000
38 benzonitrile pentafluoro
39
N 0.000000 0.000000 0.000000
40
C 0.000000 0.000000 -1.143100
41 C  -0.000001 -0.000001 -2.576000
42 C -0.000001 -1.193701  -3.288400
43 C -0.000001 -1.198301 -4.666100
C -0.000001 -0.000001 -5.350900
44 C  -0.000001  1.198299 -4.666100
45 C -0.000001 1.193699  -3.288400
46 F  -0.000001 -2.349700 -2.630300
47 F  -0.000001 -2.348201 -5.347400
F  -0.000001 -0.000001 -6.680700
48 F -0.000001 2.348199  -5.347400
49 F  -0.000001 2.349699  -2.630300
50
benzoquinone
51
52 0 0.000000 0.000000 0.000000
53 C 0.000000 0.000000 -1.222000
54 c 0.000000 1.264300 -1.981700
C -0.000001 1.264299  -3.311700
55 C -0.000001 -0.000001 -4.071400
56 O -0.000001 -0.000001 -5.293400
57 C -0.000001 -1.264301 -3.311700
c 0.000000 -1.264300 -1.981700
58 H 0.000000 2.204300  -1.449900
59 H -0.000001 2.204299  -3.843500
60 H -0.000001 -2.204301 -3.843500
H 0.000000  -2.204300  -1.449900
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1
2
3 Atomic coordinates for some dimer calculations
4
5
6 TITL bromopropane benzoquinone Br...0 3.6
7 ATOM BR 0.0000 0.0000 0.0000
8 ATOM C 0.0000 0.0000 -1.9500
ATOM C 1.2574 -0.7259  -2.4633
9 ATOM C -1.2574 -0.7259  -2.4633
10 ATOM H 0.0000 1.0182  -2.3100
11 ATOM H 2.1392 -0.2167 -2.1033
12 ATOM H 1.2574 -0.7259  -3.5433
ATOM H 1.2574 -1.7441 -2.1033
13 ATOM H ~2.1392  -0.2167 -2.1033
14 ATOM H -1.2574 -0.7259  -3.5433
15 ATOM H -1.2574 -1.7441 -2.1033
16 ATOM O 0.0000 0.0000 3.6000
ATOM C 0.0000 0.0000 4.8220
17 ATOM C 0.0000 -1.2643 5.5817
18 ATOM C 0.0000 -1.2643 6.9117
ATOM C 0.0000 0.0000 7.6713
19 ATOM O 0.0000 0.0000 8.8933
20 ATOM C 0.0000 1.2643 6.9117
21 ATOM C 0.0000 1.2643 5.5817
22 ATOM H 0.0000 -2.2043 5.0499
23 ATOM H 0.0000 -2.2043 7.4434
ATOM H 0.0000 2.2043 7.4434
24 ATOM H 0.0000 2.2043 5.0499
25
26
TITL iodopropane pyridine I...N 3.
27 i od idi 3.6
28 ATOM I 0.0000 0.0000 0.0000
29 ATOM C 0.0000 0.0000 -2.1500
ATOM C 1.2574 -0.7259 -2.6633
30 ATOM C -1.2574 -0.7259 -2.6633
31 ATOM H 0.0000 1.0182 -2.5100
32 ATOM H 2.1392 -0.2167 -2.3033
33 ATOM H 1.2574 -0.7259  -3.7432
ATOM H 1.2574  -1.7441  -2.3033
34 ATOM H -2.1392  -0.2167 -2.3033
35 ATOM H -1.2574 -0.7259  -3.7432
ATOM H -1. -1. -2.
36 1.2574 1.7441 2.3033
ATOM N 0.0000 0.0000 3.6000
37 ATOM C 0.0000 -1.1425  4.3001
38 ATOM C 0.0000 -1.1907 5.6793
39 ATOM C 0.0000 0.0000 6.3790
40 ATOM C 0.0000 1.1907 5.6793
ATOM C 0.0000 1.1425 4.3001
41 ATOM H 0.0000 -2.0755 3.7561
42 ATOM H 0.0000 -2.1373 6.1993
43 ATOM H 0.0000 0.0000 7.4589
ATOM H 0.0000 2.1373 6.1993
44 ATOM H 0.0000  2.0755  3.7561
45
46
47
48 chlorobenzene benzoquinone Cl...0 3.4
49 CL 0.0000 0.0000 0.0000 1
50 C 0.0000 0.0000 -1.7400 1
C 0.0000 1.1994 -2.4325 1
51 c 0.0000  1.1994 -3.8174 1
52 c 0.0000 0.0000 -4.5099 1
C 0.0000 -1.1994 -3.8174 1
53
54 C 0.0000 -1.1994 -2.4325 1
H 0.0000 2.1348  -1.8925 1
55 H 0.0000 2.1348  -4.3574 1
56 H 0.0000 0.0000 -5.5899 1
57 H 0.0000 -2.1348 -4.3574 1
H 0.0000 -2.1348 -1.8925 1
58 0 0.0000 0.0000 3.4000 2
59 c 0.0000 0.0000 4.6220 2
60 C 0.0000 -1.2643 5.3817 2
C 0.0000 -1.2643 6.7117 2
C 0.0000 0.0000 7.4713 2
0 0.0000 0.0000 8.6933 2
C 0.0000 1.2643 6.7117 2
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.0000
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L7134
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1

2

3 ATOM C 0.0000 0.7134 5.4901

4 ATOM C 0.0000 1.0933 4.2239

5 ATOM H 0.0000 -2.1196 3.8875

5 ATOM H 0.0000 -1.3581 6.3566
ATOM H 0.0000 1.3581 6.3566

7 ATOM H 0.0000 2.1196 3.8875

8 END

9

10

11 TITL iodobenzenepentafluoro + benzonitrile I...N 3.4

12 ATOM I 0.0000 0.0000 0.0000
ATOM C 0.0000 0.0000 -2.1000

13 ATOM C 0.0000 1.1994  -2.7925

14 ATOM C 0.0000 1.1994 -4.1774

15 ATOM C 0.0000 0.0000 -4.8699
ATOM C 0.0000 -1.1994 -4.1774

16 ATOM C 0.0000 -1.1994  -2.7925

17 ATOM F 0.0000 2.3599  -2.1225

18 ATOM F 0.0000 2.3599  -4.8474

19 ATOM F 0.0000 0.0000 -6.2099
ATOM F 0.0000 -2.3599  -4.8474

20 ATOM F 0.0000 -2.3599  -2.1225

21 ATOM N 0.0000 0.0000 3.4000

22 ATOM C 0.0000 0.0000 4.5380
ATOM C 0.0000 0.0000 5.9386

23 ATOM C 0.0000 1.2146 6.6358

24 ATOM C 0.0000 1.2136 8.0066

25 ATOM C 0.0000 0.0000 8.7200

26 ATOM C 0.0000 -1.2136 8.0066
ATOM C 0.0000 -1.2146 6.6358

27 ATOM H 0.0000 2.1494 6.0950

28 ATOM H 0.0000 2.1508 8.5433

29 ATOM H 0.0000 0.0000 9.8000
ATOM H 0.0000 -2.1508 8.5433

30 ATOM H 0.0000 -2.1494 6.0950

31 END

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60
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Non-conventional bonding between organic molecules. The '"halogen bond" in crystalline
systems

A. GAVEZZOTTI
Dipartimento di Chimica Strutturale e Stereochimica Inorganica, Universita di Milano, Milano,
Italy

APPENDIX III
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Molecular Physics

list of Cl...N contacts in ascending order
structures with N(atom) <

acceptor code:

23
4
19,20

refcode

DESKERO1
CCACEN
CIMTAT
WORTUS
PCLPYR
ROFHUP
BAFJOH
ROKCAV
MAGZIE
JUSTIA
BAWMUH
UMILOR
QEKDIT
MOCCEM
SAKGUG
ZUGPOI
YOSHOD10
BAWMUH
BAWNIW
MOCCEM
MAGZIE
BIHNEL
NABZAS
HUFXUB
ADILUV
QEKDAL
UDEPEY
PIJBOO
ZERPOB
YOSHOD10
VUGSIZ10
LAGMOV
UHAPIC
BAWNOC
FARQAR
QEKDITO1
VUGSIZ10
VUGSIZ02
DESKER
TAJCEM
KADPAG
ADULEQO3
TEGYAF
FARQAR
BAWNIW
IFULUQO4
WIBYUB
UHAPIC
VAFMEU
VUGSIZ02
PUCJAY
LAXZOA
BAWMUH
CLTRZLO1
VITRUL
IPCLTZ10
FOCBAB
CEXOXP
YITKOB
WARYAQ
CLBECNO3
LUHLOP
WARYAQ
HCPYIN
JIYVUI
WAFYIL
RAXSAL
BEDZPN10

=N-

C=N nitrile
NHR amino or amide

50

Cl..N C-Cl-N acceptor chemical environment

WWWWWwWwWwWwWwWWwWwWwwWwWwwWwWwWWwWwWwwWwWwwWwWwWWwwWwWwwWwwWwWwWwWwWwwWwWwwWwwWwWwwWwWwWwWwWwwWwwWwWwwWwWwWwWwwWwwWwwWwwWwWwwWwWwwwwwwwNnnNN

.954
.984
.996
.003
.014
.026
.031
.037
.041
.044
.045
.047
.047
.048
.059
.060
.061
.061
.070
.083
.088
.091
.092
.093
.093
.095
.096
.097
.098
.099
.100
.101
.104
.106
.109
L1111
L1112
.120
.122
.125
.126
.127
.128
.134
.137
.138
.140
.143
.145
.146
.146
.147
.147
.148
.149
.149
.151
.151
.153
.153
.153
.156
.158
.158
.162
.163
.165
.168

163.
178.
157.
153.
180.
170.
177.
174.
165.
161.
164.
159.
171.
158.
179.
172.
169.
169.
176.
155.
167.
173.
170.
166.
158.
174.
166.
168.
165.
176.
180.
158.
173.
168.
175.
174.
172.
180.
177.
166.
160.
161.
170.
165.
167.
158.
174.
175.
172.
173.
142.
176.
162.
169.
179.
177.
174.
156.
157.
170.
176.
157.
173.
174.
176.
179.
152.
153.

C=0) -CC1=CC1l-CH=N-NH
chlorocyanoacetylene
23 pyrimidin-purine N

N
=W

23 pentachloropyridine

QNN NN

23
23
23
23

23
23
23

23

23

23
23
23
23
23
23
23

23
23

23
23
23
23
23

23
23
23
23
23
23
23
23

23

COMROORURRFPUOJOBRNREFRPOANRPPOANOOWR R JOUONOOW-IPRrO0OWWOWOUWUNOOMUORRFEMOMANNWERUNRFEAOBRNUREOON W
i

23
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ZEGCUJ
HOQBEU
QAPJOG
CLTRZL
DCMPHN10
SAZDEC
LAXZAM
RUPYOQ
PEJLOF
MCPYZF
JUSTIA
SAXCID
HCTDPY
TAHCEK
DEPFUZ
DCPYZOO01
AFECUJO1
RATFUO
DIAZOX
AJAGIB
QOBJUM
CAVYIH
DCPYZO
PUGJEG
PIJBIT
FOSGID
CLCYBQ
ZIZMAW
BOTRUX
CASMAL
WANQAE
WANQAE
TAGVEC
REMDIW
TUXDEV
AJIGOP
WALXIR
FOMWIN
LEBMUB
EDUHOA
UFEROM
SIBDAI
MAFZEZ
YEDNAX
NEGJIS
LUSPEU
HUFXUB
YOSHOD10
LEBWUL
WETMAJ
ISUQIW
TAGVEC
JEHYIF
WETMEN
PEPQIK
OCAKOT
GALDON
AYEFIT
UMETAH
QEKDAL
WAFYIL
TEHCAL
QEKDIT
DCPYZ0OO01
GAKNEL
CPTZTR
YUZGUV
WITLUG
UDENAS
OGEWIG
MAYTOW
TAHFIR
UHAHIU
LAXJAW
DCPYZO
YOSHOD10
REMDIW
NOKDAS
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.173
.175
.176
177
.179
.180
.180
.183
.185
.185
.185
.186
.186
.187
.189
.190
.191
.193
.196
.199
.201
.202
.203
.205
.207
.207
.207
.208
.215
.217
.218
.218
.220
.220
.221
.222
.225
.232
.236
.237
.238
.238
.238
.240
.240
.240
.240
.241
.242
.246
.248
.250
.250
.251
.251
.251
.252
.252
.253
.253
.254
.255
.255
.261
.262
.262
.263
.263
.264
.265
.266
.267
.270
.270
.270
.271
.271
.274

155.
175.
170.
169.
174.
177.
170.
167.
165.
174.
168.
168.
150.
163.
154.
174.
156.
164.
175.
102.
139.
160.
174.
168.
177.
170.
166.
160.
171.
139.
153.
153.
155.
134.
160.
139.
158.
166.
156.
156.
150.
137.
169.
149.
126.
159.
154.
168.
130.
174.
168.
159.
155.
174.
169.
170.
157.
172.
168.
177.
156.
170.
161.
151.
158.
166.
160.
168.
130.
148.
175.
105.
158.
151.
150.
166.
178.
163.

Molecular Physics
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ROKCAV
KEQGES
RUPYIK
FOHGAL
QOBJUM
CLPCPN
PIJBOZ
QEKDAL
GEDHEC
FELPIV
JELGEM
BUNJID
SAXCID
CMTBZN
TAHFIRO1
BZPCBQ
LEBMIP
FEVNUP
ATOXUC
ZAMWAL
NANDUB
TUKROG
MCPYDO

CPTZTR
LAPBEK
IQIMAW
HEXPEF
MAPPAV
OLAMAP
ILUTAK
PIPPUZ
PAHBUW
MOSTIX
JEFCED
MENMIBO1
BAFJOH
PALQAV
LUPZUR
ISOFOL
LEBMIP
YAVRUI
YITKOB
PAHBUWO1
APCLBT
WOCXAN
WAKJAU
NUNKUC
ZAMVUE
UHAPOI
PIJBIT
JAWBAL
YOWWUC
VAYVAT
NURQAS
GAKXAS
FUDQUQ
FELPIV
PIJBOZ
NEFRIA
TOZKEY
QEKDITO1
HEYKEB
GETFOA
FOMWIN
FAYMEX
FARQAR
NAHVUO
WANQAE
WEMDUN
PEKLIA
WANQAE
QEKDAL
TAHFIR
SAKHUH
PIZYEC
WOKHEJ
CLVINA

WWWwWwWwWwWwwWwwWwWwWwWwwWwwwwwwwwwww
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.277
.279
.280
.280
.283
.283
.284
.286
.287
.288
.289
.292
.295
.295
.298
.298
.300
.300
.300
.301
.301
.302
.302

.303
.304
.306
.306
.307
.309
.311
.314
.314
.314
.314
.315
.315
.316
.316
.320
.321
.323
.324
.325
.325
.326
.328
.329
.330
.330
.331
.333
.336
.336
.338
.338
.339
.340
.341
.344
.345
.347
.347
.349
.349
.352
.352
.353
.355
.356
.356
.357
.357
.358
.358
.358
.359
.359

115.
165.
160.
175.
163.
169.
150.
152.
158.
148.
162.
163.
165.
172.
105.
140.
171.
128.
132.
156.
163.
119.
150.

169.
172.
154.
152.
160.
157.
164.
134.
164.
150.
151.
160.
156.
168.
147.
155.
122.
146.
166.
164.
156.
122.
162.
178.
152.
147.
162.
113.
133.
145.
129.
168.
163.
160.
166.
158.
134.
163.
174.
120.
103.
142.
100.
174.
134.
165.
139.
134.
134.
104.
104.
149.
163.
122.

Molecular Physics

23

23
23
23

23

23
23

23
23

23
19
23

23
23
23
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RADGAF
QAHSIB
BEHGEB
XACGEO
ILUTAKO1
FAGDOG
XAYYEC
KECSUG
MEDZOK
OJEQAV
CPYBZT
AHUQID
YAVRUI
UFEROM
BERSAS
JOFLAR
WAWPAM
XAZJUE
HEBKII
CLBZNTO5
HEFWIZ
FELPIV
EBIDAV
CASBOO
AABHTZ
WALXIR
KUMTER
COMLEV
VOTPID
NUWGUH
PUZXAJ
MEGWIF
ZILDED
BULLID
XATTOC
BAWMUH
AHUMUL
JORFIF
XAYBEF
MENMIBO1
QIZHIQO1
WEVLIS
LATFER
IFULUQO1
CMTBZN
PAMQUQ
WERSER
YUXMIN
BAWNIW
UGEGIW
TAJCEM
ETOHUQ
CAHXQOX
TAHFIRO1
NOGBUG
KECSUG
NOPBAV
CEKQOY
VUXDAT
EBICEY
CLPTAZ
LINNAX
FOBYEB
KIDDAC
HAXCAK
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3

.360
.361
.361
.362
.362
.362
.364
.364
.365
.366
.366
.366
.367
.367
.367
.368
.369
.370
.370
.370
.371
.371
.372
.372
.372
.373
.373
.374
.375
.375
.376
.376
.377
.379
.380
.381
.381
.383
.384
.384
.385
.386
.387
.387
.387
.388
.389
.390
.391
.392
.392
.392
.393
.394
.394
.394
.395
.395
.397
.397
.397
.398
.398
.399
.399

115.
146.
102.
115.
165.
104.
157.
127.
165.
161.
103.
131.
133.
120.
107.
162.
135.
178.
163.
168.
113.
163.
166.
121.
165.
163.
134.
106.
143.
154.
158.
157.
153.
154.
161.
147.
119.
156.
131.
152.
148.
111.
134.
105.
175.
160.
177.
120.
134.
139.
143.
141.
128.
103.
131.
111.
103.
105.
130.
127.
168.
161.
133.
111.
.6
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23

4
23
19
23
23
23
23

4
23
23
23
23
23
23
23

4
23
23

4
23
23
23
23
23

4
23
23
23

4
23
23

4
23
23

4
23
23
23
23
23
19
20
23

4
23

4
23

4
23
23
23
19

4
23
23
23
19
23
23
23

4

4
23
23

Molecular Physics

sum of intermolecular atomic radii
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Molecular Physics

list of Cl...0 contacts in ascending order
structures with N(atom) <

acceptor code:
C=0 carbonyl or S=0

17

5
16
22

refcode

EDUJOC
KAJDAB
EDUHUG
YAFFEQ
BEGPEJ
UHUHAG
POBBEN
BAQTUI
WAMNOO
JAJVOG
EVIHIA
WAMNOO
SOMRIV
CIKSIY
NAMQIC
ASUXUH
FUPTUF
FOHXUV
JENTEB
FIZGEA
YISGIQ
FIZGOK
BAYKIW
JORFIF
CABXUZ
KAJDAB
UCAQUK
VAPKOM
MAYXAL
HAXVOR
XZCVIN1O
PEPFUL
UMIMAE
HEXPEF
XAVRIV
SEYRIX
FIZGOK
YASSUH
IBIZID
RESVIU
XEHNUU
SANVAF
SAMDAL
PHOXNALOQ
TUDTUH
EREQAT
DCETSY10
TOCPIM
FILMUI
FUPTUF
ERESAV
ECHNYL
ZIYMOJ
WANLAY
RBFRPZ10
KACJII
ZEGCOD
JEHSUL
NOPREP
YOHDII
HAXWUY
DCPYZ0O01
VAVZAT
NOQJIM
DCPYZO
GEXWUB
HEVMOK

_O_
OH oxygen
NO2 oxygen

50

Cl..0 C-Cl-0O acceptor chemical environment

.793
.800
.810
.825
.863
.875
.882
.888
.891
.899
.901
.904
.904
.921
.923
.927
.934
.936
.942
.943
.946
.946
.946
.951
.952
.954
.956
.957
.958
.960
.961
.962
.964
.965
.967
.968
.968
.970
.971
.976
.977
.981
.981
.982
.983
.983
.983
.985
.986
.988
.989
.989
.990
.992
.992
.992
.994
.994
.995
.996
.996
.996
.999
.000
.001
.002
.003
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165.
172.
166.
158.
173.
168.
166.
148.
171.
177.
163.
176.
147.
160.
165.
160.
153.
176.
171.
172.
171.
168.
152.
153.
170.
172.
174.
175.
169.
169.
179.
170.
159.
167.
177.
169.
161.
157.
160.
160.
168.
173.
163.
152.
163.
160.
160.
167.
173.
174.
173.
167.
168.
171.
157.
170.
156.
160.
166.
171.
173.
144.
169.
169.
144.
177.
160.

22 NO2
17 CC13...502
22 NO2
17 CCl3...0C
17 NO2
17 CC13
17 CCl3...502
17 CC13
17 C6Cl4
17

17

17

17

5

17

17

22

17

17

17

17

17

22

22

16

17

17

17

17

22

5

22

5

22

17

17

17

17

22

22

17

17

17

16

17

17

17

17

5

22

5

16

17

17

16

17

22

22

17

17

17

16

22

22

16

17

17
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GAHJIJ
DCLBZQ20
MOWDIL
EKEXAT
JUNFUT
UMILUX
AFECUJOL
XEBGER
HUZBIN
CLPYTZ
NAXDEV
HIPNOJ
TEWJEK
DELNEN
IFESOB
FILMUI
PAJKIV
HILMOE
DIMYON10
TICMAT
SEYRIXO1
PENVOT
VOFCEY
RIHJOH
CMPYTO
BYMCPH
TCACADO1
DEZXEL
LAPGOY
RIHKOI
BEGPIN
BEFREJ
AJAKUR
KEJBIK
DIHWOG
BIKLEN
LUHJIH
KAJCOO
EKEXAT
YEWNET
NASMEA
BEFREJ
NATKID
ADUPOE
TCPXAD
EBEZIU
SAMDAL
MCMOXO
BEXSUS
NEGGOV
GERDIQ
ECEJOM
ASOKUO
CORDUI
VAHWUW
MAYTUC
MODHIW
JEMXUU
WABYON
HIBWIY
JUNFUT
JUNHUV
HODSUO
HATTOM
KEKYIT
HIBWOE
FEWRUV
CDNPOL
GARQIZ
MOGROP
EFAXAK
BUTRAJ
QIHPAY
MIYLEL
KEFTOF
LAKGAF
IREWIL
HAXWIM
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177.
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173.
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171.
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169.
160.
173.
167.
154.
174.
169.
172.
173.
156.
148.
152.
155.
173.
163.
177.
150.
169.
158.
165.
173.
170.
166.
170.
160.
175.
160.
175.
160.
154.
143.
165.
165.
165.
178.
176.
151.
176.
168.
169.
170.
172.
166.
153.
168.
168.
173.
129.
173.
159.
158.
170.
175.
169.
146.
177.
169.
160.
150.
163.
167.
172.
167.
163.
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GESSAY
IWUHEN
DEFDUN
THTOXC
IRORIQ
OBEQAN
SATNAD
LETHIB
TUDTUH
GERDIQ
JORFEB
CAPLAH
ULAREE
QAPROP
ZERKOW
VEXYUS
KUNMUB
KAHQAM
GACZUF
DEFDUNO1
CLNAPU
OBIDOS
IROREM
NIGFIS
JUNFUT
TUWXUE
TIJTIP
JORFEB
TEVJOT
XEDZUC
WEGPIH
GERDIQ
RATHAW
NEFRIA
MEBCAY
LUNNAJ
FIPRIF
ACAYOS
YASXOG
CESHAJ
BICXIU
DUVNAJ
TIENLC
FICFED
TSCPIP
IQAPAR
DACQOO
VENJED
ODEBIJ
DUWKUB
CUVYAT
FIBKAC
FACJAV
NUCDAQ
IDIVUN
LAGMUB
JOPFID
TEVJEJ
TCACADO2
SAZQOZ
JIFRUL
HAXCAK
CORDOC
CAGPUV
ZATVEV
MSCMDS
GIKNUJ
ETYCNP
XUXHUT
QIPVIU
JUNFUT
CHORLHO1
TRMNBE
LEZGUS
HIBWOE
CUGGOA
TECLPHO1
DELNEN
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152.
158.
169.
166.
148.
168.
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145.
165.
166.
142.
162.
145.
158.
163.
171.
170.
157.
165.
157.
169.
166.
163.
152.
168.
131.
153.
164.
156.
162.
169.
163.
151.
151.
163.
154.
172.
174.
167.
163.
163.
160.
177.
171.
158.
165.
144.
168.
164.
161.
161.
178.
151.
154.
172.
156.
160.
164.
164.
168.
148.
167.
147.
167.
166.
151.
159.
164.
138.
156.
151.
174.
161.
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BZQDCL10
ZIYMOJ
NUKTIW
JUNFUT
JAXZUE
CEKWAQ
CABXAF
BUTREN
TAPNAA
GICYIA
DOYGIHO1
EVINIG
BEMMEL
UBIKEV
MODHIW
EOCNON10
COFPAC10
PANHES
JORFIF
GARVIE
ERERIC
REMTET
ODANUD
GANDII
SOJMUZ
IZONOA
DOXWIW
CLNODL
BEQBUU
WANLAY
CLNOBEO02
CACPXL
ADENON
POBBEN
DICFOK10
DICFOK
TSCPIP
CODYEZ10
MEDNOZ
XUDCII
NUNGOS
FEQYIK
WATXAQ
IDIQUI
DUZSUM
CHLRLD
PCMALAO1
ADILUV
CEZBOY
VAYVAT
VAVZAT
TITMUE
IDIQUI
TRIMCA1O
LAKGAF
KAJCOO
EXICIXO01
PANCYQ
OKOBEV
NETKEC
CHLRLDO1
CACWIN
DALNUA
YEDPAZ
TITQAO
AZIRAC
GAXLEWO1
FIFXIB
EQONAZ
CNCHAL
VUGCUV
SAVFOK
TELQUW
JIFRUL
ZUDREV
ROBYIQ
NAXDEV
FEVNUP
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148.
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168.
164.
134.
162.
163.
161.
168.
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151.
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145.
155.
160.
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165.
172.
163.
172.
163.
164.
159.
156.
165.
170.
141.
169.
169.
156.
173.
161.
178.
143.
167.
167.
175.
147.
164.
155.
136.
171.
167.
163.
157.
165.
169.
145.
137.
168.
164.
175.
164.
164.
148.
158.
154.
135.
173.
165.
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163.
170.
165.
113.
149.
136.
176.
158.
134.
142.
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HIBWIY
GEDSUD
XAPWOA
JIWNAE
YOPTEC
VORVED
YITMET
TEVJOT
SEGKAQ
JASLAR
VODROV
PABBAV
MOGLAV
LIFCAE
CLETHZ
ZILJOT
VAFBOT
KADZOE
IWUTID
FUHGUK
BUTREN
DUZGOU
QIBVOM
OMORAJ
GAVDAI
CAGRAD
RDCPLBO1
LIFCEI
JIGKEP
OBIDOS
VELJAX
UFECUD
QUDSUD
LESYUD
FIZGOK
WABYIH
PORXAV
HIJBOR
FAVSOK
XIKCOJO01
TECLPHO1
QIWZIF
FIHTIA
AJAGIB
TEDXOP
PUDRIP
PCHSANO1
IJEPOC
GARVIE
BNITRB10
UCAREV
FAQPAO
CMODOD
BUTPUB
POBBEN
GERDIQ
DOXWIW
AWOPIL
XUDCII
PIQPOU
OHIBOWO2
NUHTEP
NEFQUL
HIBWOE
ZIYMOJ
NEGKEP
LAPHOZ
EBIZUL
YICHAT
KUVZIK
PORXAV
DUWKUB
DCLNAPO1
CATMOZ
GANQAO
SEJCOZ
LIFCEI
KEJBEG
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list of Br.
structures

code: CBr4
XF
AZOL
TCNQ
C=C=N
F
NO2
BARB

acceptor co
23
4
19,20

refcode

FEGYEV
JICWIB10
IKUHURO3
JICWIB10
KAVFIX
IKUJAZ
IKUJON
FEJFAB
AWAKISO5
AWAKISO2
FUSWEV
NAKXEC
AWAKIS
BRTETZ
BCACEN
IKUJON
WEFLAV
SETWOD10
SETWOD
BRADOS
WEFKUO
SILKED
BEPYRZ10
IFAHIH
SILKED
QIHDAM
PEXGOO
FOMRAB
KUXKET
NUBCES
NABVIV
LERHAR
GIDJUY
HOFMUK
HUYYUV
PAMZUZ
PEXGOO
SILKED
TIQDAY
POJNUX
WASHEE
MIFXEE
SOYFUH
DATWAX
DATWAX
DATWEB
DADRUW
GOTQEL
DBPHCN
HIPPAX
BIYFAOLO
SOMKIO
ACOKETI
FOKSIH
NAKXEC
HERBAH
BIYFEULO
YEDTIL

Molecular Physics

..N contacts in ascending order
with N(atom) < 50

carbon tetrabromide

perfluoroalkyl- or perfluorophenyl-Br
S5-membered azo ring-Br
tetracyanoquinodimethane-Br
conjugated nitrile acceptor
fluorophenyl-Br

nitrophenyl-Br

barbituric acid-Br

de:

:N_

C=N nitrile

NHR amino or amide

Br..N C-Br-N acceptor chemical environment
2.531 180.0 23 CBr4 (possible rotatnl. disorder)
2.720 171.1 23 BARB
2.829 179.1 23 XF
2.830 174.6 23 BARB
2.841 177.8 23 XF
2.841 174.3 23 XF
2.881 170.9 23 XF
2.884 169.9 23 CBR4
2.885 163.4 23 AZOL
2.917 163.0 23 AZOL
2.932 177.9 23 AZOL
2.952 174.1 4 TCNQ
2.953 162.9 23 AZOL
2.960 166.0 23 AZOL
2.978 177.2 4 C=C=N
2.984 162.5 23 XF
2.985 174.5 4 XF
2.998 158.7 4 C=C=N
2.998 158.7 4 C=C=N
3.011 178.1 23 AZOL
3.012 171.6 4 XF
3.013 175.7 4 TCNQ
3.019 175.7 23 AZOL
3.022 169.7 23 AZOL
3.024 177.9 4 TCNQ
3.025 172.3 23 XF
3.037 165.7 4 TCNQ
3.048 166.0 4 F
3.050 169.8 23 NO2
3.052 168.9 23 AZOL
3.072 176.7 23 AZOL
3.074 162.3 4 C=C=N
3.075 177.3 4
3.077 173.7 4 AZOL
3.078 173.9 23 AZOL
3.085 163.2 23
3.095 168.5 4 TCNQ
3.099 175.5 4
3.103 173.2 4
3.105 173.8 23
3.109 158.5 23
3.110 173.3 4
3.120 162.2 4
3.121 167.6 4
3.124 151.1 4
3.134 173.5 4
3.134 171.5 4
3.138 162.8 23
3.146 170.8 4
3.147 164.2 23
3.148 173.5 4
3.156 170.0 4
3.156 164.6 4
3.166 168.9 23
3.167 157.5 4
3.178 159.4 23
3.184 159.2 4
3.189 162.4 23
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1
2
3 RADTEW 3.424 156.8 4
4 NAWYAM 3.426  102.5 23
5 VUJLAN 3.428  167.0 23
VAWNAT 3.429 166.0 4
6 VAWNATO1 3.431  167.1 4
7 ABORIT 3.431 174.9 4
8 YAFXAE 3.434  139.9 4
9 LOLGAU 3.434  164.3 23
VAWNAT 3.436 168.3 4
10 DADRUW 3.440 114.2 23
11 BMATZO 3.440 160.6 23
12 KAMCOQO1 3.441  130.6 23
13 HPCPPU 3.443  150.7 23
NEGKOZ 3.450 154.0 4
14 IPEWOP 3.451 155.2 23
15 HERBAH 3.457 156.4 23
IDIGAE 3.463  126.6 23
16 YEHKIF 3.465 170.4 23
17 SOMKIO 3.465 139.0 4
18 XAGNUP 3.472 143.0 23
19 BRTETZ 3.472 144.9 23
DIFFUT 3.473 139.4 19
20 QAHZUV 3.474  168.5 23
21 XUVXUH 3.475 153.4 4
22 BDNPOL 3.476 145.8 23
TUFSES 3.479  106.6 23
23 TEJSIK 3.481  116.7 23
24 WALYIS 3.482 163.1 4
25 FOKSIH 3.486  154.8 23
26 BRMPYR 3.489  166.1 23
CACPIG 3.492 132.7 23
27 IBUNIC 3.493  106.9 23
28 BIYFEU10 3.493 135.1 4
29 YANTOX 3.494 160.3 4
OLASID 3.494  100.2 23
30 RADTEW 3.498 156.4 4
31 CABXEI 3.499  174.0 23
32 ZAJNUT 3.502 167.0 23
33 FAMXUN 3.504 159.3 4
LOLFOH 3.508 109.7 23
34 PIKVEK 3.509 160.0 23
3% @ @ sum of intermolecular atomic radii
36 MOTZEA 3.511  158.7 23
37 XAQCAU 3.514 159.7 23
KAGGUV 3.516  147.7 23
38 SEGZEJ 3.517 164.7 23
39 OBASUF 3.518 118.8 23
40 YANTAJ 3.521 154.6 4
41 AHELEE 3.521 100.9 23
PANBOW 3.525 158.2 4
42 DADRUW 3.526 132.3 4
43 OLASID 3.528  137.7 19
DADSEH 3.528 116.6 4
44 OCATES 3.529 175.2 4
45 NIBQAQ 3.529 133.5 23
46 TUFSES 3.531  132.2 19
47 HAMXUP 3.534  106.2 23
CUQLIJ 3.536  161.1 23
48 MUJCUP 3.537 161.0 23
49 BPMBPA 3.539  126.1 23
50 XUSBES 3.542  120.2 23
RAPVAG 3.542  111.1 19
o1 QALNUN 3.542  158.5 23
52 MIXPAK 3.543  149.4 4
53 RAPVAG 3.547 104.7 23
54 QEQSAG 3.549  133.7 19
55 EYONUB 3.550 129.5 4
DADSEH 3.551  120.1 4
56 XOHDAZ 3.554 163.3 4
57 KEDHUW 3.555  103.2 20
KAZCUK 3.555 152.9 23
58 HOFMUK 3.556 108.6 19
59 DATWEB 3.557 165.9 4
60 NAWYAM 3.559  100.5 23
LAQVAB 3.559 154.2 23
MUKKOS 3.562  140.4 23
CIKQES 3.562 136.6 23
BRMOIN 3.562 114.1 23
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1
2
3
4 list of Br...O contacts in ascending order
structures with N(atom) <
5 ith N( ) 50
6 code: CBr4 carbon tetrabromide
7 XF perfluoroalkyl- or perfluorophenyl-Br
AZOL -membered azo ring-Br
8 5 b d i
9 TCNQ tetracyanoquinodimethane-Br
F fluorophenyl-Br
10 NO2 nitrophenyl-Br
BARB arbituric acid-Br
11 barbi i id
URAC uracyl 0O=C acceptor
12 '
13 acce :
ptor code:
14 17 C=0 carbonyl or S=0
15 > o
16 16 OH oxygen
17 22 NO2 oxygen
18 refcode Br..0 C-Br-O acceptor chemical environment
;g LUTPIZ 2.846 165.5 17 dibromophenol ring
GOWDOL 2.856 166.8 17
21 THTOXD 2.876 170.8 17  CBr2-S02
22 KAMCUW 2.892 172.2 17 URAC
KOFHAO 2.897 175.4 17 URAC
BADNAV . . URAC
23 2.898 165.2 17
24 LUTPIZ 2.903 161.8 17 dibromophenol ring
25 JIGHUC 2.908 175.6 17 O0=C-CBr=CBr-C=0
26 ECABOA 2.910 179.1 17 CBr S02
TUFSES 2.916 172.9 17 URAC
27 KIYDIF 2.919  170.5 16
28 HIHYIG 2.928 168.4 16
29 XOBRIP 2.929 169.8 22 NO2
IWUKIU 2.934 172.9 17 502
30 ABMHFO 2.939 174.4 17
31 SATPOT 2.943  163.9 17
32 DXPREPO1 2.951 172.9 5 epoxide O
33 HBBBLA 2.952 170.0 17
DAMSAM 2.954 177.1 17
34 GAJWIX 2.955  168.5 17
35 RAKYUY 2.956 167.9 17
36 HABPAB 2.958 171.0 17
AXEJUI 2.960 158.5 16
37 FIYDUN 2.962 164.5 16
38 GOLLOT 2.965 176.6 17
39 WUNGUH 2.967 172.0 22
40 JIPJEX10 2.967 171.1 22
JIPJEX 2.967 171.1 22
41 CAYTIG 2.967 166.4 17
42 BRADOM 2.969 166.6 5 water
RASYIT 2.972 175.0 17
ji CACXAG 2.973 174.2 17
CACXAG 2.976 163.1 17
45 RASYITO1 2.978  175.3 17
BRPSYD10 2.979 178.3 17
46
47 VEFMOJ 2.984 163.5 17
YAYTOI 2.985 172.9 17
48 NACXUK 2.989  171.3 22
49 EBURCL10 2.989 164.4 17
50 GATBIN 2.991 178.9 17
FEQPASO1 2.992 173.8 17
o1 JAWCIT 2.994 170.3 17
52 UGULIR 2.995 168.3 5
53 GEDCUO 2.995 166.5 17
54 BCMBTH 2.998 166.3 17
QIJFAQ 2.999 170.3 5
55 FOHHIT 2.999  167.7 17
56 BIBGIC 3.000 166.8 17
57 WUXLEG 3.003 171.8 22
SEBFUA 3.003 169.5 16
58 CEHXOC 3.003  173.0 17
59 BREPCA 3.005 173.2 5
60 FIYDUNO1 3.007 164.8 16
XIDPUV 3.009 160.6 22
VEGKEY 3.009 162.8 17
ENISAV 3.009 172.5 17
WADFIR 3.010 157.2 17
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XECNUP
LOLGAU
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CDBOTN
BOMVEE
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VORLIX
MAQHES
KORROY
CEFFOJ
PIWKAH
BOMKODO5
DIFFUT
DIQDOW
CUMTIP
NACXUK
JAWCEP
BAXO0ZO
ECAHAS
VOLQAO
ETOKUT
VITVEZ
FERHUG
MELJOC
DAVWEC
RELTUX
JARHUG
DOJMAQ
WAFKUJ
OKATEZ
BOMVEE
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DAVRAU
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JAGTOA
BIZYOY
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1
2
3
4
5 list of I...N contacts in ascending order
6 structures with N(atom) < 50
7 code: CI CI4, I2 or tetraiodoethylene donor
8 XF perfluoroalkyl- or perfluorophenyl-I
AZOL 5S5-membered azo ring-I
9 TCNQ tetracyanoquinodimethane-I
10 C=C=N conjugated nitrile acceptor
11 ACTY iodoacetylene donor
12 F f}uorophenylfI
NO2 nitrophenyl-I
13 BARB Dbarbituric acid-I
14
15 acceptor code:
23 =N-
16 4 C=N nitrile
17 19,20 NHR amino or amide
18
19 refcode Br..N C-Br-N acceptor chemical environment
20 ISIHUN 2.748 174.1 23 XF
21 MEKWOO 2.792 175.8 23 XF
22 MEKWOO 2.793 175.8 23 XF
QIHCAL 2.811 179.3 23 XF
23 WANPOR 2.817 170.5 23 ACTY
24 WANPIL 2.827 169.7 23 ACTY
25 WANNOP 2.828 169.7 23 ACTY
26 QIHCEP 2.843 178.7 23 CI
QIHCOZ 2.845 169.1 23 CI
27 QIHBEO 2.851 177.3 23 XF
28 THUMON 2.885 174.7 23 CI
29 THUMUT 2.916 168.4 23 CI
ULOKUB 2.928 170.8 23 XF
30 ICACEN 2.932 177.3 4 C=C=N
31 MOFFUT 2.934 174.0 23 XF
32 QIHBIS 2.944 169.1 23 XF
33 IHUNEE 2.949 175.4 23 XF
CADRAB 2.963 174.1 23 AZOL
34 EBIJEF 2.967 174.6 4 XF
35 EBIJIJ 2.968 177.0 4 XF
36 IETPYALO 2.974 176.5 23 CI
EBIHIH 2.981 176.2 4 XF
37 HOFGEO 2.987 180.0 23 iodopyridine
38 HEXATF10 2.989 176.5 23 CI
39 HEXAIF10 2.989  176.5 23 CI
40 LUKMIN 2.999 170.6 23 XF
EBIHUT 3.002 176.5 4 XF
41 CEKFUU 3.002 174.8 4 C=C=N
42 EBIHON 3.012 174.0 4 XF
43 EBIJOP 3.023 177.5 4 XF
TOYGIX 3.025 171.4 23 AZOL
44 OTHBAK 3.032  176.0 23
45 HEXATF10 3.037 175.8 23 CI
46 VEBQEZ 3.043 166.7 23
47 EBIJAB 3.046 176.6 4 XF
VEBQEZ 3.055 176.1 23
48 HUMLOQ 3.060 172.6 4 XF
49 CADRAB 3.062 171.0 23 AZOL
50 WOJQAN 3.066 173.0 23 CI
JAQMAQ 3.067 177.2 23 XF
o1 CEKFUU 3.074 174.4 4 C=C=N
52 ETOZOC 3.085 177.9 23 AZOL
53 BERQUK 3.101 171.8 23 AZOL
4 ISIJEZ 3.111 169.4 23 XF
5 ACOKIM 3.117 167.3 4 XF
55 WOJQOB 3.123 163.2 23 CI
56 IOBNITO1 3.127 180.0 4 iodobenzonitrile
57 SIDFIU 3.128 164.3 4 TCNQ
PUXLOJ 3.128 164.2 23
58 LALMEQ 3.146  177.9 4
59 DBIBZN 3.153  171.9 4 Dbifurcated I...N...Br
60 ISIJEZO01 3.158 169.6 23 XF
FIYYES 3.200 173.0 23
HIPPEB 3.230 163.8 23
JAYFEV 3.231 175.0 23
CAMSUF 3.253 148.6 23
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LALNUH 3.259 175.9 4
NELSOM 3.263 172.6 4
YAGSEE 3.287 162.0 4
FIYYES 3.290 165.1 23
RIYKOZ 3.301 155.1 23
CESLIV 3.302 170.3 23
KECGUU 3.305 176.6 4
MOPHUU 3.334 174.3 23
SAWZIA 3.344 163.3 4
OCIQUN 3.385 142.9 4
TAPNOO 3.405 176.0 4
QALPAV 3.425 162.6 23
MOPPOW 3.487 160.1 23
XIHCOG 3.532 142.8 23
LABVUF 3.536 155.7 23
FOMJUN 3.544 170.2 23
FEXXIQ 3.553 174.0 23
EBUHEO 3.555 118.1 23
QALPAV 3.577 160.4 23
MEBMAH 3.586 144.7 4
MIXREQ 3.590 164.3 4
NAYYES 3.592 153.7 23
MMXIPALO 3.600 159.5 23
EDAGIZ 3.609 121.0 23
XUHQAS 3.611 166.6 23
IFOVII 3.613 170.4 4
DIMYUT10 3.634 164.6 23
NEGLIU 3.667 138.9 4
ITNOBEO1 3.667 180.0 23
sum of intermolecular atomic radii
BEBMEB 3.670 108.0 23
NEGLIU 3.674 146.9 4
ZILBIF 3.678 125.7 23
YESZAX 3.678 178.2 4
TEXVAT 3.678 145.1 23
BERQUK 3.687 107.3 23
BERQUK 3.694 105.9 23
ICAQEJ 3.698 102.1 23
ZILBIF 3.704 106.0 23
XUDXEZ 3.704 101.3 23
KOVGEH 3.713 169.9 23
ZEMKUX 3.714 166.0 23
RIYKUF 3.715 158.3 23
QETWOB 3.715 108.8 19
WAWEUW 3.718 174.5 23
HIPPEB 3.722 126.4 23
CAMSOZ 3.723 116.4 23
KOVGEH 3.730 157.7 23
IAZPYM 3.733 105.6 4
KOVGEH 3.736 161.9 23
CAMSOZ 3.738 116.9 23
GOMBOZ 3.740 105.7 23
GUWDEH 3.742 175.5 23
YESZAX 3.746 110.6 4
OMOKIK 3.758 151.0 23
RAYCIDO1 3.759 180.0 23
PIQPIO 3.762 154.9 23
DIMYEDI10 3.786 169.0 23
AYUQEQ 3.788 111.6 23
CAMSIT 3.791 172.0 23
ZONYIK 3.799 175.2 23
list of I...0 contacts in ascending order
structures with N(atom) < 50
code: XF perfluoroalkyl- or perfluorophenyl-I
AZOL 5S5-membered azo ring-I
NO2 nitrophenyl-I
URAC wuracyl 0O=C acceptor
ACTY iodoacetylene

acceptor code:
C=0 carbonyl or S=0
—-0- or N-oxide

17

5
16
18
22

OH oxygen

CO-R oxygen acid or ester

NO2 oxygen
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refcode
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KEDDUSO1
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QOJKOP
PADHUY
QADBIH
QOJLAC
IDOXUR
DAXKOC
XTIHCOG
KORXUK
MAYJAY
ITHYRM10
XORYUY
KORXOE
FENROF
OLASUP
KORXIY
DOHZUV
MAYHUQ
KOVGEH
IHQUSO01
ITYRMALO
XIHFEZ
DIMYUT10
JAXHOG
ZEMKUX
OMOKIK
ZILBIF
RIWTOG
YAHJEX
LAGMEM
TITHYN1O
RIWTOG
DIMYED10
CACHOD
EYITAH
EHULOI
MTIXTP
LEBQIS
KOVGEH
NAWFEX
XUDXOJ
YESMEO
XERGIK
HECMIM
FOGRID
JEBPAT
AEHIBQ
MEZHAA
KAFREO
IFITEW
XATMIP
GERNUM
SUXZAM
XUHQAS
IBSAZO
YEJLII
CAMSOZ
ZILBIF
HIFYIE
CAMSUF
DIMCXD
DIPMOB10
YONPIA
DUKZIS10
CAMSOZ
FOZKOU
YAJREH
BMLTAB
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171.
163.
177.
173.
174.
171.
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167.
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167.
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Br..0 C-Br-O acceptor chemical environment

5 XF

5 tetraiodopyrrole
17 ACTY

17 URAC

17 URAC

16 AZOL

17 iodothiophene
17 S02-CI2-S02
17 ACTY

5 tetraiodothiophene
17 XF

17 iodothiophene
5 tetraiodopyrrole
17 URAC

17

22 NO2

17 iodothiophene 0OS
17

17

22 NO2

17 iodofuran OS
22

17 URAC

17 iodofuran OS
17

17

22

17

17

17

22
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22
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QEBXUQ
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GUWDEH
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UMULUJ
SIKWOY
KOVGEH
IADRCH
FORGOI
BEBMEB
DITHPALO
WURTUY
BOPDOZ
DALBOH
XUDXUP
GEHSES
PAZQAJ
EWIHAT
TIBENQ
CAMSIT
KATFOB
CAGTAF
BEFRUZ
EYOFED
LODDAJ
CXMIPA
KOVGEH
GOMBOZ
AMXIPA
RACVOH
AYUQEQ
YEJLIIO1
ITNOBEO1
ZAQTOA
IENBCL
FEXCOB
MEZGUT
QODSEH
IPTHIM1O0
REQYIV
KAFREO
XUWVIU
XUHQAS
QETFAW
GAPWUP
DALBOH
GIQQAY
MTIXTP
MEZGIH
XORYOS
ZONYIK
XORYIM
MMXDPA
MACMEJ
VONFEJ
MEBMAH
XAVHEI
HEVJEX
TECLUJ
SATKII
WUXCOH
FOMKAU
XOQCAH
HIFYAW
KOYNUH
WAWMEN
WAWEUW
POKFUQO1
HADBOD
RAYCIDO1
EYITAHO1
BANMUY
MEZGON
CAMSUF
FEXDAO
FEFLAE
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CAJBAQ
BEBMEB
JAQNUL
KORXEU
WAWMAJ
JAQNOF
VADFOW
WAVXUN
KAFREO
FEXCUH
EBUHEO
DEDSIO
WOYVAH
SATGID
NIMGOF
BUHXEH
BERLIT
MEDJOV
POKFUQO1
JAQNOF
JAWGOE
FEXCIV
DIMYUT10
QEZCED
FEXCUH
YESZEB
NAWSIO
EZIVIS
MEZGIH
BEPPOB
ZONYIK
UMULUJ
XOBLAB
XORYIM
WAWEUW
KOVGEH
SANZUC
HOMCIV
YEJLIIO1
ATEQOF
KOVGEH
PAFXUQ
KOVGEH
JAQNUL
GUWDEH
HEVJEX
XOSCAJ
CAMSIT
RATFOI
XUDXAVO01
KIYFAZ
AYUQEQ
XUDXAVO01
NASPUT
ICAJIF
SEVLAG
ZEMKUX
MEZGON
IBAZUN
XORYIM
KEDDUSO1
GAVSEB
CARINS10
HACFIA
PIQPIO
MATPOM
GUZHUE
CISLOF
EZIVIS
XORYIM
EWIGOG
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PIXEL energy curves for the interaction of halobenzenes and pentafluorohalobenzenes with several

halogen bond acceptors. kJ/mol units.
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PIXEL interaction energy curves for the bromoisopropanes (kJ/mol)
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Results for the dimer interactions. Blue: PIXEL results; red: ab initio with counterpoise correction;
green: ab initio no counterpoise. The horizontal axis is the C-X...Y distance (X=CI, Br, I; Y =N,

0O). PIXEL: DGDZPV wavefunction; ab initio: 6-31G** wavefunction for Cl, Br, DGDZPV

wavefunction for I.
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Interaction energy curves for 4-substituted bromobenzenes with pyridine. Blue: PIXEL results; red:
ab initio with counterpoise correction; green: ab initio without counterpoise correction.
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Figure 1Sa. DDF for CL...Y contacts.
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Figure 5Sb.
PIXEL energies for the interaction between iodobenzene (HS) or pentafluoroiodobenzene (F5) and

benzoquinone. Coulombic, polarization, dispersion and repulsion components. Total energy: heavy
lines.
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Figure S8.

DDF curves (heavy lines) with superimposed the PIXEL energy curves for interaction of Cl and Br
compounds with N and O acceptors. The vertical bar marks the sum of the standard intermolecular
atomic radii.
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SCHAKAL

Figure S10. The fundamental motif in the crystal packing of 4-cyano-tetrafluoroiodo- and -
bromobenzene (ACOKIM and ACOKEI). Black: C, green: F, blue: N, violet: I or Br. Drawing by
Schakal.[34]
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35 SCHAKAL

39 Figure S11. The line-up motif in HOFGEO and XUGLEQ. Black: C, blue: N, violet: I. Drawing by
40 Schakal.[34]
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SCHAKAL

SCHAKAL

Figure S12. Two packing motifs in the crystal structure of AWAKISO0S: top, the stacking of
opposite dipoles; bottom, the Br...N halogen bonding. Dimer cohesion energies (kJ mol™) are
shown, see Table 5. Black: C, blue: N, red: O, ochre: Br. Drawing by Schakal.[34]
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1. Introduction

In a cast of mind that suits particularly well the computer modeller in organic chemistry,
chemical bonding results as atomic nuclei reach a minimum-energy configuration within
their accompanying electron cloud. Structure prediction is the search for that optimum
configuration by several degrees of approximation, from dot-and-dash sketches to
sophisticated quantum chemical calculations. Practical chemistry, the breaking and the
making of chemical bonding, is an aspect of structure prediction with a certain amount of
control: the ability to convince nuclei and electrons to shift from one minimum-energy
configuration to another. The above definitions neither require nor involve the recognition
of atom-atom bonds; they apply equally well to a single benzene molecule or to a benzene-
hexafluorobenzene molecular complex. Actually, since this paper is concerned exclusively
with the computer simulation of intermolecular constructions, there are a number of
advantages in abandoning the restrictive view of chemical bonding as something related to
any particular pair of atomic nuclei.

A first-principles definition of an atom-atom bond is provided by bond path analysis in
the Atoms in Molecules theory [1], but a number of rather subtle points must be considered
[2] to reconcile that approach with more traditional chemical thinking. We follow a
different line of thought. In older models of intermolecular interaction, indeed a crude
approach, atomic nuclei are taken as interaction centres, and everything that is
stabilizing/attractive is wrapped up into a negative empirical term in the inverse sixth
power of distance, and everything that is repulsive into a positive inverse-power or
exponential term: the atom-atom potential method of Kitaigorodski [3] and Williams [4].
Such methods only yield bulk total interaction energies. The gap to physical realism was
filled by Stone in a number of milestone developments: the Distributed Multipole Analysis
(DMA) method [5] and the Intermolecular Potential Theory [6].

Nowadays, high quality molecular wavefunctions - and hence charge density
distributions for the interacting molecules - can be easily obtained by standard molecular
orbital calculations. The ultimate delocalization is achieved when each charge element in
the molecular charge distribution, a three-dimensional 'pixel’ of charge, is considered as the
elementary interaction unit [7]. When two charge density boxes approach, electron clouds
are considered unperturbed by the field of the approaching partner, a restrictive

approximation whose adverse effects are reduced by the inclusion of an explicit
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polarization term, and by appropriate parameterization and screening. Numerical
integration allows a fast and accurate evaluation of Coulombic-polarization energies, and a
reliable estimate of London-type dispersion terms and of repulsion proportional to the total
overlap integral. While the Coulombic term and the overlap integral are exact, polarization
and dispersion terms crucially depend on the procedure for distribution of the
polarizabilities (a field to which Stone has given substantial contribution [8]) and on a few
numerical parameters; repulsion depends on the validity of the proportionality assumption
[9]. Detail is given in Appendix I (Supplementary material). Although none of these terms
is unequivocally defined by first principles, their combination with careful and
parsimonious parameterization gives a physically realistic description of bonding, and
what is even more important, such a description speaks a language that sounds familiar to
the wider chemical community.

Patently, and purposefully, the PIXEL approach does away with the concept of atom-
atom intermolecular bonds. Continuous use of this method in the field of organic crystal
chemistry has demonstrated that in spite of its many assumptions, its results compare
favourably with those of ab initio calculations [10] for a small fraction of the computing
time, and are reliable and useful in the description of intermolecular bonding, [11-13]
especially because the total energy is partitioned into Coulombic-polarization and
dispersion terms, clarifying the different types of interaction.

In this paper we probe the PIXEL method in the description of the nature and supposed
structure-driving properties of the "halogen bond", defined as a X...Y intermolecular
interaction with X = Cl, Br or I, and Y = N or O. The recognition of short intermolecular
X...O contacts is about 30 years old.[14] A theory of the halogen bond was first built on
the spectroscopy of small gas-phase molecules;[15] the seed of this idea has migrated into
the field of large molecules and crystals, with classification based on close proximity of X
and Y atoms in organic crystals.[16] The topic had already attracted Anthony Stone's
attention,[17] but we report here our analysis of the distribution of such contacts in
the larger samples of organic crystals now available, and a systematic quantitative
evaluation of the relative stability of several kinds of intermolecular pairing in molecules
that can produce close X...Y contacts. Simultaneous consideration of energies and contact

frequencies allows a more balanced assessment of the phenomenon, showing that some
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conclusions based only on geometrical evidence need be reconsidered more carefully on
energy terms.

In analogy with the hydrogen bond, the C-X group is called the 'donor’, and the Y-
carrying molecule is called the 'acceptor’, although in terms of electron availability the

terms should be reversed, C-X being a Lewis acid and Y being a Lewis base.

2. Methods

The Cambridge Structural Database (CSD) [18] yields crystal structures of molecules that
contain the X...Y (X =Cl, Br, I, Y = N, O) atomic pairs, with the following quest: a) X
and Y elements present in the same crystal structure, heaviest element = X; b) 3D
coordinates determined without errors, disorder, refinement problems, or more than two
molecules in the asymmetric unit; ¢) conventional crystallographic R-factor < 0.075 (in
the CSD, each crystal structure is identified by an 6- or 8-letter alphabetic string
called a "'refcode'). We get 6427, 5468, 3619, 2281, 914 and 729 crude hits, respectively.
After screening and renormalization of H-atom positions,[19] only structures with less than
50 atoms are included not to "dilute" too much the interaction between the two atoms of
interest. After all filtering we get 3699, 2954, 2007, 1318, 547 and 417 final hits,
respectively. Distance density functions (DDF) [20] are calculated for atomic pairs over
each sample of crystal structures. A DDF is formally analogous to a radial density function
(RDF), in that DDF =1 is equivalent to a random distribution; but a DDF refers to a
collection of static information on distances between atom pairs in different environments,
hence it shares none of the thermodynamic implications of a real RDF coming from
dynamic information on the distribution of such pairs in a homogeneous system (e.g. a
liquid). DDF's are just convenient graphic tools for the display of the distribution of
interatomic distances in collections of crystal structures.

For the calculation of intermolecular energies, the PIXEL method is here applied in its
standard formulation (see Appendix I) to all pairs formed between a choice of possible
donors, represented by the halobenzenes and 2-haloisopropanes (CH3;-CHX-CH3), and
acceptors, represented by furan and benzoquinone for oxygen, and by pyridine and
benzonitrile for nitrogen. The computational efficiency of the PIXEL method allows the

use of the benzene ring as a model donor carrier and of n-electron delocalized systems for
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the model acceptor carrier, thus conferring more chemical realism to the simulation than do
the much smaller fragments (e.g. CH3X, X,, NH3;, HC=CX, of limited interest in real
organic chemistry) usually affordable in high-level ab initio calculations. The presence of
the phenyl ring allows a test of the method in reproducing the electron-withdrawing or -
releasing effects of substituents (the 'Hammett' effect). The internal geometries of these
model molecules were standardized (see Appendix II, Supplementary material).
GAUSSIAN [21] was used to obtain the valence charge densities for PIXEL calculations
(these include 3d electrons for Br and I), and for a separate calculation of counterpoise-
corrected dimerization energies for comparison with the PIXEL results. The MP2/6-
31G** level (basis set available up to Z=54) or the MP2/DGDZVP level (basis set
including iodine) were used. Extensive tests in this case as well as in former experience
show that the change of basis set has little effect on the PIXEL calculations as long as a
reasonably large basis set is used.

For aromatic dimers the PIXEL calculation was carried out with donor and acceptor
coplanar; in all cases, with C-X bonds pointing at Y acceptors with C-X...Y angle of 180°,
for a X...Y separation (Rxy) from 2.6 to 4.0 Ain steps of 0.1 A. In some cases an identical
calculation was carried out by ab initio MP2 (with steps of 0.2 A) for comparison.
Appendix II has some sample atomic coordinates for dimers. The resulting energy curves
were visually examined to estimate the optimum interaction energy (E°) and separation
(R*). The flexibility of the interaction was estimated by determining the shortening and
the lengthening from R*! (R, and Rey, respectively) that correspond to an energy increase

of RT (2.5 kJ mol™") from E°.
3. Results

3.1 C-X...Y contacts in crystals, X=Cl, Br, I, Y=0, N.

Table 1 shows the actual count of short X...Y distances, which are listed in detail in
Appendix III (Supplementary material). When considering these data one must be aware of
intrinsic biases in the distributions, which are far from the extension and randomness
which are prerequisites for real statistical treatments. For example, in general organic
chemistry chlorine is a more common atom than bromine or iodine - hence the differences

in the first column of Table 1. Social biases also emerge: for instance, the population of
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very short (< 3.0 A) Br...N and I...N distances is a scant one and is mostly provided by the
dedicated work of one school[16,22,23] on a well defined chemical environment, the X,-
or tetrafluoro-X,-benzenes interacting with bipyridyl, azostyryl or
hexamethylenetetraamine acceptors; many of these compounds have been explicitly
prepared with ad hoc systems to demonstrate the effects of halogen-bonding activation. In
spite of these warnings, the results in Table 1 on overall frequencies suggest that short
X...Y contact is rather sporadic (i.e. of low frequency); that oxygen is a more frequent
halogen-bond acceptor than nitrogen, while the frequency of halogen-bond donor
performance is I>Br>Cl. The latter conclusions are in agreement with previous
results.[23,24]

Distance density functions for Br...N and Br...O are shown in Figure 1. The curves are
rather noisy due to the limited number of data (see Table 1), but they nevertheless show a
shoulder between 2.7 and 2.9 A. Similar shoulders appear for CIL...N and Cl...O (but
smaller; see Figure 1Sa, Supplementary material) and for I...N and L...O (more developed;
see Figure. 1Sb). These shoulders, with an intensity < 1, reveal and count a very minor
population of short X...Y confrontations. For comparison, Figure 2 shows the DDF for the
conventional N-H...O=C hydrogen bond over the same Br/N population of crystal
structures, with a well developed peak at the hydrogen bonding distance of about 2 A.
There is a marked difference between the statistical incidence of a hydrogen bond and of a
halogen "bond".

Figure 3, typical for all other C-X...Y contacts (see Figure 3Sa-e, Supplementary
material) shows that, corresponding with the absence of a separate peak in the DDF below
the sum of intermolecular atomic radii, there is a continuous distribution of contact
distances and there is no clear break or divide at or around the sum of ordinary
intermolecular radii (see also the lists in Appendix III). Short X...Y contacts occur with a
C-X...Y angle > 140°. The distribution might result from a balance between a mildly
attractive X...Y power and the steric interference of side groups. The matter will be
taken up again with a calculation of interaction energies as a function of the C-X...Y angle.

What are the chemical factors that favour a close X...Y approach? A study of single
crystal structures may be problematic because the choice of special cases is a dialectic
pathway to the collection of subjective evidence, and also because outliers are by definition

not representative of the general phenomenon and very unusual structures are often just
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subtly wrong structures. Looking for trends in groups is much more time-consuming but
much safer. Iodine and bromine are generally more active in aromatic than aliphatic
environments, as expected (see for example the compounds identified by the CSD
refcodes SAWZIA, QALPAYV, OCIQUN, YAGSEE, with -(CH),I...N=C distances from
3.29 A up). In a group of halogen-bonding crystal structures (the 29 with a Br...N distance
R<3.10 A and the 49 with a I...N distance < 3.2 A; see Appendix III for a detailed list) 25
have a X-Cg¢F4-X or X-(CF,),-X moiety (activated donor); 14 have an X atom attached to a
five-membered azole or oxazole ring (activated donor and acceptor); 12 involve a CXy4, X,
or X,C=CX; moiety; 12 include a conjugated (activated) acceptor of the type C=N-C=N,
C=C-C=N or C=C(C=N),; and 6 have the (activated) X atom on an aromatic ring with
strongly electron-withdrawing substituents (fluorine atoms, CN or NO, groups). Thus,
X...Y contacts become very short only when the acceptor or the donor are activated by
electron-releasing or -withdrawing bonding effects, respectively. Even these are more like
rules of thumb than solid correlations, however. For example, the Br...N distance in 4-
cyano-bromobenzene (BRBNITO1) is 3.25 A, and in some activated derivatives (ACOKEI,
FOMRAB, MIFXEE, TIQDAY) it is shorter (3.05 to 3.16 A) but without correlation with
electron-withdrawing power of the substitution. Otherwise, in some iodo-amino-
nitrobenzenes the 6 different I...O(nitro) distances range from 3.15 to 3.49 A also within
two polymorphs of the same compound (CAMSIT, CAMSUF, YEJLII and YEJLIIO1); and
there are plenty other, similar cases.

On the other hand, there are entire classes of bonding candidates, compounds with donor
Br and acceptor N, which crystallize without any special Br...N confrontation. Reasons for
that are multiform. Ortho-substitution on the pyridine ring, represented by ZIFSIQ (refer to
Figure 4 for this discussion), presumably makes the Br...N approach sterically
unfavourable. Typically, in a similar ortho-Br-N geometry (represented by HIFTAR) a
weak R-OH...N hydrogen bond successfully competes with bromine for the nitrogen
bonding terminus, and even a modest C-H...N chelation prevents bromine from
approaching the N donor (represented by FONKAYV). In structures represented by
TAJBOV, the Br...N attraction has a steric barrier which is overcome only when the donor
is strongly activated (see e.g. WOJQOB, LUKMIN). Such analyses suggest that the
formation of a halogen 'bond' is very sensitive to a balance between attraction and steric

hindrance.
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The considerations made above for Br...Y or ...Y separations hardly apply to the
equivalent CI...Y case. One sees there a more multiform chemistry and a much more
malleable cohesion, with shorter or longer separations found in many different
environments and even without special activating chemical factors; that is, even less of the
character of a classic chemical bond. Besides, the steric factor is understandably less
important for CI than it is for Br or L.

A frequency of short distances does not necessarily imply strength/stabilization, because
geometry is but a poor substitute for physics; but in spite of all caveats and contradictions,
eventually the overall consideration of geometric results points rather strongly to the
conclusion that the X...Y bond strength is in the order Cl<Br<I. We now proceed to a

quantitative evaluation of the energies involved in the interaction.

3.2 Interaction energies: groundwork and validation

The results of the systematic calculation of interaction energies between halobenzenes and
several acceptors lend themselves to the following considerations.

a) There are good correlations between the PIXEL and ab initio sets of results, see Tables
2-4 (Appendix IV, Supplementary material, has the detail of PIXEL interaction energy
curves, and the comparison between PIXEL and ab initio curves). The agreement goes
from almost perfect coincidence for I-derivatives, to small discrepancies for Cl-
derivatives, to a systematic discrepancy for Br-compounds whereby PIXEL equilibrium
distances are larger by 0.1-0.2 A and PIXEL equilibrium energies are smaller by a few kJ
mol ™. This seems a small price to pay for a 100-fold reduction in computing times.
Moreover, in the ab initio results the counterpoise correction may be less effective for a
limited basis set on very electron-rich atoms. If this were indeed the case, the best estimate
could lie in between the PIXEL and the ab initio results. At the other extreme, even ab
initio dimerization energies could be underestimated due to incomplete basis sets and/or
treatment of correlation.

b) The strength of the halogen bond increases in the order Cl<Br<I, and with perfluoro
substitution at the donor. CI donors form barely stable dimers only with perfluoro

substitution, with CI...O or CI...N separation almost equal to the sum of normal
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intermolecular radii (3.34 and 3.40 A, respectively). Br donors form barely stable dimers
when unsubstituted, and reasonably stable dimers with fluoro-substitution; in the latter
case, equilibrium Br...O or Br...N distances are 0.2-0.4 A shorter than the sum of
intermolecular radii, 3.45 and 3.51 /f\, respectively. Iodine donors form stable dimers when
unsubstituted and very stable dimers with substitution, with approach distances which are
considerably shorter than the sum of intermolecular atomic radii, 3.61 and 3.67 AforL..O
and L...N respectively.

c¢) PIXEL results are strictly parallel to ab initio ones as concerns the electronic effects of
para-substitution at the phenyl ring of the donor (the 'Hammett' effect, Table 4 and
Appendix IV) and both sets of result show a perfect linear correlation between interaction
energies and Hammett o-values. The PIXEL method appears to be able to reproduce fine
electronic effects even for classes of compounds for which it was not directly
parameterized, thus reinforcing the validation of its adherence to physical factors.

d) On the nature of the halogen-bonding effect: Figure 5 shows the energy partitioning for
the interaction between pyridine and bromobenzene or 4-nitrobromobenzene in a linear C-
Br...N geometry. For the unsubstituted bromobenzene, the stabilizing effect comes in
almost equal parts from dispersion and from Coulomb-polarization contributions. For the
'nitro-activated' nitrobromobenzene, dispersion and polarization do not change, while the
Coulombic component increases so that the total interaction energy is almost doubled and
the equilibrium distance is shortened. Figure 5Sb (Supplementary material) shows the
analogous activation effect on the interaction between iodobenzene and benzoquinone;
here repulsion plays a bigger role, and the stabilizing effect of the fluorosubstitution acts
also through a reduction of the Pauli overlap between iodine and oxygen.

e) For nearly all the X...Y interactions, the total stabilization is in the range 1-15 kJ mol ™,
lower than that of the weak alcohol O...HO hydrogen bond ( 25 kJ mol™) and less than one
half of the hydrogen bond in carboxylic acids (40 kJ mol™).[25,26] Only the interaction
between perfluoroiodobenzene and aromatic nitrogen attains the strength of a weak
hydrogen bond. This fact greatly reduces the actual synthetic scope of the halogen bond,
because single molecules carrying all the necessary appendages are somewhat rare and
awkward; accordingly, most reported cases of strong halogen bonding involve molecular

complexes between separate donor and acceptor molecules.
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3.3 Angular dependence of C-X...Y bonding

Figure 6 shows the results of a calculation of the angular dependence of halogen-
bonding energies. A sharp destabilization on leaving the linear C-X...Y arrangement
is clearly seen, in agreement with previous analyses.[17] In our picture the overall
energy rise is due to a loss of Coulombic stabilization and a rise in repulsion; the
Coulombic loss may result both from a loss in stabilizing interaction between X and Y
electronic basins - although it is not easy to see a reason for this - or from destabilization
by the unavoidable approach of C-H groups that carry the same charge (see inset, Figure
7). The increase in repulsion energy can only result from increased overlap between the
charge densities of the flanking groups. Thus, the linearity of the C-X...Y bonding
interaction is due, in our interpretation, in good part to the steric influence of
flanking groups. In any case, the full energy map (Figure 7), easily computed thanks
to the computational efficiency of the PIXEL method, has the stabilizing zone almost

exactly overlapping the observed R/® distribution.

3.4 Crystal packing and the shape of the dimerization energy curves

The results on dimer energies have an obvious bearing on the possible use of the X...Y
interaction in the prediction of crystal aggregation (‘crystal engineering'). In the complex
compromise that allows an organic molecule to coexist in a stable way with its crystalline
neighbours, equilibrium distances and depths of the energy wells should be considered
along with (and are often less important than) the curvatures of the binding profiles. The
data in Table 2 show that most of the X...Y approaches are only barely stabilizing, and can
be compressed by 0.4-0.5 A below the equilibrium separation with an energy expense of
less than RT. In qualitative studies based only on geometries, these short separations are
interpreted as the mark of strong stabilizing and attractive interaction, but they may as well
result from just indifferent equilibrium at nearly zero stabilization, without repulsion. We
propose to designate these close contacts as "permissive" contacts. Recognizing that some
molecular arrangements are just permissive, rather than constrictive, is an important step in
a correct understanding of molecular packing. The resulting continuum distribution of
X...Y distances from R° up in organic crystals is also difficult to reconcile with the

classical definition of a chemical bond.
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Figure 8 (see Figure 8S, Supplementary material, for CI...O and Br...O equivalents)
shows the distance distributions in crystals (DDF curves) superimposed on the energy
curves for the formation of some typical dimers. The broad peaks in all the DDFs at 3.7-4
A, distances slightly larger than the sum of intermolecular radii, correspond to shallow
minima in the energy curves at 3.5-3.7 A, with due account of the anharmonicity of
thermal vibrations (molecules spend more time on the right side of the minimum than on
the left side).These topologies go as a regular 'van der Waals' approaches, with energies
between 1 and 5 kJ mol-1; these include all the aliphatic donors, except perhaps for the
L...N case, and nearly all chlorine donors, for which the shoulders at short separations in the
DDF are barely noticeable. The Br...O and Br...N DDF's show a shoulder at short
separation, corresponding to the minima in the energy curves for the highly activated
perfluorophenyl donors (the dotted lines in Figure 8b show the worst discrepancies
between PIXEL and ab initio results). For iodine donors, the well developed shoulders in
the DDF at short separations overlap with the sharper minima in the energy curves, but
these distributions reside mostly on the left side of the minimum. If one is to take these
results to their final implication, many of the very short Br...N, I...N and I...O contacts
observed in crystals correspond to compressed bonds, i.e. stabilizing but repulsive
interactions. These compressed contacts must arise in compliance with some other packing
requirement. After all, stretching of these interactions towards longer distances is very
common and comes as no surprise, so the possibility of stretching to distances shorter than
the equilibrium distance, for the same energetic expense, cannot be ruled out.

The drawings in Figure 8 provide a convincing and quantitative connection between the
physical nature and the geometry of the considered interactions. In our opinion no serious

discussion of crystal packing or 'crystal engineering' can proceed without such information.

3.5 PIXEL crystal structure analysis

For a better understanding of the role of halogen bonding, a number of sample calculations
have been carried out on molecular pairs in crystals. The energies shown in Table 5 refer to
virtual dimers extracted from the crystal and brought intact into isolation (full detail
including symmetry operations relating the molecules in the dimers is available in

Appendix V, Supplementary information).
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For the two tetrafluoro-cyano-halobenzenes ACOKIM and ACOKEL[27] the X...N
interaction ranks first in the iodo compound, but for the bromo derivative it is of the order
of magnitude, or less, of ring stacking; in this case, former fashion in intermolecular
denominations would have classified the leading interaction as a pairing of opposite
dipoles (Figure 10S, Supplementary material). For IKUHURO3,[23] a very short Br...N
separation is observed, but, even allowing for a possible underestimation of the
Br...N(pyridine) interaction, the interaction between aromatic systems is largely
dominating over the Br...N interaction. In the corresponding iodine compound,
QIHCAL,[22] the two interactions are on an almost equal footing. In these systems one
cannot rule out the hypothesis that aromatic stacking is the dominant packing factor, so
that the short and linear halogen bond is in fact a secondary effect (Figure 9). In 4-
iodopyridine HOFGEO [28] the I...N interaction unequivocally leads the proceedings with
its huge Coulombic-polarization term. Nevertheless, no I...N interaction forms in the
diiodo analogue XUGLEQ,[29] where a strong C-H...N plus C-H...I interlock more than
compensates for it (Figure 11S); nor does the I...N interaction appear when a competing O-
H..N hydrogen bond worth about 60 kJ mol ! can form (XIHFEZ, JAQNOF,
JAQNUL,[30] complexes between iodopyridine and nitrobenzoic acids). Note that all these
facts agree with the relative size of the calculated interaction energies for sample
compounds and hence could have been predicted by a proper consideration of the energetic
data in Tables 2-3, while qualitative structural predictions would have failed. A final,
extreme case is the nitro-bromoimidazole AW AKIS,[31] where the Br...N separation is
very small but the interaction ranks very low in importance; again, in times of different
fashions, this compound would have made an excellent case for the dominating role of
"inverted dipole" interactions (Figure 12S).

Once again, the cases reported in Table 5 are representative of many similar cases, and
should not be considered as special examples singled out to demonstrate a preconceived

thesis.
4. Discussion and concluding remarks

Is halogen bonding a robust concept in the crystal chemistry of organic compounds? The

answer to this question is uncertain, as it is the answer to many other, similar questions
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concerning the robustness of intermolecular bonding entities. Short halogen-oxygen and
halogen-nitrogen contacts form or do not form according to a large number of boundary
conditions, having to do with a) electronic effects - mainly the activation of donors by
electron-withdrawing groups; b) steric repulsion effects - the availability of interaction
termini vis-a-vis encumbering side groups; c) the presence of competing hydrogen-bond
donors - which nearly always prevail for the acquisition of target acceptors; and this might
be a non-exhaustive list. On the other hand, even when short distances appear, they may
not always be the outcome of binding stabilization, but may be the result of secondary
effects under the tolerance of flat energy surfaces or even at the expense of slight repulsion
up the left wall of potential energy curves. To be sure, a halogen-nitrogen contact forms
even in crystals of such a large molecular unit as a porphyrin, when both iodine and N
atoms stick out unhindered at the exposed corners of the molecule;[32] but there is also
much evidence of Br...N contacts not forming, without an obvious explanation, even in
apparently favourable conditions. Accordingly, in the DDF curves only small shoulders
appear for the X...Y contact at short separation, quite unlike what happens for the classic
H...Y hydrogen bond; in forcing the formation of a halogen bond, one must be careful and
deliberate, just as careful and deliberate one must be to avoid the formation of a regular
hydrogen bond.

Theoretical calculations pose a few quantitative milestones in this intricate road map: the
X..Y X=ClL Br, I, Y =0, N) "bond" among neutral organic molecules spans a
continuum from a negligible stabilization - typical of, say, a pair of Ar atoms - up to the
lower limit of the weak hydrogen bond in organic chemistry, or some 25 kJ mol'l; and a
limit that can be reached only using rather exotic species as tetraiodoethylene and
tetrafluoro-diiodobenzene. To reach bonding energies of the order of regular hydrogen
bonds, > 40 kJ mol'l, one has to recur to such exotic pairings as the FBr...OH™ dimer [33]
or to I, as donor.[22] Thus, halogen bonding can compete with hydrogen bonding only in
peculiar cases, perhaps with the alcohol OH group which is notoriously a kinetically poor
crystallizer. In any event, the halogen bond is typically twice as strong as the evanescent
C-H...O "hydrogen bond".

How reliable are our theoretical results? They come from the coincident response of
PIXEL and ab initio theory, and agree as an order of magnitude with the results of much

more sophisticated calculations on the interaction of R-X fragments with ammonia: for
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example, the estimates [34] of the energies for the 4-nitrophenyl-X complexes with
ammonia are 6, 12 and 18 kJ mol™ for X = Cl, Br, 1, to compare with the PIXEL values for
activated phenyl-X with pyridine of 7, 12 and 22 kJ mol”, respectively. As for geometry, a
DFT or MP2 study [35] shows that the energy surface for the I...O interaction in the
iodobenzene-dimethylsulfoxide dimer is quite flat; a typical interaction energy (without
BSSE correction) is about 13 kJ/mol with an O...I distance 2.9 A. These results are to be
compared with the predicted flexibility and our values of 6 kJ mol™ and 3.3 A for the
iodobenzene-benzoquinone complex (our results show that the BSSE correction halves the
interaction energy and lengthens the equilibrium distance by a few tenths of an A, see
Appendix IV). DFT results [22] for the bipyridyl-diiodobenzene and for bipyridyl-
tetrafluorodiiodobenzene place the interaction energies at 14 and 24 kJ mol™ respectively,
quite comparable to our results in Tables 2-3 for the pyridine analogues. PIXEL results
also agree quantitatively with the IMPT results for the chlorocyanoacetylene dimer,[17]
perhaps not surprisingly since some IMPT energies and geometries were used in the early
stages of the parameterization of the PIXEL method.

Even more important than absolute well depths is the information on well widths, also
provided by theoretical calculations. Calculations conclusively show that the postulated
X...Y halogen bond can be stretched over 0.5 to 1.0 A within an energy expense of RT,
with a clear, as well as physicochemically predictable, dependence between depth and
width. Such an observation poses a sharp obstacle to the utilization of halogen bonding in
crystal structure prediction and control. Accordingly, the PIXEL estimates of molecule-
molecule energies in organic solids show that more often than not the halogen bond plays
second fiddle in the ranks of cohesive energies. The case of the halogen bond is further
illustration of the delocalization principle in organic crystal chemistry: intermolecular
interaction is better described in terms of bonding in which the entire electron density of
the interacting molecules is involved, and by proper consideration of joint effects in

clusters of first neighbours.

Supplementary material available
Appendix I: PIXEL theory; Appendix II: Cartesian coordinates for all the molecules in the

calculation of dimers (refer to Tables 2-3); Appendix III: list of all X...Y short contacts
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with CSD refcodes; appendix IV: detailed results of PIXEL calculations on dimers,

detailed results of the ab initio dimer energy calculations; Appendix V: details of the
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molecule-molecule energy calculations in crystals; Figures 1S, 3Sa-e, 5Sb, 8S, 10S, 118,
10 128S.

12 For full reproducibility of the calculations here described, the PIXEL software can be
downloaded free of charge for academic institutions from http://users.unimi.it.gavezzot.

15 Input and output files are available upon request to the author at his e-mail address.

URL.: http://mc.manusclr?-ptcentral.com/tandf/tmph



©CoO~NOUTA,WNPE

Molecular Physics

Table 1. Results from a Cambridge Database survey of X...Y short separations.

contact | n. of structures intermoloecular contacts R< (R°-0.2) A | shortest olgserved
in sample” radius /A contact/structure | distance /A”

Cl..N |[2954 3.34 96 0.03 2.95

Br..N | 1318 3.51 102 0.08 2.72 (2.537)

L.N 417 3.67 70 0.17 2.75

Cl...O | 3699 3.40 318 0.09 2.79

Br..O | 2007 345 364 0.18 2.85

I...O 547 3.61 166 0.30 2.76

a) Molecules with up to 50 atoms in asymmetric unit. b) See Appendix III.
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Table 2. Results for the formation of a dimer between halobenzene donors and several

10 acceptors with linear C-X...Y geometry. PIXEL charge densities: MP2/DGDZVP basis
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12 set.?

donor C6H5—Cl C6H5—Br C6H5—I

18 acceptor R E° Rix R* E° Rix Rex| R E° Ry Rext
19 benzonitrile flat -0.2 3.20|3.60 -1.6 3.10 - 3.34 -7.0 3.00 3.90
20 340 -3.6 3.02 >4
pyridine flat -1.6 3.25 | 3.50 4.2 3.12 4.30 | 3.20 -12.2 2.97 3.60
22 3.20 -13.0 2.94 3.55
24 pentafluoropyridine | - - - 3.62 -2.8 325 - 346 -6.8 3.15 4.13
25 benzoquinone flat -0.8 3.10 | 3.50 -1.8 3.02 - 3.30 -5.8 3.00 4.00
26 flat -1.5 2.90
furan flat -1.5 3.10 | 345 -2.6 3.05 - 3.28 -6.4 2.98 4.20
340 -4.0 295 3.95
30 nitrobenzene (NO;) | no minimum - -

33 a) When two lines appear, the second is for the ab initio result, MP2/6-31G** for Cl and
34 Br, DGDZVP for I. R and E° are the equilibrium X...Y separation in A and the

35 interaction energy in kJ mol'l, Rine and Rey are the X...Y separations that correspond to an
36 increase in energy of RT from E° (Re not given when RT > -E°)
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Table 3. As in Table 1, for perfluorohalobenzenes.

C6F5—C1 C6F5—BI‘ C6F5—I

Req E° Rint Rext Req E° Rint Rext Req E Rint Rext

benzonitrile | 3.42 -5.4 3.05 4.30 |3.25 -8.8 3.03 3.90 | 3.14 -15.5 2.92 3.52

3.18 -17.0 2.95 3.60

pyridine 3.38 -7.2 3.10 4.00 | 3.22 -12.03.003.70 | 3.07 -22.5 2.90 3.37
3.02 -16.02.77 3.27

benzoquinone | 3.30 4.2 295 4.50 | 3.16 -7.0 2.95 3.87 | 3.12 -11.8 2.90 3.55
3.10 -8.7 2.82 3.60

furan 3.30 -42 3.00 4.50 | 3.17 -6.5 295 395 3.12 -11.8 2.90 3.55

3.15 49 282 4.0 3.15 -11.5 2.953.55

nitrobenzene - 3.22 -12.2 2.973.67
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Table 4. Results for the formation of a dimer between 1,4-R-C¢Hs-Br and pyridine with

linear C-Br...N geometry. All charge densities and ab initio calculations at the MP2/6-

©CoO~NOUTA,WNPE

10 31G** level. See also captions to Table 2. .

substituent R E°
15 Hammett o, Mulliken charge on Br

17 R=NH, 057 -0.12 3.37 3.0°
18 3.24 4.1
50 R=OH 038 -0.11 3.32 52
21 3.20 -5.9
22 R=H 0 -0.10 3.34 4.7
23 3.14 6.1
24 R=COOH +044  -0.09 3.31 6.0
3.15 8.5
57 R=CN +0.70  -0.08 3.29 7.2
28 3.16 -10.0
29 R=NO, +0.81  -0.07 3.26 8.6
30 3.06 -10.5

a) First line: PIXEL, second line: ab initio.
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F F
F F

{KUHUR, X=Br, QIHCAL, X=I

Ph

N N

awakisos  NO:

| COOH
’!‘ \Ej/
M Br
e\« I .

XIHFEZ

Table 5. Interaction energies (kJ mol™) in some molecular pairs in organic crystals.

CSD refcode Ecoul |Edisp |Etot | contacttype and X...Y distance (A)
+pol
ACOKEI [27] -11 -19 -15 stack with N=C on top of C-Br
Br-CeFs-C=N -14 -6 -8° Br..N 3.155
ACOKIM [27] -32 -10 -14 L.N 3.117
I-C¢F4-C=N -11 -9 -8 unspecific
IKUHUR [23] -15 -33 -29 parallel pyridyl rings
-11 -29 -20
-8 -25 -18 parallel pyridyl-benzene
-7 -17 -15 parallel fluorobromobenzenes
-47 -15 -10° | Br..N 2.814
QIHCAL [22] -21.1 | L.N 2.811
-19.6 | parallel pyridyl rings
HOFGEO [28] -62 -19 -18 [..N 2.988
4-iodopyridine -10 -18 -11 parallel rings
XUGLEQ [29] -37 -26 -24 C-H...N contact; no I...N contacts
2,6-diiodopyridine
AWAKISOS [31] -34 -31 -50 stacked rings, antiparallel NO, groups
-37 -32 -51
-33 -35 -31 stacked rings, antiparallel C-Br bonds
-37 -39 -36
-34 -31 -8° Br...N 2.952
“ ab initio value could be lower by 5-8 kJ mol ™.
20
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DDF

20 0.5 -

22 : ’ =PBr...N
23 _ —Br...0

26 0 +fto4—r—r—"T+—"TTT T T T T T
27 25 3.5 4.5 5.5

28 R(Br...Y)

33 Figure 1. Normalized distance density functions for the Br...N and Br...O contacts in
34 organic crystals. DDF= 1.0 is equivalent to a random distribution. The vertical axis marks
the sum of standard intermolecular radii.
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DDF

R(H...O)

Figure 2. Normalized distance density function for the hydrogen-bonding H...O separation
in N-H...O=C groups from the same crystal sample as in Figure 1.
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&
C-Br...O angle

27 Figure 3. Angle-distance plot for the C-Br...O contact from the same crystal sample as in
28 Figure 1. The vertical axis marks the sum of standard intermolecular radii.
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Figure 4. Molecular schemes for illustration of the text in Section 3.1. Additional examples
of crystal structures of compounds not forming Br...N bonding: NAPRUS, SAWTUG,
XEYLES, FARHOW, FOBSAR, GEDCOI, GEDCUO, GEDDEZ, OLOGUR, MIFCOT
VEFWAF, WUVYIV, DAYLEV. WOJQOB is like LUKMIN but the donor is
tetraiodoethylene.
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[y
©
Energies, kJ/mol

'20 """’I"lll""l
29 2.5 3 3.5 4

R(Br...N)

34 Figure 5. The nature of the Br...N interaction: polarization energy (squares), dispersion
energy (triangles) and repulsion energy (not shown) are the same in unsubstituted (curve
A, total energy) and 4-nitrosubstituted (curve B, total energy) bromobenzene. The

38 difference in total energy comes from the Coulombic term.
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Figure 6. Angular dependence of the energy components over the Br...N interaction:
bromobenzene-pyridine complex.
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32 80 — % i
33 26 28 3 32 34 36 38 4
34 C-Br...N angle

Figure 7. The angle-distance plot for the C-Br...N contact (as in Figure 3), with
superimposed the PIXEL energy map (curves in steps of 2 kJ mol™) for the bromobenzene-
41 pyridine approach. The dotted lines are for destabilizing energies.
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25 3 35 4 45 2.5 35 45

1...N separation l...O separation

Figure 8. Distance density functions (x10; heavy lines) with superimposed the PIXEL
energy curves (kJ mol) for halo-benzenes (Ar-X), 2-halo-isopropyls (i-Pr-X)and
perfluoro-halobenzenes (F-Ar-X) interacting with several types of oxygen and nitrogen
atoms. The vertical bars mark the sum of standard intermolecular atomic radii.
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12 Figure 9. The closest neighbors in the crystal structure of IKUHURO3. Stacking energies
13 and halogen bond energies are marked: -29, -18 and -15 kJ mol™ are the three stacking
14 energies, -10 kJ mol™ is the halogen-bond energy (see Table 5). Drawing by Schakal.[36]
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