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Two-Dimensional Bricklayer Arrangements of Tolans 
Using Halogen Bonding Interactions  

Fanny Frausto, Zachary C. Smith, Terry E. Haas, and Samuel W. Thomas III*a	
  

	
  

	
  

	
  

	
  

Diphenylacetylene (tolan) derivatives with self-
complementary aryl halides and halogen bond-accepting 
nitriles form 2D bricklayer packing motifs when halogen 
bonding occurs.  When halogen bonding is absent, as 
occurred with fluorinated aryl bromides, the molecules adopt 
other packing motifs.  These results suggest halogen bonding 
is potentially useful for producing rarely observed 2D 
bricklayer motifs in organic semiconductors. 

The	
   intermolecular	
   arrangements	
   of	
   molecules	
   with	
   highly	
  

delocalized,	
   π-­‐conjugated	
   structures	
   are	
   critical	
   to	
   their	
   solid-­‐state	
  

properties	
   and	
   performance	
   as	
   semiconductors.	
   	
   Intermolecular	
  

electronic	
   coupling	
   between	
   molecules	
   in	
   the	
   solid	
   state	
   is	
   key,	
   for	
  

example,	
   to	
   charge-­‐carrier	
  mobility	
   in	
   field-­‐effect	
   transistors	
   as	
   thin	
  

films	
   or	
   single	
   crystals.1,2	
   	
   Edge-­‐face	
   interactions,	
   such	
   as	
   C-­‐H/π	
  

interactions,	
   often	
   lead	
   to	
   herringbone-­‐type	
   arrangements,	
  which	
   in	
  

many	
   cases	
   precludes	
   effective	
   electronic	
   coupling	
   between	
   the	
   π-­‐

systems	
   of	
   individual	
   molecules.	
   	
   Overcoming	
   the	
   tendency	
   for	
  

candidate	
   organic	
   semiconductors	
   to	
   adopt	
   herringbone	
   packing	
  

motifs	
   is	
   therefore	
  an	
   important	
  goal	
   for	
  organic	
  electronics.3	
   	
  There	
  

are	
   few	
   generally	
   applicable	
   strategies,	
   however,	
   for	
   the	
   rational	
  

design	
  of	
  molecules	
  to	
  accomplish	
  this	
  goal.	
  

	
   Trialkylsilylethynyl-­‐substituted	
   pentacenes,	
   heterocyclic	
   analogs	
  

thereof,	
  and	
  structurally	
   related	
  compounds	
  show	
  predictable	
  trends	
  

of	
   herringbone,	
   1-­‐D	
   slipped-­‐stack,	
   and	
   2-­‐D	
   bricklayer	
   packing	
   that	
  

correlate	
   with	
   the	
   size	
   of	
   the	
   trialkylsilyl	
   groups.4-­‐8	
   A	
   number	
   of	
  

studies	
   have	
   demonstrated	
   that	
   organic	
   semiconductors	
   with	
   2-­‐D	
  

bricklayer	
  packing	
  generally	
  yield	
  superior	
  charge	
  carrier	
  mobilities	
  to	
  

those	
   with	
   herringbone	
   or	
   1-­‐D	
   slipped-­‐stack	
   packing.9-­‐13	
   	
   An	
  

alternative	
  approach	
   to	
  overcoming	
  edge-­‐face	
   interactions	
  would	
  be	
  

to	
  design	
  molecules	
  with	
  edge-­‐edge	
  interactions	
  that	
  could	
  compete	
  

with	
  edge-­‐face	
  interactions.	
   	
  Hydrogen	
  bonding	
  is	
  one	
  class	
  of	
  edge-­‐

edge	
   interactions	
   of	
   which	
   there	
   are	
   several	
   examples	
   that	
   yield	
  

intermolecular	
   overlap	
   of	
   π-­‐orbitals	
   of	
   highly	
   conjugated	
   small	
  

molecules.14-­‐18	
  

	
   In	
   comparison	
   to	
   hydrogen	
   bonding,	
   halogen	
   bonding	
   (XB)	
   is	
   a	
  

less	
   often	
   encountered,	
   but	
   increasingly	
   popular,	
   non-­‐covalent	
  

interaction.19-­‐22	
   	
   Halogen	
   bonds	
   are	
   interactions	
   between	
   areas	
   of	
  

negative	
  potential,	
  such	
  as	
  nitrogen-­‐based	
  lone	
  pairs	
  of	
  electrons,	
  and	
  

areas	
   of	
   positive	
   potential	
   on	
   large	
   halogens,	
   most	
   often	
   Br	
   and	
   I,	
  

located	
  directly	
  opposite	
  of	
  the	
  carbon-­‐halogen	
  bond	
  (the	
  σ-­‐hole);	
  the	
  

resulting	
  n-­‐σ*	
  interactions	
  are	
  more	
  highly	
  directional	
  than	
  hydrogen	
  

bonds.23,24	
   	
   XB	
   has	
   been	
   used	
   in	
   a	
   number	
   of	
   functional	
   materials,	
  

including	
   cocrystals	
   and	
   gels.25,26	
   	
   In	
   the	
   class	
   of	
   highly	
   delocalized	
  

organic	
   molecules,	
   reports	
   include	
   self-­‐complementary	
  

diarylethylenes,27-­‐29	
   diarylacetylenes,30	
   phenoxy-­‐boron	
  

subphthalocyanines,31	
  azobenzenes,32	
  and	
  co-­‐crystals	
  of	
  stilbenes	
  and	
  

diiodinated	
  aromatics,33-­‐35	
   as	
  well	
   as	
  a	
  number	
  of	
   studies	
  on	
  halogen	
  

bonding	
   in	
   TTF	
   derivatives.36	
   	
   Recently,	
   multi-­‐point	
   halogen	
   bonds	
  

were	
   discovered	
   in	
   crystals	
   of	
   dihalodiimides,37	
   and	
   weak	
   halogen	
  

bonding	
   was	
   discovered	
   in	
   halogenated	
   N-­‐heterocyclic	
   acenes.38	
  	
  

Herein	
   we	
   describe	
   the	
   dependence	
   of	
   packing	
   motif	
   on	
   chemical	
  

structure	
   of	
   simple	
   models	
   for	
   highly	
   delocalized	
   rigid	
   rods—

diphenylacetylene	
   derivatives—with	
   self-­‐complementary	
   halogen	
  

bonding	
  substituents.	
  

	
   Two	
  observations	
  provided	
   initial	
   inspiration	
   for	
   this	
  work:	
   i)	
   the	
  

crystal	
   structures	
   of	
   p-­‐halobenzonitriles,	
   which	
   comprise	
   close	
  

packed,	
   infinite	
   one	
   dimensional	
   chains	
   of	
   molecules,	
   with	
   N•••X	
  

halogen	
  bonds	
  along	
  the	
  axes	
  of	
  the	
  one	
  dimensional	
  chains,39-­‐41	
  ii)	
  C-­‐

Br	
   and	
   C-­‐I	
   bonds	
   are	
   present	
   in	
   many	
   synthetic	
   intermediates	
   of	
  

conjugated	
   materials	
   because	
   of	
   the	
   prevalence	
   of	
   cross-­‐coupling	
  

reactions	
   in	
   their	
   preparation.	
   	
   We	
   therefore	
   designed	
   a	
   series	
   of	
  

diphenylacetylenes	
   (tolans),	
   with	
   the	
   hypothesis	
   that	
   halogen	
  

bonding	
   between	
   the	
   4	
   and	
   4’	
   positions	
   would	
   yield	
   close-­‐packed,	
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one-­‐dimensional	
   chains.	
   	
   Chart	
   1	
   shows	
   the	
   chemical	
   structures	
   of	
  

diphenylacetylenes	
  1-­‐6,	
  all	
  of	
  which	
  contain	
  benzonitrile	
  rings.	
  	
  Five	
  of	
  

the	
   structures	
   (1-­‐5)	
   have	
   potential	
   halogen	
   bond	
   donating	
  moieties,	
  

from	
   the	
   strongly	
   electropositive	
   tetrafluoroiodide	
   1	
   to	
   the	
   weakly	
  

electropositive	
  non-­‐fluorinated	
  bromide	
  5;	
  control	
  molecule	
  6	
  has	
  no	
  

halogens.	
   	
   Several	
   studies	
   have	
   established	
   hierarchies	
   of	
   halogen	
  

bond	
  donors	
  represented	
  in	
  our	
  molecules	
  as	
  the	
  following:	
  1	
  >	
  3	
  >	
  2	
  >	
  

5.42,43	
   We	
   prepared	
   all	
   compounds	
   with	
   Sonogashira	
   reactions	
  

between	
   either	
   i)	
   4-­‐ethynylbenzonitrile	
   and	
   appropriate	
   aromatic	
  

halides	
   (for	
  1-­‐5)	
   or	
   ii)	
   4-­‐iodobenzonitrile	
   and	
  phenylacetylene	
   (6).	
   	
  A	
  

stoichiometric	
   excess	
   of	
   symmetric	
   dihalide	
   prevented	
   a	
   significant	
  

quantity	
   of	
   the	
   three-­‐ring	
   phenylene-­‐ethynylene	
   byproduct	
   from	
  

forming	
   in	
  the	
  syntheses	
  of	
  1-­‐4.	
   	
  The	
  non-­‐fluorinated	
  tolans	
   (2,44	
  5,45	
  

and	
  646)	
  are	
  known;	
  compounds	
  1,	
  3,	
  and	
  4	
  have	
  not	
  been	
  reported.	
  

  
Chart	
   1.	
   	
   Diphenylacetylene	
   derivatives	
   with	
   self-­‐complementary	
   halogen	
  
bonding	
  moieties	
  (1-­‐5)	
  and	
  a	
  control	
  molecule	
  lacking	
  any	
  halogens	
  (6).	
  

	
   We	
   were	
   successful	
   in	
   growing	
   crystals	
   suitable	
   for	
   X-­‐ray	
  

crystallography	
   of	
   all	
   compounds	
   listed	
   in	
   Chart	
   1.	
   	
   Table	
   1	
  

summarizes	
   some	
   of	
   the	
   key	
   structural	
   parameters	
   obtained	
   from	
  

these	
  crystal	
  structures.	
  	
  Figure	
  1	
  shows	
  the	
  X-­‐ray	
  crystal	
  structure	
  of	
  

non-­‐fluorinated	
   compounds	
   that	
   have	
   self-­‐complementary	
  

benzonitrile	
   and	
   iodine	
   (2)	
   or	
   bromine	
   (5)	
   on	
   opposite	
   ends	
   of	
   the	
  

molecules.	
  Molecules	
  1,	
  2,	
  and	
  5	
  arrange	
  in	
  crystal	
  structures	
  similar	
  to	
  

analogous	
   p-­‐halobenzonitriles:40	
   i)	
   there	
   is	
   clear	
   N•••X	
   halogen	
  

bonding	
  between	
  the	
  Lewis	
  basic	
  nitrile	
  and	
  the	
  Lewis	
  acidic	
  σ-­‐hole	
  of	
  

iodine	
   or	
   bromine	
   as	
   characterized	
   by	
   linear	
   (179-­‐180°)	
   N•••X-­‐C	
  

angles	
  and	
  N•••X	
  distances	
  approximately	
  10–16%	
  less	
  than	
  the	
  sum	
  

of	
   their	
  van	
  der	
  Waals	
   radii	
   (Table	
  1);	
   ii)	
   the	
  halogen	
  bonds	
  between	
  

the	
   termini	
   of	
   molecules	
   yield	
   infinite	
   one-­‐dimensional	
   chains	
   of	
  

molecules	
  in	
  the	
  direction	
  of	
  their	
   long	
  axes;	
  and	
  iii)	
  the	
  linear	
  chains	
  

pack	
   into	
   two-­‐dimensional	
   arrays.	
   	
  The	
   conjugated	
  backbone	
  of	
  1,	
  2	
  

and	
   5	
   are	
   somewhat	
   twisted,	
   with	
   19-­‐22°	
   torsional	
   angles	
   between	
  

the	
  two	
  rings	
  in	
  both	
  structures.	
  	
  Unlike	
  p-­‐iodobenzonitrile,	
  there	
  is	
  no	
  

“roll”—displacement	
  between	
  chains	
  in	
  these	
  arrays	
  along	
  their	
  short	
  

axes—in	
  the	
  structures	
  of	
  2	
  or	
  5.	
  	
  In	
  addition,	
  the	
  lengths	
  of	
  the	
  tolans	
  

enables	
  each	
  molecule	
  to	
  participate	
  in	
  cofacial	
  interactions	
  with	
  four	
  

other	
  molecules,	
  two	
  from	
  each	
  adjacent	
  one-­‐dimensional	
  chain,	
  with	
  

minimal	
   inter-­‐chain	
   C•••C	
   distances	
   of	
   3.43	
   Å	
   (2)	
   and	
   3.34	
   Å	
   (5)	
  

between	
   rings	
   rotated	
   towards	
   each	
   other.	
   	
   With	
   the	
   exception	
   of	
  

compound	
   2,	
   which	
   shows	
   several	
   extra	
   peaks	
   in	
   its	
   powder	
  

diffractogram,	
   there	
   is	
   good	
   agreement	
   between	
   the	
   X-­‐ray	
   powder	
  

diffractograms	
   calculated	
   from	
   the	
   single	
   crystal	
   structures	
   of	
   1,	
   2,	
  

and	
  5	
  and	
  those	
  that	
  were	
  measured	
  experimentally	
  (ESI).	
  

Table 1. Relevant Crystallographic and Theoretical Parameters of 1-5 

  
XB? 

dN•••X 
(Å) 

dN•••X 

/Σrvdw 
Vmax 

(I, Br) 
Vmax 

(ArX face) 
1 Yes 2.97 0.84 100. 58.5 
2 Yes 3.16 0.90 60.6 -11.1 
3 No - - 83.5 62.5 
4 No - - 62.7 30.4 
5 Yes 3.07 0.90 43.3 -8.6 

 All potentials given in kJ/mol 

The	
  resultant	
  structures	
  are	
  two-­‐dimensional	
  bricklayer	
  arrangements	
  

of	
  molecules,	
  which	
  are	
  uncommon	
  for	
  conjugated	
  molecules,	
  but	
  are	
  

reported	
   to	
   be	
   advantageous	
   for	
   charge	
   transport	
   in	
   organic	
   field	
  

effect	
   transistors	
   in	
   some	
   circumstances.	
   	
   Additional	
   non-­‐covalent	
  

interactions	
  of	
  the	
  halogen	
  atoms	
  exist	
  between	
  2D	
  brickwall	
  arrays,	
  

in	
   these	
   cases	
   between	
   their	
   negatively	
   charged	
   areas	
   (C-­‐X•••H	
  

angles	
  =	
  84°-­‐87°)	
  and	
  the	
  edges	
  of	
  aromatic	
  rings	
  (dI-­‐H	
  =	
  3.07	
  Å	
  in	
  2,	
  dBr-­‐

H	
   =	
   2.92	
  Å	
   in	
  5).	
   	
   Compound	
  1,	
   an	
   analog	
  of	
  2	
   that	
  has	
   four	
   fluorine	
  

atoms	
   on	
   the	
   iodoarene	
   instead	
   of	
   four	
   hydrogen	
   atoms,	
   shows	
   a	
  

similar	
  packing	
  motif	
  to	
  2	
  and	
  5:	
  1-­‐D	
  chains	
  along	
  the	
  long	
  molecular	
  

axis	
   that	
   also	
   contain	
   the	
   halogen	
   bond	
   axis,	
   packed	
   into	
   2-­‐D	
  

bricklayers.	
   	
   In	
   comparison	
   to	
   2,	
   a	
   smaller	
   N•••I	
   distance	
   (2.955	
   Å)	
  

along	
   the	
   chains	
   is	
   consistent	
   with	
   a	
   stronger	
   halogen	
   bond	
   of	
   the	
  

more	
   electropositive	
   tetrafluoroiodide,	
   while	
   a	
   smaller	
   minimal	
   C-­‐C	
  

distance	
   between	
   chains	
   in	
   each	
   bricklayer	
   stack	
   (3.37	
   Å)	
   reflects	
  

strong	
  cofacial	
  interactions	
  between	
  arenes	
  and	
  fluorinated	
  arenes.	
  	
  In	
  

addition,	
   the	
   crystal	
   structure	
  of	
  5	
   shows	
  evidence	
  of	
   some	
  disorder	
  

with	
   respect	
   to	
   the	
   direction	
   of	
   packing	
   of	
   chains	
   (parallel	
   or	
  

antiparallel),	
   as	
   inversion	
   twinning	
   occurs	
   in	
   its	
   structure.	
   	
   Although	
  

the	
   carbon-­‐nitrogen	
   bond	
   length	
   of	
   the	
   nitrile	
   of	
   2	
   is	
   significantly	
  

shorter	
   than	
   expected	
   (1.026	
   Å),	
   we	
   note	
   no	
   other	
   crystallographic	
  

evidence	
  for	
  disorder	
  in	
  this	
  structure.40	
   	
  Not	
  surprisingly,	
  molecule	
  6	
  

does	
   not	
   crystallize	
   into	
   a	
   2D	
   bricklayer	
   packing	
   motif;	
   edge-­‐face	
  

interactions	
   dominate	
   its	
   herringbone	
   packing.	
   	
   In	
   addition,	
   the	
  

experimentally	
   determined	
   powder	
   X-­‐ray	
   diffractogram	
   of	
   6	
   shows	
  

excellent	
   agreement	
   with	
   that	
   calculated	
   from	
   the	
   single-­‐crystal	
  

structure.	
  

  Single	
  crystal	
  structures	
  3	
  or	
  4	
  do	
  not	
  show	
  N•••Br	
  halogen	
  bonding;	
  

each	
  of	
  these	
  molecules	
  have	
  multiple	
  fluorine	
  atoms	
  on	
  the	
  

bromoaromatic	
  rings,	
  which	
  we	
  prepared	
  with	
  the	
  hypothesis	
  that	
  the	
  

more	
  positive	
  σ-­‐hole	
  on	
  Br	
  would	
  lead	
  to	
  stronger	
  observed	
  halogen	
  

bonding	
  than	
  in	
  5,	
  as	
  we	
  observed	
  in	
  the	
  comparison	
  of	
  1	
  and	
  2.	
  	
  In	
  

contrast,	
  the	
  bromine	
  atoms	
  in	
  the	
  crystal	
  structure	
  of	
  3	
  do	
  not	
  

interact	
  with	
  the	
  nitrile	
  group,	
  which	
  instead	
  participates	
  in	
  σ-­‐π*	
  

interactions	
  with	
  electropositive	
  carbon	
  atoms	
  on	
  fluorinated	
  rings	
  of	
  

nearby	
  molecules;	
  these	
  edge-­‐face	
  interactions	
  preclude	
  the	
  

formation	
  of	
  2D	
  bricklayers.	
  	
  Electrostatically	
  favorable	
  contacts	
  of	
  

the	
  bromine	
  atoms	
  of	
  3	
  also	
  involve	
  the	
  tetrafluorinated	
  ring,	
  with	
  

bromine	
  interacting	
  with	
  i)	
  electronegative	
  fluorine	
  atoms	
  (d	
  =	
  3.09,	
  

3.14	
  Å,	
  θ	
  =	
  143°,	
  145°)47	
  and	
  ii)	
  electropositive	
  carbon	
  atoms	
  (d	
  =	
  3.46-­‐

3.50	
  Å,	
  θ=82°-­‐105°).	
  	
  

	
   Powder	
  X-­‐ray	
  diffraction	
  analysis	
  of	
  3	
  shows	
  clear	
  polymorphism,	
  

as	
  the	
  experimental	
  powder	
  diffractogram	
  is	
  different	
  from	
  that	
  

calculated	
  from	
  single	
  crystal	
  structure	
  of	
  3	
  (ESI).	
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Figure	
   1.	
   	
   X-­‐ray	
   crystal	
   structures	
   of	
   compounds	
   2	
   and	
   5,	
   with	
   thermal	
   ellipsoids	
   shown	
   at	
   50%	
   probability.	
   	
   Left:	
   The	
   2-­‐D	
   brickwork	
   structure	
   of	
   each	
   in	
   the	
  
crystallographic	
  bc	
  plane;	
  Right:	
  Viewed	
  along	
  the	
  crystallographic	
  c	
  axis,	
  with	
  hydrogen	
  atoms	
  omitted.	
  

Figure	
  2.	
  Packing	
  of	
  3	
  in	
  a	
  single	
  crystal,	
  viewed	
  along	
  the	
  crystallographic	
  a	
  axis,	
  
with	
   hydrogen	
   atoms	
   omitted	
   for	
   clarity	
   and	
  with	
   thermal	
   ellipsoids	
   shown	
   at	
  
50%	
   probability.	
   	
   Edge-­‐face	
   interactions	
   between	
   the	
   nitrogen	
   of	
   the	
   nitrile	
  
group	
   and	
   the	
   electron-­‐poor	
   face	
   of	
   the	
   fluorinated	
   arene	
   contribute	
   to	
  
herringbone-­‐like	
  packing.	
  

We	
   interpret	
   these	
   different	
   diffractograms	
   to	
   be	
   indicative	
   of	
  

polymorphism	
  of	
  3,	
  highlighting	
  a	
  delicate	
  balance	
  between	
  different	
  

non-­‐covalent	
   interactions.	
   	
   Although	
   an	
   effort	
   to	
   reduce	
   the	
  

electropositive	
  nature	
  of	
   the	
   face	
  of	
   the	
   tetrafluorinated	
   ring	
  of	
  3	
  by	
  

preparing	
  difluorinated	
  4	
  did	
  result	
  in	
  the	
  absence	
  of	
  significant	
  edge-­‐

face	
  interactions	
  and	
  the	
  long	
  axes	
  of	
  all	
  the	
  molecules	
  pointing	
  along	
  

the	
   same	
   direction,	
   the	
   bromine	
   atoms	
   of	
   4	
   showed	
   no	
   significant	
  

short	
   contacts.	
   	
   Instead,	
   each	
   nitrile	
   of	
   4	
   participates	
   in	
   hydrogen	
  

bonds	
  with	
  two	
  C-­‐H	
  bonds,48	
  which	
  together	
  with	
  cofacial	
  interactions	
  

between	
   the	
   fluorinated	
   and	
   non-­‐fluorinated	
   rings	
   yielded	
   a	
   1-­‐D	
  

slipped-­‐stack	
  arrangement.	
  	
  

	
   To	
   help	
   us	
   understand	
   structure-­‐property	
   relationships,	
   we	
  

calculated	
   the	
   molecular	
   electrostatic	
   potential	
   surfaces	
   of	
   all	
  

molecules,	
   using	
   crystallographically-­‐determined	
   geometries,	
   at	
   the	
  

DFT	
  level.	
   	
  In	
  all	
  cases,	
  the	
  potentials	
  on	
  the	
  end	
  of	
  the	
  nitrile	
  groups	
  

are	
  strongly	
  negative.	
  	
  The	
  trend	
  in	
  maximum	
  positive	
  electrostatic	
  	
  	
  

potential	
   at	
   the	
   iodine	
  or	
  bromine	
   (see	
  Table	
   1)	
   for	
  1-­‐5	
  matches	
   the	
  

trend	
  reported	
  for	
  similarly	
  substituted	
  compounds:42,43	
   i)	
   fluorinated	
  

arenes	
   having	
   more	
   positive	
   σ-­‐holes	
   on	
   I	
   or	
   Br	
   than	
   those	
   without	
  

fluorine	
  atoms,	
  ii)	
  iodides	
  have	
  more	
  positive	
  σ-­‐holes	
  than	
  	
  

Figure	
   3.	
   DFT	
   calculated	
   electrostatic	
   potential	
   maps	
   of	
   1–5,	
   using	
  
crystallographically	
   determined	
   geometries	
   and	
   the	
   B3LYP/6-­‐311+G(d,p)	
   basis	
  
set.	
  	
  Iodine	
  was	
  treated	
  with	
  the	
  B3LYP/DGDZVP	
  basis	
  set.	
  	
  Scale	
  bar	
  is	
  in	
  kJ/mol.	
  

analogously	
   substituted	
   bromides,	
   and	
   iii)	
   tetrafluorinated	
   aryl	
  

bromides	
  have	
  more	
  electropositive	
  σ-­‐holes	
  than	
  non-­‐fluorinated	
  aryl	
  

iodides.	
   	
   Although	
   fluorination	
   does	
   indeed	
   increase	
   the	
   positive	
  

potential	
   of	
   the	
  σ-­‐holes	
   of	
  1,	
  3,	
   and	
  4,	
   it	
   also	
   increases	
   the	
   positive	
  

potential	
  at	
  other	
  locations	
  on	
  the	
  molecular	
  surface,	
  particularly	
  the	
  

face	
  of	
  the	
  haloarene,	
  but	
  also	
  on	
  the	
  hydrogen	
  atoms	
  on	
  the	
  edges	
  of	
  

both	
  rings.	
  	
  These	
  other	
  areas	
  of	
  positive	
  potential	
  are	
  not	
  sufficiently	
  

charged	
  to	
  compete	
  with	
  N•••I	
  halogen	
  bonding,	
  as	
  evidenced	
  by	
  the	
  

crystal	
   structure	
  of	
  1;	
   they	
  do	
  disrupt,	
   however,	
   the	
  N•••Br	
  halogen	
  

bonding	
  present	
  in	
  non-­‐fluorinated	
  bromide	
  5,	
  yielding	
  instead	
  edge-­‐
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face	
  (3)	
  and	
  other	
  edge-­‐edge	
  (4)	
  interactions	
  of	
  the	
  nitriles	
  in	
  spite	
  of	
  

the	
  deeper	
  σ-­‐holes	
  (by	
  20–30	
  kJ/mol)	
  on	
  Br	
  of	
  single	
  crystals	
  of	
  these	
  

compounds.	
   	
   Therefore,	
   considering	
   the	
   nitrile	
   and	
  σ-­‐holes	
   of	
   these	
  

compounds	
  as	
  point	
  charges	
  with	
  magnitude	
  equal	
  to	
  their	
  calculated	
  

maximum	
  charge	
  does	
  not	
  sufficiently	
  predict	
  the	
  relative	
  behavior	
  of	
  

3,	
  4,	
   and	
   5—i.e.,	
   that	
   single	
   crystals	
   of	
   3	
   or	
  4	
  do	
   not	
   show	
   halogen	
  

bonding	
  while	
  5	
  does,	
  This	
  observation	
  highlights	
   that	
  more	
  positive	
  

σ-­‐holes	
  do	
  not	
  necessarily	
  favor	
  the	
  observation	
  of	
  halogen	
  bonding.	
  

 We	
   draw	
   two	
   primary	
   conclusions	
   from	
   this	
   work:	
   i)	
   all	
  

benzonitrile-­‐based	
   diphenylacetylene	
  molecules	
   that	
   showed	
   N•••X	
  

halogen	
  bonding	
  (1,	
  2,	
  and	
  5)	
  between	
  their	
  long-­‐axis	
  termini	
  showed	
  

2-­‐D	
   brickwork	
   packing	
   motifs,	
   while	
   those	
   molecules	
   that	
   did	
   not	
  

show	
   this	
   interaction	
   adopted	
   other	
   packing	
   motifs;	
   ii)	
   while	
  

increasing	
   the	
   positive	
   potential	
   of	
   the	
   σ-­‐hole	
   of	
   the	
   aryl	
   iodide	
  

through	
  fluorination	
  led	
  to	
  a	
  shorter	
  N•••I	
  halogen	
  bond,	
  fluorination	
  

actually	
  disrupted	
  N•••Br	
  halogen	
  bonding	
  by	
  creating	
  other	
  sites	
  of	
  

positive	
   potential	
   that	
   interact	
   with	
   the	
   Lewis	
   basic	
   nitrile.	
   	
   More	
  

broadly,	
   halogen	
   bonding	
   therefore	
   presents	
   an	
   opportunity	
   to	
  

discover	
   other	
   organic	
   semiconductors	
   that	
   adopt	
   2-­‐D	
   brickwork	
  

structures	
  in	
  the	
  solid	
  state.	
   	
  Such	
  packing	
  motifs,	
  although	
  reported	
  

in	
   some	
   instances	
   to	
   be	
   highly	
   beneficial	
   to	
   semiconducting	
  

properties,	
   are	
   rare	
   in	
   the	
   field	
   of	
   organic	
   semiconductors,	
   as	
   their	
  

rational	
   design	
   is	
   currently	
   possible	
   only	
   in	
   narrowly	
   defined	
   cases.	
  	
  

This	
   work	
   also	
   highlights	
   how	
   the	
   delicate	
   balance	
   of	
   non-­‐covalent	
  

interactions	
   can	
   change	
   resulting	
   arrangement	
   of	
   molecules	
   in	
   a	
  

crystal	
  dramatically.	
  

	
   The	
  authors	
   thank	
   the	
  U.S.	
  Department	
  of	
  Education,	
   through	
  a	
  

GAANN	
   fellowship	
   (F.F.),	
   and	
   Tufts	
   University	
   for	
   supporting	
   this	
  

research.	
   	
   We	
   also	
   thank	
   Dr.	
   Peter	
   Müller	
   (MIT)	
   for	
   assistance	
   with	
  

powder	
  diffraction	
  experiments	
  and	
  refinement	
  strategies.	
  

	
  

Notes and References 
 
a Department of Chemistry, Tufts University, Medford, MA 02155 USA; 
Email: sam.thomas@tufts.edu; Tel: 1-617-627-3771 
 
Electronic Supplementary Information (ESI) available: complete 
synthetic and crystallographic details.  See DOI: 10.1039/c000000x/ 
 
1. H. Li, G. Giri, J. B. H. Tok and Z. Bao, MRS Bull., 2013, 38, 34-42. 
2. J. Mei, Y. Diao, A. L. Appleton, L. Fang and Z. Bao, J. Am. Chem. Soc., 

2013, 135, 6724-6746. 
3. J. E. Anthony, Chem. Rev., 2006, 106, 5028-5048. 
4. B. D. Lindner, J. U. Engelhart, O. Tverskoy, A. L. Appleton, F. 

Rominger, A. Peters, H. J. Himmel and U. H. F. Bunz, Angew. Chem. 
Int. Ed., 2011, 50, 8588-8591. 

5. J. E. Anthony, J. S. Brooks, D. L. Eaton and S. R. Parkin, J. Am. Chem. 
Soc., 2001, 123, 9482-9483. 

6. S. Miao, A. L. Appleton, N. Berger, S. Barlow, S. R. Marder, K. I. 
Hardcastle and U. H. F. Bunz, Chem. Eur. J., 2009, 15, 4990-4993. 

7. J. E. Anthony, D. L. Eaton and S. R. Parkin, Org. Lett., 2002, 4, 15-18. 
8. L. Zhang, A. Fonari, Y. Zhang, G. Y. Zhao, V. Coropceanu, W. P. Hu, S. 

Parkin, J. L. Bredas and A. L. Briseno, Chem. Eur. J., 2013, 19, 17907-
17916. 

9. M. Gsanger, J. H. Oh, M. Konemann, H. W. Hoffken, A. M. Krause, Z. 
N. Bao and F. Wurthner, Angew. Chem. Int. Ed., 2010, 49, 740-743. 

10. A. Facchetti, M.-H. Yoon, C. L. Stern, H. E. Katz and T. J. Marks, 
Angew. Chem. Int. Ed., 2003, 42, 3900-3903. 

11. J. H. Park, D. H. Lee, H. Kong, M. J. Park, I. H. Jung, C. E. Park and H. 
K. Shim, Org. Electron., 2010, 11, 820-830. 

12. O. Ostroverkhova, D. G. Cooke, F. A. Hegmann, R. R. Tykwinski, S. R. 
Parkin and J. E. Anthony, Appl. Phys. Lett., 2006, 89. 

13. S. Ando, R. Murakami, J.-i. Nishida, H. Tada, Y. Inoue, S. Tokito and Y. 
Yamashita, J. Am. Chem. Soc., 2005, 127, 14996-14997. 

14. Z. He, D. Liu, R. Mao, Q. Tang and Q. Miao, Org. Lett., 2012, 14, 1050-
1053. 

15. K. E. Maly, Cryst. Growth Des., 2011, 11, 5628-5633. 
16. M.-X. Zhang and G.-J. Zhao, ChemSusChem, 2012, 5, 879-887. 
17. H. T. Black and D. F. Perepichka, Angew. Chem. Int. Ed., 2014, 53, 

2138-2142. 
18. A. N. Sokolov, T. Friščić and L. R. MacGillivray, J. Am. Chem. Soc., 

2006, 128, 2806-2807. 
19. P. Metrangolo and G. Resnati, Science, 2008, 321, 918-919. 
20. T. M. Beale, M. G. Chudzinski, M. G. Sarwar and M. S. Taylor, Chem. 

Soc. Rev., 2013, 42, 1667-1680. 
21. P. Metrangolo, H. Neukirch, T. Pilati and G. Resnati, Acc. Chem. Res., 

2005, 38, 386-395. 
22. A. Mukherjee, S. Tothadi and G. R. Desiraju, Acc. Chem. Res., 2014, 47, 

2514-2524. 
23. P. Metrangolo, F. Meyer, T. Pilati, G. Resnati and G. Terraneo, Angew. 

Chem. Int. Ed., 2008, 47, 6114-6127. 
24. P. Politzer, J. S. Murray and T. Clark, Phys. Chem. Chem. Phys., 2010, 

12, 7748. 
25. P. Metrangolo, G. Resnati, T. Pilati, R. Liantonio and F. Meyer, J. 

Polym. Sci. A Polym. Chem., 2006, 45, 1-15. 
26. L. Meazza, J. A. Foster, K. Fucke, P. Metrangolo, G. Resnati and J. W. 

Steed, Nature Chem., 2012, 5, 42-47. 
27. A. C. B. Lucassen, M. Vartanian, G. Leitus and M. E. Van Der Boom, 

Cryst. Growth Des., 2005, 5, 1671-1673. 
28. E. Cariati, G. Cavallo, A. Forni, G. Leem, P. Metrangolo, F. Meyer, T. 

Pilati, G. Resnati, S. Righetto, G. Terraneo and E. Tordin, Cryst. Growth 
Des., 2011, 11, 5642-5648. 

29. E. Cariati, A. Forni, S. Biella, P. Metrangolo, F. Meyer, G. Resnati, S. 
Righetto, E. Tordin and R. Ugo, Chem. Commun., 2007, 2590-2592. 

30. T. Shirman, J.-F. Lamere, L. J. W. Shimon, T. Gupta, J. M. L. Martin 
and M. E. Van Der Boom, Cryst. Growth Des., 2008, 8, 3066-3072. 

31. J. D. Virdo, Y. H. Kawar, A. J. Lough and T. P. Bender, CrystEngComm, 
2013, 15, 3187-3199. 

32. O. S. Bushuyev, D. Tan, C. J. Barrett and T. Friscic, CrystEngComm, 
2015, 17, 73-80. 

33. M. Baldrighi, P. Metrangolo, F. Meyer, T. Pilati, D. Proserpio, G. 
Resnati and G. Terraneo, J. Fluorine Chem., 2010, 131, 1218-1224. 

34. D. W. Bruce, P. Metrangolo, F. Meyer, C. Präsang, G. Resnati, G. 
Terraneo and A. C. Whitwood, New J. Chem., 2008, 32, 477. 

35. A. De Santis, A. Forni, R. Liantonio, P. Metrangolo, T. Pilati and G. 
Resnati, Chem. Eur. J., 2003, 9, 3974-3983. 

36. M. Fourmigué and P. Batail, Chem. Rev., 2004, 104, 5379-5418. 
37. D. Cao, M. Hong, A. K. Blackburn, Z. Liu, J. M. Holcroft and J. F. 

Stoddart, Chem. Sci., 2014, 5, 4242-4248. 
38. M. Porz, F. Rominger and U. H. F. Bunz, Cryst. Growth Des., 2014. 
39. D. Britton and W. B. Gleason, Acta Cryst. C, 1991, 1-5. 
40. G. R. Desiraju and R. L. Harlow, J. Am. Chem. Soc., 1989, 111, 6757-

6764. 
41. E. O. Schlemper and D. Britton, Acta Cryst., 1965, 1-6. 
42. C. B. Aakeröy, M. Baldrighi, J. Desper, P. Metrangolo and G. Resnati, 

Chem. Eur. J., 2013, 19, 16240-16247. 
43. C. B. Aakeröy, T. K. Wijethunga and J. Desper, J. Molec. Struct., 2014, 

1072, 20-27. 
44. M. J. Piao, K. Chajara, S. J. Yoon, H. M. Kim, S. J. Jeon, T. H. Kim, K. 

Song, I. Asselberghs, A. Persoons, K. Clays and B. R. Cho, J. Mater. 
Chem., 2006, 16, 2273-2281. 

45. J.-K. Fang, D.-L. An, K. Wakamatsu, T. Ishikawa, T. Iwanaga, S. 
Toyota, S.-i. Akita, D. Matsuo, A. Orita and J. Otera, Tetrahedron, 2010, 
66, 5479-5485. 

46. T. Schabel, C. Belger and B. Plietker, Org. Lett., 2013, 15, 2858-2861. 
47. D. Hauchecorne and W. A. Herrebout, J. Phys. Chem. A, 2013, 117, 

11548-11557. 
48. D. S. Reddy, K. Panneerselvam, G. R. Desiraju, H. L. Carrell and C. J. 

Carrell, Acta Cryst. C, 1995, 51, 2352-2354. 

 

Page 4 of 4ChemComm


