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ABSTRACT: A quantitativassessmeoft the substituerttybridizatioand s 3y

crystal-packing effecthe electronstructurand vibration@aopertiast >3 ﬁ 3

halogen bonded systegesented@hrough acombined experimeatal S ;
theoreticapproach employing Raman spect¥sagpgrystallograpimg, e, e, 2

density functional theory, a series of solid-state iodobenzene and iodoethynyl
derivativesbstituted with electron withdrawind-gsougs$s),, -Fs, and .
-(NG,),) andtheircomplexewith two pyridine-basedildingolocksare
characteriz8tructurahalysigia X-ray crystallography and density fu¢egona
theory computations suggests that these 1:1 molecular assemblies\gre
by halogen bondirgyt also byotherenergeticattgmpetitivencovalent ®o.:8i

interactiossich as n-stacKlimg. magnitudetioé o-hole localized around the {55 500 250 300

C—I bond in the isolated halogen bond (XB) donors and the interaction strength dhift (cm)

the complexasambiguously depend on the nathieesabstituentsthe

donors and the hybridizatioe cfirbon atom in the C—I Homavethe vibratio@at! stretching frequency in the
halogen bond donors and/or the change in that frequency accompanying XB formation are not solely controllec
effects, but also by the coupling between the C—I stretch and other modes associated with the substituents on
presence of various energetically competitive non-XB contacts in the solid cocrystals. In turn, this study highlig
of conducting a comprehensive electronic and structural analysis of not only the halogen bond but also other ir
in the surrounding solid-state environment.

only driven

RODUCTION of hydrogen bona?tt}g:hough here the term “XB” concerns
Researcin crystabngineerirand materiadciencéas the intermolecular interaction of the o-hole of a XB donor ar

revealed thabncovalentteractiopday cruciablesin 2 XB acceptor (e.g., type-1 XB), the occurrence of a second t
controlling the nanoscale architettilzedso enhancing of XB is also possible through the intermolecular interaction
bulk propertiés® Whereasiydrogemondinghasbeen  that o-hole and the electronegativenbéfiteoiXB donor
extensivesyudied in théiteraturéhe risingalternative- (€-9-type-ll XB).The strength of a XB interaction depends

halogerbondings lesscommonlgiscussedespitats on the electropositive region associated with the o-hole and
applicatioits varioushemic#ields 12such asnedicinal Pe tuned via modificatichehalogen atom itsethe

chemisti7 15and organisynthesil’A halogen bond donor substitudritst iss the halogen atom becomes more

(XB) is classified @asnoncovaleitteraction between anPolarizabl¢ > Br > Cl > F) and/orthe XB donor
electrophilic region on a halogen atom (X) and a nucdpHitieertiecome more electron withdraleénmrhole
region on a Lewis basgically in the formaafitrogen, 'becomels mosr%SeIectroposmve, typically resulting in strongel
oxygemyr sulfur atofhin this casthe halogen-containindnteractiofis?®> o

molecule is referred to as the XBhilertdre Lewis base is With increasingnterestsn this tunablenoncovalent
the XB acceptdfhe anisotropiedistribution efectron  interactionresearcthas beenfocusedon quantitative
density as the C—X bond forms results in a localized FéglgH@#@sed to accuratalyaracterix® interactions
positive electrostatic potESBathats aligned with the involvingthe o-hol€®~>* Amongthose,spectroscopic
C—X covalent bond (i.e., the'&=Rbte a belt-like regior@nalysesavimfrared (IR)Ramanand nucleamagnetic
ofnegative ESP that is found ortliodbeal—X boRd. resonance (NMR) spectroscopyohave been thieehost
As suchfhe emergenceaorf electropositive o-hole affords

nearly collinear intermolecular interactions that are therenedymarch 12018

namically stawigh interaction energies comparable torthdiseedMarch 3@018
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adopted because they are sensitive enough to detectwsigalsburbtained using IR specthosimopkination with X-ray

of XB formatiti?~Btudies employing these spectroséifffizctiothe presence of XB interactions between the acceptors an
techniques typically correlate either Vilerdtier@X  donorswvasconfirmed summary dfhe melting poirgnd IR .
stretchingrodes)or chemicashiftsassociataslith XB spectroscoplc resu[ts can be found in the _Supportlng Information.
formation to the magnitude of the o-hole and thus the. E%Hgttrhes obttaén.edtﬁrorln&%aﬁ Weslare '”t9°°t(?' agregrge?t
ofthe interactféri8—“Although these procedures do sefyg. - oo 'SPOed In the investigation anad data

L . - : ection were conducted using a Bruker Kappa diffractometer wit
asusefutoolsfor describing and estimating the interacfjgny, (A = 0.71073 A) radiaBeflections were indexed by an

strength ofBs,they are typically adopted when studyiggtgmated indexing routinie budtAPEXII program site.
systematic seofXB dimershatare notinfluenced by a dataanalyseserecarried ouin Olex2 version 1%usingthe
complex environmenlike those seen in XB cocr§stals.program SHELXTL and in Discovery Studio Visualibe2016.
Fundamental analyses of XB driven assemblies suggéstitbgértlacomere refined with anisotropic thparaaieters,
impactof additionafactorssuchas the environment while hydrogen atoms were introdatadaed positions based
surroundingB, can lead to moreomplicated behaviorson their carrier/paegeLrystatiata and structure refinement
Metrangolo and co-workers provided some eénhoinsi?@[amet?ff@r all XB complexesrereported in th&upporting
thisissue when they detected an unexpected high-fr t?éftﬁb?j'omhe CCDC numbersor the singlecrystak-ray

chemicahiftupon XB formation from the solidSkate Structuresf eachcocrystadre as follows:1590272,590273,
. . 159026459026%59027459027359027@502491502498,
NMR spectrum whilattemptinp evaluatéhe donor 1502498nd 1502500.

hierarchyhich they attributed to some unidentified no _ _ .
interactioNsWe havealso observedimilaranomalous mrgnocﬁ?rl]i?g@'&gﬁ?;g;gﬁ;#ﬂfgsil\iz_1?5271('2% 3’2‘0”'
behavidn a previoumvestigation into the electronic and 475(2) &= 14.470(3BA 108.05(3)°= 1919.1(A A=
spectroscopic properties of solution-phase XBs in the4foran1@00 K(CuKa) = 14.470 by, = 1.804 gRml718
downfield shiftthe!*T NMR spectrum afXB complex reflections measured (7.648° < 26 < B30.54bigue (R
between pyrimidine and pentafluorobenzene bromid@.0Ai® m~ 0.0357) which were usechioudétiofife final
was suggested to stem from secondary interactions iM(p’@.E;éUO@}% (I'> 20(l)) anavaR0.0731 @ta). o
the surrounding médilea separate studyshowed that al\lc%)zgﬁgpquzchd:dl%)ogsz (I;I ;28(327)%4 gémgogilc?g?%mlc,
the presence miimerousnergetically competitive non- uby 47ha = . = =
intermolecular interactions in solid-state XB cocrysta %?J%ﬁé = 91.01(3)= 1952.0(9) & = 4T = 100.0 K,
e

. | a) = 15.182 minD,, = 1.828 g/dnl0920 reflections
in complex crygiatking patterns and therefore affect red (4.214° < 26 < 136.3683)unique,(R= 0.0547,

(

properties of XB interactions in those 4ssemblies. o ; ; ; :

Despiteche numbeof unusuathemicahiftsand/or 5?8@5520('.0382?(Y)V)h;%hqﬁeoﬁea%afﬂncﬁgf’.m findh wes
vibrationabmplexation shifts associated with XB formai@npyrTrC; HoFINOS (M = 521.25 g/molprthorhombic,
reported in the literdimitde best ofir knowledgleere  space groupZ2 (No.19)a = 5.8783(2bks 7.6445(2x A
hasnot been angtudythatinterrogatélseinfluencef 39.6751(13)\A= 1782.87(19 A= 4T = 180.45KMo Ka)
competitive non-XB intermolecular interactions on the ¥iB73-mhD.,= 1.9418 g/22280 reflections measured (4.1°
tionaproperties of XBsat prompted us to probe not orfy26 = 55.763R48 uniquenR 0.023Bigms= 0.0197) which
the substituent and hybridization effects but also theWﬁﬁf)a'éﬁq%)f28*3()||£tlgl)J|3herfmal was 0.0165 (I = 2u(l)) and
other concurrent non-XB contacts on the molecular p . -
of XB interactiona the solid stateSinglecrystaK-ray ﬁ?ﬁy% C1f9F5'NSi§N;;4g3Z'3Az g/Tgmsoz_;”gosc"zn'ipacf 13.2832(4
structurahalyses provided insights into the packing %%r%gi 09o.2 i,(a o oo (4)A, b=5. (2) A, c=13. (4

L qlbXR

of cocrystals as well as the geometrical parameters D@t!f{;ﬁggﬁ%ﬁg Teéggééigésﬂ(gg Ka)

npn-XB i.nteracltiome to its low IR intenSitM.n the (3.24° = 26 = 54.2°041 UniqUQnQR= 0-03569igma= 0.0296)
fingerprint regions (100—59@h&C—1 stretching modeghich were used inalculatiofe finaR, was0.0210 (&
associatedith XB interactionsveredetectedia high 2u(l)) and wRvas 0.0469 tata).

resolution Raman spectrod¢8py. Electronistructure (NQ),BAI-PYrTF. C,H14N5OsS (M = 545.30 g/molimono-

theory computations were performed to explore the abhimepdice groyp AR. 14), a = 19.084(4) A, b = 30.968(6) A, ¢
the o-hole on the iodine atoth@XB donogid in the = 14.021(3)f= 94.66(3y°= 8259(3},X = 16[ = 100.0 K,
assignment of the C—1 stretching mode from the expeffra&mtal 13.485 minDe, = 1.754 g/cin70152 reflections

Raman spectaad determine the energetics pdirwise Measured (4.646° < 26 < 13619183, uniqueq(R 0.0697,
contactsry):)resent in each cocrystal. 9 jod Rsigm& 0.0511) which were usedaicwhttioi$ie findt, was

0.0486 (I > 20(l)) and wds 0.1176 (Hta).

(NQ)LBAI-PysI® C,H1dN5O,S, (M = 561.36 g/mdiiclinic,
1PERIMENTAL AND COMPUTATIONAL space 2group.:f‘l‘lo. 22)1,5:\L =38.43335(4) B.=11.1648(6)d=
THODS 12.4716(68, o = 101.7030(10)8 = 102.3030(10)y, =

CrystalGrowth and X-ray CrystallograptGocrystalsere ~ 107.2490(10y°= 1037.81(9} & = 2T = 100.0 Ky(MoKa)
prepared in duplicate at a 1:1 XB acceptor/donor ratio by disdeMBdNM Deaic = 1.796 g/cin13674 reflectianeasured
XB acceptor and donor in a chlorinated solvent (dichloromé&3H¥3f’oe 26 = 56.55B33, unique,(R 0.03 7y = 0.0400)
chloroform) in a borosilicate glaBseviasulting mixtures weravhich were used in all calculations., Was @240 (I > 20(1))
ultrasonicated for 10 min. The open vial was placed in a scthadiyagd).0616 @Hta).
containing n-hexanepentandsing a vapdiffusion method,  F:BAI-PyrTF.C,H, F5INOS (M = 491.28 g/moihonoclinic,
crystalswere allowedto form at —5 °C over 3—7 days.  space group/P2(No. 14),a = 10.681(2) A= 4.221(2) &~
Cocrystallization was confirmed through the commedtiisgn 0#0.107(8) A,= 92.85(3y°= 1805.7(16)A= 4T = 100.0 K,
points between the cocrystals and their corresponding mopéGuks)(Fel5.293 mMinD., = 1.807 g/cnl2096 reflections
both XB acceptasd donori§ they exidh the solid state). measured (4.412° < 20 =< 137.3284)unique;{R= 0.0399,
difference in the melting poitd 6€daetween the cocrystals @gn+ 0.0309) which were usedailcdhtioitie fina, was
the monomers was obsAdektdonavidence obcrystallization 0.0296 (I > 20(l)) and wds 0.0766 ¢Hta).
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Figure 1Molecular structures and point group symmetries of each XB (a) donor and (b) acceptor.

F,BAI-PygsT*3 C,H1 F-INS, (M = 507.34 g/mdhiclinigpace  magnitudef electron densitsansfet|Ap|) between each XB
group PiNo.2),a = 4.0288(9pAs 11.599(3¢ A 20.709(4) A, acceptor and donor pair in theXBadehplexdhe maximum
a = 102.070(8)% 92.784(R)% 93.486(% 942.7(43 & values of electrostatic potential corresponding to the o-hole on the
=2, T=100.0 K, y(MoKa) = 1948 nxil.787 gkm6735 donor's iodine atom\@'c,)fgxwhich is commonly used to quantify

reflectiompeasured (3.6°26 = 56.43°¥4633 unique (R= the magnitudetloé o-hol@ were computed on the isolated XB

0.051®gma= 0.0500) which were usechinwdtiofifie final  donorsA set osingle point energy computmitioras)d without

R; was 0.0351 (I > 20(l)) andvaR0.0799 tta). the Boys—Bernandinterpoise (CP) procédtfeas performed
(CE),BAI-PYrTRC,H; FINOS (M = 591.30 g/mol¥riclinic,  on thepairwisecontactbound in theexperimen® crystal

space group:fdo. 2),a = 9.0121(8) B,=10.0224(8)d= structures orderto determine théiteraction energigg =

24.324(2) & = 81.838(3F°= 79.565(3y°= 89.127(4¥° = pler B B2LodThe NBO analysis that was carried out on

2138.7(3PA = 4T = 100.0 iK(MoKa) = 1.664 M= our modalystems was extended to the pairwise contacts present in

1.836 g/cim33610 reflectionsasured (4.106° < 26 < 56.63°}he experimeXBkrystatructures.
10344 uniqug,(& 0.033R,;n~ 0.0373) which were used in allAll computations were performed using the Gaussian 09 software
calculatiofitie find; was 0.0356 (I > 20(l)) apdva@sR0.1053 package andhere applicalbthe analytic gradiantb Hessians

(alldata). availabléherein? %' The geometrpptimizationsjbrational
FsBI-PyrTHC, HoFsINOS (M = 545.25 g/molfriclinicspace  frequency computaéinddyBO analyseassdt the glovabrid
group PZINo. 2), a = 8.3624(108, b = 9.1257(114, c = M06-2%? densityfunctionain conjunctiomwith a double-C
12.6353(14)d= 89.285(4°= 80.621(4)% 88.933(4) = correlation consisbasts setugmented with diffuse functions on
951.14(19%,& = 2T = 100 Kyu(MoKa) = 1.854 M., .= allatoms (aug-cc-pVDZ) and a relativistic pseuntopodéreial

1.904 g/Axil5770 reflections measured (4.938° < 26 < 56.5@8%rs (aug-cc-pVDZ &NHQ,F,S and aug-cc-pVDZ-PP for |;
4670 uniquetR= 0.037Ryym~ 0.0436) which were used in alenoted aVDZ)?° Al E,j,svalues are computed at the M06-2X/
calculatiofitie find; was 0.0315 (I > 20(l)) ap@adR0.0721 aVDZ levalftheoryl'he sebfsingle energy paotnputations
(alldata). employed the same M06-2X density fumittidih& analogous
FsBAI-PybI C,HoF5INS, (M = 561.31 g/moliriclinicspace  triple-C basietand pseudopoteriiag-cc-pVTZ(-PR)enoted
group PNo.2),a = 5.0851(2bAs 12.6790(6¢ A, 15.6054(7) aVTZ):>:°%%s such, all reportadEies are determined using the
, o = 98.3090(10p°= 97.1630(10¥°= 99.8620(10y" = average tifie necessary electronic erfeitiesnd withoGP
969.28(7P4 = 2T = 100.0 Ki(MoKa) = 1.923 M., .= correctionsfrom the M06-2X/aVTZ levebf theory.These
1.923 g/én1979 reflections measured (2.668° < 2892 50°prescriptiomereselected based on théensivalibration by
uniquéRi,. = 0.027Rigma= 0.0227Which wereised in all Kozuch and MartfThe values U¢ awere determined using a
calculatiofifie findt, was 0.0164 (1 > 20(l)) apavagR0.0444 critical point analysis within the MultiwfrAgditiamg. details
(alldata). regarding thesemputatioabbng with theptimized Cartesian
ComputationalMethods. Full geometrgptimizatiorend coordinateand harmoniwibrationdrequenciesith Raman
harmonic vibratiémajuency computations with IR intensitieaatditiesnd IR intensitieBeach XB donoacceptoand their
Raman activities were performed on the&gborsrsand the corresponding complexes can be found in the Supporting Informat
corresponding madehplexebhe fully optimized geometries of Raman Spectroscopy. A Horiba ScientificabRAM HR
thedimercomplexemnd correspondiffggmentsereused to Evolution Raman Spectroscopy system with charge coupled device
compute binding energigs=(E5hpiex Bibnor— Bltepth While (CCD) camera detection was used for the acquisition of solution ar
the vibratiofi@lquencies were used not only to verify whetheolehghaseRamanspectralhe confocamicroscopand high
structure was a minimumi.@),on the potertiargy surface throughp800 mm single stage spectrofitbeetabRAM HR
but also to compare to the experimental Rainfarl syaainad.  Evolution Raman spectrometer allowed for high-resolution imaginc
bondorbital NBO)*°~>®analysiwasperformetb assesthe the cocrystals as well as optimum spectral acquisition of all monor
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@ v = 160 33.2 keal mol-!

BI (NO,),BI

(b)

Vomax = 32.9 43.4 kcal mol-'

BAI

F,BAI (CF,),BAl FsBAI

(NO,),BAI

0.04 a.u. =— s —0.02 a.U.

Figure 2ESP maps angl,{values of the (a) Bl and (b) BAI XB donors using an electron isod¢Bsiby af the(M06-2X/aVDZ
levebf theorys mayalues correspond to the magnitude of the orhoté in kcal

and cocryst8fsectra were obtained using a 785 nm diode lasegyamichesighe Bldonors (i.eBl, F,BI, (CF3),BI, FsBI,
both 600 gr/mm and 1800 gr/mm diffractiothgsadltoysing and (NG),BI) were purchased from comswmiak and
for zlacTchurate pteak asglgnTlentldeIthesismﬂnabftl_es?» tféag 1@3& withodtirthepurificatiofihe synthesis the XB
cm. The spectrum or each sofid samp/@ was optimized by €ofs (PyrTF and Pywrid two BAI donosBAF and
flatsemitranspanegion ofthe sample with a high potfartial (NOz)eBAI) Wgsreportezzyiir?-a previcmsrlé‘? AEdditionaI

scattering utilizing the motorized stage and videaf féetures .
Raman spectromé&terliquid samplasmacro-Raman accessor etailed procedures to p.repa-’fm/’anﬁ (GRBAI can
found in the Supportingnformationln general,

was utilizelb. account for potenaaiations when comparing t , . . .
solution-phase monomers to the solid-stateteotpgstilsie- >Onogashicaupling between substituted iodobenzene and

controlled Raman spectra were acquired using a Linkam Séimgthylsilylacetylene in the pressa¢gtiofamounts of
THMS600 microscope stageliquiallsamplEse temperature- tetrakis(triphenylphosphine)palladium and copper(l) iodide i
controlleRamanproceduresedhereis similarto the one tolueneand diisopropylaminaffordedthe trimethyl-

recommended by Herr&bout. (phenylethynyl)sildegvativés good yield (69—71%).
The trimethylsdybup was then substituted with iodine by
SULTS AND DISCUSSION treating the compound with silver fluoride and N-iodosuccin

. . mide in anhydrous acetonitrile in the albigbtic®8Af

Design and Synthesis ofB Donors and Acceptors.  acatforded in 70% yialdhile BAland (CE),BAI were
De5|gnl.n|t|aIIylproposed for solid-state ma_zmhe ynthesized in 68% and 77% sdsfrbctiveby using a
XB acceptorgFigure 1b), 4-(5-(furan-2-yl)thiophen-2-yl)jqdified procedure (see the Supporting Information).
pyridine(PyrTF) and 4-([2,2"-bithiophen]-5-yl)pyridine gjactronic Properties ofB Donorsin this studyye
(PyrTy), were cocrystallized with iodobenzene and iodggt yedeveratomputationtgchniques orderto
nylbenzene derivativeB(idenors; Figure BgjTF and  jccurately probe the electronic propenéied donors
PyrT, represerthederivative$ common orgaréémi-  reported in Figurka, which providene referencealues
conductinduildingblock§/~*?The pyridylmoietyis ~ needed for the characterization of XB complexes in subsequ
incorporated to guide the highly dirsetfeasslembly of sectionst should be noted ththough the electrostatic
XB componeritse planarity and rigidity of the backbopgtehtigESP) and the electron density are sometimes used
conjugated thiophene and furan provide tHfemtteans interchangeably when discussing the muynithuis ef
intermolecular overlap of n-orbitals in theisdlidisihtethe ESP at point r (V(r)) is not only a function of the electron
an interplay ofB and n-stacking interacttmatean be  density but also the atomic nuclei as seen in the first term o
furtheuntilized focrystaéngineering and matapiaica- 1
tiond®’Pue to the high polarizability obidoleszene
derivativesechosen aXB donorsThe useof electron Vi) =S 4 _J' (r) p(r)
withdrawing substitwentise donorppssessing a strong = R, — p I = (1)
inductive effect (€.g(NO,),, and -(Ck-,), not only aids !
in the tuning tdfe interaction stremgita)so affords 3D where,;#he nuclear charge of atom i @mubpit’Ris the
architectures due to their capacity to simultaneouslytpestigipéd€ular electron density. This and other misconcepti
in additionaltermolecutamtacts:*3-’Furthermorehe associated with halogen bordidghemodelsised to
hybridization of the carbon atom in the C—X bond of descX®e the interaction have been recently discussed in de
donor influences the strength of the intermolecular inteRuitieaurray and Clat€in generéhe magnitude of
in whichthe highers-charactef the Cs-X inducesa o-hole (i.ethe ¥ ,,atthe iodine atom) increases with the
repositioningtbe electronegative belt on the halogen mtiomberand the strengthof the electrorwithdrawing
toward the triple bonded carb&@r@tgyX,and further substituents on the benzene nitietyowiors (sk -5
increases the electropositive region on halogen atom< -(CE), < -E < -(NQ),) and as the hybridizatiahef

3247 DOI: 10.1021/acs.cgd.8b00398
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carbon atom in the C—I bond is modifféd fprAspan LA A -
be seen in Figure 2a; fhefithe Bl series ranges from 16.0 @ "y & < : 2"
to 33.2 kcahof® The values tend to increase with (i) the 2 TN s x
electron withdrawing capability of the substiEyests (e.g., 2, P L e
-(CF3),) and (ii) the numbaf those substitueprssent -9 O T B ‘“.» B e
(e.gsF, vs -E). More electropositive o-holes are observed for ® Lo o "f‘, -
the BAI series, wheggrdnges from 32.9 to 43.4 ktal mol Pode. o P3SOA
(Figure 2b), but the trend remains the same. This enhancenr ¥ ) A o
of the o-holes is due to the preseaneacttylene linker, b) A & Y
which increasdse s-charactef both C—Ibondingand S a8 o L, e %o
antibonding orbitals from roughly 17% for Bl donors to 30% e «\,"?‘»"—,"?—-Q\j\"
for BAl donoras indicated by NBO analysis. AR ,/3:’94A - o
StructuraProperties ofXB ComplexesCocrystals of 3.70 A/. TN P T ose
the BberieA summary of the key geompetaicadters in Y@ e W e
both the computationaltierivedXB dimers and the "3y 201A 7 e

experimenkd cocrystals between the Bl donors and either ot

acceptas reported in Table Precipitantsere obtained Figure 3. Packingdiagram in(a) (NO,),BI-PyrTF and (b)
(NO,),BI-PyrT, in which both XB and n-stac.king are represented.
Table 1XB Intermolecular Separation@inRA),Angles Parts of the acceptor are removed for clarity purposes.
(ac_...nin °), and Percent Reduction in the Sum of van der

]

Waals Radii (%rsvdWipon XB Formation for the M06- @) d {
2X/aVDZ Modddimers and the Corresponding X "\ ,;1 A
; y .9
Experiment@bmplexes Formed between the XB BI 289A44 457Agy
Donors and Acceptors a ,g/f“ L
[ oo a4
theory experiment 3 = ¥4
3.75A" T e S
complex R..n  Ocj.n %rsvdW R..y  Oc_p.ny %rsvdW 3 o5 9
(NOpBI-PyrTF 2.92 180 30.0 2.89 169.0 30.7 s
(NOy),BI-Pyrj 2.92 180 30.0 291 1754 30.2 (b)
FsBI-PyrTF 2.86 180 31.4 2.89 1749 30.7 s 9,___.. =P
FsBI-Pyr} 2.86 180 31.4 278 1785 333 o d3z3a 4 U L/
Relative to the sum of nitrogen (1.79 A) and iodine (2.38 A) vander  , &%+ 20 o e
dri e O ¢
Waals radni. ¥ % °
& 278A°@ 4,
when cocrystallization was attempBta fak (€E),BI ’ o7 "o
with eitheacceptofhatobservation wagstantiated by °

theimfmodedimer'sveak g4 low %rsvdVénd low |Ap| , . . .
values (Table 510) relative to those for the complexe P¥EbARagKINg diagram in {@I-FyrTF and (b)sBl-Pyr¥.

in Table 1n turngocrystals of MBI and Bl with each ) , , , )

acceptowereinvestigaté@espitaising only aimerto (Table S72Dther secondary interactions involving the nitro

modethe XB interaction in the ceystabnmentiere is 9roups were also observed (shown in greatérgletail

good agreement between the theoretical and experir%é%t%'i‘@gﬁé?le 572). . L

The maximum and average absolute déMABomsd The crystatructure @N0,),BI-PyrT, is very similar to

AAD) are 0.08 and 0.04 A fpd R.0° and 5.6° far.qq  thatof (NO,):BI-PyrTF as they have the sanfe $fxace

and 1.9 and 0.9 for %rskefiplectivelyshould be noted 9roup (Figure 3in.(NO,),BI-PyrT, the R.y (2.91 A) is

thatalthough m-stacking plays the most competitive rgiglyHangby 0.02 Athe q_,. (175.4°) isloseto

observed cryséalucturepntactsf thatclassn the Bl “nearltyl y 6.4 (Tab_lmljl)the XB interactigr=(E-6.4

cocrystals are severely limited in duentzethe skewed kcaimot? Table S73) is slightly stronger by Orkal

orientation of the acceptors and donors in the XB int&l@i@ddigsdistributionelfctron densitytbé donoand

(Figures 3 and 4). acceptor results T a face-to-face m-stacking interaction (3.7
The 1:1 molecular assemiN@EBI-PyrTF exhibits a Eint= —8.8 kaanot; Figure S13-g and Table 573) between

monoclinic structure with flaespace group (Figure 3a)the thiophene in Bwfld the benzene moiety HBNO

Ilts XB interaction connects the two monomers.with aWighin the same contact, the iodine atom is positioned atop

0f169.0° and.R of 2.89 Acorresponding to a %rsvdW dgentrathiophene ringatistance 8694 A (Figure 3b).

30.7%he averageM@6-2X/aVTZ computations with admilarto its PyrTF analoguea varietyof secondary

without the CP procedure indicates that the interactidHef glated to thaitro groupsveredetected in

(E,.) of this pairwise contact in the cocrystal is =6.2 KNfPzaBI-PyrE cocrystatsich asyg, "Ny, (3.36 A=

(Table S72). Various paralleldisplacedi—m stacking —4.4 kcahot® Figure S13-b and Table S73).

interactions occur between (i) two thiophene theieties biiterchanging the donor froeLBN® FBIl alters the

acceptors (3.87£=E-8.1 kcal ™plii) the furan residuestructure and increases XB interaction strength by nearly 0.

in PyrTF and the benzene ring in)4BIA3.56 AE = kcalmot? (in both PyrTF- and PyrT-complexe®yen

—7.4 kcahot?), and (iii) the pyridine moieRyréf and  thoughthe Vs ., Valueof the modelFsBI donoris

the benzene M0,),BI (4.32 AE. = —5.4 kcahot?) approximately similar toftf®,),BI (32.9 vs 33.2 kcal

3248 DOI: 10.1021/acs.cgd.8b00398
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Table 2. XB Intermolecular Separatiqris 8, Angles {a;..yin °), and Percent Reduction in the Sum of van der Waals
Radii (%rsvdWyipon XB Formation for the M06-2X/aVDZ Model Dimers and the Corresponding Experimental Comp
Formed between the XB BAI Donors and Acceptors

theory experiment
complex Ri..n QN %rsvdW R..n QN %rsvdW

(NO,),BAI-PyrTR 2.82 180 324 2.67-296 1749 33.8-36.0
(NO,),BAI-PyrT 2.82 180 32.4 2.70 174% 35.3
F_BAI-PyrTF 2.86 180 31.4 2.78 1789 33.3
F.BAI-PyrJ 2.86 180 31.4 2.78 1784 33.8
(CF3),BAI-PyrTF 2.84 180 31.9 2.75 177.4 34.1
(CF5),BAI-PyrF® 2.84 180 31.9

FsBAI-PyrTF 2.83 180 32.1 2.71 179.0 35.0
FsBAI-PyrJ 2.83 180 32.1 2.71 178.0 35.0
MAD 0.15 5.5 3.6

AAD 0.11 2.8 2.5

aX-ray single crystalicture was nbtainable due to fragilibheafrystaf®lultiple XB interactions were observed in the experimental
cocrystalRelative to the sum of nitrogen (1.79 A) and iodine (2.38 A) van (@ebMWa3fadiies previously regorted.

mot?). In the case ofsBI-PyrTF,XB dimerpack in an  actions, where mn-stacking between pairs of donor molecules

orthorhombic pattetheP2,2;, space group (Figure 4a)donor—acceptor monomers wereme? stabnger than

in whichca,..nis 174.9R,..yis 2.89 A corresponding to a ¥8s.Exhibiting enonoclinistructuraith aP2/c space

rsvdW of 30.7% (Tablarid,the computgdsE—6.9 kcal group(NO,),BAI-PyrTF crystdiructure displays high levels

mot! (Table S74).The presencef five-F substituents of disordering which are evident by the presence of four dist

contributés the observationtefo distinctive n-stackingKB interactioBy. contrashO,),BAI-PyrT, gives rise to a

interactions between the pentafluorolBhaedegwfadh more orderedsolid-statassemblexhibiting triclinic

moieties of PyrTF at the distances of 3,Z5-28(8 kcal structure with a:Bface grou)B is characterized by an

mot?) and 4.57 A{E= —5.9 kaabt) (Figure 4&igure  ac_,..nof 174.5° and.a,Bf 2.70 A with gpoE —8.7 kcal

S14-a,and Table S74). mot! The variations between these two cocrystals are due t
A decrease in.R, (0.11 A) and increase in linearity ofhe nitro groupm the XB donoparticipating in various

Oc-1..n(3.6°) were observed whemmRsTised in place ofsecondarinteractiondhatact in both stabilizingi.e.,

PyrTF as the acceptor for cocrystalhzdtéomonoclinic (NO,),BAI-Pyr} and destabilizing ({NQ,),BAI-PyrTF

assembly @BFPyrT, whose space group (§iB2re 4b), mannefsCocrystals containiBélFconsistf associative

R..n (2.78 A)is the shortestB distance and itg_,...y XB monomersthat participatén nearlycofacialn—m

(178.5°) is the closest to linearity when compared toithetagtio@sBAI-PyrTF (@_,..,0f 178.7R,..,0f2.78 A,

Bl complexes (TableMdreovethat XB interaction is theEi,:of —7.5 kcal Madxhibits a monoclinic structure with the

strongesE;,. = —7.2 kcahot?) among the Btocrystals P2/c space group where F---H interactions contribute to the

consideretere(Table S75).The n-stackinmteraction isotropic packing behavior of the E@iyBtalf yields

between the thiophene moiety of the acceptor and tlggyiselr@ation in the triclinic space growmikh XB is

ring of the donor exhibits an intermolecular distance @8 &3 ized bxtanfmf 178.1° and.a,Bf 2.76 A with

(Figure 4b) and a computgaE—8.1 kcahot?! (Table  an E,of —7.6 kcalot1*?

S75)This relatively strong dispersion interaction involvéehk1 assembly (@F;),BAI-PyrTF exhibits nearly

n-cloud dhe pyridine moiety and the electronegativedsditagfar parallel packing pattern of the triclinic space grour

the iodine atom (Figure S15-d). (Figure 5)The two associative monomers form a XB contact
Cocrystals of the BAI Series. We now move our attentieonte

the structural characteristics of the XB BATherkgyexes. 2

geometrical parameters for the BAI series of XB contact/,, ,

model dimers and experimental cocrystals are reported & o

275A o

2.The single crystalicture @EFs),BAI-PyrT could not VY @ (o0 @ -seaseriis? =
be obtained due to the fradilieyarfstais.generdhe 04;;\ = /444 A

XB interaction strengths are on the same order of magn e R = o
thosefound in theBl cocrystalgVith the exception of " ,‘I""gr ~EE A g

(NO,),BAI-PyrTF:3the packing patterns observed in the B o 9

complexexhibib nearcoplanarrangemenhis affords . . . .

denser cocrystals with tighter stacking co¥iffyairghion§'9ure SPacking diagram inkBAI-PyrTF.

the agreeméandétween the theoretically predicted and the

experimentallgterminekley geometricpbrameteis with anq,...,of 177.48,R..yof 2.75 Aprresponding to a

slightly leshan in the Bkeriesthey stilfallwithin the  %rsvdW of 34.2%J an;kof —7.9 kaalot!(Table S76).

error associated with thefléhhebry employed here.  The acidic proton attached to the ortho-carbon on the furan
The structuranalysitor XB complexesomprised of moietypromotesdjacentowsof XB complexesia its

(NO,),BAI and EBAI donors with both PyrTF and RyrT interaction with the n-orbitéfhe acetylene linkethe

acceptomsasreported in ouprevioustud{y? Cocrystals donor (3.01 B,,= —0.8 kaabt® Figure S16-c and Table

containing (NBAI exhibitompeting noncovateet- S76).0therintermoleculamtactalso contribute the

3249 DOI: 10.1021/acs.cgd.8b00398
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packing patterthef assemlslych asbopnersF (2.54 A,

En. = —1.3 kcamot?® FigureS16-d and Tabl676).In

additiormore energetically competitivedispiietd n-

%rsvdWi_,..y and E.are 2.71 85.0%178°and —8.0
kcal mol respectivéliie crystal packingB#IPyrT is
also supported by numerous non-XB pairwsaectoatacts,

stacking contacts between the two PyrTF acceptors (Htﬁ}g}),éh-én(CTC) (2.91 AE,,, = —1.6 kcamof) and

E..= —8.3 kcal mMadnd between the donors (B,4#

—5.0 kcal mphbre also observed in the cocrystal (Figugnd

a,b and Table S76).

A, HiniophercF (2.33 AE = —1.2 kealof)) (Figure S18-d,e
le S78Multiple n-stacking interadggngom
—5.2 to —6.5 kcalot) are preserttutweakethan XB

Similato thatof(_(:F3)zBAI—PerF,the 1:1 asse_mbly.of contact (Figure S18-a,b,f and Table S78).
FsBAI-PyrTF exhibits$bce group symmetry, in which e&jhectroscopicAnalysis of XB Donors and Their

XB dimeris antiparallad each othefFigure6a). This

Corresponding XB Cocrystaf#brationahifts in various
stretching modesrticularly those with distinctive spectro-
scopic signatures (&-¢1,C—X,C—Y where Y = R,S),

(@ .w‘; — . «:‘/) B '(;_2_7_12 —e ?,4 ;‘;? Py h b | d dét(ecf . MB
3834 AL T have been C%ngnyy used to brmation
P S P L W SR interactiofis;®**7®Afthough the CtC stretch halso
>“y°” - £ 7 N been used elsewhere in thisitontexty sensitive to non-
. O o XB contactsand can leadto unsystematbhehavioof
-~ e A A vibratigmequemsdayftbn turnwe®and
oS ¥ 37 others:26:31.35.38,40,41,45,46108y/8tgkenan alternative
g Wy DRI o approach involving the interrogatiom ©fIstretching
e ol ;‘ N I mode and their shifts upon XB foas#teynare far more
: 0. 8 sensitive to halogen bond fo_F?natlon.
g ® XB Donors. For the Bl series,the computednd

Figure 6. Packing diagram iBA&BPY¥ITF and (b3BAI-PyrT.

experimentat-| stretching frequentieelate wailith
each other with a MAD aim (FsBI) and an AAD of
cmi(Table S67This agreement facilitates the assignment of

arrangement is in part supported by other favorable frtéidéefsiing modes in the experimental spectra of Bl donc

such as orthgsH . (2.82 A= —2.1 kcal adnd The same comparison for 'ghe BAI series reveals an agreeme

HeniopheicF (2.39 A = —1.4 kcedot) (Figure S17-c,e between theory and experim@i fand §BAI (3 crn'

and TableS77).XB interactionsithin thizocrystare  in both cases); howleveer deviations occur th;BAEIF

characterized by adistance of 2.71 A associated with@3sm?) and (NQ),BAI (17 cm)) (Table S69).The

%rsvdW, a nearly lingagaf 179°, and aroE—8.1 kcal experimen®aman spectshown in thdirstcolumn of

motl Competing with the XB coigdhe strong parallel Figure 7a,b show a dependence of the C—I stretching freque

displaced n-stacking between the furan moiety of th@addeppsepertiesf donorsubstituents well as the

and pentafluorobenzene ring of the donBr.&3.8B.&, hybridizationtbfe carbon atom in the BenidThatis,

kcamot?} Figure S17-a and Table S77). as the hybridizatiothefcarbon atontloé C—Ibond is
FsBAI-PyrT, exhibite comparabbmntiparallebcking modified from?sip sp,the frequency dfe C—Istretch

pattern ofhespaceroup PIfFigure6b),in which the undergoes “red shift{i.e.,shiftto lowerenergy)The

donor and the acceptor associate via a XB coptact wphosseRcef electron withdrawing gralgosleadbo red

(a) Bl Series (b) BAI Series
XB donor PyrTF co-crystal PyrT, co-crystal XB donor PyrTF co-crystal PyrT, co-crystal
267 207
Hs- ‘/;L
230
F\r 195
”””””””””””””” 203 197
CFg)y-
o MLA """"""""""""""" oo N,

m\/
150 200 250 300 150 200 250 300 150 200 250 300 150 200 250 300 150 200 250 300 150 200 250 300
v (incm) v (in cm™)

Figure 7. Experimental Raman spectra of the region associated with the C—I stretching mode (red peaks with values directly
series and (b) the BAI series of XB donors and their cocrystals with the acceptors PyrTF and PyrT

3250 DOI: 10.1021/acs.cgd.8b00398
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shifting in the C—1 stretching frequency when compatetwe¢hdhe iodine atoonefXB donoand the oxygen
unsubstitutddnors(i.e.,Bl and/orBAl). Howeveran atom of another XB donor (i.e., an I---O XB f{feriaction).
inconsistent trend (i.e., does not directly correlate witthsdsratoan,addition to the same vibrationpling of
withdrawing ability) in the C—I stretching frequency (riN@esletected in th@NO,),BI XB donorleaddo the

> - > -(CE), > -E) was observed for both Bl and BAI semesnalous behavior seen in tlsér€ehing frequency of
of XB donorderethis irregular behavior is attributed téN@g,BI-PyrTF and (N£,BI-PyrT, cocrystals.

vibrational coupling between the C—I stretch and otheBAlddesystalfhe Raman spectra for the8elystals
such aghe in-plane symmetaking ofCF; and -NQ are reported in Figurgirlar to the XB donors and the BI
groupslo testthishypothesigibrationflequencias a cocrystaldhetheoreticahd experimen€atl stretching
series gbara-monosubstituted XB donoF8l,i €FBlI, frequencies of the BAI cocrystaéxhbilpritieg a MAD and
and NGBI), were computed (Table Bi@Yesults indicateAAD of 12 and 6¢mespectively (Table $H)itionally,
that when such vibrations are notsasiphedcase of thigheir theoretiaall experimentahds with either acceptor
para-monosubstituted series, the ordering of the C—lsaremhdisjaribeit unexpecteBAIFPYrTF < (Ch,BAI-
frequencieesindeed correlatéth theelectron with- PyrTF < F,BAI-PyrTF < (NO,),BAI-PyrTF and EBAI-
drawing ability of the substituents gpgfttree\donors: PyrT, < F,BAI-Pyr; < (NO,),BAI-Pyrt. It should be

Bl < FBI < CEBI < NQBI (see the Supporing Informatigeointedout thatthe variationbetweerBAl cocrystals

for fulbletail). comprised ®yrTF and/orPyrT, are smallde=2 cm?)

Bl Cocrystal§he Raman spectra for the Bl cocrystaldlaae those containingBldonor§—6 and +9 crhfor
reportedin Figure 7a. The computedC—I stretching PyrTF and Pys€ocrystals, respectively). This suggests that in
frequencies for the Bl semaeddtiimers agree wéth theseBAIl cocrystalspmpetitiveteractiomavefarless
theirexperimentalunterpaftdAD = 8 cm} AAD =5 pronounced effect on the C—I vibs@hatates.
cm® Table S68n additiotheir ordering is consistent withlrhe vibratiorshlifts thatccompany XB formation in the
theoryhoweveit,should be noted thralty four ahe BI BAI serieof cocrystalapwevegreseeminglyrandom”
series cocrystals were obtaigBbRy(R and (Ng),BI- ((NO,),BAI-PyrTF < (CE),BAI-PyrTF < EBAI-PyrTF <
PyrRwhere R is either -TF grlfT addition to the shifts iff,BAI-PyrTF and (NO,),BAI-PyrT, < F,BAI-PyrT, <
the C—1 stretching frequency arising from sardfituenfsBAI-PyrE) anddo not reflectthe orderof electron
hybridization effeuas,frequency is further red-shifted widhdrawing abilitythoé substituems.discussed above,

XB formation (i.egmplexation shiffjese complexation this unusuaénd performance is in part a consequence of the
shifts are commonly rationalized by either charge traviéf@tiomgteupling between the Gtrétching and other
netelectrostatic attraction between the nonbonding aléxatasahodesMoreoverthe presencef a I-:-:O XB

of the nitrogen atom and the electropositive dwle ofontactn the isolatedNO,),BAI (this work; CCDC:

iodine atoffi>*"’Both processe=nd to weaken the C—1 1524553donorcrystalmostlikelyplaysa rolein the

bond through the enhancesh#gatintibonding characteobserved trefidallyas conveyed in the structural analysis of
and in turlead to the observed perturbation of its vibt&goredrystdtse XB donors igBRI-PyrTF F.BAI-PyrT,

stretching frequency. and (CE),BAI-PyrTF each form homogeneous donor—donor

As seen in the second and third colGignseofdhe  interactions in the fomrstdcking &= —3.7% 4.5and
C—1 stretching frequencBldhfthe complexes with either5.0 kcahot’, respectivelly) those g.qr ThonocONtacts,
acceptor is lower than tl©g@§BI. Through comparing the C—I bond is roughly pacadied stacked on top of the
the C—I stretching frequenthes X8 donors and the XB CtC bond,much like that of type-Il halogef? 6&ies.
complexesred shift is observedsBdPHrTF (—4 cr) results from a NBO analysis suggests that the n-orbitals arot
and EBI-PyrE, (—11 cm?. At firstglancehesaesults  the CtC region could perturb the electron density on the C—-
suggest that the C—1 stretching vibration does depenPsfl & in turn contribute to the unpredicted trend in the
identity ahe acceptbiowevearmed with the knowledgibration@kI stretching shifts in these complexes.
regarding the surrounding enviriirbreeoines clear that
the variations between the complexati6eBsfts bf NCLUSION
and EBI-PyrT, are due to the dominain-XB contacts In'summanyge investigate the substiyeitizati@md
found in the cocrysiddscribed earirethiswork.This crystabackingeffecton the electronigtructuragnd
abnormalbehaviorextendsto (NO,),BI-PyrTF and  spectroscopic propertimgoogeries &B donors and the
(NO,),BI-PyrT, as theyshow somewhédrgevariations 1:1 molecular assemblies formed between them and one of
between the magnitude of their complexatifaatshifts. XB acceptors.
the case ofNO,),BI-PyrT, the C—Istretching frequency Substituents on the XB donors and the hybridization of the
actually undergoes a “blue sklitft ticehigher energy) o€arbomatom in the C—1 bond substantialijnpactthe
+7 cm®. The complexation shiftenputed between theelectronic and strughuwpkerties dfe cocrystals (éhg,
isolatedNO,),Bl and the correspondirmpcrystalasre magnitude of the o-hole, the intermolecular larNldistances,
dissimilar to those computed for the other cocrystalstbithiesraction strengtkBftontactsMoreovertrong
in this worlMore specificale nitro containing XB donokdectron withdrawing substiteentslO, and -E) also
are the only ones that naturally exist in the solid-stateranttint:rmoleculastacking interactbmtsveen the
require the surrounding envirafiientNQ),BIl single  acceptors and donorstkatnergetically stronger than the
crystabe taken into consideraErmcomputationtbge corresponding XB contacts by 0.7—2.4 kddltinablly,
corresponding complexation shifts likecddse other the presencetht triple bond in the BAI donors alters the
cocrystals consideredheefe;| stretching frequency of geametriesXB interactiomesulting in neaplanaXB
XB donorin this particular chegevean intermolecular contactshusstimulatirg greatenumbenf competing
XB interaction in the isolated,}JBO crystak detected pairwise non-XB contacts than those found in the Bl series.
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Although the identitylod substitueatsd the hybrid- Nationabcienc&oundation und&rantNumber©IA-
ization ofhe carbon atom in the C<C bond undoubtedi430364 and CHE-1664998 @ndE5.S.T.).
influence the vibrastmathing frequency of the C—1 b
within XB compleitesy do not solely govern the vibrati FERENCES
complexation shifts that accompany XBiridiantitisn. end,-F; LaiY.-Y.; Wu,).-S.; Cha¥-H.; Wand;.-L.; Hsu,
vibrationabupling between the Gtrétching and other C.-S. Influencesf the Non-CovaleninteractioStrengtton
modesvithin the XB donand the presencenafnerous Reaching High Solid-State Order and Device Perfarmance of
energetically competitive intermolecular interactionsBa fisdymer with Axisymrittritalréinits Adv.Mater.
donors and acceptors that considerably and unpredi@:%b?\z 45 —2451.

the vibratioséjnaturestbfe corresponding XB cocrysta{lj\ész.s)em%rl‘g?';JgpagrﬁglE&Tg‘g&é:‘éﬁ;ggﬁ%ﬁgﬁﬁ-tsh"‘e'if;
The electronigtructurand vibratiorealalysigresented bionnadi plicatioGhenCommun0145011994—12017.

here suggest that the characterization of XBs not onIy(-Jrfz 5o T. L.; Choi, H.; Ko, S. J.; Uddin, M. A.; Walker, B.: Yum
the molecular properties of the mondBetsnoreand/ s jeongE.; YunM.H.; Shifl. J.; Hwang,; Kinj, Y. WooH. '
or acceptor) but also on the chemical environment syreidiRGtalline photovoltaic polymers with efficiency exceeding
thoseXB interaction&s suchijt is recommended that in a [similar]300 nm thick convensiomgé-cadleviceEnergy
holisti@pproaclemploying diverseet of quantitative Envirosci20147,3040—3051.

techniqueshould be adopted when attempting to accutérédyinguB.; Romer8, SerranpL.; Folcid&. L.; Etxebarria,
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