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PREFACE 

Thc opfirrh r l r ~ i l  c l t ~  / , . ~ ) ) I I L  prrprv-~rc\ of rr-r.qjugulrd olig(~rnt.rs hcrl e 

 recent!^^ been the .foc~rs of intt~rc.~t mum(v hccuu.re rherr pjtmtial for u \e ur; 

active eIer~lenr.x in vuriour eJec*fri>nic and oplor~lecrlnnic clrvicr s. Thtj 

phorophyricol proper~i~.) of these rnuferiaJs in the hiOk phr~w urt. not rrrrl~. 

influenced by the cl~emical slntciures o o j  the con.~riru~nr nrolcrtrles bur ul-vc to u 

large extent by thc elec,/ronicb intelzrction between the nc'ighhriunng molrczile\. 

which in turn ore controlled by iho nuture rm/ fhrir ~ntrrmolcculcrr orgunrzation. 

Thus moi~czrlur orgunrzc~rion p i a j ~ ~  u decirive r*ulc in dc/ining rhr ,firnrr~onr~f 

propertier of t h ~ w  marerzal.~ und the controlled \el6or.jcrn hly of molerule 5 rrrrtl 

h i r e d  .struc.rurcy wirhrn ckvirer cavl iead to enhanced yucff:lnrrnun~r~. One o/ ~ J s t p  

major cha1lenge.s in !his urea of rerearch is rhevefiw-t. ro ,uln n lrc~~~fumc~~ru/  

undersf anding I$ rhr variorr x moleculur inter uctionn~ whit-h c(~nrrol the nrole~~zt/uu 

ordcrfng and rhc uhiliry IO homer7 ~ h r n l  f o r  rke rlr.sig~t i?f novel mu[er~uls trrth 

desired mnleculul- orgunrzution ond fincfivn\ Slilbenotd romnpozr?xlr huw hhppn 

extensiveb invest i~~~t~~cl . fsom [he theor~i~cal and t'xper.irnuplrr~1 vra??dpornr In i rcu 

of their imporrclnr P both ar mod(>/ cnmnpound~ Jbr po!vmec and u i  fl4tictronul 

materials. The photochernrru/ properrrrr rd'sri/benrj~d unir huve heerr cs~)lorfed for 

the construction r$photore\ponsive $mart ntclterial~ and ~ h u  high srnr i t i r ; ~ ~  of [he 

photoph,vsicul poperr f er ro rhe stare 01' molecular orgutzi:ution provides rn 

effective method ro moniror rhe nnrtrru of the mofec-ulor pr1ckin.q ~nvohled u~ ~herr 

maferials. h this conte-r:rr, rhp emphmir r ~ f l h e  work Ilt.tcnh~d it1 I ~ I S  rhcris ts on 

the invesriguiion oJ' the rhunges m the phorr~pl1~~9 rt.cl/ properriec 1.1) W rhr 5 rurp o,f 

aggregatzon and an rhe cxp!ol-utron of the trse nf donor-a~ceptcr~ ~tthvrrtzlted 

stilhenes ar finrtionul tlnits for ~ h c  con~truclion of ji~n~rionui ~ e ~ - u s ~ e ? n h / u d  

mareriuls. The the $is consi.st.5 of fiwr Chaprurr . C'/lapi~r I provides [I hrrrf 

overview on the phorochamrrc~l uncl photophv,v:sicnl propertirJs of stllheno~d 



 compound^ and on rheir use in rhe construction of selJ^-ussemhled so# mrrteriuls. 

The role of moler.arEar. pctcking in cunrrolling rhe phoroph~~.sicai propertis\ of rhs,ve 

murerials in the sei~assembled and solid stale arc also disru.vwd. 

Thc solid state pho~r~phwir  ul pn~perrir.~ ?f a serie~ of donor-acceptr)r 

st4 hsrirlt~rd s f  ilhene devivurnper w l ~ h  ulk(~xy Xro1rp.T .us donr)rs nnd ~ h r  ryuno group 

as the uceeptw hus been invesligcfted und these srtrdies arc desrrihed in 

C'hupfer 2.  The d~alkoxy-cyano substitured srilhene derivatiiws show u red shiji r p l  

their emis.stun properties wilh Increusing lrngth r?f rheir alkyl rhuin.~. Since rhc 

chromophores in these derivcrrives are the same, the vut-iarion in optic a1 properlre,~ 

with char~gt. In ulkyl length con he crttribufed to variufrons in rheir ntofcrcujul- 

puckrng an J these aspwfs were inve.~tiguted in detail hv s i n ~ l e  c ty tu l  analy.5 i.3 of 

the srilhene derivufives. A few (4' rhe derivutrves exhibited u unique rhermallv 

incluced cty.sral to cyvlal [runsition associated ~ i / h  dros~ic crhange.~ in their 

coiour and photormi,aive behrrviour. This was attribut~d io planuriza~ion oj  the 

molecules followed hy their reorpanizuriun which fucilirufed strong excitonic. 

mupling hetween the neare.it nei~hhour molecules. 

Chupter 3 deals with the dexign, synthesis und itrvtstigurion qJ the liqltid 

u ~ v . ~ ~ u l l i n e  and photup hy~ical hehuviour of a s e i m  of polvcarenur Jnusogms. 

PoIycatenar mesogens generally comprise of a rigid rod shuped core, 

Jirnctionulized with rkree or more rewinal alkvl chains Interest in r h ~ e  muterral.~ 

uriet!.~ in v im.  of' !he ~ U C I  that inspile r$ their rod-like core. the me.somorj~hum (?f 

these derivutive,~ is dominured by the jbrmarion oj columnar phases. The chrrnrcul 

siruchtre q f the molecules con.vists #f NO a l k ~ v  stilhenoid unils ar~uched 10 a 

c~nrml pyrrdine core through /,3,4-oxadiazole~, linkers in rkr 2,5- and 2,fi- 

positions c?J the pyridine ring ~o,fbrrn u rigid rod T-mnjuguted back hone r ~ , ~ u l f i n g  

~n o Ljonor-A cceptr~r-Donor architerture T h e  m o l e ~ u l ~ . ~  c.vh1 hit stu hle col~rmnur 

phu.se.s in both (he heuting and rooling cvr-1e.s T h ~ s e  a.speuts 0.5 weli us rhc 

photoply.sical pri,perIies of these derivatiiw have h ~ e n  invesrrga f ed 



Chapter 4 describes u sludy involving the synrhesis of novel rrigclnal 

oxadiazole dertvutives and (he self-usL~emh(v hehmiour of these rnufer~ul,~ in r h ~  

mesophme as well m their aggregates in solution. Few of the deriva~ives exh~hired 

enantiontropic columnar discotic liquid cn;stalline phu.ces with hexugonal as u'ell 

as oblique i+wo dimensional lattices. Their ~punruneou.~ concentration dependent 

hierarchical self-assemhly in nun-polar solvents from ~pheres to nuno:fih~rr 

wherein the hexu,qonul columnur order observed in rhetr merophuses was r r z ~ u n ~ d  

was also investlgatrd. The high sensitiviiy r?f the lum~nescence pruperlies of ! h ~  

stilbene chromophore t r ~  their stute of aggreguibn provided an effective method lo 

monitor the nature ofthe moieculur packing involved in rke vuricjus .rtuge.s of ihe 

hierarchicul self--a.~sem bly. These uspeot,r us well as I nducaion of ch I r n l i ~ "  to  he 

columnar sracks of these molec uIe,s and the conrenrration dependent revel-sal uf 

chirulity on the formution of coiled cvii aggregates in solutimn has ui.so heen 

discussed. 



Chapter 1 

An Introduction to Sdbenoid Materials 

~>"- 

I,", 

n6 a. > .  

Photochemistry of F'isinn 

Light Emitting Rehaviour 

Electronic B ~ h ~ v i n u r  

f .l. Abstract 

Sdilbenoid  compound^ constitute cr major clu.ss r$ n-cotljugarcd murt.rruls, 

which have heen widely invesrig~ted from an ucudepnic a , ~  we// m f ium u 

technologs'cal point of view die to their iti/eresiing phr~~oc'hemiral, phorophl:vic.al 
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and clertt-onic properlies. These in vesfigu!ion.s h u l ~  shown ~har [he major 

deaorivarion pa tb~ juy~~  for ihe excitution enerm in ,stilhene urc rrjr:sir)n inliuc'ed 

non-radirative u'euclivrrtiun processes, ,fluortrscence and pho!ochemiral process~s 

such us ~~hr)!oisornerizarion and phmtodimerizuiion. I/ hu.~  hem shown thul h~ 

sz1ituh!1] selecting the rnedfum and also hy suituhke u'c.rivatizafion of the s~ilhenrjici 

moieg, t l~e  deuctivrriion praucvses cca be selecriveh~ confrulled to szrii a pal-ticn~lur- 

upplicution. In this Cl~upler: we Je.srrihe /he photochernlcol a d  phoroph~.sicsll 

pmop.w of ,rtilbcae and relured ,!vsterns. The urilifv [$!he stifhenoid ~ y s ~ e r n s  in the 

rr>nsimrction of' self'-u.~scmbleri materials and rhc changes in thr pkofoph~,sicul 

~ ~ r o p c r f i e , ~  on f heir ~l/lassem hly in A fku. srierred .rystem.s. Recent sttidies rc>lu/ed to 

undc.r.rfundittg rhe ~ U / E  ' molecular parking in or~nlrolling the phofophy.~ical 

111-operties of srilbenoid s>Jstems in I he solid stutt! are aha descr f bed. 

1.2. Introduction 

In thc past few decades, 7c-conjugated oligomers and polymers have 

attsactcd considerable interest duc to their potential applications In electronic and 

optoclectronic devices [Forrest ef al. 2004; Schenning ea ol. 2005; Kelley et a1 

2004; Venema 2008: Alvus er al. 20081. An nllractive feature of these organic 

materials is the abilily to tine-tune their optical and electronic properties by subtle 

manipulation of thcir basic molecular structure [Hoeben et ul. 20051. These 

materlals also offcr the possibility of dcvcloping light weight, low-cost, flexible 
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and easily processable devices by mcans of rather sirnplc and low-energy 

demanding technologies. Prototype systems are currently available and the focus 

now is on improving devicc performance. Eficiencies in many of &ese devices 

are currently not satisfactory and thcrc i s  considerable room for improvement. The 

orientation of n-conjugated molecules plays an important role in improving rhc 

performance of devices sincc anisotropic electronic coupling of organic molecules 

influences the electrical and optical properties of  these materials. Onc of' the 

reasons identified for the poor efficiency in organic electronics is the lack of long 

m g e  order in most organic materials [Scheming et al. 2005; Hoebcn er al. 20051. 

Self-assembly offers new possibility t'or the constniction of such ordcrcd 

structures maicing use of weak intermolecular interactions [Zang et ctL 2008; Wu 

et al. 2007; Che el a/. 20071. In view of this, a wide variely of well ordered n- 

conjugated materials have been synthesized and studied. Even in the best of' 

m~terials thus designed, the possibility of formatiun of defects structures cannot bc 

avoided, since self-assembly is govcrncd by wcak intcrmolccular forces, The 

challenge to obtain defcct frec long rangc ordcrcd sclf-assembled x-conjugated 

materids which are of significant importance to the emerging field of organic 

electronics still remains unrnet. 



Chart 1.1 

SI I I \ ~ I I L ) I ~  c o ~ i i p i ~ u ~ ~ d >  C O I ~ \ L I  il 17iajor C~;ISC ot' \ L I C I ~  rt-conjugated 

~naterials, which have bcen ~ i d c l y  mvcstigated liorn the acadcmic as well as 

technological stand points due to their intcrestinp photochemical, photophysical 

and electronic prc~pcfiies Mcier 19921. Stilbenoid materials refcr lo thc materials 

madc up US stilbcnc units, inciuding oligostyrylarcne~ Ic.g., 2 , 3  and 4, C'han I 1 ) 

iind pnly(phenylcneviny1cne)s (5. Chart I .  I ) [Mcicr 19921. Most of these 

cornpoundq are associated wlth a strong absorption in the UVIVia spccrrum 

coi-responding lo thc cxcitilllon of' ;I-electrons of the conjugated double bond into 

X *  or'bitalc. liiibst~tlit~ci ~ I ~ r u ~ i ~ o p l l o r ~ ~  :I< \ c . c I I  ;IS h c t ~ r o a i o i ~ ~  ~ ~ ~ ~ \ I ~ ~ I I I I O I I  111 [hi' 

ring skclcton also fall within the dctinition of stilhcnoid compounds, provided that 

their substitutions do no1 result in a cotnpletcly diffcrcnt photophysical and 

photochcrnical character IMcicr PI  a/. ZOOX]. The way in w h ~ h  rhc stilhcnoid 

dcrivat~vus respond to light makcs them applicable widcly as functional materials 



in photoresist, imaging, optical switching and rclated applications [Likhtenshtcin 

2010]. The optical and electronic properties or stilbenoid compounds can bc easily 

tmed for specific applications, making them one of the most promising molcculcs 

among *conjugated matctials and have been extensivcly used as activc materials 

in electronic and optoclcctronic dcvices [Schenninp el uJ. 2005; Hocben er a/. 

20051. The latter applications arc of emerging intercst and rhc fabricatinn of chcap. 

flexibke plastic deviccs using such matcriats IS envisaged. Therefore, developing 

new stilbenoid materials and investigating their sdf-assembly bchaviour with a 

view to understanding md manipulating thclr buLk optical and clcctronic 

properties remains an activc area of rescarc h. 

Due to the large number of examples in the literature, in this Chapter, we 

will discuss only thc photochemical and photophysical properties of a sclected 

group of stilbenoids and the influence of self-asscmbfy nn thesc properties. Spccial 

emphasis is also made on studies rclated to their solid stale optical propcttics. 

1.3. Photochemistry of Stitbenoid Derivatives 

Cis-trans isamcrization about a C-C doublc bond is efficiently used by 

N a m  to trigger a response in biological processes such as in vision [Mahies 

1997; Liu et ul. 1986; Dugave et a/. 2003 1. [n view of this, the study of stilbene 

photochemistry as model compounds for polycnes has attracted irnmcnse 

attention. Irradiation of  (El-stilhcne chromclphores can lead ro differen1 products 
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such as E/Z isomerizatian. cyclization, cyclodimerization and polymerizat~on 

(Chart 1.2) meier  1992; Waldeck 1991 ; Likhtcnshtein 20091. 

Chart 1 .t 

Photoisomerization 

A schematic representation of thc energy surfaces for the ground and 

excited singlet states of stilbcnc is shown in Figure I .  I .  Upon dircct excitation, the 

rnolcculc reaches the electronically excited singlet statc (5,). This is followed by 

torsion around the central ethylene bond and rotation of thc phenyl rings [Weigel 

et a/. 2010; SaltieI el  ai. 1992; Syage ei ul. 19841. This torsional motion procceds 

until a 90" twisted geometry (Phantom singlet excited state) 1s reached, from 

which internal conversion to thc ground state So through conical intersection can 

occur. Since the phantom starc has a pcrpendjcular geometry, the formation of  

trun,s and cis isomers are of nca~ly equal probability when tho moleculc drops 

back to the So state. Thus the control of their relative population in the 



photostationary statc depends an which ground state spccics is being ~clccrively 

excited. This explains the transfomatiau of the marc stablo rrun.1-~sorncr to the 

Iess stable cir-isomcr upon photocxcitation of thc former. 

o 90 180 
torsion angle about central bond, b I degree 

Figure 1.1. Simplified schematic diagram of thc ground and cxcircd sratc potential 
energy surfaces of stjlbenc along the reaction coordinate Adapted from rcference 
[Weigel et ai. 201 01. 

For trans-stilbcne, isomcrization i s  hindered by an activation barrier of 

-1200 cmm'on thc S1 potential cncrgy surf;icc resulting in an cxcited state lilklimc 

of the order of approximately 100 ps [Wuigel er ub 2011J: SaItieI el u1. 1992; 

Rothenberger et al. 1983; Courtney et ul. 19881. In contrast, ci.7-stilbcn cxhibits 

only a shallow minimum in SI  and conversion is complcte aflcr 1 ps [Wciycl e r  ul. 

2010; Sumitani et al. 1979: Abrash et a/. 1990; Sension el ul, 1993: Totid er ul. 



1903; Repincu pr 01. 199 11. The outcome of an isorncrixation rcaction i s  prirr~od hy 

thc relaxation pathway on thc cxcitcd statc potcntial. 

Phoroisomcrizatian can procccd cithcr viu tt-lc ir. x" <i~~gIc t  ( S t )  or ~riplct  

(T,) cxcitcd m t c s  and is driven by the prupcrtics of'thc ~ I U ~ C C U I C  as WUIJ iih thc 

cxpcrimtntal uunditions. Howcvcr, the population o f  trrplcr statcs for frrlrrr-  :i11d 

r,t.s-stilbcno upon direct irradiation is neglipible and thus rhc isomcri;.ation t'rorn a 

triplct cxcited statc is  normally obscrvcd only in the presencc of- triplet sunsirizcrx. 

Thc iniluoircu of  solvent, ptcssurc and tcmpuraturc as wcll as thc n;rturc and 

position of  substitucnts n.hic11 can strongly influence both rhc Z:/: riltir, and 

isomcrizarion kinctics havc hccn investigated cxlensivcly [Saltiel el (11. 1902: 

Kothenbcrgcr er ral. 1983; hbrash et ul 1990: Todd rt ill. 1W3; Y u n g  el s ~ l .  200h1. 

Thc rate of'isomcri;ration ofstilbene dcr~vat ivcs dcpends to a largc cntcnl uprm rhc 

nalml: ui' thc rncdiunl For trc~n.s-stilhcnc. thc quarltuIn cfficicncy of 

photoisotnerization gcncrally dccreascs in  constrained nlcdia and this can bc 

attributed to torsional decay proccsscs bcco~ning more hindcrcd with increasing 

\ol\:ent viscosity. In many diarylcthylcncs. photoisornerization of thc fruns i son~cr  

docs not occur in frozen rncdia hccausc of ~ h c  close packing of  solvcnt rnoleculc~ 

around thc planar rrurls structure, resulting in a substantial reduction ol' t h t  

rcactiotl froe volume, making it  difficult for the onc-bond Ilip mechanism to 

opcratc (Yang L,I 111. 700hl. Thc photorcactivity of the correspor~ding ui-s isomcrs. 

howcvir, shows a dlff'erent rncdium dupcndcrlcc. with tho isvnlcrization remaining 
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feasible in the frozen media. This can be attributed to less efficient packing of 

solvent molecules around thc bcnt cis isomcr. resulting in  cmpty spaccs around thc 

molecule. As a result, phoroisomerization becomes exclusively cis to rruns In thc 

frozen media [Liu st a/. 1986; Liu et a/. 2005; Karnarnurthy 2001). 

PbotoqcIization 

The photocydization of srilbenc can lead to ~ h c  formation ol' phenanthrcnu 

via the Z isomcr, which can undergo clcctrocycl~~ ring clo.;url: invol\ l n g  siu rr- 

electrons leading to the formalion of the coloured truns-dihydrophcnmhrcnc 

(DHP) derivatives. The latter arc gcncrally unstablc and can convcrt back to thc 

corresponding Z isomers clther photochcrnically or thcmally by ring opallng 

reactions. Trans-dihydrophenanthrcne ( DWP) can undergo dehydrogcnation to 

form phenantfirenes in the presence of suitahlc ox~dants such as iodint and oxyscn 

(Scheme 1.1). It is repostcd that geometrical EL2 isomcrizarion can vccur in both 

the lowest excited states of singlet and triplet multiplicity ES, and T I )  while 

cychtion is known to occur only in rhc singler manifold [Repincc el ui. 1991: 

Caidwell et al. 19811. Thc oxidativc cyclization of stilbenoid compounds is 

employed widely for the synthesis of a variety of polycondensed arcncs [Segura er 

al. 19921. 
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Scheme 1.1. 

Photodimerization 

The tran.s-stilbene derivatives undcrgo stereospecific cyclodirnerization to 

yicld four membered cyc!obutane derivatives at higher concentrations. Upon 

cxcitation, the first excited singlet state S1, vndcrgoes a stereospecific [ Z  21 

cycloaddition by diffusion controlled formation of nonfluorescent singlet 

cxcimcrs. Thesc excimers, which lie in thc flat energy minima, transform to thc 

minima D* of doubly excited singlet statc of thc intemcdiatc with a pcricyclic 

gcometry ("pericyclic minimum'? which arc rapidly dcactivated to yield thc 

ground state products as shown in Scheme 1.2 [Meier 1992; Letsinger et ul. 1994; 

Rrocklchurst et al. 19751. 

Excimers and pericyclic minima determine the s t e r c o c h c m i s ~  and in the 

asymnlchical casc, also the rcgiochemistry. Predicting rcgiochcmistry is difficult, 

slncc according to perturbation theory, the head-to-head adducts should give the 

most stable cxcimers and thc hcad-to-tall adducts the most stable pericyclic 



minima [Kautecky et 01. 19871. At lower concentrations. dimerization is  restricted 

since the collision by diffusion of the molecules in  thc first excited slnglut ~ t a t c  

with a dimerization partncr is slgni ficantly reduced. 

[Tmns-Stilbene] + [Trans-Stilbene] S, + [Trans-Stilbene] So 

+ [Trans-Stil bene*. . . . . Trans-Stilbene] S, + 1 D*] 

Scheme 1.2. Mechanism of cyclodirnerization reaction in rruns-stilbenc. Adaplcd 
from rcferencc [Metrcr 1 9921. 

Photopolymerization 

Photopol ymerization is obscrvcd in fmns-stil benes In condensed phascs 

upon prolonged irradiation. Hcre thc reaction is associated with a favourablc 

arrangement of C=C double bond in thc condcnscd phases. This lopic i s  of 

significance to photo-crosslinhng in polymers thsvugh the use of pendent stilhcne 

units (Scheme 1. 3 )  [Dilling 19831. The crosslinking can be applied for imaging 

applications as negative photoreststs, because this proccss converts the soluble 

organic compounds to insoluble ones, as soon as a ccrtain dcgrec of crosslinkjng is 

mched. 
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Scheme 13. Photo-crosslinking of polymers rhrough stilbcne units. Adapted fom 
reference [ Meirer 19921, 

TIC possibility of these different photochemical reactions in stilbcnoid 

derivatives is favourable for h c  constsuction of photarcsponsive materials but act 

as a deterrent to thcir use as chromophorcs for the design o f  op~ocl~ctronic 

materials. From the point of view of developing optoeIectronic materials, it would 

therefore hc of interest to design stilbcnc based molecules whescin such processes 

are greatly controllcd. 

Fluorescence Properties 

Deactivation of excited statcs through fluorescence emission in non-viscous 

solvcnh is generally inefficient in ~tilhene (mt- = O 05 in benzene, tf = 60 ps) 

[Whitten 19931 and r e i a ~ d  compounds due to the competition with torsion 

induced non-radiative deactivation processes Figure 1.1). For trans-stilbene. an 

increase in viscosity in dilute solution leads to an increase in fluorescence 

efficiency and lifetlme with a concurrent dccreasc in the efficiency of ?rum-to-ci.5 

photoisomcrization [Whitten T 993; Russell et a/. 19801. Fluorescence becomes 
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predominant when thc torsional deactivation pathways of the stilbcnc muleculcs 

are restricted. 

Figure 1,2. Schematic rcprescntation of geometries for PICT and TICT states for 
donor (D) acccpzor (A) substituted canjugarcd systurns Adapted from refescnct 
[Yang el ul. 20061. 

Photoinduced intramolecular Chargc Transfer ([CT) oftcn dictaleh rhc 

excited state behavior of strong elcctron donor @)-acceptor (A)  substitutcJ 

conjugated systcms such as tr(~n.~-4-(N,K-dimethy lamino)-l~cyanostilbcl~c 

[Grabowski et a/. 2003; Pincs rt ul. 2003; Lapouyadc el ul. 19921. I n  donor- 

acceptor substituted srilbcncs, the cxistencc of' two distinct potential minima 

namely the Planar Inhmolccular Charge Transfcr statc (PIC:T) and the Twisted 

Intramolecular Charge Transfer State (TICT) which diffcr i n  their geomctry and 

dynamics have been suggested (Figure 1.2.). In nonpolar solvents. i t  i s  

conceivable that thc ICT state dnminntcs through D-A mcsomeric lnteractlans 

which favours a planar gcornetry IPICT). Howcvcr, in polar solvents. the opposilc 

extreme of ICT, referred to as TlCT, whcre the O and A fragments arc twisted and 

newly electronically decoupled, might become energct~cally morc favourahle 

(Figure 1,2) [Yang et ai 2006; Xachariassc cr ul. 1996: Zachasiassc 20001 It is 

assumed that a TTCT statc allows a larger charge separation and thus posresscs a 
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larger rnolecuiar dipole moment and in turn is better solvated in polar solvents 

(Figure 1.3). In principle, the radiative transition bctween the TICT and the ground 

statcs (So) is forbidden and thc deactivation of thc TtCT statc is rnalnly by heat 

and a lowcr fluorescence quantum yield for its decay is generally observcd [Rettig 

et al. 20001. 

conformation of 
the trans isomer 

Figure 1.3. Simplified schcme for thc formation and decay of the fluorescent ICT 
sta~c of donor-acceptor substituted stilbenes, where the portlon in the square 
corresponds to the conventional two-state ~ ' t *  (PICT) and Ip*) model. Adapted 
from reference [Yang et a/. 20061, 

Among stilbenoid systems, such TlCT behaviour i s  observcd in 4-N,N- 

dimethylamino-4-cyanostilbene and 4-N,N-dimerhylarnino-4-nitrostilbene in polar 

solvents IYwg et at. 20061. Singh and co-workers investigated the fluorescence 

behaviour of a series of l,2-diarylethenes and the derivative with CN group as the 

acceptor and two 9 M c  goups as the donors exhibited solvent polarity-dependent 



dual fluorescence, in which the short wavclcngth fluorescence band is due to the 

hitially excited state, which is electron~cally delocalizcd and has a planar 

geometry [Singh er a1 2001 1. The long wavelength fluorescence band i s  attributed 

to a non-planar TICT state possessing a dipolar characler Thc schematic 

representation of the plausible fluorcscenl txcitcd state stnictuscs for dimcthox y- 

substituted cyano stilbene (1 I )  is shown in Figure 1.4. 

,,,,*e pdar _ ,-_ m e  

medca .. -:&. . . Dkk 

< I  
nC ,\" 

nonpolar .sc '-5 
HC I 1  a med~a b 

- . m w  I ' e  pan e w  07*  nm 

Figure. 1.4. Plausible fluorescent excited statc structures for 11 : a) Tnitially 
excited delocalizcd, planar statc PICT, and b) non-planar T1C:T state. Adapted 
from reference [Singh ef a!. 200 11. 

1.4. Self-Assembled Stilbenoid Suft Materials 

The term 'supramolecular' signifies that which is beyond thc molecule and 

supramolecular concepts have had the grcatest influence in the canstruction of 

complex architccturcs with well defined shape, size and functions, whcrc thc 

molecules seif-assembles in an encrgeticall y favouarable way making use of weak 

intemelecular interactions [r,chn 1 9951. The spontaneous self-asscrnhl y of 

molecules to form soft rnatenals is currently n topic of great intcrcst in areas that 

range from chemistry and biology to rnntcrinls science. Upon sclf-assembly the 

functional properties of moEecules are greatly altered and have structural features 
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and properties that are characteristic not of the molecu1es themselves but that of 

cxtcnded assemblies. Sclf-assembly of stilbcne and its derivatives have becn 

extensively investigated in ordcr to gain insights: on thc properties of moleculcs in 

thcir aggregated state [Whitten el ul. 1998; Song et ul. 1998; Geiger et ui. 1999; 

Wang et ul 20001. The self-assembly bchaviour of a large number of stilbcnotd 

based materials have been investigated. Here we describe a few reprcscntative 

studies on such systems. 

The aggregation of rruprs-stilbene amphiphrles in micellar media have been 

thoroughly investigated by Whittcn and co-workers. Thcse investigations showcd 

thc depcndcncc of the stilbcnc chemisiry on the exact location of thc moleculcs in 

the micelIar systems. Enhancement in fluorescence and a ncgligibIe isc~merrzation 

quantum yield was observed when the stilbene chromophore was cmbedded in the 

lipid bilayer at low temperature or in gel phase [Whittcn er a/. 1998; Song er 01. 

1998; Geiger el ai. 19991. 

Whittcn and co-workers investigated aggregation behaviour of a geEator 

containing a cholesterol group tethered to a fmas-stilbcne chromophorc I1 2, 

F~gure 1.5)  [Wang et ui. 20001. The authors observed that as gel formarion 

commenccd, the solution dewetted from the surfacc, forming circular and 

elongated droplets. leaving an exposed substrate. Upon further developmenl, fine 

fibers became dominant at the expense of the sol-phase droplets. The onc- 

dimensional growth of individual fibers suggested continuous stacking of the 
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gclator molecules, which facilitated the sol-gel phasc transition. Fuflhcr 

condensation allowcd combination of neighbouring fine fihors into thicker oncs 

Figure 1.5a-f). The one-dirncns~c~naI helical stacking ivas evidenced from UD 

spectroscopic investigation and the schematic representation of the chromaphore 

packing is as sllown in Figure 1.5g. 

Figure 1.5. Time transient AFM iniages (in amplitudc mode) of sol-gel phase 
transition. Tmages wcrc acquired after Ihc heated soI-phasc solution ( 1.6%) was 

cooled to room temperaturc for (a) 0, (b) 10, (c) 15, (d) 18. (ej 2 1 , and (f) 3 I min. 
The scale of all the images is 12x1 2 pm, g) possihlc helical stacking modcl of the 
rnoIeculcs in a unit fiber. Adaptcd from reference [ Wang e/ ui  2000 1. 

Ajayaghosh cr a/. reported thc observation or ~hermnreversi ble gclat  on o f  

fluorescent p-phcn ylenevinylenc derivatives lhrough cooperati L e h ydropen 



bonding and n-stack induced self~assembly [Ajayazhosh ef a/. 2007,200 1 : Cicorse 

el nl. 20051. The authors reported that H-bonding moicties played a cn~ciul rolc in 

assisting r-stacking. resulting in worn tempcraturc gelalion of p- 

phenylenevinylenc at relatively low critical gelator concentrations. The schematic 

representation o f  the sclf-assanbly in an OPV based gelator is shown in Figurc 

1.6. Later the same group dcscribcd a widc variety of OPV derived organogetators 

and investigated the changes in optical properlics on gclation. Morc recently thcse 

gel rnatriccs havc been used as scaffolds for facilitating energy transfer processes 

[Ajayaghosh et a/. 20081. 

Figure 1.6. Proposed sdf-assembly of the p-phenylenevinylenc gel in 
cyclohexanc. Adapted from reference [Ajayaghosh er at. 200 I]. 
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Hydrogen-bond mediated self-assembly of OPV derivatives in the 

I 

aggregated statc has been extensively studied by Meijer and co-workers 

[Scheming ef 01. 200 I ; lonkheijm et ol. 20031. These: studies have unraveled 

many interesting propmies of OPV aggregates, particularly related to their 
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merphologcal and optical properties [Hoeben et ul. 2005 (a&b)]. 'The 

strategy was to introduce the quadruple hydrogen bonding in the OPV 

derivatives such as ureido-s-triazine and ureidopyrimidinone. 

Figure 1.7. a) Schematic representation of thc hierarchical organization of 13 in 
dodecane, b) photoluminescence decay dynamics at 2.226 eV at different 
temperatures. Adapted from references [Scheming e/ ul. 200 I .  Herz el crl. 20031. 

In apolar solvcnts, quadruple hydrogen bonding between these groups 

resulted in a sod shaped n-conjugated structure which grow hierarchically 

into chiral stacks by solvophobic and n-n interactions (Figure 1.7a). This 

process was monitored by absorption, emission, CD and by morphological 
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investigations. Such formation uf ordered chiral stacks of OPV molecules 

using hydrogen-bonding motifs lead to fast exciton difhsion along the 

stacking axis, as observed from fluorescence dccay at variable temperatures 

(Figure 1.7b). The authors showed the electronic properties of the 

supranlolecular OPV wires are intermediate between molecular crystals and 

disordered po lyrneric conductors, i.e., between collective excitation and 

hopping regimes [Herz el al. 2003; Hoeben er al. 2005 (a)]. 

Star-shaped stitbenoid zinc phthalocyanines with K-conjugated OPV ( 1 4) 

have been reported by Kimura and co-workcrs (Figure I .X) [Kimirra e! ul. 20021. 

Fluorescence spectroscopy of the stilbenoid phthahcyanines provides evidence of 

an efficient photoinduced intramolecuIar energy transfer between the OPV side 

chains and the phthalocyanine core. OPVs with flexible hexyl tails induccd liquid 

crystallinity in the bulk. Slow cooIing from thc isotropic phase yielded a 

hexagonal columnar mesophase driven by n-IT and van dcr Waals intcractions. 

CiV/vls absorption spectra of a thin film of (14) at 130 "C revealed strong 

hypsachramic shifts compared to that in solution and X-ray diffraction revealed a 

slacking intcrdistance of  3.5 A. These results confirm that (14) self-assembles into 

one-dimensional columns with a cnfacial configuration as shown schematically in 

Figure 1.8. 
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Phthalocyanine core 

I 

Self-organization 1 
OPV 

Figure 1.8. a) Schematic representation of the sell'-organization of stilbene- 
fimtionalized phthalocyanincs 14 (general structure) into a liquid-crystalline 
mesophase, b) as  visualized under the polarization microscope. Adapted from 

reference [Kunura et cri. 20021. 

1.5. Solid State Fluorescence o f  Stilhenoid Derivatives 

In 1990, Fricnd and co-workers dcvcloped the first polymer based light 

emitting diode, which attracted a grcat dcal o f  attention primarily becarrsc of thc 



enormous potential Tor the application of such materials in  flexible and lcss energy 

demanding solid statc light emilting devices [Burroughes el crl. 29901. fn prototqc 

pol ymcr light emilting diodes (LEDs), polyphenylenevinylene (PPV) was used as 

active material. Ever since. a large numbcr of oligorncric and polymeric stilbcnoid 

dcrivatives havc been synthesized and their photoemissive properties in solid state 

havc been investigated [ Shinar 20041. Numerous sludies over rccent years have 

largcly contributcd to the dcsign ol' ncw materials and deviccs. However, 

considerable improvernent in performance is stiEl requircd. 

Organic materials arc known to undergo drastic changes in their optical 

properties in thc solid statc compared to that in thcir solution. The change in 

optical propertics on going from sotvatcd rnalecules in solutions to aggregated 

molecules in macroscopic solids are mainly due to rcduction or torsion induced 

non-radiative deactivation processes. migration of exci tation energy to distortions, 

impurity traps or dopants and intermolecular coupling of electronic transition 

dipole moments. in many instances, it has been shown that solid state optical 

propcrlies are strongly affected by intermolecular electronic interactions [Kumar 

ef al 2004; Kumar ei 01. 2008; Davis et a/. 2008; Dong el ai. 2009, Lewis et al. 

19971. 

For example, the quenching of radiative processes in thc solid stale often 

originate from K - 7 ~  interactions encountered in the crystal lattice of pIanar 

conjugated molecules arranged in a cofacial fashion. This architecture [cads to the 
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fcmation of H-aggregates in the ground state and excimer 113 the excited state, 

which usudly exhibit low pho~oluminescence efficiency TSiddiqui el ul 2999, 

ComiI er al. 20011. In view of this, development of strategies to prevent quenchmg 

of luminescence efficiency i s  receiving increasing attention. 

'r""' I.Iy- I 
2 4 6 8 10 12 14 16 38 20 

Inmrchatn distance 

Flgnre 1.9. RJDOISCI-calculated transi~ion energies of the lowest hvo optical trans~tlons 
of a cofacial dirner formed by two stilbene molecules as a function of the intercham 
h c e  R {in A). The horizontal line refers to the transition energy of the isolated 

molecule. Adapted from reference [Cornil er al. 20001. 

Extensive theoretical studies have addressed the effect of intermolecular 

electronic coupling on charge carricr and photophysical properties of polymeric 

md oligomeric molecules. Bredas and co-workers using AM1 scmicmpirical 

&Went, investigated exciton splitting In stilbene dimers with respect to Ihe 

m o l m u i a r  distance and the effect of relative orientations on thc energies and 

dater strengths of the lowest excited states quantitatively (Figure 1.9). 
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Theoretical catcular~ons on the cofacial dimer of stilbene molecules describes the 

evolution of'the energy of the two lowc~l  singlet cxcited statcs resulting from the 

interaclion of thc lowes~ cxcitcd statc of isolated st~lbcnc mo1cculcs with 

~ntcnnolocular packing d~stancc varylng from 20 A down to 3.5 A. The lowest 

excrtcd statc of' the cofacial dimcr (H-aggregates) is nor optically couplcd to the 

ground statc, whatever the intermolecular distance; thc oscillator strength is 

conccnlrated in the second cxcitcd start. When dcaling with ' n '  number of 

molecules in interaction in a cofacial configuration, thc lowest cwcitcd statc o f  the 

iwlatcd rnolccule splits into 'TI' statcs. the lowcst of which is optically forhidden 

from the ground state. Thus, in cofacial configurations, strong intermolecular 

interactions lead to a bluc shift of thc lowcst opttcally allowed transition with 

respect to thc isolatcd rnolccule, as was observcd experimentally for stllhcne. The 

expected blue h i f t  may sometimc be masked due to thc increased planarization of 

~nolccules In the solid state. Thc absence of optical coupling between h e  ground 

statc and thc lowcst excitcd statc o f  the cofacial arrangement usually reduces thc 

luminesccncc quantum yield with respcct to isolated chains. Thus rheeretical 

calculations have shown that significant molecular interaction In a cofaciai 

con tigurat~on at a distancc less than that of 4 resuits in a considerable quenching 

in thc luminc~cencc efficicncy IComil er ul. 20001. 

Focus was then made to prornotc a significant optical coupling bctween the 

ground statc and the lowcst excited state in solids with a vicw to reduce the 
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quenching of fluoresccnce. Calculations (1NDO)SCI) wcrc perfonncd on a 

cofacial dimer with an intermolecular distancc of  4 A and translation and rotation 

operations were perfonncd on the axis along thc stacking direction and thc long 

molecular axis. According to the caloulalions, [he translat~on of a molcculc over 

small distances along its long or short axis (Figure 1.10: cast 1 or [I) or rotalion 

around the long ~nolecular axis (Figure 1.10; case 111) are inhufticient optration5 

for recovering a high fluorescencu quantum yicld in the solid btatc beoausc such 

operations keep thc superposition and parallrl~sm 01' the long rnolccular axes. A 

much more successful approach is to promote a tinite angle bctwcen the diroat~ons 

of the long molecular axes (Figurc 1.10: casc IV). As the anlplititde of rotalional 

angle increases, energy splitting between thc lowest and thc first excited stalcs of 

the dimer reduces and a progrc~sivc transfer 01' the intensity I'rom tht. sccond 

excited state to the first excited sEatc takes placc. As the configuration approaches 

a perpendicular stacking rnodc, the optical splitt~ng vanishes and emission 

originate from the rnonolner~c species. Misalignmeilts in the ~nolccrllas 

organization and thc consequent reduced intennolccular rr-okerlap fabours high 

luminescence quantum yields and at the same timc rcsults in  a scduc~lon uf thc 

charge transport propcrlics. 
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Figurc 1.10. Skctch of the operations applied to a cofacial dimer formcd by two 
stilbenc molecules separated by 4 A when investigating the role of positional 
disorder. Thc modifications are induced by (1) the translation of one moleculc 
along !hc chain-axis direction, (11) the translation of one molecule along the in- 
plane transvcrsc axis, ( T I F )  ~ h c  rotation of one stilbcne unit around i t s  long axis. 
and (1V) thc rotation of onc srilbcne moleculc around the stacking axis whilc 
kceping the parallelism betwccn Ihc molecular planes. Adaptcd from refcrencc 
[Comil c.1 01. 200 1 1. 

The cry stall inc state is considered as supramolecu!e par- e . v c ~ / i m r ~ ,  where 

reliabie information on intermolecular interactions can be obtained through 

crystallography [Dcsiraju 19971. Much of our knowledge on the dependence of 

solid state optical properties and intermoCecuIar electronic interactions has bcen 

ohtaincd from X-ray crystal structure analysis. OPV-based systcms whcrcin 

adjaccnt rnoiccules are arrangcd with their dipoles crossed, resulting in rcduccd rc- 

rr interaction and conscquently highly fluorescent solids, have been reported by Ma 



and co-workers {Xie el al. 20051. 2,5-Diphenyl- 1.4-distyrylbcnrcnc with two fmns 

double bonds (iruns-15: Chart 1.3) tend to adopr a stable cross-slacking mode in 

the crystalline state. Thc crystal packing of irms-15 showed the molecules Ic) be 

packed into one-dimensional molecular columns along lhe h-axls in which the 

central phenyl rings overlap. Each molecule waa rotated relatlve to the other by an 

angle of 70" about an axis that passed through the centers of both the inolecules 

(Figure 1.1 1 ). 

Chart 1.3 

The authors claimed that the molecular packing in thc ~ a n s - I 5  singlc 

crystal was the first example of cross dipole slacking of conjugalcd inolcculcs III 

the solid statc, which resulted in enhancement of thc solid statc fluorcsce~~ce as 

predicted theoretically by Bredas and co-workers [Cornil el ul. 200 11. 

In the cross-stacked dimer, the cnergy diffcrencc bctween the excited states 

are reduced so that a progressive transrer of intensity from higher level to lower 

level occurs leading to a finite dipolc morncnt between the ground state and lowest 



excited state of clusters. As a result. a high fluorcscencc quantum yield was 

ob~crved for this molecule in its crystalline state with thc emission rangr: very 

closc to that nT the rnonorner (blue rcgien). Additionally. the overlapped ccntral 

phenyl rings along one-dimensional tnolccular ooPurnns (6  axis) can act as a 

channel for clectrc~n transport. producing high carrier mobility. 

Figurc 1 .1  1. a) Crystals of mzns-15 under UV Iight (365  nm). b) stacking of 1 D 
molecular columns. c) cross-stacking molccules In ID ~nolecular column. d) 

schematic of thc aroma~ic CH ... n hydrngen bonds betwcen two adjacent 
molccules. Adapled tiom rcfercncc. [Xic el 01. 20051 

The cryslal 01. II .UP~.F- 15 possessed exccllcn~ tllermal srabilily. good 

electron-transporting properly and strong pure blue emission. which madc this 

matenal a promising candidate for OLED and lasing applications 

Gierschncr and co-workcrs investigated the consequencus of the different 

packing motifs of a serics of d~styrylbenzcne derivatives (DSR (2 ) .  ?-Bu4DSB 

( I @ ,  FltDSB (17) and \ : I  co-crystal of DSB:F12DSB) on their optical and 

photophysical properties using absorption and Ruorcscence spcctroscupy under 

time-rcsolvcd as well as angular rcsolvcd polarized conditions [Gicrschncr ct nl. 
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20051. The solid statc properties were studied using single crystals and 

nanoparticle suspensions. The absorption and fluorescence spectra of all rnolccules 

in solution werc quitc similar. However largc differences in Ihcrr solid state optical 

properties were observed. Thc differences oi' thc optical propenics in the solid 

state are essentially causcd by diffcrent intcmolccular organi~ation. 

%, 
F , r  

F,,DSR(17) ' 
Chart 1.4. 

t-BuoDSB did not show a long-rangc order of thc constituting rnoleculcs 

due to the steric hindrance of the bulky r-bury1 group. Concomitantly, i ts 

photophysical propertie& in the solid state arc very similar to that obscrvcd in its 

solution due to the lack of electronic interactions between neighbourinp rnolccules 

in the solid state. DSB organizes in a herringbone structure with an edge-to-face 

arrangement o f  the m~leculcs. whereas FlzDSB well as DSB:FI2DSR co- 

crystals organize in a face-to- facc orientcd molecules stacks. Thc layered 

structures with preferential parallel orientation of the rnolccular S,-*S, transition 

dipole moments promote H-aggregation for DSB as well as for F,,DSB and 



DSH:FIzDSB and i s  ind~crt~ct l  by rhc observed strong bluc shrt'trcl ahsorprton 

s ~ c ' c ~ I . ; ~  and low radiarivc rntc ccrnstants i n  thcse dcrivi~ti~cs.  

2 50 333 500 
Wavelength, nrn 

Fi~urr.1 .I 2. Fluoresccncc (right) and abwrption spcctra rlcft) of ~listyrqlhcn/cnc 
nanopart~clc<: a )  I-Bu41)SB, h )  DSB, c)  co-crystalli~cd DSR:FI2DSB i111d cl) 
F121)SR. Spcctra In hcxanc s~lutbcm (d;~shctl l inc i )  arc shc\w~i Ibr carnparraun. h 

hchzmalic rcpruscn~at~on O E  thc rcspectlvz condensed phnsc structures 1s gi~c 'n  on 
thc rigl~r. Adaptcd from rcfcrci~cc I Cjicrcchrlcr ~t r r l .  3005] 

7 h e  cmihsion propcr~icsd '  [hcqc d c r i ~ a t ~ v c s  arc slgntficantl?~ clitrl'rcnt. with 

dl;lt in kolurion duc tu lack of s~pniticent contribution of inrennolccutar ~ i h m n i r  



coupling. Fn rrlcc-to- fncc stacked structures. a significant chargc tr3nsfi.r 

character of thc clcctronic transition was obsewcd induci~ip cfticier~t coupling of 

intermolecular vibrational modes. As n result slrongly rcd shittrd, unslruclureci 

excimer likc emission speclnlm was obserted. 

' J  *. i / 
DBDCS (18) " 

- smplc c w e l  
ennpnld  v l r l  

Wavelength (nm) 
Figure 1.13. DBDCS material: (a) Molecular struclurc and i ~ s  local d~poles 
(dashed arrows). (b) Photo o f a  single crystal: before annealing. under room light 
(i), and W light (ii), and aftcr annealing, under room light (iiiE, and VV light I i v )  
(scale bar = 0.2 mm). (c) Photo of thc annealed powder mdcr room (Icft) and UV 
light (right), (dl Photo o f  grinded powder under room light (ldi) and W lisht 
(right). Adapted from rcfcrcnce [Yoon rt at. 301 01. 



Park. Ciicrschncr and co-workers havc very rccenlly invcstigatcd changes in 

fluorescence properties of cyano-di~tyrylhcnzenc (Figure 1.13a) [Yoon er a(. 

20 I01 when subjectcd to cxternal stimuli such as tetnpcraturc. pressure, solvent 

vapor which was carlier reported by Wcder and co-workcrs [Crenshaw et a!. 

20051. They wcre ablc to providc an explanation for thc obscrved phenomena 

based on changes in intermolecular interactions between moteculcs brought about 

by the external stimulus. 

Two distinct types of fluorescence behaviour wcre observed in 

DRDCS (18). Singlc crystals grown from an ethyl acetate solution appeared 

yc!Iow in colour and emitted preen lighl ( I w ,  = 533 nm) under UV 

illumination. On heating the sample to 125 "C for an hour, however. the 

colour chansed to pale grecn and the emission to blue (458 nm) . while the 

crystal appearance changed from transparent to opaque. The single crystal 

analysis of thc green emitting material indicated the constituent moIecuIes to 

bc arranged in a slip-stacked arrangement along the long molecular axis (see 

Schernel.4) with a slip angle of 26.6' and an interlayer distance of about 

3.67 A. ln this arrangement. the neighbouring molecules possessed 

substantial overtap of the rc-systems (sec Scheme 1.4). and the material 

exhibited an excimer-like emission centered at 533 nm. In the blue emitting 

material. powder XRD data showed the molecules to be slipped along the 
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long molecular axis at an angle of 62.8" with a head-to-tail coupling of the 

local dipoles in adjacent molecular sheets (see Scheme 1.4). In this case. the 

principd slip direction of the molecular sheets i s  along the shorter axis of the 

DBDCS (18) molecule to effectively offset the aromatic rings resulting In 

diminished excimer formation. 'The authors observed that 1 he appl icatiori of 

pressure to the blue emitting fonn could restore thc original green em~tting 

form. 

green emifslon 

(G-phase} thsrmoatimulua - 
rc -. 

- 2 6  r molecular sf id ing 

'\ 

pluzaatlmulus 

Scheme 1.4. illustralion of two dtfferent rnodcs or slip-stacking in DBDUS (18) 
molecular sheets, dictated by different ways of antiparalleL head-to-tail coupling 01' 
local dipoles. Adaptcd from reference [Yoon et ul 201 U] 

In spite of the several investigations of the t y ~ e  reported in  this Chaplcr. a 

clear understanding of the nature of the interactions that determine the packing of 

maleculcs in the solid state and how thcy af'l'cct the optical and electronic 

properties of thcsc materials is still no1 available. 
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In this contexl, continued studies on stilbenoid derivntivcs can lead to a 

fi~rthcr understanding of srnrcturc property relationships. providing exciting 

prospccls for the desi~m and construction of novel materials with improvcd 

propertics for applications in optoelectronic deviccs. 

1.6. Objectives of the Present Work 

The tnajor Vocus of the present study is tcl synthesize and investigate thc 

material propertics of a fcw srilbenoid ~noleculcs and to monitor thc changes in 

their pholophysical propertics on self-assembly. One of our objectives was to 

elucidate the conclation of solid statc optical properties and molecular packing 

and to fine-tune lhcse optical propertics by bringing about sub~le  variations in thcir 

molecular packing by varying the nature of remote functional p u p s  and also by 

using cxtcmal stimulus sucl~ as hcaz. We have also investigalcd different 

functionalized stilbcnoid units for the constructinn of self-assemblcd materials 

such as liquid crystals and gcls and thc cffect of self-assembly on thcir optical 

propertics in these condensed phases. 



Chapter 2 

Synthesis and Study of Fluorescence Properties of 

hxy-Cyano Substituted Stilbene Derivatives in 

Solution and Crystalline Phase 

Tuning of Solid State 

Fluo~escence 1;.J 
1. 

a 
400 500 600 700 

l l n m  - 

f hermarly Induced 
Crystal t o  Crystal Transition 

Objective: To understand thc rolc of moleculur packing in controlling  he optical 

pmperties of stilbenc derivulives in solid stale and lo finc-runc their ~nolecular 

organization for obtaining materials with desircd optical properties. 
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2.1. Abstract 

Tllr .y.rlfl~t~.si~ und p hotolzr rninc/..vc-t~t~~*t' proper?lrz.s (2 f a s ~ t - i v , s  of' donor- 

U C ~ ' L J / I I O ~  . s~th.s t i / r~le~j  ~tilhcr7(> Jerivai~~,r .~ ~~'lrer-~irt  ulko.yi* K I ' E I I I ~  US dor1or mt~d c?'ann 

n<~~021p CIS t h ~  C I I . L * L ~ ! I I I .  arc described. Ail the d~r-ivafii~~/.\ sho~bed C I ' C U ~  Jlriorescei7ce 

in tile ~ o l t t ~ i n ~ r  sr~rfe ~~?hel-crn ~ h q <  e.rhihlrrd s t r -or~g~l~ torc~ .v~ 'c~~~c~t~  i r r  / h t a  ,soEiri .stale. 

,Moreover, i r r  thwe sidlhenr~ rlerrva(ivr.r [hc nat1u.e of' t i rc~ solid .vta/c /I~rorc..r~mrc 

poper-ties n.as ohscr.r.ed to hr. )'errb .\en.riiive to ihe len.yrlr ofthe o1k1-I .qr/l~srirric.nr. 

Ilcr-i~~otir'es \\.ith short ulX~l chains (DSJ-DS4) cmittcd in !he hiuc reCqion, nhElc 

der~i~ocl~ives umirh inrermedic~rc. nlA~l chair1 lcagrh (DS5-DS7) ernrrteri ill {he hlriisEr 

gr-cetr I-egio~r ~t17d !ha[ rimi~h rr Iong ulA~.l clrc1111 (DS8) ~u1i1kxI ~ J I  the Gyc.cen rcginn. 

Thrj role r!J molur~~lur pucking /t1 cn17rrcjllit;g !he solid ,SIUIC> ~ I I I o I ' c , ~ ~  C I I C U  was 

in~le.~riguted 1~g.  .strrd~.inp the rr?:r.rul strztctlwe qf tIresc n~olcc rtle.~. S~tr~qle ct?*~ral 

X-ru~. nnail :re?; t j  f' the C ' I ~ F I C I I , ~  I l j ' t h ~ ~ s ~  d~'r iv~l t i l :e .~  indic(~t~'~f [hut fhc ~ ~ ( r f r / t * c ~  of the 

r~rolt.ctilur pcrc'king  ti.^,^ ccotrnilecl h-v the lc~~grh of tlrr C I / X - I . /  st(h.sti~~rc.n IS.  .4 s ~ l - r ~ n g  

correlurion rr~lrlii he o h ~ e t ~ ) ~ c l  hetu~ren fhc 1~att41.e qf ~ h c  ~nolcr.rtlar pu(.kir~g ar~d 

I hc> solid stoto opricul proper tie^ cflrhesc* materials. .4 ji'u* of /he d~v+.rivc~t ivei fDSlO 

nnd DS12) e-rt~ihited a ~miyrde rherrnul!l. irldrtced cr.bh,~/al 10 C I : ~ : F I U /  I1.ut1~ifi011 

~t.$sor.inred n'ilh dt-~~si i~ '  ahur~ge.~ in 1 1 7 ~ 1  r coiuia- and phr>tnemi~sh:c hr huviordr., 

~ ~ h i c h  colrM he ltttributed to plunoriza~ior~ and latarion ol'fhe moi~cl~ics ieudirlg to 

rhut~ges i17 the r-.clafive c~~.ienrurinm q[ trkc, nrighbcr~rr~it~g nnloleczrles ~ - t ~ s ~ t l t i ~ ~ f :  iiz 

strong r,rriionir- ~ ' ( ~ ~ ( p i i n , q  her~'ec~n them. 
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2.2. introduction 

Organic a-conjugated oligorners have reccntly been the focus of ~ntercst 

mainly because of their potential for use as activc elements in vanous clcctron~c 

arid optoelectronic devices [Forrcst et ul. 2004: Schenning PI ul 2005: Hide ul. 

1997; Montali et ul. 19981. To achievc successful incorporar~on of such 

conjugated materials into functional deuces, it is necessary to undcrstand and to 

be able to manipulate their solid statc electronic interactions which in turn control 

exciton migration, chargc transport as well as the optical pr~peAies [Comil et rrl 

2001; Sun et al. 20031. Molecular organization plays a decisivc rolc in  deiining 

fhe functional properties of thesc materials and the controlled self-assembly of 

molecules into desired structures within devices can lead to enhanced 

performances [Lim el a/. 2009; Antony er ul. 2006; Antony er ul. 20071. Thc 

stmhre-propcrty rclationqhips 01' organic n-conjugated materials arc fairly well 

esbtb1ished at the molecular level bul the factors that control their bulk propcrtics 

are still not fully understood. 

h the soiid state. photophys~cal propcrties are mainly affected hy 

in~o lecu lar  coupling of electronic transition dipole moments, reduction of 

torsion induced non-radiative deactivation processes and m~gralion of excitation 

amgy to distortions, impurity traps or dopants. The interplay of thesc factors 

complicate thc understanding of the exact reasons for the changcs in the 

luminescence properties on going from solution to solids. Out of thcse paramctcrs. 
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intermolecular coupling of electronic transition dipole moments is more important 

which in turn is decided by the rclative orientations of the neighbouring molecules 

and thc rcsultant cxcitonic intcractions [Lewis et al. 1996; Lewis ei 01. 1997; 

Gierschner et ul. 2005; Spano 2003; Sheikh-Ali et al. 19941. The relative 

alignments of thcse molecules arc controlled by weak intermolecular form 

involving both rr-conjugated units as well as remote functional groups which are 

not in conjugation. Variations of molecular packing by introducing remote 

functional groups can therefore be utilizcd as an effective strategy to fine-tune the 

solid state photophysical properties of a particular chrornophorc [Davis el ai. 

2008; Kumar et a1 2008; Kwnar er ul. 2009; Jayanty er ul. 2004; Radhakrishnan el 

ul. 2008; Prakash er 01. 2006; Mizobe ef 01. 2005; Dong et al. 20091. Alternatively, 

the molecular packing of chromophores in the bulk can be altered by external 

stimuli such as heat [Davis er a/. 2005; Mutai et a/ 2005; Crenshaw er al. 2005; 

Chandrasekharan er al. 2001; Mutai el crl. 2008; Kunzelman et ul. 20081, light 

[Chung er ul. 2009: Papaefstathiou ei al. 20061, pressure [Kunzelman el al. 2008; 

Sagara et al. 2007; Mizukami et al. 2005; Ito er al. 2008; Mizuguchi el a/. 2003; 

Sagara et al. 20091, and chemicals [Fci et 01. 20031. Materials which can respond 

to external stimuli in such a manner can provide valuable information about the 

nature of molecular packing that controls the optical properties and also have 

significant potential for application as smart materials, 
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In this Chapter, we describe our detailed investigations on the solid state 

photophysical properties of novel donor-acceptor substituted stilbene derivatives 

2.1). Stilbene derivatives possessing a cyano group as the acceptor and 

M o x y  group as the donor, with varying alkyl chain lengths (DS1-DS1 2 )  were 

wthaized and have bcen characterizcil. In thesc stilbcnc derivatives, Zhc nature 

ofthe solid state fluorescence properties were observed to be very sensitive to the 

h g t h  of the alkyl substituent, derivatives with short alkyl chains (DS1- DS4) 

&Uhg in the blue region, while derivatives with intermediate alkyl chain lengths 

emitting in thc bluish green rcgion (DS5-DS7) and the derivative with a long alkyl 

&ah emitting in the green region (DS8). Thc role of molecular packing in 

C~~~troIling the solid state fluorescence of these derivatives was elucidated by 

Btadying their crystal structure. Few of thesc stilbene derivatives exhibited 

b a l l y  induced crystal to crystal transformation with drastic changes in their 

optical properties. The role of the modification of molecular packing on heating in 

mnlmlling optical propcrties of the material has been investigated. 

DS7. R C7I-TiS; DSII, K C',H,-. 
Dialkoxy - Cyano Stilhcnr I3erivrtt1ves (DS) 

DSIO. K =C,&T,,: DS12, R - C,,TT:*. 

Chart 2.1 
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2.3. Results and Discussion 

2.3.1. Synthesis of Stilbene Derivatives 

Thc alkoxy-cyano substituted stilbene dcrivativcs shown in thc Chart 2.1 

wcre synthesized in high yields hy thc Wittig-Homer reaction between diclhyl 4- 

cyanobenzylphesphonate and the corresponding alknxy subslitutcd bcnzaldchydes 

using sodium hydridc as hasc and tetrahy drofwan as solvcnt (Schcmc 2.1 ). 

3 2 1 

Reagents and Conditions: a) NaH, THF, 25 "G. 3h. 

Scheme 2.1. 

The structures of these stilhcnc derivatives were cstabllshcd hy FT-TR, 'H, 

'>c NMIi spectroscopy and mass spcctrometq. '11 N M R  spectroscopic analysis 

rcvealed that the compounds cxisted as their E isomers. The detailed synthetic 

proccdurc and spcctral characrcrization data of these derivatives arc provided in 

the Expcrimcntal Scctiofl 2.5. 

2.3.2. Photophysical Properties in Solutions 

Thc absorption and fluorescence properties of the dial koxy-cyario 

subsriruled stithem derivative IDS12) in different solvents of varying polarity are 

snmmari7cd in Table 2.1. Thc absorption spectra lib,, -350 nm) were fcrz~nd ta bc 
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p t i c a l l y  independent of the naturc of h e  solveni indicating that thc dipole 

W t s  of its ground and excited states are ncarly the same. The stilbenc 

derivatives exhibited a vcry wcak fluorescence in solution and the fluorcscencc 

m x h u m  underwent a bathochromic shift with increase in solvcnt polarity Tt is 

interesting to note that the absurption spcclra of the alkoxy-cyano substitutcd 

d h e s  was not affected by solvent polarity indicating h a t  there is not much 

difference between the dipole moments of the ground and excited statcs, while thc 

d shift in the fluorescence spectra with increase in solvcnt polarity suggests a 

significant enhancement in thc dipolc moment of the cxcired stare comparcd to thc 

gtoutld statc. In order to explain this contradiction, it must be assumed that thc 

Franck-Condon (FC) excited statc and the emitting states are different. Upon 

direct excitation, these rnolecula~ rcach into a locaily excited (LE) state, which 

gubequently transforms into a polar intra-mt>lecular charge transfer (TCT) sate 

[Shgh ei at. 201; Rcttig et a!. 1994; Davis el al. 20013. Thc absorption and 

hrescence spectra of thc dodecyloxy-cyano substitutcd stilhenc derivative DS 12 

m shown in Figure 2.1. In a particular solvent, change in length of the alkyi group 

did not bring about any change in its absorption or emission properties. Since at 

he  mIecular Ievel, uptical properties a n  decided by thc inbamolecalar electronic 

hc t i01 ls  and the variations in the Icngth of he alkyl group is not expected to 

bring a h 1  substantial changcs in these interactions. 



Chupter 2: Solid-Sf ate Fluorescence Tuning 42 

Wavelength I nrn 
Figure 2.1. Absorption and fluorescence spcctta of DSI 2; la) absorption spectrum 
in hexane; fluorescence spectra in (b) hcxane, (c) toluenc, (d) dichloromethane 
and ( c )  benzonitrile (Excitation: 340 nm). 

Table 2.1. Absorption and fluorescence data of IE)-4-(3,4- 
his( d~decyloxy)styry1)knzonitri1~ (DS 1 2 )  in solvents of 
varying polarity. 

Solvent 5S12 

Abs .,,,, (nm) Ems.;,,,(nm) ( 6 ~ )  

Hcxane 348 405 0.012 

Tolucnc 350 42 1 0.014 

DCM 353 443 0.01 8 

THF 35 I 443 0.020 

BCN 356 450 0.02 1 
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233. Photophysical Properties in the Solid State 

The solid statc fluorescence bchaviour of the alkoxy-cyano substituted 

stilbene derivatives was distinctly di ffcrent from that of their aulutions. All the 

derivatives exhibited significant enhancement in fluotescencc quantum yiclds in 

tbe solid stare, compared to that in thcir solutions. Thc cnhanccinent in emission in 

the solid stale may be attributed to restricted molecular motion as wcll as to 

formation of cxciton couplcd aggregalcs in the solid statc. Table 2.2 srrrnrnari~cs 

the emission characteristics of diaIkoxy -cyan0 substituited stilhcnc derivalivcs in 

their crystalline slate. 

Table 2.2. Absorption maxima. c~nission maxima and quanlum yields of 
fluorescence ( a-) 01' DS scries in solid statc. 

A b ~ . ~ ~ , ( n r n ) ~  Bms.,,,(nrn) FWHM ICIYI - '~  Code 

[a] As obtained from excitation spectrum. 
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Wavelength I nm 

Figurc 2.2. a) Fluoresccnce images of the crystals upon excitation with 360 nm 
light of DS4, DS6 and DS8, respcclivel y and b) fluorcsccnce spectra of diaIkoxy- 
cyano substituted stilbene derivatives in crystals. 

The fluorescencc properties of dialkoxy-cyano subslilulcd stilbene 

derivatives in solid state wcrc observed to be highly sensitive to the length of the 

alkyl chain. The fluorcsccnce properties of thesc materials were classified into 

thce distinct types. based on the region of fluorescence emission. Upon excitation 

with 360 nm light, thc crystals of DS1 to DS4 emitted in the blue region (A,, 

-440 nm). while DSS te DS7 emitted in the bluish green rcgion (A,,,-470 nm), 

and DS8 emitted in the green region (A,,, -500 nm). Thc solid state emission 

Fpcctra and the representative photographs of the crystals emitting in three 

different regions upon excitation with 360 nm light are shown in Figure 2.2 
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The colours of the stilbene derivatib es wcre also dependent on the Icngth of 

akyl chains, indicating a red shirt in their absorption utth increasing elkyl 

chain lengrh. Thc excitarion spwrra also reflcctcd thls rcd sh~fr incrcasins 

alkyl chain lengths. Thc blue ernirting derivatives (DS 1 -DS4) wcrc wl~ i tu  

trampent solids, the bluish gxcn cmiz~crs (OS5-DS7) appeared light grccn in 

d o u r  and the grccn emitting DSll was ycllow colwrcd. Flgurc 2 .3  dcpicr.; rhr 

representative examples t h a ~  shoit t h u  changes in tllc cxcliation spccrra n ~ t h  

b e  in alkyl chain Icngths. 

Wavelength f nrn 

Figure 2.3. Fluorcscencc excitation spectra of i )  DS4, i i )  DS6 and iii) DS8 in 
crystals (Emission collected at their corresponding cmission maximum; 440, 470 
and 500 nm rcspectivelyl;. 

The fluorescence lifetimes in ~ h c  crys~als o f  thcsc dcrivativcs wcrc measured 

by exciting at a wavelength of 375 nrn and collecting the cmiss~on at their 



corrusponding cmission maxima (See Table 2 .2 ) .  In thcir solutions. all the 

derikatives exhibited extrcmcly short lifetimes. well within tI~c instrument 

rc5pon.;e limit, whcrea.; in 111c solid stare  he I i  fctimes wert considcrabl y larger. It 

must be recopized that generally intcrprctation nf soIid state lurnmcsccnce 

Ill'etimcs can hc complioatcd duc to thc ~nhomogcnitics that can cxisr in rhe 

c~ystals. which could lead to aggregates differing sllghrly in their conligurations. 

Howevcr. some general vends can bc perccivcd and this is discussed bclow. 

Figure 2.4. Fluorescence lif'ctimc dccay profile of thc rcprcsentativc cxarnplcs of 
dialkoxy-cyano substituted stilbenc derivatives in crystals: a) DS1. b) DS4, 
c }  DS6. d l  DSS (i.,, - 375 nm). 



Table 2.3. Fluorcscunce lifctimc data of dialkoxy-cyano subslitutcd ~tl lbcne 
derivatives. 

Sample Code rl r ns IF ,%) r2 ! ns (Fl';h) 1- 

DSR 17.X.8 (X7.59%) 9.21 (12.41'Ynj I 08 

*Good quality tnicromc~er s i ~ r d  crystals cannol be gencratcd Ibr lifetime 
measurements. 

The fluoresccnce lifctimc decay profile showed signiticaot diffcrcncc i n  tlru 

lifetime of the emitting species in thesc dcriuntivcs. Fluorcscencc lifctimvs of the 

green cmitting derivative (DS8) was longer (1 X ns, Figure 2.4d). whilc ?Ire 

derivatives emitting in the bluish green regton (DS6, DS7) possessed intcrmcd~ate 

lifetimes of less than 15 ns (Figure 2 . 4 ~ )  and the derivativcs emitting in bIuc 

PSI-DS4) have a short lifetime of Lcss than 4 11s (Figurc 2.4a.b) tbr the nla-jor 

emitting species (Tablc 2 .3 ) .  It has hccn shown earlier that thc lifctirnr: valucs can 

be enhanccd substantially when cxciton coupling occur hctwcen molecules En the 

solid statc [Kumar cr ul. 2009; Davis er al. 200XI. 
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2.3.4. Crystal Structures 

Singlc crystals 01' the dialkoxy-cyano substituted stilbcne dcrivativcs (DS1, 

DS3, DS4, DS6, DS7 and DM) were developed a1 room tempcraturc by slow 

cvaporation from their hexane solutions. Thc X-ray crystallo@aphic refinement 

data of these derivatives arc summarized in Appendix 1 

Space group 

Unit cell 
dimensions (A) 

Figure 2.5. a) The unit cell parameters and thc organization of DS1 moIecuIes in 
thc unit ccll, b) a tetramer unit of molecules taken from thc X-ray stmclure. An 
axis passing through thc long axis of the rnoleculc is selected for the view. c) short 

axis view of AA'  dimer unit. Molecular interactions below 3A units are 
represented in dotted lines. 

DST has cight moIecuIcs per unit ccll (Figure 2.5)  with the molecules 

arranged in  twn non-cquivafcnt stacks, with their Tong axis pointing in the same 



dimtion in a herringbone fashion. Two different conformutional isomers 

(symmetrically non-cquivalcnt) werc observed in the crystal lattice with a dihcdml 

angle of 7.50" and 17.01° botwcen thc phcnyl rings of thc stilhe~ic units, which 

indicate that the moEecuEes arc not significantly distvrtcd from planarity. A 

tetramer unit of molecules in the crystal latticc was identified Tor studying the 

nearest neighbour inleraction and is shown in Figure 2.53, Fmm this figure, two 

majmalignmcnts of the molccules can k idenlificd as i) At3 and ii) AA' with thc 

notations A and €3 representing molccuIcs of adjacent stacks. Thc intcracrions tha~ 

stabilizes this arrangclncnt are weak C-H.-n: intcmctions w i ~ h  a distance of I 3.1) 

A. Due to the angular arrangcmcnt of AB and A'R' dirncrs. the n-it interaction is 

expected to be weaker compared to that tor a cofacial amngemenl 01' thc 

monomer units. Although the distancc betwecn the molecuIes within e-acch stack 

(i.e., betwcen A and A' and bctwccn B and B') is 2.69 h. the n-n stacking 

interactions bctwcen these molcculfi tire minimal as thcy are slipped dong their 

short axis with respect to each other, 

DS3 has Four molccules per unit cell (Figure 2.6) with the molecules 

atrsmged in two non-equivalent dacks. with their long axis pointing in the samc 

direction. In the crystal lattice, a dihcdral anglc of 29.1 5" was ubscrved bctwccn 

the phenyl rings of thc stilbcne units. indicating that thc molccules arc 

significantly distorted l'mm planarity. In a tetramcr unit of ncarcst neighbouring 

molecules, the molcculcs are amngcd in a herringbone fashion and the major 



interactions stab~lizing thc herringbone organization were the C-H ...K interactions. 

Due to the angular arrangement of AB and A'B' dimcrs and thc slipped stacking 

along the short molecular axis of AA' and BB' dimcrs, the n-TI overlap bctwccn 

thc moleculcs was negligible. 

a) 
Space group P c a 21 

Ilnit cell 
dime nrion (A) b = 8-33 p = 90 

r = 24.46 y =90 

Vnlumc (A*) 1756.27 .'"& -' -, - 

Figure 2.6. a) The unit cell parameters and the organization of DS3 molecules in 
the unit ccll, b) a Eetramer unit of moleculcs taken from the X-ray structure. An 

axis passing through the long axis of the molecule is sciectcd for the vicw. c) shon 
axis view of  AA' dimer unil. MoIecular interactions below 3R units are 

represented in dotted lines. hlkyl chains arc omitted for clarity in b. 
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A33 and A'B' dimers and thc slippcd stacking along the short molecular axis of  

AA'  and BB' dimers, the x-x overlap between thc molcculcs was negligible. 

Spacegroup 

Unit cell 
dimension (a) 

Volume (A3) 

Figurc 2.8. a) Thc unit cell parameters and the organization of DS6 molccules in 
the unit ccll, b) a terramer unit of molecules taken from the X-ray structure. An 
axis passing through the long axis of the molcculc is selected for the view, c) short 
axis view of Ah' dimer unit. Molecular interactions below 3A units are 
represented in dotted lines. Alkyl chains are omitted for clarity in b. 

DS6 has two molccules per unit cell (Figure 2.81, with their long axis 

pointing in opposite direction. In thc crystal lattice, a dihedral angle of 1 7.88" was 

observed between the phenyl rings of  ihc stilbene ~mits. indicating that the 

molecules are nearly planar. The rclativc alignment of molecules in a tetramer unil 

of  nearest neighbouring motecuIes is significantly different from that of the 



Chapter 2: So/id-State Fluorescence Tuning 53 

derivatives with shorter alkyl chain lengths (DS1-DS4). The moieculcs are 

arranged in a brick stone fashion, with the molecules arranged anti-parallcl ( A B )  

ta each other and this anangemcnt was stabilized by C'-H...N interactions. Thc C- 

H,K interactions are conspicuous by 111e1r absence comparud tu the molecular 

arrangement in thc derivatives with shorter alkyl chain lengths (DS1-DS4). Evun 

though thc A and A' molccuIes are translated aIo11g the short axis rcla~ivc to each 

0th by a short distance. considerable degree ol' x-overlap between lhcm is 

maintained. 

Space group 

Unit ce l l  
dimension (A) 

Volume {A') 

2.9. a) The unit cell parameters and the organization of DS7 molecules tn 
tbe unit cell, b) a tetramer unit of molecules taken from thc X-ray structure. An 
axis passing through the long axis of thc molecule is selected for lhc vicw, c) short 

axis view of AA' dimcr unit. Molecular interactions below 3A units arc 
represented in dotted Iines. Alkyl chains are omittcd fbr clarity in b. 
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The crystal structure of DS7 indicated two molecules per unit cell (Figure 

2.9). with the long axis of the molecules pointing in opposite direction. In the 

crystal lattice, a dlhedral angle of 18.16" was obscrvcd bctwcen the phenyl rings 

of the stjlbene units, indicating that the molccuFes are reasonably planar. In a 

tetramer unit o i  ncarcsl ncighbourillg molecules. the moleci~les are astangcd in a 

brick stone fashion almost similar lo that in DS6. Subsrantial x-overlap bclween 

the molecules was rnainlained. wen though the molecules in same stacks (AA' and 

BB') were the slipped along the short molecular axis, similar to that observed i n  

thc DS6 derivatives. 

Space graup 

Unit cell 
dimensinn (A) 

Figure 2.1 0. a) Thc u n ~ t  cell parameters and the organi~alion 01' DS8 rncllecules in 
the unit cell, b) a tctramcr unit af molecules taken from the X-ray structure. An 
axis passing through the long axis of the rnoiecule is selected for the view, c) short 
axis view of  A A '  diiner unit. Alkyl chains are omittcd for clarity in b. 
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The crystal structure o f  DS8 indicates two rnoteculcs per unit ccll (Figure 

2.101, with the long axis of thc molecules po~nting 111 opposllc dirccttnns. 5irnilar 

to that obsewed in DS6 and DS7. In thc crystal lauloc. a dihedral ;m,olc- of I 5.85' 

was observed betwcen tbc pbenyl ring:, of the stilbcnc unlrs. ~ndlcnting rhc 

molecules arc not significantly distorted horn planarily In a tctramcr unit  o f  

nearest neighbouring molcculcs. the molcculcs are a r ~ n g c d  in a brick -;lone 

fashion and the only interaction (hclow 3A) that qiabilizes thc alignment ol rhc 

molecules was thc C-H ... N intcraction. Within thc wme suck, the moicculci arc 

arranged onc on top of the clthcr with the \lip along ttie long molecular axis ant1 In 

the neighbouring stacks the molecules arc arranged antiprallel to cac h other. Such 

anmangemet lcacls to substantial n-overlap bttween the molecules. 

Tbe crystal structure analysis of these derivrtlivcs showcd that the alignment 

as well as thc conformation of the chromaphorac un~t istilbcnc) was suh5~antially 

altered by varying the lcngth of thc aIkyI chains. For ~ h c  derivative% with short 

alkyl chain lengths (DSl-DS4), thc molecules align In an cdge to face Bsh~on. 

Such an arrangement IS facilltatcd by C'-H..,;L interactions betuccrl rhe rnolocules. 

It may be noted that in DS3 and DS4 derivatives, the chromophonc ~ l n i t  wa5 

twisted to accomodatc the al kyl chains with substantial C'-H-.x tnteractionq 

between the rnoleculcs. With incrcasinp lcngth of thc alkyl cba~ns  (DS6-DS8). 

&c crowding of the alkyl groups rcstric~s thc C'-H.,.x interiictians rcsult~ng in a 

Innfornation from a cdgc to facc herringbone ctructure to a facc to eicu 
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brickstone type of arrangement. The derivatives with longer alkyl chain lengths 

(DS5-DS8) wcre found to bc substantially planar comparcd to thc lower 

dcrivatives (DS3, OS4). 

2.3.5. Discussion 

In solutions. the optical properties of dialkoxy-cyano substituted stilbene 

derivatives wcrt. similar to that commonly observed in the donor-acceptor 

~ubstitcrted poly cnes. The absorption spectra of these stil bene dcr~vativcs were 

unaffected by solvent polarity indicating that there i s  not much diffcrcncc bctween 

the dipole momcnts of thcir ground and excitcd states. whilc their emission spectn 

underwent a bathochromic shift on increasing solvent polarity. Thc red shift in 

emission spectra with increase in solvent polarity suggests that thcrc extst s 

significant cnhancemenr in the dipole moment of the excited state comparcd to the 

ground state. In order to explain this contradiction i t  must be assumcd that the 

Franck-Condon (KC:) excited state and thc emitting states arc different. Direct 

cxc~tarion of thcse molcculcs leads to locally excitcd (LE) statc, which 

subsequcntiy transforms into a morc polar intramolecular charge transfer (ICT) 

statc [Singh et al. 2001; Rettig et al. 1994; Davis el al. 20011. These derivatives 

were weakly fluorescent in solution and thc naturc of their cmission spectra was 

~ndependent of the length of thc alkyl substitucnt. 
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In the solid state. the fluorescence emission quantum yiclds of thcsc 

derivatives werc cvnsiderably cnhanced. Thc enhanccd cmission in the solid sralc 

may be attributed ta restricted ~nolecular motion as wcll as to thc Formation ol' 

exciton coupled aggregates. The optical properties of these dialkoxy-cyano 

substituted stilbcne derlvatives were observed to bc very sensitive to the length of 

the alkyl substltuents. The photoph ys~cal properties of thesc materials could be 

classified into thrcc distinct types and a clear corrclat~on betuccn the 

photophysicaI propcfltcs and crystal packing could be observed. Thc d~alkoxy 

stilbene derivatives with short alkyl chain length (DSI-DS4) cmitted in Lhc blue 

region, the stilbene derivatives with intermediate alkyl chain lcngths (DM-DS7) 

emitted in the bluish-green rcgion. ~ h l l c  with o longcr alkyl chain lengths (DS8) 

emitted in the green rcgion (Figurc 2.2). Sincc the chromophuric par1 OF these 

stilbene derivatives remains essent~all y the sanlc and modifications here made 

only in the Icngth of rhc alkyl groups. the obscrved changcs In the optical 

properties can be attributed ro the changes in the molecuIar packing. which in turn 

are controlled by the weak interacttons betwcen the neighbouring molecules. 

Since the photophysical properties of n-conjugated matcriaIs in solid state 

sre decided by relative orientations and lllc extent or  a-overlap betwcen nearesl 

neighbours, these inleract~ons are described in morc detail (Tablc 2.4). In order to 

geometrically dcfine the extent of rt-slacking, dtnlcr units of nearest neighbour 

molecules were identified from thc crystal data alld have been reoriented, such that 
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both the molecules Iic in planes parallel to an xy plane of a coordinate systcm, 

where x dcnotcs thc direction of the short axis ol'thc mofeculc and y denotes thc 

direction of its long axis. The z direction is tnaintaincd as the stacking direction o f  

thc molecules (Figurc 2.  I 1 ). 

Figure 2.1 1. Schcmatic rcprescntation of thc deviation froin a perfect cot'aciai 
arrangement of rnolccules i s  detincd in terms of pitch P (Ay) and roll R (Ax). The 
Iabels ,r and y rcfers to thc direction of the short and long rnolccular axes, 

rcspectivcl y.  

Thc rr-conjugated region of the molecule has a length of -13 A. For 

conveniencc in dcscribing thc systcm. thc ccntroid ( i ,  c.. rhc midpoint of the n- 

conjugalcd region of ~ h c  molecules) of any one of thc moleculc of ~ h c  dinler unit is 

considered as the origin of the cartcsian coordinate system. [f the ncighbouring 

rnolccules are stacked exactly onc on top of ~ h c  other, the (x.y) coordinates of t h ~  
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-ids would be identical and such an arrangement can be considered as an 

ideal H-type sachng arrangcmcnt. Ueviations of the coordinates of thc centroids 

in the X-direction (Ax = x1 -x2), Y-direction r l y  - yI-y2) and %-dircct~on (.lz - 

21-22) gives a mcasurc of thc extcnt of slacking whcrc (x I .  y l )  and ( x ? ,  y21 arc 

the coordinates of the centroids of the chromophorc of thc dirnur units. Thc ,\x 

md Ay gives the measures of dcviation from the idcal H-lype slacking. whilc thc 

bz value describes the vcrtical distance bctween t h t  stackcd molcculcs. Thc \x. 

dy and hz parameters for each of thc dcribativcs invcstigatod arc shown in 7'ablc 

2.4. The Ax and Ay values relatc respcctivcly to the "roll" and "pitch" 

displacement of ncighbouring molecules as defined by Curtis er r r i .  [( urtis el a/ .  

20041. The crystallographic slacking distance is the distance bcrween two idenlical 

p r t ~  of two adjaccnt nloleculcs an3 is dotined as 2.  The valuc of Z can be 

calculatcd trigonornctrically using ~ h c  equarion = (dP2 + d: + d:)"' and 

should be within the error limit of 1 %  to ensure thc quality of thc calculatcd pitch 

and roll distances [Chung et 01. 201 0; Charlg cr at. 2008; Dautel et ul. 20081. 

It may bc n o t 4  that whcn thc .\x value ("roll" displacement) i s  

significantly higher than width of a benzene ring (-3.0 A),  the neighbouring 

molecules would bc nearly slipped out from each othcr with very l i t t lc rr-overlap 

between thcm [Kumar al. 20091. For a similar slip in the y-direction ("pitch" 

displaccmcnt), it-overlap behvccn molcculcs would bc partially retaincd until . l y  
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alignment in DS6 was very similar to that of DS7, both of which emit in the same 

region (Figure 2.2, Table 2.2). 

Herringbone typc of arrangement way observed in the dcrivatives wib 

lower alkyl chain substituent (DS3 and DS4). The slip along the short molecular 

axis (Ax)  for DS3 and DS4 dlmers were 3.325 A and 3.499 A respectively. Since 

the Ax v ~ l u e s  are higher than 3A, the conjugated part of thc chromophore is 

completely slipped out sidcways from one on top of the other resulting in 

negligible x-overlap betwecn the molecules. In both the derivatives, the 

conjugated part of thc molecules were significantly in a non-planar conformation 

with a dihedral angle between the phcnyl rings of the stilbcne unit of 29.15" for 

DS3 and 41.32" for DS4. Both zhc derivatives emitted in the bluc rcgion with an 

emis~ian maxima of -340 nm and this blue shift in emission compared to the 

dcrivatives which emitted in the grcen region lD58, DS7 and DS6) can be 

attributed either to twisting of the chromophoric u n ~ t  of the molecule or duc tc 

lack of excitonic interactions between the neighbouring molecules. 

A better understanding of the underlying reasons for the changes in the 

cmission behaviaur of DS3 and DS4 compared to that of DSCDSS derivative was 

obtaincd by analyz~ng the crystal structure of DS1. Thc molecular packing of DS1 

indicated a herringbone arrangement of molecules in the crystal lattice, with a slip 

along thc short axis of about 4.178 A (3x1 and the slip along the long axis o f  3.439 

A fay). Since the molecules wcre slipped out sidcways totally from one on top of 



the other. therc was no rc-overlap bctween the molucules. Two diffcrcnt 

confornational isomcrs (syrnrnctrically non-equivalent) werc observcd in the 

crystal lattice with a dihcdral angle of 7.50" and 17.01 " bctween the phenyl rings 

of the stilbene units indicating that the mo\ecules are rcasonably planar. Evcn 

Ihough the molccules are planar. the cmission was obscrved to bu in the bluc 

region (&,,=440 nm). Thus thc rcd sh~fl obscned with incrcase in alkyl cham 

lengths in solid shte  of these class of molecules cannot bc attributed s~inply to 

planarization of the molecules. I t  is clear frotn the uxamplc of DSl that 

planarization dose not lcad to such a red shift. The absenco of n-overlap between 

the neighbouring molcculc means. cxuiton coupling between the nc~ghbourr ng 

molecules is not possible. This leads to monorncr emission [Xie er ul. 2005 1. Thus 

the large red shift secn in some of the derivatives can clcarly be attributed to 

exciton coupling and not to planarization. 

23.6, Thermally Induced Polymorphs 

An intercsting thermochrornic bchaviour was obscn~ed for  he dialkoxy- 

cyano substituted stil bene derivatives with Iongcr alkyl chain lengths {DSlO and 

D512). Upon heating, thcse materials exhibited significant changes in thcir colour 

and fluorescence emission. Figure 2.12 summarizes thcse observalions for DS 12 

and emission characteristics of both the derivatives (DS10 and DS12) are 

summarized in Table 2.5. Transparent white crystals of DS12 exhibiting blue 



Ciiuprer 2: Solid-state Fluorescence Tuning 64 

fl uorescencc which were obtained on slow crystallization from solvents underwent 

a transformation to bright green translucent solid on hcating to 55 "C at a rate of 

5 "C/min. This transformation was accompanied by a change in fluorescence of 

the crystals from bluc to green (Figurc 2.13b). Bolh the blue and g e e n  fluorescent 

pol ymorphs werc highly stable. The thermaIly induced green fluorescent 

polyrnorph which was stable Ibr inore than a period of two years, could however 

bc reverted back to the blue form by exposure to hexanc vapour or by dow 

rccrystallization from soivents. 

Figure 2.12. Photographs of blue and green fluorescent polymorphs of DS12 
under a) ordinary light and b) UV light of wavelength 365 nrn (right). 

Both the absorption and the excitation spcctra showed a red shiFt in 

absorption of the thermally induced green polymorphic form compared to that of 

the blue polymorph (Figu~c 2.13). Thcsc changes could be visuatizcd directly as 
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change in the colours of the polyrnorphs. Thc blue emitting species was a whitc 

bransparent solid while the green emitting polylnorphs appeared yellow in colour. 

Wavelength I nm Wavelength I nrn 

Figure 2.13. a) FIuorescence cxcitation and b) emission spectra of both the blue 
(blue line) and the green (grecn lincj polyrnorphs of DS12. 

Table 2.5. Photophysical properties ot'DS12 and DSlO derivatives. 

hs [nml &,I, [nml FWHM [nm] mF 

DSl2 

Hexane 345 404 62 0.01 

Blue form 400" 440 88 0.59 

Green form 465 " 500 60 0.45 

DSlO 

Hexanc 345 404 63 0.0 1 

Blue form 395 a 43 5 80 0.69 

Green form 464 " 498 74 0.6 1 

[a] Obtained from excitation spectrum. 
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Temperature / 'C 

Figure 2.14. DSU thennogram of DS12 lo) and DS18 ( 0 )  in the first 
hcatingcooling cyclc at a scan ratc of 5 "Clmin. 

Thc thermally induced formation of the grecn fluorescent polyrnorphs 

could also bc monitored by differential scanning calorimetry (DSC). The DSC 

t h c n n o ~ a m s  (Figure 2.14) showed an endothermic pcak at 55 O C  in the hcatfng 

cycle corresponding to the fornsation of the green polymorplis as observed 

visual1 y. Thc enthalpy change for this transformation was 27.5 kJ/rnol for DS 12 

and 3 1.5 kJ/mol for DS10. A second endo!hcrmic pcak was observed at higher 

temperatures corresponding to thc mclting point of DSI2 (78 "C, A H =  41.4 

kJImol) and DSlO (74 "C, AH= 44.9 kJimal). En the cooling cyclc, peaks 

corresponding to crystallization were observed at 65 "C (AH= 47 kJlmo1) and 61.5 

"C (AH= 49.1 kJ/moI) for DS12 and DSlO respectively. Additional peaks were not 

ohscrved in the cooling cycle with further dccrease in temperature indicating that 



the thermally induced grccn fluorescent polymorphs do i ~ o t  revcrt to thc or~ginal 

'fbrmwithaut any external stimulus. 

It is interesting to note that whercas the temperatures for mclling and 

ciyhllization showed slight variations for DS12 and DSIO, the tempcrattlres for 

trzmsformation from one polymorph to the otllcr were identical. This strongly 

suggests that the mechanism of transformation from onc polymorph to thc other 

was similar for the two derivatives. Sincc the chromophorcs in thc two 

polymorphic forms are thc same. thc variations in their optical properties can be 

&luted to variations in thcir molecular packing. 

h) B ' ,  - 3 
-#. 

Figure 2.15. a) Crystal structure of DS12; b j  A tetramer unit viewed along the 
long molecular axis. dotted lines indicate interactiuns less than 3 A (alkyl chains 
have been omitted for clarity). 

X-ray analysis of the single crystals of these derivatives was conductcd in 

order to gain an understanding on the rolc of molecular packing in determining the 
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optical properties o l  these polymorphs. Single crystals of  DS12 suitable for X-ray 

analysis was obtained by slow evaporation from hexanc solutions. DS12 formed 

white transparent crystals beIonging to thc   no no clinic space group (PZ1lc) with 

four m~lecules  in the u n ~ l  cell. The most notablc confonnational fcaturc obtained 

from single crystal X-ray analysis of this molecule was thc dlhedral angle of 

33.95" between the phenyl rings of lllc stilbenc units. which indicated the 

rnolccules to bc significantly distorted from planarity (Figurc 2.15a). Analysis of  

its molccuIar packing indicated two types of nearest neighbour interactions which 

are ass iped  as AA' and AB in Figurc 2. ISb. In the AA' type interaction, the 

maleculcs arc aligned in a face to face manner with an interplanar distancc of 3.55 

A and a slip of 3.30 A along the short molecular axis. As a rcsult of' this slip, 

which is latgcr than thc width of a phenyl ring (-3 A )  the R-ovcrlap betwccn them 

is negligible [Kumar er al. 2009; Chung er uI. 2010; Uhang cr a1 2008: DauteI el 

ul. 20OHl. For Lhc AB typc alignment, the plancs of the neighbouring rnolccules 

are twisted with rcspcct to cach other by an angle of  5 1.86" in an edgc to face 

configural~on. and this alignmcnt is stabilized by C-M ... n interactions as well as by 

strong interactions between alkyl groups of the netgbouring rnolucules. Such an 

alignrncnt also results in minimal n-overlap between thc neighbouring mo2ecules. 

As a result, excitonic interactions between the neighbouring rnolccules are 

minimal and the structure of the emission spectrum of the crystals was similar to 

that observed in llexane solutions. Thc cmission maximuin was at 435 nrn which 
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was the same as that observed in a solvent of medium polarity such as 

tetrahydro furan. 

2 0 1 °  
Figure 2.16. Powder XRD spectra of both Ihc blue (bluc linc) and thc grccn (grccn 
line) polyrnorphs of DS12. 

X-ray single crystal analysis could not hc carried out on thc thcmlally 

induced polymorph because of the poor quality of crystals obtaincd on hcaring. 

Mication of significant changes in the molecular packing in the two forms could 

however be obtained by monitoring the variations in their powder X-ray 

&&action patterns, especially in the wide angle rcgion. The cryslallinr: nalurc of 

both the blue and the green iluorescenl [bnns of DS12 wcrc evidcn~ from Ihe sharp 

peaks in the powdcr XRD pattcrns [Figurc 2.161. In the lower angle region (i.e.. 

28 = 5- 1 S ) ,  the XRD pattcrns are near1 y the same except for the appearance of a 

new sharp peak at 6.47 8, in thermally induced green polymorph. This suggests 

that the long distance packing parameters are not significantly altered. The major 
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changes between the XRD spectra of the hvvo forms wcre in thc widc anglc rcgion 

which correspond to shorter distance alignil~ents around 3-6 A. This. along wilh 

thc fact thal the transformation is from one crystalline state to the othcr without 

melting. strongly sirggcsts that major changes in the alignment were in the short 

distances and in the longer distances, thc molcct~lar alignment remains almost 

unperturbed. 

Thc diffcrcncc in optical properties of' the thermally induced green 

pol ymarph. co~nparcd to (he recrystalli~ed maler~al can be attributed either to 

planal-ira~ion of ~ h c  inolecule or to enhanced excitonic interactions as a result of 

the altcrcd molecular packing. Rased on the investigations of the optical properties 

and correlating lhcin to the inolocular packing ol' the lower hornologues (as 

discussed earlier), the reason for the themall y induccd transformat~on couEd be 

unravelled. It is clear from the earlier discussion that the dcrivativcs with strong 

exciton interaction emitted in thc grccn rcgion and lhc derivatives lacking exciton 

interactions cmittcd in the blue rcgion. Thc optical propcrtics (emission, excitation 

and lifetime values) of the thermally induced green polymorph of DS12 wcre 

exactly similar to that of the lower hornologues DS8. This would strongly suggost 

that heating of DS12 leads to planarization of the molecules, resulting in the 

realignment in such a way to the formation of excitonically coupled .)-aggregates 

similar to that observed in US8. Thus the green emission observed for the 
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h l l y  induced polyrnorph can clearly be attributed to rhe I'ormatiun of J-type 

-gates. 

Time / ns Time / ns 

Qnre 2.1 7. Fluorescence lifetimc dccay profile of a) DS1 ( ) and DS8 ( z ) and 
that of the b) DS12 bluc ( B ) and green ( a ) polytnorphs. 

Evidence for aggregate formation could also obtained from thc fluorescunce 

lifetime data measured in the crystals. Figure 2.1 7 shows the fluoresccncc lifctiine 

b y  profiles of the crystals of DS1 and DS8 as well as that of' the blue and grccn 

polymorphic forms of DSI2. A biexponential decay with lifelime of' 3.87 ns 

(73,29%) and 1.57 (26.7 1 '%) was obscrvcd for DS1. whereas for DS8 it was 1 7.88 

n8 (87.59%) and 9.21 ns (12.41%) respectively. As described above. crystal 

mcture  analyses indicated isolalcd inonomers in DS1 and J-type aggregates in 

M8. The nearly four fold enhancement in fluorescence lifetime of the major 

component in DS8 compared to DSI can be attributed lo this difference. Similar 

differences were observed between the fluoresccnce lifcli~ncs of thc blue and 

green polymorphic forms of DS12. While thc fluorescence of the blue 

polymorphic form of DSI2 showed a lnonocxponcntial dccay with a lifetime of 



about 3 . l h  ns, the dccay profile of the fluorescence of thu grocn form of  DS12 

showcd a bicxponcntial decay ~ i t h  lifetimes of 20.97 ns (88%) and :I shofler 

colnponent o f  8.9 ns (12%). These studies clearly shows that fluorescence lifetime 

of the major co~nponcnt of I ~ L '  grccn emitting species is significantly Iongcr than 

that of thc blue emitting spccics. Comparison of  these results with that of DS1 and 

DS8 suggcsw thal I~cating of DS12 leads to realignment of thc isolatcd monvmcrs 

leading to thc formation of excitonically coupled J-aggregates similar to that 

obscned In DS8. This would suggcst that the n~olecular alignment of DS12 shown 

in Figuru 2.15b would transfbnn to onc that would be similar to the rnoietular 

packing obscrvcd In DS8 trysrals (Figurc 2.10). Such a transformation can occur if 

the ~nolccules al' DS 12 undcrgo planari~azion followed by an angular twist of the 

tnoleculr: as a wholc along thc short axis as shown schematically in Figure 2.18. 

Figure 2.18. Schematic rcprescntation of molecular alignment of a) blue 
polymorph and that of the b) green polymorph of DS12. 



&per 2: Solid-Sf ate Fluoresce~lce Tuning 73 
- - - - ~ L . ~ - - -  

2A. Conclusion 

? l e  solid state photophysical propertics or' a sorlcs of donor-acccptor 

mbstituted stilbene derivatives with dialkoxy groups as donors and cyano group as 

-tor has becn investigated. By varying thc length of the alkyl suhstiruent. 11 

b been possible to fine-tunc the solid state fluorecccnce of thesc mazcrials over a 

wide range of wavelengths. O n  the bas~s  of thc analysis of molecular pack~ng in 

the single crystals and correlating to thc optical propcrt~cs, we h a t c  shown t h t  

solid state fluorescence of this serics of stllbenc based molecules depcnds on 

Gous factors such as rigidization, plananzat~on and morc importantly thc naturc 

of the rclative alignment of ncighbouring rnoleculcs which decidcs whcthcr 

mi ton  coupl~ng will or will not occur. The derivatives with longcr a lky l  chams 

@ S l O  and DSl2) showed thermally induced crystal to crystal transition with 

significantly different fluoresccncc crnission and colour. Thc obscrt cd 

thmochromic transitions couId be attributed to the planarizat~on of the molecules 

8nd the resulting changcs in thc relativc orientat~ons of thc ncighbounng 

molecules, which In turn facilitated stron2 cxcitonic coupling between them. A 

Wiled understandrng of the relative orientation of moleculcs in the solld state of 

anjugated materials and it.% correlation with optical properties has significant 

mplicatians in the tailoring and fine-tuning of thc properties of such materids for 

'tuious optoelcctronic applications. 



2.5. Experimental Section 

2.5.1, Synthesis nnd Characterization 

A l k o x ~ - c q ~ ~ ~ ~ u h s r i r u ~ c d  s~ilhcnc dcrivat~vcs were synthtsizcd according 

to rhr startdard proccdurc. as shown in Schcnlc 7.1 and :vcre unambiguously 

cI~arai..tcrizcd. 

General Procedure for the S! nthesis of' Stilhrne Derivatit-e3 ( I ) 

A suspcnsiorl of sod~urn hydridc ( 5 . 0  cqulv ) in  dry TI IF kcmas prcparcd and 

dicthyl 3-cyanobcnzyIphospl~c~11atc* (2) ( 1 . 1  cquiv.) was addcd at O -'C:. AClcr 

stirring for 10 minutes: alkoxy substituted ;~ldt.hydi: (3)  (1.0 ~ q u ~ v . )  was addcd 

drop wise and the reaction mixture stirrtd for 3 h tinder argon almujphcrc. Sulvcnt 

was distilled off and cold water was added drop \vise and neutralized wilb I : ]  

I - l C - I .  11 was thcn cxtracrcd with dichloron~cthanc and clricd uvcr anhydrous 

sodium sulphate. The pruduc~ was purificcl by column chromatography using 2% 

cthyl ;~cctatc!'hcxane as clucni and silica ac packing matcrial. 

(E)-4-(3.4-dimuthuayst ryl)benzon itrile (1)s 1 

YiuId: X S  'Yiirl; ul. p.: 103 "C' . l l i  11 ,,;,, iKHr): 549.7, 970.19. 1022.27. 1238.30. 

1151.80, 1276.88, 1-3338.6(1. 1417 hX, 

1452.40, 1465.90, 1517.YX,  1593.20: 

2225.85. 7830.22. 2935.66, 3020.53 

cm-I.: ' H  hMR (500MHz. CrICl,, I-LISI : ( I  7.(,l-:.hO rd. ,J - 8.5 HL.  2H, 
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aromatic), 7.56-7.54 (d,  .J - F; H7.. 2H, aromatic), 7.17-7.14 (d. .I - 16.5 Hz, lH, 

dlyhc), 7.08 (s. I H. arumatic}. 7.116-7.114 id: J -  8 I-[;., 1 H, aromatic). 6.94-6.9 I (J. 

J =  16.5 H2, lH, allylic). 6.88-6.86 (d, J - 8.5 Hz, IH. aroniaticj. 3.95 ( 3 .  311. - 

OCH3), 3.91(s. 3H. -0C:H.;): "c' N M R  ( I35 Mil,.. (:r>l:l;. TCIS) t i  I - lCl  h f l .  

149.12, 141.99, 132.35. 132.10. 129.26, 1?0.47. 124.61, 1211.63. 119.0.;. l l l . 1  I, 

109.98, 108.82, 55.86. 55.81 pprn: FAD %IS: m : ~  calcd ror C..7H jTNO1. 2 0 5 , 3  I : 

found 266.22 IM t I1 I .  

@)-4-(3,4-diethuxy~~ryl)brnzonitril (DS2) 

Yield: 86 %. m p.: I O X  "C : IR I I  ;,,, ( KBr). 1039. t 1?9. 1269, 15 12, 2218. 2883.  

2980, 3067 ern-I: ' H  NMK (500hlH;r. 

CDC1>. TMS): a 7 62-7.60 (d, J = 8.5 

& 2H, arornatlz), 7 55-7.54 (d, .I - 8 
DS3 

Hz, 2H, aromatic). 7.16-7.12 (d. J - 16.3 HL, I H. allylic). 7.088 ( 5 .  1 !I. aromatic), 

7.067-7.051 (d,.J- 8 Hz. l H ,  aromatic). 6.943- 6.910 (d, J - 1 6 .  Hz. 1H. allyliur. 

6.885-6.868 (d, J - X.5 Hz, l H ,  arotnatic). 4.178-4.1 06 ( m, 3 H ,  -0C'H: ), 1 503- 

1.457( rn, hH, -CH?); "(' N M R  ( 125 MHz. CTICI;. 1-MSl ;j: 149.h2. 13Y.%9, 

142.19, 132.46, 132.33. 129.31. 126.56. 124.58. 120.74. 119.16. 113.12. 111.34. 

110.05, 64.70, 64.53. 1437. 14.79 ppm: k A B  MS: 1rl.B calcd for S I + H I V N O I  

193.36; found 294.22 [M+H-I.  
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1309.67, 1325.10, 1338.60, 1390.66, 

1425.40, 1465.90, 1519.91, 1593.20, 

2223.92, 2848.86, 2920.23, 2953.02 

cm-'.; 'H NMR (500MHz, CDCI?, TMS): 6 7x303-7.587 (d, J = 8 Hz, 2H, 

aromatic), 7.541-7.524 Id, J -  8.5 Hz, 2H, aromatic), 7.145-7.1 12 (d, J -  16.5 I-4 

IH, allylic), 7.084 (s, IH, aromatic), 7.052-7.035 (d, J = 8.5 Hz, I H, aromatic), 

6.933- 6.901 Id, J = 16 Hz, 1 H, allylic), 6.873-6.856 (d, J = 8.5 Hz, IH, 

aromatic), 4,067-4.009 (m, 4H, -OCH2.), 1.846-1.487 (m, 4H, -CH2-), 1.01 1-0, 

967 (m. hH,  -CH,) ppm: ''c IUMR (125  MHz, CDCI,, ' I 'US)  l i :  150.00, 149.23, 

142 14, 132.35, 132.72, 129.25, 126.470, 124.44, 120.76, 119.09, 113.40, 111.69, 

109.90, 69.05, 68.81, 31.30, 31.19, 19.18, 19.15, 13.82, 13.80 ppm; FAB MS: mlz 

calcd for C21H23N02, 321.41 ; found 322.23 [M-H'] 

(E)-4-f3,4-dibu toxystyry1)benzonitrile (DS4) 

Yield: 81 a/o; m.p.: 70 "C ; tK u,, (KRr): 1175, 1467, 1595, 2222, 2870, 2933, 

2953,3053 cm-'; 'H NMR (500MHz, 

CDC13, TMS) :h 7.603-7.587 Id, J =  8 

Hz, 2 M ,  aromatic), 7.54 1-7.524 (d, J = 

8.5 Hz, 2H, aromatic), 7.145-7.112 (d, J = 16.5 Hz, lH, allylic), 7.084 (s, lH, 

aromatic), 7.052-7.035 (d, J = 8.5  Hz, I H, aromatic), 6.933- 6.901 (d, J = 16 Hz, 
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allylic), 6.873-6.856 (d, J = 8.5 Hz, lH, aromatic). 4.067-4.009 (m, 4H. - 

mz.), 1.846-1.487 (m, YH, -CH2-). 1.01 1-0.967 (m, 6H. -CH3) ppm. "C NMK 

(J25 MHz, CDCI,, TMS) ii 150.00, 149.23, 142.14. 132.35, 132. 72, 12925, 

t26.470 I24,44, 120.76, 119.09, 113.10, 11 1.69. 109.90, 69.05. 68.81. 31.30, 

31.19,19.18, 19.1 5, 13.82, 13.80 pprn; FAB MS: m/z calcd for C2 jH2rNO~,  349 47: 

lfwmd 350.43 [M-H']. 

@)-4-(3,4-bis(peotyloxy)sty ry1)benzonitrile (DS5) 

YkId: 80 %; rn.p.:69 "C ; IR u,,, (KBr): 1 138, 1267, 15 14, 1595. 2224. 2855, 
- 

2953,3024 cm-'; % HMR ( SOOMHz, 

CDC13. TMS) :f 7 015-7.598 (d, .I = 

83  Hz, 2H, aromatic), 7.55 1-7.534 (d, 

A= 8.5 Hz,, 2H, aromat~c), 7.152-7.1 19 (d, ,J - 16.5 HL, lH, allylic), 7.084 (s, IH, 

aromatic), 7.058-7.041 (d, J = 8.5 Hz, l H ,  aromatic), 6.939- h.907 (d, J = 16 112. 

IH, allylic), 6.376-6.859 (d, J - 8.5 Hz, l H, aromatic), 4.064-4.008 (m. 4H. - 

mi.), 1.885-1.373 (m, 12H, -CH2-), 0.959-0.921 (m. 6H, -CH3) pprn.; 1 3 ~  NMK 

(125 MHz, CDCl,, TMS) 6: 150.01, 149.25, 142.18, 132.40, 132.32. 129.26, 

U6.50, 124.47, 120.78, 119.12, 113.38, 1 1  1.65, 109.95, 69.36, 69.13. 28.96, 

3+87,28.19, 28.16, 22.43, 14.01 ppm; FAB MS: d z  calcd for C:ZSH31N02. 377.52; 

f0Ud 378.43 [M-l4 '1. 
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(E:)-4-(3.4-bis(hexyloxy)styryl)benzonitie (DS6) 

Yield: 82 %; m.p.: 68 "C ; IR I),, (KBr): 1044, 1 138, 1250, 1 5  14, 2224. 2853, 

295 1.3022 cm-' ; 'H NMR (500M Hz, 

CI)C13. TMS) :15 7 hO4-7.588 (d, J =: 8 

Hz, 2H.  aromatic). 7.542-7.525 (d, J - 

8.5 Hz. 2H, aromatic), 7.146-7.113 (d, J = 16.5 Hz, IH. allylic), 7.082 (s, IH, 

aromatic), 7.05 1-7.035 Id, J - 8 Hz, IH, arornat~c), 6.934-6.902 (d, J - 16 Hz, LH, 

allylic), 4.869-6.853 (d, J = 8 Hz, 1 H ,  aromatic), 4.059-4.000 (rn. 4H. -OCH2-), 

1.859-1.332 (m, 16 H, -CHI-), 0.927-0.894 Irn,  6H, -CH7) ppm.; "C NMR (125 

MHz, CnCl,. TMS) t5. I50.00. 149.23, 142.16, 132.37, 132.30, 129 25, 124.44, 

120.77, 119.10, 113.37, 111.65, 109.92,69.35,69.11. 31.54,29.23. 29.13,25.67, 

25.63, 22 .55 .  13.97 ppm, FAR MS: d 2  calcd for C27H35N02, 405 57; found 406.22 

[M+TIT] 

(E1-4-(3,4-bis(heptyloxy)styryl)benzonitrile (DS7) 

Yield: 86 %; tn.p.: 66 "C ; IR u,, (KBr): 1 138, 1236, 125 1. 1514. 2224, 2851, 

2920,2953 cm-'.; 'H  N M R  (SOOMHz, 

CDCI,, 1 US) :h  7.hO9-7.592 (d, J - 
8.5 Hz, ZH, aromatic), 7.545-7.529 (d, 

J -- 8 Hz, 2H, aromatic), 7.149-7.1 16 (d, J = 16.5 Hz. lH,  allylic), 7.082 (s, IH, 

aromatic). 7.054-7.037 (d, J T  8.5 HI, lW, aromatic), 6.936- 6.904 (d, J - 16 Hg 

I H ,  allylic), 6.871-6.855 (d, J = X H;I, 1 H, aromatic), 4.059-4.00 1 (m, 4H, -0CH2. 
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), 1.861-1.297 Im, 20H, -CH,-), 0.907-0.894 (rn, 6H, -CHI) ppm.; 13c NMR (125 

MHz, CUCI3, TMS) 6: 150.01, 149.24, 142.16, 132.38, 132.31, 129.25, 126.48, 

124.45, 120.78, 119.10, 113.38, 11 1.67. 109.94, 69.36, 69.12, 31.76, 29.28, 29.18, 

29.03,25.96, 23.93, 22.56, 14.04 ppm; FAR MS: mlz calcd for C29H39N02, 433.63; 

found 434.72 [M tH ' 1. 

(Ed(3,4-bis(octy loxy)sty ry1)benzonitrile (DSS) 

Yield: XO %: m.p.: 65 'C' ; IR I),,, IKRr): 1138.00,1240.23, 1253.73, 1280.73, 

I ; H NMR (SOOMHL, CDCI,. I'M%) :6 7.61-7 7.60 (d, J = 8.5 Hz, 2H, 

aromatic), 7.55-7.54 (d, J = X Hz, 2H, aromatic), 7.15-7.12 (d, J = 16 Hz, 1 H, 

dylic), 7.08 (s, 1 H,  aromatic), 7.06-7.04 (d, .J = 8 Hz, 1 H, aromatic), 6.94- 6.91 

(4 J =  16.5 Hz, 1 H, allylic), 6.88-6.86 (d .  J = 8.5 Hz, IH, aromatic), 4.06-4.00 

'(Q 4H, -OCHl.), 1.88-1.26 (m, 24H, -CH2-), 0.90-0.87 [m, 6H, -CH3) pprn.; I3C' 

NMR (125 MHz, CDCI]. TMS) S: 1 50.04. 149 78.  I47 10. 132.42, 132.34. 129.29. 

12651, 124.49, 120.80, 119.13, 113.43, 1 1  1.72, 109.98, 69.41, 69.17, 31.80, 

335,29.30,29.26, 29.21,26.03.26.00, 22.65, 14.08 ppm; FAB MS: m/z calcd for 

G1h3N02; found 46 1.58 [M- 1. 
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(El-4-(3,4-bis(decy1oxy)styryl)ben~onitrile (DS10) 

Yld: 0 : m.p.: 74 'C : IR u,, (KBr): 819.75, 1138, 1249.87. 1273.02, 

1330.88, 1423.47, 1463.97, 1475.54, 

1517, 1591.27, 2227.78, 2870.08, 

2852.72, 2920.33, 2956.87 cm-'.; 'H 

NMR (SOOMHz, UUC13, ]'US) :ii 7 h2-7.60 (d, .I = 8.5 HY, ZH, aromatic), 7.55- 

7.54 I d , J -  8.5 Hz,2H,  aromat~c), 7.15-7.12 (d, J =  16.5 Hz, IH, allylic), 7.08(s, 

1 H, aromatic), 7.06-7.04 (d, .P - 8.5 Hz, l H, aromatic), 6.94- 6.9 1 (d, J - 16.5 Hz, 

1 H ,  allylic), 6.88-6.86 Id, J = 8.5 Hz, 1 H, aromatic), 4.06-4.00 (m, 4H, -OCHz.), 

1.88-1.27 (m, 32H, -CH2-), 0.90-0.83 (rn, 6H, -CH3) ppm.; ''c NMR (1 25 MHz, 

CUC13. 'TMS) ri 150.01, l4').?4. 142.18. 132.40. 132.32. 129.26. 126.50. 113.46. 

120.79, 119.12, 113 39, 1 1  1.66, 109.95, 69.38, 69.14. 31.88, 29 59, 29 55, 29.38, 

29.32, 29.1 8, 26.01, 25.98, 22 65, 14.08 ppm: FAB MS: m'z calcd for CS5H5]Nq 

51 7.7R; found 5 17.56 [M 1 

(E)4-(3,4-bis(dodecyloxy)styryl)benzonitrile (DS12) 

Yield: R6 %; m, p.: 79 "C': IR  I,,, (KBr): 545.85, 605.65, 723.3 1 ,  788.89, 8 12.03, 
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1581.63, 1595.13, 1633.71, 2223.92, 2848.86, 2922.16, 2953.02, 3022.35, 

3045.60, 306 1.03; '!-I NMR f SOOMHx, CDCI,, TM 5 )  .Ci 7.hO-7.58 (d, .l - 8.5 Hz. 

waromatic),7.53-7.51 (d, J =  8.5 Hz, 2W, aromatic), 7.13-7.10 (d, J - 16.5 Hy. 

allylic), 7.06 Is, lH, aromatic), 7 .  04-7.02 (d, J = 8.5 Hz. IH, aromatic). 6 92- 

6.89 (d, J = 16.5 Hz, 1H. allylic), 6.85-6.84 (d, J = 8.5 Hz, lH,  aromatic), 4.04- 

3.98[m, 4H, -OCH2-J. 1.84-1 32 (m, 40H, -CHI-). 0.88-0.82 (m. hH, -CH1) ppm; 

"C NMR (125 MHz, CDCl,, TMS) a. I 50.06, lJ(J.29. 142.2 1 1 32 43. I 3: 3h. 

129.30, 126.52, 124.49, 120.82, 119.13, 113.45, 111.74, 110.00, 69.42, 69.18, 

'31.92, 30.02, 29.69, 29.64, 29.41, 29.36, 29,22, 26.05, 26.02, 22.68, 14.10 ppm.: 

FAB MS: d z  calcd for C3YH59NO?, 573.89; found 574,43 [M+H']. 
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Synthesis and Study of Liquid Crystalline and 

Photophysical Properhes of Pyrrdine Cored 

Mesogens 
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Objective: To synthesize and investigate the I~quid crystalline bchaviour of rod 

shaped molecules forming discotic mcsophases and to understand thclr 

photophysical properties in solution and In their condensed phases. 
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3.1. Abstract 

Two series of p-vridine cored donor-acceptor-don~~r .syv/em.s, .specifically 

designed to exhihi! po[vcaleplur discodic liquid ctystalline phases werr synthesized 

und charucicri:ed. The chemical structure r~ f rhe mo1ecuic.s consists oj'nt~u alkoy 

stilhenofd unils alrached to a renfral pyridine corr through 1,3,d-oxadiazules 

linkers in the 2,6 (PSI and 2,5 (PSL) positions (J f ihe pyridine ring to ,fbr-rn a rigid 

rod x-conjsjuga:nat.d bark bone resulting in donor-accep~or-donor urchifecfurc.. The 

alkyi chains were grafted in the terminrrl ends in order to indwe liquid like 

properw leading to the formation ~[me,sophases. The extended T-roujrtguted core 

and the alko.xv sltbsritution at the terminol en& were expected fo,#ucilitate a close 

pucking r$ the caiumitic cores in their hulk .sau!es. A few of' these derivatives 

mhibiled polycatenar discotic liquid ctystalline phases at elevated tempemtetres 

and the polarized optical micl-uscopic s / ulllies indicated that rhe p hose pos.sessed 

hexugonnl symmetry. These derivatives wcre"fotind to be luminesce~zf in soluiion 

us well m in the solid stale. The synthesiv of these derivatives, investigaiion of 

their iiyuid c~ , s ia i l inc  phases and fluorescence properties in solulion as well as in 

the d i d  state are described in this Chapter. 
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3.2. Introduction 

Liquid crystals (LCs) constitute a unique class of condensed statc rnatenals 

wherein the constituent molecuIes possess a degree of long range order I n  between 

that of highly ordered crystals and isotropic liquids [Sluchn et ul. 2004; Demus er 

d. 1998; Gennes et al. 14951. As a result, these materials possess anisotropic 

electrical, magnetic and optical properties similar to crystals and at the same time 

flow like liquids. The unique self-organizing ability. fluidity and the easc o f  

formation of defect-free oriented films of liquid crystals make them useful for 

application in high efficiency organic clcctro-optic devices [O'Neill e~ ul. 2003, 

GrimsdaIe er a/. 2005: Kato et ol. 2006; Kumar et aL 2006; Laschat et a!. 20071 

They also serve as model compounds for investigating the connection between 

chemical structure and physical property of self-assembled materials [Yasuda er 

(5.2006; Kirnura el al. 2006; Levitsky et al. 2000; Das et al. 20081. 

Liquid crystals can be broadly classified as lyotropic, when the mesophase 

formation is solvcnl lnduced and thermotropic, when the mesophasc formation is 

thermally induced. Rod like thermotropic liquid crystals have been known for 

more than a century and the first report was of cholesteryl benzoate by Rctnitzer in 

1888. Thermotropic LC phases are predominantly observed in  organic 

compounds, which are rod-. disc- or board shaped anisotropic molecular 

structures. According to thcir rnicroscoplc organization, liquid crystalline phascs 

are broadly grouped into four major classes namely nematlcs, cholesrcrics, 
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smectics, and discotics (Figure 3.1). In the nematic mesophase, the molecules are 

aligned with their long axes parallul to each other. Cholestcric or chiral nematic 

phascs are observcd in optically active molecules or by nematic liquid crystals 

containing optically active dopants. In this phase the director (a unit vector 

signifying thc average direction of the molecular long axis) of an individual layer 

i s  twistcd through a small angle with respect to the director or the adjacenr layer 

resulting in a helical arrangement of the layers. The thickness required for the 

director LO turn through 360" rqrescnts the pitch length @) of the helid 

arrangement in cholesterics. In a srnectic mcsophase. the molecules arc not only 

aligned parallel but arc also arranged in such a way that the centers of adjacent 

molecules lie in a plane. Smectic phases can bc further differrmtiated dependmg 

upon the packing amngemenr of the molecules within the layers and the variation 

in thc angle of the directors with respect to tbe layer plane [Dierking 20031. 

Nematic Cholmterlc 

Srnectic Discotic 

Figure 3.1. Pictorial representations of the rnelecular shapes and orientations of 
the major liquid crystalline phase types. 
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Discotic liquid crystals are a comparatively newer group of liquid crystals 

discovered by S. Chandrasekhar and co-workers in 1977 [Chandrasekhar et al. 

1977; 1992].Origlnally it was thought that mesomorphism could bc observed only 

in molecules possessing a rod like structure. Later it was shown that many other 

molecular architccturcs, particularly disc likc structures. were also capable of 

generating mesophases. Discotic mesopbases are usually formed f h m  molecules 

pwessing a disc ltke core and tlexible alkyl periphery, which induces ordenng 

and flow property rcspectivel y. The twn basic typcs of discotic mcsophases which 

have been widely recognized are thc columnar and ncrnatic phases (Figure 3.2). 

Nematic phases are anisotropic fluids with the discs having a tendency to align in 

& parallel manner, whcre as the columnar phases are characterized by stacked 

columns of the molecules, with the columns being packed together to form a two 

dimensional crystalline array [ Kumar er nl. 2006; Laschat el a/. 20071. 

Nematic Discotic H e x a ~ o n a l  Columnar 

Pigure 3.2. Pictorial representations of the orientations of the major discotic liquid 
cIystalljne phase types. 



There is also a small number of rod like molccular structures capable of 

generating columnar phases analogous to that observed for discotic molecules, 

Molecu!cs possessing an clongated linear polyarornatic core with aliphatic chains 

grafted on thc two terminal ends are known to exhibit discotic Piqutd crystals. Such 

mcsogcns are generally termed as 'Catenar' (Figure 3.3). Depending on the 

number of terminal alkyl chains they are termed as hexacatenar, tetracatenar and 

so on [Nguyen ei al. 1997; Rais et 01. 2001 ; Smirnova er al. 2003; He ei ai. 200'1; 

Yasuda el ui. 20061. This molccular architecture which is siruated bctwecn the 

rod-like and disc-like mcsogcnic compounds gives rise to a rich poly 

mesomorphism which may prcsent nematic (N), lamellar, cubic (Cub) and 

c o l u m a ~  (Col) mesophascs in the same series of compounds or even in a single 

compound [Yasuda ei a!. 20091. 

a Hexacatenars 3mprn-.*mpnt or pha~mids: R, = H: K1 = R3 = IS, 
b 'l'crrrtcntcnars 2mp-Zmp or bitorkcd mcsogcns. KI = K, = H: K1 = KJ 

Figure 3.3. Schematic representation of polycatenar mesogens. 

Over the last decade, rr-conjugated LCs havc attracted a great deal of 

anention because of their potentiai for applications in flexible electronic devices 

[Hocben et al. 2005; Adam ei al. 1994; Dodabalapur e i  al. 1995; McCulloch el a/ 
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2006; E'ichou ct (11. 2CIOO: Sorgc>~cv t.6 (11. 20117: Ots~ibr, r,r UI ?[I02; I30dcr1 ilf [ I !  

1993; Funahashi el (11 1000; F u r ~ a h a > l ~ i  t1r (11. 2 0 0 5 :  13r1shhy ('! rll 2 0 0 2 1  2 -  

Conjugated discol~c liquid crystials, u h l c t ~  scl t-asscrnblc inlo c~jluinnsr \tr-uct~irc..; 

with a strun? J-urbirnl  ovtslap ciin rc5ult I I I  fo t . tn in? onc c i i rnci~~~or~; i l  

semiconductors with 1ntic11 hcttcr perfhrn~ancc than [hat o b h c r ~ ~ d  ~ O I -  c~~1111~ : i t cd  

polymers. High chargc carrlcr- n-iohilitich oomparahlc to 111;it ot' : i r no r~>hu~ lk  \1licoi-l 

could be attained in such 1natznaI3. I . s ing  such dynamic ; ~ r - l t l  a~list,troy,~i. [ . I '  

structures, amsotropic conduction of cl~argc I Xdrarn 1.7 r r l .  1994: I3odc.n ct  ' I /  1')[,1;: 

Funahashi ef (11. ?OO(I: F~inahashi ~ , t  rrl. 2or)i:I. ion ! Yochio t.r r ~ i .  2001: [ c t~ ik : i \~a  

el a/. 2007; Kishin~~oto et (I/. 20(15: C'ho P I  (11 .  20041 and mass-iran.;porti~ig [ Z h o : ~  

er al. 20051 matcriills h a w  b w n  r ~ p o r t t c l  

1 . 3 , 4 - ~ ) r r : i  dcri\,ativch h a ~ c  c~qoycd irldusprcn~i u.;c 3- clcvtn>r~ 

hmsporting/holc blocking f i T , H B )  tnatcrial\ L ~ ~ ~ G  a,: vrnitting I ; i > t ~ ' k  I I I  

elcctroluminesccnt diodcs duc to thcir clcctmn dcticitnt n:uurc.. h i ~ h  

pbotolurnincsccncu quantum yield. guod thcrn~al  and chc~nical ~tabilitiel; and al \o 

for thcir case of' synthcsih. In cictv of [his much cl'fort ha.; hccn  ~ C \ L , L I I C C ~  i ~ ?  t h ~  

synthesis of I J.4-clxadiazolc bawd llquid crystals I %hang et rrl. 100.3: ToLr~t~iq;~ r,: 

a/. 1998: Q u  er 01 700X 1 ,  

[n (his (:llapltr, wc dcscribc lhc synthesis. liquid CI.~SZH~]IIIC and 

photophysical proptrtics ot' two scric:, of pyridinc c o r d  qi~:idrupr>lar \ystetns. 

(Chart 3.1) T'hc chcrnical \trucrtirc of ~ h c  ~noluculcs consihti  i l l  t n ~ l  .ilk()\>' 



itilbenold units attached to a central pyrid~ne core through 2.3.4-oxadimoles 

11nlic.r~ In thc 1.5 and 2.1, pos~tltrn:, ot' rhc p y ~ ' ~ J ~ n t  ring to fi)m ;i I-ig~d I . O ~  X- 

con,iligated back bonc resulting in Donor-Acceptor-Donor architecrure. These 

lnolecules exhibited >table cc>lumnar phases in both thc heating and cooling cycles. 

Thcsc aspects as well as thc photophysical properties ot' thcr;e molecules in the 

solutlan and In thc solid state are described in this Chapter 

Chart 3.1. 

3.3. Results and Discussion 

3.3.1. Synthesis 

Tuo scrics of  po1yc:~tonnr ;r-conjugated stllbenoid derivatibcs shown in 

Chart 3.1. which dlff'cr in thc tcrminal aIkyl substitut~on, have been designed arid 

synthesized. For PS series (PS8, PSIO, PSI 2 and PStn*) the alhoxy stilhene units 

are connected through the 1. 3 ,  4 oxadiazoIc group at the 2. 6 positions (meta 
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substihltion) oi' xhc pyrl dine unit, whercas rn the PSI. scriex 01' coinpt>uflds {PS1,8, 

EL12 and PSLIO*) thc: stilbcne unlts wcrc atrachtd 10 t l x  2. 5 posiriorrc (para 

~bstihltion] of ~ h c  pg~idinc unit. Thc dialkoxy hca/enc groups ricr uc donors and 

di(l,3.4-oxadia;).ul-2-y1jpyidine acrs as the acceptor to cunst~hltc a donor - 

acceptor-donor quardrupvlar system. Thc uu~ctlclzcl a-conjugutcd corc and tllc 

alkaxy subs~itutio~~ at ~ h c  terminal ends arc cxpwted TO facilivatc :I t-lost packing 

oftbe calamitic cores in their bulk states. 

Scheme 3.1. 

Thc synthesis of' PS and PSL darivali17es wcre ach~cved hy two stcp 

synthetic procedure as dcpictcd In Schemc 3.1 . (E 1-44 3.4- 

bi~(alkoxy)styr~l)benzoni~rilrilc was converted inro thc corre2;pondlug telra~otc 

derivatives by 1.3 dipolar addition with sodium azitlu in prcsence of arnmoniurn 



chloridc 111 I)Mf as \rh\ci~t  I h e  cnnvorslon of the ~etrazulc to the I .  3, 4 

oxadrazolt. dtrivat~vcs were accompl~shed via thc Huisgcn route, in which the 

tctrazolc dcnv;itlees \x orc ~rcutcd with thc correspund~ng dcid chlvrlde i n  pyridine 

3.3.2. 1,iquid Crystalline Propertics 

Thc rncsornorphic propcl~ics of thcse derivatives were ~ n ~ c \ t i g a ~ e d  by 

I'olarizcd Optical h,ficroscopy (I'UM) and niffcrentixl Scanning Calorimetry 

(!>Sf ) The pha3e transition tempcralurcs and corrc~pondrng cnthalpy valucs of 

PS dcrivativcs are sutnniari;.cd in Table 3.1 

Tahlc 3.1. J'I~asc scqucncc\. phase transillon tcmpcmwres and concupondlng 
et~thalpy changcs in the hcating and cooling cyclcs ol' tlic PS derivative? as 
obscrkcd by LISC' analysis. 

Transition Tcmpcratures ["Cj 

l lcat~ng Cycle Cooling Cycle 

PSI 2 Cr 1 K6 ( 2 8 . 3  l ) Colh 200 I I .G3) I 1 1'38 { 1.95) roll, 175 (29.67) Cr 

PS8 C:r 214 (31.10) 1 1 198 (35.631 C'r 

Ur - Crystal. ('01,: - Columnar Hcuagnnal, X - Cin~dencifizd LC pllac and I - 

[sotropic 



POM studics nf PSI2 indicntcrl the prcscnce of ;In enan~irjtropic colu!nnar 

Iiquid crystallinc pbasc. Tn the hcating cycle. PSI2 undcnvcnt a ci-ystnl 10 

hexngonal columnar phacc transiiiun at IXh "C. as churnc~cri/cd by thcir typical 

focal-con~c ttxtut-e (Figure 3 . 4 ~ ~ )  [Yasuda u t  i l l .  20091 and ~ i ~ ~ ( i c r g ~ ~  O s o t r ~ p i ~ d t i o t ~  

at 200 "0. 

Figurc 3.4. a }  Focal conic texturc obseri/aI at 1% 'C undcr  polarized clpricnl 

rnicroscopc and h )  the USC hxcc at a heatin9'cooling riitc of  5 "C;minutc of  

compound PS 12. 

In thc cooling cycle, an Isr,truplc to hcaaponal coliimi~ar pbasu transition 

was obsemcd at F 98 "C which on furihcr cooling rcst~lted in crystall ifation o i  ~ h c  

sample at 1 75 "C:. The phrfsc transition tempcraturcs ohscn cd by POM \+ crc 

hrthcr confinnd by DSI' analysis (Figure 3.4b). Sitnilarly. in the PSlO 

derivativc, an cnantiolropic liquid crystalline huhaviour was obscrvcd. Cry\tiillit~r 

to hexagonal columnar transition was obscrvotl at 198 "C which r)n firrthcr heating 

underwent ist.rtropiza~ion at 20-1 "C. A denciritic tzxturc was t~bscrved. nn slow 

cooling from (he isotropic stalc tit n racc of 1 'C 'rnmute (Figurc3.5al. On further 



coollng the obsewcd dcndritic texh~rc transformed into a focal conic texture 

(Figure3.5~ ). con firming t hc prcscnce of the discolic cnlurnnar mcsophasc. Thc 

DSC thertnogram o r  the PSI0 dcsivative is dcpictcd in Figurc 3.5d. The 

transfonnation from Il-te dcndritic lcxturc to the focal conic texturc is depicted in 

Figttre 3 . k - c .  Thc PS8 dcriva~ive did not show l iquid crystalline behaviour and on 

licadng i ts crystals sitnply rnclred at 2 14 "C. 

Figurc 3.5. Polarized op~ical micrographs of PS IO at tempcralurc a) 202 O C .  bl 
200 "C c) 198 "C and d) the DSC trace at a hcritinglcooling rate of 5 "C pcr minute 
fur compound PS 10. 

POM studies of thc chiral derivative PSlO*. indicated thc preseilcc of a 

 non no tropic liquid crystalline phasc. On heating a solid film ol' this inalcrial. 

isotmpizatlon occurred at 163 "C. Cooling of the isotropic phase rcsulted in thc 

appearance of hircfringent tcxlurc at 153 OC which was nol characteristic of  any of 



h e  knom liquid cryslalllne phases (Figure 3.6a). On ft~rther cooling the material 

underwent crystallization at 1 36 "C. Phase transitions obscrvcd by POM werc 

further confirmed by DSC measurements (F~gure 3.6b). 

40 80 120 160 
Temperature / OC 

Wf 

Figure 3.6. Polarized optical micrographs at tempcramre a) 150 "C and b) the 
DSC tracc at a heating/cooling ratc of 5 "C per minute for compound PSIO*. 

- 
Cooling C y l e  

Table 3.2. Phase sequences, phasc lra~lsitioil temperatures and corresponding 
cnthalpy changes in thc heating /cooling cycles of the PSL derivativcs as observed 
by DSC analysis. 

5 I 

E ; 
- 6  
I Heating Cycle 
-5 

Transition Temperatures ['C] 

Sample code ( ~ ~ - ~ k J r n o l - '  I I 

Heating Cycle Cooling Cyclc 

Cr - Crystal, Coil, - Columnar Hexagonal and 1 - Isotropic. 



PSL (PSLS, PSL12 and PSLIO*) derivatives also exhibited thcmotropic 

liquid crystalline behavior. The phasc transition tcmperatllres and corresponding 

cnthalpy values of PSL derivatives arc summarized in Table 3 .2 .  

Figure 3.7. a) Focal conic tcxturt: observed at 230 "C under polarized optical 
microscope and b) thc DSC trace at a heating/cooling ralc of 5 "C per minute of 
cumpound PSL 12. 

In the heating cycle, PS1,12 underwent a crystal to hexagonal cnlumnar 

phase transition at I84 'C, as characterized by thcir typical focal-conic texture 

(Figure 3.7a) and underwent isotropization at 234 "C. In thc cooling cycle the 

same sequence of phasc transition was observed with a slight temperature 

hysteresis. An isotropic to hexagonal columnar phase transition was observed at 

232 "C which on further cooling rcsulred in the crystalIization of thc sample at 174 

"C. The phase transitions obscrvcd were further confirmed by DSC analysis and 

arc depicted in Figure 3.7b. Similarly in ~ h c  PSLS derivative, an enantiotropic 

liquid crystalline hehaviour was also observed. Crystalline to hexagonal columnar 

transition was observed at 220 "C which on furthcr heating underwent 
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isotropization at 236 "C. In thc cooling cycle, isotropic to hexagonal columnar 

transition was obsewed at 233 O C ,  as characterized by thcir typical Focal-conic 

texture (Figure 3%) which on further cooling underwent crystallizati~n at 21 2 "C. 

Phase transitions observed by POP4 were further confirmed by DSC measurements 

(Figure 3.8b) and i s  sumrnarizcd in Table 3.2. 

Figure 3.8. a) Focal conic tcxture observed at 220 "C in the cooling cycIc undcr 
polarized optical microscope and b) the DSC trace at a heatin@cooling ratc of 5 "U 
per minute of compound PSE,8. 

An cnantiotropic liquid crystalline behaviour was observed in thc ch id  

derivative PSLIO* on POM investigations. On heating a solid film of this 

m&l, crystalline to hexagonal columnar transition was observed at 180 "U 

which on fudher heating undenven~ isotropixation at 2 13 OC. In the cooling cycle 

h same phase sequence was observed. An isotropic to hcxagonal columnar phase 

transition was obscwled a1 210 O C  which on further cooling underwent 

mystalli7ation at 167 "C. Dcndritic texture was observed on slow cooling From the 

isotropic melt at a ratc of I0C! minukc a1 21 0 "C, characteristic of the columnar 



mesophase (Figure 3.9a). Figure 3.9b depicts the characteristic focal conic tcxture 

for the hexagonal columnar phase obscmed at 200 "C and Figure 3 . 9 ~  shows the 

texture observcd for the crystalline state at room tcmperaturc. Figure 3.96 shows 

Ihc DSU therrnogram of the PSLlO* at a healingcooling ralc of 5T!minutc. 

Figure 3.9. a) Dendritic texture obscrved at 210 "C, b) Focal conic texture 

obscrvcd at 200 OC, c)  the texture obscrved for the crystalline state in the cooling 
cycle under polarized optical microscope and d) the DSC tracc at a heating/cooling 

rate of 5 "C per minute of compound PSLlO*. 
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S - 
7 

8 

P 
1 

3.3.3. Formation of Liquid crystalline Glasses 

I --------- 
' r - 

Heating Cyck - 

The presence of 1.3,4-oxadiazole moieties and 111c bulky dialkoxy chains 

' \(I = U: lo f;o 1n0 150 znn 
- --A Temperature I OC: 

were expccted to favor formation of liquid crystalline glasses in these class of 

materiaIs. The liquid crystalline glassy fiIms wcrc obtaincd by sudden coolirig 



Chapter 3: Poh~catt~nur Dc.rcogens 98 

From the LC phasc ro ice cold watcr (- 0 'c). The dcrivatives with longer alkyl 

chains PSI 2, PSL12 and the chiral derivative (PSLlO*) formed sttihle transpurcnt 

glasses, while all the other derivatives underwent crystallization on suddcn cooling 

from their LC phase. POM studics showed. that thc texture c~bserved 111 Lhe liquld 

crystalline ghasc (Focal conic texture) was inaintaincd sn glassy films indicated 

the liquid crystalline ordcr was maintained in thc glassy stalc. The focal conic 

texture was obscrved for PSl2  (Figure 3.10a) and for PSLl2 (Figure 3.1 O b). Thc 

pseudo focal conic fan-shaped texture with rcct~lincar dclkcrs obscrved fur 

PSLl O*in rhe glussy film is depictcd in Figurc 3. I Oc. 

Figusc 3.10. Pt)lnnzcrl optical in~crosrnph of n) 1'51 2. b l  PSI-12 and I'SL10" In 
liquid crys~aIline glassy statc. 

33.4. Photophysical Properties 

3.3.4,l Absorption and Emission Properties in Solution 

The absorption and emission properties of PSI2 werc investigated in 

variolls solvents. All the dcrivatives possess a strong absnrpt~on band in Ihc 360 

nm region. The absorption spcclra werc independent of solvent polarity, whllc the 



emi~s ion  spcctra undenvenr a rcd shift with incrcasc in st~lvent polarity."E Thc 

fluoresccncc decay f l f  PSI2 was mono-exponential in dilute soli~tions (Figure 

3.1 I b}. with an increase in l i  fetirne bcing obscrved on changing from non-polar to 

polar solvcnls. Thc absorption and omission spectral characteristics of PSI2 

derivative in a few diffcrcnl solvcnts arc surnmarizcd in Tablc 3.3. 

a) o.'2 . 111) 
d ?  

10' : 0.OR ). 

I .z r , 
Y - e 5 E l 0 ' -  

2 z g  
5 0.04 i 10' -  I 

. -... - . ---. 
0 :  - - -  

0.00 
Jntr JWI wn boo 

0 
0 10 20 30 

\\-axrlength I nrn 'Time I ns 

Figure 3.1 1. a) Absorption and fluoresccncc spectra of  PS12: (i) absorption spcctrum in 
tolucne. fluorescence spectra in (ii) tolucne. liiil THF. (iu) dichloromcthanc and (vl 
bcnzonitrilc I>+, - 375 nm). b) tluorcsccnce lifetimc dccay pmf fc (i,, = 375 nm), 
urnission monitored at their corresponding emission maximum. 

Thc lack ot'shift in  the absorption maxima in solvents of varying polarity 

indicatcs a ncgligiblc changc in the dipolc moments bctrveen thc ground and thc 

cxcitcd slate of tElc rnoIeculcs. Thc rcd shift in emission spectrum with increasing 

solvcnz polarity indicatcs however that the polarity of' thc cmilting state is  much 

highcr than that of the ground state. Thesc resuJts indicate that the cxcited state 

lbrrncd via direct excitation is non-fluorescent. and that this statc subseqllcntly 

cvolves illto a fluorcsccnt cxcitcd skate via an inlra-molecular charge transfer 

( [CT) process. Thc K T  statc will bc increasingly stabilized in solvents of  highcr 
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polarity resulting in  the observcd rcd shift in thc cmission spectra [Rcuig r>/ (11. 

1994: Davis rrl .  20011. Earlicr studies on thc donor-acceptor substiturcd 

stilbenes also showed similar behaviour as discusscd in C'hap~cr 2. 

Tablc 3.3. Absorption, crnissiot~ and tluorcsconce lifi-titnc characteristics of PSI 2 
md PSL12. 

Compound Solvent A l ~ s  R ,,,.,, ln~n Em. I,,, nm T nc; 1- 

(4 t )  

Tolucnc 3 64 383 (0.49) 1.45 I .05 

BCN 367 5 l h (0.50) 1.77 1 . [ 4  

'['oluenu 378 554 (0 .22)  1.18 1.17 

P S L ~ ~  THF 379 567 (0 .1  1 ) 0.80 1 - 1 3  

DE:M 3x0 582 ( 0 . 1 5 )  0.53 1.14 

For the PSI. dur i l -a t i~~ts ,  absorption maxima wcrc obstrl-ed at -330 nIn 

which wcrc unaffected by varying solvcnt polarity, whilc en~ission spcctm 

underwen1 a red shift with increasing solvcnt polarity. si~nilar to that obscrvcd for 

he PS derivatives. 7 ' I - i ~  fl uclrcscenuu dcca): of' PSLl2 was mono-esponcnlial in 

dilute solutions and a dccreasc it1 Iifctime was obscrvcd on changitlg from Iron- 

polar to polar solvcnts. The absorption and c~nission spcctral charactzristius o f  

PSLl2 in a fcw different solvcnts arc shouyn in Figurc 3.12 and arc surnmnrizcd in 

Tablc 3.3 .  



Wabelength / nm Time 1 ns 

Figure 3.1 2. a) Absorption and fluoresccncc speclra of PSLl2; ( I )  absorption 
spectrum in toluene, fluorescence spectra in (ii) telucnc (iii) THF and (IV) 

dichlorornethanc (4, = 375 nm), b) fluorescence lifetime decay profile = 375 
nm). emission monitored at their corresponding crnission maximum. 

A red shift of about 20 nrn in thc absorption maximum and of about 80 nm 

in the emission maximum was observed in PSLl2 derivative compared that of the 

PSI2 derivative. Thc substitution of Ihc sttlhene arms in the 2, 5, positions (Para) 

OF the pyridine ring in PSL derivatives, results in an enhanced effective 

conjugation betwccn  he donor and acccptor compared to that of PS derivatives, 

where in thc later the substitutiun was at the 2, 5, positions ol'the pyridine ring. 

3.3.4.2. Absorption and Emission Properties in the Solid State. 

Both thc PS and PSL serics investigated in the present study were found to 

be fluorescent in the solid state. In most cases aggregation of molecules in the 

solid state usually leads to self-quenching of the excited stalc resulting in the 

formation of non-fluorescent materials. In several stilbene derivativcs, as also in 

the present case, aggregation has bccn observed to result in enhancement in 

fluorescence and this may be attributed due to the rigidization as well as the 
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formation of emissive aggregates in solid state. Thc absorption. cmission and thc 

fluorescence Lifetimes of' lhese dcrivativcs werc not signi ticantly difkrcnt in thcir 

thin film and in thc powdcr statc, except for a slight blue shift obscncd in Ihc 

absorption and cmission maximuln oi'the lhin films colnparcd to that of powder 

slate. 

Table 3.4. Rbsorpticln, e~nissiun and fluarcsuencc lifetime characteristics of PS 
derivativcs in sotid state. 

Ahs. A,,,,, Em. A,,, r,! ns rll ns ryi ns Sample Statc 
(nrn)" ( n m j  (FIX) (FIX)  (FI%) '- 

Powder 435 

427 
Film 

Powder 460 

PS1o Thin 
429 

Film 

Powder 431 

PU Thin 
4 19 

Film 

Powder 436 

Thin 
43 1 

Film 

[a] Obtained from excitation spectrum. 



Figure 3.1 3a depicts the excitation and emission maxima of PSI2 in thin 

film and powder form. The fluorescence decay profile of PSI2 derivative showed 

a slight increase in the lifetime of the longer lifetime species in the thin fiIm 

compared to that of the powder [om and is generally observed in the other 

derivatives. The fluorescence lifetime decay profiles of PSI2 in the film and 

powder form are shown in Figure 3.1 3b. 

L 

IO'! ; Puwdpr 
Thin Film 

10 ' -  :' 
; 4 

60 90 
Wavelength / nm Time l ns 

Figure 3.13. a) Fluorescence excitation. emission spectla and b) l i  fetimc decay 
profile of PSI 2 dctivative (Blue and green curves represents the powder and film 
states respectively. 

A red shift in absorption and in the emission maximum was observed in 

PSL derivatives compared that of the PS derivatives and is attributed to the 

enhanced effective conjugation between the donor and acceptor in PSL derivatives 

compared to that of PS derivatives. The absorption, emission and fluorescence 

lifetime characteristics of PSL in the film and powder form arc shown in are 

depicted in Table 3.5. 
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Table 3.5. Absorption, emission and fluorescence lifetime characteristics o f  PSL 
derivatives in solid state. 

Abs. i,, Em. i,, r4ns  r2jns ~ 2 , n s  , 2  
Sample State tnml a (nm) 1 % )  (Fl"/b) (blT%,) ' 

8.90 2 87 
Powder 470 o.h l  1.1 1 54X (43.42) 142.18) (10,40) 

BSC12 
Thin 7.84 3.98 

486 82 E.OO 
Film 522 "(72.70) (25.19) (2.1 1 )  

5.77 7.30 
Powder 535  470 (43.73) (43.73) ( 1  R.62 2.55) 1.12 

PSLIO* 
Thin 5.09 2.41 528 O x 2  1.14 
Film 479 (18.78) (2.88) (8.33) 

[a] Obtained from excitation spectrum. 

33S. Discussion 

Polycatenar compounds, with their special rnnlccular structure made up of a 

Iwg aromatic core and several lcrminal aliphatic chains. can present dif'ikrcn 

mesogenic propert~es depending on the characteristics of the molecular core a11d 

eqecially on the numbcr of  sidc chains substituents. The molecular strucmrc of 

poiycatcnars can be placed benveen that of mcsogcnic discs and mesogenic rods 

(Figure 3. I4), and ~ h c  observed poly-mcsumorphisrn for this class of rnolecule~ 1s 

Bwy similar to that observed in lyotropic systems. As a result, much cffort has 



been spent on polycatenar liquid crystals in t e r n  of understanding structure 

property relationships and also for investigating its potential applications. For all 

the polycatenars, the texhrtes of thcir columnar mesophases observed under the 

polarizmg microscope are generally the characteristic focal conic texture or fan 

type tcxture, similar to that obscrved in disc shaped molecules. 

Cores 

Figure 3.14. Representation of the central core of polycatenar LCs comprises a 
calarnitic region, with half-discs on the extremities. 

The general description of molecular pachng in the columnar phase of 

polycatenar molecules i s  based on a model previously proposed for a hexacatenar 

compounds. This model considers the transverse section of the columns to be 

constituted by several calarnitic rigid cores disposed side by sidc and surrounded 

by the corresponding disorganised aliphatic end chains. The number of moIeculea 

in a dice of a column depends upon the number and the length of the terminal 

aliphatic chains and generally, three molecules are found for six-chain phasmids, 

and four to five molecules for biforked mesogens [Ribeiro et ~1.2003; Cardinaels 

eb ai.2008; Nguyen er al. 19971 
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Figure 3.1 5. Schematic rcprcsentation of the molecular organization in the 

hexagonal columnar phase of bitorked mesogens. 

Thc chemical structures of the molecules designed for thc present study 

consists of two alkoxy stilbenoid units attached to a ccntral py~idinc corc through 

1,3,4-oxadiazoles linkcrs in the 2.6 (PS) and 2.5 (PSI,) positions of the pyridine 

ring to form a rigid rod E-conjugated back bone with two alkyl chams grafted w 

the either sldcs of the rigd rod structure resulting In a biforked (teracatenar) 

architecture. In concurrence with the characteristic focal conic texture observed in 

the mesophase, it is reasonable to assumc that the rigid-rod n-conjugatcd back 

bone self-asscmble into a onc dimensional domain and the outer part of the 

columns are filled with the molten alkoxy segments, similar to the previously 

reported poiycatenar mcsogens [Yasuda er a/. 2009 1. 

3.4. Conclusion 

The synthes~s. ther~notropic liquid crystalline behaviour and photophysical 

propertics of two scrics of pyridine cored donor-acceptor-donor systems havc been 
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dcscribcd Thc molecules in which two alkoxy stilbenoid unlts were atlached to 

t h t  ccntral pyridlnc corc through 1.3,4-oxadi;voles linkers in the 2,h (PSI and 2.5 

(PSL) p\\r l lons o f  rhcl ~ ~ y r i d t i ~ c  ring to  fonn a r~g i t i  rod rr-conjugaled hack bone. 

Eoth thcse scries of der~uallves exhibited stablc discotlu LC phases In the hcating 

and cooling cycles Chiral discotic 1..C phases wcre obtained hy introducing chiral 

group? in zhc allqE periphery A few of thcse derivatives werc observed TO fom 

slable glasses on sudden cocltrng from thc LC phase. whcre the Ilquid crystalline 

order was maintained. These materials werr found to be fluoresccn~ in thcir solid 

Ttatc a.; wclE as in glassy state. The ability of thcse materials to fom stable Irquid 

crystaIIinc glass and their fluorescent natura, along with thc semiconducting 

properties of 1.3.4-nxadiaznlc derival~ves may maku them applicable as active 

elemcnts in thc emerg~ng field OF organic electron~cs. 

3.5. Experimental Section 

3.5.1. Synthesis and Characterization 

A l l  the dcrivativcs werc synthesized according to thc general proceduw as 

shown in Scheme 3 .2 .  and the structural characterization dara arc prclvldcd below. 

General Procedure for the Synthesis of PS and PSI, Derivatives 

Pyridine-2,6-dicarbony I dichlaridefl'yridlne-2.5-dtcarbany I dichlondc (1 

equiv.) was taken in a LIT txvu necked R.B. undcr argon atmosphcrc. dry pyridine 

(5mL ) added and was stmired for two rninules. Compound 2 (3.4 equiv.) dissolved 
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in dry pyridinc (15 mL) was added to the abave acid chloridc drap wise with 

constant stimng. The reaction rnixture was then rcfluxcd at 1 15  "C for 12h and 

was poured into ice cold watcr and then ncutraliyed with 2Y HCE. The prccipitare 

was washed with watcr. filtered and extracted xvrth dichlommetl~anc Thc 

compound was then concentrated and dissolved In mlnimum amount o f  

dichloromethanr: and was precipitated using methanol to glvc purc producl 

FSl2: Yleld: 76 %; I It u,,, (KRr):  52 1,963, 1 142. 125 1. 1520, 1593,2849. 291 8, 

2955 cm-I.; ' H  NMR 

(SOOMHi, CUC11. TMS) 

:S 8.498-8.482 (d, .J - X Hz, 2H, arornat~c), 8.262-8 245 (d, .I - X 5 Hz, 4H. 

eromalic), 8.152-8.121 ( I .  lH, arornatic), 7.697-7.580 (d, J - 8.5 Hz , 3H. 

aromatic), 7.225-7.193 (d, ,J - 16 FIX, 'H, allylic), 7.125 {s, 211. aromatic), 7.094- 

7.077 (d, ./ - 8.5 Hz, 2 H ,  aromatic), 7.035-7.003 (d. J = 16.5 Hz, 2H. allylic), 

6.897-6.880 (d, J = 8.5 Hz, 2H. aromat~cj, 4.084-4.020 ( in, XH, -0C:H:-), 1.875- 

1.268 (m, 80H, -CH2-j, 0.898-0.863 (m, I2H,  -C:H7): "C N M K  (1  25 MHz, CDUI,. 

TMS) h 165.89, 163.01. 149.71. 149.22. 144.30. 141.58. 138.58. 131.2h.129.72. 

127.79, 126.75, 125.18. 121 54. 12056, 11344. 1 1 1 . 5 f 3  69.35, 69.21. 31 90, 

29,65, 29.60, 29.48, 29 33, 29.25, 26.05, 26.02. 22.70, 14.08; FAB MS: m'z calcd 

fur CltSH1 ZIN,C)h, 1307.93: found 1308.67 [M+H-1. 

BlO: Yield: 74 %); IK u,,,, (KBr): 962. 1020, 1 14 1, 1252, I 5  t 8. 1593, 285 1 ,  

2920.2953 cm-" ' H  N M K  (5OC)MHz. C'DCI,, TMS) : ii X 195-8 479 (d, ./ - 8 Hi.. 



. 

2H.  aromatic), 8.260- 1 - 
, L- , L t : , a q  d- F< 
! b/ ?\_;eiL l_**_.O ,7"=7\ 

C. I,,,c, & ?* b \\  ,;-+ L,,j-':L-<< $+ K, 
8.243 (d, J = 8.5 HZ, 2H. 4' rslu N-pl 

aromatic), 8.148-8.1 17 (I ,  1H. aromatic), 7.695-7.678 (d, J = X.5 Hz , 4H, 

aromatic), 7 223-7 191 (d, J - l h Hz, 2H. allylic), 7.123 (s, 2H, aromatic), 7.092- 

7.075 (d, J = 8.5 Hz, 2H, aromatic), 7.033-7.001 (d, J = 16 5 HY, ZH. allylic), 

6 895-6.878 td, .J - 8.5 Hz, 2H, aromat~c), 4.083-4.019 ( m. XH, -0CH:-), 1.875- 

1.268 (m. 64H, -<XI-), 0.893-0.863 (m, 1 2H. -cH,);"c NMR ( 1  25 MH7, CDCl3, 

TMS) A 165.99, 163.OX. 149.81. 149.28. 144.33. 141.64. 138.56. 131.30.129.72, 

127.83, 126.75, 125.20. 121.63, 120.63, 11.1 49. l l l . h I ,  69.39, 69.21. 31.93, 

29.65, 29.60, 29.44, 29.37. 29.25. 26.07.26.04, 22.70, 14.13; FAB MS: m/z calcd 

for U7-H1, ,7Y~Oh,  1 195.81 : Sound 1196.44 [M t Ha]  

PS8: Y~eid: 72 %. IR u,,, (KRr): 854. 1138, 125 1 .  1267, 1512. 2853, 2922, 

2953cm-I. ' H  NMK 

( SOOMHZ. CDC'I j. TMS) 

: ci K.4 12-8.396 (d, J = 8 Hz, 2H, aromatic), 8.181 -8.164 (d, J = 8.5 Hz, 4H, 

aromat~c). 8.068-8.036 (t, 1H, aromatic), 7.617-7.600 (d, J - 8.5 Hz, 4H, 

aromat~c), 7 144-7.1 12 (d, . l -  16 Hz, 2H, allylrc), 7.048 (s. 2H,  aromatic). 7 Olh- 

6.999 (d, J - 8.5 Hz, 2El, aromatic). 6.954-921{d, J - 16.5 Hz, ZH, allylic), 

6.821 -6.804 (d, J = 8.5 Hz, 2H, aromatic), 4.01 1-3.946 ( rn, &H, -0CH:-). 1.783- 

1.21 R (m. 48H. -CHI-), 0.834-0.807 f m. 12H, -CH3); "C IGMR ( 125 MHz, CDCl]. 

TC1S) f: 165.89, 163.07, 149.91, 149.32, 144.30, 141.62, 138.56, 131.32.129.73, 
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127.84, 126.75, 125.21, 121.63. 120.61, 113.49, 111.61. 69.39, 69.21, 31.93. 

29.64,29.62, 29.44. 29.38, 29.24, 26.08, 26.04, 22.69, 14.12; FAB MS: mlz calcd 

for C6yH59N1;0h. 1 OX3 .fig; found I 084.32 [M+H-1. 

PSIO*: Yield: 78 '%: IK u,,, (KBrj: 962, 1016, 1265, 1433, 1492, 1595, 2870, 

2913, 2959 cm-I; ' H  

NMR (500MH~, C'DCI3, 

TMS) : 6 8.493-8. 478 (d. J = 7.5 Hz, 2H, aromatic), 8.260-8.245 (d, J = X.5 Hz, 

4H, aromatic), 8.150-X, 1 19 (t, I H,  aromatic), 7.697-7.681 (d, J = 7.5 Hz , 4H, 

aromatic), 7.225-7.193 (d. J = 16 Hz, 2H, allylic), 7.123 (s, 2H, aromatic), 7.092- 

7.075 (d, J = X.5 Hz, 2H, aromatrcj, 7.036-7.004(d, J = 16 Hz, 2H, allylic), 6.900- 

6.884 (d, J - 8 Hz, 2H, aromatic), 5.124-5.1131d, J = 5.5 Hz, 4H, allylic), 4.126- 

4.050 (m, 8E1, -OCH2-), 2.054-1.230 (m, 28H. -CH2-), 1.004-0.972 (m, 36H, - 

CHJ); "C NMR (125 MHz. CDCI,. TMSI 5, 165. 09, 163.07, 149.92, 149.32, 

144.30, 141.62, 138.55. 131.32.120.72, 127.84, 126.73, 125.21, 121.63, 120.61, 

113.43, 111.61, 69.35. 69.24, 31.93. 29.64. 29.60, 29.41, 29.38, 29.24, 26.08, 

26.05, 22.68, 14.12; FAR MS d z  calcd Tor C77H97N506, 1187.74; found 1188.44 

WtH']. 

PSL12: Yield: 64 %: 1R u,,, (KHr): 845, 951, 1138, 1251, 1265, 1514, 2849, 

2918, 2953 cm-': 'H 

NMR (SOOMHz, C:DC13, 

TMSI :ii 9.543 (s, 1 H, aromatic), 8.637-8.621 (d, J =  8.5 Hz, lH, aromatic), 8.5 1 1  - 



8.495 (d, 5 = 8.5 Hz, IH, aromatic). 8-222-8.206 (d, J = 8.5 Hz, ZH, aromatic), 

8.152-8. I36 (d, . I -  8.5 Hz, 2H, aromatic), 7.679-7.65 1 (dd, 4H, aromatic), 7.21 1- 

7.178 (d. J - I h Hz, 2H, allylic), 7.1 15 (s. ZH, aromatic), 7.085-7.069 (d. . I -  85  

Hz, 2M. aromatic), 7.017-6.985(d, J -  16 Hz, ZH, allylic). 6.890-6.874 (d. . J =  8 

Hz. 2H, aromatic). 4.069-4.028 (m. 8H. -OCH2-1, 1.861-1.264 Im. 80H. -CH2-), 

0.897-0.870 (m, 12H, -CH3); "C YMR (125 UHz, (:DC:l?. 'IMS) 8: 

29.68,29.65,29.48,29.45,29.313, 29.27, 2&09,26.04,22.70, 14.12; FAB MS: mlz 

calcd for C 8 S H 1 2 1 F ~ 0 6 r  1307.93: found 1308.67 [ M t H ' ) .  

crn I. 'H NMK 1500MHx, 1 c ~ H , . ~ ~ ~ O ~ ~ , F . ,  

I I \ I 
CDC13, TMS) : ~i. 9.541 1 CA:O P X ~ A  IV-* 

Is. 1H, aromatic), 8.635-X.619 td. .J : 8.5 Hz, IH, aromatic), 8.509-8.483 (d, J = 

8.5 Hz, l H. aromatic), 8.220-8.204 Id, J - 8.5  Hz, 2H, aromatic), 8.150-8.134 Id, J 

- 8.5 112, 2H, aromatic), 7.677-7.649 (dd, 4H, aromatic), 7.209-7.176 (d, .J = 16 

Hx. 2H. allylic), 7.1 15 Is, ZH. aromatic), 7.083-7.067 (d, J = R.5 Hz. 2H, 

aromatic), 7.015-6.983(d, J = 16 Hz, 2H, allylic), 6.888-6.872 (d, J = 8 Hz, 2H, 

aromatic), 4.067-4.026 (m, XH, -OCH2-], 1 .X59-1.220 (rn, 48H, -C:FE?-), 0.895- 

0.86% Im, 12H, -cH~);"c NMR I125 MHz. CDCl,, 'I-MSl A. 165.79, 165.25, 
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149.87, 149.81, 149.27, 14X.03, 141 57, 131.27, 131.16, 129.58, 127.66, 127.41, 

126+71, 126.62, 124.82. 12300, 120.66. 120.61, 113.42. 1 1 1  61, 69.41. 69.38, 

31.86, 31.X4. 29.44, 29.41, 29.38, 29.32, 29.29, 29.28, 26.09. 26.04, 22.70. 22.hX, 

14.1 1; F A 8  MS. mk calcd for ChPHXYN506, 1084.47, found 1085.27 [M+H']. 

PSLIO*: Yicld, 70 %; TR u,,,, (KBr): 962. 1049, 1 138, 1251, 15 12, 2X43. 2868. 

2927, 2953 crn I ;  'H 

Nh.IR ( S O O M H Z ,  C'DCI?, 

TWS) .& 9.535 (s, 1 H, aromatic), 8.629-8.613 fd. J - 8.5 Hz. 1 H. aromatic). 8,503- 

8.487 (d, J - 8.5 Hz, IH, aromatic), 8.214-8.19H (d, J = 8.5 H7. 2H. aromatic). 

8.144-8.128 (d, J = 8.5 Hz, 2H, aromatic), 7.67 1-7.643 (dd, 4H, aromatic), 7.203- 

7.170 (d, J = 16 Hz, 2H, allylic), 7.107 (s, 2H, aromatic), 7.077-7.061 (d .  J - 8.5 

Hz, 2H, aromatic), 7.009-6.977(d, J = 16 Hz, 2 H ,  allylic). 6.882-b.X66 (d, .J = X 

Hz, 2H, aromatic), 4.061-4.020 [m, 8H, -OCH2-1, 1.853-1.250 (m, 40H, -CHI-), 

0,891-0.862 (m, 36H, -CHI); '?c NMR (125 MHz, CDCI1, ThqS1 d: 165.79, 

165.25, 149.89, 144.32, 127.77, 127.53, 126.83, 126.74, 125.05, 120.61, 113.42. 

111.58, 67.76, 67.57, 39.30, 39.27, 37.40, 3737,  36.31, 36.21, 29.96. 28.01. 

28.00, 24.76. 24 73, 22.72. 22.71. 22 62, 19.76, 19.71; FAB MS: mlz calcd for 

C77H1(,5Ni0h. 1195.81; found 1196.64 [M +HA]. 
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Synthesis and Study of Liquid Crysfdine, 

begat ion and Photophysical Properties of 

Trigonal Octupolar Oxadiazole Derivatives 

Objective: To invcstigale the hierarchical selr-assembly and rclated ~ h a n g s  in 

photophysical bchaviour of lrigonal oclupolar derivatives in solution and in 

condensed phases. 

Luminescent biscotics 
with Columnar Order 

I 

Hierarchical Self -Assembly 
in Solution 

. -- 

I 



4.1. Abstract 

A 5 o.lc).j (!/ nozjr*l r t . i p r r l  or-/zr~)olar 1,3,4-o.rrrriru:01~ ~le,-i~.rifi~.e.~ e.vhihi/ing 

iiiscoric, lry riid cr;vx!~1llinr p h(8.re.v wrc* de \-i(gned auri s~~~lhevi,-ed. The .$elf 

us.sc~~?lh!\+ r) f' /l?cst. mufrt-irri.s in 111cit. tr~rvnyhu~~r' t1/7d ~,irhitl thril- r~:r-cgure\ irt 

.co/~~riotr rind !he I.L,.S~I ltrlnr rhl in~cts it? ff7eir p hotopi~jaicul pt.npr~r-tic..~ at-c dcsc'r'ihrd 

i,? rI7i.v Cltuplsrr>~.. .4 fun  #/!l'~hr~ det -iw!irr.l c..rhihi/rd elran rior~-c>pic. cnltu~r~rar- a'j.scoric 

Jigztii! r.t?.,rtirllir~c~ pl~lsscs u-ilh iierugor~r~l m lrrll m rer.tarrgrr/m- ntmo ~l irr~~~t~~ionul  

itn!ices Tht~ir cotrcc.n!r-<ifion rit2pendc>nr hiet.rtrc*i~ictrl self-msctnh1,y in non-poiur 

colvr*17rs fi-otlr ,spl?er+r,s io 17u~rt1-Ji hrr:v ~jhal-ch the irt*.ruqclnc~l ~'nlurnnor. order 

ohs c t ~ c ~ /  in /heir. rnrsophu.ws ~ ' c r s  rr~tuitrcd has hecn in ~ ~ P , Y I  iguted. The rierr tntives 

n i ~ h  Intrger. aJia~I chair! I~tzg~h.r fi;lrmc.d sru h fe, Iri~h!~. lutninc.sccn! ~mn.spui*ertf gels 

rn tron-pobr S ~ I I ' P ~ I ~ S  .sl/r*i~ u.s i f ~ ~ ~ ~ t l c a  ut rd ~r>lrre~ie. The gelrilion pt.orc.~s ltmm slow 

am/ it rook tic fbr- cotnplere immohili;(~rion n f 11rc srn/~.r>nr. Tlte high 

.c~n.$ifilih of [he It~tnin~s.scpn(.c pr'opc"?it's (EJ /he,si~ mnlrrt/ic..v !(I rhr~it, slnle of 

uxgr-exation p~olridec/ an c[fL;c/i\-c! lnelhod In nror~itrw ihe ncrfur-c ( I /  the molc~ular 

11uc.king involved in the variozl.s .siugs of' rh~l hierarr,hi(.cri s~l/la.c rem blv. 

Jt?c.or-~")i-ar icrr I o/'.~tn*rogtwir. gl-ozip.~ irlro I ~ E S I J  . ~ e l f ~ u . ~ s ~ ~ ~ ~ h l f  tzg 1noI~czr1~1r units led 

lo I ~ I P  inCjltr.tiolt I!/' (.hir-c~/i/\. in 11~e colrrmnar' stcrr.h rl?c~.re ~nr~I~.ctrlc.s it7 their 

~nc~sop haw.  r l sitnilul- iud~tr'tiot r of rhir'u/i<\. HYI.S ~~hhs t - i~d  in tfw sclflnssc~~ hled 

.~rurb it? ~r~lzrrion. , 1 1 1  intcvr,~ling r~nn~~i~.c.)~/rclrion ( l ~ ~ p e ~ i d e n ~  rn~c.,aa/ I ! /  rhir-rrli~ 

~1r.ihittec1 to the li,r.rnation c!f r-oile~/-coil crggrr.garcs in snlr~tion n'ci.7 t~lso ohst~t~ed. 



W o n  A 

Hierarchical Self-Assembly from Nanospheres to 

Fibrous Gels 

4.2. Introduction 

Thc realization that it-conjugated organic molecules can -behave ns 

elccrrical conductors has given risc ro the licld of organic cleutronics [Chinng vr 

al. (a) 1977: Chia11g r l  ul. ( b )  19771. I'urrcntly [his ficld is  attracting signific;un~ 

atten~ion in vic\r of the ucmendous comrncrcial pntcntial based on hiich materials 

[Tang r.1 at. 1987: Tang P I  uI. 1989; Tsumura L'I (11. 1 98s; C'Iar 19721, r\lthough 

organic electronics is clear1 y in its in t'ancy. significant advancc5 are k i n g  made 

across a broad range (11' activities for understandii-ig thc fi~ndanicntal p h c ~ i o m c ~ ~ a  

underlying the Factors detcnniriing dc\;ice pcrl'onn;lncc. In 111c arca of  organic 

electronics. two distinct approaches are hcing pursucd for thc cc~nstruction of 

organic scmiconduc~ing materials. 111 the late 1970's. i t  was domonstratcti thni 

polymers can be madc to condriol clccrricity by rnanipul;iting thcir inolccular 

slructurc. Conjugated polyners possess thc inhercnt ability to conducl clcclric 

charges along their backbone [Heegcs P I  id. 1988: Skotheim rt [ I / .  198%: Oav pt < I ( .  

19881. Significant advanccs have hcen madc on polytrlor matcsial based urganic 

electronics. Inany of which have rcachcti tlic scoond phase ol' commeruialilraliutl 
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1 Tullo et ul. 2000: Friend el ui. 19991. Howcvcr. efficiencies in many of these 

dcvices are not satisfaclory and thcrc is considerable room tior improvcmcnt. One 

of the reasons tbr the lack of efficiencies is poor long range order. This has led the 

interest in the second approach which is a relatively ncwer one, which tries ro 

makc use of principles of self-assembly [Hoeben el crl. 200.51. Making use of 

wcak intennolecuIar interactions, it  is possible to dcvclop materials with cnhanced 

molecular order rcsulting in improved dcvice efdicicncies. A wide variety of such 

well dcfined n-conjugated materials have bcen synthcsized and sludied. Although 

precise control ovcr the structure and eEcctronic properties has been achieved at 

the molecular Icvel. a major chaIlcngc now is to obtain control 01. Ihc 

supramolecula~ trurdering nvcr Iong rangcs and to understand and manipulate the 

resultant optical and electronic properties. 

An intcrcsting field that is rapidIy developing is the so called area of 

"S~~pramolecular Electronics'". This is a lcnn recenll y cuined by Schenning and 

Meijer to describe the construclion of supramolecular assemblies o f  x-conjugated 

systems in the 5-100 nm lcngth scale which can act as conducting wires of 

electronic camponcnts in lhc nanometer range (Mcijer er al. 2002; Van Der 

Auweraer et U I  ZOW]. This tieId is expected to bridge thc gap hetween the organic 

electronics and molecular electronics. USC of bulk materials as active elements in 

devices have limitations duc to the difficulty nf obtaining long rangc ordered 

domains [Brunsveld ef a/. 200 1 1. 
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The challenge of constructing bulk materials with long range highly 

o~dered n-conjugated elements with anisotropic elcctronic propcrtics for use in 

organic electron~cs ronlains unmct. [n this contcxt. disc shaped molecules arc 

particularly ~nterening slncc thcy can Tom onc-d~rncnsional supramolecular 

architec~urc\ u ~t h strong x-r intcract ions ovcr macroscopic scales [Palerrno et a1 

2007; De 1,uca et ~ 1 2 0 0 8 :  Grimsdalc er al. 2005; Samori et al. 2005: Zang er ul. 

2008; Hasegawa el oi. 20071. Thc long rangc sclf-assembled structures in such 

materials rcsulls born a delicate balance of various non-covalent interactions 

involving hydrogen bonding, van dcr Waals', tlipolar, n-T, solvatophilic and 

solvatophnbic forces [Sagara er u1. 2008: Chen et al. 2007; Hennrich er al. 2007; 

Camercl ur a/. 2006; C-amerel er r d .  2007: Yagai er 01. 2007; Femandez er ul. 2007: 

Nakanishi rt ul ?(!OX; Nakanishi rt ul. 2007; Terech et al. 1997; van Esch el al. 

20001. Undcrstand~ng thc nature o f  such interactions is essential for harnessing 

thcm for the construction uf supramolecular architectures with desired molecular 

organization [Keizcr el nl. 2005; Lee r! (11. 2001; Wurthner er al. 2003; Lehn et al. 

20031. With a few exceptiorls [Lee er ul. 2008; Haino ei ul. 2008; Palma et al. 

20081, most of the discotic molecules hitherto reported to form such self- 

assembled superstructures possess hydrogen bonding functionalitics incorporated 

into thz ~nolcculc [lkeda ur ul. 2003; Rao el a/.  2005; Sakajiri ei al. 2008; Li et nl. 

2006; Alvarez er ul. 20061. With regard to improving charge and exci ton transport 

propertics in discotic materials, it would be of interest to develop discotic 
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molecules wherein self-assembly is governed mainly by n-n: stacklng and dipole- 

dipole interactions. Moreover, mast discotic molecules investigated possess cam 

such as kiphenylenes, hexabenzcnocoronenes and phthalocyanincs with p-type 

semiconducting properties. Systems containing electron withdrawing moieties 

have k e n  less explored [Pietersc et al. 2001; Lehmann et al. 2005; Wunhner et a/. 

%mpl* 

Codr -- 

Chart 4.1 

Herein, we report a novel class of hghly luminescent octupolar 1,3,4- 

oxadiazole derivatives (Chart 4.1) with fcw of the derivatives (S.412 and SA16) 

exhibiting columnar mesophases. 1,3,4-Oxadiazoles were incorporated in the core 

of thc discotic motccules in view of their excellent electron transporting and 

luminescent properties as we11 as their ability to undergo efficient x-stacking 

[Zhang er a/. 2003; Tokuhisa el a/. 1998; Qu er al. 20081. These rnoEecuIes were 
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capable of spontaneous concentration dependent hierarchical self-assembly 

leading from sphcres to fibers possessing columnar organization in non-polar 

solvents. Few of h e  derivatives (SA8, SA12 and SAl6 )  formed stable, highly 

I h e s c e n t  transparent gels In non-polar solvcnts such as decane and toluene, The 

high sensitivity of the luminescence propenics of these materials to thcir state of 

aggregation provided an cffectivc method to monitor the nature of the molecular 

packing involved in the various stages of the hierarchical self-assembly [Kumar er 

al. 2006; Yagai et ul. 2007; Kaiscr ~t al. 2007; Karnikawa er a/. 2007; Seo el al. 

2008; Chen er ul. 2009: Kozhevnikov et al. 200Xl. Detailed studies on heir  liquid 

crystalline, self-aggregating and Iumincsccnce properties are discussed herc. 

43. Resu Its and Discussion 

43.1. Synthesis of the 1,3,4-Oxadiazole Derivatives 

The 1,3.4-oxadiazole derivatives (Chart 4.1) were synthesized by a 

multistep process (Scheme 4. l ) ,  in which the final step involved the conversion of 

a tetrazole to 1,3,4-oxadiazole by the Huisgen mechanism [Sauer et al. 19601. 

T e h o l e  derivatives werc obtained by the reaction between sodium azide and (E}- 

4-(3,4-bis(alkoxy)styryI)be1li!onit~i1e, which was prepared by the Wjttig-Homer 

reaction of diethyl 4-cyanobenzylphosphonate and 3,4-bis(a1koxy)benzaldehyde. 

The products were characterized by FT-IR, NMR, MALDI-TOF and elemental 

analysis. The details of the synthetic proccdure and spectral characterization of 

these derjvativcs arc provided in thc Experimental Section 4.8. 
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CHO CHO 

R 

1~ R =  CHI (SAl) 
iil - - 

'N- 
C,Hg (m) 

RO P CIH,J  (-6) 
CnHi, 

C,,Hn (SA11) 

RO OR 

Reagents and conditions: (i) n-RBr, K2C03, DMF, 1011 "C, 12 h, ( i ~ )  diethyl-4- 

cyanobcnzylphosphonate, NaH, THF, 25 "C,  3 h, (1i1) NaN3, N k C I ,  DMF, 100 OC, 

1 2 h (iv) benzcne-l,3,5-tricarhonyl trichloride, pyridine, 1 1 5 'C, 12 h. 

Scheme 4.1 

4.3.2. Liquid Crystalline Properties 

Thc thennotroplc liquid crystalline phasc behaviour of these materials were 

investigated by polarized llght optical microscopy (POM). differential scanning 

calorimetry (DSC) and small-angle X-ray diffractornetry (XRD). The 1,3,4- 

oxadiazolc derivatives with long alkyl substitucnts (SAI2 and SA16) exhibited 

enantiotropic liquid crysblline bchaviaur while thosc with short alkyl chains 

(SAI, SA4, SA6 and SA8) did not exhibit LC properties and melted sharply. The 

phase transition temperatures and corresponding cnzhalpy values of Ransitions are 

summarized in Table 4.1 



Chapter 4: Hieruvchical Sev- Assem bly 12 11 

Table 4.1. Phase transition characteristics es obscrvcd from DSU in the 
heatinglcooling cycles of thc SA12 and SA16. 

Heating cycle. "C Cooling cycle, O C  

Sample Code 
(AH, k~rnol-') (AH. k~mol- ' )  

Cr 44 (47.3 1 )  Col, 15X I 233 (2.52) Colh 15 1 
SA16 

(16.40) Colt, 235 (2.23) 1 ( 1  5.01) C01,31 (38.63) Cr 

[a] Material glassificd on subsequcnl coaling; Cr - Crystalline phase. Colh 
- Hexagonal Columnar phase, ColOh - Columnar Oblique phase, Col, - 
Columnar Rectangular phasc and I - Isotropic liquid. 

POM studies of SA12 indicated the presence of an enantiotropic columnar 

liquid crystalline bchaviour. In the heating cycle, SA12 underwent a crystal to 

hexagonal columnar phase ~ransilion at 1 65 "C. as characterized by their typical 

focal-conic tcxlure (Figure 4.la) and isotropizes at 233 'QLaschat  el u1. 2007; 

Dierking 20031. In the cooling cycle, an isotropic lo hexagonal columnar phase 

Innsition was observed at 228 "C. Further cooling rcsultcd in  the appcarancc of 

crossed striations on thc arms of the focal conic texture at 158 "C. which remaincd 

unchanged down to room temperature (Figure 4.lb). The appearance of the 

striations on the arms of the focal conic tcxturc suggested a translomalion from 

the hexagonal columnar phase to an oblique columnar phase [Laschat er ul. 20071. 

The striatcd texture observed at thc higher temperatures was relaincd on cooling to 
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room temperature by which time the sample had solidified into a glass. The 

idmiical texture observed in the solid state indicates that the columnar 

arrangement had been frozen into a supercooled LC state [Abraham et al. 2006; 

Chcn el a/. 2003; Seo er a!. 20071. Phase transitions observed by POM were 

further confirmed by DSC rneasurcrnents (Figurc 4. lc). 

, 1. R! I 
I - " m 

a t -  # x  r' 

Figure 4.1. POM images of compound SAl2  a) hexagonal columnar phase at 

220 "C, b) oblique columnar phase at 30 "C and c) DSC trace of compound SA12 
in the coolinghating cycle at a rate of 5 "C per minute. 
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Similarly, for SA16 in 1hc cooling cycle an isotropic to hexagonal columnar 

transition was observed at 233 "C as indicated by thc formation of a focal conic 

texture under POM (Figurc 4.2~). On rurther cooling, transition to a rectangular 

columnar mesophase was observed at 151 "C as indicated by thc formation of a 

striated focal conic texture (Figure 4.2h). Unlike in the case of SA12, further 

cooling did no1 lead to glass formation and a clear LC to crystal transformation 

was observed at 3 1 "C (Figure 4 . 2 ~ ) .  Phase transitions observed by POM wcre 

further confirmed by DSC analysis (Figure 4.2d). 

Temperature I OC 

Figure 4.2. POM images of compound SA16 a)  hexagonal columnar phasc at 220 
'C, b) rectangular columnar phasc at 90 *C, c)  crystalline phase at 25 "C and d) 
DSC trace of compound SA16 in the coolinglheating cycle at a rate of 5 O C  per 
minute. 



4.3.3. X-ray Diffraction Studies 

X-ray diffraction analysis of thcsc compounds confirmed the LC phasc 

assignments obscrvcd by POM and results are surnmarizcd in Tahlc 4.2 and 4.3. 

Thc samples were fillcd in Lindanann capillaries and were found to gcncrally 

undcrgo spontaneous orientation in thc capillaries. with the quality of alignment 

bcing as good as for monodomain samples. The X-ray diff'raction patlcrn far 

compound SA12 at 220 "C showcd a strong sharp peak at low angle (with a d- 

spacing of 48 A) and broad and diffusc one in the wide angle rcgian (Figurc 4.3a). 

Although qualitatively this could suggest a lamellar structure, considering the 

~nolccular dimension of 60 A, this would rcquirc substantial folding of thc chains. 

Thcreforc an conjunction with the observed tcxture (Figure 4.Ta) this result is 

indicative of a hexagonal columnar (Colh) arrangement with a lattice spacrng of 

55.6 A,  a valuc which is closer to thc malccular dimension (Figure 4.3b). At 158 

"C striations appcarcd on the arms of thc focal conic texture which rcrnaincd 

unchanged down to room lcrnperature (Figure 4. I b). Thc X-ray diffraction pattern 

obtained at 120 "C indicates a colrtmr~ar structure, which can be mapped to an 

oblique larlicc (ColOb) with a = 57.9 A, b = 45.6 A and y - 83" (Figure 4 . 3 ~ ) .  At 

room tempcraturc, zhc mesophase was exrremcly viscous and X M  studies showcd 

that the structurc continues to be that of Colob with a small increase in the lanicc 

dimensions (a = 59.2 A. b = 48.7 A and y = X3") but with a fluid-likc widc angle 

pcak indicating that the liquid crystallint state had frozen into a supercooled 
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glassy state, whiIe retaining thc columnar order [Abraham cr ul. 2006: Chcn cr al. 

2003; Seo ct ul. 20071. 

Table 4. 2. X-ray diffraction charactcrizatian of the mcsophasc of SA12. 

d ,,,,a, hk d ,a,, 
Latticc paramctcrs Sample Phase 
mcasurcd at indicated code Cl~aractcristics [A1 IAI tcmpcrattires 

- 

Hexagonal 48.1 10 48.1 
Columnar LC 
Phase 4.8 

Obliquc 57.4 1 I 57.4 
~ o l u i n a r  LC 
Phasc 45.2 0 1 45.2 

Obliquc 58.7 10 58.8 
Columnar 
Liquid 48.4 01 48.3 

Crystalline 26.X 2 1 26.6 
Glassy Phase 

16.7 32 l h.2 



Figure 4.3. X-ray diffraction paltcrn of SA12 at a) 220 "C (corresponds lo 
hexagonal columnar lattice), 120 "C (corresponds to oblique columnar lattice); 30 
"C (corrcsponds ro obIique columnar lattice); b) & c)  represent the schematics of 
hexagonal and oblique lattices respcctivcly. 

For thc higher hornologue i.e., compound SA 16. thc high temperature 

mesophasc is thc same as [hat of compound SA12, namely, a hexagonal columnar 

phase, with a Iallice parameter of 59.8 A (at 220 "C) (Figure 4.4a and Table 4.3). 

At low temperatures (his phase transforms to a columnar phase whosc reflcctions 

index Lo a rectanguIar lattice of a = 63.5 A. b = h I .2 dimensions (at 130 "C) 

(Figurc 4.44. These numbers indicate a large incrcase in thc lattice dimension 

with decrease in temperature. Such a negative thermal expansion (a) is cotnrnonly 

observed in columnar phases [Prasad el 01. 20031. Howcver. the magnitude of a = 

2.1 x 10.' K-' seen for compound SA16 is larger than what is usually observed, for 

cxample, in triphenylenc core molcculcs, the archetypal discotic systcms. The 
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reason for this is thc large l'rce spacc ava~lablc around the core for compound 

SA16, which pcrmits thc chains to fold up and occupy  he vnlumc between thc 

arms at high ten~peraturcs, a fcaturc that would b t  more difficult i n  the case of 

larser cores. such as ~riphcnylcncs. This vicw point is supported by the fact that  (I 

nearly doubles for compound SA16, in  cornparisii~l to coinpound SA12. Thc 

changc from a Col,, to Colobor Col, phases requires strong interaction betwcen the 

cores of ncighbouring columns, m c e  the core of one column has tu sclecti\ely t11t 

with rcspcct to the others. The lifted column reduces the interactions bctwecn 

bulky side chains and allows closer contact bclwccn lI~e cores. as also suggested 

by the appearance nf  a wide anglc peak corresponding to corc-corc intcraclions 

baschat cr (11. 20071. 

Table 4.3. X-ray diffraction charncteri~ation of lhc mcsophase of  SAl6.  

1,att icc 

d ,,I,,, 
d , parameters 

Sample F'hase hk mcasured at 
codc Characteristics 1 A] [ K I  indica~cd 

H exagona I 5 1.8 10 51.8 T = 2 2 0 ° C  
Columnar LC 4.8 
Phase 

SA16 
Rectangular 63.6 10 63.5 T=1303C' 
Columnar LC 61.3 01 61.2 
Phase 44.1 34.1 a - 6 3 . 5 n  

4.7 b = 61.2 A 



Figurc 4.4. X-ray diffraction pattern of' SA16 at a )  220 "C {corresponds to 

hexagonal columnar lattice) and 130 "C (corrcsponds lo rectangular columnar 
lattice), b)  corresponding zoomed images of the XRD spectra. cl & d) represent 
lhc schematics of hexagonal and the abliquc lattices respectivcl y. 

4.3.4. Gelation Studies 

The strong core-core interactions observed in the mesophase studies 

prompted us lo study lthc self-assembly behaviour of the rnolecuIcs in solution, 

which revcaled an inkresting hierarchical build-zip of supramolccular assemblies 

Icading to the formalion of high1 y luminescent gels. The oxadiazole derivatives 

with long alkyl subsliluents (SA8. SA12 and SA16) arc capable of forming gels in 

non-polar solverlts likc decane and toluenc, while the derivatives with shorter aIkyl 

chain lcngth (SAI, SA4 and SA6) did not undergo gelation. The critical gelation 

concenlrations o f  these derivatives in decane and toluene solvents were 

determined in glass vials of I cm diameter and the gel lbrmation was confirmed hy 



the fallurc of the contents of the vials to flvw on Invcrtlng thc glass vials. Thc 

critical gciator concentrat~ons of thesc dcrivativcs arc ~ u r n m a r i ~ c d  in Tablc 3.3. 

Tablc 4.4. Critrcal gclator conccnlration in dccanc and lcllucnc 01 '  
oxadlazule derivatives. All the gels formed wcrc transparent and high1 y 
stablc. 

Solvent 

Decane 

Toluene 

In dcn~a t ivcs  ~ k i l h  longcr alkyl cha~nh (SA12 and SA16), thc $clalion 

process was found to bc vcry slow and 11 luok few dayc tbr complc~c 

irnrnobil~i.ation of 111c solvcnr. Thc: gels wcrc prcparcd b! dissol\ing snlatl 

amounts of'ihc osad ia~o lc  derivali\es in decanc or  toluene by heating and keeping 

them a1 rejoin lcmpcrarurc in a closed vial fix 2 day$, f o l l ow~ng  wh1c11 clear 

transparent gels were formed. 

Rheologicnl stlrdies on the decaile gel of S.412 indicated thc gtl  ro bc f:;lirly 

stable. Frequency-sweep measurements showed that the elastic modulus ( G  ' ) and 

Ihe loss m o d u l ~ ~ s  (Ci") were aln~ost independent over a wide range of t icq~~ci icy  a1 

25 T at a shear strain of 5"h. A strain-sweep experitnent was pcrfonncd at 

constant angular Ikequency of 1 rad)s for the strain range 0.1 to 100. Thc strain- 
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sweep cxpcrimcnt shows the non-linearity in viscoelastic bchaviour leading to the 

collapsc of the gel. The critical strain calculated was 56% at ~ h c  applied frequency 

of 1 rads. Thcsc rcsults are indicative of thc viscoelastic nature of the gel (Figure 

4.5) [Yao et ol. 2004; Babu er a/. 2008; Menger el ul. 2004; Huang et 01. 2005; 

Wang et a!. 20061. 

Figure 4.5. Rheology measurcrnents of SA82 gel in decanc at 25 "C a) Frequen 
swccp measurements, Dynamic moduli. G', G" vs angular rrcquency on doul 
logarithmic scalc at a shear strain of 5%. b) Strain sweep measurements, Dynan 
moduli, G ' .  G" vs strain on double logarithmic scale; Frequency. u - I radls. 

Scanning electron microscopy (SEM) o f  the xero gel indicated 1 

formation of intcrlockcd fibrillar structures (Figure 4.6a). Most of the molecu 

organogelalors rcpned. especial1 y those containing a discotic corc, conti 

hydrogen bonding motifs, which play a major role in the self-assembly process 

Since these discotic molecules do not posscss specific hydrogen bonding moieti 
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the self-assembly of thcsc molecules would most I 1  kc.! y occur via rt-rc and dipole- 

dipole interactions. 

Figure 4.6. a) SEM images of cntanglcd fibrous nctwork in the xcro gel slate 
derived from decane at its critical gelation conccntration, b) Photographs of 
decane gel: under ordinary light and on 365 nrn illumination. o)  X-ray diffraction 
pattern of xcro gel of SA12. 

X-ray diffraction studies were carried out on the xcro gels in order to gain 

further insight into Ihc nature of self-assembly of the rnolccuIes in the gel state. X- 

ray patterns showed rcfleclion peaks at 42.49, 2 1.25 and 14.3 A in the small anglc 

region (Figure 4 . 6 ~ ) .  Although thc ratios of the spacings are integers. a feature 

which is charactcristic oF lamellar structures, it may be notcd that the ralius can 

also be represented as 1 :d4:1/9. Additionally a very weak sigma1 ncar 20 -10". 
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which can bc fitted to two peaks provides additional values of the ratios as dl9 

and 42.5, which would be absent in lamcllar structure. These fcatures and the fact 

that thc mesophase shows a hexagonal phase strongly indicate hexagonal 

columnar organization in thc fibers of thc gel with a lattice spacing of 49.13 A, a 

value that is closer to thc rnolecuistr dimension. The compound SA16 exhibited 

almost similar gelation behaviour but required less amount of material fbr the 

irnrnobiliration of thc solvent. 

For derivative containing a shorter alkyl chain (SAB), thc gelation process 

was found to be instantaneous. The dissolution of small amounts of SA8 in dccane 

( 1  mL). by heating followed by cooling ofthe solution. resulted in the spontaneous 

immobilization of thc solvent. The gels obtained werc transparcnl and stable and 

the glass vial could be turned upside down without perturbing the gel structure 

(Figurc 4.7a). An unusual phase transition was obscrved in the gelled material 

with time. Shrinkage of the gel resulting in a small cylindrical mass occurred on 

letting the gel to stand for a period of twelve hours. Nearly 75% of thc trapped 

solvent was squeezed out of the original gel. The shrunken gcl was self-supporting 

and highly stable (Figure 4.713). 

Gcls formed by the self-assembly of small molecules, making use o f  non- 

covalent interactions are relatively unstabIe compared to those formed from 

covalently linked polymers. The former is susceptible to breakage with thc course 

of time or slight perturbation. In contrast, the shrunken gel was found to be highly 
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stable. Thc SEM images of the freshly prepared gcl and thc shrunkcn gel indicated 

transformation from a smooth fibrous arrangement to a more aligned and dcnsely 

packed fibrous arrangement. 

Figure 4.7. Photographs of decnne ye1 a) frcshly preparcd, b) aflcr a time i n t c ~ a l  
of 12 h; (right side under ordinary light and lcft side on 365 nm illumination). 
SEM images of c) freshly prcpared get and d )  allur a time pcriud of 1 2 h of SA8 in 

decane. 

X-ray diffraction studics were cam'cd out on the freshly preparcd and the 

sbnmken gel after twelve hours in nrdcr to gain insight into the nalurc of self- 

-bly of thc molecules in both thc states. Thc X-ray diffraction pattern Tor the 

freshly preparcd gel showed only two pcaks. a broad reflection peak at 2.93" 

(33.98 A) in the small angle region and a broad diffusc hallow in the widc angle 



rcgion (Fi_gurc 4.Xa). Thc hrc~ad stnall angle peak qua11lativoly suggests the 

I'ormalion of a disordered larnclla in the rrcsllly preparcd gcl and the broad diffuse 

hdlow in the wide anglc rcgion indicates the disordered alkyl packing. The XRD 

pattern of thr shrunkcn gel howevcr sl~clwed reflection pcaks at 35.02, 17.58, 

10.51 and 7.89 A in  the s~nall anglu region (Fik~irc 4.8b). The ratios of the 

spacings were well in agrcemcnt with the features which arc characteristic of 

hexagonal col ttrnnar structures. 

201" 2RI ' 
Figure 4.8. X-ray diffraction pattern of a) frcshly prepared gcl and b) the 
shnmken gcl of SA8 in decnnc. 

Comparison of the XRD investigations of thc freshly prcpared gel and the 

shrunkcu gcl i tldicate significant changes in thc nattrrc of packing of 111c ~nolecules 

in both zhcse fornls. Fn thc freshly prcpared gels, thc malccules are randomly 

arranged into a la~ncllar structure. This arrangomenl can bc aliribulcd to a 

kinetically organized (trapped) form. Ovcr a pcriod of time. the molecule 

alignlnenr changes lo the thermodynamically more stable hexagonal c0Iu1nna.r 



Chapter 4: Hierarchirul S~IJ1Assemhly 135 

arrangement. In the process of formation ol' thc nlorc dcnscly packed structurt 

significant amount of the trapped solvent (-75%) was squecred out of l l~c  gcl. 

Unlike conventional organogelators, disk shaped molecules have to sell'- 

organize in a manner so as to maximire rt rc interactions which can rcsull in ~ h c  

formation of columnar superstructures leading to formation of fibers and 

eventually to entangled network of fibers whcrein the solvent melecules are 

irnmobili~cd. The large core size of thc disk shaped ~nolecules and abseitce of 

strong hydrogen bondtng inlcractrons can lead to a slowing down of lhc sclr- 

assembly process, since the molecules havc to sorl thernscl ves inlo hcxagonall y 

columnar iattices purely by X-.K and dipolc-dipole interactions. The various stages 

of these lransformations were clearly visiblc in lhc lowcr homologucs (SAX). 

where thc randomly organized IamcIlar btructurc rcsulted in thc immobili~ation ol' 

solvent in thc fibrillar network bul wlth coursc of liinc gcl transfvnncd inlo lhc 

more stable hexagonal columnar arrangement resulted in the shrinkage of the gel. 

4.3.5. Hicrarchical SeIS-Asscrnhly in Solution 

I 'hc gelling process ivns e~trcincly slioiv for 5,412 c o ~ ~ i p a r ~ d  1~1 1 1 1 ~ ~ 1  

organogclatnrs rcponcii i t1 1 1 1 ~  Iirc.~-a~t~~-c. [Sangectha el a/.  2005 1. In ill-clcr tcb  clht;~ii~ 

a bcttce insigh1 into the sclf-asscmbly process. micrvscupic stud~cs of thc 

supcrstnlcturcs t'clr~ned in agcd sulutions af 5.4 1 2 at ( I I ~ ~ C S C I F I  c o ~ ~ ~ c i i t r n t i ~ ~ ~ i  ~ S Y C  

invcstigatcd. Thc s~uclics rcvcalcd n n  ir-ircrrst 111y hicraruhicnl build-up of 

si~pramolcculnl- osscinbl~cs \vith t t ~ c  i~lcrcasc in coriccntratic>t~s. Icnding l'rc\in 



-iphctc5 to t7hcra and lin;~ll! tC5ril~ing in  lie I t~m~;~[ ion  01. higlrl!, luminc.sccnt 

Figure 4.9. TEM imagcs showing hierarchica! build-up of  supramolccular 
asscmblics of SA12 ar a) 10." concentration shows individual sphcrc with -30 
nm in diameter b)I OAh M shows the clusters of individual spheres. c )  lWr M. d )  10' 
' M solutions in dccane. 

The hierarchical build up of supmmolccular assemblies was investigated 

by high rcsolutiun rransmission electron (HR-TEM) and ficld emission-scanning 

clcctron microscopic ( FE-SEM) expcrimcnts. TEM analysis was carricd out on 

solutions aged for a wcek by drop casting them on capper grids. TEM micrographs 

of samples prcpared from 10." solution of  SAl2 in decanc showed dustcrs of 

sphcres dispersed with a size distribution ranging from 1.0-60 nm in diarnetcr 



(Figure 4.9a 8t h).  TEM images obtained from 10" M ~olutions indicated that 

these nanometer swcd spheres had r ~ ~ s e d  togethcr cnnstructing a liarnewark 

somewhat like thc back bone of a tihcr while retaining the spherical morphology 

on the surface (Figurc 4 . 9 ~ ) .  It1 thc concentration range of 10.~  M. thosc joined 

gphcrcs fusod together to fonn fibrous aggrogatcs w ~ t h  diamctcr ranging frurn 20 

nm ta I00 nnl  (Figure 4.9d). 

Figurtt 4.10. Dynamic I1gh1 scattering analysis o f  5A12 in decane; a)  at 10-' hi 
concenlrazion and FE-SEM images af self-assernhlcd structures of S.412 drop 
casted from b) lo-", c )  5 x 10.' M: Inset shows the zoclmccl image ot' Ihc 

growing end of  tllc fihrous aggrcgatcs and d) lo4 M solutions in dccane. 

Dynamic lig111 scattering investigations were carricd out to coniirm the 

spherical texture in the lower concenlratlons. The dynamrc light ~catzering s~udics  
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also confirmed thc formation o f  nanometric spheres with diameters ranging from 

7-50 nm in size at 10." solutton in decane (Figurc 4.1Oa). Further evidcncc for 

the concentration dcpendent hierarchical build-up of nanomctric sphcrcs to 

fibrous aggregates was obtained from FE-SEM experiments on samples prcpared 

by drop casting aged solutions on aluminutn stubs. A I 0" M solution showed 

clusters of sphcres (Figure 4.10b) sirniIar to that observed by TEM. The SEM 

analysis of 5 x M solutions showed the formation of fibrous aggregates 

(Figurc 4.10~) with the spherical morphology bcing clearly visualixed near the 

growing end of the fibers. In 1 o4 M solutions. the spheres mcrged to fiorm fibrous 

aggregates with an average diameter of  -80 nm, with no remnant indication of the 

sphcncal texture (Figure 4.1 Od). 

Figure 4.11. Schematic representation of the hierarchical self-assembly of SA12. 
Columnar arrangement of thc molecules within thc fibers is also depicted. 
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!I cchc.!i~:~tic. r-c~~~-csciit;~tr~,n of' thc crjncc.ntr.itlor1 d c l ~ c n d t n t  11ic.r;irchic;lI 

self-asuc.rnh1y ot' 5,412 111 dcc.;inc. sl:lr-tlng ti-on1 n;inrljnctrlc hp11c.rc.s to tih1-cl~r5 

morphology r u s ~ ~ l ~ i ~ ~ g  in 111' ti)i-n>:~rion r ~ ! '  gel\. \ \h~c I l  it; c.on%iztc.nt u i i l l  the. 

rnicrclscopic \t~irlrcs ih rlcpictcti III Figr11-c 4. I 1 . 

Figure 4.12. FE-SEM imagcs of sclf-assembled slruclures 01 '  SA8 drop caslcd 
from a) and b) 1 w7 M showing spherical aggregatcs. c) 1 M showing nano rods, 

c) and d) shows ~ h c  magnified lmagc ol' thc nano-rods at l o m h  M solution in 
decane, f )  shows thc spindles formed at 1 p5 M solutions in decane. 

Sclf-nsscmbly of S,%8 in decant solution shuwed signitic;lnlly diffcrcnt 

aggregation bchn\ lour. Micl-ohtopic i ~~~cs t i pa t i un  rc\ ca1c.d 1 1 1 ~  t~ic.rnrul~~cal sell- 

assembly Icading rrom sp t~~ '~ . t ' s  ti) nano-1.oclc v, hich Ilnnll! trar~hl'nl-mcd into sl l i~~dlc.  

like structiu-cs. SF,M cujwri~ncnts i\ crc can-~cd out i)n ~ h c  samplcs prcparcd by 



drop casting aged (12 h )  solutions on aluminium stubs. Solutions o f  SA8 In decane 

of lowcr concentrations i ln- R g 1 )  \huwcd t l~c  tbrinntion spherical aggregates 

(Figurc 4.12a & b). S;11mplc6 prcparctl l i  a ~ n  t l~c  sol uiion i 4  I 111 I~ighel- ~~~ncen i r a l i on  

i 10" MM). hoivcver showcd the formation of nanorods (Figure 4.12~-e) with the 

high aspcct ratio. The nanorods formed possessed an averagc dimension of -50 

nm (width) and -2.5 pM (Icngth). Thc nanorod surface was unusually smooth and 

straight (Figurc 4.12e) Samples prepared from solulions of even higher 

concentration (>I 0.' Yl) showed the formation of the spindle likc structures 

(Figurc 4.120. 

The formation of rhc nanorods at 10.' M solution of SA8 in docane was 

f~~r lher  confirmed by TEM analysis. The nanorods formed were approximately 40 

nrn in width and few rnlcrorneters in length (Figure 4.13a). alrnusl similar to that 

observed in the SEM analysis. Figure 4.13b showed the formation of the spindles 

at 10" M solution. I t  was evident from the TEM images I Figure 4.13a) that the 

sprndlcs are lbnned by thc joining of the nanorods. Fluorescence microscopic 

imagcs at 0.4 x 10" Yl solution showed that the nano-rods formed are highly 

fluorescent and emit in the green rcgion (Figure 4 . 1 3 ~ )  The large arca image of the 

clusters or nanorods are dgictcd in Figure 4.13d. 



Figure 4.1 3. TFM rmagcs of soli'-ahcc~tlhlcd stnicturex of S 48 LIT 017 cnsted from 
a) 10'" M and b) 1 0 . '  M. c)  and d )  fluorescence microscopy irnagcs of lhr nano- 
rods drop casted from dccane solutiorl of SA8 ( c  = 0.4 x 10" M) 

43.6. Photophysical Properties 

Thc absorption and crnission properties of compound SA12 in a fcw 

differem solvents arc summarized in Table 4.5. Its absorption mnxi~llum was 

independent of solvcnt polarity. indicating that the dipole moments oT iis ground 

and excited statcs are nearly the samc. Tho fluorescence spectra however showed a 

signifrcanl rcd shift with increasing solvent polarity. This is suggestive of t h t  

direct excitation of these molcculcs lcading to a non-cmiss~vc Iocally excited stale 

(LE) possessing nearly thc same dipole moment as ~ h c  ground state. which 



suhsegucn~l y transforms into a more polar cmissive state I-iu all intramolecular 

charge transfer (ICT) process [Rettig 1994; Demcter el L I I .  20001. It has been 

shown earlier that somc donor-acccptor subst irulcd butadicncs cxhi bit tlic unusual 

phenotncnon of rlual ctnission. with emissions cmanaking both from thc Frank- 

Condon state (FC) and thc IUT slatas [Davls el ul. 2001 : 200XI. Thc fluoresccnce 

decay oi'SA12 was  non no-exponcnlial In dilute solution in tnost of the solvcnts 

invcstignted (Table 4.5) at low conccntralions with a slight increasc in lifetime 

bcing obscwcd on going from non-polar to polar solvcnts 

Tablc 4.5. Absorpriun. cmission and fluoresccnce lifetime characteristics 
of  compound SA12 

410. 
Dccanc 363 0.05 0.82 I .09 

432.460 

DCM 369 493 0.06 1.60 1.04 

THF 3 69 484 0.q9 1.72 1.07 

Ethylacctate 365 475 0.08 1.57 1.01 

Figure 4-14 shows the normalized absorption hpectra of  S t i l t  in 

cthylacetate and dccanc. In ethyl acctatc, thc sharp absorption spcctrum ant1 mono- 

txponentlal fiuorcscence decay indicated ;that S A t 2  existcd in its rnorlomcric 

fonn. In decane. howcver, the sllape of  t l ~c  absorption spectrum was observed to 
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be highly dependent on the concentration of SA12. Curve a in Figure 4.14 shows 

the absorption spcctrurn of 10.' M solution of  SAl2 in decane. A clear broadening 

in the absorption spectrum and a blue shift in thc absorption maximum could bc 

observcd compared to that of the monomer band observed in ethyl acetate. The 

spectrum obtained at higher concentration in decane (lo4 M) 8s also very broad 

however the enhancement of absorptron in the red region is significantly highcr. 

Sitlce as described abovc thc absorption spcctrum of SA12 was fairly independent 

of solvent polarity, thc significant changes in absorption spectra observed in 

decane and its depcndencc on concentration clearly point to the formation of 

aggregates. The prcscnce of aggregates in decane solutions was also confirmed by 

studying the effccr of temperature on the absorption spectrum. 

Wavelength I nrn 

Figure 4.14. Normalized absorption spcctra of SA12 in a) decant (10-%], b) 
dccanc (lo4 M )  and c) ethyl acctatc. 



Temperature dcpendenl ahsorptinn spectra nf SA12 in dccanc at 10.' M 

solution and 10" M solutiuns werc carricd out to know tho naturc ot' molecular 

packing in thc aggregates IF~gurc 4.1 5 ) .  For a 10.' 21 solution of SAI  2 in  decanc. 

Incrcase in tcmperamre lud tr) an increase in rntcnsrty and a I0 nm rcd shlft of the 

peak at 353 nm wllich was accompanied by a decrcasc nf abqarpt~on in  the 300 

and 4 15 nrn regions EFigurc 4.15aj. Thesc changes were marked hy the prcsence 

of ht.o isosbcstic points at 320 and 398 nm Aggregation of molecules can result in 

H- ur  J-aggregates and their optical propertics can bc cxplaincd hy crciton 

coupling thcov. I!-aggrcgatos posqcss a high cncrgy nl lowcd tranc;ition and a low- 

cnergy ti)rbiddcn hand, and thcir absorption i q  therefore hluc-shifrcd compared to 

that of thc monomer. In contrast, for J-aggregates the low cnrrgy transitions arc 

allowcd giving risc to a red-shitlcd absorption. For loJ VI 21:olurivns of 5.412 in 

dccanl: (Figure 4.15b) i~~crcasc in zcmperalurc resultcd in an incrcase in intensity 

and blue shift of thc main peak al373 nm. and a concotnilanl decroasc of intens~ty 

o f  absorption at 425 nm. Thcsc changes indicate the cxlstencc of mainty J- 

aggregates in this concentrazion range, whcre TEM and SLM studie~ indicated 

formation o f  fjhrouh aggregates. 
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Figure 4.1 5. Temperature dependent changes in absorption spccha of agcd 
solutions of SA12 in dccanc at a) 10" M measured in 10 mrn cuvcttc and b) lo3 
M measured in 1 rnm cuvettc. 

Self-assembly of rnoleculcs can rcsult in H- ar J- aggregates and their 

optical properties can be cxplaincd by exciton coupling theory washa et al. 1965; 

Kaiser et ul. 20071, whcrein h e  excited state of aggrcgates splits into two energy 

levels (Davydov splitting). The transition to the upper state is allowed in the case 

of  H-aggregates, characterized by a hypsochromically shifted absorption band, and 

that to thc lower state for J-aggregates marked by a bathochromically shifted 

absorption band compared to thc isolatcd monomer. In the present study, at thc 

lower concentration ( 1  0-5 M) a blue shift in the absorption spectrum i s  therefore 

indicative of formation of the Ii-type aggregates. For 10' M solutions of SA12 in 

decane, where, a significant enhancement of absorption in the long wavelength 

region compared to that of the monomer indicated predominant formation of J- 

typc aggrcgates. 
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Figure 4.16. Concentration dcpcndcnt changes in emission (i.,, = 370 nm) of 
SA12 in a) 1 V 7 ~ ,  b) ~ ~ 1 0 - '  bi, C )  2 x 1 0 ~ ~ .  d) 6 ~ 1 0 - ' ~ ,  c) 8 ~ l f l " M .  f) I O ' ~ M  
and g) 2 x 10" M solutions in decane. 

Further information on thc nature of aggregates formed could be obtained 

by monitoring changes in thc fluorescence spectra of thc solutions as a funcfion of 

conccntration (Figure 4.16). For a 10" M solution, thc crnission occurrcd solely 

from she rnolccularly dissolvcd spccics as indicated by the stmcturcd band in the 

400 to 470 nm region. At higher concentrations: a ncw peak at 500 nm was 

observed whose intensity relative to that of the monomer emission band increased 

significantly with increasing concentration. The formation of thc ncw band which 

was considerably rcd shifted cornparcd to that of the rnolccularly dissolvcd 

spccics, indicated thc formation of cxciton couplcd aggregates 



Chapter 4: Hierurc fiical Self-Ass~m hly 147 

20 2 . 
h 
Y 
.d 

m 
E: 
g I 0  = 
I 

c 

0 
300 350 400 450 

Wavelength / nrn 

Figure 4.17. Concentration dependent changes in excitation spectra (3.,, = 500 
nm) of SA I2 in dccanc at concentrations; a = 6x 10.' M. b = 1 M. c = 2x 10.' M. d 
= 8 x 1 0 ~ ~ .  e = 34. f = Z X I O - ~  M. 

The changes in the excitation spectra as a function of concentration were 

studied in order to understand the nature of thc cmilting species (Figure 4.17). At 

lower concentrations (10.' M). the excitation spcctnrm indicated a main peak at 

367 nm which cou!d be attributed to thc moIccularly dissolved species. With 

increasing concentration, a significant broadening of the spectrum was observed 

indicating formation of aggregates. Thc nalure of the aggregates formed could be 

clearIy visualized by subtracting the contribution of the tnonomes band (obtained 

from excitation spectra measured in 10" M decane solutions where rnolcculc 

exists mainly in the molecularly dissolved state) from the excitation spectra 

obtained at the higher concentrations. Figure 4.18 shows the spcctra obtained by 

subtracting the contribution of the monomer band from spectra normalized at 

367 nm for 10'' M and 2x1 0-$ M solutions of SA12 in decanc. Two new bands, one 



in the blue and red sltiftcd region compared to that of the monomer, clearIy point 

to the formation of both T I -  and J-type aggregates in both solut~ons. A significant 

increase in the relaiivc contribution of ihc rcd shifted J-aggregate could be seen at 

the higher conccntration. These scsults are in agreement with the changes in 

absorplion spectra as a f~mction of concentration described earlicr. It  may be 

mentioned here that microscopic studies had indicated formation n f sphcrcs in the 

1 o ' ~  M solutions whereas fibers wcrc observed in 2 x 1 0.' M solutions. 

Figure 4.1 8, a)Nonnalized excitation spectra of i )  I OF'M ii) 1 o4 M. iii) 2 x 1 U5 M, 
solutions of SA12 in dccane. b) difference spectra obtaincd by subtracting the 
normali~ed cxcjtation spectra of a) 10.' M from 10" M and b) I 0.' M from 2 x10' 
M solutions, emission monitored at 500 nm. 

Thc gel state of SAlZ in decane exhibited a strong emission (aI: = 0.3) in 

the 450-700 nrn rcgion with a crnission maximum at 500 nm (Figure 4.19a). The 

excitation spectra of SA12 in thc gel state showed a broad band with maxima at 

280 .  370 and 445 nm. indicating the presence of monomer, H- and J-aggregates 

(Figure 4.19a). Excilation at all lhese wavclcngths led to emission form the J- 
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aggregate indicating cfficicnt cnergy transfer from thc monomcr and If- 

aggregates to h e  ./-aggregalcs. If-aggregates arc general1 y know11 to be non- 

luminescent. Thc appearance of the H-aggregate band in the excitation spcctra 

monitored al a wavelength where thc J-aggregate emits (5OO nm) tllcrutbre 

indicates an effic~cnt transfer of light cnergy harvcstcd by tht I!-aggrcgatc to thu 

J-aggregate. This can be attributed to the columnar organization of the disc shapcd 

chromophores within thc fibers, with the strong K-rr it~teractions resulting In 

exciton migration frotn thc H- to ~ h c  J-type aggrcgatcs aild subscquenl cmlssion 

from the J-traps. Evidence for energy transfer was also ohta~ncd by monitoring the 

fl uorescci~ce lifclinies of thc gels which ~ndicatcd a tricxponenllal dccay profile 

with thc lunges1 lifetime bcing 17 ns  which was significant ty higher than the 0.82 

ns lifetime obscrved for rhc monomeric form (Figure 4. I9b) [Bayer et u1. 2001 ; 

Chen et 01. 2007; Ajayaghosh er at. 20071. Time rcsolved lluorescencc anisotropy 

decay protile of compound SA12 in  thc gel statc showed an extremely fast 

depolari~a~ion of' emission taking placc from an initial anisotropic valuc of 0.25 

(r,) to a plateau valuc of 0.04 . The ratc of anisotropic decay in the gel state was 

found to be fastcr than that of the monomeric specics, where the initial anisotropic 

value of 0.36 (I.,) reached a plateau value of 0.04. Fluorescence depolarizalion in a 

system can occur cithcr by rotational displacement of the chromophores or by an 

energy migration proccss. Since rotational inotion of the molecules in the gcl state 

will be largcly rcstrictcd, the Fast depolarization in the gel statc, even faster than 



that i n  solution can mainly attributed to energy transfer bolween the n~olecr~les of 

different orientation [Hcrz el ai. 2003; Gicrschner el ol. 1997; Watanabc ei  al. 

1997; Egclhaaf el 01. 1996: Wcstenhoff el al. 20061. 

") 2 0 1  Excitation T Emlsrian 

0.4 "' 0; + ie'?! 
+- Gel 

Time ! n, 

Figure 4.1 9, a) Excitation (&, = 500 nm) and emission spectra (A, - 375 nm), b) 
fluorescence hfetime decay profile (A,, = 375 nm), emission nlonitored at 500 nm 
and c) flunrcsccnce anisotropic decay profilc of compound SA12 in the gel state 

(A,,= 375 nrn , &, = 500 nrn) and in 1 0 . ' ~  solution (A,, = 41 0 nm) in decane. 

As discussed above, the XRD spectral analysis indicated hexagonal 

cotuinnar organization of molecule in the gel fiben. The presence of II- and J- 

typc aggregates in the gel state, as indicated in crnission and excitation spectra 

strongly suggcsts substantial overlap betwccn the conjugated anns 01' the 



ncighbouring trigonal discotic moleculcs within the columnar stacks. A snhcmatic 

representation of the malecular levcl organization within the fihcrs of the gel 

based on the above mentioncd studies is shown in Figwc 4.20. The discotic 

moleculcs can form co-facial R-stacks as shown in the figure resulting in the 

formation of thc I-J-type aggregates. Since thc angle bchvcen the molecular planc 

and thc aggregation direction decides the nature of thc aggrcgates (11- or .I-type). 

the results suggest that within the stacks somc of thc moleculcs can be tilted with 

respect to each other (Figure 4.20). giving rise lo the J-type agecgates [Wunhncr 

et ai 2001: Ghosh et ul. 20081. As a result. emi5slon Crnm the J-type aggrcgatcs 

can occur eithct due to direct excitation or viu efficient exciton migration from d ~ c  

H- to the J-type aggrcgates as a result of thc columnar ic-stacked arrangemnt. 

Figurc 4.20. Model of'chromophorc packing in the fibers of the gel of SA12 in 
decane. 



4.4. Conclusion 

A novci class u f  octupolar oxadiazolc derivatives (SA 1-1 6) has becn 

synthesized and their mesophasc propcrtics and ability to self-assemblc in non- 

polar solvcnts have hccn examined. Few uf thc derivatives exhibited cnantiotwpic 

columnar fncsophascs over a wide tcmperaturc rangc. One of the derivatives 

(SA? 2) could be coalcd from its liquid cryslallinc stacc into a glassy statc a1 room 

tcrnperah~re whercin thc coEumnar ordcr was retained. Microscopic investigations 

provided clcar evidcncc for the hierarchical sclf-asscmbly of thcse molecules in 

non-polar solvcnts leading to gel Ibrmation. Sphcrcs of nanomctric dimensions 

wcrc observcd at lower conccnlsations which merged togethcr to fom nanoscopic 

libcrs at higher conccntralions resulting in an cxtended nctwork of interlocked 

fibrils which imnlobilize thc solvent to form thc gel. As a result of thc absence of 

strong hydrogen bonding motifs, the sclf-organiyation proccss is purcly drivcn by 

n-n: stacking interactions and occurs slowly over a lor~g pcriod of time. While 

XRD spectral analysis rcvealcd a hexagonal columnar organization of the 

melccvlcs in thc fibcrs of the gcl, spectroscopic studies indicated the formation of 

H-and ./-type aggscgatcs in thc self-asscrnblcd structures. At lowcr concentrations 

whcre the nanosphercs wcrc seen. predominantly H-type aggrcgatcs werc 

~bservcd whcreas in thc fibcrs ./-type aggregates werc found to predominate. The 

columnar slacking of  the molecules in the fibcrs provided an efficient pathway for 

!he excitalion cnergy migration betwccn fJ- and J-typc aggregates of the samc 
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chromophore. Unl~sual phase transition behaviour was observed in thc derivative 

posessing shorter alkyl chain lcngths (SA8), wherc thc gela~ion proccss was rapid 

but undenvcnt shrinkage ovcr a period of lime ( 12 h).  Thcsc changcs could bc 

attributed to thc molecules which wcre originally hnetically trapped into a 

lamellar arrangement, slowly rcorganidng into the thermodynamically stable 

hexagonal columnar stacking. The morc tightly packed organization of the 

molecules resulted in squeezing out of almost 75 O/O of the trapped solvent in the 

original gel matrix. Microscopic investigations rcvealed co~~centration dcpendcnt 

hnsforma~ion from nanosphercs to nanorods and finally to spindlc l ~ k c  aggrcgatcs 

for the SA8 derivative. Thc nanorods formed possessed high aspect ratio and an 

unnsually smooth surface. The ability to form fluorescent nano fiberstrods whcrcin 

these n-typc rnoleculcs sclf-asscmblc into x-stackcd columns m k c s  them 

potentially useful as candidates for investigation as molccular wircs and emitters 

in the emerging arca of suprarnolecuIar electronic dcvtccs. 



Induction of Chirality into Columnar Stacks 

4.5. Introduction 

Helicity is an inevitable stnicturnl fearurt of various biological systems. 

Nature tnakcs usc of rhc intriguing phcnomcnon of supramolecular chirality t i ~ r  

Ihe construction of' colnplcx hclical structures with specific shapc. sixc and 

funclions. such as single strandcd RNA for rop!ication. DNA doublc Ileiix for 

gcnetic data storasc and collagen ~r iple  halix for strucrural integrity [Luisi 13006: 

Mason 198;  Uinlas 2002: Wauon 19541. Ttic clegancc and complexity in (hcir 

structura! features and specificity in functions has intercstcd chcmists to construct 

such supcrstn~crures [Service 20051. Sclf-assc~nbly is provcn to bc the most 

cfTective method Ibr the creation of complex structures from simpler building 

blocks and can bc achicvcd by inlcrplay of various weak non covalent interactions 

such as hydrogen bonding, lc-n stacking. so!vophobic effects and so on [Lehn 

19951. Precise control uf  rnolccular arrangements at thc supramolecular level is 

esscntial to obtain well-dcfined nanoscopic architectures with desired shapc and 

specific functionalitics [Rowan er al. 1998 1. In complcx scl f-assembled hclical 

architcch~res. Irelical sensc is gonerall y induced by zhc transfer o f  chiral 



information from the inolcculrr~ to 111c S L I ~ ~ ~ ~ ~ I ~ O I C U ~ I I ; ~ ~  lcvel and is ampl ificd duc to 

I I K  high co-opcrati~.i~y hctwccn ~ h c  building urlils I Palmans er (11. 3007: George et 

( I / .  2007: Itosaria et (11 20081. Iricorporating stercogctllc group3 into the sclf- 

asscinbling 111c)IecuIar units i h  n gcncral slrategy for construchng supramolccular 

hcllccs and Ihcrc ha1 l: bcen scveral efforts directed t u ~ a r d s  J t s ~ p i n g  ~naterials 

exhibiting supramolccular helical archrtcctures making ucc o f  \upra~nolccular 

dcsign principles I Maeda c~ ~ r l .  2006; Schmrick r*/ r r l .  2003: Eclkc~na r /  (11. 1006; 

Hriznrd ? I  (11 20113; Mateoh-'l imoneda c/ r r l .  200.1; Scrrano ct ul. 200.11. Self- 

assc~iihl !: of' discot~u tt~oloculcs into helical architccturos in particillar is tmportant. 

+lncc thc shapc anisotropy 01 '  tltc discotic I I I D I L ' C ~ I I C S  t t i ~ d s  to t'a\our a face to face 

slackrn? gcornutry. rcsui~inp In one dirncnsion;iI columnar aggrcgatcs which in 

turn I'i~cilita~cj slrons R-n intoraction [.lin ut a/. 2005. Dchm ct r r l .  2007: 

Klostennan el (11. 2009; Chcn cz a!. 30091. IIcl~cal organl~aliim nf' thc discold 

molcculcs f;lcilitalcs condcnwd packing bclwocn 'the moleculcc. which I <  an 

cssenllal fenturo for (hc t i~l~anued Iranspon of chargcs and photons ~rl lhin the 

stackh [C'hen er c11. 2007: Adam 1.1 [ I / .  1 994, H c r ~ .  c~ a/. 2003 1. 

flcrc. i t c  dchcrihc o u r  i~ncstigation nn thc uniquc aggregation hehaviourof 

discoid molcculcs leading to thc ftjrrnation of hclical fibtrs with right handed 

licl~city at Ioucr conccntrr~tions. At highcr conccntratinns, thc hcl~ccs flirther wind 

around tach o h r r  leading to a supcrhclix hccondary \tnlvturc which cxhibits left 

\landed chirality. l'hc formalion ol' thc s~iperhel~x secondary structure and thc 
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associated revcrsal of chirality in the supramolccuIar level could bc monitored by 

circular dichroism (CD) spcctroscopy as wcll as SEM and TEM microscopic 

techniqucs. 

r 
Chart 4,2 

4.6. Results and Discussion 

4.6.1. Synthesis of the Chiral Oxadiazole Derivative 

The 1.3,4-oxadiazole derivatives (Chart 4.2) wcre synthcsi~ed as per 

Scheme 4.1. Thc final product was charac~erized by FTIR, NMR. MALDJ-TOF 

and elcmcntal analysis. The details of rhe synthetic procedure and spectral 

characterization data are provided in the Experimental Section 4.8. 

4.6.2. Liquid Crystalline Properties 

Thc thennotropic liquid crystalline behaviour of thuse materials was 

invcstigatcd by polarized light optical in~croscopy (POM), differential scanning 



calaritnetry (DSC) and X-ray diffractometry (XRD). Phnsc transitions 

temperatures and corresponding enthalpy values of transitions arc summarized in 

Table 4.6. Phase transition characteristics as observed 
from DSC in the heatin@cooling cyclcs. 

Sample Heating cycle, "C CooIing cycle, "C 
Code (AFT, k ~ m ~ l - ' )  (AH. k~rnol") 

Cr - Crystalline phasc, Colh - Hexagonal Columnar 
phase. and 1 - Isotropic liquid. 

Temperature 1 "C 

Figure 4.23. POM images of  compound SAI O* a) dendritic growth texture a1 21 5 
"C, b) focal conic texture at 200 "C, c) spherulitc growth crystalline texture at 30 
"C and d) DSC tracc of compound SA16 in the coolindheating cycle at a rate of 5 
"C pcr minute. 



Chaprer 43: Helicul Self-Assem bly 158 

I I I I 

0 10 20 30 
201' 

Figure 4.22. X-ray diffraction pattern of SAID* at 180 'C. 

Enantiotropic liquid crystalline behaviou~ was observcd for compound 

SAIOX, similar to that obscrved for thc achrral octupolar 1,3,4-oxadiazolc 

derivativc. In thc cooling cyclc. an isotropic to hexagonat columnar transition was 

observcd in thc POM at 2 16 "C as indicated by thc dendri tic Icx  ture (Figure 4.2 1 a) 

which further transformed into a focal conic texture (Figure 4.2 1 b) under POM 

[Dierking 20031. On further cooling. transition from the liquid crystallinc state to 

a crystalline phase was obscrved at 122 "C as indicated by formation of a 

spherulite texture (Figure 4 .21~ ) .  Phase transitions obscrved by POM were further 

confirmed by DSC analysis (Figure 4.2 Id). The X-ray diffraction pattern at 180 OC 

showcd a strong sharp peak at low angle (with a d-spacing of 44 A) and a diffuse 

peak In the wide anglc region {Figure 4.22). Allhough qualitatively this would 
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suggest a lamellar structure, in conjunction with the ohscrved dcndritic texture 

(Figure 4.1 a) i s  indica~ive of a hexagonal columnar (Colh) arrangement. 

Wavelength I nm 

Figure 4.23. Absorption and CD spcctrum rccorded for a liquid crystalline glassy 
film obtained for SAIO* by sudden cooling of films from the hexagonal columnar 
phase (200 O C ) .  Inset showed thc Polarized optical micrographs of SAIO* in the 
liquid crystalline glassy state. 

XRD analysis failed to givc any reminiscent indication of chirality in the 

columnar stacks, but CD investigations on the liquid crystalline glassy film 

obtained by sudden cooling of films from thc hexagonal columnar phase (200 "C) 

clearly indicated the formation of chiral columns. The POM textures (focal conic) 

remains unperturbed on sudden cooling of the thin film, indicating that the 

molecular arrangement (hexagonal columnar) observed in the high temperature 

phase and the glassy films at room temperature were identical in nature (Figure 

4.23 Inset). A bisignated CD spectrum was observed for the glassy film, 
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exhibiting a negative Collon cffect at higher and a positive Cotton effect at lower 

wavclcngths (Figure 4.23). According to the cxciton chirality theory, these 

observalions are characteristics of exciton couplcd chromophores with a 

preferential left handed chiral orientation [Berova et a/. 2000: Dehm et ol. 20071. 

The zero cross over point ( h  - 4 12nm) was observed at the absorption maxrmurn 

of the red shitlcd aggregate band of the chrornophore, indicaling the formation o f  

strong exciton coupled J-type aggrcgates in the columnar slacks [Sirnonyl e! r11. 

2003: Zsila ef al. 200 1 ; Spano 2009 1 . 

4.6.3. Hicrarcliical Self-lissernhl\ in Solution 

7 '11~ chiral d c r i ~  a l l \  c Si\ I U" hclf-rssit.mh1c.c l o  Surm cll Clt'1jn~'cl licltc,~l 

aggrcgnrzs ~n nvn-polar sol\ entc { Dccanu). M~croscup~u ni\ c.hlrg:irlonc ot' 

nggrcgatus ol' S:\ l o *  at diffrl-cnt conccntratl(~ns r c ~  calcd all inttiguiny t i to -,lngc. 

sclf-asscmhly proccha. 1ni11ally forming Ilclruc!, M hich further wound around each 

other along the rnolccular axis at higher concentrations resulting in the formation 

of superhelix secondary structure. Thc morpllology o f  ~ h c  nggregatcs \\.:I\ 

csamrncd h! (1-an~micaion clcctronic microscopy (TEM)  and tield emlssinn 

scanning OIL'L'ITIITI Iii~crowop): (FE-SEM). Samples werc prepared by drop casting 

an (-7 h )  dccanc solut~ons 011to tlic s ~ ~ b s t r a l t  and allowing the excess solvunt 

to evaporate ilr~dcr mild i ncullin condi~innc. 



Chapter 4B: Helical Se~~Assembly Ihl 

TEM micrographs of 1 o4 M solution of SAlO* in decanc indicated the 

formation oi'nanofibers with the helical twist in the fibers being clearly discernible 

(Figure 4.24a). Clustering of helical fibers was observed in film formed from 

6x10.~ M solution as shown in Figurc 4.24b. A! a concentration greater than loA5 

M, nctworks of fibers were observed. Figurc 4 . 2 4 ~  shows the networks of fibers 

formed in a 4x 10.' M solutiun of SA 10" in decanc. Careful analysis of the fibers 

showed the formation of coiled coil ropelike structures with Icfl handed chirality, 

where the ropcl ike structures are fomcd by the twist~ng togethcr of few helical 

fibers aIong thc fiber axis. {Figure 4.24d). 

Figurc 4.24. TEM images showing helical assemblies of SAIO* drop casted from 
a) 1 0'" concentration shows individual helices. b) clustcrs of helices at 6x10' 
M, C) nctworks of fibers at 4x10-' M and the magniticd image showed the 
formation of a coiled coil aggregates at 4x 10.' M solutions in decane. 



' I  - 
'L - . , I  _: P M m m  

Figure 4.25. FB-SEM iiiiages of self-asscmblod structures of S,ZlO* drop casted 
from a) 10." M. b) 4 x 10" M; c)  and d) shows the map i l i ed  itnages of thc 
coilcd coil fibrous aggregates w ~ t h  left handed chirality at 4 x 10 .~  M salut~c)n in 
decane. 

Lnequivocal evidcncc for the concentration dependent transi'ormation of 

helices to coiled coil supcr helices and the rcvcrsal of chirality was oh~ained from 

FE-SEM experiments in samples prepared by drop casting aged ( 3  h) solutions on 

aluminum stubs. Film cast f ~ o m  a 10.' M solution showed thc individua1 helices 

(Figure 4.251) similar to that obscrved by TEM. with the fibrillar morphology 

posessing right handed helical organization. SEN analysis of film cast from a 

4x10.~ M solutions showed the formation of extendcd network of tibrous 

aggregates (Figure 4.25b). Figure 4 . 2 5 ~  shows a typical image of rhe fibrcws 
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aggregates in film formed from 4x  10." soIution, which clearly indicates the 

formation of thc coiled coil aggregates. The magnified image of' the fibrous 

aggregates (Figure 4.25d) showed that the coiled coil ropc like aggregate possess 

left handed chirality. 

Invcstigalions of the morphology of the aggregates in film formed from 

dccane solution of SAlO* o f  incrcas~ng concentration provided thc evidcnce for 

the hierarchical seif-assembly lcading from helical tapes wtth righl handed 

chirality and super coiled heIicaI struclure with left handcd chirality at higher 

conccntratiuns. 11 is important to note that the chirality in these aggregates is 

getting transmitted from the alkyl periphcry of the molecule to the primary 

structure and to thc secondary structure through molecular assembly. It has been 

rcported carlier that hclical fibers can givc rise to super coilcd helical structures 

will1 opposite hclicity through a stepwise hierarchical self-assembly process [Lohr 

t.! ul 2005; Engelkamp ef a/. 1999; Sommerdijk et al. 19981. 

4.6.4. Photophysical Properties 

4.6.4.1. PhotophysicaI Properties in Solution 

Tablc 4.7 summarizes the absorption and fluorescence propertics of 

the chiral octupolar 1,3,4-oxadiazole derivative (SAlO*) in different 

solvents. It may be noted that in a particular soIvent, inlroducing chirality to 

alkoxy group did not bring about substanliaI changes in its absorption or 
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emission properties in comparison wlth the achiral denvatives. which was as 

expected. The absorption and fluorescence spectra of SAID* are shown in 

Figure 4.26. Whereas the absorption spectrum (i,,,, -370 nm) was found to 

be practically independent of the nature of the solvent, a bathockromic shift 

in the fluorescence band was observed with increase in solvent polarity. The 

fluorescence maximum was observed to shift from -448 nm in toluene to 

-500 nm in benzonitrile. The fluorescence decay of dilute solutions of 

SAl O* were mono-exponential in the solvents investigatcd (Table 4.7) with a 

slight increase in lifctimc being observed from non-polar to polar solvents. 

400 600 
Wavelength I nm 

Figure 4.26. Absorption and fluorescence spectra of SAIO*; (a) absorption 
spectrum in benzonitrile, fluorescence spectra in (b) toluene, (c) tetrahydrofuran, 
(d) dichloromethane and (e) benzonitrile (Excitation: 360 m). 
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Table 4.7. Absorption, emission and fluorescence lifetime characteristics 
of compound SA 1 0". 

Abs. Am?, Em. imax 
SAl2 

(nm) 
@f 

Inm) 
- 

Toluene 374 448 0.45 0.76 1 .O?l 

DCM 372 483 0.92 1.58 1.07 

THF 371 480 0.99 1.66 1.08 

4.6.4.2. Phdophysical Properties in the Aggregates 

UVNis absarption and fluorescence spectroscopy. Aggregation behaviaur of 

the rnolccule in decanc solution was studied using W-visible and fluorescence 

spectroscopy. Figure 4.27a shows changes in the absorption spectra as a function 

of  concentration. A M solution of SAlO* in dccane showed a W l v i s  

absorption spectrum typical for that of moleculariy dissolved species with an 

absorption maximum at 370 nm. With increasing concentration, a clear broadening 

in the absorption spectrum md the appearance of new blue and red shifted bands 

compared 10 that of tbe monomer band could be observed (Figure 4.27b). 
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Wavelendh I nm Walelength I nrn 

Figure 4.23. a) Concmlration dependent changcs in absorption spectra of Shl O* 
and b) normalized absorption spectra a1 IU'M (black Iine). lo-" M (blue line). 
I O"M (green line) and 4 x 1 O-'M (red Line) solutions in dccane. 

Aggregation of molecules also brought about significant changcs in 

the fluorescence, as shown in Figure 4.28. In a 10.' M solution o f  SAIOX t h ~  

emission occurrcd solely from the molecularly dissolved species as indicated 

by the structured band with an emission maximum at 407 nm with vibronic 

progressions at 456, 433 nm. At higher concentrations, a new peak at about 

500 nm was observed whosc intensity relative to that of the  monomer 

emission band increased significantly with increasing concentration. The 

formation of the new band which was considerably red shifted compared to 

that of the molecularly dissolved species, indicated the formation of exciton 

coupled aggregates. 
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- 
400 500 600 

Wavelength / nrn 

Figure 4.28. Conccntration dependent changes in emission (Aex = 350 nm) of 
SAIO* in a )  2 r 1W7M. h) 3 x l O - -  M. c )  3 x 10 '  M, d )  h u 10." \I. c )  X u 1 0 - 9 4 .  

f )  10.' hl, g) 4 x 1 r b  ' M solutions in dccane. 

- 
300 400 500 

Wavelength I nm 

Figure 4.29. Concentration dependent changes in excitation spectra (A,, = 

500 nm) of SAlO* in decane at concentrations; a = 2x lo-' M, 3) = 4 x 1 0.' M, 
c = 2 x 1 0 ~ 6 ~ M , d = 4 x 1 ~ ~ h ~ , e = 6 ~ l ~ ~ b ~ , f = 8 ~ 1 0 ~ 6 ~ , g = 4 ~  I O - ~ M .  
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a) 5 b) 4 

i 4 Y 

;d i -.. . 
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300 350 400 450 

0 
300 350 100 

Wavelength I nm Warclength I nrn 

Figure 4.30. a)NormaIi~cd excitalion spectra of i) 1 0 . ' ~  ii) M. i i i )  10-5 M. 
iv) 4x10" M solu~ions of SAlO* in decanc. b) difference spectra obtained by 
subtracting thc normalized excitation spectra of v)  10.' M from 10.". vi)  10" M 
from 10" M and vii) 10.' M from 10.' M solutions (emission monitored at 500 
nml. 

The concentration depcndent change in the fl uorescencc excitation spectra 

of SAlO* is shown in Figure 4.29 and this was consisten1 with the change 

observed in the ljVlvis absorption spectra al  lower concentralions ( 1 ~ '  M). the 

excitation spectrum indicated a main peak at 370 nm which colrld be attributed to 

the molecularly dissolved spccies. With increasing concentration, a significant 

broadening of the spcctrum was observed indicating formation of aggregates. The 

nature ol' the aggregates forrncd could be clearly visualized by subtracting the 

contribution of the rnonamer band (obtained from excitation spectra measured in 

10.' M decane solutions where moleculc exists mainly in the rnolecuIarl y 

dissolved statc) from the excitation spectra obtained at the higher concentrations. 

Figurc 4.30b shows thc spectra obtained by subtracting the contribution of thc 

monomer band from spectra normalized at 370 nm (Figure 4.30a) for EO'", 



1 0 . ' ~  and 3 ~10." ssolutions of SAIO* in decant.. Two new bands were 

observed. one in the blue and the other in the rcd shiftcd region compared to that 

of' the monomer, which is consistent with the concentration dcpendcnt changes 

observed in thc UVJvis absorption spectra. 

Circular Dichraism Spectroscopy. CD spectra of 1 0 " ~  solulivn of SAJO* 

indicated a very weak bisignated CD cffect with a negative Cotton effect at 

short and a positive Cotton effect at longer wavelengths (Figure 4.3 I a). The 

CD intensity increascd with incrcase in concentration up to 2 x 10.' M 

solution (Figure 4.3 P a). Upon further increase in concentration, a total 

inversion of the CD spectra was observed, with a positive Cotton effect at 

short and a negative Cotton effect at longer wavelengths (Figure 4.3 lb). A 

well-def ned isodichroic point was observed at about 360 nm almost near to 

the zero cross over point. Figure 4.3 1 c and 4.31d showed a near mirror 

image spectra observed at lower and higher concentration with changes in 

the CD intensity. This is in accordance with the observed changes in the 

morphology, where with increasing concentration an inversion in chirality 

was observed due to the formation of coiled coil aggregates in TEM and 

SEM investigations (Figure 4.24 &4.25). 



Wavelength I nm Wavelenj$h I nm 

Wavelength I nm Cunrentration ! %I 

Figr~rc 4.31 Sprlctra a). h )  depicts the changes in CD spectra with concentration of 
SAlO* a) 10.' M, b) 2 x 1 0-7 M. C )  4 x 1 o - ~ M ,  d) 6 x 1 W ~ M .  c) 1U6 M. f l  2 x 

M. g) 4 x 10.' M, h) 6 r 1 O-~M.  i) 10.' M, J )  2 \ 10.' M and k) 4 .i 1 0 " ~  solutions 
in decane. c) normalized C'b spectra 01' 4\ ~ o ' ~ M  and 4 . i 1 0 - ' ~  solutrons in decane, 
showed the near mirror image relationship, d) plots 01' x.nrlat~on I ~1 C D  inlcnsit! 
rnon~tc'rrcil a! 380 nm and 730 nm against the ccrnceti11-itl~ons t j f '  SAl(l*soluiion in 
dccatlc. 

The UVtvis absorption and cxcitation spectra indicated the broadening in 

thc main absorption band along with the appearance of bluc shifted and red shiltcd 

shoulders with increasing concentratloris. Even though the blue- and red-shifted 

features of the absorption spectra arc generalty assigned for H or J type 

aggregates, such spcctral fcatures are also observed in thc chiral aggregates due to 
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the twisted stacking of rnalccules on one on top of the other [Westenhoff el al. 

2006; Schenning et ~1 .2002:  Lohr el ol. 20051. The obscrved circular dichroism 

effects and the fact that the self-assembled structures exhibited supramolecular 

chirality, sirggeszs that these properties arisc out of the formation of twisted 

conrormation of thc C3 symmetric molecules in thc chiral stacks as addrcssed by 

SEM and TEM. The blue shifted zero cross over point in the CD spectra compared 

to that of monomer absorption is cxpected on preferenlial formalion of H- 

aggregates. Thcse observations are fully consistent with the spectral observations 

rcported carlicr for lincar oIigomcric thiophcne and phyneylencvinylene 

Jcrivatives [Westenhorf el a/. 2006: Schenning er a1.2002; Lcrhr et al. 20051. The 

spectral features of ~ h c  UVWis absorption and fluorescence excitation spectra 

remained alrnosl unchanged in thc chirality inversion rcgirne as obscrved in the 

CD spcctra (except for an increase in intensity), indicating the mode of 

chsornaphorc packing in the helical aggregates at lower concentrations and the 

coiled coil aggregates at higher cnnccntrations were nearly the same. 

4.7. Conclusion 
We hake investigated the influencc sf periphcral chiral alkyl chains on the 

liquid crystalline and thc self-assembling behaviour of trtgonal octupolar 

oxadiazolc derivative (SA10"). This derivative exhibited discotic liquid crystalline 

pl~ase with a helical ordering as observed by CD invcstigations at elevated 

tcmperaturcs and can bc super coolcd into liquid crystailine glassy fiIms on sudden 
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cooling from the LC phase. Envestigation of the morphalogy of the aggregates in 

decane solutions showed a unique aggregation hehaviour lcading to thc formation 

of hclical fibers at lowcr concenirations with right handed hclicity. These helices 

further wound around their molecular axes resulting in the formation of a 

supcrhelix (secondary structure) at higher conccntmtions cxhibitcd Ecfi handed 

chirality in decane solvent. The formation of thc helical primary structutc and 

supcrhelix secondary structure and the associated reversal of chirality in the 

supramolecular Ievcl could bc well monitored by microscopic techniques such as 

E M  and SEM as well as by circular dichroism (CD) spectroscopy. 

4.8. Experimental Section 

4.8.1, Synthesis of I'rigonal Octupolar 1,3,4-Oxadiazofe Derivatives 

(SA I ,  SA4, SA6, SA8, SA 12, SA16 and SAI 0") 

Tfic synthetic mute adopted for thc synthesis of thcse dcrivatjvch is 

shown in scheme 4.1 

General Procedure for the Synthesis of 1,3,4-OxadiazoIe Derivatives 
(SA1, SA4, SA6, SA8, SA12, SA16 and SAlO*) 

Benzene- 1,3,5-tricarbonyl tichloride I1 cquiv.) was taken in a dry two 

necked R.B. under argon atmosphere, dry pyridine t5mL) added and stirred for 

two minutes. Corresponding tetraole derivative (3.9 equiv.) was dissolved in dry 

pyridinc (15 mL) and was added to the above acid chloride drop wise with 

constant stirring. The reaction mixme was then scfluxed at 115 O C  for 12 h and 
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was poured into ice cold water and washed with 2N HCI to remove pyridinc. The 

precipitate was washed with water, filtercd and extracted with dichlaromethane. 

The compounds wcre purificd by column chromatography using silica as 

stationary phase and gradient clution with a mixture of ethyl acctatc-hexane as the 

clucnt to yield the pure product. The compounds werc then further purified by 

dissolving in minimum amount of dichleromethane and precipitated using 

methanol to give pure product. 

1,3,5-trIs(5-(4-(3,4-dimethoxys~ryl)pheny1)-1,3,4-oxadiazo~-2-yl) 
benzene (SAl) 

Yicld - 56 %; m.p: >2h0 O C  (decomposed); 

1269, 15 16. 1597, 2837, 295 1 ,  2999 em-'; 

'H NMR (500 MHz, CDC13, TMS) ci: 8.991 

(s, 3H, aromatic), 8.093-8.077 (d, J = 8 Hz, 

6H, aromatic), 7.596-7.579 (d, J = 8.5 Hz, 

SH, ammatic), 7.1 ! 6-7.084 (d, 3 - 16 Hz. 

3H, allylie), 7.034 (s. 3H, aromatic), 6.999-6.982 (d, J = 8.5 Hz, 3H, aromatic), 

6.918- 6.886 Id, J - 15 Hz, 3H, allylic), 6.X04-6.787 (d, J = 8.5 Hz, 6H, 

aromatic), 3.984 {s, 9H,  -OCHs) 3.919 (s, 9H, -OCH3) ppm; '>c NMR (125 MHz, 

C'l?U1?, TlviS) ii: 165.27, 162.48, 162.44. 149 90, 149.77, 149.37, 149.24. 141.52, 

141.47, 131.29, 131.15, 129.64, 129.55, 127.50, 126.70, 126.04, 125.95, 124.96, 
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pprn; MALD[-TOF: m!z calcd for Cl<HSINO? C60H4RNt;OP, 996.35. found: 996 Oh. 

Yield - 58 Oh) ; m.p: 210 "C; IR omax 

KBr): 961. 1182, 1230. 1249. 1492, 1510, 

2870. 2934, 2955 cm-'; 'H NMR (500 

MI-lz, C'l3C'IB. TMS ) 5 ,  8.904 Is, 3H, 

aromaric), 8.093-8.077 (d. J - 8 Hz. 6H. 

aromatic), 7.594-7.579 (d. J = 8.5 Hz, 6H. 

- 2  
,>::,It, 

-?C,H,, - 

IL,H,b, 
, ~ 

c.M-\'_ -,-<-, N y <, .,-7 

- 9.' ..-:+ f t  
' 1. 

"Y,' 

11 i, 

.r' - 
- - 

<> 
:-, 

,6 'H, 
Sh4 

aromatic), 7.116-7.084 (d. ,J = 16 Hz, 3H, 

allylic). 7.034 (s, 3H, aromatic). 6.999-6.982 Id, J = 8 5 Hz, 3H, aromatic), 6.418- 

6,886 (d, J =  16 Hz, 3H, allylic), 6.804-6.787 (d. J =  8.5 Hz. 3H, aromatic), 4.08- 

4.05 (t, 6H, -0CH2-), 4.03-4.00 (t, 6H, -OCH2-), 1.37-1.27 (m, 24H, -CH,-). 

0.90-0.86 (rn, 1 XH) ppm; [ 3 ~  NMR ( 125 'vl l tz. C'DCl1. 'I XIS)  6: 164.3X, 161.54. 

119.60, 112.44, 11058. 30.38, 30.28, 18.26, 18.22. 12.92, 12.88 ppm; MALDI- 

TOF: mlz calcd for C71;Hx4?150,, 1248.63 found: 1249.87 

Yield - 69 'YO; mp: 190 'C;  IR (KBr) v,,: 960. 10 10, 1 138, 1250, 1267, 15 10, 

2860. 2931, 2953 cm-'; 'N NMR (300 MHz, CDCI3, TMS) : 6 8.93 (s. 3H, 
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?'&, 8 

<TL 
.F' 

c,H,,n - r< 
, > 

1 N by>( 

s= -* Ay.<y'< N Y  

n ,'.o 
h =,, 

<?, 
c7 

,I' 
-, 

(L< 
SAQ c , v  ow,: 

aromatic), 8.13-8.12 (d, J = 7.5 Hz, 6H, 

aromatic), 7.63-7.61 (d, J = 7.5 Hz, 6H, 

aromatic), 7.15-7.12 (d, J = 16.5 Hz, 3H,  

allylio). 7.07 (s, 3H, aromatic], 7.03-7.02 

(d, J = 8 Hz, 3H, aromatic). 6.95- 6.92 (d, J 

= 16.5 Hz, 3H, allylic). 6.84-6.82 (d, J = 

8.5 Hz, 3H,  aromatic), 4.054.03 ( 1 ,  6H, - 

OCF-12-). 3.97-3.92 (t, 6H, -OCHl-), 1.84-1.26 (m, 48H, -CH2-), 0.89-8.R6 (m, 

18H, -CH3) ppm: I3C' hMR (75 MHz, CDCll, TMS): 6 165.25, 162.45, 149.75, 

149.22, 141.47, 131.15, 129.55, 127.49, 126.69, 125.96, 124.83, 121.33, 120.60, 

113.32, 111.45,31.66. 31.64, 29.33, 29.24, 25.76, 25.72,  22.66, 22.64, 14.08, 

14.06 ppm: MALDI-TOF: m/? caIcd for c.)r)Hln8NhO~, 141 6.82 found: 141 7.65. 

E,3,5-tris(5-(4-(3,4-hi~~oc~40~y)~ty~1)ph~ayl-l,3,4-oxadiazol-2-yt) 
benzene (SA8) 

Yicld - 68 Vo; mp: 194 "C; TR {mr) v,,: 

2926,2852, 1597, 15 10, 1467, 1427, 1267, 

1249, 1138. 1022, 1010, 960, 842. 826, 

783, 7 1 I ,  62 1, 599, 520 ern-'; 'H NMR 

(500 MH?, CDC13, TMS) 6 .  9.01 1 (s, 3H. 

aromatic), 8.185-X.168 (d, J = 7.5 Hz, 6H,  

aromatic), 7.675-7.659 (d, ./ = 8 Hz, 6H. 
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aromatic), 7.199-7.167 (d, J = 16 Hz, 3H, allylic), 7.105 (s, 3H, aromatic), 7.075- 

7.058 (d, 1 = 8 5  Hz, 3H, aromatic), 7.003- 6.971 Id, J = 16 Hz, 3H, allylic), 

6.876-6.860 (d. J = 8 Hz, 3 H, aromatic), 4.079-4.052 (t, 6H, -OCH2-), 4.030-4.003 

(t, 6H, -OCH2-), 1 .X75- 1 .I 09 Im, 72H, -CH2-), 0.9 1 1-0.883 (m, 18H, -CH3) ppm; 

"C NXIR ( 125 VI lz. Cl3C'13, TUS) 6: 165.27. 163.45. 162.44, 149.90, 149.77, 

149.37, 149.24, 141.52, 141.47, 131.20. 131.15, 129.69, 129.55, 127.50, 126.70, 

126.04,125.95, 124.96, 124.86, 121.42, 121.33, 120.62, 113.@, 113.35, 11 1-88, 

111.51, 69.48. 69.35, 69.26, 69.15, 31.86, 29.43, 29.33,29.31, 26.01, 26.06, 

22.71, 22.67, 14.13, 14.07 ppm; MALDl-TOF MS: m/z calcd for CrozH132N6O9, 

1586.17. found: 1587.35 [M+H1]. 

1244.87, 1267.23, 1305.81. 1336.67, 

1377.17, 1427.32, 1456.26, 1467.83, 1494.83, 1510.26, 1546.91, 1573.91, 

1597.06, 2852.72, 2922.16, 3024.38 cm-I: l H NMR (500 MHx, CDC13, TMS) 6: 
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aromatic), 8.19-8.17 (d,  J = H Hz, 6H, aromatic), 7.68-7.66 fd. J = 8 Hz, 6H, 

aromatic), 7.20-7.17 (4 J = ltj Hz, 3H, allyjic). 7.1 1 (s, 3H, aromatic), 7.07-7.06 

(d, J = X Hz, 3H, aromatic), 7.00- 6.97 (d J =  16.5 Hz, 3H, allylie), 6.87-6.86 Id, 

8.93 (s, 3H, aromatic), 8.13-8.12 (d, J = 7.5 Hz, 6H, aromatic), 7.63-7.61 Id, J =  

7.5 Hz, 6H, aromatic), 7.15-7.12 Id, J = 16.5 Hz, 3H, allylic), 7.07 (s, 3H, 

aromatic), 7.03-7.02 Ed. J = R Hz, 3H, aromatic), 6.95- 6.92 (d, J - 16.5 Hz, 3H, 

allylic), 6.84-6.82 (d, J = 8.5 Hz, 3H, aromatic), 4.05-4.03 (t, 6H, -OCH2-), 3.97- 

3.40 It, 6H. -0CH2-), 1.84- 1.26 (m, 120H, -CH2-), 0.89-0.86 (m, 18H, -CH,) ppm; 

17 C NMR (125 MHz, CDC13, TMS) S: l hj .33,  162.52. 144.87. 139.35, 131 56, 

131.24, 129.68, 127.53, 126.88, 126.73, 126.09, 124.98, 121.42, 120.62, 113.58, 

11 1.78, 69.44, 69.23, 31.93, 29.67, 29.47,29.37, 29.32, 26.10, 26.06, 22.68,I4.09 

ppm; MALDI-TOF: [M+H]+ mh caIcd for C 126HIKHNSO~I 1922.8 1 f o ~ d :  1924.8. 

I ,3,5-tris(5-(4-13,4-bis(hexadecyIoq)s~)pheny l)-1,3,4-oxadia3,ol-2-yl) 
benzene (SA16) 

Yield - 63 % ; rn p: 234 'C; IR  \*,,, (KBr): 

522.71, 607.5X, 711.73, 783.10, 842.89. 

960.55, 1010.70, 1138.00, 1226.73, 

1249.87, 1267.23. 1307.74, 1386.82, 

1427.32, 1467.83, 1510.26, 1597.06, 

2850,79, 2920.23 cm-I; ]H NMR (500 

MHz, CDCL?, TMS ) h:  9.02 ( 5 ,  3T-1. 

-. - 
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J = 8 Hz, 3H, aromatic), 4.08-4.05 (t, AH, -OCH2-), 4.03-4.00 (1, 6H, -OCH,-), 

1.87-1 -27 (m, 168r-1, -CH2-). 0.90-0.86 I m, 1 XH. CH3) ppm; "C 'NMR (1 25 MHz, 

CDC13, 'I'MS) 6 :  16 46, 163.62, I4C).XS. 149.36. 141 h6. 131.34. 174.72. l27.5O. 

127.06, 126.80, 126.24, 125.08, 124.98, 121.49, 120.64, 113.60, 111.77, 69-44, 

69.25, 31.93, 29.73,29.68, 29.49, 29.38, 29.31, 26.10, 26.06, 22.69.14.1 1 ppm, 

MALDI-TOF: [M+H] ' m/z calcd for C soHa2fiNhOs, 2258.45 found 2259.8; 

1,3,5-tris(5-(4-~3,4-bisl3,7-dimethylocylox)srylphenyl-1,3,4- 
oxadiazol-2-y1)benzene (SAl O*)  

Yicld: 72?/0: n1.p: 22X "C; I l i  vniax (KHI. ) :  

518.85. 617.22, 711.73, 740.67, 960.55. 

1138.00, 1249.87, 1257.23, 1382.46, 

1427.32, 1469.76, 1514.12, 1595.13, 

2926.01, 2953.02 cm-1; 1H NMR (500 

MHL. CDC13, TMS) 8: 8.948 (5. 3H, 

aromatic), 8.153-8.136 (d, J = 8.5 Hz, 6H, 

aromatic), 7.649-7.632 Id, J - 8.5 Hz, 6H,  aromatic), 7.1 74-7.142 (d, J = 16 Hz, 

3H, allylic). 7.090 (s, 3H, aromatic), 7.054-7.037 (d. J = 8.5 Hz. 3H, aromatic), 

6.975- 6.943 (d, J = 16 Hz, 3H, allylic), 6.864-6.847 (d, J = 8.5 Hz, 3H, aromatic), 

4.099-4.034 ( t ,  12H, -0CH2-), 1.902-1.156 (m, 54H, -CH2-), U. 993-0.969 (rn, 

l8H, -CH3), 0.892-0.875 (m, 3hH, -CHI) pprn; 13c NMR 1125 MHz, CDC13, 

TbISj 6:165.38. 162.56. 1497R. 149.26, 141 57, 131.27. 129.60. 127.56. 12h9h.  
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126.76, 126.12, 124.98, 121.42, 120.59, 113.29, 111.40, 67.65,67.51 39.29,39.28, 

37.41, 36.31, 36.21, 29.96,28.02, 28.00, 24.77. 24.74, 22.74, 22.64, 22.63, 19.76 

ppm; MALDE-TOF MS: mi;! calcd for C 1 14Hl SON609. 1 747.1 5, found: 1 748.19 

[M+H']. 
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Description of Instrumental Techniques 

1 ) Chemical Structure Characterization 

All intemcdiates and final products werc characterized by FTIR, NMR and 

FA B-MS. MALDl-TOF and clernentai analysis wcre also conducted in fcw of the 

derivatives to ascertain the purity. FT-IR spcctra werc recorded on a Shirnadm IR 

Prcstigc-2 1 Fouricr Transform Lnfrarcd Spcctrophotorneter. ' M (500 M HI.) and ' 'C 

NMR (125 MHz) slpcctral analysis werc pcrformcd on a Bn~cker Advance DPX 

spcctrcmutcr with TMS as intcmal standard. MALDI-TOF mass spectrometry waq 

conducted on a Perspective Riosystcmq Voyager DE PRO VALDI-TOF macs 

spectrometer using cr-cyano-4-hydroxy cinnamic acid as the matrix. FAB-MS 

xpcctra were recorded on a E O L  JM AX 505 HA mass spcctramctcr. Elemental 

analysis was pcrformcd on a Pcrkin E tmcr Scrics i I  GHN analyzer. 

2 )  Electronic Spectral Measurrrnt?nts 

Electronic absorption spectra were rccorded on a Shimadzu UV-3 101 PC 

NIR scanning spcctrophotometer the crnission spectra were recorded on a SPEX- 

Fluorolog F112x spcctrofluorimetcr. The absorption measurements and 

fluorcsccncc measurerncnts wcre camed out using 1 x 1 ern cuvette (unless 

othem~ise rnentloncd) with a themistor directly attachcd to thc wall of the cuvettc 

holder for conrrolling thc tcmpcmture, In cryctallinc samples and in aggregates the 

emission was measured in a front face configuration. Fluorescence quantum yields 
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in solutions were determined by comparison with standard dyes such as quinine 

sulfate in 0.1 N HzSO4 = 0.53) or 10-methyl acridmiurn trifl uorthane sulfonate 

in tvalcr {Or = I  ). Solid-state fluorescence quantum efficiency was measured using 

a calibrated integrat~ng sphcre in the spectrofluorirneter. The Xe-arc lamp was 

used to excite the thin-filrn/crystallinc samples placed in the spherc. Thc quantum 

yield was determined by comparing the spectral intensities of the lamp and the 

sample emission as reported in the literature [Dc Mello e! a/. 1997; Paulsson ei al. 

20021. Using this experimental set-up and the integrating spherc system, solid- 

state fluorescence quantum yield of thin film of the s m d a r d  green cmitting OLED 

material tris-8-hydroxyquinolinolato Aluminum (Alq3) wa5 determined to bc 0.19, 

which is consistent with previously reported values. 

3) Fluorescence Lifetime Measurements 

Fluorcscence lifetimes were measured using IBH (FluoroCube) time- 

correlated picosecond single photon counting (TCSPC) system. Solutions were 

excitcd with a pulsed diode laser (1100 ps pulse duration) at a wavelength of 375 

nrn (NanoLED-11) with a repetillon rate of 1 MHz. The detection system 

consisted of a micro channel plate photomultiplier (5000U-09B, Harnamatsu) with 

a 38.6 ps response time coupled to a monochromator (5000M) and TCSPC 

electronics (Data slation Hub including Huh-NL, NanoLED controller and 

preinstallcd fluorescence Measurement and Analysis Studio IFMAS) Software). 
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The fluatescence lifetime values wcre obtained using DAS6 dccay analysis 

software. Fluorescence lifetfrnc measurements in solutions were canicd out using 

1 x 1 cm cuvette with the emission collected at perpendicular configuration, while 

in solid samples and in aggtcgates lifetime measured in a front face con figuration. 

4) Polarized Optical Microscopy (POM) 

Phase ha~ i t ions  wcre observed using a LEICA DM 251)OP polarized light 

opticaI microscope with a crosscd polarizer configuration, equipped with Mettler 

Toledo FP900 Thcmosystem heatinglcooling stage. Samples were kept bctween 

untrcated glass slides to obtain the POM textures on heating 

5 )  Differential Scanning Calorimetery @SC) 

DSC experiments werc performed using a Perlun-Elmer Pyris h DSC 

insrrurncnl. SampIes were kept in a sealed aluminum pans undcr nitrogen flow and 

thc experiments were carried out at a heatingkooling rate of 5 "C min-I. 

6) X-Ray Diffractometry (XRD) 

Single Crystal X-ray Diffractometry 

Single crystal analyses were carried out in a Bruker SMART-CCD 

difiactometer, structure determination and refinement was can-ied out with 

SAmT (SAINTPLUS VcrsEon 6.22, R d e r  AXS, Madison, W, USA) and 

SHELXTL software packages and the empirical absorption correction with the 
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SADASS program. For crystal structure visualization, MERCURY (CSD 

software). chemcraft and ChemBio 3 0  ultra 1 1 wcre used. 

Powder X-ray Diffractometry 

X-ray ditTraction studics were cmied out using X'pert Pro I7 10, Phillips X 

ray difli;ic~omctcr w i t  h ml~noohromator' 011 thc diffraction bcari~ sidc ( CuKa 

lacfiation. I - 1.54 AS. X-ray diffraction studies of xcro-gel was carried out on 

samples coated in glass slide and variable temperature X-ray diffraction studies at 

liquid crystalline phases wcre carried out on samples filled in  Lindcmann 

capillaries and wcre held at required ternpcrahlrcs using a Mettler hat stage and 

irradiated with CuKa radiation Ihz 1.54 I XA "1. 

7) R heological Measurements 

Thc rheoIagical measurement= were carried out using Physica Modular 

Compact (MCR 150) stress controlled rhcomcter from Anton Paar with a Cone- 

and-plate geometry ICP 50-1). The gclled samples wcrc carefully transferred into 

thc Peltier kept at 20 "C and was allowcd to form a uniform layer. A strain-sweep 

experiment was performed at constant angular frequency of 1 rads" for thc $train 

range 0.001 to t00ga2' and a frequency-swccp cxperirnent was performed ar a 

constant shear strcss of 1 Pa with an angular frequency(o~) varying from 0.1 to 100 

rads-' . 



8) Dynamic Light Scattering Measurements (DLS) 

Dynamic light scattering measurements were made. using the Nano ZS 

Malvern instrument employing a 4mW He-Ne lascs I;. - 632.8 nm). Thc 

measurements were carried out using quartz cuvettc with I cm path length 

9) Scanning Electron Microscopy (SEMI 

For SEM measurements, the samples were drop cast and air dried on 

one flat surface of cylindrical brass stubs and subjected for thin gold coating 

using JOEL JFC-I200 fine water. The probing side was inscrted into JEOL 

JSM-5600 LV Scanning electron microscope for taking photographs. FE- 

SEM images were recorded with an FEI-Nova NanoSEMhOO. 

1 0) Transmission Electron Microscopy (TEM) 

TEM measurements wcrc carried on an FEI-Technai 3 0 ~ '  S-Twin. 300 kV 

HR-TEM microscope with an accelerating voltagc of 100 kV. Samplcs wcrc 

prcparcd by drop casting the solution on to a fomvar coated copper grid 1400 

mesh) and allowing the excess solvent to evaporate under mild vaccum conditions. 



Summary 

SZ'MMARY 

Thc work described in the thesis cntitlcd "F.xploring Self-Assembled 

Stilbenoid Architectures in the Pathway from Molecules to Materials" 

explores the use of donor-acceptor substituted stilbcne derivatives for the 

construction of functional self-assembled materials and thc changcs in their 

photophysical properties brought about by their self-assembly. Stilbennid 

compounds have been extensively investigated from the thcorctical and 

cxperirnental standpoint, in vicw of their irnporiancc both as rnodcl cornpo"mds for 

polyenes and as functional materials for technological applications. The 

photochemical propertics of stilhenoid units have been exploited for the 

conskucaion of photoresponsive smart ma!crials, Thc high sensitivity of thcir 

phorophysical properties to the state of molccular organuation provides an 

effcctivc mcthod to monitor thc nature of thc molccular packing involved in these 

materials. However, to tailor-make stilbenc based materials suitable for a 

particular application, a bencr fundamental understanding of the structure-property 

relationships IS necdcd. 

The thesis consists of four chapters. Chapter 1 provides a bsief overview on 

the photochemical and photophysical properties of stilbenoid compounds and on 

their use in the construction of photorcsponsive soft rna~erials. The rqlc of 

molccular packing in controlling the photophysicat properties of these materials in 

thc self-assembled and solid stare are also discussed. 
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Chapter 2 dcscribes the synthesis and investigation of photophysical 

propcsties of a scsies of donor-acccptor substituted stilbene derivatives with 

alkoxy group as thc donor and the cyano group as the acceptor. Thc solid state 

photophysical properties of thesc stilbene derivatives werc fine tuned effcctively 

hy bringing in subtlc modifications in their molecular packing by vazylng thc 

length of the alkyl chains. A clear correlation bctween the molecular packing and 

thc fluoresccncc properties in this class of materials was obtained by investigating 

thcir molecular packing in their single crystals. Thc formation of thermally 

induccd polymorphs and role of the modification, of molecular packing induccd by 

hcating in controlling optical properties of thcsc mattrials has also bcen 

invcstigaled. Our studies have shown, the solid state fluorescence of this series of 

stilhene ba~ed molecuIes depend on various factors such as rigidization, 

planasization and more importantly the nature of the relative alignment of 

neighbouring molecules which decide whether cxciton coupling will or will not 

occur. 

In Chaptcr 3, the design, synthesis, lhermotropic liquid crystalline 

hehaviour and the photophysical propertics of two senes of pyridinc cored donor- 

acceptor-donor quardmpelar systems are described. The molecuEcs consis[ of  two 

alkoxy stilbenoid units attached to a central pyridine core through 1,3,4- 

oxadiazoles tinkers in the 2,6 (PS) and 2,5 (PSL) positions of the pyndine ring to 

limn a rigid rod a-conjugated back bonc. Both these series of dcrivatives exhibited 



stable discotic LC phases in the heating and cooling cyclcs. Chiral discotic LC 

phases werc obtained by introducing chiral groups in dle alkyl pcsiphcry. A few o f  

thcsc derivatives wcrc observed to form stable glasses on suddcn cooling from the 

LC phase, where the liquid crystalline order was maintaincd. Thcsc rnatcrials werc 

found to be fluorescenl in their solid state as well as in glassy slate. Thc ability of 

thcse materials to form stablc liquid crystailinc glasscs, their 5trong fluorescence 

and the electron transporting property of the oxad~azolc moicty can makc lhese 

materials useful as active elcmcnts in thc erncrging field of organic electronics. 

In Chaptcr 4. design, synthesis and discotic liquid cryqtallinc properties of a 

series of novcl lrigonal octupolar 1,3,4-axadiazole derivatives arc dcscribcd. Thc 

self-assembly behaviour of these materials in their mesophase as well as in their 

aggregates in solution and the resultant changes in their photophysical properties 

have been investigated. A fcw of thcse derivatives cxhihitcd enantiotropic 

columnar mesophases ovcr a wide temperature range. Thc derivatives with longer 

alky l chains were observed to sclf-asscmble in non-polar solvcnts leading to gel 

formation. Microscopic invcstigations of the gels providcd clear cvidence for the 

hierarchical self-assembly of thesc molccules in non-polar solvents leading to gel 

formation. Filled sphercs of nanometric dimensions wcre observed at lower 

concentrations which merged together to form nanoscopic fibers at higher 

concentrations resulting in an extended network of interlocked fibrils which 

immobilize the solvent to form thc gcl. The high sensitivity of the luminescence 



properties of these materials to their state of aggregation provided an effective 

method to monitor the nature of the molecular pacbng involved in the various 

stages of sclf-assembly. 

We have also investigated the influence of peripheral chiral alkyl chains on 

 he liquid crystalline and the self-assembling behaviour of trigonat octupolar 

oxadiaxole derivative (SAIO*). This derivative exhibited discotic liquid crystalline 

phase with a helical nrdenng as obsenred in CD investigations at elcvated 

temperatures. The LC phase could be fned into liquid crystalline glaqsy films by 

sudden cooling From their LC phase. Investigation of the morphology of h e  

aggregates In decane solutions shawcd a unique aggregation behaviour resulting in 

the formation of helical fibers at lower concentrations with right-handed helicity. 

These helices further wound around the moIecular axes result~ng in the formation 

of superhelix secondary smcture at higher concentrations exhibiting left handed 

chirality in decane.. The formation of the hclical primary structure and superhelix 

secondary structure and the associated rcversal of chirality in the supramoIecuear 

level couId bc monitored by microscopic techniques such as TEM and SEM as 

well as by circular dichroism (CD) spectroscopy. 
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A. X- rav Crpstallographic and Structure Refinement Data of DS1 

Empirical formula 

Formula woght 

Temperature 

Wavelength 

Crystal system 

Space group 

Unit cell dimensions 

Volume 

z 
Dcnsi ty (calculated) 

Absorption coefficient 

F(000) 

Crystal size 

'Ihctn range for data collection 

Index ranges 

Reflections collected 

lndependcn t reflections 

Completeness to theta = 26.43" 

Absorption cnrrcction 

Max. and min, transmission 

Refinement method 

Data I restraints J parameters 

C1; Hi< N O2 

265.30 

100(2) K 

0.71073 h 
Orthorhombfc 

Pca2, 

a = 2R.9910( I R )  A = 90'. 

b = 6.0408(3) A [\- 90.. 

c = 15.5719(10) *; - 90.. 

2727.113) A3 

X 

1.292 ~ ~ ! r n 3  

0.085 mm-1 

1120 

0.37 x 0.30 x 0.25 -3 

2.81 to 26.43". 

- 361h  f h , - 7 5 k C T ,  -19< 15 10 

45774 

5473 [Rrint) = 0.04 1 1 
99.7 o/, 

Semi-empirical from equivalents 

0.9791 and 0.9693 

Full-matrix Icast-squares on ~2 

5473 1 1 / 365 



X- ray C~.stnlJugruphic Refinemenr Data 227 

Goodness-of-fit on ~2 1.034 

Final R indces [T>2sigma(I)] R1 = 0.0358, wR2 = 0.0838 

R indices (all data) R1 = 0.041 8 ,  wR2 = 0.0875 

Absolute structure parameter 1.4(X) 

targcst diff. peak and hole 0.382 and -0.212 e.A-3 

B. X- ray Crystallographic and Structure Refinement Data of DS3 

I?mpirical farmula 

Formula weight 

Temperature 

Wavelength 

Crystal system 

Spacc group 

Unil cell dirncnsians 

Volume 

Z 

Density (calculated) 

Absorption coeficienr 

F(000) 

Crystal size 

Theta range for data collection 

Indcx ranges 

Reflections collected 

Tndependenl reflections 
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Completeness to theta = 25.00" 

Absorption correction 

Max. and min. transmission 

Refinement method 

Data / restraints / parameters 

Goodness-of-fit on FZ 

Final R indices [T'>2sigma(l)] 

R indices (all data) 

rlbsolutc structure parametcr 

Larger;t diff, peak and hole 

99.9 % 

Semi-empirical from equivalents 

0.9774 and 0.9721 

Full-matrix lcast-squares on ~2 

5063 / 1 1219 

1.042 

R1 = 0.0332, wR2 - 0.0856 

R 1 = 0.0349, wR2 - 0.0870 

0.6(6) 

0.301 and -0.205 e.A-3 

C. X- ray Crystallographic and Structure Refinement Data of DS4 

Empirical formula 

FormuIa weight 

Temperature 

Wavelength 

Crystal system 

Space group 

Unit cell dimensions 

V D ~ U ~ C  

Z 

Density (calculated) 

Absorption coefficient 

F(000) 

Crystal size 

C23 H27 N 0 2  

349.46 

29612) K 

0.71073 fi 
Monoclinic 

P ~ ] / c  

a-24.8991(16)A u=90°. 

b = X.329?(5) A p = 90.363(4)o 

c = 9.938517) A -! - 90". 
206 1.2(2) A3 
4 

I . I  26 

0.071 mm'l 

752 

0.53 x 0.35 x 0.15 mm" 
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Theta range for data colleclion 

Index ranges 

Reflections col lcctcd 

Mependent reflections 

Completcncss ro theta = 25.00" 

Absorption correction 

Max, and min, transmission 

Rcfincrncnt method 

Data I restraints / paramctels 

Goodness-of-fit on F2 

Final R indices [1~2sigma(Il] 

R indices (all data) 

Ex tinction coefficient 

Largest diff. peak and holc 

2.94 zo 25-00". 

-29 < h 5 29,-9 < k < 9,-I1 5 1s I 1  

45485 

3612 [R(int) = 0.04411 

99.8 YO 

Semi-empirical from equivalents 

0.9896 and 0.Y635 

Full-matrix Icast-squares on F' 

3612/0123R 

1.014 

R1 = 0.0659, wR2 = 0.18 19 

R1 = 0.1275, wR2 = 0.2462 

0.006(3) 

0.306 and -0.140 c.h'? 

n. X- ray Crystallographic and Structure Refinement Data of DS6 

Empirical formula C,? H35 N 0 2  

Formula weight 405.56 

Temperature 100(2) K 

Wavelength 0.7 1073 

Crystal system Triclinic 

Space group P- l 

Unit cell dimensions a -4.5096113) A a - 77.88311 5) ' .  

b = 1 1.728(3) ?i = X9.722(16)". 

c = 22.81 Q(6) A y = X 1.944(15)". 

r 167.5(5) K 3  
2 

Volume 

Z 
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Density (calculated) 

Absorption coefficient 

F(000) 

Crystal size 

Theta range for data collection 

Index ranges 

Reflections collected 

Independent reflections 

Completeness to thcta = 25.00" 

Absorption correction 

Max, and min. transmission 

Refinement method 

Data : restraints I parameters 

Goodness-of-fit on F2 

Final R indices [I>2sigmalI)] 

R indices (all data) 

Extinction coefficient 

Largest diff, PC& and hole 

1.1 54 Mglm3 

0.071 mm-l 

440 

0.50 x 0.22 x 1). 19 mm3 

2.18 to 25.000. 

-45h55,-I35k< 13 , -2751527  

14809 

4036 [Rlint) = II.147j 

97.8 % 

Semi-empirical from equivalents 

0.9868 and 0.91555 

Full-matrix least-squares on FF" 

4036 1 0 / 274 

1.024 

RI  =0.1094, wR2 =0.2717 

R 1 = 0.228 1,  wR2 = 0.3265 

0.012(7) 

0.370 and -0.37 I e.A-3 

E. X- ray Crystallographic and Structure Refinement Data of DS7 

Empirical formula C ~ P  H3Y N 0 1  

Formula weight 433.61 

Temperature 100123 K 

WavcIength 0.71073 &, 

Crystal system Tsiclinic 

Space group P- 1 

Unit cell dimcnsions a = 4.5469110) A n= 97.82411 3)". 
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Velume 

z 
Densiry (calculatcdl 

Absorption coefficient 

F( 000) 

Crystal si?e 

Theta range for data collection 

Index ranges 

Reflections collected 

Independent reflections 

Completeness to sheta = 25 .Oflo 

Absorption correction 

Max. and min. transmission 

b =  I t.81813).!1 fi = 92.803 13)". 

c = 23.823(5) A )I = 97.539( 143". 

1254.3{5) A3 

2 

1 .14X bIg/rn3 

0.071 rnm-1 

472 

0.32 x 0.32 x 0.10 mm3 

2.64 to 25.00°. 

-5 5 h 5 5 ,  - 145  k 5 13, -28 5 I 5  28 

23474 

4276 Wcint) = 0.1 551 

96.4 Nb 

Scmi-empirical from cquivalcnts 

0.9930 and 0.9776 

Rcfinerncnt method FuII-matrix Icast-squares on ~2 

Data / restraints / parameters 4276 1 0  / 291 

Goodness-of-fit an F? 1.037 

Final R indices [1>2sigma(l)] R1 = 0.1025, wR2 = 0.2440 

R indices (a l l  data) R 1 = 0.2099, wR2 = 0.2906 

Largcst diff, peak and holc 0.494 and -0.354 c.A-3 
J 

E. X- ray Crystallographic and Structure Refinement Data of DS8 

Empirical formula 

Formula weight 

Temperature 



X- rqv Cryrtallopphic Refinemem Data 232 

Wavelength 

Oryszal system 
Space group 

Unit cell dimensions 

Vvlumc 

7, 

Density (calculated) 

Absorption coefficient 

F(000) 

Crystal sizc 

Theta range for data collection 

Index ranges 

Reflections collected 

hdependent reflections 

Completencss to theta = 25.00" 

Absorption correction 

Max. and rnin. transmission 

Refinement method 

Data / restraints 1 parameters 

Goodness-of-fit on F~ 

Final R indices [[>2sigrna{I)] 

R indices (all data) 

Largest diff. peak and hole 

0.71073 A 

Triclinic 
P- l 

a = 4.78 14(4) A (I,= 82 Y63(4)G. 

b =  I 2  2 5 3 3 ( 1 2 ) i l  ( \  = 87.12014)". 

c = 24.983(2) A :, = XO.202(4)". 

1430.%2) A3 

2 

1 .Oft9 ~ g / m 3  

0.065 mm-1 

502 

0.30 x 0.20 x 0.20 mrn3 

2,4 to 17.60'. 

-4 5 h 5 4 , - l l  5 k < 11.-22 . ' I522 

14233 

2240 [R(int) = 0.1551 

96.4 "h 

Semi-empirical from equivalents 

0.9930 and 0.9776 
2 

Full-matrix least-squares on F 

4276 / 0 / 2 9 1  

1.109 

R1 = 0 1066, wR2 = 0.2503 

RI = O 0788. wRZ = 0 2004 

0.306 and -0. I40 e.A-> 
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G. X- ray Crystallographic and Structure Refinement Data of DS12 

Empirical formlila 

Formula weight 

Temperature 

Wavelength 

Crystal system 

Space group 

Unit cell dimensions 

Volumc 

Z 

Density (calculated) 

Absorption coefficient 

F(000) 

Crystal si7.e 

Theta range for data collcct~on 

Index ranges 

Reflections collected 

Independcn t reflections 

Completeness to theta - 25.00" 

Absorption correction 

Max. and min. transmission 

Refinement method 

Data / restraints / parameters 

Goodness-of-fit on F~ 

C3~H59N02 

573.89 

100 K 

0.7 1073 A 
Monoclinic 

F2l!c 

a = 45.929f3) A 
b = 8.1824(6) A 

c = 9.1005(6) A 

0.067 mrn-1 

1264 

0.47 x O 14 x 0.06 mm3 

3.12 to 25.06 ". 

-54< h 5 5 4 , - 9 5  k < 9 . - 1 0  5 1 5 7 0  

52955 

4276 [Rfint) = 0.1 551 

99.5 % 

Semi-empirical from equivalents 

0.9692 and 0.9960 

Fd1-matrix least-squares on ~2 

4276 / 0 / 291 

1.017 
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Final R indices [l>2sigma(t)] R1 = 0.0942, wR2 = 0.1 247 

R indices tall data) R I - 0.0530, wR2 - 0 1097 

Largest diff, peak and hole 0.494 and -0.354 e. A-' 
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