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Abstract

A series of nitronylnitroxide and imino nitroxide radicals have been
made that incorporate the benzene-hexafluorobenzene macromolecular
synthon. These systems were designed to self-assemble into a crystal lattice in
such a way that a ferromagnetic interaction is propagated. Sixteen systems,
representing a potential total of thirty-two radicals, were investigated. One
system was obtained with a stacking that should propagate a ferromagnetic
interaction. This system, however, also contains a strong antiferromagnetic
pathway, and its magnetic properties are unusual and still incompletely
understood.

A molecule containing two dicyanoquinonediimine units linked meta
through a benzene was synthesized. It was found to be a ground state triplet,
as expected. Several metal complexes were synthesized, and the molecule
was found to interact ferromagnetically with nickel. Crystals of these systems
could not be obtained.

Two polymers based on the poly(arenemethide) conducting backbone
were synthesized. At least one of these polymers was found to be unstable on

doping. Neither system conducts.



TABLE OF CONTENTS

CHAPTER ONE : MAGNETISM AND CONDUCTIVITY IN ORGANIC MATERIALS

AND: METAL COMPLEXES. ..ccvs s orummmmne o oo siossmoars o o sopoemssasstan s o s sisiapssaiscs s gissssansan s o sazpyssss s s puss 1
WHAT IS MAGNETISM?. ..ottt oo e e e e e e e e e e e 2
SPIN INTERACTIONS IN ORGANIC MATERIALS ...t ettt et et e et e et et 6
SPIN INTERACTIONS BETWEEN ORGANICS AND METALS ... ettiteiieie e 10
MEASURING THE MAGNETIC PROPERTIES OF MATERIALS ...\ .vuivttiinittieiiiteiiesei et teeie e ie e eiaaa e 11
MOLECULAR ORBITAL THEORY AND BAND STRUCTURE OF CONJUGATED POLYMERS ...........ccocviiiinnnin, 14
CONDUCTION, SEMICONDUCTION, AND DOPING. .....c0uuiiniitniintieineii ettt et e aee e e 16
HOPPING, TWISTING, AND MOBILITY ..otuituttiiniiniteietie ittt et e e et e et e e e e e e et e e e 18

MEASURING CONDUCTIVITY .ottt ettt et ettt e ettt ettt ettt e et 20

CHAPTER TWO : TOWARDS THE CRYSTAL ENGINEERING OF AN ORGANIC

FERROMAGNET ...cciiiiiiiiiiiiiiiiiiiiiiinienennn, R e R T e e S 00T Ak,
MACROMOLECULAR SYNTHESIS AND CRYSTAL ENGINEERING. PROBLEM AND SCOPE....................o...... 23
CRYSTAL ENGINEERING DESIGN PARAMETERS.: . ix 1 sussos soons s o snmnn oo o sosmnss 500855 9555 55 4058 95 Svs 5 558 260 25
AN APPROACH TO ORGANIC FERROMAGNETISM USING CRYSTAL ENGINEERING .......oviviiiiiiiiiiiiiinaeaes 30
THE BENZENE-HEXAFLUOROBENZENE SYNTHON. ...ututstntuennsseasssnenssneienssnsnesnsaiasssnisnesssisssimnesiesmis 32
B B e e e e e A
RESULTS AND DISCUSSION ..ottt e e 37
Initial Attempts: Phenyl and Pentafluorophenyl nitronyinitroxide mixed svstem.............................. 37
Biphenyl RIEFORYINITFOXIACS ... e e 39
Diphenylacetylene-RitFonSIRITORIAC s svvmmss sovmmos 5 nmes s wes 5 05 S § Hpes w www o v o s i 5 42
Acetylenic and vinylic spacers between the synthon and the nitronvlnitroxide.................................. 44
Phenyl-vinyl-nitronylnitroxide mixed with pentafluorophenyl-vinyvi-nitronyinitroxide....................... 47

Biphenyl-vinyl RItronyINIIrOXide .........c.c..oiiiiiiiiiiii i 50



viil

Diphenylacetylene-vinyl-nitronylnitroxide (DVIN) ..o cosevss vivsns cossums e suss o samvs soves o sosos o3 ovivn o oo n s | 33
Propyl DVIN......ooiiiiiiiiiiie e e 61
Convergent approach 10 DVINS..........coooiiiiiiiiiiiiiii e 63
CONCLUSTONS sarsus s umwss s vsmies o o S5 55000 F9ue 2 S5 56 $57108 1 BI0 18 5 Res S50 15 S76 b4 Saieil 5 Shio fuas 70
EXPERIMENTAL PROCEDURES ... .utinintteinette ettt e e et e e ettt et e e e e e 72

CHAPTER THREE : A META-LINKED DICYANOQUINONEDIIMINE AND ITS

METAL. COMPLEXES, .coumesssmmmens v s s comesmon o s siamssiows ¢ o s Sewsmaroy s § swusess § 1 § SHOsws § s s o3ges 89
ANION RADICALS AS COMPONENTS IN MOLECULE-BASED CONDUCTORS AND MAGNETS .....ovvviiiiiiiiiiinns 89
METAL COMPLEXES OF CYANOQUINONES AND QUINONEDIIMINES. .. . .ttt ieans 90)
RESULTS AND DISCUSSION ... otititititititiii ittt et ettt et et e et ettt e e e e 92
SYRthesis Of MBDUONQL.......c.oooniieieee e e e e e 92
MBDCNQI DIANION DIRADICAL IS A TRIPLET . ...uiuiitiititetete ettt e e e e e e e e e e e 96
COMPLEXES OF MBDCNQI WITH METAL LIODIDES. .. .. utuuititiinitei ittt et et 101
Magneticicharacterization of ML, COMPLEXes:: i vusuiu: s suvms s s s 55 sywsas v wewss ssa4s 9 S5 25 Yo 55 poies 5 103
SOLUBLE COMPLEXES OF METALS AND MBDCNQIL......oouitiiiiiii e 107
Complexes with Ni(N4) and attempts at cryStallization..................cccooeuiiiiiiiiiiiii i 109
B B B B e e 110
EXPERIMENTALS ...ttt ettt et ettt ettt et e 110
CHAPTER FOUR : INVESTIGATIONS OF DERIVATIVES OF
POLY(ARENEMETHIDE): i i . iniimmic o o scrisoimscorbion s & b summriibisos § 5 sbiaiisiiiansis o 5 sbibiai 5 3 § 5004 15 ¥ 5 s/ 118
SYNTHESIS AND'CHARACTERIZATION OF POLYMERS i i 55 svve s vms s 50 s 536 15 55558 s £3 25595 55 sGbeving 5ous o4 121
B O UL TS O I ssms sipsmss wmsonss cuswsrmssns s s s s s s s s 5 e 5y 0 SR 505 s 0 P ENRS f22
Polstrityl precursor POIYIIEE (PTP). .. .. vsssuss v svason s 55 wu s s 08sss 5 5 55665 06,000 55 S005935 5 055 0420245 55 Hamii 127
DOPING OF POLYMERS & oumves comunss sy s mss swssnstas smsssrissists Suimiis samsiss s5mvisissssess Sueuassis siostsisss s wssmss i 5 s 95 130
POIYTUCHSOIE, v.co vonin e sossmsmnss saismsns s 36 55555.5% 16 25555 S0 SF5R.4% SNORWEH ©4 Nl 38 S50 00 SR 58 80 HL6 0008 00 130

Poly(tritvl) precursor (PTP)........... G T T e o e S e A AR 131



1X

DISCUSSION AND CONCLUSIONS woiss cossmos wezsnns s sissusn 35 sesen s 555 2 5550 5 555955 16 FA055 G000 G508 Sannt s sis oe v v 132
Twisting as a barrier t0 CONAUCTIVITY .......o. ittt [ 34
THSTADII: OF tHE TIHTCTIALS v o soans movsm s sesmsos 1 i s (oo S00mEss 5 To0s 2 495000 HUGES 35 BUSES ToRmas & 215 3 S0U40 t o 133

EXPERIMENTALS ...ttt ittt ettt et e e e e e e ettt e et et e 135

APPENDIX [: CRYSTAL DATA FOR NITRONYLNITROXIDES AND IMINO NITROXIDES .........c.oovviviniiiin i 143

APPENDIX II: THERMAL ELIPSOIDS AND SNAPSHOTS OF CRYSTALS ...cvuiiieiiiiiieieeieieiee e 146
INIEFOTSUITIFOXIAR 1 rusvs smmonen semsmn o0 s wmmiossionss Wonas oo SR it SEASHS DA i DUSHETE A AESIas S9N THESHAR 46 000 TS & 146
INEFONYINIIFOXCAIE 3ot 150
INIEFORYITTIFONICE Tssisn o wnsunn v vosows o0 o csiasstes 63t s 53000, 6 TS 65 A 6 FAGAISAS 55 HASH i vt ot st o 154
Mix of NitrnyInitroxides 6 Qnd 7...........c.ooeeuiiiiiiiiiieiiuiiniiiiiis oot e s e e et e e e s /58
NIFORYINIIFOXIAE & e 62
CHNCIRAIACIYAE. Do wursons vunsswsis sursss s i v wissess e sesgnss o 5/wasas S8 5t 09595 SH008 75 97 5 03998 1 166
NITFONYINTIFOXIAE D ..ot e e e e 169

IO RITFOXIAC 11 . ..ooooioiiiiiiie e e e e e 173



LIST OF FIGURES

FIGURE 1.1 - THE FOUR PRINCIPLE CLASSES OF MAGNETISM. ...0uivuiiniiitiiniinietsinainasieeeeieea i anenns 4
FIGURE 1.2 - THE STAR-NONSTAR MODEL ......0ituitittittiitat ettt et e 7
FIGURE 1.3 - TWO DEGENERATE HOMOS OF M-XYLYLENE HAVE ZERO QUANTUM MECHANICAL OVERLAP
BUT SIGNIFICANT PHYSICAL OVERLAP. ... .00ttt ittt et e e 7
FIGURE 1.4 - OLIGOMERS AND POLYMERS DERIVED FROM ELABORATION OF THE MODEL SYSTEMS IN FIGURE
1.2 DISPLAY MAGNETIC BEHAVIOR PREDICTED BY THE STAR-NONSTAR MODEL. POLY(ACETYLENE) IS
KNOWN TO BE NON-MAGNETIC, AND POLY(ARENEMETHIDE) IS DISCUSSED IN CHAPTER 4.
OLIGOMERS OF POLY(M-ARENEMETHIDE) HAVE BEEN MADE AND DISPLAY THE EXPECTED HIGH-SPIN
133515 7NV (0] ST P TOTRSS 9
FIGURE 1.5 - THE INTERACTION BETWEEN A SEMIQUINONE RADICAL AND NICKEL METAL, SHOWN ABOVE.
IS FERROMAGNETIC AT ROOM TEMPERATURE. ... ..0uiitiittiitiis e et 10
FIGURE 1.6 - QUANTUM MECHANICAL OVERLAP BETWEEN LIGAND AND METAL SPINS RESULTS IN AN
ANTIFERROMAGNETIC INTERACTION. IF THE LIGAND AND METAL SPINS ARE IN ORTHOGONAL
ORBITALS, BUT THERE IS STILL PHYSICAL OVERLAP, A FERROMAGNETIC INTERACTION RESULTS...... |1
FIGURE 1.7 - SATURATION CURVE FOR IDEALIZED PARAMAGNETS, WITH MAGNETIZATION ON THE Y AXIS
AND FIELD ON THE X. SYSTEMS WITH LARGER S VALUES SATURATE MUCH MORE QUICKLY IN
RESPONSE TO AN APPLIED FIELD......00uuiuuiittiiteiseinesee i etses e eeae s s e e e s e e e e e ee e e e e e 3
FIGURE 1.8 - IDEALIZED VARIABLE TEMPERATURE PLOTS FOR A MATERIAL WITH FERROMAGNETIC.
ANTIFERROMAGNETIC, OR PARAMAGNETIC INTERACTIONS PREDOMINATING AT LOW TEMPERATURE. | 4

FIGURE 1.9 - IDEALIZED POLYACETYLENE EXISTS AS A RESONANCE BETWEEN TWO STRUCTURES. AS SHOWN

FIGURE 1.10 - A) THE MOLECULAR ORBITAL STRUCTURE OF BENZENE. B) THE MOLECULAR ORBITAL
STRUCTURE OF A CIRCULAR CONJUGATED DODECAHEXENE. C) THE MOLECULAR STRUCTURE OF AN
INFINITE CIRCLE IS TOO FINE TO DESCRIBE, AND IT IS DRAWN AS A PAIR OF BONDING AND
ANTIBONDING BANDS OF ORBITAL DENSITY. THE LOWER BAND IS CALLED THE VALENCE BAND. THE

UPPER THE CONDUCTION BAND, AND THEIR INTERFACE THE FERMI LEVEL. .....oovviiiiiiniiiii e, 5



X1

FIGURE 1.11 - A PEIERLS DISTORTION IN POLYACETYLENE, TAKING THE STRUCTURE FROM A) TO B). OPENS
UP A GAP IN ITS BAND STRUCTURE . .....uiiutiitiiteiieeiie e e et e e e e e e e et e e 6
FIGURE 1.12 - A CONDUCTING POLYMER (A) IS N-DOPED (B), ADDING AN ELECTRON TO THE CONDUCTION
BAND. THE STRUCTURE OF THE POLYMER RELAXES SLIGHTLY (C), AND A NEW STATE IS FORMED JUST
BELOW THE CONDUCTON BAND. ELECTRONS IN THESE STATES ARE EASILY PROMOTED TO THE
CONDUCTION BAND, WHERE THEY MAY MORE FREELY TRAVEL THROUGHOUT THE MATERIAL........ 17
FIGURE 2.1 - IN THE ABOVE 'PSEUDO-ORTHO’ CYCLOPHANE TETRARADICAL. + SPIN DENSITY ON THE UPPER
RING IS PHYSICALLY CLOSEST TO - SPIN DENSITY ON THE LOWER RING. AS A RESULT., THE RADICALS
ARE ALIGNED, AND THE SYSTEM HAS A QUINTET GROUND STATE WITH J;=-3.5 KCAL/MOL .......... 30
FIGURE 2.2 - THE SPIN DENSITY OF TMM, AS APPROXIMATED FROM EPR DATA.............ooooiiin, 31
FIGURE 2.3 - A TYPICAL T-SHAPED INTERACTION BETWEEN TWO AROMATIC RINGS PLACES THE ELECTRON-
POOR HYDROGEN ATOM FROM ONE RING DIRECTLY IN THE ELECTRON-RICH FACE OF THE OTHER...... 32
FIGURE 2.4 - VARIABLE TEMPERATURE DATA FOR (1) SHOWS S=1/2 BEHAVIOR AT HIGH TEMPERATURE
WITH ANTIFERROMAGNETIC INTERACTIONS PREDOMINATING AT LOW TEMPERATURE. THE VARIABLE
TEMPERATURE DATA FOR (2) IS SIMILAR . ... tttttttit ettt e et e e e e e e e 40
FIGURE 2.5 - VARIABLE TEMPERATURE PLOT? OF 3 REVEALS WEAK ANTIFERROMAGNETIC BEHAVIOR. .... 43
RIGURE 2.60:= ETHYNY LNITRONYLINITROKIDE .m0 5wt 6 0 355 708 5000 S oy s st i 44
FIGURE 2.7 - VARIABLE TEMPERATURE SQUID MEASUREMENTS™ FROM (6). (7). AND THE MIXTURE OF THE
TWO. EACH 1S S=1/2 AT ROOM TEMPERATURE; IMPURITIES IN (6) LOWER THE CALCULATED VALUE
SLIGHTLY. THE ANTIFERROMAGNETIC INTERACTIONS IN THE MIXTURE ARE FAR STRONGER THAN IN
EITHER OF THE TWO STARTING MATERIALS. THIS ARISES FROM AN UNUSUALLY SHORT. 3.38A
DISTANCE BETWEEN NITRONYLNITROXIDE OXYGENS. ....uuiitiiitiiit ettt eeaneein e 48
FIGURE 2.8 - VARIABLE TEMPERATURE PLOT?* FOR NITRONYNITROXIDE 8. ........ovviiiiiiiiieeieneeeeeiiiiiinn 51
FIGURE 2.9 - 1-(1-CARBOXYVINYL-2,3,5,6-TETRAFLUOROPHENYL)-2-PHEMYLACETYLENE. A) THE NON-
FLUORINATED RINGS ARE SLIPPED SLIGHTLY FROM THEIR INTENDED POSITIONS. B) THE C-O BONDS

ALIGN IN THE CRYSTAL TO OPPOSE THEIR DIPOLES.. .vvoun wssmevwumnin oo snmvaima vnoion awmemasivn sacsms viostminina siv S4



X11

FIGURE 2.10 - VARIABLE TEMPERATURE DATA FROM 3 POLYMORPHS OF 9. THE POLYMORPH FROMI
METHYCYCLOHEXANE LOSES ALMOST EXACTLY HALFOF ITS XT BY 1.8K............oooooii, 36
FIGURE 2.11 - AT LOW TEMPERATURES, THE METHYLCYCLOHEXANE-DERIVED SAMPLE OF
NITRONYLNITROXIDE 9 SHOWS AN INFLECTION, AND APPROACHES 1/2 THE ORIGINAL VALUE OF X,,T.
o e L 57
FIGURE 2.12 - A SATURATION CURVE FOR NITRONYLNITROXIDE 9, ISOLATED FROM
METHYLCYCLOHEXANE. THE CURVE IS FIT TO S=1.25. THE OTHER TWO POLYMORPHS OF 9 SHOW A
LINEAR RESPONSE TO AN APPLIED FIELD, INDICATIVE OF A STANDARD LINEAR CHAIN HEISENBERG
ANTIEER ROMAGNET e sisienes s st S S o Sy S s S asor i ot e o 3 GBS 38
FIGURE 2.13 - VARIABLE TEMPERATURE DATA™> FOR NITRONYLNITROXIDE 10.........cccoooiiiiiiiiiii... 62
FIGURE 2.14 - NITROXIDE (11) DISPLAYS WEAK ANTIFERROMAGNETIC COUPLING.?* THE DISCONTINUITY
AT ABOUT 50K IS AN INSTRUMENTAL ERROR .....ceuuitniiniinntiieeiein ettt siiesieieseeiteeanesaeeaesaeanenns 67
FIGURE 2.15 - NITRONYLNITROXIDE (14) IS WEAKLY ANTIFERROMAGNETIC..........ccoviviiiiiinaiiiniiin.. 69

FIGURE 3.1 - A) TETRACYANOQUINONE (TCNQ), TETRACYANOETHYLENE (TCNE) AND

DICYANOQUINONEDIMINE (DCNQI). .ouiiiii i 89
FIGURE 3.2 - A COMPLEX BETWEEN MO,(O,CCF;),; AND DCNQI. .......ocooiiiiiiiiiiiiiiiiie 9l
FIGURE 3.3 - M-BIS(DICYANOQUINONEDIIMINE) BENZENE (MBDCNQI).......ooooiiiiiiiiiiii 92
FIGURE 3.4 - UV/VIS OF MBDCNQI IN DICHLOROMETHANE. Ey5,= 52000........cc.viviiiiiiiiee. 95

FIGURE 3.5 - CV oF MBDCNQI IN METHYLENE CHLORIDE WITH 0.1M TETRABUTYLAMMONIUM
PERCHLORATE AT 200NMVIS 5.5 sissinniie s sssscssiontusin nsiosssrosisistss s siasonsimssse s s’ sosioins s s s s s o o 97

FIGURE 3.6 - SATURATION CURVE FOR THE SALT MBDCNQI* * 2 CO(CP)," SHOWS S=| BEHAVIOR......... uN

FIGURE 3.7 - EPR OF |uM MBDCNQI DOPED WITH .1 EQUIV CO(CP), IN BENZENE AT 77K. THE
MODULATION WAS 4 GAUSS, 0.128 TIME CONSTANT, 2500 GAIN. AND FREQUENCY=9.281 GHz.
D=0.0047¢M", E=0.0025CH™, ANDGELT6. . cvumesnressonsansmsmssrssmssmnsnsmmsmsssas armsssns samss - smonaasasms 9y

FIGURE 3.8 - POTENTIAL CHELATION OF MBDCNQI TO METALS VIA ALL FOUR NITRILES. ..........oouno.... 101



X111

FIGURE 3.9 - IR SPECTRA OF MBDCNQI COMPLEXES: A) UNREDUCED MBDNCQI BOUND TO VANADIUNL.
B) REDUCED MBDCNQI BOUND TO MANGANESE (BROADNESS SUGGESTS MULTIPLE ENVIRONMENTS.
C) NEUTRAL, METAL-FREE MBDCNQL.......c0uiitiiiiniiii e 1132
FIGURE 3.10 -A) THE VARIABLE TEMPERATURE DATA FOR THE PRODUCT OF THE REACTION BETWEEN MNI,
AND MBDCNQI IS QUALITATIVELY VERY SIMILAR TO THE DATA FOR COMPLEXES WITH OTHER
METALS. B) THE VARIABLE TEMPERATURE DATA FOR THE PRODUCT OF THE REACTION OF NII, AND
MBDCNQI SHOWS A SMALL BUT REAL UPTURN BELOW 100K .. ...cooiiiiiiii 104
FIGURE 3.11 - THE SATURATION BEHAVIOR OF THE COMPLEX BETWEEN NII, AND MBDCNQI FITS TO S=2.
WITH A LARGE LINEAR COMPONENT. A SATURATION PLOT AT 4.5K (NOT SHOWN) FITS TO §=3.3.. 105
FIGURE 3.12 - THE REACTION BETWEEN NI(HFAC), AND MBDCNQI* ¢ 2 TEAI" YIELDS AN INSOLUBLE
SOLID WITH A SIGNIFICANT UPTURN. A CONTROL EXPERIMENT USING DCNQI AS THE LIGAND
YIELDED QUALITATIVELY SIMILAR RESULTS. THE DISCONTINUITY OF THE DATA AT 240K IS AN
ERROR OF THE INSTRUMENT SEEN IN OTHER EXPERIEMENTS AND IS NOT REAL. .......ocovivniiiininnnn. 107
FIGURE 3.13 - NICKEL CAPPED BY TRIS(2-AMINOETHYL)AMINE. THE SOLID iS CRYSTALLIZED AS THE
HY DRATE ettt ettt e e e e 108
FIGURE 4.1 - A) THE DEGENERATE GROUND STATES OF POLYACETYLENE. B) DOPING THE POLYMER
INITIALLY CREATES A RADICAL ANION, WHICH CAN REARRANGE INTO A SPINLESS STATE CALLED A
SOLTTON: conns soroms i sviwsss sxsues s s s Sm 7 5TETES 5 9 SRS 1 RE0E F0Hbi 67 55 00 RS 57 S 40 o 6 HHIVHS SRS 9 118
FIGURE 4.2 - POLY(ARENEMETHIDE)
FIGURE 4.3 - SYNTHETICALLY ACCESSIBLE CERIVATIVES OF PAM., SUCH AS THE POLY(FUCHSONE)
POLYANION (A) CAN BE CONCEPTUALLIZED AS DERIVATIVES OF CHICHIBABIN'S HYDROCABON (13). 1 20)

FIGURE 4.4 - TARGET POLYMERS (1) AND (2). THESE POLYMERS WILL ASSUME THE PAM BACKBONFE WHN

FIGURE 4.5 - CV OF POLY(FUCHSONE) IN THF WITH 0.1M LICLO, v$ AN AG/AGCL PSEUDOELECTRODE.
THE FIRST REDUCTION WAVE AT E,,=-0.87V vS NHE IS CHEMICALLY REVERSIBLE: THE SECUND IS

NOT, AND RESULTS IN THE GROWTH OF A NEW OXIDATION WAVE AT -0.3V THAT IS NOT INHERENT TO



X1V

THE MATERIAL. THE FUZZINESS OF THE DATA IS DUE TO ELECTRONIC FEEDBACK IN THE INSTRUMENT

AND'DOES NOT AFFECT THERESUIIES. .0.ccvisisn srisric:sesicesistvsaossr sisossesss 565 e 537355 581 5870 F355700e0 55 ok T om0 1237

FIGURE 4.6 - PAM PRECURSORS BASED ON FLUORENE MIGHT ELIMINATE SOME TWISTING

LIST OF SCHEMES

SCHEME 2.1 - MOLECULES, WHICH TEND TO HAVE ASYMMETRIC SHAPES, PREFER TO PACK IN A WAY THAT
MAXMIZES INTERMOLECULAR CONTACTS (RIGHT) OVER OTHER METHODS (LEFT)...........cccoovvninn.... 27

SCHEME 2.2 - A) MIXING BENZENE AND HEXAFLUOROBENZENE LEADS TO A FACE-TO-FACE. MIXED STACK.
THE RINGS ARE SEPARATED BY 3.6A. B) MIXED SYSTEMS INVOLVING BIPHENYLS (THIS PICTURE
PRODUCED FROM DATA IN THE CAMBRIDGE CRYSTALLOGRAPHIC DATABASE) ALSO FORM

ALTERNATING STACKS. IN THIS CASE, THE MOLECULES ARE STERICALLY FORBIDDEN FROM ASSUMING

A COMPLETE FACE-TO-FACE CONFIGURATION. ....uiuitititiiitit ettt et ee e 33
SCHEME 2.3 - SYNTHESIS OF A NITRONYLNITROXIDE AND NITROXIDE. ... ..utuuiuuiintniieinaiiaenaneinaeiaenananen s 35
SCHEME 2.4 - A SIMPLE MIXED CRYSTAL SYSTEM DID NOT FORM AS ANTICIPATED.........ccouvvneieieinaainnnn, 37
SCHEME 2.5 - SYNTHESIS OF BIPHNEYL NITRONYLNITROXIDES ......cuivuuiiiniiiniiniiieinaiieiieeaeeiieeieenaens 39
SCHEME 2.6 - SYNTHESIS OF A DIPHENYLACETYLENE NITRONYLNITROXIDE.........cc0oivuiiiiiiiiaiiiainannn, 42
SCHEME 2.7 - A) SYNTHESIS OF PHNEYLETHYLNYLNITRONYLNITROXIDE; B) SYNTHESIS OF

PENTAFLUOROPHENYLETHYNYLNITRONYLNITROXIDE. .. ..0ucuuiinniiineinineisisaieaeseeseeieein e 46

SCHEME 2.8 - SYNTHESIS OF VINYLNITRONYLNITROXIDES: A) RADICAL (6). CINNEMALDEHYDE
NITRONYLNITROXIDE. B) RADICAL (7), PENTAFLUOROCINNEMALDEHYDE NITRONYLNITROXIDE. .. 47
SCHEME 2.9 - SYNTHESIS OF A BIPHENYLVINYL NITRONYLNITROXIDE. ....c.uuititiniiitiinaieeaeieiaeaieeeen 51
Nyl Sh=vi 12 0 IO GG i 21 =2 o) = D RVA TGO ————— O RIS o
SCHEME 2.11 - SYNTHSIS OF PROPYL DVN

SCHEME 2.12 - SYNTHESIS OF CINNAMALDEHYDES BY A CONVERGENT PATHWAY

SCHEME 3.1 - SYNTHESIS OF MBDCN QI . ..o A



XV

SCHEME 4.1 - A SYNTHESIS OF POLY(FUCHSONE) VIA SUZUKI CHEMISTRY ....vuvintiniitiiiniiaieieeeeian [24

SCHEME 4.2 - IMPROVED SYNTHESIS OF POLY(FUCHSONE) VIA NICKEL CHEMISTRY .....ccviiiiiiiiiiiaiiennnns. 126

SCHEME 4.3 - SYNTHESIS OF POLY(TRITYL) PRECURSORS (PTPS) 2A AND 2B. ...voviiiiiiiiiiiiiiiieaenn 129
LIST OF TABLES

TABLE 2.1 - A SAMPLING OF 36 SYNTHONS THAT HAVE BEEN SEEN IN CRYSTAL STRUCTURES. FROM
REFERENCE . ..ottt ettt et e et et 25
TABLE 2.2 - CINNEMALDEHYDES SYNTHESIZED THROUGH CONVERGENT ROUTE. NOT ALL

CINNEMALDEHYDES WERE CONVERTABLE TO THEIR NITRONYLNITROXIDES - SEE TEXT BELOW....... 65

LIST OF STRUCTURES

STRUCTURE 2.1 - STRUCTURE OF A BIPHENYL NITRONYLNITROXIDE. THIS CUTAWAY SHOWS ONE OF THE |-
D STACKS ALONG THE A AXIS. oo itittiitiiiiie et e e e e e e e et 41
STRUCTURE 2.2 - STRUCTURE OF AN DIPHENYLACETYLENE NITRONYLNITROXIDE LOOKING DIRECTLY
DOWN THE B AXIS (OTHER MOLECULES REMOVED FOR CLARITY). FACE-TO-FACE DIMERS FORM. BUT
THEY DO NOT PRECISELY OVERLAP.......uiituiitniiittiineit ettt et et e e e 44
STRUCTURE 2.3 - DISORDERED MIXED CRYSTAL OF PHENYLVINYL- AND PENTAFLUOROPHENYLVINYL-
NITRONYLNITROXIDES. THE RADICALS (SHOWN ONLY AS PENTAFLUOROPHENYLS HERE) STACK FACE-
TO-FACE AS DIMERS, SHOWN IN A). THE OXYGEN ATOMS (RED) ON TWO PERPENDICULAR RADICALS
ARE ONLY 3.30A APART. ....oveeieiee e e 30
STRUCTURE 2.4 - STRUCTURE OF A BIPHENYLVINYL NITRONYLNITROXIDE. A) THE PACKING SHOWS NO
INFLUENCE OF THE SYNTHON, WITH FLUORINATED RINGS SLIP-STACKED OVER OTHER FLUORINATED

RINGS. B) THE TWISTING OF THE RINGS CAUSES THE MOLECULES TO INTERCALATE INTO STACKS AT



XVi

STRUCTURE 2.5 - STRUCTURE OF NITRONYLNITROXIDE 9 FROM METHYLCYCLOHEXANE. THE DISORDERED
MOLECULES FORM SLIPPED 1-D STACKS THAT INTERCALATE LIKE LINCOLN LOGS™. DESPITE THE
SLIPPAGE, THE MOLECULES COINCIDENTALLY OVERLAY EACH OTHER IN A WAY THAT SHOULD
FERROMAGNETICALLY COUPLE THEM. HOWEVER, THE OXYGENS HAVE CLOSE CONTACTS AT THE
INTERCALATION SITES (OVERLAPPING RED ATOMS ABOVE) AND CAN STRONGLY
ANTIFERROMAGNETICALLY COUPLE. ... ctuitiitiiteii ittt ettt 60

STRUCTURE 2.6 = INITROXIDE [Tl 1) weiuts 50050 656m:6810s150505 550555 85555 5550 aoerstnss on 555 1050 v 10 0 s s i e 68



Chapter One : Magnetism and Conductivity in Organic

Materials and Metal Complexes

Magnets and conductors of electricity are typically thought of as existing
only in the realm of inorganic materials. Refrigerator magnets, for example,
are rectangles of magnetite, Fe,O,, a brittle, opaque ceramic that is dug out of
the earth, its properties intact. Conductivity is a property usually reserved for
the elements, such as copper, aluminum, or, at its most unusual graphite, the
stablest phase of pure carbon.

In the last thirty years, however, attention has turned to more
sophisticated materials, made partially or wholly out of organic compounds,
that can also exhibit these properties.! These materials come not out of
nature, but out of the synthetic laboratories in academia and industry. The
properties of these materials are often wholly different from their inorganic
cousins, and can include transperancy, light weight, and solubulity in organic
solvents or water. Some can also be recast as thin films, a crucial quality for
many industrial applications.

Chemists are fascinated by such materials for reasons of basic science as
well as industry. It is impossible to transmute the properties of metals, but it
is possible to subtly modify the structure of an organic compound, and by
doing so gently mold the properties of the final material. Such nudging can

optimize a material for a particular application. It can also fill in our



understanding of magnetism and conductivity, providing surprising new
structures and properties that test the true extent of our knowledge of solid
state physics.

The materials discussed in this thesis are in no way intended to become
component parts in a technology of the near future. Instead, each investigates
an area where the understanding is shallow, with the hope that raising the
level of knowledge will lead to new research, and perhaps to new materials
that can become incorporated in everyday life.”

The subjects of magnetism and conductivity are specific manifestations
of the interactions of electrons in 3-D materials. This introduction will start
by overviewing magnetism, then go on to discuss conductivity and the
relationship between the two properties. It will also briefly look at the
physical methods used to characterize the properties of such materials. This
discussion will provide a reference point from which the design principles

and the results of the next three chapters can be interpreted.

What is magnetism?

The phenonemon of bulk magnetism, the spontaneous magnetic
behavior most obviously recognized in materials such as magnetite, has been
known for perhaps 4500 years in China.’ Its first technological application
was in the compass. This obviously important innovation has encouraged
scholars since that time to wrestle with the question of how magnetism

works. These efforts were doomed to failure, however, for in the last century



we have recognized that spontaneous, bulk magnetism is strictly quantum
mechanical in nature, and cannot be properly explained without an
understanding of electron spin.*

Ferromagnetism results from the parallel alignment of electron spins
in a solid.” Each spin represents a very small magnetic moment. The
additive effect of aligning all the spins throughout a material results in a
macroscopic moment, most noticeable for interacting with other macroscopic
moments, such as those in a paper clip or refrigerator door. Usually, though,
electrons do not align in this manner, and there are several possibilities for
how they can behave. These possible behaviors are outlined in Figure 1.1,

and described below.

Paramagnetism: This is the most common behavior for
compounds with unpaired electron spin. In this case, each
individual electron spin is completely unaffected by its
neighbors. The spins of a bulk material will align in the
presence of a magnetic field, but because each spin has a
magnetic moment of such small magnitude, that alignment is
weak. In practice, temperatures near absolute zero, accompanied
by magnetic fields of 5 to 10 Tesla, are required to completely
align the spins in a paramagnetic sample, and those spins will

reiax to a random distribution as soon as the field is removed.
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Figure 1.1 - The four principle classes of magnetism.

Antiferromagnetism: This is the other major behavior of
compounds with unpaired spin. In this system, each spin pairs
with its neighbor, and the result is a solid with no net magnetic
moment, and which responds to a magnetic field as a diamagnet.
The act of pairing is, in fact, analagous to the process of bonding,

and if electrons can form such a pair they will. The energy



necessary to break this pairing is often so weak, that most
systems with antiferromagnetic ground states behave as
paramagnets - systems with uninteracting spins - except at

extremely low temperatures.

Ferrimagnetism: Ferrimagnetism is a rarer behavior, in which
the antiferromagnetic interactions between spins of different
magnitudes result in a net moment. Magnetite is a ferrimagnet:
S=5/2 Fe(Ill) atoms alternate in space with S=2 Fe(Il) atoms and
interact antiferromagnetically with them. The result is that each
pair yields net 5=1/2, and all the moments are aligned. A
ferrimagnet maintains its alignment in the absence of an

externally applied field.

Ferromagnetism: In true bulk ferromagnetism, all the spins in a
solid are aligned. Two nearby spins can only align
ferromagnetically if there is zero quantum mechanical overlap
between the spin-containing orbitals. In such a case, there is no
opportunity for a bond, even a weak bond, to form. Alignment
of the spins, which correlates their motions and minimizes
electron-electron repulsion, is thus the more stable state. A
ferromagnet also has a net magnetic moment in the absence of

an applied field.



Spin interactions in organic materials

In order to think about building a magnet out of molecular
components, we must first obtain an understanding of how spins interact in
molecules. For conjugated organic compounds, Ovchinnikov has proposed
the ‘star-nonstar’ rule®, which has been astonishingly successful in predicting
the ground states of organic radicals. This rule applies to all alternant
hydrocarbons, with no known exceptions.

According to this model, all the atoms in a molecule are alternately
labelled with stars or without (nonstars), such that all starred atoms are
adjacent only to nonstarred atoms (Figure 1.2). The number by which stars
exceed nonstars is the number of aligned spins in the system, and this
number multiplied by 1/2 (the spin of an electron) gives the molecule’s spin
state. (By convention, stars always outnumber nonstars.) As shown in the
figure, m-xylylene and TMM are thus S=1 molecules, and p-xylylene and
butadierie have a singlet (S=0) ground state.

As stated above, a ferromagnetic interaction can only occur if the
unpaired electrons have zero quantum mechanical overlap, and the star-
nonstar rule turns out to be an easy structural mnemonic for predicting this
condition. The two degenerate orbitals of m-xylylene are non-overlapping,
but significantly coextensive in space (Figure 1.3), and the radicals are thus

aligned.
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Figure 1.2 - The star-nonstar model

Figure 1.3 - Two degenerate HOMOs of m-xylylene have zero quantum
mechanical overlap but significant physical overlap.”



The star-nonstar analysis holds true for molecules and materials far
more complex than these simple model systems, where calculation of the
HOMO is not possible. The oligomers and polymers obtained by elaboration
on these motifs are shown in Figure 1.4 and behave as expected. As a result,
the topological connection of unpaired spin bridgedmeta through a benzene

can be considered a robust ferromagnetic coupling unit: if spin density is
present at the oo and o positions of m-xylylene derivatives, one can be sure

that those spins are aligned.



Y 2

n

Polyacetylene
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Figure 1.4 - Oligomers and polymers derived from elaboration of the model
systems in Figure 1.2 display magnetic behavior predicted by the star-nonstar
model. Poly(acetylene) is known to be non-magnetic, and
poly(arenemethide) is discussed in Chapter 4. Oligomers of poly(mn-
arenemethide) have been made® and display the expected high-spin behavior.
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Spin interactions between organics and metals

Metals are a more standard source of unpaired electrons than organic
radicals, and they are the spin source for all technologically important
magnets today. The direct interaction of spins on more than one metal atom
can be mediated by their ligand sphere, and most recently a family of
compounds using cyano ligands (and structurally similar to Prussian Blue)
have been shown to be ferromagnets as high as 315K.” The spin density
present on molecular and atomic orbitals falls off quickly with space,
however, and only the smallest ligands can strongly communicate spin
information from one metal to the next. These small ligands are by nature

the least open to modification with organic chemistry.

t-Bu
One way to ensure a stronger
communication of spin information in a O & L
%
metal-ligand system is to make the ligand f\éh\
O = L
itself a radical. In this case, the ligand spin BU L
density may be physically close to the Fignte 15 - The interaction

between a semiquinone radical
and nickel metal, shown above,
is ferromagnetic at room
temperature.

metal, and a strong interaction is expected.
Indeed, the magnetic interaction between
nickel metal and a semiquoinone ligand (Figure 1.5) is strong even at room
temperature.

The nature of the interaction between a metal and a ligand-based

radical is again predicted by examining the quantum-mechanical overlap
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between the orbitals containing the two spins (Figure 1.6). Assuming the
ligand radical is contained in a m orbital, if it encounters spin density in a d_

metal orbital, it will have positive overlap, and an antiferromagnetic (weak

bonding) interaction will predominate. If the ligand radical physically
overlaps with spin density in only d, orbitals, the two spins have zero
quantum mechanical overlap, and the spins are ferromagnetically aligned. In
the case where a metal has density in both d; and d_ orbitals, the

antiferromagnetic interaction always predominates.

Overlap between orbitals of the same 1
symmetry results in electrons pairing

Overlap between orthogonal orbitals 1 1
results in electron alignment

Figure 1.6 - Quantum mechanical overlap between ligand and metal spins
results in an antiferromagnetic interaction. If the ligand and metal spins are
in orthogonal orbitals, but there is still physical overlap, a ferromagnetic
interaction results.

Measuring the magnetic properties of materials
Technology now exists to allow very subtle measurements on very
small amounts of bulk material. The most important device in the material

scientist’s repetoire is the Superconducting Quantum Interference Device, or
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SQUID. In a SQUID magnetometer, a small amount (5 to 200mg) of bulk
material is loaded into a capsule or hollowed tube, and the sample is passed
up and down through the coils of a Josephson junction. The magnetization
is measured as a function of the current passing through the coils, which is
itself affected by the net alignment of the bulk material. Application of an
external magnetic field to the system partially aligns spins in the bulk sample,
and the extent of alignment is an indicator of the spin state of the system.

There are two major experiments which provide details of the possible
magnetic states that a paramagnetic material can inhabit in between
diamagnetism (S5=0) and ferromagnetism (S=e0). The first is a variable field
experiment, in which the temperature is held constant at some low value
(19K for the experiments discussed in the following chapters) and the
magnetization of the material is recorded as a function of field.

Paramagnets are comprised of many, independently acting magnetic
moments (spins), whose sizes are described by their S values. These magnets
tend to align with an applied field, and larger moments (with larger S) tend to
align more quickly with the field than smaller moments, whose weak
interactions are more strongly influenced by thermal noise. The result is a
characteristic saturation, or Brillouin curve, as shown in Figure 1.7.
Experimental data can be fit to the theoretical curve in order to determine the

spin state of the bulk sample.
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Figure 1.7 - Saturation curve for idealized paramagnets, with magnetization on
the y axis and field on the x. Systems with larger S values saturate much more
quickly in response to an applied field.

In a variable temperature experiment, the field is held constant below the
value at which saturation effects become evident (for experiments in the
following chapters, this value is 2000 gauss), and the temperature is varied. As
the temperature is lowered from room temperature toward absolute zero, the
ground state is no longer overwhelmed by thermal noise, and the magnetic
moment of the material will go up for a ferromagnet and down for an

antiferromagnet. Typical plots are shown in Figure 1.8.
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Molecular orbital theory and band structure of conjugated polymers

Magnetism in organic

systems is understood by
applying simple rules that turn
out to predict the important
results of more sophisticated
orbital

molecular theory.

Magnetic systems are cross-
conjugated: there is no possible
resonance form that can pair
the two radicals that are
connected; for instance, meta

through a benzene. A standard

conjugated organic backbone is

¥oT
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Figure 1.8 - Idealized variable temperature plots
material  with
antiferromagnetic, or paramagnetic interactions
predominating at low temperature.

ferromagnetic,

not magnetic, but has the possibility of becoming conductive.'

R R R Sy e

PAaY AW LN,

Figure 1.9 - Idealized polyacetylene exists as a resonance between two

structures, as shown above.
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The prototype conducting polymer is polyacetylene, a conjugated
polymer most simply thought of as one sp? carbon repeated ad infinitum. Its
molecular orbital can be approximated by examining the orbitals of
conjugated ring systems, as shown in Figure 1.10. Benzene has six orbitals:
three bonding and three antibonding. Circular dodecahexene has twelve
orbitals: five bonding, five antibonding, and two non-bonding, the levels
more densely packed than those of benzene. An infinite circle, as a model for
linear polyacetylene, has orbitals packed infinitely densely throughout its
energy spectrum.

Such a dense packing of orbitals is referred to as a ‘band.” In this case it
is helpful to think of the orbitals as forming two bands, one filled
(corresponding to the HOMO) and one empty (corresponding to the LUMO.)
The lower (HOMO) band is called the valence band, and the upper (LUMO) is
called the conduction band. The midpoint between the two is called the

Fermi level.

a) b) B c)

Figure 1.10 - a) The molecular orbital structure of benzene. b) The molecular
orbital structure of a circular conjugated dodecahexene. ¢) The molecular
structure of an infinite circle is too fine to describe, and it is drawn as a pair of
bonding and antibonding bands of orbital density. The lower band is called
the valence band, the upper the conduction band, and their interface the
Fermi level.
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In this simple treatment of polyacetylene there is an exact degeneracy
between the valence and conduction bands. However, a molecule that has
partial occupation of degenerate orbitals is vprone to a Jahn-Teller distortion,
known in solid state physics as a Peierls distortion. In this distortion, the
fully delocalized representation of polyacetylene distorts into an alternating
bond conformation with bonds of length 1.38 and 1.43A", as shown in Figure
1.11. (For reference, a C-C single bond is 1.54A and a C=C double bond is
1.35A.) This opens up a band gap in the structure between the valence and

conduction bands, destroying the degeneracy.

a)

b)\/\/\/\%

Figure 1.11 - A Peierls distortion in polyacetylene, taking the structure from a)
to b), opens up a gap in its band structure.

Conduction, semiconduction, and doping

If there is an exact degeneracy between the valence and conduction
bands, it takes no energy to promote an electron, creating a hole in the
valence band and an electron in the conduction band. If there is a gap

between the valence and conduction bands, then the material may be doped
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to make it conduct: p-doping rips out an electron from the valence band,
creating a hole; n-doping adds an electron to the conduction band. Most
conjugated polymers are semiconducting or insulating in their pristine states.

Doping can give them metallic conductivity.

N N e G e N

RN T o W N N N W

¢ relaxation

U Uy Ul

Figure 1.12 - A conducting polymer (a) is n-doped (b), adding an electron to
the conduction band. The structure of the polymer relaxes slightly (c), and a
new state is formed just below the conducton band. Electrons in these states
are easily promoted to the conduction band, where they may more freely
travel throughout the material.

If one applies a bias across the metal, the electrons are attracted to the
positive electrode and the holes to the negative electrode. In a doped
material, the electrons or holes can wander subsrtantially from their original

counterions. In polyacetylene, for example, 85% of charge is contained in 15
CH units around the dopant. Conductivity (o) scales with the number of free

carriers; o=ne|l, where n=carriers per unit volume and p=carrier mobility. A

small amount of dopant will give a large increase in carrier number and
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therefore conduction. The conductivity of polyacetylene, 10> (2 cm)-! in the
pristine state, rises 3 orders of magnitude upon doping with 1% AsFs and 7

orders of magnitude with 5% AsFs, with a maximum conductivity on the

order of 106 (Q cm)! (depending on the dopant and the polymer

2 This effect is not due

morphology), roughly equivalent to that of copper.'
solely to increasing the number of carriers. As the carrier density increases,
the barrier preventing an electron from migrating from one counterion to the
next becomes smaller and smaller. This is reflected as an increase in the
mobility of the material. Past a certain level, though, increased doping
decreases the carrier mobility, in part through degradation of the material,
decreasing conductivity.

The basic rule in designing a conducting polymer is thus to create a

conjugated topology, then dope it.

Hopping, twisting, and mobility

It has been assumed in the above analysis that the individual polymer
strands are infinitely long. In practice this is not true, and, in order to get
from cathode to anode, electrons must hop from strand to strand through the
material.

It is hopping that eventually controls the conductivity of real materials.
Electrons (or holes), trapped in an individual strand, must come into close

contact with a doped segment of a neighboring strand in order to move
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through the material. Increasing the length of a real polymer strand up to a
certain point increases the conductivity of a material. The strand then has
physically greater contact with its neighbors and thus a greater opportunity for
the electron to find an optimal hopping site. The effect is most pronounced
in small strands, and, beyond a certain point (>60 double bonds in
polyacetylene'), increasing the length of the strands has a diminished effect.
The conductivity in these systems is limited by the material’s nanostructural
morphology. The most conductive samples of polyacetylene have their
polymer strands aligned, minimizing the distance between strands and thus
the barrier to hopping."

Twisting the conducting backbone similarly disrupts the material’s
conductivity. Simple  derivatives of poly(acetylene), such as
poly(phenylacetylene) are not conductive because the steric bulk of the phenyl
groups causes considerable twisting to the backbone." Electrons and holes
cannot travel past these twists, and must hop from strand to strand to
conduct.

The mobility of electrons is thus restricted by morphology. Doping will
still increase the conductivity of a polymer, and in practice, conductivities of
up to 102 (Q cm)” can be acheived solely by hopping."” Improvements

beyond that limit require the presence of a conducting backbone.
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Measuring conductivity

The most consistant measurements of conductivity are made with a
four-point probe on a thin-film sample of material. A voltage is applied
between the two outermost points, causing current to flow through the
conducting material. The interface between the metallic probe and the
conducting polymer may not be ohmic, and there may be a turn-on voltage
associated with getting current to flow. As a result, measuring the voltage
between the two inner probes affords a more accurate characterization of the
material, and resistance can be solved for based on the geometry of the probes
and the thickness of the material.”

Thin films of the material suitable for such experiments can be made
by spin-coating or simple evaporation. Spin-coating affords more
homogenous samples and is thus the preferred method. Samples are
dissolved in a suitably volatile solvent and dropped slowly onto a rapidly
spinning glass slide. Polymer is deposited on the slide as it spins, giving a
coating of roughly uniform thickness. Thickness can be measured bv
profillometry or elipsometry, and for the experiments described below is
usually on the order of 100nm.

Evaporation of several drops of polymer solution provides rougher,

thicker coatings on the order of 1um.

' a) for a review of magnetism, see Kahn, O.; Molecular Magnetism, VCH

Publisher, Inc., New York, 1993. b) for a comprehensive review of conducting
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Chapter Two: Towards the crystal engineering of an

organic ferromagnet

Macromolecular synthesis and crystal engineering: Problem and
Scope

Macromolecular synthesis refers in general to attempts to acheive
geometrical order between one or more molecules using non-covalent forces.
Crystal engineering is one subfield of macromolecular synthesis, in which the
emphasis is placed on rationally ordering molecules in the crystal lattice.
Achievement of such ordering could yield materials with an impressive array
of physical properties, including non-linear optical activity, catalytic function,
high electron or hole mobility, and ferromagnetism.'

Currently, the art of macromolecular synthesis is still in its formative
stages. For the organic chemist, it is probably best thought of as analagous to
conventional covalent synthesis, as outlined by Lehn’. In conventional
synthesis, as described by Corey’, one conceptually breaks down the target
molecule into its synthons, the more accessible building blocks which, when
combined, form the target. The synthons are generalizable from reaction to
reaction, and they form the welds with which a wide variety of substituents
can be linked together. Covalent reactions tend not to convert 100% of the

starting materials to product, and that inefficiency is reported as the yield of
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the final product; the rest of the material reacts to generate unintended side-
products.

In macromolecular synthesis, molecules are brought together non-
covalently instead of covalently. In this case, the synthon is still the
functionality of a molecule that serves to link it, with itself or other
molecules, in an ordered fashion. The most basic synthon is perhaps the ion
pair, where positive and negative ions tend to aggregate near each other, both
in solution and in the solid state. A dramatic example of this has been
recently shown by Tour et al.!, who assembled cationic fullerene derivatives
on an anionic DNA backbone.

Many other synthons are available, and a nearly exhaustive list appears

in a review by Desiraju’ and is reproduced in Table 2.1.
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Table 2.1 - A sampling of 36 synthons that have been seen in crystal
structures. From reference 5.

Crystal Engineering Design Parameters
One synthon that nicely illustrates the promise and pitfalls of crystal
engineering is the carboxylic acid group, which can form strong hydrogen-

bonded dimers. For example, carboxylic acids tends to form dimers in the
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solid state, following synthon 1 from Table 2.1. Indeed, in about 85% of the
small molecules examined by Desiraju’, carboxylic acid groups tend to form
these dimers. However, in the other 15%, an alternative ordering scheme
predominated. One possibility is sython 2, in which the carboxylic acid groups
formed polymeric ribbons, though this is by no means the only alternative.
This success rate can be thought of as analagous to the yield of conventional
synthesis: instead of the conventional synthon directing 85% of the molecules
to form the desired products, a macromolecular synthon may direct all the
molecules to form the desired structure about 85% of the time.

A further limitation of this synthon in particular is that its reliance on
hydrogen bonding eliminates the possibility of incorporating many other
functional groups into the eventual crystal. Amines, for instance, will
deprotonate the acids to form ion pairs. Alcohols, thiols, and other
heteroatom-containing functional groups may also participate in hydrogen
bonding, disrupting the intended network of carboxylic acid dimers. It is thus
important to generate a large library of possible synthons that may be used to
guide the assembly of a given structure for a given application.

In general, the packing of molecules into a crystal is determined by the

priorities in the list below®:

1) Maximize crystal density. van der Waals forces, though
weak, occur throughout the volume of the crystal and account

for most of the enthalpy of crystal packing. Organic crystals tend
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to have between 60-77% of their volume encompassed within
the van der Waals radii of the component molecules. Any
attempts to reduce the crystal density below this range usually
result in the inclusion of solvent molecules in what would
otherwise be voids. This general principle is also known as
Kitaigorodskii's Principle of Close Packing, and is illustrated in
Scheme 2.1°. Large molecules that cannot pack in a crystal lattice
without significant void space will often collapse to glasses,

which are an interesting phenomenon in their own right.”

T
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Scheme 2.1 - Molecules, which tend to have asymmetric shapes, prefer to pack
in a way that maxmizes intermolecular contacts (right) over other methods
(left).

2) Satisfy H-bond donors and acceptors and any other special
synthons. When present, hydrogen bonds tend to dominate
other special interactions because they are highly directional, and

thus most sensitive to small perturbations in geometry. The
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presence of multiple interactions of this type can make a crystal
less dense. As an example, ice, which fulfills all of its possible
hydrogen bonds, is less dense than water. Other synthons take
advantage of specific electrostatic interactions or specifically

favorable van der Waals contacts, as shown in Table 2.1.

3) Minimize electrostatic energy. Once the synthons have
been satisfied, weaker electrostatic effects guide the crystal into its
final structure. In the crystal, bond dipoles are much more
imporant than molecular dipoles because the molecules pack too
closely to be affected by unperturbed total dipoles. When two
possible structures have nearly the same packing density, this

would be the force that determines the lowest energy structure.

It should be noted that the carboxylic acid dimer, and in fact all of the
synthons listed in the review by Desiraju, order molecules in one dimension
only. The problem of ordering molecules precisely in three dimensions is far
beyond the scope of current technology, and is likely impossible using only
small molecules as the synthons.®” There are many combinations of weak
forces that potentially fall within less than a kilocalorie/mol range in energy
difference, and it is not possible to computationally access such subtle
interactions. Furthermore, crystallization is a kinetically controlled process

where the slow step is the formation of a crystal nucleus, and there is no
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guarantee that the true thermodynamic mimimum structure will be the
experimental one. As a result, crystals often have several polymorphs, the
supramolecular equivalent of isomers. Even at a single temperature, many
possible structures may coexist as metastable states.

While polymorphism may prevent arbitrary control over the three
dimensional structure of a crystal, several applications are potentially
accessible using the limited set of tools currently available. One such
application is the organization of organic radicals to form a ferromagnet, as

discussed below.
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An approach to organic ferromagnetism using crystal engineering

As discussed in chapter 1, spin is distributed across a © system in a spin-
polarized fashion. If two organic radicals could be made to stack face-to-face,

with regions of spin o on one molecule most closely positioned to regions of

spin B on another, the antiferromagnetic interaction between those regions

would align the spins on the two molecules.
This strategy has been tested in a model

system by Izuoka et. al."

The cyclophane
biscarbene, shown in Figure 2.1, can be

generated at liquid nitrogen temperatures in a

MeTHF matrix. This ‘pseudo-ortho” system is

predicted to couple ferromagnetically, and it

does, with an astoundingly high J,=-3.5K.

The ‘pseudo-meta’ system gives a ground state

Figure 2.1 - In the above

singlet, again as predicted by theory. ‘pseudo-ortho’  cyclophane
tetraradical, + spin density on

This type of stacking has also been seen the upper ring is phy51ca]1y

closest to - spin density on
in a non-covalently constrained system, the the lower ring. As a result,

the radicals are aligned, and
galvinoxyl radical. At temperatures above the system has a quintet

ground state with J=-3.5
85K the radical serendipitously crystallizes kcal/mol

into a structure where regions of spin o and spin B align as described above,

and weak ferromagnetic interactions are seen between the radicals.'" Below
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85K the crystal undergoes a phase transition, and the molecule adopts an
antiferromagnetic ground state."

There are two significant problems associated with achieving bulk
ferromagnetic order using this strategy. First, one-dimensional ordering of
spins is necessary but not sufficient for achieving bulk ferromagnetism. Each
1-D system can potentially order antiferromagnetically to its neighbors,
resulting in a bulk cancellation of magnetic dipoles.

Second, and more subtly, magnetic ordering by this mechanism
requires tolerances at the sub-angstrom level. Though the sign of this spin
may alternate from atom to atom, the magnitude does not. Atoms
contributing to the spin-containing molecular orbital of a molecule contain
the vast majority of spin density on the molecule, where 041
the neighboring atoms are just polarized away from zero
spin. This is illustrated for TMM in Figure 2.2. As a

. , " . 041 0.41
result, the interactions that favor antiferromagnetic
order are much stronger than those that favor Figure 2.2 - The
spin density of
ferromagnetic order, and a slight slippage from the TMM, as
approximated
idealized geometry will result in a bulk antiferromagnet. from EPR data."”

In some sense, then, building a ferromagnet by this pathway is the

ultimate test of the guiding ability of a supramolecular synthon. Realistically,

though, realization of a bulk ferromagnet in this way requires not only

excellent design, but also a good dose of luck.
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The benzene-hexafluorobenzene synthon

7 stacking, generally discussed as the face-to-face

stacking between aromatics, is an unfortunate

misnomer; most aromatic systems are electron rich,
and thus mutually repel. The w stacks that have been

seen are usually slipped, allowing the electrostatically
positive hydrogen of one ring to lie over the electron
rich face of another, as shown in Figure 2.3. The face-
to-face stacking seen in more extended systems is
usually driven by van der Waals interactions, rather
than elctrostatics®.

Benzene and hexofluorobenzene have long

Figure 2.3 - A typical
T-shaped interaction
between two aromatic
rings  places the
electron-poor

hydrogen atom from
one ring directly in
the electron-rich face
of the other.

been known to associate face-to-face, and the two liquids (benzene mp=5.5°,

and hexafluorobenzene mp=4°) mix 1:1 to form a solid (mp=27) at room

temperature.'*  The solid consists of stacks containing benzene and

hexaflurobenzene, alternating in a 1-D chain (Scheme 2.2a).
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a) \-‘-J —— b)

Scheme 2.2 - a) Mixing benzene and hexafluorobenzene leads to a face-to-face,
mixed stack. The rings are separated by 3.6A. b) Mixed systems involving
biphenyls (this picture produced from data in the Cambridge Crystallographic
Database) also form alternating stacks. In this case, the molecules are
sterically forbidden from assuming a complete face-to-face configuration.

This favorable interaction is a result of complementary electrostatics and
sterics: the face of the benzene is electrostatically negative, with electrostatically
positive hydrogen atoms ringing it. The face of hexafluorobenzene is
electrostatically positive, with electrostatically negative fluorines ringing it. By
coincidence, the magnitudes of the two quadrupoles are nearly identical, as are
the molecular sizes.  Stacking face-to-face thus allows both favorable
electrostatics and close-packing. In addition to the above system, fluorinated
biphenyls have also been shown to stack as predicted by this simple electrostatic
picture, though the twist in the biphenyl unit prevents complete overlap of the
aromatic faces (Scheme 2.2b).

This synthon has recently been used by others at Caltech in order

15,16

to organize molecules to react in the solid state. Diphenyl- and

di(pentafluro-phenyl)diacetylenes form a mixed crystal in the predicted way
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and can be photopolymerized. Similarly, 1-pentaflourophenyl-4-
phenyldiacetylene itself crystallizes in the familliar face-to-face fashion and
also photopolymerizes.” It should be noted that for each system the rings are
not stacked precisely atop each other, since other forces involved in crystal
packing conspire to move them slightly from this conceptually simplest
orientation. Similar work has been done dimerizing double-bonded systems

using this synthon.'

The project

This project aims to use the benzene-hexafluorobenzene synthon to
organize the stacking of organic radicals. In this case the macromolecular
target, a magnet, is analagous to the natural product target of conventional
synthesis. Magnetism is well-enough understood to allow one to design a
magnetic structure on paper, but the field of molecular magnetism 1is still
young, so each new material represents a significant addition to the field. The
magnetic properties of a crystal can be nondestructively and easily measured
on 10-milligram scale samples of material, and the magnetic properties

depend entirely upon the three-dimensional structure of the crystal formed.
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Scheme 2.3 - Synthesis of a nitronylnitroxide and nitroxide

The organic radical of choice for this experiment is the
nitronylnitroxide. These radicals are air and water stable, highly colored, and
can be chromatographed. There exists a considerable literature studying the
magnetism of a variety of species'’, and the radical 4-nitrophenyl-
nitronylnitroxide was the first known all-organic ferromagnet."
Nitronylnitroxides are easily synthesized in two steps from the corresponding
aldehyde' (Scheme 2.3). Most important for this study, the spin-containing
system is in direct conjugation with any variety of aromatic substituents, and
spin-polarization across these substituents has been used to explain the
magnetic behavior of several derivatives.’*  Finally, the synthesis of
nitronylnitroxides yields the related imino nitroxide as a side-product,
allowing two radicals to be created for each synthesis undertaken. This factor
is an important advantage, given the anticipated need for a large number of
trials to afford the desired product. Initial experiments focused on the better-
studied nitronylnitroxdes.

The nitronylnitroxide unit, while polar, lacks any other specific

macromolecular directing group that might interfere with the dominance of
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the desired benzene-hexafluorobenzene synthon. This is the first system
tested with the benzene-hexafluorobenzene synthon that is not entirely
planar, as the methyl groups from the nitronylnitroxide protrude above and
below the plane of the synthon. The van der Waals radius of a t-butyl group
is similar to the breadth of a phenyl ring (3.30A vs 2.92A), so this system is

expected to accomodate the perturbation.
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Results and Discussion

Initial Attempts: Phenyl and Pentafluorophenyl nitronylnitroxide mixed

system

%_é
- N N .
0 - \\\\\ \‘~..()

4+ F ’ +> mixed crystal

Scheme 2.4 - A simple mixed crystal system did not form as anticipated

The most logical place to start such research is to synthesize the

119 121

phenyl” and pentafluorophenyl® nitronylnitroxide and attempt to form a 1:1
crystal. The two nitronylnitroxides were mixed (Scheme 2.4), and crystal
growth was attempted in ether and ethyl acetate both by cooling and by slow
evaporation. Under neither condition was a mixed crystal formed, as

evidenced by observation of the original melting regimes, both using a

traditional melting point aparatus and differential scanning calorimetry.



38

There are three possible reasons for this failure. The first is that the
nitronylnitroxide group is expected to be considerably electron withdrawing,
and thus the phenyl-nitronylnitroxide system may not be electron rich
enough to make an intermolecular interaction favorable for formation of the
mixed crystal. The second interpretation is that the nitronylnitroxide unit
sterically prevents complete overlap of the rings, also reducing the strength of
the interaction. Finally, the optimum geometry of packing for the two
monomers may simply be denser than the best geometry for a mixed crystal.

Additional systems were designed to include both the fluorinated and
non-fluorinated rings in a single molecule in order to minimize such

ambiguities.
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Biphenyl nitronylnitroxides

F F F, F
O

2.70% HOAc
F
3.
F F 5t 1 F F o
4. NalOy,
1
0 F, F O -
1. BuLi \
0 2. Hexafluorobenzene NZ
3. TosH, Acetone /
—_—»
4.
HN NH N
OH HO /
5. NalOy4 F F O
Br 2

Scheme 2.5 - Synthesis of biphneyl nitronylnitroxides

The blue nitronylnitroxide (1) was synthesized according to Scheme 2.5,
characterized magnetically, and structurally determined by x-ray
crystallography. The para- isomer was the major product of the synthesis; the
meta- isomer could be isolated in <10% yield when chromatographed as the
ethylene glycol-protected aldehyde. The magnetic data of (1), showing an
antiferromagnetic downturn at low termperature, is fairly standard for
nitronylnitroxides, and is shown in Figure 2.4. The weak antiferromagnetism
is probably dominated by very long, 6.18A O-O contacts between

nitronylnitroxide units.
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2,3,5,6-Tetrafluorobiphenyl 4-nitronylnitroxide
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Figure 2.4 - Variable temperature data* for (1) shows S=1/2 behavior at high
temperature with antiferromagnetic interactions predominating at low
temperature. The variable temperature data for (2) is similar.
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The synthon did not dominate the ordering of the molecule in the crystal,

as shown in Structure 2.1. Ring twist between the phenyl units and the

tetrafluorophenyl is 44°, and that between the tetrafluorophenyl and the

nitronylnitroxide is 58°. (The five-
membered ring of the nitronylnitroxide is
itselft puckered out of planarity in order to
stagger its four methyl groups, so all
dihedrals involving this ring are listed as
the average of the two possibilities.) The
molecules stack in a staggered 1-D column
with nitronylnitroxide units lying atop
pheynyl rings and the tetrafluorophenyl
rings tilted out of the plane. The C-F bonds
from adjacent molecules point in opposite
directions, and the structure may be
stabilized in part by this favorable

opposition of local dipoles.

Structure 21 - Structure of a
biphenyl nitronylnitroxide.  This
cutaway shows one of the 1-D stacks
along the a axis.

The fault in this system is thought to be the twist between the phenyl

rings preventing stacking as predicted by the synthon. Because 2 also contains

this ring twist, no x-ray characterization was attempted. The next system

eliminates this twisting.
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Diphenylacetylene-nitronylnitroxide

F, F
1.< >7: Li

2.70% HOAc

I EEE—
3.

o—  wy w
OH HO
4, NaIO4

Scheme 2.6 - Synthesis of a diphenylacetylene nitronylnitroxide

Nitronylnitroxide (3), a purple compound synthesized according to
Scheme 2.6, was also a weak antiferromagnet (Figure 2.5). Analysis of the x-
ray structure (Structure 2.2) shows that the synthon now behaves at least
partially as intended. It dimerizes in a head-to-tail fashion with
unfluorinated rings stacked on fluorinated rings. The radicals are prevented
from forming infinite 1-D stacks by the twist of the nitronylnitroxide unit,
approximately 60° out of the plane. This extreme twisting disrupts both the 1-
D network and the delocalization of spin density out onto the aromatic

synthons.
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Figure 2.5 - Variable temperature plot” of 3 reveals weak antiferromagnetic
behavior.

The steric bulk of the twisted nitronylnitroxide prevents the rings from
lining up in a direct face-to-face fashion. In this case, atoms of the
unfluorinated ring are often situated near the center of a carbon-carbon bond
of its fluorinated partner. Because the antiferromagnetic interactions are

much stronger than the ferromagnetic ones, this slippage will likely result in

antiferromagnetic dimers. There is no need to invoke such an effect to

explain the magnetic data; the weak downturn is consistant with nearest

neighbor O-O contacts of 6.22A.
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This was a minor success. Future structures were designed with a planar
spacer in between the synthons and the nitronylnitroxide unit in order to allow

the entire molecule to remain in the same plane.

Structure 2.2 - Structure of an diphenylacetylene nitronylnitroxide looking
directly down the b axis (other molecules removed for clarity). Face-to-face
dimers form, but they do not precisely overlap.

Acetylenic and vinylic spacers between the synthon and the nitronylnitroxide

Acetylenic  groups were the )=
preferred target for spacers between the N2
synthons and the radical because they | — //

would preserve the mirror symmetry of

F O

the molecule, and thus presumably lead

to simpler, less disordered crystal
Figure 2.6 -
structures. Several attempts were made to [Ethynylnitronylnitroxide
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synthesize nitronylnitroxides with acetylenic groups directly attatched to the
radical. The literature has one report of a successful synthesis of a red,
unstable material thought to be the ethynylnitronylnitroxide shown in Figure
2.6”. Experiments designed to create nitronylnitroxide 4 (Scheme 2.7a) using
standard oxidizing conditions resulted in a fleeting blue color (a color
characteristic of previous nitronylnitroxide radicals) followed by
decomposition. Oxidation with less than a stoichiometric amount of
chloranil, followed immediately by chromatograp<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>