ABSTRACT

MILLER, PAUL DUNCAN. Synthesis and Characterization of Dolsrdge-Donor Biradical
and Biradicaloid Complexes to Elucidate the Origin of Gfaell Characte{Under the
direction of Dr. David A. Shultz).

The electronic structures of Kekttigpe biradicals~ two antiferromagnetically coupled
radi cal s t habond¥% aave lbeenr anpoird of research and debate ever since
Chichibabinds hydrocarbon was synthesized in
in 1987. Stability issues have complicated data collection and analytkis class of molecules
however the utilization of bulky metal complexes of semiquinone radical déaoutilized
heavilyin the Shultz laB% precludes the previouskcerns of dimerization and other deleterious
interactionsin solution. Biradicalsusing this radical donor were synthesized with two distinct
types of bridges: oligothiophenes, and oligophenylenes. Distégmmendence relationships were
made to magnetic exchange, with implications that as organic bridges vary from quinoidal to fully
aromatic, the antiferromagnetic magnetic exchange increases, and the molecular structures change
dramatically. These changes are explained using aprevalecular orbital model that lacks the
pitfalls of previous analyse#lso herein is a novel spin system utilizingB3D biradicals with
controlled electronofwasdr magoeei ¢thewsaobhnge At o
paramagnetic metals, investigati-systamsmodateo t he
magnetic exchange for the first time to date, and finally investigations into how alkene and alkyne

moieties modulate oligophenylene and oligothiophene magnetic exchange were @bnducte
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Comparison of how bh varies with different -decay values according to .
Notably, when > 0 the magnitude of A exponentially decays from the
predetermined®O @ p mwhilei < 0 shows an exponential increase.22
Examples of previously synthesized biradicaloids utiliziAg phenoxy,

(B) dicyanomethylene, anc] cationic diarylamine radicals. F@r, -SMe
groups used as linkers in breinction conductivity studies. Equilibrium
arrow is used since left hand structure is an open shell triplet, while the
structure on the right is a closed shell singlet..........ccccccoiiiiiiicnnn. 23
Examples of bis(phenoxy) biradicaloids previously synthesized. For
thiophene/furan/selenophene bridged bis(phenoxy) molecules, a=1 and b
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air due to inherent instability caused by'@Geing able to initiate intradiol
cleavage through valence tautomerism, complicating data collection (see
Appendix A.2 for mechanism). Yields shown are starting from the parent
dibromide. 2,55Q-thieno[2,3b]thiophene is across conjugated-B-D
molecule, therefore it isota biradicalOid............ccccoveeeieiiiiiceeiiiee 27
Synthetic route for all MSgBridge biradicaloids. Bridges utilized outlined

INFIQUIE 11,2 . et e e et e e e e e eaaaae 27
Synthetic route to MOMCatBpin and S@ Overall yield starting from
MOM_2CatBr shown irFigure 11.2 ... 29

Thermal ellipsoid (50% probability) plots from crystal structures (data
collected at 100 K) 06Q2, SQ:Th, SQ:Th2, andSQThszwith M = Zn.
Numbering conventions for dioxolene and thiophene shown. Cumenyl
groups and protons omitted for clarity...........cccoooeviiiiiiccciiiin e, 30

Pl ot iwersus theadistance between the SQ radical centers as found in
the crystal structures seen irigure I1.2. Standard deviation (SD)

calculated utilizing SD =& w&wherex is the sum of SD of the
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Figure 11.6
Figure 1.7
Figure 11.8
Figure 11.9
Figure 11.10
Figure 11.11
Figure 11.12
Figure 11.13
Figure 11.14

dioxolene bonds in 3;8i-tert-butyl-semiquinone andgis the sum of SD of
the dioxolene bonds in the synthesized biradicalaids........................... 31
Simplified Lewis structures of S@hn (n = 1, 2, 3) with methyl radicals
replacing semiquinone8ond order is based off crystal structure data..33
Powder EPR oZnSQ-Ths (left) andZnSQ2Thz (right). Subset spectra are
theaans = 2 signal for each compound. Fitting performed with EasySpin. g
=2.0000 peak is @S = Y2 IMPUIILY-......ccoieiiiiiiiiniiieees e 34
A. VT-EPR data for SeJhz in a PVC matrix [~0.2 M] and fit to a-State
Model. B. VT-EPR data for SeJhz in a PVC matrix [~0.2 M] and fit to
Lo [U =4[] o I /T 35
Left: Paramagnetic susceptibilitgmperature product Card T )vs.
temperature for a crystalline sampleSf)-Th2-SQ with g = 2.00. Fit with

a 3State Model.Right: Paramagnetic susceptibiitgmperature product

(cpardd TVB.temperature for a crystalline sampleS)-Ths-SQ with g =

2.00. Fit WIthEQUAtION 13 ......oooiiiiiiiieiie e 36
Left EAS of SQThn (n = 1, 2, 3) in cyclohexane at room temperature.
Right Dilute solutions of SeXhn(n =1, 2, 3) in dichloromethane.......... 37

Left VT-EAS spectrum oZnSQ2Thsin a PS film. Isosbestic points are at
15500, 20500, and 24000 dmRight VT-EAS spectrum oZnSQ2Tha.
Peak intensity increase at 13000 tdue to decreased molecular motion at
[OWET tEMPEIALUIES.....ceevviiiiicc et e e e e e e e e eeeer e e e e e e e e e aaaeeees 37
A: Boltzmann distribution of peak intensities of the peak at 1821% cm
(triplet) and 22422 crh(singlet). Fitting finds) of -111 cm* for SQThs.

B: A Si ngibgpechum0BQ:Ths at 4 K. Y-axis is molar extinction
coefficient/LE M e ..o e 38
Left Fitted plot of the peak at 13000 ¢rintensity versus temperature for
SQ:Thzto the 3 State ModeRight Temperature dependent populations of
the three lowest energy statesS@ The-SQ......oovvvvveiiiiiiiiiiiicee s 39
Left Exponential decay of computed] ps the distance between the two

radical centers increasd®ight Exponential growth of computed| jas the
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bond deviationparameters of the dioxolene rings in 3G\ (n = 03)
INMCTBASES. ..vttttiieiieieeee et e e e e e e eeet ettt et e e e e e e e e e e e e s s s e mnne e e e e e e e e s s e bbb bbb bbennnnnes 40
Figure 11.15 Comparison between a traditional circuit with a resistor to a
bis(semiquinone) biradicaloid bridged by,Th= 0-3). The battery voltage
is similar to the SQ(SOM®GBridge(LUMO) bonding energy, while the
resistor/wire is similar to the bridging unit, with more resistancen as
1o == TS E ST URRRRRRRPR 43
Figure 11.16 A: Resonance forms for STh>-NN and SQTh»>-SQ that highlight
guinoidal character in the bridge that would increagg;HB: Plot showing
a linear correlation between the number of SQ radicals bound to the
aromatic bridges anBIHEB. .........c.cccveveveveveeeeeeeeeee e reeeens 46
Figure 11.17 Thermal ellipsoid (50% probability) plots from crystal structures (data
collected at 100 K) 08Q:Ph, SQPhz, SQ2Phen SQAB, andSQ:BiPh.
Note that forSQ:Phen the ethene moieties shown are 50% occupied.
Cumenyl groups and protons omitted for clarity..............covvevvvvieenneennn. 49
Figure1l.L18 Pl ot of x&i versus the distance bet wee
the crystal structures seen Figure 11.17. Standard deviation (SD)
calculated utilizing SD =& w&wherex is the sum of SD of the
dioxolene bonds in 3;8itertbutytsemiquinone ang is the sum of SD of
the dioxolene bonds in the synthesized biradicalaids........................... 49
Figure 11.19 Simplified Lewis structures of S®h, (n = 1 and 2) with methyl radicals
replacing semiquinones for simplicitBond order is derived from crystal
SETUCTUIE dat@... ..o o it e e e e 50
Figure 11.20 Simplified Lewis structures of SBhen and S¢AB with methyl radicals
replacing semiquinones for simplicitygond order is based off crystal
SETUCTUIE dat@... ..o e e e e e 51
Figure 11.21 Left Thermal ellipsoid (50% probability) plots from crystal structures (data
collected at 100 K) dbQzFluorene. Right Atom labels for fluorene bridge
IN SQ2FIUOIENE. ... e e eens 51
Figure 11.22 Powder EPR 06QPhz (A), SQ:BiPh (B), SQ:Phen(C), andSQAB (D)
observed in PVC at 29%. Subset spectra are tbens = 2 signal for each
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compound. Fitting performed with EasySpin. g = 2.0000 peakisa S = %
] 0] 010 SRR 53
Powder EPR oS8Q:Fluorene observed in PS at 295 Kubset spectrum is
theaams = 2 transition Fitting performed with EasySpin. g = 2.0000 peak is
AS = Y2 IMPUIILY ..ot e e e e e e e e ame e s s e e e e e e e e e e eeaeeeeees 54
Left: VT-EAS spectrum oBQ:Phzin a PVC film. Right: Comparison of
SQPh, SQPh2, SQPhen, SQAB, andSQ:BiPh UV-vis in cyclohexane.

Left: Comparison of 4 K EAS ofSQPhz in PVC and SQPh in
cyclohexaneRight: Boltzmann fitting of the bands at 23700 ¢ftriplet;
black) and 26500 cth(singlet; green) for the EAS &Q:Pho. ................... 55
Comparison o6QFluorene andSQ:Phz EAS spectrum in cyclohexan..56
Paramagnetic susceptibilitgmperature productgad TVs. temperature
for a crystalline sample oAj SQ-Ph2-SQ, (B) SQ-AB-SQ, (C) SQ-Phen
SQ, and D) SQ-BiPh-SQ with g = 2.00, angt = 0. SQPh-SQ SQUID
data can be found IBPPENdiX A.3... ..o 57
Paramagnetic susceptibilitgmperature productarA TVs. temperature
for a crystalline sample oA] SQ-Ph-SQ, fit with Equation 30, and B)
SQ-Flourene-SQ, fit with EQuation 13, ...........ouvviiiiiiiieiee e 58
Left Distancecomputed magnetic exchange relationship fosP3RQ(n =
0-2) compoundsRight Plot ofedJHgg correlated to the number of SQ units

in conjugation across the system, with O foP¥h-M fully aromatic bridge,

1 for SGPh-NN biradicals, and 2 for S®@h, biradicaloids...................... 59
Plot of the correlation between bond deviation parameters derived from
crystal structures dQPhn (n = 0-2) andJ. values...........cccoevvvvivinnnnneee. 61

Depiction of the bonding to nelmonding interactions between twe p
orbitals as the distance between the two orbitals is changed............... 64
Symmetrized models for biradicaloid electronic structared-state model
showing the transition from closegthell singlet to open shell singlet as the
number of bridge units increas&.MO model based on the allgisystem.

The three porbitals represent paramagnetic SQ at the termini (oe&ch)
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and the bridge unit (two’)e Six configurations are showg&.S = closed
shell, OS= open shell DE1CS= lowest doublyexcited closeghell, and
DE2CS= highest doubhexcited closeghell.............ccccvviiiiiiiiieeciiiiiee, 66
Figure 11.33 States for SeX'hn (n = 1-3) biradical/oids derived from the allyl model...68
Figure Ill.1  Precursors to mixedalent monocationic forms of phenothiazidecorated
chalcogenophenes as synthesized by Wenger et.al................c.vvueeee.. 69
Figure Ill.2  Aromaticity indexes A) for thiophene, selenophene, tellurophene, and
furan calculated through determining the variances in the Gordy bond
orders Of thE -SYStEM..........oiiiii e 70
Figure Ill.3  Synthetic routes to access @15 br o mo s e | e-dirgme2 n2z§
biselenophene, and 5;8ibrome2,2":5',2"terselenophene...................... 12
Figure 111.4  Synthetic route to acceSERSen (N= 1-3) ....coooiiiiiiiiiiiiiee e 72
Figure ll.5 Thermal ellipsoid (50% probability) plots from crystal structures (data
collected at 100 K) oEeft SQSeandRight SQ:Se, notably this is the
planar conformor present in the crystal lattice. Cumenyl groups and protons
OMIEEEA TOI CIAITLY ... 73
Figure Ill.6  Comparison of the two conformers present inSeSe crystal lattice.....74
Figure IIl.L7 Paramagnetic susceptibilitgmperature productgad TVs. temperature
for a crystalline sample dfeft SQ:Se fit to the 3state model an&ight
SQ:Ses fit to a two state MOdel..........vueeeiiiiiiee e 75
Figure 1.8 Powder EPR 08Q:Se (Left) andSQSes (Righ) observed in PS at 295 K.
Subset spectra are thens = 2 signal for each compound, except$@:Se
that shows an unusual feature that spans 1400 to 2400 Gauss........... 76
Figure 1l1.9 Comparison of electronic absorption spectra3@Se, (n = 1-3)...............77
Figure I11.10 Comparison of electronic absorption spectraS@eSe: (n = 1-3) to the
respectiveSQzThn (N = 1-:3) analogues.............ooovviiiiiiivimmnnsseesiinnennd 1
Figure IV.1 A: The two resonance forms of (NiSOh, (n = 0-3) bismetallo complexes
synthesized to probe magnetic exchange across two exchange coupled
semiquinone radicals bridge by oligothiophen&. Extensive and
simplified fourspincenter modelC: Molecular view of the simplified

four-spincenter model. M = any paramagnetic metal. SQ = semiquinone
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CHAPTER 1: GENERAL INTRODUCTION, BACKGROUND AND THEORY

|.1. Electronic Coupling (Hpa) and Organic Biradicals

Conugated -systemsare regularly incorporated intnoleculebased materials farganic
semiconductorsyreakjunctions,andspintronicst' ® Thesesystemsely upona commonprocess:
moving electrons.Electrontransfer(ET) is the processof moving one electronfrom a source
(atom/moleculedonor, D) to anotheratom or molecule an acceptor(A). In single molecule
deviceselectronmotionis calledtransport.The rateandefficiency of ET/transportis dependent
on the electronc coupling matrix element,Hpa, which is analogoudo a resonancéntegraland
cannotbe measuredlirectly. However,it is possibleto calculateHpa by virtue of its correlation
with therateconstanof electrontransfer kp-a, theconductancég) in asinglemoleculeelectronic
device,ori asdemonstratetdy the ShultzandKirk groupsi theexchangeouplingparameter)
(Figure 1.1). Molecular structureproperty relationshipsaffecting Hpa are key to fine tuning
ET/transport/exchangevhich in turn will leadto syntheticcontrol of electronic,magnetic,and

spintronicmaterialproperties ®

Single Molecule
Conductance

@ a6 }
A
p
-

Conductance

gOCHJZJ.{

Ground State Biradicals
.
(&)

Exchange coupling

JocHj,

Energy (arbitrary units)

Photoinduced
Excited State Biradicals

L “D-B-A
kesN(D*-B-A)  3(D*-B-A)
A S i
\ Kisc |
|
kCR
3(D-B-A)
D-B-A

Rate constant of e- transfer

kD—.{ x ]ILZH

Figure 1.1 Left Visual ofa break junctiorexperiment that measurtiee conductance across a single molecule
= linker that allows for the bridge to bind to the metal contddiddle: Depiction of Shultz group ground stati
Donor-Bridge-Acceptor biradica. Right Energyratediagram ofD-B-A molecuk states upon photexcitation.

The directmethodof determiningelectrontransportin a singlemoleculedevicerequires

measuringthe conductancehroughmolecularbridgesthat spanmetallic electrodesThe most

commondevicearchitecturés thefi b r -p & k c.tConduttanceg (= resistanceé andmeasures
thefi e a with which currentflows),acrossasinglemoleculeis measuretetweenwo-electrodes

andhasbeenshownto bedirectly proportionalto Hpa with the equation®



g —80 s (1)

Wheree is the chargeof an electronand 4 p/| a arewidths of the D and A levels due to their
couplings to the left and right metal leads, respectitgbwever,theseexperimentsannotgive
clearstructuralinformationon the role of the bridge, sincethe atomiccompositionof the linker
thatbinds the bridgeto the electrodege.g, thiols or amines) bridge conformation detailsof the
linker-metalcontact andnatureandmorphologyof themetalliccontactsall affecttheconductance
observed 1! As suchtheexperimentaty is anaveragef hundredso thousandsf measurements
Thus,while breakjunctiondevicesmay bestapproximatdrue molecularcircuity, theyarenotthe
bestway to evaluateherole of themolecularbridge.

An alternative experimentto probe Hpa is to use donorbridgeacceptor (D-B-A)
molecules D-B-A molecularsystemsare designedo facilitate energyor electrontransferfrom
thedonorto anacceptoin anexcitedstatei photoinducedT (PET). Hpa canthenbedetermined
via specificmagnetiefield dependenPET rateconstantsvith the equationfor MarcusTheory 2

y

0 [f =_AgB 2)

Wherekp.a is therateof anelectrontransferredrom adonorto anacceptor<is thereorganization
energy,and & G is the free energyof the reaction Photoexcitationof the donor of a D-B-A
moleculeresultsin chargeseparationo yield a D*-B-A" intermediatewhich is not only a
zwitterion, but an excited state biradical. Utilizing ultrafast spectroscopyin the presenceof
magnetidields, it is possibleto studytherateof chargeseparatiorandrecombinationkcs (=kp-a)
andkcr, respectivelyandcomputeloa andHpa.'® Notably, Equationsl and2 showthatboth kp-
A and g are directly proportionalto Hpa?. However, it is not possibleto determinedetailed
structuralinformation of transientexcited stateswhich diminishesthis experimend sbility to

correlatestructurepropertyrelationships.



StudyingET processegypically requiresstudyingtransienexcitedstatesor systemsvhere
structuralinformationis difficult if notimpossibleto assesgxperimentallyHowever work in the
Shultzand Kirk groupshasshownthat DonorBridge-Acceptor(D-B-A) biradicalsare ground
stateanalogof photoinducedhargeseparateéxcitedstates:* The Shultzgrouphassynthesized

1 " L L L
1 1 TpCumMeZn Fe) 0. 1
Tpo ’“"'Zn N B ° s N‘;
0.8 ’ i.k zw:(: 0.8 084 \ N\ 18y J °:;e Lo.8
Y T 5 N\ \HH (EPR)= exp[-0.12 (r-r )] X
% QI % \\ HIH = exp[-0.11 (r-r )] QI
= 06 F0.6 ~ £ 06 \ RN 0.6 .~
g 38 \ =
ﬁ HIHO = exp[-0.2 (r-ra)] g = \ b, 5
L 0.4 L4 = 04 e o4 S
Y [} S 3 o
3 83 g
0.2 L .24 S +o.
02 02 I3, = exp[-0.22 (rr )] ~ 92
I = exp[-0.39 (r-r )] JN (EPR) = exp[-0.26 (r-r )]
0 T T T T 0 0 T T T T 0
2 4 6 8 10 2 4 6 8 10

e (A) rr (A)

Figure 1.2 Top Exponential dependence ofain (red) and Ha (blue) on
distance for(A) 1,4SQPh-NN (n =1,2) biradical series, and fd&,5SQ
Tha-NN (n = 1,2).Error bars correspond to propagated error in J val
determined from multiple susceptibility experimenithe dashed lines iB

represent exponential attenuation enk (green) and ba (black) using the olz,,wr%(‘ 53 *%I
J value for 4T estimated from the ERBetermined 1H hyperfine coupling §

1-PhMe : Jp, = +71 cm™! 1-pXylyl : JD‘— +36 cm™!

constants (J = +172 éM). Right Bondine drawings, thermal ellipsoid plot: m%: 555”\ ,
(hydrogen atoms and cumenyl groups omitted for clarity), donor and acc ? —

torsion angles, magnetie x c hange coupling pa °~~° D¢
donor1 acceptor distances (i) of 1phM..-.J,,,,—+zcm 1acoJ,,‘-+1cm‘

a seriesof D-B-A biradicalsutilizing ortho-semiquinone¢SQ) asthe radicaldonorandnitronyl
nitroxides(NN) astheradicalacceptorThus thetwo-spinSQ-B-NN moleculesanbeconsidered
groundstateanalogue®f chargeseparate@xcitedstatesandstructuralandchemicalinformation
of theseair stablebiradicalscanberelatedto Jsonn (= Joa), which canbe usedto computeHpa.
The groupin the pasthasconfirmeddirecttorsionat® anddistancé® dependenceelationshipgo

J (andthereforeHpa) in SQ-B-NN compoundgFigure 1.2; SQ= S= % orthosemiquinoned =
molecularbridgefragment,andNN = S= %2 nitronyl nitroxide). This relationshipmeanghatall
structuralinformationfound via X-ray crystallographycanbe relatedto ET/transportprocesses
which is not possiblewithout calculationan eitherPET or breakjunction experimentsThe SQ-
B-NN moleculesn which SQandNN groupsareconjugatedvia the bridge(e.g, bridge= para-
phenylene)possess unique SOMO(SQ)A LUMO(B-NN) pA p* bandthat approximatesa
potentialbiasin metalB-metalbreakjunctiondevicesThus,we havecorrelatedridgedependent
Jsos-nn With computedconductancen metatB-metal devicesat a biasthat correspondso the

potentialof the SQA B-NN transition®’
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Figure 1.3 Left Plot of SQB-NN and NNB-NN magnetic exchang®ight SQ-B-NN and their respective NN
B-NN analogs.

Interestingly thereis a direct correlationof the J valuesof SQB-NN and NN-B-NN
molecules(Figure I.3) Thisindicatesbridgedependencéor the magnitudeof J regardles®f the
radicals utilized, and perhapsregardlessof the superexchangenechanism(see Section|.3).
However becausecoupling in the NN-B-NN molecules makes use of an undetermined
superexchangeathway,and becausehe NN radicalsare disjoint (vide infra),'® there are no
spectroscopigdentifiers to help probe said magneticexchange. Also, nitronyl nitroxides can
readilyinteractintermolecularlywith othernitronyl nitroxides,complicatinganalysisof magnetic
susceptibilityexperiments?®

C Q / O O \

Kekulé Structure Open-Shell Structure

Figurel.4Two maj or resonance st r uc tDuetetse maghitudeidfi, thb Kekua
structures favored.

Thereforeto further probebridgedependencen the magnitudeof J, the classof donor
bridgedonor (D-B-D) moleculeswill be analyzed.ConjugatedD-B-D biradicalsare molecular
analogsf deviceswith zerobiaswith respecto electrontransport Structuresn whichtheradicals

are conjugatedhroughthe bridge are calledfibiradicalodso dueto the tendencyof spinsto pair



into bonds,giving quinoidal diamagneticesonancestructures Biradicaloids are distinct from
biradicals in that biradicaloids possess a mixed open/closed shell ground state unlike biradicals
which possess an open shell ground stHte.first exampleof a biradicaloidwas Chichibabid s
hydrocarbonwhich was first synthesizedin 19072° This compoundhas two viable Lewis
structures:Kekulé and openshell (Figure 1.4). At first, it was thought that this compound
displayed paramagnetismat room temperatureand below. It was later determinedthat the
paramagnetismwvasfrom impuritiesanddegradatiorproducts showingthatthe groundstatefor
biradicaloidsis a closedshell state’! However,similar biradicaloidsarefoundto havesubstantial
degree®f openshell characterThis deviationis dueto the degreeof electrondonationfrom the
radicaldonorsutilized or the bridgesutilized to spantheradicals Therefore any paramagnetism
in biradicaloidsis from mixing openshell excitedstateswith the closedshellgroundstate which
is highly dependenon bridgelength bridgesymmetry andstrengthof theradicaldonors.

The Shultz group has a history of investigaing crossconjugatedopenshell D-B-D
moleculeg??3 though the focus of the researchpresentedwithin will be the synthesisand
characterizationf biradicaloidgconjugated-B-D moleculesutilizing SQradicalsasthedonor
moiety to determineif thereis a relationshipbetweenthe magnitudeof Jsgsq and Jsgnn. In

addition work towardsexploring Jsqgsqi g relationshipswill beaddressed.



l.2. Exchange Coupling inBiradicals

1.2.1. Deriving the Exchange Coupling Parameteyd, f r om Hundds Rul e
When two S = % radicals interact, the resulting states are raised and lowered by the

exchange parametel, The exchange parameter is comprised of both ferromag&t)cand

antiferromagneticJar) contributions, and the gap between the states is called the grimjédt

gap st &E
abst=2)=JF + JarF ©)]

The key to understandinblies in deriving the constituent electrefectron repulsion and
transfer integralef the twoorthogonal porbital, 2 electrormodel.This derivation can be found
in Appendix A.1. The derivation of both the closethell and opeshell states is summarized in
Figure 1.5. Thus, the orthogonal magnetic orbital, actélectron approximation gives

ferromagnetic (@ and antiferromagnetic {9) contribution to the exchange parametBras2¥2°
J=%-Jar=2Ki —— 4

ThereforeJ is positive wherd- dominates, meaning the biradical is ferromagnetic. When

J is negative 4k is larger thardr and the biradical is antiferromagnetimother way to interpret

| E?) = (200 + [ + K)H4(B+1)?/(1°§)]; Closed-shell Singlet;

E@ =gV =20 +|° - k; Closed-shell Singlet

- - S E® = E" = 2.+ - k; Open-shell Triplet
T e E@) = (200 +  + K)-[4(B+1)2/(j%])]; Open-shell Singlet

Figure 1.5 Energy diagram of the electronic states for the-@laxtron tweorbital modeli is the resonance
transfer integraland can be related to thictronic coupling matrix eleme(iiag).



this equation is that unlesise overall system can save more enaligning opposite spingia

bonding interactionslectrons will preferentialljnave parallel spindhat way there will be less

overall electrorelectron repulsion since no electrons can occupy the same space (overlap region)

with the same quantum numbdrsessencehis is the underlying principletfu n ddsl Paul i 6 s

rules of filling orbitals with electrons

1.2.2. HeisenburgDirac-van Vleck Hamiltonian: Determining Spin State Energies

When consideringtwo exchangecoupled unpaired electronshere will be multiple
resultingspin state®f differing multiplicity that, depending on the degree of exchawge, be
thermally populated from the ground stat€he Heisenbur@irac-van Vleck (HDVV)
Hamiltonian?* which is an empirical operatahat modelscoupling oftwo unpaired spinsis

expressed as:

Gij = -2Jjjaig; )

And describes the interaction between two different spin systesisg dependent on the
magnitudeof coupling,Jj (exchange parametend thespin angular momentum operatoés
Recall from the previous sectiad;, embodies all the state interactions thatermine the ground
statespin preferenceThe product of the spin angular momentum operatrequired in this
expression sincenpaired electrons interacting can eitimgrease (ferromagnetic coupling) or
decrease (antiferromagnetic couplitigg spin angular momentum

Let usconsider two doublets which aceupled to yield a singlet and a tripkgate, the
lower energy state dependent on the sigh ofij > 0describes higtspin (ferromagnetic) coupling
while Jj < O describes lovepin (antiferromagnetic) couplindhe product of the spin angular

momentum operatoisan be written as the total spin angular momentum operator:

¢ =@E+S5)=a%+2a4+ 2a (6)

Thereforedigj=-(¢ - & - 49 )



The eigenvalue di’is S(S+1)Jand t he e i g éWww p |theefore the edergy s
of thestate with spin %t (spin multiplicity) resulting from interaction of species with sp&snd

S (which are the sum of thepins in the interacting spin cenfassgiven by:
Erot = -Ji[Stot(Srot +1) T S(Si +1) T S(S +1)] (8)

For two doubletscoupling results in a singlet and a triplet stéte.energy of triplet
state (S=1) is:

Er=-J[1(L +1)i - (- +1)i - p)]=-J[27 -7 ] =—
The energy of the singlet state (S = 0) is:
Es=-J[O(0 +1)i -(-+D) i -(- p)]=-J0i-i-]= -
Thereforethe singlettriplet gap,aksr, is.
L L
aEst=Es-Er=—+-=2]

The energy diagram of whed > 0 (ferromagnetically coupledeft) and of when J < O

(antiferromagnetically coupled; righg then:

Ferromagnetic Antiferromagnetic
Singlet, S =0 Triplet, S =1
T =
j -~
‘.\ S=1/2 :'\" “,-:S:Uz
. 2= AEst . 20 = AEst ,*
S=1/2 —, S.=—=5=12
o
it Y,
Triplet, S=1 Singlet, $ =0



However, thisversion of HDVV Hamiltoniaronly applies to @wo-spin center system
Considering bis(semiquinones), each semiquinpogsessesne spin center with S = YA
semiquinone that is stabilized by a paramagnetic metél.@ii(ll), S = 1)will introduce another
spin center, making the overall system a fspin center problerwith varying Sot depending on

the metals utilizedThereforethe equation:

G=B L¢e¢ (9)

Allows for the treatment of molecules containing any number of spin centers.

1.2.3. Measurement ofthe Exchange Coupling Parameter
There are twdraditionalways to obtain) empirically: magnetometry and EPRtarting
with magnetometrywhich measures the magnetic susceptibiligaf) of a sampleJ can be

extracted from the VaNleck equatior?*2’

(10

WhereNi s Av o g a d rkei®tise Boltenmatneanstant, T is the temperataneE, is the
energydifference of the ground state astdten. By includingEquation8, which gives the energy

of a spin state, into the Va¥ieck equatiorthe expression becomes:

(11)

Which uponplugging constants and modifying the denominator by the GMekss law gives:

(12)



In this equationg is the electrondg act or , b i s ,Sidhtke toRlcshirroftinea g n et

state,@ is theCurie-Law correction factqgrand E is the energyifferencebetweenthe ground
spin state andpin stateS. When considering biradical, the two doublets will couple to form a
singlet(S=0)and a triple{S=1)state which whenincluded into Equatiodl gives

8 x
8 7 -
(13)
0.01 1.2 !
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g x — [
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><D- { ,l/
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Figure 1.6 Left GraraVvs. T plots of biradicals with varying Key for both plotds embedded herRight Gparal VS.
T plots of biradicals with varying. Both Data is generally collected with a magnetomegersuper conducting
quantum interference device (SQUID)

This equatiorthen gives a relationship betweeandJ for a biradical For these systems,
J can bedetermined fronfitting variable temperature magnetic susceptibility deta Equation
41. Note that this is effectivelg Boltzmann distributiotooking at the population of spin states
with St 0, which account for the magnetic properties of the matémi&igure 1.6, the effects of
changing magnitude and sign &fn Equation12 is displayedGearal VS. T plots as showare
simply made pybytheudmpearaputé&ygrithesg plais, g = 2.00 agd=-0.01K.

Note that for < 0, as temperature increasgs-al asymptotesipward t00.75 while forJ
> 0 Gparal asymptotes down to (b7Also note that for J < (pr larger absolute valgeof J the

faster garal drops to zeroRecall Equation 31this trend implies that as bonding interactions

10



dominate(large Jar), and thereforea biradical will no longer be paramagnetiuithin certain
temperature ranges

The other way to empirically derinkis through variable temperature EPRe intensity
of the signal in EPRs directlyp r o p o r t phragiveraly the Quriedaw:

lepr® Gpara= — (14)

In the previous expressiorf; is the Curie constantlescribes ana t e rmagnktio s
susceptibility Below is the equation thgtves the Curie constant:

C=——** p (15)

WhereNparais the concentration of magnetic particles, whach EPR activeand J is thangular
momentumqguantum numberNote thatonly unpaired electrons give rise to any EPR signal,
thereforethe spin states of interest will be those that give rise to paramagn€tismopulation
of paramagnetic statese temperature dependgherefore the Curie lawill have to be modified

to account for the Boltzmardistributionof the paramagneti@and diamagnetistates:

0.1 PN BRI BRI R B S R

—400cm’

0.08] ooem’ | [

Scm’

0.06 —-0em’' | [

1
EPR

0.04 _ # -50 cm _

—-100cm’

0.02

0 005 01 015 02 025 03
1T [1/K]

Figure 1.7 Plots of EPR intensity for various valuesJah wavenumbers for a biradicébro: = 1). The xaxis in
temperature [K] has &mperature range ofZ500 K(in inverse units)
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0 6 .. - (16)

WhereS is themultiplicity of the stateA is the number o$pin states with theame multiplicity
andEs is the energylifference between the ground spin state and spin st&l#éh applied t@
biradical the two spirstates with be a singlet (S = 0) and a triplet (S thdgxpression becomes:

—_—r (17)

Onc e apg.8ielatedto 8 and the exchange parameter carekteacted from fitting
VT-EPR data to Equatioh?7. Figure 1.7 shows the effects of sign and magnitudel afn the
curvature of the datavith g = 2.00 (typical value for organic biradicals)Note that for
ferromagnetic biradical@ > 0), the slopehangedittle, while for antiferromagnetic biradicald (

< 0), thecurve changes drasticalyith IerrA 0 as the magnitude dfincreases.

|.2.4.Methods of PredictingJ for Alterna nt ~ -Systemsfor D-B-A and D-B-D Biradicals
As shown previously, the sign of J dictateswhethera multispin spin systemwill be
ferromagnetic,) > 0, or antiferromagnetic) < 0. For alternant " -conjugatedsystemghereare

gualitativerulesthat canbe usedto predictthe sign of J. Let us considertwo biradical systems,

A . o B L]
B B
a % o o
B

Bu B O(Ba
o o B >a p
c ., o D a

P N N

* B

Figure 1.8 Examples of how tatilize the(Ji method to prediahagnetic couplingA: Conjugated-B-A biradical
that is ferromagnetically couple@Ferromagnetic triplet)nondisjoint SOMOs B: CrossconjugatedD-B-A
biradical that is antiferromagnetically couplgkhtiferromagnetic singletdisjoint SOMOs C: Conjugated BB-
D biradical that is antiferromagnetically coupléAntiferromagnetic singlet) disjoint SOMOs D: Cross
conjugatedD-B-D biradical that is ferromagnetically coupl@eerromagnetic triplefnondisjoint SOMOs

Q

=

h==]
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with the bridgespara and ortho-phenylenefor both D-B-A and D-B-D biradicals(Figure 1.8),
usingmethykneandallyl radicalsassubstitutegor semi(quinonegandnitronyl nitroxideradicals,
respectively.

As seenin Figure 1.8, alternativelylabelling eachpositionof the biradical, startingat a
spincentersuchasthemethylradical,with Uthenb, thenseeingvhetherthelabelatthe otherspin
centermatcheghe first spin centerlabel, U( i uspim), orif itisb ( fi d o spin).df it is U the
biradicalwill beferromagneticlf b it will beantiferromagnetié®2°

This methodworks due to the topology of alternant “-systens. The numberof atoms
betweerthetwo spincenteramustbeevenfor the SOMOsto bedisjoint Anotherwayto view this

is to look at how the two SOMOsof the radicalsinteract(Figure 1.9%%38). Recallin Equation31

thatJar =

and ¢ =2k, w h e risg¢he fesonance integral whisfcreaseshe more the system

can spin pair two electromsdk is the exchange integral which increases the oidriéals overlap

A B C D
N
" 51/ Q
1,4-SQ-Ph-NN  1,3-SQ-Ph-NN 1,4-SQ,Ph  1,3-SQ,Ph
J: +100 cm™! J:-35¢cm’! J--336 et J:+46 cm’!

Figure 1.9 Diagram depicting theombination of methyl and allyl SOMQgith experimentall values for the
SQBridge-NN and SQ@Bridge-SQ analoggound in previous workA: Non-disjoint SOMOs in 1,4SQ-PhNN.

B: Disjoint SOMOs in 1,35Q-Ph-NN, arrowshighlight bonding interaction€: Disjoint SOMOs in 1,4SQPh,

Jis computationally derived utilizinB3LYP/6-31G(d) within Gaussian softwarB: Non-disjoint SOMOs in 1,3
SOPh.

Whenthe SOMOsdo not overlap,or aredisjoint, the moleculewill be antiferromagnetic
sinceJr will be smalldueto minimal orbital overlapandJar will belargerdueto morebonding
interactionsCounterto this, whenthe SOMOsarenondisjoint, or overlappingthe exchangawill

beferromagnetidueto largeroverlapdensityandconsequentialargeexchangentegral, k.

13



However, it should be notedthat for D-B-D molecules(Figure 1.8.C), while the Ui/
method does accuratelypredict the antiferromagneticexchangewe are no longer looking at
SOMOsandareinsteadooking at HOMO/LUMO gapsdueto the formationof ~ /* bonds Also,
theUi/ methodonly appliesto alternant  -systemswhich lack odd-numberedings Non-alternant
" -systemsregularly break theserules, and rules that describetheir behavior are still being

developed:23°

Figure 1.10 ThelWi methodfor a conjugateddisjoint SOMOs)SQ-Bridge-SQanalogsystem

For example let us considerthiophene Thiopheneis a 5--memberedaromaticring that
containsone sulfur atom. When utilizing the Ui/ method (Figure 1.10) for 2,5dimethylene
thiopheneit is possibleto label the sameposition as both U andi . This modelthen fails and
determiningthe sign of J, sinceit fails to predict either antiferromagneticor ferromagnetic
coupling Empirical resultshowevershowthatthe ferromagnetiqpathwayis disfavoredoverthe
antiferromagnetipathway*® Antiferromagnet coupling prevailsdueto poor orbital overlapof
carbon2p andsulfur 3p atomicorbitals, which effectively diminishesthe ability for electronsto
delocalizehroughtheferromagnetipathway Again howeve, non-alternanthiydrocarbonso date
still have no overarchingrules that can universally predict conductancgor J) acrossa non
alternantmoleculeandthepreviousanalysisonly appliesto thiopheneA typically morearomatic
examplethat possessethe sametopology asthiopheneis the cyclopentadienanion (Cp). Cp

alsodoesnotfollow therulesstatedabove?®
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I.3. Valence Bond Configuration Interaction Modelfor D-B-A Biradicals

A

i B
: 1CTC
) ]
™, LUMOgqpy Sg 1 a, — <b,la,>#0
LUMO,y, LUMOse | o
= - 12 3
. 1 CTC
& H
gy : b1
ﬂ ». U SOMOg, SOM 025y :
z SOMO2 - 1,3
" 1 1 SQNN 8 i Hy=0 GC
SOMOpw SOMO1gonn L'}A 1
&1 1 | < >=
\\JSOMO‘SQNN : ay a,|b1 0

NN NNSQ SQ

Figure .11 Left MO modelof SQ-NN Right VBCI model of SQNN.

Despite the focus of the work herdieing on BB-D biradicals previous work by the
Shultz lab on EB-A biradicals gives a key correlation thean be extrapolated tB-B-D
biradicals J ® "HThe valence bond configuration interaction (VBCI) model allows)fay be
related to Ha for D-B-A biradicalsusing spectroscopic methods. It is different than a MO model,
since instead of considering electrelectron repulsion and transfer integrals, the VBCI model
makes use of configurations and stételince electronic transitions are between states, this model
lends itself nicely for empirical parameterization using electronic absorption spectroshepy
connectiorbetween electronic absorption spectra and MOs is far less straightforward. The VBCI
model condenses the system to a few key states that can be observed experimentally using
electronic absorption spectroscafy?

As seen irFigure 1.11, the MO model (left) for SQNN predicterromagnetic coupling
that results from LUMQN -- SOMGOsq mixing. Note that the SOMOs are orthogonal, and do not
interact. Rather the LUM@i-SOMOsq mixing creates overlap density with the SOMQhat
results in a substantial exchange integral and a triplet ground state. Thus, the MO model correctly
predicts ferromagnetic coupling, but lacks a straightforward connection to spectroscopy and to
Hoa.

Now consider the VBCI model for SAN biradicals as shown iRigure 1.11 (right).}4
Similar to theMO model, the VBCI model uses the fragment orbitals SQMSOMOsq, and
LUMONnn, but ignores interaction of the constituent orbitals. Thus, the groamigguration

singlet and triplet states are degenerate due
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excited states will mixconfiguration interactionjto the ground states to yield the experimentally
observed si ngsh=20soni.r i pl et gap, eE

There are three possgbexcited states to consider in this modehe first could arise from
a SOMQUW’SOMOsFLUMONNC configuration (via the SOM@G A SOMOsq transition).
However, since the two SOMOs are orthogonal (and H is zero), this excited configuration can be
ignored (although it would only have spin singlet character). The second excited configuration
could be SOM@\’SOMOsg'LUMONN! configuration (via the SOM@ A LUMONnn transition).
However, this highest energy excited configuration can also be ignored especially when compared
to the last possibility in this-8rbital model.The SOMOW!SOMOs’LUMONn! configuration
(via the SOMQqA LUMONnn transition).This configuration has two spins on the NN fragment
but in orthogonalorbitals. Moreover, the SOM$ and LUMQu fragments have the same local
symmetry, thus HimosoLumonn (= Hsonn) 1 0 . Tdorifiguratenxis thetbestlichoice for
mixing with the ground configurations to provide the observed shtgidet gap. In what follows,
this configuration is referred to as the CTC, chargasfer configuration since it arises from a
SOMOsgA LUMONnN transition.

Both the ground (GC = SOMGWN'SOMOsg'LUMOM®) and CTC
(SOMOWSOMOsgtLUMONNY)  configurations possess singlet and triplet multiplicities,
consequentlyCTC will mix with *GC ancCTC will mix only with®GC (Figure 1.11;B). Hun d 6 s
rule applies to excited states, so it is expected?@BC will be lower in energy thal€CTC. Thus,
3GC will mix with 3CTC more strongly thahCTC will mix with !GC due to the smaller energy
gap in the former paiConfigurationmixing can relatdsonn to the SQNN electronic coupling,
Hsonn/Hpa asderivedin Eqns.18-22. So, prior to configuration interactiobgtween the charge

transfer states and the ground stétesenergy of the states are:

3CTC = Ui Ko
ICTC=U+k
Es=Er=F (18

Where K is the singlesite exchange integral which gives the gap between the excited taes,

the mean charge transfer energy of the ground states to the excitedastatéss the energy of
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the degenerate ground staiplet (°E) and single(*E). Factoring in the configuration interactions
between théGCLCTC and'GCACTC states the new energies of the ground states are:

Es=E°-— (19)
Er=E-— (20)

Therefore, theinglettriplet gap is:
YRy <t moR (21

And plugging Equatioi9 and20into Equatior21 gives:

L o © 0 ©
S Y U Y U
CLL ~O. ~O
Y 0 Y U
L. O Y 0 O Y O
c 7 . 7 . 7 0 7 g
Y v Y U Y v Y U
O Y 00 O Y OO0

Y YO YO O Y YO YO O

LI_cOU
Y U

(22)

17



Equation22 then shows thahere is a directly proportional relationship betw@eamd Hba:

Le O (23)

And as previously discussed regardiguations 1 and 2, this implies that:

_o " Le O (24)

Also, by measuringU and Ko from electronic absorption spectroscopy ahdrom
magnetometnor EPR, it is then possible to obtain the electronic coupling matrix elemgnt H
quantitatively As shown inFigure 1.12 for SQ-Ph-NN,** by performing variable temperatud/-
vis (VT UV-vis) it is possible to preferentially populatsther the open shell triplgtower
temperaturedr the open shell singléhigher temperatureThis Boltzmann population of the two
states reflestin the VT UV-vis speata, allowing us to determing an K by inspection.

K is half theenergy difference between thands that represent the intigand charge
transfer bansl for the’GC A *CTC and!'GC A CTC, and U is the average energy of those two
bands.Therdore, by substitutingthe values for K, U, and found empiricallyinto Equation 48,
Hsophnn = 3540 cmt.,

5,000 cm! = 2K

(o] 0
Cum,Me |~ ot
Tp Zn ‘ N
0 H O3
t-B
u EJO

L] I L] L] L] I L] L] L]
24000* 28000 32000
U

L] L] I L]
8000 12000 16000 20000

Figure 1.12 Variable temperature UWis of ferromagnetically couplebiradical SQ-Ph-NN. Ej ct betweenGC
and3CTC is smaller thaki ct for !GC and'CTC. J = 100 cm' for SQ-Ph-NN, as found by magnetometry.
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I.4. How Magnetic Exchange and Conductance Correlate

ARy B Co-400¢4

o A _t8u Th Ph Py BCO

$ 220 100 77 1
@ Josafemt=

| . 108 51 57 20

$ 0%A0S Th, ThPy PyTh Ph,

SQ-Bridge-NN @ = S )

Figure .13 A MetalBridge-Metal junctions corresponding to biradical complex®gC) Bridges common to
M-B-M junctionswere chosen to makidonorBridge-Acceptor complexesC. J values for the listed Doner
Bridge-Acceptor biradicalsBCO = bicyclo[2.2.2] octanePh = paraphenylene, Th = 2,5thiophene,Py =
pyridine,Py-Th = 2-pyridyl-5&6thiophene Ph. = parabiphenylene, and@h2 = 2,58 bithiophene.

As previously discussed, prior work by the Shultz lab has shown tteat becorrelatel
to the electronienatrix coupling elementipa, squaredavhich in turn enables us to correldtand
conductance(g) through single moleculé$. To better explore this correlatiprconductance
calculations for MetaBridge-Metal (M-B-M) junctions were performeir the bridges as shown
in Figure 1.13 and compared withthe magnetic exchange pfeviously synthesized B-A

molecules

Notably,no linear relationship betweehandg was found ratherthese observables fit to
the equation:

" Q Uo 0o (25)

WheregL-oand0 o are the conductance and magnetic exchange, respecéialipridge
length of zero, andg andi ; are the beta decay constantgonductance and magnetic exchange,
respectively.This equation follows th formalism previously found for the aglonship between
ko-a andg.*® Notably, it wasfoundthatby/ f> 1when comparing the decay of conductaacess

oligophenyleneso the decay of magnetic exchange for-BIQ-NN (n = 0-2) biradicals'®!’ This
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matches the previously found nbtnear trend betweekp.o and g for similar oligophenylene
bridges howeverthe previous work by Beratan and Waldéokndby/ ér < 0.*3Thisimpliesthat
while J, g, andkp-a are all correlated to each othieroughEquation 24, thisis a nontrivial, non
linear correlation.

To better understand these relationships, it is important to further deéirgengle factor
that linksall these together: the electronic coupling matrix elemesy, Simply stated, ida is the
off-diagonal matrix element that facilitates the mixofghe donor and acceptor wavefunctions.
As shown inEquations 1, 2, and22 whenHpa increases so too does conductance raie of
electron transfer processesd magnetic exchange, respectiv&lye overallexpression for b,

which was originally formulated my McConhéh 1961,is:1244

0 0 (26)

vy
Wherehpy, hob, andhpa are the individuaélectronic matrix elementkat couple the donor and the

first bridging unit coupling between adjacent bridging units, and coupling between the last
bridging unit and the acceptor, respectivelyd withn O 1 whi ch corresponds

identical bridging units separating the donor and the accdpiom a | | y, eU-efegy t he t

Hm
*h,nn;. hru. nl:ﬁ hM*
O EH®
IT'II—GIIIT'I

oy
-b = {plecimn
tranvsior]

E

&
*
S T TR Sr——

.

-b-A 1

_— f-i'-GcT

aenergy

Figure 1.14 lllustration of the individual parameters involved in the superexchange nibgehtion 26). D =
donor, b = bridging unit, and A = acceptiér.
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gap. This quantity is the difference betweéme energy of the donearcceptor system at the
transition state configuration and the energy of the bridgalized stategFigure 1.14).12
Realistically,extrapolating the individual components that make wp 4 challenging
especiallyad)due toneeding to understand the redox potentialslafor, bridge, and acceptor
componentas wellas needing tknow theverticalenergy gagmtthe transition stateonfiguration
(Figure 1.14). Rather than extracting these individual terms, it is common to siatpijpute
observables to bA as a wholeAlso, Hpa shows distance dependence as shown in the following

equationaccording to the superexchange mddel

KO) o Q ° (27)

Whered is the distance between the donor and acceptor portion of the molecular system.

Also noethat due td=quation 24it is possible to write the following expressions:

Q. QQ - (27a)
0 QQ ° (27b)
0 00O ° (27¢)

Which show that conductance, rate of electron transfer, and magnetic exchange are all
exponential functions dependent on the distdnesveen the electrodes, doramceptor, and
radical centers, respectively, as well 4 exponential distance decay constant The
superexchange mode¢fines according to the following equation:

R [y e (28)
Wherel is the length of the individual bridging units that connect the donor to the acdagtoe(
1.14). Therefore,i as it increases wilteflect a faster decrease immAHover distanceand the

opposite as decreasesAccordingto Equation 28, Hpa will decrease faster over distance when
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1 andadlincrease in valuewhile increasindi, will slow this decrease of #d. hop increasing in
value would mean that the individual bridging units are nstrengly coupled to each other,
thereforebetter coupling the donor to the acceptor by behaving more and more like a molecular
wire. adJincreasing in valueneanshat theenergy barrier for the electron/hole to quantum tunnel
through the bridgas increasing,which decreases the coupling of the donor and acceptor.
Therefore] summarizes how efficiently coupled the donor is to the acceptor

There istheoreticallythe potential thagd)< hyp. According toEquation 28, this would

givel a negative value, whicalmost counter intuitively would medahat Ha, and thereford,

50

40

30

[em™]

DA

20

H

10

Distance [A]

Figure 1.15 Comparison ohow Hpa varies with different -decay valueaccordingto . Notably, wheri > 0 the
magnitude of IJa exponentially decayfom the predetermine@® p mtwhilei < 0 shows an exponentia
increase.

g, andkp-a, would increasewith distance rather than decreadewever, there have beeecent
reportsin the literature that show just tHis}’ with one example shown in a brejiction
experimenivhere monethiol modulated oligothiophenes showed increasing electronic tunneling,
and conductance, withcreasing conjugatioff.It should be noted howevtratEquation 28does

not account for thentirebarrier to electron tunnelingidth which will increase with increasing
conjugation (more bridging units in this scenario). Therefore realisticaily in most situations,

it will not be possibldo achieve < 0.
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CHAPTER 2: DONOR-BRIDGE -DONOR BIRADICAL MOLECULES AND THE
QUINOID -BIRADICALOID -BIRADICAL ELECTRONIC STRUCTURAL
SPECTRUM

[1.1. Introduction

To date, penoxyand dicyanomethylenedicals are the most commonrganic radical
empl oyed i n the consystems withsdcalladbi@adical@idocharaoter and e d
their magnetic, opticalelectrochemicaland vibrational properties have been probEdyre
11.1a).404951 These compoundstypically display narrow HOMGLUMO gaps®! quinoidal
Raman/IR C-C stretcting modes around 15001600 cm!>? and temperature dependent
paramagnetistff The latter leads tdiamagnesmwhen the magnetic coupling is lardee tothe
AKekul ®0 n at u r MNotablyf recernemapiritairepcatsbfibreadjlinstion conductivity
showthat introducing biradicaloid character inbor g a +systemsthat bridge metal contacts
(electrodes)increases conductivitywvhen theorganic bridgeis a diarylamine radical cation
compared to the neutral bis(triarylamirie}’ Specifically, these studies indicate a dramatic
increase in the conductance by a factor of 1,G@@noradical) and 5,400 (biradical) for
oligophenylendPh,) bridges (n = 3). Even more remarkable is the fact that the conductance was
observed to increase as a function of n up to n = 3 in the single oxidized (monoradical) and doubly

B. NC CN
NC CN

S NC CN
NC . CN =18
n=1-3

SMe

Figure Il. 1a Examples of previouslgynthesized biradicaloids utilizin@) phenoxy(B) dicyanomethylene, anc
(C) cationicdiarylamine radicalsFor C, -SMe groups used as linkeirs breakjunction conductivity studes
Equilibrium arrow is usedaince left hand structure is an open shell triplet, while the structure on the rigt
closed shell singlet.
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oxidized (biradical) bridgesThus, these results show that biradical/oid motifs can remove some
of the distance dependence of condsusem$®ity
Biradicaloidsarethereforean interesting scaffold to study perturbed aromaticity and the
effects of that onrmagnetic exchange and conductivity. Howevecentliterature haautilized
modelsthat make it difficulto understand the electronic structure of this class of comp&#iPfus.
Specifically, what is the origin of the opshell electronic structrure$=r exampleHaley et al.
synthesized a compound with raportedly high degree ofsinglet biradical characten(y;
computationally derivetom NOON analysis of the HOMO/LUMQwith an exceptionally large
J = -646 cm’.>® The formerlooks at the computationally predicted occupatiommberof the
biradicaloid LUMO relative to the HOM® givesinglet biradical character indey) £° The latter
indicatesa singlettriplet gap of~1300 cmt, ensuringnear total population of the ground state
singletwhich can either be open or closed shéle crystal structuréhoughshows quinoidal
characteristis that would be expected of cquinoidal, diamagnetic moleculeith J of that
magnitude(perturbed aromaticidy Quinoidal character indicateslarge degree ofclosed shell
singlet characten the ground state configuratiomot open shell charactét isimportant to note
that it iscurrentlycommon practice in the fielof biradicaloid chemistras of writing thiso rely

tBu tBu
O ®
X [ ]
tBu \ tBu
n=1,2
X=0,S, Se
1a-b(X)
tBu [ ] tBu tBu tBu tBu
OO 5O
tBu L Jh205 [BU tBu tBu tBu
2a-d 2b(tBu)

Figure 1. 1b Examples of bis(phenoxy) biradicaloigseviously synthesizedzor thiophene/furan/selenopher
bridged bis(phenoxy) molecules= 1 and b = 2. For phenyl bridgei$(phenoxy) molecules,a=0,b=1,c=
andd = 3.
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on computationallyderivedy to determine thelegree of open shedinglet biradicacharactein
biradicaloids>->4°658

However descriptiongor the origin ofy utilize an Andersontype 4state Cl model® This
model was originallydeveloped for hydrogenic orbitals that alkbmixing of open and closed
shell singlet configurations. Notably, this model does not appil tdOs, particularly those of
large, conjugated organic-systems. For such molecules, symmetry dictates that the lowest
energy, closed shell singlet £4r Go: 'Aq or *A1, respectively) cannot Cl mix with the lowest
openshell singlet 1B, or !BY). While seconebrder JahsiTeller mixing is possible, representative
examples lack large groursdiate distortions with concomitant symmetry loweriig*°%5and so
CI mixing of openrshell character into the ground state must come from configurations outside the
HOMO and LUMOI and there are mgnThis complication is exacerbated the conjugation of
t h esystem is expandewnhich adds even mostateshat canCl mix togethetthat is required to
haveany open shell charactierthe ground statir biradicaloids Thus, while computegvalues
suggest opeshell character, neither the calculation itself nor thstade model provide a
straightforward description of the origin of the open shell electronic structure of biradicaloids.

It is important to recall that the very first biradicaloid that was synthesized in 1907
(Chichibabinds)®hynwdpoca@dbodne;cades of controver
P ar a ® oriedparadox being: solutionPR of CH indicated J|<< || (@ = nuclear hyperfine
coupling constant), despite clear evidence thjatvps in fact much larger thaa| |[due to the
diamagnetic character displayed by the compound. Many studies were conducted totleisplain
phenomenof®® however it wasnodt undtallcondudig&ly showedt Mo r
through Xray diffraction thatCH contained a quinoidalized structure, and that upon obtaining a
pure sample ofCH, it was actually ER silent due to théarge magnitude ofJ|, making it
diamagnetic,and that it wasparamagnetic impurities (dimet$or radical quenching through
proton abstractidii) that were giving the conflicting resufts.However, there are still nen
covalent intermolecular interactions between radicals thatan obfuscate analysis of
biradicaloids®

Representative examples lisphenoxy biradicalare shown irFigure Il.1.b #6971 Of
these, only2d and 2b(tBu) have reportednagnetic exchange valug¢s36 cm! and-55 cm?,
respectively H = -2J$145,).”° Compound2d is the only unsubstitutetisphenoxy, utilizing a

terphenylspacer, thashows any paramagnetic response, Za(tBu) is only paramagnetic since
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it cannot fully quinoidalize due to tlstericinducedtorsioncaused byBu groups. Every example
of a bis(phenoxypridged bya furan, thiophene, or selenophésdiamagnetiavith reportedH-
NMR characterizatiofi® Notably, only1b(O) and2b have reported crystal structuyeghich are
vital in assisting in thelucidation ofthe electronic ground state of biradicaloféisnterestingly
though,1b(O, S, Se)displayed drastic, reversiblelectrochromism, indicatinghajor structural
changes going from Kiguinong to bigphenoxyl)in their electrochemical redox reactidiis.

Metal complexes of S = Yarthosemiquinon€SQ) are interesting alternatives to phenoxy
radicatbased moleculesr other similaorganic radical donorss the former allow for including
both diamagnetic and paramagnetic transition metal ions into the molecular scaloldSQ
radicals can be considered weaker radical donors than phenoxy rafitals due tahe spin
distribution of SQ vs. phenoxywith the formerhaving ~30% less spin densitpusing simple
Huckel SOMO coefficientsat t he point of a-fsystar’Ameectcasanf an
spin delocalization of the SQ unit results in weaker coupling and a sragltgettriplet gap
compared to phenoxy radical anald®$®’* Though most importantlystabilization of the
complex is faciliated Y TpCU™Me (Figure Il. 1c), which is an exceptionallpulky ligandthat can
ensure that no intermolecular dimerization can occur between the biradicaloids synthesized herein.

Two distinct series osemiquinonebiradicaloids were synthesize(R,5-thiophene)s-
(oligothiophene) and (1;ghenylene)>-(oligophenylene)ridged. Both moieties are regularly
utilized in organic electronic devices and molecular electronics such organienigiting diodes
solar cells, and organovoltait'$. For the oligothiopheneseries,both Zn" and Ni"' stabilized
semiquinoneswere utilized to probe the challenging magnetic properties of oftentimes
diamagnetidviradicaloids Similarly, the morearomaticphenyttype bridgeswereusedto probe
magneticexchangeover simple oligophenylenesas well as the more exotic biphenyleneand
dihydrodibenzolc,e][1,2]azaborininedridges, the latter two to probe how introducing
antiaromaticityor isoelectroniecarbon substitutesinto the bridge affects magneticexchange

respectively.
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[I.2 Results and Discussion of Oligothiophene and Oligophenylene bis(SQ)s

[1.2.1. General Synthesisof Bis(Semiquinones)

OMOM HOl
OMOM %w_ o
cat. 2M HCl1 ad

MeOH, 90 °C, m-wave

MOM,CatBpin, Na,COj;,

Pd(PPh;),, TBAB )
Br Br . MOMO Bridge
Toluene/H,0 (3:1),

70-80 °C MOMG

Bridge

1. M(OH)Tp“"™M¢ K,CO,4 O~y [pCum Me

2. Oy/air ) |
2 ; 2!

CH,Cl1,/MeOH (1:1 to 3:1) 1 p(_'um.MeM\

= Ni, Cu, or Zn

Figure II. 1c Synthetic route for all MSgBridge biradicaloids. Bridges utilized outlinedRigure 11.2.

Biradicaloids Synthesized

TpC”m‘MeZﬂ’O Bu

°‘ ) O
/
“ N
v

2.7 .592 Fluorene
77% Yield

Q—ZuTpCumMe

Bu o 2.7-SQ,-Biphenvlene

14% Yield

TP(.um,l’ln

—Z Ty CumMe
Ol P T c\mxlez -0,
Bu o) P
g J o~ 0 -°
O— ZnTpCunMe | ZnT Cum Me
\

Bu

Bu_ Ao 2.7.5Q, Phenanthrene
‘ ‘ O 71% Yield

‘ P h M es

‘ ‘ O Tp(“‘ u\IEZ
ad b b Q Q Q C
.I-pﬁutnxfxle£n —0 TpCumMezn—0 TpCumMezy, —0 = -
$Q, 1.4-SQ,Ph 1.4'-SQ,Ph, Bl /mp e
= =— == 8-5Q,-Azaborinine
48% Yield % Yi 44% Yield 3.8-80,-Azaborinine
° 41% Yield ° 34% Yield
Cum Mey r —
TpCumMep—0 {Bu Temm M -Q TpCemMen—0 Bu
c; 0 05 c; 0
\ s // A Crm Me Q S 5 s / \ Crm Me
Bu — O’MTp By ] 1Bu /) 5 /) :)’MTp
2.5-MS lu 2.5'-MS lué O—MTpCunMe 25" MS _&
M=NiorZn M=Nior Zn M=Nior Zn
(Zn) 85% Yield, (Ni) (Zn) 36% Yield, (Ni) 59% Yield (Zn) 75% Yield, (Ni) 77% Yield

39% Yield
Cross-Conjugated Biradical

tBu Bu

Tpc“'“\hZu TpCumd I:Z -0
"7— 7‘0 0* ) —0
Zn'fpc“ﬂIE ZnTpC“"' e

Bu Bu
l’,S—SOrthienoI:S,Zflbltlum)ht‘lle 2,5750,7thien0[2,3—blthi0Dth?
53% Yield "~ 599 Yield

Figure 1.2 Target biradicaloids that were synthesiZ&dp left shows expanded structure of“Tp™e Note that
all M = Cu biradicaloids were unstable in air dueintberent instability caused by Cibeing able to initiate
intradiol cleavag¢hrough valence tautomerisiwomplicating data collection (sé@pendix A.2 for mechanism).
Yields shown are starting from the parent dibrom&iB.SQ-thieno[2,3b]thiophene is &ross conjugate®-B-
D molecule, therefore it isota biradicaloid.
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Table II. 1. Yields forthe Suzuki Coupling MOM-deprotectiorf,and Complexation/SQ Formation Steps

Bridge (MOM,Cat)yBridge®  CatBridge’ SQBridgée
64% 48%
Ph 45% 41%
Phe 53% 44%
Fluorene 70% 7%
Biphenylene 22% 14%
Phenanthrene 82% 71%
Azaborinine 46% 99% 34%
Th 87% 85%
Th 75% 36%
Ths 88% 75%
synThTh 69% 59%
anti-ThTh 81% 53%

CThe yields for the complexations are only for M = Zn.

Bis(semiquinone)mcorporating an organic bridgeere synthesized utilizindpereaction
scheme outlined irFigure 1l. 1c. The parent dibromide was either purchasedsynthesized
according to the relevant literatuf€” Suzuki couplingof the dibromidewith 2 equivalents of
MOM_CatBpin® yielded the(MOM CatpBridge MethoxymethylethefMOM) groups were
removed either at room temperature in Me@idrnight in the presence etces$HCl, or removed
with catalytic amountef 2 M HCI in MeOHin 5 minutesutilizing a microwave reactdo heat
the reaction to 90C. The CaiBridge can then be complexead basic conditionswith two
equivalents o p®“™Mav(OH) (M = Zn, Cu, orNi)"""°to form bis(semiquinonégM SQ:Bridge).
Figure 11.2 shows thdull list of biradicaloids synthesizedlith total overall yields starting from
the parent dibromideM = Cu biradicaloids unfortunately yielded degradation products when
exposed toair/mild oxidants due to intradiol cleavage initiated by valence tautomdesm
Appendix A.2)8°All yields for thesequential steps are showriTiable 1. 1.

Synthesis 065Q: required a different routas shown irfFigure II. 3. 2-(tert-butyl)phenol
was first brominated with Bto make 4bromo2-(tert-butyl)pheno] then oxidized with IBX to
form thequinone which was immediately converted to catechol via sodium dithionite reduction
then MOM protected to yielMOM.CatBr. This material washenlithiatedwith two equivalents
of tBuLi and quenched witB-isopropoxy4,4,5,5tetramethyil,3,2dioxaborolandiPrOBpin) to
yield MOMyCatBpin Suzuki coupling between MOMatBr and MOMCatBpin yielded
MOM CatCatMOM,, which was subsequently deprotectedmicrowave MOMdeprotection

conditionsand complexed with two equivalents ofFFMZn(OH)to yield SQe.
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OH OH 0 oHn

tBu Bry R tBu IBX R {Bu 0 Nax$204 tBu OH
CH>Cls, -40 °C CHCl/MeOH (3:1) THF/H,0 (3:2). 0 °C
Br Br Br
tBuPhBr
97%
OMOM
tBu@/OMOM
OMOM .
1) 2 equiv. t-BuL1
MOMCL DMAP, NEt(iPr); tBu OMOM 2) iPrOBpin B
"HoCls, 0 °C to > 00
CH>Cls, 0 °C to reflux THF. -78 °C to RT M
Br
MOM,CatBr MOM,CatBpin
60% 80%
OMOM
Bu OMOM  MOM,CatBpin, Na,CO;. MOMO fBu
TBAB, Pd(PPh;), cat. 2 M HC1
Toluene/H,0 (3:1), 80 °C MOMO OMOM MeOH, 90 °C, p-wave
Br Bu OMOM
HO Bu 1. TpC =Mezn(OH) 0 Bu

< e
Tp(,un'l,ML ZH

(O o s ~_)=_)
HO OH - 0= — —0
CH,Cl,/MeOH (1:1) l

Y . ZnTpCum. Me

Figure Il. 3 Synthetic route ttMOMCatBpin andSQ. Overall yieldstarting from MOMCatBrshown inFigure
1.2.

29



Dioxolene and Thiophene
Atomic Numbering

[1.2.2. X-ray Crystallography: Structure Analysis of Oligothiophene Series

“aed

po

“‘*“‘W or 4™ Ly }wa
Tase B moe | T
SQ-SQ 53 * SQ-Th,-SQ C; e,
4 Y T G .
sohsQ L SO-The-SO L~

Figure 1l. 4 Thermal ellipsoid50% probability) plots from crystal structurédata collected at 100 K)f SQ,
SQ:Th, SQ:Thz, andSQ:Thzwith M = Zn. Numbering conventions for dioxolene and thiophene sh@umeny!
aroups and protons omitted for clarity.

X-ray quality crystals were growior SQ, SQTh, SQThz, and SQThz and structures
were obtained via Xay diffraction(Figure II. 4). It should benotedthat the utilization of Tp™Me
as a ligandsterically blocksany intermoleculainteractions between bridges in the crystal lattice
Therefore” -stacking effectbetween the oligothiophene bridges be ruled ouvhen analyzing
these moleculesBond deviation paramete(®DP = xa) were also calculatedtilizing the
equation:

X & = X|rpesql rsq (29

With rpesqbeing the bond lengths of 3¢i-tert-butyl-1,2-sempuinonate(3,5DBSQ)? andrso2
being the bond lengths tfe semiquinone®und in the crystal structures foompounds S&J h,
(n = 03) (Table 11.1). 3,5DBSQ wasused as a comparison to the ;Sgriessince it can be
considereda completely nosdelocalized radical whilen the SQ series the SQ radicals can
delocalize into the bridgé comparison between the two will therefaigow to what degree the
SQ radical igerturbing the bridge aromaticitpioxolenex aewere 0.168 (SQz), 0.150+ 0.019
A (SQ:Th), 0.119+ 0.014A (SQ:Th2), and 0.08& 0.017A (SQ:Ths). Notably, as the distance
between the two semiquinone radical centers increaseds teéor the seriesexponentially
decreasgwith an exponential decay constant of 0.@56%(Figure I1. 5).
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This trend indicates that #ise distance between the two semiquinone radicals increases,
the degree ofbonding decreasesind aromaticity increase®elocalizationof two conjugated
radicals into the bridgthenleads to increased bonding as seerfFigure 1. 6 which would also
remove the aromaticity of the systeranly if the bonding interactios overcome aromatic
stabilization In thiophenerings, bond CBC3 6 a b 6C4haG& e doubl e b-onds,
C 48 a single bondrlhis formalism forthiopheneswhile still aromatic is due to the lone pair of
the sulfur atonhavingpoor orbital overlap between the @ital of carbon and the 3p orbital of

sulfurwhichallowst hi ophene rings to be considered fAper

Distance Dependence of ZnSQ Th (n =0-3)
2 n

and Bond Deviation Parameters
02 .

LA [A]

01

0.0 BDP = 0.189¢™%57")

R? 0.935

i
0 2 4 6 8 10 12 14
SQ Radical Separation [A]

Figure 1.5 Plot of x geversus the distance between the SQ radical cemgeiicund in the crystal structures se

in Figure I1.2. Standard deviatio(SD) calculated utilizing SD=B @ "Q B & "“wherex is thesum ofSD of the
dioxolene bond# 3,5-di-tert-butyl-semiquinoneandy is thesum ofSD ofthe dioxolene bonds in the synthesiz
biradicaloids.

Bond deviation parametevgere also determinefdr thiophene bridges by comparing the
bridges ofSQTh, SQ:Th2, andSQ:Ths to their respectiveliamagnetic, fully aromatic analogs
2,5-diphenytthiophené? 5,5 diphenyt2,2-bithiophené? and 3',4dibutyl-5,5"-diphenyt
2,2":5',2"terthiopheng respectively?® Only bonds between atoms within the oligothiophéne
system, excluding substituents, were considéfedbridgex aawere 0.110: 0.024A (SQ.Th),
0.081+ 0.017A (SQ:Th2), and 0.026 0.028A (SQ:Ths) which indicates thads more thiophene
rings are included in the bridglee more aromatic, and less quinoidal, the system becomes.

Analyzing the crystal structure bond lengthalfle 1l .2), thebondlengtho f -C &f6r
SQ:Th, SQ:Thz, andSQThsis 1.374A, 1.389A, and 1.404, respectivelySo aghe SQ radicals
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arebr ought furt Celrdo dmenttends totoriderCe-@ 8 6 , bortd kergth is
1.418A, 1.399A, and 1.383R, respectivelywhichshows the bond order trendingtizo. Finally,
the average torsiortzetween the ringgn SQ2Th, SQ:Th2, andSQ.Ths are4.005, 7.44C, and
13.453°, respectivelyThis structural informationndicatesthatat 100 K (temperaturstructures
were determined a3Q:Th is quinoidaized and closed shellwhile SQ:Ths is open shell and
aromatic Figure 11. 6), with SQ:Thz in a mixedopen/closed shedtate.

32



Table Il .2. Select SQ and Th borengths for SQ-SQ andSQ-Th1.s-SQ.

Dioxolene Bonds  r (A) | Thiophene Bonds| r (&) DioxoleneSk; (Ay ThiopheneSk; (A)
SQSQ CtO01 1.254
C202 1.316
crC2 1.479
cac3 1.370
c3c4 1.426
C4C5 1.451 --- - 0.168 -
C5C6 1.362 - - -
CceC1 1.462 - - -
C4l n Q 1.421 --- --- -
SQTh-SQ C101 1.269 | Ho Q 1.406
Cc202 1.32 / o/ Q 1.3%
C1C2 1.470
C2C3 1.3
C3C4 1.417
C4C5 1.427 0.150 0.110
C5C6 1.370
CeC1 1.454
C4l HQ 1.411
SQTh-SQ c1o1 1.264 / W Q 1399
C202 1.307 / o/On Q 1.38
C1C2 1.477 | rlp Q 1.395
C2C3 1.3™ | pC% 1.414
C3C4 1.404
C4C5 1.438 0.119 0.081
C5C6 1.3
CeC1 1.452
C4/ H Q 1.422
SQTh-SQ cro1 1.268 / W0 Q  1.383
C202 1.298 / o/ Q 1.402
C1C2 1.476 I ”lOp Q 1.378
C2C3 1.392 | plH € 1.443
C3C4 1.389 | wloé 1.375 0.080 0.026
C4C5 1.436 | oléné 1.408 ’
C5C6 1.368
CeCl 1.452
C4/ HQ 1.443

2Averagevalues where applicable, sEgure 1.4 for numbering schemeBond deviation parameterge = sum of absolute value of difference in

dioxolenebond lengths compared to those3gs-di-tert-butylsemiquinoné® See text for detailsHere C4C46 refers to the coval
connects thalioxolenerings.? Bond deviation parameters for thiophene bridges determined by comglaeimgidges oSQTh, SQTh,, and

SQThs to 2,5diphenytthiophené® 5,5-diphenyt2,2-bithiophene’? and 3',4-dibutyl-5,5"-dipheny}2,2".5', 2 terthiophené? respectively Errors

can befound in thetext.

S R S ]\ S N
v \ /S \ /)

Quinoidal, Closed Shell Aromatic, Open Shell

Figure Il. 6 Simplified Lewis structures c8QTh, (n = 1, 2, 3with methyl radicals replacing semiquinonBsnd
order is basedff crystal structure data.
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[1.2.3. EPR Spectroscopy: Oligothiophene Series

SQzTh3
2-MTHF, 95 K
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Figure Il. 7 Powder EPR 0ZnSQ:Ths (left) andZnSQ:Th2 (right). Subset spectra are #aas = 2 signal for each
compoundFitting performed with EasySpig. = 2.0000peakis a S = ¥ impurity.

The EPR speatim for SQ:Ths collected at 120 K in -MeTHF is characteristic of a
randomlyoriented, rhombic spin tript is shown inFigure 11.5. Zerofield splitting (zfs)
parameters, determined by fitting the experimental spectwsing EasySpin which is a
computational EPRrogram forMatLah®® were determined aBjhc = 0.00342 cmand E/hc| =
0.00062 crit. Triplet EPR spectim were not observed for eith€Q;Th or SQ:Th2 at 95 K in 2
MeTHF. Solid solution films of botl$Q2Th andSQ:Thz in polyvinyl chloride(PVC) were used
to acquire the powder EPR speetrof bothSQ:Th andSQ:Thzat elevated temperatures. While
SQTh failed to show a triplet spectm up to 360 K,SQ:Th2 exhibited a powder pattern of a
rhombic triplet at 295 KHKigure 11.7), with zfs parameters determined by fitting dbéhf]| =
0.00578 crit and E/hc| = 0.00086 cm. Both SQ:Th2 and SQ:Ths displayedaams = 2 signals,
which unequivocally show that thesempoundsontain two coupled spins

In organic triplets where spiorbit coupling plays a negligible role in the zfs, the axial zfs
parameteD is proportional to 1% where r is the distance between spin cenfésrefore for
SQ:Thy, the distance between thpin centerss 5.57 A, and forSQ.Ths the distance i6.64A.
The semiquinone radical centénsSQ:Thzare 9.12A apartas seen in the crystal structure, and
for SQ:Ths the distance is 12.9%. This data implies that while the spin centers $8Th: are
closer together, the spins $(Q:Ths candelocalize relativelyurther into the bridgeOr another

way, he spins irSQ:Th2move3.55A closertogether(~ 1/3 of the length of th&h), while in
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SQ:Ths the spins mové.33A (~1/2 of the length of T). However,based off the bond lengths
found in the crystal structure f&Q:Ths, this delocalization does not cause quinoidalization, with

bond ordes as seen ifrigure I1. 6.

8 L L L . ) 25

A AE, =306 cm! _ B 2J=-238 cm™; R = 0.85
AE, = 822 cm™; R = 0.997

7

6

s  3-State model fit .

1.5

I(Am, = 2) (a.u.)
Area(Am,=2) (103 a.u.)

5SQ-Th,-SQ SQ-Th,-SQ

0
350 3

100 150 200 250 ., 300 5 6 7 8 9 10 11
Temperature (Kelvin) 1/Temperature (103 K1)

Figure Il. 8 A. VT-EPR data for SeT'h; in a PVC matri~0.2 M] and fit to a 3State ModelB. VT-EPR data for
SQThzin a PVC matrix [~0.2 Mand fit toEquation 17.

The distance between th&o semi(quinone) radical centers Q. Th is 528 A. This
compound is also diagmagnetwithin the temperature ranges allowed dueiristrument
limitations (EPR has a maximum temperature of 350 K, and SQbiynetometryhas a
maximum of 360 K due to plastic sample hold&adical delocalization i5Q:Th2 brings the
radicalsin similar proximity as seen 8Q;Th, andbond lengths in the crystal structure shzond
orders of roughly 1.8hroughout the conjugated patay indicating thatSQ:Th2 is neither
guinoidalized or truly aromatic

Curie plots were generated f8Q:Th2 and SQ:Ths with their respective PVC filmas
shown inFigure 1.8 by tracking thearea of thesans = 2 transitionby EPR over various
temperaturesVT-EPR data foSQ:Th2 was fit according to a-State Mode(Equation 31) that
will be further explained later grand gavel = (aE - aE1)/2 = -258 cmt. SQ:Ths VT-EPRgave
J =-119 cmt, andthe fit (Equation 17) while relatively poor is corroborated by subsequent.data
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[1.2.4. SQUID Magnetometry: Oligothiophene Series
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Figure 1.9 Left: Paramagnetic susceptibilitgmperature productfa& TVs. temperature for a crystalline
sample ofSQ-Th2-SQ with g = 2.00 Fit with a 3State ModelRight: Paramagnetic susceptibilitgmperature
product €pard Tvs.temperature for a crystalline sampleS#p-Ths-SQ with g = 2.00 Fit with Equation 13.

Crystals grown for Xray diffraction were utilized in SQUIBhagnetometry measurements.

Magnetometry was performed on 8@, (n = 1, 2, 3)utilizing a super conducting quantum

interference device (SQUIOP measure the magnetic susceptibility of the sample over various

temperaturesSQ:Th displayeda diamagnetioaial vs. T plot, characteristic of negative slopes
with the yintercept = 0 between the temperatsdas 300 K(Appendix A.3) However,SQThs

gave

a p a pad vsa [ oumwd Figure 1IcY; right), the fitting (Equation 13) of which

gavel =-121 cm'. For SQ:Th2, howeverthe paramagnetic susceptibility déFagure I1. 9; left)

was fit to a 3State Mode(Equation 30) that will befurther explainedater. This fitting gavel =
-321 cmt.
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11.2.5. Variable Temperature UV-vis: Zn Oligothiophene Series
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Figure II. 10 Left EAS of SQTh, (n = 1, 2, 3) in cyclohexana room temperatureRight Dilute solutiors of
SQThy(n =1, 2, 3) in dichloromethane.

Shown inFigure 1l.10 are theEAS spectrum of the oligothiophene series at room
temperature in cyclohexane. B&:Th andSQ:Th2 display intense low energy bands between
1200615000 cmt, which are also present 8Q:Ths however are much lower in intensity. Also,
SQ:Th2 and SQ:Ths share similar bands around 17528000 cnt. It was initially found that
SQ:Thsdisplayed thermochromism when conducting powder EPR experiments in MeTHF at 100
K. Therefore,SQ:Th, SQTh2, and SQ:Ths were each dissolved in a saturated solution of
polystyrene (PSr polyvinylchloride (PVC)n CHzCl2, and pipetted on a flat, glass surface then
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Figure Il. 11 Left VT-EAS spectumof ZnSQ:Thsin a PSfilm. Isosbestic points are at 15500, 20500, and 24

cnit. Right VT-EAS spectum of ZnSQ:Th2. Peak intensity increase at 13000 cdue to decreased molecul:
motion at lower temperatures.
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covered with a watch glass to decrease the rate eClzH¢vaporation. This process yielded
transparent films with each compound evenly embedded that were then loaded into a helium
cryostat that allowed for the samples to be analyzed via electronic absorption spectroscopy at
various temperaturegigure 1. 11).

SQ:Th displayed no thermochromic behawiboweverSQ:Th2 showed some arfsiQ>Ths
displayed immense thermochromic behavior, with the bands betweer1 BB00 cmt and 23000
cmtincreasing in intensity as the temperatweslowered while the bands between 1550500
cm! decreased in intensity. This intensity change corresponds to a color shift of red to orange.
This notably being the expected color ®:Ths given the color trendqregardingextending
conjugation)of theprevious two biradicaloidsS(2Th = purple;SQ:Th2 = green).

Given thatSQ:Ths is antiferromagnetic, the ground stata gngle state. Therefore, as the
sample is cooled, population of the ground state singlet will increase and any bands corresponding
to transitions associated with that state will increase in intensity, while bands associated with the
higher energy triplestate will decrease in intensity. Therefore, the bands betweerl8800 cm
L and the band at 23000 droriginate from the ground stabpen shelkinglet, while the bands at
155020500 cmt correspond to a higer energy open shell triplet state. Whenrfigtthe data to a

Boltzmann distributionRigure 1.1 2.A), the magnetic exchangg,was found to bel11 cm! and
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is in excellent agreement with=-122 cm' found via SQUID magnetometrilotably, at room
temperature the fitting shows tHa@Q:Ths is approximately 50% open shéiplet. Interestingly
the singlet spectrum d8Q:Ths (4 K; Figure 11.12.B) highlights the similarities betweeneh
electronic ground state of thtempound an&QTh andSQ:Thz.
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Figure 1. 13 Left Fitted plot of the peak at 13000 @rmtensil versus temperatutfer SQ:Thzto the 3 State
Model. Right Temperature deperdt populations of the three lowest energy stat&QTh-SQ

Similarly, though less drasticall{sQ:Th2displayedonly visible thermochromism with the
band at 1800 cm! decreasing in intensity as the temperature was low&igdré 11.11; right).
When this peaks intensity vs. temperature wasofithe same -$tate Model utilized for both
SQUID magnetometry and VEPR data foSQ:Th2 the magnetic exchange was found tallze
(aE2 - aE1)/2 =-258 cmt (Figure II. 13; left; Equation 32). The 0 ground state is the only
state populated at temperatures below ~100K0 A biradical state is populated at temperatures
greaterthan ~100K. This state has a different geometry duepseadolahnTeller distortion,
where thesQ-Th2-SQ may be distorted relative to the ground state byodyiane vibrationsd.g.
SQT and TRTh bond torsionsto lower the symmetr{fFigure II. 13; right). In these cases, the
groundbiradical state @ ) possesses an exchange coupfied state that i$42 cm! (J = 321

cm}) higher in energy.

[1.2.6. Computing the aEst of Biradicaloids: Oligothiophene Series
Despite obtainingcrystal structures and deriving aefor SQ2 and SQ:Th, there was

unfortunatelyno way to directly probe the magnetic properties of these compounds due to the
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apparent magnitude df causing these compounds to be diamagr®iteveen theéemperature
ranges of 660 K SQ: and SQ:Th can haveNMRs taken at room temperature with no
paramagnetic broadening/signal dampiherefore it was determined to ascertaimetsinglet
triplet gaps computationally. Given the number of atamthese molecules (MM 1676 g/mol
and1759 g/mol forSQ andSQ:Th, respectively)it was determined toptimize the structures of
the 10S and®OS utilizing density functional theory (DFT), which is a computationally cheaper
albeit less accuratejethod than CASSCét Cl due to imbuing the computed wavefunction with
spincontaminatior{®

Gaussian® 16&oftware was utilized for the computatici$JB3LYP/6-31G(d) with a
SDD effective core potential for Zwas utilized to optimize the structuré®S and®0S
wavefunction®of SQz, SQ:Th, SQTh2, andSQ:Ths starting from the crystal structwebtained
by X-ray diffraction3¥3’ The cumenegroupswereomittedfrom thestructurs, sincethosegroups
dono participaten themagnetieexchangédetweerthetwo radicalcentersandonly imposemore
computationalcost to the calculation A modified spinflip methodology as seenin the
literaturé’®® was utilized (optimizing the 30S first, then once optimized changing the
wavefunctionto *0S andoptimizing). For the 10S structuresthe torsionanglesbetweerthe SQ-
B and betweenthe thiophenerings were restrictedto that as seenin the crystal structure.This

restrictionfor the 10S was madesincewithout torsionalrestrictions,the computationscreated
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structureswith vastly largertorsionsthanwere seenin the crystalstructure This restrictionwas

not madefor the 30S sinceit is expectedor the torsionsto increasewithout the addedability to
planarizethroughquinoidaliation Singlettriplet gaps were calculated from ttiéferences in the

triplet and singlet wavefunction electronic energies wighgl:i Erriplet SO that a negativeEst
indicates a more stable singlet state than triplet state given these are antiferromagnetically coupled
radicals.J was calculated by dividing the comput&Hstby two.

The computed) values werethen -1007 cmt (SQ), -556 cm' (SQTh), -280 cm?
(SQ:Th2), and-135 cm! (SQ:Ths). The computed for SQTh2 and SQ:Ths were in good
agreement with thé found via magnetometiyeing-321cm* and-122 cmt, with 13% and 11%
error respectivelyTherefore,it was concluded that given the minimal ercmmpared to the
empirical results that the computéébr SQ2 andSQ:Th werevalid enough for analysig he data
also fit nicely to an exponential curve when correlated with the distance between the two radical
centers Eigure 11.14; left). Notably, the -decay constartf 0.165 A is comparable to othér
decay constastfor similar oligothiophene systemstudied albeit is smalle?® Also, when
comparing the previously calculatdbxolenex agfor the SQTh, (n = 0-3) seriego the computed

J, therewasan exponentiagrowthwith acorrelationof R? = 0.981 (Figure 11.14; right).

I1.2.7. Discussion of Oligothiophene Biradicaloids

The bond deviation parameters 8@ -Th2-SQ indicate a ground state electronic structure
description that is between closskell quinoidal and opeshell biradical in naturei., a
biradicaloid,Figure 11.6). Here, we analyze the VT magnetic and spectrosagig in order to
develop insight into the biradicaloid nature of the ground state and the unusual temperature
dependent behavior tie data. Since the magnetic susceptibility, EPR, and electronic absorption
data forSQ:Th2 are all temperature dependent initially considered the S = %2 dinmaodel we
employed forSQ:Ths. This model incorporates an S = 0 singlet ground state and thermally
accessible S = 1 triplet state. However, we were unable to obtain a-sifig¢tenergy gap (@
that was consistent with the VT magneticsceptibility, EPR, and electronic absorption data sets.
Therefore, we employed an expanded meoaldescribe the thermally accessible stat&rh2-
SQ. This threestate model isomprised of a closed shell biradicaloid ground stabe (), with
thermally populated opeshell singlet (6 ) and triplet (6 ) exchangecoupled states at
e n er giaensd »,qeEpectively, above the closslell ground state. In this model, the energy
di f f erie p& eorregponds to the singletplet splitting (2) of the open shell biradical
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statesusing the exchange Hamiltonian, cUY E'Y. We attribute the existence of two
(biradicaloid and aromatic ringbridged biradical) populations to result from a temperature
dependent structural change (increased ring torsion amplitude$@abatto greater S®h and
Th-Th bond torsions i8Q-Th2-SQ as the temperaturecreasesThus Equations 30, 31, and32

were fit to the VT magnetic susceptibility, EPR, and electronic absorption data, respectively.

s

S (30
_r
° == (32)

Best fits of Eqn. 3 to the 1#Bl7mmdagmai=ipE sus
959 cmt. This results in the opeshell biradical singlet residing only 317 ¢rabove the S = 0
quinoidal ground state, with a biradical singlet i p| et sipdE=t2i36dcmdr= ©E
-321 cmt). In contrast to the VT magnetic susceptibility data, the VT EPR data directly probes the
thermally populated open shell triplet state as a spectroscopic observable. The Heguatioh.
31t o the VT EPR3banandi=EscmpE T hie 30 Em! quinoidi
biradical singlessinglet gap is in remarkable agreement with that determined from the VT
magnetic suscept iib317dm)y abope v ienmpkr Rl 61 60piE
(J =-258 cm') determined for the biradical singteiplet gap in the solid solution (polymer) phase
is reduced by ~20% compared to that determined by magnetic susceptibility experiments on
samples in the polycrystalline state.

EPR VT-UV-vis, andcrystal structure data indicate tl&®-Ths has an open shell singlet
ground state, rather than the closadl mixedshell singlet ground state tha@Q;Th andSQzTh2
possessrespectivelyThis distinctionis shown in the crystal structurbecause¢he bond lengths
going fromSQ:Th to SQ:Thsindicatea trend of being quinoidalized to aromak®R fitting gave
D/hcvalues, which showed that tepins inSQ:Th2 are closer together than the spinS@Tha.
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Figure Il. 15 Comparison between a traditional circuit with a resista bis(semiquinone) biradicaloid bridge
by Th, (n = 0-3). The battery voltage is similar the SQ(SOMO})Bridge(LUMO) bonding energywhile the
resistor/wire issimilar tothe bridging unit with more resistancesa increases

Thisresult is expected, since there is one less thiophene bridging the two semiquirB@dsin
than inSQ:Ths, however these results also show that the spefecalizefurtherin SQ:Ths than
theydoin SQ:Th2. Also, the spirto-spindistance irSQ:Thz (5.57A) is approaching the distance
betweernthe semiquinone spin centersSTh (5.28 A). Though, this may simply be because
the relationship betweeb/hc and radicaradical distance deteriorates when the radicals in
guestion are in conjugation with each oftarthatthere is simply moré-system for the radicals
to delocalize into inSQ2Ths relative to SQ:Th2. Also, SQ:Th was diagmagnetiander all
experimental probingoetween the temperature o0f360 K Interestingly, cystal structure
information indicates th&8Q:Thz is neither fully quinoidalizedr fully aromatic.

Thereforehere is a minimum distance, or oligomer count, between two conjugated radicals
in oligothiophenesor any type of repeating briddeefore the spins preferentially pamd become
EPR silentdiamagneticConsider a traditional circuit that contains a residtagure Il. 15). The
current of the system is the quotient of the voltage by the reistance applied to that voltage. The
radical source utilized in biradicaloids could be considered a voltage source, with increased radical
SOMO/bridgeLUMO overlapand adi cal density increasing the
the bridge. The resistor and wire is then the bridge used to connect the two radiSglsT Hp,
the spins are nearly at the threshold distance that allows for quinoidalization to occur. Each
thi ophene ring adds increased fAresi s$Qlhsce o i n
stabilizes the system more than through the ekitond created through quinoidalization.
Therefore the more aromatic rings in a system, the less the spins will be able to pair. Similar
conclusions that aromaticityf the bridgebeinginversely proportional to conductivicross that

bridge(g ® Hpa @ J) havebeen mde by other§¥°* And importantly, thdess aromatic character
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the bridge contains, the more eiiotly it should be able to conduct electricdye to increasing
bonding interactions betwedme bridging units

An indirect way to judgéiradicaloidcharacter are-decayconstantsThe larger is, the
faster conductivityor magnetic exchangd © g) drops to zero as the distance between two
electrodesor radical sourcess increasedReports have showthat by perturbing aromaticity
through quinoidalization, conductivity increasesd conversely the -decay constants
decreasé®*""48As statedSQ radicals are analagous to electrotlesreforé -decay constants
for magnetic exchange cetate with those shown in conductivity studjethough cannot be
directly interchangedAs shown by Kirket al, the ratio ofi ¢/i j ( ¢ = decay constantfor
conductanceé; ; = decayconstantfor magneticexchangef SQ-Th,-NN (n = 1-2) biradicalg for
oligothiopheness 1.58.17 Figure 11.14 showed that ; for the SQTh, (n = 0-3) series wa8.165
A-1, which is less thathe reported ; for SQ Thn-NN (n =0-2) J valueswas0.22A1.26 Thisshows
thatmagneticexchangalecaydessrapidly in SQ-B-SQ systemghanSQ-B-NN. The ratio of 4
from computation®f conductancecrossaromaticoligothiophenegused ¢=0.35A%; i 4=0.29
A1 foundwith conductancetudiesfor repeatunits 1, 2, 3, and5)®*¢ andi ; for SQThn (n = 0-3)
is then2.33, which furtherdeviatesrom unity relativeto SQ-Thy-NN.

Deviations from unity for i g/i 5 implies greaterbridge contributionsto the magnetic

exchangeTo explain,theexpressiorto describé i in thesuperexchangmodel*?

(33

Showshow exponentiadecayconstantgi i; i = J or g) relateto tunnelingenergygaps( & the
bridgebridgeelectroniccoupling(Hge,; i = J or g), andthe lengthof the individual bridge unit
(L). edJcanbe definedasfithe energyrequiredto promotean electronfrom the donor (electrode)
to the bridge LUMO, or to promotea hole from the acceptor(cathode)o the bridgeH O M Q%
Also, i jis directly relatedto effectivebarrierheights( s andme beingthe massof atunneling
electron Equation 34).12%2gE.¢ is simply the energyrequiredto overcometo initiate electron
transfer/transport.
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Whenlooking attheratio of i ¢/i ; for the samebridgesthe Equation 33 thenbecomes:

e

— — (35

Whichremoved. asacontributingfactorto themagnitudeofi ¢/i ; andbecomesolelydependent
onadJandHgs,. Sincel ; of the SQ-Thr-NN and SQThn systemsare being compared to the same
i g (0.35AY), and given thasd}/Hgs ¢ for aromatic thiophene systemswas computed to be
1.79 by Kirk et.al,16 the expression can be further simplified:

y

I ™ 1— (36)

h

Equation 36 is independenbf the biradicalsystembeinganalyzedassuminghe bridges
utilized arethe sameasthosein the conductancexperimentsowhenpluggingini ; = 0.165 A!
for the SQThn seriesad}/Hez 1 is 1.32, which is lessthanad}/Hss s = 1.53for the SQ Tha-NN
seriesaspreviouslyreportedby Kirk andShultz18*Therearetwo possibilitiesfor the lowering
of &/Hgg  in the SQThn system:In the SQ-B-SQ system(1) &d} is decreased, or (Blgs, is
increasedelativeto a4} andHgg j respectivelyfor theD-B-A counterpartDecreasingd}is harde
to explain,though there is an eas explanation forHse ssq2> Heeisonn. There are resonance
structuresthat represent excited statdsC1 and EC2, for SQ-Th2-NN that impart quinoidal
character into the compounBigure 1. 16). However the degree of quinoidal charadtre6Q-
Th2-NN is less when analyzing the crystal structures relative to the anal@@tib2-SQ since
thetwo resonance form®r SQ-Th2-SQ thatimpart quinoidal characteGC andEC1, represent
thegroundstateandanexcited state, respectivel§f*®Increased quinoidal charactacreases kb
due to increased orbital interactions between the bridge andsjuinoidalization if&acilitated by
the radical donating semiquinank could also be said tha#} decreases with increased

quinoidalization, sinces houl d be i ntrinsically easbomdr f or
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Figure 11. 16 A: Resonance forms for SGh,-NN and SQTh,-SQ that highlight quinoidal character in the brid
that would increase #d ;. B: Plot showing a linear correlation between the number of SQ radicalsd to the
aromatic bridgeandadJHgs.

r at h e r -bandhTaerefose with teseexpectatios, when comparing thatJHgs valuesgoing
from thefully aromaticconductingsystemswith no SQunits, to the minimally quinoidalizedSQ
Tha-NN moleculesto the SQTh, moleculeghatcanfully quinoidalizethereappears$o beadirect
correlation betweenthe numberof SQ radicalsand aJHgg (Figure 11.16). This relationship
indicates that electrons more readily travel througidges with perturbed aromaticity.

There are also key spectroscopic featuresld identify whether a oligothiophene
biradicaloid will bequinoidal or aromatic that werdentified (detailed computational analysis is
ongoing to verify the following speculations The variable temperature Wis of SQ:Ths
revealedrom the isosbestic points that only two states are involaedthat the band &t8500
cmtis a transition from an open shell triplatith the band at 22500 choriginaing from an open
shell singlé. This is verified when comparing theagnetic exchang@, found from the Boltzmann
fitting of these two bands111 cmt, toJ found by SQUID magnetometryl22cm®. These values
arereasonablylifferent due to the matresthe data was collected in{E film for UV-Vis; single
crystalline sample for SQUIandvalidates the assignment of these bandsn their temperature
dependencyTherefore, it is reasonable tonclude thaBQ:Ths has an open shell ground state.
Lack of thermochromisrm the temperature ranges studiedidoth SQ.Th andSQ:Th:z is likely
due to the magnitude dffor both these compoundwhich also directly affects the ground state
electronic properties to be more closed stwelSQ:Th2, and completely closed shell 86:Th.
Finally, the high intensitpf thelow energy bandsl@000 cmt to 15000 crit) seen irSQ:Th and
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SQ:Thzis likely dueto the quinoidal structure these compounds possesseReitation from a
qguinoidal state will ineffect rearomatizéhe excited statahisdriving forceloweringthe energy
of the transitionAlso, snceit is symmetry forbidderfor the OS ground state'B: symmetry) of
the allyl model to mix with the closed shgliinoidal state tA; symmetry),it would then be
expectedor SQ:Ths to weakly absorb in thieegionas is seein the UV-vis spectrumThough
notably, theSQ:Ths 4 K UV-vis (Figure 11.11) shows thabpen shelsinglet state 05Q:Thz very
closely matches thelectronic properties 06Q:Th and SQTh2 at room temperaturéVe
speculatahatastemperaturegecrease, thantisymmetricOS ground stator SQ,Ths can more
readily mix withantisymmetric bridge states, which would partially quinoidatize moleculeat
lower temperatures.

Theutilization of bond deviation parameteosanalyze biradicaloidsereshown to aid in
understanding the effects thie bridge on thenagnetic exchange between the two radid&lsile
the reliability of the data is highly dependent on high quality crystals structomesmal
uncertainty in atomic positionsand works best for appended radical systems (phenoxy,
semiquinonegtc.), x aneed tobe usedasan empirical measure to quantify tliegree ofopen
shell singletbiradical charactem biradicalods given the direct correlations between radical
separation distancerigure 11.5) and theempirically verified, computed magnetic exchange
(Figure 11.12). They could also help predict the minimum number of thiophene separating
the radicals required to have completélyu n per t ur b e dlée eguationnfrani-igucei t vy .
11.12.B indicates that there is a minimum degree of magnetic exchar@t ¢m') when the x &
will become0. Therefore,when usingthis value to calculate the distance betwdes two
semiquinone radicals with the fitting iRigure 1.14.A, the distance is 19.4A which is
approximately 5 thiophene bridging unifis type of analysihelps pinpoint wheidgg, which
facilitates quinoidolizationwill be overcome byaromatic stabilizatiorfor a given biradicaloid
system

While no magnetic data f@Qz or SQ:Th could be collected due to the magnitude of the
magnetic exchange prevalent in these molectulespossible from the data collected to come to
an educated guess as to their approximate vafeeS&QTh, EPR analysis does not display any
triplet state forSQ:Th. Since no visible triplet state was observed up to 360iKEPR a
conservative minimum for the magnetic exchang8@{Th can be given to b& O-700 cm’. At

360 K with a magnetic exchange-@00 cm?, approximately 1.5% of th#0S is populatedror
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comparison, at 360 BQ:Th2 andSQ:Thz have31%and 71%of the*OSpopulated, respectively.
It is entirely possibléor SQ:Th thatthis minimal population of th#OSwould be below the limit
of detectionfor the instrumentAlso, by utilizing Equation 27c in conjunction with both the
crystal structure and magnetic data collecgtasd possible to back calculate the theoretiz&br
bothSQ andSQ:Th.

Ye g Y B (37)

As shown inEquation 37, it is possible to derivdsgzth by utilizing the already found
Jsqothz Which is theaverage value found from magnetic susceptibility-&AS, and VFEPR
experimentg-279 cml), theaR, orthedifferencein the distances between the two semiquinone
radical centers found in the crystal structuresSi@sTh andSQ:Th2(3.86A), and finally the -
decay constartf 0.22A previously found foSQ-B-NN oligothiophenes’ By solving forJsozth
we getthe magnetic exchang®r SQ:Th to be-652 cml. This value is in good agreement with
the priorobservation made for the EPR experimentsSIQsTh. Further evidence that tilevalue
for SQTh is approximately-652 cm? is discussed in Chapter IVUtilizing a similar
superexchange analydisr SQ: givesJ = -1521 cmt. TheselJ values differ greatly than the
computed] valuesof -1007 cm' (SQ2) and-556 cm! (SQTh). This can be attributed to the
computational methodology used, which did considerspecificconfiguration interactions that
could lower the energy of the ground state singighificantly, as well as the fact that these
computations were onlgomparing the difference in energy of thygen shell singlet and triplet
Given that these are well within the closed shell regthig discrepancy further demonstrates the
need forthe allyl model presented herein.Interestingly, it is possible to back calcéahe
magnetic exchange &Q:Thz (previously foundlave= -117) from Jave=-279 cm for SQ:Th.
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[1.2.8. X-ray Crystallography: Structure Analysis of Phenylene Series
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Figure 1l. 17 Thermal ellipsoid (50% probability) plots from crystal structug@sta collected at 100 K)f
SQPh, SQPh2, SQ.Phen SQAB, andSQ:BiPh. Note that forSQ.Phenthe ethene moiéts shown are 50%
occupied Cumenyl groups and protons omitted for clarity.

X-ray quality crystals were grown f&QPh, SQPhz2, SQ:BiPh, SQ:Phen, andSQ.AB
and structures were obtained viaa§ diffraction(Figure 11.17). Bond deviatiorparametersq &
were calculatethe same as thayerefor the previously discussed oligothiophene series utilizing
Equation 29 from the listed dioxolene bond lengtt&aple 11.3). x geare0.114A (SQPh) and
0.086A (SQ:Phy), with abeta decay value @& 080A (Figure I1. 18). The C4-C1dbond lengths
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Figure II. 18 Plot of x aeversus the distance between the SQ radical centers as found in the crystal structu

in Figure I1.17. Standard deviation (SD) calculated utilizing SD B®"Q B w "Qvherex is the sum of SD of
the dioxolene bonds in 3ditertbutylsemiquinone and is the sum of SD of the dioxolene bonds in t
synthesizedbiradicaloids.
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(seeTable 11.3 for labelling) are 1.453 A (SQ:Ph) and 1.487 A (SQ:Ph2), which indicates
decreasing double bond character of theGQC# 6  Ilyaing ttom phewl to biphenyl bridged

bis(semiquinone)s
t he -C@26 b o n darel.370Ag(B@Rh) and 1.390A (SQ:Phz). Notably, the average
torsion angles between tl80Q radicals ard8.06 (SQ:Ph) and34.04 (SQ:Ph2). These bond
lengthsand torsion anglemdicate bond orders as proposedHigure Il. 19, with SQ:Ph being

Th€ 2061 ® on dasel.416M(§QPn)sand 1.404 (SQ:Phy), and

quinoidalized an®Q2Phz being aromatic.

Table 11.3. Select SQ anéh bondlengths for SQ-Pha-SQ (n = 1, 2),SQ-PhenSQ, SQ-AB-SQ, SQ-BiPh-SQ.

Compound Dioxolene r (&) Bridge | &) Diuxnl/ﬂ:e Compound Dioxolene r (&) Bridge | r (&) Dioxolene
Bonds Bonds A (A) Bonds Bonds 3A (A)
SQ-Ph-SQ C1-01 1.318 c1-c2’ 1.414 SQ-AB-SQ C1-01 1.266 c1'-c2’ 1.387
C2-02 1.295 c2-C3’ 1.370 C€2-02 1.305 c2'-C3’ 1.39
C1-C2 1.476 Cc3-C4 1.414 C1-C2 1.478 Cc3°-c4 1.391
C2-C3 1.503 C2-C3 1.400 c4'-C5’ 1.419
C3-C4 1.398 0.114 C3-C4 1.374 C5°-C6" 1.394
C4-C5 1.440 C4-C5 1.438 c6’-C1° 1.382 0.067
C5-C6 1.370 C5-C6 1.365 c4-Cc1 1.468
C6-Cl 1.459 C6-C1 1.450 C3'N1 1.403
Cc4-C1° 1.453 c4-C1’ 1.476 N1-B1 1.473
SQ-Phy-SQ C1-01 1.314 cr-cy 1.404 B1-C6™’ 1.516
C2-02 1.290 c2-C3’ 1.390 SQ-BiPh-SQ | C1-01 1273 c1-c2’ 1.398
C1-C2 1.476 C3-C4 1.402 C2-02 1.289 c2'-C3° 1.429
C2-C3 1.401 Cc4'-C5’ 1.379 C1-C2 1.476 C3-C4 1.367
C3-C4 1.384 Cc5'-C6’ 1.396 0.086 C2-C3 1.401 Cc4'-C5° 1.51
C4-C5 1.432 c6'-C1’ 1.387 C3-C4 1.384 C5°-C6" 1.37
C5-C6 1372 c4-Cc1 1.498 C4-C5 1.446 Cc6’-C7’ 1.433
C6-C1 1.449 €5-C6 1312 | crcs 1.304 e
c4-C1’ 1.487 C6-C1 1.449 Cs-C9’ 1.408
SQ-Phen-SQ| C1-01 1.298 c1-c2’ 1.379 C4-C2° 1.476 C9’-C10° 1.368
C2-02 1312 c2-C3’ 1.354 C10°-C11° 1.498
C1-C2 1.440 Cc3-c4 1.423 Cc4’-C11° 1.375
C2-C3 1.401 c4-cs’ 1.34 C5°-C10° 1.413
C3-C4 1.371 C5°-C6’ 1.389 0.170
C4-C5 1.453 c6-C1’ 1.445 > c¥ . D o .
C5-C6 1337 | ca-c1” 1586 o
C6-Cl1 1.417 c3-cT 1.335 ot - cer
’ - ce' cs5 - C11' c1o -
C4-C1 1.450 c7-Cg' 1323 o o ci2 ce
C8'-C6™ 1.418

aAveragevalues where applicableBond deviation parameter ae= sum of absolute value of differencedioxolenebond lengths

compared to those of3,5di-tert-butyl-semiquinoné® See text for details.Labelling shown for phenyl/biphenyl,

phenanthrene/azaborinine, and biphenyl&ltge: SQ-Phendata requires monefinement.

Figure II. 19 Simplified Lewis structures of S®h, (n = 1 and 2) with methyl radicals replacing semiquindaes
simplicity. Bond orders derived frontrystal structure data.
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Figure II. 20 Simplified Lewis structures of SBhen and SEAB with methyl radicals replacing semiquinone
for simplicity. Bond order is based off crystttucture data.

When analyzing the crystal structureSf:BiPh, the introduction of antiaromaticifyom
the 4membered rings apparent given theronouncedlternant bond lengtha the phenyl rings
in biphenyleneNotably for the 4memberedring t h-E5 & 4&n-d1 Ld Odond | engt
1.510A and 1.498%, respectivelywhich are single bongdand heC 4-61 1 6 5ad H bddd
lengths are 1.378 and1.413A respectively, which are more akin to double boffdese bond
lengths are indicative of"2 Order Jahn Teller distortion, which is a common phenomémon
systems containing -hembered antiaromatic rings and has already been observed in
compounds containingiphenyleng*%*

Comparing th&Q:PhenandSQ.AB bond lengths shothat quinoidalization of the bridge
occurs through different pathways.h e -@C14® b 4.588A (8GPher), 1.468A (SQAB),
and 1.498 (SQ:Ph) for a nontorsionally rectifiedcomparisonFigure 1. 20 shows theough
bond orders o6Q:Phenand SQ,AB based off the bond lengtlis the crystal structure®ond
orders were determined lyspection.

Finally, x-ray quality crystals were grown f&Q:Fluorene anda structure vasobtained
via X-ray diffraction Figure Il. 21). Thex aefor this compound was found to BeD54A, which

was derived from thdioxolenebond lengths shown ifable 11. 4.

Figure Il. 21 Left Thermal ellipsoid (50% probability) plots from crystal structydsta collected at 100 Kf
SQ:Fluorene. Right Atom labels for fluorene bridge ®Q:Fluorene.
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Table II.4 Crystallographic information fo8Q:Fluorene.

Compound Dioxolene Bridge Dioxolene
Bond r [A] Bond r [A] Fad [A]
Ci1-C2 1.470 C106206 1.411
C2-C3 1.396 C206306 1.386
C3C4 1.372 C306406 1.400
C4-C5 1.432 C46506 1.395

SQ:Fluorene | C5C6 1.374 C5066 06 1.384 0.054
Ce6C1 1.431 C606106 1.409
Ci1-01 1.282 C40610 1.455
C2-02 1.294 C306706 1.526
C5C16 1.474




[1.2.9. EPR Spectroscopy Phenylene Series
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Figure 1l. 22 Powder EPR 05Q:Phz (A), SQzBiPh (B), SQPhen (C), andSQAB (D) observed in PVC at 29¢
K. Subset spectra are thns = 2 signal for each compound. Fitting performed with EasySpin. g = 2.0000 pe¢

a S =% impurity.

The EPR spectrum fo8QPh2, SQ:BiPh, SQPhen SQAB, and SQ:Fluorene were
collected at295 K in PVC/PS films are characteristic of a randomlyriented, rhombic spin

triplets®* as shown in Figure I1.22 and Figure I1.23. Zerofield splitting (zfs) parameters,

determined by fitting the experimental spectrum ugagySpirf® were determinefbr |D/hd| as
0.0409 cm! (SQPhz), 0.00327 cnt (SQ:BiPh), 0.00268 crit (SQ:Phen), 0.00249 crit
(SQ:AB), and0.00306 cr1t (SQFluorene), andfor |E/hc| as0.00aL7 cmt (SQ2Ph2), 0.0055 cm
1 (SQBIiPh), 0.00016 crit (SQ:Phen), 0.00012 crit (SQAB), and0.00018 crit (SQ:Fluorene).
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All compoundsdisplayedaans = 2 signals, which unequivocally show that these compounds
contain two coupled sping organic triplets where spiorbit coupling plays a negligible role in
the zfs, the axial zfs parametBris proportional to 1% where r is the distance between spin
centers. Therefore, theapproximatedistances between the radical spin centers6a28 A
(SQPhy), 6.74 A (SQ:BiPh), 7.12A (SQ:Phen), 7.38A (SQAB), and6.89 A (SQ:Fluorene).

All attempts at acquirinthe tripletEPR data fo6Q2Ph failed, giving only paramagnet{§ =%2)
impurity signals. This is attributed not talecomposition, but rather the larger magnitude of
magnetic exchange f&QPh relative to all the othasligophenylendiradicals analyzeterein.

' o rr ' A ! A I ! ' T
SQ2FIourene ’
PS, 295 K ﬁ

Experimental
==-= Fitting

By/5H

17201730 1740 770 1760 1770 1760
Magnetic Field [Gauss]
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g,, = 2.0032
0, = 2.0062
|D/he] = 0.00306 cm"
|E/he] = 0.00018 cm'"
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Figure 1l. 23 Powder EPR o5Q:Fluorene observed in Bat 295 K.Subset speatm is the aans = 2 transition
Fitting performed with EasySpin. g = 2.0000 peak is a S = % impurity.
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[1.2.10. Variable Temperature UV-vis: Zn PhenyleneSeries
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Figure I11.24 Left: VT-EAS spectum of SQPhzin a PVC film. Right: Comparison ofSQ:Ph, SQ:Phz,
SQ:Phen SQAB, andSQ:BiPh UV-vis in cyclohexane

Shown inFigure II. 24 andFigure 11.26 are the UVWvis spectrum of th&QPh, SQ:Ph,
SQPhen, SQAB, SQ:BiPh, andSQ:Fluorene at room temperature in cyclohexamée UV-vis
spectra of SQ:Ph and SQ:Ph2 share similar characteristicas well as SQ:Phen SQAB,
SQ:BiPh, andSQ:Fluorene. The low energy bands betwe#h00017000 cm' for SQ:Ph aso

appear inSQPhz, SQPhen SQAB, SQBiPh, and SQFluorene albeit at much lower
intensities.These low energy bands, in all cases, appear to possess vibronic strudtare
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Figure 1. 25 Left: Comparison oft K EAS of SQ:Phz in PVC andSQ:Phin cyclohexaneRight: Boltzmann
fitting of the band at 23700 cnt (triplet; black and26500 cmt (singlet; greenjor the EAS of SQ:Ph..
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SQ:Ph, thevibronic structure of the low energpand have arenergy spacing1600 cmt, which
is slightly lessthan G=C bond stretching frequenciess@-1680 cm'). Interestingly,SQ:Phy,
SQPhen SQAB, andSQ:Fluorene all sharetwo similar high energy bands betwe28000and
27000 cm. SQ:BiPh has muchmore complex electronic structurehich would require VT UV
vis dataor computationso further elucidate.

Also shownin Figure I1.25 is theVT UV-vis data forSQPhz. It should be noted that all
these compounds display visible thermochromisiren cooled with liquid nitrogemxcept
SQPh, which according to its crystal structure is quinoidalized and not aromatic like the other
compoundsWhen fiting the VT U\tvis data forSQ:Phz to a Boltzmann distributiofFigure
1.2 2), J wasdeterminedo be-41 cm? (Triplet band) and51 cm! (Singlet band) which closely
correlates td = -54cm! found via SQUIDmagnetometry foBQ:Phz (Figure 11. 27). Differences
in theseJ values is likely due to an underlying band distorting the data analvisich is likely
the case since analysis of the Wi spectrador SQ:PhenandSQ:Fluorene revealthere are two
absorption bands, between 21500 and 23508 coughly where th&riplet absorption band is for
SQPhz. Finally, if considering the 4 K UWis of SQ:Phz (Figure 11. 25), the bands at23000
cmit and 26000 crh arelike the high energy bands present3:Ph, albeit redshifted due to the

relatively extended conjugation

40000 — T
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30000 |
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20000

15000 R

10000

Molar Absorbtivity [M'Wcm'1]
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Figure Il. 26 Comparison o5Q:Fluorene andSQ:Phz EAS spectrunin cyclohexane
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[1.2.11. Magnetometry and Computations Zn Phenylene Series
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Figure II. 27 Paramagnetic susceptibilitgmperature productfa& Tvs.temperature for a crystalline samp
of (A) SQ-Ph2>-SQ, (B) SQ-AB-SQ, (C) SQ-PhenSQ, and D) SQ-BiPh-SQ with g = 2.00, ang{ = 0. SQ-Ph-
SQ SQUID data can be foundAppendix A.3.

Crystals grown for Xray diffraction were utilized in SQUIBhagnetometry measurements

for SQ2Ph, SQPhz, SQPhen SQAB, SQ:BiPh, andSQFlourene. SQUID magnetometrfor
these moleculeshowed] values 0f-395 cm! (SQzPh), -54 cm! (SQzPhy), -68 cmit (SQAB), -
76 cmt (SQ:PhenandSQBiPh), and-82 cm* (SQ:Flourene) (Figure II. 27 andFigure Il. 28; J
derived fromfitting with Equation 13, except foiISQ:Ph which was fit withEquation 30).

Gaussian® 16 software was utilized for computatiors d et e r grifon®2Ph h e

and SQ:Ph2.8 UB3LYP/6-31G(d) with a SDD effective core potential for Zn was utilized to
optimize the structurd®©S andOS wavefunctions #Q.Ph andSQ:Ph: starting from the crystal
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structures obtained by-Ky diffraction® 3’ Thecumenegroupswereomittedfrom thestructures,

sincethosegroupsdo no participatein the magneticexchangebetweenthe two radical centers,

andonly imposemorecomputationatostto the calculation A modifiedspinflip methodologyas

seenin the literaturé” 8 was utilized, andsimilar restrictionsto the torsionangleswere madeto
thestructuresasdonefor the SQTh, (n = 1-3) series Singlettriplet gaps were calculated from the

differences in the triplet and singlet wavefunction electronic energies WiHetE Etripetand J

was calculated by dividing the computasist by two. The computed values wereghen-336

cmit (SQPh) and-34 cmi! (SQPhy). These values aran adequateapproximation, given the

similarity between the empirically deriveld= -395 cm! andin silico J

and theempirically derived) = -54 cmt andin silico J = -34 cm* for SQ:Pho.
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Figure Il. 28 Paramagnetic susceptibilitgmperature productaA Tvl.temperature for a crystalline samp
of (A) SQ-Ph-SQ, fit with Equation 30, and B) SQ-Flourene-SQ, fit with Equation 13.

[1.2.12. Discussion of Oligophenylene Biradicaloids

Of all the biradicaloid oligophenylenes synthesized, ol8%Ph was found to be
effectively diamagnetic at roortemperatureThe crystal structure o8QPh shows distinct
quinoidal bondingcharacteristicsn the phenyl bridgeindicatingthat the two SQ radicalare

covalently interactingAlso, no triplet EPR spectra was observed3Qx:Ph. Ratherthan concerns
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Figure II. 29 Left Distancecomputed magnetiexchange relationship f@QPh, (n = 0-2) compoundsRight
Plot of aJHgg correlated to the number of SQ uriitsconjugation across the systewith 0 for M-Ph-M fully
aromatic bridge]l for SQPh,-NN biradicals, and 2 for S®h, biradicaloids.

of decomposition or dimerization, the lack of @bservable powder spectra is likely due to the
observed] =-395 cm* by SQUID magnetometrfDFT computational resultstilizing B3LYP/6-
31(d)gavelsqzrn= -336 cmt. Notably, the number of repeating usiin the bridge separating the
SQ radicalsequiredfor paramagnetism to dominate at room temperasuvaly two phenyl rings
rather than threeequired for the oligothiopher#@radicaloid seriesThis result is not surprising,
sinee quinoidalization of biradicaloids resisted by the aromatic stabilization of the system.
Thiophene is inherently less aromatic than phenyldgregefore requires more repeat utgsadi
the requir e dtopmuirmidalizatiomence o t o

Therefore,when looking at therelationship between magnetic exchange and distance
between the SQ radicalBigure 11. 30), it is expectedo see that the; = 0.30 A for SQPh (n
= 0-2) is larger than jsoth. = 0.17 AL, Also, pastcomputationawork by Shultz and Kirk has
shown thafor conductivesystems with oligophenylene bridg#&4-Ph--M) hasaconductive decay
constant] g = 0.45A," which closely matchedlg = 0.42A! foundby conducting probe atomic
force microscopy on ol@phenylenenonothiols suspended between metal confac&hultz and
Kirk alsofound that for SGPh-NN (n = 0-2) biradicald ; = 0.39A™. Sincedeviationfrom unity

fori g/i 3 implieseitherchangingbridgeunit statemixing (Hggs) or a changingbarrierto electron
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tunneling®?i ¢/i ; canbe usedto directly compareSQ-Ph-NN and SQPh, (n =0-2) compounds
relative to M-Ph-M. For SQ-Ph-NN, bg/i ; = 1.15and for SQPh, i ¢/i ; = 1.50. Sincei ¢/i 5
deviatesmore from unity for SQPh, thanfor SQ-Ph-NN, it canbe concludedthat either1) ae U
decreaseandbr 2) Hgg increasesn SQPhirelativeto SQ-Ph-NN. As previouslypostulatedor
SQThn (n = 0-3), there are increasedbonding interactionsbetweenthe bridging units due to
increasedqjuinoidalizationof the systemgoing from SQ-Ph-NN (excited stateswith quinoidal
forms)to SQPh wherethe groundstatecontainsquinoidal characteristicsat leastfor SQ. and
SQPh. Therefore,it is expectedhatanincreasan Hgg is occurringfor SQPh, systemslueto
increasedondinginteractionsetweerthe bridgeunits.

RecallEquation 33 (pg.42), for M-Ph-M systemsady/Hes g = 2.63 andfor SQ-Ph-NN
(n = 0-2) biradicalsad}/Hgs,; = 2.31 Sincei ; of the SQPh,-NN and SQPh, systems are being
compared to the samg (0.45A™Y), and given thasd}/Hgs g for aromatic phenylene systems

was computedto be 2.63 by Kirk et. al18 theEquation 35 (pg.45) can be further simplifietb:

(39)

Substituting 3 =0.30 A for SQPh (n = 0-2) into thisexpressionsd}/Hgs ; = 1.89. Plottingthese
adJHgs valuesfor M-Ph-M, SQ-Ph-NN, and SQ:Ph, againstthe numberof SQradicals(which

perturbaromaticityandincreaseHgss) asseenin Figure Il. 30 showsanearlinearrelationship(R?

=0.94).

Another measure of quinoidalizati@ane the bond deviation parameters of the dioxolene
rings in the SQPh (n = 0-2) series.lt was found that as the length of the phenylene bridge
increasedx adecreased. This findingprresponds wi what was seen f&8QThn, (n = 0-3), and
interestinglyi sop for the SQPh, series was 0.08%, while for SQThn i gop= 0.057A%. Since
x geeffectively show the degree of S8¥idge state mixingr perturbation of aromaticity of the
bridge, and that it is expected for oligophenylenesrdsist quinoidalization more than
oligothiophenesdue to being more aromatithe fact that spp(Ph) >i spp(Th) matches these

expectationsAs foundwith the oligothiophene series, there was a decent correlation between the
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computedmagnetic exchange @Q., SQ:Ph, and SQ:Phz and thex afor these compounds
(Figure 11. 29).
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Figure 11. 30Plot of the correlation between bond deviation parameters derived from crystal strucBQeRwf
(n =0-2)andJ. values.

In order to properly compare the magnetic exchange values wéitiogis oligophenylene
bisSQs synthesized herein, thevalues need to be correcteal account for the torsion angles

between the semiquinone radical cent&tgs can be donetilizing the equation:

(39

Where ¢ is any torsion angle between the semiquinone radiaats] . is the magnetic exchange
corrected forany torsion anglewhich is effectively the maximum magnetic exchange possible
across the bridg&he corrected.are shown below ifable I1.5.

This torsional correction analysis makes it apparent that the maximum magnetic exchange
for SQPh2, SQFluorene, and SQPhenanthrene are approximatelythe same. This finding
implies that with respect to the torsional reets, SQ2Fluorene andSQ:Phenanthrene there is
little difference in havingwhat is restricting the torsion anglég a partof the conjugation
(phenanthrene) @ saturated carbon center (fluoredefor SQ:BiPh howeveris -127 cm?. This

is a significant increase in exchange relatovéheSQ:Phz, and as already discusdbeé torsional
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rectifier in question does not seem to impawuch to the observed exchandéerefore,the
difference inJ. for SQ:Phz and SQ:BiPh comes from the diminished aromaticity of the phenyl
rings in biphenylene which while can be seen in the crystal structure given the pronounced
alternating bond lengths visible 8Q:BiPh (Table II.3), can be quantified utilizingquations
44-46 (pgs70-71), whichthengivesan aromaticity index,s, of 92 (SQ:Phz) and 78 §Q:BiPh),
wherelsvalues of 0 indicate no aromaticity and 100 maximum aromatibitis. result elucidates
once again the power of utilizing biradicals to understand struptoperty relationshipthat can

be related to conductivitysincebiphenylene was previously found to not have a statistically
significant difference in its conductivity relative timorene’*%* These findings conform tour
expectatiorthat the magnetic exchangef aromatic linkers is proportional to how aromatic the
bridgeis, with increased aromatic character decreasing conductwityis clearly observed when
simply comparing the magnetic exchang&QkTh2 andSQ2Phe.

Table 11.5. Corrected]. Values for the Oligophenlyene bisSQs

Compound Jcm? 1 cos() J. [emY
SQ-Ph-SQ -395 0.904 -437
SQ-Ph2-SQ -54 0.564 -96
SQ-Fluorene-SQ -82 0.815 -101
SQ-PhenanthreneSQ -76 0.776 -98
SQ-Biphenylene SQ -76 0.597 -127
SQ-Azaborinine-SQ -68 0.791 -86

SQAB contains a bridge that is an internal rectifier, so tina bridge will have
asymmetric molecular orbiwlFrom the crystal structure &Q2AB,t h e -NC Bodad length is
1.403A whichis of intermediatdength to a &N bond (1.47A)% anda C=N bond (1.2&).%"
Also, the C6 81 bond length is 1.518 andshorter than a pur@-C bond (1.5783).%6 The N1-

B1 bond length was found to be 1.4%3which closely resembles other reporBseN bonds (1.42
A).°7 This indicates that the azaborinine torsional rectifiarpsirtof the conjugated system, albeit
minimally due to the verging on singleBCand GN bondorders Line broadening of the powder
EPR spectrum foB8Q:AB (Figure 1. 22) was atypical for the overall series, and wigibaild not

be directly observedn the fitting the broadening could be due to poorly resolved nitrogen
hyperfinegiven that there would be two unequal radidainteractionswhich can only result if

the BN moiety ispart of the conjugationCompared to the isoelectron®8Q-Phen molecule
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however,J. for SQ:AB is-86cmi?, substantially less thah =-98 cm* for SQ:Phen It is possible
that breaking of the molecular orbital symmetry $QAB causes inefficientconjugation
throughout the systenor that coulombic repulsions occur due to the azaborinine madsti}{)
diminishing the overall exchange since more exchange places more electron density near these
charges Also, the ethene torsional rectifier present 8Q:Phen may dominate the magnetic
exchange pathwancreasing the overadixchangeFrom theSQ:Phen crystal structure, the G4
Cl 6 b o n dl.586&, wiych iswell irgto the regime of a carberarbon single bonadnd much
longer thanseen in typical phenanthre.437A). As shown inFigure 11. 19, the ethenéhas
increased doubleond characteandshorter thathe bonds observed in phenanthriaréhe same
bonds® As discussed alreadysQAB cannottake advantage of this additional pathway as
efficiently asSQ2Phen forcing the conjugation pathway to stajthin the rings which explains

t he s herltoe rb o4do6SQABIrgldtie toEQRhen
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II. 3. The Allyl Model for Conjugated D-B-D Biradicaloids

Unlike conjugated EB-A and crossconjugated BEB-A/D-B-D biradicals, only conjugated
D-B-D biradicaloids have the capacity to be diamagnetic by virtiebaind formation. Let us
reconsider the twelectron tweorbital model as outlined i®ection 1.2 but rather than two
orthogonal porbitals let us use two parallelgsbitals, with two electrons (akin to thebond in
ethylene). There are two possibilities from the linear combination of tarbipals: a’ -bond and
a’“-bond. Here thé-bond can be desbed by eitheEquation 41 or 42 since both are spatially
symmetric, and thé"-bondcan be described by the spatially antisymmeroation 40 and43.

Qr=5=[ (1) 8(2) - A(2) > 8(1)] (40)
Qs.0s=+=[> a(1) > 8(2) - A(2) - 8(1)] (41)
Qs+cs= = a(1)- a(2) + 8(1) - 8(2)] (42)
Qs.cs= 3=l a(1)- A2)-- 8(1) > &(2)] (43)

However, a major difference when applying this model to two orthogonal or two parallel
p-orbitals will be when considering the energies of the wavefunctions since bonding can now occur

due to the orbital alignment. Recall that the expressiod ifar

J=F-Fr=2KT —— (4)

T T BT

Increasing Distance Between Orbitals

= = 3

Figure 11.31 Depiction of the bonding to nelmonding interactions between tweppbitals as the distance betwe
the two orbitals is changed.

Y
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Herel is the resonance integral which describes the energy a system saves by delocalizing
electrons over multiple centers via bonding interactions. When bonding is possible, the value of
is large and will causead to be much larger thar:.JIf Jar becomes large enough due to the
magnitude of then the ground state becomes closed shell, and what was previously considered
the symmetric closedhell singlet will be the open shell singlet state. The antisymmetric closed
shell singlet will be a zwitterionic sethat arise from twphoton absorption, which is a reportedly
common phenomenon in biradicaloid molecifeand the open shell triplet will remain as such.
However, this MO model fails to give us any spectroscopic handlooitdsde of two photon
absorptionand fails to consider how the bridge plays a role in the magnetic exchangeuso let
consider another model.

Assume it is possible to physically move the orbitals further and closer apart, much like an
accordion Figure 11.31). As the orbitals move clos&rgether, theenergy of the bonding orbital
will decrease while the antionding orbital energy will increase. While after a certain distance
apart, the two orbitals will effectively become Abonding. The magnitude ofgd is dependent
on the degree of bonding present in the system since it is togagtinal matrix element @d)
that mixes two stateSinceJar is directly proportional to bk, the magnitude ad will then be
dependent on the degree of bonding in the systdmich is dependent on the distance between the
two radical centers/prbitals.

Realistically, the only way to physically move two orbitals closer/further apart in a
controlled fashion is using molecular bridges of varying length to connect the two orbitals.
Utilizing bridges composed of conjugatedgystems to connect two radicals requires considering
how the SOMOs of two radicals will mix with the MOs of the bridges utilized. Going from an
oligomer to a hypothetical polymer with nB-=oligomers, the HOMO/LUMQyap ofthe bridge
will trend downwards due to extended conjugation. Afswaasing the distance between the two
radicals will inherently decrease the magnitude of magnetic exchange. Let us then consider
simplifying any organic -system bridge as well as the semiquinone radicalsaibipals, such
that when constructing our SRridge-SQ state model we obtain the orbitals for allyigre
.32 . The ns eorbitajswill reacmhave one electron, while the bridgeimtal will

have two el ectetedronstotalgi vi ng four
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Figure 11.32 Symmetrizedmodels for biradicaloid electronic structuse. 4-state model showing the transitio
from closedshell singlet to open shell singlet as the number of bridge units incrBa$¢® model based othe
allyl p-systemThe three gorbitals represent paramagnetic SQ at the termini (ozech) and the bridge unit (tw:
€). Six configurations are show@S= closedshell, 0S= open shell DE1CS= lowest doublyexcited closed
shell, andDE2CS= highest doubhexcited closeghell.

4 distinct electronic states are required to understaBdDbiradicals: a closedhell (CS)
A, state, opershell 1B, states(0Ss), openshell °A; states (O%), anddoubly excitedclosed
shell DEICS)st at es. ABiradical oi do¢allavhdeCtmixingatheCR r i s e s
andOSa states The greater theixing, the more biradical, open shell character, and lesser mixing
results in greater closed shell character. The Cl mixing characteristic of biradicaloids is manifested
in varying degrees of a quinoidal bonding pattern in the moleEigerge 11.6): more closed shell
character dess Clwhile more open shell characterrsore Cl To then give a more accurate
definition, a compounds abiradicaloidwhen it has a closed shelectronic ground statbatcan
CI mix with an excited open shell state of the sasymmetry Forbiradicalshowever, the ground
state is OB which cannot mix with the CS statethout 2" order Jahn Teller distortion to lower
the symmetry of the systenTherefore, the OSstate will have minimal, if any, quinoidal

characteristics upon mixing with antisymmetric bridge states. This mixture would only partially
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Aquinoidalizeo parts of the bridge and woul d
molecule since quinoidalization will only be present in excited state configurations.

Modification of the preferred electronic ground state, be it open, mixed, or closed shell,
should then be dependent on the magnitude of the magnetic exchangethe Cl ofthe 0
(closed shell state) and (mixed open/closed shell state) that imparts biradical characteristics
into biradicaloid molecules. Therefore, there is expected to be a large energy gap between these
two states when the biradicaloid molecule is fully quinoidalized. Large energy gapsolea
diminished CI, therefore less biradical character.

Finally, given all previous analysis, we propose the statdelfor the SQ,Thn (n = 1-3)
seriesshownin Figure II. 33, which utilizes the electronic states discussdeiguire 11.32, which
suggests a closed shell ground singleSiQeTh, an opershell singlet foISQThs, and a mixed
configuration ground state f&Q2Th2. The pattern of bridge bond lengths showirigure 1.6
is consistent with these predictions as the alternation of-stnadtlong GC bonds characteristic
of quinoidal resonance structures is most prominenS€Th and least prominent f@QThs.

In addition, the bond deviation paramet&=s decrease fronB5Q:Th to SQ:Ths indicating
maximal quinoidal character f@QTh. The results of structural analysis are consistent with EPR
spectroscopy which indicates the presence of dyow thermally populatettiplet in the case of
SQ:Thawi t hst =aZ80 cm* (J = -120 cm?b), which is adequately reproduced from solution
absorption spectral measuremeBg comparison, a significantly larger singteplet gap exists

for the more quinoidabQTh2 (Jave= -288 cmt), and no triplet EPR spectrum was observed for
SQ:Th up to 360 K consistent with a much larger energy gap between the closed shell ground
state and an open shel | sttorSQThsethe .roonBtensparatitsee o f
electronic absorption spectrum is notably differénggre 1. 10) than the other two complexes.
However, absorption spectral features $6Thsbecome more like the other two complexes at
lower temperature@-igure 11.12) as the triplet state is depopulatétiereforethe mechanism to

create biradicaidswithhi gh fAbi radi cal charactero is to si
the two radicals. Extending the conjugation will lower #mergies of the open shell triplet and
singlet states andncrease the energy of the closed shell spatgressively wh a dramatic
increase in energy at the point in which aromatic stabilization overcomes the magnetic exchange
Also theoretically, this mechanis(Rigure 33) implies a point in whicla ground closed sheih1

state is just below thepen shellB; excited stateThis could behow toachievea high degree of
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Abi radi c aiha cmmund where thére appetr be quinoidal characteristias the
bonding The closed shell singlet and open shell singletvgayld beminisculeallowing foreasier
population of thisantisymmetricopen shell singlet staterhile the symmetric closed shell state is

still the lower energy state.

SQ-Th-SQ SQ-Th,-SQ SQ-Th3-SQ

Figure 1. 33 States for SeX'h, (n = 1-3) biradical/oids derived from the allyl model.
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CHAPTER 3: PROBING MAGNETIC EXCHANGE ACROSS THE CHALCOGENS

[11.1. Introduction

; 'NﬂN' 1 !

S E S 2
3 e
4 E=Te

Figure 111.1 Precursors tanixedvalent monocationic forms gfhenothiazineecorated chalcogenopheres
synthesized by Wenger et. al.
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We were interested in probirtige magnetic exchange acrossehalcogenophenggiven
the minimal literature precedem studying the heaviechalcogenphenes (selenophene and
tellurophene)and furan as well aprevious studies performed byVenger et. aft%%10! that
determinecklectronic coupling matrix elemeias, valuesand comproportionation constarks,
for themoncoxidizedmoleculesshown inFigure 1ll. 1. Kc were calculated r o gy faariel by
cyclic voltammetry using the equatitty =10752°™mV_ K. is a measure of how stable the sjng|
oxidized species is in mixed valent compound, with increasing Borrelating to increased
communication between theedox active centers (in this case thirogen atomsin the
phenothiazine unifsincreased communication between redox centers means increased H
However, Kk can also be governed blectrostatic forceand ionrpairing effects, gcorrelating k
with Hag must be done with cautidf? The trendfor K¢ was in increasing ordesf furan <
thiophene < selenophene < tellurophétigs values were also directly determined by analysis of
theintervalence charge transfer (IVCT) barsg®n byJV-vis of the moneoxidizedcompounds
However they foundthe order of increasing Ad to betellurophene < furan < selenophene <
thiophenethough the authors do state that this method of analysis did not yield statidigtatligt
Has values to draw a conclusive trend across this s&fies.

Thesefindings are inconclusivavith respect to determining whether oligothiophenes are
better or worse than oligoselenophenes in facilitating charge tranAjsmrtthese findings do run
counter to previouslaccepted trends in aromaticity for the chalcogenophenes, with thiophene >
selenophene > tellurophene > fufdsince selenophenes should have their aromaticity more
easily perturbed than thiophenes to enable charge delocalid&igure IIl. 2). As shown,
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Figure II'1.2 Aromaticity indexes A) for thiophene, selenophene, tellurophene, and faedculated through
determining the variances in the Gordy bond orders of #hestem.

aromaticity indexes A) were previously calculated for the tt@genophenesThe method of
guantifying aromaticitywith A is doneby frstcal cul ati ng the bond ord

relationship'®*
N=a/R2-b (44)

WhereN is the bond ordeR is the bond length, ardandb are constantsharacteristiof a given

atomic pairand are calculateffom covalent radii and electronegativity valtfésutilizing the
ShomakerStevenson equatidii® A table ofGordy constants are listedAppendix A.5. It should

be noted that the Gordy relationship fails to matchP#eling equation for bond orders less than
one, but otherwise effectively overlaps in all other situatemms apply to the systems currently
under investigatiof® Once the bond order is calculated this way for every boadéning within

t h esystem, the variance is calculated to determine how different the bond orders are from each

other with the equation:

(49

WhereN is the average bond orderf  tsystemTherefore this definition of aromaticitan be
summarizedas ow si mi |l ar are t he bo ngysted?Tleenorssinaldr al |
they arethe smaller the variance and more aromat -sgstem, and vice versior 5>membered
heterocyclicrings the maximum varianc&\{) is 35, which makes a variance off® maximum
degree of aromaticity and 35 the maximum degree of electron localiz&tiba.convertthese

variancego a more manageable scale the following equation is used:
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0O pmmpP — (46)

WhereA is the aromaticity indexNow, A = 0 indicates nonrdelocalized Kekulé system aAd=
100 corresponds to a fully aromatic systéatably t is advised to not cross comp#ealculated
for different sized ring systenis all situations®®

As previously showfor the oligothiophene and oligophenylene bisSQ sediesinishing
aromaticity of the bridgeshould correspondo anincrease in magnetic exchange,which is
directly correlated tdooth the rate of electron transfe”®and conductanc¥.Biradical systems
while notaddingextra charge into a system, do increase the amount of electron density present in
the bridge. Therefore, while not being able taderive the stabilization energy of charge
delocdization from magnetic exchange, these two observatalede seen as directly correlated.
Thereforeto further probe thesgystems, the compounds showirigure 11l. 4 were synthesized
andstudied byX-ray crystallographySQUID magnetometry, EPRnd U\fvis. Also, to the best
of our knowledge, nasstudy on thedependence of distanam magneticexchange has been

performed foroligoselenophenes bridged biradicals
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[11.2. Results for Selenophene bisSQs
[11.2.1. General Synthesis

Se Se
NBS Br Br
U CHCls5, overnight U

99%

1.nBuLi, 0 °C, 1 hr.

Se  2.CuCly, -78 °C, overnight se /N NBS Br. Se /A
Br
\ THF \ /S8 CHClyAcetic Acid (1:1), 1 hr. \ / Se
73% 93%
1. nBuLi, -78 °C, 1 hr.
Se  2.iPrOBpin, -78 °C, overnight Se Bpin
W/ THF U
74% Na,CO,, TBAB, Pd(PPhs), se (V. _se
S
Toluene/H,0 (3:1) 80 °C \_/ © -
33%
se J \ 0.99 equiv. NBS se /N 5
—
\ /S8 CHClyAcetic Acid (1:1), 1hr.  \ /  SE
41%
se [\ Se 2 equiv. NBS . pr_Se /A Se g
\ / Se \ / CHCly/Acetic Acid (1:1), 1 hr. \ / Se

99%

Figure 111.3 Synthetic routes to access 215 br o mo s e | e-dilrgmb2 ,nBsElenophedepand,5™
dibromo2,2".5',2"terselenophene

All SQ@Sea (n=1-3) complexes were synthesized starting from commercially available
selenophenés shown inFigure lll. 3, it is possible t@btain2,5dibromoselenophergy treating a
solution of selenophene in chloroform with NBSAlso starting from selenophene, monolithiatamithis
material then reaction with CuQYield biselenophengnd subsequent bromination with excess

NBS gives 2 , -8iliomo2 , -Biselenophen®? It was decided tosynthesize 2,2":5',2"

Figure 111.4 Synthetic route to acceS€xSa (n= 1-3)
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