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"I have not yet lost a feeling of wonder, and of delight, that this delicate motion
should reside in all the things around us, revealing itself only to him who looks for
it. I remember, in the winter of our first experiments, just seven years ago, looking
on snow with new eyes. There the snow lay around my doorstep — great heaps
of protons quietly precessing in the earth’s magnetic field. To see the world for a

moment as something rich and strange is the private reward of many a discovery.”

-Edward M. Purcell (1952 Nobel Price in Physics) on the discovery of NMR.



Abstract

Perturbed Angular Correlation of 7-rays technique (PAC) and f-decay Nuclear
Magnetic Resonance (8-NMR) are two very sensitive spectroscopic techniques,
partly due to the use of radioactive isotopes. Nevertheless, they are not very fre-
quently used among life-scientists due to both, the use of short-lived radioactive
isotopes requiring on-line production and the complexity of the experimental se-
tups that are required. Conventional NMR on the other hand is one of the most
used and versatile techniques for studying the structure and dynamics of biochem-
ical systems but lacks sensitivity. The three techniques belong to the family of
hyperfine interactions. They allow for measuring the interactions of the extra-
nuclear electric and magnetic fields with the nuclear moments of the ensemble
of nuclei under study. Thus, they can give insights to the local structure and

dynamics for different time scales of the investigated systems.

The first part of this work focuses on the PAC spectroscopy with heavy metal
radioactive ions to explore the local electronic and molecular structure at the
PAC probe site. Firstly, we focused on proving that a Cu isotope can be used to
study the hyperfine interactions using the PAC technique. The ®™Cu™ produced
at ISOLDE-CERN was tested as the first Cu isotope and as a result its magnetic
dipole moment, u, and the quadrupole moment, Q, was reported for the first
time. This work was successful and clearly demonstrated that %mCu/%®Cu is
a unique probe for hyperfine interactions in areas such as condensed and soft
matter physics but it is unlikely that this isotope can be used for measurements
of NQIs of copper bound to biomolecules. Furthermore, '™ Cd PAC experiments
were performed on a metalloregulatory protein found in two different bacteria, the
CadC. We investigated the interactions between the ''™Cd(II) heavy metal ion
and the CadC protein. It is shown experimentally that two co-existing metal site
structures in Listeria monocytogenes bacteria are in continuous rapid exchange for

temperatures higher than -196°C, the CdS; and CdS30. Furthermore, it is shown

il



that the binding site of CadC with Cd(II) and the dynamic exchange between the
two sites is not affected by the binding of CadC with a DNA molecule.

The second part of this thesis presents the numerous conventional 2 Mg and ?*Na
NMR measurements in ionic liquids, that took place at the University of Copen-
hagen with a 11.74 T magnet. A thorough analysis and comparison of the >°Mg
and #*Na and the respective 'H NMR experimental spectra are presented. The
NMR measurements that constituted the reference for the f-detected NMR mea-
surements were conducted later at ISOLDE-CERN.

The third and most challenging part of this thesis was the design, building and
put into operation of the experimental setup that could host liquid samples for
applying the -detected NMR technique in biologically related liquids while using
the radioactive beams from the ISOLDE targets. This work included the partici-
pation in building a new laser polarisation beamline at ISOLDE-CERN dedicated
to S-NMR experiments for studies in biochemistry and biophysics. The new vac-
uum compatible liquid handling system (LHS) tested off-line and on-line with ILs
and radioactive beams was one of the main technical aspects if this work. Tests
showed that the system is reliable and allowed for measuring the first NMR chem-
ical shifts from non-aqueous, ionic liquid hosts paving the way to applications in
chemistry and biochemistry. The results of the beamline commissioning and the

NMR chemical shifts measured from different ILs are presented in this thesis.



ITepiAndm

H nopoloa Slotplfr] EMXEVTROVETUL TNV UEAETN XAl TNV XATOVONCT TWV ALYV
NG OLHOPPOTINNG YEWUETEIAG CUYXEXPUIEVMY TRWTELVMY X0k oULVOZEWY OTaY T
ToEATEVE OAANAETLOPOUY UE HETOAAXS 1ovTa. O pOAOC TV UETUAAXGY LOVTIWY OE
ouUTN THY CAANAETBEUOT UE BLONOYIXE CUCTAUNTO UEAETATAL ETL UaXE®Y. XEOVO UUE TO
YEOVO avory VwplleTon OA0 X TEQLGGOTEQO 1) GUUUETOYY| TV PETOANXODY GTOLYEWY

OTLC XUTUPEIXES O UTOXUTTUQIXES AELTOVPYIES.

To ueTahAxd LOVTO UTOPOUY VoL BLay WELO TOL € BU0 XUPLES XUTNYOPIES, OE GUGYETIOUO
UE TOV OXOTO TNE TopoLUoS BLduxXTOpAC cpyaoiog; To foupéa xou TOExd Yiol TOV 0p-
yoviopd pétodha (6nwe to Cd(IT), Hg(II), Pb(II) »xhn) xou tor amolltwe amopaitnta
AATLOVTAL Y10 TNG PUOLOAOYIXES DlEpYaTiES TOU (WVTAVOY 0pYUVIOUOU (6mwe ta Na(I),
K(I), Mg(I), Ca(ll) and Zn(II)). O pbhoc TwV PETOAAXODV WOVIWY OC TEOS TNV
VALY XULOTITE TOUG VLot TNV OahY| AsLToupyiot TV BLOAOYIX®Y GUG TNUATWY EYEL UEAETT-
Vel xou ouvoileton and dapopetinés ouddec epeuvntoy [1-3]. Hopdro to cuvey e
oUEAVOUEVO EVOLIPECOY Ylal TETOLOU ELB0UC WEAETES, 1) EQEUVNTIXY XOLVOTNTOL Elvol
OXOUOL LOXELE OO TV TIAYEN) XATOVOTOT) XU AETTOUERT] TEQLYPUPY| OAWY TWYV UMY AVLO-
UGV TTIOU TOU UTOXEWVTOL TA BLOAOY XS GUCTAUATH GTAY EQYOVTUL OE ETUPT) UE OPLOUEVAL

UETOAAXS LOVTAL.

Me v e€€M&n tneg TeyvVohoYlag Xou TNV EUPAEVIOT XUUVOURLLY TEY VXY, UTOROVUE VA
eetdooupe €i1g Badog Tov TEayUTNd pOAo Tou TalouV Ta oVOEY VA GAUTO OTOUG EU-
Buoug opyaviopolg. Kotd tn ddpxeio tng dwdaxtopxr epyaciog yenotuomotin oy
TEELC TELRUUATIXES paopaTooxoTxés TeYvxes. Ko ol tpelg autée teyvinég uehe-
TOUY TO QuVOUEVO TNg UTEpAentng verc. o ouyxexpéva yernoonoimvTog po-
dlevepyd 106TONa, GUYXEXPUEVWY LETOAMXOY 16viny (¥ Cu xa M™Cd), eqop-
HOCTNXE 1) PaoUATOOXOTIXT| TEYVIXY NG XpovoelapTouevng Atatapoyuévng Fawvi-
oxhc XLuoyétione oxtiveov yduua (Perturbed Angular Correlation of y rays tech-

nique 1 6 GUVTONOYPUPLYL PAC) ot omoiec EXTIEUTIOVTAL O CUUTTWOT] XUTA T1) OLdpXELaL

v



g padievepyolg ddomaone. Ev ouveyela, avortiydnxe xou yenowonowdnxe oto
ISOLDE-CERN o uetdiny| gaopatooxomixy| Tey vixn 1 omolo cuvBIALEL TNV ToUTOYe0VN
EXTIOUTY) NAEXTEOVICY XOUTA TWV TUENVIXO GUVTOVIOUS TWV PUBIEVERY XY TURY VWYV OO
Toug omoloug TpoépyovTa, 1 omola ovopdleton B-Iupnvixde Mayvntixde Luvtovio-

uéc (B NMR).

H gooyatooxonio tne XeovoeZoptiuevne Atotapaypevne Foviaxhc Xuoyétione (PAC)
Yenoulomoteiton xotor xVplo AOYo Yo TNV oviyVEUOT TwV AAANAETLORAOEWY UETALD
TWY TUPNVIXMY POTIWY EVOC LOOTOTOU ovty VEUTH (probe) xat Twv nAeXTeouay vITixdy
TED{V TOL BNUIOLEYOUVTUL OF GUUECT) YELTVINOT, AOYO TOu LAXOU OTo omolo €u-
gutevetan 3, 4]. H oupPotixd teyvixd tou Iupnvixod Mayvntixod Luvtoviouoo,
YENOWOTOLETOL EUPEMS YIoL TNV BLEPELYNOT TV YEWHUETELMY OLUUOPPWONE PEVCTHOV
XL GTEPEWV OELYUATOV xodng Tapéyel oe Bddog Thnpopoenomn g TEog To NAEX-
TeOVLoXO TERBAAAOY TOu LAXOU 6Tou evamoTilevTon To PUDIEVERYE LOOTOTA. M€
QUTY| TNV TEYVIXT| YenowonotolvTal padleveERYd oéToma Tar onolo uofBdihovTal o
Eval LoYLEo eCWTEPIXO payvnTind medio, By, H poyvntixd dimohuxry pond, W, evég
GLVOAOU TUEHVWY AAANAETLOEA Ue To By. XOugpova pe ) Yeppoxpacio nepi3dhhoviog
AL T MUY VNTIXY EVEQYELOXY| XATACTHOT) Zeeman, ol TAVUNOUOL TWY TURTVIXMDY OTILY
ueTaBdhhovTon xou xateuivovTol E(TE TEOC ELTE EVAVTIO OTO EQUPUOLOUEVO LY VITIXO
medlo. I'vewpllovtag Ty avouevouevn cuyvotnto cuvToviopoU, cuyvovTnta Larmor,
TWV TUENVIXWY OTY YOpw amo To By, unopolue va mpocdioplopouye tar mdovd ot-
AUPORETIXE. TEPBIAAOVTA TTOU OAANAETIOEOUY PE TO (Blo eidog mupivewy. Adyw Tng
Teploplolevng evatodnolag tng Tey Vg o Vepuoxpaoie dwuoatiou, 1 onola urnopel
vo. Bertindel uéypt évay Bordud av e@oapudcoude TOAD yauniéc Yepuoxpaoiec 1 ToAD
auEnuévo payvnTixd medlo, By, umdoyet avdryxn yior TNy avamTnin SlpopETIXGDY (PUo-
Hotooxomix®y TEYVIX®Y. [a 1o Aéyo autd, To 2012 oto ISOLE-CERN, 1 un ouy-
Botinr) B-NMR Teyvin| EQopUocTNxE Yl TEMTYN QOpd YENOULOTOLOYTISC EVa URYO
oetyua [5]. HB-NMR teyvinr| ooileton oty avicdtponn exmouns) 1ov B~ oouatidiwy
%aTd TNV B-O1doTaor) onTINd TOAWUEVKY TUenVix®y oy, e to Adyo auto n f-NMR
ey uneploy Vel og evatodnota tng oupPatixic NMR teyvinrg, emtpenoviag
AN TOAD XUAGY TERUPATIXOY QACUATOY YE TN YeNon eAdyloTne mocothtog [i-
OMOYIXOU UAXOU PEWOVOVTUC ETOTE TOV YpOvo xotorypapnc. Me tnv teyviny| auth
1 TOAWOT) TV TUENVIXWY OTiLY BeV YiveTon Ye Tov cudfotixd TedTo, Ue TOAD Loy LEd

OTUTIXG oy VNTd Tedlor, oAAG pe TN yerion 0éoung Aélep.

H Sudaxtopuxry auth| St extovidnxe umd tn cuvepyaotd tou Turuatog latpnrc

Tou Anuoxpeitelou TavemoTNUIoL Opdung Pe TO TUNUA YNUElNC TOU TOVETIG THUIOU



e Komevyoyng ot Aavia xou tov Eupwrouxd Opyavioud Hupnvinic Evépyelog
(CERN) ot I'evedn e EXBetioc. To ISOLDE (Isotope On-Line Separator De-
vice) elvar éval and to mLo LOYUPA EQYAUCTAPLA TUPNVIXNG PUOLXNC OTOV XOCUO XAl
eZedMEVETAL OTNY TUPAYWYY) X0 OTNY UEAETY) EVOC TERPACTIOU £0pOUC PUBLEVERY WV
LCOTOTWY UE OXOTO TNV EPELVA TNV TUENVIXT PUOLXY), TNV ETULCTAUY TWV UMXOY, TNG

PUOLXY TWV CTEPEMY X TIG BLOETLOTAUES.

‘Oneg gaivetoan otny Ewéva 1 1o ISOLDE houBdvel to mpwtéviar Tou amo to Proton-
Synchrotron Booster (PSB). O PSB anoteheitar ond téooepo UTERGUYYPOVIGUEVDL
oY yeoTea oL AduBdvouy TN déoun TewToviny evépyelag 50 MeV ano tov ypouuxo
emtoyuvth 2 (Linac 2) xaw tnv emtoryOvouy ota 1.4 Gev e pio yéon évtaon déoung

2 pA mowv Ty etloaywyr| e oto ISOLDE.

0.0.1 ITopaywy” PABLEVERY WYV LOVIWY

H unirc evépyelag 6éoun mpwtoviov evépyelag 1.4 GeV axtvoBolel évav (oo
0TOY0 OTLC olveTtar oY Euxdva 2(a). O 0T6Y0¢ dlatneeiton oe Lo LYY Yepuoxpacio
(OOTE TA TUPUYOUEVO PUBIEVERYS dTopo Vo Blayéovton €0X0Ad OTO €EWTEPIXO TOV
OTOY WY XA VU UETAPEPOVTOL OTLG OLUPORETIXESG TINYES LOVTWY. 2T0 ISOLDE cuvAleg
YenolomololvTaL UeTaAAxol otdyol, otepeol petodlxol otoyol, xoelidia xon olei-
ow. Ta podlevepyd dToyo mopdyovTal UECL aVTIOPAoE®Y £L0UBETEPWOTNG, Vpauo-

wotomoinone B oydone, Ewxéva 2(b) [7].

‘Eva tutonotnuévo doyelo otdyou ewvan xotaoxcuaouévo amo xOhvopo Tovtokiou
(Ta) ufxouc 20 cm xou Sopéteou 2 cm. Me oy Vépuoavon e 1000 A unopel
vor pTdoel uEypr Toug 2500 °C £€Tol WOTE Ta TEOLOVTA TNG TUEMVIXNG avTidpaong
va umopoly var e€aydolv ypriyopa amé Tov 6Ttoy0. Tmo TNy mpoundldeon OTL N
Veppoxpacio dwotnpeiton otardepr), Ta TEPLOGOTEQN UTO TA TAUPAY OUEVA PUBLOVOUXALDLAL
UTOPOUV VoL PTACOUY OTNY TNYT) LOVTWY TOU GUVOEOVTOL [UE TOV GTOY O UECH LG YOO~
UAc peTapopds. Tmdpyouv Teeio \on oviopol Twv atépny otov ISOLDE. H mnyn
Veppol TAGOUATOC, YENOWOTOLELTAL Yid TOV LOVIOUO AYOTEPO TTNTIXWY OTOLYElWY
Ywelg TNV Tapoy ) omoldAToTE YU exhextixdtntac. H mnyr| Yepurc empdvelog
YENOWOTOLETOL XUPIWS YL TOV LOVIOHO UAXUAXMY UETIAAWY XaL HOPiwY UE YUUNAO
BLVOULXO LOVIOWOV, EVG Ta LoofBapT| HE UYNAGTERO SuVoUXS oviouol oviCovtar ToD
MYOTEQO OmOTEAEOUAUTXG. AUTO Tapéyel Wior ynuixry exhextixotnto. H tedeutala
UEV000¢ EXAEXTIXOU LOVIOHOU €lvall O LOVIGUOS GUVTOVIGHOU UE OLEYEpoT uéow AElep

yvooth xaw oc RILIS (Resonance Ionisation Laser Ion Source).



FIGURE 1: To clotnuo emtoyuvtov tou CERN. H xdxxivn dlaxexmuévn yeouun
UTOOEIXYUEL TOUC ETUTAYUVTES TTOU YPNOLLOTOLOUVTOL YLl TNV TOROYWYT) TNG OECUNG
Tewtoviwy 1.4 GeV nou nopéyetar 6to ISOLDE xou 1 tonodesio tou ISOLDE |[6].

(a) Tumxbéc oTéx0c TOUL (b) TMupnvixéc avtidpdoels Yo TNV Topaywyy looténwy oto ISOLDE.
ISOLDE xou 7ny# tovio-

UV vl TNy ooy oy

EABLEVERY DV LOVTOV.

FIGURE 2: Koavdha mapaywyrc padlevepyov toototwy oto ISOLDE.



H mAndodpa cuVBLIGUGY TNYWV-0TOY WY ETTEETOUY TNV TR WYT| XAl TOV LY WELCUO
4 4 4 4 4 N 7 7 4
v amd 1300 padlolcotdmwy pe TEplocbTepa amtd 80 BLaPopeTid YMUixd oTotyelo.
Yy Ewova 3 nopoucidlovton Gha o ynuixd Totyelo Tou Tapdy ovTol ETL TOU ToEOV-

t0¢ 6710 ISOLDE, ouprepiiaufBavouévmy autey mou etvar Blohoyixd evoLopépovTa.

To wo6ToTA TOL YENOHHoTOMUNXAY Yot TNV gpyacta ot Tapdyvnxay oto ISOLDE

ftav to % Cu, *Na, 2"Na, xou 2®Na.

0.0.2 Aaywertotég 6€oung oto ISOLDE

To ISOLDE diard€tel 600 otord ol mapay Y g LlooTOTmY e 800 dloywplo Tég 0Eoung,
Ewova Fig. 4. O Swywptotic éoune yevixol oxonol (GPS) anoteletton omo évoy
wory vt e octiva xdudme 1.5 m xon yevio xdudng 70°C. H avdiuor mou emtuyydive-
tou pe tov GPS eivan nepimou m/dm 800 [8]. H déoun t6vtwv mou nepvder ano t6v

GPS uropel va nopadotel Toutdypova O TEELC TELOUATIXES Yoouues, Ewdva 4.

O By wetotic déoung vhminc avéivone (HRS) amoteheiton amo 800 payvites xdudne,
evay otig 90°C xou évay otic 60°C, yio yeyohiteen aShoivon udlac. Ko ol 600 yary-
viteg ebvon C-type xon €youv axtiva xdudng 1 m. H cuvoluny| avédhuon xar tov 600
woryvntov ebvon 6000 [8]. Av o yia Toug oxomnoig TG TG epyaciag dev Yo
amopaitnTn €va 1660 LPNAG eninedo pacixic avdiuone, o HRS yenowonouiinxe

xatd Ty et B NMR mepopotiny exotpateio ue to tpddtar Uypd delyporTaL.

Xenowonowinxe enione n yeouuur) GLM yio T culloyr| padlevépyetog Yo To TELpd-
wotor pe v TeY Vi) e Awartopayic Fwvioric Yuoyétiong tov oaxtivey y (PAC),
eved yioe to B NMR netpdpota yenowwonotidnxe n xevtemn yeauur (CBL).

0.1 Ilavemiotnuioxod vocoxoueto Konevydyng

Emxouvpind twv netpopdtov oto ISOLDE ula oepd netpoudtey €hafay yohpa oTo
Xnuxd e tou tavemotrlou tne Konevyayme. ™ Cd mophydn oto xixhotpo
Scanditronic MC32 tou mavemotnuaxol voooxopeiou tng Komevyayng, Ewdva 5.
To xixhotpo yenotpomoleiton xuping yior Ty TopaywyY| tooténwy yio PET (Positron
Emission Tomography) ®*F, 13N and " C xau xdnow SPECT (Single Photon Emis-
sion Computed Tomography) mou yenotwonowoivtar yior Bty veo Tixols oxonolc.

Epeuvnuxd oe ouvepyaoio pe to mavemotAuo g Komevydyne napdyovton apxetd



FIGURE 3: Ta ynuxd otoiyelor mou e&dyovton xat toviloviar oto ISOLDE. Ot

xitpwvor xOxhol onpatodoToLY T BloAoYIXMS cuVAY| GTOLYEl Yol ToL XOXALVOL

AGTEQLAL UTODEXYUOUY T LOOTOTA TTOU Y ENOHIOTOLUNXAY 6Ny TeEYouca epyaaio.
To newpdyara pe Hg(IT) dev nopovaidlovton 6.

FIGURE 4: H 8udtagn tng eyxatdotacnc Tou TUARATOC TNG YoUNATS evépyelag

tou ISOLDE xou tov Saywpelotdv déopewy [9]. O xdxxvor xOxhol opilouv tov

Sty wetoth xou TNy etpopotied Yeoupr VITO (Versatile Ion Polarised Technique
On-line) mou yenotponotidnxoy yia ) Siaxtopixn Swatef.



FIGURE 5: Scanditronix MC32 xUxhotpo tou Iavemotnuioxol vocoxoueiou tng
Konevydyne, Ringospitalet, Aovio [11]

wwétona 6nwe 1o MM™MCd xa to AL, Yro mewdpato pog otoéyor MBPd oot
voPoldnray pe o cwpotidia xon éhofe yoea 1 Tupnvixh avtidpaon (o, n) H™mCd
[10].

O axtivoBoinuévol otoyol uetagépdnxay oto navemothuo tng Komevyayng xou

nepimou 600 MBq ™M™ Cd ey dnooay xou yenotuomotfnxoy ylo To TELYUaToL.

0.2 Kouvougio PAC wsdtomo, o %¥™Cu

To 2015 apéowe petd to Long Shutdown 1 (LS1) tou CERN, oe cuvepyaoio e
Tov Abel Fenta, eniong d10oxTopind QOLTNTY|, XATACHEVACUUE Wit Yoouuy OTKG oauTh
podveton xon meprypdpeTan otic Ewdveg 6 and 7. T v teotdpoupe v xouvolpta
Yeouur anogactotnxe va diegdyouue yetprioels pe on-line PAC teyvixn [12], oe éva

lo6ToTo To omolo dev elye petpndel noté Zavd e auth Ty TEY VXA, To ¥ Cu, 3.3 .



FIGURE 6: T'pagu avanapdotaon e yeouuhfic VITO ot gdon 1 (2015).

FIGURE 7: IIdvew 6dn tneg yeouunc VITO otn @don 1.

To mewpduota €ytvay mdvew o€ OTEPES delyuota, x0PBdATIO, ahouuivio xon o&eldio
Tou yoAxoU. H mepopatind Sidtadn oty TAEURE TG XATOYPAPNC TWV BEBOUEVGY
amoTEAOUVTAY At TEGOEPLS AVLYVEUTEC OTNVUIIELOUMY UE TOAD XUAY| EVEQYELNXY| Ol

YEOVIXT| XavOTNTA O YEWUETEl OTWS paiveTton oTig Euxdvee 8 xou Fig. 9 [13, 14].



FIGURE 8: Mnpootd 6 tou Yahduou eupitevong tng axtivoBolag, @TloryUévo
oo yahallo, Tomo¥eTNUEVO GTN HECT) TOU GUGTAUATOS AVLYVEUCNC TWV TEGGUOWY
aviyveutoy, LaBrs.

FIGURE 9: Ilicw 6dn tou cuctiuatog LaBrg PAC aviyveutov.

To amoteréoparta twy Ty PAC petpioeny napouctdlovtar oto Awdrypopuuo 10 [15].



FIGURE 10: PAC rnelpauatind @ooyata Tng SlaTopay e TNG EXTOUTAS TWY Q-
Toviwy, R(t), xou ta avuiotorya @dopoto uetd and yetaoynuotioud Fourier.

Ol ToL0 GNUAVTIXES TUEAPETEOL UETE TNV oVOAUGT] TV dedoPEVwY cuvoliCovTal 6Tov
Mivaxa 1 [15].

TABLE 1: Ilepopatixéc napduetpol mou ey Inooy UeTd TNV oavoAUCY TV Qoc-
potixwy dedouévemy [15]

Host ATy, f()% o (Mrad/s) o (Mrad/s)
Cu0 0.13(1) 89 21.3(4) -

Co  -0.13(1) 22 . 1079.1(34)
Ni  -0.13(1) 44 . 273.7(48)

270 TENOG AUTAG TNG EPELVNTIXNG DOUAELAC UTOAOYICOUE Yol TRWTY) PO TLG TURTIVIXES
poméc Tou BmCu wootémov. H nhextound tetpanolnd porh utohoyiotnxe |Q(68Cu,

27, 84.1 keV)|=0.110(3)b xaor 1 poyvntxd dimohxt| pornh) u=2.857(6) /N



0.3 MmCd PAC reipapata 6Ty HeTAAAOTEWTENVN
CadC

Ev cuveyeio, uehet{dnxe n ocuumeptpopd plag yetolhonpnteivng, avextixig oto Bopd
xar tolixd M Cd, v CadC. To mewpdporta ytvay téve ot uypd defyuota tou
mepLelyay Poxthpta ue TN cuyxexplévn TewmTelvr), Listeria monocytogenes ot S. au-
reus pI258 oe dapopeTinég Yepuoxpacics xa Swpopetind pH. To clotnua aviyveuong
Tou yenowdomotfinxe gaiveton oty Ewdva 11 xou amoteheiton amd €81 aviyveutég

omvinplopcwy Bals.

FIGURE 11: To PAC cbotnua €€ aviyveutoyv BaFa tou ynuxod tufuatog tou
movemotnuiou e Komevydyng, Aavia.

To newpapatind aroteréopata e PAC gacuatooxomniag ot drapopetinég epuoxpascicg

yioo pH 7 vy to L. monocytogenes WT CadC cuvoiCovtar otov Iivaa 2.



TABLE 2: TTopduetpol Tupnvixey TeTpamohx®y aAANAETOpdcewY Yo To L. mono-
cytogenes CadC étav npocdéveta pe to HMCd. Stadepée metpopatinéc ouviiixeg
50 uM CadC, 0.2 eq Cd(II), 55% w/w yhuxdIn xou pH=T.

sample T [°C|] wo|rad/ns] N site [%] linewidth *100 1/7. [us?]  A*100  chi®

WT L. monocytogenes -196  0.067(3)  0.49(7) 100 40.6(4) ool F] 11.6 (0.5) 0.84

WT L. monocytogenes 1 0.070(0.5)  0.82(2) 59 8.0 (1) 351 5.7(0.3) 1.07
0.162(5)  0.45(4) 41 16.3(3) 4.0(0.5)

WT L. monocytogenes 30 0.063(0.3) 1 54 17(2) 290 5.6(0.8) 1.20
0.198(3)  0.3(3) 46 14.2(2) 4.8(0.7)

C10G L. monocytogenes 1 0.186(0.6) 0.25(0.9) 100 4.6(0.5) 238 7.1(0.3) 1.10

[F] mapdpetpor mov xpathiinxay unoypentind otoadepol xatd v agoppoyy Tou Winfit

TEOYEAUUAUTOC.

H ypapuxr| avomopdotao twy gaopdtoy R(t) xot 1wy oviiotorywy UETaoy NUoTloudy

Fourier otov ywpo twv cuyvothtwy gaivovta otny Ewdva 12.

FIGURE 12: ®dopata R(t) xou o avtiotorya FFT yio Swapopetixés Yeppoxpaoie,
otav o Boxtnelo L. monocytogenes CadC npocdéveton ye tnv YeETaANOTPWTEIVN
Cd(II) oe pH 7.

Yuyxplvovtog To TEpoXOTXE armoTeAéoUato Ue Tponyolueves peréteg [16] (mdve

poopata TG Eudvog 12), OlopolveTon OTL UTdEYEL 1 ToawTOY POV CUVATOEETN 600



OLPOPETXOY YeWPETEWWY, CdSy xan CdS30. Paiveton 611 T0 T€TORTO dTOUO TOU S
anocuvdéetor and To MMM Cd xou eva pdpto O, amd T drohupévn oucta (to vepd) tou

Yenoulomotunxe xatd Tn TposToacio Twv delypdToY, Tolpvel T Yo Tou.

IToA onpoavTind eivon o anotéleopa OTL Yo To delTepo Pouxthpto, S. aureus pI258,
1 oOvoeon| tne Ttpwtelvng CadC pe éva DNA uopeto dev gaivetar var odhdleL Ty ohhn-
Aemidpaon g mpwtelvng pe To pétarro. Me tn yerion Monte Carlo npocopoinwong,
amodetydnxe 6Tt 1 VNt HETAED TWV 500 BLUPOPETIXWY YEWUETELOVY Eivon TN TAENS
Tou 1 ns, xadoTdvTag xatdAinin Ty PAC teyvud yio t uerétn tétoloug Rdoug Bi-
ONOYIXWY CUCTNUTOLY, OTAY GAAEG TEYVIXES, OTILG Yia Ttapdderyua 1 xAacowxry NMR
eV aduvartel vo tapatneroet tétola govopeva. H NMR teyvint| Aettovpyel 670

PAoUa TGV MS XUNOTOVTAS TIS TLO YRHYOPES YNUXES EVOANXYEC QOQUTEC.

0.4 23Na xouw 2?Mg NMR

2e auTo TO oMuEio HOVO Tar GLVOAXS GLUYXELTWXE amoTeEAcopaTa TwV NMR petpoewy
TapouctdlovTon Yo ydern cuvtoutag. Téoocpa dlapopeTind tovind LYEd ueeTHUT Y
ue v NMR teyvuei, BMIM__Ac, BMIM _SCN, EMIM_ Ac and EMIM_DCA,
ue oxomd va Beedoly ta xatdAAnAa uyed Tou Vo uropolcay Vo yernoiponotnoly
ota pehhovixd 3 NMR meipdpoto. To anoteréopata 16V QuoudTtey utd Ty wop@n

ynuwic petotdmione (chemical shift) napouotdlovton oto Awdrypopuo 13.



FIGURE 13: 2’Na NMR ¢dopota 1. 0.3 M NaAc oe BMIM Ac, 2. 0.3 M
NaAc oe EMIM Ac, 3. 0.3 M NaSCN oe BMIM _SCN xo 4. 0.3 M NaDCA o¢
EMIM _DCA.

Palveton pla yevixry tdomn yetoll tng Yéong xan tou mAdToug Tou ofjuatoc. To
EMIM_ Ac 8ivel évo ofjua mé otevd and to BMIM _Ac, ~ 9 (£0.06) ppm o€
oyéon pe ~ 25(£0.09) ppm. To EMIM_DCA &ivel 1o mo xadopiopévo NMR orjua
ue FWHM 0.84(40.03) ppm ota 0.6 ppm eved to BMIM _SCN éyet eva mAdtog ~
2.6(£0.02) ppm. ' to AenTOPERH ATOTEAEGUATO TNG AVAAUGTIC TTOUROXOAG UVOTREETE

otov [livaxo 7.2.

Y ouvéyeto avtiototyec Mg NMR petphoeic éyvay ota e&ic toviixd vypd BMIM _SCN,
BMIM _Ac, EMIM _Ac xat EMIM__DCA. Ta cuAROYIXE GUYXELTIXG ATOTEAEGUOTA

ouvolilovton oto Aldrypapuo 14.



FIGURE 14: Mg NMR goopata 1. 0.3 M MgCly o BMIM _SCN, 2. 0.3 M
MgCls anhydrous oce BMIM Ac, 3. 0.3 M MgCly anhydrous oe EMIM Ac,
4. MgCly anhydrous ce EMIM DCA.

Ou mo onuavtxée mapatnenoelc avixouy oto gdouota 1 xar 4. Hopotneeiton 6Tt Tat
xuptoe Mg NMR ofporta and to BMIM _Ac xou BMIM_SCN &etypoto anéyouy
22 ppm. To EMIM_DCA epgaviCer Toudylotov 800 Eexddapo ofjuato ota 3 xou
ot -10 ppm. ATt6 onuaivel 6Tt TOUALYLOTOY BUO BLUPOPETIXE. Y MUtxd TERLBIAAOVTA
uTdEy oLV ot aEYY| METAL) TOUC EVOAAAYT (ms). Ko ta 800 ofuata eyouy FWHM
6 ppm. I Tor AemTouepy| AmOTEAEOUATO TNG AVIAUOTG TORUXOAD avaTEEETE GTOV
[Mivoxa 7.4.

0.5 H 8 NMR teyvixn

Téhog, €va Yeydho U€pog auTOU TOL BLBUXTOPIXOL APLERWINXE GTNY avaTTUEN TN -
NMR teyvinric xou tnv egopuoyr| Tng o Lypd cuothAuata. o v Tpayuatonoinon
oUTO) TOL GTOYOU, YEEWOTNXE VoL apLepwiel TOAIG yEdVOC Ot TEYVIXES epYaaie, BIf-
Aoy popixy| €peuva xo Mg Xt TECT TV cuo TNUdTwY ot off-line epyactnelo. Tapoxdte
TopouctdlovTal OAd TO CUCTAUNTA T OTOl XATACHEVAOTNXAY TOUS TEAEUTAiOUC
ufves g Oaxtopixic auTthg OlatePric amd plo ToAD wxer| ouddo QOLTATLY Xou

EVOLY UETAOLOOXTOPLXO.



Yy ewovo 6.4 mapouctdleton 1) TELOOWHOTAUTY] OVITOEAOCTAUCT TNG YROUUNS OToU
umopel VoL EQapuooTel 1) TOAwOT) Pe AEWEp 0T PUBIEVERYT| BETUT LOVTWY OTIKC EQYETOL
ond to ISOLDE (xitpwvo xat xdxxwvo Béhoc 8edid) xou vo petpnel n oouppetpio Tne
EXTIOUTAG TOV B CLUATBIOY 0TOV NAEXTEOUXY VAT UE PEYLOTO WoryvTixd medio 0.65
T.

FIGURE 15: B NMR clotnua otny xawvolpla 6éoun tou ISOLDE. To 3D oyédio
TapayweUnxe amo tov Dr. Frank Wienholtz.

H mporyportin| pop@n Tng YeuuUnG Xatol T SIGEXELd TOV TELRUUATOY TNG OLOUXTOPIXHG

epyaotag mopouctdletar oty Ewdva 6.5.



FIGURE 16: H xouvolpta 6éoun oto ISOLDE, 6ntw¢ yenowonowdnxe yio ta wetpd-
potar B acuupetpelac NMR.

FIGURE 17: Ilewauatindg Vdhopog xevod xau Slopopind oUoTNud Teong, UE OXOTO
N YeAhovTixr) Yprion uddTivey deryudtwy. To 3D oyédio mapaywerinxe aro tov
Dr. Frank Wienholtz.

To cloTNUA YELPLOUOV TWV UYEMY BELYUUTWY YId TN OWOTY| HETAPOEE TOUS GTO GNuEio

UETENOMG UECU OE UEYTAO XEVO, 10 mbar Topouctdletar oty Ewdva 8.12.



FIGURE 18: YVotnua yeptopol uypdv (Liquid Handling System (LHS)) pe PFA
Swagelok BohBides.

L00TNUA YEWRLOUOU TWV LYPOY BELYHATOVY YL T OWOTY| UETAUPOES TOUC 6TO GNuEio
uétpnone péoo oe ueydho xevod, 10° mbar ye ) yphon xotdhhAnhou LTOCTEOUATOC

(Mica) y TN 6WOTH UTOOTARIEN TOU BEYUATOS YIo OPXETES (PEC .



FIGURE 19: T'udhivog cwhivag GUVOEBEUEVOC UE TO GUOTNUA YELRLOUOU UYQPMV Xl
€va ueToAAxo bellow.

Téhog, mapadetovton to mpwto B NMR ofua oc eva xpvotahho Nal xau to av-
tiotoyo ofua and éva tovixd vyed (BMIM_HCOO). Eivow opath) 1 tepdotio Ot
opopd UETAED TWY TAXTGY TwV 800 autev onudtony. Eivor enlong n anddeln ot to
ocLoTNUA Aettoupyel 6Tay elodyoude LEYd delypata. EmnAcov yetprioeig €youv yivel
xa PE Ao uypd delypota. To amoTeEAEoUUTA AUTWY TWV PETEoEWY Pploxovta 6To

Eevoyhwooo Pépog g dlateldric, xadng xaw 6to Appenciy D.



FIGURE 20: 8 NMR ofota anéd 2Na nou evanotédnxay oe xpvotalio NaF xou
oe evao BMIM _HCOO ovix6 uypo.
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Chapter 1

Introduction

The current PhD thesis focuses on studying and understanding the conformational
geometry changes of specific proteins and amino acids when they interact with
metal ions. The role of metal ions in biological systems has been studied for a
long time. It is increasingly recognised that metals are involved in cellular and

subcellular functions.

Metal ions can be classified into two main categories relative to the scope of the
current work, the toxic heavy metal ions (i.e Cd(II), Hg(II), Pb(II) etc) and the
essential cations for biological processes (Na(I), K(I), Mg(I), Ca(II) and Zn(II)).
Their role in biological systems have been studied and summarised by several
groups [1-3| but we are still far away from understanding and describing the
underlying mechanisms that the biological systems undergo when they bind with

the several metal ions.

With the development of new and sophisticated techniques to study biological
and biochemical systems the true role of inorganic salts in living systems can be
revealed. Radioactive isotopes from elements of both categories were studied with
three different spectroscopic techniques that belong to the family of hyperfine in-
teractions. The Perturbed Angular Correlation of gamma ray (PAC) spectroscopy,
the Nuclear Magnetic Resonance (NMR) spectroscopy and the S-detected Nuclear
Magnetic Resonance (-NMR) spectroscopy. PAC spectroscopy detects the inter-
actions between the nuclear moments of a given isotope, usually called the probe
isotope, and its local surroundings, the host environment [3, 4]. The NMR tech-
nique, alike PAC, is widely used for probing the molecular conformation in solids

and liquids since it can provide information of the chemical environment in the

1
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vicinity of the probe nuclei. In the case of conventional NMR, stable isotopes with
[>0 are used and are immersed into a strong magnetic field, By. The magnetic
dipole moment of an ensemble of nuclei interacts with the external applied By and
depending on the ambient temperature and the Zeeman energy level there is a
change in the nuclear spin populations for and against the magnetic field direc-
tion. From the characteristic precession frequency of the nuclear spins around the
By, known as Larmor frequency, one can determine the potential different chem-
ical environments surrounding the same kind of probes. Due to the sensitivity
limitations of the NMR technique, that can be improved up to a certain limit if
very low temperatures or very high applied By, the S-detected NMR spectroscopic
technique was first tested in liquids in 2012 at ISOLDE-CERN [5]. The technique
relies on the anisotropic emission of 3~ particles during the [-decay of optically
spin-polarised nuclei. Both NMR and [-detected NMR techniques can be used
for studying the dynamics of liquid samples and the coordination geometry of bi-
ological complexes while using stable and radioactive isotopes respectively. The
[S-detected NMR is winning in sensitivity providing the use of substantially min-
imal quantities of biological materials while improving the nuclear polarisation
using laser light instead of static magnetic fields. She is also useful when corre-
sponding stable isotopes do not exist for conventional NMR. Within the current
work, a dedicated beamline for S-NMR studies in biological liquids and a liquid
handling system were developed and commissioned. Detailed descriptions of the
new dedicated beamline at ISOLDE-CERN can be found in [33, 34| and the new
liquid handling system is described in detail at 8.6.1.

With the Perturbed Angular Correlation of gamma rays spectroscopic technique
(PAC) two different experiments were conducted within the scope of the current
thesis. First the study of the interaction between the *'™Cd metal ion and a Cad-
mium resistant transcriptional regulatory protein, named CadC. PAC was used for
the first time on-line in order to prove the feasibility and the potential interest for
biological studies with the %™Cu probe isotope. The latter allowed the determina-
tion of the nuclear moments (magnetic dipole moment (x and electric quadrupole
moment (Q)) of the intermediate state using different host solid environments
proving the feasibility of using the ®*™Cu as a potential PAC probe chemistry and
potentially biochemistry [15]. The second part of the PhD thesis was dedicated
to Mg and »*Na NMR studies and characterisation of immidazolium Ionic Lig-
uids (ILs) as possible hosts for the S-detected NMR experiments in biologically

related liquids. ILs were selected as the most appropriate liquid host environments
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due to the very low vapour pressure that they exhibit, making them easily used
to beamline’s very high vacuum conditions. Furthermore, the ILs’ green nature
make them potentially biologically compatible allowing us to use them for at least
the first experiments with selected biological complexes. Some very simple biolog-
ical systems were also studied in combination with ILs with NMR. Following the
conventional NMR measurements in ILs and after commissioning the new 5-NMR
beamline, the liquid handling system and the spectroscopic acquisition setup, 2Na
[-detected NMR experiments were performed on different ILs paving the way for
the first application of S-detected NMR in biological samples. The next future
steps in biological liquid # NMR at ISOLDE-CERN include the interaction in-
vestigations of the alkali metal ion Na(I) with guanine rich DNA sequences, the

G-quadruplexes [35], and with crown ethers such as the 15-crown-5.



Chapter 2

Facilities

2.1 The ISOLDE facility

The radioactive ion beams of %®™Cu, ''"™(Cd, ?Na, ?"Na and **Na used for the
different projects of the current PhD thesis were produced and delivered by the
Isotope mass Separator On-Line Device (ISOLDE) facility at the European Organ-
isation for Nuclear Research (CERN). The ISOLDE facility is a unique production
source of a large variety of low energy beams of exotic radioactive nuclei dedicated
for experiments in the fields of nuclear and atomic physics, solid-state physics,

materials science and life sciences.

As shown in the dashed red box of Fig. 2.1 the ISOLDE facility receives protons
from the Proton-Synchrotron Booster (PSB). PSB is made up of four superimposed
synchrotron rings that receive proton beams from the linear accelerator Linac 2
at 50 MeV and accelerate them to 1.4 Gev with an average intensity up to 2 pA
before the injection to the ISOLDE facility.

2.1.1 Radioactive Ions production

The high energy 1.4 GeV primary proton beam irradiates a fixed thick target as
shown in Fig. 2.2(a), which is kept at an elevated temperature so that the produced
radioactive atoms diffuse easily out of it into different dedicated ion sources. The

type of targets used at ISOLDE are metal targets, solid metal targets, carbides
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FiGURE 2.1: The current CERN accelerator complex. The red dashed box
indicates the accelerators used for the production of the 1.4 GeV proton beams
delivered to ISOLDE and ISOLDE itself. The layout was adapted from |[6]

(a) Standard ISOLDE target (b) Nuclear reactions for isotopes production at ISOLDE
and ion source unit for ra-
dioactive ion production

F1GURE 2.2: ISOLDE radioactive ion production channels

and oxides. The radioactive atoms are produced via spallation, fragmentation or

fission reactions, Fig. 2.2(b) [7].

The production via spallation or fragmentation requires a target heavier than the

desired element (i.e. Ziarget > Zproduct a1d Niarget > Nproduct). Neutron-rich nuclei
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of medium mass about 60 < A < 170 are mainly produced in fission actinides.
These targets provide high cross-sections for the production of light neutron-rich

nuclei such as heavy Na isotopes [7].

A standard ISOLDE target container is made of Ta cylinder that is 20 cm long
and has a diameter of 2 cm. By ohmic heating up to 1000 A it can be brought up
to 2500 °C so that the nuclear reaction products can be quickly extracted from the
target. Provided that the high temperature is maintained, most of the produced
radionuclides can arrive to the ion source that is connected with the target via
a transfer line. The ionisation can take place using three different types of ion
sources. The hot plasma source is used for ionisation of less volatile elements
without providing any chemical selectivity. The hot surface source is used mainly
for ionisation of alkali metals and molecules with low ionisation potential while
the isobars with higher ionisation potential are ionised much less efficiently which
provides chemical selectivity. The last method for selective ionisation used at
ISOLDE is the resonance ionisation by laser excitation known as RILIS (Resonance
Tonisation Laser Ion Source). This method is applied to the less volatile metals
with high ionisation potential and uses laser light that is tuned to the characteristic
transition in the atomic level scheme of the desired element [7]. After the ionisation
of the produced atoms, the ions are extracted by the ion-source and they are

accelerated to energies of 30-60 keV by an applied voltage.

The numerous combinations of target-ion sources allow for producing and separat-
ing over 1300 radioisotopes of more than 80 different chemical elements. In Fig.
2.3 all the chemical elements that are currently produced at ISOLDE including

those which are biologically interesting are shown.

2.1.2 Production of isotopes of interest

The isotopes used for the current work that were produced at the ISOLDE facility
were the following %™Cu, ?Na, 2"Na and *Na. The %*Cu’ ion beam was pro-
duced in a UC, target and RILIS ionisation. The target/ion source parameters
were optimised to enhance ®*™Cu/%Cu and suppress the surface ionised ®®*Ga, so

that the ratio of extracted ions of Cu to Ga was about 80.
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F1GURE 2.3: Chemical elements extracted and ionised at ISOLDE. Yellow circles
mark the biologically relevant elements and the red stars indicate the isotopes
used in the current work. Hg experiments will not be presented on this work.

2.1.3 ISOLDE separators

The ISOLDE facility has two isotope production stations with two on-line sepa-
rators, as shown in Fig. 2.4. The General Purpose Separator (GPS) consists of
at H-magnet type with a bending radius of 1.5 m and a bending angle of 70°C.
The resolution achieved with GPS, m/dm is approximately 800 |[8]|. The ion beam
that passes through the GPS can be delivered simultaneously in three beamlines
(Fig. 2.4).

The High Resolution Separator (HRS) consists of two bending magnets, a 90°C and
a 60°C magnet, for higher mass resolution. Both magnets are C-type and they have
a bending radius of 1 m. The overall resolution of both magnets is approximately
6000 [8]. Even though for the purposes of the current thesis such high mass
resolution was not necessary, HRS was used for the commissioning campaign of
the laser polarisation beamline and for the first liquid S-NMR (marked as VITO
in Fig. 2.4) that will be described in the S-NMR, chapter.

In the current work, the GLM beamline was used for the radioactivity collections
for the Perturbed Angular Correlation of gamma rays (PAC) technique while the
Central Beamline (CBL) was used for the § NMR experiments and PAC experi-
ments with the short-lived %™Cu. More details concerning the implantation sites

and the beamlines will be given to the respective chapters.
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F1GURE 2.4: ISOLDE facility layout of the low energy part and the GPS and
HRS separators, adopted from [9]. The red circles mark the GLM and VITO
beamlines used for the experimental campaigns of the current PhD thesis.

2.2 University Hospital of Copenhagen

Additionally to the experiments conducted at the ISOLDE facility, a series of
experiments took place at the Chemistry Department of the University of Copen-
hagen. ''™Cd was produced at the Scanditronic MC32 cyclotron unit of the
University Hospital of Copenhagen, Fig. 2.5. The cyclotron is dedicated to the
production of Positron Emission Tomography (PET) isotopes such as ®F, 1¥N and
1C and some Single Photon Emission Computed Tomography (SPECT) isotopes
used for diagnostic purposes. For research purposes, in collaboration with the
University of Copenhagen, several unique isotopes such as ''™Cd and 2''At are
produced. In the case of this thesis, ®Pd targets were irradiated by o particles

and the nuclear reaction '®Pd (a, n) '™Cd took place [10)].

The irradiated targets were transported to the University of Copenhagen and

approximately 600 MBq of 1" Cd were extracted and used for the experiments.
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FIGURE 2.5: Scanditronix MC32 cyclotron at the University Hospital of Copen-
hagen, Ringospitalet in Denmark [11]



Chapter 3

Perturbed Angular Correlation of ~

rays

The Perturbed Angular Correlation of 7 rays technique (PAC) is a powerful tool
for studying the local electric and magnetic fields of probe nuclei through hyperfine
interactions, along with Nuclear Magnetic Resonance (NMR) [36] and § detected
NMR [28], Nuclear Quadrupole Resonance (NQR) [37], Mossbauer spectroscopy
[38], Muon Spin Rotation (uSR) [39] etc. In this work both the electric and
magnetic interactions are studied for different solid state systems while only the
electric interactions are present in biological systems. The PAC technique has been
used in chemistry, biochemistry and biophysics |28, 40, 41] and it was first applied
in biological macromolecules in solutions in 1968 [42]. The PAC spectroscopy
has being used at the ISOLDE-CERN facility over the past 35 years for nuclear
physics, solid-state physics and more recently for biophysics studies [43].

3.1 Basics of PAC

Nuclei with oriented (polarised) spins have a probability of radiation emission in
a certain direction due to the conservation of the total angular momentum that is
depended on the orientation of the nuclear spin, I [44]|. The basic requirement for
a PAC measurement is having appropriately excited nuclei at place of measure-
ment. These nuclei are either metastable, implanted directly in the material under
examination, or they are produced by the radioactive decay of the mother nuclide

after being introduced in the material. It is necessary to select radioactive nuclei

10
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with an excited state of an appropriate halflife for off-line experiments (typically
a few hours) that decay to the ground state energy level emitting two successive
~v-rays with an intermediate state of several ns halflife during the nuclear decay.
The first v photon is emitted and sets an oriented ensemble of nuclear states in the
intermediate state of the gamma cascade. The second one while the intermediate
energy level is depopulated during the transition to the ground state. An example

of such a cascade is shown in Fig. 3.1.

FIGURE 3.1: The decay scheme of ''™Cd/"'Cd. The arrows indicate the

population and depopulation transitions of the intermediate state interesting

for the PAC experiment. Width and length of the arrows are proportional to
intensity and energy, respectively.

The general expression of the angular correlation between the two ~ photons, v,

and s, is given by Eq. 3.1 [45].

kmax

W)= Y AaPy(cost) (3.1)

k=even

with A= Ag(71)Ax(72) the angular correlation coefficients that depend on the
angular momenta of the state and the transitions’ multipolarities. Due to the
conservation of the angular momentum Eq. 3.1 is finite. For the particular case of
I=5/2 the upper summation limit is k,.x=4 and for randomly oriented molecules

in the first order approximation leading to Eq. 3.4 [3].
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3 1
W(Q) =1+ AQQPQ(COS@) =1+ Ag(l)AQ(Q)(§cos20 — 5) (32)
where 6 is the angle between the direction of the emission between the two ~
rays, As(1) and Ay(2) are the anisotropy coefficients that depend on the angular

momenta involved in the first and second transitions and Pycos(6) is the second

Legendre polynomial [3]

Py(cosh) = %(300529 —1) (3.3)

If the intermediate nuclear level has a short half-life, 7y, the perturbed angular

correlation function becomes

=t 1
W(0,1) = e (14 A2(1)A2(2)022(t)(g(;0529 -2 (3.4)
where Goo(t) is the time-dependent perturbation factor that contains information

concerning the interaction of the nuclear moments with its environment.

3.1.1 Electrical Quadrupole Interactions

For an isotropic EFG the Gos is constant and equal to 1 and thus there is no time-
dependence. In case an anisotropic EFG is present and the nuclei are quadrupolar

with [=5/2 in the intermediate energy state, the Goy is given by Eq. 3.5 [46].

Gaa(t) = ap + agcos(wit) + agcos(wat) + azcos(wst) (3.5)

w1, we and ws are the transition frequencies between the three magnetic sublevels
mp. The three frequencies are not independent since wz=wi+ws. g, a1, @ and
az are the relevant amplitudes of the transitions that depend on the asymmetry
of the EFG, n, Eq. 3.9, and the strength of the electric field, wy, Eq. 3.6 [46].

. 127’(”6@sz|

0% (3.6)

Wo



CHAPTER 3. PERTURBED ANGULAR CORRELATION OF v RAYS 13

For a nucleus with [=5/2, the intermediate nuclear level split into three doubly
degenerate Zeeman magnetic sublevels with mp=+45/2, mp=+3/2 and mp==+1/2.
The energy difference between these magnetic sublevels is given by the Eq. 3.7 [3]

_eQV o, (3m® — I(1 +1))
" 41(21 —1)

En (3.7)
and depends on the electric field gradient (EFG) around the nucleus and the
quadrupole moment, Q. From Eq. 3.7 one can see that the magnetic sublevels with
same value and different sign (e.g +5/2 and -5/2) will have the same energy. For
the same isotopes, if the EFGs created around the nuclei change the quadrupole
interaction (NQI) changes as well. The NQI is very sensitive to minor changes
in structure, bonding and dynamics and can be best described by a second-rank

tensor in Cartesian space as

Vie Vizy Vi
Vol Ve Vi Vi
Vie Vi Vi

Each component describes the gradient of the electric field vector components with
respect to the position in an arbitrary reference frame [47]. The tensor is traceless
due to the Laplace equation (Vyx+Vyy+V,,=0), symmetric V,, =V, and diagonal

into its own principal axis system,

Vez 00
v=[o v, o
0 0 V.

with the following convention

Veal 2 [Viyy| = Vx| (3.8)

The EFG tensor is traceless and there are only two independent principal compo-

nents that need to be known in order to characterise it:

1. eq=V,,

2. the axial asymmetry parameter n
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where V,, is the largest EFG component and the n asymmetry parameter which

takes values only from 0 to 1.

(3.9)

The n=0 describes axial symmetric EFGs and is very common for quadrupolar
nuclei in terminal bonding situations, while n=1 describes the highest asymmetry

situation.
The quadrupole frequency, wq is another relevant parameter for describing the

EQI, given by Eq. 3.10

W — eQVZZ _ 27TVQ
T 4I(2I —1)h  4I(2I —1)

(3.10)
with Q being the intermediate energy level’s nuclear quadrupole moment and I its
nuclear spin. vq is the quadrupole interaction frequency.

Considering wy as the lowest transition frequency (wp=kwgq) and the smallest
frequency that occurs in a PAC measurement, we distinguish the integer and

half-integer nuclear spins as follows from Eq. 3.6 and Eq. 3.10 [48]:

Half-integer nuclear spins (such as I=5/2 for *1Cd) k=6 :

Wo :6*(JJQ (311)

Integer nuclear spins (such as =2 for ®Cu) k=3:

Wo = 3 % wq (312)

3.1.2 Magnetic Dipole Interactions

In case the magnetic dipole moment, y, of the probe nucleus with I=5/2 interacts
with a static magnetic field created by the host material (magnetic and ferromag-
netic solid materials) there is a Magnetic Dipole Interaction that causes again a

time dependent perturbation given by Eq. 3.13
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1+ 2cos(wrt) 4 2cos(2wrt)
)

Gao(t) = (3.13)
The Larmor frequency, wry, is proportional to the external magnetic field, B, (in

this case to the hyperfine magnetic field, H) and is given by Eq. 3.14

_ lgpnH|

wr, 5 (3.14)

,where the g factor is relative to the isotope used, uy is the nuclear magneton and

I the nuclear spin of the intermediate level.

3.1.3 Liquid dynamics studied by PAC

In biological samples the EFG is time dependent if the samples are not immobilised
by e.g. freezing and they remain in the liquid form. Due to the conformation
alterations of the molecules during the lifetime of the intermediate nuclear state,
the emission of the v, and 5 may be perturbed due to the hyperfine interactions
of the nuclei with the EFG. The perturbation factor Gas(t) should be modified for
non-static EFGs, taking into account the magnitude of the molecular rotational
correlation time, 7., and the size of the nuclear quadrupole interaction, eQ, in the

intermediate energy state [4].

Brownian rotation diffusion of a particle in a solution has a characteristic time
constant that is called rotational correlation time, 7.. According to Stokes-Einstein
rotational diffusion, assuming that the molecule is spherical, the correlation time
is given by Eq. 3.15 [49]. In solution the 7. is the average time that a molecule

takes to rotate one radian and normally they are in the order of ps.

_Amrt s g

= 1
Te k'B * T (3 5)

, where r is the effective hydrodynamic radius of the molecule under study, £ is
the viscosity of the solvent, T is the absolute sample temperature in K and kg is

the Boltzmann’s constant.

For slow reorientation of the molecules in the sample where w7, >> 1 the pertur-

bation function G22™*(t) become exponentially damped and is given by Eq. 3.16
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[49], where Gaa(t) is the perturbation function of the static interaction and is given
by Eq. 3.5

t
GLSH(t) = Ga(t) * exp — (T—) (3.16)
For fast reorientation of the molecules in the sample where wyr, << 1, with
short correlation times, and for the typical case of intermediate state I=5/2, the

perturbation function becomes [49]:

Ghot(t) = exp(—2.8wotT(1 +n?/3)) (3.17)

When the molecules have correlation times in the intermediate region, wyr.~1,
the Gago(t) cannot be described analytically. A Monte Carlo simulation approach
can be implemented for simulating PAC spectra of dynamic EFG of any origin by
Danielsen et al [29].

From a PAC measurement we are always interested to determine the perturbation

function, R(t)=A22Gaa(t) which is given by Eq. 3.18 [3].

N(180°,¢) — N(90°, )
N (1800, ) + 2N (90°, )

Az Ga(t)exp = 2 (3.18)
, where N(6,t) are the coincidence counts of the two successive y-rays emitted (7,
and 72) detected by two detectors positioned at right angles to each other and 6 is
either 90° or 180°. The typical PAC instruments consist of six scintillation detec-
tors (such as BaFy) which are positioned at right angles to each other, resulting

to the acquisition of six 180° and twenty four 90° coincidence spectra.
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FIGURE 3.2: A typical PAC instrument: An array of six scintillation detectors
at right angles to each other.

After the coincidences acquisition the AgyGoa(t) is Fourier transformed for easier
visualisation of the frequencies between the hyperfine energy levels. For extracting
quantitative results from the FT spectra the AgGos(t) is fitted to the analytical
function given by Eq. 3.19 [3]

A5G (t)imeor = Bo + A5~ FGhy(wo, m, dwo Jwo, ) (3.19)

, where By is a constant background, A" is the measured amplitude of the
anisotropy of the angular emission between 7, and v, and depends on the nuclear
properties of the probe nucleus as well as the geometry of the experimental setup.
i is the index of the sum that runs over all the existing coordination geometries in
the sample and f! is the relative fraction of every structure and NQI. dwq/ wy is
the linewidth of each signal of the PAC spectrum, Lorentzian or Gaussian. Alike
other spectroscopic techniques, thin linewidths represent a well-defined and rela-
tively stable coordination geometry, while a relatively large linewidth can represent

flexible structures that undergo dynamic interactions that alter their geometry.
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3.2 Experimental considerations

3.2.1 The PAC probes

The necessary requirements of a good PAC probe are summarised in the following
list [3]:

1. The most suitable PAC probes are those who are solely decaying through

Isomeric Transition (IT), from an excited state via emission of two correlated

y-rays.

e The intermediate energy state is necessary to have a reasonably long
half-life (1 us to 2 ns) so that the probe isotope has adequate time to
sense the extranuclear fields (EFG and MF) and has the time to interact
with them.

e At least one full period of w; observable has to take place.

e At the same time the half-life must not be too long. Otherwise the prob-
ability of recording accidental y-rays coincidences increases, creating an

elevated background noise spectrum.

2. The two emitted v photons should have sufficiently different energies in order

to be well distinguished when detected.

3. The nuclear moments of the probe nucleus (Q and p) and the anisotropy
(Agy) of the angular correlation between v, and v, have to be large enough

to allow the measurement of the perturbation function R(t).

4. The nuclear spin of the intermediate energy level has to I > 1, since I=0 or
1/2 does not exhibit Nuclear Quadrupole Interactions (NQI).

5. The parent isotopes should be readily produced and they must have long

enough half-lifes in order to be practical to work with.

6. The parent isotopes must be produced with low to non contamination from

other isotopes and with high activity.

The most important characteristics of potential probe isotopes that could be used
within the scope of the current work, for chemistry and biochemistry PAC exper-

iments, are shown in Table. 3.1.
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TABLE 3.1: Characteristic parameters of selected PAC isotopes [28]

Isotope T2 Decay mode Probe  ~i/72  Intermediate Ty Q I Anisotropy

isotope cascade state Intermediate (b) Ago

E (keV) I state

8mCy"  3.75 min IT 8Cu  637-84 2+ 7.84(8) ns  (-)0.110(3) (+)2.857(6) 0.05
WmCd™ 48 min IT HICd  151-245 5/2+ 84.5(4) ns +0.68(2)  -0.7656(25) 0.1786
MAg 7.45d 8 ed  97-245 5/2+ 84.5(4) ns +0.68(2)  -0.7656(25) 0.1786
Iy 2.8d EC Hed  171-245 5/2+ 84.5(4) ns +0.68(2)  -0.7656(25) -0.0714
199mHg 424 d IT 19Hg  374-158 5/2- 2.46(3) ns +0.95(9) +0.88(3) 0.221

*Isotopes used in the current work

The detailed decay schemes of the isotopes used in the current work are shown in
Fig. 3.1 and Fig. 3.3 and are taken by [17].

FIGURE 3.3: Decay scheme for 53™Cu-58Cu [17].
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Experimental PAC results

In the beginning of the current PhD work, in 2014, a collaboration between the
Solid State Physics Group and the Biophysics group of ISOLDE-CERN was estab-
lished. One of the main goals of this collaboration was to build and commission a
new beamline called VITO (Versatile lon-Polarised Techniques Online), dedicated
to produce laser-spin-polarised radioactive atomic and ion beams. VITO was con-
cepted to be dedicated to multidisciplinary experiments in the areas of nuclear
and solid state physics, fundamental interaction physics and biophysics [50, 51].
In its initial configuration, VITO had an open-end station available for travelling
experiments, such as On-line PAC experiments. The first PAC experiments with
radioactive %™Cu ion beams proposed by [12] will be presented in the following
section. This project was shared between my self and an other PhD student of
the Solid State Physics CERN group, Abel Fenta.

4.1 The %™ Cu used as a new PAC probe

In order to test the feasibility of using copper as a probe isotope for PAC studies,
the %™ Cu was selected as the test case isotope due to the several preferential char-
acteristics. It has good production yields from the ISOLDE targets (1x10® from
UC, target), it is easily ionised by RILIS and has favourable physical properties
that are summarised in [12]. As it is shown in Fig. 3.3, the isotope decays through
a cascade of photons with suitable energies (637 keV and 84 keV), the intermedi-

ate energie state has a nuclear spin 2+ with a 7.84 ns half-life and the anisotropy

20
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was expected to be as high as 15%, [12|. The nuclear moments (magnetic dipole

moment and quadrupole moment) of ®™Cu were until that time unknown.

Since the lifetime of ®*™Cu is too short to collect and carry out offline chemical
sample preparation, the feasibility experiments were conducted by implanting the
radioactive Cu(I) into different solid foils at room temperature and high vacuum
conditions. The ion beam of %®mCu, with 30 keV energy, was directed to the
central end station of the VITO beamline, Fig. 2.4. The VITO beamline elements
as presented in Fig. 4.1 and 4.2 comprise, from left to right (direction of beam
propagation), of: a 5° beam deflector, a 2 m long drift tube, two quadrupole
doublets, a beam diagnostics box (a wire scanner and a Faraday cup) and a beam

switch.

FIGURE 4.1: Graphical representation of the VITO beamline at phase 1 (2015)
showing the one end-station, when no laser polarisation of ions or atoms was
possible.
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FIGURE 4.2: Top view of VITO beamline at phase 1.

The experimental setup where the implantation of %™Cu and the on-line PAC
measurements in different host environments took place is shown in Fig. 4.3 and
Fig. 4.4. A quartz finger, vacuum compatible collection chamber of 2mm wall
thickness was used for direct visualisation of the sample holder and for minimising
the gamma transmission through the chamber. The detection PAC setup used
during the experiments consisted of four LaBrs gamma scintillator detectors po-
sitioned in a plane perpendicular to the direction of the beam propagation. Each
detector was placed at 90° and 180° in respect to each other at approximately
equal distances from the implantation foil. The data acquisition was performed

with the digital and FPGA signal processing [13, 14].
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FIGURE 4.3: Front view of the implantation chamber made of quartz in the
middle of the detection PAC experimental setup of LaBrs

FIGURE 4.4: Back view of the 4 LaBrg PAC detectors, the vacuum quartz
implantation chamber and the sample holder supporting the host material

Three solid state samples, a Cobalt and a Nickel foil plus a Cu,O pellet were used

as the host material and were placed approximately at the geometrical centre
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of the experimental setup. For the three samples the experimental conditions
were, room temperature, high vacuum of approximately 10 mbar and maximum
number of implanted atoms 2x10"b [15]. The ~1-v2 coincidences, Nj;(6,t) were
measured as a function of time between the detection of the two v rays for every
detector combination (i, j). The experimental perturbation functions R(t) given
by Eq. 3.18 were acquired for %Cu implanted in three different samples (Co, Ni
and CupO) and are illustrated at Fig. 4.5 [15].

FIGURE 4.5: PAC experimental R(t) spectra (data points with error bars (black)
and fit (red) and the corresponding Fourier transforms

The most important extracted experimental parameters by the fitting procedure

are summarised in Table. 4.1 [15].

Cuz 0, due to its simple cubic structure, was selected in order to measure the NQI
and to determine the quadrupole moment of the %Cu intermediate state. Cu is

linearly coordinated with two O atoms and O have a tetrahedral coordination
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TABLE 4.1: Experimental parameters from fitting analysis of R(t) experimental
function [15]

Host ~ A°ff f()% o (Mrad/s) «r, (Mrad/s)

22
Cu0 -0.13(1) 89 21.3(4) -
Co  -0.13(1) 22 - 1079.1(34)
Ni  -0.13(1) 44 - 273.7(48)

with Cu atoms. Due to the low coordination number, the Cu binding site has a
strong EFG and high axial symmetry n=0. From the fitting of the experimental
R(t) we concluded to a predominant fraction of ®Cu of 89(3)% with wy=21.3(3)
Mrad/s and n=0. From Eq. 3.10 and Eq. 3.12 we calculated the quadrupole
interaction frequency, vq=27.14(44) MHz. From previous NQR measurements [52]
we adopted the vq (% Cu, 1=3/2)=48.138(12) MHz for ®Cu implanted in Cu,O and
we calculated the ratio %Cu/%°Cu=0.5638. Knowing the quadrupole moment of
the °Cu nucleus, Q(®°, [=3/2)=-0.195(4)b [53], and using the quadrupole coupling
constant ratio we calculated the quadrupole moment of the %Cu, I=2" state,
IQ(68Cu, 2+, 84.1 keV)|=0.110(3)b.

For measuring the magnetic hyperfine interaction we initially used a cobalt foil to
determine the magnetic dipole moment of ®Cu and then a nickel foil in order to
confirm our result. More precisely in the case of the Co host, we had to introduce
three fractions of %Cu in order to fit the experimental R(t) function. The fraction
of atoms f;=22(1)% was assigned to interact with the unperturbed lattice sites of
the hep structure of Co and to interact with a strong magnetic field. From the
fitting of this signal we extracted the Larmor frequency wp= 1079.1(34) Mrad/s.
The second fraction, f5=32(1)% atoms, was assigned to interactions with defects
that were created during the implantation procedure of the radioactive ®™Cu
atoms in the Co foil. Last, the third fraction of the signal was most probably
originating by %™Cu atoms implanted in the Al sample holder that we used during
the experiments due to not optimal beam focusing on the host sample. f; was
the main component of the signal, with a wy,= 1079.1(34) Mrad/s (for ®Cu in
Co). From previous NMR measurements at room temperature [54| the Larmor
frequency for ®3Cu in Co was wy= 1117.8(3) Mrad/s and for ®Cu in Co was
wr,= 1198.2(3) Mrad/s. Using the known g factors of both isotopes respectively
g(3Cu)=1.480(0) and g(%*Cu)=1.580(5) [55] and from Eq. 3.14 we calculated the
g factor of ®Cu from Eq. 4.1.
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9(®Cu) = gwr/wii (4.1)

with the i index referring to the 3Cu and %°Cu isotopes’ parameters and wy, the
Larmor frequency of ®Cu as extracted by the fit of the experimental spectrum
of this work. The final value of the g factor of ®®Cu was obtained by aver-
aging the two slightly different values resulting from the two calculations and
is g=1.429(6). From Eq. 5.2 and Eq. 5.1 we calculated the dipole moment
11(58Cu)=2.859(13) i

Finally, an independent PAC measurement was carried out with a Ni foil in order
to crosscheck the calculation of p(%®Cu. From the fitting of the experimental R(t)
function two different interaction sites were distinguished. The fraction f;=44(2)%
is assigned to the Cu atoms who interacted with the hyperfine magnetic field of
Ni and a Larmor frequency wp,=273.7(48)Mrad/s was extracted by the spectrum.
A second higher fraction, f,=56(3)%, of Cu atoms was again implanted in the
Al sample holder and thus was neglected from our calculations. As described
in our publication [15] and the references therein, we extracted graphically the
Larmor frequencies of %Cu when implanted in a Ni host at different temperatures,
wr,=153.8(17)Mrad/s for 105 K and wy,=135.5(10)Mrad/s for 304 K. From Eq.
3.14 the hyperfine magnetic field was calculated, H=-4.08(10)T and using the
experimental wy,=273.7(48) Mrad/s we obtained the g=1.402(43) resulting to a
magnetic moment of the u(68Cu, I=2+)=2.804(85) un.

The final value of the magnetic dipole moment of the 68Cu isotope that we pro-
posed was the average (error weighted) value of the two independent measurements
and and is 4p=2.857(6) .

With the current work we clearly demonstrated that the ®™Cu/%®Cu IT transi-
tion can be used as a probe for PAC experiments. From the calculated nuclear
moments we found a relatively short quadrupole moment, Q=0.110(3) b which in
combination with the very short half-life of the intermediate energy level (7.84 ns)
makes it difficult to record one full oscillation in the perturbation function, even
if a Large EFG is present. Therefore, this copper isotope may not be used for
elucidating Cu(I) coordination geometries in metalloproteins but can serve as a

unique copper probe for condensed and soft matter physics.
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4.2 MmCq(II) PAC studies of CadC binding

Metalloregulatory proteins or metal sensor proteins control the expression of genes
providing organisms with a defence against the heavy metal toxicity [56]. Some
pathogenic bacteria have evolved in regulating and managing the heavy metal ions
in their microenvironment for their survival. This adaptive behaviour could be of
great interest for intracellular survival for mammals. CadC is one of the metal
receptor proteins that senses a wide range of metal ions such as Cd(II), Pb(II)
and Zn(II) [57, 58]. In this part of the thesis, the '""™Cd PAC spectroscopy was
applied to elucidate the function CadC by determining the metal site structure
and the dynamics on the ns scale of the binding site and to explore the effect of
CadC binding to DNA on the metal site.

Previous '3Cd NMR experiments in CadC gave an indication of two co-existing
possible metal site structures that change between a CdS,; and a CdS3X complex

[57] attracting our interest for further investigation.

FIGURE 4.6: Representation of proposed reaction scheme of Cd(II) with CadC
when H5O is used as solvent

The proposed reaction shown in Fig. 4.6 was tested experimentally with 11™Cd
PAC on the CadC of two different bacteria, the Listeria Monocytogenes (L. mono-
cytogenes) and the Staphylococcus aureus (S. aureus) pI258. A previous "'™Cd
PAC work [16] shows the expected FFT spectra of pure CdS; and CdS;X com-
plexes for two special designed peptides (a3DIV-L21C and a3DIV-H72C). The
PAC FFT spectra from [16] constituted the reference spectra for the CdS, and
CdS30 species.
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FIGURE 4.7: Crystal structure and binding sites of L. monocytogenes WT (de-
signed with PyMOL)

4.2.1 Experimental conditions

Sample preparation of '™ Cd and CadC bacteria

The radioactive '"'™Cd with a decay scheme 3.1 was produced by the PET and
Cyclotron Unit of the University Hospital of Copenhagen in Denmark, 2.5 and a
radioactivity of approximately 600 MBq was shipped to the Chemical Institute of
the Faculty of Life Sciences were the PAC measurements took place. The radioac-
tive probe was first chemically separated by the ?°*Pb as described previously by
[59] and the radioactivity was fragmented for preparing the different samples used
for the experiments. The chemical separation of the 11'™Cd from 2°*Pb was carried

out by the laboratory assistant Marianne Lund Jensen the day of the experiments.

Two type of bacteria were used for these experiments, the Listeria monocytogenes
(L. monocytogenes) CadC Wild Type and the Staphylococcus aureus (S. aureus)
plI258 CadC that were kindly provided the Agriculture and Life Sciences Texas
A&M University, Department of Biochemistry and Biophysics and the Indiana
University Bloomington, Department of Chemistry. The chemical structure of L.
monocytogenes is presented in Fig. 4.7 and the one of S. Aureus pI258 can be
found in [57]|. The sample preparations with the bacteria and the radioactive probe
were carried out by the laboratory assistant Marianne Lund Jensen the day of the

experiments.
The PAC spectrometer

The "1™mCd PAC experiments were carried out at the Chemistry department of
University of Copenhagen in Denmark. The PAC spectrometer used for the current

project, presented in Fig. 4.8, consists of six BaFy scintillation detectors. The six



CHAPTER 4. EXPERIMENTAL PAC RESULTS 29

detectors are placed in a 47 geometry at 90° and 180° with respect to each other
and they are placed as close as possible to the sample in equal distances from the
center of the sample. The energy and temporal resolution of the detectors (11.5-
12.5% and 650 ps respectively) were adequate to easily distinguish the emission
of 41 and v, [60]. The experimental setup has a temperature control system,
consisted of a Peltier element, that was very useful for the current work since it
allowed for temperature series measurements from -196°C to more than 50°C for

studying the dynamics of the binding sites of CadC.

FIGURE 4.8: The six BaF, scintillator detectors PAC system at the University
of Copenhagen, Chemistry department in Denmark

4.2.2 Experimental results

The experiments with the CadC bacteria were carried out at different tempera-
tures. Table 4.2 summarises the parameters fitted to 1''™Cd PAC data for different
sample temperatures using the code WINFIT developed at Leipzing University by
F. Heinrich ad T. Butz. The experimental conditions kept at 50 M CadC, 0.2
eq Cd(II), pH=7 and addition of sucrose 55% w/w in order to slow down the

rotational diffusion of the molecules.



CHAPTER 4. EXPERIMENTAL PAC RESULTS 30

TABLE 4.2: NQI parameters for the '''™Cd PAC experiments on the L. mono-
cytogenes CadC. Experimental conditions 50 uM CadC, 0.2 eq Cd(II), 55% w/w
sucrose and pH=7.

sample T [°C|] wo|rad/ns] N site [%] linewidth *100 1/7. [us?]  A*100  chi®

WT L. monocytogenes -196  0.067(3)  0.49(7) 100 40.6(4) ool F] 11.6 (0.5) 0.84

WT L. monocytogenes 1 0.070(0.5)  0.82(2) 59 8.0 (1) 351 5.7(0.3) 1.07
0.162(5)  0.45(4) 41 16.3(3) 4.0(0.5)

WT L. monocytogenes 30 0.063(0.3) 1 54 17(2) 290 5.6(0.8) 1.20
0.198(3)  0.3(3) 46 14.2(2) 4.8(0.7)

C10G L. monocytogenes 1 0.186(0.6) 0.25(0.9) 100 4.6(0.5) 238 7.1(0.3) 1.10

[F| denotes parameters kept fixed during the fitting procedure in the Winfit program

The experimental perturbation functions R(t) and the respective Fourier trans-

forms (FFT) for the different temperatures are presented in Fig. 4.9.

FIGURE 4.9: The experimental Perturbation Function R(t) and the respective
Fourier transform (FFT) for the wild type (WT) L. monocytogenes at at various
T.

Comparing the FFT experimental spectra of L.. monocytogenes CadC bound with
Cd(II) of this work with the spectra for CdS, and CdS3;0O found in [16] Fig. 4.9,
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it is shown that a rapid exchange between two species CdS,; and CdS;0 is very
probable. With the temperature increase the fraction of the CdS3;0 is increasing,
while when the sample is frozen instantaneously with LN and due to the absence
of dynamics the CdS; metal site structure dominates. This indicates that CdS,
is enthalpically stabilised with respect to CdS30 structure as expected since Cd-S
bonds are stronger than Cd-O bonds.

We repeated the 1™ Cd PAC measurements with L. monocytogenes CadC lowering
the pH of the samples from 7 to 6.5. The pH was decreased in order to increase
the H" ions in the sample expecting to shift the chemical reaction to the CdS30.
The rest experimental conditions remained unchanged, 50 uM CadC, 0.2 eq Cd(II)
and addition of sucrose 55% w/w. The experimental perturbation functions R(t)
and the respective FFT for the different temperatures at pH 6.5 are presented in
Fig. 4.10, Fig. 7?7 and Fig. 77 and the experimental results after the fitting the
code WINFIT are summarised at Table. 4.3.
TABLE 4.3: NQI parameters for the '"'™Cd PAC experiments on the L. mono-

cytogenes CadC. Experimental conditions 50 uM CadC, 0.2 eq Cd(II), 55% w/w
sucrose and pH=6.5.

sample T [°C] wo[rad/ns| n site %] linewidth *100 1/, [us?] A*100 chi?

WT L. monocytogenes -196  0.067(1)  0.20(23) 76 47.3(5.5) 00 9.1(1) 0.76
0.198[F] 0 24 23.4(12) 2.9(2)

WT L. monocytogenes  -20 0.066(F| 1 27 82 (39) 344 4.2(3)  0.80
0.192[F] 0.33(6.5) 73 30(6.5) 11(3.5)

WT L. monocytogenes 30 0.066(F| 1 21 34(17) 147 3.1(14) 0.77
0.198[F]  0.33(7) 79 27(7) 26.8(7)

|[F| denotes parameters which were kept fixed during the fitting procedure in the Winfit

program.
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FIGURE 4.10: The experimental Perturbation Function R(t) and the Fourier
transform (FFT) for the WT L. motocytogenes at pH 6.5 for different T.

Comparing the results from Table. 4.2 and Table 4.3 one can see that upon
lowering the pH there is a shift of higher fractions of sites towards higher w, and
thus wq frequencies. At the same time we observe a considerable line broadening
that could be potentially originating by faster exchange dynamics between the two
species, CdS; and CdS30. For easier visualisation of the differences between the
different pH, Fig. 4.11 shows the FFT spectra of -196 °C and 30°C for pH 7 and
pH 6.5 respectively.
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F1GURE 4.11: Comparison of FFT spectra for the WT L. motocytogenes at
-196 °C and 30°C for pH 7 and pH 6.5.

Due to time constraints and the limited radioactivity, we measured only at 1°C
the 1'™Cd spectrum of CadC in S. Aureus. In addition a sample with 100 pM
DNA dissolved and bound with the CadC in the S. Aureus was measured with
PAC under the same pH 7 and temperature, 1 °C. From the detailed results of
the spectral analysis presented in Table. 4.4 and Fig. 4.12 it is concluded that the
metal site structure and the exchange rate between the two species CdS30O and
CdS, appear not to be affected by the DNA binding to CadC.

TABLE 4.4: NQI parameters for the '"™Cd PAC experiments on the S. aureus
pI258 CadC. Experimental conditions 50 uM CadC, 0.2 eq Cd(II), 55% w/w
sucrose and pH=7

sample T [°C]  wo|rad/ns| n site [%]| linewidth ¥*100 1/z. [us!] A*100 chi?
WT S. Aurcus 1 0078(0.11) 0.88(4) 47 9.8(1) 2325 4.9(02) 1.07
0.181(1)  042(1) 53 7.8(0.7) 5.5(
WT S. Aureus + 100uM DNA 1 0.072(0.2) 0.95(11) 53 11.2(2) 476 57
0.183(0.1)  0.40(1) 47 7.2(0.7) 5.0(

)
)
) 1.09
)
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FIGURE 4.12: Comparison of R(t) and FFT spectra for the WT S. Aureus pI258
CadC and the WT S. Aureus pI258 4+ 100 uM DNA at 1°C.

Last, an attempt to simulate the exchange dynamics between the two suggested

coordination species at 1°C for S. aureus pI258 CadC was made using the PAC

simulator, a Monte Carlo Program dedicated to simulate PAC dynamic spectra

29].

experimental spectra of 1™Cd PAC in CadC of S.Aureus pI258 for lifetimes of

The simulated spectra were in good agreement with the R(t) and FFT

Cd binding at the CdS, site, 71=1 ns, and 7,=0.5 ns for the CdS30. In Table.
4.5 the input parameters to the PAC simulator are presented. In Fig. 4.13 the

experimental and simulated R(t) and FFT spectra are presented.

TABLE 4.5: Input parameters for dynamic PAC simulations of '™Cd [29]
binding to S. Aureus pI258 CadC at 1°C

Site CdS, CdS;0
7[ns] 1 0.5
w|Grad/s|] 0.066  0.186
n 0.83 0.25
(.f87)  (0,0,0) (0,0,0)

Intensity [arb. units]
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FIGURE 4.13: Comparison of R(t) and FFT spectra for the WT S. Aureus pI258
CadC and the WT S. Aureus pI258 CadC + 100 uM DNA at 1°C.

Temperature-dependent 1™ Cd PAC spectroscopy was used to explore the kinetics
of the reaction proposed in Fig. 4.6 for the CadC bacteria L.. monocytogenes. The
Him@q PAC spectra in Fig. 4.9 clearly demonstrate the temperature dependence
of the NQI. At -196 °C the CdS, geometry dominates. For 1 °C a second NQI signal
appears reflecting the coexistence with a CdS30O species that starts dominating as
the temperature further increases. When lowering the pH to 6.5, we observed the

shift to the right, CdS;0 as expected, since we increased the H atoms.

A possible co-existence of the two species was observed at the PAC measurements
of S. aureus pI258 CadC. From the studies performed with these bacteria we clearly
showed that the DNA binding to the CadC protein does not alter the binding
and the dynamics of Cd(II). Also, with Monte Carlo simulations we achieved
to simulate the exchange dynamics between the two species. The life-time of
the resident Cd ion on both chemical species was very short in the order of ns,
showing that it would be impossible to observe it with a conventional spectroscopic
technique, i.e NMR. The phenomena that NMR can study are in the range of
ms. These results demonstrate that '™Cd PAC can be used for monitoring
the dynamics of CadC proteins with Cd(II) since it can follow the ns exchange

dynamics of H,O molecules bound to the CadC metalloprotein.



Chapter 5

Nuclear Magnetic Resonance
(NMR)

The Nuclear Magnetic Resonance (NMR) firstly applied in 1939 [? |, is very
a powerful spectroscopic technique used as a non-destructive analytical tool in
chemistry. Is is widely used for probing molecular conformation in solutions and
solids since it can provide detailed information about the structure of the nucleus
under study. Moreover, NMR allows for studying the physical properties of the

molecules such as the conformational dynamics and the diffusion.

Different systems often require different NMR approaches. Usually, the 1D NMR
is used to describe the chemical structure of small organic molecules while for
more complicated systems, like nucleic acids and proteins, the 2D techniques are

preferred.

5.1 Ingredients of Nuclear Magnetic Resonance

All nuclei with a non-zero spin (/>0) have a magnetic moment (u) given by Eq.
5.1

p=I (5.1)

where v is the gyromagnetic ratio, a characteristic constant of each nucleus (N),
given by Eq. 5.2
36
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v = gun/h (5.2)

where py is the nuclear magneton and g, is the g-factor of the nucleus.

A spinning nucleus generates a magnetic field that is oriented along the spin ro-
tation axis. When an external magnetic field, By, is applied the orientation of the
precession of the nuclear spin will no longer be random, as illustrated in Fig. 5.1.
The precession frequency around the magnetic field By is called Larmor frequency

and is given by Eq. 5.3.

FI1GURE 5.1: Orientation and precession of nuclear spins in a magnetic field in
the case of single nucleus with I=1/2.

Most biologically interesting nuclei such as 'H, 13C, 1°N, 8F and *'P have I and
1 >0. In these simple cases when a By is applied, the nuclear spin energy levels
are split in two populations, parallel and anti-parallel to the By direction, due to

the Zeeman Effect, as shown in Fig. 5.2. It is important to note that the some
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common isotopes such as 2C and 'O do not have a nuclear spin and therefore

NMR spectroscopy cannot be applied in such cases.

FIGURE 5.2: Zeeman energy splitting for nuclei with /=1/2 and p > 0 in an
increasing magnetic field By.

According to the Boltzmann distribution, Eq. 5.4, when an ensemble of nuclei is
immersed in a By, the population of spin energy states depend on the energy dif-
ference of the energy states and the temperature. The most favourable orientation

of spin precession will be the one parallel to the magnetic field direction B, .

upper _ 6—kATE (5.4)

Here Nypper and Nigyer are the populations of nuclei in upper and lower states
respectively, AE is the energy difference between the spin states as shown in Fig.
5.2, T is the absolute temperature in K and k is the Boltzmann constant. AE is

related to the Larmor frequency of the nuclei and is given in Eq. 5.5.

AE = hwy, (5.5)

For recording an NMR signal we need to know precisely the Larmor frequency

of the nuclei and to apply a secondary oscillating magnetic field perpendicular to
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Bo. The applied radiofrequency (RF) should resonate with the wy, of the nuclei in
order to flip the nuclear spins. Once the resonance phenomenon takes place, the
relaxation time and the way in which the nuclei consume the energy can give a lot

of information regarding a variety of dynamic processes.

The resonance frequency depends on three parameters:

1. The type of the nucleus (*H, 13C, Mg, 2*Na etc) that determines the nuclear

magnetic dipole moment (1) and thus the gyromagnetic ratio (7).

2. The chemical environment close to the nucleus. Nuclei, in samples of any
form, are surrounded by the electrons of the host material. When the NMR
sample is in a strong magnetic field, the electrons’ orbit generate a small
magnetic field that opposes to the external By. The more the electrons sur-
round the nucleus the more the opposing magnetic field to By increases, thus
the shielding that the nucleus experiences intensifies. As a consequence the
nucleus "feels" a lower By and a lower RF is needed to achieve the resonance
phenomenon. This is known as the Nuclear Shielding phenomenon. If the
electron density around the nucleus decreases the latter experiences higher
By and as a result a higher RF is necessary for reaching the resonance. This

is called Nuclear Deshielding.

3. The magnetic field at the measurement region. Its homogeneity should al-
ways be high otherwise the resonance frequency varies depending on the spa-
tial location of the nucleus. This parameter sets the basis of the Magnetic
Resonance Imaging (MRI) where gradient fields are used and the Larmor
frequency of the nuclei (e.g. 'H, 1?9Xe) vary as a function of the position
[61, 62].

5.2 The NMR spectrometer

A diagram of a typical NMR spectrometer diagram is shown in Fig. 5.3 that

consists of the following parts:

e A superconducting magnet, a permanent magnet or an electromagnet that

provides a stable and homogeneous magnetic field.
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e A probe for the liquid or solid state sample. The probe keeps the samples

in the most homogeneous and strongest part of the magnetic field.

e A RF coil surrounding the probe, for inducing the RF pulses.

A high-power radiofrequency (RF) transmitter.

A sensitive RF receiver that amplifies the NMR signals.

An analog-to-digital converter (ADC) that converts the NMR signals into a

form suitable for storing in the computer.

A pulse programmer for precise pulses and delays.

A computer to control the hardware and process the NMR signals and spec-

tra.

FIGURE 5.3: Schematic representation of a NMR spectrometer.

5.3 NMR spectroscopy: Pulsed NMR and Fourier
Transform (FT)

To better describe the Fourier Transform (FT) and the Pulsed NMR (pNMR) one
should picture the nuclear spins aligned with or against the By as shown in Fig. 5.4

(a). The nuclear spins in the different energy levels precess around the By z-axis
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with the Larmor frequency. The NMR samples consist of a number of nuclei and
the signal is the result of a combination of the individual magnetic moments p of

all the nuclei, the net magnetisation M,=(Nypper-Niower )¢ [63] (Fig. 5.4 (b)).

At thermal equilibrium the net magnetisation is aligned with the By z-axis, hence

M, = My is maximum and M,=0.

FIGURE 5.4: Nuclear spin alignment on the left and net Magnetisation on the
right, Mz, when an ensemble of nuclei is in a By magnetic field.

The overall net M, initially lies along the z-axis. When a short and strong RF
pulse, B,, is applied perpendicularly to the external magnetic field By, e.g along
the x-axis, it interacts individually with every nuclear spin and causes a tilt of M,
towards the xy plane. The tilt angle of M, depends on the time after the RF pulse
(0=~Byst). The magnetisation along the z, y and x axis at any time is given by
Eq. 5.6.

M,=0
M, = M,sind (5.6)
M, = M,cos8



CHAPTER 5. NUCLEAR MAGNETIC RESONANCE (NMR) 42

In the quantum mechanical description, the difference between the two nuclear
spin energy levels for the two different pulses is shown in Fig. 5.5. The effect of
a m/2 pulse is the equalisation of the populations in the two energy states, while

when a m pulse is applied we observe an inversion of populations.

FIGURE 5.5: Effects of 90° and 180° RF pulses on the energy level populations
in a sample of two million protons in a Bg=2.35 T [18]

Once the B,¢ is turned off, the nuclear spins relax back to the z-axis. There are
two magnetisation relaxation mechanisms, the T; spin-lattice or longitudinal re-
laxation along the z-axis and Ty the spin-spin de-phasing of the magnetic moments
away from the principal rotating x-axis, known as transverse relaxation along the

x-y plane.

The receiver coil surrounding the sample, orange coil in Fig. 5.3, records the
change in M, generating a Free Induction Decay (FID). The FID after a 90° pulse

is shown in Fig. 5.6 that diminishes over time.
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FIGURE 5.6: A typical Free Induction Decay (FID) signal.

The above description of the Pulsed NMR (pNMR) approach would be sufficient
if only one frequency contributed to the signal. Most of the NMR experiments
use a broad band width of frequencies that excite all the nuclei in a sample. The
FID is the overlapping resonance signal generated by the precession of spins of
all the excited nuclei in the xy plane and the resulting complex waveform is a
time-dependent, f(t). For turning the FID signal into an actual NMR spectrum
one has to Fourier Transform it (Fig. 5.7). The FT is given by Eq. 5.7.

flw) = /Oo f(t)e ™t dt (5.7)
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FIGURE 5.7: The Fourier Transformation (FT) of a FID.

The more quickly the FID signal decays, the broader the FT NMR signal becomes,
since the F'T treats less signal and the uncertainty of the true frequency is higher.
In the case there are two or more frequencies overlapping, this appears as “beats”
in the FID and only the FT will reveal which frequencies are present in the NMR

signal.
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F1GURE 5.8: Effect of FIDs on FT NMR spectra.

5.4 The NMR relaxation mechanisms

In pulsed NMR, one can send different RF pulses. When a 90° RF pulse is applied,
M, (0)(z) is rotated to the transverse x-y plane, and this magnetization is called
transverse magnetization. Right after the 90° pulse M, (o) is zero while when the
RF pulse is off the net M, returns back to equilibrium along the z-axis. How
fast the nuclear spins regain the Boltzmann equilibrium is a measure of the cou-
pling between the excited nuclei with their neighbouring molecules (the lattice)
is characterised by the time constant T, known as the spin-lattice or longitu-
dinal relaxation time [64, 65]. The evolution of magnetisation with T is given

analytically in Eq. 5.8.

M (t) = M£7 + (M (0) — M£%)e /1 (5-8)

where M, (t) is the magnetisation as a function of time and M the magnetisation
at thermal equilibrium and M, (o) the longitudinal magnetisation at the start of
the RF pulse.
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T; is affected by the chemical environment and the applied magnetic field, By,
Fig. 5.9. The Larmor frequency, wry, is directly proportional to By, as shown in

Eq. 5.3. Changing By will change the T’ relaxation.

The nuclear spin flips are more efficient when the fluctuating magnetic field due
to interaction with the neighbouring molecules are at or close to the Larmor fre-
quency. This fluctuating magnetic field happens due to the molecular tumbling
in the lattice. Materials of different forms and structures have different molecular

tumbling that is described by the correlation time, 7.

As shown on the left side of Fig. 5.9, for nuclei in very mobile media with short 7.
(blue line) if the magnetic field is increased, the wy, will increase but the fraction
of molecules tumbling at the new frequency will not be affected considerably.
However, for nuclei in media with slow or medium mobility, with medium to long
wr, (black and orange lines), shifting the wy, to higher values will severely decrease
the percentage of molecules resonating with the Larmor frequency. As a result the

T, will decrease.

FIGURE 5.9: Schematic representation of T; longitudinal relaxation’s depen-
dence on the resonance frequency.
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T, defines the delay time (recycle delay) between the applied pulses. The nuclear
spin system must be allowed to relax back to equilibrium before the next pulse is

applied and this time period is determined as d;=107; [66].

5.4.1 The experimental method of determining 7;: The In-

version Recovery (IR)

A standard method for determining the 7 is the Inversion Recovery (IR) tech-
nique, introduced and applied for the first time from Vold, Waugh, Klein and
Phelps in 1968 [67]. This is the selected method of the current work for quantify-

ing the T relaxation of 2Mg and #*Na in different samples.

A typical IR pulse sequence starts with a 180° pulse that inverts the net mag-
netisation to the negative maximum value to the -z axis (-M,). After the 180°
pulse, the net magnetisation is allowed to relax until a second rf pulse of 90° is
applied and tips the magnetisation from z to the x-y plane. At the end of the
second RF pulse the FID can be acquired. The time between the two pulses is
called the Inversion Time (TI). The amplitude and the sign of the NMR peaks
in the IR spectrum depend on the longitudinal relaxation rate of each spin. The
peak intensity as a function of TI is proportional to the value of M, just before
the second pulse. T; can be determined by fitting the graph shown in Fig. 5.10
[66]

In addition to the longitudinal magnetisation relaxation another relaxation process
is present in the systems, namely the transverse spin-spin relaxation 7%. When
a collection of nuclei in thermal equilibrium with M,(z) experiences a 90° pulse,
M, will flip to the zy-plane. Once in the zy-plane, the spins will start de-phasing
since the magnetic moments of the nuclei interact with each other and the M, will
go back to the thermal equilibrium with the transverse relaxation time given by
Eq. 5.9.

My (t) = M,y (0)e /T2 (5.9)

T’ does not depend on the By. Fast Ty leads to broad NMR peaks. T ~ 1Avy 5.
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FIGURE 5.10: The My(z) recovery following an inversion pulse. Each blue arrow
corresponds to the intensity of the NMR signal.

5.5 Important NMR spectral parameters

The most important NMR spectral parameters for analysing the chemical systems
of this work, are illustrated in a 1D NMR spectrum in Fig. 5.11.
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FIGURE 5.11: Typical NMR spectral parameters [19].

Chemical Shift

Nuclei of different elements in a given By will resonate with different RF energies
due to their different v ratios, Eq. 5.3. However, also nuclei of the same isotope can
resonate at slightly different frequencies, as a result of the shielding phenomenon
due to differences in the local electronic environment. The induced magnetic fields
are typically a million times smaller than B,, meaning that if the Larmor frequency
is in the order of MHz, the difference between the resonance frequencies of two
different nuclei of the same isotope will be several Hz. For convenience we use a
reference signal from a known compound to determine the relative positions of the
different peaks. The difference between the reference signal (v,f) and the signal
of interest (Vsample) is called chemical shift, given by Eq. 5.10. It is expressed in
terms of parts per million (ppm), a dimensionless quantity, and not in Hz, in order

to decouple the chemical shift from the magnetic field strength.
§ — Ysample 7 Vref 46 [ppm] (5.10)
Vryef

Here are some relevant typical ranges in chemical shifts for signals coming from

biologically relevant nuclei:
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'H, 20 ppm; *C, 250 ppm; *N, 900 ppm; ?*Na, 70 ppm; Mg, 70 ppm; *'P, 430
ppm [68].

Linewidth
The NMR signal’s linewidth, the Full Width of Half Maximum (FWHM), is at
least as wide as specified by the Heisenberg Uncertainty Principle broadening due

to inherent lifetime of spin states and is given by Eq. 5.11

1
FWHM = — 5.11
T (5.11)
and is related with the Heisenberg Uncertainty Principle broadening due to lifetime

of spin coherence - gain and loss of magnetization in the x,y direction Eq. 5.12

1
FWHM = —- 5.12
T (5.12)
Small Ty leads to broad signals (big values of FWHM) while big Ty to sharper

lines.

Peak Intensity

The signal intensity is determined by the area of the peak and not its amplitude
and is proportional to the number of magnetically equivalent nuclei contributing
to the NMR signal. To be correctly determined, the delay time between the
excitation and the FID recordings should be > 47';. If the concentration of the

nuclei is known for a particular peak, it can be used as a standard.

Spin-Spin splitting: J coupling

Any nucleus with a magnetic moment is likely to interact with other nuclei in a
sample. This interaction may lead to a mutual splitting of the NMR signal of each
nucleus into a multiplet. Any signal can be split in 2n/+1 components, where [ is
the nuclear spin and n is the number of the neighbouring nuclei interacting with

a chosen nucleus.

There are two types of magnetic interactions between nuclei with a non-zero spin:
the dipole-dipole coupling (D) and the scalar coupling (/). The D coupling makes
difficult to get high-resolution NMR spectra in solid state NMR and in very viscous
samples. NMR spectra in liquid crystals (where molecules are partially oriented

and the dipolar coupling is only partially averaged) are very complex as well. In
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liquid samples, due to the random motion of the molecules, the dipolar coupling is
completely averaged and no direct effects are seen. Therefore, in the current work
only the spin-spin J coupling was considered. The J coupling is a through-bond
interaction. The spin of a nucleus polarises the spins of the surrounding electrons,
which in turn polarise their neighbouring nuclear spins. The J coupling, always
reported in Hz, is independent of the By and is mutual for the different nuclei. The
coupling effect is usually transmitted through the bonding electrons, as a result
the magnitude of J falls off rapidly as the number of intervening bonds increases.
Coupling over one (1J), two (2J) and three (3J) bonds usually dominates the fine
structure of NMR spectra, but coupling across four (4J) and five (5J) bonds is also

seen, especially through 7 bonds (double and triple bonds, aromatic carbons).

In Fig. 5.12 is illustrated the 1H NMR spectrum of 1,1,2-trichloroethane where
the spin-spin slitting is enlarged in order to explain the J coupling phenomenon.
The two H, protons give rise to a peak at 3.96 ppm that is split into two subpeaks
of equal amplitude and intensity, referred as a doublet. The Hb signal at 5.76 ppm
is a triplet. The middle peak is higher than the two outside ones and its intensity
is twice that of each of the lateral peaks [20].

FI1GURE 5.12: 1H NMR spectrum of 1,1,2-trichloroethane with enlargement of
the individual signals due to J coupling [20].

To simplify the NMR spectrum and to improve the S/N ratio, the decoupling
technique is often applied, especially with *C and '»N NMR. The decoupling
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causes a collapse of the multiplets into singlets [69].

5.6 Limitations of the NMR technique

Even though NMR is a very powerful technique it has certain limitations concern-
ing the sensitivity and the detection efficiency of the NMR signal. These will be

addressed in the present section.

Sensitivity and spin population distribution

The energy difference, AE Eq. 5.5, between the nuclear spin states depends on the
strength of the external magnetic field and is always very small. For visualising
the impact of By increase on the population of nuclear spin states, the distribution
of a small number (around two millions) of nuclei is presented in Fig. 5.13 for
different By strenghts. For a very high B0 of 18.8 T at thermal equilibrium the
population ratio will be 0.999872. In other words for every 1,000,000 nuclei in the
higher energy state there are 1,000,128 nuclei in the lower energy state. This small
excess number of nuclei in the lower energy state is what creates the NMR signal
and is the biggest limitation of NMR signalling in biological systems. A stronger
magnetic field would increase the population ratio and would improve slightly
the sensitivity but it should also be noted that other factors are important. For
example,for macromolecules or small molecules that interact with macromolecules,
increasing the magnetic field often increases the T; that can adversely affect the

sensitivity.
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FIGURE 5.13: Separation of nuclear spin energy levels and relative populations
as a function of Byg.

Sensitivity and gyromagnetic ratio

The sensitivity, also called receptivity R*, is the measure of how easy one can
acquire an NMR signal of a particular nuclide. The sensitivity of a nuclide X is

given by Eq. 5.13

R*=Ax |y« I(I+1) (5.13)

where A is the natural abundance, 7 the gyromagnetic ratio and I the nuclear
spin. The larger the v and the natural abundance, the stronger the NMR signal
is. This explains why for 1*C NMR more scans and more acquisition time is needed

compared to 'H NMR for getting the same quality of signals.

Every nucleus with 7> 1/2 contributing to a NMR signal has a magnetic moment
that is proportional to the gyromagnetic ratio (Eq. 5.1), which is characteristic

for every nucleus.
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Table 5.1 shows the most important NMR properties of selected biologically in-

terested nuclei. The relative sensitivities of the nuclei are compared to 'H NMR.

TABLE 5.1: NMR related properties of biologically relevant nuclei [30-32]

Isotope  Natural I Frequency Receptivity (RY) Gyromagnetic pu (ux) Q Linewidth
abundance relative to related to ratio [70] (mb) [70] factor
(%) TH=100 'H=1.00 (107 rad/T*s) (fm*)
(MHz)
H 99.988 1/2 1 100 26.752 2.793 - -
SLi 7.59 1 14.72 6.45 x 1074 3.94 1.163 -0.808 0.033
"Li 92.4 3/2 38.86 0.271 10.40 4.204 -40.1 21
13C 1.1 1/2 25.15 1.7x 1074 6.73 0.702 - -
4N 99.63 1 7.23 1.1x 1073 1.93 0.404 0.020 21
S\ 0.37 1/2 10.14 3.85 x 1076 -2.71 0.283 - -
BNa 100 3/2  26.4519 0.0927 7.08085 2.86298 104 140
BMg 10.0 5/2 6.1216 2.68 x 1074 -1.63887 -1.0122 199.4 130
3K 93.258 3/2 4.6664 4.76 x 1074 1.25006 0.50543 146.6 69
0K 0.012 4 5.8020 6.12 x 1077 -1.55428 -1.4513 -73 5.2
4K 6.73 3/2 2.5613 5.68 x 1076 0.68607 0.27739 71.1 67
BCa 0.135 /2 6.7300 6.68 x 1076 -1.8030 -1.4940 -4.08 23
63Cu 69.7 3/2  26.5155 0.0650 7.118 2.2236 -21.7 650
%5Cu 30.83 3/2  28.4037 0.0354 7.6053 2.3817 19.5 550
§77n 4.1 5/2 6.2568 1.18 x 107* 1.6768 0.8755 0.15 72

The linewidth factor, given by Eq. 5.14, is an indication of the amount of broad-
ening of the NMR signal for I>>1/2 nuclei. It is related to the nuclear spin, I,
and the quadrupole moment, Q. The linewidth factor is zero for non-quadrupolar

nuclei, /=1/2, as shown in Table 5.1.

Q? * (21 + 3)

LF = ——7——
2% (21 — 1)

(5.14)

Quadrupole coupling

Quadrupolar nuclei with I >1/2 interact strongly with the electric field gradient
(EFG) generated by the surrounding electron clouds from the neighbouring nuclei
leading to a faster T, relaxation. The quadrupolar coupling is predominantly
an intramolecular interaction that involves both a nuclear property, Q, and a
molecular property of the sample (the EFG). As a result, the nuclear quadrupole
moments listed in Table 5.1 do not accurately reflect the typical magnitudes of

the electric quadrupole interaction.
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Metal nuclei with large quadrupole moments, such as ?*Na and Mg, may have
small quadrupole couplings if the nuclear environment is symmetric meaning that
the local EFG is small.

5.7 Techniques to overcome the NMR limitations

The low sensitivity is one of the most severe limitations of NMR. Hense, it often
complicates the analysis of spectra that belong to complex biomolecules in solu-
tions. A number of key advances in NMR over the last decades led to remarkable
improvements in sensitivity and the most common methods to increase the signal

to noise (S/N) ratio for a given mass of sample in bio-molecular applications are :

1. Increase B,

2. Average the signal

3. Increase the saturation of the sample

4. Reduce the temperature of the sample at the detection system

5. Reduce the volume in which the NMR signal is observed, to minimise the

magnetic field fluctuations

(i) As the energy differences between the nuclear spin orientations is proportional
to B,, increasing its strength increases the absorption and the population differ-
ence between the two spin energy states an. So, the first way to improve the
S/N would simply be to rise the strength of B, (S/N ~ B,3?) [71] to a current
commercial maximum of 23.5 T (1000 MHz. Unfortunately, this is in many cases
a prohibitively expensive way to improve the S/N ratio, as magnet costs increase

rapidly with field strength increase.

(ii) S/N can be improved by averaging together many individual NMR spectra.
But, while the signal increases as a function of the numbers of transients (the
number of executions of the pulse sequence), n, the noise increases as a function

of y/n, meaning that the S/N increases as n//n or v/n. A two-fold rise in S/N

comes at a four-fold cost in time, which can soon become prohibitively long.
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(iii) The full saturation of a sample is the equalisation of populations of nuclear
spins in the up and down states. This can be achieved by applying a 90° rf pulse.
After the saturation, the emitted rf photons are detected from the flip of the spins
relaxing back to the ground state, restoring the original population difference be-
tween the two energy levels. The drawback of this technique is the long collection
time needed for full saturation and full relaxation. An optimal balance between
minimising run time and maximising the S/N ratio is often aimed, by applying

pulses less than 90° allowing only partial relaxation.

(iv)There are two different ways in which one can reduce the temperature and in-
crease the S/N. Either the temperature of the sample can be decreased |72], which
leads to the increase of the M,, although this is limited in liquid NMR by the
temperature that the solvent freezes. Or one lowers the temperature of the equip-
ment. The later can be achieved by using a cryoprobe that was first described by
Styles et al [73] and has been used by several groups for structural biology studies
[74, 75]. In such a case, NMR S/N ratios can be significantly improved by cooling
the NMR RF detector and the preamplifier down to 20 K with liquid He. The
resistance of the coil is significantly reduced and the thermal noise is decreased,
leading to a corresponding increase in the S/N per scan, or for the same S/N a

16-fold reduction in acquisition time when compared to a normal probe.

(v) Tt is easier to have a homogeneous field over a small volume and acquiring
sharp NMR peaks. That is why most commercial magnets have narrow bores of
a few centimetres. For biological applications where sub-milligram samples need
to be investigated, when the sample quantities are limited for biological reasons,
microprobe NMR with samples of 1-200 nanomole range combined with microcoils

can give a S/N ratio equal to the one acquired with cryoprobes [76, 77].

If all the parameters described are optimised and the sensitivity still needs to
be enhanced, state-of-the-art techniques that shift nuclear spin populations away
from the thermal equilibrium (hyperpolarisation) should be used. When a group
of nuclei is hyperpolarised, the high energy nuclear level has much fewer spins
than in thermal equilibrium. A representation of the hyperpolarisation concept is
illustrated in Fig. 5.14.
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FIGURE 5.14: Spin distribution in the case of thermal equilibrium (left) and
hyperpolarisation (right).

Several strategies for hyperpolarisation have been applied by many research groups

e The Dynamic Nuclear Polarization (DNP) that was first performed at low
temperatures (~ 1K) with low magnetic fields for solid state samples (met-
als) and is used to enhance the signal in solid state NMR [78, 79]. A new
study [80] using DNP at 3 T at room temperature showed that a million-fold

enhancement of liquid NMR signal can be achieved.

e The approach of Dissolution Dynamic Nuclear Polarization (DDNP) [81] is
used for hyperpoplarizing water soluble biologically relevant samples. The
enhancement of the NMR signal compared to conventional liquid NMR is

10,000 times at room temperature.

e The nuclear polarization can be observed in asymmetry of ~ decay of ra-
dioactive nuclei. The approach has been already used in NMR [82] and has
very recently been applied to Magnetic Resonance Imaging (MRI), combin-
ing the use of radioactive tracers emitting v photons and using lasers for the

hyperpolarization instead of strong By [83].
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e The technique of optical pumping, proposed by [84] for alkali metals, is a
method of hyperpolarizing the ground or excited states of atoms or ions
by absorption of circularly polarized light. It is also the method used in
this work in combination with [-decay assymmetry since it allows for high
degrees of polarization (theoretically even up to 100%). More details and
the physics background of the technique will be given in Chapter 6.

The  detected NMR that has been applied successfully over the years in nuclear
physics and solid state physics, has been very recently applied for the first time in
liquid samples. The first liquid # NMR studies were initiated at ISOLDE/CERN
using a low energy 3'!Mg ion beam that was implanted in vacuum resistant Ionic
Liquids (ILs) at room temperature [5]. Later, a high energy spin polarised ?N
beam was implanted in water at the National Institute of Radiological Sciences
(NIRS) using the Heavy Ion Accelerator in Chiba (HIMAC) [85]. A more recent
publications with direct observation of Mg?" complexes in ionic liquid solutions
by Mg B-NMR spectroscopy can be found here [86]. These feasibility tests prove
that [-decaying isotopes that are externally polarized and then implanted into
the liquid samples retain their polarization and can give NMR signals that show a
billion-fold (10?) enhancement in the NMR sensitivity. In addition this technique
opens the possibility to apply it to several elements across the periodic table that
until recently were very difficult to be examined with conventional NMR, giving
very poor to none resonances. The S-detected NMR technique is the core technique

used in the current work and is going to be extensively discussed in Chapter 6.



Chapter 6

B-detected Nuclear Magnetic
Resonance (5-NMR)

The initiative for establishing the S-NMR technique in liquids was triggered by
the fact that conventional NMR is very limited in sensitivity. This makes difficult
to apply NMR when small quantities of biological samples are available and is

limited it to very abundant nuclei, those with high ~ ratios such as 'H and '3C.

For isotopes that undergo a (-decay with half-lifes (T /) of several ms to several
s, a suitable way to observe the atomic and nuclear resonances is through the
detection of the S-asymmetry when a polarized nuclear ensemble is stopped by a

medium, solid or liquid.

The polarisation of an ensemble of nuclei with angular momentum [ is defined by
Eq. 6.1

<Iz> m=—1
Pr= ! (6.1)
'y W
m=—1

Nuclear spin polarisation with large population differences can be obtained by
several methods that were mentioned in the previous section. Furthermore high
nuclear polarisation can be achieved by nuclear reactions at selected emerging

angles [85], reactions with polarised targets and particles [87, 88] and capture of

59
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polarised thermal neutrons [89]. All these methods are versatile but are restricted
only to fragmentation facilities. Another technique is the low-temperature nuclear
orientation (LTNO) that has been used in combination with NMR [90, 91] but it
cannot be applied to studies with liquids as it requires mK temperatures at the
implantation site. Another approach under development is the polarisation via
tilted foils that was used for S-NMR studies in measuring the nuclear magnetic
moments [92, 93]. Finally, a widely used technique for achieving hyperpolarisation
is the optical pumping through interactions with circularly polarised laser light.
The latter method was applied in our ?6?8Na S3-decay asymmetry and 26:27:28Na
B-NMR experiments, since it is suitable to be used for low-energy beams (30-60
keV) with a small energy spread, which are available at the ISOLDE facility at
CERN. Optical pumping allows to obtain high degrees of polarisation (~ 60% for
28Na) and gives the possibility to study the 3-decay asymmetry, as well as the

nuclear magnetic resonance, both interesting for our research.

Applying the optical pumping repetition technique, firstly we polarise the total
atomic angular momenta F by inducing transitions between the mp magnetic
sublevels of the ground-state and the excited-state hyperfine multiplets, as shown

in Fig. 6.1 for 2*Na atoms used in our first experiments.

FIGURE 6.1: Optical pumping with o light for the | F = 3/2) —| F’=5/2)
component of the D2 line of 2Na (I=1). Red lines correspond to excitations
and the blue dashed lines show the decays to the ground-state.

The same atom/ion interacts with many photons, which subsequently transfer
their angular momentum and as a result after many cycles the atom /ion is in the
ground-state sublevel with maximum mg if o© light polarisation, or in the mini-

mum mp if o~ polarisation is used. The mechanism of spin polarisation is based on
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the selection rules for atomic dipole transitions. For ¢ light only excitations with
Amp=-+1 while for ¢~ only Amp=-1 are allowed towards higher mp. The decays
follow the rules Amp=-1, 0, +1. The theoretical 100% polarisation is lowered by
the hyperfine pumping, in which the exited state decays to other ground-states F

level, which cannot be excited by the same laser frequency.

Due to the hyperfine interaction between the atomic (electron) spin and the nuclear
spin, polarisation of the atomic spins results also in the polarisation of the nuclear
spins. After the atomic polarisation is achieved the nuclear and atomic spins are

adiabatically decoupled when an increasingly strong magnetic field is applied, Fig.
6.2).

FIGURE 6.2: Adiabatic decoupling of the nuclear and atomic spins in a magnetic
field on the example of 2Na (/=3/2, 4>0) and F=2, mp=-2 state which leads
to my=-3/2.

Once the adiabatic decoupling of the nuclear and atomic spins is achieved, the
emission asymmetry of § particles that are emitted from the polarised nuclei can
be observed. Due to parity non-conservation, the [ particles that are emitted
from polarised nuclei, are emitted mainly along the nuclear spin [94]. The corre-
lation between the angular distribution of the emitted [ particles and the nuclear

polarisation is given by Eq. 6.2
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W(@)=1+ Oz%PI cos 6 (6.2)

where « is the nuclear asymmetry parameter (-1, 1) that depends on the initial
and final nuclear spin involved in the [-decay process, v is the velocity of the
B-particles (v/c is close to 1), Py is the ensemble achieved polarisation and 6 is the

angle between the polarisation P; and the emission direction of the § particles.

For acquiring an NMR signal the nuclear polarisation has to be destroyed. This
can be achieved by applying a rf pulse at the Larmor frequency of the radioactive
nuclei, around the stopping lattice. The signal detection is very efficient since
it relies on the counting of § particles, Fig. 6.3) [28], which can be performed
with around 10% efficiency (resulting from close to 100% detector efficiency and
10-20% detector opening angle) and not in the measurement of the rf absorption

while there is a spin flip back to the thermal equilibrium.

FI1GURE 6.3: Principle of signal detection in S8-NMR. Anisotropically emitted (3
particles are detected by two sets of 8 scintillator detectors.
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We calculate the experimental asymmetry of [-particle detection. Eq. 6.3 is
the normalised difference between the count rate of S-particles, N3, recorded by

detectors that are placed at angles 6, and 6,.

Aexp<917 92) -

(6.3)

The highest achieved experimental asymmetry is reached for detectors placed par-
allel (#;=0°) and antiparallel (#;=180°) to the direction of By. This is the geometry
of detectors chosen for our experiments. The (-detectors can cover a certain solid

angle and A can be connected to the polarisation via

1
Aexp = 504%131(1 + cos ) (6.4)

Generally, the polarisation in presence of only a static magnetic field decreases

with time as e¥/T1

A(t)exp = A(0)e™™ (6.5)

, where A(0) is the maximum asymmetry reached during the optical pumping
process, which decreases with 71 relaxation time. The average asymmetry for a
total observation period, T, does not depend only on the longitudinal relaxation
but also on the lifetime of the nucleus. For the same host, meaning same 77, nuclei
with shorter lifetimes will give higher asymmetry at a given time since they emit
more (-particles in the beginning of the measurement when the polarisation has
little time to relax. For our experiments we neglected the polarisation relaxation
in the NaF crystal, since the relaxation in this material is much longer than the
Ty /9 of 26,28Na.

A summary of the main differences between conventional NMR and S-detected
NMR are presented In Table 6.1.
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TABLE 6.1: 8-NMR and conventional NMR properties

Property NMR 5-NMR
Probe nuclei stable: 'H, 13C, ®N etc. | radioactive: 5Li, 2%?7%Na, 3'Mg etc
~10'7 in the sample ~ 107 per resonance
Samples solids and liquids solids and liquids
with 1st liquid in 2012
Way of polarisation of probes | created inside the sample created outside the sample
Boltzmann distribution laser excitation
in By magnetic field via optical pumping
Achieved polarisation normally 0.001% 1-100%
Observation of resonances Change of magnetisation change in S-asymmetry
<100% detection efficiency Up to 100% efficiency
Type of experiment off-line on-line

The main differences between the conventional NMR and the [S-detected NMR
are lying on the way of polarising the spins (By for NMR vs laser polarisation
for S-detected NMR). This leads to degrees of polarisation between 1% and 100%
for 5-detected NMR compared to the very low polarization of conventional NMR
(0.001%). This difference in the degree of polarization results to the enhancement

of sensitivity up to 10° times for 3-detected NMR compared to the normal NMR.

The detection method of the polarisation is a parameter that contributes the en-
hancement of the sensitivity. In [-detected NMR, the total magnetisation of an
ensemble of nuclear spins is destroyed by a rf pulse that matches the Larmor
frequency and radioactive particles are detected anisotropically in space in a pre-
dicted manner. The [ particles detection is increasing the sensitivity of the NMR
technique since the detection of RF photons is far less effective by 10° times. As
a result, f-detected NMR can compete with conventional NMR since it is up to

one billion times more sensitive.

6.1 The p-detected NMR technique as a new tool

towards chemistry and biology

NMR has been a well established technique in wet chemistry and biology and is
an indispensable analytical tool which is used for elucidating the structure and

dynamics of large biomolecules, such as proteins and nucleic acids. However, the
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limitations in sensitivity and applicability to a variety of elements that are bio-
logically interesting lead to a recent initiative, started with a proof of principle
experiment in 2012 at ISOLDE-CERN [5]. The S-NMR technique was applied
for the first time in life sciences, biology and chemistry using laser spin-polarised
radioactive beams. In 2016 we performed intensive design work and we installed
a new permanent laser-polarisation setup at the low-energy part of the ISOLDE
facility. Within this initiative the first stage of the beamline development is com-
pleted and radioactive atomic beams can be polarised via optical pumping with
lasers, the $-decay asymmetry can be observed and quantified and S-NMR exper-

iments can be performed.

The new beamline dedicated to laser polarised  emitted nuclei implanted in solid
and liquid hosts, allowed for the signal detection originating from radioactive bi-
ologically important isotopes. Thousands of proteins require metal ions such as
Na', Mg?", Ca?", Cu?" and Zn?" for their function, which with the conventional
measuring tools are known to give poor to zero signal. Trying to overcome these
signal limitations we applied the -detected NMR technique for studying liquid
samples of biological importance. The S NMR experiments in liquids were not
trivial due to the technical challenge of the high vacuum (10°% mbar) at the liquid
sample interface at the end of the experimental setup. Within this PhD work

three approaches were tested to overcome the low pressure challenge for liquids:

1. As a first step, we found and tested experimentally liquids that could be
used as solvents for our biological samples that could remain liquids under

high vacuum conditions.

2. We designed a differential pumping system that could allow for the good
transmission of the radioactive atom /ion beam from the end of the beamline
until the implantation site, maintaining the degree of the nuclear spin po-
larisation. The system should work from 10 mbar to 10 mbar for aqueous

samples.

3. We tested thin foils in front of the liquid samples that could hold the sample
in a certain place keeping at the same time the degree of polarisation and

the transmission of the radioactive beam on the sample’s surface.



CHAPTER 6. -DETECTED NUCLEAR MAGNETIC RESONANCE (3-NMR )66

Finally, the two first suggestions were retained by our ISOLDE g-NMR group and
for both of them a vacuum chamber compatible with liquid samples was designed,
built and tested.

6.1.1 Ionic Liquids (ILs) as the liquid hosts

In response to the need of using vacuum compatible-liquids with very low vapour
pressure, different Ionic Liquids (ILs) were chosen and analysed extensively. ILs
are considered as ideal solvents alternative to water, at least for the first steps
towards the liquid bio-#-detected NMR. It has been widely acknowledged that
the unique features of ILs originate from their dual ionic and organic nature since
they are inorganic salts and organic solvents at the same time. Inheriting the
advantages of both, they exhibit many superior properties allowing them to be

environmentally friendly solvents, while pure organic solvents are usually volatile.

ILs are salts in a liquid state, combinations of cations and anions that are lig-
uids at temperatures below 100 °C. Thus, usually they are described as Room-
Temperature Ionic Liquids (RTILs) in order to differentiate them from traditional
salts, which melt at much higher temperatures and are known as "molten salts". In
contrast to conventional organic solvents, ILs usually have extremely low volatil-
ity, they are non-flammable and non-explosive. The vapour pressures for ILs are
difficult to be found in the literature because they are extremely low (<1 Pa)
and have to be obtained at high temperatures (400-500 K) [95]. They have other
advantageous properties such as reasonable thermal stability, ability to dissolve
a wide range of organic, inorganic and organometallic compounds. Furthermore,
miscibility with water and other solvents, good solvation ability, low melting tem-
perature, good conductivity, electrochemical stability, polarity, viscosity, density

allow them to be used in many areas including chemistry and biology [96, 97].

Another interesting characteristic of ILs is that they are tunable. One can obtain
the desired physico-chemical properties by selecting combinations of cations and
anions. There is a vast number of different combinations of cation and anion of
available ILs with a large variety of physical and chemical properties and one can in
principle always find a suitable candidate to meet the requirement of a designated
application. On the other hand, due to the numerous candidates it is unfeasible to
determine the properties of all the ILs experimentally. For the purpose of this work

several different ILs have been tested for finding the most appropriate candidate
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that could best serve our goals towards the liquid -detected NMR. Several NMR
experiments have been conducted in order to characterise the different ILs used in
this PhD work. The protocols of sample preparations and the NMR analysis and

results are presented in Chapter 4.

6.1.2 [-NMR probe isotopes

A large number of S-decaying radioactive beams are available at ISOLDE but the
ones that can actually be selected for the § NMR experiments are rather limited

due to the following factors:

1. The half-life of the probe nucleus should be comparable or ideally slightly
shorter than the spin-lattice relaxation time 7. This would ensure that
most of the [-particles detected come from polarised nuclei. In principle
most isotopes studied so far have half-lifes between tens of ms and several

seconds.

2. When measuring the relaxation time 7', the half-life of the probe nuclei
should be longer than T, in order to gather enough [-count statistics for

characterising the decay asymmetry.

3. The production rate of the radioactive isotopes should be high enough (at
least 10° ions/s) in order to obtain a spectrum with good S/N ratio within
few minutes. The short measurement time helps to avoid observing long
term drifts in the magnetic field that would lead to line broadening shifts in

the resonance signal position and to keep a fresh sample being measured.

4. The degree of polarisation with optical pumping depends on the electronic
structure of the atom /ion and the strength of the transitions accessible. The
easiest pumping scheme should be chosen in order to achieve the highest
degree of polarization. For example, atomic Na is much easier to be polarised

than Na™ and this is the reason why we used Na atoms in the current work.

5. The p-decay asymmetry parameter («) that ranges between -1 and 1 and
depends on the spin change during the nuclear decay, should be large in

order to observe high asymmetries (Aexp)-
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6. The probe nuclei should have a small spin to avoid the broadening of the
NMR peaks due to the interactions of their quadrupole moment (@) with

the host material.

Among almost 80 chemical elements that can be produced at ISOLDE, a dozen
that can be spin-polarised with lasers are interesting in chemistry and biochem-
istry. The properties of the isotopes that have been already or will soon be tested
and are suitable for f-detected NMR are summarised in Table 6.2.

TABLE 6.2: Properties of isotopes selected for S-detected NMR in liquids.

Nucleus Ty, 1 () Q (mb) ISOLDE max Ref
yield (ions/puC) [-asym.

SLi 0.8s 2 11.6532(2) +31.4(2) 6x10° 4.5% 98-101]
9Li 0.18s 3/2 +3.43678(6) -30.6(2) 2x107 1.3% [98-101]
*Na 1.1s 3 +2.851(2) -5.3(2) 2.2x107 24732% [33, 102, 103]
"Na 03s 5/2  +3.894(3) -7.2(3) 3.1x10° 30% (102, 103]
®Na  30ms 1 +2.420(2)  +39.5(1.2) 1.4x10° 40°%  [33, 102, 103]
2 Mg 1.2s 3/2 +0.9780(6)  -0.16(4) 6x10° 3% (104, 105]
31 Mg 230ms 1/2 -0.88355(10) - 1.5x10° 8% (104, 105]
3 125 3/2 +0.2036(1)  100(30) 7.1x10° - [106-108]
9 ¢ 1.3s  1/2 +1.3386(8) - 2.4x10° - [109]

¥ Ca 0.8s 3/2 +1.01216(2)  +36(7) 5x10° 5.3% [110, 111]
SlCa 0.36s  3/2 -1.0496(11)  +36(12) 5.5x10° - [51]

8 Cu 325 1 +0.570(2) -150(30) 3x10° 0.25% [112, 113]
“Cu 1.6s 2 -1.068(3) +260(30) 5x10° - [53]

™ Cu 12s 5/2 +1.0062(31) -269(16) 1x10° - [53]

™ Zn 10s  7/2 - - 5.6x107 - [101]

5 7 55 1/2 - - 5.6x107 - [101]

T Zn 25 7/2 - - 7.1x10° - [101]
Tz 1ls 1/2 - - 3x10° - [101]

Nuclei in bold can be polarised rather easily at ISOLDE.

Nuclei in italics are those planned to be polarised and used for future 8-detected NMR
experiments at ISOLDE.

29-31\[g have been already polarised

* maximum asymmetry achieved within this work.

The first isotope which has been used for a 3-NMR study in liquids was 3'Mg [5].
It has been laser-polarised at ISOLDE and was implanted in an ionic liquid (1-
Ethyl-3-methylimidazolium acetate, or else EMIMAc). *'Mg was selected for the



CHAPTER 6. -DETECTED NUCLEAR MAGNETIC RESONANCE (3-NMR )69

proof-of-principle experiments for its suitable T /,=230 ms and its nuclear spin.
I=1/2 is ideal since no quadrupole interactions exist to broaden the resonance
signal or to lead to faster relaxation. It can be relatively easily polarised giving
high degrees of asymmetry (up to 8%) and its production yields at ISOLDE are
satisfactory (10° ions/s).

More recently at HIMAC [85] 2N polarised through the p(*?C, '*N)n reaction was
implanted into water and a NMR signal was successfully acquired. Both Mg and
N are biologically important, since Mg(II) is one of the most abundant elements in
the human body. Mg participates in practically all storage and energy transport
mechanisms and in the folding of RNA, while N is an essential building block of

amino and nucleic acids.

The Cu and Zn isotopes indicated in Table 6.2 have not yet been laser polarised
at ISOLDE, therefore 5%™7Cu and ™™™ 777 spin-polarisation and S-NMR
feasibility tests have been proposed. The motivation for Cu and Zn studies is given
by the fact that they are both present in a large number of enzymes involved in
electron transfer and activation of oxygen, stabilisation of DNA, and for gene
expression. From the physics point of view, polarising these isotopes and doing -
NMR experiments will help to measure with high precision the magnetic moments
of the neutron-rich Cu isotopes and concerning ground and isomeric Zn states, to

measure and assign the spins and nuclear moments.

The motivation for the Na f-NMR studies comes primarily from the fact that Na
plays a key role in biology. Na is responsible for the regulation of blood volume,
blood pressure and helps to maintain a stable pH. One of the most important
roles of Na in living organisms is that it is essential for the neuron functioning and
osmoregulation between the cells and the extracellular fluid that is regulated by the
Na®™ /K" pump. From the physics point of view Na studies can be easily performed
by our group at ISOLDE/CERN since Na isotopes can be very well produced by
the available targets, Na atoms can be very well polarised with lasers through
the atomic D2 transition from the ground state and the degree of experimental

asymmetry expected is very high due to the large S-asymmetry factors.
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6.2 The new laser polarisation and S-detected NMR
beamline at ISOLDE

A new beamline dedicated to laser polarisation and g-detected NMR studies was
designed, built and commissioned in 2016 at ISOLDE/CERN at the time of this
thesis. A 3D drawing of the experimental setup is shown in Fig. 6.4.

FIGURE 6.4: The laser polarisation and [-detected NMR setup at the new
beamline at ISOLDE. 3D drawing courtesy of Dr. Frank Wienholtz.

The ion beam of interest is guided to the beamline after electrostatic deflection,
to the right from the ISOLDE central beamline (Fig. 2.4). The first element that
belongs to the new beamline is a quadrupole doublet (not shown in Fig. 6.4) that
is used to properly focus the ion beam into the setup. The laser polarisation setup

can be divided into four main areas from the right to the left.

1. Laser-ion overlap region: After the quadrupole doublet comes a 5° bender
in which the ions are electrostatically deflected horizontally by 5°. At the
bender the laser beam enters through a small quartz window and at the
end of the bender the laser and ion paths get overlapped. Right after the
5°-bender, a beam diagnostics box is installed that hosts a variable aperture

and a metal plate that is used for measuring the ion current.
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2. Neutralisation and Doppler tuning region: The next element is the
charge exchange chamber that hosts a Charge Exchange Cell (CEC), in
which the ion beam can be neutralised, when it is needed for the optical
pumping, by collisions with Na or K vapour. The CEC is used for the species
which are polarised more efficiently as neutral atoms (e.g. Li, Na, Ar, Cu).
The chamber hosts a set of acceleration/deceleration electrodes which can
change the energy of the incoming beam by several keV in order to Doppler-
tune them into resonance with the laser light. At the end of the chamber
there is an electrostatic deflector that is used to separate the neutral atomic
beam from the ions which were not neutralised. Right behind there is a
chamber housing a photomultiplier which can be used to detect fluorescence
light emitted by the excited atoms/ions. This allows for recording optical
resonances of reference isotopes (usually stable ones, with production rates

above 107 ions/s).

3. Atomic spin polarisation section: After the optical detection follows the
optical pumping section where the atomic spins (F') are polarised. It consists
of a long (~1.9 m) drift tube and four large Helmholtz coils surrounding
it. The Helmholtz coils of 80 cm diameter, create a longitudinal magnetic
field of 10-20 Gauss (1-2 mT) needed for maintaining the spin polarisation
along the beam axis, since stray magnetic fields and magnetic materials in
the neighbouring setups (e.g. REX-TRAP, REX-EBIS and the WISARD
experiements) could cause polarisation losses. When the collinear laser light
is in resonance with the atoms or ions, multiple absorption of circularly

polarised photons allow to polarise the atoms/ions.

4. Spin decoupling and §-detection region: In the next section, the nuclear
and atomic spin decoupling takes place when an increasing strong magnetic
field is applied. As described in Section 6, the laser light polarises the atoms
that pass the polarisation to the nuclei due to the hyperfine interaction

between the atomic spin and the nuclear spin.

After the atomic and nuclear spin decoupling, follows the implantation into a
stopping medium (either solid crystal or liquid) that is placed in the centre of
the NMR magnet where the homogeneity is highest. Then S-NMR detection
takes place. The magnetic field of the electromagnet is perpendicular to the
beam direction and the polarised nuclear spins have to be slowly rotated by

90°. The rotation of the nuclear spins is performed at the entrance of the
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NMR magnet, where a set of small solenoids generate an increasing magnetic
field, 80 Gauss and 180 Gauss (8 and 18 mT) respectively. The increasing
magnetic field is matched with the perpendicular strong field of the 0.35-0.65
T commercially available Bruker magnet, inducing the adiabatic rotation of

the nuclear spins with a minimum loss of polarisation.

The [-asymmetry detection that is translated to the NMR signal is measured
by two pairs of 3 plastic scintillators of approximately 1 mm thickness each.
The scintillators are placed between the [-windows of a vacuum chamber

hosting the crystal or the liquid media.

5. Beam diagnostics box: hosting a faraday cup and a wire scanner used to

maximise the beam transmission and to observe its profile.

The laser-polarisation setup in its initial configuration for g-asymmetry experi-

ments with atoms as shown in Fig. 6.5.

FIGURE 6.5: The new laser-polarisation setup’s configuration at ISOLDE, as
used for the S-asymmetry experiments during the commissioning campaigns.

6.3 The 5-NMR chamber for liquids

For this PhD work a new -NMR chamber for liquid hosts was designed and built.

The major challenge has been to maintain a liquid sample in the same position at
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the end of the beamline for time long enough to record a signal , while keeping the
beam transport area at ~10°% mbar. This has been solved using a new differential
pumping system as shown in Fiig. 6.6. The system has been simulated and designed
by Robert Harding within his PhD thesis. It consists of two 4-way crosses and
three vacuum diaphragms (pinholes), which are as big as possible to allow a good
transmission of the radioactive beam and as small as necessary to provide sufficient
differential pumping power. Each region is connected to a powerful vacuum pump.
In the end there is a cone nozzle that stops in front of the liquid host inside the

chamber, where up to 10 mbar pressure should be feasible.

FIGURE 6.6: Cross section view of the differential pumping system. Courtesy
of Robert Harding.

An NMR chamber dedicated to liquids has been designed with the following re-
quirements: It should be made of a non-magnetic material, such as Al. It should
host a capillary for the liquid dispensing, an RF coil, a sample holder for the
reference measurements in crystals, at least one viewport and two thin Al win-
dows letting 3 particles passing through. During the experiments presented in this
work, the vacuum chamber belonging to the COLLAPS collaboration and the new
S NMR chamber (as shown if Fig. 6.6) were used.
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Experimental results conventional
NMR

7.1 Solution metal-based NMR experiments of 2>Na

and 2°Mg in ionic liquids

Metal-centered NMR in solution is an important complement to the non-metal
nuclei such as 'H, ¥C, 3P etc routinely used in the NMR characterisation of
biological systems and organic, organometallic and coordination compounds. The
chemical shifts of metal nuclei are frequently more sensitive to small changes in
geometry and coordination number than those of ligands and can reveal subtle
differences in the solution composition of complexes [32]. Na and Mg are two
of the seven lightest metals (Z=11 and 12 respectively). Their stable isotopes,
2Na and Mg, with I different from 0 give NMR signals. They are both less
commonly examined nuclei with NMR most probably because of their quadrupolar
nature and the fact that their resonances can be extremely broad in asymmetric
environments. Between these two nuclei there is a difference in NMR sensitivity
that is proportional to their natural abundance and gyromagnetic ratio. Table 5.1
shows the most fundamental NMR properties for the light metals of interest for
liquid NMR in analogy with our interest for S-NMR probe nuclei seen in Table
6.2.

74
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Within this PhD work, ?*Na and Mg NMR experiments were conducted in dif-
ferent ILs during the preparation of the 8 NMR experiments having the following

goals:

1. Explore the solubility of Na and Mg salts in different IL environments and
create sample preparation protocols for the ?928Na and ?*3'Mg 3 NMR ex-

periments [86]. The sample preparation protocols can be found in Appendix

B.

2. Analyse 'H, #Na and Mg NMR spectra of the different IL samples in order
to find the most appropriate liquid host for the § NMR experiments. The
main parameters of interest are chemical shifts and relaxation times. The
goal was to find two solutions giving very different chemical shifts for prepar-
ing a mixture in which we could see both signals in one NMR spectrum. This

could be used in order to test the resolution of our new liquid 5 NMR setup.

3. Determine **Na and 3'Mg chemical shifts for the different ILs chemical en-
vironments at the high magnetic field of 11.74 T. Then, predict the reso-
nance frequencies at 0.6 T, which is the maximum magnetic field that can
be achieved with the electromagnet at ISOLDE-CERN, available for the
NMR experiments of this work.

All 'H, 2Na and Mg NMR experiments were carried out using a Bruker Ultra-
Shield Avance superconducting magnet at 500 MHz (11.74 T) and a 5 mm static
variable-temperature probe. The spectrometer used, Fig. 7.1, is located at the
Department of Food Science, University of Copenhagen (KU), under the super-
vision of Flemming Hofmann Larsen, Associate Professor of Department of Food
Science in KU. The spectrometer can be fully automated by streamlining every
aspect of NMR analysis, including sample submission, automatic probe tuning,
data acquisition, processing and archiving making feasible the overnight automa-
tion that was needed for our measurements. The NMR data acquisition software
was TopSpin, that includes comprehensive functionalities for processing, displaying
and analysing single and multidimensional spectra. The NMR measurements were
conducted under the supervision of F. H. Lassen and L. Hemmingsen, University

of Copenhagen, Denmark.
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FIGURE 7.1: Bruker UltraShield Avance spectrometer at University of Copen-
hagen, 500 MHz (11.74 T).
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7.2 ?Na NMR

Among the NMR active alkali metal nuclei, 2*Na is relatively easy to study because
of its 100% natural abundance, relatively high ~ ratio and receptivity (0.0927 rel-
ative to 'H) and high resonance frequency (e.g 132.39 MHz at a magnetic strength
of 11.7 T. However, the fact that ?*Na is also a quadrupolar nucleus (I=3/2 and
Q=104 mb) causes difficulties not only on carrying out NMR experiments, but also
on interpreting the experimental data. One of the major problems of liquid **Na
NMR is related to its intrinsically poor resolution, a combination of the moderate
chemical shift range (90 ppm) and large line width due to efficient 2*Na quadrupole

relaxation.

Seven different samples were investigated with 1D 23Na and 'H NMR. All the
23Na NMR experiments were performed at 70°C, unless stated otherwise. This
approach was followed due to time limitations, based on preceding Mg NMR
experiments that showed narrower linewidths and better S/N ratio signals under
this condition. The fact that temperatures above room temperature (RT) give
better signals could be because the samples used for the experiments are highly
concentrated and the ILs are very viscous at RT. Therefore, at 20°C slow tumbling
of the molecules is observed that leads to fast T2 relaxation due to the strong spin-
spin interaction. Increasing the temperature to 70°C, the viscosity decreases and

the overall molecular tumbling rate increases, making it easier to record a well
resolved NMR signal.

In the following paragraphs the NMR experimental spectra acquired during the
current work will be presented. The fitting and analysis of the experimental data

were performed with Bruker Topspin 4.0.2.

The reference sample, 0.1 M NaCl dissolved 49541 H20 and 55 pl D,0O), was
measured in the beginning of the ?Na NMR experimental series. The reference
linewidth is 6.5 Hz (0.049 ppm).

7.2.1 NaAc in EMIM Ac and NaCl in EMIM Ac

1-Ethyl-3-methylimidazolium acetate (EMIM Ac) was the first IL selected to be
studied, following the first successful Mg 8 NMR experiments at ISOLDE [5].
The chemical structure of EMIM Ac is presented in Fig. 7.2.
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FIGURE 7.2: Chemical structure of EMIM _Ac with proton labelling according
to [21].

2Na NMR followed the 'H NMR experiments D.1. Fig. 7.3 shows the *Na
NMR spectra of 0.3 M NaAc dissolved in EMIM _Ac and 0.3 M NaCl dissolved in
EMIM Ac superimposed.

FIGURE 7.3: 2Na NMR spectra of 0.3 M NaAc in EMIM _Ac and 0.3 M NaCl
in EMIM Ac.

There are minor differences between the chemical shift positions ( <1 ppm) and the
FWHM (3 ppm), see Table 7.2. Na™ is expected to bind either at the CH3COO"
site or be "free" in the bulk solution. CI" and Ac should be attracted by the
positively charged ring of EMIM™. The negligible differences between the two
signals could mean that Na stays "free" Na ' in the solution or the Na environment

at the binding site is almost identical in both cases.

Na forms an ionic bond with CI" that has high electronegativity (3.16 according
to Pauling electronegativity scale) while it forms an ionic bond with the one O of
Ac (CH3COO) with electonegativity 3.44 (according to Pauling electronegativity
scale). This could probably mean that when NaCl is dissolved in the ionic liquid,
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the ionic bond between Na' and Cl° breaks and Na' binds with the Ac™ of the
IL, creating like this the same electronic environment. This could create the same

shielding effect of Na and therefore the same chemical shift.

7.2.2 NaAc in EMIM Ac and NaAc in BMIM Ac

The second IL studied was the 1-Butyl-3-methylimidazolium acetate (BMIM _Ac)
with chemical structure similar to EMIM _Ac with the addition of a CH;CH3s, Fig.
7.4.

F1GURE 7.4: Chemical structure of BMIM Ac with proton labelling according
to [21].

In Fig. 7.5 the 2>Na NMR spectra of 0.3 M NaAc dissolved in EMIM Ac and
BMIM Ac are superimposed.

FIGURE 7.5: 2Na NMR spectra of 0.3 M NaAc in EMIM _Ac and 0.3 M NaAc
in BMIM _Ac.

Both measurements show one main signal and maybe a second very broad shoulder

on the right, corresponding to a signal either from a binding site for Na or from
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"free" Na' in bulk solution. There is a difference of ~3 ppm between the two
dominant signals (3.67 vs 5.78 ppm for EMIM and BMIM respectively) showing
that Na is better shielded when EMIM is the cation of the ionic liquid solution.
The FWHM of the dominant 23Na signal in BMIM _ Ac is three times broader than
that of EMIM _Ac, 3300.8 and 1180 Hz respectively. This could probably mean
higher asymmetry in the electronic environment of Na nuclei when BMIM is the

cation.

According to literature, one of the possible explanations for seeing a second broader
signal is that the ILs behaves like nematic liquid crystals (NLQ) and not as
isotropic liquids [114]. Table 7.1 shows the rotational viscosity data (1) as mea-
sured in the current work for BMIM Ac in very good comparison with the liter-

ature data [114].
TABLE 7.1: Viscosity data for BMIM Ac at different temperatures.

Temperature (K) ~1 (Pa*s)* ~1 (Pa*s) [114]

283 0.225 -

293 0.11 0.141
303 0.07 0.093
313 0.05 0.066
323 0.03 0.046
333 0.025 0.032
343 0.02 0.021
353 - 0.011

*results of current work

The linewidths of alkali signals in liquid crystals have been found comparable with
the corresponding linewidths in aqueous solutions in the literature [115]. Sodium
ions in liquids could exist in two environments, the "free" (unassociated) and
bound (associated). "Free" Na' are mobile in the aqueous phase and normally
have short correlation times, 7., while bound Na ions have a more restricted motion
as a result of the ion binding or interacting with negatively charged functional

groups (i.e. DNA, proteins, carbohydrates, etc).

Fig. 7.5 probably reflects a rapid exchange, relative to the relaxation scales, be-
tween the two different ion environments. This could explain why we observe

one signal better because of the fast correlation time of the molecules due to the
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elevated mobility as a result of the high temperature, 70 °C. We suggest that
the narrow peak originates from the "free" Na' in the bulk solution since it is
a Lorentzian lineshape, indicating that the quadrupole interaction is averaged by
isotropic random motio. As a result and second peak may correspond to the bound

Na™, as suggested by several research groups using ?*Na NMR on biological gels
and DNA solutions [116].

The magnitude of the second peaks’ appearance could be affected by the By
strength and the Na concentration. When the sample is saturated (e.g. 0.3 M
NaAc) the signal from the "free" Na™ could be the predominant contribution
"masking" the signal from the bound Na'. Assuming that in both samples the
dissolved Na' is equally binding to the Ac” of BMIM and EMIM IL, when the
solutions are less saturated the signal from the coordinated Na can contribute
to a higher degree to the total >Na NMR signal of the sample, leading to the
appearance of the second NMR chemical shift.

7.2.3 NaCl in EMIM _Ac and NaCl in BMIM _SCN

Another BMIM-based IL was studied, the 1-butyl-3-methylimidazolium thiocyanate
(BMIM _SCN). The chemical structure of BMIM _SCN is shown in Fig. 7.6.

FIGURE 7.6: The chemical structure of BMIM SCN with proton labelling ac-
cording to |[22].

Fig. 7.7 shows the Na NMR spectra of NaCl dissolved in two different ionic
liquids of different cation (EMIM™ and BMIM ") and different anion, acetate (Ac)
and thiocyanate (SCN™) superimposed.
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FIGURE 7.7: ?Na NMR spectra of 0.3 M NaCl in EMIM _Ac and 0.3 M NaCl
in BMIM _SCN.

The 22Na NMR spectrum of NaCl in EMIM SCN displays one predominant chem-
ical shift at 3.34 ppm, with a sharp linewidth of 3.2 ppm (430 Hz), and a second
very broad chemical shift with a linewidth estimated at around 52 ppm (6900 Hz),
at ~-18 ppm. This result indicates that the NMR spectrum consists from both the
Na cation components, both the "free" Na™ and bound Na™ on SCN". Contrary,
as have been discussed previously for the EMIM Ac sample, the predominant
signal is the one from "free" Na™* that appears at =4.5 ppm with a FWHM=12
ppm (1602 Hz). The detailed results from the fitting procedure are summarised
in Table. 7.2

7.2.4 NaCl in BMIM SCN and NaSCN in BMIM SCN

The #Na NMR. spectra of 0.3 M NaCl in BMIM _SCN and 0.3 M NaSCN in
BMIM SCN are superimposed in Fig. 7.8. Both samples display two chemical
shifts, a predominant peak at 3.34 and 3.84 ppm for NaCl and NaSCN respectively,
with a linewidth of 3.2 and 2.6 ppm (430 and 340 Hz), and a second very broad
chemical shift at ~-18 ppm in both cases. The second chemical shift is much
broader, with a linewidth of ~52 ppm (6900 Hz) for NaCl and ~34 ppm (4500 Hz)

indicating the higher asymmetry of the electronic environment of the Na nuclei,
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and with an amplitude 10 and 38 times lower than the one of the dominant site

that is probably originating by the "free" Na™ in the solution.

FIGURE 7.8: %*Na spectra of 0.3 M NaCl in BMIM _SCN and 0.3 M NaSCN in
BMIM SCN.

The detailed results from the fitting procedure are summarised in Table. 7.2

7.2.5 NaSCN in BMIM SCN and 15c¢5 ether in NaSCN _ BMIM SCN

During the time of the aforementioned Na NMR experiments, after some primary
analysis, we realised that there was not significant difference between the »Na
chemical shifts (not more than 1 ppm), even though the ?*Na chemical shift span
is expected to be as large as 70 ppm. Therefore, the idea of finding a molecule that
could be easily dissolved and bound with the Na* was considered as a sensible step.
After a short search in the literature, crown ethers were found to have attracted
much interest as simple analogues for biological channels or diffusive carriers for
alkali metals, such as Na and K [117-120].

A crown ether is a cyclic array of ether O atoms linked with organic spacers,
usually -CHyCH,- groups. 15-crown-5 is the crown ether chosen for the following

experiment since it binds with high selectivity to Na™ [121], Fig. 7.9.
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FIGURE 7.9: 15-crown-5 ether with Na™ captured in the middle of its plane.

Due to this selectivity we considered that it worth’s testing if a known, previously
measured sample would give a shifted peak when the 15-crown-5 is added. Theo-
retically, the NMR chemical shift was expected to decrease, since the Na™ would
be more shielded by the increase of the surrounding electronic cloud because of
02 atoms.

Fig. 7.10 shows the 2Na NMR spectra with and without the 15-crown-5 ether
((C2H40)5).

FIGURE 7.10: ?)Na spectra of 0.3 M NaSCN in BMIM _SCN and 0.3 M 15-
crown-5 + 0.3 M NaSCN in BMIM SCN.
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When the crown ether dissolves in the BMIM SCN solution with NaSCN, the
chemical shift of the sharp signal moves upfield indicating that the electron density
around the "free" Na' is higher when the crown ether is added. Also, the linewidth
decreases approximately 3 times showing that the electronic environment is more
symmetric compared to the sample without the 15-crown-5 ether. The chemical
shift from 3.8 ppm moves to -2.9 ppm (Ad=6.7 ppm), a result that is consistent
with previous experimental results from [122] where **Na resonance appeared at
-3.6 ppm at 303 K and -5.7 ppm at 183 K for 15-crown-5 ether + NaSCN with
respect to NaCl in D,O. The addition of the crown ether in the solution lead to a
decrease of the linewidth to 1/3, from 2.6 ppm to 0.9 ppm (340 Hz to 119 Hz).

On the other hand, the second broad peak moves downfield from -18.8 ppm to
-9.05 ppm (Ad=9 ppm), and the linewidth increases from 34 ppm to 50 ppm (3.5
kHz to 6.65 kHz). This indicates that the Na nuclei that are bound with the IL
through the SCN-, have less electronic cloud around them and the environment

becomes more asymmetric compared to the without crown ether sample.

7.2.6 Comparison of all the ILs tested

During the current work, four different ionic liquids were tested with 'H and **Na
NMR . There is a very long list of ILs that could have been tested, but due to
time constraints and our limited knowledge of their behaviour with Na salts at that
time, only four ILs were used. In this section the results of 2Na measurements
of BMIM Ac, BMIM SCN, EMIM Ac and EMIM DCA with the same cation
Na salts are presented in Fig. 7.11. The same cations of the ILs and the Na salts
were used for eliminating any possible interaction between the Na cation and the
IL cation. AL the presented spectra are referenced to the amplitude of the **Na
signal of the BMIM _Ac measurement.
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FIGURE 7.11: ?Na NMR spectra of 1. 0.3 M NaAc in BMIM _Ac, 2. 0.3 M
NaAc in EMIM _Ac, 3. 0.3 M NaSCN in BMIM _SCN and 4. 0.3 M NaDCA in

EMIM_DCA.

As a general trend we see a strong dependence between the position of the sig-

nal and its linewidth with the IL used. The EMIM Ac seems to give narrower
signal than BMIM _Ac, ~ 9 (£0.06) ppm compared to ~ 25(4+0.09) ppm. The
EMIM DCA shows the more well defined NMR peak with FWHM 0.84(40.03)
ppm at 0.6 ppm while BMIM _SCN has a linewidth of ~ 2.6(40.02) ppm. For the
detailed results of the analysis please refer to Table. 7.2.

TABLE 7.2: Na NMR analysis of all the samples measured

sample
Ppm Hz
0.3 M NaAc in EMIM_ Ac 7 (0.02) 485.7 (2.6)
0.3 M NaCl in EMIM_ Ac 5 (0.01) 660.7 (1.9)
0.3 M NaAc in BMIM _Ac .8 (0.03) 764.1 (4.2)
1 441 (1.
0.3 M NaCl in BMIM _SCN 3 (001) (18)
- -17.8 (0.65) -2358.7 (86)
.85 (0.01 5 (1.2
0.3 M NaSCON in BMIM_SCN 385 (0.01) 508.5 (1.2)
- -18.8 (0.14) -2485.3 (17.8)
-2. .002 -377. .04
0.3 M NaSCN + 0.3 M 15¢5 in BMIM_SCN 9 (0.002) 377.9 (0.04)
- -9.05 (0.28) -1197.3 (37)
0.3 M NaDCA in EMIM_DCA 0.61 (0.01) 81.3 (15)

Peak position Peak Frequency FWHM

ppm
8.9 (0.06)
12.1 (0.04)
25.2 (0.09)
3.2 (0.04)
52.1 (1.8)
2.57 (0.02)
34 (0.36)
0.9 (0.001)
50.2 (0.65)
0.84 (0.03)

FWHM
Hz

11804 (7.6)  14.4
1602.3 (5.6)  14.6
3330.8 (12.3)  14.5 (0.04

430 (5.9) 11.1 (0.09
6900 (238.7) 1.1 (0.02)

340 (3.4) 14.5 (0.1)
4500 (47.6)  0.38 (fixed)
119.1 (0.14)  14.8 (0.01)
6646.1 (86)  0.25 (0.002)

111 (4.4) 16.6 (0.46)

Amplitude

(0.06)
(0.03)
(0.04)
(0.09)

Note 1. The chemical shifts were calculated using as reference compound the 0.1 M

NaCl (aq) and D2O.

Note 2. All the fits are performed with 100% lorentzian lineshapes.
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7.2.7 T1 relaxation measurements of ?*Na signal from dif-

ferent ILs

For better characterising the different ILs, we attempted to measure the T1 re-
laxation times with the Inversion Recovery (IR) technique. All the measurements
were done at room temperature (300 K) and the repetition delay time, the Inver-
sion Time (TI), varied to the following values: 1 ms, 2 ms, 4 ms, 8 ms, 16 ms, 32
ms, 64 ms, 128 ms, 256 ms, 512 ms and 1.024 sec.

From the 2Na NMR spectra analysis we found that there are two sides where the
Na™ can reside, meaning two T1 components. The signal that originates from the
"free" Na' has a long T1, longer than 1 s, and therefore could not be calculated
with IR technique. While, the second component from the "bound" to Na™ has a
shorter relaxation time in the order of ms in most cases. The relaxation times T1

for the samples measured are shown in Table. 7.3.

TABLE 7.3: T1 relaxation time of bound Na™ for IL samples

Sample T1 |ms|
0.3 M NaAc in EMIM _ Ac 40.5(£13)
0.3 M NaCl in EMIM _ Ac 199(£71)
0.3 M NaDCA in EMIM DCA 218(437)
0.3 M NaAc in BMIM _Ac ~ 0.1
0.3 M NaCl in BMIM _SCN 368(4204)
0.3 M NaSCN in BMIM_SCN 99(£45)

0.3 M 15-crown-5 + NaSCN in BMIM _SCN  251(+95)



CHAPTER 7. EXPERIMENTAL RESULTS CONVENTIONAL NMR 88

7.3 Mg and 'H NMR

Due to sensitivity problems caused by the relatively unfavourable characteristics of
the Mg nucleus for NMR experiments, such as the low natural abundance (10%),
the small gyromagnetic ratio and the sizeable quadrupolar broadening because of
the 1=5/2, Mg remains a largely under-explored nucleus. The main use of
Mg NMR is to measure the relaxation rates in order to detect the binding to
biomolecules. Most commonly the observed chemical shifts are between -20 to 50
ppm and the quadrupolar effects dominate the 2>Mg spectra of Mg" in non-cubic

environments such as ILs.

In this work, we have recorded at high magnetic field, 11.7 T, Mg liquid NMR
spectra of several previously unreported non-aqueous IL solutions of Mg salts. The
combination of high magnetic fields and high density solutions allowed Mg NMR
spectra with relatively good signal-to-noise ratio to be obtained and to indicate
distinct Mg binding sites. In non-aqueous solvents the resonance frequency seems
to be dependent on the solvent. In the following paragraphs the NMR experi-
mental spectra of this work will be presented. The fitting and data analysis were

performed with Bruker Topspin 4.0.4.

7.3.1 MgCl2 in BMIM SCN and MgCl, in EMIM Ac at
25 °C and 70 °C

The conventional Mg NMR measurement series started with of 0.3 M MgCl2
dissolved in BMIM SCN. We measured the same sample first at room temperature
25 °C and then at 70 °C. Fig. 7.12 shows that for the same number of scans the
signal acquired with the high temperature measurement has better signal-to-noise-
ratio (SNR) and a ~ 19 ppm linewidth instead of 43 ppm for the dominant signal
at ~ 12 ppm. Due to this observation, it was decided to continue with all the
Mg NMR measurements at the high temperature of 70 °C while the 1H NMR

measurements were done at 25 °C.

We repeated the different temperatures measurements for MgCl, anhydrous dis-
solved in EMIM Ac at 25 °C and at 70°C. Fig. 7.13 shows that for almost the
same number of scans (24000 scans and 25000 scans respectively) the high temper-

ature measurement shows a very well resolved signal. At 70°C, there is a dominant
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signal and a very broad shoulder, while at 25°C there is one very broad peak that
could represent the averaging of the two signals. In Table 7.4 there are the detailed
results of the fit analysis. At 70°C we see a narrow peak of FWHM 5 ppm and
a broader one of 149 ppm, while the 25°C measurement gives one broad signal of
FWHM 169 ppm.

FIGURE 7.12: Mg NMR spectra of 0.3 M MgCly in BMIM _SCN at 70 °C
and at 20 °C.

FIGURE 7.13: Mg NMR spectra of 0.3 M MgCl2 _anh in EMIM _Ac at 25°C
and 70°C.
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7.3.2 MgCl2 in EMIM Ac and MgCl2 in EMIM DCA

Aiming to probe differential chemical shifts of Mg?" complexes with typical oxy-
gen and nitrogen containing ligands, we tested two different ILs. 0.3 M MgCl,
anhydrous were dissolved in EMIM _Ac and EMIM _DCA ILs, Fig. 7.14.

FIGURE 7.14: 2°Mg NMR spectra of 0.3 M MgCl2 anhydrous dissolved in
EMIM Ac and 0.3 M MgCly anhydrous dissolved in EMIM DCA.

The Mg NMR spectrum of 0.3 M MgCl, anhydrous in EMIM Ac displays a
major resonance at 10 +0.02 ppm and a shoulder consistent with an unresolved
peak at -75 +5 ppm. For 0.3 M MgCl, anhydrous dissolved in EMIM DCA
the main resonance is observed at -10 +0.1 ppm while a second weaker signal is
observed at 3 £0.1 ppm. There is also a shoulder with an unresolved peak at
-86 +2 ppm. This indicates that with conventional NMR for the EMIM DCA
sample, there is a co-existence of at least two Mg?" complexes with a third possible
specie forming. For the EMIM Ac sample there is a possibility of co-existance of
two species. The fact that two or more resonances are observed indicates slow or

no exchange between the coordination environments in the millisecond scale.

In comparison with the conventional ? Mg NMR experiments conducted by collab-
orators at the University of Copenhagen [86] with the same initial conditions, i.e.
magnetic field of 11.7 T and same temperature 70°C, but much different salt con-

centration (25 mM compared to 300 mM in the current work) in the current work
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the spectral speciation was resolved. At the low concentrations of 25 mM only the
major resonances at 10.2 ppm for EMIM _Ac and -13.3 ppm were observed show-
ing that the higher the concentration of Mg?" the easier to probe the coordination
of Mg with the O and N ligands of EMIM Ac and EMIM DCA. On the other
hand, with the ultrasensitive § NMR technique with a magnetic field 3.41 T and
a MgO crystal as the reference compound, the same study [86] showed for Mg?*
implanted in EMIM-Ac one major resonance at -31.9 +£2.4 ppm and a shoulder
with an unresolved resonance at -38.1 2.4 ppm at 25 mM that was reproduced
at pM trace amounts of ' Mg with the same technique. Leading to the conclusion
that in order to resolve different Mg coordination environments with conventional
NMR we need high concentrations compared to § NMR that can resolve different
species with 100 lower ion concentrations proving that the 5 NMR technique is

indeed more sensitive than the conventional equivalent spectroscopic technique.

Furthermore, with the 3 NMR technique the 3 Mg measurements in EMIM _DCA
with concentration of 25 mM [86] showed two main resonances at -60.2 £2.4 and
-52.0 £2.4. This could potentially confirm the chemical environments that gave
two signals in Mg NMR measurements of 0.3 M concentration, 3 0.2 ppm and
-10 £0.1 ppm.

7.3.3 MgCI2in EMIM Acand Mg(Ac)2*4H;0 in EMIM Ac

In order to study the effect of Na salt added in EMIM _Ac, two different salts were
tested, MgCly anhydrous and Mg(Ac), with four HyO.

The 1H NMR measurements were followed by Mg NMR measurements in both
EMIM Ac samples. Fig. 7.15 shows that the most dominant signals are identical
in both cases, 9.8 (+0.016). with linewidth 4.1 (£0.04) and 9.8 (£0.016) with
linewidth 5.1 (£0.04) for MgCly and Mg(Ac),*4H20 respectively.

On the other hand the MgCly, in EMIM Ac shows a second unresolved signal

at -37 ppm, a signal that is not observed when Mg(Ac);*4H50 is dissolved in
EMIM _Ac.
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FIGURE 7.15: 2Mg NMR signals of 0.3 M MgCl, in EMIM Ac and 0.3 M
Mg(Ac)2*4H20 in EMIM  Ac.

7.3.4 MgCl2 in EMIM Ac and MgCl2 in BMIM SCN

Aiming to probe different chemical shifts of Mg?" complexes with typical oxy-
gen and nitrogen containing ligands, we tested two different ILs, EMIM Ac and
BMIM SCN.

Following the 1H NMR measurements we did Mg NMR experiments for the 0.3
M MgCl2 in EMIM Ac and the MgCl2 in BMIM SCN. Fig. 7.16 shows that the
Mg NMR spectrum of 0.3 M MgCl, in EMIM Ac displays a major resonance
at 10.5 +0.01 ppm with FWHM 4.2 +0.04 and a shoulder consistent with an
unresolved peak at -47 45 ppm. For 0.3 M MgCl, dissolved in BMIM SCN the
main resonance is observed at -12.3 +0.1 ppm with FWHM 12 +0.4 and also
shoulder with an unresolved peak at -93 £2 ppm.
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FIGURE 7.16: Mg NMR signals of 0.3 M MgCl, in EMIM Ac and 0.3 M
MgCl, in BMIM _SCN.

This indicates that with conventional NMR we can distinguish between at least
two different chemical Mg™ environments when Ac and SCN are the anions. The

difference between the two dominant signals observed is ~23 ppm.

7.3.5 MgCl, in BMIM SCN and Na2EDTA + MgCl, in
BMIM SCN

Trying to find a biologically interesting substance that could give a different chem-
ical shift in conventional NMR and as a result in -detected NMR, we prepared
a sample with Ethylenediaminetetraacetic acid (EDTA). EDTA is a very effective
Mg chelator and is commonly used in molecular biology. Mg?" can form com-
plexes with charged polydentate ligands, such as EDTA*, which are much more
stable than the complexes formed with Na®. The stability constants of EDTA
with Mg?" and Na™ are 8.7 and 1.7 respectively [123] and it would be expected
that Na®™ would be replaced by Mg?" at the EDTA binding. It was expected that
the Mg signals would differ in the absence and presence of the chelating EDTA.

Fig. 7.17 shows the Mg NMR measurements of 0.3 M MgCl, dissolved in
BMIM SCN and 0.3 M Na,EDTA + 0.3 M MgCl, dissolved in BMIM _SCN.
The dominant signal in both cases is almost identical, at ~-13 (0.1) ppm. Both
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spectra show a broad unresolved peak at -29 (2.5) ppm without the EDTA and at
-92.5 (2) ppm when EDTA is added in the solution. Even though the asymmetry
around the Mg?" seems not to differ significantly, when the EDTA is added, the
broad chemical shift seems to move in less negative values, indicating that the
electronic environment of Mg nuclei is more dense when the NasEDTA is added

in the solution.

FIGURE 7.17: 2Mg chemical shifts of 0.3 M MgCl, in BMIM _SCN and 0.3 M
NaEDTA + 0.3 M MgCly in BMIM _SCN.

It was expected that Mg?" would bind stronger with the EDTA compared to SCN-
of BMIM. The EDTA* donor atoms are the two N atoms and the four negatively
charged O atoms. The electronegativity of SCN™ is known to be 2.67 according
to [124] while O and N are more electronegative with 3.44 and 3.04 according to
the Pauling scale. The most probable interpretation would be to assign the -29
ppm signal to the binding of Mg*" with the EDTA molecule, while the -92.5 ppm
signal is probably coming from MgSCN.

7.3.6 MgCl,; in BMIM SCN and Calcein + MgCl,; in BMIM SCN

Calcein is a highly negatively charged, water soluble fluorescein derivative, tra-
ditionally used for the fluorometric determination of Ca?" and EDTA titration

of Ca?" in the presence of Mg?". This chemical reagent exhibits a yellow-green
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fluoresence in the presence of certain metals ions, most notably Ca?". It has two
methyleneiminodiacetic acid groups attached to the xathene portion of fluores-
cein. Each of these groups is equivalent to one half of the EDTA molecule. The

structure of Calcein is shown in Fig. 7.18.

FIGURE 7.18: Calcein chemical structure.

The Mg NMR measurements of MgCl, in BMIM _SCN and Calcein + MgCl,
in BMIM _SCN show that dominant signal of Mg?" shifts slightly to higher neg-
ative values. When the calcein is added in a sample with MgCl, dissolved in
BMIM SCN, the chemical shift moves upfield in more negative values, indicating
that the electronic environment of Mg nuclei is more dense in the presence of cal-
cein, as expected. Furthermore, the Mg signal from the calcein sample seems to
be more symmetric compared to one with only MgCl, in BMIM SCN since the
linewidth is smaller (FWHM= 14 ppm compared to 20 ppm). Both spectra show
a second broad unresolved signal at -60 ppm. The detailed results of the Mg
NMR analysis are shown in Table 7.4.
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FIGURE 7.19: ?*Mg NMR chemical shifts of 0.21 M MgCl, in BMIM SCN
(red spectrum) and 0.21 M MgCly anhydrous in 0.21 M Calcein solution in
BMIM _SCN (black spectrum).

7.3.7 Comparison of all 25Mg NMR ILs spectra

During the current work, four different ILs were tested with Mg NMR. In this
section the results of Mg NMR measurements of BMIM SCN, BMIM _Ac,
EMIM Ac and EMIM _DCA with the same cation Mg salt (MgCl2) are pre-
sented in Fig. 7.20. All the presented spectra are referenced to the amplitude of
the Mg signal of the BMIM Ac measurement.
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FIGURE 7.20: 2°Mg NMR spectra of 1. 0.3 M MgCly dissolved in BMIM _SCN,
2. 0.3 M MgCly anhydrous in BMIM Ac, 3. 0.3 M MgCly anhydrous in
EMIM Ac, 4. MgCly anhydrous in EMIM DCA.

As a first remark, we see that the dominant 2> Mg NMR signals from the BMIM _Ac
and BMIM SCN samples are 22 ppm away. In spectrum 2, we can see only signal
at 10.3 ppm, while in spectrum 1 there is a dominant signal at -11 ppm and a
second unresolved signal at around -60 ppm (see Table 7.4. This could probably
mean that in BMIM SCN, since SCN™ can bond with Mg" with both S and
N, there are two electronic environments that contribute to the signal. On the
other hand acetate has O as donors, creating one and symmetric environment
around Mg". The difference between the linewidths of both spectra could be
attributed to the possible fast dynamics and the exchange between the two S
and N binding sites of SCN. Between the two acetate-bases ILs, the EMIM A
and BMIM _Ac, the dominant signal’s position is identical. The linewidth of the
EMIM Ac Mg signal is three times smaller that the signal from the BMIM Ac
sample, corresponding to a more symmetric electronic environment around Mg.
Last, the EMIM DCA sample shows at least two well resolved peaks, at 3 and
at -10 ppm, therefore at least two coordination environments with slow dynamics
and exchange in the ms scale. The linewidth of both signals is 6 ppm. For the
detailed results of the analysis please refer to Table. 7.4.
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TABLE 7.4: Mg NMR analysis of all the samples measured

Peak position Peak Frequency FWHM FWHM

sample Amplitude
ppm Hz ppm Hz
0.3 M MgCl2 in BMIM _ Ac 10.3 (0.1) 314 (5) 13 (0.4) 391 (13) 983 (23)
0.3 M MgCl2_anh in BMIM_SCN -10.8 (0.2) -331 (6) 20 (0.0) 606 (27) 904 (20)
-60 (6) -1826 (171) 155 (11) 4747 (330 161 (9)
0.21 M MgCl12 + 0.21 M Calcein in BMIM _SCN -13.5 (0.2) -414 (7) 14 (0.7) 427 (22) 910 (32)
-60 (1) -1841 (34) 63 (3) 1907 (99) 197 (5)
0.3 M Na2EDTA + 0.3 MgCI2 in BMIM _ SCN -13 (0.1) -411 (4) 9 (0.5) 287 (15) 798 (22)
-26 (2.5) -792 (77) 116 (6) 3578 (186) 245(11)
0.3 M MgCl2_anh + EMIM _ Ac at 70°C 10.5 (0.01) 322 (0.5) 4.2 (0.04) 128 (1.4) 9925 (1.4)
46.4 (5.5) 1419 (167) 99.5 (17) 3044 (520) 15 (1.5)
0.3 M MgCl2_anh + EMIM _Ac at 25°C 39 (1.5) 1190 (45) 169 (4) 5175 (130) 711 (12)
0.3 M MgCl2_ anh + EMIM DCA at 70°C 3(0.2) 96 (7) 6 (0.7) 197 (23) 268 (19)
-10 (0.06) -310 (2) 6 (1) 171 (5) 1059 (20)
-86 (2) -2648 (55) 60 (6) 1839 (175) 34 (2)

Note 1. The chemical shifts were calculated using as reference compound the 11 M
Mg012*6H2O in DQO

Note 2. All the fits are performed with 100% lorentzian lineshapes.

7.3.8 T1 relaxation measurements of >Mg signals from dif-

ferent ILs

For further characterising the different ILs, we attempted to measure the 71 re-
laxation times with the Inversion Recovery (IR) technique. The measurements
were done at 70°C (343 K) and the repetition delay time, the Inversion Time (TT),
varied to the following values: 1 ms, 2 ms, 4 ms, 8 ms, 16 ms, 32 ms, 64 ms, 128

ms, 256 ms.

From the samples containing Mg?" tested, due to the limited time of the NMR
experiments, we measured only the T1 relaxation time for MgCly, anhydrous in
EMIM Ac and MgCly, anhydrous in BMIM _Ac. Table. 7.5 shows the analysis
results. The T1 relaxation for the Mg2+ bound to Ac and SCN is fast, in the

range of hundreds of us.
TABLE 7.5: T1 relaxation time of bound Mg™

Sample T1 [us]
0.3 M MgCI2 in EMIMa.  230(£30)
0.3 M MgCl12 in BMIMscn — 540(£30)




Chapter 8

Experimental results #-detected
NMR

8.1 Commissioning of the new laser polarisation

setup at ISOLDE with 20%*Na

The goal of the online commissioning studies was to reproduce the degree of polar-
isation of 26**Na reported by the COLLAPS collaboration at ISOLDE [102]. This
assured the reliable functioning of all the elements of the new laser-polarisation
setup and helped us to optimise the different settings in order to maximise the
degree of polarisation that is reflected in the observed (-decay asymmetry. The
maximisation of the polarisation and the [-decay asymmetry is essential for ob-
serving the NMR signals from liquid biological samples. In this direction, several
NaF, one NaNOj3 and one NaCl crystals were tested as the host material and were

mounted on a sample holder as shown in Fig. 8.1 and Fig. 8.2.

99
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FIGURE 8.1: Sample holder ar- FIGURE 8.2: Sample holder ar-
rangement of the first experi- rangement of the second and
mental campaign. third experimental campaigns.

The vacuum chamber for [-detected NMR experiments, provided by the COL-
LAPS collaboration, shown in Fig. 8.3, consists of four flanges, two thin 200um
Al windows for [ particles and two pockets for hosting the § scintillator detectors.
The flanges are one back CF type 63 flange that is connected with the beam diag-
nostics in the end of the beamline, one bottom non-standard KF type flange that
is connected with with a bottom plate, one top CF 40 flange through to which we
introduce the crystal holder system and one front CF 40 flange connected to the

front of the beamline.
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Top CF 40 flange

Al B windows

Back CF 63 flange

Bottom flange

F1cURE 8.3: The COLLAPS 8 NMR chamber.

The crystal holder was screwed in an Al rod that was fixed on a CF blank flange.
The rod and the flange are connected with a bellow system used to move the
crystal holder in/out the centre of the NMR chamber (i.e. in and out of the beam
path), as shown in Fig. 8.4.

k Crystals

and holder

\Top CF 40 flange
COLLAPS

chamber ™y

<— Back CF flange

Magnet pole

FIGURE 8.4: Magnet system with COLLAPS B-NMR chamber in place and CF
bellow system with crystal holder.
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8.2 2Na and **Na ions production

The Na isotopes were produced by a UCy target with tungsten surface-ionisation
source, the beam was accelerated to 30.2 keV and was mass-selected in the high
resolution separator (HRS). The data acquisition triggered when a us proton bunch
from the CERN’s Proton Synchrotron Booster (PS Booster) hit the target (this
took place every 1.2 s or its multiples). For ?Na the time between the consecutive
proton bunches was selected to be 2.4 s or more while for ?Na, due to its very short
half-life, the proton bunch was accepted every 1.2 s. The produced ions were let
into the new laser polarisation beamline for 2.3 s or 200 ms after the proton impact
for 2°Na and ?®Na respectively. For nuclei with long-half-lives in the seconds range,
the time between successive proton pulses must be programmed to optimise the
effective beam intensity /count rate, while assuring a minimum overlap of beam
bunches from different proton impact pulses. The aim is to perform a full cycle
of polarisation-to-8-NMR measurement without contamination from the previous
polarised beam bunch. This is achieved by proper programming the super-cycle of
the booster, where the periodicity of the proton pulses is set and combined with the
opening of the ISOLDE beam gate. Often, by delaying the opening of the ISOLDE
beam gate after proton impact can be used to minimise the contamination of isobar

species with half-lives much shorter than the element /isotope of interest.

The commissioning tests spread over three short runs, including changes in laser
polarisation and laser power, change of the implantation crystal and changes in
the strength of the guiding and the strong magnetic fields. During the first com-
missioning tests, different crystals were tested as shown in Fig. 8.1. At room
temperature NaF turned out to be better than the NaNOj host, giving rise to
higher g-decay asymmetry signals. Different NakF crystals were used during the
commissioning tests of the new laser-polarisation setup. Two of the NaF crystals
were polished in order to test the use of a sharp implantation surface and they
were annealed up to 100°C for approximately 12 hours, in order to become mois-
ture free as it was believed that absorbed water in the crystal could affect the
T; relaxation. At room temperature NaF turned out to be superior to the other

hosts, as it is known to have a long relaxation time of 37 s for Na .
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8.2.1 Magnetic field mapping of the new beamline

Before the commissioning experiments the magnetic field mapping of the new
beamline was done. In Fig. 8.5 the total magnetic field strength in the geometrical

centre of the beamline is shown as measured by NMR probe.

FIGURE 8.5: Magnetic field mapping from the end of the beamline (beam diag-
nostics) till the end of the CEC (beginning of the optical pumping region).

8.3 [ asymmetry dependence on strong magnetic

field By

The first test was to study the dependence of the polarisation degree on the
strength of the magnetic field provided by the dipole electromagnet. Bellow we
describe relevant parameters that were kept constant during these tests:

1. ?Na atomic beam

2. NaF polished crystal as the host material

3. magnetic field of the optical pumping section was fixed at 1.7 mT

4. magnetic field of the big solenoid was fixed at 3 mT



CHAPTER 8. EXPERIMENTAL RESULTS -DETECTED NMR 104
5. small solenoid of the transition field at 17.4 mT
6. sign of the laser polarisation was o™
7. power of the laser light was at 150 mW

8. iris position at the beginning of the beamline was totally open and the atomic

beam size was the maximum possible

FIGURE 8.6: f-asymmetry of 2Na atomic beam as a function of the magnetic
field in the center of the magnet. The error bars correspond to the measurement
uncertainty.

In Fig. 8.6 we can observe that the measured (-decay asymmetry and thus the
polarisation doesn’t change significantly with the change of the magnetic field
strength. Only when no magnetic field is applied (I=0 A) the S-asymmetry is 0.
This result indicates that the atomic and nuclear spins of 2Na were fully decoupled

even at lower fields used.
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8.4 [ asymmetry dependence on guiding magnetic

fields along the beamline

We further studied the dependency of the polarisation and consequently the

asymmetry on the different magnetic fields applied along the beamline.
Starting from the magnetic field created by the Helmholtz coils around the optical
pumping section, all the other parameters bellow remained unchanged:

1. %Na atomic beam

2. NakF polished crystal host material

3. magnetic field of the big solenoid was fixed at 5.1 mT

4. transitional field of the small solenoid was fixed at 17.4 mT

5. strong magnetic field of the electromagnet was fixed at 343 mT

6. sign of the laser polarisation was o

7. power of the laser light was at 130 mW

8. iris opening at the beginning of the beamline was 15 mm
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FIGURE 8.7: B-asymmetry of 26Na atomic beam as a function of the guiding
magnetic field created by the Helmholtz coils in the center of the magnet. The
error bars correspond to the measurement uncertainty.

In Fig. 8.7 it is shown that the degree of polarisation depends on the magnetic
field at the optical pumping region. The maximum [ asymmetry is reached when
the magnetic field created by the Helmholtz coils is 1.7 mT (I=6 A). At 0 T the
beta asymmetry is only 2%. This indicates that the guiding magnetic field around
the optical pumping region is necessary for maintaining the atomic polarisation

achieved during the optical pumping procedure.

Next, we studied the dependency of the 5 asymmetry on the transitional magnetic
field of the small solenoid, which served for the decoupling of the atomic and
nuclear spins. The parameters bellow remained unchanged:

1. ?Na atomic beam

2. NaF polished crystal as the host material

3. magnetic field of the optical pumping section was fixed at 1.7 mT

4. magnetic field of the big solenoid was fixed at 3.0 mT

5. strong magnetic field of the electromagnet was fixed at 680 mT
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6. sign of the laser polarisation was o™
7. power of the laser light was at 150 mW

8. iris at the beginning of the beamline was fully open

FIGURE 8.8: B-asymmetry of 2 Na atomic beam as a function of the transitional
magnetic field created by the small solenoid. The error bars correspond to the
measurement uncertainty.

Fig. 8.8 shows the degree of § asymmetry as a function of the transitional magnetic
field created by the small solenoid infornt of the electromagnet. The g asymmetry
does not show dependence on the strength of the small solenoid’s magnetic field,
meaning that the atomic and nuclear spins are being fully decoupled for any value

higher than 5 mT.

As a result, the experimental 3 asymmetry (polarisation) of ?Na atomic beam was
found not to depend on the transitional and the strong magnetic field By beyond
the minimal values applied while it depends strongly on the guiding magnetic field

of the optical pumping region.
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8.5 Hyperfine structure (HFS) of *Na and **Na,

During the commissioning tests the hyperfine structure of the atomic D2 line of
*Na and **Na (*S;/2—?P3/, at 589 nm) with both right-handed (o) and left-
handed (07) helicities of the laser light were recorded. We used a dye laser belong-
ing to the COLLAPS collaboration pumped by an Nd:YAG laser.

8.5.1 Hyperfine structure of **Na

The HFS of ?Na recorded for both helicities of the laser light (0" and o¢7) is
shown in Fig. 8.9. The experimental asymmetry was the highest (24%) for the o™
and corresponds to the strongest transition [*Sy jo: F=I1+1/2) —[*P30: F'=1+3/2).
The degree of the S-asymmetry is comparable to the one reported earlier by the
COLLAPS collaboration (~ 36%) [102], although somehow lower. The maximum
experimental asymmetry allowed us to calculate the maximum achieved polarisa-
tion that is 28%, based on Eq. 6.4, taking into account that the opening angle of
the S-detectors is 35° and the S-asymmetry parameter for ?°Na is -0.93(2) [103].
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FIGURE 8.9: HFS of the D2 line in the atomic 2Na as a function of the Doppler

tune voltage observed in the [-decay asymmetry following excitation with o~

(top) and o (bottom) light. Each point corresponds to experimental 3 counts

recorded after only 1 proton pulse. Red line is the fitted multi-peak Lorentzian.

Independent instrumental baseline was subtracted from all spectra. The statis-
tical uncertainties in 26Na spectra are smaller than the points [23].
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8.5.2 Hyperfine structure of *Na

The HFS of ?®Na recorded again for both helicities (¢ and ¢7) is shown in Fig.
8.10. The highest experimental asymmetry (40%) is observed for the " polarised
laser light and corresponds to the strongest transition |2Sy jg: F=1+1/2) —|*P3/9:F'=1+3/2).
The degree of the f-asymmetry is almost the same as the one reported earlier by
the COLLAPS collaboration (44%) [102]. This result showed that the commis-
sioning campaign was successful, since we managed to reproduce the degree of
polarisation achieved before. The maximum polarisation was calculated 59%, as
explained for 2°Na, taking into account that the S-asymmetry parameter for 2Na

is -0.75(1) [103].

For 2Na we get a higher degree of polarisation than for ?Na (as in previous study).
This is due to the fact that **Na has a lower spin (I=1) compared to **Na (/=3)

and the population of spins spreads in fewer substrates.
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FIGURE 8.10: HFS of the D2 line in the atomic 2®Na as a function of the
Doppler tune voltage observed in the §-decay asymmetry following excitation
with o- (top) and o+ (bottom) light. Each point corresponds to experimental
B counts recorded after only 1 proton pulse. Red line is the fitted multi-peak
Lorentzian. Independent instrumental baseline was subtracted from all spectra.
The statistical uncertainties in 20Na spectra are smaller than the points. [23]

Table 8.1 summarises the results from the current experiments for the maximum
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asymmetry and polarisation, compared with the ones achieved by the COLLAPS
collaboration [102].

TABLE 8.1: Properties of 2628Na and B-decay asymmetry results for o= light

26N 5 28Ng
spin 3 1
half-life 1.1s 30 ms
f-asymmetry parameter [103] -0.93(2)  -0.75(1)
B-asymmetry of current work 24(4)% 40(9)%
S-asymmetry at COLLAPS [103| 36.6(12)% 44.2(7)%
nuclear polarisation of current work 28% 59%

nuclear polarisation at COLLAPS [103]  39(1)% 59(1)%

8.6 [ NMR experiments with Ionic Liquids (ILs)

8.6.1 The liquid handling system

Moving from the solid state to liquid S-NMR experiments was not a trivial task.
The first point addressed was the type of liquids that could be used at 10%mbar,
which is the pressure that is required to transmit efficiently the ISOLDE low-energy
radioactive beam. The water vapour pressure at room temperature is approxi-
mately 20 mbar, meaning that water would either evaporate or freeze immediately
as experimentally observed once more during our first off-line tests. For that rea-
son, room temperature lonic Liquids (ILs) were considered as the best solution for
the first feasibility tests of the liquid § NMR experiments, more specifically those
bassed on 1-Butyl-3-methylimidazolium (BMIM).

The second point was the design of a system (referred from now on as the liquid
handling system (LHS)) that would allow the controlled flow of the IL from the
atmospheric environment inside the vacuum chamber and moreover, would allow
to maintain the liquid sample in the centre of the magnetic field long enough for
recording an NMR signal. Extensive tests under vacuum were performed. Some
involved custom made borosilicate glass capillaries that we manipulated mechan-
ically to get different tip shapes in order to find the optimised dimensions and

conditions for forming the liquid drop. The inner diameter of the glass capillaries
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was 3 mm and the glass wall thickness was 2 mm. The initial idea was to use a
very short tip of 10 mm with a diameter 0.5 mm). The tip was designed with a
thick wall (~ 1 mm) since the drop could be held better by surface tension on the

tip end.

In Fig. 8.11 one can see one of the glass tubes and an inner PTFE capillary used
for guiding the liquid to the end of the glass capillary. Here one of the successful
tests of this idea is shown, where a liquid drop of an IL was formed and was
maintained in the same position almost for a day at 10 mbar. Unfortunately
this behaviour was not easily reproducible and the idea of the drop formation was

discarded while the idea of using a substrate was studied.

FIGURE 8.11: Successful test of the liquid drop formation.

The most effective way of controlling the ILs’ dispensing on the substrate turned
out to be a system made of several vacuum valves (Swadgelock type) connected
with vacuum-tight tubes. As seen in Fig.8.12 it consists of four PFA (PerFlu-
oroAlkoxy) vacuum tight-valves connected with 1/4" PFA tubes. Valve 1 was
connected through a PFA 1/4" with the vacuum chamber. Valve 3 connected the
LHS with the Ar bottle used to vent the chamber. Valve 4 was connecting the
LHS with a dry prepump for degassing purposes. Valve 2 was used to insert the
liquid sample (IL) into the LHS. This was done with a long syringe through a PFA
inner plastic tube of 2 mm diameter while the system was vented with Ar, with
the Valve 1 closed, in order not to vent the vacuum chamber. Once the liquid

started flowing towards Valve 1, Valves 2,3 and 4 were closed. When the liquid
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sample was observed close to Valve 1, Valve 4 was opened and vacuum was applied
in the LHS allowing for degassing the sample for approximately 1h at 10mbar
in order to avoid inserting gas bubbles in the vacuum chamber that would poten-
tially lead to the sample’s removal from the substrate. When the liquid was well
degassed (judged by absence of air bubbles coming out of it), Valve 1 was opened
and the liquid started flowing in the inner 2mm PFA capillary until it reached the
substrate’s surface. Valve 4 was connected with a dry prepump to evacuate the
LHS from air but also to help creating a backpressure that was expected to help
the liquid drop to stay in place. During the experiments it was observed that the
hydrophilicity of the substrate used played a very important role and the samples

could stay at the same position long enough for the purpose of our experiments.

FIGURE 8.12: Liquid Handling System (LHS) based on PFA tubes and PFA
Swagelok valves.



The polarised radioactive beam can be implanted in several hosts. Fig. 8.14 shows
a custom-made glass capillary with 1 mm tip opening leading to the substrate that
hosted the liquid samples for the § NMR measurements reported in this work. A
mica substrate was placed at 45° relative to the beam axis, supported by a holder
which was 3D printed from a vacuum-compatible resin. On the glass capillary,
a 45° bend was made in order to place the NaF crystal needed for the reference
measurements during the experiments. On top of the NaF crystal a second mica
substrate was placed for measuring the background ( asymmetry and g NMR
signal that the substrate itself could possibly give.

FIGURE 8.13: Glass capillary FIGURE 8.14: Glass capillary
system side view for visualising system front view, as the ra-
the bend. dioactive beam sees it.

The glass capillary system was attached to a CF 40 bellow that could be extended
or shorthened with three long non-magnetic rods, for alignment purposes. The
bellow was connected with the liquid feedthrough through an aluminium tube,
Fig. 8.15.
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F1GURE 8.15: The glass capillary system connected with the liquid feedthrough
and the bellow.

A view of the complete LHS system as used during the experiments is shown in
Fig. 8.16. The LHS with the glass capillary system and the bellow were connected
to the § NMR chamber.
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FIGURE 8.16: LHS and quartz capillary system connected with the 5 NMR
chamber.

8.6.2 First 5 NMR results in NaF and ILs

The first 8 NMR spectrum at the new ISOLDE beamline was recorded successfully
by implanting *Na atomic beam in the NaF crystal and several ILs. The strong

magnetic field of the electromagnet was 0.6 T.

Fig. 8.17 shows the comparison between the signal of 2Na in a NaF crystal and
in 1-Butyl-3-methylimidazolium Formate (BMIM HCOO) IL. At the top left we
can see a zoom-in of the 8 NMR signal of BMIM HCOO. Both spectra were
acquired with 120 mV RF pulse amplitude. The 2Na signal from the solid crys-
tal has a FWHM of 7.0(5) kHz for a 7.2(1)% p-decay asymmetry, while the one
from BMIM _HCOO has a FWHM of 48(5) Hz and almost the same asymmetry,
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6.0(3)%. This much narrower resonance is due to the averaging of the °Na in-
teractions with the molecules of the liquid host and is well known in conventional
NMR.

FIGURE 8.17: 3 NMR signals from 2%Na implanted into a NaF crystal and
BMIM HCOO IL.

Five different liquid samples were studied during the experiments, as described

bellow:

BMIM Ac (1-Butyl-3-methylimidazolium Acetate) IL without any pre-dissolved

23Na+

BMIM HCOO (1-Butyl-3-methylimidazolium Formate) IL without any pre-

dissolved #Na™

0.1 M NaAC dissolved in BMIM _Ac

0.1 M NaAc dissolved in BMIM _HCOO

0.1 M double-stranded salmon DNA dissolved in BMIM _HCOO

Fig. 8.18 shows the resonance position in different liquid samples as a function of
the start time of the first measurement. There is an increasing trend between each

measurement showing that for different samples the magnetic field at the nucleus
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gets shifted to higher values. At the time of the measurements there was no field
stabilisation system for correcting the drift of the strong magnetic field, By. In
order to verify if there was a By drift or there was a real difference between the
chemical shifts magnetic field stability at the measurement position was studied.
The long-term stability measurements were repeated 2 times and they took place
right after the experiments. They showed that there was an increasing drift of 1
ppm/h for the By (during an observation time of 30 h). The dashed black line in
Fig. 8.18 corresponds to this drift.

FIGURE 8.18: ?Na NMR signal position in ppm from the start time of the first
measurement. The chemical shifts in ppm were calculated using an arbitrary
reference vi=3.536 MHz.

Fig. 8.19 shows the resonance position corrected for the above shift. It seems
that there is no difference in the ?Na resonance position between the BMIM _Ac
samples, without salt and with a NaAc salt. We can see that there is a slight
difference between the Na NMR signals in the two different ILs. More precisely,
the Na signal coming from BMIM HCOO is downshifted by ~ 4 ppm compared to
the one originating from BMIM _Ac. This could possibly mean that the Na atoms
are less shielded when interacting with HCOO and more shielded by the acetone
molecules. The Na NMR signals of BMIM _Ac + 0.1 M NaAc and BMIM _HCOO
+ 0.1 M NaAc seem to be the same. We can not say with big certainty that there
is a difference in resonance position for the BMIM HCOO + 0.1 M NaAc with
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the salmon DNA. As By was not recorded during the measurements, we cannot

exclude that these chemical shifts are due to fluctuations and drifts in the magnetic

field.

FIGURE 8.19: ?Na NMR signal position corrected for 1 ppm/h drift from the
measurements. 0 ppm corresponds to an arbitrary reference vi=3.536 MHz.

Unlike the position of the Na NMR signal, the FWHM of the different signals did
not show any correlation with the continuously increasing By during the exper-
iments. Fig. 8.20 shows that independently of the time that the measurement
took place and the samples, the FWHM of the resonances were very similar for

the same RF pulse amplitude.
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FIGURE 8.20: FWHM of ?Na resonances presented also in Fig. 8.18 and Fig.
8.19.

The FWHM of the peak relates strongly with the RF amplitude of the RF pulse.
The higher the RF amplitude the broader the peak is, independently the sample

measured, due to the power broadening.

FIGURE 8.21: FWHM of 26Na resonances as a function of RF pulse amplitude.
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Summarising, we succeeded in recording for the first time at the new beamline at
ISOLDE g NMR signals from different liquid samples and one containing DNA.
As expected the resonances coming from liquids were much narrower compared to

those coming from solid state samples (linewidths of Hz instead of kHz).



Chapter 9

Summary and Future prospects

This thesis constitutes a description of three nuclear techniques which can be
applied to chemistry and biochemistry. The PAC spectroscpy, the NMR and (-
detected NMR spectroscopies.

As has been presented in Chapter 4, a new PAC isotope, the %™Cu, can serve
as a copper probe for PAC experiments. Due to the newly calculated quadrupole
moment that is relatively small and the relatively short half life of the intermediate
energy state, it seems difficult to use it as a PAC probe for elucidating Cu(I)
coordination geometries in metalloproteins. On the other hand, after calculating
the nuclear moments of the ®Cu ground state, the ®mCu-®Cu IT transition can
be used for solid state physics experiments in order to study the magnetic and
electric behaviour of different material of interest. To my knowledge, on-line ™Cu
experiments at ISOLDE-CERN are being prepared by the SSP group to further
exploit the capabilities of this new PAC probe.

In Chapter 4 it was presented the PAC spectroscopy as a tool for investigating
the CadC metalloprotein structure and flexibility. With the PAC technique we
managed to get important information about the type of arrangement of the Cd(II)
metal ion binding site. The possibility of carrying out experiments at different
physical states, pH and temperatures allow to mimic the natural environment of
the metalloprotein and help us to study the real time dynamics of the biological
samples. This is very crucial for understanding the kinetics of conversion between
different species in solution that are very difficult to study with other conventional

techniques as they are not responsive in the nanosecond time scale (0.1-100 ns).

123
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During the current work, re-designing and building of a new experimental beamline
took place at ISOLDE-CERN. A new vacuum compatible 5 NMR chamber and a
new liquid handling system were tested off-line and with radioactive beams. The
first successful 2Na 3 NMR experiments in ILs are reported. The next step is
to apply the 8 NMR technique in biologically interesting compounds and prove
that the technique can contribute to the direct detection and investigation of the

interaction of metal ions, such as Na™.

It is stressed already how critical the role and the levels of biologically impor-
tant metal ions are in living organisms when they interact with DNA/RNA and
proteins, since their deficiency or over abundance could lead to serious health
problems. A very representative example of the dysregulation and dyshomeostasis
of the essential transition metals in traces amounts and in particular Cu and Zn,
is the Alzheimer’s disease (AD) [125].

In the end of the current thesis, the idea of testing the S-detected NMR technique
for the first time on specific biological systems was developed and a proposal was
formed and submitted to the ISOLDE and Neutron Time-of-Flight Committee in
May 2017 [33]. The direct NMR detection of alkali metal ions at physiological
concentrations is difficult or even some times impossible. One class of biological
systems that we suggest to investigate using the §-detected NMR technique is the
DNA guanine-quadruplexes, known as G-quadruplexes, interacting with K and
Na. These systems have been studied until recently with solid state NMR and
X-ray crystallography or with solution NMR but using indirect approaches using
probes such as NH4" and T1" due to the low small intensity and the unfavourable
quadrupole spin relaxation properties of the stable Na and K isotopes. Compared
to the aforementioned techniques it is much more difficult to study alkali metal ion
binding to the G-quadruplexes in solutions. As a result, still little is known about
the alkali metal cation dynamics in this class of DNA structures and we believe that
the S-detected NMR technique could provide a new approach for direct observation

of their interaction and dynamics with alkali metal ions in solution.

During this PhD thesis, several ILs were tested with conventional Mg and *Na
NMR. These measurements were used as the reference for the S-detected NMR
measurements in the same ILs. More conventional NMR measurements at different
By and different temperatures are essential, since the dynamics can differ vastly
with the magnetic field and the temperature increase. During the S-detected NMR
experiments at ISOLDE-CERN;, it was observed that the laser beam is directed on
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the liquid sample during the optical pumping procedure, increasing the tempera-
ture of the samples in an uncontrolled way. Implementing a temperature control
system would be essential for a better understanding the chemical behaviour of
the samples. For a direct comparison of NMR and g-NMR results, the samples’
preparation protocols should be adapted according to the experimental conditions
of the p-detected experiments. Special vacuum tight NMR tubes should be used
for reaching the high vacuum conditions during the experiments with radioactive
ions and the high vacuum should be maintained during the conventional NMR
measurements. The addition of the stable cations should therefore be done while
the liquid host is under vacuum, possibly using a Schlenk line, since during the (-
detected NMR experiments the ions are implanted after the insertion of the liquid

host in the vacuum chamber.



Appendix A

Chemicals used for the NMR

samples

A.1 Ionic Liquids (ILs)

A.1.1 1-ethyl-3-methylimidazolium acetate: EMIM Ac

The 1-ethyl-3-methylimidazolium acetate, is a room temperature ionic liquid com-
posed by the EMIM™ and an Ac™. It was provided by SigmaAldrich and its chem-

ical properties are summarised in Table A.1.

TABLE A.1: Chemical properties of EMIM Ac

EMIM Ac chemical properties
Molecular formula | CsHy4NoOy [24]
Molecular weight | 170.21 |g/mol] [24]
Density 1.027 |g/cm?] at 25°C  [24]
Melting point -20°C [126]
Flash point 164°C (327°F)
Viscosity 93 [mPas] at 25°C, 10 [mPas| at 80°C [126]
Sensitivity Moisture sensitive
Solubility Soluble in water, acetone, acetonitrile, dichloromethane

126
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The chemical structure of EMIM _Ac is shown in Fig. A.1 [24]

FIGURE A.1: Chemical structure of EMIM Ac [24].

A.1.2 1-ethyl-3-methylimidazolium dicyanamide: EMIM DCA

The 1-ethyl-3-methylimidazolium dicyanamide, is a room temperature IL com-
posed by the EMIM™ and an DCA". It was provided by SigmaAldrich, and its

chemical properties are summarised in Table A.2.

TABLE A.2: Chemical properties of EMIM DCA

EMIM DCA chemical properties

Molecular formula | CsH; N5 [24]

Molecular weight | 177.21 [g/mol] [24]

Density 1.06 [g/cm?] at 25°C [24]

Melting point -21°C

Flash point 164°C (327°F)

Viscosity 25.3 [mPa*s| at 21°C

Solubility Soluble in water, acetone, acetonitrile, isopropanol

The chemical structure of EMIM DCA is shown in Fig.A.2.

FIGURE A.2: Chemical structure of EMIM-DCA ionic liquid [24].
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A.1.3 1-butyl-3-methylimidazolium acetate: BMIM Ac

The 1-butyl-3-methylimidazolium acetate, is a room temperature IL composed
by the BMIM™ and an Ac. It was provided by SigmaAldrich and its chemical

properties are summarised in Table A.3.

TABLE A.3: Chemical properties of BMIM Ac

BMIM _Ac chemical properties
Molecular formula | C1oHsN2Oo [24]
Molecular weight | 198.26 |g/mol] [24]
Density 1.0550 [g/cm?®] at 25°C and 1.0192 [g/cm?| at 80°C [127]
Melting point <-20°C [127]
Flash point 153°C (307.4°F) [25]
Viscosity 393.3 [mPa] at 25°C, 22.4 [mPal at 80°C [127]
Sensitivity air and water stable
Solubility miscible in water and most CE solvents [128]

The chemical structure of BMIM Ac is shown in Fig. A.3

FIGURE A.3: Chemical structure of BMIM _Ac [24].

A.1.4 1-butyl-3-methylimidazolium thiocyanate: BMIM SCN

The 1-butyl-3-methylimidazolium thiocyanate, BMIM SCN), is a room tempera-
ture IL ia composed by the BMIM™ and an SCN-. Its most important chemical

properties are summarised in Table A.4.
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TABLE A.4: Chemical properties of BMIM SCN Ionic Liquid.

BMIM SCN chemical properties

Molecular formula | CoH;5N3S

Molecular weight | 197.3 [g/mol] [24]

Density 1.07 [g/cm?] at 25°C

Melting point <-20°C

Flash point 207°C

Viscosity 54 [mPas| at 25°C, 9 [mPas| at 80°C [126]

The chemical structure of BMIM SCN is shown in Fig.A.4

FIGURE A.4: Chemical structure of BMIM Ac [24].

A.2 Other chemicals

A.2.1 15-crown-5 ether

Crown ethers are cyclic chemical compounds that consist of a ring containing
several ether groups. The first number in a crown ether’s name refers to the
number of atoms in the cycle, and the second number refers to the number of
those atoms that are oxygen. Crown ethers strongly bind certain cations, forming
complexes. The oxygen atoms are well situated to coordinate with a cation located
at the interior of the ring, whereas the exterior of the ring is hydrophobic. The
resulting cations often form salts that are soluble in nonpolar solvents, and for this
reason crown ethers are useful in phase transfer catalysis. The 18-crown-6 ether
has high affinity for K™ while 15-crown-5 for Na®. Due to the high selectivity
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to Na', 15-crown-5 was selected to be used in the current work. The 15-crown-
5 (98% purity) was provided by SigmaAldrich, and its most important chemical

properties are summarised in Table A.5.

TABLE A.5: Chemical properties of 15-crown-5 ether.

15-crown-5 chemical properties

Molecular formula | C;oHg005
Molecular weight | 220.26 [g/mol| [26]

Density 1.113 [g/cm?] at 20°C
Boiling point 93-96°C 0.05 mm Hg [25]
Flash point >110°C (230°F) [25]
Sensitivity Hydroscopic [25]
Solubility miscible in water [25]
Stability stable

Incompatible with oxidising agents and strong acids

Avoid exposure to water or moist air [25]

The chemical structure of 15-crown-5 ether is given in Fig. A.5

FIGURE A.5: Chemical structure of 15-crown-5 ether [25].

A.2.2 Calcein disodium salt

Calcein is yellow powder solid a calcium dependent fluoresent molecule and there-
fore is widely used for the fluorometric determination of calcium and EDTA titra-
tion of calcium. The calcein disodium salt with molecular weight 622.53 g/mol

was provided by SigmaAldrich.
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The chemical structure of Calcein disodium is given in Fig. A.6

FIGURE A.6: Chemical structure of Calcein disodium [26].

A.2.3 Ethylenediaminetetraacetic acid disodium salt dihy-
drate, (Na;EDTA*2H,0)

Ethylenediaminetetraacetic acid disodium salt dihydrate, (Na,EDTA*2H,0 is a
white powder solid and is widely used for molecular biology applications. an
electrolyte supplementation ir a reagent in molecular biology. It was purchased

from Fluka and its most important chemical properties are summarised in Table

A.6.

TABLE A.6: Chemical properties of NapEDTA*2H50.

NayEDTA*2H50 chemical properties
Molecular formula | C1oH14NoNayOg*2H,0 [25]
Molecular weight | 372.2 [g/mol| [26]

Melting point 248°C [26]
Stability Stable. Incompatible with strong oxidisers,halogens [25]
Sensitivity Hydroscopic moisture sensitive [25]

Water solubility 11 g/100ml at 20°C [25]

The chemical structure of Na,EDTA*2H,0 is given in Fig. A.7
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FIGURE A.7: Chemical structure of NagEDTA*2H50 [26].

A.2.4 Sodium Chloride >99%, NaCl

Sodium Chloride is one of the most common salts, called table salt, and it is an
assembly of Na™ and CI'. It is in crystal form since its atoms form a periodic anc
symmetrical structure. Its most important chemical properties are summarised in

Table A.7.

TABLE A.7: Chemical properties of sodium chloride (NaCl)

NaCl chemical properties

Molecular formula | NaCl

Molecular weight | 58.44 [g/mol] [26]

Melting point 801°C [26]

Vapour pressure | 1.33 hPa at 865°C [26]

Water solubility 358 g/L at 20°C - soluble [26]

A.2.5 Sodium dicyanamide, 96%, (NaDCA)

Sodium dicyanamide, NaDCA, is a sodium salt with the appearance of white
powder. The NaDCA (96% purity) was provided by SigmaAldrich, and its most

important chemical properties are summarised in Table A.10.
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TABLE A.8: Chemical properties of sodium dicyanamide (NaDCA)

NaDCA chemical properties
Molecular formula | CoN3Na [25]
Molecular weight | 89.03 [g/mol] [25, 26]
Melting point 300°C [25]

Sensitivity Hydroscopic [25]
Water solubility | 260 g/cm? at 30°C [25]

The chemical structure of NaDCA is given in Fig.A.8

FIGURE A.8: Chemical structure of NaDCA [26].

A.2.6 Sodium thiocyanate, 99.99%, (NaSCN)

Sodium thiocyanate, NaSCN, is a colourless usually used in radio-pharmaceutical
synthesis. salt with the appearance of white powder. The NaDCA (96% purity)
was provided by SigmaAldrich, and its most important chemical properties are

summarised in Table A.10.

TABLE A.9: Chemical properties of sodium dicyanamide (NaSCN)

NaSCN chemical properties
Molecular formula | CNNAS [25]
Molecular weight | 81.07 [g/mol| [25, 26]
Melting point 287°C [25]
Water solubility 1.000 g/cm? at 20°C-soluble [26]

The chemical structure of NaSCN is given in Fig.A.9
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FIGURE A.9: Chemical structure of NaDCA [27]
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A.2.7 Magnesium chloride anhydrous, >98%, (MgCl, anh)

Magnesium chloride anhydrous, MgCl,, is a white powder salt with molecular

wight 95.21 g/mol and is widely used as reagent in chemistry and biology as a

source of magnesium ion. The MgCly (>98% purity) was provided by Sigma-

Aldrich, and its most important chemical properties are summarised in Table

A10.

TABLE A.10:  Chemical properties of magnesium chloride anhydrous

(MgCly) anh

MgCly chemical properties

Molecular formula
Molecular weight
Melting point
Water solubility

MgCly[25]

95.21 [g/mol| [26]

714°C [26]

100 mg/cm? at 20°C-soluble [26]

The chemical structure of MgCls is given in Fig. A.10.
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F1GURE A.10: Chemical structure of MgCls

A.2.8 Magnesium acetate tetrahydrate >99.99%, (Mg(Ac).*4H,0

Magnesium acetate tetrahydrate, Mg(Ac),*4H,0, is a solid hydrated acetate salt
of magnesium. and is widely used as an electrolyte supplementation ir a reagent
in molecular biology. It was provided by SigmaAldrich, and its most important

chemical properties are summarised in Table A.11.

TABLE A.11:  Chemical properties of magnesium chloride anhydrous
(Mg(AC)Q)*4HQO

Mg(Ac)q)*4H50 chemical properties
Molecular formula | C4H;,MgOg|25]
Molecular weight | 214.4 |g/mol| [26]
Melting point 80°C [25]

Water solubility | soluble [25]

The chemical structure of Mg(Ac),)*4H,0 is given in Fig. A.11.
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FIGURE A.11: Chemical structure of Mg(Ac)s



Appendix B

Sample preparation protocols

The sample preparation protocoles were developed at the Chemistry department,

University of Copenhagen, Denmark under the supervision of L. Hemminsgen.

B.1 0.3 M NaAc anhydrous in EMIM Ac

The sample was prepared by dissolving 98.4 mg sodium acetate (NaAc) anhydrous,
with molecular weight 82.03 g/mol (purchased from Sigma-Aldrich, >99% purity)
in 4 mL 1-ethyl-3-methylimidazolium acetate with molecular weight 170.21 g/mol
(purchased from Sigma-Aldrich, >95% purity) leading to a final concentration of
0.3 M. The sample has been magnetically stirred with a stir bar for 7 h, no heating
was used and no precipitation was apparent in the end of the mixing procedure.
From the total of 4 mL, 550uL were used and transferred in an 5 mm NMR glass
tube for the NMR experiments.

B.2 0.3 M NaCl in EMIM Ac

The sample was prepared by dissolving 70 mg sodium chloride (NaCl), with molec-
ular weight 58.44 g/mol (purchased from Sigma-Aldrich, >99% purity) in 4 mL
1-ethyl-3-methylimidazolium acetate with molecular weight 170.21 g/mol (pur-
chased from Sigma-Aldrich, >95% purity) leading to a final concentration of 0.3
M. The sample has been magnetically stirred with a stir bar for 7 h. After the
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stirring procedure ~550ul. were transferred in an 5 mm NMR glass tube for the

NMR experiments.

B.3 0.3 M NaCl in BMIM SCN

The sample was prepared by dissolving 70 mg sodium chloride (NaCl), with molec-
ular wight 58.44 g/mol (purchased from Sigma-Aldrich, >99% purity) in 4 mL 1-
butyl-3-methylimidazolium thiocyanate with molecular weight 197.30 g/mol (pur-
chased from Sigma-Aldrich, >95% purity) leading to a final concentration of 0.3
M. The sample has been magnetically stirred with 2 stir bars for 7 h. There was
no apparent precipitation in the sample and therefore ~550uL were transferred in
a 5 mm NMR glass tube for the NMR experiments.

B.4 0.3 M NaSCN in BMIM SCN

The sample was prepared by dissolving 97 mg sodium thiocyanate (NaSCN), with
molecular weight 81.07 g/mol (purchased from Sigma-Aldrich, >98% purity) in 4
mL 1-butyl-3-methylimidazolium thiocyanate with molecular weight 197.30 g/mol
(purchased from Sigma-Aldrich, >95% purity) leading to a final concentration of
0.3 M. The sample has been magnetically stirred with 2 stirring bars for 5 h.
There was no apparent precipitation in the sample and therefore ~550ul. were

transferred in a 5 mm NMR glass tube for the NMR experiments.

B.5 0.3 M 15-crown-5in 0.3 M NaSCN in BMIM SCN

The sample was prepared by dissolving 117 puL (or 132.2 mg) of liquid 15-crown-
5 ether (molecular weight mw=220.26 g/mol and density d=1.113 g/ml at room
temperature) (purchased from Sigma-Aldrich, >98% purity) into the 2 mL solution
of 0.3 M NaSCN in BMIM _SCN leading to a final concentration of 0.3 M 15-crown-
5in 0.3 M NaSCN in BMIM _SCN. The sample has been magnetically stirred with
2 stirring bars for more than 8 h and the solution looked well mixed. When the
stirring was over, the solution was left for ~2 h to relax in order to verify that

the crown ether is well dissolved and there are not two phases in the solution.
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After the 2 h, ~550uL. were transferred in a 5 mm NMR glass tube for the NMR

experiments.

B.6 0.3 M NaDCA in EMIM DCA

The sample was prepared by dissolving 80 mg of sodium dicyanamide (NaDCA)
with molecular weight 89.03 g/mol (purchased from Sigma-Aldrich, >96% purity)
in 3 mL of 1-ethyl-3-methylimidazolium dicyanamide (EMIM DCA) with molec-
ular weight 177.21 g/mol (purchased from Sigma-Aldrich, >98.5% purity) leading
to a final concentration of 0.3 M. The solution was magnetically stirred with stir
bars for 14 h but still precipitation was apparent in the sample. The sample was
filtered with a membrane filter if 0.22 ym and the solution looked clear. ~550uL

were transferred in a 5mm NMR glass tube for the NMR experiments.

B.7 0.3 M NaAc_ anhydrous in BMIM Ac

The sample was prepared by dissolving 98.4 mg of sodium acetate anhydrous
(NaAc) with molecular weight 82.03 g/mol (purchased from Sigma-Aldrich, >99%
purity) in 4 mL of 1-Butyl-3-methylimidazolium acetate (BMIM _Ac) with molec-
ular weight 198.26 g/mol (purchased from Sigma-Aldrich, >95% purity) leading
to a final concentration of 0.3 M. The solution was magnetically stirred with stir
bars and was simultaneously heated up to 40 °C for 1.5 h due to time constraints.

~550uLs were transferred in a 5 mm NMR glass tube for the NMR experiments.

B.8 0.17 M MgCl, anhydrous in EMIM Ac

The sample was prepared by dissolving 143 mg magnesium chloride anhydrous
(MgCly anh), with molecular weight 95.21 g/mol (purchased from Sigma-Aldrich,
>98% purity) first in 3 mL of 1-methyl-3-methylimidazolium acetate with molec-
ular weight 170.21 g/mol (purchased from Sigma-Aldrich, >95% purity). Due to
precipitation and after 3 h of magnetic stirring, 2 mL were further added. The

final concentration of the solution reached was 0.17 M after 5 additional hours of
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magnetic stirring. There was no apparent precipitation in the sample and ~550uL

were transferred in a 5 mm NMR glass tube for the NMR experiments.

B.9 0.3 M MgAc,;*4H,0 in EMIM Ac

In 3 ml of 1-methyl-3-methylimidazolium acetate with molecular weight 170.21
g/mol (purchased from Sigma-Aldrich, >95% purity) were dissolved 193 mg mag-
nesium acetate tetrahydrate (MgAcy*4H,0) with molecular weight 214.4 g/mol.
For dissolving the salt, both an ultrasound bath and magnetic stirring were used
for a total of 5 hours. ~550uL of the solution were transferred in a 5 mm NMR

glass tube for the NMR experiments.

B.10 0.3 M MgCl, anhydrous in EMIM DCA

The sample was prepared by dissolving 114 mg magnesium chloride anhydrous
(MgCl, anh) with molecular weight 95.21 g/mol (purchased from Sigma-Aldrich,
>98% purity) in 4 ml 1-ethyl-3-methylimidazolium dicyanamide (EMIM DCA)
wiwith molecular weight 177.21 g/mol (purchased from Sigma-Aldrich, >98.5%
purity) leading to a final concentration of 0.3 M. After 15 hours of magnetic
stirring, the solution got totally transparent meaning that there was no salt pre-
cipitation. A total of ~550uL of the solution were transferred in a 5 mm NMR
glass tube for the NMR experiments.

B.11 0.3 M MgCl; in BMIM SCN

The sample was prepared by dissolving 10 mg magnesium chloride anhydrous
(MgCl, anh) with molecular weight 95.21 g/mol (purchased from Sigma-Aldrich,
>98% purity) in 1.1 ml 1-Butyl-3-methylimidazolium thiocyanate (BMIM SCN)
with molecular weight 197.30 g/mol (purchased from Sigma-Aldrich, >95% purity)
leading to a final concentration of 0.3 M. After several minutes of magnetic stirring,
the solution got totally transparent meaning that there was no salt precipitation.
A total of ~550uL of the solution were transferred in a 5 mm NMR glass tube for
the NMR experiments.
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B.12 0.3 M Na;EDTA*2H,0 + 0.3 M MgCl, anhydrous
in BMIM _SCN

As a first step, 223 mg of ethylenediaminetetraacetic acid disodium salt dihy-
drate (NagEDTA*2H,0) with molecular weight 372.24 g/mol (purchased from
sigma Fluka), was dissolved in 2 ml 1-Butyl-3-methylimidazolium thiocyanate
(BMIM SCN) with molecular weight 197.30 g/mol (purchased from Sigma-Aldrich,
>95% purity). After 2 hours of magnetic stirring the 2 ml of the solution were
mixed with 2 ml of B.11. The new solution was magnetically stirred for 2 h and salt
precipitation was persistent. A total of ~550uL of the solution were transferred

in a 5 mm NMR glass tube for the NMR experiments.

B.13 0.21 M Calcein + 0.21 M MgCl; in BMIM SCN

Due to the limited remaining quantities of the BMIM | 1 ml of 1-Butyl-3-methylimidazolium
thiocyanate (BMIM SCN) was used for dissolving 140 mg of Calcein disodium

salt (purchased by Sigma-Aldrich) with molecular wight 665.5 g/mol. The so-

lution was magnetically stirred for approximately 3 hours. At the same time, a

0.21 M solution of MgCl, anhydrous in of BMIM SCN was prepared based on

the same protocol with B.11, adjusting the quantinties for achieving the specific
concentration. In the end, 1 ml of the 0.21 M calcein in BMIM SCN and 1 ml

0.21 M MgCl, anhydrous in BMIM SCN were mixed and magnetically stirred

for approximately 4 hours. Finally ~550uL of the solution were transferred in a 5

mm NMR glass tube for the NMR experiments. .



Appendix C

Detailed 3 NMR spectra and results

C.1 1-butyl-3-methylimidazolium acetate: BMIM-
Ac

The same samples of BMIM-Ac was measured five times changing the number of
scans and the RF power in each measurement. The NMR spectra are presented in
Fig. C.1 and the detailed parameters and the experimental results acquired after
the NMR analysis are presented at Table C.1.

FIGURE C.1: 26Na B-NMR experimental chemical shifts of BMIM-Ac IL at
different starting measurement times.
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TABLE C.1: Detailed NMR experimental parameters and results for BMIM-Ac

IL
time n, scans RF power NMR position NMR position FWHM Asymmetry
[mV] [MHz| [ppm] |[Hz| 7]
04:38 27 100 3.53620 (4.5E-6) 4.242 (1.3) 77 (16)  1.43 (0.17)
06:09 24 400 3.53622 (4.8E-6) 9.615 (1.4) 134 (22) 1.81 (0.14)
06:55 16 600 3.53623 (6.6E-6)  10.463 (1.9) 221 (42) 2.22 (0.18)
08:58 22 200 3.53623 (3.9E-6) 9.898 (1.1) 70 (14)  0.86 (0.09)
11:21 32 120 3.53621 (4.2E-6) 5.656 (1.2) 48 (13)  1.06 (0.18)

C.2 0.1 M Sodium Acetate dissolved in 1-butyl-3-
methylimidazolium acetate: BMIM-Ac + 0.1
M NaAc

The same sample of 0.1 M NaAc dissolved in BMIM-Ac was measured four times

changing the number of scans and the RF power. The NMR spectra are presented

in Fig. C.2 and the detailed parameters and the experimental results acquired

after the NMR analysis are presented at Table C.2.

FIGURE C.2: 26Na -NMR experimental chemical shifts of 0.1 M dissolved in
BMIM-Ac IL at different starting measurement times.
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TABLE C.2: Detailed NMR experimental parameters and results for 0.1 M NaAc
dissolved in BMIM-Ac IL

time n, scans RF power NMR position NMR position FWHM Asymmetry

[mV] |MHz| [ppm)| [Hz| %]
15:30 20 300 3.53625 (4.5E-6)  15.84 (1.3) 83 (20)  2.04 (0.16)
14:30 16 120 3.53623 (T.7E-6)  11.88(2.2)  57(23) 1.03 (0.23)
17:45 26 120 3.53625 (5.8E-6)  15.84 (1.6) 134 (20) 1.19 (0.19)
18:48 31 120 3.53625 (3.9E-6) 16.12 (1.4) 221 (18) 1.27 (0.18)
BMIMAcNaAvresultsNMR

C.3 1-butyl-3-methylimidazolium formate: BMIM-
HCOO

The same sample of BMIM-HCOO was measured four times changing the number
of scans and the RF power. The NMR spectra are presented in Fig. C.3 and the
detailed parameters and the experimental results acquired after the NMR analysis

are presented at Table C.3.

FIGURE C.3: ?Na -NMR experimental chemical shifts of BMIM-HCOO IL at
different starting measurement times.
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TABLE C.3: Detailed NMR experimental parameters and results for BMIM-
HCOO IL

time n, scans RF power NMR position NMR position FWHM Asymmetry

[mV] [MHz| [ppm]| [Hz| K
20:35 2 300 3.53624 (6.4E-6)  13.01 (1.8) 79 (26) 4.93 (0.45)
20:42 4 300 3.53623 (3.3E-6)  11.31 (0.9) 43 (13) 5.98 (0.34)
21:02 11 120 3.53623 (2.7E-6)  11.31 (0.8) 127 (6) 5.92 (0.81)
22:15 21 120 3.53624 (1.3E-6)  14.14 (0.4) 118 (4) 4.41 (0.26)

C.4 0.1 M NaAc dissolved in 1-butyl-3-methylimidazolium
formate: BMIM-HCOO + 0.1 M NaAc

The same sample of 0.1 M NaAc dissolved in BMIM-HCOO was measured seven
successive times changing the number of scans and the RF power. The NMR
spectra are presented in Fig. C.4 and the detailed parameters and the experimental

results acquired after the NMR analysis are presented at Table C.5.

FIGURE C.4: ?6Na 8-NMR experimental chemical shifts of 0.1 M NaAc dissolved
in BMIM-HCOO IL at different starting measurement times.
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TABLE C.4: Detailed NMR experimental parameters and results for BMIM-
HCOO IL

time n, scans RF power NMR position NMR position FWHM Asymmetry

[mV] [MHz]| [ppm] [Hz| K
23:37 10 120 3.53627 (1.5E-6)  21.0 (0.4) 73 (4)  5.69 (0.3)
24:27 22 60 3.53627 (1.5E-6)  23.7 (0.4) 52 (4)  2.98 (0.25)
25:05 8 40 353627 (6.2E-7) 235 (0.2)  25(2) 2.83(0.14)
26:54 8 20 3.53627 (1.5E-6)  21.5 (0.4) 27 (4) 1.28 (0.13)
27:30 4 100 3.53628 (3.5E-6)  24.3 (1.0) 21 (10) 3.67 (0.47)
27:36 2 200  3.53628 (3.7E-6)  26.1 (1.1) 32 (14) 4.79 (0.67)
27:42 4 200 3.53628 (2.5E-6) 265 (0.7) 16 (8)  5.39 (0.44)

C.5 0.1 M NaAc + 0.1 M DNA dissolved in 1-
butyl-3-methylimidazolium formate: BMIM-
HCOO + 0.1 M NaAc + 0.1 M DNA

The same sample of 0.1 M NaAc + 0.1 M DNA dissolved in BMIM-HCOO was
two successive times changing the number of scans and the RF power. The NMR
spectra are presented in Fig. C.5 and the detailed parameters and the experimental

results acquired after the NMR analysis are presented at Table C.5.
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FIGURE C.5: 26Na 3-NMR experimental chemical shifts of 0.1 M NaAc + 0.1
M DNA dissolved in BMIM-HCOO IL at different starting measurement times.

TABLE C.5: Detailed NMR experimental parameters and results for 0.1 M NaAc
+ 0.1 M DNA in BMIM-HCOO IL

time n, scans RF power NMR position NMR position FWHM Asymmetry
[mV] [MHz] [ppm] [Hz| %]

23:37 8 60 3.53626 (5.7E-6)  20.4 (1.6) 33 (16)  1.09 (0.3)
24:27 18 60 3.53628 (3.8E-6)  24.6 (1.1) 19 (8)  1.17 (0.2)
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111 NMR results

D.1 NaAc in EMIM Ac and NaCl in EMIM Ac

As a reference, 'H NMR measurements were performed with plain EMIM Ac at
25°C and at 70°C followed by measurements of 0.3 M NaAc dissolved in EMIM _Ac
and 0.3 M NaCl dissolved in EMIM _Ac. In these experiments we only changed the

Na salt for exploring the different behaviour between ClI" and Ac™ in the solution.
Table D.1 shows the expected values of the H chemical shifts of the EMIM Ac,
at RT, using a Bruker Avance 600 MHz (14 T) NMR spectrometer [21].

TABLE D.1: 'H NMR chemical shifts of EMIM _Ac, 0.3 M NaCl in EMIM _Ac

and 0.3 M NaAC in EMIM _Ac

Proton H1 H2 H3 H4 H5 H6  H7
EMIM Ac at 14 T |21] 7.90 8.07 10.14 3.60 3.92/3.89 0.64 1.09
3.87/3.84 0.61
0.58
*EMIM Ac at 11.7 T 7.68 7.86 9.98 3.35 3.61/3.64 0.63 0.85
0.61
0.59
*NaCl in EMIM Acat 11.7T 743 7.60 9.53 3.31 3.61/3.63 0.63 0.86
*NaAc in EMIM Acat 11.7T 730 7.43 931 328 3.59/3.61 0.63 0.88

*results of current work
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All the experimental chemical shifts differ less than 0.3 ppm compared to the one
proposed by [21]|. Therefore it was easy to assign the chemical shifts to each proton

of the sample.

FIGURE D.1: '"H NMR spectra of 1: EMIM _Ac, 2: 0.3 M NaCl in EMIM Ac,
3: 0.3 M NaAc in EMIM _Ac.

We proposed that the small chemical shift at ~2.3 ppm corresponds to the H of
acetate (CH3COOH) [129] and the chemical shifts at ~4.7 ppm to the H of water
molecules [129]. The samples have not been outgased and traces of H20 were

likely to be found in the samples.

Comparing the 'H NMR spectra of the reference EMIM _Ac with the two EMIM _Ac
samples containing Na salts, the proton resonances H4, H5, H6 and H7 were just
marginally shifted (less than 0.1 ppm). The most significant shift occurred be-
tween the signals of H1, H2 and H3. Less than 0.4 ppm for H1 and H2, more than
0.5 for H3. The exact values of the chemical shifts can be found in Table D.1.
Position 3 (H3), see Fig. 7.2, appears to be the most sensitive site of EMIM Ac.
H3 is more acidic and more sensitive than H1 and H2 since it is bonded to a carbon

located between two more electronegative N atoms [21].

H1, H2 and H3 signals were shifted upfield, more upfield for the NaAc sample
compared to the NaCl sample. According to bond theory, there are hydrogen-
bond interactions between the acidic groups (H3) of the cation (EMIM) and the
nucleophylic electron donor atoms of Ac” and CI". In both samples, the H3 of
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EMIM interacted with the anion of the salts after the dissolution, forming ionic
bonds leaving the Na® to form a bond with the Ac™ of the IL. Furthermore, the
O from Ac shielded better the H3 of the EMIM™ compared to Cl™ as it is more

electronegative.

D.2 NaAc in EMIM Ac and NaAc in BMIM Ac

Fig. D.2 shows the 'H NMR spectra of the reference plain ILs, EMIM Ac and
BMIM Ac, and the the spectra from 0.3 M NaAc dissolved in EMIM Ac and
0.3 M NaAc dissolved in BMIM _Ac. The main differences between the 'H NMR
spectra of EMIM _Ac and BMIM _Ac are the chemical shifts of protons from H6
to H9, as expected by their different chemical structures (see Fig. 7.2 and Fig.
7.4).

| " ©

H5
H3 H2 H1 Ho

Water @

H3 H2 H1
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FIGURE D.2: 'H NMR spectra of 1: EMIM _Ac, 2: 0.3 M NaAc in EMIM _Ac,
3: BMIM Ac and 4: 0.3 M NaAc in BMIM _Ac.

When NaAc is dissolved in EMIM Ac the most significant change is observed
at the most acidic H3 proton (0.6 ppm upfield) and a smaller impact at H1 and
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H2 protons (less than 0.4 ppm upfield). The same effect is observed when NaAc
dissolved in BMIM Ac, but with significantly smaller differences in the shifting
of the H signals. Table D.2 shows that when NaAc is dissolved in BMIM Ac,
the H3 proton signal is shifted upfield by 0.14 ppm while H1 and H2 are shifted
marginally (<0.1 ppm). This indicates that the CH3COO™ (Ac’) anion favours
the formation of hydrogen bonds with hydrogen atoms of the aromatic protons in
bulky cations EMIM " and BMIM " and especially with the most acidic H3.

TABLE D.2: 'H NMR chemical shifts in ppm of EMIM _Ac, BMIM _Ac, and
NaAc in EMIM and BMIM _Ac solutions

Proton H1 H2 H3 H4 Hb5 H6 Hr H8 H9
EMIM Ac at 14 T [21] 3.92/3.80  0.64
7.90 807 10.14 3.60 3.87/3.84 0.61 ~1.09
0.58
*EMIM  Ac at 11.7 T 0.88
7.94 811 10.23 3.60 3.90/3.87 0.86 1.10
0.84
*NaAc in EMIM _Acat 11.7T 7.62 7.74 9.63 3.60 3.93/3.90 0.95 1.20
BMIM _Ac at 14 T [21] 799 814 1031 3.64 ~391 ~1.29 ~0.69 0.27 ~1.46
*BMIM Ac at 11.7 T 792 8.06 10.25 3.64 3.92 1.21 0.74 031 131

*NaAc in BMIM_Ac at 11.7T 7.85 7.99 10.11 3.64 3.93 1.22 0.76 033 1.35

*results of current work

D.3 NaClin EMIM Ac and NaClin BMIM SCN

Fig. D.3 shows the 'H NMR spectra of the ILs EMIM _Ac and BMIM _SCN.
The 'H NMR spectrum of BMIM Ac was used as a "mediator" for the compari-
son of the two spectra. As found experimentally in the current work, confirming
previous experiments in lower magnetic field of 5.9 T (250 MHz) [21], the H5 pro-
tons signals of EMIM _Ac and BMIM _Ac are found at almost the same position.
For identifying the protons of BMIM SCN;, its H5 chemical shift was overlapped
with the H5 chemical shift of BMIM Ac and as a consequence with the one of
EMIM Ac.
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FIGURE D.3: 'H NMR spectra of 1. EMIM _Ac, 2. 0.3 M NaCl in EMIM _ Ac,
3. BMIM SCN and 4. 0.3 M NaCl in BMIM _SCN.

The spectra 1 and 3 in Fig. D.3 correspond to the different structures of the ILs
(Fig. 7.2 for EMIM Ac and Fig. 7.6 for BMIM CN). The exact values from the
'H NMR analysis are shown in Table D.3.
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TABLE D.3: 1H NMR chemical shifts in ppm of EMIM _Ac, BMIM _SCN, 0.3M
NaCl in EMIM and 0.3 M NaCl in BMIM-SCN

Proton H1 H2 H3 H4 H5 H6 H7 HS8
EMIM Ac at 14 T [21] 3.92/3.89 0.64
7.90 8.07 10.14 3.60 3.87/3.84 0.61 ~1.09
0.58
*EMIM _Ac at 11.7 T 0.88
7.94 811 10.23 3.60 3.90/3.87 0.86 1.10
0.84
*NaCl in EMIM_Ac at 11.7 T 7.72 7.86 9.83 3.60 3.91 092 1.16
BMIM SCN at 7 T [22] 772 779 399 9.15 4.26 1.79 119 0.75
*BMIM _SCN at 11.7 T 3.63 142 0.84 0.38

734 741 361 8.76 3.88 1.40 082 0.37
3.87 1.39 080 0.35
*NaCl in BMIM_SCN at 11.7 T 7.02 7.09 3.35 8.43 3.63 1.19  0.62 0.16 3.00

*results of current work

The chemical shifts of the ring protons of EMIM Ac (H3, H2 and H1) when NaCl
is dissolved in it, are moving upfield indicating that these protons interact with
Cl'. Comparing the 'H NMR spectra of the plain ILs the H3 and H4 protons
chemical shifts are reversed. For BMIM SCN the H3 proton’s chemical shift is
shifted upfield from ~10 ppm to ~3.6 ppm compared to EMIM Ac, while the
H4 signal was shifted downfield from ~3.6 ppm to ~8.8 ppm compared to the
equivalent proton in EMIM _Ac.

The 'H NMR analysis for 0.3 M NaCl dissolved in EMIM _Ac, have already been
discussed previously, 7.2.1. The only effect is at the acidic protons H1, H2 and
H3 with the bigger effect on the more acidic H3. It should be noted here that the
EMIM Ac ILs used for the different measurements are from different butches and
the one used for the current measurements with NaCl had more traces of water.
Since no dehydration procedures were performed before the NMR measurements,
this could explain the new chemical shift observed at ~5 ppm that could potentially
correspond to HyO [130]. Comparing the 'H NMR spectra of the BMIM _SCN
and its mixture with NaCl, no significant differences can be observed, except of the

appearance of a new chemical shift at 3 ppm. This peak could perfectly correspond
to the proton chemical shift of CH;Cl [131].
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D.4 NaClin BMIM SCN and NaSCN in BMIM SCN

The 1H NMR spectrum of 0.3 M NaCl dissolved in BMIM SCN when NaCl is
dissolved has been discussed 7.2.3. For studying the effect of the SCN™ in the
solution we dissolved 0.3 M NaSCN in BMIM SCN and the 1H NMR spectra of

both measurements are shown in Fig. D.4.

FIGURE D.4: 'H NMR spectra of 1. BMIM_ SCN, 2. 0.3 M NaCl in
BMIM _SCN and 3. NaSCN in BMIM _SCN.

In Table D.4 the detailed values after the spectra analysis are shown. No difference
in the the chemical shifts was observed when the NaSCN salt was dissolved in the
BMIM SCN. The main difference between the 1H NMR spectra is observed in
the appearance of two different signals in the spectra. For the NaCl sample the
new chemical shift at 3.0 ppm is assigned to CH3Cl while at the NaSCN spectrum
a chemical shift at 3.14 ppm could probably be assigned to CHSCN [132].
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TABLE D.4: 1H NMR chemical shifts in ppm of BMIM SCN, NaCl in BMIM
and NaSCN in BMIM _SCN solutions

Proton H1 H2 H3 H4 H5 H6 H7 HS
BMIM_ SCN at 7T [22] 702 779 399 9.15 426 1.79 1.19 0.75
*BMIM _SCN at 11.7 T 7.07 7.14 337 849 3.64 1.19 0.61 0.16

*NaCl in BMIM_SCN at 11.7 T 7.03 710 3.36 843 3.64 1.19 0.62 0.16 3.00
*NaSCN in BMIM_SCN at 11.7 T 7.04 7.10 336 843 3.64 1.19 0.62 0.16 3.14

*results of current work

D.5 NaSCN in BMIM SCN and 15c¢5 ether in
NaSCN-+BMIM SCN

The 'H-NMR spectra of 0.3 M NaSCN in BMIM SCN and 0.3 M 15-crown-5
ether in 0.3 M NaSCN in BMIM SCN are presented in Fig. D.5. The detailed

spectral analysis results are shown in Table D.5.

FIGURE D.5: 'H NMR spectra of 1. BMIM_SCN, 2. 0.3 M NaSCN in
BMIM SCN and 3. 0.3 M NaSCN and 0.3 M 15-crown-5 in BMIM _SCN.

The addition of NaSCN in BMIM SCN led to a small alteration of the chemical
shift of the H4 proton of the methyl group and of the amide protons H1 and H2.
This suggests that NaSCN is able to interact with both hydrophobic (CH3) and
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charges groups. The further addition of the crown ether, made this phenomenon
even stronger showing a higher shielding of the same protons. One can see a high
intensity new chemical shift at ~3 ppm when the crown ether is added that should

come from the the protons of the C-CH,-O groups.

TABLE D.5: 1H NMR chemical shifts in ppm of BMIM SCN, NaSCN in
BMIM SCN and 15-crown-5 in BMIM _SCN solutions

Proton H1 H2 H3 H4 H5 H6 H7 HS
*BMIM _SCN at 11.7 T 7.07 714 337 849 364 1.19 0.61 0.16
*NaSCN in BMIM_SCN at 11.7 T 7.04 710 3.36 843 364 1.19 0.62 0.16 3.14

*15¢5 + NaSCN in BMIM_SCN at 11.7T 7.00 7.06 3.34 838 361 1.19 062 0.16 2.95

*results of current work

D.6 MgCI2 in EMIM Ac and Mg(Ac)2*4H20 in
EMIM Ac

Fig. D.6 shows the 1H NMR spectra of EMIM Ac, 0.3 M MgCl; anhydrous
dissolved in EMIM Ac and 0.3 M Mg(Ac)2*4H50 dissolved in EMIM _Ac. The
small chemical shift at ~2.3 ppm in all spectra corresponds to the H of acetate
(CH3COOH) [129] and the chemical shift at ~4.7 ppm for the third spectrum

containing HyO corresponds to the H of water molecules [129].
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FIGURE D.6: 'H NMR spectra of 1. EMIM _Ac, 2. 0.3 M MgCly dissolved in
EMIM Ac and 3. 0.3 M Mg(Ac)2*4H50 dissolved in EMIM _Ac.

Table D.1 shows the expected values of the H chemical shifts of EMIM Ac, at
RT, using a Bruker Avance 600 MHz (14 T) NMR spectrometer [21] and the

experimental results of this work.

TABLE D.6: 'H NMR chemical shifts of EMIM Ac, 0.3 M MgCly anhydrous
in EMIM _Ac and 0.3 M MgAce*4H20 in EMIM _Ac

Proton H1 H2 H3 H4 H5 H6 H7
EMIM Ac at 14 T [21] 7.90 8.07 10.14 3.60 3.92/3.89 0.64 ~1.09
3.87/3.84 0.61
0.58
*EMIM _Ac at 11.7 T 7.68 7.86 9.98 3.35 3.61/3.64 0.63 0.85
0.61
0.59
*MgCly in EMIM _Ac at 11.7 T 7.64 7.81 985 335 3.61/3.64 0.62/0.60 0.85

*Mg(Ac)s*4H,O EMIM _Ac at 11.7 T 7.50 7.65 9.69 3.33 3.61/3.64 0.66/0.63 0.88

*results of current work

Comparing the 'H NMR spectra of the reference EMIM _ Ac with the two EMIM _Ac
samples containing Mg salts, the proton resonances H4, H5, H6 and H7 were just
marginally shifted (less than 0.1 ppm). The most significant shifts occurred be-

tween the signals of H1, H2 and H3. The exact values of the chemical shifts can
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be found in Table D.6. H3, see Fig. 7.2, appears to be the most sensitive site
of EMIM Ac. H3 is more acidic and more sensitive than H1 and H2 since it is

bonded to a carbon located between two more electronegative N atoms [21].

H1, H2 and H3 signals were shifted upfield, more upfield for the Mg(Ac), sample
compared to the MgCl2 sample. In both samples, the H3 of EMIM interacted
with the anion of the salts after the dissolution, forming ionic bonds leaving the
Na™ to form a bond with the Ac™ of the IL. Furthermore, the O from Ac™ shielded
better the H3 of the EMIM ™" compared to CI” as it is more electronegative.

D.7 MgCl; in EMIM Ac and MgCl,; in BMIM SCN

Fig. D.7 shows the 'H NMR spectra of the EMIM _Ac, 0.3 M2 dissolved in
EMIM _Ac, BMIM_SCN and 0.3 M MgCl, dissolved in BMIM _SCN. The 'H
NMR spectrum of BMIM _Ac was used as a "mediator" for the comparison of the
spectra of EMIM _Ac and BMIM _SCN.

FIGURE D.7: 'H NMR spectra 1. EMIM _Ac, 2. 0.3 M MgCly in EMIM _Ac,
3. BMIM SCN and 4. 0.3 M MgClein BMIM _SCN.

The exact values from the 'H NMR analysis are shown in Table D.7.
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TABLE D.7: 1H NMR chemical shifts of EMIM Ac and MgCl2 in EMIM _Ac

Proton H1 H2 H3 H4 H5 H6 H7 HS
*EMIM  Ac 7.68 7.86 9.98 3.35 3.61/3.64 0.63 0.85
0.61
0.59
*MgCl2 in EMIM _Ac 7.64 7.82 985 3.35 3.62/3.64 0.63 0.85
0.61
0.50
*BMIM _SCN 7.06 7.13 3.36 8.48 3.63 1.18 0.60 0.14

*MgCl2 in BMIM_SCN  7.10 7.16 3.36 8.55 3.63 1.14 0.55 0.10

*results of current work at 11.7 T

The chemical shifts of the ring protons of EMIM _Ac (H3, H2 and H1) when MgCl,
is dissolved are marginally moving upfield indicating that these protons interact
with CI". For MgCl2 dissolved in BMIM _SCN the main difference is observed at
the H4 indicating that this proton interacts mainly with CL Comparing the 'H
NMR spectra of the plain ILs the H3 and H4 proton signals are reversed. For
BMIM SCN the H3 proton’s chemical shift is shifted upfield from ~10 ppm to
~3.4 ppm compared to EMIM Ac, while the H4 signal was shifted downfield from
~3.3 ppm to ~8.5 ppm compared to the equivalent proton in EMIM Ac.

D.8 MgCly in BMIM SCN and Na2EDTA + MgCl,
in BMIM SCN

Fig D.8 shows the 1H NMR specrta of the plain BMIM SCN, 0.3 M MgCl,
dissolved in BMIM SCN, 0.3 M NaEDTA dissolved in BMIM SCN and 0.3 M
NaEDTAgqissolved + 0.3 M MgCly dissolved in BMIM SCN. The results of the
1H NMR analysis are presented in Table D.8 and show no significant differences

between the chemical shift positions.
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FIGURE D.8: 'H NMR spectra of 1. BMIM _SCN, 2. MgCl, in BMIM _SCN,
3. NaEDTA in BMIM _SCN and 4. NaEDTA + MgCly in BMIM _SCN.

TABLE D.8: 1H NMR chemical shifts of BMIM SCN, 0.3 M MgCls in
BMIM _SCN, 0.3 M NaEDTA in BMIM _SCN and 0.3 M MgCly+ NagEDTA

in BMIM _SCN
Proton H1 H2 H3 H4 H5 H6 H7Y HS8
*BMIM _SCN 7.09 716 337 850 3.63 1.15 0.7 0.12
*MgCl2 in BMIM _SCN 7.08 7.14 337 853 3.63 1.17 0.60 0.13
*Na2EDTA in BMIM _SCN 7.06 7.13 3.36 848 3.63 1.18 0.61 0.15

*Na2EDTA + MgCl2 in BMIM_SCN 7.08 7.14 3.36 852 3.63 1.18 0.60 0.14

*results of current work at 11.7 T

D.8.1 MgCl; in BMIM SCN and Calcein + MgCl; in BMIM _SCN

Fig D.9 shows the 1H NMR specrta of the plain BMIM SCN, 0.3 M MgCl,
dissolved in BMIM SCN, 0.3 M Calcein dissolved in BMIM _SCN and 0.3 M
Calcein + 0.3 M MgCl, dissolved in BMIM SCN. The results of the 1H NMR
analysis are presented in Table D.9 and show no significant differences between

the chemical shift positions.
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FIGURE D.9: 'H NMR spectra of 1. BMIM _SCN, 2. MgCl, in BMIM _SCN,
3. Calcein in BMIM _SCN and 4. Calcein + MgCly in BMIM _SCN.

TABLE D.9: 1H NMR chemical shifts of BMIM SCN, 0.21 M MgCly in
BMIM SCN, 0.21 M Calcein in BMIM _SCN and 0.21 M MgCly + 0.3 M Cal-
cein in BMIM SCN

Proton H1 H2 H3 H4 H5 H6 H7 HS
*BMIM _SCN 7.09 716 3.37 850 3.63 1.15 0.60 0.12
*MgCly in BMIM _SCN 7.08 714 337 853 3.63 1.17 0.60 0.13
*Calcein in BMIM _SCN 7.06 7.13 337 849 3.63 1.18 0.60 0.15
*Calcein + MgCl, in BMIM_SCN  7.08 7.14 3.37 852 3.63 1.18 0.60 0.13

*results of current work at 11.7 T
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