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Abstract 

Two organic extracts of the Laurentian soil have been sndied The m c  

are Lamentian fnlvic acid V A )  and Lamentian humic acid &HA), These two samples 

were analysed by cross pdansation magic angle spinning (B-MAS) UC NMR, while 

LFA was aiso characteriseci by fluorescence spectroscopy. 

A new CP-MAS 1 3 ~  NMR methoci was developed, which combined ramped 

amplitude CP (RampB), high -le spinning rates, and high field strength (7 T). It is 

shown both thearctidy and expcrimentally that Ramp-CP givts signifïcantly beaer 

qualitative and qyantitative specaa than does single amplimde 8 (SACP). 

The chaae&&n of LFA and LHA rcveaied thaî in terms of size LFA is a mure 

hetemgeneous mixture of fragments than LHA. In temis offùnctimality, it was hund that 

LFA tiad the majority of its functionality located on its carbohydrate moieties, while LHA 

had the majority of its functionaiity located on its aromatic moieties. Based cm these 

findings mesosanicturcs for bth LFA and LHA are proposed. 

Metal binding by LFA was aiso investigated by both fluocescence and NMR 

techniques. From the resuits it was concluded that the strongest metal binding sites of LFA 

are predorninantly on the carbohydrate moieties, and that the aliphatic moieties are a h  

involved in metal binding via aggregation. These nndings also suggest that the majmity of 

luminescence obmed for LFA involves Fater resonance or donorfacceptor complexes. 

The metal binding d t s  also indicate that cellulose may be an imporrant fiagrnent in LFA- 

This study leads to a reconceptualisation of LFA in terms of the fundonaiiy gemx 

importance of the carbohydmte moieties tkn the aromatic moieties, and the inpmmce of 

aggregaticm and conformation. 
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Chapter 1 

Introduction 

Recently the world ecosystems have been estimated to be worth, in monctary mm, 

nklce the gros mional product of the wmld ($33 aillion w.S.]).l-1 and naairal organic 

matter plays a vital role in all ocosystems. 

R&acmry pedogenic organic mamr and its aquagenic anal- play a cenaal d e  in 

pnicesses as diverse as water quality, soi1 quality, mil conditioning, nuaient storage and 

msport, mganic contaminant (e.g. pe-sàcides) binding and transport, and heavy metal 

binding and m m p m l 2 - 1 A  This binding and uansport of chemicai specics piays a majar 

role in how toxic cbemical *es are in the naturai en~oaarcntl~ It ùas been proposcd 

that the toxicity of a cbemkd species is most cIosely related to t&e coi1caümh of h e  

chemicai @es and not that of the total chemîcai species conœntratioa1.61-8 F%r metals 

this is knowa as the '%ee metai ion hypothesis".~3 Name b&im the tolticity of chernical 

species by reducing the lability and m i v i  of the chernical species through complexation or 

adsorption by complex mixtures of ligands. Ta date, k e  complex mixtures have 

remained the kast mdemmd and characterised d t u e n t s  of soi1 and water. The best 

charactensed componeats of these complex mixtures are the polyelectrolyte hpmic d o i d  

hmions;  humic acid and fuivic acid. Both of these are historicsùly dehned by base 

exmadon, wheie humic acids are the higher mole!cular weight and acid insoluble frcictions, 

while fulvics acids are the low molecuiar weight and acid soluble fiadom. 

Hinmc matffials are best described as complcx polydisperse polpmzic 

heterogeneous mixtures, whose propercies echo theh structurai diversity, as weU as tbeir 

state of aggregation, CanflAmation and mrrface chafge. 



The anatysis of cornplex hieterogeneous mPldutes has always been a challenge. 

There arie two approaches. The first is the separation or fractionation of the complex 

heterogeneous .iPixcrire, a classic example of tbis appmach is chromatogaphy. However, 

to date both hinmc a d  fuivic acids remain complex niixnaes, resisaint to frsictionation. 

h&d, fraaiombg to individual mo1ecuIat species would cause a loss of iafcnmation 

about criticai "umrgent" propcrtia dcpendcnt upon aggrtgation, nanaal codonnation, and 

the ekctmmk state of the polyelcctrolyte mixnrre. The second appniach to studyiag 

complex mixtures is to study the mixture as a whole. The &awback to this approach lies in 

fii3ding a mtthod which allows one to intcrrogate the whole mixture in SuffiCient depth 

without bias. If this drawback can be overwme this second appach to studying complex 

mixtures is preferable. 

The p-exninent grwp of rnethods in the study of whole humic samples have been 

kgradative (mild oxiciatiou with chernid anslysis and physical fiagmentation with mass 

spectroscopy) and spectroscopie techniques. There are, howwer, inherent problems with 

the k t  grwp of techniques. The rnost important problems are very low c d n  mass 

recovery, usually in the range of S%, though in some cases as high as 33% , and the bias 

towards smaU aromatic hgments which survive the degradation or fragmentation. Tkre 

is aIso a saong possibility of contaminatioa Many different types of specaoscopic 

technique have be applied to humic matiaials. These includes absorption, elecmn 

paramagnetic resonance PR), Fourier tmmf" inna-red (Fï-IR), luminescence, 

Mossbauer, nuclear magnetic resonance (NMR), Raman, and X-ray photoelectron 

spectroscoPics,1.2-1.4 

So far, the most usefiil of these two technips are luminescence and NMR 

spectroscopy. Luminescence sptcaosoopy is of great use because it is highly sensitive, 



easy to use, compact, relativcly inexpensive, non desauctive, four diniensionai, and 

quenched by metal ions. In addition, aü humic mataiah fluoresce. 

However, 1% NMR specmscopy has estabhhed itseif as the preeminent tool for 

the sauctural investigation of humic substances.l-l0*1-11 AIthough lH NMR was used 

kt, 13C has several inhexent advanîages. The iïrst is that the carbon skeleton of the humic 

materiaI is observed rather than the adjacent protons, which ailows functional groups such 

as ketones to be detected It also alIows N l y  fùnctimalised a r o d c  rings CO be detected. 

Secondy, the carbon nuclei are spread over a wider range of chernical shifts in 1 3 ~  NMR, 

and consequefltiy iadividuai signais may be observeci even when cdmns bave only a smaiï 

difference in smctmi environments. The nnal advantage is that line widths of signal in 

1 3 ~  NMR me aazf~wer than in lH, thus sigoal overlap is less pronomced in 1% NMR 

Ttie mast impoPtant 13C NMR technique for the study of hurnic matenals is cross 

polarisation magic angle spinning (B -MAS)  13C NMR spectr~scopy.~- l@l-~ 

In chapter 2 a retrospective look at the literature on the use of Iuminescellce and 

NMR in the study of hudc materials is given. This is foïlowed by a theoretical ~eatment 

of luminescence and NMR as applied to humic materials in chapter 3. 

The quantitative reliability of the 13C B-MAS technique fm insohble organic 

matter has long been of wncern 1.10-1.lS and has been thoaougbly researched far fossil 

hels 1.161-18. There are at least three factors which affect the intensity of a particalar 

signal. The first is variation in cross-polarisation rates for dinereat carbon types. nie 

second problem is îhe loss of intensity and d i s d o n  of peak areas by spuining sidebands, 

especially in the ammatic and carboxyl rcgions. The third problem is ttiat carbons close to 

a pararnagnetic centre may be undetectable. This is because un- elecaon spins nduce 

the Tl@) (spin-lattice relaxation in the rotaring fnme) d the hydrogens so much that 

they lose magnetisation too quickly to aansfér it to a carbon. Far sampks low in carbon 



aad with unpaired electrons, the percentage of carbon a&y observed is typically 50% or 

les, however if the sample is ~tlatively high in carbon and bas no paramagrrctic species 

present then the percentage of observable carbons is close to 10096.1-19-1-22 

The h t  problem can be addnssed by one of several approaches, hcluding 

acquisition of- with varying contact times so that the true intensity distribution can be 

calculad and Blochdecay acquisition (without ~r~~~~poiarisation). The latter g e d y  

requires samples high in carbon, and low in paramagnetic mes, andm large (2.5 c d )  

rotors.l.23 The third problern of low visibility has no easy solution, but thus far, th- is 

no clear indication that the observai C di£Fas substanaally fiom that rendaed invisible by 

proximity to paramagnetic centres, at lem for humic substances. For soluble fractions 

mch as filvic and humic acids, crosschecks of solution and solid-state specaa have 

shown reasonable agreement.1~ If it is not possible to use any of these agproaches, a 

contact t h e  of 1 ms has gcneraiiy ben found to be appropriate for coais and humic 

substances, gMng the best compromise ktween quantitative intensity disaibution and CP 

intensity enhancement. 

For the second problem, some attempts have been made to use mechanid 

manipulation of the spinriing, but these approaches are compIex, not commercially 

available, and not suitable for a i l  types of samples, due to the relatively long delays (0.5 - 5 

S) i n v o l v e d . ~ - ~ ~ ~ ~ - ~ ~  Pulse sepuences to suppress sidebands also have their own problems 

with signai loss and intensity distortions. Faster spinning should be the solution, but it has 

long been known that high MAS rates cm intcrfere with the cross polarisation process, 

again leading to 10% of signal and distonion of relative inten~ities.12~ For îhis reason, and 

because much of the linebroadening in coals is due m chernid shift dispersion, which is 

na imprrrved by higher fields, it has bcm recommendcd that the best CP-MAS m d t s  for 

coals (and humics) will bc obtaincd with low field instniments (2.3 T, ca. 100 MHz for 



1H) and slow spinning rates of less than 5 k H i l . l g  In any evenr, speeds much above 5 

kHz were not readily available until recently. 

Two other mechanisms could cause lineùmadcning in the specua of non-rigid 

s o u  such humic subsfances- These are motional modulation of the CH coupling, and 

m o t i d  modulation of the resonance fkquency by the chenocal shift anisompy (CSA). 

The 1- stiould make an inCICaSiI1g conaibution w linewidths at higher fields, especiaiiy 

for aromatic and carboxyl carbons. As outiined in chapter 3, higher MAS rates should 

deviate the broadening due to botb of these mectianisms. 

Recentiy, MAS probes have become commercialiy available that allow spinning 

rates up to 2û and this has k e n  coupled with the prolifaation of hi&-field CP-MAS 

instnrmeuts with th& greatly enhanced sensitivity. Concurrent with this, modifications 

have been developcd far the Ci?-MAS pulse sequence to alleviate the 8 problems due to 

high speed spinning. The most promising pulse scquence for large mac~13molecuie.s such 

as humic substances, is known as ramped amplitude CP (RampC~).la 

The effects of high fields and high MAS rates when used with Ramp-CP in the CP- 

MAS 13C NMR investigation of two weii-charactensed humic substances, the Laurentian 

frrlvic and humic acid (XIA and LHA respectively) are examined in chapter 5. 

The fmt ion  of chernical +es-humus crnilplexes is not as simple as is 

suggested by mode1 compounds, b u s e  there im several possible üisaibutions of 

cornplexkg sites, as shown in Figure 1.1, whereas in mode1 compounds there is only one. 

The S-sites correspond to the sites direcriy involved in the bondkg (modtl compouuds), 

while the Gsites tale into c o n s i ~ o n  the CO-dnating p u p  as weil as its environment, 

bth of which can affect amplex stability. These L-sites reflect secondary macnnnolecular 

effects, and have been divided into three subclasses ((a), (b), and (c) in Figure 1.1) by 

~uffle.1.29 
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Figure 1.1: Possible disnibutions of metai binding sites. p(AG) represents the probability 

of a site complexing, where AG' is the free energy of formation, PROM stands for 

pedogenic rehctory organic matter, and AROM stands for aquagenic refractory organic 

matter.129 

The (a) effects, which cause a distribution p(AG), are caiied polvfunctional, and are related 

to the muitifunctionality of the complexing agent, which eses due to the chemicai 

structurai diversity of S-sites. The (6) effects deal with the dependence of the codozmation 

of the overall complex, on the de- of hydration and the extent of the hydrogen bonding 

and bridging metal griwps. The (c) effécts are duc to the cbanging elecuostatic energy 



arising nOm the polyelectrdyte ppaties of the complexant (humus mataial). Ihe extent 

of binding site occupation wiU detaniine the importance of any and al l  these effécts. 

Thus, the fïrst step in studying complaation by humic mamials is to c h t e r i S e  

sc~cturaiiy the humic mamiai unda consideration as weli as possibie. Investigation of 

humic strucains has drawn 6rwi three main lines of evidenct about chernical fiiactimality: 

(iï) titrimetric and spe&c reactivity determination of functional gmup disaibution;l3 and 

(iü) NMR spectroscopie study of fhctional group distribution.lf*lA~ 1 - K l ~  The fint 

line of evidence has tended to empbasise the ammatic fkagments which siwive the 

degradative or hgmentative processes. This has generated an emphasis on ammatic small 

molecule modeis of fimctionality and behaviour. The third has coerrcfed the bias in 

perception of the impariance of aromaaic as opposed, especially, to carbohydnue 

functiodty, as NMR is nondestructive and reqnires no .fiaCtionatioa, this is espbcially 

tnx for fulvic acids.14 1.4 1-11-1-12 In chapter 6 both LFA and LHA  ire studied by 

Rampe-MAS *3C NMR in renns of chernical shift, T2 relaxation times ard dipolar 

dephasing specaa. LFA is also studied by both emission and syncbnous Iuminescence 

under different pH conditions. 

The next step, and nnal pan of the work presenced here, chapter 7, is the study of 

mtal bding by LFA. Due to the ability of h d c  materiais to denease the toxicity of 

metal ions, as d i s d  above? this is of a major environmental irnpmance. The metal ion 

used for these studies was Cu (II). The reason foi choosing Cu was because it has 

been found that the majority of Cu found in nature is bund to organic m a m  1 3 ,  there is 

also an extensive fiterature on Cu-FA complexes 130-132, and Cu is one of the most 

impartant trace elements in bioIogy 1-33. The study uses both luminescence and CP-MAS 



13C IWR, and is tht first systematic use of NMR to study mtal  binding as well as king 

the first sady to combine luminescence and NMR results. 
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Chapter 2 

A Retrospective of luminescence and NMR spectroscopy studies 

on humic material 

The following section reviews the literature on the use of luminescence and NMR 

spectroscopy in the smdy of humic materials in a biased manner. The bias conies from the 

factthatonlythel i~perCmenttothissnidyis~~vered,howeve~thgeartsome~ 

comprehensive (generaI) xeviews in the limame. For Iumiaescence studies a good review 

is by senesi,Zl while for NMR d e s  there are several good reviews.22-26 

2.1 Luminescence 

C o l o d  waters occur naturatly throughout the warld. It has long been h w n  that 

natinal waters a.re c o l d  and that tbis colour arises fram organic constituem. The first 

systematic rese;rrch on wbat substances caused the coloration of water was perfoxmed by 

Aschan on six Finnish lake and river waters in 1909.27 One year latcr in 1910 Dienert 

f o d  that there were luminescent materials present in n a û d  waters and notai that the 

Iuminescence was Iost on niüd oxidation.28 In the early to mid 1960s it was f o d  by a 

number of warkers that humk substances luminesce weakly when imidiated with light of 

the proper wa~e lengh~~-*-u  In the 1970s and early 1980s attempts were made O &tain 

s u m u m i  infoimation f3om l i m h s c a c e  excitation spcctra of humic matcrials.2f3-215 

These attempts were not that successful due to the difficulty of assimg luminescence 

pealcs. Also, in the early 1970s, the quenching of humic luminescence by metal ions was 

investigated. The f b t  wark was followed by several other studies. 2162m In 1980 Saar 

and Weber r e p t a i  a linear rclaiionship between the amount of cornplexcd Cu*+ and the 



quenching of the Wvic acids lumint~cence.*~ This lk reIaticmship was then frntber 

developed by Ryan and Weber to allow for the determination dcomplexing capacities and 

stability cmsranu of fiiivic acid.222.m The fluorescetlœ method was sPpponed by 

selective ion electmk and mdel  conipound studies. The key assumption of Webez and 

a~worirers' metbai, is tbat the remahhg quenchable luminescence d o r m l y  measuns 

the Rmaimng fne ligand concenaation. This assumption is higùly questionable, ,since 

humic substances are rriixhires and h d c  luminophores, Lu, may not be d i y  

distributeci ço that -chhg may uot be simply propationa1 to the free ligand 

concentration as first pointed out by Underdom e t  al..= The vindication of the method 

with simple molecuits is not valid, since they only have one type of Lo while Mvic acid 

may have at least thne?=- " Moreover, when the binding site is not the Lo itseif, unne 

of the bhding sites may bt parMy or fully shielded nOm the Lo. This wiii not be obvious 

for a simple mode1 compound, but in nmcmml- sysmns like those of humic 

subsmces diis may v a y  well upset Weber and w w d e r s '  linear relatimship. The 

Weber and ~ w o f k e r s '  lbear relatimship has been questiond*n-229 This has led to a 

debate in the literature.uo- 231 Nevatheless, the Iiterature shows that the hinnic 

luminescence approach was (more than 100 citations to the Weber and mwodras' papers) 

aad remains a popular methad far attempting to masure the aaeat of cation binding by 

humic ligands. 

Recently, a new lumhscence technique hes been used for the study of himiic 

mat&, the new technique is known as synchronous ~ u n t i n e s c e n c e . ~ ~  233 It has been 

found that synchronous IiUninecrs.nce differentidy samples the entire distribution of the 

M c  acid macf0moIecuim system more effdveIy, and thus gives specm wirh bean 

structure, tban either conventional ahhance or emission luminescence specrroscopy?~ 



2.33 It has beea show11 that the different peaks in humic mataial synchronous spectra 

respond diffcrentiy m changes in pH and metal biading. 226234. 

in chapter 7 the subject of metal ion quenching of a fuivic acid's luminescence is 

~evisited usiug emission, synchn,nous, and time ~solved luminescence. 

2.2 NMR 

22.I Techniques 

The fÏrst NMR speamm of a htunic materials was published in 1963 by Barton and 

Schnimr.235 It was a very poorly riesolved iiquicl sme 1K NMR specnum obtained on a 

continuois wave (CW) NMR -in which no aromatic protons couid be 

monitored Simiiar tcsults where obtaincd in 1968 by Schnitzer and ~kinner.2-36 At the 

time tbis was taken to litc0nii.m the idea tbat the aromatic moieties of hudc  matcrials are 

highly substitured. These early NMR results seemed to support the degradalive and mass 

speçtroscopic ssulcs. However Oka et. a1.237 and Lundemann238 did observe aromatic 

hydrogens in pctorly resolved specua in 1969 and 1973, respectively. In 1977 Lena e t  

a1239 obtained much improved specaa by applying FT techniques instead of CW 

techniques. One yea~  later this was followed up by Whn et. al240 who combined l?ï 

and hi& &Id techniques (6.3 T) to produce even better spectra than those of Lena e t  

a1.,=9 and for the nrst time the ammatic signal had some riesolution. Simila+ resuits were 

obcaincd by Hatchcr et. a1241 using mimiques vay similar to WiZsoa's. The rcsuits of 

Wilson et al?-40 and htcher et  a1.241 demonstrateri that spectra with considerable detail 

could be obtained for humic materials via NMR. Aithough 1H NMR has been applied to 



humic materials it has taken a back scat to 13C NMR far rieasons discussed in chapter 1, 

such as wider chemicai shift range, nmwer line widths, and it the carbon skeleton. 

This fim documented aüempt at 1 3 ~  NMR on humic materiain was by Schnitzer 

and ~yroud242 in 1974. The attempt was on a methylateü Nvic acid, but yielded a very 

pooriy resolved spectnim with amil but dctcceable peaks at 53 and 166 ppm, that were 

assigned to rnethoxy (-3) and aniniauc carkm bUnded to methoxy groups, 

respectively. However, in 1976 Vila et. aI.243 were mare successful in obtaining 13C 

NMR speclra of hurnic materials. Their data was obtained on two humic acids and a WC 

acid, and yielded spectra consisting of four groups of signals; 22û-170 ppm (carboxylic 

acid groups), 160-100 ppm (ammatic gniups), 70-50 ppm (carbon bonded to oxygen in 

abhols, esters or sugars, and amino a d  CH carbon), and 50-0 pprn (alkyl carbon). 

Similar findings were reported by Wilson et. aI.24 and Ruggiem et. al.2.44 However, 

because of nuclear Overhauser enhancements (NOE) and relaxation effects quantification 

was very difncuit, unless it was assumed that these effects wcre dimn or unimportant as 

Ogner*"s did. This quantincation problem was first addressed by Newman et. ~2.46 

From tbis study it was fouad that Ogner's assumpticms were carect if a delay of 5 or more 

seconds was allowed for fuii relaxation between acquisitions. Aithough one couid obtain 

quantitative specaa with a delay of greatcr than 5 seconds, this was very time consuming as 

it can take in the order of 100 000 scans, i.e. 6 days or mare, to obtain a specaum with a 

good signal to noise ratio. Preston and BlackweU 247 showed bat  qualitative spectra could 

be obtained with ShoR acquisition timcs, small puise angles (the d e r  the angle the 

shorter the delay between acquisitions, but also the les  signal one obtains), short deiays 

becween acquisitions (about the length of the longest spin-lattice relaxation time [Tl])), and 

inverse gated decoupLing (to mmwe NOE). However, tfie time necded to obtain a liquid 

state 13C NMR spectium with a gmd signal to noise ratio was about 3 days, rendering 



reIaxatim and dynamical mea~ul~mtnts v q  t h e  amsuming, and almost impossible if the 

investigator does not have a personal NMR spectrometer. 

High rtsolutian solid smte 13C NMR beame a reaüty in the 1970s by means of the 

combination of MAS, 8 and high power decoupling. In 1973 Pines et. al2-a combinai 

8, which was first proposed by H a r h n a ~  and f~ahn,249 and high power dipolar 

decouphg m &tain hi@ rcsolutim 13C NMR spectra in the solid state. The CP technique 

ailows for an inczca~e in signal to noise ratio by a theontical f m  of 4 for cross 

polarisation h m  1H to 13C for each scan. It a h  ailows for the delay between scans to be 

reduced greatly (for hMnc material this delay is nearty always 1 second). The hi@ power 

dipolar decouphg removes linebroadening due m dipob-dipole interactions (see section 

32.5 for a detailed account). However, the spectra obtained by Pines, Gibby, and Waugh 

2-48 stiil had d e r  broad lines. Tt had been shown indepcndently by Lowe 250 and 

Andrews 251 that if the sample was spun at the magic angie (54.7 degrees) to the static 

magnetic field the chemical shift anisoûcqy (CSA) line bmadening tems w d d  reduce to 

the liquid case, i.e. nanow lines. If the sample wuid be spun fast enough this technique 

wouid ais0 remove ail dipolardipolar iine broadening as weU Thus the reason the angle is 

d e d  the magic angle. In 1974 Schaefer, Stejskal, and Buchdahl 252 reported on the fim 

experiments in wbich MAS, CP, and high power dipaiar decoapling were combined. The 

combination of these techniques is known as CP-MAS I3C NMR, and demo~lstrated the 

almost synergetic xelatimship that exists between them in terms ofresolution and signal 

enhancement. Their snidy was au SOM giassy polymas and showed the potential of this 

method for the study of solids. In 1975 Schaefer and Stejskal253 produced CP-MAS 13C 

NMR specaa of a seRa of polymers that were of comparable fcs0Iutioa to wuid state 13C 

NMR specua, and u s h d  in modem high resolution solid state 1% NMR wthin two 

years the B-MAS 13C NMR technique was discussed in tems of natiaal organic matter 



and appiied to mai by Bartuska, Maciel, Schaefu, and StejkaLm The 8-MAS 1 3 ~  

NMR was then applied to coais by Retkofsky and VanderHart and Maciel and cm-workers 

255*2-56 in 1978 and 1979, respectively, and showed its great promise. Wïthin two to 

three years 8-MAS was applied to huxnic material. The first wotk was Camed out by 

Mikinis et al. in 1979.257 But, it was not until the work of Hatcher et. al?S8 in 1980 that 

CP-MAS 13C NMR was appiied to humics for the sole purpose of studying humic 

materials.258 Also, in 1980 Bamn et. aL2S9 uscd 8 - M A S  13C NMR specposcopy to 

study whole soiis, and showed two of the major advantages of solid state NMR in studying 

naairal organic amter (NOM) Le. iitrie to no sample pqmaticm and litrie to no sarnpk 

handling. In 1980 wodc by Newman et al.246 presented CP-MAS lx NNR as one of, if 

not, the most promising NMR technique to study humic materiais in their extracteci and 

fkactionated fomis as weil as in whole soils. In 198 1 Barron and ~ d s o n  260 showed rhat 

one could obtain higher resolution CP-MAS 13C NMR spectra on higher field instnirnents 

(7 T), However, high spinning speeds were not available at the tirne, and thus CSA 

Iinebmadening was a pmblem. In 1984 the k t  paper in which two dimensional (2D) CP- 

MAS l3C NMR was applied was published by Wilson?.6l which showed the power of 

CP-MAS l3C NMR even further as these type of experiments. 2D 1 3 ~  NMR experiments 

on h d c  materials are almost impossible in the iiquid state because of time co&ts (2D 

experiments in the muid state would take about 96 days, compareü to about 5 days in the 

solid state). h m  this early work CP-MAS 1% NMR specuoscopy has becorne m e  of the 

most impaant mls in the study of humic materiais, and has fostereù a quantum leap in the 

imderstanding cf h h c  mamiah. 

Aithough 8-MAS 1% NMR is a very powerful technique, there have been many 

questions as to its quantitative reliability. These questions started to emerge as soon as the 

technique was htroduced-** 2.3- 262-266 The majority of the questions were in terms of 



the possiible biascs in 8. The biased nature of 8 is inherent, since the more protons 

attached or close to the c e  king monitored the more favourable îhe 8 process is. The 

h t  systematic investigation was carrïed out by Dudley and Fyfe in 1982 *-67 on coals aad 

rielated materials This work was foIlowed by the work of Sullivan and Maciel in the same 

year.268 In both these wodEs it was found that a contact time of 1 ms gave the most 

rieliable Qualitative CP-MAS i3C NMR specua, but ail the CI?-MAS parameters have tu be 

checked for each sample. The quantitative reliabiiity of the CP-MAS 13C NMR technique 

when applied to humic materials was also investigated. The h t  work was by Preston and 

~ipmeestersg in 1982. This work compared Iiquid 13C NUR spectra and CP-MAS 13C 

NMR spectra and found that only qualitative oomparisons couid be made. However, the 

-les they monitored where high in ash content, and henœ had patamagnetic impucities 

which may have k v i l y  affected the NMR measuremtnts, as  s h o w  by the confiicting 

results obtained in the presence of paramagnetic impurities2m- 2.71 However, a study by 

Schnitzer and ~reston 2.72 in 1986 found that a contact rime of 1 ms gave liquid like p u a  

for a series of humic materi&. As mentioned above, paramagnetic impwities arc of major 

conceni when perfOrming any type of NMR, especially CP-MAS 13C NMR It lus been 

s h o w  by Botto e t  a.I.273 for coals with a high concenaation of stable fhe radiais and 

low H/C content, that only a fraction of the carbons are obçerved, and this fiaction can be 

as low as 25%. However, it was found by Vassallo et. al.2-74 that a low concentration of 

stable free radiais in humic marerials does not make any of the carbons invisible (97% are 

visible via spin countting eKperiments). But, in the same work by Vassallo et. a1.274 and in 

previous work by Wiison 2-75 it was shown that humic materials must have a low content 

of inorganic paramagnetic centres (impucities) for ail the carbons to be sampld coaectly. 

In 1987 it was reported by Earl e t  al.276 that low temperature (-600C) should be used m 

obtain the most reliable spccîm But, Hatcher and Wilson showed that this was not 



necessary as long as the humic sample was mt highly hy&ated.zn Under n d  humic 

materiais sample handlhg thcre is no hyQatim @lem 

Another pmblem with the CP-MAS is that MAS intedieres with CP. Tbis was 

shown experimentally in 1977 by Stejskal, Schaefer and Waugh.2-78 This interference was 

fimher investigated by Maciel and CO-workers.279~ ~~ It wu found that sample spinning 

narrowed the frequency range over which gcmd 8 wuid take place by the narz~wing of 

the Hartmann-Hahn match (see Chaptes 3 fur a more detailed account of this phenornenon). 

It was suggested by Maciel and CO-workers that rhis problem wuid be OYerOOme by 

mechanicd manipulation of the spinning al. But, these approaches are complex, not 

commerciaily available, and not suitable for al1 types of samples due to the relati'vely long 

delays (0.5 - 5 s) involved. It was suggested by Zbang and Maciel to use Blochdecay 

acquisition (without cross-polarisation) for samples tiigh in carbon, and low in 

paramagnetic @es, md/m large ( 25  -3) rot ors.^ However, c m n t s  can be 

produced in these large mars which in tmn cause magnetic field inhomoge-neity problems. 

In 1989 a seminal papa was pubiished in which it was stated that the best and w s t  

quantitatively reliable B - M A S  1 3 ~  NMR spectra can be obmineed with low fielcl 

instniments and slow spinning speeds.2-83 From the discussion above the standard 

pratocolforB-MAS ~~~~~onhumicmatedshasbecome: spinmngrateof5kHzor 

less (rotars and spinning systems capable of higher spinning spceds were not commercially 

available untii recentiy, and werie in fact cmiy availablc in vuy f w  iabs [appmximarely 5 to 

10 laboratories in the wurld]); a contact t h e  of 1 ms; a delay of 1 s; use of a low &Id 

instnunent (2.3 T) if it is available; and use of single amplitude 8. 

However, since 1989 MAS probes have becorne commercialiy avaiiable which 

allow spinning rates up to 20 k?& and this has been coupled with the prolifkration of hi&- 

field 0-MAS instnimnts with thtir greatly enhanced scnsitivity. Concurrent with this, 



modifications have been developed for the 8-MAS puIse sequenœ to aileviate the CP 

problems caused by high speed spinning. These pulse sequences can be grouped into the 

following categories: Hartmann-Hahn cross polarisation sequences with with the foilowing 

modincations phase manipulanon2-84-2.88, fîquency maniphion 2-89, or amplitude 

manipulation m u s ;  palsed polarisation-transfer methais 296,297; or adiabatic 

polarisation-uansfer methods 248*238-z101. In pnnciple, a methoci which uses transfer 

through an adiabatic demagnetisationdema~tisation scheme in the mtating frame would 

be the method of choice, as this approach leads rheoretically to the maximum achievable 

transfer of spin order.2-102 However, in practice this approach has many limitations, as 

has besn pointeci out by Ernst and ccew&ers.239~ Zlm As weil, this approach is of 

extremeIy limited applicability to cornplex hctcrogenews samplcs. The most promising 

pulse sequence for large macromolecules such as humic substances, is known as ramped 

amplitude CP (Ramp-~p).29~ W~th ncent advances, it is appropriate to examine the 

effects of high fields and high MAS rates when used with Ramp-B-MAS NMR far humic 

substances, as is discussed in chapter 5. 

222 The Functiodiry and Shucmre ofHumic Materiab 

The use of NMR on humic materiais, quite simply put, tumed the whole study of 

h d c  materials upside-dom The nasw for this is that from the first NMR studies, the 

importance of aliphatic and carbohydtate maieties became much more apparent. It also 

became obvious that aromatic moieties were na the higbly dominant camponents they had 

b e n  believed to be (mainiy based an degradative studks). The degradative mgs are 

based on less îhan a 1/3 carbon mas rccovery, &y in the range of 5% or les. Because 

of this and other concems, these studies have ken questioned.~103~ 2Xb4 NMR 



specuoscopy is now CdllSidered the reference method fur analysis of humic matcriais, but 

as discussed above it is not perfect aud great care must be &en in carrying out the 

experiments and in the interpretation of the data. 

As discussed above, the early 1H NMR studies on humic materials by Schnirnzr 

and CO-workers showed no ammatic signal. These resuits were interpreted as indicating 

that aromatic Rngs must be highiy snbst ibid235~ 2.36 Due to the poor quality of the 

spectra, little couid be establistied. It seems that there may have been a belief that the poor 

quality spectr;i wese interpreted as indicating that there where no other moieties in the 

sample 0 t h  than fWy functionaüsed aromate rings (tbis is the only interp~ietatim that can 

be made by this author). Further study showed that aromatic hydrogens couid be detected 

by 1H NMR far humic materials, as discussed above. This was then foiiowed by 13C 

NMR studies. In 1976 Vila et. al. obmined the fïrst truly resolved 13C NMR specua of 

two humic acids and a N v i c  acid in which some ammatic signal was fo~ncL.2~3 These 

hdings where supported by more impmved 1% NMR work on humic mamîals in 1980 

and 198 1.24.258-260 Fiom this work it was also found that humic acids were more 

atomatic in nature than fiilvic acids, and that on the whole huniic acids containai ktween 

25% and 33% ârnmatic catbon. However, a 1 3 ~  NMR study by Hatcher, Schnitzer, 

Dennis, and Maciel in 198 1 reported tbat swie humic mamiah were found to be between 

35% and 92% aromatic, with 6 out of the 10 tested beiig Sû% or more ammatic in 

m f m . ~ l o ~  In the same year Hatcher, Maciel, and Dennis pubiished another paper in 

which *C NMR rcsuits indicated that no hurnic acid had an aramatic content higher than 

46%.2106 It is also interesthg to note that one of the samples was the same in both sndies 

(Armadale humic acid), and was tested under the same conditions. In the first study (ref. 

2.105) this sampie was repmd to have 35% of its detectable carbons aromatic, whik in 

the other study (r& 2.106) it was found that only 25% of its detectable carbons wae 



aromatic. In 1985 a strong quesiun was r a i d  about resuIts on humic mamiais which 

gave high aromatic content2lm This led to a debate in the 1imamre.2~04 2107 III 1987 a 

mmprehensive study was pubfished in which it was cuncluded that humic materials were 

not highiy ammatic, aad that the notion that carboxyI grogs in humic substances are 

aiways attached to aromatic rings is cleariy inappiopriate.274 It is now weU estabbshed 

that humic mamials are n a  as highly aromatic as once befieved, and that in some cases 

aramatic moieties may be a very srnail tninœity. 

However, the d e  arwiatic and carbohydrate moieties play in seu~nrre and, 

especially, functionality has not been wdi established. Apparently, no q a m m i c  NMR 
/ . 
"study of a Mvic acid and humic a d  k m  the same source bas been carried out (no 

published report could be found). In Chapter 6 a systemabc study of LFA and LHA in 

temis of f u n c t i d t y  and snucaae (structure in hurnic rnaierials is an eIaborated concept 

compared to classic chemisuy and is more a k h  to the concept of saucarrie in biochemisuy) 

is reported. 

2 2 3 Metal Binding Study 

ûniy two references m humic material metal binding studies by NMR cwld be 

found Neitha of the two studies was systemaac. In the work by Preston et. al. nanaally 

bound copper produced the observeci effect 2.108, and in the study by Pfeffer et. ai. only 

one concenaation of F e 0  was added w a hrtmic material fiom a sewage waste ueaunent 

plant.21~ In both stuâies it was found that it was the carbohydratc moiety signal which 

was a f f d  by metal ions and not the ammatic moieties, in contrast to long held concept 

that it is the aromatic moieties which play a major role in metal tiinding?l*P zrm 



In chapter 7 the fkt systematic NMR d y  of metal binding to hudc  material is 

presented. These results ate then compad to the luminescence metal binding d t s  also 

reported in chapter 7. 
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Chapter 3 

Theorg 

The foliowing section is aimd at giving nadas the theoretid backgmd they 

need to underseand the rcmaiader cf the presented wodL Basic NMR t b r y  is mt coveried 

hexe th- are rriany excellent monograpbs on the subja3-l-3-l1 This chapta is a 

compilation of refc~tlice wadrs and seminal papas pertinent to the pxesented work, thae 

are also new insights as welL T'hem are two sections. In section 3.1, Solid State NMR: 

the -nt care solid sfate NMR thcory is prescnted dong wirh mire advancd theay 

wtiich alIows the reader a deepa and fuller understanding of 8, MAS, and their 

interaction. 'IZus more advanced theory is needed to M y  appreciate the CP-MAS NMR 

approach developbd in Chapta 5 and applied in Chapters 6 and 7. The basic tbeory is 

maùily basedon the foilowing wmks 3.6,3.7,3.9,3.10, 3.12, 3.13. Fwthe more 

advanced th- refetences are given in the text In section 3.2, Luminescence: basic 

luminescence thcory is presenteü, as weii as m m  advanced theury on synchrmous 

lunrinescence specaoscopy and luminescence quenching. The basic 1-ce theory is 

mainiy based on the following works 3.143.19. for the more advanced theay references 

are given in the text 

The veq basic theory has bœn mvaed in m a t  undergduate programs in 

chemistry. Howevu, typ idy  NMR and fluorescena receive linle attention, especially as 

analytical tools. Yet, both techniques are imposant and vay p o w d  tools in 

environmental s c i e n ~ e . 3 B ~ ~  In addition, NMR is corning of age in the field of 

enviromntal chernimy as is indiratcvl by a very rccent momgraph (1997) entitled 

'Wuclear Magnetic Resonance Speammpy In Envimnmental chemisny''.3= Also, tbe 



more NMR is used for environmental shidies, the more its application in enWonmental 

studies wiU grow and expand. 

3.1 Solid State NMR 

NMR can be done in the gas, liquid, and solid SUE. However, due to its iatierent 

insensitivity, NMR is not usually d e d  out in the gas phase, because of concentration 

limits. B a d  on this amcentration argument it would seem that the best state to do NMR 

on is the solid state. in fact, the first tme NMR publication by Purceii et. a1.3-a was on the 

solid state, very quickiy followed by Bloch et. d 3 - U  NMR w d  on the liquid state. It 

should be mted ttiat thc two groups inclependeutly deveIoped ttieir wark and sabmiteed fa 

publication witbin a month. However, over time the liquid state proved to be much more 

conducive to NMR, There are two major IEason for this. The k t  is that without speckd 

techniques the solid sazte gives very b a d  qxcmd linewidths compared to the iinewidttis 

obtained in the Mirid state. Also, spin-laràce daxation times (Tls) in the solid s a  are 

very long in cornparison to the Tls in the liquid state, while the spin-spin relaxation times ( 

T2s) are very short. However, over the last two decades special techniques have b e n  

dexeloped which have aliowed solid state NMR to achieve high resolution. These 

techniques have openai new doors to material scientists and, more recently, environmenml 

scientists. High resolution solid state and liquid state 13C NMR have revolutionised the 

way in wfich we look at humic matter, as it aiiows one to look at hctionality, molecula. 

dynamics, metal bincüug, and otha pmperties in an e n b y  new light. Solid sutte 1 3 ~  

NMR is the dominant NMR method for intenogatiag humic matter* and it is ais0 the 

refereuce mttbod. Tn the discussion below the thcary behind the techniques which allow 



for high resolution solid state NMR are discussed with focus t o w d  on vezy cornplex 

heterogeneous mixaires such as hurnic maüer. 

3 1. I Line Broadening 

Line kmiening m the d i d  state occurs mainly because of dipolar-dipolar 

interactions and chdcal  shift anisoaopy (CSA). 

The ircason the dipolar-dipolar interactions cause line bzoadening is that the Zeeman 

energy levels are shified slighîly by Iacal fields around the nucleus caused by the 

neighbouring nriclei. These local fields will vary depending on the number of nuclei that 

have spin up or down. niese variations in local fields cause variations in the Zewian 

energy levels, and correspond to siight stiifts in the NMR frequency. These siight shifts in 

NMR fkquency are be mdom and cause line broadening. 

The dipolar-dipolar interactions can be expressed mathematicaily as follows: 

In the liquid smre cos2 Ou is 1B. because of random tane averagiug (se below). In the 

liquid state there is random motion and reorientation due to Brownian motion, thus the 

time-average nilue of cos2 Bu Win k: 



Thus, 3cos2 - 1 tirne-avezages to zero, due to the random and rapid molecuiar turnbling 

due to B ~ 0 h a . u  motion, and dipobdipolar broadening vanishes in the liquid suite. 

However, in the solid state Ulis is not the case. For soli& equation (3.1.1), in the 

the-averaged farm, is; 

where /3 is the angie between the macmcopic sample and the app1ied magnetic field, BO. 

Befon we can understand how chdca l  shift anisutmpy (CSA) influences 

linebroadening, we mua h t  explain CSA. CSA arises h m  a non spherical electron 

density distribution amund the nuclei. For I ~ c  NMR it is @culariy important for 

ammatic, C ~ O X Y ~ .  and aikene moieties. If one now wnsiders two ammatic rings, one 

with its plane nomal to the extanal field aad the otha with its plane p d e 1  to the 

magnetic field, the effect of the Bo field will be v a y  different Thus. the local field, Bk, 

wili be different which m a i i s  there will be an anisotmpy in the chernical shift, Le. CSA. 

In îiquicis, because afrapid and randam molecular tumbling C M ,  heùmadening is 

not a problem. But, once again fa soli& this is not me. In solids Merent nuclear sites 



wïü have, in generat, different ~ t a t i m s  with respect a, Bo. This msns that here will be 

a distribulion of local fie& hence a distribution of NMR frequencies, which leads to 

linebrioadening. In soli& the chernical shielding parameter, %, is; 

where B is the angie betwcen and the macroscopic sample (Le. the mur or sample 

holder), while x is the angle between Bo and the principal axes (e-g. the planes of the 

aromatic rings) of the sample. 

3.1 2 The Magic Angk and Magic Angle Spinning 

Upon inspection of equatious (3.1.3) and (3.1 -4) it can be seen that by ailowing 

3 cos2 - 1 = O. both equations reduce a> the liquid form. Thus, by choosing = ~ 4 . 7 ~ .  

the two major line broadening mechaaisms in solid state NMR are oveCEOme. This angle is 

known as the "magie" angle for obvious reasons. Ia d e r  w time-average the sample must 

be spun. Thns, by mamscopic sampIe rotation about an axis tiited at the magic angle to 

the static extemi field, Bo, a iiquid like condition is reached (note vector notarion is 

dicontinued h m  here as it is not nadeû)), This technique first proposed by Lowe and 

Andrews independently, and is known as magic angle spinning (MAS).~.Z~. 327 

In practice MAS can actually also cause iine broadening. The two most Mpartant 

cames of this &ect for non rigid SOI& are discussed below. This discussion is absuacted 

from much m m  demiid works on tht subject 3-%331, to which the readcr is r e f '  for 

afidltheoreticalexp~on. 



Motionai modulation can provide pathways for reIaxati011 in a solid and thus cause 

line brosdening. One such rnechanism comes about ùy d e c u I a f  motion at the h q ~ e ~ l c y ,  

ow, which wmspcds tu the decoupling field strength, B~H, whcre ow = 2 m 1 ~ =  

MM. The cnsning îmnsverse relaxation aime, Th, contributes (IrT2&-1 to the 1 3 ~  line 

widh If the proton imdhbn is applied exactly on resonance, the sample spinaing 

muency (rate), = 2mr, is much smaiier than ww, and the motions dominating T h  

occur at frequencies much d e r  d m  the carbon Lamiior frequexicy- The expression far 

the motional inducecl rekafïon rime is; 

where MF is the carbon-proton VanVleck second momwit ~ g n c s s e d  in rad2/sec2 and Jm 

(aw) is the rpecIai density of motion at oiw given by J,  (a) = g(~) arp(i<m) d z  

For motion that is isotropie with a single c~rzelation tirne, T~, and an exponential 

auto corzehtion function g(.r), J,  (a& is given by; 



3.122 Motional Modulation of the Resonauce Frequency Via Chemicai Sbih Aniswopy 

A loss of phase coherence in the transverse 1342 magnetisation r e d h g  h m  

motionai modulation of the resonance ftequency via the UC CSA is the d mechanism 

for line broadcning in 1 3 ~  specaa resulting h m  molccular motion. 

When a sample is king spun at the magic angle. each 13C msmance undergoes 

periodic changes in resonance fiequency such that all of the mean resonance values are the 

same for chemicaliy equivalent carbons over a rotationai pexiod, T,. Hence, at r = nT,, 

where n is a positive integer, there will be a macioscopic coherience in the transverse 

magnetisation. These periodic coherences are lcnown as "spin echoes" For the 

understanding of line broadening due to the modulation of the CS& it is essential to 

recognise that the mean fiquency averaged over the Tr is dm If a molecule executes 

a Ceorientationai jump at some point dining a Tr interval a specinc phase errw wiil be 

inducxi at the next echo. The phase error, and consequentiy, the Iine tmiadening will 

depend on the geometries imrolved and on the relative time of the jump within the intemal. 

These jumps are simple changes in spatial orientation which leme the -pic chemical 

shifts unaffecteci, as opposed to jumps between conformationai minima which do produce 

changes in the isoûopic chemical shifts. Because of averaging over a coiiection of spins 

these individuai phase errors appear as a demase in the amplitude of the next echo, thus 

producing relaxation dcscribed by transverse relaxation time Tw and linewidth Aub= 

(1rT2~)*~. The dephashg efftcts of a jump are n a  cumulative over subsequent intervals 

unless the mean frequency changes, as it might in wnfarmatiod jumping. 

In order to estimate hewidth contributions ataibutablc to thesc mxientational 

jumps, a distinction is made btwcen two limiting cases for which a singe jump usually 



causes either a large ar a smaU mdom phase erra at tbt timt of the next echo. These two 

regimes are imown as the "strong'' and "weak" collision cases, rrspectively. 

A single event usually produces a large phase emx in the strong coUisim case 

when the two following conditions prevai17 as show by equations (3.17) and (3.1.9) 

below . 

where AG = mot-meamsquare UIstanmeous change in chemical shift due to the jmp,  and 

' F ~  » cd, , when = the m a n  tim between jumps. When this is the case, T a 7  the 

msvae 13C relaxation time associated with the r n e c h m  is: 

In the weak collision case the T a  mua consis of weak events and the relaxation 

~ e s p o a d s  to the dinusional loss of phase coherence. If one or both of the following 

conditions prevail 



The above equation can be simplifled in tcmis of slow m fast motion of the 

m o l d e ,  In the case of slow mo1ecuIar motion (fast sample spinniag) rC2 » (el2, and 

~ ~ - 1  is proportional to w-2rc-l; whereas for fast motion, cc2 « (@)-2, aid T a  is 

proportional to cc. Since it is n d y  desind to chwse as f s t  a sample spinning 

fkquency as is needed to prevent spinmng sideband interference it is usual far equation 

(3.29) to apply. 

In the in- region where .\IzwrrC f 1, both coherent spatiaI averaging 

(which pexmits line narrowing in the snong coIlision iirpit) and incoherent averaghg 

(which ailows line namwing in the weak collision limit) desmctively interfere with one 

another resulting in hadeneci NMR Iines. 

The following two qations c m  be derived h m  the discussion abave. For a 

difhsional modei; 

and for an anisonopic diffiisi0na.l modei; 

Bo& of these e~uations suggest that at a sample spinning muency, 4, of 025cthae 

should be substantial line narrowing. 



3.I 3 Spinning Sidebands Due ro CSA through MAS 

The CSA i n d o n ,  in the thne dependent form due to sample spinning, can be 

expressed ad32 

Fiom quation (3.1.14) it can be seen that the interaction is periodic with respect to the 

sample spinning fhquency, COr / ZR= f,. It can be shown that this tirnedependence @ves 

rise to a series of echoes separated by a time interval of fr -1. These echocs arise because 

of a refocusing of the magnethion due to the spinning of the sample. In the spectnim 

these echoes wi i i  appear as spinning sidebands separated fimm the central line at £cequency 

intewals equal to the spinaing fÎequency cu,. Spinning sidebands wiii only appear if the 

CSA interaction exceeds the spinning kquency wr . Thus, as one spins the sample faster 

one not only spreads out the sidebands but also reduces the htensity of the sidebands. 

3.1 A Magie Angle Spinning Speed 

From the discussion above it can be seen that thae are many reason why one would 

wish to spin the sampie as rapidly as possible. Due to physicai reasons th= is an upper 

limit to the speed at whkh one can continuousiy spin the sample. However, it must always 

be kept it mind that high sample spinning spteds are advanmgeous in temis of reducing line 

broadening and spinning sideband spectral distortions 



III practice, MAS is used only to remwe CSA Iine-brPadening &ects and the 

homonuclear dipolar-dipolar interactions of the sparse spins, S (in this work 13C, however 

the discussion wiIl stay generai and use a generalised nucleus 5')- On the other han& 

dipolar decoupling is used to remove line broadening due to he~aonuclear and homonucIear 

dipolar-dipolar interactions of the abundant spins, I (ïm this work lH, however the 

discussion will stay gencral and use 1). The reason for thris is that the spinning speeds of 

approximately 80 kE& are needed to ensure that ail line bniadening due to dipolardipolar 

interactions are removed. To put this type of rotational speed and the forces it causes into 

perspective, consider a 10 mm outer diameter rotor. If one spins this rotor at 10 kHz one 

has gone supersonic and the rotor will expesience a centripetai acceleration (force) of 2 

niillion times that of gravity at the edge. 

An alternative method ofremoving the abundant spin dipolar interaction is to 

operate on the spin part of the interaction rather than the spaaal term. This approach is 

much marie eff-e. The methoci is to modulate the orientation on the abundant spins with 

respect to BO, by forcing the spins to change States at a very fast rate compared to the 

frequency of the M and 1-1 interactions, thus reducing Hf, to zero. To accompiish this 

one must apply rf- irradiation at the I spin frequency at SuniCient amplitude to "decouple" 

the interactions. The power required to cause complete decoupling is on the order of 1 kW, 

and the technique is knom as dipolar decoupling. For cornparison, typid power leveis 

used for scaiar decoupling, decoupling J-cauplings, is on the d e r  of 1 to 3 W. 



3J.6 The Sensifivity ProbZem, Long 1% Tl, d Cross PoMat jOn  

The low seI1SitiYity of NMR has aiways been a pbIem, This has been espdally 

the case when one studies a nucleus that is scaxce and has a low susceptibility value, for 

example 1 3 ~  It would be very nice to transfer some of the signal fiom an abundant and 

highly susceptible (in NMR tams) nucleus, e.g. lH, to the sauce and low susceptibliîy 

nucleï. This can be achieved by a technique known as aoss polarisation (8). For soi& 

it is SuffiCient to use a thermodynamic treatment to understaad the mss polarisation 

phemmena. HO-* for Qui& a mort detailed mtum mechanical aamient is in 

order. For our purposes a smiplified thermodynamic mode1 wül be used A fidl and 

detailed therrnodynamical tmtment has been given by Levitt et aL.333 AlsoT the treatment 

given here uses the "graphical int&ace7' developed by Marks and vegê3J4 

Cross poiarisation can be achieved by many mechanisms of which the most widely 

used is via simuitaneous spin Ioclcing of two species 'ïhis technique is bown as the 

Hartmano-Hahn method.335 The Hartmann-Hahn mthod aliows for a o s s  polarisation in 

the mtating fiame. For nuclear spin systems having two nuclear types* an abundant spin 

species, 1, and a sparse spin @es, S. the experiment can be achieved by the pulse 

wuence shown Figure 3.5% Receding the 9W,, pulse, thermal quilibration in a large 

sottic magnetic field Bo has taken place. The fim step is to create a large poliaisation of the 

abundant spins, I. dong the rotating b m e  field Ma a pulse. The pulse is 

immcdiately foilowed by applying two simultaneous strong radio fkquencyT rf.. fields Bu 

and Bis  at the 1 and S Larrrmr fkqucllcies, rcspectively, for a period of tirne, commody 

d e d  the contact tirne. 

The spin locking proceùure of the I spin system causes the magnetisation to precess 

about B,n in the rotating h e ,  and the magnetisation WU decay with a thne constant T i p .  
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Figure 3.1: a) Single amplitude 8 and b) RampB pulse sequences. 

It should be noted that the spin tempera- of the abundant spins is now very low. The 

reason for this can be shown by considering what we have just done to the propatio11 of 

spins in the lower energy sface. Under normal conditions this is; 



where TL is the tempera~e of the iattice. But, under the spin lock state in the rosating 

fiame equation (32.15) beçomes ; 

where Ts is the spin temperature. From equations (3.1.15) and (3.1.16) the following 

relationship can be derived: 

Because BO»B,ff, which means thar TL>>T~, we have induced a large augnetisation of 

the 1 spin system via spin locking on the y-axis in the r 0 t a ~ g  h m e .  

At the same rime the I spin system is spin locked the S spin system is subjected to 

rf. irradiation at its own resoaance frequency in the external magnetic field, Bo: 

Since the r.f. irradiation is continuous, the rf. field it produces is constant so that in the 

rotational fiame the S spins precess about BIS with the following angular frtquency; 



A double reso11i1~1œ probe is Qeeded to spin lock both the S and 1 spin systems at the same 

t h e  as discussed above. 

Enrm the above diScussicm it shouid be noted that, in the rotating frame, both the S 

spin and I spin magnetisation have a amponent dong the z-axis, Under the right condition 

this aiiows oommuaicati0~1 between the two spin systems via the Zeeman energy levels. 

When the Zeeman levek are approximately matched the spin systems can exchange energy 

via the coupling producecl by the 1-S dipolar intetaction. The rate at which energy is 

exchangai, i.e cross polarhion, is smngiy dependent on the magnitudes of Bu and Bis, 

and reaches a maximum when the Harrmaan-Hahn condition is fulfilled: 

This condition is ho- as the Hartmann-Hahn maich, HH, and assures that the nutation 

lbquencies of the two nuclear species, w u  and mis, in their respective rotating frames are 

equal. This ailows fa the m a x h m  interaction and thus the maximum exchange (where I 

the abundant nuclear spin species is in most cases the protons, and S the sparse nuclear 

spin species, is commonly 13C). Each type of INS system, where N is the number of Is 

associated with an S in of 8, will have its own distinct HH, but this is not a 

problem in most cases due to the bmadness of the HH prome (see below). 

In terms of spin temperature, there is a thermaI contact between the two spin 

systems at the HH. This thCrmai contact between the two systems will lead to a wambg 

of the I system (very slight tfiough because of the systems large heat capacity and the large 

.si= of the reservoir). At îhe same t he ,  thcre d be a considerable oooling of the S 



system, mauifésted as a significant decrease in the spin tmpmme of the sparse spin 

system dowu to; 

based on equatiom (3.1.17) and (3.1.21). The cooling of the S spins results in a large 

increase in the polarisation (the population diffcrence between the two energy levels), and 

thus a Iarge increase in the &senable signal htensity. In other wards, we have sensitïvity 

enhancement by C'P. The energy a a n s f d  by this process is then t r a u s f '  to the iaftice 

by the I spin-lattice relaxation processes at a rate of Tif (for this wodr T1lH). 

From equation (3.121) or (3.122) it caa be shown that the maximum theuretical 

sensitivity enhancement providecl by cross polarisation is ytrcyS. For 1H to 13C cross 

poIarisation this enhancement factor is 4. Also, because the cross poiarisation repetitim 

rate is based on the proton spin-lattice relaxation rate (wbich is 2 or 3 urders of magaitude 

shorter than the carbon-13 spin-lattice relaxation, T ~ I ~ C ,  an ex- example of Tl 1% is 

the crysmlline component of polyethylene where the TllH is about I second, whüe the 

~~13C is about 5200 seconds!), it may be much higher. Since the signal-@noise ratio is 

proportional to the square root of the number of scans, hcreasing the number of specua 

averaged leads to a large sensitivity enhancement for a set wiïection tirne. 

The system that we are considering consists of two nuclear spins species, I anci S. 

Because the S spins are sparse, S-S interactions can be ignored. In addition, the system 

can be wnsidered as a set of subsystems, cach consisàag of a large number off spins and 

a single S spin. The spin Hamiltonian far this type of system, in the double rotating hm, 

can be written as foilows ( a h  the us& hi@-field tniacations):333 



The  HI^ Hamiitonian repremts the hetmnucIear dipolar interactions, and the Ha 

Hamiitonian reprcsents the homolluclear dipolar interactions. 

The HH can also be shown graphicaüy, as in Figure 3.2. In Egurie 3 2  there are 

two coupled spin manifolds Ma> and IM+lS>. It can be shown that when there is a full 

energy overlap of the rwo ~ o l d s  the HH condition is satisned:334 

which leads to; 

and thus: 

ou = 01s. (3.1.26) 

The heteronuclear dipoIar interaction governs the couphg between the ~ o l &  

Thus, the stronger the hemuclear dipolar interaction the saonger the wupling between 

the manifolds, lbl . The larger the number of Is connecteci or in close proximity to the S in 

question, the smnger the httemnucl~ dipolar interactions. Hence, the stronger the 

coupling betwecn the manifnIds. The energy spread of the manifolds, M, is detcrmined by 

the h-uclear dipolar mtemcbns. ûniy the proton homonuclear dipolar intaaction n d  

to be cr)nsideted. This mcans that the w&er the homonuclear dipolar interactions, the 

narrower the energy s p d  of the manifolds. Figure 3.2 shows two cases, in Figure 32 



Figure 3.2: The energy ovcriap of the coupled IMop and IM+lS> manifolds at the HH. 

The HH profile is shown to the rigbt as a verticai projection (see text for furtha details). 

(tap) the homonuclear dipolar interactbns are strong, while in Figure 3.2 (bottom) the 

homonulear dipolar interactions are weak. It can be seen that the smnger the hommuclear 

dipolar interaction, the larger the energy overlap and the broader the HH. It has been 

shown that the S spin polarisation efnciency falls off h m  the HH on both the higher and 

lower r.f. field suengths of ois as a Lorentzian function?33 Thus, a relationsbip can be 

identified between the width of the HH and the homonuclear dipolar ïntmactions. This 

relatiooship is a modification a fannila already introduced by Levia eL al.333 

where n is the aridth at haif-height of a Lorentzian function, Mlis the second mornent of 

the I spin resonance line, N is the number of 1 spins involved, and f (HII)  is a function of 



the homonuclear dipolar inmactions. This lnrentzian fiincticm is Irnown as a HEZ profile, 

and is shown in Figure 3.2, on the vertical axis. The narrower the HH profile, the more 

imparmnt it is to have an exact HH. 

From the above discussion it can bc seen bat fm highiy protonated carbons in a 

nch proton enviromnt (e-g. aliphatic carbons) an exact HH is les  impoitant than for 

sparsely pmonated carbons in a proton poaf environment (eg. carboxyiic carbons). 

Thus, the HH condition is much more saingent f i  carboxyl type carbons in cornparison to 

aliphatic type &LIS. 

3.1 -7 Cross Poiarisation and Sample Spinning 

Up to this point, the sample d d e r e d  in the cross polarisation discussion has 

been static. Howeva, in the majority of solid state eXpenments, magic angle spinning 

(MAS) of the sampIe is used. In MAS macmscopic sampIe rotation about an axis tilted at 

the magic angle (mc cos(l/G) = 54.4) to the smic field is used This macroscopic 

rotation averages the inhomogeneous anisotmpic interaction Spinning sidebands appear if 

the magnitude of the intaaction exceeds the spuming rate 4. The closer a+ is to the 

magnitude of these interaction the &er the spinning sidebands. These spinning 

sidebands are separated by a+. Thus, to eliminate sidebands h m  the s p e c ~ a ,  one would 

wish to spin the sample at very high speeds. 

Sample spinning also interfms with CP.336339 To understand this me must 

consider b t  how sample spinuhg affects the spin manifokis. Fur simplici'y we wi i l  

concentrate d y  an the i M a ~  manifold, but the same effects occur in the iM+lS> 

manifold With spinning, the IMa> manifold becomes a set of Man> manSolds. The 

IMan> manifolds are a series of states IMm+lo, where the states are separated by m. In 



of the manifiilds under the inauence of sample spinning) deereases, due to a weakening of 

the bmonuclear dipolar interaction. Hence, the faster the ample is spun the SmaUer the 

energy spread of tbe manifnld 

For Cpt0 takepiace, one oftheIMrm>smtes has to becoupIedtooneof the 

IM+lSw states, as is shown in Figure 3.4. This coupiing of manifokïs can also be 

expressed in terms of an HH prose, as is shown on the right of Figure 3.4. The most 

effective couphgs are the 1 anci -1 couplings, foilowed by the 2 and -2 cauplings, whüe 

the sample, the d e r  the e n q y  spmad of each of the IM- and tM+lPt~ states and the 

Figure 3.3: The effect of sarnple spJIlmng on the energy spriead m d o i d s  (see text for 

Mer explmation). 



lower the probability of these staties overlapping. This in tum means that tk higher the 

simple spinning rare* the narrower are the matching sidebands in the HE3 profile. In 

experimental terms this means that the faster one spins the sample, the more pmise the 

condition needed for a HEL 

The hetcroauckar dipolar inmactions are also affiécteci by sample spinning. This 

&ect was nrst pointeci out by Stejskai et. a1336 and is a series of sidebands adogous m 

the matching sidebands in the HH profile. However, the sidebands are a function of 8 

rate, and 8 is the fastest at the sideband's maximum. The w e a k  the coupihg the longer 

the mixing tinie (8 puise contact time) needed for polarisation equilibrium. Thus, the 

fastest poIarisation uansfer takes place on the -1 and 1 sidebanris, foiiowed by the -2 and 2 

sidebands, and finaUy the central band Wgher sidebands are not considered). If a long 

enough contact is aUowcd for CP on the centre band, the same amount of polarisation 

will be aansfêrred as the -1 sideband (if relaxation is neglected).3-34 However, if the CP 

Figure 3.4: The coupling of the one of the [Man> States to the -2, -1, O, 1, and 2 IM+lPw 

states (see text for fiiither explanation). 



contact time is 000 long, then the S magneîisaîion wiU be Iost due to the relaxation of the I 

spins. Thus there is an optimum 8 contact time, Tn. This is because of the iriterplay 

betweea 8 rate and the I spin-lattice relaxation in the rotating fiame, characterised by a 

- 343 .41  relaxation rime of Tl#. This interplay can be expressed by the expression. 

M(t) is the resulting time-rlependent S magnetisatiou, Mo is the maximum equilibnum 

magnetisation of the S qmem in ccmtact with the I system in the absence of relaxation 

processes, rd is the cross polarisation contact the, and TlpS is the S mtating frame 

relaxaamtirne. 

h m  equation (3.128) it can be seen that for a mixture of différent INS systems 

there wiü be an optimum contact time in which the inexplay between Tg and Ti# produces 

a spectnim that is the closest to the real specUum. 

3.1.8 Smnples with multiple HHs 

So far it has been dernmsaated that the faster the sample is spun th le namwer the 

HH prome, and hence the mare precise the HH condition, yr = ois, must be. In terms of 

experimental reaiity, if the sample is n a  being spun at aii or is spun slowly, the HH 

condition can be represented by = y s .  The rtas011 for this approximation is the widtù 



of the rnatching sidebands in the HH profile. Hawever, when one spins the sampIe at a 

hi@ rate, the matching debands in the HH p d l e  becorne narrower. The weaker the 

homonwIear dipolar inOcractions, îhe namwer the matching sidebands in the HH profile 

bemme. Thus, for groups with weak homnuclear dipolar interactions at hi& -Ie 

s p i d g  speeds the HH condition beoomes ou = o l ~  rig~~~usly. ExperhentaUy, this 

rneans that th= m y  be multiple HHs f a  complex heterogeneous samples such as hurnic 

mamials. For this type of sample the classic single amplitude cross polarisation (SACP) 

method, shown in Figrire 3 . 1 ~  will bias 8 for some INS subsystems, and possibly fail to 

allow for 8 altogether. This bias wiil be most noticeable as a loss of signal intensity for 

I'S subsystenis with weak homonuclear dipolar interaction such as Carboxylic groups in 

fulvic acids. 

In ordet to satisfy multiple EMs so that unbiased CP can take place, ont of two 

appmiches can be adopted. î l e  h t  approach is to haden out the mac~hing sidebands 

Although this may saund simple, it is diEicult to do correctiy and requires same knowledge 

of the sample's HH profile. The second appmach is to ay to achieve matching of a l l  the 

HHs. At fjrst this may sound extremely difficuit, yet it has been made feasible via the 

ingeriious rarnped amplinde cross palarisation (Ramp-CP) method proposeci by Metz, Wu 

and Smith.3.42 This is a modification of variable amplitude CP, and is shown in Figure 

3.1 b. Standard SACP, shown in Figure 3.1% allows for only one HH to be satisned for 

the duration of the contact tirne (the duration of the spin lock condition [Q), as the spin 

lock mIPditi011 is maintained on both channels far the entire contact time. (hi the other 

hand, in Ramp-Ci?, only one spin lock is maintained at a fixed magnitude, while the 



ampIitude of the otha spin lock is ramped. In Figure 3.lb the ramp is applied on the I 

channei, but it can as easily be applied m the S chamel. The same results are obtained no 

maacr on which channel the ramp is placed,3-42 ar whetha the ramp is ascending a 

descending- To understand why thh is so is to understand what the ramp is doing. 

In 4nq,1est terms, the ramp is applied to only one of the channeis, wbiîe the 

amplitude of the othcs channel is set sa that at the centre of the ramp the spin lock is aactly 

HHed to the non ramped channel far a reference nucleus, such as the ketonic carbon in 

giycine. Another way of expressing this is that the ramp, when applied on the I channei 

causes < a>is > yl, where at the centre of the ramp a>u= to the refaence 

nucleus. nius, whether the ramp is applied to the I or the S charnel the range of fhquency 

over which the spin-lock condition is varied in search of an exact HH i s  the sam. 

It shouid be notai at this point that amplitude and fîequency can be a hear fimction 

of one another if the amplifiex is linear (sec Appendix A). Hence, the impomnce of 

app1yhg the ramp on the channel with the most lhear nsponse in ams of amplirude and 

fkequency. Thus, by ramping the amplinde on a linear amplifier we m also amping the 

frequency. 

The faster the simple is sppn, the 115v~ower the matchhg sidebands becorne. For 

SACP, if one is slightly off the centre of the matchkg sideband, this errer wil i  show up 

moreandmorethefastathesampleisspuh 'Ihisisespcciallythecaseifthtxearewealr 

hom~nucIear dipolar interactiom, when even the slightest mismatch can cause a substantial 

decrease in the 8 efficiency. This, in tum, leads to the l a s  of signal- This is not the case 

for RampCP since the ramp mers a range of spin-1ock fnsuencies, and wiU hit on the 

one cortesponding to the HH for each nucleus. Thus, Ramp-CP overcomes the 

bdensome, if not impossible, ta& of finding, setting, and maintainhg an exact HE& 

which is ntxessq when spinmng the sample at high spccds. 



Moreover, and of special inferest here, if the sample has muitiple HHs then SACP 

fails. At low sample spinning speeds this is not a Senous @lem due to the broadness of 

matching sidebands, as can be seen in Figure 3.5 Oeft). Even at high spinniag speeds, one 

would expect tbat whexe there are saong homonuclear ciipolar interactions the sidebands 

wiU still be broad emugh to limit the impact of a slight Harmiann-Hahn mismatch. 

However, if if are weak homolluclear dipolar interactions, and the sample is king spun 

at a high spinning speed, SACP wiii lead to vexy poor CP, as can be seen in Figure 3.5 

(right). This in turn wil l  lead to dis& spectra. Ramp-CP overcomes this by sweeping 

the spin-lock conditions of one of the charnels. Hence, it can satisfy multiple HHs, as 

seen in Figure 3.5 (right). Thus, Ramp-CP is very likely to give better-resohred specaa 

and a more accurate depidon of ail Ss in a sample than the classic SACP methocl of 8. 

Ramp-B also overcomes the motional modulation of the CH couphg caused by 

spinning the sample at a high rate, by changing oae of the spin-lock conditions to 

compensate for the spinning eff-3-43 

Figure 3.5: A comparison of SACP and RampCP for a sample in which there are two 

subsystems, each having its own HH. Slow spinning rate and broad HH profiles (Mt) and 

high spinning rate and namw HH profles (iight). See text for fiatber explanation. 



3 J.IO Other Abvaruages CgRanip-CP 

Ramp-CP wül compensate for uibomogeneous Bi fields3M It bas been s u g g e d  

that Ramp-CP may also îake place via quasi-adiabatic 8-3-45 But, a, daie, thcn has been 

no clear evidence that the signal enhancement of Rampe  is not solely due to tbe 

compensario13 of B 1 field ixhmogeneities. Also, the quasi-adiabaric i n w o n  has 

been que~tioned3-~6 

3 J -1 I NMR Specna Line Widîhs and Relaxation Rares 

Th- is a direct inverse relatinship bctween T2 and line widih, as givcn by 

equation (3.1 .N): 

where Avln (measured in Hz) is the spectral line width at half-peak height Tl is also 

related to spectral Line widths by mlecular motions that cause noise. The effect of iiadltced 

transition between energy leveis to riestore the thermal equilibrium (as discussed above) 

conaibute to the spin lattice &maiion rate lnl. The lifetimes of the energy states are 

reduced by these d t i m  which leads to a loss of phase coherence between the 

precessing spins. Because the lifetirne of an excited state is reduced by relaxation 

processes, the ur~certain?y in meamhg the energy is increased by (Me&-h) Ieading to 

spectral line broadening in accœdance to Heisenberg's Uncatainty Priaciple. Thus, any 

p e s s  which increase spin-lattice relaxation rate (IlTi) increaseç line broadeaing anà T2 



r e W o n .  Thus an incrase in spin-lattke or spin-spin relaxation rates (11 '  or 1/Tz) 

aileviate saturation, but cause line broaéening. 

3J -12 Paramagnetic Relaxan'on, Lbe Broadening, and Specaal Simpl@ixûon 

It is Jmown that paramagnetic ions cause an increase in = M o n  rates for boîh the 

spin-lattice and spin-spin modes. This is due to the magnetic moments of unpaired 

electrons king ca 103 times pater than those of the nuclear magnetic maments, which 

causes them to generate much greater local fields. The fluctuions in these local fields lead 

to enhancecl relaxation and the Iarger fields resuiting h m  the piesence of panmagnetic 

@es give m c ~ e  enicicnt nuclear relaxation. 

The relaxation times of nuciei near paramagnetic sites can be reprcsented by the 

SoIamon-Bloembagen equatioas 3-4713-48. Assuming that the elecmmic Larmor 

precdon kquency (%) is much greater than the nuclear Lamior precessioa frequeucy 

(on), they are: 

and 



The fjrst term in both equatims wmes abait because of dipole-dipole iateraicticws between 

the elecnons, e, and the nuclear spin, n, which is chanicterised by a correlation tirne G. 

The secoiid t e m  in both equatim arises due to the modulation of the scalar interactions 
A 

chmcterised by a amelation tgne of T,,. - is the e le~~r~~~-nuclear  hyperfine coupling 
h' 

constant in Hz, y is the magnetogyric ratio of the nucleus king momtami, & is the Bohr 

magneton, S is the total elecaon spin, and r is the dis*irre between the nucleus a d  the 

paramagnetic ion. z,, and .c, am defineci in equations (3.1 -30) and (3.1.3 1): 

and 

where TM is the Me-time of a nucleus in the bound site, is the mt;itimal conelation tim 

of the bound paramagnetic ion, and 'FS is the elecaon-spin relaxation time. From eqiiations 

(3.1.30) and (3.1.31) it can be seen that the most important factor in how much effact the 

paramagnetic centre has on a nucleus is the distance b e m n  the two. From this section it 

caa be concludeci that paramagnetic ions will cause a large de- in the spin-lattice and 

spin-spin relaxation times, although this effect may be less if paramagnetic centres are 

aiready present in the system (as is a wnceni when dealing with fiilvic acid). But, one 

would still expect to see deaease in bah relaxation tims fran the presence of a metal 

pammagnetic ion. 

nius, paramagnetic relaxation manifess itstif in the specaa via Iuic broadening 

which can easily cause certain signals to "disappead' into the baseline. Thus, the regions 



a&xted by paramagaetic relsxation am altaed by loss of appiuent signal inteasity- 

Because of the l/@ distance dependeme of dipolar c~llpIings. paramagnetic rebüion is 

highly diagnostic of tfre Iocaîion of the paramagnetic ion. This p;ir;amagnctic line 

bmaùening will cause specwl changes, as can be seen in Figu~e 3.6, Figure 3.4 illustrates 

the eff' on a simple fiive ooa3poILent spccîmm h figure 3 .k  &ere is no p a r ~ ~ . ~ g n t i c  

ion, wMe in Figme 3.6b a paramagnetic ion is bound at a site. The bound paramagnetic 

ion causes this site spectral cornpanent to broaden (2ndfran the ri@) and it also causes 

spectmI bmdening of the neighbouxing site (2M form the Ieft). Note that the overall 

enveIope is simplined and the qmûnùd compomts emerge for easier identification. 

Thus, the region of the spectnrm which conitsponds to the moiety or moieties to which tfie 

pa-amapietic r c M o n  agent has b o d  wdi be aItered by Ioss of signal intensity. 

As well, in CP-MAS paramagnetic relaxation affects the 8 pnxxss via a reduction 

in the Tip% (spin-Iattiœ relaxation in the mtating hme) of the protons. The TiplEls a n  

be so severcly reduced that they relax kfae 8 can tdce place. Thns. in a 8 1 3 ~  NMR 

Figure 3.6: The effect of a paramagnetic centre on line broadenkg in NMR a) is a 

hypothetical spectnnn with no bound paramagnetic ion, whilt b) is the same but with a 

paramagnetic ion bound (sec tcxt for details). 



experiment the carbon cmmmd to these protons would be rendemi invisiik and lead to 

firrther sia3pIincaticm of the spectrum. 

3.2 Luminescence 

LummescenCe refers 00 any emission of el-gnetic radiation (usually in the 

uhavio1et or vislib1e ngion of the specaum) fiom an excitai state. Therie are two ruain 

forms of organic 1-ce: fimescence, a spin allowed transition fiom the singlet 

excited state (Si) to the &@et p u n d  state (Sg); and phosphorescence, a f d y  spin 

f o r b ' i n  transition frorn the triplet excitai staî~ (T'r) to the singlet ground state (note: that 

in this &on 1, S, and T are redeûned), This is shown graphicaiiy in Figure 3.7. 

32.1 Absorption of L i g k a  an Analyticui Measwement 

Cwsider a molecuie in its lowest energy state, known as the electronic grouad state 

(So). When this molecules absorbs light, the molede is promoted to an elect~~nic excited 

state (S 1). When a molecuie absorbs the light the radiation power of the exciting light beam 

is decreased. Moledes  wil l  ody absorb light of specific wavelength or wavelengths, 

which can be chosen by the use o f  a monochrornator (a prim, grating, or a filter). If one 

knows the radiant power (energy pcr unit rime per unit am) of the light beam befare, Po, 

and aber, P, it passes through a q I e ,  then me can define transmittanct, T: 



Figure 3.7: Scnne of the physical processes that take place after a molecules adsœbs a 

photon (set tem for firnber details).3-14- 3.15*3-18- 3-19 

If we now COIlSider what happens to P when the light beam passes through an 

infinitesimally thin layer of solution with a thiciaxss of & then; 



where d?' is the denease in powa, c is the collceniration of the absarbing species in wlar 

units, and ô is a proportionaiity constant if we n g e  and integtate equatïon (32.2) 

with the following limits P=fo ai- and P=f at &. then: 

Denning absorbance, A, as A=-log(PIPg), and mdar absorptivity (or extiation) 

coeffitient, E, as (fi / InlO), equation (3.2.3) can be rewritten as: 

A = Ebc. (3.2.4) 

Equation (32.4) is known as the Beer-Lambert law (mare cornmoniy caJied the W s  

hw). Equation (3.2.4) neeüs to be rmdified to take into account the wavelength 

dependence of absorbance. Thus, the Beer-Lambert law in its fînai fann is; 

where il stands for the wavelength of Iight. The molede, or its part, responàble for the 

absorption is known as a chromophore. 

32 2 Relaxafion of the Excited Srate 

The excited state must rem dom to the ground s a c .  The processes resposible 

for this are co11ectively known as relaxation. There are two major fomis of relaxation. The 

first is via non-radiacive relaxation pathways, while the second is via radiative reIaxatim 

pathways. The fnst set of patbways, are as foiiows: 



-htemalc~aversion;anargaMcdeculecanconvertits&tedstatebypassing 

h m  a low vibrational level of the upper s~ate to a high vibrationai k W  of the 

lower mue having the same spin as the initial acited elccaonic state, and 

- in- CLiDSSing; an arganic molde typically msses hm a singiet excited 

state inm the correspondkg ex& vibrationai level of the triplet exciteai state, e.g. 

S 1 to Tl, from the Tl state the molede can intersyst;em cross into a highly excited 

mit iona l  state of Sa 

The second set of pathways, luminescence relaxation by the emission of a photon, are as 

follows: 

- f l u w n c e ;  an organic mlecuie typicaüy r e m  to So h m  S 1 via the emission 

of a photon in a spin ailowed priocess, and 

-phosphorescence: a molecule r i e m s  to So from Tl via the emission of a photon in 

a spin forbidden piocess. 

All the above processes are graphically depicted in Figure 3.7. 

As mentioned above, transitions between States of dinerent multiplicity cg. 

between singiets and tnpIets, are theoretidy forbidàen. However, in reality, these 

transitions do take place because of spin-orbit coupling, although with low probability in 

cornparison to singlet-singlet or triplet-triplet transiti~ns~ Low transition probability Ieads 

to weak absorption bands and the radiative lifecime for rhe Feverse transition (Ti -> So) will 

be Iong. Thus, phosphortscence usuaily aices longer than fluofescence i.e. 

phosphorescence lifetime are usuaîly longer than fluorescence lifetimes. However, this is 

not aiways the case, a chsic example is deiayed fluorescence. 



Figure 3.8 shows a block diagram of a fluorescence spectrophotomet~. If we kt 

the incident radiation inferacting with the sampIe be Pg. Via the Beer-Tambert law, the 

foiiowing relationship cm be derived after the light has traveiïed thnwigh the systern some 

distance bi near the c e n e  of the œU; 

where E, is the molar absorptivity for the e~CitatiOn wavelength. Aféer the ligbt has 

Figure 3.8: A black diagram of a flumimcter* where (i) is the radiation source, Ci) is the 

excitation monochromatur, (iii) is the emission monochromator, (iv) is the detector, (v) is 

the amplifier* and (vi) is the ~econier.3.~~ 



traveiled through the sample some m e r  distance i~ just beyoad the cenm. the radiarion 

is: 

Since d y  the radiafion reaching the centre of the ceil will cause the &on, which is 

monitored by a dit matchkg the centre of the cell, this emission intcnsity, P, shouid be 

propoltionaI to the inadiating power absorbed in this cenaai region of the œil; 

where k' is a Propaitionality constant which arises hm, and depends on, the expeRmeata1 

condition and the emitting m o l d e .  The radiation emitted h m  the centre of the ce& 1, 

has to pass through the sample. However, some will be absorbeci by the solution in 

acOOrdance to the Beer-Lambert Law; 

where r, is the molar absorptivity at the emission wavelength and lq is the distance fium 

the centre of the ceiï to its side, as shown in Figure 3.8. This absorption of emitted 

radiation by the solution is krrown as the "inner filter efTectl', and implies that for optimal 

quantitative fluorescence analysis the solution should have a very low absurbance of &e 

emitted radiation. From equation (32.9) it can be seen that this is the case if & , -), or c 

are smail. Because, only @ or c can be experimentally conmiïed, and the simplest of these 



rwo to conm1 is c, lumimsace measurements are commonly perfcrmd on aute 

solutions* 

The atpnssion for the obsmed emissioa intensity can be obtained if one combines 

equations (3.2.8) and (32.9): 

If equations (32.6) and (33.7) are substituted hm eqmtion (3210). then the following 

expression emerges: 

'Ibus, with equation (32.1 1) we now have the abiiity to calculate observeci emission as a 

hction of concentration* However, the relationsbip is not a simple or linear one. If the 

concentration is SUfficiently low then equation ( 3 2 1  1) is greatly simplifkd, since 

I O - ~ C X ~ ~ ,   IO-^^^^, anci 10-'mhc a wi tend to unity. m e  it is m w a b ~ e  for 

10-'=hc and 10-'m@' to bec- unity, care mua k taken in not aüowing 10-'ac 

to become mity at low concentntions in order to prevent equation (3.2.11) fîom becoming 

equal m zero. If these conditions are satisned rhen equation (32.1 1) becomes @te simple: 

If the foiiowing relation lomA = (elalo)-A = ëA"l0 and the power series expansion of 

ex: ex = 1 + x/l! + x2/2! + x3/3!-. are applied to equation (3212) then; 



wbich leads to the simp1incation of equation (3.2.12): 

If ail the constants are coUapsed into one Le. k = k'q& 1x110, then equation (3.2.12) is 

even fiirther simpiifïed to its final farm; 

Thus, fluorescence intensity shows a linear dependence of c (and Po). 

Luminescence is a much more sensitive measmement than conventional absorption 

(although sophisticated absorption techniques such as themial lensing and Iaser ~g-down 

cavity absorption are very sensitive analytical methods). The hrst tliing that must be noted 

is that absorption is the ciifference between two large numbers to obtain a smaii number, 

while fiuoresceuœ is the direct rneasurement of a small number. A delighdul anaiogy of 

the difference between absorption and luminescence notes thac absorption is akin to trying 

and fhd out a captain's weight by weighing the ship with and without the captain, wMe 

luminescence is akin to just weighing the captain. The second thing that should be nortd is 

that we can increasc the sensitivity of the luminescence mea~uremcnt just by increasing Pg, 

while increasing Po bas litde advantage in absorption. Along the same lines, one can ais0 

increase the sensitivity of a 1uminescc~:e measurement just by increasing the sensitivity of 



the d e m .  Thus, luminescence enjoys a Iarge sensitivity advantage over conventid 

absorption since Iuzninescence's intensity is direcdy pmportiproportional to the incident radiant 

power, Po, wHe absorption is proportionaI to the log(PdP). 

32.4 Some Ckmareristics of the Excited Stme 

A m o l d e  in its griound state has a certain geome~y and solvatio~~ When the 

m o l d e  is fxrst excitecl it dl possesses its ground state pmet ry .  The reason fa this is 

that light absorption takes place within about 10-15 s, i.e. within the period of vibralion of 

the light wave. However, dduring this time periud the nuclei of the atoms in the molecde do 

not appreciably change their position or momenta, due w th& much highet niass. 'IZius, 

the nuclear COIlf?guration and relative motions in the excited state are identicai to those in the 

ground sme immediately before absorption ocmred. This is known as the Erank-Coodon 

principle. However, very shonly a .  the excitation the solvation and geomeûy rdax to 

the wist fawurable d u e s  far the excited state. When a molecule luminesces it remm to 

the g r o d  state but temporarily remins the geometry a d  solvation of the excited state 

and solvation 

and solvation 

- s1 W3.h s1 geometiy 
and solvation 

- q J " t h S 1 m m w  
and solvation 

Figure 3.9: The reason why there is a red shift in the emission spccaim compared to the 

absorption specmm.3-19 



bef~it~elaxesmthemostfavourab1egeo~andsolvationofcbegraund~. Thisis 

shown in Figure 3.9, The net effcct is that the energy emitted is less than the aiergy 

absorbed dmhg excitation. In terms of wavelength, the CmiSSicm wavelengcb will always 

be longer than the excitation wavelengîh. This is d e d  the Stokes shift. 

The ex&d state is also chammrid by a MetMe 7. When the excitation swrce is 

withchm, the luminescem intensity decays in accordance to a 6rstaderrate equaeicm, 

ie. exponentially with tirne, 

where Io is the intensity of anission w k n  the excitation source is present, I is the intensity 

at time t after the excitation source is removed, and 7. is constant dehned as the mean 

decay tirne for the enijssion process or the mean lifetime of the excited state. AltanaaveIy, 

where kt refers to the luminescence decay rate constant correspondhg to the Iifetime 7. 

However, 2. is the observed lifetime but not the inainsic lifetime, CO for radiative decay. 

The lifetimez., is detcmiined by aU the deactivation pmcesses, both radiative and non 

radiahive; thus; 

whae , the lumix~esctnce quantum ykld whkh, in ihe absence of extemai quenching. 

is defined as follows: 



a: = nPmber of lumiuesce~lce quanta emitred 
numba of quanta absorbed to a single mcited state ' 

As can be seen in Figure 3.10 f l u ~ f e ~ c e ~ l c e  has four dimensioas. Tbeseare: 

excitation wavelength, Â, and ernissim wavelength, &,,; @oth typidy coatrolled by a 

monoc-), lifetime of the excited state; and the emission intensity (neither 

instmmenUy controlled). The emission waveIength and the excitation wavelength can 

both be manipulaîed by the instrument operator. This manipukition cm be done to yield 

fou types of specaa: 

- an anission specmim; m obtain this type of spectnim one main& a constant 

da, and varies A, at higher wavelengths; 

- an excitation spccaum; m obtain this type of spechum one maintains a constant 

Lem, and varies il, at lower waveleugtbs; 

- a synchronous specmim; to obtain this type of specîmm one Vanes both ;I, and 

Â, with a constant offset (with the it, being at lower wavelengths); and 

- a 3D specaum; to obtain this type of spectnun one, in effect, cornbines a compkte 

set of exnissioo spectra for dl excitation wavelengths in the region of interest to 

yield emission intensity as a W o n  of both Â, and km. 

Both eniission and excitation luminescence spectroscopy are cornmin while the 3D 

technique is gaining popularity (due to the advent of computer conml). However, for 

complex mulacomponent systems such as humic materials, synchronous luminescence 

speammpy has its own unique advantages. The synchronous luminescence advanrage 

lies in how it scans the sample versus dssion or excitation ldescence spectrosoopy. 

For simplification we will only compare ernission specaoscopy to synchninous 



Fi- 3.10: The four dimensions of luminescence (see text for details). 

spectroscopy, but the same holds tme for excitation specu.oscopy versus synchronous 

spectroscopy. One obtains a syncb~~~~ous spectrum by exciîing at & and monitoring the 

emission at &+M and then repeat tbis at a highcr A', scanaing step and monitoring at 



Â'dAA., where M is the ofkt between the &sion aad excitation mom- 

This is ccmtinued until the whole specual region of intaest has becn monitmd 

Figure 3.10 shows how aü four types of spectra are obtained. It can be seea that 

emission, excitation, and synchronous spccaa can cach be mated as a subset of the 3D 

speanm. From Figure 3.10 it can be seen that an emission specrnim is, in I t y ,  a 

horizontal slice through the 3D specaum, and can be looked at as a 2D signal matrix, 

consisting of an intensity (I,) and an emissioa wavelength (u, and can be expressed in 

the foilowing manuex; 

Synchronous luminescence can be louked at as an al-ce 2D siice of the tbree 

dimensionai signal maaix, as shown in Figure 3-10, consisMg of a intensity (I,), 

excitation wavelength (u, and emission wavelength (&,,,), and can be expressed in the 

following mamer; 

But, Â, can be made a function of ;.l, as shown below: 

where M is the constant offset betwem the excitation and emission monitors. Thus 

equarion (3.221) becomes: 



1s = &+M-). 

Fmm equation (3.2.23), the foilowing equation can be deriv&35l 

1, = KcbE,(il, - AA)E,,Am, 

where K is a constant, c is the concentfation of the anaiyte, b îs the thickness of the sampie, 

and E, and E,, are defined as the inttilsity distribution patterns of the excitation and 

ernission, respecrively. Eqmi~qwition (3.2.24) can also be written in the foiiowing form: 

Equation (32.24) can be considercd an emission s p e m  with a synchronously scanned 

excitation wavelength, and equation (3.2.25) can be considered an excitation qecmm with 

a synchronously scanned emission wavelength. 

Synchronous luminescence interqates the luminophores, Lo, very differentiy chan 

emission luminescence. In mission luminescence only a single excitation is used per 

spectnim, and if the chosen Â, does not excite every Lo then d y  a fiaction of 

luminophores wiil show up in the sptctnun. In synchronous luminescence it is the Ak that 

determines how mmy luminophores will show up in the spectnim. Due to the Stokes shift 

phenornena, the disuibution of luminuphores shown in Figue 3.10 is actually a close 

representation of what the real disaibution of luminophores would be in a cornplex 

multicomponent system such as a humic matcrial. Thus, if one chooses the correct LU al1 

three luminophaes d be sampled. In other words, synchromus luminescence cüredy 

excites the Lo which is being moMtored for a sezîes of wavelengths. On îhe other hand it 



wouid take thme separate emission spema to sample a i l  tiiree lnminaphs in Figure 3.10. 

Syncümnous lirminesoence wiU aiso g d y  @e specka with gnater dcrail than 

emission luminescence, The reason fm this arises fiam the fact that w obtain struame in 

an emissicm spec3mm the intensity distribution of the d s i o n  mnst have stmcüne. On the 

other hand, far synchrionous luminescence if the i n w t y  distriiution of the either cmission 

or the excitation has mcture tIien the synchronous luminesœnce spectra WU have 

suucture. Also, the peaks in synchroms iuminescence are namwer and simplined than 

Figure 3.11: a) Excitation and emissicm spectra, and b) the synchronous Iuminescence 

sipal, of a hypothetical luminopb.351 



those in emission lumïmxence, as shown graphically in Figure 3.1 1. The line namwing 

cm be as much as l /d.3-51 

Sinœ synchronous luminescence samples a wider range of luminophores and it 

dœs so in finer detail, synchroIious luminescence is a mare explicit mol and bmtr at 

resolving the individual companents of the luminescenœ signai 

32.6 Fluorescence Que~ciiing 

The luminescence intensity for a Lo that one observes is pmpartionai to the aaiount 

of Lo in the excited state, la8. Ifthere is constant illumination at an -te 

wavelength then a constant population of the excitcd state is cstablished. Thus 

*/& = O. The differential equatims describing In* in the absence and pmence of a 

quencher are as foliows: 

where f ( t )  is the constant excitation function, V = t-' is the decay of the in in the 

absence of a quencher, kq is the bimolecuiar quenching constant, and [QJ is the 

concentration of the quencher. Equations (3.2.26) and (3.2.27) yield; 

where Lg and L rn the observed lumineSce11ce intensities in the absence and prescnce of 



qnencher, resptctivc1y. Another way of obtaining equation (3238) is to consider the 

proportion of excited Lo, reiarive to the total, which dccay by emission, this consideration 

leads m;33 

where Kg is the Stem-Volmer quenching constant. Both equation (32.28) and (32.29) 

are the Stemvolmer equation for collisionai quencbing can be written in a very generaliSed 

fom as: 

Up to this point only quenching resulting h m  diffusive encounters during the 

lifetime of the excited smte has been considered. This is a timedependent p e s s .  

However, quenching can take place by complexation, where the new complex does not 

luminesce. This type of quenching is hown as smtic quenching. 

The dependence of the luminescence intensity on the quencher's wncentration can 

be obtained if one coasiders the association constant for the complex forniaton, which is; 

where [LoQ] is the amcentration of the complex and (Lo] is the concentration of the 

uncomplexed luminophore. Thus the total concentration of the Ln is; 



By substitution ofequation (3.2.32) inm equation (32.31) one obtains; 

if the luminophare cmcenuations are replaced by the luminescence intensities, eqdm 

which is once a agah the Stem-Volmer equation, ani 

constant.3-18 

i Ks is the Stern-Volmer quenching 

It sh& be mted that the complexed luminophores do not luminesce, thus only the 

uncomplexed Lo is observai. This means the uncomplexed fraction is unpernirbed, and 

henœ the lifetime is .t . Therefore, for static quenching, .l/z = 1. In contrast, for 

dynamic quemhing, &IL = f / z .  

Howwer, humic materials are, in al1 likelihood, multiple luminophm systems (in 

fact LFA is a muinple luminophore systern as shown in Chapter 6). A slight -cation 

must be made m the Sm-Volmer equahon to take this hto 8ccount3-54 In the following 

derivation a nvo-luminophore equatim is derivecl. The two lUDpZlOPhories have differe~lt 

accessibility (quenchers have diffkrent accessibility to these two Iumiclophores), and it is 

a s d  that ail 1-m wi i i  adhere to the Stem-Volmer law; 

where the 'ü" subsxipt once again =fers to die luminescence in the absence of a quencher. 



If we now consider the case where is not accessible to the quencher then the 

S tem-Volmer equation becomes; 

where K is the S m - V o k  quenching constant. Subuaction of eqriation (32.36) h m  

(3.2.35) yieIds; 

This equation can be rtarranged by inverting equation (3.2.37) foilowed by division into 

equation (3.2.35); 

where fa is the M o n  of the initial luminescence accessible to a quencher; 

Thus, if there are only two types of luminophores a plot of AL /..versus [Q will give a 

linear plot, with a dope f ,K of and an intercept of fa. 

Ab, when deaiing with polymeric system such as humic maîerials, luminescence 

can be quenched by aggregation changes wùich can disturb the special relations needed for 

emission fram dorîur/a~ceptor complexes or Ftirster nsonance excitation to the 

~0.3.55 
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Chap ter 4 

Experimental 

4.1 Materials 

This wmk exploits both the Tauentian fulvic acià &FA) and Laiacatian humic acid 

&HA) exmiami from a forest podzol ficm the area conmiled by Laval Univaity 

(Quebec). They were then prepared and pinined as describeci in refmnces 4-1%42. Both 

LHA and LFA have been the subject of extensive studies, including elemental composition, 

ad-base and metal titration curves, emission fluorescence, FT-JR, 1H NMR and 

MCD.4347 The composition of LFA was 45.1% C, 4.1% H, 1.1% N, 49.7% 0, c 

lppm Fe, and < 1% Ash; that of LHA was 51.9% C, 5.5% H, 2.3% N, 39.9% 0 , 6  ppm 

Na, and 2 ppm Fe (as deterniined by elementai anal@ and atomic absorption). 

The metal sale used were nickel chloride (BDH Lot 2733500L), and cupric nitrate 

(Fisher Lot 874505). The water was 18 Mn produceci by a Barntead Nanopure system 

(miess otherwise stated). 

4.2 Fluorescence 

Both the emission and synchronous fluorescence measurements were made on a 

Photon Technology Inc. Alphascan FiuOTimeter, with the photomultiplier tube operathg in 

photoncou~lting mode using a water mled 70W Xe arc lamp som.  Excitation stits were 

set at IO nm, aiad the emission dits were set at 2 nm. pH dependence measurements were 



performed in accordance to methoch d d b e d  in reférenœ 4.8. Ihe piCosecond 

experiments were canied out at the Canadian Centre for Picoseconci Laser S p t m c q y  (ai 

Concordia University). This apparatus uses a mode locked NWag producing a thgd 

harmonie puise at 35511x11. The haif puise width is 30 ps and the p h  measured had 

energies of 2.5 f 05 mJ. The emission dewy was measured at 455 nm on a Hanimamatsu 

streak carnera with a time resolution of 20 ps. The emitted light was Mewed through an 

interference fWr. Dr. A. Vlœk conducted quite independent nanosecond laser puise 

expeRments which can test the assignment of the longer lifetimes- His apparatus used a 

Lambda Physik excimer laser (308nm, XeQ). The pulse width is 25 ns. The emission 

was measured at 4 5 5  nm and detected by Appiied Photophysics Laser Kin& 

Spectrometex -20 (the signal was captured by a Philips digital oscilloscope). 

The pH dependence snidies were carried out, by Mr. M Pullin and Dr. S. E. 

Cabaniss, with a stock solution of 10.0 mg/L of LFA and 10 m M  K2HP04 (Fisher) in 

MiIli-Q water. pH adjusment was done with small  amounts of HCT and N a m  The pH 

ernission fluorescence experiments used 340 nrn excitation, while the synchronous 

fluorescence measurements were made witb a constant 2û nm offset (a) between the 

excitation monoctm,rnator and emission rnonochnwiator4-8 

For the metd ion sNdies a stock solution of U A  was made h m  0.175@. (LFA 

has been found to have a bidentate camplerciag capacity of 5.8 m d g  [18]). IO mL of 

this stock solution was then added to a 100 mL volumetric fîask and the nccessary amount 

of metal was added to give stoichiometeric ratios of 0.100 to 0.9ClO (1x10-5 M to 9xlVS 

M) metal ion to bideniaie binding sites (M:B.S.) afier which the solutions were diluted to 



100 mL. The sdutions were then adjusted to a pH of either 4.0.5.0,6.4, or 8.0, with 

eibher NaOH or HU. Nvic acid seif bufks .  The emission f l u ~ e s a n c e  experiments 

used 355 nm excitati011, whüe the syncbous fluozesceace mamrements wae made 

with a constant Zû nm offset (M). The s01utions were protected from light and aUowed to 

eqmiibrate fa a minimum of twelve hom. 

The same procedure was used fol making the stock solution fa both the 

picosecoird and nanosecond fluorescence decay atperimnts except the fiilvic acid 

concentration was 0.25 &, and all the tested solutions had a pH of 6.4. These solutions 

w a c  protected fran light and alIowed to equilibrate for a minimum of sixteen h m .  

AU the steady state specfra were smoothed using a 15-point Savitsky-Golay filter. 

The fitting of the ernissicm decay was done using a thne component expoaential decay fit in 

the foliowing manncr; 

whexe D(t) is the signal at time t,, ai is the pre-exponential tam, and .ri is the Iifetime d tk 

luminaphore. The dam was weighted a, the relative intensity and the ailowable emr was 

0.1% with the general fit of the KaleidaGraph software package (fœ the Macintosh 

platform) which uses the Levenberg-Marquardt algorithrn. Tbe nanosecond emissicm was 

deconvoluted in a similar method using an exponentiai decay fit by in house software 

ernploying Marqiiardt's ophimion method- 



The average mtal ion biiding constant,IK41 ofreference 4.9, was caicuiated in die 

following way. Consider the equiJibnunx 

whae SH- reprwents a i l  sïngly deptonated bidentate compIexation sites, and SM is a 

metal ion complexed to these bidentaîe sites In tams of concentration, the average 

eqdibriium constant is dehed by 

This definition carresponds to that used in re fae~es  4.10 to 4.12. 

4.3 Nuclear Magnetic Resonance 

AU solid-sme spccaa whae obeained on a Bruker AM=-300 Spec610meter9 with a 

Bruker B U  probe. The maas osed were 4 mm 09. by 18 mm long Pzconia m m  with 

Kel-F caps. AU calibration such as magic angle settïng and Hartman-Hahn matchhg was 

done on 13C IabeUed glycine, using the kemnic signal. The muid state spctmm was 

obtaineû on a Bruker MSL-300 spccmrmeter, with a BBlO probe, and a 10 mm glas 

NMR tube by Dr. C M. Preston. 



AU soIid state spectra were obtained at 75.469 MHz and a 1 s recycle tirne. A 

standard matact tirne experiment (where the contact h is varied) revealed tbat TlplH » 

Ta, and thus, the cross polarisation experiment does wotk on this sample (see theory 

section for explanation). A 1 s recycle time was found to aliow compleœ relaxation of the 

system (the specua obtained at longer delays where identicai to the speccra obtained with a 

delay of 1 s), as has been reportai by Schnitzer and Prest011-~-~3 

The ramp was applied to the proton channel, because the amplifier for the proton 

channe1 has higha linearity tha. that of the X (13C) channel. The ramp was set so thai it 

was centred on the -1 sideband. The reasons for this are twofold: (i) if the ramp had been 

set on the +1 sideband h g  would have occurred at the probe; (i) it has been shown that 

the signal buildup at the -1 sideband is much faster than that at the c e n w d 4 . 1 u - l 6  The 

ramp was set, in hertz, at the spinning rate, except where the spinning rate was smaiier tban 

the Smallest available rarnp. In this case, the ramp was set at the 8 kHz minimum ( f a  the 

spectrometer used in this study). 

For the spin rate dependence experiments, the contact time was 1 ms and the 

number of scans was 25,500 for both LFA and LHA. For a i l  other experiments, except for 

the contact time experhents, a contact time of 3 ms was used for LFA and a contact time of 

2 5  ms was used for LHA. The numba  of scans for a l l  experiments was 14,400 (except 

for the two dimensional and metal loading experiments), For the two dimensiod 

experiments the number of scans was 12,000, and far the metal loading experiments the 

number of scans was 160,000. For the pulse sequences used in the soiid state studies see 

section 4.3.3. 



AU iiquid state spectra were obtained, by Dr. CM. Preston, at 75.468 MHz Psing 

inverse-gated decoupling, acquisition time 100 ms, a 45' degree pulse and a relaxation 

delay (deooupler off) of 2 S. The number of scans was 98,000 for LHA and 48,000 f w  

LFA. These conditions were chosen to yield reasonably qualitative intensity distributions 

while mainminhg usable signal-mnoise ratios. A full account of the application of this 

method for humic mamiais is given by Reston and Bla~kwclL4.17 

For ail solid state experiments, except the metal loading experiment, the pirrined 

protonated fonn of both LFA and LHA was used. The metal loaded samples were 

prepared in a similar way to the fluorescence samples, except at much higher 

concentrations. 300 mg of fulvic acid was dissoived in the appropriate volume of water 

e.g. 100 ml for the 0.05 M:B.S sample, 150 ml for the 0.10 M:B.S. sample, and 200 ml 

for the 0.15 M:B.S. sample. The volume was chosen so that the LFA in solution would 

just start to pcipitate after the desired amount of Cu (II) had been added Once the LFA 

had fdly dissolved (after about an hour of stimng at medium speed) the desired amount of 

Cu @) was added The solution was then ailowed to air dry for just over a month, a f k r  

which it was t r a n s f d  to a sample vial. 

AU solid samples, except LFA, were ground with a mortar and pestle befare king 

packed inm the mtor. The rotor packing foliowed standard procedures. 

Samples for solution NMR w a e  prepared by adding 2.7 ml D20 and 0.3 ml NaOH 

to 175 mg LHA and LFA. Samples were left to dissolve ovunight, cenaifuged, and 

filtered through firitted-glas n1îers into 10 mm NMR tubes. 



433 Solid Sme 1 3 ~  NMR Pulse Sequenees 

In this section the pulse sequences used in the solid state 1 3 ~  NMR studies are 

discussed (see Figure 4.1). Since tbis section and the th80fy section overlap, the detaiis 

covered in the theoreticai section will not be covered here, howevcr the pulse seqmœs 

used to obtain relaxation parameters are discussed in some detail, 

RanipB is a reiatively novel approach to cross polarisation, fim i n t r o c i d  by 

Smith and ~ w o r k e r s . 4 - ~ ~  The Ramp-CP method of cross polarisation can be placed in a 

family of techniques known as variable amplitude cross polarisation (VA-). The Ramp 

8 pulse sequence is the same as the ciassic 8 (singe amplitude cross polarisation 

[SACP]) pulse sequence except one of the spin-lock conditions is varied continuously 

(Figure 4.la); in this study it is the proton spin-lock condition. Ramp-CP covers a range 

of cross polarisation frequencies centred on the Hartmann-Hahn match 0 frequency. It 

has been shown that a ramp centrai on the -1 sideband gives the best results.4-fi The scan 

range of the ramp is set equal to the spinning rate (although it can be made d e r  or larges 

4-15). Ramp-Ci? overcomes the motional modulation of the CH couphg causeà by 

spinning the sample at a hi& rate, by changing one of the spin-lock conditions IO 

compensate for the high spinning spced. It aiso dows f a  more than jus  one HH 

condition m k matchai fm samples which are mixtures. Thcse advancages of RampCP in 

relation to hurnic rnamhls are discussed in much greater details in Chapter 5. 

Ramp-CP can replace classical cross poiarisation in aii  pulse sequences. without 

alterhg the overall result of the pulse SeQuence. 



Figure 4.1: The puise sequences used in this study: a) the RampCP and Tip puise 

sequeace (sec Figure 3.5a fm S A 8  pulse sequence); b) the ~ ~ 1 3 ~  puise sequena; c) the 

two dimensional dipolardephashg pulse sequence (see text fat details). 



The chernid shift spectra were obtained using the puise sequenœ s h o w  in Figure 

4.1 a. This is the classic cross polarisation pulse sequence which has been modified to 

incorparate ramping the 1H spin-lock condition. 

Thm ue two possible appmches to measuring Tlp(lH) via CPMAS NMR. 

'Ine niore frequently uscd approach is to vary the length of the 8 contam This is the 

method used in this study. The altemative approach is to vary the length of the 1H spin 

Iock condition, and ody at the end allow for cross polarisation with a k e d  contact tim. 

This second method overcomes some of the disadvantages of the k t  methai, however it 

does have its own disadvatages. The major disadvantage is at least a 1000-fold decrase in 

the si@-to-noise ratio.4-18 Because of this disadvanrage, it is almost impossible to apply 

t .  method m obtaining Tip(%) for humic materials. 

The experimenml data can be plotted as the nannal logarithm of signal intensity 

versus wntact tirne. InitiaUy, the plot rises with a slope equal to me of cross polarisation 

(Tm'), afm a certain time the m e  falls with a slope equal to -Tlp(lH)-1. In other 

wards, T a  is demmkd h m  the short wntact thes. and Tlp(lH) is determined Ibn 

the long contact times. This experiment also gives a way of finding rhe contact tirne which 

is optimal and gives the most liquid like specua (if a campatison liquid state s p e c m  is 

available). For a more thmugh discussion on Tlp(lH) refcr to refmnces 4.1 84.2 1. 



4.3.3.4 Carbon-13 Spin-Spin Relaxation Time, ~ ~ ( 1 3 ~ )  

The prefezzed method of measUring T2(13C) in solution is via the Cm-Purdl  

sequace, in which one uses a 90' (d2) pulse foiiowed by a series of equally spaced 180' 

(YC) pulses This merhod is hppmp&e for solids, sinœ th- is a sQh& polarisation 
t 

effect that occurs at cach 180' pulse, This is a cumulative &ect and thus, after severai 

pulses, the relaxation measiirement is meaninggless323 

However, ~~(13C) cm be rneasured in soli& via the Hahn spin-echo method 

wbich cm be adapted to 8-MAS?-= Figure 4.lb shows this puise sequencc, in the 

Ramp-CP modification. After 8 the bansverse carbon maguetisation is aiïowed tu 

dephase for a time period, z. A 180' pulse is applied a, the carboas at tirne a hotber time 

delay foliows, during which the fracaon of the carbon magnetisation, which has decayed 

due to inhomogcneous i n d o m ,  is refocused. Thus, the 180' puise can be considered 

as a refmsing pulse. Data acquisition starts at the end of the second ? period. The 

reduction of the signal h m  the initiai signal reveals the loss of carbon magnetisation 

caused only by the naUnal T2 processes. It is important to note that zmust be an integral 

multiple of the spinning rate, so that it pumits an effective time reversal of a l l  

inhomogeneous i n d o n s  at the 180' pulse. A plot of ln(signa1 iatensity) versus 22 gives 

a siope equai to T ~ ( ~ ~ C ) - ~ P U ) * ~ B  

4.3.3.5 Two Dimensional DipoIar-Dephasing (DD) 

A puIse quence which produces a two dimensional (SD) specuurn mpires thme 

time periods. Tht f h t  of these periods is the maration period, zp. Driring this perïod 

the spin system is prtpared in a cohericnt nonquilibrium state. During thc d time 



period, k n m  as the ev01utio~ry pexiod, the system k l y  evolves unda the influence of 

the Hamiltonian, He, wbich in this case rcprescnts dipolar-deptiasing. The magnitude of 

the influence of He ai the spin system is detemiined by the 1ength d a n  evolutionary 

@ai, q. The q-evolution must be sampled, and in onia to do this a series of 

experimnts with a systematic incmmentation of q must be d e d  out The rriininiium 

numkofqinczementsis32. Thethndandfiaaltimperiodistheaoq~tionor 

detection pcriod, Q. ?bus, there are two independent t h e  dimensions q and a which 
give a mattix diace( q, ) that can be tmsfixmed via a two-dimensional Foiaia 

transform to give a fkquencydomain ma& surface( q, y ). The 2D transform can be 

considered as a succession of two 1D Fourier transformsPz The intensity is portrayeci by 

a siinace in thne dimensionai space of the two dimensional spectrum. The orthogod axes 

a>i and -sent the two independent fkquency d i m e n s i o n s . 4 ~ ~ 4 ~  

'Ibe pulse sequence show in Figure 4lc, will produce a 2D spectma In the 

puise sequence the spin system is prepared by cross polarisation, via RampCP, during 5. 

The ri-evolution in this expairnent is a dipokdephasing evolution, with a 180' 

refocusiiig pulse in the niiddle of rl. This 180' refocusing pulse is placed in the pulse 

sequence to reverse the chernical shat dephasing and leads to a refocusing of the chemicd 

shift dephasing. Care must been taken to ensiae that during the 180' tefOcuSing pulse no 

8 takes place. A namal chernical shih spectrum is obtained h m  q after the 2D Fourier 

ttansform, 

The dipolardephashg (DD) experiment was fïrst introduced by ûpeh and 

~ r e y . 4 z  It was then extended by Wilson 4% to the pulse sequence seen in Figure 4. lc, 

except SACP was used in $ In a dipolardephaskg expaimnt thae is a dehy between 

8 and the acquisition, diaing which the 1H and 1 3 ~  d o  bquencks are OE During the 

delay the 1% spins, which are strongiy coupIed to protons via dipoledipole interactions, 



are efficiently dephased (hem, the name dipolardephacing), caasing a iatge los in the 

observed signai. The sarniger the dipoledipole interaction, the fister the dephasing. 

Thus, the wealoer the dipok-dipob interimion is, the Imga delay bemms Wore the l* 

signal is lost. 

It can be seen that the ry axis of the DD s p c c m  is a mcasrite of the C-H dipoie- 

dipole mtexaction strength of différent carbons Le.: the fimher the signal eMeads on the y 

axis the wcalca the dipoledipole interaction, and the 01 axis can k used to indicate the 

fuactionalisation of diffant saucnnal muieties. It must be noted that because methyl 

groups rotate rapidly even in the soiid -, the dipole-dipole interactions between the 

carbcms and promns is almost ccrmpletely destroyed. Hence the methyl carboas will dso 

extend out on the axis. The diagnostic point is that the frirther the moiety's signai 

extends on the axis, the more funcfionalised that muiety is, and the fewer the protons on 

the carbons. 

4.45 Data A&si& 

The ID solid smte spectra were processed with the 1D WIN-NMR software 

package h m  Bruker. ExponentiaiEourier uansf' wexe performed with 60 Hz line 

broadening. The phase comaion was initially done with a 5th d e r  PRNL funcrion and 

then f k . 1 ~  adjusted in the phase cmection mode of the software w give the most reaiisîk 

spectm The bas- d m  was cubic s p k ,  but no forcing of the badine was doue 

Le. very little badine C(XrCCtim was n d e d  The nvo dimensionai specua whete 

processed in a mannet very similiar to the îD specua, except X-WIN NMR sofnkrsrre from 

Bruker was useci. 



The 1iquid-state spectra were processed with 50 Hz line broadening, and baseline 

c ~ m  was by curve matching and subtractioa 

The intensity distribution was inîexpreted in temis of the foliowing chemical shift 

reg ionse  ansubstituted aliphatic carbon (0-50 ppm); carbon singly bonded to O or N 

heteroatoms (50-96 ppm); carbon singly btmded to two O atoms (96-108 ppm); aromatic 

carbons (108-162 ppm); carboxyl carbons (162-190 ppm); and ketonic carbons (1!l@22û 

ppm). For the LHA sample the 50-90 ppm region was subdivided into two regicms: 

aliphatic esters, ethers, methoxyl, and ethoxyl(5û-60 ppm); and a i i  other anomeric carbons 

(60-96 ppm). The uncertainries of these numbers are of the same magnitude as the 

experimenml error. 

The solid state spectra peaks were integrated with mets deterniined by the chernical 

shift regions discussed above e.g. the carboxyl peak was Xategrated k m  162- 190 ppm, 

and where r e p t e d  by the ID WIN-NMR software- The iiquid specua where integrated 

with no resers. The resets where then done by hand allowing the integration cuve to be 

partions and quantined 

These regions in the solid state spectra where then fratber quanafied in the 

foiiowing mamer: fÏrst sideband d o n s  were apptied and then the integrated area fa 

each region was expressed as a percentage of the total obsemable carbons (%TOC). The 

sideband correction was done by using the sideband of the carboxyl carbons as the 

reference and then subaacting the appropriate sideband infensity when a sideband underlay 

a region of inteqmtation in the specaa The standard deviation is about S.2  ar less, 

unless otherwise s& 



4.4 Gel Filtration 

20 grams of Sephadtx G-75 was alloweci to swell for 7 &YS in water, af&r which 

suction was applied until no air bubbles were visible. The flask was then lightly swirled 

and aüowed to stand far 10 minutes after which the supeniatant was poured off to remove 

the fine particles. UW) mL of water was added to the fiask and the above procedurc was 

repeated twiœ mare. The gel was then poured iaoo a 30 cm by 4 c d  column and aüowed 

to settle, the final height of the gel a k  stttling was 30 cm. The colurrm was then 

conditioned by passing water thn,ugh it for 24 hours.4-28 

300 mg of LFA dissolved in 15 mL of water was applied to the top of the column 

and eluted with w a m  under a 1 m hydTostatic h& The flow rate was set at 0.33 rnllmin. 

The volume of each sample collectai was 5 mL, and the total volum coilected was 150 mi. 

The samples were stored at 4'C and analysed over a period of 48 hours. 
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Chapter 5 

The Development of a New CP-MAS 1 3 ~  NMR Procedure for 

the Study of Humic Materiah. 

As discussed in chapter 2, the recommended (standard) method of obtaùiing a 8- 

MAS 13C NMR of a humic niaterial is to use the S A B  puise sequence, a low 

field insument, and slow spinning rates (less than 5 kHz). Recently, there has bcen a 

proliferation of hi@-fieid CP-MAS instruments. This proIif&n of hi@-field 8 - M A S  

insinunents d t s  maidy from the fact that the same h m m m t  can be used for liquid and 

solid state measuremaits. A d  in liquid NMR the hïgher the fieid the higher îhe sensitivity 

and resolution one obtains. However, in solid state NMR higher fields also lead tu largex 

lineùroadening due to CSA &'as (note: the CSA effm is a fuaction of the magnetic &id 

strengdi). Thus, the proliferation of high-fieid CP-MAS has led to the commercial 

avaiiability of MAS probes capable of spinning rates up to 25 kHz. Concurrent with this, 

modifications have been developed for the CP-MAS pulse to alleviate the 8 pmblem due 

to hi&-speed spinning. The most promising puise sequence for large hemgeneous 

macrow>lecular polymeric mixtures such as humk substances is RampCP, as discussed in 

Chapter 3. 

These advances have been addrtssed in temu of th- in Chapîer 3. In this 

chapter the effects of high fieids and high MAS rates when used with Ramp-CP for the 

study of humic substances are expimentaMy investigated. 

5.1 LFA 

In this study it was found that the iiquid stat spcctnrm and CP-MAS ~pectnim 



obtained with Ramp 8 and a contact of 3 ms are in good agiietmcnt with one another- 

Because ofthis cross comhion, pclssiblt Ioss of orgauic manrr Aming filtration Ïs shown 

to be~giigi'bk,andtheaqPidsrao~~CNMRspcamncaobtcoagdaddto beanacaaa~t 

qrialirati~tandquanarativerepresengtionafthecarboadisaibuaonafLFA Tiius,the 

liqrJidsoitespectnrmoSLFA,Figare5.1, ud i  be-as thelef&mcc speç~um, 

whilethesolidspccuaobtainedviaCP-MAS ~CNMRnaistbecomparcdtoitkwustof 

the possible biasiag in CP. This may not always bt the case fm hmnic mamials since the 

ii@ sample miist ùe 6 l d  which may Iead a, loss of organic matîcr if theEc is 

coaguMon, and h d c  mamiab = knowu u, coaguiatetexl Also, thc liquid spccmmi 

takes a long period of time (3 fo 4 days) to obtain, during this tirne the dissoived humic 

matexiai may stan a, degde. 

1 I I I I 1 
20 0 iso 100 50 O 

PPM 

Figure 5.1: ïiquid state 1% NMR spcctnim of LGG 



5.I -1 Efects of Sample Spinning Speed 

5.1.1.1 SACP 

Table 5.1 shows the changes in diffefeat carbons, via %TOC (percentage of total 

obseived carbon), as a fundon of spinning rate for the SACP spectm Representative 

SACP specua are show in Figure 5.3. There are large effects with increasing spinning 

speed. Figure 5.2 highlights the inmase in obsemable ammatic carbon in terms of 

%TOC, The largest in- occurs between 5 and 8 kHz (centred at around 6.5 kHi). 

Since the cdoxyl  carbons in terms of %TOC are inversely ~elated to the aromatic carbons 

Table 5.1: %TOC as a funciion of spin rate of LFA intenogated with the SACP pulse 

Spinning rate (/kHz) 

Chemical Sbift 2.5 5.0 7-0 8-0 10.0 14.0 
AssignmentVppm) 

Ketonic(190-220) 2 1 . 5  6.1fl.3 5.W.2 3.8fl.2 4.8f0.2 3.3M.3 

Signaltomise 19.710.2 30.W.2 30.3f0.1 40.W.1 34.m.1  1 7 M . 3  
ratio 



Figure 5.2: Quantity of observable aromatic carbons in tams of %TOC as a function of 

spiMingrate. 

(this is also mie for LHA, see below). It is lïkely that excwive broadening of the ammatic 

region at low spinning speeds is responsible for the low aromaticities obsemd mck those 

conditions. 

Thus, it seems the arcmatic signal is always in the specmmi even at simple 

spinning rates as low as 2.5 kHz, but it can be tao b m d  to be reso1ved weil. This may 

e x p h  the decnase in the cafbOxy1 peak. If we assume that at low sample spinmng rates 

the aianatic peak is so broad that it underfies the carboxyl peak in sigMficant measure, las 

ofit will lie under the carboxyI peak at higher spinning rates. This will agpear in the 

specaal integrais, but it will also a&ct the phase and baseline ccmmion in such a mamm 



Figure 5.3: S A B  pulse sequace spectnim at spinning nites 2.5,s. 7,8,10 kHz, awi 

bottom to top. 

pealr MKOWS. This is confinned by the fact that the percentage of total carbon cissigned a> 

C i P I X ) x y l ~ m ~ a s a n « a m i n a m i a g e m r h c ~ o f a r o m a f i c ~ 1 1 ~ a s  

the sample spinmng rafe inmases 

No liteannt couid k found which rqats a humic mataial *C CP-MAS NMR 

expaimcnt run at hi+ sample spianing finsuencies than 5 kHz, and as the d t s  above 

show this is di in the low 46 ammatic (aromaticity) domain. SQ the question must be 



posai, has the secmingly low aromaticity in many humic previousiy observecl in 

f3C CF-MAS NMR been real or an artdm of a suboptimal spinning rate? 

5.1.12 Ramp CP 

If the Ramp 8 sequence is used then the motional modulanon of the CH coupling 

is eliminated, and the spin rate dependence of the carbon disaibution observai mua arise 

via chemicai shift anisotqy (see Section 3.1.2.2). Representative Ramp-CP spe~t ra  are 

show in Figure 5.4. Table 5.2 shows the changes in proportional carbon intensities and 

the total iatensity with spinning rate for the RampCP spectra. Once again, there are iarge 

effects with increasing spiuning speed, Figure 5.2 highlights the increase in aromafic 

Table 5 2  Table 5.1: %TOC as a function of spin rate of LFA inmgated with the S A B  

pulse sequence. 

Signal towise 24.2I0.2 36.0.1 49.IM.1 60.4I0.1 52.5f0.1 12.6zkO.2 
ratio 



carûonas%TûC Byrnmp~gtheicsul~of&ewdiff~pilrcsequcmitaink 

seen thai with tbc Ramp-CP pulse se~aellce wc arc getting idmticai spinning depcndeacies 

for the aromatic carbons as with the SACP pulse sapeuce. 

the carbo~yl MOU M V Q ~  dine~ently n m  the ~ n m p ~  pilse 

sequence than it did with the SACP puise sequence. Sina, the RampCP puise sequeme 

is expected m samplt more ryps of Eabon within the same g e n d  type of moiety, it 

should bctîer sample the Catboxylic carbons. 'Ihu is moagly supporad by the way the 

carboxyl pcak incrr~ss with spin 'do (see discussion below as weil as section 3.2.9). As 



the Cafboxyl peak p w s  in the ammatic peak is namwing, thus underlying the caf&xyl 

peakmuchless,~grisetotbesteepeningofthecarbOxylpeakontheariomatic9de. At 

the same t h e  the k d c  peak is growing on the ketonic side and starts to ovetiap with the 

carboxy1 peak. If this is the case, then the incrase in arboxy1 carbons fiom a spinning 

rate of 2.5 id& to 7 kHz is a d t  of the line namwing discussed above for the aromatic 

carbons. 

Because the Ramp 8 puIse SeQuence eiïminates variation in spectra due to line 

broadening by m o t i d  modulation of the CH coupIing, the ody rrason for the Iine 

broadening that we can identiry is the motiod modulation of the resonwe fresuency via 

CSA. This leads to the concIusion tbat the CSA for the ammatic carbons is centred 

between 26 and 28 kHz for LFA Thus, to obtain quantitative representaticm, one needs to 

spin a sample at higher than 7 kHz for LFA when using 7 T solid state NMR parorneter. 

5.1.1.3 Signai m Noise Ratio 

If one considers signal to noise ratio (using the carboxyl peak as the signal) and 

assumes that the greater the value the larger the number of carbons king sampIed, a mia 

representation is obrained far the carbons in the sarnple for large signal to noise ratio 

nsults. It can be seen from Tables 5.1 and 5.2 that for the LFA sample the optimal 

spinning rate i s  at appxhmteIy 8 kHz. 

The sipnai to mise ratio fa the 14 kHz experiments are low in cornparison to the 

rest of the d t s  at spinning rates above 025 of the aromatic CSA. It is believed that this 

spinning rate is beyond the instrumental stability for these samp1es. Therefore they are not 

considered in any geat detail, The Ramp-CP puise gives better si@ to noise ratios than 

the SACP pulse SeQuence in accord with Smith et. al.52 



5.I 2 Contact Time 

Both the SACP and Ramp-CP methods give a more quantitatively and Qualicatively 

~ s p e c t n i m (  considering the Muid sate specuum as the reference, for the reason 

discussed earlier) ushg a contact time of 3 ms, as can be seen fiom Table 5.3. However, a 

1 ms contact tMC @va a bmx signai to noise ratio with both rnethods. It must be pohred 

out that contact tirne has a very dZferent meaning for SACP than it d e s  for RampCP, 

Table 5.3: %nX of each cbemical shift region for LFA under different experimental 

conditions (note: Ramp-CP takes place on the -1 sideband). 

Contactànie=1ms Contact time = 3 ms 
Qieniicai 

Shift SACP Ramp SACP S A B  Ramp muid 
Assignments CP on the -1 CP State 

sideband 



since in RampCP the spiniock condition on one of the channeis is changing throughout , 

while on the other chanrael the condition is held, diaing Rarnp-CP. In Ramp-CP the 

contact time WU depend on the ramp's range of fiequencies and scau rate (demmhed by 

the contact Mte). 

Erom the Chapter 3, we can see that for a mixture of different INS systems there 

will be an optimum contact tirne in which the inmpiay between T u  and Tl# produces a 

spectrum that is the closest m the 'hi" spemm, in oia case CaSe by the liquid 

spectnrm. For LFA the optimum contact time bas been found to be 3 msec for SACP on 

both the -1 and centrai sideband and for Ramp-B. 

5.1 3 CompmMng SACP on the -I Sideband and on the Centrai Band 

As can be seen in Table 5.3, the specaum obtained on the -1 sideband with a 

contact time of 3 ms is a more accume representation of the liquid spectntm than the 

specaum obtained on the centrai band with a contact of 3 ms. This is more apparent Zone 

compares the specaa in Figure 5.5 to the Quid speamm shown in Figure 5.1. The 

ciifferences in the two SACP spectra can also be seen in Figure 5.5. The most obvious 

difference betwe. the two SACP spectra is in the mapitude of the carboxylic carbon 

signal (162-190 ppm). There is also a difference in the mmatic signal magnitude. In both 

cases the spectnim obtaiaed on the -1 siùeband has a larger signal. This can be explained 

by the difference in the efficiency of 8 on the -1 sideband cwipared to the central band. 

niis may be due 00 the fact that Tu ( T a  in our case) is um long in cornparison with Tl# 

(TlpH in our case) on the centrai band, while on the -1 sideband this is les the case. Put 

in another way, a contact time of 3 ms is not long cnough for fuil CP to take place if the 

operation is taking phce on the centrai band. But, a contact time longer than 3 ms wül lead 





5J.4 ConipMng Romp-GP Md SACP on the 4 Sùieùund 

Fi- 5.6: 'Lhe top speamm was obtaiaed with Ramp-CP, while the bottom specmim was 

o b t a -  with SACP, sec tcxt for fiiriba exphmalion. 



sideband caa be seen in Figrne 5.6, The major ciiffefence between the spectra is thaî the 

intensity fm the carboxylic carbws is substantially greater in the specaum obtahd Ma 

RampCP, The same holds mie for the ketonic carbons, phenolic carbons, and carbons 

singly bonded to two O atoms. Al1 these types of carbons can be expected to give namw 

HH sidebands, especially at the spinning speed needed to overcome the CSA broadening 

effects in this sampIe. The SAB appraach does not allow ail the HHs of this sample to be 

satisfied The nar~~wer the HE3 matching sidebands, the more of a problem this becomes. 

Ramp-CP is able to satisfy muitiple HH aad thus produces efficient 8 for all systems in 

the sampIe. Figure 3.9 &es a visuai exphnation. By combîning Table 5.3 and F i p s  

3.9,S.l and 5.6, it can be seen that far complex systems, such as LFA, Ramp-CP will 

always give the most accurate spectra. 

As has been discussed above the Ramp-CP, approach, with a contact time of 3 ms, 

gives the most liquid-like specmmi for U A .  However there are some diffixences between 

the two specua. These can best be seen by comparing the liquid state spectnim in Figure 

5.1 to the R a m p e  spectnun in Figure 5.6. The fïrst difference is that the liquid state 

gives better resolution in the carboxyiic area. On the other han& Ramp-CP appears to give 

better resoluticm for the ketonic and phenolic carbons. However, on a whole, it appears 

that the liquid statc spamm is slightly better resolved than the Ramp-CP specmrm is, if 

the noise level is taken into Coosiâeration. Liquid state spectra take more than 10 rimes the 

amount of time to achieve the same signal to noise ratio as RampCP spcctra. If any NMR 

charaçterisation of the sample is aceded in which multiple spectra must be obtained Ramp 

CP îs the supior option. This is especially m e  for LFA and other humic materials which 



rnay not be stabie in same solutions for the length of airne needed to do full characterisaton 

in the liquid state. As noted above, to achieve the resoiutim seen in Figure 5.1 the sampie 

must be fiitered and uius there rnay be some biasing of the li@ spectra, as humic 

materiaIs are knom to coagula& in solution under many circumstances. 

5.2 LHA 

Ilhe sam aualysis was canied out on LHA h m  which it was found tbat the 

optimal spinning rate is 8 kHz, the optimal contact time is 25 ms. The major results of the 

analysis are show in Table 5.4, while the 13C NMR liquid specmun and the optimal 1 3 ~  

Table 5.4: %TOC of each chernical shift region for LHA under different expaimental 

Contacttime=lms Contact Mie = 2.5 ms 

Chemicai Shift SACP RampCP R a m p a  LiquidS tate 
Assignments m m )  

Ketonic (190-220) 2.9% 3.1% 6.5% 2.9% 

Phenolic (145- 162) 1.5% 3.0% 2.8% 2.5% 

O-C-O (96-108) 1.5% 0.4% 1.0%. 2.0% 

CH3û-, etc. (60-96) 12.8% 13.3% 11.9% 12.3% 



Rampe-MAS NMR specaa are shown in Figures 5.7 and 5.8, resptctively. Ramp-CP 

wodEs bcrta than SACP in tams of cpabziw and qPgatitative sampling of the carbms in 

thesampie. hshaildbenaedlbatthebest8-MAS~3C~~~specmmiobraiaedfur 

L H A i s n a i n a s ~ ~ t w i t h t h e l i q m d s p e c a u m o f ~ a s t h t b e s t C P - M A S  

~~~~~specamnofLFA,~optimalamditions, whencompandtotheliqmd 

specamnofLFA. Thaeaxctwopossibleexplanationsfœthis. Thcfîrstisthatthe 

s01uüon spectra is in conccoed becaiise of nitration as discussed previoudy. Far LEA this 

is mare of a problern than fw LFA, since LHA is less solubk. The second rcason is that 

LHAmayhiivemœcstableradiwlstbanLFA. Thisna~~nissupportedbyevidaiœ 

prcsentcd m the ncxt section, and is consisocnt with the aliphatic region king positivdy 

biasedintheCP-MAS specoa,asthktypcofmoietyisthelcastlikdyto bewhcrethe 

stable rad id  arc located 

I I 1 1 1 1 

20 O 150 100 50 O 
PPM 

Figure 5.7: Liquid state l q  NMR spectnua of LHA 



53 Implications 

The good agreemeat becwœn the 1-d specaa and the solid saue specaa ohaïneci 

at 7 T by Ramp-CP at spinning mes higher thaa 0.25 d the aramatic CSA of the h d c  

mamial inplies @ far the solid state 13C NMR sndy of himir mamimils: 

- The sample mua be spun at higha rates than 0.25 times its aromsh'c CSA which 

mut be found for each unique sample. 

- The optimal contact time must bc found for each unique sample. 



- It i s  prefezable m do 8 on the -1 matchhg sideband, or the 1 matching sideband, 

as T a  is the shortest on these sïdebands. The weaker the hetaonucIear dipolar 

iamadons, the more imptant this faam. 

- Because of sideband (matching wt @ h g )  narrowing? due to both weak 

homolluclear dipole interactions and sample spinning, multiple HHs will arise 

which can be covered by RampCP but na SACP. Thus in tams of sampling the 

carbons without bias, Ramp 8 gives a more realistc specmmi thaa SACP. 

- For wmplex samples R a m p e  is a preferable technique to SACP. 

- The fastff the sample is spun andb the weaicer the hamonuclear andlm 

heteronuclcar dipolar interactions the betim the RampCP technique will @orni in 

giving both qualitatively and ~~iilltitatively acciaate spectm 

- The highest resolution and most nalisric CP-MAS spectra cm be obtained with a 

high field SpectrOmeter, if the sample is spun at a rate higher than 0.25 the 

anisotmpy of the chernical shift of the ammatic d e t i e s  and a Ramp 8 pulse 

sequence is used. 

- The percentage ammatic carbons in hurnic mamials may be underestimated by 

previous B - M A S  i3C NMR methods. 

5.4 Summary 

High field instruments wiU give km resolution and sensitivity. However, to take 

advanmges ofthis, the standard CP-MAS metbod for humic materials must be al- The 

f m  alteration is higher sample spirining rates ai higher fields? sina CSA broadening is 

more pblematic the higha the field. The faster one spins the sample, the narmwer the 

HH gets, and the larger the pbability of Hartmann-- mismatches. This situation can 



be overcome by using RampCP. Thus, by the combination of high fieid, k t  sampIe 

spinning, and RampB the B-MAS approach can deTiver spectra that are almost the equal 

of Iiquid smte NMR. This aiiows for the cross checking of spectnnn obtained by the two 

methodsods This agreement also allows fa the use of the CP-MAS approach in the 

qualitative and quantitative c-on of humic matuiai and other complex 

heterogeneous mixtures. 
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Chapter 6 

Characterisation of the Protonated Form of LFA and LEA 

This chapter will deal with smcuual infbmation from 13C NMR and liiminescence 

studïes. As discussed in chapar î,luminesce~~:e has become a very usefi tool in the 

chamcmktion of humic materiaIs. In this chaptcr steady state CILIiSSion and synchronws 

IuILMeScence as weli as time resolved luminescence dong with size exclusion 

chromatography have also been uscd to chammise the protoaated f m  of LFA. 

1 3 ~  NMR, in particular CP-MAS 13C NMR, bas becwie the preeminemt m l  for 

the investigation of humic materiais. However, there has always ken concem as to the 

quantitative name of CP-MAS based techniques. In Chapter 5 these concems have been 

addressed, and it was shown that high field, high sample spinning speed and RampCP- 

MAS when combined overccme the quantitative limitations of B-MAS NMR With this 

new method in han& a series of experiments were: d e d  out on the protonated farms of 

LFA and LHA via Ramp CP-MAS l3C NMR to charactcnse these samples. The following 

chapter disçusses these results in terms of functionality and stnichue dong with the 

luminescence and size exclusion results. 

6.1 Characterisation of LFA by Luminescence 

6.1 .I Characteriration of LFA @y Steady Stote Luminescence anù Its pH Dependence 

In Figures 6.1 and 6.2 the luminescence spectra for LFA are shown. In the 

emission luminescence specûum (Figure 6.1) a singIe h a d  band is evident This broad, 



Figure 6.1: The effect of pH on LFA's fluorescence monitored by emission luminescence 

(Cps = counts per second). 

asymmeûical, band has a xnaximum at -456 nm The asymmetry is evident from the dope 

in the region h m  490 nm to -550 nm, which is indicative of another spectxal feanirt, 

called h m  here on as the -512 nm sbouider. AU emission specai wuld be firted by a sum 

of two gaussians cenaed at 456 nm aiid 512 nm, confirrning the generality of the 512 mn 

shodckr. It was fomd that the shapc of the emission specmm altered very little from pH 

4.0 to 8.0, and a maximum signal was obtained at a pH around -5.5. These findings are 

very siniilar to some repoitrd pnviously for otha fulvic acids.61- The synchronous 

spectra of the same fiMc atid sample show much mire smicnae as can be seen by 



Figure 6.2: The effect of pH on LFA's fluorescence monitored by synchronous 

luminescence. 

cornparhg Figures 6.1 and 6.2, Fmt, it can be seen that the synchronous signal is 4 . 5  

times less intense tban the emision signal, as is expected since the excitation wavelength is 

not chosen for optimum &on inmsity. There are two peaks in the synchronous 

spectra at -392 nm and 4 6 5  nm, and a shoulder at -512 nm. The pH dependence is more 

camplex. The maximum signal was obtained at pH 5.5 for the 465 nm pcak wbile the 

maximum for the 392 nm ftaturir was found m be at pH 10 (the highest pH snidied). As 

weli the shoulder at 512 nm grew in as the pH incread. There was some change in the 

shape of the 465 MI peak as pH increased There is ewidence of shoulder growth on eirher 



side of that peak (-447 nrn and -478 nm). It s h d d  also be mted that the maximum 

quantum yield is very likely occiaring at pH 5.5. 

The depcndence of the synchmnous luminescence specaa on pH caa be interpmed 

in terms of four distinct features. (i) The fim of these is a luminescence in- between 

pH 3.5 and 5.5. This change can be correlated with the depromation of type A carùoxylic 

groups (defined in reference 6.7 as the more acidic carboxylates). (fi) Between pH 5 5  and 

6.5 there is a veq gradua1 decrease in luminescence, as well as the growth of a shoulder on 

both sides of the 465 nm peak, and a simuitaneous large increase in the 392 nm peak. This 

can be related to the deprotonation of type B carbxylic groups (denned in refmnce 6.7 as 

the less acidic carboxylaîes). Ci) Fmm pH 7.0 to 8.0 the 465 nm feature decmws 

drastcaily. This change may correlate to deprotonation of acidic -OH groups @reviously 

these groups have been interpreted as phenolic groups, but the NMR results discussed 

below contcadict this iaterpretation and favom -OH on carbohydrate sauctures). (iv) The 

f i a l  aspect is an increase in the 512 nm shoulder h m  pH 8.0 to 10.0. Tbis can be 

corcelated with deprotonaticm of -OH groups with pK,s in this region. In diis pH range a 

weak peak to the blue of the 465 nm has developed at 4 4 7  nm. From this mdy it can be 

seen tbat synclmmws luminescence resalves distributions of luminaphores that emission 

luminescence does not distinguish. 

It was found rhat a minimum of three camponents were nquired to fuliy deScribe 

the emission decay of this sample of fuivic acid. The Cbi-square tcsts ( ~ 2  [the lower the 

betm]) of the one, two, and three component fits are 1.354,0.241, and 0232 (as given by 

Kaleidagraph), respectively, while the correlation coefficient values (the closer to 1.0000 



Figure 6.3: WA's time resolved fluorescence fitted with ttrree wmponents, and residuais 

far this fit, where the solid line in the upper figure is the fit and the h k e n  line the &ta. 

Table 6.1: LSktime components of two fulvic acids. 

Liuumtian FulvicAcid Amradale Fulvic Acid 

* - sum of the cumponents are narmalised to 1 



the hem), r, for the one, two, and thee component fits are 0.9926,0.9985,09986 (as 

given by Raleidagraph), respectively. Figure 63 shows the thr# component fit to the 

pic-d data widi residuaIs. The Wetimes and qyantities of the dine compoaents are 

tabulatpA in Table 6-1. The submosecond components were obtained fmm a series of 

picosc~od time resolution emission expCnmnts, while the nanose~osld time component 

was found h m  b t h  the pico~econd time res01ution Sndies and independent ~l~~nosecond 

resolution emission expaimcnts. It s h d  be noted that in the nanosecond experimnts the 

two picoseamd components wiii not contribute, because they wül have died out, but th& 

thad component must be inc1uded a maxhaiiy fit the picosecond tirne rcs0Ived LFA 

emission decay- In short, the picosecond resuits require two components. The 

nanosecund result demands a thid which the picosccond results accommodate. Thus, 

there must be no fewer than tbree wmpoaents. It is reassiiring that a rra'nimiim of t h e  

components were also found by Power and CO-worken '8 to fully describe the emission 

decay of an Armadale Wvic acid (NA) sample as, tabulatpA in Table 6.1. The most 

important d t  to note f b m  Table 6.1 is that f a  two d i f f m t  fulvic acid samples a 

minimum of t h e  l i f m  were aeeded to describe the emission decay m e .  C&n 

shodd be exercised when coltsidering these lQetintes, as t h q  me a minilluun set of 

parcaneters tojit the &cqy c w e s  within t k  t q e r i n t e d  enor. There niay well k a more 

compücmed disrn'bution of lifrimes, as t k  symhro~u)~~ luntluntlnescence remlts strongly 

suggesr. 

6.2 Characterisation of LFA by Size Exclusion 

The resuits h m  monitdg a size exclusion chmatogram by both the absorbante 

measurements and enrission Iuminescence are show in Figure 6.4. Fmm these ~ s u l t s  it 



Figm 6.4: A- and emission lumincsccnœ of LFA as a fimctim of elution 

volume. 

canbeseentûatthep~molcculesarcsmaii.  Itcanalsobeseenthatthemolccnles 

responsible fœ lilmincscence are smallcr than the molccuies rcsponsible f a  absarbauce. 

Vexy similar rcsiila for ArmdrL fuivic acid (MA) whcie found by Underdown er aI.m 

It was found that synchronous f d t s c e n œ  spectroscapy gave a much more dctailed 

char;ictcrisation oftbe fiactEons than cmission lmbewma qxctmmpy or absorpaon 

spcctroscopy did The emisshn luminescence spccna show a broad f d e s s  peak likc 

the ones prescnaed in Figure 6.1, fbr aii elution volums. The absorption specaa aiso 

show a broad fcaftaielcss dccay c m  for di elution volumes. The synchronous 

luminescence spectra, on the otha hami, show continuai change with elution vol- as 



Figure 65: Synchnimns luminescence spectra at differeat elutim volnmes in the size 

exclusion experiment 15-2û mi M o n  (top left), 60.65 ml fraction (top right), 105-1 10 ml 

fraction (botmm left), and 135-140 ml M o n  (bottom ri@). 

can be seen in Figure 6.5. This f iding suggests that rhere is a continuai change in 

luminescent molccules with elution volume. But to detect these differences a high 

molution technique such as synchronous luminescence mua be useû. Tbis finding is 

fuaber evidence that thert is a compIicated distribution of luminophores in LFA and 

probably for most, if not ail, fulvic acids. 



63 Charricîerisotion of LFA and LHA by CP-MAS 13C NMR 

Consider fim chernid shift evidence, Figure 6.6 shows the LD chemicai M 

spsmi of U A  d LAA. 'Ihc integrated a r a  of each region in the LFA and LEW 

is expressed as a paeentagc of the wpl obSQVBb1e carbons (%TOC), as show in Tables 

62and6.3. E = i o m t h e s e d t s i t c a n b c s c e n t h a t L F A i s ~ t l y  

~ h a t i c / ~ y d m ~ ~ ,  wbiIcLHA is suùstaniially aiiphatic/Bomptic in tums 6 structural 

rmits. Thc fact ihat aiiphatic uni& play a major role in the molecular saucarri~s of U A  is in 



aiiphatic moi& of fiilvic acid are of great importance. The fact that aiiphatic -es aiso 

pIay an ïmpmmt d e  in LIU is less expected, and indicates îbat the aüphatic nmieties may 

desewe mare attention in considering humic substance structure. For LFA, the hpomnce 

of the carbohydrate moieties in stnicnn~ is empbasised, since it bas ofkn been assumed 

that mmatic mieties play the doaiinant functimal d e  in humic substances. 

Furcher evidence of smictiire cornes 6erwi Tz(13C) relaxation times. Tbese times are 

reported in Tables 6.2 and 6.3 for both LFA and LHA. In general, shorter relaxation times 

reflect reduced mobiiity.6J3 nie T2(13C) in alI regions are shorter for LHA than for LFA. 

Thus, LHA's structurai uni& appear to be Iess  mobile and larger, dynamic units as 

expected. If the ~~(13C)s of LFA moieties are oompared, it can be seen that the alîphatic 

moieties are the least mobile and probably the kgest, while the carbohydrate and aromatic 

moieties are sip5cantly d e r .  This finding is also supponed by the size exclusion 

results, which empbasise the separability of some of these 'Huictional" components. For 

LHA the T2(13C) times suggest that the aiiphatic, ester, ether, and carbohydrane moi& 

are the iargest, whüe the ammatic moieties are somewhat SmaUer- These data once agah 

&1uie that aiipbatic aud carbahydrate moieties play an imparmnt sauctiaal role in 

polymeric networks. 

The spectra in Figure 6.6 and the %TOC data in Tables 6.2 and 6.3 show that LFA 

is mire extensively fpnctionalised than LHA is, and that the carboxyl groups constitute the 

majonty of groups in bot ,  LFA and LHA. Altbough phenolic groups are plesent in bath 

LFA and LHA, it is uniikely they are SUfficientIy abundant to account f a  al l  weak acid 

(pK&-10) hctionality. This is particularly the case for LFA. This lea& to the new 

conclusion that much of the weak acid fimctionality must be located on the 

aliphatic/cartiohydrate moieties. This is supported by the major peak in the chcmical shift 



Table 6 2  --MAS 1 3 ~  NMR characterisation of LFA. 

Ketonic (190-UO) 8 -8 7.3 11.9 

Carbonyl(162- 190) 33.8 4.9 13.1 

Phenolic (145- 162) 2.2 6.0 22.7 

Aramatic (108-145) 12.0 5.5 11.4 

O-C-O (S108) 3.6 3.6 10.4 

Carbohydrate (50-96) 17.8 2.6 12.3 

Aliphatic (0-50) 21.8 2.8 8.0 

Table 6.3: RampB-MAS 13C NMR characterization of LHA 

Ketonic (190-220) 6.5 2.4 7.8 

Phenolic (145- 162) 2.8 4.6 9.1 

CH30-, etc. ( 6 0 6 )  11.9 2.3 6.0 



range between 65-80 ppm which can be assigned to &hydrate -OH groups. This 

interpretation is not conuadicted by redts of pomticanetric tination.6-14 O r i ~ y ,  weak 

acid pK,% were assigneci to phenolic groups, but hydnixyl groups located on carbohydrate 

moieties may alSO be responsible. 

The data in Table 6.2 also shows tbat the content of carboxylic carbons is 

appnntimately t b e  tims that of aromate carbons. From these datait can be inferred that 

LFA is highiy fimdiunaIised artd the majority of this fanctionaiity is not on the aromatic 

moieties, but on the aliphatic/carbohydrate moieties. This inference is suppmted by the 

dipolar dephased PD) specuum of LFA, shown in Figure 6.7. h m  this specuum it cm 

be seen that the CH mupling is much wealœr for the aliphatic and carbohydrate wieties 

than it is for the ammatic moieties The explabion for this is that the aliphatic and 

carbohydrate carbons are highiy functionalised carrying féw protons, whiie the ar~~lliitic 

moieties are not. The iaterpretation is further suppned by the fact that the CH coupling of 

the carboxyl carboas is very weak, wbile the CH couphg of the phenolic carbons is 

somewhat stronger. The weakness of the carboxyl carbons CH coupling indicates few 

neighboiiring protoils. This has also been found for Suwannee River fiilvic acid by 

Leenheer and CO-worh.6-lSv 6-16 The relative smngth of the CEI coupling of the phenols 

aiso indicates that the iuomatic rings bearing the phen& -OH groups are protomred. 

The T@C) values for the carboxyl carbons also support the inference tbat the 

carbohydrate carbons are highly functionalised. The T@C) vaiues of the carboxyl 

carboos are seen to be most comparable to the T2(13C) values of the carbdlydme carbons 

(Table 62)). Therc is also &dence h m  the T2(13C) vaiues that the more mobile 

carbohydrate moieties are &O the most functionaIised. The Tlp(lH) values are consistent 

with the inmpmations just given. 
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Fi- 6.7: The two dimwsioaal dipolardephasmg specuum of LFA. The vertical d, 

which is in atbitrafy units, rcpresents dipoiar-dcphasing, and the horizontai a.& ~ n t s  

chernical shift (sce section 4.3.3.5 fot details). 

Tu-g e UW, ùie data in Tabk 6.3 indicates enough ammatic carbons in LNA to 

support aii  the carboxyl groups. IIhus, thne is no cvidence conaary to the cornmon view 

that the m a . t y  of the acid fuacàmality of humic acid is on the aromaaic moieties. This 



hding is supported by the DD spectnim of- shown in Figure 6.8. Frwi this 

spectnrmitcan be seen thattheCHcouplingin thearomaticdomainis veryweak,almost 

of the same order as that of the carboxyl carbons. The weakness of this CH coupling can 

be explained if the aromadc moieties are highly funciionalised. The weakness ofthe 

phenolic CH ooupling (recall the LFA phenolic CH coupling sùength) supports this view. 

The carbohyckate-/aliphatic mgion of the specmim reveais m n g  CH a q ü n g ,  indicating 

less substitution in these regions The weak CH coupling in the aliphatic region of the 

spectnim can be explained by the methyl groups (-CH3 groups have very wcak CH 

couplings, due the bigh rate of fhe rotation). Apparentiy, the aliphatic region is highly 

-CH3 substituted. 

The LHA T2(13C) values support the interpretation. The ~ ~ ( 1 3 C )  of tk carboxyl 

carbons are most comparable to the ~ ~ ( 1 3 ~ )  of the ammatic carbons (Table 6.3). Again, it 

a p  tbat the ammatic rings iue highly functionalised. nie Tlp(1H) vaiues of UlA, are 

shorter than those of LFA for the carboxyl, phenolic, and aromatic carbons by about 1.5 

ms (or 28%). A sham Tlp(lH) can came about by llmt mecbanisms: molecular motiw; 

a paramagnedc impurity., or the gresence of radicals. The Mt mechanism is veq unlikely 

since the ammatic maieties, b u s e  of ring rigidity, are the least likely to be &&ted by 

motionai effects. A paramagnetic impurity (e.g. Fe 0) is possible, but because of the 

methad by which this sample was purifïed, rather unlikely. This leads to the umclusion 

that the reduction in Tlp(lH) of the carboxyl, phenolic, and aromatic moieties of=, in 

Cornpanson to U A ,  is due to stable organic radiais on the ammiitic moieties. This 

conclusion is also supporred by the poorcr signal to noise ratio for IHA in cornparison ao 

LFA, even though the same amount of materiai was loaded into the rotor. This is 

consistent with EPR (electcion p8~amagnetic resonance) resuits on similar humics$-17 and 

again impiies that aromatic ring functidties aliow for stable radids. 



Fïgure6.8: ThetwoltimmsidciipoiardcphasingspectmmofLHk Thevertidruris, 

which is in arbiarmy unïts, rcpmcm dipolar-dcphasing, and the horizontal axis rcprcsem 

chernid shih (see section 4.3.35. for dctails). 

6.4 Implications 

Tbe NMR dam suggests the majdty of the LFA's weak acid protons may be 

aliphatic/carbohybte -OH and not phcnolic -OH, as assigneci earlier. In tams of 



the above -011 leads to the following description of LFA 

and LHA 

U A :  A stnicairal mode1 for LFA emerges in which hem appear to be three major 

components. 'Ihese arc: (i) a group of large relatively immobile stn~cnaal mirs; Ci) some 

mobile unfunctioaalised unie and (iii) some bighiy subsatuted functimaiised units. The 

Iarge relatively immobile units are mainly alipbatic and unfunctionaIised The 

rmfunctionaiised mobile units are mainly âromatic, whiie the functionalised mobile uni6 are 

maïniy carbhydrate in nature. The mobile carbohydrate uniîs have h t h  carbaxyi and 

hydroxyl functionaiity, with pK,'s of 35-65 and 7-10, respeMiveiy. This structural 

model xaises an impcmmt question as to the relative impartance of functicmality on 

carbchydrate moieties and mrnatic moieties in meml binding, as addressed in the next 

section. 

UIA: The structural model for LHA that emerges consists of one type of major immobile 

unit, associated with slightly more mobile units that are d y  aromatic in nature. These 

slightiy d e r  and more mobile  uni^ are highly substituted and expected to be the major 

phyers in maai and acidic proton binding. 

In conclusion, the models suggcst signiscatldy diffèrent composition far LFA and 

LHA. The LFA structurai model is lcss like pviousiy praposed strclctiiral models for 

fulvic acid. The LHA saucnnai mode1 is cvolvd h m  carlier propsed structurai mode& 

for h h c  acid, and is consistent with sotne of the m m  recent structural proposais, such as 



the Doman gel mode1 put forward by Benedetti, Van Riemsdijk, and ~oopal.6-18 It is 

especïaliy important that ali d t s  emphasise the m k t m  of different size fragments in 

humic materials. Thus, no effort is made to show a "typical sûuctural formula" as bas 

often been doue, since such saactures can be highly misleading. Dynamic models are 

neededt 
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Chapter 7 

C u 0  Binding Studies of LFA 

Due to the impownce of WC acids in metal speciatton, discussed in Cbapter 1, a 

snidy which combineci luniinesceace and NMR spectrioscopy was undertaken and is 

discusseù in tbis chapm. The nason for ushg these two M&reat specaoscopic 

techniques is thaî both give information by themselves, but when cambined, a much c l a m  

p i c m  emerges. The advantage of Iuminescence over NMR is sensitivity. The high 

sensitivity of luminescence ailows one to study metai binduig at natuxai water 

concentrations. A h ,  luminescence pv ides  evidence of environmental effects, cg. pH, 

as weil as the nature of the binding site- NMR paramagnetic relaxation, on the other han4 

ailows one to detemine daectly what types of carbons are involveci in paramagnetic metal 

ion binding. This detemimh is very site specific due to the 1/16 distance dependence 

discussed in Chapter 3. It shouid also be mted that tùis is the fim systematic metal 

binding study which uses NMR as a monim. Luminescence and NMR d t s  combined 

should provide insight into both the metal binding sites and aggregation effccts caused by 

metal binding. 

7.1 C u 0  Quenching of Luminescence 

7.1 -1 Steaày State 

In the emission scan luminescence, the the main band is quenched, by &(II), as 

s h o w  in Figure 7.1. h the synchronous scan luminescence (Figure 7.2), the quenching 

is greater on the 465 nm pcak than on the 392 nm one, and th= seems to be much l a s  



Figure 7.1: Cu (II) quenching of WA's luminescence at pH 6.4 monitored by ernission 

luminescence (M:B.S. = metal: bidentate complexing sites midentate complexing sites=l]). 

quenching of the 512 nm siioulder. This is evident in the ernergence of the 392 nm peak 

and of the 512 nrn shoulder as the d ion quenching iacrmses as iüusuated in Figure 

72. Figures 7.1 and 7.2 contirni the earlier observation that synchronous luminescence 

resolves a broader distribution of luminophores than emission luminescence does. In fact, 

it appears that the bmad peak cenûed at 4 5 6  nm may be sampling mainly the same sec of 

luminophores as sampled by synchnnious luminescence in the two peaks at -392 nm and 

Figures 7.3 and 7.4 show curves reptesenting the decrease in lumiuescence with 

the uinease in ratio of Cu (II) to binding sites at different pHs for both types of steady saue 



Figure 7 2 :  Cu 0 qncnching of LFA's fluorescence at pH 6.4 monitMed by synchmnous 

luminescence. 

luminescence measurements used in this study. The ratio of metal to binding site (MSS. )  

was estabIished baseü on the report that LFA has a bidentate complexing c;ipacity of 5.8 

11m0Vg Le. 1 x l e  mole of Cu 0 is the minimum needed to occupy all the bidentate 

compleing sites of 17.5 mg LFA7.1 The synchnmous lumimscence mes were 

obtained by monitoring the quenching of the 465 nm maximum, wMe 4% nrn was 

monimred fa the emission luminescence m e s .  The nrst observation is rhat at pH 4.0 the 

quenching m e s  are approximately linear f9r both cases. Since Cu (II) has been show to 

compete ody weakly with ptons f a  îbc aading sites at this pH 72, this probably 

indicates dynamic collisid quenching Quembing due to Cu 0 complexation, 



Figure 7.3: Emission luminescence quenching curves, monitoring the 450 nm peak, of 

LFA by Cu 0 at different pHs (Binding Sites = bidentate cornplexhg sites). 

occuning at pHs above 4.0, will be over and above this collisional quenching. One can 

presume (see rime resolved confirmation) that quenching indu& by complexation is 

static, and that this is by far the major quenching that occurs at pH's above 4.0. In 0 t h  

w&, dynamic quenching talres place when Cu (Ti) is aot complexed, at pH 4.0. On the 

other han& static quenching takes place when Cu (n) is complexed almg witù the dynamic 

quenching of uncampluced Cu (II), above pH 4.0. However, when one is dealing with 

macromolecult~ that cau mp but not cornplex ions (outer sphm complexes), static 

quenching could be possible even though the metal ion has not been complexed (inner 

sphere compIexes). Tht major paxt of the synchronous signal quenching, due to 



Figure 7.4: Syachronous fluorescence quenching curves, monitoring the 465 nm peak, of 

LFA by Cu 0 at dSerent pHs. 

çomplexation, seems to occm over a nânower range of Cu (n) umcentrations than for the 

emission signal. This can be iinderstood fiom Figures 7.1 and 72, recalling bat  the 465 

nm peak is more affixted by m d  quenching than the 392 nm peak. In emission 

measurements, the signal is a mixture of these two feanaes. The largest differenœ in cuve 

shapes between the two methods is observed at pH 6.4. This observation lads to the 

suggestion tnat the 392 nm component is quenched ovcr a wickr Cu (TT) concentration 

rauge than the 465 am component is (see Figure 7.2). 

From figures 7.3 and 7.4 it can be seen that as the pH is i d  the amont of 

quenching iacreases, up to pH 6.4 and then at pH 8.0 quewbing is reduced agaia There 



are two elements in the explanation fra this, the first king that at Iower pH the C u 0  

binding sites are l e s  accessiile because of proton competiticm. The second is an extension 

ït is clear fian the results in Table 7.1 and 7.2 that the iinear quenching assumption 

of references 7.3-75 aumot be maintaine4 as there is more m d  availabk to bind than 

was added to the system! This dcspite the smooth quenching m e s  shown in Figure 7.3 

and 7.4. Application of derences 7.3 to 7 5  method to humic substances in general, as 

reported in refixences 7.6 to 7.9, must be viewed with great reservations. This seems to 

confirm that there is m m  thau one type of luminophore, Lo, withh the fulvic acid system, 

and that the luminescence of these different luminophores is quenched diffete~ltiy. This 

point of view is also suppmed by the fact thai the synchronous meaSuTements showed a 

greater deviaticm fian the iinear assumptim than the emission Iuminesoence mea~urements 

IK41 d u e s  were caicuIaced when p s i l e  but gave no maniagfui results. 

Table 7.1: Amount of C u 0  ion bound in accardance with Weber and CD-wders' (ref. 

7.3 to 7.5) linear assnmption at different pHs (results based on three expairnena). 



Table 72: A cornparision of the amwnt of Cu (II) added to how much is baud accordhg 

to the Weber and CO-warkers' (7.3 to 7.5) assumption, 

Cu (Il) added as a M o n  ai 0 boursd calculated by Liiniinscenœ intensity 

of avdable binding sites the Weber and cc~workers' Cps (counts per second) 

7.1 2 StemVolmer Plots 

Stem-Volmer plots 7-10 and mOdified Stern-Volmer plots which allow for more 

than one quenchable Lo 7-11 were piotted for boih emission (456 nm and 5 12 nm 

components) and synchronous (392 nm, 465 nm and 512 nm components) luminescence 

measurements, and are shown in Figures 7.5-7.8. Once again the companents showed 

iinique behaviour. Both types of luminescence measufements showed linear Stern-Volmer 

behaviom at p H  4.0. This is consistent with the idea that the important quenching taking 

place at this pH is coliisionai. But, at pH 5.0 and higher, whae complexation takes place, 

the Stem-Volmer plots deviated h m  linearity mwards the x axis, indicating the presence 



Figure 75: pH 4.0 Stem-Voimer plots h m  emission O&) and syncbronous (xight) 

Figure 7.6: pH 5.0 Stem-Volmer plots. The t q  plofs are classic Stem-Volmer plots fnnn 

emission (left) and synchronous (right) fluorescence m onhhg. The bottom plots are two 

component Stern-Volmer plots h m  emission (left) and syncbnous (right) fîuarescence 

monitoring. 



Figure 7.7: pH 6.4 Stern-Volmer plots. The top plots are ciassic Stern-Voher plots h m  

emission (left) and synchronous (right) fluafe~cence monitoring, The bottom plots are two 

component Stern-Volmer plots h m  emission (Iefi) and synchromus (right) fluorescence 

monitoring. 

of two or more lurninophores that are not equaily accessible to complexatio~~. Modifiai 

Stern-Vok plots, which accommodate two component luminophores, deviate. h m  

linearity towards the y axis, far pH 5.0 and higher, indicating that there are more than two 

luminophores responsible. Thus, it wouki seem that the Stern-Volmer plots also indicate 

that there are at least three components in the luminescence signal of our fuivic acid. 

An a p h  to confinn the above conclusion, that there is a distribution of 
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(Metai : site- ~ite=~)lJO [MU& ~iding~itc(~iadnig s i i e = l ) + O  

Figure 7.8: pH 8.0 Stern-Volmer plots. The top plots are classic Stern-volmer plots h m  

emission (left) and synchrr>nous (right) fluorescence monitoringg The bomm plots are two 

component Stem-Volmer plots h m  emission (left) and synchn,nous (right) fluoxescence 

monitoring. 

differentially quenched luminophores, is to examine the disaibution of luniinescence 

lifetimes. 

A s&s of experiments was carried out in both the pic~second and nanosecond 

time domains in which the futvic acid luminescence was qumched by Cu(') ions. The 



resuits for the pico~econd experiments for Cu 0 are shown in Fi- 7.9- The 

nanosecond resuits showed no clear quenchmg of the 4.2 ns companent, even at metal ion 

to bhding site ratio W3.S.) up to 0.8. Because of this, ody two components are 

required to descnbe the emïssion quenching, the -50 ps and the 430 ps COmQOnents. The 

quenching of these components is shown in Table 7.3. The results in Table 7.3 indicate 

that these two distinguishable sets of Lo are being quenched. It aiso appears that the 430 

ps compwent is quenchai to a greater extent at Iower meml to birding site ratios than is the 

-50 ps camponent Cornparhg these rcsuits to the synchronous luniinescene metal 

quenching study, the following LifetimE assignments can be p r a p o d  The 392 nm peak is 

asso&md with the -50 ps component, the 465 nm compcmcat is associatcd wifh the -43û 

ps peak, and the 512 nm peak, which is not quenched m b l y  is assaciated with is the 

4.2 ns component. 

It is impurtant that l a e n c e  quenching affects subnanosecond lifetimes, Le. 

these processes are faster than collision rates in soIution, niis is saong eviàence that 

mainly static quenching is occirning, and therie is little dynamic quenching at pH 5.0 or 

higher- This is a very important observation because it impIies that the non linear Stem- 

Volmer quenching behaviour noted above results h m  only one quenching mechanism, 

and thus the deviation h m  iinearity must corne frPm the fact the separate luxninophores 

quench differentiaüy. 

7.1.4 Combining the Synchronous Luminescence nnd T h e  Resoived Quenching Results 

It can be seen that moniûning îhe luminescence of this Nvic acid -le (aad the 

AFA sample) involves monitoring mœe than one LCJ. In fact, th= may be a very cornplex 

distribution of luminophares. But, when one combines the synchronous and t h e  resolved 



Figure 7.9: Cu@) quenching of LFA's luminescence monitored by lime re.so1ved 

fluorescence (BIank = LFA with no metai ion added)- Wh= lm, 40% and 80% 

correspond to 0.10 MB.S., 0.40 MB-S., and 0.80 M:B.S.. 

Table 7.3: Cnm concentration &ect on the 50 ps and 430 ps preexponential terms. 



luminescence quenching resdts, there is an emerging case f œ  a physically meanin@ three 

mmpomt first approximation mode1 of faivic acid. Thns for LFA, we propose to assign 

the three component groripings fiund in the synchronous s p e c ~ a ,  the foIIowing lifetimes: 

the 392 nm component -50 ps, the 465 nm component -430 ps, and the 5 12 nm 

component 4.2 ns. Thus, there cannot be a linear relationslip befween the amwnt of metai 

bourad m the WC acid and the qnenching of that fulvic acid's l ~ e n c e .  

7.2 C u 0  Line Broadening of CP-MAS 13C NMR 

Although metai binding to humic maùerials has been an active area of research fa 

some time, no smdy has found on wbat moieues metai ions bind. There have been 

attempts to elucidate this by rnethods such as EPR,'-12 M&sbaue$-13 and EXAFS 7-14 

7-15 spectroscopies. However, to date they have only provided uifamiation on what types 

of fnnctional group are invoIved in the binding, and their number. As discussed 

previously, 3C NMR is a more promising appmach, especialiy CP-MAS 13C NMR 

Specua were recorded at 0.00 MI3.S. (ratio of metai to bidentate bind sites), 0.05 

M:B.S., 0.10 M:B.S. and 0.15 M:B.S. -(II) loadings in terms of total bidentate sites of 

Laurentian fulvic acid (LFA). Thus, the specaa study the earlier parts of the titration m e  

and focus on the stronger metai ion biading sites in the LFA cornplex mixaire. Figure 7.10 

shows the LFA spectra at the four differient metai loadings. As would be expected, all 

regions of the spectra expexience signal loss under the influence of the paramagnetic ions, 

and no nucleus is absolutely 'kemote7' (isolated from the effects of the paramagnetic 

cenaes). Thus, it is not possible to compare the spectra to each other in absoIute tems as 

some paramagetic dccts weaken di sigaals. However, it is possible to compare the 

sptctra to each 0 t h  in relative mns as tbc overall &eca of paramagnetic loading 



with no Cu@) laadcd bilowcd by (going dom) 0.05 W . S . ,  0.10 MB.S., and 0.15 

inflperü=ts the spectrai rcgïon~ di&zcntly. 

It has commonly been assrimtd that the majorïty, and the tarongesr, of the metai 

binding sites are phem1caTbOxyhE or phthalic type functionalities where two carboxyl 

grwps arc adjacent to each orher on an aromaric ring. This is evidcnt h m  the fkt tbat a 

iarge numbcr of saidies intended to shed light on the binding of mtal ions by organic 

matter in soils and fie& water have exp1oited a r o d c  mode1 compounds including, 

notably, salicylic acid and phthalic a& Perfiaps this is a bias f bm degtadatim and 

hgrnentation nsults. An examizigtiOn of Figure 7.10 hmcdhly riEveats the limitation of 



this concept The striLmg f~ of the Figure 7.10 is the broadening in the 

carbohydrate region (SM2 ppm) induced by meta loading. Even at 0.05 MB.S loading 

this perturbation is very pmnou11ce4 and becornes even more pnniounonoed at hi* 

loadtig. In contrast, it is difncillt to de= any perairbafim of the phenol(145-162 ppm) 

and aromatic (108-162 mm) signais up a, 0.10 MB.S. badh&. As expected, the otha 

major region of perturbation ïs the carboxylate region (162495 ppm). It app#ns that the 

smmgest biading sites are Zae with CarbxyIate pups and quite pussibly acidic 

-OH groups on the Cafbohydrate smctures. Almost cenainly, these are bidmtate and 

multidentate sites. R d  that the data presented in Chapter 6 saongly indicaie h t  the 

majarity of functi~~~ality (-COûH and -OH pups) is on carbohydrate moieties and not on 

the aromatic maieties in LF'A. This is especiany important for nannal watm chcniisay, 

where heavy mtal concentrations axe sxnail corn- to humic carboxylate concentrations. 

In this geochemically impCnant limit, carbohyhydnue moieties are the major moieties involved 

in metal binding, and thus metal speciation. 

By 0.15 M3.S loadùig we see clear evidence that the phenolic and aromatic 

regions of the speara are being specinçally pemirbed by the paramagnetic ion. These 

spectra do suggest that the phenoiic groups can, and do, participate in metd ion 

complexation. It should also be noteü that the aliphatic region (Mû ppm) experiences 

sigdîcant and spccific paramagnetic paairbation thn,ughout, Eitber aliphatic side chaias 

are neighboias a, co~zlplexation sites or metal ion wmplexation Wuces a conformational 

change which brings the comp1exation site and aiiphatic moieties into closa proximity. 

The dipolar dephasing results (e.g. CH coupling sangth), discussed in Chaptg 6, 

sucmgiy indicare that the aromatic moieties an highly substitutcd and not rich in aiiphatic 

sidechains. Coasequendy, effects on the aliphatic region aiso rend to de-emphasise the mle 



ofaFomatic moieties in the stnicaae of the stronger metal binding sites, and M e r  

emphasise the impaanœ of the carbohydrate moieties. 

It is interesting a, note that the NMR signaturc in the region between 50 ppm and 

108 ppm, which becornes more apparent at higher loading, is that ofce11ulose. The 

ceiiuiose signature is COllSiStent with the fact that one dœs not expect cellulose to be a 

smng m d  ion binding moiety. Although there has been litde attention paid to ceildose in 

the literahne on humics, these resuits suggest that cellulose may be a more impormnt 

composent of fulvic acids than previously thought. 

7 3  Linking the Luminescence and CP-MAS 13C NMR Metal Binding 

Resul ts  

It is ininteresting to Iink the NMR observation to Cu (il) quenching of LFA 

luminescence, since quenching has k n  proposed as a mooitor of metal ion complexation, 

and aromatic f u n c t i d t y  is a g d  candidate for a In. Above, it has been shown tbat Cu 

(Iï) quenchiug of LFA luminescence does not foUow a linear S tm-Volmer relationship, 

even assuming two camponeats. The relationship of Cu (Ti) to the Ln site m y  mt be 

simple. if an mmatic Lo is imparcant, there are three ways that quenching by Cu (II) 

bound a .  functional group distant h m  the luminopharie may arise. Figure 7.1 1 illustrates 

these well known phenomena in polymer photophysics.7-16 Mechanism 0) is the simplest 

case where the metal ion is bomd dimtly to the luminophore, while mechanism ci) is an 

extension of mechanism (i), where the que~~:hing effect of the xmtal ion is trandkmd via a 

conjugated bond system to the luminophare. The remaining mechanïsms are marie 

complicated. Mechanism Ci) is a Forster resonance excitation transfer mechanism between 

an excited state to a lu min op ho^= Mechanisrns (iv) and (v) are DoIlor/Accepm mmplex 





mechanisms. Mechanism (iv) is whexe the acceptor is a lurilinaphore, while in mechanisni 

(v) the acoeptor is not a luminophore. Thus in mechanisms Ci) aud (iv) the bindllig of a 

metai ion wîil cause a ~~dortrtationai change which separates the luminophone h m  the 

exciîed .am maiety so that no uansfer can take place. Thus the luminophore remains in its 

ground staœ, hence no luminescence. In mechanism (v) the binding of a metai decreases 

the distance between a dona and acceptor to allow for a uansfer* but in this cases the 

donor is a luminophore whiie the acceptor is not, hence once again there will be w 

luminescence. However* if there is no metal bound, for all cases thcre will be 

luminescence. Ueariy* Cu (II) biading can interferie with emission frcm a donor/aaeptor 

complex or ForSter resonance excitation transfer without binding at the b site. 

The abave d t s  lead to the following metal binding (in particular Cu 0) 

impLicati0m: 

- The piedwrinant metal binding sites are not maidy arornatic in nature as 

previously believeü, but are in fact carbohydrate (a least for LFA). 

- Metai binding causes aggtegation changes in which the carbobydrate maieties are 

most drasticalty affected, but the aiiphatic moieties arie also affected to a certain 

extent 

- The Sûongest metal binding sites may be mdtidenme, and thus the bidentate site 

prediction of available metal binding sites in tenns of moles of divalent metal that 

can be bound is questionable. 



The strongest metal binding sites exploit carboxyhe and 0th- oxygen Qnar 

f i i n c t i d t y  on the cabhydrate deties. The involvement of the &ph& moieties in the 

Cu (II) biiiding sites mngly suggests that the aggregation equilibria among mixture 

mmponents and/- conformatid changes are a factm in the khaviour of the strong- 

mtal biading sites. Conimwly exploired d i s  fa metal biuding sites such as saky1ic 

andphathalic acid may bequite misleiuiing. 
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Chapter 8 

Conclusion 

Just as wiîh any investigation on a complex system, both direct and indirect 

conclusions may be drawn h m  this work. The dirtct conclusions are dernred fnnn the 

experiments in black and white terras, witb very M e  grey. On the other han& the indirect 

conclusions are based on what the daîa is hiating at, and this is the very p y  ârea This 

work has answered some questions, but the answers have led to many more questions. 

These questions wiU need new expaiments to answer them, but natinally each answcr will 

lead to many more questions. In tùis chapter tbe direct and indirect conclusicms from this 

work will be examineci (it must be remembered that these conclusions are in the eye of the 

writer), Foiiowing this, possible future work will be suggested, and haUy sonie of the 

author's personal thoughts wiii be given. 

8.1 Direct Conclusions 

8.1 .l Insmunenral Techniques 

Erom the data presented it can be seen that bah Ramp-CP-MAS 1 3 ~  NMR and 

synchronous luminescence specaoscopy are better at resolving h d c  mamïals than their 

more traditional counterparts. The main reason for this is that, in both techniques, the 

interrogating, or probing, parameter is being scamed rattier than being locked, and when 

one thinks of the complcxity of humic matcrials, Ulis malus @ect sense as shown in 

chapter 3. This conclusion can be extrapolated to the intaqation of any complex mixture. 





the carbabydrate moieties and na on the ammatic moieties, as previody b e l i m d  Tbis 

fiding also brings iruo question the use of mode1 c o m p o ~  such as saiicylic and phthaüc 

acid for metal binding Studies. Erom a functional group distribution point of vkw these 

mode1 c c m p o d  may not be at ail appIopiiate for fuivic acids, but are not d e d  out as 

inappropriate for humïc ad. 

This w a k  also shows that maal binding is a dynamic m e s s  in which agpgatim 

is very impomint. 

The NMR data also indicates t h ,  at Ieast for LFA, cellulose may be a more 

impartant component in fiilvic acid than previously thought 

8.2 Indirect Conclusions 

The stnrc tud  information, k m  the NMR evidence, hints at a aactal dimensionality 

between 1 and 2 for LFA and 2-3 fractal dimnsionality for LHA. In tams of physical 

entities LFA consist of more or less linear chah type entities, while LHA is three 

dimensional gel iike entity. This then Ieads to the conclusion that LFA is a less ordaed 

system than LHA. This is supported by the T2 results. Thus, it could be said that LFA has 

a higher entropy than LHA. niis nnding is supponed by the fact that the mathematical 

modeihg of hmic  aciâ behaviour, espccially in mms of metal biading, has been mne 

successful fhan the mathematical modelling of Nvic acids. Because LHA is a mon ordaed 

system it may be a s i q l a  system to study, with the long mm gœI of bang able to 

amputer mode1 the system to some level of satisfaction. 

Fnmi the mtal binding study it appears t h a ~  upon mnal binding, LFA b m e s  a 

more ordered systcm due to the aggregation. When a metai ion is bound thae is 

communication within the fulvic acid netwodr which leads to the apparent or&r via 



aggegation one sees. Put in another way, the binding of a metal ion makes the fuivic acid 

sysem l e s  cornplex- The long distance communication paths in a fidvic acid are via Farsta 

resonance or donor,/acceptor complexes. When a metal is bound the system becomes les 

complex and in closer pmximity, Hence, long distance colll~~lunication is no longer nceded. 

This loss of long distance communication becomes visible by the loss of fluorescence. An 

analogous situation is when people are in close proxhity, say at a social gathering, they 

comrminicate with each other directly. On the other hand, ifeverycme is at home, the 

communiçation is via the telephone. Thus, if one were to rnonitor the phone lines of 

everyone when they are at a social gathering it wouId seem to us as if no communication 

was taking place. 

If this is so, then there may be much marie arder in humic materials and in their 

response to 0th- chernical species than previously thougtit. This should came as no 

surprise, since not long ago it was believed thaî c I d  formation was a campletely random 

situation, Since, the induction of chaos the- this is no longer the case. The above 

discussion of humic material system is just an extension of complexity theory. 

8.3 Future Work 

Table 8.1 shows possible paths for future work. Further metal binding studies 

w d d  be performed by îhe approach developed in this work. Since the data iadicates that 

LHA's functionality is predominantly on the aromatic moieties, and that these moieties art 

relatively mobile, it would be of great interest to examine if these are the moieties with the 

strongest metal binding sites. It would a h  bt of gnat interest to study metais other than 

C u 0  to see if the conclusions cirawu h m  die C u 0  binding studies coulâ be more 

Table 8.1: Possible future rcsearch 



NMR characterisaton 

Maai binding 

Pesticide interactions 

A whole soil and its 

organic h t i o n s  

- NMR characterisation of humic matffials frmn 0th- SOUIWS 

- Rampa-= 13C NMR on LFA and LHA with C u 0  and 

other metal ions 

- TEM and EELS studies on the above samples 

- Computer modelling of results 

- 1 7 0  and % liquid m e  NMR hydration studies on LFA and 

LHA 

- Computer modeliing of results 

- l* and 3 1 ~  both dynamic and static liquid and solid state NMR 

snidies 

- TEM and EELS studies on the above samples 

- Computer modelling of results 

- 13C, 3 1 ~ ,  and paramagnetic relaxation NMR studies of metal 

and pesticide binding 

- 1 3 c  solid and liquid state and LH liquid state NMR 

g e n d  Due to its vcry Mgh nsolution, transmittance electron micmscopy (TEM) almg 

with e l m n  energy loss spectroscopy (EELS) would appear to be a v q  promising, and 

complementary technique to NMR 



Pesacide interaciions studies would be catTied out by 1% and 3 1 ~  NMR cbemiicai 

shift, hetercmuclear mlatioa, d hetetonuchr cohaence transfer specna as weU as 

dynamic relaxacion aaâheüc cxpcrimenis. The mason fa cbmsing 1% and 3 1 ~  is that 

they are very sensitive NMR nucIei, they ùoth bave large chemical shift ranges, and there is 

an extensive biological limatare on than This biological hmtme addresses siniirsr 

@lems to pesticide interactions with humic materials. The eqmhmnts wuid be 

p e r f d  in water and waterhrganic mixîuxes. This would diow one to understand the 

hydrophobic/hydrophilic nature of these interadions, as well as the time involved for the 

system to reach a Quasi-eqiiili'brium. Tt may alSO be interesthg to conduct variable 

temperature studies. There are two reasons for the variable temperatarc audies. nie nrst is 

to see if the quasiquüibrium after each femperahire fluctuation will be similar or diffe~ienî. 

The variable temperatme experiments may ais0 allow one to determine an activation energy 

or activation encrgits, if there are any, for these interactions. 

Ia the research prcsented here, 13C solid state NMR has k n  used to get same 

insight into the mesosaucûue of LFA and LHA. However, a more promishg technique for 

mesosauctural investigations is via the water intenuhg with the polymeric network. The 

technique wbich bas shown the most promise in biochemhtry is ' 7 0  and % iiquid aatc 

relaxation studies at di£î't temperatures and magnetic fields. The same approach is also 

promisng for humic materials, when via the relaxation measurements dinerent types of 

bound water can be determineci wbich, in tum, give mesostnrcniral infdcmation. 

AU three NMR experhents mentimed above wil i  provide valuable information 

which can be compared, and act as reférenœ data, to cornputer modelling results, The way 

in which this would wurk is as follows. First one would select the most phusible structural 

unis for humic materiais and combine them into a reasonable model, and then optimise it via 

molecular mechanics. Once this has been done, hydrate the molecule and compare 



computational redts to the 170 and %I NMR d t s  on the reai sysiem. if the resuits are 

with in an acceptable am then proceed to the next stcp, which is to tak the hydratcd mode1 

and react it with the same pesticides or pesticides on which the 1% and 3 1 ~  NMR 

experimnts were pcrformd If this is successful, then do a siaiilar type of calculation but 

r e p h  the pesticide with a mtal ion. 

As can be seen from above 1 believe that oniy by the combination of sophisticated 

tools aad methods can the advanament in our unàerstanduig of humic materials and the 

enviromnent continue to break new gromci, However, this point of view is vay  expensive 

and the techniques are by no means txïvial Thus, highly qualifed p ro feSS id  have to 

lead new and bright mincis into the field. This means dia. mort multiclisciplin~ 

wllaboration is needed as well as mae funding. At the moment the funding that 

envkonmental research receives is by no means pportional a, the value of what the eanh's 

environment gives us, Le. $33 aillion (US.) pet a ~ u m . 8 - 1  As natiiral resources such as 

W h  clean watcr become more and mare scarce, th& valce wiU increase substantially. This 

should on pressure on impving the funding situation.. I only h o p  thar this change in the 

funding Stilatim (na the environmental situation) comes won. as it is much easier and 

cheaper in the long nm to prevent than to cure. 
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Appendix A 

Setting Up The Ramp for Rarnp-CP 

The first step in d g  up RanipB is m calibrate the amplifier cm which the ramp 

will be set in terms of frequency (kHz) versus power (dB). This was accomplished by 

changhg the ampliner's power output and mcasraing the amount of rime it took to establish 

a 90y' pulse. The tirne dornmrin WB ehen cunverted into the fiequency domain taking into 

consideration that the pulsed used was a 9(r pulse and not a 360' pulse. An example of 

this is; 10k;Hz -+ 100p(90"/3600) + 25ps. Figure A. 1 shows the calibration curve for 

the proton channel of the Bniker AMX2-300 at the University of Calgary. 

Figure A. 1: A plot of the power versus muency of the applied pulse (the axis on the inset 

are identical to those of the main plot). 



Although the m e  is not linear, in fact it is best describeci as a log function wirh a 

correlation coefficient of r=O.W8, it does tend to linearity at the higher fkque~~cies. From 

about 35 kHz, the c m e  can be considcicd linear as the insert in Figure Al shows, the 

cazieIation coefficient for the linear fit is r=0.994. The two curve fittings that prindwed the 

wmlation values are the standard logarithmic and linear curve fi& in HaleidaGiaph. The 

X channel amplifier was not as linear, and thus the proton channel was useü fmramping. 

The next step was to set the ramp up on the -1 sideband match. The ramp is set up 

so its centre is at the - 1 sideband match, as determined by the kttonic group of glycine. 

The size of the ramp is determined by the sample s p i h g  speed used, as is the -1 sidebad 

match. Although this may sound to be a very daunting task, it is in fact quite simple if the 

NMR specuometer has a pulse programmer and allows for triangular pulses, as the Brakcr 

AMX2-30 does. The first step is to choose the trianguiar pulse, and then choose the 

appmpriate slice, as shown in Figure A.2. It is mandatory to how the frequency of the 

HH (Hamnann-Hahn match). From Figure A 2  it can be seen that the first half of the 

aianguiar pulse is a linear ascending ramp, while the second haif is a linear descendhg 

ramp. This is m e  in tierms of both amplitude and frequency because of the amplifier's 

linearity for the power ranges of interest. Fur the remainder of the discussion only the 

ascending half will be considered. hie to the digital nature of pulse shape programmer, 

this ascending ramp is t d y  made up of 128 points as shown in Figure A 2  (in reality îhere 

are 256 points, but 128 of these arc in the imaginary doniain). Each of the 1% points cm 

be mnsidered as a stcp, oncc again because of the digital nature of the pulsc prognummr. 

The HH for the k e h c  centre of glycioe, on the instrument used in diis work, was found 

to be 60 kHz, and is the maximum of the triangular pulse, as shown in Figure A.2. if we 

now want to set up a ramp for a sample that is spinning at 10 kHz, then the cenue of the 



Figure A 2  T h g  a niangle pulse into a RampCP puise. 

ramp will be at 50 kHz and the ramp will mer  the range of 45 to 55 kHz. If we convert 

this into point format, the centre of the ramp will be at point 107, and the ramp mers fiom 

points % to 118. in realîty ail that has bcen done is that a slïce has been taken out of the 

triangular pulse, and this siice is a frequency ramped pulse. By applying this on the p t o n  

channe1 durhg CP one obtains RamgCP. 



Appendix B 

Pulse Programs 

The programs fa the rampad puise sequenees used in this expaimcnts m given 

beiow. nie SAB pulse pgnun  is aot given as it is the same prilst program as suppliecl 

by Bruker. 

Rarnp-CP puise quence, stored as cp2lewary 

; =C 

; ~3~ degree lH pulse 

; pl5=contacttimepulse 

; dp 1 to have HH match with availabie X power 

; di0forpton 90 

; dl1 to d6coupIe with W e s t  available iH powa 

lze 

2dl  tlod10dO 

10u:cQ dl0 ; u n b l a n L M  

3 p90:d:d ph1 ; 90 degree 1H pulse 

4 (pct ph3):dpl @ct ph2):cc4 ; cross polarization with shaped 

; pulse on proton 



; decoupler off 

; TL@) set to drive HP X amplin- 

; rd=pW=O 

; ns=8*n 

; set: 

; p3--90 degree 1H pulse 

; p lS=contact time pulse 

; dpl to have HH match with available X power 

; dlOfroproton90 

; dl1 to decouple with highest available lh  power 

; tdl=number of delays in VDLIST 

; 1û=1 if VDLIST has to be executed as is 



; the delays in the list are muitiplied by 10 

define pulse -3+p17 ; p 17 d o n  pulse 

define puise -15 

p2==3*2.0 

lze 

2 dl t10 dl0 do 

10~x4 dl0 ; unblank AMI' 

3 pW:&c4 ph1 ; 90 degree 1H puise 

(pct ph3):dpl (pct ph2)xc4 ; cross polarization 

vkc4 cw dl1 ; switch to hi* power for decoupling 

@2 ph4) :t:c4 ; X-nucleus pi puise 

vd:& 

4 g0=2 ph3 1 

2m do ; decoupler off 

5 lOOmwr#OifWOiv 

goto ltimestdl ; set tdl to #O of delays in list 

6 exit 



Two dimeosional dipolar dephasing pulse sequence, suked as cp2dddpvar5.q 

; set 

; p3=90 degree 1H pulse 

; pl5=contactcimepulse 

; dpl to have HH match with available X power 

; dl0 for proton 90 

; dII to decouple with highest available lh power 

; parmode = 2D 

; tdl=32 or 64 

; ndk2 

; p2û=180 degree 1H pulse (with dl1 power level) 

p2==3*2.0 

define pulse -3+p17 ; pl7 correction puise 

define pulse pct=plS 



1 h c 4  dl0 ; mblank AMT 

3 p90:&c4 ph1 ; 90 degree 1H prilse 

(pct ph3):dpl (pct ph2)x:c4 ; cross polarization 

4 do ; delay #1, equalt to 1/2 tl 

dl1 ; switch to higher power for decouplhg to avoid HH bdow 

@20 ph4):d @2 ph4)zd ; H(18û) r e f d g  pulse and X(180)-CS refOcuSing pulse 

5 do dl1 ; delays #2 equalt to delay #1, and thus equalt to 1/2 t 1 

6 g-2 ph3 1 

2m do ; dec0ppIer off 

7 lOOmwr#Oif#ûidOzd 

goto 1 times tdl 

8 exit 

; TL@) set to drive HP X amplifier 

; r d = p d  

; ns=8*n 

;nd0=2 

;de2 us 



Appendix C 

Fïuorometric Approach to the Study of Meta1 Ion Complexation 

Kinetics 

Although, a i l  the wodc qmed in the body of this thesis are equiiibrium saidies, 

kineticsnidiesartvtrypertia~rit~speciacionstudiesaslifcprioctsscsartdynami~. The 

need fix both bighly scositive and beaer pbes  led to the foliowing wodr. Luminescence 

(especially flwmxence) is a probe that offers excellent sensitivity, and hurnic substances 

luminesce with lifetime suggesting fluorescence. Many studies have attempted to monitor 

binding of mctal ions by humic materials via ob-g the quenching of the humic 

materiarn luminescence by the bound metai ion. The majoxity of this work has used the 

assu~~lption that luminesccnçe quenching and metai ion bindllig arc relami linearly. 

However, as shown in Chapter 7 fm LFA. this hear assumption fails badly! Thus, the 

Iuminescence of humic materials themselves and the quenching of it by metal ions would 

not appear to be a pmmkhg approach to studyhg metal complexation and speciation by 

humic materiais. 

Recently Rafsbeck and Thorpe have describe a very inaiguing fluorescence probe 

technique to study metal binding by deuxyribonucleic acid (DNA).~.~ The technique uses 

a polyanionic Pt complex bown as Pt2@op)&, where pop is a phosphms bridging 

ligand, as the fluorescent probe which is quenched dynamically by the metai ions. Since 

Pt2@ap)& is coordination samateci it does not complex the metai, and wiîl not strip the 

metai ions f ian  the DNA polyanion. Also, due to the large negative charge of Pt2@op)& 

it is unlikely to enCounter the DNA and DNA-metai polyanions. Thus, the metal ions 

camplexed to the DNA polyanion wiil not quench the fiuozescence of Pt2(pop)&. With 

these two propctties, Pt2(pop)44' is the perfect spectator of friEt metal in solution. The 



DN-tal ions situation is very s i d k  to the humic matah lb ta i  ion situation at nanaal 

(imtennediate) pH values. Thus, it is quite plausible that a fluo~escence probe anion that 

has littie tendency to bind metal ions and a low probability of collision with the humic 

plyelectrolyte can be foinid 

Figure C.l: Stern-Volmr plot of Cu quenchiiig of Lucifer Yeiiow (106 M). 

A most promising anionic fluorescent probe far this type of work is Lucifer 

Yellow. The Stem-Volmer quenching plot of Lucifer Yellow togcther with the structure of 

the probe are shown in Figure C.1. h m  Figure C. 1 it can be seen that the probe is 

sensitive a, suitably low Cu (II) concentration. The Cu(edta)2- camplex does quench 

Lucifer Yeiiow's fluorescence evca at much higher collcentratims, as is shown in Figure 

C2. The fluorescence of Lucifer Yeliow is intense in a region wherc humic materials have 



Iittle abdance.  It is proposed that kinetic expezhents wouiâ piocctd in the following 

mamer: add a small coll~~~~tration of Lucifer Yellow (appmxbmly 1@ M) to the 

complexant solution; then spike the solution with a sniall addition of h&, 0. whae M is a 

metal ion that wiU quench the fiuarescence of Lucifer Yellow; and observe fluariescence as 

a fundon of thne to d t o r  the reactïon of fiee metal ions with complexants. 

Figure C 2  The upper two spectra are a 1w M solution of Lucifer Yellow (solid curve) 

and the same solution in the presence of 5*10-5 M Cu(edta)2- (dashed curve). The lower 

curve is the Lucifer Yeilow solution in the presence of 10-6 M Cu 0. 

This approach avoids the ambiguitics which arise in the &and cxcbange appmach, 

because the flwresccnt probe WU not intciact with hwnkhetd oomp1cx, it wiU ody 

monim the free metal ions. This a p h  allows for the direct examination of fcantres 



penïnent to mhanism elucidation ofcompiex famation &y the aaairaay occinring 

polyelectf~lyte ligand systems, kg. LFA. Due to the k t  that this technique uses vcry 

simpIe instnimentarion, it shouId allow fos the deve1opment of an insÛument that can be 

used in the field in remote Mons.  
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Appendix D 

A Fluorimetric Method for Detecting Trace Meta1 ions In 

Tlean Glassware", and Procedure for Producing "Clean 

Glassware" 

Fnwi Appendixcitcan beseenthattheglasswareusedfa~studies at 

namai concentration, e.g. 10-7 M mst be very clean. In temis of metal speciation snidies 

this cleanliness is of paramount imprmce with respect to meml ions, To &tain glassware 

with metal ion impurities lower than 10-7 M is a rarher aicky procedure, especially proving 

that the glassware does indeed have les  îhm 1v M metal ions. Ir stiould bt pomted out 

that a simple water wash and then fiame a t d c  absorption (AA) or inductively coupled 

plasma absorption (ICP) measurement on the wash will not show aU rneiaL ion impuritie~. 

The reason for this is that some of the metal ions wili adsotb onto the glass and only come 

off by complexation. This leads to anotha point as we4L A simple acid washing of the 

glas may not be a saMactory cleaning method fbr nannal water concentration wœk As 

the results below will show, a procedure which uses a three step washing pmesses gives 

cleaner glassware. This three step procedure is as follows: the f k t  step is an a d  wash 

afm which the giassware is rinsed five t M e s  with 18 MR wa&q the glassware is then 

cleaned with an ethylenediamioeteû'aaœtic acid (edta) solutiou at neutral pR a triple wash 

with very warm 18 Mn; five washes with 18 MR water. The nason for the use of edm is 

that it is a sarong metal ion binding ligand and will out compcte the glas surface fur metal 

ions. This is very jmporrant step as a similar competition ktween the humic material and 

glasswillalsotaktplace. 

Thus, once es cleanhg is donc one has to c k k  !O see if the glassware is clean 

enough. If one now recalls the finding in Appendix C that the Cu(edta)2- complex does not 



cpench the fluorescence o f M e r  Yebw at concentration mirh greafer than 1 ~ 7  M, a 

simple and very sensitive method of deteaing trace mtal ions in "clean glassware" 

becornes apparent The metbod is as folIows: rake the "clean glasmare'* and add a Lucifer 

YeUow fluorescence dye solution into the glassware and measure the fiwm~cence 

intensity. Then add edta m the solution and measure the fiwl~tsctnce intensity. If the 

fluozescence intensity stays the same, then the glassware is clean. However, if the 

flw3fesccnce incrcases then the glasswarie is not clean, The inmase cornes abom because 

the edta is cornplexing metal ions wtrich are quenching the fluorescence of îhe Lucifcf 

Figure D. 1: Results for a volumetric flask washed three limes with HN@ and then 

washed ten times with 18 MJ2 water. Tbe blank sample is jus a 10-6 M Lucifér Y e l h  

solution in the £la&, wMe edta 1 to edra 5 are the same solution but with h l ~ 7  to 106 M 

edta added. 



Figure D.2: Results for a volumefric flask washed once with HNOj afm which the 

glassware is rinsed five times with 18 U(2 water the glassware is then cleaned with an edta 

solution at neuaal pH this is then follwd by a wash with vay warm 18 MR water three 

times and the glassware is by a wash with 18 Mn wam five times. The blank sample is 

just a l@7 M Lucififer Yellow solution in the fiask, while edta 1 to edta 5 are the same 

solution but with 2 d V  to 106 M edta added. 

YeUow dye, and thus there are metal ion impirrities in the systern. Eqxhental  d t s  of 

this are show in Figures D. 1 and D.2. The reason fm the gnater intensity in Figure D.2 

is that the gain cm the photomultipler tube was incread, to allow for beaa seIlSitivity to 

any iatciisity ~ ~ n c e s .  



From Figures D.1 and D.2 it can be seen that tùis fluorimetric monitoring is a very 

sensitive method, and in aii probability, this sensitivity can be increased if dyes widi hi* 

quantum yieIds axe use& Ah, it can be scen that the classic method of acid washing did 

not yield giassware clean enough for natulal water merai speciation studïes. This may be 

from the possible presence of memi ions in the acid itself. Howeva, if one includes an 

edm wash after the acid wash, one does obtain glassware clean enough fa natufal wawr 

metal speciation studies. 

It should also be noteû bat aii  giassware should be cured with a 10-9 M solution of 

the metal ion king studied a k  the clcaniog, so thai any strong giass binding sites axe 

occupki This curing should be repeated fke times far a week each tirne. 



Appendix E 

Unsuccessful Experiments 

In tfiis section two unmccessfal spectroscopie mthods which were imrestigated are 

discussed. The two methods dm were aied are Raman sptctroscopy and X-ray diffraction 

(XRD) -Y* 

E.1 Raman 

Figure E. 1: The b o m  scan is an aqueous solution of Guo, whiie the top scan is a 

solution of Cu and LFA in a 2: 1 ratio. It should be noted that the spocaum has becn 

red shifted by 194405 cm-1, since the argon laser source emits at that wavenumber. 



Raman spectroscopy is a vibration mode based technique that is cuqIimentary to 

infr;rred (IR) speamscopy. Raman is more sensitive to vibrations iavolving homonuclear 

bonds compared to IR, but it is not as usefiil as IR to study oxygen-containing prrps. 

Because of this, Raman is a useful technique for studying polymeric backbones, especially 

in terms of aggregation. However, due to the fluorescence of LFA Raman -y 

was not succeSSN, thus not pursued any fiaher. An example of the resuits obtained are 

shown in Figure El, However, a new technique lmown as Fi'-Raman is able to remove 

most, if not all, of the fluorescence interference as the laser fiequencies used in this 

technique are in the near IR region. Since, in the near IR region, humic mamiah fluoresce 

extriemely weakly if at ail, it may be worthwhile to conduct a ff-Raman investigation on 

LFA and LHA. 

E.2 XRD 

XRD spectroscopy is a method which gives information on medium to long range 

order in cornparison with the short range order idormation NMR specmscapy gives. 

Both LFA and LHA were analysai by XRD, but the resolutioa was very poorpoor However, 

it seemed that LFA had two camponents and LHA had only one. Due to tbe poor 

resolution, this experimental path was not pursued any further. However, small angle 

XRD may be a useful technique for the study of humic materials. 
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