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ABSTRACT

Laser Studies of the Photophysics of Humic Sudbstances

Joan PF. Power
Concordia University, 1986 .

Two aabecte of the photophysics of humic substances were

Btudied in the course of this work . The first used time

resolved emission ang‘flash photolysis téchniqu@u to

determine the trangient species formedlpnder near UV

L4

irradiation of a well characterised humigﬁiupatance. The

second involved the use of a steady staté <thermooptic

technique for the determination\of veak absorbances of

dissolved humic materials{

Laser flash phofolyqis studies. vere carried out at 355'
nn with resolution from 20 ps to greater than 100

nicroeecondé. The principal components of transient

absorption were, for the vell characteriaed humic oubntnnce"‘

standard, Armadale fulvic acid : a aolvated electron vith a

lifetime of 1 - 2 microseconds ( pH 7 ). a radical 1on)

apeciee vith a lifotine of 1 - 15 nicroaeconds and a long

livad component with a liretine in axceaa of 100

microseconds. The solvated eleqtron vas identified on the

’

baaiu-of ite ubiorption spectrum which shoved a maximum near
700 nm, its sensitivity to N,0, and its rate conatlnts for
bimolecular quenching by 0p, B and Cu2*, The radical opocioa

had.qn-absorption apectrum vith a maximum near 480-510 nm. It



N C B
gppeargd concurrent with: the 6lectr.on' nt‘;?o 'ps past
: oxoitafion. The thi rd‘,,longest lived cbnponent had a broad
featureless "ubgorption spectrum and was asaigned to tfze'
tri'plot states of the humic material. Emission 1ifetime
measurements /at 355 ne gave a thre‘e component model for
ou’iuio'n gave a t’hxjoe component model fo'r enission with
1ifetimes as follows: (1) 100-200 ps (11) 2-3 ns and (111) 6-
8 nes. . \

A thermai lens ‘upe&tro:netei' .was designed and constructed
. incorporating a photodiode array detection system. The
spectrometer vas operated. mainly’ a'a a. -ode-miuﬁhtched
instrument. The mode-mismatched intensity préfiles c'mae'rved
in the detector plane were nnal;aot} by‘difi’r;ction theory.-
Pourier techniques vere developed for ‘the analysis of mode-
" mismatched intensity profiles. The detection limit.for the
apect"ronetor was an absorbance of 2-4 x 10™5 at 50 W of
laser power, 'in the absence of beam pr;)file analysis. |

Thermal lensing vas applied to neu\u:enonte of humic
substance concentrations at natural -v-ater lovelc. The thermal
" lens-signal wvas found to be insensitive to light acattpud by
large“ particulates added to samples oltfdiaaolved humic
material. "I‘hernul lens studies of a series of natural organic
onr'bon samples yielded a quad'ratic relationship between the'
ablorptivity of a sample md 1ta carbon content, for a given
B4/26 ratio. This observation was explained by the formation
of intraparticle olectron donor/accoptor conploxes, and
,-uppliu a general -odel for interpreting the photophysiés of

humic substances. 5)
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™

_ thermal diffusivity

. lbsorption coefficient in cm~! ( p 191-8)
i N . -t A
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Lo © o Co 5=17) -
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" dimer absorbnncq

4

amplitude

a constant proporticnal to the electric
field lmplitude. Up

“~
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% weight carbon content -by elemental
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fractional carbon content

vt/vol concentration of sample

Dirnc delta function

temperature coefficient of refractive
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/ K

(classical definition) ratio of annpie
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/

(this work) ratio of sample ubcorbance ut
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absorption coefficient of alnplb
focal length /
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- a constant proporticnnl*to the electric field
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Chapter 1
[}
Introduction )
P e
I o S :
The role of the';pggiic substances in the aquatic
:gfﬁy-/_

environment is of central importance to the regulation of
the composition of naturai waters. Humic materials, through
their complexing capacity for cations (1-7) contribute to the

control of the pH of natural systems. Humic materials are

.. also known to play an important role in the speciation of

ﬁletal ions in the aquatic environment (1) : ultimately, they
may control both the ﬁptake g;‘ metal ions by 1iving organisms
and the toxicity of the metal ions available by the seiective
complexation of: the different ionic Spec;ies present. Much
work (8—‘16) on the photochem.istry of natural waters has

demonstrated that under sunlight irradiation, vaters

containing . humic substances generate a wide variety of

.

reactive intermediates and radicals. The photocheﬁmically
generated species have been shown tp be ‘effective -in bringing
about the degradation of dissolved organic waste materials
such as‘ pesti,cidés (14,15) in aquatic systems. Humic
subs tances, therefore,“parj:icipute'ivn the dual action of
" chemical and photochemical régulat'ibh of a natural system's
composition. ’ '

The g’e‘neral character .of humic substances 1is of an
nextremély heterogeneous mixtf;re (1,17,18). The humic
materials represent the refraétory fraction of the byproducts

of 1iving organisms that have undergone extensive degradation

in the environment. Their origin is traéeab‘}e to plant

1
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degradation and the synthefic activity of microorganisms (7).
An important source of hunic materials in the freshwater
environme‘nt is soil runoff (1).

The extréeme complexity of humic substances prevents the
assigximen:t of a precise chemical structure to account for
their properties. ‘The moét.general practices include
classificatioq of the various types of humic materials
according to j:he isolation and fractionation proceedures (7),
or accor‘ding to their mac,romolec:ularl groperties such as
molecular weight or particle size (19,20). gther properties
useful for providing classifigation include carbon and/or
-oxygen content and total aéidity of the material (1,21).

- The photophysicé _of humic substances is of great

interest from two p?ﬁnts* of view. The first point of view is

mechanistic : the diversity of the photochemistry observed in

" natural waters has led to the requirement for a more detailed

understanding of the elementary steps by which excited humic
chromophores yield reactive states an& intermediates. The
second point of view is methodological : the chemical and
phygical properties of environmental humic substances are
frequently mohitored by s8such classical methods as
fluorescence and absorption spectrometry (21,22). An
important requirement for environmental studies is the
avalilability of probes which are capable of providing high
meksurement sensitivity in the presence of 1light scattering
matrices. v |

The approach of this work hgs”been the study of the

photophysics of dissolved humic materials from these two

.z . .
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points of view. The first approach has motivated the laser
flash photolysis and‘ time resolved emission studies of
Chapter 2. While the flash photolysis work of Chapter 2 is
not the first study of its kind(23,24), it is the first to
. employ such a broad timescale of observation (picoseconds to
microseconds). It is also- the first study of a vgll
characterised model humic' material for which the physlc&l and
chemical properties-have been established (2-6,17,18). The
obJ;ctive of the flash photolysis and time reéolved emission

work has been to determine the generation and decay of
(NS

'trahsieqt'species and possible precursor states to the

reactive intermediates whicﬁphave been already détected-i§\

natural waters. v y y-

?he second aspect of this work has been methodologically
oriented. The ij tive has been the application of laser
thermalﬁiensing,\’sensftive thermooptic technique for the
measurement of weak absorbances (25-27), to the direct
measurement of humic substanée‘honcentrations and properties
in natural samples, without pretreatmént or preéoncentration
steps.In addition, this project has pursued‘the devélopment
of novel detéction échemes in thermal lensing. The thermal
iene effect has been, to a major extent, studied for its own
sake in the course of this work. Two'chaptgra have been
devoted to reporting theoretical and instrumental thermal
lens developments (Chapter 3 and 4). -

Chapter 5 reports the application of thermal lensing to

a series of natural org matefials and d;nonstrateq a




’ -
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. . o oL
sprufid“'to nsome of the gechnicﬁl problems "posed by
qnv}ronmen?el va?en ;amplea requ;ring the meaahrement of‘veak
;bporbaqces;f%b thermal lens technique is shown t5 exhibit
high'sénaiFivity\in the visidble : a region of the spedtrum
that has g;nerally been regarded as inaccessible for the
direct, study of ‘environmental m;thials because of their low
vfaible'apsorptivity'(21). Finally, thermal lensing has ﬁeen

evaluatei for the direct determination of the absolute

'quagiup y/ d of natural organic materials, in the hope of

provijing an ajtennatiﬁe to conventional methods of
spectrofluorimetry (22) in the study of humic substances.

) ‘ . .
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Chapter 2 . v
Laser Plash Photolysis and Time Resolved Emission Studies of
a Vell Characterised Soil Humic Substance

In .recent ygFre. appreciablp.jfformation has been
accumulated on the photoéhemical activity of dissolved humic
substances in natural waters with the objective of laying the
groundwork for understanding the photoprocesses occurring in
the aquatic envqronment. The role played by.disaolved humic
substances in aquatic photéchemietry promises to~be a complex
one. The character of the humic or " refractory organic "

material dissolved in freshﬁatet/ayatems is that of a complex

nifture of phenol carboxylate and refractory carbohydraﬁe'

fragments (7,17,28). It represente the fraction of natural

products remaining after the final stages of degradation of
. ,

moleéules originating from living systems. These organic

materials are colloidal 1n~nature{ and are chief)y

4

responsible ?or-th owv-brown coloration of natural

waters. In the environment, they harvest solar energy and

initiate phS%ochemietry It has been argued that this is
mainly by means of indire 3 mechaniaga of energy transfer (é)
since the wavelengths readily available from the solar
spectrum wvere generally conaideréﬁ too long to cause direct
’lphototranafornatign of the humic substrate.

A number of recent studies have demonstrated the

3
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presence of a variety of oxidants and free radical species in
irradiated ﬁumic waters. Such‘studies are typically carried
out under broadband- or sunlight 1rradiation‘and‘involre the
analysis of the photodecomposition--products of well
cgaracterised pHotochemicsl probes. X : -

Aigood example is the detection of singlet oxygen,
repcrted by Zepp et al. (10) in the sunlight irradiatioc of a

serieﬁ of humic water samples. Singlet oxygen is an excited

form of 0p which is commonly sensitised by excited triplet

]

states of a variety of organic chromophores. The formation

is summarised by the scheme : : )

NV . »oo Lot N
i 0 h 1HS1 isc 3HS1 ‘ - * . ,.(_/

30, + 3HS;—= 'HSy + 10, .

In this scheme, humic substance chromophores (1HSO) are
excited to the first singlet state, oh the absorption of
light, anq intersystem cross to the triplet (3HS1). which

'se'eitises the formation of 102 from its triplet'ground

etate, 302. 102 adds readily to conjugated systems in a

madﬁer analogous to the Diels-Alder reaction (29) to produce

]
H

peroxidic reaction products. The work of Zepp et al. involvei

both sunlight and near UV irradiation (370 nnm) of solutions

containing humie substances“nnd 2,5 dimethyl furan (DMF), a -

well characterised singlet oxygen acceptor. Product analysis

verified the production of singlet oxygen : this finding was

-
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furth;r aupﬂbrted by ﬁtudiea showing inhibitiog of the
photooxidation reaction in the prescence of known iipglet
oxygen inhibitorss The environmental importance of these
results ariaeé‘iecauae of the reactivity of siﬁglet oxygen
fof a variety of piefins and aulfidea: and in ;one cases,
f»/becauae of its potential toxicity.in.particular,the wvater
aoluble'peaticide cié-reamethrin, a furan derivative, 10'
expecfed to exhibit a high reactivity for singlet oxygen
(3. . ' K )
A more recent example of a reactive form of oxygen found’
in the 1rraﬁiation of humic waters is augercxide.ion.
observed by Baxter and Carey (12). It is formed.

photochemically by the reduction of dissolved oxygen:

O + e~ -’ 05"

~

This apeéies is of interest environmeéntally because it may
provide a mechaniam' for the photodechlorination of
chlorinated organic compounds in aunlighfc irradiated huamic
vaters. An example couid’beaprp;ided by fhe ph&toindueed
decomposition of methoxychlor (a DDTﬁanalog). k14) observed
in irradiated humic wvaters. A mechanism involving singlet
oxygen has been effectively ruled out in’thie case. The
poseible importance of a euﬁdrdxide route Ia further
suggested 16 a pr;duct.nnalyais indicating the reactivity of

DDT for synthetically generated 0,~ (30).

Superoxide is also interesting because it nay&bxplain

A Y
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the formation of hydrogen peroxide\bbeé}yed in humic yatere

*4 -
"

1

20, + Hy0 —* 0, + HOp™ + OH™ S

2H0,~ ——— & 208" 40,

502 + HY == 5202 »

e

)

Dismutation of. the Hzoz'reeulte in the formation of hydroxyl’

‘fedicel'; bﬁ * 4 "another transient epecies observed in humic

s

waters ( 13 16 )

]

3202 ———— 20H*

‘Recent wvork by Bolton et al (31) on the pheéolxeie ot

bengoquinone in water, has demonstrated the direct formation

of bengoquinone. radicals and QH'. This lay'%e a’relevaht‘

proceee in humic vetere beceuee of the conpoeitienel

inportence oL quinoid chronophoree to humic materials (9, 17)

»

. ! N . ' s
it 1e clear from these reaction schemes  that the action

LN

- of euperoxide nay-yronote photodeconpoeition processes via

1n1t1ation of free redical reaetione a8 wvell as by direct

v

. .




roubes. Distinction among mechanisms i likely to prove

complicatéd owing to the variety of pathvays observed for
reactive: intermediates in these situations.{
The participation of organic freexradicals is a further
"topic of importance in humic water photochemistry Irradiated
~”solutions of - humic substances have been shown to contain
enhanced concentrations of free radical oxidants such as RO* -
in addition to OH (13) The participation of radicals has

been invoked to explain the photoreductive dissolution of

colloidal iron oxides in the presence of dissolved humic

- substances as reported by Waite and. Morel“(32) ) .
. HS ,.___hz;__, HS*

a
d . "

& . HSe + M+t — M(n-1)+ 4 ys | o

It is clear from‘this brief gurvey. that a»variety-of'
interesting.and environmentally important photoreactions
eoccur,in irradiated humic waters. 'The multiplicity of
potential reaction pathways and the difficculty of
| dist}nguishing among them has‘given;rise'tO'a need for more
' idetailed phutophxsical“information. Thé formation kineticsfof
'staté%~parent to the transient'intermediatesj their lifetimes
and cuenching 'behavior' have become"the 'subject of
fnvestigation relatively recently (23,24). Strategies for
obtaining basic photophysical information ma& involve steady
state photolysi{™or the use of flash photolysis techniques
which yield time.resolved information.

. The second approach has been recently applied in studies

-~
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reported by Fischer et ai. (23,24) in which a series of

natural water eambles was irradiated in the near UV with

pulses from a manosecond laser (Nd:YAG third harmonic

wavelength : 355 nm). The authors were able to resolve two

components of tranéient absorption common to all of the

samples studied : a combonent wifh maximum absorption at 475
nm and a lifetime of several microseconds and a signal near
700 nm which was attributed to a solvated electron on Rhe
basis of its absorption spectrum and sensitivity to N50. It
was believed, on the basis of experiments with oxygen, and .

with friplet acceptor probes (which partially quenched the

transient) that the 475 nm species was assignable to triplet

states of the humic substance. However, experiments with
photooxidation probes also demonstraﬁed a composite nature to
the 475 nm transient absorption which*suggestea a connection
with free radical generation. Owing to a lack‘of early (and

later) time resolution in their experiments (33), it was not

'bossible to eliminate conclusively these ambiguites in the

interéretafion. ! L

"In this wq;k, we. have chosen axwell characterised humfc
substance as a model for the naturally occurring materials.
The sample, Armadale fulvic acid, is a soil e%tfact vhich has
been extensively studied by numerous ﬁnthore (2-6,17,18,20),
and has been prepared in a form which is unémbiguous witﬁ

respect to protonation state and metal ion content (3,4,8).

The possibility of relating changes in the observed

“ photophysics to the phyeicochemiéal properties of the sample

becomes realisable. In addition, we have undertaken flash

10 ’
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photolysis studies on timescales ranginé from picoseconds,
where the transient states appear, fo nahéeecoﬁds‘aﬂd
miéroseconds where their decays ar observeai }n\thie vay,
the evé%ution of the transient species over the entire '
timescale may be observeﬁ,\and a 1ink may be estaplished
betweeﬁ the signals observed in each domain. The objective
has been to locéfé poésiﬁle'precuréé;; to .the-transient

intermediates obsefve&‘inJhumic_watgrs and to obtain

informatibn on the pathways for the&r formation and decay.



The Armadale Sample

‘The study of a well characterreed hnmic material hee
been a}foint of departure of this work from orevighé_wonk in
the field. A _large volume  of information has been
accumulated on the Armadale-sample'first isolated by Hansen
and Schnitzer (17) from the Bh horizon of & P.E.I. podzol.
The properties of the material relevant to this study are
summarised in this section along with pertinent data.

The definition of the terms " humic " and " fulvic "
acids are clarifled)with reference to the ‘fractionation
teehniques used to isolate them. The scheme depicted in
Figure 1 indicates that these definitions are operational,
based on tﬁe solubilities of the various fractions contained
in a s0il sample. The total organic matter present-in the
soil is first'olaasified into humic and non-humic eubstances.

The non-humic fraction consists of the fragments of

biopolymers such as polysaccharides, proteins and lignins,

*

'whioh have not undergone extensive degradation in the soil.

Lo, [
%{‘):
T .
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The humic substances represent the fraction of materdials
}emaining after the non;humics~have‘been extensively
decomposed ;éeving smaller fragments with relatively few
functional unite. Humic substances are removed from the soil
by alkaline’ extraction (7) to yield the subfractions : fulvic
acid (soluble in acid and alkali), humic acid ( soluble in
alkali - 1nsoluhle in acid) and humin (ineoluble in both acid
and alkali) The-fulvic fraction is the most oxygenated, and
} o, -
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. _Soil Organic Matper

L %

| .- L

Humic Substances Non-Humic Substances
( plant debris , ‘polynccl;nldu .
lignins )

s

.

. .
.

. .

l ' l ’ l

Fulvic Humic . > Humin
Acid Acid : -
{ soluble in acid ( soluble in alkali ; ( insoluble in acid
and alkali ) huolpb}c in aecid ) and alkali )
~ - molecular waight . >
carbon contert > ’
& oxygen content
< acidic functional groupe ‘ 5

'

T T,

Pigare 1 : Scheme for claaa&fﬁcation_of,soi{ prganig

r;aotions'.
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contains the highest content of-acidic functional groups. It

. .
also occupies the lowest range,of molecular weight of the

-three classes o0f humic substances. .- o .

In addition to tde alkaline eitract;on, Armadale fulvic
acid.has been further refined through extengive ion exchange
for removal of metals. The end product is a fully brotonated
material free of bound cations. Hence Armadale fulvic acid is
a natural fyactiod but it is not a raw material.

One may at this point question the choice of a soil
derived material as a model for the'organic matter dissolved
in inland 1ake8}and stregms. In f;eshwaters, as in the soil,
the organic matter present is classified into categories
based on oriqiﬁ\and operational d?finition. Dissolved organic
material is first classified as " pedogenicgf or "aquogenic"
depending upon whether it hadaits origin in the s0il or the
aquatic environment. Each of these categories is further

subdivided into " refractory " or " non-refract6;§ "

AN

material. "_Reffactory " organic material consists of_

dissolved humic substances yhilé tHe " non -'}effhctory "
portipn‘gonaists of the undegraded fragments of biomoiecules
in direct correspondence with the " non~humic " fraction in
the so011(1). ' ; - ;

In most freshwater systems (1), 70-80 % of the dissolved

organic material consists of refractdry organia ﬁaterial

{ROM), most of vhich'ig pedogenic or soil derived (PROM). Up

to 70 # of this fraction consists of dissolved fulvic

-material. A recent. review by Buffle (1) -compared the

properties of soil fulvic acids and PROM and showed striking
. bt
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similarities in 'the properties of both fractions wvith respect
to molecular veiéht range, elemental composition, and
distribution of acidic functionai groups. This comparison,
~then, supports @he Armadale sample as a relevant model for
the naturally'occuring materials. Unlike aquatic materials,

1t‘1a~availgble in reasonable guantity.

Functional Group- Analyaia

Schnitgzer (7,17) has deternined through titration,
derfvatization and,dqgradative proceedures, the following
distribution of functional groups in the sample: 3.3 meq/g
°pheﬁolics; 7.7 ngq/g carbo;yldie; 3.6 meq/g aliphatic
alcﬁgol; 0.6 meq/g quinone. NMR studies confirm this

i

analysis.

Blemental Analysis

Results yie}éed ﬁit content as follows for the current batch

" _of material (34):.C = 49.52% ; K=0.58% ; H=4.6% ; Metal ion
content (deyerained.by atomic absorption) is less than
mmole/g . )

Titrimetric Properties

Arnadale PA has-been characterised by acidometric titration

by Gamble (18) Bia results yiolded equivalonce points ot

4.99 and 7.74 lmollg FA for the aanple. based on the Gran' q

function method. Theae equivalence points are repoducidble to

within 2 % betveéﬁwlzpa;;7€*bgtchea of the material (4).
Gamble has 1nterpre d e equiltbriul bindiug-funotion as

follows: the first phaae of the titration involves the

)
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deprotonation of salicylate structures which represent the

mqet acidic sites on the material. These structures are

deprotonated after the addition of 3 meq / g FA of titrant.

N

The- second phase of the titration (to 3-5 meq / g FA)
involves deproton;tion_ of monomeric carboxyl groups and
other carboxylate structures whose acidity conétants are
relatively insensitive to conformational changes‘in the
fulvic "polymer ". The final phase of the titration (5-6.5
meq. / gFA) yields data showing strong electrolyte effects,
1ndicafing structural sensitivity of the acidit} constants.

Phis is typical of polymeric carboxylic acid functionalities.

Holecnlar\ﬂeighf Range

The value assumed in this work is thé number average fiéure

of 951 g/mol as .determined by 'vapor phase osmometry (17). The
weight average values are significantly larger (20). The

material is polydisperse.
!etal Binding Properties

Copprer ion loadings have been determined by Lee (3). The

‘binding capacity of the sample for Cu2* was determined’ to be

4.7 mmol/gFA at pH6 and concentrations of 100 mg/1l FA. The

‘binding capacity of the sample decreases as a function of

decreasing fulvic acid'concentratioﬁ, decreasing pH and

- increasing concentration of supporting electrolyte. The

binding capacitytit.10 mg/1l FA is 3.3 mmol/gFA at pH 6. These

results were obtained in the absence of background

electroljtel
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Bxperimental Section
Materials and Methods of Preparation

.

Arm?dale fulvic acid, ﬁrepared by‘the method of Hansen
and Schnitzer (17) was generously éuﬁbfied by P. Aysola,
Chemistry Dept., Concordia University. ’

Pulvic acid stock solutions were prepared in Millipore
ultrapure water (ionic conductivity 13 M(}- cm) or glass
distilled water which had previously been adjusted to pé 2.
Stock solutions were prepared and discarded on a-weekly basis
as reéommended by Underdown (4), and protected frbm.exposu;e
to light. Stock concentrgtions were 400-500 mg/l of FA.

Samples for fluorescence lifetime studies or flash
photolysis weré—prepared by dilution of the stocks. ‘pH
adjustments were made with 0.1 M HC1l and NaOH, to a precision
of £ 6.15 units. This proceedure was adopted to minimise the
ionic strength increase -~equired by the use of buffers. The
FA concenpration‘wae 200-250 mg/1, fér the flash photolysis
experiments, and was chosen to satisfy fhe requirements of
the flash kineticogspectrometers (0.5 units / Z;m).,Samples_
‘for fluoreacence -lifetime measurements were preﬁared at 50
mg/l of FA. In these experiments the ash content of .the
materials was freated as an integral cﬁmponent of the sample.
FA solutions were unfiltered in all cases.

Stock solutions of metal ions were prepared directly
from reagent grade CuCl, and RiCl,. ZnCl, vas prepared from
the metal (analytical grade pellets). The copper content of

the salts was checked by iodometric titration (35) and found'

M
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to.be within 1 $ of the formula weight. Lok

Values of th? coppex-"binding for the Armadale sample
vere obtained from the binding curves reporteli 'by Lee (3).
Experiments were carried out over a range of c':Opper bilnding
fractions, O , from X = 0 to O = 1.00. .

FA solutions were aerated for absorption experiments run
fin the picosecond and early nanosecond domain. Ifater
nanosecond experﬁnents ‘were.run on samples which were

, . / . : )
dederated with N, or Ar. Fluorescence measurements were run

in both modes but were found to be insensitive to the effects
Of 02- N - ) g

Instrumentation ‘
. . \ - | |
Absorbance measurepents were made on a Perkin Elmer 552
UV-ViaiSle.§pectropho§oieter o{ a Beckmann Acta MVI
épeqtroﬁhotometer. The wavelength was 355 nm.']bsorbancq
negsur?nents vere made 1h\i cm or imm glass cells.
Conventional fluoreacence<heaaurementé vere made on a Perkin-
Elmer 1450B 8gectrofluorimeter in a 1 cm quartz cell.

A
}
.
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Plash Kinetic Spéctrometers :

Picosecond Domain

-

Experiments were conducted on the picosecond
spectrometer located at the Canadian Center for Picosecond

Laser Flash Photolysis, Concordia University, Montreal. All

" spectra were recorded with the cooperation of Dr. D. Sharma,

head of laser bperations.

Excitation was supﬁlied as 20 - 30 ps pulses'ffbm a
passively modelocked NA:YAG laser (Quantel). The 3rd
harmonic of the Nd:YAG systen Qgs usia for sample
irradiétion,witﬁ a wavelength of 355 nm. The pulse energy
throughfut was approximately' 3 mJ. Probe pulses were
obtaineé over the range from 410-650 rnm by stimulated Raman

scattering from D,0 .The detection system consisted cf a

double monochromator and an optical multichannel analyser

. ¥
" (PAR) interfaced to a PDP 11 laboratory computer. Spectre

*were obtained at delays from 20-100 ps and over the range

from 50C ps - 10 ns .Each spectrunm was ﬁhﬁ average of 8-10
shots.

-The geomet}y fcr detection of the transient absorption
Qignals was a collinear configuration in which pump and probe
irradiation volumes were aligned coaxially. A block diagram

of the system is shown in Figure .2a.
Nanosecond Flash Kinetic Spectrometer

Flash photolysis experiments'in the nanosecond domain

were conducted on the flash kinetic spectrometer located at

¢

s
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Pigare 2 : Block diagrams of (a) the flash kinetic

spectrometer located at the Cansdian Center for Picosecond
Laser Plash Photolyeis (b) the nanosecond flash kinetic
spectrometer located at CNRS Laboratoire de Chimie Physique A
o Universite de Bordeaux I. ‘




Bordeaux I, Talence, France. . : X

Source excitation was obtained from a passively mode~

locked Nd:YAG laser system (Quantel). The pulse width was 300

ps .at the third haruonic wavelength (355 np). with a range of

pulPse energies from 10-30 mJ. Continuum probe light was
éupplied b& a pulsed ke arc’'source (200 W) with a discharée
period of 10 microse;.“In experiments involving long
microseéond obéervation times, the Xe arc was operated with
coﬁtinuous illumination and the laser discharge was initiated
manually. The spectrometer utilised ; perpendicular detection
geometry (?igure‘B), in which the continuﬁm.probq
intersected the irradiation volume af right anglée. The
detectioﬁ system consisted of a ponochromatoy and a
photomultiplier tube (RCA" 1P28). ~The photomultiplier output
was monitored by a transient recorder (Tecktronix 7912 AD)
with a time resolution 0of 5 ns. The transient recorder was
interfaced to a mic-ocomputer (HP 85) for ‘data analys{s under

routines written in Basic. A block diagram of the,

spectrometer is shown in Figure 2b.

Irradistion Geometries

The picosecond domain experiments utilised a céaxial
detection geomeiry in which the probe And excitation phIaeé
overlappedzin the irradiation zone. By contrast, nanosecond
dqmain;expériments used the perpendicular irradiaﬁion
geometry of Figure 3. The excitation pulse was introduced

into a side face of the photolysis cell. The continuum

radiation was directed into the cell at right angles via a 2
e ; ST :

~
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Figure % : Schematic of the irradiation geometry for the
nanosecond flash kinetic apectroneter sshowing perpendicular

detection scheme .
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mm slot in the cell holder. The probe radiation emerging from
the cell was then focused onto the monochromator.entrance
slits at a distance of 10-20 cm.

The sensitivity of the perpendicular geometry depends
critically on the overlapping of a 2 mm irradiation path with
the intersecting probe beam. The dgsign assumes a homogeneous
spatial distruﬁgﬁion of excited species oven the 2mm
1rradiation path. Highly absorbing samples produce a narrow,
inhomogeneous spatial distribution of excited states so that
the probe ‘beam traverses a path containing a large section of
the irradiation volume unaffected by the excitation pulse.

The nanosecond apparatus was designed to photolyse samples

.with ground state absorbancee of A = 1.00 cn~'. The 1low

signal levels initially obeerved for dissolved FA required
the abeorbance to be raised to A = 2.5 cm -1. The AFA .

concentrattions were approximately 250 mg/l, which matched the

'sample,concent}ationa used in the picosecond experiments.

However, large absorbance values produced inhomogeneities in

the exc;ted state dist;ibufion so that it was neccessary to
redéace the width of thehprobe beam section to 1 mm ané use
high excitation power (20-30 mJ).The coaxial design uaeo in
the picosecond instrument yielded a much higher detection
sensitivity. | |

Two additional problems were associated with the
perpendicular ‘design. The first wes a problem of intense,
short "lived fluorescenoe, produced- by the photolysis pulse.'
The pulse of fluorescence effectively "blinded" the

24



photomultiplier tube for up to 100 ns after the passage of
the photolysiﬁg pulse and preventéd study of the earliest (50
ns) decay components (see Figure 4). This problem most likely
arose from the relatively close epaciﬁg between the
photolysis cell and‘the entrance to the monochromiggr (Figure
4).

The second problem was encountered in the iong time
domain (t >.To.microsec) and involved interference due to
photothermal deflection effects in the sample. The diffusion
of heat at long times after excitation produces a thermal
gradient in thé‘sample (which may also in part be due to an’
uneven spaéial distribution of exciteg\gpeciés in the sample
in the initial flash). The thermal and/or concentration
gradients may produce a deflection of the probe beam (36,37)
and an apparent red@cgion in its intensity observed at the
detector. Experiments with oxygen quenching of the longest
l?yed transient absorption signals mfve demonstrated that

they are not ;ftifacts of these phénomena. However, the

photothermal ntégference makes it impossible to determine

r~ .
where to place the signal baseline. No kinetic analysis of

the longest signal components was therefore possible.
Fluorescence Lifetime Determinations : Instrumentation

In the picosecond/early nanosecond domain, measurements’
were made Bn an instrument located at the Canadian Center for
- Picosecond lLaser Flash Photolysis, Concordia University,
Montreal. Exc}tation was obtained from the passively mer-

locked Nd:YAG laser mentioned above with a pulse width of 30

g 25 .
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‘ps. The irradiation vave eg%§2&4aa 355 nm (th}rd harmonic)
and the pulse energy_yaé/jz4 OQES nJ. The detection systenm
yonaiated of a streak camqra\(ﬂanmamaféu). The cell path for
irrudiatiqp wvas 2mm. An integrated emission was monitored
above 435 nm. - (-

_ Nanoseéond ;ggnafﬁfziiiiéyénta vere carried out at

L'Universite du Québec a Trois Rividres by Dr. R. Lesage. The -

apparatus -vas a Photochemical Research Associates efhgle
photon counting emission abectromefer. The‘vavelengﬁhs of
excitation and of obaervat{on for emisaion wvere 350 and\SOb
nm, respectively. Emission lifetime data were deconvoluted

and fitted to.three exponentials under propreitary software.

4
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Reanlta Section
Kinetic Overvievw of the Observed Phototrannionta

The obseryed  kinetic behavior for the photolysis of the
Armadale sample may be pummariaed by the kinetic map ahovhgin
.Figure 5. Qemporally, tpe scheme is divided into four
'éOmponents of thch two may be assigned. ‘

The most striking feature of these results is the
formation of a solvated electron_(component I1). This signal
has a characteristic absorption spectrum which maximises neer
700 nm, and a 1ifetime which increases with pH. Based on its
quenching behavior in the presence of N,0, copper and
dissolved oxygen, as reported in the next'aection, its
yldentity has been conclusively verified. Concurrent with
the formation of the solvated electron, a transient
absorption signal arose with a maximum at 450-510 nm. Its
lifetime range (1-15 microseconds) and spectrum match the .
signal observed by Fischer et al. (23). Our exp;rinents
present strong“eiidence that this signal is linked to the
solvated electron. A third less obvious feature of the
kinetics is the presence of a strong featureless background
abaorption signal with a lifetime in excess of 100
microeeconds. Thie signa‘ vhich has been independently
.verified. is dudbbed " the black residue " because of its very
broad featureless absorption. It has been studied in the
presence of quenchers and its grovfh in the early time domain
- has been recorded. Quenching of the signal by 0, (in the

27
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Pigure 5 : Schematic " mapi"' of the transient -species

‘observed in the nanosecond flash photolysis of Armadale

fulvic acid .. R
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- microsecond domain) has demonstrated that this aiénal is not

an experimental artifact. Finally a fourth component of"

‘transient absorption wvas observed, with a lifetine of
approximately 50 ns. It has re‘main‘ed unidentified owing to
the technical problems mentioned in the pr:\evioua section
vhich make this time domain fall between our two spectrometer

systenms.

Time resolved spectra‘ for components II-1IV are reported
at t = 200 ns for fulvic acid samples at pH 4 and 7 in the

1
presence and absence of N0 (Pigure.6a,b). As expected, the

650-700 nm transient absorption. was quenchsa ‘by N0, which

acts as an electron scavenger (38):
N0 + e~ + Hy0 — OH* + Ny + OH™

Based on the solubil ity of N50 in aqueous solution and the

Stern-Yolmer equation, the lifetime of t)\e solvated electron is

less than 200 ps 8O that the 650 -700 nm spectral feature
does not appear in the spectrum recorded at 200 ns. The
residual spectra clearly 1ndic'at~e the pree.ence of a transient
‘absorption signal vith ‘a naximum at about 440-480 nm, and '.:
featureless " background " abéorption on vhich the signal 1is
superimposed. | B 4 '

The gro;rth of these features may be observed in the
pn.:‘osec.on‘d domain. Transient .abaorption spectra recorded as
éarly as 20 ps aho\\the prc;ence of both the 480.nm and 650-
700 pm componentes a“t "thia'early .4time, implying conocurrent
A‘formation‘on the timescale of the excitation pulse. The third

J
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component, The "black residue " emerges several nanoseconds
following excitation and is not apparently, a primary species

like the other two.

v
-

Formation and Decay of the Solvated Electron

e:,Figm'e 7 s8hows excited state spectra recorded at ¢t =
20 bs after excitationwfor FA at various pH'a.—Thia,time
cbrreapbnda to the width of the excitation pulse. It is clear
that the 480 nm transient and solvated .electron éppear\\\\
concurrently within the pulse width.

»

The earlyﬁgppeéﬁhnce of the solvated elec?ron is in
‘agreement with measurements by picosecond apé!troaoopy
(39,40) which indicated the appearance of the 700 ne spectruﬁ
at times as early as 10 ps after excitation: The formation of
the solvated electron™in metal free FA‘golufioqa +e
essentially complete withih the passage of the photolyzis
pulse. Further growth in the s%gnal from t > 20 ps to t = 10 -

» v

ns seem8 to be entirely due to the " black residue (BR) "

component. .

The fast formation of the solvated electron persists
over the pH range from 2 - ﬁ. The situation becomes more
complicated in the presence of bound:metal+ ions. fhe addition
. of millimolar amounts of copper (II) to th® PA.solutions has

the effect of quenching the solvated electron fornafiop at 20

v

, T | ,
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the effect of quenching the solvated electron formation at 20
ps (Pigure 8a,b). At later times (2 - 8 ns ), the 650-700 na
spectrum seems to emerge. The late arrival of this fed}ure‘ia'
f\ quite pronouncog in the oanplaa~g\2ta1n1ng enongh copper: to
occupy all of the binding sites. Tﬁe explanation -1ght be

\ banod on changea in the uggregation state of tha laterialu

that occur at high copper londinga(4J. Photoionisation lay

,_,,isilwe occurring in the interior of the FA aggregates. Diffusion
| times in the interior of such aggrggatei would probnbii be
greater than in water, delaying the appearance of the 700 nm
- spectrum(40). \ _ )

The formation yield for the aolvated‘el;ctyoﬁ in the
nanosecond regime vas etudied as a function of the pulse
energy (Figure 9). A linear plot of transient abaqrption vas
obtained over the range from 10 to 50 aJ per pulse
;ngicating monophotonic formation processes. No saturation of
the transient absorption signal wvas obaorved; even at the
highest. energies available from the laser system. The
monophotonic formation of eg,;, suggests that the process
could be environmentally relevant. 355 nm pRotons are
availnble in aunlight.

This reault uay seen uurpr‘ihng in viev of the rather:
long irradiation vavelongtha uaed in the experinontn (355

ne). Hovever. froe the early vork of Joschek and Grouavcinor

/_/

(41) on the flash photolysis of a series of phenol
derivatives and compounds structurally related to components

or\ﬁulvic acid, it vas observed that solvated electrons were

— -

released by monophotonic processes. Puxthorloro{ it wvas
; ‘ ( .
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. Pign're b Plot of trnnaient"aﬁaorption signal vs p'ulseﬁ
energy for the solvated electron , observed A&t t = 500 ns
after excitation . Observation wavelength was 675 nm . . .
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opaorved that the ejection processes were even -ore';fticient
from the Iovoaq lying excited singlet states of the
chronophorea (at wavelengths of 300 nm or greater) than from
the higher onergy 8, states located from 250-300 nm. The
suggestion of these authors vas that electron release
occurred via a charge transfer to solvent (CTTS) state
‘populatad via the ring ayqte-. More récent mechanistic work
(42) supports this assignment. Electron releaae froe 8,
\atataa has also been shown to occur following a mechanism of
direct photoionisation. The process of electron ejection may
also be biphotonic in some cases (42). Consequently the low
energy release of solvated electrons from humic materials
seems to be coneistent with known mechanisms.
Estimationa of the formation yield for the solvated :
'electron at early times have been made directly from time

ybsqlvedvabaorption spectra recorded at 20 ps and the molar

;~—-abadrptivity for ‘the solvated electron auppiied by the .

LS

"% National Bureau of Standards (43). At ¢t = 25° C and 675 nm
"“the value was 1.4 x 104 M=lcw~'. The volume of irradiation
for the sample wvas approximately 2 x 10~5 1 based on tﬂé
dimensions of the laser pulse pt'the cell. The values of
forfthe formation yield are reported in Table 1. The
efficient release of the electron indicates that the process
may be environmentally relev‘nt. -

The decay of the solvated electron signal was studied in




-

Table 1

Quantum Yields for Formation of the Solvated Electron at 20
ps '

y

-

pH Azgs Brulse B A0ps. . %
(mJ ) ‘ ‘
2.0 0.512  2.43 . 0.07 £1.0.09
‘4.0 . 0.495 2.98 .- 0.13 « - @ﬁs '
7.0 0.561 2.52 . . 0.16 . 0.20
A
Y
li
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‘the nanosecond regime, and its quenching behavior was

va‘l es of kq are reported in Table 2.

"For the quenchers studied, the fTollowing bimo;ecular

reactions are anticipated :

0, + e-——= 05"

This p&ocess directly predicts the formation of superoxidé,.

as Bpsefved by_Baxte? and Carey (12).

L

~ For copper quenching : ¥ 4

Cu2+ +e"——.Cu"’
This process predicts the direct photoreduction of metal ions
‘in solution, potentially‘gxplaining the photoreductive
_ dissolution of iron(III) colloids in irradiated humic

vaters (32).

For proton quenching, H,_ is libérated :

2
"HY + e —F S
20+ ———— By (

The rate of reaction of solvated electrons vith the free

acceptors mentioned is near the diffusion limit as seen from
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Table 2

. : ‘ ’_ <
Summary of Plash Photolysis Kinetic Measurements for Armadale

Pulvic Acid Under Laser Excitation at 355 nm

N

Transient Studied A max Tobs Quencher kg
o | | (x 1010 wta=t)
) ‘ O/
solvated ele‘ctron " 675.nm  1140ns: | 05 1.2 ( 11¢. 2.0)
. (pE7) | [
‘ cu2+ 1 .6 (' ‘1 ito 303)
(pH 6) -
¢ - Nzo >o1 ( 11to 0-9 )
) S '
480 ns -  H* 1.2( 11¢. 2.1 )
(pH 4)
-530 ns O.1 M NaCl
(pE 7 ' :
radical i " 475 nm 3.9 us \ - -
: (pH 4)
: - u2l\ 5 x e
“black residue" dbroad >100 us (pH 6)-
' (featureless) 12+ 2 x **
i ‘ zn2+ 1.4 ‘ bl

‘ Literature values are from reference 44.

® Samples were run in degassed solutions .

&% ©This figure represenﬁ the ratio of the signal amplitudes
observed in the absence and prescence of 107 M quencher ,at

100 usec after excitation. : , .

-
L) « -~ -
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the literature values reported in Table 2. The data show good
agreement vith this range of reaction iateé Qlthough the
specific values of the experimental quaqching rate conatante
are low. While part of the difference nay be attributcd to
inherent imprecision in the Dstimates'of:kq, 1t alaq appears
likely that the observed rate constants reflect a reduction
in the quenchiﬁg rate due to binding of the quenchers to the
humic material. The kq values estimated in Taple 2 assumed
that the quenchers Qere availablé as free species. In fact;'a
~ eignificant fraction of the bound Cu2* could haye a
reduced reactivity for thg electron; the activity of
quenchers is perhape reduced in the presence of the humic
material. Alternatively, if a significant fraction of the
electron genéréting sites aréd locpated -in the interior of'thel
humic aggregates, the diffusion cqgfficienta for the
quenchers may be‘signifiéantly reduced relative to the value
in water. Diffusion of the,electron into the bulk solvent may -
be slowed 8o f@?t the recombinatioﬂ/reaction with free
qugqchere is 1nhib1ted.

. 'Finally, the question of the recombination qf the
electron with the humic substrate is addressed. Prom.early
flash photolyeia work on eoIvated electron generation in
plienols and cresols (45) the lifeti-e for the electron “was
observed to be 25 microseconds in deaerated aqueous solution.
The relatively large value of the lifeﬁile observed for the.
electron indicated a low }ééctivity for the radicals formed
fron the parent species. In the'pré;ont experiments, the—iuch

shorter 1fetime observed for e .., (approximately |

K-""T



Al

| : /
microsecond) indicates that recombination with the humic
material itself is a major route for capture of the electron._
The rate constant for quenching by the humic substance is

estimated from the Stern-Volmer equation:

Kops = ko + kgl @] | ( 2-1)

N
In thie case, [ FA ] = [ Q) = 2.5 x 104 M. If kgpg = 1 X

) 106 a't, and the ko value for the electron (as observed in

the presence of the cresols)is 4 x 104 s~ then kq = 4 X 102

-1 o=t suggesting recombination at rates approaching the

"diffusion limit. A :aﬁge of reactivities for the electron

could also. be iccoﬁhted«for‘by‘a varigty of benzeneékrboxylic
acid structures commonly found in fulvic acids (17,21,28)
(Table 3). The recombination'reaction of.the solvated
elect}on with the humic substance co#ld potentiglly supply

structural infoihation on the humic gaterials. This ie‘

because conformational changes ih the humic "polymer" could -

change the obeerved quenching rate cona&ant for eT451v Y

e

'varying ‘the availability of recombination sites on the

naterial. This effect may explain the decreases in the
lifotine of the solvated electron observed in the presence of

0. 1 M NaCl (Table 2).

42 - .



Table 3
Rate Constants for Recombination of the Solvated EBlectron

with Aryl Acids "

e

_ Structure " : kq (M oY)
- ~
2 x 1010 y-1 -1

2 x 101C M-V -1~

-8 x 109 m-1 g~}

2 x 109 M-t g1

cO00~™

* Rate ‘data were obtained frdm reference 46.

43

P
“



Radical Coproducts

—_—

The early time spectra recorqbd in Pigure 7 contain, in

addi%iot to ﬁhc ﬁoo\nn transient aﬁaorption. evidence of a

gscond -pociei,with a peak at 475 nm. The eariy formation of
this apocioal;oncurrent with the fofnat;oﬁ of. the solvated
electron seems to'indicate that 1t is a rtdicallcatioﬁ
species associated iffhcthe*genergting site for the oloctron(
Purther evidence that the two signals are linked is indicated
by a-apectru; recorded wvith excitation at 530 nm (2na

harmonic Nd:?AG) shovwing abpence'of both features.

If this assignment is cérrect.hit is well supported by
past vork on the formation ot/aolvated’electrone in phenols .
and related compounds (41). A variety of the radical
coproducts generated wvith release of an electron exhiﬁkted
: spectra vith absorption maxima betfpen 400-500 nm. --
Som~ potential candidates for radical co-products are
. presented here. The general features of the eloctron/radical
generating processes appear. to be ;s follows (41,47,48) :
1.‘Ph;nolic compounds when irrad}afed efficiently yielad |

solvated electrons and phenoxyl radicals :

CgH508 CgH50, + o~

! 2. Anisoles and related methoxy benzenee'yie}ded radicals of

the phenoxymethyl type, with accompanying loss of a proton :
oa." * : .
CgHs OCHz———Cg ‘0CHp, + o~

S. Phenoxy acids yield the phonoxynethyltradicil via loss of

\

<
. .
N 3

IS - N ' .

.
? ) : Y . . .
by

'y f [
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A

COp at the terminal carbon. (41) :
-+

&

CgHs 0 CHz €00~ ———= CgI5 O CH COO- + e~ .

+Ht
CgHs 0 &H CO0-——, CgHs O CHp* + COp

Both types of radicals lh;v broad absorption rro-féso - 500
nm. ' "

Oxyden quenching behavior is quite different for the two
-ggciee. Phenoxyl rddicals are insonait{ve to oxygen and
persist to tiges greater than 100 microsec. ihe phenoxymethyl
radical is readily quenched by 0 and posseses lifetimes of
25 microsec or less. The 480 nm spectral feature observed at
1 liéroaec seems to be readily exilainnble in teras of this
species. Phenoxyl radicals vou}d probadly contriﬁuth to a
component of the " black residue ™ signal on the bdbasis of
their long lifetimes. °. ”

On the basis of typical absorptivities for the radical

photolynia producta of phcnoll (45). the value of 1 x fO‘

cn" vas assunmed. rhia value wvas used to approximate an
1hitial formation yield for the radical product at 20 ps.
?ron the known vafﬁea for the molar absorptivity of e~ solv
at 675 nm und 475 na the electron specirum vas subtracted

from the 20 ps apoctrul rocordcd at pH 7. Bnnod on the

'residual abnorptton lignal at 480 nm, the pullo energy and

the volume of irradintion, the culkulntod qunntu- yield vnluo

vas sppfbxt-ntoly 0.1 vhich matches the for-ation yield for

the cloctrd) This further suggests a link betwveen the tvo (

AN
signals. \

5. .



"The * Black Re'ailduc Al Pouatiio‘n nnd“Que:iching Behavior
' &
|

arly time domain component of interest is the

-~

The third e

"« "™ black residue " spectral featu}e; T)&is traneie'nt'i.s
N 'Y ‘ : “
Lbserved to form with a time constant of about 2 ns<after a

1-2 ne induction period. The growth kinetics of " BR " have
¥ been observed by subtracting the 20 ps transiér}t spectrum
from spectira recorded at later times. The differential

spectra obtained are broad, nearly flat enyelopes which reach
0P e <
' " a ma&imu'.n intensity withir 6-10 ns Qfexcitation (Figure

-~

712). The kinetic profile of Figure 13 further illubBtrates

.2

the situation. The data of Figure 13 seem to suggest that the

A\

DA “ feature begins to dgcay past 10 ns, but -unfortuha*\{}, it' was

J not possible to directly follow the decay kinetiés “past this
po‘i‘?t. (aee; _gxpefimen%aul hsection). ‘

v T Because of the " black " spectral signaturg, a':linlf. is

" -

suggestea with the signal observed at times pagt 104m1croéec\
(see Figure 11)e The microsecond BR s_igpall vas studi’e’d with
respégt to p!rbtdn,;oxygen and meta_l ‘ion quqnchi;lg behavior. A
- ) 4, &ki‘nétkc ana}ygis' of the data vgel'npt po’ssiblg' owing ‘to the

" very weak signal lew}elsginvolved over the long time period

g

) . * N .
and the potential intereference of photothermal artif?cts.
~Q‘ ’

ap;irvoxigately linear with the pulse energy,indicating

. monophotonic formation processesw'rhen'aignal wanfound to be
A

Bt'i"angly'quenched bi O», H'* and bound metal ion?ﬁich as
v Cu2+, 'Ni?;,".*, and Zn2+, P},lbjts' bf:the relative signdl
. ) o o

T
* -
| , M . S -

¢

o

Thvntensity of the "BR" signal was found to be.

agnitude, «

e
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Pigure 11 » Time resolved Spoctrum of Armadale PA in the
nanosecond regime showing prescence of the "black residue” at =
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v;raug concentration of metal ion quencher are~reported in
Pigure 14. In the figure, the parameter " %Q " ;epr;eeﬁta the
p;rcqntage of total BR aign&l intensity renaininé in the
presence of given concentrations, [ M2+ ], of metal ion
quenchers. (It is defined as $Q = ( AT M2+ 1Y/ A
M2+ ] = 0) ) x 100, where A is the magnitude of the
transient absorption signal at thé obaefvafion fi-e t.)
Weakly binding cations such as Zn2* had a slight quenching
effect. In the case of the nétal ions, the quenching seemed
t0o depend on the order of binding strengths of the ions: '

"Cu2¥ > N12* > zn2*. fhis behavior is similar-to the patterns
of fluorescence queqching observed in humic apbetancqa
(4,5,49). Purthermore, the quenching process is cléhrly
independent of agg}egation state qg;nching by Cu2*t is
essentially complete in samples containing suffiégent copper
to complex about 30 ¥ of the binding sites. The ordering of |
‘Ehe metal ion quenching effects matched,obsérvations\repo}ted
by Fischer et al (23,24) for the 475 nm transient reported.
Their results indicated static quenching of the " 475 nmn "
transient, believed here to be a.compoaite 8ignal consisting
of a superimposed radical transient and BR component. On the
timeﬁcale of observation of their experiients, quenching of’
BR would yield a decrease in signal intensity without any '
change in lifetime. Thies description matches the reported ,
observations (23).

L7

The early BR component behaves very differently with

respect to copper ion indeed aggregation. At lov copper Q}\\,J/
.loadings (Pigure 8) the growth of the BR signal is

t
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accelerated (relative to metal free samples), while the
growth at long:wavelengthe appears to be suppressed. In the
.presence of sufficient copper(II) to induce aggregation (3,4)
véry large increases in eigna]?intenaity were observed for
BR, along with an acceleration in the growth of the signal. .
The signal appears to have maximised at or before 2 ns and
has decayed significantly by 8 ns. It is possible that the
early BR traneient observed‘in these experiments is a
- precursor to the BR signals observed at times greater than 1
«microsec. ’ .

‘It is tempting to assign the BR states as triplet states
based on a number of features related to the,results of other
workers. In a series of steady state irradiations of humic
eolutions, Zepp et al. (50) determined the distribution of

"triplet energies in a series of humic water samples under
broadband and sudlight irradiation. The observed distribution
was very broad and .entered at 250 KJ/mole ( equiv;lent
absorption wavelength t: 465nm), with about half of the
trip;et states obeerved at energies lower than the,mead
value. This broad distribution of energies is consistent with
the " black " spectral signature of BR. Oxygen sensitivity of
the microsecond BR signal was observed in these experiments
and is consistent with a triplet assignment (although we
could not evaluate a quenching rate constant). An additional
piece of evidence was provided by Fischer et al. (23) in
their triplet quenching experiments on the reported "475 nm"

transient. Their results demonstrated that a signal with

N
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triplet character is present at times coincident with the BR
signal in the present experiménts. '

.The growth features of the‘BR signal at early times also
suggest a possible connection with fiuorescence-pr&ceeses.

This point is discussed in detail in relation to emission

lifetimes in the next section.

On the basis of the present data, it ;; ?ot possible to
directly Qeterminé which components of the loné timescale BR °
signal arise from triplet states and which components arise
from the contribution of radicals. The production of phenoxyl
radicals acgompgnying the solvated electron generation
predicts a long lfveq component of transient absorption with
a lifetime greater than 100 usec. The component, wodld. in
addition, be insensitive to 0Op. Such a’ component may be
possibly observed here as the unquenched portion of the biack
residue signal.

N

‘ Finally, it should be emphasis:d that the nanosecond
apparatus used for thizs survey of the very ‘long lived
compoqents was not optimum for studies in this range.
Ideally} fﬁ}ther work should be carried out using a
microsecond apparatus, with an irradiation geometry which, is
leass susceptible to photothermal artifacts. §Bmg caution must
be attached to tﬁe microsecond results observed in thege

.experiments because of the poeaib%}ityrof these artifacts

contributing at low signal levels.
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Pluorescence Lifetime 8Studies

Pulvlic‘ acid fluorescence lifetime studies were carried
out in the picosecond and nanosecond domaips with excitation
at 355 nm. The emission data were recorded at 500 i for the
nanosecond experiments, while for the picgsecond experiments,
the integrated emission above 435 nm was monitored using
filters. Emission could be represented by a three component
model : a fast component is observed with a lifetjlme of about
300 ps or 1ess, a middle component witha lifetime of 1-3 ns,
and a relatively weak, long lived component with a lifetime
of 6-8 ns (Tables 4 and 5). )

The third component makes a very small contribution to
the total signal at any ti;ne, t. Howeve}, it ié a'dopinant
contributor to the steady state signal observed in
conventional fluorimetry because its integrated contribution
( 1{t). T ) to the quantum yield is large. This weak 3rd
component contributes about 1-5 ¥ of the total signal _.
. amplitude at any time,t. For this reason, it could only be
observed in the later nanosecond domain on the single photon
coyuntin; apparatus. Tihte detection system in the (PRA)'
spectrometer is logarithmic and is capable of recording over
4 decades of signal intensity. In Pigure 15‘, the signal at.
40 ns exceeds the pulse residual by one decade of response,
indicating the p;-eaence of a true emission signal.

The short time domain signals reported in Table 4 should
be disregarded because they lie within the envelope of e
excitation flash provided by the single photon counting
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apparatus. The subnanosecond'“components are better
represented by the values reported in Tgble 5.' These data
were recorded with stredk camera.detection.'rhe r'ecc’:rding of
émission profiles was initially made. on several timescales
with resolution varying from 4.35 ps/datum to 26.66 p_s/dath’m.
The weak 6 - 8 ns component is essentially invisible in.these
measurements because the streak camera records signal
intens,ities linearly. The weakest components are'effectively
" buried " by the stronger emissions. Data were approximated
on the 26.66 ps/datum timescale to two exponentials (there
is effectively no accuracy in the longest lived compon;ent on
‘this timescale).The data‘required no deconvolution because
the pulse width was only 30 ps. Depending on the timescale
of observation, the distribution of components shifts
somewhat_due toadifference in the weighting of the vaiues :
data resolved on short timescales emphasise short lxived
emission componerits at the expense of large errors ir the
longest components, while data récorded on the longer
timescales tend to average_ the shorter components. The
variation in results recorded on different timescales is
consistent with the mixture nature (7,17) of the fulvic
material which'predicfs & continuum of emission lifetime
components (2, 18). - ‘

The three exponentials probably represent the
minimum‘ set of pat{ametere ‘necceesa'ry to describe an even
more complex decay envelope.The approach- adopted in this
work is to consider three distinct regions of -emission
qlecay\s: (I) <= 300 ps (II) 1-3 ns (III) S ns or greater,

b

55



/.

qQ .

_%L .

Table 4 : Bmission Lifetime Data for Armadale PA by Bingle
Photon Counting lou\urnont-

Sample pH SBveep - Ay Ts . Integrated
. ' (total ms) =~ Lifetime
. o ) - Contribution .
: - - (%) )
pH2 sSns - 0.74 680 + T4 ps 32 8
0.21 3.4 4+0.208 42§
0.05 8.0+ 0.2n8 26 %
PE 4 25 ns 0.86 80+ 0.0ps 15 %
. . 0.10 1 ’8_ + 002 ns ’1‘-’
h 0004 6.5 + 0.3 ns 48 ’
pH 7 25 ne 0.88 100 + 0.0 pa 20 %
OO” . 1.9"'002” .38 “
10.03 6.8+0.3n8 42 %
pE 4 ’ 200 ns 0.87 . 1.8+ 0.0Tns 62 %

0125 - 7.54¢ 0.2 ns 37 %
0.001 3807 + 5 ns. 1.5 ‘

pET - 200 ns 0.88 1.9+ ns 63 %
| - 042 8.2+ ns 37§

te r
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Table 5 : Emission Lifetime Measurements

Detection

. %

Sample pH Ay Tx
~ »

pH 2 0.71: 180
' * 0.29 2.2
pH 4 0.73 180
0.27 1.6
pH 6 ~ . 0.69 2680
i 0.31 2.7
pH 7 0.85 300
0.14 3.5

" Sample concentration was 50 ppm

Excitation wavelength.: 355 nm

FA L d

3
i

wvith Streak Camera

Integratpd
Lifetime
” Contribution

(% )‘

L

ps 17 %

ns ‘ ¢ 83 %

ps -23 ¢

ns ' T7 %

ps - 19%

ns 81 % o

p8s 34 ¢

ns 66 %

VWavelength region of 6baervation : 435 - 650 nm ( integrated

enission ) .
Sveep : 6900 ps total’
: Pulse energy : 3.0 + 0.3 mJ
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Pigare 15 : Nanosecond domain emission decay profile for

. Arnadale PA recorded by single photon counting technigue .

lover ourve 3 lamp profile . Upper curve : emission profile

‘of sample . Excitation vavelength vas 353 nm . Observation

vavlength was 500 na . [PA] =50.0 ppm at pH 2 .
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Pigare 16: BEmission decay profiles observed with streak’
canera detection . (a) Sifect of pH . Upsor carve : PA at gl
6 lover curve : PA'at PH 2 . (b) @ ﬂogt of ocopper(Il)
loading for 5%50.0 ppm PA solutions at pR 6. Upper curve @

\ 0. O middle curve : @f := O.4 3 bottom curve 1 &X > .
A4 ] .
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and to interpret., the quenching behavior in terms of the
ef‘fect{ observed oyer thest ranges. - : ¢

~

The rangesg, of -emission decays are generally consistent

with the work of previous authors, notably, Lappen and Seit:z

bs1) and Fischer et al.,(23 24). In the work of Lappen and™
.("

i
%Mz,' emission data were subjected to a biexponential fit

k] .

and( yielded two c(Omponenlts of emission at 1 ns and 6 ns,

i

with an “inte‘nsity ratid. of 5:1, approximatei'y matching the

~

signal i’nt/ensity ratios observed here. On the other hand,

-

' %&-esults of Fischer et al. (23 ) indicated a.3 ns emission

Vi
I(fetimé. In gheir éxp.eriments, excitation was carried out

with 300 ps pulses (at 33'7 nm, Np- excitation) but the

observataon timescale w%s not speciftiedt It is. possibIe tat
A

i

*the early p1coseconﬁ components were entirely issed due to a

4

lack’ of time resolution in their apparatus. At the same time, r

)' 3"

it is clear tha't thp/ streak camera results of the present

work ,wou‘fe have missed the longest component (6 8 ns). were

4

A nots for the ini:,&rmat'ion yié]’& by the single photon

[ 4

R counting experimedts. : R

. 3 . '
[ .

o The emission decays were examined ﬂirst for i;a effects.&

Figure 168 'show& ,the teffect o.i pH quenching on the

’ picosecond / early nanosecond scale. he effect of pH s?ems

to be primarily stat,ic : the relatiwé contributiona of the,

short and\ong life~time omponents are unchlnged over the
/

range‘( studied,  while the magnitude of quenching is
generally consistent with the work of Ugderdovn (4), "in “whieh

-steady, jte fl!orescence was reduced by a factdr’ of' about 2"
A |

i
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; over the pH nange froam 2 to 6. _ \
» . 4 ~./ - A )
The éffect of metal fon binding is probadly of greater

interest. Bﬁfficient cu2+ to fully bdind to the PA.

N ¥y

conploxatf%n sites vanm added to solution &t pH 6. The
results, 'hovn“in(!&;ure 16b, indicated 'a strong static
quenchine{ef!ect ot both the 100- 206 pe component and the
co-ponent at 1-3 ns. The 1-3 ns couponent is ‘'very strongly
foected ‘Thie case may be cgntranted ¥1th the effects.
‘oboe{vod vhen approximately 30-% of the )fndxng sitea ‘fe
covered (Pigure 16b, middle curva) At the lovw c%pper
covarage. the- 1-3 ns emimsion is practicnlly untffectod vhile
the picosecond couponont shows n.feduction in a.plitgde of

only about 20 L. TheaeAreauIta ’ppgar te 1ndicgt§-thnt the  1-

3 ns co‘ﬁbnent i;laenaifivu to the aggregaéion'ataie of fﬁﬁ,

fulvic material, in contrast with the results of Underdown,

vhose work ahqﬁnﬁ fluoreacence'quenchiﬁg to be independent of

) 8 ‘ ‘
metal ion induced aggrogation effects (4). { v

' A cquariuon of the preaent rcaulta with Undcrdovn'a

-

atoudy state experimsnts (4) 1o 1n order.In that vork the

3 , - ~
480 nm fluorescerce -emission (excited at 355 nm) was

monitored at pH €. It vas found that metal ion quenching of

- fluorescence vas nearly complete prior-to the onset of

' nggrogationn' A close look at his data 1ndicated that at 2
amol nddod uz*/g PA. 60 % of the ‘fluorescence vna thnchod
(the 5’ concentrntion vas 100 -;/1).Addltlon of Cul* past 2

g -ollg PA caunod ‘further qupnching but to a -uch more gradual

extent : the plots of fludrccconco 1ntanoity ve'added Cul*

-

’ lovcl§d oft. Por,thc\plco-ocond don:fn";porlnontn reported

A
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e
h ’ 2
tin the’preaent'vork,.obetrved quenching effects were slight
from O - 1.5 mmol added Cult /g FA. Most of the observed
quenching of the emission in the present experiments involved
“the 1-3 ns component and occu®red at high copper loadings.
This observation could be readlly explained Jf at low copper
loadingg, the 6 8 ns component mainly, was effected wvhile
at hig€f0u2+ loadings, the 1-3 ns component was strongly
' affected{ (The‘6-8 n;'eomponent'was effectively }nvisible in
the stfbak camera recerdinge).The f13 ns pompenent
%ggﬁiibutes about 40 % o; the integrated toteh emission in
tébse experiments which matches the levels of steady-state
emission reqpining at 2 mmol“Cu2+/g FA in Underdown's
experiments.”At copper‘loadings greater than 2mmol/g FA,
light scattering b@g;ns to increase with added
Cuz*,ihdicating the'onset of particie grewth. If the 1-3 ns
emission observed in the present experiments‘is quenched by
processes associated with particle g;owth, then it could
remain unquenched at popézr loadings from O to 2 mmol/g FA
and yield a sufficiently Iew integrated fluorescence
‘intensity to account for the observed eteady state signal
levels. The 1-3 ns cokpoqent is not cdmpletely_quenched at
* full copper loadings : the residual emission appeLrB'to match
¥ \

the level of unquﬁnched fluorescence signals observed. by

Underdown. Consequently, a case could be made for linking the

connection between particle growth and the 1 -3 ns
b A
qnissﬁbn component may provide a link bef‘een the
A . ) ~

1-3 8 aignai to fulvic acid particle size. Cp
Y

[}
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A

fluorosconco and traisient lboorption proconncu. The early "
black residue * co-ponont shoved a ltrong erhancement

concurrent with cnppor_lon induced a;grogatioﬁ. At low

copper coverage, BR vas“hardly aftected, although there vas '

evidence for its ncc.lcrntcd grovth in the early time domain.
‘l'hc‘t-z ne 1nduction parlod for the appearance of BR was
ctroctivoly elisinated 1n the prcunco of. copper(1I). The
onhaneod grovth of thc BR. tigml aight be explained by an

enhanceaent in the rate of‘utcnyntu crouing promoted by

bound coypor(II). because of its paramagnetic properties.’

Purthcr-or‘q. the enhancemsent of BR at ti-ic as early as 500
pes matches the «g}_aervcd decrease in the 100-200 ps emission
coaponent (Pigure 16b). Pixlu.lly. the decrease in the 1-3 ne
emission ct:l!pon‘cnt. apparently as the result of aggregation ,

is matched by a larw;ffnent of BR states.

-~
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! A Polymer Model for Humic Substance Photophysics

, Amajor challenge to natural water photochemistry has
been to détermine the nature of the chrompfﬁores
parficipating in tkEe\generation of reactive intermediates in-

" natural waters;(s). The\light absorbing functional groups in
natural waters have been referred to as " unknown
photoactive ‘chromphores " (UPC's) because their apparent
heterogenei%y has made it difficcult to identify qpecific
processesioccurring at the molecular level.

Extensive degradative -studies and functional gfoup
analyses of Armadale fulvic acid (7,17) have yielded a’
structure for the material which is highly*hromatic,
consisting largely of phenol carboxylate fragments.
Combonehts o} laiewater humic substances are generally lower
in mblecular weight, but consist of phenolic fragments of
éésentially ginilar functionalit&’to soil FA (1,9J7,21)0.In
addition, the high conten{\of acidic an¢;phenolic

functionalities will ensure an interdependence of the

chemical and physical properties of the mater}als : changes

therefore affect the environment of the chromophores and
consequen%ly their dbsorbance and fluorescence properties

(4).
In the present experiments, phd%olysié of the materials
> vas carried out at 355 nm. Qear this wavelgngth,*fluorescénce
emission is most efficient relatife to the available photon

o

flux4(22), rather than at the shortest vavelengths vﬁeye the

64

~ in the ionisation or aggregation state off the FA will
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‘absorption clearly maximises. In addition, current
;xperimenta show an efficient yielh of solvated electron
formation at verf low energies, even be'ow the typical range
of Sy energles feported by Joschek anleroaeveiner (41) for
hany phenolic structures

If the phenol c;rboxylate structures identified in the
degradative studies (17) are to be considered as candidates
to account for the photochemical activity of the sample, some
mechanism mpst be available for populating the S, states of
the phenolic chromophores. However, a brief survey of the
absorption properties of a variéty of phenolic and phenol
carboxylate compounds (21) showed few examples with any
significant absorption at 355 nm. A gummar& of some of these
mode} fragments 1is presented in Table 6. Chromcphores
containing quinoid structures mainly, seem to absorb
effigiehtly at the photolysis wavelengths of 355 nm (9);
There do;e, however, exist an alternative mechanism for
populating tﬁe phenolic chromophores at 355 nm. Recent work
in polymer photophysics (53) has shown that in a variety of
eyﬂthetic polymers containirg aromatic functional units, the
formation of excimers dominates the fluorescence properties
of the materials. In aromatic systems, excimers form when
high densities of chiomopﬁorea are irradiated (54). 1In khese
situations the excimers arise due to a.;ace—to—face overlap
of the aromatic rings in the excited state (Figure 1f) with a
spacing of about 10 X. Excimer fluorescence is very broad and

red shifted relative to the monomer fluarescence spectrum
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Tgblo 6

A Survey of the Absorption Properties of Some Model
Chromophores for Humic Substances

Conpdund

o-p-m~-cresol
catechol

benzoic acid
hydroqﬁinone

phenylacetic
acid

p-benzoquinone

2,5,bis p-methoxy
phenoxy p-benzoquinone
2,5 dihydroxy p-benzo-

quinone” »

2,5 di t-butyl p-
benzoquinone

tetramethyl bengo-
quinone

phenyl p-benzoquinone

2,6 dihydroxy -3,5

dimethyl p-benzoquinone

.0

66

ax Absorptivity Solvent
fam) at 355 na
(app{ox)1
M~lcp™
275 0 MeOk
290 0 MeOH
275 0 MeOH
290 .0 . MeOH ,
265 0 MeOH
300 0 MeOE -
350-379 2500 Me Ok
| ; |
290 0 MeOH
300 .0 MeOH
280 © 0 MeOH ,
375 600 in HC1/MeOH
0] in neutral
. MeOH.
338 " >10%  vasic MeOH -
neutral MeOH



Piéure 17 = Geometry for excimer formation in aromatic
systems . ¢
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Pigure 18 : BRlectron donor/ncceptor couplexea : scheme for
formation and decay in aromatic eystems ( reference 54 ) .
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(54). It has served as a sensitive probe of the changes in

-~

conformation and of aggregation states of linear synthetic

pplymers (55).

Closely related to excimer formatlon has been the
formation Jdf ground state dimers (56,57,58) posessing the
geoﬁetry exhibited by excimers in the excited state. When
irradiated, the dimer states may yield a fluorescencé
vindistinguishablé from excimer’fluorescence. The presence of
these dimers-in the ground st;;e‘may shift the absorption
;pectrum as much as 50-100 nm to the red (56,57).

If the chromophores forming an excited pair complex are
not identical, the result is an exciplex\or exc&ted gstate
donor/accgptor complex.'ﬁhe formation of exciplexes |is
psually accompanied by a Fransfer of charge in the excited
state (54). The e*ciplexes may then separate to yield radical
ion pairs or intersystem cross to form t;iplet exciplexes.
The situation 1is deécfibed in Figufe 18. Highly polar
. complexes do not usually fluoresce.

How far do these considerations apply to humic
suﬁetan;es ? First of all, humic substances are known to form
donor/acceptor complexes with substances such p- phenZN:ne
diamine and chloranil (59). Secondly, if phenols @r phthalic
acids may be invoked as models for some of the structursal
components of fulvic acids, then some goodwexamples of thgaé
phenomena are reported in the literature. In cresols and
related alkylphenol derfvative; (56) both the formation of
excimers and ground .state dimers have beenvdemonatrated.

Concentrated solutions of substituted alkylphenols were shown

68 . \



to contain new long wavelength comﬁonents in the absorption
spectrum. The states ariging from the long wavelength
components yielded excimer T“luorescence, as expected, for the
face-to-face alignment of the aromatic rings. Ground state
dimers and accompanying " excimer " fluorescence have been
observed in polyethylene terephthalate (58) 3 which also
contains structural unifs similar to fulJic acid. An even
more convincing analog 1is Bisphenol A resin ‘(57) in which
the uncured (monomeric) material exhibited.only narrowband
"short wavelength fluorescence and absorption in solution.’
A&dition of hardener to Bisphenol A resulted in a red shift.
of the ground s?ate‘absorption and fluorescence” spectra by
as much as 50 nm. Triplet excimer formation in Bisphenol A
resins has also been verified at 480 nm. The excimers formed
in these resins apparently did not arise from any component
of the amine ha;deners used in the curing process.

The excimer/dimer/exciplex model provided by polyger
photophysics is helpful in explaining the fluorescence
properties of humic eubst&ncee in general. The fluoggscence
ofvhumic substances is most efficiently excited betwe;n 350~
406 nm, rather than at shorter wavelengths wvhere the ground
state absorption is the great®st. The broad fluoresgence
emission also lies well beyond the range of fluorescence of
many phenol carboxylate model compopnda. as pointed out Py
Buffle et al (21). if the fluorescent emissions from fulvic
acid are due to a series of v excimer "states the }rradiation

of the long wavelength dimer etates will be a more efficient~

e }\ ' .
\ . : o]
Lo 'j%é R
. IV f
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Table 7 , .
Excimers Observed in the Literature Containing Punctional

Groups Relevant to the Structure of Pulvic Acid N
Coapound Absorption Maximum Baission Maximum
Vavelength (nm) " Vavelength
(nm) B i
monomer dimer("excimer") monomer expiuer
- . "‘
poly-para-phenylene - - 383 470
diacrylic acid - . ’
( "in solution ) -
( rer. 55 ) l?-
Bisphenol A 275 @ 330-350 405 460
diglycidyl )
ether resin ’
(in sQlution) ' ' .
( ref. 57 ) '
p-cresol 280 . 300 . 310 350
( in solution )
( rer. 56 ).
polyethylene ‘
terephthalate - .- ) 325 400

‘(ref. 58,60) = | | )
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“route for the excitation of fluorescence. This is because

emission from the excimer 'states may require absorption of
ground qtate conformations close to’ the excimer geometry
(56,57) : this is especially ;rue where the lifetime of the
monomer ‘unit is short compared with the time required for
diffusional "encounter.” It seems likely that the humic
substances, because they are ,aggregates, provide many
possibilities gor achieving these conformations, since the
chromophore density is very high within’aggregateé (1). This
point\may be con‘firmed by the fact that at high DdC levels (>
100 mg/l), signific;nt red shifts in the wavelengths of
-absorption and emission are observed in humic substances
(21).

In a system as complicated as a humic substance,
conclusions concerning the photophysics must ‘be drawn
ébnservatively. However, some general interpretations could
be made here in considergtion of the polymer photophysical-

’model outlined in the previ&us section. -

It is clear that the photochemistry initiated in the
near UV originates mainly from the lowest singlet otates of
the excited aromatic chromophores; The most likely small-
molecule candidates to account for the near UV absorption of
Armadale FA are structures containing quinoid chromophores
(9). Another possible pathway is presented via the population
of excited dimer states, and donor/acceptor complexes as .
already discussed. This péthway would implicate the direct

part¥cipation of phenol carboxylate moities whose near UV

abgorptivity is otherwise low (Table 6 ), but which are

T

. . -
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known, for example, to efficiently yield solvated slectrons
vig thef; S1 atatea (41). N pbseibie route for electron
ejrction by a donor/acceptor complex might be present«d by
the irradiation of a weakly associated ‘chromophore pair.
Watgr molecules hydrogen‘bqnded"to %he chromophores could

assist in the solvation of the €lectron and dring about

prompt phgtoionieation : ‘, ¢

nHzolun[ DIinvA ]-———-—JLZ-D+ + A+ e

Such a process could be of sufficiently lowv energy to. be

monophotonic.

The charge séparation involved fn the above ﬁrocess
would req;ire the electron releasing state to be non-
fluorescent (54). This would prediét the absence of a diggft
connection between the fluorescent states observed for the

,hgmic substance and the electron releasing-states. Absolute
~

\\qiﬁntum yields for enieaion,for the Armadale sanple

(evaluated in Chapter §5) vere shown to be nearly an order of

magnitude lover than the formation yield of the electron at

20 ps. Although the evidence is not condiuaivg, this
opeervation is consistent with separate excitation pathwvays
for fhe electron reloasing-atﬁtea and the fluorescent states.
Based on the donof/nccept%r model, the flud}eucent states
yodld\ﬁe of lower polarity thgn the electron roleaainqﬂatates
(54) so that much less charge separation occurs in the
excited state. The formation of free rudiéaia from b&th the

siriglet and triplet states of the excited complex (Pigure 18)

T2 ‘
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is also predicted.

\‘The nod;l raises”?sonme interesting queationé on the

nature of the " triplet " species obaénycd in these.

-

experiments. The " black residue " seems to %e the likely

candidate to account for the triplet states of the humic:

B

substange. Both the 1-3 ns emiasion lifetime component ang
the BR component observed at t ¢ 10 ns ehOQ,seneitivlty to
the change in aggregation brought on by added Cul*. The inrge

enhancement in BR transient abéorptibn, brought on at high

" copper loadings suggests the additional possibility that this

é

component could be a triplet exciplex.

¥n previous work on the photophystcs of humic substances

(23,24) correlations were made between experimental,

variables, such as carbon conten*, ground state sbsorbance

L
4

and fluorescence intensity of the sgmple,, and the magnitude
of the 475 nm transient. The present donbffhcceptor model
predicts .that properties such as absorbance and fluorescence

are determined by the chromopho#é*&ﬁ%sf%& of the material.

which is probébly related to the carbéa content of the naxple

"as well (Chapter 5). If the 475 nm transient, 1te£l§:3nr}ses

1

fram a donor/acceptor complex, then a\?ire;t‘relntioﬁhhip

naturally arises between the maghitude of, the transient

~absorption signal and all aaupie properties which are

relatable to the chromophore density of the qnigrial.

The donof/acceﬁtor model reﬁonnen?éd‘hcre p?o;ideu a
holiatic approach to the'phofocheﬁiatry of huaic aubatnéccu
R59)J It supplies a potential lpana'of interrelating the
photochemical and phyaicéchonfcaﬁ‘proprrgica of dissolved

. { I .
-". . 13 ‘. . £
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. . \ .
humic materials. Tt is not the intention of the author to
- . ¢ -

"denigrate the success of the small molecule approach adopted
bj other workers in the field but to point out a vallid
alternative Explanation for the observed photqphemiatryy
Vefifibation q} the proﬂosed model is beyond the‘séope of thé

present survey : confirmation of the model would requi}e

quantitative titrimetric experiments to be conducted on the

transient spécies reported here, with +the resdlﬁg
N

interpreted i® conjunction with a variéty of conventional

brobes.
In conclusion, if the formation of excimers and dimer

states is jinvoked to explain chromophore interactions in

-

-humic materials, a mechanism is provided which exﬁlains the
long wavelengths asgocigted with absorption and emission by

the materials and the broadness of the spectra. In addition,

<

. the model pr&vides a potential explanation for the effects of

aggregation and conformational changes .on the observed

opticQI properties of humic .substances.The model alsq

'r

, “implicates the participation df phenol carboxylate functional

~groups in the photophysical acheme, and Supplies a potential ‘

X

means of interrelating the physicochemical and photochemical -

prope}ties of dissolved humic substances.
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. major obJective of this vori,

chapto} 3
Theory.and Design Equations for' A Laser Thermal Léns

Spectrometer

The theory of the thermal lens effect presents an

epparent departure from the cent;al issue of this thesis, .

" ‘since it bears no direct relatidn to tﬁ;‘photophyaical

investigations of Chapters 2 and 5 However, as a second

a laser thermal 1lens
-poctroneter vas deaigned and constructed for trace unalysis
and application to natural water analysis. It is difficult -
to vork meaningfully with the equ;tione of thermal lensing
vithout an understanding of their origins. In addition the -
uae of beam imaging detectors in thermal lenaing (aa‘

incorporated in the spectrometer design of Chapter 4)

-prcaenta additional opportunities for the development of

spatial signal analysis techniques. Because tﬁe analysis

techniques reported in Chapter 4 have their basis in

diffraction theory and physical optics, their theoretical

foundation has been presented in this chapter; dn addition to
&£

the background theory of the thermal lens effect.

»
> |
~
[}

15




The Phenomenon of Thermal lensing

Laser thernal'lenaing is a novel and sensitive technique
" for the determination ofwthe absorbance of weakly absorbding
media. The effect was first discovered in 1964 by Gordon et
a)l (25) in the course of a series of lna;; Raman experina;té.

Introduction of an absorbing sample into their laser cavity

vas found to produce a time dependent change in the laser

powver. In addition, the presence of the sample was found to

cause ioak changés in- the cavity, .and under certain

conditions, to inhibit laser action completely.

A detailed analysis of their results led the authors to

conclude that their obseryations could be explained by
thermally.induced refractive index changes in the sample. The
observed pattern of refractive index gradients indicsted that

the phéhoméﬁon they were observing vas, in fact, a lens,

produced thermally in the sample. Hence, the name " ther-al"

icnaing'" arose to describe the effect.

The thermal lens effect may be observed by much
ainplqr instrunentQI arrangements than the intracavi:iy
experiments of Gordon et al. (25). The beam fron a laser

cavity may be focused to a waist by a converging lens and

directed into a cell containing a veakly ;blorbing liquia.

The lovest order mode of most laser cavities poa;sloa a
Gaussian tranavoraelintnnaity protile (TEM (0,0); Figure(19).
Hence, the absorption profile'éf fhe iinp;o. spatially, §111
follow thﬁ intinai?y‘yrofilp. If a sample is choagn vhich
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Pi re 19 : Transverse field amplitude distribution ror a
un(o O) lnaer boal » shoving mode pattern (U(r)) and npot
sige « ( see reference 81

(input
plane) /
’ ' —_—
2
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Pigure 20 : Behavior ot a thin lcnl as a phuo nultiplur
( n erence 64 ) .
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dissipateg the absorbed erergy from the beam és heat (through
relaxation of its excited states) a transverse thermal

gradient is ée@ up in the sample across the region

*illuminated ty the beam. This thermal gradient induces a°’

continuous change in the refractive index of the mediun,
. - )

which causes the 1engllike behavior. A finite amount of‘time

is reduired for a balance to be established between the rate

of heat introduced into the sample by.absorption from the

laser beam, and the rate of heat lost to the medium by

conduction. Hence, both transient and steady;etate thermal -

lens behavior 1is obsérved':The'thérmal lens efféct,
therefore, arises due to the deposition of small quantities
of heat in the sample and may be used as a thermal monitor of
"absorbance..The heat dissipated in the sample causes
refractive index changes by changing the densit}'of'the

sample. Increasing the absorbance causes a steepening of the

thermal gradient in the sample, resulting in a steepened

rerractive index gradient and cdnsequent shortening ot the

focal 1length of the induced thermal lebs. The ré}ative

strength of the thermal lens formed depends on the

tumperature coefficient of the sample'surefractive index,

'dn/dT. This property is negative for most 1'iquids with ‘the ,

result that a diveiging lens usually forms inkliquid samples
(61). The technique has been applied successfully, as well,

to .ebsorbance measurements in solids (62) and gases (63).
. / :

3

‘.
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. Preliminary Modelling of the Therna) Lens Effect

\ The :tiret question to be so ved in the theoretical
-lodelling 3’ the thernel lens element concerne the.
relationship between the ‘sample's refra\etive index variations

‘

induced by he 'l.beorption of laser rediat\ion, end the lene-

like behavior ébeerved . . \

It is Vell known from physical optic the.t iGeal
thin lenses behaye as quadratic phaee multipliere (64) The
effect of the len‘e is to multiply the i’ront of an inci%ent
vave by a factor oi' the form _/k(P vhere N -% ', k 18
the vave number. and 1’ is the focal length of the lens. The
phase of-the incident wavefront varies, quadratically vith
distance in the plane transverse to the axis of propagation
(Pigure 20). 'I‘he Optical pathlength, Y , travelled in any
transparent nedium (65) is given by 3-1 where n(r,t) ie the’
refractive index dietribution ebout the exie of
propagation,s, e.nd 1 is the distance travwlled in the nediwn
‘“““" 20): wp=tnint)- ne)1 S ()
' The refrective index ﬂietrﬂmtion, _n(nt), will also 'vary‘\
with time becauee of the time growth of the thermal gre.dient.~
.It ie determined from the temperature distribution, A r, t)
‘and tenpereture coefficient of refrnctive index, dn/a?, via

the Taylor series expansion (66):
0 N=nedadTert) (32

(ng is the refrietive-index of the medium at the beanm

-1




.center). o e ‘ . T

to a quadratic pxpression 1n‘r for small}heating effe

. demonstrated.

) distribution:

f

The temperature distrihutibd; A 1(r,t), s availa#&e

from & solution of the heat cohdﬁction.equétion, as shgw"in

Pl

the next, section of thiS'ﬁhapter; It can be‘péen\from~tbat
derivation that the distribution, A T™(r,t), approximates -

. the beam center. The quadratic phase factor obtdined is_

equivalent td the expression ‘Jdeal thin

2f ;
lens. Consequently the thermal, "lens"

‘ « (3-3)
1 . ‘_"’
. df: ‘ ) .
( 3-3a )
where K 13 the thermal cond ctivity, . O ig the thermal

and the first law of hermodynamics, appliedlto a control

. | 80

s‘near' '

behavibr may be
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S ' »)"L{x)y)z,/' _y*d_y

,( . kS qx *dx .

qy= ‘ — o
KoT.d (dxdz) . L Ve
Gy | .

= KQJT dz(dxdy)
az

first law for oonfro/ Vo/ume E. in E;,Uf *Esrée"j: ~stored

stored- p%g;fdxdydz ; Esrce A

dy.
Ein- Eouf (e +qy *qz)- (9x +dx "’qyfd_y *qzodz )= KV ?‘(d:z{'

.V T.,.qslk (p&/K)éT/ﬂf |

14 " -

Pigure 21 : Derivation of the heat conduction equation in
Cartesian coordinsates shoving the conservation of energy for
a control volume .of dimensions dx ’. dy , dz . ( reference _57)

. N . .
. . .
. . B - A ) Y
Al » - a M
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volume in the sample mediun (67) (ﬁigure 21). The.solution of
3=3 1is conplicated sy the prescence oﬂ’theVSOurce\tern

‘ Q(r,t)/ﬁu An immediate problem is ‘that ihe time and spatial
‘variables d% not separate.-However, a solution is available
- via the appropriate Green's function, which is a standard
technique for solving inhomogeneous differential equations
(68,69,70). L T -
The Green 8 function for a system: is a function G,

which gives the system 8 response for.a unit impulsive source °
located at any point in time or space,(Eigure 22).The

Green's functioen for heat conduction. is obtained from :

V%G - L 3G =L 8r-rk(f-1) .
e dt K. /

RS (13-4

where 5 is the Dirac del’ga function. The variables ro and -

»

tO correspond to the position of the impulsive source in
space and time, and are takern as independent variables ‘of G.

The solutio‘n of A T(r t) from equation 3-3. 1g given

simply by the convolution of the sourie Q( ro)/K and the

-Green's function.(effectively the system's impulsp’ response)
. obtained Irom 3-4 (70): . . ' )

te
B

- (3-5)

- The Green's function in equation 3-4 may be obtained

AT(rt) = f 'df. [j’j g(r-f,';i-t)d(f;, % JdV
b g

from a Fouriet “Era,nsform technique (71). The volume Pourier

\f

' transform of both sides of equai?ion 3-4 is 1given by (72) ::

1
i
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A

TSysfem ‘Response G

- x.,Source Position

-
]

Pigure 22 : Illustration of the Green's function for a

.simple one dimensional system . The function G is the
. envelope of impulse responses for all source positions , rg .
(reference 68 ). ' oL T
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: ) : | . /’ - ¢ / tz
-. c‘. 4 -. r - .‘ . /7, i . '
note that k'is a spatial frequency vector : ks :fk, *sz* ﬁka
ana (r-1,) = /(x-)q,) */(y-ya)*ﬁ(z-z;) SR

[,
where i j kK are unit vectors. Theﬂinverse trangfonm is given

by : ] /
. -k s~
GUrngt 4z L [j]‘ et " f"‘ Elis 1 f.))dka'kzdk

i , | - C(3-1)
" From-the standard properties of Fourier tripsforms (72 73)

h
equation 3- 4 transforms to ¢ - \ ( -

G(k t-4,0- 1 aa‘( t-1,) = -L&(4-4)
kg $) o« ks: K :

. ( 3-8 )
Fourier transformation with respect to the time variable

-

gives

A
-

Wz 13 . '
K Gl ke, w)~ jWwGlks,w) = - 1
‘@s -Sa a ) X 150
‘ . . (39
,(ﬁote §ha£ a double tilgp -~ is used to ihdicate Fourier
transformation with respect to both the t@ﬁe-and“spatial

variables.) “

With rearrarigement, 3-9 &ields :
67&5#”)= _Tllﬂ;z. , S .
. ek L (3-10)
;f ’

LN

a. . _.ufo\'- o-- ' . .
transformation of e-/ ‘@'(ks',m) with respect to time gives :

; ' ' R 2 - a ! -
" Glkg;t-1) = gz - kstt) oy o ( 3-11)

. v . ”

84



[\ R
r

~where U(t-tg) is the unit step tunctio_m.‘
The task of finding G con;ilts from this point, in

ﬁnding the 1nveru transform of ~jks" .6”‘3 t-4) 88

' 4
Glrpt-t)= ! w _,/gr ks" Ullf‘f) jksdkdlsdls
3-12 )

’ 'vhoro n is the number of spatial dimensions. The integral in
. A .y
3-12 was solved (75) to yield, -ingjartesim coordinates and

« tvo spatial dimensions :

T ‘
Ger-r,i-1) = ! o (S laatt-5) -

KT ( 3-13 )

-3

. t>1

, < , Por oylindrical ametry 0'1\1&151011 3-13 is
convartod to polar coordinates.. With a heat source applied

" at to = O, and from the reciprocity principle (74) equation’
3-13 becomes :  --

K | . Glr-pt)= 1 e-lrfcshqte—rr.co_sla-o.)/edf.
®) -

4R, .
( 3-14 )

Because of the c.:lrculu,- synmetry, the angular part
of the Green's, function .is integrated with respect to. 8

. - -(r'vﬁ/mf -I;. (0-8,) /2t
G(r 51)_-‘{7“, f‘ rcos(0-9 )

( 3-15 )
&.upntibd from the propertiu

-~

This oxpreuion can be further

* of Besse) functiona (75)

a5 -




-
- : 27 _; -
J.(r)‘.‘ 2_;:[ ejrCOS(a E,)do B
' o T 3-16 )
since the argument in 4-.16 is real, we use (76):
Jjr) = I1,tr)
_ ol L ( 3=17 ).
where Ip(r) 1is a modified Bessel function of order zero, 8o
. : ' pd
that: . ’ ﬂ '
6ror 1)< 1 _(ré, r;,"’)/4afl | &
) L - ' of L5
RN Y e S (Zaf) ( 3-18 )

p ) - .
The integral in 3-5 is solved by convolution of Q(rg) wi@h

8(r=-rg, t-tg):

; 1 -zr%e ~(r% 1) /eat, ‘
AT(rt) = d d. |
5 ok ! I&af)c : ( 3-19 )

The next siep is the separation of variables: factors
containing rg and r02 are separated from factors which do not
contain the varial':le. A T(r,t) becomes: . } |

AT(rf)—ﬁ_L d_fo. "/“"[ff % - Rt Ly

dvo
2at,
‘ ( 3-20 )
The spatial part of 3-20 is solved by means of an identity

involving the Bessel function (77):

+

/
.. 2,2 2/, .2
‘ e~ 95y b Indr; - e~ faa (
. ) 209 . 3-21 )
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e n
&' - . . e

S

. e ! ) - beg ‘
1t e é,‘za'z and 4G,
j:iu final result is: ‘
. 2 .
N e '-*‘6"15!.)'; r‘ua/.. tlsat, +wd
: e I gdg =’ “i/tallsal? 1
[T g e e '
2albof .o
B ‘ (W egat,) ( 3-222) - .
The inttgratién of 3-22 1o evaluated with respect to the| time ~

coordinate after rearrangement of 3-22 (25). With the

,- (:r—)

substitutions; .

and d4, =—‘{Y/3“y’

"the time integral in 3-20 transforms to:

!
AT(H‘)--‘EQ / /(Oat,ﬂ.)z) _2,. ’ﬂ
y - -

%

( 3-23 )
_The result s a set of oxpononful integrals:

h e R [E 2. pir op \
arent) = By [E'(- % ) -Ei(- ‘gl{TE"")] ( 3-24 )
.vhore Bi(x) is the .xponentia} integral (78):
Eilx) = j"’ ctar o
e~ T g

The 't.cnpeuture distridution in the sample, A'r(r.t). given.
by oquntion 3=-25 is the bulil for all theoretical
descriptions of thersal lensing. The distridution 1s shown
in Pigure 23 as a—function of radius at Mtror‘ont 'tineo “

'nftor ‘sample oxpomro to the heating beaa.. .
For small vsluu ‘0of the argument :, ; the oxponontul

.
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Pigure 23 :

Gaussian cylindrical gource. AT

equation 3-24

b2

/

“

Steady stale curve b

Temperature profile in sam
(r,t
s (r rence 25 ) .
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le medium heated by
as obtained from
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integral may be approximated by the following series (79):

N

i
Ef(x) = InTx + mm)
t . m=} N\

( 3-25 )"

where ')/ = 10710-..-.-
N

If the first two terms in the series are retained, then the

reeulting-expression for ZX T™(r,t) is :

CAT(rt) = [/n(:. )_ ot _33] | &

s . ! / ( 3-26 ).
OﬁeAfurtH?FﬂMNFFFYEhtibn is neccessarx/vefore using (3-26)
to generéfe n(r,t). The factor ‘Eﬁ% must be exﬁressed
in terms of the laser power, P} which is the experimentally

measureable quantity, rather than B. The heat density of the

laser source in this problem is given by (25):

alr) =o.24P(r)e

- - ‘ a

( 3-28 )

- - -

where P(r) is the ‘heat diizijzfgi the source, 6(r) is as

given in equation 3-3a, and € is the sample absorptivity.

If the laser powe}, P, 18 expressed in Joules and the heat

i
A,
.

source,k in calories, then the expréeaion is divided by =
] [

conversion factor of 0.24 = ( 1.987cal/ 8.314 J ), ‘which

“appears in the original derivation. . '

Consequently, if we integrate P(:i over all space :

P: ﬂP(r)dr [7 zr/w rdrde ( 3-28 )




4 -
so that P - \ﬂBU,e/ogae
. " ” ¢
and we = QageP S

Consequently :

o

AT(",‘f} = Q%E[ /17(/ Q-a“;%_f ) 6t (:,2)] ;o
. {

“wfreat ( 3-29 )

In the original derivation, the authors (25) pointed out that

this equation suffers the defect that an infinite response is -

rpredicted for f o , that is, no etead.'y state-is ever '“’

reached ‘in 3-‘»29. This arises from ‘the assum‘ption that ~heat
conduction occurs ‘in an infinite mediuui. It does not affeg't}
the expression for the focal lenqgth as w111 be ,seen shortly.,
A ateady state expressicn for AT(r t) is useful and has been
derived assuming that the boundary condi.tions' are T =0 forr

= a (wvhere a is the radius of the sample cell) The result is:

B

he . R .2 : . B -
AT(rt) = o.oseP{ In 2702 2r ’ =
YT T Tk w2 - we Y ' i‘j‘
- K (%) -5 ( 3-30 )
V ) Mo ¢
where the details of the derivation have be@n pmitted, From

- .
e . . - Y -]

the iemperature distribution of 3-31 and the series expansion
4 DR

) ™~
of 3-2, we can evaluate: .-
« ' - -t

nir,t) = n, -g’F [,g.g_e&

>

'—Sﬁ"fTw)(-?)] (331

¥

L
o

The logarithmic term in 3-29 has ‘been neglected in this

«

ut

expreaaion because it ?as no radial dependence. Its product

with the smalI valued parameter dn/dT ig-small.
& ’ . S

4 9
) ) ° N Ld

%0

a 1 :
‘ Y . '

i e
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Equation 3-31 has the parabolic form: n(r) =n,C. -pr?)

wheres

- | ',’f p-—cﬁ —'Q'Q%E(w -oBat)

.

( 3-32 f

o

e

Ky

Retuﬁﬁﬁng, finally, -to equgtién 3-1, the optical path length
distribution yielded by the sample will be:

* T e=nl-gn. O_RE_<'6¢" )
. from which :
o, ! _-dn, 024AP ot
O o YN dT ( a%-raaf ) NAe ~
‘ . (3-5/’5a

with t‘earrangement of 3-33a, the focal length f(t), may be

»

(" 3-33 )

[

: \\ritten..win th‘e.form Lot

- - .
‘ " Fit)= fol 1 +1cl2t) . ’ AR
| e 3-34y
wherge tc' is. a charac‘teristic time: consta’ﬁt for formation .of
the thermal lens, and fco is the steady sta'te fOCal lengthj
of the thermal lens: | e ;
e foo = wf _ \‘ S
L e St £3-35.)
S ksBfka T ()
. . .
Equations 3—-—33 to 3-35 predict, ~a. lens-like ‘beha\rior for the(
medium because of the q\u‘adraﬁic variation of the refractive,
index vith radial distance from the beam axia. Th/_parabolic'
) approximation is 1r;dicated_ in’ Pigure 23 . ~ For radial values’
- | Y .




far from the beam center, however, more terms in the series

_expansion‘for the exponential integral muat be included in

equation 3-25. The temperature distribution " flattens " at"
longer distinces frem the beam axis, producing aberration in

the IEne element. The theoretidal treatment of lens

aberratron has been developed in detail by Sheldon et’ al., 2

. . .
1 * »
ut is not pursued here. '
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The Thermal—Lens Effect : Detection
' /

A simple schepe fer deteqtion of the thermaljlens effect

‘is diagrammed ileigure24 . A TEM(0,0) laser 9eam with a

transverse Caussian intensity distribution is focused to a
wafst by means of a converging lens. A cell containing an

absorbing liquid is placed at a point slightly past the

‘waist. The beam forms the lens in the cell via thermally

 induced refractive index changes following light absorption.

Because the dn/dT factor is negative for most liquids the

lens.formed is assumed to be a diverging lens. The effect

of - the diverging lens is to expand the laser beam and

increase its spot radius (8C,81). The center of the beanm is

sampled at the detector which is most simply a plnhole and

photodiode placed in“the far field region-of th%rbeam. The

eignal is measured at the detector as a drop in the

photocurrent of the photodiode, corresponding to a drop in

- the center 1ntensity df ‘the bean. .

The simple scheme depicted in Figure 24a is adequate for
many applications of thermal lensing, but suffers fropm the
disadvantage that a burden of high performance ds.placed on
theklaser forming the thermal'lens. This is because'optgcal
noise (often at levels as high ae 1 % RMS) in the laserfeill

limit the levels of signal detection.A better scheme is to
use a dual beam configuration (82) (Figure 24 v) in which a

+ low powered. highly stable, probe laser detects the lens

effeet,'and a high powered, noisier pump laser forms the

Jens. Because the lens response is slowfﬁmiilisecondé to
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Pigure 24 : ' Schemes for experimental detection of the
" thermal lens effect . (a) single beam experiment (d) dual
‘bean ( mode-matched ) experiment . (c) observed signals for
thermal defocusing . In a,b : 8 = shutter, l=lens , C =
sample cell , PD = photodiode, CF= color filter , M1,M2 are
partially transmitting mirrors . o
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seconds depending. on the solvent thermal parameters in

equation 3-35& b the duallbeam detection scheme is relatively
insensitive to the. high frequency optical - noise in the pump
laser. The use of dye lasers to supply the pump radiation
ensures tunability of the excitatlon beam over a wide range
of wavelength, without the requirement for’ hlgh_stabillty;
Low powef-,state-ofithe-art Hefium Neon lasers with output
staﬁilities of better then 0.1 % are readily available at low
cost, to supply the probe beam. ) _

’ While.fhe detection schemes of‘Fiéures\ 24a‘endjb

demonstrate detection of the thermal 1lens effect, they

provide no 1nformat1on on- the optimlsation of allgnment for
max/;}m sensit1v1ty of 31gnal detection nor do they yield
any relatiqnship between the absorbance of the sample and the

signal observed at the detector. In order to obtain this

-informetion it is neccessary to-consider the'pfoperties of

g

Gaussian laser4beams and derive the appropiate expre351obs'
from geometrical optics (81) and/or diffraction theory.

"The mode patterns of most laser resonatbr cavities
co;eist of a series of Gauesian-intensity distributions of '
increasingly higher order (80,81) and are described by a set
of Hermite or Laguerre Polynomialé. The equations of the}mal
lensing assume lens formation by the lowest order (0,0) mode

which has an electric field amplitude distribution of the
form (81): |

wl
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Unye) = Lo e Mg, Jk2 ( 3-36 )
: 1 -‘; o .

y/rx\e,re K=?7T/)\, the wavenumber and the factor

Lo 4

q representa'a conplex radius of curvature for'the wvave:
L= L +jk - | | ~
9. R "fa ( 3-37)
“ .

q is determined by the wavefront radius, R, and the sppt
. radius gf"’the laser beam.‘ (45/ , both of which are funqtions
of the propagation distance, z. The situation is clarified by
referri:xg to a diagran o'f' the bea:m propégation (81~) (Figure
25). o o

Figure 25 show‘s the. -propagatign behavior of a focused
Gaussian laser beam. The beam propagates to form a waist,
iridicated by 2 = O in the Figure. The wé.ist may be located
inside {he laser cavity or it may -be forlge'd-ex‘ternally by
means of a converging lens (not shown in the diagram). At tt;e
waist, the phése fronts are‘planar (R =c0 ) and the spot
" size - ""l , is éminimum. As the wave propagates foreward
(l‘éft to right in the diag’ram) the spot size increases, and
the phase front t.:urvature .ecreases, until the confocal point
6f the beam is reached. At the confocal point (z = go) the
curvature of the phase front is a minisum, \':hilre_the spot
size inceases to 1/5(:)", (wo is the spot radius at the
waia‘t).Because the spot area is given by 21ng at the
conf;qcal point, thé beam area has increased bdy a factor of

2, vhich means that the power density of the beam has dro'ppod

to half the value at the waist. For this reason, the confocal
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_Pigure 25 : Schematic description of the propagation of a
Gaussian laser - beam ' ( reference 81 ) showing phase fronts ,
beam divergence and intensity profiles.
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the waist in the figure The re

N \ - i _
point may be regarded as g " half power point " for the beam.

There is an identical confocal point on the left hand side of

o) =
fi@n, between the two confocal

points‘ is referred to as the " R‘z;.}leigh Range" for. thg beam
(81) 'an~d“ge'fines a region of effective collimation of«the
bean. _

Past the con'focal\pc’aint, t‘he beam continues to
-propa_gate with R and w/ increasing as a functidn of
dists'mce.' In the far field both R }nd (.a)/increase nearly
1inéar1y with distance, 2. As 2 appl:oaches infinity, the beam

wavefront approaches a plane waveform.

The effect of distance on R-and ,&)/ is given by (81):

N . . 28 .
. - R(z) = z (-"T“’o);’ | ( %-38a )
r) W (3
L) = ! + 3_.38b )
-\/ (ﬂw2 .

Differentiation .of both expressions with respect to' & ylelds

minima at 2 = 2, and 2 = 0, respectively, while 2t large

' values of 2. R(Z)~z and w,(Z).~1ZT\_f_J_ as, discussed. The value

o
of the analysis presented here is that once A L2 wf

)
are 1known, w/ and R may be computed to yield q
in.equation 3 37. "That is, once the wavefront dimensions are
known, the exact form of the Gaussian profile is known from
3-36. | ‘

Gaussian spherical ;vaves obey geometrical optics Dbecause

they have the property that they propagate as spherical waves

o8
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while retaining their Gaussian transvers}a profile (80,81).
This means that the‘ ray transformation matrices may be-used
to describe the transformation of Tf through optical systems._

The trans:‘ormati‘on by 'an optical element of the complex
radius, a‘. —and its slope 'a"', are expressed in general
matrix form (8_1) as :

O £

r

The 6ptical element producing the tr‘énsform%tion may be a.
lens, a mirrbr, or even free space. ‘The matri;s elements
- ' A,‘ﬁ‘,c,\D are obtained from geoinetijical optics using a small
angle (paraxial) x;ay analysis (examples are listed in Table
8). By multiplyihg a sequence of these ‘maf.rices tqgether, one
follows the-‘tlransformati’on of a Gaussian beam through an

f:ptical system, -element by element :

[gaz]z[é: g;]{gﬂmgﬂ[gf gf] o [?,' DB/'] [gf] | '( 3-40 )

“In order to analyse the- o'ptical system used for thermal lens

detection in Figure 24, three matrices are required: .(a.)' a
matrix describing free propagation of the beam from the waist
positionw( arbitrarilj defined as 2 = 0 ) to the cell at z =
‘29 (b)‘a-matrix describing the ther;:lé.l lens (modelled as a
diverging lens) anﬂd (c) anpther " freeyspace " patrix for
9 pro’pa}ation of the beam from z = %1 to'z = g3 (the detector

plane) .

’ Ti\e total transformation is described- by:

bl 3




" ‘Table 8

Paraxial - Ray Matrices for Selected Optical Xlements
( references 80,81 ) '

T~ ; .
Element System Matrix -
1. Free Space
: L L
' ) ' 0 i
[ 9\‘ [ [ F .
P , P
,i - L 22 ,
2. Thin lens of focal <
length , f | .
: N\ [ /1. o ]
-1
. )
| ¥
f > 0 (converging lens) -y
£<0 (diverging lens ]
3. Curved dielectric inttrface
. 4
P /)
nzh, ~y i
R I'QR np .

W
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It can be shown from inversion of equation 3-37 and

( 3-41 )

differentiation \.ith respect to g that dgi':. (?':I for
Z

all z. With the complex radjus at ‘the inputplane equal to

qp, we obtain, if general:

- ' - ) . ({Q& 12
q' = Aq ’B 11 .
and ’ .
/ :’.ea:l’o *
so that ovgrall,
a:Aa *.B L s b .
"cgep o » ( 3-42 )
which,‘ f‘rom equations 3:3\&Ba,b ul‘ti'mately gives:
‘ . ‘" - 222 .8 w
. . ACZC + BD ( 3'43.8)
W= A[A‘Zé'__ei_ ] e
(AD - BC)Z, ( 3-43b)

The values.of A and B obtéined from 3-41 are substituted into
3~43a,b to obtein an express‘ion for the spot size observed in

the detectex‘ plane'

a Zf.’(('-f(ﬂ) (Z 7'(%)’Z> \634:1)

he(re f(t) is the time dependent focal length of the thermal
lens. computed earl 1er in equation 3-34. The effect of the

.

thernal lens on the beam maximises in the far field so that
o

32 >>> 81. Conaequently "" ' . '
/
. . B



A G (R
£l fir) ) Z ( 3-45 )

The signal observed in a thermal l<ens experiment is the
relative change in the sbot size, before and after lens

formation. For steady state thermal 1lenses:
o

wf(f =o)- w,e(f =0) = D_ﬁ? ( =
v 2 ) . 2 4‘46 )
wr(t-=0) q(t:o)

Before the lens forms, we have the condition f(t = 0 ) =

oo so that from g-ds,

while in the prescence of a steady state thermal 1lens,
f(o) is obtainable directly from equation 3-35a. Substitution

of these expressions into 3-45 yields ar expression for the

-

detectof—signal
o~
v e

AW - -2303P(dn/dT)A zz,zc> |
\ Ue(f;_O) AK V4 *421 ¢ ( 3-47 ) .

This expression is;derived from 3-45.201d neplects terms in

thermal lenses, f(oo) is large and

z

2
1/ f(o) because for

these terms don't contribute. Equation 3-47 is the basic

\

working equation of experdmental thermal lensing and predicte

both the nature of the\detected signaltand the effect of

1)
cell positioning on measured sensitivéty of the effect.

It is not necceésgry to actually measure the spot size
at the detector because the intensity of the bean ié.
.inversely proportional to the .spot area (81); if I is the

beam center intensity then
‘ J
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b § -’Z’ﬁ,_ ‘ | vh‘ere Ag is a constant.
t

Co'neequently, a measurement of AI/I(t- oo‘) will be

equivn;ent to the measurement of 3-46, where AI = f(t =

0).-I(t=00), - !
‘ For the remain‘der of this chapter, and throughout Chepter 4,

the notations Iy and I go are used to indicate I( t = 0 )

and I( ¢t .oo)' .
f *

The bracketed term in -3-47 PreAdicte a position "
dependence for the lens effect which is disgrammed in ;"1gure
2 6 The position dependence is Lorentzian about the bean
vaist. Assumlng that the thermal leng;ia a diverging lens ,\/

(1iquid eanpf\) the lens may produce thermsl focusing: of the ~'(:'
beam, if placed aheed of the beam waist (position a). or |
thernmal defocusing if placed past ehe vaiat (poéition b) The
effect of the diverging lens ie to increaee the rate of
expansion of the phase front radius, R, with diatance g. I:f

the. lens is placed at the veiet, the phase fronts ere
planar, no further expanaion is possible and the lens has no
effect on ghe bean propagation. Hence . Al:l: is zero.
Maxioum effects are observed for cell placement at either of

the confocal points because R :le‘}e 'nininum at 4+ smg-
Consequently, maximum thermal focusing is observed nt; ;c

and maximun thernhl defocusing is observed at + s,. Once past

the confocal points z,.= zc y the spot radius, “’/ , rapidly '
increases vith eie\tence. If the same beam is used to form

s

lnnd detect the thermal lens, there is a drastic loss in

. ~ 103
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Pigure 26 : Position dependence -of thermal lens aignal about
the beam waist ( references 26 , 27 )
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sensttivity paet gz, due to expansion of the beam (with a -

:’"“torresponding increase in f( oo )). - .

In_aummary, equation 3- ¢7 predicts that the best'

compromise betwzen sensitivity losses due to spgt radius

inereaées, and sensitivity losses due to planarity of the

'‘phase fronts, is achieved with cell placement at the confbcal

_points of the beam forming the lens. ' -

R If two separate.beams are used to form and probe the

thermal 1ens, equatibn 3-47 is still valid providéd the beams

have matched waist 'positions and confocal points. If'this

condition is met, the tﬂo beams will propagate essentially
coincidently’over all space_(81). Maintenance of the%e
conditions is called " mode-matching}'because the camplex

radii of curvature of the two béams -are effectively matched.

—. Equation 3-47 yields a relation between the sample

properties'and the detector signal. We assume that ‘the sedple

4 [

consists of a solution containing abgorbing solutes. The

* collection of factors -P(dn/dT)/)\k defines a factor E

(8,), which represents the sensitivity enhancement of thermal
lensing over conventional abeorption spectrophotometry.

‘Conga2quently, we can recast 3-47 in the form :

Al - .Z.JOJEA ( 222
N ’ Im ’ ' ZC"Z[ ) .

~

( 3-48 )

“

which for cell placement at the confocal point of the beam

-
-

yields 2 = 2, and : | ; i /N\\\\

&1 = 2.303 EA _ ( 3-49 )

. I”‘ J
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.in 3- 45@ Retaining these terms in 3 45 gives

4 -
-~ . wn

~ The essumption made in derii;ng 3:49 is. that ‘the

e

thermalﬂlens effect is weak which 3pp1ies for. dilute
sahples. Consequently, the values of dn/d”iand K w: 11 be
dominated by the properties of the sglvent while the
absorbance,fA, is dominated by the ‘solute. Equations: 3-47

v

to 3-49, in~add1tion. establish that a lineer relationship

o

| is predicted between the thermal lens signal and the sample

absorbance for” weak thermal lenies.

3

At sufficiently high sample absorbances. the focal
length mfthe thermal lens shortens significantly with the

]

consequence that terms in l/fnn) are no longer negligible -

*

K. Al - e',:,sosEA ¥ 2.30,}5/1) : g
: Moo | .2 ‘ { 3-50-)

Consequently, for strong thermal lenses.’eQuationh3:50

predicts a parabolic relationship between the thermal lens.

response and the absorbance. This curvature arises directly

¥

from ‘the fact that the . approximations behird 3 47 are

inaccurate when (“) "‘(Z, Zc) g .It in no ‘'way
< .

includes the _effects of aberration .of Llhe. 1ens element.

formed in the sample by distortions in the refractive index

a¥profile. In equation 3-50 we are still dealing with an - ideal

\
*thin lens although a partial saturation effect has’ set in at

high enough A. © L
““The problem of lens aberration has been addressed by

Sheldon et al (66), and’ requires a solution by diffraction

theory. Houever, the effect of thelir analysis produced the

n ' -
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only major experimental. consequence that signal optimisation

is achieved for cell placement at g =qﬁ;. Ze rather then at z

' = %,. The shape of. the sigmoid curve predicted by their L

analysis is gimilar to that~of 3-49 . Qualitatively~, the’
interpretation of the'optimization‘of cellapositioning is the |
same . ( . ' N | .
Finally, up to this point .yery lfttle has been
g mentioned regarding the time dependent thermal lens. effect
This has been the case because the spectrometer design and‘”l -
“experiments of’Ehapter 4 have involved the observation of
steady state thermal lenses. Time resolved thermal lens’
signals involve the full expre331on for fCt)ln 3~45. The
time dependent equation‘eqpivalent to 3-50 'is given‘by

e3,84): : . S

(e3,84) | . |

’ o . 2 4-1

I(f) I 1+ 2303EA  + '1( 2.303EA ] ‘
R fc/zf 1+ fo/2t

-

o, N ( . ?-51 _)‘

-~ ¢

"f 1The form of the signal development with time is shown in
. Figyre 24 ( inset ). For t << tb » the drop in the beam power .

is approximately 1inear with time. The signal quickly

saturates after > tc and steady state lens formation is

approached .

~




Dual Beam Mode-Mismatched Laser Thermal Lensing

' From’the ahalysis presented in 3-47 aniCFigdre 27, it
is clear tbpt the conventioral eingle beam or dual beam mode-

matched thermal lens experiment is carried out in compromised

’conditione (85-88). In theory maximum thermal lens formation

-

is available at the waist of the pump bean. ﬁobever, no

‘thernal lens effect is detectable at the beam waist because

of the flatness of the phase fronts.
If on the other hand, the optical alignment wvere

arranged so that the cell were placed at the waist of the

. pump beam yet at the conchél point of the probe beam, the

sensitivity would bde poténtfally doubled. However‘if these
condifioké vere Maintained' the beams would be mismatched,
with the radius of'the probe'beam being larger than'that of
the pump beam in the cell .Thia possibility is not accounted
fog in 3-45 to 3-47-. -
ﬁode-mismatcheé tperm#l lensing was first reported as
an analytical technique by Ishibashi et al (86). The
sensitivity enhanéemgnt reported ingtheir experiments was
approximately 2 over conventional mode-matched experiments,
as eipected from spot size considerations. Later authors
have \reported theories (87,88), to account for the -
optimisation of cell positioning, and to establish signal

.linearity for the effect. These theories establish tbat the

mode-mismatched experiment is analytically useful, and

confirm the results of experiment.
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"he size mismatch between the pump and probe beams has

the additional conseduence that the Gaussian profile ofwthe
probe beam |is destroyed. Farly experiments in onr
laberatories with beam imaging detection ( Chapter 4’) heve
demonstrated that 1n/tne prescence of a thermal lens, a mis-
matched prcbe beantrefracts to form an annular interference
pattern in the detector plarie .An annuldé forms in the peam
profile as the result of the interference of two sections of
the probe_beam, as diagrammed in Figure\27t The inner
section of the beam passes through the lenehelement and is
refracted while the outer e@b;ion is unaffected by the lens.
Both beams;then propagate é? the detector plané. The effect
of the lens is to increase the rate of expansion of the inner

secticn of the probe'beam. The expanding inner sectipn

interferes ‘'with the unrefracted ‘outer sectlon, forming an

‘interference pattern related to the aperture radlus,th and

the lens element .

Because the experiments reported in this work used beam’

" imaging detection, it has been of interest to determine,

theoretically, the shape of the beam profile observed at the

detector in mode-matched thermal lensing. Additional interest

arises because of the results of Chapter 4; which show that
the Fourier magnitwﬁe spectra of mode-mismatched beam
profiles contain sideband components related to the prescence
of the lens. The side band signals show enhanced sengsitivity
to lens formation over the <conventional
measurements. ‘Therefore, a theory which is capable of
predicting the shapée of the Fourier spectrum is desirable tow

[ 3
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FPigure 27 : Mode-mismatched thermal lens signal : formation
of an annular interference pattern in the detector plane .
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establish the analyticsal usefulness of the tgchnique as a

means of measuring weak absorbances ‘. -

The simplest case is to model the thermal lens as an

fdeal ¢hin lens of finite aperture, a, placed in the‘path'

of a larger wunrefracted probe beam. The shape of the probe

beam profile a£ the deteétor is solved b& diffraétion theéry

( 81,89 ), assuming the Fresnel approximation holds ( 89 5:
At the left face pf the lens in Figure 28, the

transverse field amplitude 1is :

3 # _ . - ;rz .
f | | U=\/% é"i : ékq' (3-52 )

At the right hand surface of the.lensu the light field

amplitude is. : | 2
' r e
U =2 e-‘éL' "ék (r) +g.(r)
, -\/;w/ i (e f Fa ' PO( )
1. if rsa
0 If r>a

( 3-53 )

where %(r), =

For a wavefront incident on the lens aperture (r<=a) the

lens multiplies the incident -wavefora. by the quadratic phase,
2.
factor Lr -

the wavefpont is unaffecfed, and multiplied by unity.

OQutside the aperture, ( r > a )
LS

Fresnel diffraction ( 89 ) predicts that the bean
profile in the detector plane is obtained via the 2.
dimensional convolution :

"_',jkz ~ikr

; : Uylxyz) = U, ",i.e.)‘_ e 22 |
“ . L
| . . : | (-3-54 )

[ 11
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where , /

2
the *factor e-ekz" may be regarded as. an_ impulse

response or point spread for freé space,

>

. The integraloto be solved ( 81,89 ) is :

y -iK.(

d( };Z): J_e;/ [[ U(o yo)e 22 ((x X)2+(y-y°))

dx, dy,
( 3-55 )

It is best to evaulate 3-54 by splitting the beam into' two

ZA

sections and evaluating 'them separately :

-

e kz -k r?
= 2z
Ud" Ure FPA“)"'/ez)\ \ | ( 3-56a )

C ( outer section ) :

‘T { inner section )

o C _ikz _jkr?
5 eJkZ o-J
= .U pa( r)oer e e 2z ﬁ

At -the detector, the observed signal is Ud

( 2-56b )
ouf‘er inner

For the inner section, we evaluate :
wosner= 4l f/""-b"(z,’-*;‘)“‘*ﬁ -0 )
' ( 357 )

1f we expand the terms in the exponent in 3-57 and abbreviatﬂ

L =L+l 4L ' .
b 9 f 2 : o ‘
i (x3y%a gk x2 _ é%v.’-
Uy (xyz)= ;_e_]zz ,'f'.,[; 4K [a é& J&P dx[. J&? d)6

( 3-58 )

With the substitutions : &, =ap = k

t . '\ . 2-%
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3-58 is directly recognisable as a two dimensional Fourier

) transform ( 6'7 ) ¢

%(XPV'ZJ- 1 \/' U, [ ‘J [X. ".Ial p(&)dx

. ["J“%J‘ o) Iy;b( e ( 3-59 )

Fd

The transform has solutions available directly in terms of a\\
» ]

set of Fresnel integrals (67). Fory =0/, the transyer‘se

intensity profile observed in the x dimension at the detector

is : for - _,..:==1+.L+-L :
o ¢ f z
| ik 2
(XYZ} / 2 Uo F(,ﬁ’a) 9- Z
4 “’/’(' . ( 3-60 )
. F(\,G,a-p kx ) P(ra - kx
! /5

For thé outer annulus , the detector'éignal is obtained

from Babinet's principle ( 89 )., which states
00,
Ud‘-%*"fl - s 3-61 )

3 In the abscence of the lens :

. . kZ 2
_ ./ (G +y) - -
‘-9()5);_2:) L8 %ﬂ %&ty ‘ék.ﬂx -XJ)" + (y _y, dx,d;;

( 3-62 )
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. F(,/&aa-[gzr) F(\I"za*b_( )

ZZﬁ 2

- _k If_l_) 3 “
%= ~2\7 2 . )
Equation 3—63/}8’?”&Q11y obtaineble from 3-60 by assuming

. —-~.that £ = 00" ( 1nﬁn1te1}~veak-fene )
From Babinet's principle , in the abaence of the 1ens (3-61),

_ where

the ’expression for, the outer annulus ie :
: \ .

.
——
-~

) '“_L 4‘15 )i.-j’;cFNExza).

ey |
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_ It is=clear_ from equations 3-58 to 3-65 that the
discontinuities introduced by the finite aperture of the lqps
produce complexities in the mathematical description of the

effect . While it is not practiéal to directly fit observed

bean brofiles to these equations , they may be. used to

qumegicaldy genera{e theoretical profiles and Fourier spectra
for comparison with the experimental results

” The'theoreticai.treatment outlined here may be
criticised or the 'grounds thatv it takes no account of the
aberrations present in the thermal lens element at non-

»

n~FYipible distances from the beanm axis ( 66 ). While the

b theory \is certéinly greatly simplified, there is evidence in

s ' < . A
the. exreriments of Chopter 4 to indicete that the refractive

o

. index profile " flattens " at relatively short distances from

.the beam axis, indicating a large mismatch in the pump and

o~

Frobe beam radii. In these experiments there is probably poor

spatial resolution of the lens element near the beam center ,‘°

. \\
so that a detailed description of the aberrations is probably
unimportant . noreover, the primary- feature of interest in

the beam profile i3 the mismatch disco’tinuity, and its

. behevior .with respect to sample properties._Experimental

investigations of mode-mismatched thermal lensing fcllow in

the next chapter .
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Chapter 4 : A Laser Thermal Lens Spectrometer for Natural

Organic Matter Analysis

1 -

As described in the previous chapter, it has already
been seen that the thermal lens technique is a'ﬂotentially
simple and effective means of measuring very weak
absorbances. Thermal 1lens instrumentation, while simple in
principle, suffers two main technical drawbacks 1in

application which have probably impeded the developmént of

commercially available spectrometers. The first of these’

drawbacks is the requirement for the high poyered CW laser
systens needed to supply the pump beam. While it ;;s been
demonstrated that inexpensi;e, lov'ppwered helium/neon
lasers perform adequately in some circumstances, these
sources have no wavelength tunability, ;nd are restricted to
use with samples having high absorptivity in the red. The
other problem with the classic £herma1 leng experiments
(ﬁsing pinhcle /,photodiodercombinaﬁions for detection ) is
) {he large optical path neccessary for observatioﬁ of the
signal. Classic CW thermal lensiné reéuires signal
.meaeureménts to be made at the beam center in the far fi-1d
fegion; These requirements may be met with optical path
lengths in excess of 5 meters ( 90 ).J The long optical path
produces a signal which is very sensitive to vibration and
drifts in alignment , so that any attesifa at packaging this
deeigh commercially v{ll be prohibitively wasteful of space

and require vibration isolation of the optical bench.

xThe fifat of these limitations may perhaps &wgit the

¢
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availability of low colt 801184 state vioible laser sources
(91) if a comsmercial -toldy state -poctro-otor is to be
developed. A low cost pulsed dye laser systes is
commercially available" and could‘uuccooafully function as a
source in a pulsed thermal lens spectrometer. The use of
pulsed lasers in thernnl lensing bns been reported bdy

Miyaishi et al’'( 92 ). However, the detection limits

* reported with pulsed excitation ( E = 20 pJ ; A=Tx10-4 ca~!

in CCl, ) were much poorer than detection limits avajiladble

vith CW systems, .even in organic ts where enhancements

are'typically high. The use of pulsed lasers with energies
of less than 100 pJ per pulsé will probadbly not coipete
effectively with lov cost solid state ci systems as théy
become uvail;ble. '

The second technical limitation of conventional thermal
lensing, that of the long optical path required for signal
measurement, may dbe solved by plnéing an imaging detector in
the near field or the probe laser bean. Such a detector vill.
record an entire cross section of the probe beam ( rather
than oinply the center intensity ) and enadble the uaer to fit
the spatial data to a thooretienlly knowvn mode- pattern for
the recorded beas profiles. The use of a photodiode array in
theraal lensing has already been reported by Ishibashi et al
( 85,95 ) and has been demonstrated to improve analytical
dotogtion limite somevhat. Here ,it is also suggested that

such detectors perait measurement of thernul/lona signals in

‘the near field vith a reduction in the optical path length by

as much 'as an order of magnitude.

PRA litronite, Photochemical Reaearch Auoociatea
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In the course of this \;ork, a CW dual beam thermal lens -t
spectrometer has been §;signed and constructed, incorporating
a photodidﬁe array detection systeh. The dual beam design of
this eyﬁtem also permits the implementation of mode-
mismatched thermal lensing. In this chapter, ihe.
interference ‘patterns detected in mode-matched LTL ‘are
analysed in the spatial frequency domain and are utilised for
‘the analysis of low concentration‘samples. This type_of
analysis, otheywise inaccessibie, is made possible‘through

the use of a photodiode 'array detection system.

oy
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"Mark I LTL Spectrometer

" The fii‘at phase in the development of the CW
spectrometer was the evaluation. of the photodio';le array as a
detector, with the objective of reducing the optical path
for signal measurement. The ultimate objective, of cour‘se ’

was the attainment of a minimum detection limit for the
‘\ .

technique. _
. "I‘he pretotype };hotodiode array spectrometer initially
constructed ( here fe’ferred to simply as ﬂTL 1) was !built
from low Cost, readily available components. The objectives
of the first design were to rapidlj implement and evaluate
the new detection system prior to the refinement and design
‘ of a more permanent system. The configﬂura'tic‘m of “the system
prior .to LTL I was as a single beam instrument following the
qonventio“nal designs described in Chapter 3. VThe single beam
spectrometer was successfuII& developed and applied by our
group to tﬁe trace analysis of Fe( I! ), gqulfur diox4Yde (94)
and formaldehyd‘e ( 95 ). Reported here are the design
details of the evaluation prototype. A block diagram of LTL I
is shown in Figure 28 . The pump beam signal is supplied by a
CW ‘argon ion laser ( Coher;nt CR6 Supergraphite Ion )
equipped with a ‘mode~1 590 dye laser head. The dye laser is
operated using Rhodamine 6G which permits tunability of the
pump wavelength over the ranlge of 550 to 632 nm, so0 tJhat the
yellow to red region of the visi¥le is covered. The blye- to
green ,wavelengths are also réadily available ( 457.8 , 488,
496.5, 514 nm ). ' Output powers up to 6W and 1W are avai;alyle
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Figure 28 : Block diagram of LTL I thermal lens spectrometer
system. . -
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from the argon and dye iasers, respeé%ively.

The probe beam 1is obtained from a 10 mW Spectraphysics
helium/neon laser  with an output stability of about 1 %. fhe
probe beam is reflected off mirror M and dirécted onto ;n
oﬁtical flat (OF) where it is combined with tﬁé‘pump beam
from the argon laser. The beam from the argon system .is
passed throuéh a converging lens (L) ( £=23 cm ) and the
optical flat, to the cell, consisting of a 1 c@ sduare
glass cuvette. Thé optical flaﬁ_refleats less than 1 %'of
the incident probe power, and is chosen as a simple means of

-

attenuating the 10 mW signal prior to detection. The optical
flat was chosen with a thi&Jiess of approximately 10 mm to
elipkpate the interference paﬁterns assogiated with thin.’
plates, which would otherwise‘distort the Gaussian profile
of the i)eam { this point is discussed in m‘ore detail in later
sections of this' chapter ). ‘

It is possible to operate the spectrometer in both the
mode-matched and mode-mismatched configurations, depending
on the placement of the converging lens. In the case of:
mode-matched operation, the lens is placed after the optical
fiat; both pump and probe beams are focused to approximatél&
the same waist position and the cell is placed at one
confocal distance from the waist. For higher sensitivity,
mode-mismatched operation is adopted, in which the cell is
placed gt the waist of the pump beam, while the probe beam
remains unfocused. . Once past the cell, the pump beam is

attenuated and separated from the probe by the combination of

a neutral density filter (NDF) and color filter (CF). The
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intensity of the probe beem is made adjustable by means of a(

‘gelatin polariser placed directly in the path of the beanm.

/ The probe beam profile was detected in the near field by
(means of a photodiode array. containing 128 or 256 41ements

J(the 256 element array was interchangeable with tge emaller
\

{ device) mounted horizontally in the beam path ( ﬁl128G or

256G ). The device recorded the transverse intensity prqfile
of the prote beam. *In this case, the probe beam di‘ eter
vas less than the width of the array, so that no focusing
optics were. required to reduce it to the detector dimensions
The photodiodes in the array were sequentially read out by on
chip circuitry. The array was supported 't} a current
anplifier system (,Reticon RC 301 ) whose output consisted of
a train of emplitude modulated-spikes. The intensity of each

spike was propgrtionai to the photocurrent_integrated by a
correspondingnphotodiode in the array ( over. the integration
peried of the device ). The signal was filtqud in severel

stages of active filters to remove the carrier (the spikes).

"The filtered sigga1<;;1 then digitised by a system of analog

to digital converters and logged by an on-line microcomputeér
system (SOL 20, Processor Technology Corp.), at a rate of 36
kHz. The converter resolution vas 8 bits. The digital
output was reported to an ASR 33 teletype as a series of
intensities, each intensity corresponding to the average
reading of‘a groun of .photodiodes ( Appendix A contains the
details of the interface operation ). |

Used in conjunction with a 256 element array, at a
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qléck rate of 100 KHz, the program logéed 83% dafa point; and
17 baseline points for a total of 100 points per scan. The
logged Jata stored in fﬁe Sol 20, 1in early experiments, were
reported directly to the teletype under control of the Sol
operating system. In later experiments, the S0l 20 wvas
linked to an IBM PC vhich was used for real-time data
processing. Data from the Sol were reported to the IBM
nyst;m viaain RS232 interface under control of progra;;'
_ written in B0OBO sesembler and IBM BASICA, |

~

The Photodiode Array Detector

———

The deieétor used in both versions of the spect;ometer‘
vas a Reticon G Series line scanner equipped vith an §C301
current amplifier board. An overview of their basic
operation is presented here. _

The “Reticon G series devices ('96 T‘are a family of

linear photodiode arrays which are ihtegrated for self

scanning opératign. A"G" series device consists of a row of
128, 256 or 512 s8ilicon photodiodes v{?h a width of 15
microns adq\:“center~to center spacing Q; 25 microns. The
array is sealed beneath an Si substrate on th.e surface of an
integrated circuit containing the readout electronics.. The
array is sealed beneath a silica window, 80 that' the
device's spectral response covers the visible and near IR
‘with the response curve maximising near 800 rim. The

sensitivity of the device is close to optimdhxin the present
application, where the probe beam wavelength is the 632 nm
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line of the helium/neon 1laser.

In measurement of the light intensity incident on the
photodiodeé, the G series arrays behave as charge storage

devices. An on chip shift register samples a lineér array of

- cells ( Figure 29 ) : each cell consists of a phofodiode and

associated storage capacitance. As a diode is exposed to
light, it conducts, causingezﬁhotocurrenf to flow in the
qéii. A etofage capacitbf is connected écrosg each
phoiodiode. Each capacitor {s inixiallg'cha;ged #o +5v at
the start of a readout séquence. As the photodiode is
illuminated, gﬁotocunrent depletes the charge on the cell
gﬁorage capacitor. ‘When the scanning shift register_closes
the MOS switch asaogiated wgth the cell,  the cell
capicitance is recharged to thé supply voltage anq a pulse of
current appearé on the video recharge line. fhe intensity of
the current p{zlse is proportional to/ the amount of
photocurrent integrated by the cell capacitance.

In the course of reading out a photodiode, switching
transients appear on the recharge line.‘ These transients are
eliminated By means of a set of dummy cells that are read out
simultaneously with the cells containing the bhotodlodes. Tﬁe
output of the.dummy line contéins only'the‘switching
transients so that differential amplification of the signal
trains from the dummy and video recharge lines allows for
recovery of a " clean " video signal.

The dummy and .video lines are¢ accessed via a set of

analog switches which are biased "™ ON " by applying a

negative voltage to the recharge gate ( see equivalent
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‘circuit, Figure 29 ). The direct amplii’icafion of the
recharge line signals is the measurement strategy adopted by
'the RC301 current amplifier support circuitry. An'o{:her
measurement strategy is p.ossil;le, however, in which signals
from the dummy and video recharge lines are buffered by means
of on chip amplifiers.The second design strategy is adopted
" by the more advanced RC100B motherboard system used in LTL
11.

L 4

Evaluation of Instrument Performance

-

Evaluation of the performance of the spectrometers was

. . <&
achieved by preparing solutions of known absorption and

recording calibration curves of thermal lens response ( as

Al

7 vs concentration or absorbance of the standard.
.Ab:orption standards for _therpal lensing were prepared by
dil.u'tion of cﬁncentrafed stock solutions of accurately known
absorbance ( A ~ '0.100 cm~' ). The range of absorbances for
the thermal lens standards was 7x 10-2 - 0:010 co~! at the

source wavelength of 488 nnm.

For the evaluation of LTL I, .Armad'ale fulvic acid in

distilied wvater was used as the absorbance standard at 488\«_{;

nm. ( A few experiments at 600 nm used aqueous CuS04 as the
standard ). For LTL II, evaluation was made utziing agqueous
CoS04 . The prep ration and epectrometer calibration
proc’eedureg have b;én deecfibeg in detail in Chapter 5 and

are not repeated here.
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Performance of the Instirument : LTL I , »

The thermal lens response of LTL I was deterﬁined by

measurement of the peak heights obtained from photodiode
2 array data.. Some typical beam profiles obtained from the

’

system are shown in Figure 30 a and b. The profiles shown.in
(a)—indicate the effects of thermal &efocusing on the'prpbe
be;ﬁ. As the lens fo;ms, the probdbe beap drops in intensity
and. broadens out. In the case of the mode-mismatched
geoﬁetry ( .Figure - 30(b) ) thermal defocusing produces an
annular intensity patterﬁ'due {o the intecrference of two
sections of.the beam : a'refracted inner section which passes
through the thermal lens, and an ‘unrefracted outer Beétion
whichis unaffected by its présence( see Chapter 3 and the
last section of this chapter L

The presence of distortions from the Gaussian
distribution and -of interferenceApatterns in the Io'zhtensityﬁ
profiles of Figure 30 a,b are well known phenomena associated
with photodiode array signals ( 85 ). These interferences
"are caused by defects in the surfacég of the optical
components and multiple reflectioﬁs caused by thin plate
optical elements placed in the beam'ﬁgth. A careful
aligﬁment of the beam oftica is required to minimise these
effqota;ﬁ‘éince they increase directly as the numper of
components placed in the beam path ( Figure 31 ). These
interferences have been termed " spatial noise " although

they are not noise in the true sense. As seen shortly, the

effect of "spatial noise " on the measured detection limit
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depends on the s@ability of these interferences over time.
¢alidbration curves of inatfument response versus
calculated absorbance ( frouo knovn‘coﬁcentratiéne of analyte
ané from Beér'e law )‘were preparef and aré reported in
Figure 32. The instrument was calibrated with aqﬁeous

y
solufions of Armadale fulvic acid over the pH range from 5 -

84 The instrument measured steady state thev‘al lens:
signals (hvith cell exposuree of 3 aeconde ). The -
rel tionsbips between Zél and concentration {( or
aYsorbance ) were approximéte?y-linear (cxéas < R < 0.99 )
at QL!— values below 0.30. Above this range, the

/
» .
thermal lens signal obeys a parabolic relationship with

concentration Qs discussed in Chanter 3. This arises because
the simplified'éptical‘equations originaliy derived for
1n}in1tely weak‘thérmal lenses no longer hold. .

The instrument reepbnse curves of Fiéuré 32 were
éetermined;bvgr a range of beam powers in the mode-qatche&
‘geometry'( beam pover .in these.axpérimpnts,vae measured at

\

the cell ). At a bean pover of 120 mW, the enhancement
factor E = 48 was GVtained. In ;ater,-‘with 488 nm
eicitatf;n, it was poésib}e to detect fulvic acid
abao;ﬁancea_as 1ov;;s fx10~4 on this inatrument based on the
I.U.P.A.C. defin}'tio;_ of detection 1limit, in which the
ninimﬁm detectable concepﬁrat;on'or absorbance is that value
at vhich thé'qeaeuged instrumental signal is twice the the

standard deviation ‘of the blank (97). - >

qr An appdrent limitation on the instrument performance in

*

[}
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the mode-matched configgration vas a lack of resettability of
the optical alignment. It was neccessary to realign the
‘p;obe beam optics on a daily baéis due to po&nting
instabilities in the helium/qeon laser. In the case of thé
.dye laser, daily aligq?e;t of the cavity optics was
neccessary‘to obtain optimum output. The tight coaxial
alignment of the pump and probe beams in the mode-matched
configuration was especially sensitive to émall errors in
positioning so that the enhancement factor could vary by as
much as{ko 4 from one day's run to the next, at a given
power.- Results recorded within a single day's ;un provided a
valid indication of the instrument's detection capabilities :
a comparisén of abéolute readings from one day's run to the
next was not, however, meaningful without standardization.
The variation of s;:Sitivity vith.alignment'set‘no true limit
on the detection capabilities of the instrument because theee'
relatively small }osses in sensitivity due ég‘misa}ignment
could be easily compensated by increasing the Begp power. In
the case of the calibration standards used, fhei# absorption
properties are known to be stable under the experimeﬁtal
conditions. Any changeg in the instrument reaponse from one
day's “run to the next are therefore not attributable to
chemical factors. While it is theoretically possible fo
compute the absorbance of tf@ample directly«fr’
lens measurement, such ¢ lcilations require an acéurateA
knowledge of rthe. thermooptic properties of the aample.and;a
detailed knowledge of the precise alignment geometry of §he

instrument. Both factors are usually unavailable so that it
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is inadvisable to attempt to neapure absolute " absorbance"
in preference to values defornined by direct standardisation
( 83 )', Consequently, the practical use of a thermal lens
instrument as an absorption spectrometer requires, as a
first step, calibration of the instrument with a standard of
known absorbance ( with the same solvent in which the analyte

is determined ).

Calidbration curves have been prepared for the mode-
mismatched alignment, in addition to the conventional
alignment just discussed. In the mode-mismatched geometry,
the probe beam 18 unfocused ( or loosely focused ) so that
the alignment of the pump” and_probe beam is greatly
facilitated ( 86 ). The mode-mismatched confiéuration
exhibitea‘a sensitivity enhancement of 24i over the
conventiongl alignment ( Pigdre 33 ). However, the
miamatched ‘geometry deatroys the Gaussian profile of the beam
gs.the lens forms so that the analysis reported below does
, no? apply . .

. In mode-matched experiments, Gaussian fitting of the
" profiles was undertiken in order to‘determiﬁekif any
improvement could be made in the det.‘ection limit. The Seap

profile data were fitted to an equation of the form in which
(85 ): ' ’

- ‘ ,
) '. M= I" h 7 - ‘
. I A 41 )
w: LLr? | - (4=2)
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Examples of the Gaussian fitting technigue applied to
the beam profile data are shown~1n Figure 34, while\it is not
clear“from these data, the work of previous authors (85) has
shown that the Gaussian parameters obtgined from fitting are
ﬂunctions of the range of_gata fitted . The fitt}ng of beam
profiles using data points too close to the beam center
tended to emphasise the optical interfefences at the beam
center, while the inclusion of dafa too far from the beam
center weighted the.fitted signal too much to the beam edge
(85), For data obgaiﬁed in the Bresence_of.a thermal lens,
the obs;rved detectionrlimitﬂdeﬁended critically on the
fittiﬁg region chosen for the array data. Beam profile data
fitted from the wrong range éctuailf ipcreased the observed.
:detection limit by a faétor of -2-4 ¢ 35 ). -

In the mode-matched experimeh?gswith LTL I, no
significant improvement waé found using Gaussian fitting,
over the single point meésurement made ét the beam center,
This suggested that the primary sources of noise in these
experiments were time dependent and systémaiic.

This point underlinéé the character of the data required

if spatial averaging of the beam profile is to be effective .

The requirement for successful ( 1 / YN ) reduction of noise
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is that the averaged signal be stationqry : fthe mean value

and standard deviation of every data point in the array must

not vary with time.( 98 ). This requirement is definately

violated - if the beam intehsity profile changes shdpe over

time. The requirement for spatial stability of the beam is
Al

very severe : fast acquisitions of\7:‘ signals ( on
timescales faster than the spatial fluctuations ) will not
yield spatially stationary data. Every time the beam distorts
spatialfy, the Gaussian beam parameters shift slightly and
Al

change_&?e computed value of . This behavior,

obsé}ved in our”experiments, has gzen discussed by Jansen
and Harris ( 93 ) to explain the relatively poor performance
of photodiode arrays as averagers of spatial noise. To date,
the best detection 1limit improvements by Gaussian beam
profile analysis have been by factors of 2-4 over single
diode averaging ( 85,93-). The . 14[ﬁ improvement has not
yet been realised by this technique.

The specific sources of "spatial noise " went largely
unidéntifiei in the development of LTL I. The identification
and elimination of these spatial ncise.probléms was essential
for the success of LTi II. Even with the limited readout
resolution of the LTL I detection system;_ the main 1imits
on genqitivity were directly traceable to instabilities in
the probe laser and to a number of sources of uncompensated

spatial noise in the optical system. The solution to these

problems is described in the next section of this chapter.

o
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LTL II : Doicription

A agggnd. upgraded versigg of the ;pectrameter has been
developed, iné;fﬁorating a number of improvements in aeaign
over LTL I. The block diagram is shown in Figure 35. T

The basic optical design o; LTL II is similar to the
early version, except that the new design was exclusively
mode-mismatched. The helium/neon probe laser was upgraded to
a Siemens/PRA model 250 with a stability rating of 0.1 %. It
vas neécessary to shield the probe laser fr;m external air
‘currents to réaliae this 1eve¥Jof stability.The optical path
of the probe laser was shielded by means of a dust baffle,
wﬁich was built around all of the optical components. The
~8ize of the dust cabinet was  sufficiently large for
conven:ent operation of the instrument ( alignment of optics
and cell manipulation ) but otherwise was kept to axninimum p
to reduce the circulation of air currents and dust in the
interiér of the case. The sample cell used in LTL II was a
fixed flow-through cell with a cylindrical design { Figure 35
- inset ). This design was . chosen for itg'ihmunity to
turbulence associated with convection disturbances in the
¢ell ( 99 ). The spectrometer was run in the steady state
node, as with LTL I, with cell éxpdaures of 1-3 seconds.

Inprovement ;; the detector signal quality was achieved
by upgrading the detector electronic support to the Reticon
RCfOOB motherboard system. The output is supplied as a°

sample and hold signal and requires no further processing

(other than level matching) prior to diéitiﬁation. Purther
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resolution and speed have been added to the electronics as
the result of incorporating a Teciar Labmaster'Data
Acquisition Module into the system design. The Labmaster
system provides a major improvement in readout resolution (12
bits) es compared with LTL I.

Finally the computer siﬁtem has been upgraded to an IBM
PC which provides fast acquisi£ion anq access to a variéty of
a'high level ianguages for data analysis. In this work, data
acquisition routines were written at the machine level ( soss
instruction set ) while the data analysis was carried out
under programs written in Asyst *. Under software control,
data acquisition is- converter limited ( 40 KHz) and 100
profiles of thé array a;e averaged for the Iy and I
readings. As éonfiéured. the softvare and signal interface

wvill support a 158, 256 or 512 element array.
Data aicquisition Hardware and Interface

The current version of the spectrometer ia equipped with

‘a Tecmar Labmaster Data acquisition sys:em ( Tecmar

Corp., Cleveland, Ohio ) The system contains with a DAS
5712 acquiaiti&n module which permits analog to digital

convefsion rates as hiéﬁ as 40 KHz. The Labmaster system ies

' 1nt9rtaced to an IBM personal computer as a memory mapped

device, 80 that its data ports are accessed by 8088 memory
reference .instructions. The Labmaster comprises a two board

system.~A motherboard is directly interfaced to the IEEE 488

139




RL256G . ~

Tecmar Motherbd,

Gk in. )
Enable Out Gate 1

Strt

Gik

strt .__.,r Start in IBM PC
Clk ,_.____# Ext
\\ Video .—-——-JVid!o in Out Conv, )
N\’ S . Video out {
LY RC100B Y

’ AlD Converter

12 bit data

. — i I S Start
] | ‘ ‘
1 , Start
A Enable

Conversion

1 Sl A
ipipin Extercal

AP:lgure 36: Block diagram of LTL II Data Acquisition Interface

e

N

140



bus. A daughter board, containing the data acquisition

module is located externally to the PC and cabled to the,

motherboard. This second board contains an analog multiplexer

which allows conversion of data from selectable sources.

External signals are directly connected to the daughter board

via 40 c¢onnector ribbon cable.

LTL II uses pipelined analog to digital conversion of
data from the interface to ensure converter limited
acquisition rates. Conversions are initiated externally
from the clock’ pulse train supplied by the Reyiccn
motherboard circuitry via the "external start conversion"
channel of the Labmaster daughter board. For maxiumum
conversion ppeed,' the strobing of channels of the analog
multiplexer is suppressed : only the channel containing the
amplified detector signal is converted. In order to’minimise
gain requirements for amplification of the array signal- prior
to conversion, a unipclar input on/the enalog to diéital
converter with a O to 10 V range was‘Eelected. The digital
output is unsigned 12 bit integer data ( with single ended
inputs selected ). It should. be noted }nat the DT 5712 does
not contain a programmable gain option Bo that matching of
signal levels to the converter input range mpet be achieved
by user supplied hardware." Vith.the Labnahter configured as
described, the recognition of external data conversion
requests is enabled by software. The status flags indicating
completion of ccnveraion. fbuey~condition. or overrun

condition on the ADC are read by the device handler . Details

concorning the Jjumpering of the Tecmar dadghterboard module
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for selection of acquisition options, of the switch settings

on the mogggrboard and of the acquisition software, are
Ve

reported in Appendix B.

The signal interface dgsignea for LTL 11 synchronisod

. %

the compufer initiated data acquieition sequeqfes with éhe
scanning and readout sequences of the array. The design
reported ‘here was ;Eopted to minimise timing and
aynchronisation complexity'by allowing the Reticon 1line
scanner to function autonomously. The»:elationshipe
governing data acquisition may be uﬁaerspood from the timing
diaggam of Figure 36 . The Reticon motherboard is jumpered
" for in{ernal clock and start operutioh so that clock and
start pulses are continuously supplied at regular intervals
to the signal interface. The interface initialiy disables
the "external sta;t conversian® line of the ADCi When the
the IEM(syotem is ready to initiate a data acquisition cycle,
it drives the " start enable ™ 1line high. The next sta{f
pulse supplied by the Beticon system is then latched by the
eigual ipterface and used to gate the clock train into the
»exfernal oonversiondohannel of the Labmaster srstem. These
clock puléeaiare thus used to synchronously inpitiate analog
to digital~conversiono of the video line pulses. oéée
conversions are enabied the computer loga,a linear array of
data points up to 128K in lengtwl The switch settings on the'
Retﬁcon motherboard are preset to provide 16 baseline points

l.

at the. end of every readout of the array. Each scan, of the

-

array supplies 256 points. The conversion format and

\
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specificutiens‘for the interface and data acquisition cycles
are summarised in Table 9. v =
| -
. LFL 11 Inatrjggnt Performance ‘and Noise Analysis ' .

A schematic of the noise sources encountered in laser

+ *Fermal lensing is shown in Figure 37. It is assumed‘thet

is & .photodiode array, and that. the

"the detector

s'eb rometer is a ddal beam instrument. In the figure, the

-

“ime depeﬂﬁent thermal lens element is ﬁJ%elled as a low

rgss filter L{f) ,while the helium neon probe beam/xo

’ cdnbidered to supply the input signal Io The input noise\

sources add to Ip the suaming points

) ;"‘\ owtput noise adds at 2:
A ) - ., —=4-5
J e
4 . In the apsence of the'lens, the noise sourcews
<« ! ) ' N ’

» - - follows : . . : »
{a)
/" .nelium/neon laséﬁéfube.

at /-3 wn} e Fhe

<y

]

thermal f}uctwation noise occurrihgcingide the

This is probably due to convection
setlup wit‘in the plasma.
= long timescale etab,xlity of ghe probe laser out;*t (at t> 1
. ~~.ggp ). ?heyﬁik;o effect thi spatial‘1ptensity‘dietqibu;kon
\J ‘o{ the bean. Tﬁ‘ee'effecfblmay, 'furfhermore. an
contribute systematic error if the plasma tube is ventilated

. o &

T e anﬂ cooled by external -air currents. N
- ¢ -

-

wThermal flyctuations limit th°_1

C4 o (b) optfcal noise in the probe laser systenm : this i/’%e
dominates at tr< 1 sec and is "white" in character.. - :
(c) "path .noise” : encvuntered by the beam a8 it travels

A} I3 * . ,

0
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Table 9 ' -
Specifications for Rgticon/Labmaster/Hnterface | '
‘(L : x

“ No. bytes per scan : 522 ! includes baseline )

‘ {
Meximum conversion rate of ADC : 4AC KFz : .
Input rate of software : 40 KHz ‘ '* Co )
Readout time of array at 40 KMz Rate : 10.4 msec ( 517 diodes ) ~

’ »

No. of baseline points logged between scans : 16

) v ' -
?otal)acqyisition time under software : 3.5 .sec ( for 127,KEB of.
data . -7

P ™
. :



mal V(1) Vibrations Vi)
Thermal - it

Fluoctuations
T(t) Path Noige

Lif)

C(1) Convection

’ ) D) et F(t) Flicker Df(1)
Noise
- bs > obs : R
wnfr . lulr, 1)
.
Pigure 37 :Schematic diagraiu of noiee‘ sources. 1;1 LTL IL
) systen. ) N
- ) ' o | A
vl N

P

-
3 . t
L3 w

Pigure 38: Electronic interfarences in photodiode array’
‘background signal.: effect on readout sequence. upper trace:
high frequency noise; .lover trace: idw frequency noise.:
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.




through the optical system. Dust circulating in the beam path

"

cauees time dependent light scattering « Air currec}s
ciﬁculeting in the beam bring abnut slight changes in the
refractive index of the optical path and measureable
“fluctuatiens in the bigm profiie\observed at the detector,
Both of these effects.contribute at low frequency ( 0.1 -
0.01 Hz ). | '

(d) vibration noise : causing motion of the detector relative
,to the source. Vibration dominates on the short term (t <
sec ) affd is usually statistical, although it may have
nsystepatic components. ’ ‘
(e) cell position errqr : this effect arisée from variations

in the positioning of opt%éal components placed in the bean

’

- N N 1

path.
(f) detcctor noise )

(i) electronic noise': The photodgcde array.
readout sequence isg;serial processg noise in the }eadouf
or ection circuitry trenslates effec;lvely to Spatial
noise because the time varylng electronic noise pattern {s
superimpoeed on the spatial pattern read out of the array. As
long as the frequency cpect}um of the noise contains no major
components significaptly below the scan repetition frequency
of the array, the noise vill,averageisbatially. Low
frequency electronic noise is a.much more serieue problen
because it introduce;.a time varying background into the
recorded profiles which is averageable over time, but not

over the spatial coordinetes of phe arfay.
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1 (11) quantum noise : aside from theusual
shot noise encountered wvwith singie photodiogaa. i;near
ph;toﬁiode arrays encounter additional complications due to
the overlap of responses of adjacent pixels ( 96 ) . Light
falling between.any tvo adjacent pixels has a SO% chance of
being integratod by one element or the other. If thgre is a

large difference ih the light intbﬁuity at;iiing any tvo

photodiodes, there is a large jitter in the integrated T

signal due to the effect of the partitioning of incident
photons between ;ne diode and the other ( 100 ). The jitter
effect increases as the difference in the intenaity betwveen
any tvo diodes. The result is a no;ai’effect vhiéh vnrfep
vith the spatial intensity distridution of the imaged aiénal.

Additional noise sources are encounte;ed in th? presence
of the lens. These could -be termed " lens formation‘'noises ¥
because they affect the measured signil by varying the extent
of léea formation : * . ‘ :
(a) convection in the samples : due to the heating of the
sample during cell exposure.
(b) power fluctuations in the pump laser over long time
periods |
(c) flicker noise caused by errors in the shuttering of the
bean. Instabilities in the choppers or shuttering used to
gate the pusp beam into the ...p1; cell directly affect the
extent of lens formation by introducing errors in the timing
of the cell exposure. . -

In the design of LTL 1I, *}t vas neccessary to take

special precautions to eliminate various sources of spatial

'
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noise present. Even if the measurement interval for the
thermal lens signal is short, 1long term variations in the
beam profile still limit improvement ﬁy spatial analysis. The
conséquence is that the thermal lens signalxaveragea over
time, wvhile spatial averaéiqg-yielde only a slight
improvement in signal reproducibdility.

Because LTL II~V88 a steady state instrument (féapturing
signals on a timescale of seconds ) the effects o; epatia;
noise were quite apparent once the onc; stability rating of
the probe laser was upgradeﬁ to the nominal value of 0.1 ¥’
(formthe Siemens/PRA model ZSQ). Measurements made on the
upgraded probe laser system eﬁowed no initial improvement
over the LTL 1 measufements. Two major spatial noise
problems were identified and corrected in order to achieve
the manufacturer's rating. Thé first vas a "path noise"
problém caused by circulation of dust and air currents in
the beam path. The provlem was éorrected by encasing the
probe beam path in a dust éabine% made of transparent poly-
é¥§rene panels C 101 ). The second problem, that o}
thermal fluctuations in the laser system, was even more
severe. The helium/heon system was cooled via ventilation
holes in khe tube chasis. Air currents circulating through
these holes produced a time dependent tranaverse intensity
variation in the output beam, on a timescale of seconds. The
problem was corrected by building a polyatyrgne case over the

tube chassis to shield 'the probe laser from these external

influences. Cooling was maintained by clamping a heat
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oxchhnger to. the tube chassis and circulating cold water
through it ( Pigure 35 ). With these measures taken, " the
bean stability was greatly improved, so that stabilities of
0.1 % vere achievable over the time pesiod of formation of
the steady state thermal 1lens. However, thermal
fluctuations ptill contributed a major source of bdean
variation over léng timescales.

The problem of cell positioning effror was eliminated by‘
using a fixed, flow-through cell, uuep in previous
experiments. In the early experiments with LTL I qsing a
movable cell, correlation coatticienta‘;or instrumental
galibration curves vére between 0.985 and 0.99. ‘LTL I used a
square cell with a conventional abecﬁrophotoneter cell
holder. 1In later experinenté, a movable cylfndrical_cell vas
uaed,'but the particular cell used did not index correctly on
the cell holder. The calibdbration curve; obtained with this
arrangenent vere effectively non-linear ( R < 0.985-)?3
Adoption of the fixed, flow-through cell design improved the
linearity of the calibration curves yielding correlation
coefficients of 0.999 or better (Pigure 38).

The effects of detector noise wvere 1ﬁveatigated'on both
short and long timescales to detérmine th? confribution. ir
any, to the -ezaured therngl lens signal. The shorter
timescale of O - 500 msec vis chosen bdecause thermal
fluctuations make a minor contribution to the bean
inataﬁility in thie regime.

The stability of the '»dark " array uign&l vas first

examnined with respect to time variations in the signal
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integrated by a single photodiode in thﬁ array. It was found
that the signal baseline stability was + 1.5 bits ( 3.5 maV on
1OIV full Scale for fhe analog to digital converter L\ Oyer'
time on a single pixel, the baseline noise averaged as 1 /f§
for 8 scans, 80 that over the 100 scans of the array logged
in a ste;dy state experiment, the baseline noise falls below
the readout resolution of the converter. Electronic noise
originating in the level matching amplifier (see achem;tic.
Appendix B) and the input noise in the converter vere found
to‘be negligible as the result of tests carried out over
timescales less than 500 msec with the signal inputs
- grounded. The noise in the basel ine therefore most likely
originated in the line sganner IC or the Reticon support
circuitry. '
The spatial 1ntegrg& of the "dark" photodiode array
signal was monitored over time oﬁ the ahért and long
timescales. On the aﬁort ( < 560 msec ) timescale the
integral of the array scan averaged over time as i/fg' as
observed for a sing1e~p1xe1. 0.1%. However, the ¥ stability
of the epatial integral, calculated as Z I(r), vas the sanme
a8 that obtained for a aing¥¥ photodiode. This observation -
{ndicates that the array background ;1gnal fluctuates
systematically over time from scan to scan, vhich {s
possibly indicative of low frequency electronic inteference
( Pigure. 39 ). Interestingly, it vas found that éver sets

of 100 replicates of the array ascans, the noise reduction wvas

. better than'1/ 8, nuggeéting that the lowv frequency effects

150



-

were aibraged. and that spatial averaging was béconing
effective as thQ systematic background fluctuations were'
reduced. \

As a check on the speétral content of the b kground
signal, a series of Fourier magnitude spectra va; recorded
for replicates of the background signal over timescales of
less than 500 msec and over time periods of seconds. The
spectral distributions of the individual scans showed high
noise levels ( 2% ). Averaging the spect;a over 100
replicates reduced the amplitude variation by better than 1/
i—: This, again, could indicate that'the time dependent
v_arviations had been reduced to a significant extent.
Background frequency spectra averaged overliong peridds
shoved no further noise improvements. Howvever, the long
term signal stability was better than 0.02 %, even with very
long acquisition intervals. ‘ -

\ The next step in the analysis was to observe the effects .
. of averaging on actual profiles from the probe laser. On the
short term, the stability of the probde laser was found to.
be 1.6 bits (  as standard deviation ) which approximately
matches the inherent noise of the detector. The noise in the
bean center iﬁtensity vas measured at a aihgle photodiode,
and foﬁnd to average statistically as 1/15-over time.
Gaussian fitting of the profiles on short timescales, to
yield In and Je did not give estimates with improved
stability indicating the ineffectiveness of spatial gyernging
even for data accumulated over short intervals. The low

frequency components of Pourier magnitude apedtra of these
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helium/neon profiles‘did not average over time as 14r.,
indicating the presence of systematic short term changes in
the spectral content of the beam profile. This behavior is
quite different than for the " dark "‘"eignal whose Fourier
spectra averaged over time. Therefore, it is probable that
the short ternm spectral variations observed in the beam
profiles were external and could have arisen from vibrations
in the optical system, or perhaps even variations in the
spatial homogeneity of the plasma discharge in the probe'
laser. \

The effects of vibration noise in the optical train from
building vibrations ,is partially compensated in this system
by mounting the optical table ona set of foam pads. However
éven these isolation meaéures could have beem inadequate.
Correction of- the problem ‘'is readily achieved if the
vibyétions are statistical and the profiles are averaged over
50-100 replicates. 7The steady state design of the current
- system compensates for this problem but pleces the
measurement in a regime where thermal fluctuations dominate.

_As the present experiments concentrated on the
measurement of steady state thermal lenses ,the proceedure
adopted was to average 100 replicates of .the beam profile to
obtain the Ij reading; and 100 replicates for the Too
reading at steady state. Cell exposures of 1 sec were
obaerved in'eafly ixperiments. A close inspection of the
signal showed that some residual lens'growthltobk place as

late as three seconds after the opening of the shutter. The
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longer exposures ( 5 seconds ) had higher noise levels

associated with them, prodadly decause of convection in the

. sample associated with the longer irradiation period. Por

a/l ;

each sample ,the -,:- measurement vas averaged over 6
replicates . !l;e mean value of the array signal was computed -
from the beam profile data, and -A;;'-' is calculated for
data observed at the mean photodiode. Based on this
proceedure, the minisum deectadle signal wvas + 0.0015
units of %—L e Ultimately, the limit on the stability of
the prode 1:ur in this regime is prodadly set dy thersal
fluctuations in the laser and in some cases, by convection.
¥ith an enhancement factor of 20.0, easily obtainable at 50
a¥ of excitation power .( measured at the sample cell in this
case ), it was possidble to detect adbsorbances as low as 2-
4x10-5 cn"'. with linearity of the calibration curves
obtained up to 0.0025 cn~'. Thie figure rc'pruonts an order
of magnitude improvement ovér the perforamance of LTL I.
Purthersore, the use of the mode-mismatched goolgtrj seems
to have solved the problem of the non;nnifo.rnitly of
instrument response attending beam alignment. The
calidbration curves of Figures 59 a and b vere recorded over
several day's runs. Vitﬁ a minisus disturdbance of the
optical alignment bot;vuq runs, the response is observed to
be quite reproducidle although daily standardisation is still’
recoamended.

The results of this section indicate a solution of the

sscond problem associated vith conyentional thermal lensing,

that of the high pover normally required for lens formation.
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Pigure .5 H Calibutfon Curves of A// /w va ublox\-bancc for
Co804(aq) on LTL II system. Data from several consecutive
runs are superimposed. (a) P = 60 =V ,. excitation wavelength

vas 488 nm. (b) P = 50 eV , excitation vavelength was 458 na.
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At Yeam powers as low as 50 W, the required detection limit

is low enough to carry out absorbance measurements on
freshwater and sea‘water samples to levels approaching S50 ppd

L

of dissolved organic carbon at 600 nm.

While the steady state design of LTL™II has not yielded
the hoped-for .imprpvements promised by th; stability of the
upgraded probe lasér, the identification and sdlution of the

——-spa&i&1'noise problems has provén to be a neccessary prcf/f
requisite for the effec;ive use of photodiode arrays a;

detectors in thermal lensing.” ihe main limitation of LTL II
<

has been that the long term thermal fluctuations override the

benefits achieved by signal averaging over short times.

performanoe of LTL II could possidly b

s

"switching to a transient mode of {Lgnaf/oetéction in yhichl

mproved by

. . . \ - - ’(
</‘the lens “"signal’ is averaged over several hundred

millisegonds.-Such a proceedure would provide an order of

magnitude improwement in signal stébifity: at & loss in

sensitivity or enhancement factor, E. with the shorz term o
7/ . _—
problems of vibration and background noise, however. it s .
).V B

§till uncertain vhether the apé¥131 averaging technique would

be fully effective and yield noise reductions proportional to

1/{. ;

.
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. lod’—'ila-.ic!;ed Thermal Lensing : Approaches to Signal Analysis
. » o ‘ . v x \ “
v-, . . , ‘\ . B} . AL » .

Por the inetruneni perfornance s80 far reported, very

] ‘

o little use vas made O{j e photodiode array date per se “other
,'tham to 9ccurately locete the beam ,Lcenter by calculatton.
"‘he prqblem pgped by mode-Xenatched‘ theérpal lensing is that

SN "’; th‘b Gaue\pan profile« o[ th probe beam is deetroyed as the
P ‘,l p

-g.'.‘,"‘ ' tlens .brms/ ‘l‘he theoretl,/ca} model of Chapter 3 indicates"

.-

v that the methematical expreeaion for._ the beam profile is too

A

d ) ' complicated to be ﬁealt vith by an ana1y7is baeed on curve
f‘ o -wﬁgting ;}?a resulte of'the previous section, furthermore.
J | ) eeemto point 40 the undes-irability of curve fit;ing
. proceeduree in general Becauee of the stringent long term

Lo ~apetie1' etabl&ity requireme”nte posed by beem it’eging

w

i ‘ e
n N Vdetectibn . ] LT - ,
, ’ ’ ’ A )

"' .. Because the epatiel\ afgn/e@ eoquired in theee experiments

1 ' ’
‘v'a A I ‘,xs b!aeed »(“ on & eample-to eample baeie ) by. epatiel ,
oy }» 1nterferences. vhest ie required- 18 8 etrat for eliminating
‘ .',any Mgne& dependencé on "patial noieﬁ Three general
%, - stretegiee tovard this end have been adopted and are reported
\ ~nere. 'I‘heufbrat involvee the coeputation of' a%generalieed
' & \-freQuEncy reaponae fuhction: for the lens elemen .and -ettempts
;'td evoid't\he apecific contributione of epetie}'\fgiaee \in the

1nput ‘and output‘pignels The second approach uses a

. \

t
N C nerrovhand frew domain detectbqn technique wvhich avoide

’ : ‘the frequen ranges asgociated with “the epatial” .

. ¢ \ :
interfer\e..ncea. o . '
: \ ( LY | , o o

. FY ! . . . ’ N g
/ \) ’ ¥ ( ‘. ‘

t
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Thernal "Leas Detection by Computation of a Point-Spread

)

.array data was to model- the lens as a filter.atage vhich
converta a beam{profilg v(i-th"requency epectr\m Io(jk) into
Im(Jk) where 'k » the spatial frequency (- Pigure 40 ). The
. response funct-ion thus generated ehou‘_ld'p% .charucterletic of.
the lens element only and would show gaii: or att‘enuati_on overs
a band o?" frequencies characterisic ;f the lenl‘%/nly for
veak lenses, the unwanted. epatiel noi;e Yould be present to
. equal ext-ents 1’n To(jk) and T(‘(Jk) and xeuld therefore have

uhity gain. Convolution of the - lens‘, response with an

The einpleat /approach to handl'ing the mode-mismatched
N

idealised Gaussian frequency dietribution foll'bved by inverae'

t

‘tranafcrnationdcﬁuld yield a " cleaned up " output eignal
vith inverse tranfqrmat‘ion to the epatial domain. )

The technique vfa eabily 1t_lelenented’ueing fnat. Pourier
transforn routines. The In(r) profile was first fitted to a
Gaue'e‘ian pgofile in the. epatil’ll donein. Next, Im(r) and
Io(r) vere Pourier tranformed and the equivalent reeponed

function‘ve.e obtained as L(jk) » Im(Jk) / Io(jk) The

,..»Gaueeian profile f~onputed from Io(r) vas then Pourler :

transformed and uultiplied with the "lens tranaforl" ,L(Jk)

Inverse tranefomation of the reeulting product ylelded an *

*

Ip(r) " beam profile vhich vas the convolution of the lens
response viz‘fgh an idealieed Gaussidn yaveform. Hnnlly

AI/I@ vw evaluated from the Gaussian vevefof'n for I and

ihe convoluted vav eforn.

* The’lens response evaluated ‘from the orlatilon,‘of a
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. Thie-resul

3 ¥

'€£arture of the thermal lens element.

w
the Io

A
- 4 _
mode-mnismatched thermal lens is shown in Pigure 40. Figure

,iO(l).lhova the magnitude plot of the lens response vwhile (b)

shows the phase plot. 1In both cases a series of side bands
\

is quite evident which may possijly’ be related to the

Vhen convoluted with

an 1dealised Giuaaian lineshape, ”fﬁé lens response yields a

; aigqal as ahovn in Pigure 41 for aqueous CoS0, ( A =0. 002‘

cn~!, P = 50 ‘m¥W ). While the eignal is clearly tree .of
'ﬁpatial no&pé " the observed enhantement factor {s reduced
by 40 % .p¥Tative to a conventional beam center -en;urenént.

o A :
seems to suggest that Yhe choice of a Gaussian

profile in the convolution stey has the effect of trbitrdrily'

reducing the bandwidth of the input signal and missing some

of the higher frepquencies associatey with the lens growth.
“The ndxt step vas to.determine the effecf of broadening the

bnndvidth of the 1npu€‘vnveforh by convoluting L(Jk) wvith
Gauaaian signals of increaaingly narroved peak width ( in the
froquency domain,
Gaussian linevidth is diminished.
signal bandwidth has the effect of increasing the

"

magnitude of AI / ‘L’ As the linevidth narrows, a " hole "

develops in the center Qf the bcan profile as is typical foA
a mode-mismatched thernal &ena Hovexer, an 1ncreuing
distortion of the edges of the profile vas observed

iuggeating that the’frequoncy spectrum of the Gaussian

signal experlensed truncation error for very
L .
» X > -
\ ‘
- ‘ )
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the signal bnndvidth broadens as the
) The effect of increasing
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Pigure 40: Frequency response function calculated fori mode-
mismatched thermal 1lens (a) magnitude signal (b) phas
signal. Sample was CoSO4(aq) with an absorbance of 0.0025/cui.

P = 50 m¥W ; excitetion wavelength was 5C-m¥W.:
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Pigure 41: Applicat
unprocessed beanm prof&les (b) Gaussian . signals convoluted
-with computed point spread. Sample was as per Figure 40..

fon of the point spread method (a)

! L4
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vide bandwidths. At the widest input bandwidths, the lens

response signals approach the sensitivity of the beam center

" measurement : they never exceed or equal the sensitivity of

the single point measurement.

Calidbration curves of prepared for the lens

response method indicated thgﬁ.¥ho signals obtained are
analytically useful ( Figure 42 ). No loss of lincarity‘ia
observed over the conventional 131 /'ICb technique.
Stability tests on the helium/neon beam at steady state
timescales, wvhen analysed Sy this method indicate a gain in
beam stability dy a factpr of about 2, so that the detection
limit is not affected byx;;;\ﬁreatnent. However, it is felt
that the current steady atgtg}eyatem does not provide a true
test of the method's capabgiitiea chauae the meaaurgmente
vere made on a timescale which included the ef{ects of
therpal fluctuations in the laser systenm, ;h&gh can
systematically éhange the frequency spectrum of Ij, relgtive
to I, over the measurement interval. The ideal application
of this technique would probably ber}or transient signal
detoection assuming that early timescale sources of gpaﬁial
noise could be eliminated ( vidbration, electrontc
interference ). Successfully implemented, ‘it could
eliminate the requirement for high quality optical components
in the spectrometer system, bocauqe of -its immunity to
spatial intereferences.

It should be mentioned’ as a final word of caution that

the method is based on the calculation of an empirical point

spread for the lens. Normally, in dealing with point

“
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spreads computed for optical systems contgtning leqaea, the
coordinates in the system's output plane Qus; be scaled to
account for possible effect%ts of magnification by the leﬁs
(64). A potential problem with the procgedure carried out ir
thermal lensing is the possible introduction of new
frequencies in the output spectrum that did not exist in the
input spectrum The computed point spread will then contain
singularitieg( due to "division by zero " in the frequency
domain ). Hoéever, for weak thermal lenses and (ironically)
for a sufficient bandwidth of spatial noise in the Ip
spectrum the singularity problem may be avoided. An
additional assumption is, of course, that the spatial noise
gpectrum does not change systematically from Ig to I

m .

Thermal Lens Detection by Prequéncy Domain Analysis
v

An alternative approach to avoiding the '"spatial noisé"
phenomenon present in imaged beam profiles is to use the
narrow band detection of a frequency component or components
1n a regime which avoids the spatial no}se. Consider, again,
the distorted profiles obtained .in mode-mismatche%
experiments. As the lens'devglops, discontinuities appear
in the I oo profile at the edggqhof the lens element. The
presence of these features produces the "hole" observed in
the beam center. In the frequency domain, the grogéh of the
features appears to be associated with a sideband component
which develope in the ( spatial ) Fourier tfansfora
(nagnitude epectrum) This section outlines the basic

¥ L
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) . Pigure 43t Bean profile of (a) mode-mismatched thermil lens
" "signal and (b) ocorresponding Pourier spectrum shoving
sidedand ocomponents in the frequenocy domain. Sample was
:Co804(aq) with A = 0.0058/cm 3 P = 50 s¥.
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behavior of the sidedand component as the lens develops and
 0:1|1nea the suitadility of this signal for quantitative
analysie. |

The fruncafion of signal vaveforms in the frequency
‘domain has the wvell known consequence of producing "ringing"
or damped sinusoidal oscillatory patterns into the time
domain signal ( 102 ). The truncation of time domain
aignile; likxevise, has the same effect in the freqency
domain : the Pourief magnitude spectra of truncated time
Gomain records contain sidebands related to the interval Lver
vhich the truncation is made. In the case of the mode-
mismatched lens signial, the diecontinuoua/%ehavlor of the
space domain pattefn contains sidebands apparently related to
the ipe;iure width ,a, of the thermal lens. The situation is
aiugr;ﬁmed in Pigure 43h;vhich';hovs'both the lens
development and th; aidebapd components ;f the frequency
domain signal. The “frequency" scale of all figures reported =~
in this section is expressed as a set of discrete
frequencies: '

f=m/NT (4-4)

vhere m = 0.1.2.3,;n. X is the numdber of channels ( in thi-!
case, N = 256 diodes ) and 7 is th:'(npatial) sampling
interval ( T = 1 arbitrarily in this case ).

The sideband components of Pigure 43 are located in the range

R = 6 to ¥ = 10. The reciprocals of these frequencies
/

correspond to the approximate dimensions of the lens aperture

( 20-30 d1odes across ).

"

. [
A} ¥
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The behavior of the aperture sidebands wvas next examined
with respect to the extent of formation ' of the: lens element.
Pigure 44 showsa segment of the froquency'opoctru- of an
‘absorbing solution( Armadale fulvic acid - 5 x 10 -6 N, A
0.01 ca~'! ) irradiated at 600 nm. As the irradiation powver
vas increased, a u'trong sidedband dcvolgpe,d over the range
from £ « 6 - 10 unkdts. A plot of the sidedand with beam
pover yielded a lizneur reltionship between the ni‘ddbaml
intensity and the bpam pover ( Pigure 44 ). Prom this plot,
the -ininul{ polver roquir:ed td detect the the‘rlnl lens effect
vas found to be 500 microvatts compared vith a value of 4.4
aV from a conventional A1 / 1_plot ( Pigure 44c ). This
result suggested that the sideband could provide analytically
useful signals. J | | '

Thel next step was to determine the dependence of the
sideband on the sanple nbaqrinnce. A set of Pourier
transférms of I , profiles 3.0 acquired at a bean pgtmr of
100 m¥ for a set of highly absorbing samples ( A = 0.00314 -
11:0.0251 ce~! ) ( The absorber in this case was an adduct of
formaldehyde and chromotropic ncidhin 10 £ HpS04, contributed
by a colleague ). The profiles of Pigure 45 showv the growvth
of the sideband as a function of 4increasing sample
absorbance. As the lens growth becomes very strong, the
‘eidebmd center shifts to slightly lower frequency. If the
sideband {8 directly related to the.lenn aperture, then the
shift ies explluained by the videning of the "hole" in the beam
center of Pigure 43 at very high pover or absorbance. The

|
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Pigure 45: REffect of niple absorbance on .tr‘.ﬁuonoy spectrum
of a mode-mismatched thermal lens signal for a set of highly
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x“ | | |
widening deve}ope because of the widening of the temperature
profile ZS\T(r.t), in the aemple ( Chapter 3 ). However,
‘fon weak thermal lenses, the sideband frequency appears to
remain effectively constant. .

Two approachee were taken to obtaining an an&lytical
signal. Thé first vas to on_t A?(jk) as a function of
absorbance or sample concentration. This approach appeared
to be successful "in the experiment which varied the
irradiathpn pover ( in that.case the probe bean profile is
effectively constant in shape and intensity over the duration
of the experiment'). A better proceedure was to plot the

' ~
fractional increase in I(jk) as a function of concentration

or .sample absorbance. Flgures 462 and b compare the signals

obtained as éU!Jrk_J' %—1 veg concentration for a set
. o0 !

of CoSO4 etandards. The frequency domain technique in Figure

46b 1ncreased the thermal lens enhancement by a factor of 2

over the conventional £LL method, with good signal
i leo
linearity.

In general, +the technique is _very aeneitive to the
| > 1w

spectrometer alignment. Plots of £¥r¢b, vill show varying
Naeneitivity with the epatial frequency chosen to carry out

v

the‘analyeie. Figure 47 illustrates a case in point. For

a spatial frequency at vhich m = 9 in 4-6, the shape of-the
calidbration curve varied by a factor of 2 over the value

obtained at m = 8. .In some cases, a slightly negative

intercept appears in the plots. This may reflect a component’

of thermal deflection present in the signals due to the off

center alignment of the pump and probe beama, as is sometimes

\ T
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Pigure 47: Calibration curves in the frequency domain showing
_the effect of sideband frequency on sensitivity of the
“~“analysis.Samples .were CoSO4(aq).Excitation wavelength was
458 nm. Beam powver was 5Q,mW. . .
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epeerved in dual beam experiments ( 85 ).

Tne noise levels present in the Ireduencx donafn signals
are variable and depend on the choice of spatial frequency
for which the-calibration curve ie prepared. With favorable
alignment ” signal to noise enhancement factors asr high as 7
have been observed wftn this technique ( Figure 47 ). As was
the case with the lens response measurements of the previous
section, the experiments were‘cerried‘out‘in a regime where
thermal fluctuatione_in the probe laser, and possidbly,
convection in the samples, made important contribntions to
the background noise levels. lneee experiments, therefore,

do not neccessarily constitute a true test df the method's

‘capabilities. It would be of interest to average frequency

domdain signals on earlier time scales over the formation
period of the lens. a time resolved plot of the growth of
the sideband component is presented in thure 48 ,showing
achieverent of e near steady state after about 100 msec of

(4

cell exposure to6 the heating beam. Signal growth at early

‘times is nearly linear with time as is typical for

RS

convent{;nal thermal lenses. The signal, then, appears to
. posess vell behaved properties, which may, '-perhaps be

. explained by thepry.

- The evaluation of the %heory of Chapter 3 ( equationa 3-
60 to 3-65 ) is left to future work ( 103 ). However, the
reaultslpr the preeent chapter indicate that the frequency

domain sigrnal providés a means of neaauring weak abeorbaneee

with enhanced sensitivity in mode-~-mismatched thermal lensing.

- . | 4 .



Chapter 5

Absorbance Heaaure-enta on_Dissolved Organic Materials at

.

Natural Water Levels

The study and characterieation ‘of the dissolved organic
material present in natural water systeme ie of major
-importance for the understanding of the complex equilibria
taﬁing place in the aquatic environment. In particular, the
details of metal ion speciation in natdralasituationa are

intimately linked to the character and quantity of organic

material available to participate in complexation and redox

L

reactions (1, 21 ). . . . ®
0f the major classes of organic materials responsible
for controlling metal ion speciation in the environment, the

‘humic substances are known to play a major _role;in

determining the availability of metal ions for uptake by

living organisms ( 1 ). In part, this control is maintained

via the complexing capability of humic substances, vhich has

been shown to arise from. the large quantity of salicylate’

(phenol carboxylate) and phthalate sites available. on
* "dissolved humic’particles ( 17"18 ). Analytical methodologi,ea
vhich enable the measurement of concéentrations of dieeqlved

humic eubetances in wvater samples are therefore desirable as

'a means of evaluating the complex,ing capacity of a given '

sample for diaaolved metal ions.

Measurements of d,ieeolved: organic carbon as humic

) L]
substances are of additional interest in the study of natural,

)
A

S L
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vater photochemistry. : As already discussed in‘previous
chapters, the photochemical activity of a natural water is
experimentally relatable to the total concentration of
orgjn&cdcarboq in a sample ( 11,23,104 ) and,‘ indirectly,
to "the concentration' of humic substances presentJ

Consequently, the profiling of natural levels of organio

and/or humic substances: may eventually enable the mapping of .

the photochemical activity of natural- water systems.

The problem of studying natural, aquatic samples isf

underlined by the complexity of the qhemical equilibria

present in the environment and the perturbative nature of
most of the analytical methodologies available in this area..

As most hupic¢ materials are colloidal in n'ature.‘( é1 ), they R
may easily underéo‘such; proceeses“aslaggregation or

coagulation. If transition metals ‘are present at
sufficiently hign concentration levels, zthere may be a.
significant change in‘gf;,aggregation state of the materials
( 4 ). Thevpresenee in the sample of silica or suspended clay
minerals may cause adsorption of the organic material on the
surface of the sediments. Furthermore, some of these
processes may be concentration dependent so. that an"
apparently minor modification of -the sample could strongly

?

perturb the equilibria existing under natural conditions.

Consequently, what are desired, ideslly, in the study of

these samples are nondestructive analytical techniques which
require a minimunm pretreatmsnt of the samples prior to

analysis, and which. exhibit high sensitivity for dissolve@

'
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C organic materials. y ] T o

. v ' . ' . o \_}r R
K; ) .~ The currently existing methodologies for meaguring
S AU dissolved organic carbon anh/or humic sub/fance

‘concentrations cbnsiat, clpssicall&‘of (é) destructive

' absorption-or fluorescence spectrometry, which/indirectly

evaluaﬁe'dissolved organic ca[;on in terms -of concentrations

.

of .the integrated‘orgénic carPon content of /the sample. They

. suffer limitations,. however, including/susceptibility to

contamination by'brganic matter present in %he‘labofatony

environmgnt. Optical techniques, on the other hand, . offer

/ J
some qualitative information on the chiaracter of the sample

at the expense of ambiguity in %hg igsolved organic carbon
a A . : N /,

. . (DOC) measurement. The primary disgdvantage of conventional

r

optical techiniques is that they rely on the measurement of

1ight transhitted from the sampYe, which makes them ‘highly

susceptible to interference from light scatttering from

) particulétes suspended in % eiaémple.‘ﬁidtrhtion of the

-sample prior to anaiys s,Lgﬂd teqﬂirbment of these

+
¥

techniques. In some instgnces somé of the humic particles

-

‘themselves may contribut¢ to the scattering matrix.. In those

. bases,' filtration wo

d directly remove a fraction of the

organic material undef study.,

>

. Finally, a digadvantage of absorption spectrophotometry

fne particular,- 8 its 104 Sensitivity 1n/@he“Viaib1e. The

.
’
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measurement of E4/E6 ratios, . which has provided structural .
information .on the humic fractions isolated from soils (105)

has iound no application in natural water studies for this’

'reason( 21 )

+
4

The experiments reported in this chapter, had as their
objective, the solution to problems encountered in the
onventional optical analysis of natural samples, by lasér
thermal 1ensing..The approach of these experiments has been
first to investigate the, sensitivity of thermal lens signals
to light scattering and the sensitivity obtainable with_
detection by this technique. In addition, thermal lensing
'has been evaluated for the measurement of the fluorescence

yields of'dissolved humic substances. The objective in this

-~

second c#se has been the evaluation of the thermal 1ens

technique as an alternative means*of“obtaining fluorescence

“information on natural samples. This work has .used Armadale

.‘fﬁlvlc acid as a model substance for environmental'nd&ic

materials. A tg:rd direction of these phototnermal"

experiments has been to demonstrate the use of thermal

lensing as a means of measuring andtinterpreting E4/E6 ratios

for a series of aquatic humic materials from different
natural sources, thereby obtaining information of
"photophysical .and structmral interest on environmental

samples. 1 :

L
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Experimental Section
Materials and Methods

Natural organic'carbon samples'were generouely

‘contributed by Dr. J. Carey of the Canada - Center for Inland

'Waters, Burlington, Ontario. The samples had been prepared
. r - b

'as follows: natural waters from a series of locations in.,

Southern Ontario were filtered through 0.7 micrqn glass fiber '

\
microfilters and pumped at 50 ml/min througb a; column of XAD-

2 macroreticular resin. The columns were eluted with O.1N
NH4OH in MeOH. Filtrateslwere collected‘and evaporated to

dryness. The'freeze dried samples were characterised by

elemental analysis ( Guelph Analytical Laboratories ) with

the results reported in Table 12, Co

7

Armadale funlvic acid was used as received‘froh~P.

Aysola, Concordia University. The sample extractbon.‘

proceedure has been described elsewhere in detail ( 4,17 )

8

Concent.ated stock solutions of the humic materials were

prepared on a weekly basis at 100 - 400 /1 " The samples
were stored in the dark at pH 2-4. : Preliminary tests have

" 3hown the absorbance gf humic materiale to’be stab € over

several veeks ( 4 ) Dilute solutions for analysis by,

thermal lensing were prepared on'a dafly basis, immediately
prior to-analysis. All samples were protected from expoeure

to light.

Megsurements of sample pH were carried out using a meter

ructed by Concordia University Science Technical

Services. The meter was calibrated using Fisher and Canlab

179 - -
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- Btandard Buffer Solutions. Adjustment of the sample pH was

-

' i@dé by‘addition of 0.1 N KOH or HC1l ( reagent gredexy or
vwhere indicated, in early experiments on light scattering, by
'edditlon of standard buffer solutions. -
The solvent ueed was Nanopure ‘Ho0 ( conductivity 18, M{i,
-cm )fbr quantum yield experimente and E4/E6 measurements.
Some early quantum yield measurements used double-deionized
watgr as the eleent; Light acatter:rg experimeénts ueed
glass distilled H20 as the solvent. a ‘
00804 -vas ueed as an absorbance standard at 458 nm.
” 00804 TH,O0 of upknohn purity vas recryetallieed several times
from hol water and EtOH. Its visible spectrum in 1 % HpS04
(douhle\distilled) ‘showed good agreement with spectra
obtained from the National Bureau of Standards Anhydrous
CuS0, ( Baker reagent ) was recrystallised from hot water.
; Speetrauinﬂ-ﬂ 52304_3180 shoved good agreement with NBS data
(. 106-). L |
' -~ 8tock solutions qfdthe transmission standards were
prepared\with absbrbences of 0.1 cﬁ‘1r as measured by

¢ r‘vieible spectrophotometry.. Standards for'thermal lensing of
known abaorbance iere prepared‘by,dilution 6f tye stock.

810, for 1igpt scatteriné-experimenés, wvas obtained as
sea sand. . The sand was pre-waehed in dilute'chromic'abid and
thoroughly rinsed ‘in distilled water. Itlvas dried and‘ground

; ~to a fine powder in a mortar and peetle. 1-2 ng aamplee of

8102 vere\weighed out and added to 10 . or 25 m1 samples of

dieeolved[tulvic acid. The sample pH was 5 - 7.

S ‘ , . .
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Proceedures for-cleaning glassware in these experiments

‘involved soaking all &lassware overnight in Decon
decontaminant. ( BDH chemical ) followed by thorough rinsing

_ in double deionised water. Detergent:traces were removed by

-]

a final rinse with 6M HNO3 followed by double-deionised
water. o - \
Apparatus , . ' ‘ f

) Visible absorp%ion spectra "ot all samples were recorded
on Perkin Elmer 552 Uv- Visible spectrophotometer in ail cm

’

glass cell. Fluorescence spectra were recorded on a Perkin-
A Y

Elmer 14503 Spectrofluorlmeter in a 1 cm quartz cell.

“The thermal lens instrmmenj'used in these experimemme
has been descimed in detail in Chéapter 4. The excitation
source ;as a Comerent CR6 Sumeggraphite Icn'laser equipped
with a dye laser head ( Coherent CR - 590 ) and operated
using Rhodamine‘6G. The excitetiom wavelemgths were 458 nm
fom flucreecence quantum yield determinétionsn 4582§§0 nm
for E4/E6 measurements, and 488 nm for early experiments
involving light scattering. The light scattering egperimemts
.also used'"all line " Afgon ion excitation, 'cgnaisting
chiefly of 488 nm emission. The spectrometer was operated
mainly in the mode-miematched configuration although early
_experiments on light acattefing ‘used mode-matche@ alignment,

+

and the earlier version of the spectrometer ( LTL l.).
’FOf quantum y}eld"amd E4/E6 measuremedte, the

spectrometer was calibreted using aqueous solutions of the

absorbance standards CoS04 or CuSO4. ( The range of

*
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abeorbancés of'fhe standards was\f).OOOSr'- 0.6(52.‘cm‘.\1 ).
Calibration curves of the thermal -lens reeponae 'vs absorbance
were linearL( R = 0.999 ) at bot? wavelengths over this range
of‘absorbance. The spectrometer was alig?ed and calibrated
on a daily basis. Thermal lens responses for the humic

substance samples were directly converted to absorbance units

from the calibration data.

0
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Attempted Heaaurelpnts of the Pluorescence Quantus Yield of a
Humic Subatance by Steady Stﬁte‘Thevnal ieneiné Spectrometry

Dissolved humic substances have been studied for their

fluorescence properties ( 4,8,22,49,107 ). ~ Fluorescence
intensities among samples of differing oriZin‘are of 1nteres§
becausé they ma; be correlated generally with the content of
oxygen bearing func&ionai groups ( 107 5 and potentially to

the photochemical activity of different water samples ( 24').

te
: |
fluorescence intensities of these materials involves careful

In practice, « the conventional measurement of absolu

‘ ~calibration proceedures to account for Rayleigh and Tyndall

scattering in the samples, and variation in the response of
inétrumentation ( 22 ).

Photothermal spectroscopy'presenég an interesting
potential alternative to spectrofluorimetry. In particular,
thermal lensing is of interest because it is readily
adaptable to the Qirect' measurement of integrated

1hminesgence quantum yields ( 108 ). Quantum yields are

evaluated by comparing the intensity of thg photothermal
signals observed in the presence of.a.fluores ing eamplé to
that of a non~-luminescent standard. The simplest case i8 to
.consider that the sample and reference stan&grd are matched

with }espect to absorbance at a given excitation power and

wavelength. In the case of the standard, all of the absorbed.

excitation energy is converted to heat by non~radiative

-

'proceeeee. Fluorescence processes occuring in the sample

[
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essentially eubtract from this maximum thermal 9&e1§ that

would be observed. The photothermal. signal obaerved from the

.sample, therefore is diminished relative to ‘he etandardx

.eubsteﬁce, and is. directly relatable to tre yield,pf

fluorescence. . : . ( .

Theoretical Section

The theory\an% theasurement of quantum yields by thermal
kierising wag first repo;ted by Brannon and Megde ( 10é ). In
this section, their theory ,is summarised aed extended to
measurements obtained in steady state expe;idents. -
It‘is possible to write an energy balence-for the
absorption, processes occurring in a fluorescing sample

N

excited in a laser thermal lens exﬁ%riment :

-p' : "5-1
=6+ +8 -

that is, the power of the excitation ( laser ) bLeam 4is equal
to the sum of the.power transmitted by the sample, Py, the
power emitted a8 fluorescence, Py, and the power degraded

to heat, Pyy. Scattering for'thi;/ggse‘ie assumed to be

negligible. - :

=

The quantum yield for fluorescence is written, by
. N N i

*

definition : ' ]
e =" R

CF )
T 6.'6% <Yr> o (5-2)

where “"#5 is the mean emieeion'ffeqﬁency of the sample

/R

fluorescence and 14 is the/laeer excitation frequency. The

‘ratio of frequencieﬁ : le; ' aecounts for the emission
<Y A
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and absorption ( 105 ) 1

- 18 defined as :

7.

Stoke shift.

From the definitions of transmittance and ( fractional )

absorption ( '109 ) =

y ( 5-3 )

one di/r.ectly arrives at the relation: -
’ . '
P zaP - P
f %
o,

Substitution of this result into equation ( 5-1 ) yields

‘P:ﬂ.(/-ﬁh)

In the discusﬁs’ion that follows, Iwe make the expe'rimentally
[ .
warranted assumption that the sampleslstudieé are optically

dilute. From the definitions of absorbance, transmittance

T :é.’ = ‘-.2'3.0‘1/1 ( 5-6 -.)‘
o ™~
but since )
l d =/- T :/ - e
then for small & /: a~2303A
i

“ il
Y

-

This aés,umption is /made in the remainder of this development.
‘A.comp ison/method of measurement may be set up whiche
inherently comparas the yield of fluoreecence of the sample,

“’3 ., to the thermal yield oi’ a standard. The thermal yield

' -
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. Yyl | (5-7) -
» - ’ - I . -
‘ L} , |

For the non-fluorescent standard, tp'hE'I , because all

of the absorbed photons are dissipated a5 heat to the medium.

| Consequently..divtdfng ( 5=7 ) by ( 5-5 ) gives : A «“
q:_w_[/-AS’P;S] (58 )
. r
L APR .

where the superscripts S and R refer to the fluorescent
/, - Ay
sample and non-luminescent standard, respectively.
The application of equation ( 5-8 ) to experimental

conditions is the point of departure of this work from that

' of Brannon and Magde ( 107 ) In their experiments, sample

-excitation and detection was carried out in a trénsient mode.

In this work,. the quantum yield measunement was adapted to

the eteady-state thermal lens technique. \,

o Equation( 5- 8\;:flflpplified if thermal lens signals.
efe measured for absS8Tbance matched conditions with constant

beam pover and. excitation.vavelength; 'In that case :

4

N G=2 [120 BE] (5-9).
, vt .f <Uf’>[ P ] l{q
» The expreesions relating Ptn to thermal lens responses

are directlyrobtainabre from the thermal lene response

equation ( Chapter 3, equations 5-48 to 3-49 )-at steady

‘state. Assuming .very dilute‘solutlonSy 'the thermal lens

e

reeponae is linear in- absorbed power :

- — -\,

-



Ale - (dn/d)g, (5-10 )

S W

If all of the absorbed radiation iv converted to heat in
( 5-10 ) then /?/7 1-2303PA ( fot emall A). For the

fluorescent sample,- however :

Ry =2.303AF -B (5-11)

For optically dilute samples, the power loss. due to

fluorescence is linear in Py % ‘ . ‘ ,

“v ty
8 o - A 'ux ‘
B =2303FA ' ( 12
L fraosFAR 3 )
where F is the fractionel loss in\the beam power *jue to
fluorescence. . . .
R . , “ ) :/
- The F factor may be interpreted as :
LA T . - . . .
L F:%{“}p L( 5213 )
. ‘ - ! .

- ld .
“ L4 ) o

that is, F, the loss in the beam pover due ‘to fiuorescence’
is due to the ?iel¢ of-fluorescence photons. multiplied by
o 7

.the fractional loss inwpower due to. energy loes ( ~yia the_

mean emiesion Stoke shift Yoo o

- of-fluorescepce may thus be obtained frdd\equations 5-10 and

5-11as : - . °
w o Al - 2303(dn/dT) P (/ -F)A

[N

- ' - = N ' ‘—-.14
—— - e, R A/K A (5 )
e Equations 5-10 and 5-14 ind\i-c,ate that ¢ .may be
. & ° : . o ’ f ° o

“87 i ‘ *

v '( The thermal lens signal at steady state in- the presence.

v
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evaluated experimentally' from a comparison

slopes of the calibration curves obtained in a steady state

LTL €§periment.

. 8lopes are :

For the sample and reference compounds, the.

-

mS - _ 2.30.3 (dn/dT)P( /- F)

Al

o

T L A,K ‘ - ( 5-15 )
] m" - 2303(dn/dT )R - . ( 5-16 )
MK - . "
so that R - ,
S& ,
@ - - .
.,f,-é;\[/- m’] ( 5-17 )

~, - /
\ v -

o 4)0

Equation 5-16 applies subject to the assumption that the

“samples were run in the same solvent with the same“excitation

power and

-

wavelength,

ALY

met experimentally.'

. -~ _ The thermal ‘lens technique has been applied in this work ’

and'under the 'same

i excitation/detection'éeometriesi‘These conditions are easily"
® e

to thelneasurement of an integrated fluorescence yield fof

_ Armadale fulvic acid - the well cnaracterised humic substance’

standard. - .

The thermal lens methodcis interesting from two points

of view. .

-~ y - Y
-

Armadale fulvic is know to yield steady state

fluogescence for excitation in 3 raqges “of wavelengthi (a) in

the near UV (340 -»~370 rim )

(b) kh the quartz region.°fﬁe

emission observed'at 460-480 nm and is,oharacteristic of

humic sudbstances as a-class. (c) at 450;470 nm~vith'emission

at approximately 520 nm. This 'second emission is considerally .

188

“

of the

-



veaker th;n the 460-480 nm fluor;ecence .In this work both
thermalvlenkeing e.nd conventional flu‘lorinetrj have been
implemented in_aesessing the quantum yields of the
material. With excitation at 458 nm , the wse of the thermal
1ene‘ J(;echnique nas pe‘rmitted the measurement of' a component
- offre@onan/c‘e .fluoreecenc‘e‘ (.of the 460-480 nm emissian ),

" which, is_inaccessible with conventional techniques .

~ 1Y
. - -

Results

A

. o The *me.thod adopted in, the measurement of . @ for

\ , ) f |
;ﬂmadale fulvic acid was based on equation 6-16 .. The thermal

.
-

""lens' ep'ec,tr'ome‘ter was calibrated using standard CoS04(aq)

T

.8blutions-of known absorbance. m ' was obtained from the plots

/
of é—_; vs absorbance at 458 nm Samples of Armadale fulvic

- Al

s /

e kad

‘ ’acid (AFA) were next evaluated and a second plot of .T. vs
& “ 1
absorbance _was ~prepered, the slope of the second calibration

g curve)jielding ns.."fne mean emission waveiength for AFA was
taken to be 480 nm . *,Q was then directly determined from
“y equation 5-16 . The results are reported in Table 11 . - o
“ ~ Plots-of typical experimental calibration curves are’
ehown in Figures 49-50. The data of F‘igure 49a were recorded

; at low power ( P= 5 6 m¥W ) vhile da.td of Figure 49b vere
o recorded at 50-60 mW, and reduced FA concentrations. In the
-caee of the lov pover experimente , the absorbancee of ell :
'the eemplee run vere verified directly by epectrophotometry .
‘The lover concentration ‘experimente required the eeeumption,

- of/calculated Veluee for eample ebeorbe.ncee ( based on .

- w‘h
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.. Pigure50 : Quantum yield date for -FA at pH 2 and 60 mW.

laser power ¢ - ) ex = 458 nm ; . @ = CoS04{aq). ; O =
(pH 2) A - »
~ - ,'/'
//Y/ ¢ R -
1///1 v
L u/// '
~ //// Y .
/ .
b} ® -
“ 1)
cx - ’
< 807
H-
4
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Pigure 51 : Fluorescence spectra of absorbance matched

samples of quinine sulfate ( 1 x 10-? M in H3S04,0.1 N ) an

FA (10 ppm; pH 2.6 ) excited at 350 nm . The gain factor i
‘0.1 for QS and 30 for FA .° ] |
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measured sbsorptivities of concentnated ( 100 mg/l') stock
solutions L.Both sets of measurements yielded equivalent
r2sults.  The data in Figures 49 and 50 ,and Table 11 clearly
indicate that the yield of fluorescence 1s less than the
instrumental error ( 1-2 % ) . Essentially no difference is
observable between the slopes of the calibration curves

reported.

These data were considered surprising in view of the

ubiquitous nature of humic substance fluorescence #in natural

waters 22 ).

>

- A number of checks were made- on potential error sources

in the experiment..Contaminations by metal ions ( bound to

the AFA ) are a'common cause of the strong quenching of humic °

\

substance fluorescence, was first considered. This

possibility was investigated by changing the quality of the
solvent (- from double deionised to Nanopure H,0 with an ionic
conductivity of 13 M()-cm ) . No différence was. observed with
the change of solvent. Elevating the FA concentration and
running‘samplesoin Nanopure H>0 made no change nor did
maintenance of low pﬁ conditions which.minimise metal'ion
binding ( at the cost of'a relatively small acid quenching
effect ( 4 ) ( Figure 50 ). -

An another error source considered was sample

absorbance. Stock solutions of fulvic acid were checked
routinely for their stability with respect to absorbance
propertieé\snd showed no effective variation over the storage
period. For dilute (thergal lens ) samples , the pH was
adjuated several hours before running the eiperiment in some

r’«
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runs'aud immediately prior to analyeis“in others. No

difference was observed between these two prepAration

-proceedures. Ncr could any effect be traced to absorptiou

.errors from bulk light scattering - samples filtered through

0.45 um membranes and absorbance matched to CoSO, .showed no

"4enhanced or diminished thermal léus effect relative to

’
7/

2+
(aq) . , S

. /Instrumental’factors were carefully monitored in the

couree of each experiment. Adequate warmup time, (30 min ) was

enéhred«for the'}aser systems . Excitation power was

2

~monitored fcr each sample using a Coherent model 210 power

g mexer. Samples‘were run in a staggered order to minimize the

biasing effects of any instrumental drifts .In all cases ,

."the calibration curJes ?ere 1inear ( R= 0999 ) with an.

instrumental-error of 0.001-2 units of e/ o
[- -]

- Photochemical reactions occurring in the irradiated
eamp‘e were considered as a possible explanation for .the low

lumineacence yield. No evidencegy for cumulative

photodecomposition of the sample was observed. Increases or

r

‘.decreases in the' thermal lens signals over time within a

single aample would have been required in order to explain
the reeulte: no evidence of this behavior was;observed;
Furtheruore, a tenfold reduction in. excitation pouer,‘
accompanied by an equivalent‘increase in FA concentration

would have been sufficient to at least'bartially offset any _

.effect. Nohe were observed , as can be seen from the results

of Figure 49. | , .

-
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It is\clear that the results otained in these
experiments point tq a low fluorescence yield fer Armadale
fulvic acid , at 'least for -the emissjon excited at 458nm .

In order to confirm this finding and to determine an

o Spe -
A

upper 1@€}t for the range of fluorescence yields, a
| eqn%entional ‘ﬂ.. measarement was evaluated for the major FA
emission excited at 355 nm. The measurement xas carried out
on a8 'conventional epeqfrofluorimeter, calibrated with
1 x 10=5 M quinine sulfate in 0.1N H2§O4(1OO). ﬁeasureméats
of the fluorescence emitted from a absorbance matched‘AFA
" solution ( 10 ppm , pH 2.6 ) dader,identical optical geometry
and conditions indicafed that the emission intensity wae over

two orders of magnitude less than the quinine sulfate

standard ( Figure 51 ) . Since both solutlons fluoresced

/
-

within the linear range, of intensity vs concentrat1on, the
measurement confirms that the’quantum yield for the strongest
fluorescence process in aqueous solution is less than 0.01.

This . is not inconsistent with the .results obtained

re
s

photothermally at 458 nm .
- In cenclmsion ; it appears that the low fluoregocence
yields of humic substances ( insofar as they resemble
Armadale fulvic acid ) make photothermal techniques
inapplicable to the measurement of the fluorescence of
natural‘watex samples. The meaeure;ent limitatioa on the LTL
technique is set by the inetrumed#ai precision ( 1% in the
case ef the present instrumentation ). Fluorimetry on the one
hand is readily capable of detecting veay low ievelé of

emiseion because the measurements essentially ﬁased on signal

195 | ‘ : ‘



intensities\relat;ve to a zero background. Thermal lensiné on
the other hand relies on the measureZent of a difference in
two relatively strong responses. .
Consequentlx_ﬂ-it appears that the main contribution of
thermal leﬁsiqg to natural water analysis , will lie in the
area of weak absorption'measurements. The very low emission
yields of humic materials prevent the direct measurement of

fluorescence by photothermal comparison techniques'.

r

5
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Phqtothernai Measurement of Hegkly Absorbing Natural

| Faterialé in the Prescence of Light Scattering
, 1
In the analysis of the dissolved organic material - .
contained in natural water samples, a primary barrier to '
direct optical measurement‘haS'begpwthé'ﬁ;ggigd\bﬂ\;ight
scattering. The problemﬂg;iseS'erQ several distinct sources
(1, 4 )~including : (&) scattering from largexparticles (> .
0.46 um ) (b) inorganic colloidgl particles and (c)
o y.

colloidal organic mgterials.‘ These scattering materialg’
preggn?‘an operational interférenceuin absorptiop— "
spectrophotometry because of the reliance of thesg,mefﬁbds onl
the direct measurement of light intensities traﬂémi%ted from
the sam?le. Because removai of the scatters may cause a
dlsplaéement of {the sample equilibrium relative ;o
engironmental con\'fions, a method reqniriég minimum
perturbatioq of thel}sample relative to the natural state is
deéirable.~8uch a method wouldfie insensitive to scattering
produced by particulates and yet highly sensitive to the

1 LN h
. organic material of interest. ° ) X

° These requirements ére met in fr?nciple by photothermal
qpectroscopy, which is capable of yielding absorbance
ﬁeasurements without explicitly relying on qeaghrement of the
attenuation of a light beam transmitted by the sample.
Thermal lensing apectrometry{ in particular, is gttraétive

as an analytical technique because of its high sensitivity

and relative experimental simplicity ( 83 ). Enhancement
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fctors of ”10;-100 times the sensitivity of conventional

-

-

¢ 2

uthoﬁa are readily achievadble (83 ) in vater, which has

relatively poor thermooptic properties. The instrumentation

involved is. eaaily\calibrated tg yield signal intensities

"directly in terma of absorbance. Thermal lensing has the

- additional idvant;ge of being potentially insensitive to

#

light'sqattering. This advantage of the method arises from

.@ fact that signal ‘measurement relies on thermally induced

re.fractive index gradients fn the sample. .These gradients
arise fro:n the deposition of heat ~:”ln the sample by non-
radiative decay processes iolloviirn’g light absorption.
£xtraneous light scattering yields no contridbution to the
thef’mal yiélé and consequently, no signal 'inte.rterence.
Therpia(l lens absorption ngaa‘uraementa will be insensitive
to scattering ;néofar as ;ight acattexjing‘doea m;t

appreciably diminish ;hé— pover level  of the excitation beam

" forming the thermal lens. This situation is described in

- steady state oxperinénfs by the therunl‘ lens response :

d
| Al = - (dn/dT)B,

\

avhere P¢n, 18 the pover degraded to heat in the sample.

The full expression for Pyn 18 given by Vhinnery ( 84 )

-

! N

By =-. Ba (1 - e_(a:r’ds )I)

“h
ao.as » ‘

( 5-18 )

vhere O and Ns are the extinction coefficients <for
_— )
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absorption and scattering processes, respectively.

For optically thiq~samples in the absence of scattering,
Ptp = 2.303PA ( where P ts the laser power. see
approximations made in the previous section - eq&ation‘
5-6 ). Kt sufficiently q1g;>levels of scattering, however,
the attenuation of the excitation beam occurs with a
corresponding loss in thermal lens sensitivity. Equation
5-1T7 then dgscribes the situation. ' S

The experimente’reported in this sect{on hadias their
objective, the examination of this issue. The experimentaf
approach adopted was to record calibration curves of
-instrument response vs csncentration for a dissolved humic
substance in the_ presence d;ﬁ absence of large quantities of
light scattering ﬁaterial..?he resulting data were examined
for?ﬁigéarity of the thermal lens respogée, detection limit,
and uniformity of response {or humic material in the presence
and absence of scattering. .

A s&t of early results is reported in Figure 52._:;hese-
were obtained on the LTL I spectrometer with mode-matchegd
optical alignnent. In general, high excitation powei was
required to maintain reasonhble signal enhancement factors (‘
E = 10-20 Y}, a requirement which was eventually satisfied bfAﬂk_ﬂ
adopting the mode-miematched detection geometry (Chapter 4).

Initial results yielded analytically useful calibration
Al

/oo
absorbances from 0-5 x 10-3 cm‘1, for Armadale fulvic acid

curves of va absorbance over the range'of calculated

(AFA) “in the absence of 1light scattering. These, values,

)
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Pigure 52 : Calibration curves of l - 've absorbance .

§calcu1ated) for fulvic acid at pH 7.4 and 488 nm excitation
a) P= 120 mVW ; E = 22 (b)P=165m‘W;E=19;'O = FA +
:01-0.2"% vt 8102 ; @ = FA vith no 8i02 . '
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. correspond to AFA concentrations of « 3 mg/l. In mode-

matched experiments, at absorbances above 5 x 10'3\cm'1; the
photothermal signal saturated, requirinz a fittingvof
/qjcalibration data to a parabolic distributio?,as dictated by
theory ( 19,20 ). The data obtained as in Fig&ré 52 indicate
that the upper limit of ‘linearity fpr the technique is about
5x10~3 cm=!, corresponding to a DOC level of about 2-3 ppm.
This range is'representative of the low?r range of freshwater
organic carbon concentrations ( 1 ). 'The detection limit
obtained in the absence of scatte;ing was an AFA
concentration of 50-100 ppb at 488 nm ( A = 0.0001-2 cn=' ).
Calibration data we€te next recorded in ﬁhe presence of’
added bulk scatﬁerers. Calibration curves were:run on AFA in
" the presence of 0.01% and 0.025% .wt Si0; ( Figu}e 52 ). No
}pss of signal linearity was observed at loﬁ AFA containing
0.025% wt SiOp. Samples of AFA containing no scatterers were
fun in paralell with. the samples containing Si0O,, undér the
same conditions of pH and instrumental alignment; No
difference in respohsé was observed f&r samples run unéer
identical conditions.

4

These results indicate that the thermal lens

measurements are insensitive to light scattering effects in

’

this regime of particle concéntraf{onaf ihia”A in turn
indicates that the_ presence of the suspgnded p&?ticulatee
does not measﬁrably éttpnuate‘the excitation beam in the
cell. It is also clear that there 18~no.losp of absorption

due to removal of the FA from solution by adsorption on thé

particle'sgrfacea. Further indications of the robustiness of

201 .
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the TL~me§3§rement to scattering is indicated by the fact

that some of the Si0p particles ;uspended in the gamﬁle

éctuglly settléd out éf the solution prior to the signal

. méasurement. As well, the % wt of par%icles added” to

| v, | differeﬁ&lbamples was not rigidly céétﬁolled. _Neither of
theée variat}ons in écattering levglﬁ was suf?icient tq-
destroy the signal linearity with AFA conceﬁtrat;on. “ )
It shoulh be noted that th? concentration level of

/// l particles,presént in these experiments was in a regime which
would easily play havoc with a conventional absorption
measurgment, even if the spectrophotometric senéihdvity were
adequate. Even at much lower levels of suspendedﬁbartidies,
'séa{te}ing'still presénts major préblqms fo?

épectrophotdmetric measurements on Jﬁfiltered samples.

s Some later measurements carried out on a series’ of

‘ “‘ natural organic qgrbon saqpies,illusirgted the effect quite
clearly. The samples had been prepared by resin extraciion

. “and freeze drying ( see experimental section ). Unfiltered
solutions of the diasolved’mat;rigls';ohtéinéd Qarying“
quantities of sgépended insoluble material. A series of these
unfiltered stock eolutibna was absoz%ance ma;ched by
cogyentional gpectrophotompfry to the\transmiss;on‘standard,
CuBO4, diluted, and igjlysed by thermal iensimg. The.

" calibration curves of -T-‘ ve conventional absorbance
”.’ N - [y

are . reported in Figure 54. for excitation of some of the

samples at 600 nm. In theory, the entire set should have .-

yielded‘g series of response ,curves coincident with the

—~
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response obtained for'the absorbance etandard. ,Cuz* because

N

the calculated absorbance ‘of all solutions was the same.l In’

e

_caused large errors in the aBsoruance measured

P

RN

¢

RN

spéctrophotometrically The slopes of the calibration curves
for the organic matter samples were often much lower then the
absorbance standard ‘because the calculated absorbances,were
greatly overestimated in the presence of light scattering

) The results obtaiged from the LTL I prototype were not

the best achievable in terms of detection limit. With later

instrumental developments, . signal lihea%itygjyd precision

were, improved.( Chapter 4.) by nearly an order of magnitude.

K

“The current version of the spectrometer is capable -of
detecting AFA concentrations as low as 10 ppdb.at 458 nm,
which is nearly two orders of magnitude ‘below the seawater
range ( 0.5 - 1 mg /1 ) of DOC"levels ( 1'). The later
version of the instrument used the mode-mismatched optical
configuration and required 50-60 oW of excitation power. The

signal enhancement under these conditions is typically about -

252 Concentrat&gn 4ensitivity at’ 600 nm is reduced by an

* order of magnitude'relati&e to 456 nm, Dbecause of the

reduced absorptivity of humic samples at longer vavelengths.

The absorbance detection limit, 1is, however, the'same,

for the conditions given. o

ln conclus&gn, these resuits demonstrate that thermal
leneing is capable of. distinguishing absorption fronm light
Bcattering at very high ratios of scattering to absorbance.

»

The technique is highly sensitive in the visible and is

LY
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fpractice,‘ the\presence of‘light scatterers.in the samples
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"capable‘ of yiel‘diln‘g"org'ariic carbon detection limits in the.

seawater range. The most rﬁ’dimentary ;’orﬁs of sample’

_pretreatment are eliminated -so that 'in situ absorbance

ine_asurements may -be made directly on environmental samples.’
Consequently, t_her‘mal\lensiné could potentia_ily displace
conven-tionai spectroph‘otémetry as a routine method of.

analysis in this area.

»
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Photothermal Measurements of E4/E6 ratios at latnrei Water
Levels

% In the study of humié/materials'of térresf}ial origin,
vieible absorption spectrometry has provided an 1hd1rect‘
means of evaluating theé physica; and structural properties of
isolated soil fractiond ( 105 ).. The .solution phase
absorption epectra of-digsolved soil extrects are typically
broad and featﬁreless.' Ho;ever, the slope of the absorption
spectra ( as A/ ). ) have been shown to be relatable to such
sample properties as particle size and molecular weight
renge The spectral "slepe " is estimated'in terms of an
absorpt1v1ty quotlent ( arbltrarlly defined as the ratio
between the sample absorpt1v1ties at 46% and 665 nm
+ (105))* which: varies ‘from values of about 3-3.5 for
(chernozem) humic ac1ds tosvalues of 6-8.5 for soil fulvic
acids (105 ). S
The m;asurement of E4/E6 ratios is potentially
interesting to natural water analysis for several Teasons.
The—general corfelation t&at exists between the carbon
content of a given material and 'its E4/E6 ratio (105) suggest
thet’this pareheter might be useful in optieal determinations
of the dissolved orgenic carbon content of a given water
sample..In addition, all of the structural information
provided by the ratios is potentially avai}eble at the low

conoentratiens of humic materials present at natural vater

» - 4
levels. The main barrier to the evaluation of E4/E6 ratios
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has been the lack of eensitivity of absorption Béthods for

humic substances in the visible ( 1,ﬁ. This condition,

S

however, is potentially removed by sensitive photothermal.

" measurement methods such as thermal lensing, as suggested by '

»

 the results already reported in this chapter.

The experiments discussed in this section had, as the&r

object the measurement and interpretation‘of a series of

‘E4/E6 ratios fo} samples isolated from different équatic

environments, using the thermal lens tédhnique. The
intention was to demonstrate the applicability -of -E4/E6
measurements to .natural water analysié, and to advance some

™ .o _

- E) "
interpretations relevent to the sample properties.

2 .
Nature-of the Samples Studied

'
A

The ,sample set studied~in this work incorporated
materials originating from two ‘general environments ( Figure
53 ): (a) Sandy low carbon creeks. The surrounding land is
agrfcultural'with tobacco as'tbe main crop. The organic
carbon cop{:ent of the soil is less than 2 %. Typical examples:
are the Véniaon, Dfedrich and Big Creek samples. (b) water
bodiés wvhose organic carbon content oiriginated via runoff
from soils derived from bedrock. Soils consist of fine
clayey glac;al tills or, in the southern sampling areas, as .
coarse loamy tills. The'organic carbon content of the soil
is about 5 ¥. The 5011 is poorly drained in areas giving
rise to svamps and muskeg areas ( Wylde Lake ) with high

carbon content. The surrounding 1and is mainly agr;cultural.

" Some exémples of materials originating from this environmént
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include. the Floradale, Colbeck),’ wy}de {Jake and Luther Lake
samples. In addition to thesef/materia]ﬁ‘s, Armadale ?ulvic
acid has been mcluded as a standard since its behavior in
thermal lensing is well established on the basis of this
chapter’ s.earlier results, and because as a s0il derived

material, 1its comparison with the extxacted freshwater

hd 5
>
.

materials proves ugeful. ' R

Absorptiometric and Thermal Lens  Measurements and Some

Iuterpretations

In order}to c'btainaa qualitative picture of the
t

absorptién properties of the materials studied, conventional

visible absorption spectra were run on the samples. The

visible spectra of the ‘materials are typical of -humic

substances consisting essentially of broad, featureless

‘absorption profiles which increase mo‘notdrrically “with

decreasing wavelength ( 4,21 ).

It‘gl\.s clear from the spectra of these samples that their
absorptivities are generally low in the visible, especially
as'long wavelengths are approached. While the ash.co.r}tev.tn of
the aamples has not been determined, coucentrated stock

golutions of these materials contain “visible qu&ntities of

'suspended 1naoluble material, the presence of which directly

interferes with conventional absorbance measurements, by
producing a. background of 1light 'sqcatteriﬂng as alread\y

discussed. At natural water levels, where the DOC range is

from 5~30 ppm, for fresh water samples, the upper limit of
. uk
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0,50+

0,107

400 450 500 350

Figure 5Au: Visible absorption spectra of elected samples of
natural organic material., Samples were unfiltered.

Sample cqncentrations were as follows: WEN300 ppm, DC 450

ppm; LL 200 ppm, c 350 ppm; BC 350 ppm.
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absorbance is about 0.01 cm=! at 600 nm. This level is
e(fective;y at the limit of quantitation of most absorption

spectrophotometers. The presence of scattering materials in

| | the samples makes the conventional absorbance measurement
‘impossible without the filtration of?sanples prior to_
analysist and consequent sample perturbation. These
considerations warrant the use of a sensitive photothermal
tecnnique such as thermal lensing because of its high
sensitivity and demonstrated immunity to‘light scatfering.
E4/E6 measurements ( carried out on concen%fated stock
solutions of~the materialér) are reported.in Table 13. The
absorptlvity Gata were recorded at 458 nm amd 600 nm ‘as
Opposed to the "classical" choice of 465/66% nm ( for thls‘
reason the values of the ratios reported here differ somewhat
from the absolute vslues reported in the literature ).The
choice of these wavelengths wvas based on the availability of °
excitation wavelengths from gpe laser source, so that
comparisons could be made between the two methodologies.
Thermal lens measurements were made on the materials in
dilute solution at dissolved organic carbon levels of 500 ug-
10 mg/l. These values are reﬂresentative of the lower limit
of‘organ;c carbon concentrations fbnndﬂin fresh ﬁaters: Beer
's'lsw behaviour of the samples was verified at 600 nm/by
measuring'ihe thermal lens response as-a function of fhe
ssm;Ie concentration. At low absorbances, the thermal 1lens-
signsl as 'Z; is known to be a linear function of sample
absorbance. In practice, we have observed linear. instrument

‘responses over the range from A = 0-0.002 cm"1 at 55 mVW of

210 =
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Pigure 55 3 Calibration curves of thermal lens response as
AL/ vs calculated absorbance for selected samples of
nafura?l organic mgﬂterial «. P=55mV¥; )\s 600 nm .
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laser power. Non-linearities in response above this value

4

result from saturation of the photothermal signal rather than

aeviation from Beer's Law( 83,84 ). Af 458 nm. the

linearity of the calibration curves was confirmed with
Armadale -fulvic écid. There is no evidence of any chemical
deviation from Beer's law over the range of absorbances

stugied.

!

v

Absorptivity daté for the materials as measured by~
P J !

thermal lensing are reported in Table 13. A comparison of

the conventional values with those obteined bj‘thegmal
' " 1

lensing indicates the extent to which light scattering
affects the conventionally measured E4/E6 ratio, especially
among the low Sarbon'sdﬁples{ The error in the
spectrophotometric &ata impedes any attempt to correlate
abeorbance wlth carbdbon content of the samples, especially at

longer wavelengths. By contrast, the thermal lens technique

yields absorbance measurements which are essentially immune

to liéht scattering, ,since only absorbed radiation

cbntributes to the phototherma%.signal

The Beer's law behavior obaerved wvithin a single sample
18 typical of the results of other workers ( 21,111,112 ). In
particular, Buffle ( 21 ) has mentioned the measurement of
dissolved organic carbon levels by conventional UV absorption
eﬁhctrophotonetry. and has reported a linear relationship

between A at 285 nm and DOC, for data obtained within a

single samﬁ}e. A variation was observed for samples of

different origins, with the slope of the A vs DOC line

4 t
[}
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dependen} on the nature of the sample studied. Those results
suggested that absordance mbﬁauremente provide‘ﬁ
%traightforévard means of measuring humic substance
"concentrations for sarples obtained from a common origin. No
$nterpretation wadaedvanced( in that work ) to explain the
differences in the ébsorptivit;ea of the samplés {n terms of
differences in the composition or physical préperties of the
materials. ‘
In this vork, tﬁé most gtéiking feature of the results
obtained is a quadratic relationship which emerges betwveen
the sample gbsorptivity angd eleﬁental carbon contemt, for
samples posessing the same E4/E6 ratio ( Figures 56,57 ).
For a fixed value of the E4/E6 ratio, the sample
absorptivity was plottgd against the carbon content, in wt
%, as determined by eié;gntal analysis ( Table 12 ). The
_absorptivities were evaluated in '( g/1 )=' from the known
(gravimetric) concenfrati;; of material in the %pmple. The
. resulting data, at constant E4/E6 appeared to obey a

’
_distribution of the form : ‘

Bg = a(%C) + b(%C)?2 ( 5-18 )
where #C‘is the £ carbon composition, ag i8 the
absorptivity m aqured for the sample and a‘and b are
r;greeaion coctffliente. ‘The profiles obtained at 458 nm and
600 ;m exhibited- the same parabolic relationship in all,
cases.( The parabol}c relationships were oﬁﬁained by pﬁotting
85/%C ve %C and fitting a least squares line to the'pointe. )

It is interesting to note that chemical deviations from

Beer's Law take on a nonlinear form vhen dimer species and
“ . J ~
. ' 215
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donor-acceptor complexes form from the absorbing chromophorea
( 113 ). . The polymer model for FA photophysics put’ forth in
Chapter 2 might provide an explanation of the quadratic
variation of sample absorptiviéy with ihcreésing elemental
carbon content.

If these dimerisation processes are occurring for ﬁhe
samples studied here, then the sample absorbance could be

written as : X
Ag = Ap + Aq ( 5-19 )

)
‘

where Ap is the absorbance,contribution due to the monomeric

chromophores and A3 is the contribution due to the_dimérs.

The following dimerisation reaction could be considered to be

'taking place : L . .

a

M ST M,

1
1]

. /4.."’" :
- with equilibrium constant Kq ={ M, ] / [ M }'2. If Beer's

law is written for each species separately then :

A

= am[ M]+ azl M2~.] ( 5-20 )

vhere 1 = 1 cm and ap, ag are the absorption coefficients for

monomer, dimer . The sample absorbance can be written as :

Ag - Agl M 1+ Kgagl M ] 2 ( 5-20a )

" The next step is to consider a total .concentration of

absorbing chromophores, C, where C.= [ M ] + 2[ Mo ] at any

~

’

) ' . 218,
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time. For a syétem at equilibrium, the concentratioa of

absorbing monomeric chromophores is ( 1 - @3 )C where = ag

is the fraction of initial chromophores that have dimerised. .

~ For smali degress. of dimerisation a4 is effectively

constant. Equation 5-20 becomes :
Ag = ap( 1 = &g )C + agka( 1 - aq ) 2C2 - ( 5-12 )

Finally,. if‘C is~direc%1y proportiional to %C, ‘then the
above expression yields a quadratic rélationghip between the

measured absorbance and the carbon content.

Experimentally, we measure :

Ag = agCgl . o (5=22 )
where Cg is the sample concentration in g/l. Evaluation of

85 gives :

85 = Ag/Cg = ( ap( 1 - @q )C + agKa( 1 - g )22 )/cy’
| L 7 C{5-23)

If Cg = 1 é?i in the apove equation, then a quadratic
relatioﬁgiiﬁmbetween ag and #C is predicted by thé model.

The parabolic relationship is valid if Kgq and --q'd.
are small. This in turn requires ay to be large relative to
ap,» if the second order term is io be observed at all. The
model predicts that the curvature in the ag vs %C plots

arises from intraparticle chromopﬁore interactions. The

Beer's Law behavior observed for the materials over the range

of particle concentrations étugied excludes the possibility

of interparticle chromophore interactions.

219



materials ( 21 ). L

i d

If the donor-acceptor dodel for chromophore inferactione
is valid , then the dimer component should be strongly red
ahﬁfted relative to the monomer and dominate at the longest
wavelengths . If the dimer species forms from a monomer wh;ch
absorbs in the blue end of'the visible , then formation of
the dimer states should produce a red shift in the absorption
spectrum with ‘the second order " b " term domlne;lng in the

red.. Thls behav1or is observed for the low E4/E6 materlals

(Table 14). For the high E4/E6 samples, the Bg Vs %C plots

' . 4 .
obtained at 600 nm showed less curyvature than the profiles

—_——

obtained at 458 nm . This would arise if the dimer components

had their  absorption maxima in the blue and low

absorptivities in the red . The dominance of the dimer
sepecies at 458 nm-suggests.that the parent monomer states
absorbed in-the near UV ( in th renge 350-400 nm, as is

typical frr the benzene carboxylic functione‘present in pumic

\

Mhe dimer/donor-acceptor model seems to proGiae some

~genena1 interpretations of the joptical properties observed.

he features of the natural s nples examined in this work

"appear to fall into two classes : " riverine " material with

low visible absorbance ( and jhigh E4/E6 ), and’material

resemblingqeoil humic material (‘Wylde Lake ) with high
vieible absorbance ( and 10’ p4[E6 Yo In general, low
E4/E6,ratios are indicativé of -high molecular weight,
elevated oaroon.contept’and rilat vely low oxygen oontent of

the materials ( 105 ). As

A

| the carbon content and the:
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molecular veight increase, the visible absorbance of the
material increases. According to the model proposed here,
the visible absorbance should increase due to an increasing

contribution of dimer states, which results in an enhanced

‘ curvature of the as'vs %C plots, as obéerved. For the low

E4/E6 ratios, the second order term alwa&s n{akes'a large
contribution to the total value of ag. On the otr;er hand,
a‘t:. high\ E4/E6 ratios, the molecular weight of the particles
is lover so that the number of chromophores per particle is -
automatically lower. The " Dd " term in the ag vs #C plots is
alwa'ys an order'oi‘ magnitudLe less than the "_ a " ter.m‘
possibly indicating that thgy m\onomer'components dominate the

contributions to a The parent monomer states probably lie

g
in the near UV which is consistent with lighter, ‘less
conjugated méterial'. \;Jihe model proposed hére lends to a
general interpretation of the E4/E6 ratio, as being a
pﬂarameter that depends on the chromophore density ( as
chromophores / ,parti'cle ) oi;» a given humig, material. Insofar
as they rglate to the chrc;mophore density of the material,
properties_su’ch’as carbon content, ‘oxygen content, molecular
veiglit, acidity, ete. wiil be related to the E4/E6 ratio.

_The interpr~etation advanéed.by Chen, Senesi, and
Schnitzer (105 ), to explain the E4/E6 x:at16 was based on
the 6bservation thgf the d.eri\‘rative' of thé absorption
epecfrum had a 1 / X4 wavelength dependence. A mechanism‘
baaed' on light scattering appeareq to bé consistent with
this finding. 1In later work, Underdown found that the

relationship persisted, even in photoacoustically recorded
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Bpectrg where light scattering was not expected to
contribute ( 4 ) He concluded that—thé observed spectral "
slopes " could not be explicitly due to scattering effects.
The present work showing the insensitivity of photothermal
sigﬁals to light séattering strengthens this evidence. It
also provides an explanation for the variation of the E4/E6
ratio with particle size and molecular weight, which is not
based on light scattering.

It should be emphasised that the model presented here is

of a speculative nature and would require a more complete

. etudyfof the sample properties for verification. More work

-

1

is required in relating propertiesnof the sample such as

molecular weight, . perticle size,‘ o, and free radical

-’

content ‘to fhe observed photothermal §ignals.‘ NMR
determinations of the aromatic content of the'sémples would
bé especially illuminating. A Iarger vﬁriety of humic
subs.ances ( incéluding soil huq&c acids ) should be examined,

providing a cbmplete range of E4/E6 values for teetinE pf the

-~

model.

In conclusion, the present vork establishes tﬁé
feasibility of measuring E4/E6 ratios oflhumic aubstanées in
freshwater samples, providing‘both'sufficient sensitivity
and rejection of 1ight scaftering. The ﬁethod is clearly.
useful for measuring humic substance concentrations from
sanples derived from a single source. Further work will be
required\%p_fifmly establish the method for the study of

samples of widely differing origins.

Y

1
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Appendix A - ‘_ o BN
LTL 1 was equipped with a low cost data ac%uisition
iﬁterface with € bit resolution and a 30 KHz conversion rate. .
The interface was {gsigned for a’ SOL ;§ microcomputer
(Technology Corp ), an 8080 based system. Data %rgnsfers took
pPlace via an eight bit paralell I/0 port. A description of
the operation of the interface is summarised in this appendix
along with a discussion of the design.

The analog signal from the Reticon RC§O1 support
circuitry consisted of a serieé oft voltage spikes with the
amplitude of each spike proportioﬁal to 'the photocurrent
1ntegf§ted by'za.pagpicular photodiode. The signal was
recovered from thg train of pulses by means of a set of
active filters. A diagram of the filter stages ig shown in
Figure 58. The first stage consisted, of an‘inverting RC
filter with a corner frequency of-100 KHz. The array clock-..
frequency was adjusted to 100 KHz as well. The burpose'of the
‘first stage was to partially filter the signal although the
output was attentuated. The attenuated, partially filtered
signal was amplified by a factor of 30 in the Fecond stage to‘
"compensate for losses in the first stage. The second stage .
consisted of an inverting differential amplifier)witﬂ
variable gain and offset. The ohtput of the gecond stage had
a peak :Pplitude'of 5-9'v, so that it was level matched to
the analog-to-digital converter. Hogever, ft still contained
residual spikes i.e. the carrier frequency was still p;eeent.
The third /stage consisted of an‘active high Q notch filtgr
which was| tuned to the frequency of the readout clock since

Y
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the carrier had a major harmonic component at the clock
frehuency. This stage reduced the Qarrie} signal level by a
factor of about 10. The final stage consisted of a second RC
inverting filter which had a variab}e (selectable) bandpass.
This stage was optional and was used for ajditional smoothing

of the residual clock signal, optical interference patterns

in the array signal, or noise.

It is clear that this technique of signal processing was
a compromise method due to- the frequency apéctrum of the
éignal. The carrier signel in ﬁhis system approximated to a
regular train of delta functions so that there were two majo;
renges of fréquency to the carrier; the frequency of the
readout clock pulse train and higher order harmonics
associated with the narrow pulsesf A lowpass filter designed
to attenuate the clock frequency ‘attenuated the.image signel
which carried the ;nforma}ibn.‘If the time conétapf-of tre
filter is decreased to admit higher frequencies, appreciable
discﬁarge oflthe filéer capaci§o4s tekes plece during ;he
period of the clock, 8o thaﬁ a lafge residual carrier
componenﬁ remains in the recerred signal. The obvious
solution was to increase the dut& cycle of the signal by
means of a sample-and-hold circuit, as was ;ghieved by means
of the RG100B motherbbard system (LTL II). For initial setup
and evaluation of LTL I, the system of tuned filters was,
however, satisfdactory.

Analog-to-digitalvconversion éircuits were based on the
ADC 0800, a low cost, feadgly availaﬁié{ successive

t
'

\ 235



b,

f . f
(= 3

approximations converter. The conversion time of ;n
fndividual device was 50 microseconds. For maximum
conversion speed, two ADC 0800's were run in paralell,-with
the analog signal applied to both inputs simultaneously. The
converters were read out 31 microseconds apart to 1nqrease
the number of data points recorded per scan. The readout
process and intiation of new conversions was controlled by
means of a set of Read latches which were toggled by output'-
pulses from the I/0 lines of the SOL 20. The latches changed

state on the rising edge of the input pulae ¥hen the latch

" output was driven high, the output.data 1ines on the

corresponding converter were enabled and the result of the

. conversion was read into the SO0L 20. Otherwise the data lines

vere in the'high‘impedance state. At the end of a readout
cycle, &vlevel change on the I/0 1line pr}ggered a monostable
circuig,tthe output of which initisted a new conversion. The
timing relationships are summarised in Figure 59.

The program vritten‘;o control acquisition by this

interface was written in 8080 Assembler.’A f1low chart and

listing of the acquieition progr?n are reported on pages
240 and 241 . The aequence of events was as follows.
Initially, the program se't up two " mask " bytes to control

the interface. When output to the SOL I/O port, Mask #1

" pulsed the inputs to both read latches high, while Mask 2

reset the rea§ latch input levels. Masks 1.and 2 were each
stored in 8 bit general purpose registers. The storage
address for the input data was set up in a double precision

rogiater,'the lover 8 bits of which vere used to count the
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nunber of bytes input to the system. The program enabled the
array clock, which was supplied by means of a set 6f counters
(see schematic, figure 59). As the array clock was enabled, a
Start pulse was supplied. A timed delay 6f 2 msec followed.
The purpose of this sequence was toeestablish”an accurate and
reproducible integration interval for théea%ray,.before data
acquisition , since the device was integreting photocurrent
for an ?ndeterminéte period prior to execution of the
routine. Once the preset-delay was over, the read latéhes
k\\were iﬁitialised ¢ Latch 1 was clock;} into the set

\bondition, A sepohd scan of the a;ray was next initiated.
The rrogram than entered the acquisition 1oo§. consisting of
two hzlf,cycles. On the first half.éyclé, Latch 1 reset,
initiatihg a. new conversion in ADC1, whilp Latch 2 set,
enbling the data lines on ADC2. Data were read from ADC2 Qn
this half cycle. On the second half cycle, Latch 2 reset,
initiating a new gonversion in "ADC2, while L=atch 1 set,
enabling a readout of ADC1. A new converéioqs wvas sterted and
date were read into the SCL every 31 microseconds. The speed
limitations of the program were set by the ;elatively large
nuﬁber of I[O‘acceéaes contained in the 1loop. Oncé the
ac&uisition was complete, the routine juﬁped to an infinite

loop which repetively scanned the array, giving the user a

continuous display of the odutput.
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Figure 59): Schematic and.4timing relationships for L7TL f
digital'tnterface.
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’ (H.L) = | " [resdanc 2
address of start conversion
of input in ADC 1 -
buffer . r .« -

. " - : "
, l . store byte. " | °
L znumber from ADC 2
of bytes =100 inH,L !
fire start pulse ~ 'L = L-1
to drra'y }
h

- wait : PR |
1916 microsdconds] .
fire start pulse
to array

- read ADC 1
start conversion end of input;
in ADC 2 : jump to
) 1 ) . | infinite scap
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store byte | g 4 .
from ADC | ’ ) * -
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Listings of Progransxﬁor Acquisition:

¥
n

~

L?L I Interface

-

DISP
Program to Supply a Continuous Display tq th3 R1L128/256G
LOC LABEL IKSTRUCTION  COMMENTS )
0500 ' JMP START Get in
0503 GO XRA A "N Drive START.low
0504 OUT PORT (PORT = FD, paralell)
0506 WAIT MVI D,255 keep START in low
' e state for 1916 s
microsec.
0508 DCR D )
0509 JNZ WAID:
050C’ START MVI B,04 Set up .integration
’ time. ‘
OS0E LOOP MVl D,FF Set up D count for
\ delay of 1916
: ’f’ microsec. :
0510 HOLD DCR D )
0511 & JNZ HOLD
0514 MV1 A,02 disable array clock
by driving 2' high
and locp uniil totel
infegration time 1is
upd’ .
0516 OUT PORT .
0518 . DCR B . »
.osm JNZ LOOP * ~
051C | "XRA A - 3 V
.051D s . OUT PORT . enable clock, AN
OS51F FVI A,O1 fire Start pulse
0521 - OUT PORT to array
' 0523 XTHL wait for 18 microsec.
0524 XTHL to stabilise
0525 JNP GO go back
| , °
» {‘
1
A ' . \).- ) ‘
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INSOL
Program for Date Acquieition

LOC LABEL INSTRUCTION
0700 : , MVI- C,1C
0702 . 1LXI H,O00FF
0705 o N MVICA,
0707 ' _ OUT PORT
0709 - . MVI B,04

070B . , . MVI E,02
0704 AGAIN MVI D.FF
OT0F WAIT . DCR D

. 0710 . . JNZ WAIT

0713 S "~ DCR E'
0714 . g JNZ AGAIN
0717 . © MVI A1A
0719 = . OUT POR?T

~O071B o "DCR B -

’ N . o . .o
"071C LOOP ~©  NMVI D,FF
O71E KXT DCR D
OT1F \ ' INZNXT
0722.. . - DCR B -
0723 . JNZ' LOOP
0726 - L v A
0728 : OUT POR?T
072A = MVI. B,10
072C INP MOV A,C
072D , - \ OUT PORT
O72F °© o IN PORT

. 1 |
o131 . MOV M,A -

0732 i . MOV A,B
0733 : oUt PORT .-
0735 ‘ DCR L
0736 " - - . JNZ INP
0739 ' ;. . JMP DISP.

* ) l .

242 -

. and restart. ADC2.

COMMENTS

ADC select pattern
count & first buffer
address

fire Start,pulse and
"set up read line

- (PORT = FD)

set up scan

in*egration time

set up ‘subloop .
basic wait loop of
1916 microsec.

loop

subl op
enablie READ, set up

. KDC logic and disable

clock until end of
integration/ PR

wait 11916 microsec.
end keep-going

until end , v f\f ~

of integration
, period

enable clock; fire
start pulse and

enable READ line
pattern to restore

ADC logic.: S

f£irst time around
loop will read ADC1
Second time around '~
does vice versa.

N Lo s %\v
move to memory

i

restore, ADC logic. oot

check byte count
and last storige -
~location.

rastore diaplay if ‘
end.



Appendix‘B ,

-

(
The material COntained 1n thie appen%}x outlines-

the cbpfiguration of Tecmar data acquisition circuitry, %he

design deta}ls of the interface circuit- unich links the

<« 0 .

Reticon motherboard to the ”ecmar system, and &he dgga;
acouisition yrogran- usipng this .int erface. : ‘ ‘g’wl’

The Tecmar Labmaster system used in this &pplichtion
consiste of a motherboard nd‘audnughterboard. The
mothembdard coptains 3 variety of fimers}'deAIell ports,

PAC's anq interrupt genernting c;rcu*ts to 1nterface to the

"1BM PC. The daughterboard contaznq thé n~f0 D conversicn

module (DT 5712) anduan ‘dnalog multlpleror (to 2llow the

’cdnveraion of da&h from multlple sources)

For. alower Spoed operatlon, the’;ecmar motherbonrd is

set up as abd I/O mapped device so that it is accessed by the

8088 I/O instructions For maximum co%wversion, speed, the

1ecmar mbtherboand is confﬁ@ured as a memory mapped device
which is accessed by the higher speed memory referenie
1netructions of the 8088. In the design of L7L II, maximun
apéed of data apquisit;on was desired,.so that the merory
mapped cqnfiéuration wvas selected. All options for the
Labmaster are selected by means of a series of switcheg‘and
jumpers conta}ned on both the mother and daughter boards. A
detailed listing of these s;:tch settings is reported in

Tables 15, and 16. The motherboard occupies memory locations

C000:0000 - OOOF in-the IBM PC used in LTL II. The fcllowing

.options vere-eelectedlrpr‘the daughterboard module: single

ended inputs on the A to D'converter, with.unipolar, 12 bit

. 243 ‘ y



binary outputs. The gain on the converter yas fixed at unity.
The input range.selected for the gnalog éigﬁal was unipolar:
O - +410v. The strobing ?f the channels of the analog
multiplexer was aubpressed by software: only channel O was
converted.'Software also enabled the External Start
Conversion channel of the ADC so that the clock pulses from
the arra& system initiated convérqions automatically.

Data from the array motherboard (RC100B) werg channelled
to the Tecmar system via the Signal Interface described in
Chapter 4. A schematic of the interface is 1nc1uded in Figure
60. The function of the various components‘was as follows:

Ut is an inverting amplif;er with optioqal.offset control
supplied by a voltage divider at the non-inverting input. The

design uses Motorola MC1455 internally coﬁpensated

" operational amplifiers for Ul and 2. The output level of the

RC100E signal was Outo -3.0v. the purpose\of U1 }s to invert
and level match the motherboard signal to the ADC. The Video
signal from the motherdboard is supﬁlied to the inverting
1nput of Ul via pin P2N of the RCYOOB.

The purpose of’ 03 and U4 is to gate the array clock- train
into the lxterﬂal Start Conversion channel of the Tecmar
systen. The arr#j clock line is ARDed to fhe output of latch
U3. U3 |{is held a?V reset via pin J2-8 of the Tecmar
motherboerd, until driven high under software control. The
Btaft line of the RC100B motherboard is connected to the
input of the UBllatch. When softvare enadbles J2-8 the U3
latch is enabled. f:é next 8tart pulse supplied by the array

¢
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is latched, and drives the Q output high. The high state of

the latch enables U4, which gates the clock train into the:

External Start Conversion channel of the Tecmar module
(32-3). |

The software used to control the interface was written
in 8088. A flowchart and program listing of the date
acquisition routine are reported on pages 247 and 249 .
Averaging of the signals was also carried out at this levgl.
Communication with the keyboard and loading of data files to

disk was achieved. by means of DOE function calls (DOS 1.1).

A)
. .
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‘ start ,

(2) enable
ext, start

(3) reset
done flag

1

drive enable
gtart line

to 45 v,

read ADC
status Y

update
segment
in memory

l

/
read ADC
status

set up update byte update byte
all segments count, dest, count, dest,
- address address
J g
set ADC logic check for fRae foca.zx'on'
overflow FDOO been
(1) disable of dest, reached
auto increment segment ?

input 12 input 12

bit word bit word

( 2 steps) ( 2 steps ) .
[ store store
lin memory in memory

-

Flowchart 6! Input Routine : LTL II
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G |

set up
data set
counter
DC =15 -

initialise

| routine to
average 90 |-
scans

f

averaged
data stored .
in storage -
buffsr; A
segment 100

poll user to
to input
file name
for disk
storage

.
. .
]
-

, . .
E” ' ’

et o - R

user inputs
filename

/matching
file is found
on disk and
read into
file buffer

' averaged
data from
storage.
buffer are
‘transferred
to file buffer

file is
written to

user is -
{ polled for

exit of
program -

Remarks

-esach data set is 256 words in length

-input buffer c 1dress : 2000:0000
to 3000:/d00

~-data format is 12 bit bu%'y
- files are Asyst compatible
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Machine Level Routine for Data Acquisition

5000:%0 BB0030 g" g'fxm entry pc;int A
mmzmos mggoscnmo ;g; B,(PDCD]JO set up data segment
$000:¥DOB 90 ROP -
3000:FDOC 90 . ROP
3000:¥D0D 90 NOP
3000:FDOE 90 NOP
3000:FDOF CGO6FFFFOF MOV B,[FFFF],OF
m:gﬂt 90 ROP .
mz: ”:E}Z gooco g AX,0000 ¢t up Labmagster segment =C000
3000:7D1B B0 MOV X' 2000

e set dat =
3000: FD1E 8BCO MY ESAL g oo torhee segment #2000
3000:FD20 BFOO00 mov DI, 0000 destination data stored starting at
Z000:FD23 BR0500 MOV %,m source data from 2000:0000
3000:¥D26 EBO400 MOV EX,0004 C000:000 b
3000:PD29 BOFF MOV AL, FF :0005 ( MS byte )
3000:PD2B A20000 MOV [0009],A} resetall gates to '0 state
R N e S
3000:FD33 BOOO - MOV AL,00 multiplexer
3000:FD%5 A20500° MOV [0005],AL| reset Done flag
3000:FD38 W g g.g‘cm‘ﬂ disable internal sta'rt conversion

. m;m Am mv Ei;m] 'AL set lmlog channel to 0

3000:!1)42 % g gg’%] ,AL] load timer and drive output high
3000:FD45 BOFS MOV ’ ,
300N: A20900 0009},
m=m ~ g [ [ ]]W clear direction flag
3000:FD4B 8A07 MOV AL, X
3000: 4D ;:gz JAli!D AL:& check done flag
3000:¥D51 M MOVSB
3000: M52 M MOVSB input sequence
3000 FD53 BEOS00 Mmov 51,0005 .
3000:FD56 B9000O wv CX,0000 - )
3000: 159 119 YR CX,DI check for end of input segment
3000:FD5B TSEE JZ 4B : '
%:gg é‘ig’o g g:fxn) if ES overflowed :;pdato to 3000
3000:PD62 8A07 g g.gn]

. 2480 : )
%f% 'AI:PA J2 62 repeat input sequence as above
3000:7D69 A MOYSE

249 Ty



8555%5538

iJ:

R R e

EEE
LI

g888
R

£8
:
:

JHage

85

G
agg

338
agg

CEEE
1

22
g5

g

sgsa’aesasggma {sggas
s
Qaaasaaasssaassagaassassassasséaa
2

HEEY
FEA=AAS
8858 38

5455 5%
SHEN BEUEH
Hg RgF

d
LY 3

Bl
&

Y
5

PTLL
%

M8

8

i

HAH
g

Eﬁs

|
L=

250
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I+2000

check for end of data buffer
continue until end

.number of points per scan =0210
clear overflow in extension register ¢

set up source pointer to 2000
clear carry

point to start of data ( diode N scan)
add contents of ist mem.. loc. to AL

point to MS and add-to AH

add next point and check carry

if carry, increment - extension register

point fo next scan, diode N

check for overflow and loop back
if not overflow

OF if overflow, update segment to 3000

add results of next, scan
. check carry -

point to MS byte, next scan

loop back if not end -

+ divisor goes into BX .

divide partial sum in AX by BX

check vemainder

],AX Point to storage buffer : 1000:1000



3000:¥DCE 90 M0P | | -
S000:MCF 90 P - '
3000:7DD0 90 NP
. 3000:MD1 90 P
3000: D2 90 - P
. ’%:% ségm ﬁ g:g(xm ?ncument storage address
3000: D9 DS
J000:TIDA 43 INC
3000: DB BBOO00 MOV AX,0000 .
3000: FIDE BAOOOO MV Dpx,0000 clear partial sum
3000:1'931 ?4 ngW loop back to next point in scan
m:PDB ? Dg gé[ ]
4 oot .
3000:FDEY BOSEFFFFOO MP B,[FFFF],00 ol
3000:FDEE 7424 JZ FEI4 .
mm:gg? %scnm S CS check to seé if last data set logged
H ADD FOCD
’°°°g§‘; gg ' gp B,{FCD] , 02 5
3000: * P
3000:¥DF8 90 NOP  if not last scan user is polled for next input
3000:70F9 90 ; - WOP
mmfgg g 1!8; get message, display on screen
3000:FDFC BBO0%0 MOV AX,3000 ~
3000: PDFP BEDS MOV DS, AX '
3000:FE01 BAFOFF MoV DX, FFFO
3000:FEO4 BSOO09 MOV AX,090C
3000: 807 Cp21 INT 21
3000:FR09 BAP4FF MOV DX, FFF4
mmzmm mm A g AX,0A00 user inputs a character
s a1 -
" 3000:FB1{ BOO2FF  JMP MD16
3000: PB14 BBOO30 MOV AX,3%000 U last data set logged output user
3000:FB17 €ED8 MOV DS,AX
ngg BACOFP g g,mo message to screen :'input filename
XOPEF RN I 2 '
BOOO:mi mug g: H’TP]::: set up file control bloek
J000:YE2B BATIFFY wv x,rrr

:
:
:
g

' 3000:PE31 CD21 T 21 '
3000:PE33 C60660FF00 MV B,[FF80],00 vser writes filename into file
S000:FE58 BABOFF MOV DX, FFE0 - . :

control block directly via DOS

\

C function ejll

Y,
ey L



3000:PESB MOV

w e 2

30001FB40 CE06A0FYOC MOV B,

S000:PB4S C606A1FPOC MOV

9000:PB4A O6068FFFE KN

SO00:FB4P BB0020
J000:ME52 8E8

- 3000:FE54. BAOO1O

aa=sas=:s§aa§ss::a§:§aaaag

:
:

aaagaaaas;saaaaga

3

KX,0F00  gi.x file is opcnod under DOS 11

FPAO},00
::!!M 00

w AX ﬂlo is tead into mcmory nnder DOS 1.1

1000
gn ADO load at 2000:1000
AX, 3000
DB,AX .
X, FP80
» 1400

AX,2000
B,AX
»1000
D8, AX
HX,000F
81, Y000
DI,1080 '
CX,O'FD move data from storage buffer

at 1000:1000 to file
F80 buffer at 2000:1080 ( copied as ASYST
X memory image file)

-2

ES 22000 dest. segment
DS =1000 ’

BX,0000
rc

Al.m )
X, %0 |
3,{¥0),00

IX, P3P0
g.tsoo

X, F¥e0
g.woo

X, F¥00
AX;0900
I, FP30 )

g'm aser inputs Vesponse character
AL, [ 7r52)
L

read file to disk

user message to exit

check for y
exit if yes

e
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OOOOO

[
SO0 OOROOOBONISIIS

.. INPUT
BXT :
[ N 3

88588888
88288888

88388888

58388888

el

88¢88888, .

88388888
88%88888

33134444

88%K8888
88RRKB8888
88RK8EES
88YXBI88
BB8LRBREE
883¢8R88
588H8R88

EEEEEESs

e 98 o0 00 40 00 e oo

SRaRRER

/

Keyboard Buffer - Input
Message Buffer

-
-

.........
ooooooo
.......

883M888Y
88888889
88885883

28888588% .
- 888F

-88%
wmmwmmmm
88323882

33848444

8888IK88R
8888888RK
888R&88R
8888888%
888c888%
88812883

"88858588

File Control Block

Message Buffenr,

af'

L]

888888

88RAXISSS
8884R888
8882%888
882RR888

33334328

88RRR88S8
88893888
SSKERR88S
886% %88k
888RAKRBRSI
S888R85S8

88RIRBKS -

BRERERER

o8 86 00 00 oo 80 aé oo

RRERRRER

oS ®oeO PO ReOOe .

8
k.
-}
o
[

/s
©
=
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" Contact (c)
or No Contact (nc)
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. e
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e
c
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.
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cne
. ne
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) ne
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c
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M

. 0
. L S

Y

N &
Peature Selected «

A

" slet lingio‘ﬁ s

ended input.

D

"set by mfgr .

_ slct/unipolar inpu

norsal opn. ’
.suppr/ovrlap
suppr/free run
suppr/LLff inp.
_ suppr/free run

. - slet/ext abnv.

l

suppr/free run
. . -r'
gain < 10 ;
. . \J . <0

gain = 1

slet/ 12 bit binary
slct/ 12 bit binary
glet/ 12 bit dinary

.. #let/. 12 bit dinary
- 8let/ 1g‘b1t binary

‘a
-
Py .
\ & \
o> 1
. ,) - 3
' Al .
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Table 16

w (—/\" &

". Board .
- Addrees
BvitoQ,-

. 4

P-PM

~all pins

»

811 pine.-

P1 -
P} -

1

P6 -

L]

al} pins.

Bit-2 .
“r =3

-

all pins

_Reg 1.
", Reg 2

Reg 3
>
. -

~/

Jumpering of Labmaster Nother Board -

Contact (¢)

or‘lo Contact (nc)

\

Y ¢

3 :hcj

e

ne ’

address
CO000

i 4
~ Peature Boloctld‘

- , 3 ]
.

timer outputs B
( cadled to Reticon/

: llgnal interface )"

unuocd pnralcll port' E

')

| btc,\etputu .

.elect menBory nlppod
I/O -

- V4

" ’ ” ) 3
. :

disconhect all

tizers from
interrupts

p‘;ulill port
configured for normal
use

.nofiﬁterruptl used

l!ltct neuory )
location for ‘
board ( menm. '

" mapped e6§:f B



