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Abstract

The work presented here consists of a literature review and calculations to estimate
the importance of photochemistry to carbon cycling in the oceans, followed by a
photophysical study of a series of stable nitroxide radical probes that have been used for the
quantitative detection of individual carbon-centered radicals and reducing species in natural
waters. Two appendices follow. The first contains preliminary experiments utilizing one
of the nitroxide probes in an investigation of hydroxyl radical production rates and steady-
state concentrations in seawater. The second consists of an investigation of the singlet
lifetimes of humic acids (HA), in order to aid in understanding their photochemical cycling
and influence on other compounds.

The impact of photochemical reactions on global oceanic carbon cycling was
calculated from literature values. The results indicate that between 1 and 13% of all
dissolved organic carbon in the oceans is oxidized photochemically. This is a significant
flux term, much larger than that of riverine input for example.

A photophysical study of nitroxide radical probes was undertaken. For all of the
compounds studied, steady-state absorption and fluorescence spectra were identical to
those of the parent fluorophores. A decrease in fluorescence lifetime and quantum yield of
tens- to hundreds-fold was observed for the paramagnetic compounds relative to their
diamagnetic counterparts. Very rapid fluorescence quenching rates (3 to 80 x 1010 s- 1)
were calculated for the fluorescamine moiety of the paramagnetic nitroxide compounds in a
variety of solvents. Calculated energy minimized geometries were very similar for all
compounds which implies that geometric differences are not responsible for the variations
found in fluorescence lifetimes and quantum yields between compounds. Calculated
Firster and Dexter overlap integrals do not support deexcitation by these mechanisms.
Time-resolved absorption measurements resulted in no evidence for transient species due to
either intersystem crossing to the triplet state or charge transfer. Of the mechanisms
considered, direct internal conversion to the ground state, is most likely given our results.

An investigation of the utility of 3-(aminomethyl)-2,2,5,5-tetramethyl-1-
pyrrolidinyloxy free radical (3-amp) for detection and quantification of hydroxyl radicals in
natural waters found that the addition of primary probe compounds resulted in the
generation of secondary carbon-centered radicals that were successfully trapped by 3-amp.
Competition kinetics experiments with dimethyl sulfoxide resulted in a natural scavenger
rate constant that matched previous literature results for coastal seawater. As expected, the
addition of formate resulted in decreases, and the addition of nitrite in increases, in the
hydroxyl radical trapping rate by this method. The resulting quantum yield values were
about an order of magnitude higher than previous literature results. However, probably
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due to the use of different latitudes at which to estimate the incident solar radiation at the sea
surface, hydroxyl radical production rate and steady-state concentrations calculated were
about an order of magnitude lower than literature results.

One experiment showed no increase in the hydroxyl radical production rate from
Milli-Q water to oligotrophic and coastal seawater although the sample absorption
coefficients increase by a factor of more than 20. However a single experiment comparing
three different coastal seawater samples did show a correlation between absorption and
hydroxyl radical production rate. More detailed work is needed to recognize the full
potential of this method.

Marine HA fluorescence lifetime measurements utilizing time-resolved single
photon counting revealed a large portion of chromophores with very short (20-60 ps)
lifetimes and low quantum yields. At least three distinct lifetimes could be distinguished by
iterative deconvolution, although they probably result from the grouping of a multitude of
individual chromophores. The theory of calculating the quantum yields of individual
chromophores measured in a mixture is developed and calculations are made, although
from an incomplete data set. Shorter fluorescent lifetimes for a given chromophore center
within HA result in smaller quantum yields and are thought to be caused by very rapid
competing intramolecular dark pathways such as energy or electron transfer

Preliminary work investigating changes in time-resolved fluorescent lifetimes due to
different sources of HA (Orinoco vs. Suwanee Rivers) and solution types (seawater vs.
standard buffer) showed little variability.

Thesis Superviso's:

Neil V. Blough, Associate Scientist, Chemical Oceanography Department,
Woods Hole Oceanographic Institution

Philip M. Gschwend, Professor, Environmental Engineering Department,
Massachusetts Institute of Technology
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Chapter One: Background and Global Estimates

Introduction

Oceanic photochemical processes influence the cycling and bioavailability of

carbon, oxygen, nitrogen and trace metals. Light mediated reactions have been shown to

break down large macromolecules (Mopper and Stahovec, 1986; Amador et al., 1989;

Ehrhardt et al., 1992) and may be responsible for some of the chemical differences

including degree of saturation, nitrogen-to-carbon ratio and 12 C/ 13C ratios between

terrestrial and marine humic substances found by Hedges et al. (1992). Photolysis can

partially transform biologically refractory compounds such as humic substance and crude

oil (Kieber et al., 1989; Ehrhardt and Weber, 1991) into biologically available compounds

such as pyruvate and low molecular weight carbonyl compounds, respectively. It is also

possible to form a number of trace gases that are important to atmospheric chemistry,

including COS, CO and C02 (Andreae and Ferek, 1992; Gammon and Kelly, 1990; Miller

and Zepp, 1992). It has been argued that the photochemical degradation pathway is

potentially the rate-limiting step in the removal of a large fraction of oceanic DOC (Mopper

et al., 1991). In addition, the Fe(II)/Fe(II) redox couple in surface seawater can be driven

photochemically as has been shown by Waite and Morel (1984) and O'Sullivan et al.

(1991), with light increasing the bioavailability of Fe(II) and 'fresh' Fe(III) from aged

Fe(III) compounds (Finden et al., 1984; Wells and Mayer, 1991; Wells et al., 1991).

In order to understand and quantify the importance of photochemistry in the oceans,

the incident light field, available chromophores and the mechanisms of the resulting

photochemical reactions must be thoroughly understood. Incident solar radiation at the sea

surface is strongest and fairly constant between 400 and 850 nm. Below 400 nm the

photon flux decreases sharply, undergoing a reduction of over two orders of magnitude

between 300-400 nm (Baker et al., 1982). In addition to light energy, photochemistry

requires the presence of chromophores that are capable of absorbing the available
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wavelengths. In the ocean the principal photoreactive chromophores within the water

column have been termed gelbstoff, yellow substance, or chromophoric dissolved organic

matter (CDOM) (Fig. 1).

OH O
OH

C H3 O H 

C O -

COO-
OH

CHCOO-

O OH O

Figure 1. Proposed structure of seawater humic acid, (Harvey et al., 1983).

The specific absorp, ivity of CDOM decreases exponentially from the ultraviolet (UV) to the

visible. In more highly colored coastal waters influenced by large riverine inputs,

resuspension of sediments and high biological productivity, CDOM absorbs most of the

incident photons in the photochemically important UV region of the spectrum. In

oligotrophic (blue) waters where the concentrations of CDOM are much lower, water itself

may absorb from one to three quarters of the solar radiation (Smith and Baker, 1979). The

depth of effective light penetration (l/e) of the most photochemically productive photons

(300-400 nm) in the oceans varies from between a few centimeters in some strongly

absorbing coastal regions up to about 30 m in clear oligotrophic regions (Smith and Baker,

1979).

Once a photon has been absorbed by a chromophore (1), a number of outcomes are

possible for the resulting excited state molecule. The extra energy can be reemitted as heat

or light (quantum yield from Green, 1992) (2,3) or it can result in a transformation of the

CDOM molecule that absorbed it either before or after undergoing intersystem crossing to

the triplet state (4).



1CDOM + hv --- 1CDOM* (1)

ICDOM* ----- 1CDOM + heat (2)

> 1CDOM + hv (3)

. 3CDOM* (4)

ICDOM* or 3CDOM* --- direct photochemistry products (5)

1CDOM* or 3CDOM* ---- indirect photochemistry products (6)

Transformations include direct photochemistry in which the individual excited CDOM

molecule undergoes a chemical reaction (5) and indirect photochemistry in which some of

the energy is transferred to another molecule sorbed or near the original molecule (6). Here

we will focus on the indirect pathway (6). This last outcome is often accomplished by

transient intermediates (TI) that can undergo further reactions. Dioxygen or molecular

oxygen, due to their energy and high concentration in natural surface waters (-250 gM),

are the predominant energy and electron acceptors available for the oxidation of CDOM.

The resulting reactive oxygen species (ROS), which include 102(1Ag), 02-, H202, OH,

and R02, (Blough and Zepp, in press) sometimes exist long enough to react with additional

molecules of CDOM or non-chromophoric DOM. Thus photochemical transformations

may affect a larger portion of the carbon pool than that which absorbs solar photons

directly. Although not discussed here, metals can also be instrumental in these processes,

both as chromophores and as oxidizers when they undergo redox chemistry.

Global Photochemical Flux Estimates From Literature Values

The production of TI, including the ROS, has been recently summarized by Blough

and Zepp (in press) and Blough (submitted). The known TI include: singlet oxygen

(102), superoxide (02-), hydrated electron (e-(aq)), hydrogen peroxide (H202), hydroxyl

radical (OH), peroxy radicals (RO2 ", where R is some carbon compound), carbon-centered

radicals (R') and an experimentally defined group of one-electron reductants. The final
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photochemical reaction products produced from TI and ROS include low molecular weight

aldehydes, carbonyl sulfide, carbon monoxide and carbon dioxide.

A number of different researchers have measured the quantum yields of

photochemical intermediates and products which can be transformed into global flux

estimates with some simplifying assumptions (Table I,II,III).

Table I. Reactive Oxygen Species Production Rates
ROS Annual Area Type of water, Reference

Source (mol/y)a Location

02- 4.1x1013 Coastal, DE Blough,
submitted

H20 2  8.0x10 12  Coastal, DE Blough,
submitted

OH 2.6x1011 Coastal, FL Mopper and
Zhou, 1990

All Available 3.6x1014b Global Ocean
ROS
aAssumes a global average photochemically effective sunlight flux equal to 3 hours of clear sky solar noon
irradiation at 400 N (Mopper et al., 1991; Zepp and Cline, 1977), a coastal area of 4.9 x 1013 m2 and an
open ocean area of 3. lx1014 m2. bAssumes identical quantum yields for coastal and oligotrophic waters.

Table II. Transient Intermediate Production Rates
TI Annual Type of water, Reference

Production Rate Location
(mol/y)a

methyl radical 5.1x10 10  Coastal, DE Blough,
submitted

acetyl radical 1.9x10 11  Coastal, DE Blough,
submitted

1-e- reductants 4.1x10 13  Coastal, FL Blough and
Kieber, 1992

1-e- reductants 2.6x1014 Oligotrophic Blough and
Kieber, 1992

All Available 3x10 1 4  Global Ocean
TI

aAssumes a global average photochemically effective sunlight flux equal to 3 hours of clear sky solar noon
irradiation at 400 N (Mopper et al., 1991; Zepp and Cline, 1977), a coastal area of 4.9 x 1013 m2 and an
open ocean area of 3.1x1014 m2.



Annual fluxes were calculated using the 'best estimate' of Mopper et al. (1991) for photon

flux to the sea surface, wavelength dependencies from Zepp and Cline (1977) and the

assumption that all photons arriving at the sea surface were absorbed by CDOM. It is of

interest to compare the annual production rates of ROS, TI and photochemical products as

they should all be related to each other. Excited chromophores create TI and ROS that then

go on to create more TI which all eventually end up as products. Indeed, all three methods

of estimation of global photochemical transformation rates do fall within the same range of

values (Table I,II,III).

Table III. Product Production Rates
Product Annual Type of water, Reference

Production Rate Location
(mol/y)a

formaldehyde, 1.7 to 7.2x10 13 Oligotrophic, Mopper et al.,
acetaldehyde, (text estimate) SS 1991
glyoxal, CO,
glyoxylate, and
pyruvate
CO 8.8x10 11  Coastal, DE Blough,

submitted

CO 3.2x1012 Coastal, FL Valentine and
Zepp, 1993

CO 2.3x1013b Global Valentine and
Zepp, 1993

C02 2 to 5x10l 4 c Global Miller and
Zepp, 1992

All Products 2.3x10 1 3  Global Ocean
except CO 2

2 to 5x10 1 4
All Products Global Ocean
aAssumes a global average photochemically effective sunlight flux equal to 3 hours of clear sky solar noon
irradiation at 400 N (Mopper et al., 1991; Zepp and Cline, 1977), a coastal area of 4.9 x 1013 m2 and an

open ocean area of 3.1x10 14 m2. bAssumes identical quantum yields for coastal and oligotrophic waters.
CAssumes that production rate of CO = 5 to 10% of C02 production as found in terrestrial waters.

This may indicate that the ROS studied so far really lead to the TI identified that in turn

form the reaction products measured, and thus, that most of the major players have been
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identified and measured. However, it may also just be fortuitous that researchers have

identified about the same fraction of important compounds from each of the three

categories, or that reaction stoichiometries (see discussion below) happen to compensate.

Clearly more work needs to be done in order to fully understand the mechanisms involved

in photochemical transformations in natural waters.

Photochemical Impact On The Oceanic Carbon Cycle

There is much interest in understanding the mechanisms and magnitudes of the

fluxes in the global biogeochemical carbon cycle, especially in how it relates to the issues

of global warming. Carbon cycling in the ocean can be thought of in terms of the

production and consumption of oxygen. Phytoplankton use solar energy to oxidize water

and transform carbon dioxide into the reduced carbon (here generalized as 'CH20') needed

for growth and storage of energy (7).

CO2 + H20 --- 'CH2 0' + 02 (7)

The oxygen so produced can diffuse into the atmosphere, be advected away from the

production site, accumulate in the water column, be consumed biologically to oxidize

reduced carbon molecules for energy (respiration) (8) or be consumed photochemically in

the oxidation of CDOM or DOC (9). Abiological dark consumption of oxygen is at most a

small factor.

'CH20'+ 0 2  biology - CO2 + H20 (8)
light

'CH 20' + 02 g CO 2 + H20 (9)

The ratio of moles of oxygen produced per mole of carbon fixed in reaction (7) has been

loosely constrained to between 1 and 1.8 : 1 (Williams et al., 1983). The stoichiometry of

reaction (8) has been exhaustively studied. The most recent value is 1.45 moles of oxygen

consumed per mole of carbon dioxide produced for depths below 400 m (Anderson and

Sarmiento, 1994). The stoichiometry of reaction (9) is unknown, but for purposes of

rough comparisons, a 1:1 ratio will be assumed here. It is expected that this should result

in an error of no more than a factor of two to four.



Using current literature values of photosynthetic oxygen and reduced carbon

production and riverine input (Table IV), we can evaluate the importance of photochemical

oxidation of organic carbon compounds (shown in Tables I - III) to the oceanic carbon

cycle. For example, marine oxygen production from primary productivity is estimated at

from 4 to 8 x 1015 moles 02/year by Williams et al. (1983) (Table IV).

Table IV. Global Annual Oxygen and Carbon Fluxes to the Oceans
Flux Annual Global Type of water Reference

(mol/m 2y) Source (mol/y)
Oxygen
Marine Primary 5 Sargasso Sea Jenkins and
Production Goldman, (85)

7 Coastal Laane et al., (85)

2x10 15  aCombined

4 to 8x10 15  bCombined Williams et al. (83)
Carbon
Marine Primary 4x10 15  Williams and
Production Druffel (87)

Dissolved 2x10 13  Meybeck (82)
Riverine Input

aUsing a coastal area of 4.9 x 1013 m2 and an open ocean area of 3.1x10 14 m2 . bObtained by
multiplying the Williams and Druffel (87) carbon value by a photosynthetic ration of 1 to 1.8 moles of
oxygen produced /mole carbon fixed.

Dividing the annual flux of ROS (3.6 x 1014 moles ROS/year) by the oxygen production

indicates that between 5 and 9% of the annual ocean production of oxygen is used

photochemically (Table V). Similar comparisons of the source magnitude of oxygen and

carbon production from primary productivity with the three different photochemical sink

measures (ROS, TI and reaction products) indicate that from 1 to 13% of the annual ocean

production of reduced carbon is oxidized photochemically (Table V). This type of

calculation also suggests that the annual photochemical oxidation of reduced organic carbon

species is very large relative to other carbon-cycle contributions like yearly riverine input.

I -- II---- hill,



If the calculated flux of photons absorbed by CDOM is substantially lower than the

assumed values, perhaps due to cloud albedo effects or the absorption of photons by water

or non-reactive particulate matter, the calculated TI, ROS and product fluxes will be

reduced. However, even with the assumption of a ten-fold lower photon flux,

photochemistry must still play a significant part in the oxidative cycling of both terrestrial

and marine derived DOC in the oceans.

Table V. Importance of Photochemical Reactions to Global Oceanic Carbon Cycling
Oceanic Source Measure Photochemical Consumption Percent of Source
(from Tables I - III) Measure (from Table IV) Consumed Photochemicallya
Oxygen Production from ROS 5 to 9%
Primary Productivityb TI 4 to 8%

Products (without C02) 0.3 to 0.6%
Products (including CO2) 2.5 to 13%

Carbon Production from ROS 9%
Primary Productivity TI 8%

Products (with t CO 2) 0.6%
Products (including C02) 5 to 13%

Riverine Carbon Input ROS 1800%
TI 1500%
Products (without C0 2) 120%
Products (including CO2 ) 1000 to 2500%

aMethod of calculation and sources contained in the text and Tables I-III. bUsing the Williams et al. (83)
values from Table III.

Motivation For and Overview of This Work

Given the difficulty of measuring reactive intermediates that are very short lived and

only present at very low steady-state concentrations (micro to attomolar), the amount that is

known is quite astonishing. However, as is clear from the rough nature of the above

estimates, much more work needs to be done to better understand the sources,

concentrations and mechanisms of the photochemical reactions occurring in natural waters.

To accomplish this goal it is necessary to develop and evaluate extremely sensitive

techniques for measuring TI, ROS and their products. Blough and Zepp (in press) have

reviewed the current suite of TI trapping methods that have been employed. Of these the 3-

aminomethyl-2,2,5,5-tetramethyl-l-pyrrolidinyloxy free radical (3-amp) (Fig. 1, Chapter



2) developed by Kieber and Blough (1990), is perhaps one of the most flexible. The

reactivity of 3-amp with carbon-centered radicals (108-109 M-1s-l , Kieber and Blough,

1990a) is similar to that of dioxygen in that it reacts with the same types of TI as molecular

oxygen does, but does not react facilely with the major reaction products of oxygen

(superoxide and peroxyl radicals). The result of these reactions with 3-amp are stable

diamagnetic alkoxyamines or the one-electron reduction product, the hydroxylamine. After

coupling with fluorescamine, the diamagnetic products become highly fluorescent while the

unreacted 3-amp is only very slightly fluorescent. This result is due to very efficient

intramolecular fluorescence quenching of the fluorescamine moiety by the nitroxide radical

as is further discussed in Chapter 2 and Green et al. (1990). The reaction products can be

separated by high performance liquid chromatography (HPLC) (Kieber and Blough,

1990a,b) and positively identified by mass spectrometry (Kieber et al., 1992).

What follows is an investigation into the photophysics and photochemistry of

natural waters. The main body consists of a photophysical study of the fluorescamine

adducts of a series of stable nitroxide radicals that have been used for the quantitative

detection of individual carbon-centered radicals and one-electron reductants in natural

waters. With the use of secondary probes that produce carbon-centered radicals which can

be trapped by 3-amp, quantification of additional radical intermediates is possible. One

application of this approach is evaluated in this thesis and described in Appendix I.

In order to better understand the origins of these reactive intermediates in natural

waters, the deexcitation processes of the chromophores themselves must be investigated.

Humic substances have been shown to produce radicals that react with 3-amp (Kieber and

Blough, 1992). Once a chromophore absorbs a photon, it can transfer its extra energy in

one of the four ways discussed above. One method of studying the relative efficiency of

these processes is to measure the singlet lifetimes of the chromophore via fluorescence

lifetime measurements (Appendix II). The loss of energy by fluorescence competes with

the other decay processes. Thus, in most situations, the shorter-lived the fluorescence, the
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more rapid the competing processes must be, and vice versa. This work is one more step

of the great many necessary to understand the photophysics and photochemistry of natural

waters.
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Chapter 2: Intramolecular Quenching of Excited Singlet States in a Series

of Fluorescamine-Nitroxide Compounds

Introduction

The mechanisms by which the excited singlet states of aromatic organic compounds

are quenched by stable nitroxide radicals has been the subject of numerous studies over the

last several decades (1-5). Much of this past work has been directed at disentangling the

relative contributions of electron exchange, energy transfer and electron transfer to the

quenching process (1). The more recent use of fluorescence quenching by nitroxides to

examine dynamical processes in biochemical systems (6-9) and as the basis of a method for

the fluorimetric detection of radicals in condensed phases (10-15) has significantly

heightened the interest in these mechanisms and has pointed out the need to acquire

additional information on the factors controlling the rates and distance-dependence of the

quenching. This information is needed not only to identify the dominant quenching

route(s) operating for a particular chromophore-nitroxide pair (1), but also to construct

better optical radical sensors (10-12).

Depending on the particular chromophore-nitroxide pair under examination, as

many as four mechanisms may contribute to the singlet state quenching (1). These

mechanisms include electron exchange induced intersystem crossing (oi internal

conversion), energy transfer by electron exchange (Dexter mechanism), resonance energy

transfer (Firster mechanism) and electron transfer. We previously reported the results of

an extensive photophysical study on the intramolecular quenching of fluorescence in a

series of covalently-linked nitroxide-naphthalene adducts (1). Based on the very weak

solvent dependence of the intramolecular quenching rate constants, as well as on other

factors, we concluded that the quenching arose primarily from an enhanced rate of

intersystem crossing induced by electron exchange. However, more recent time-resolved



absorption measurements clearly indicate that the quenching in some of these compounds is

more complicated than originally thought, and is composed of at least two solvent-

dependent mechanisms which compensate to produce intramolecular quenching rate

constants that vary only weakly with solvent polarity (16). These results clearly illustrate

the need to examine a more diverse suite of compounds under a variety of solution

conditions in order to gain a better understanding of the factors that control the

intramolecular quenching of excited singlet states by nitroxides.

Here we extend our previous investigations to explore intramolecular singlet state

quenching in a series of fluorescamine-nitroxide compounds (Fig. 1) by both time-resolved

absorption and fluorescence measurements. Our choice of this particular series was

motivated not only by our interest in expanding the available data on intramolecular

quenching by nitr >xides, but also by their recent use as highly sensitive optical probes for

detecting radicals produced in aqueous systems (11,12) and by cells (15).

Experimental

Chemicals. Boric acid, sodium hydroxide, 4-(amino)-2,2,6,6-tetramethyl-1-

piperidinyloxy free radical (4-at), 3-(aminomethyl)-2,2,5,5-tetramethyl- 1 -pyrrolidinyloxy

free radical (3-amp), 4-hydroxy-2,2,6,6-tetramethyl- 1 -piperdinyloxy free radical (4-ht),

and 3-carbamoyl-2,2,5,5-tetramethyl-l-pyrrolidinyloxy free radical (3-cp) were purchased

from Aldrich. Distilled-in-glass grade diethyl ether was from Burdick & Jackson. 3-

(amino)-2,2,5,5-tetramethyl-l-pyrrolidinyloxy free radical (3-ap) was obtained from

Kodak and 4-phenylspiro [furan-2(3H), l'-phthalan]-3,3'dione (fluorescamine) from

Sigma. High performance liquid chromatography (HPLC) grade solvents were purchased

from Aldrich and Sigma and used without further purification. Water used in all

experiments was from a Millipore Milli-Q system. Standard buffer was 0.2 M, pH 8.1

borate.
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3c: R1 = III; R2 = CH(CH3)2

Figure 1. Fluorescamine derivatives examined in this study.



Preparation of compounds.

Syntheses of 1-3a

The syntheses of 1-3a employed procedures similar to that described by Bernardo

et al. (17) for preparing the ethylamine adduct of fluorescamine. Equimolar amounts (-1

millimole) of fluorescamine and the appropriate amino-nitroxide dissolved in 15 and 6.5

mL of acetonitrile, respectively, were combined and let sit for 15 min in the dark. The

reaction mix was placed on ice and its volume slowly reduced to -5 mL by flushing with

argon (Ar), and then placed overnight in a freezer at - 20 OC. The yellow, crystalline

precipitate was collected by centrifugation using a table-top centrifuge, dried under Ar, and

then washed three times with 5 mL of diethyl ether. In the preparation of la, additional

product was precipitated from the supernatent by the addition of 5 mL of water. The

product was collected by centrifugation, dried and washed with ether as described above.

The purity of the products was checked by HPLC using eqk!ipment and procedures

previously described (11,12) and employing both an absorption and fluorescence detector

connected in series. The absorption detector was set to 390 nm (absorption maximum;

Fig.2), while the excitation and emission wavelengths of the fluorescence detector were set

to 390 and 490 nm, respectively (both with a 15 nm band-pass) (Fig. 2). Chromatograms

acquired using absorption detection exhibited a major band corresponding to 1-3a (>90%)

and a minor band (<10 %) tentatively assigned to the lactone of 1-3a based on the

complete lack of fluorescence from this species (18). In contrast, chromatograms acquired

with fluorescence detection revealed a number of other components that were comparable in

magnitude to the very low fluorescence exhibited by 1-3a; of these other components, only

the one-electron reduction product of 1-3a, the hydroxylamine, was clearly identified.

These components, which represent minor contaminants with high fluorescence quantum

yields (and long fluorescence lifetimes), did not seriously affect the time-resolved

fluorescence measurements because of their small contribution to the total decay. Thus, as

expected, time-resolved fluorescence measurements of 1-3a showed a dominant
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short-lived component (92-98 %; Fig. 3 ). Unfortunately, these minor contaminants did

grossly interfere with determinations of fluorescence quantum yields and required us to

purify 1-3a further by HPLC immediately prior to the quantum yield measurements (vide

infra).

For the determination of fluorescence quantum yields, 1-3a were generated and

purified by HPLC immediately prior to measurement. Approximately 4 to 9 mL of 1 mM

amino-nitroxide in standard buffer was derivatized with a 2-fold molar excess of

fluorescamine solution (1-4 mL of 5 mM in acetonitrile) in Teflon vials. The reaction time

was less than 1 minute at room temperature and pH 8.1. Compounds were immediately

purified by HPLC using procedures described previously (12,13), employing 1-4

enrichment columns (Upchurch Guard Column, 2 mm ID x 2 cm) within the injection loop.

These columns were loaded with material from a Waters C18 Sep-Pak and allowed

injections of up to 6 mL per run. Compounds 1-3a, eluting after 12-13 minutes, were

collected in Teflon vials and immediately diluted into other solvents for quantum yield

determinations.

Syntheses of O-alkoxyamines

These compounds were produced photochemically by irradiating a 1 mM solution

of 3-methyl-2-butanone in standard buffer containing 0.5 mM of an amino-nitroxide.

Solutions were prepared in a 10 cm quartz cell and deoxygenated for 5 minutes with

nitrogen (99.999% purity, Union Carbide) that had been passed through an oxygen trap

(Alltech). Samples were irradiated with a broadband xenon lamp (300 W, Varian Model

PS300-1), with the beam first passed through 22 cm of water and a pyrex filter (50%

transmission at 290 nm). Samples were continuously purged with nitrogen during sample

irradiations of between 60 and 90 min. The resulting alkoxyamines were derivatized with

fluorescamine and purified by HPLC as described above. Compounds 1-3b eluted at 15-



16 minutes and 1,3c at 23-24 minutes. The compounds were collected and extracted with

1 mL of chloroform. The chloroform extracts were then washed three times with 5 mL

aliquots of water, transferred to clean glass vials, and evaporated to yellow oils under

nitrogen. The compounds were stored at -20 OC until needed. HPLC elution times

matched those expected for these compounds (11,12). The mass spectra of these

compounds (as the lactone form) were identical with those observed previously (13) and

the structures were confirmed by high resolution mass spectrometry employing a VG

Autospec Q and a desorption chemical ionization probe operated in the electron impact

mode (50 keV): M+ calcd for lb (C2 8H3 0 N2 0 5) 474.2155, found 474.2143; M+ calcd

for ic (C2 9 H3 4 N2 0 4 ) 474.2518, found 474.2539; M+ calcd for 2b (C2 7 H2 8 N2 0 5 )

460.1998, found 460.1998; M+ calcd for 3b (C2 8H 30 N2 0 5 ) 474.2155, found 474.2152;

M+calcd for 3c (C2 9H 34 N2 0 4 ) 474.2518, found 474.2520.

Optical Measurements.

Absorption and Fluorescence Spectra and Fluorescence Quantum Yields

Absorption spectra were collected with a Hewlett-Packard 8451 A diode array

spectrophotometer (2 nm resolution), while fluorescence spectra were recorded with a

SLM-Aminco SPF-500C or an Aminco-Bowman 2 Luminescence spectrometer employing

either 2/2 (1-3b,c) or 4 /4 (1-3a) nm excitation/emission bandpasses. Absorption and

fluorescence spectra of 1-3a were collected immediately following HPLC purification and

dilution of 1-100 gl of the compound contained in HPLC mobile phase (64%

methanol/36% pH 4 acetate buffer) into -3 mL of the appropriate solvent. Solutions of 1-

3b,c were prepared by dissolving the oils in a small volume of dioxane (1-100 gl), which

was then diluted into -15 mL of the appropriate solvent. All spectra were recorded at room

temperature. Quantum yields were determined relative to quinine sulphate as previously

described (1).



Time Resolved Measurements

Solutions of 1-3a were prepared by dissolving a small quantity of the solid in

solvent or by diluting material synthesized immediately prior to the lifetime experiments as

described above. Solutions of 1-3b,c were prepared as in the steady-state measurements.

The absorbance of solutions prepared for fluorescence lifetime measurements were between

0.1-0.2 O.D. at 290 nm and those for absorbance measurements ~1 O.D. at 266 nm (1 cm

cell) as measured on a Hewlett-Packard 8450A diode array spectrophotometer.

Fluorescence lifetimes were measured by time-correlated single-photon counting,

on an instrument at the Center for Fast Kinetic Research (Austin, TX). This system is

described in detail elsewhere(19). Briefly, excitation was provided by a cavity-dumped

tunable dye laser, synchronously pumped with the second harmonic of a mode-locked Nd-

YAG (Coherent, Antares). The dye pulses (6 ps fwhm, 1.8 MHz) were frequency doubled

with a KDP crystal to 290 nm. Fluorescence was collected at 90' and focused into a

monochrometer tuned to 490 nm; entrance and exit slits were adjusted to obtain a counting

rate of 4000-5000 photons per second impinging on the photomultiplier tube (PMT).

An Ortec 457 time-amplitude converter (TAC) received start pulses directly from the

cavity dumper and stop pulses from the PMT. The TAC signal was passed to a

multichannel analyzer and the data were saved in an IBM compatible computer for analysis,

storage, and hardcopy. The decay curves were fit to 1-3 exponentials with iterative

deconvolution software based on algorithms developed by O'Conner (20) and written in

ASYST language by Paul Snowden at CFKR. The instrumental response limit for this

system is ~20 ps.

Time resolved absorption measurements were performed with a conventional flash

photolysis apparatus located at the Center for Fast Kinetic Research. This system

employed the quadrupled output of a Quantel YG402 laser as the excitation source (266

nm). A 150 W xenon arc lamp, pulsed to high intensity during an experiment, served as

the monitoring light source. The light from this source was passed through the 1 cm

1 /11 11,16 1ITI I1 ] . i . .
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sample cuvette and focused on the entrance slit of a SPEX monochromator. Transient

absorption signals were detected with a Hamamatsu 928 phototube, captured with a

Tektronix SCD 1000 transient digitizer, and passed to an IBM clone for analysis using

software written by Paul Snowden (CFKR) in ASYST language. The instrumental

response limit for this system is -10 ns.

Energy Minimization. The molecular structures of 1-3a were minimized using

Nemesis 1.1, a 3-dimensional molecular modeling program running under the MicroSoft

Windows GUI. The Nemesis program uses the COmputation and Structure Manipulation

In Chemisty (COSMIC) algorithm (21) to supply the force field for energy calculations and

the conjugate gradient optimiser used for structure optimization in energy calculations.

Minimization was complete when either the difference in energy between successive

iterations was less than 10-4 kcal/mol or the sum of the squares of the gradient vector

comonents fell below 10-10 kcal2/mol2/A2. First the molecular fragment structures

(fluorescamine, 3-amp, 4-at, and 3-ap) were entered into the program and the 3-

dimensional structure was optimized for minimum electrostatic and van der Waals energy.

Next, the three radicals, 3-amp, 4-at, and 3-ap were attached to the fluorescamine and the

energy was again minimized. To search for local minima, the bonds between the radicals

and the fluorescamine were rotated with 1 to 15" steps with new molecular energy

calculated at each step, giving a plot of molecular energy vs. torsion angle. For

compounds 2a and 3a rotation is only possible about the bond joining the nitroxide ring to

the fluorescamine compound (N-R1 in Fig. 1). For compound la two rotations are

possible, both in the linkage between the nitroxide ring and the fluorescamine compound so

a two-fold rotation was performed, resulting in a two-dimensional contour plot. Note that

the molecular structure was not optimized at each step during the rotation. From the

rotation results, each molecule was artificially rotated to the second deepest energy well and



minimized again. To keep the energy minimization from jumping back to the first

minimum, other bonds were rotated to trap the process in the secondary well.

For 1-3a, the fluorescamine to N-O radical nitrogen-nitrogen distance was

calculated, as well as the angle between the planes of the five-membered fluorescamine ring

and the radical ring (Fig. 1). Ring planes were defined by the nitrogen atoms and their

adjacent ring carbons. The angle between the two ring planes was calculated from the

atomic coordinants from the Nemesis minimized structures using a Matlab subroutine.

Results

Absorption and Fluorescence Spectra.

As observed previously for naphthalene-nitroxide adducts (1), the absorption

spectra of 1-3a were well described as a simple sum of the individual a:,sorption

contributions of the fluorescamine and nitroxide moieties. No obviously new transitions

that could arise from strong electronic coupling between the chromophores were evident.

The fluorescamine moiety exhibited absorption maxima at 272 and 392 nm, and an

emission maximum at -488 nm (Table I). While the emission maximum showed a weak

Table I: Fluorescamine and Nitroxide Spectral Characteristicsa
Singlet Fluorescence Absorbance Peak Max
Energy Peak Max (nm)

(eV) (nm) [Extinction Coefficient (M-lcn-l)]
Solvent fluorescamine fluorescamine fluorescamine 3-cp 4-ht
Buffer 2.82 492 386 398 430

[7.35] [13.11]
Acetonitrile 2.84 486 386 426 466

[5.58] [9.95]
Methanol 2.87 483 385 414 448

[6.83] [10.73]
Dioxane 2.86 485 384 430 468

[4.62] [11.13]
a Also see Fig. 4.

dependence on solvent polarity, the absorption maxima varied little. In contrast, the low

energy absorption band (n-~n*) of both the piperidinyl (4-ht) and pyrrolidinyl (3-cp)



nitroxides underwent significant blue shifts with increasing solvent polarity, with the

pyrrolidinyl nitroxide always exhibiting the higher transition energy (Table I). The

possible influence of these differences on the intramolecular quenching is discussed below.

Although the fluorescence yields were substantially smaller for 1-3a (vide infra),

the emission line shape and wavelength maximum were identical to those of the

diamagnetic compounds, and exhibited the same dependence on solvent polarity. These

results indicate that the remaining emission from 1-3a originates from the locally excited

singlet state of the fluorescamine moiety, consistent with results obtained previously with

other adducts (1).

Fluorescence Quantum Yield Measurements. Very different fluorescence quantum

yields were obtained for diamagnetic and paramagnetic compounds. Diamagnetic

compounds (1-3b,,') exhibited a weak solvent effect of decreasing quantum yield with

increasing polarity (Table II).

Table H: Quantum Yields of 1-3
Compound Buffer Methanol Dioxane
la 0.0013 0.00081 0.00066
lb 0.095 0.13 0.13
1c 0.085 0.14 0.17

2a 0.00046 0.00023 0.00050
2b 0.097 0.17 0.17

3a 0.015 0.045 0.0055
3b 0.060 0.18 0.21
3c 0.060 0.21 0.21
Measurements showed 5-20% variation.

Results for 1-3b and 1,3c were nearly identical in magnitude, demonstrating that the

quantum yield of these compounds is insensitive to the type of substituent group (acetyl or

isopropyl). In contrast, quantum yields for the paramagnetic compounds (1-3a) were tens

to hundreds of times smaller than the diamagnetic ones in agreement with previous results

from our laboratory (12). Larger differences between paramagnetic and diamagnetic



quantum yields exist for 1, 2 than for 3. The ratios for la differ from those for 2a

somewhat as they are subject to some variations due to trace amounts of diamagnetic

impurities which have much higher quantum yields. Even with this uncertainty, 3a

quantum yields are clearly higher than those for 1-2a. A previous study has shown that

quantum yields for amines coupled to fluorescamine fall between 0.09 and 0.34 with

ethanol as the solvent (17), and our values for the diamagnetic species (1-3b,c) are within

this range.

Lifetime Measurements and Quenching Rate Constants. As expected, the

differences between the paramagnetic and diamagnetic fluorescence lifetimes reflect those

evident in the quantum yields. Diamagnetic compounds show a substantial increase in

lifetimes from water to less polar solvents (Table II).

Table III: Fluorescence Lifetimes of 1-3
lifetime (ns)a

buffer acetonitrile methanol dioxane cyclohexane
a *.029b  50.019 b  50.020b (99%)d 0.0 31b (92 %)d c

96%)d (98) d
lb .6 (100%) 12.1 (100%) 12.1 (62%), 2.2 (38%) 11.1 (55%), 1.1 (45%) 9.3 (72%), 1.8 (28%)
1c .7 (100%) 12.2(100%) 9.6 (55%), 1.6 (45%) 11.3 (54%), 0.75 (46%) 9.9 (57%), 0.88 (43%)

Za 0.020b  .025b (91%)d 0.027b (76%), 0.39 .029b (62%), 0.48
(96%)d (12%), 3.7 (12%) (22%), 23.4 (16%)

2b 4.6(100%) 13.6(100%) 11.9 (47%), 3.3 (53%) 12.1 (62%), 0.95 (38%) 11.1 (100%)

3a .12 (84%), .059 (43%), .054 (37%), .042 (43%),
1.3 (16%) 0.18 (57%) 0.20 (59 %)d .22 (57%)

3b 1.99(100%) 13.0(100%) 11.5 (48%), 3.3 (52%) 11.7 (64%), 1.4 (36%) -9.3 (78%), 1.2 (22%)
3 c 1.95 (100%) 13.5 (100%) 11.9 (71%), 1.7 (29%) 11.6 (55%), 0.80 (45%) 8.9 (51%), 2.0 (49%)
a Fitting program showed -10% variation for 1-3a and -1% variation for 1-3b and 1,3c. All Chi2 values
were <6 for 1-3b and 1,3c and <3 for 1-3a; most Chi2 values were -2 bClose to instrument time
resolution. c Not soluble enough to measure. dTotal is less than 100% due to diamagnetic impurities.

Values for 1-3b and 1-3c were again very similar. In acetonitrile and buffer all of the

diamagnetic compounds were well-fit to a single exponential decay. However, in dioxane,

methanol and cyclohexane two exponentials were needed for a similar fit. In all cases, the

fluorescence decay was dominated by the longer lived component. Paramagnetic



compounds exhibited appreciably shorter fluorescence lifetimes than did the diamagnetic

ones (Fig. 3) in ratios nearly identical to those for the quantum yields when corrections

were made for diamagnetic impurities (percentages shown in Table HI). As the lifetimes of

1,2a were close to the time resolution of the instrument, differences between the two

compounds and their solvent dependencies were not quantifiable. In contrast, lifetimes of

3a were significantly longer (Fig. 3) and well above the time resolution of the instrument.

However, decay kinetics for 3a were more complicated, resulting in two measurable

lifetimes.

When the fluorescence decays of 1-3a were measured on longer timescales (50 -

90 ns), the lifetime of the longest lived component agreed closely with those of the

corresponding diamagnetic compounds in a given solvent, indicating the presence of a

small amount of diamagnetic contaminant. The diamagnetic fluorescence lifetimes of 9.6 to

12.1 ns in methanol and 2 to 4.6 ns in water are longer than those fo md by DeBernardo et

al. (17) (3.3 ns in methanol and 1.7 ns in water). However, in methanol, the short-lived

components [1.6 to 3.3 ns (12 to 52%)] agree well with their values.

Quenching rate constants, kq, were calculated from the lifetime data (1)
1 1

kq = (ns -1) (1)
p Id

where t is the lifetime of the paramagnetic (p) and diamagnetic (d) nitroxide compounds

(Table IV). In the case of 3a where more than one lifetime was measured, an average

quenching rate constant, kqave, was calculated (2)
1 1

kqave = (ns -1) (2)
(PtP cpl + 1P;P2cp 2 ) (tdlcdl + d2 cd 2 )

where c is the percent contribution. The resulting quenching rates are very rapid and

exhibit the same trends as the fluorescence lifetimes that they are calculated from. Again,

values for compounds 1 and 2 (3-5 x 1010 s-1) were significantly greater than those for 3

(3-8 x 109 s- 1).



Table IV: Quenching Rate Constants, k (x 10-9 s-1)
compound buffer acetonitrile methanol dioxane
1 > 34 2 53 > 50 > 32

2 >50 240 > 37 > 34

3 ave 3.24 7.81 7.25 6.97
3 short 7.83 16.9 18.4 23.7
3 long 0.77 5.48 4.91 4.46

Time Resolved Absorbance. Time resolved absorbance measurements between 350

and 700 nm on diamagnetic compounds showed no evidence of absorption transients.

Thus either i) intersystem crossing from the excited singlet state to the triplet is slow with

respect to internal conversion, or ii) the extinction coefficient for the triplet state is

extremely small. Unfortunately, no low temperature phosphorescence measurements or

room-temperature triplet sensitization experiments have been performed to ascertain the

triplet energy, extinction coefficient and decay rate to the ground state. However, triplet

states are observable in the corresponding naphthalene-nitroxide compounds which

supports i) above (16). Measurements of paramagnetic compounds also showed no

evidence of any absorption transients, either triplet states or radical ions, despite the

substantial quenching of the singlet state.

Energy Minimization. Energy minimized N(nitroxide)-N(fluorescamine) distances for

1-3a varied in the manner expected with the largest being for la where there are two

carbon atoms in the connection between the nitroxide ring and the fluorescamine moiety,

the next longest being for 3a which contains a piperidinyl (six-member) instead of a

pyrrolidinyl (five-member) nitroxide ring (Table V, Fig. 1).

Table V: Geometry Parameters from Nemesis 1.1
compound N-N Distance (A) Anglea

la 4.7 99.80
2a 3.6 89.5"
3a 4.3 100.50

aAngle between the planes of the five-membered fluorescamine
ring and the radical ring (Fig. 1)



The angles between the plane of the nitroxide moiety in the ring and that of the

fluorescamine chromophore were relatively constant for 1-3a. All of the values were close

to 90", implying that the 71 orbital of the nitroxide nitrogen is almost perpendicular the 7t

system on the five-membered ring of the fluorescamine. In addition to the global

minimum, a secondary minimum was found corresponding to a -180" rotation about the

fluorophore-nitroxide bond(s) which is consistent with the steric factors in the geometry of

these molecules. The absence of large variations in N-N distances and ring plane angles

suggest that all of the compounds have similar ground state geometries.

Discussion

As discussed previously (1), a number of different singlet state quenching

mechanisms are possible for nitroxide-fluorophore adducts. These include F6rster (dipole-

dipole) and Dexter (electron exchange) energy transfer, charge (or electron) transfer,

electron exchange induced intersystem crossing and electron exchange induced internal

conversion. Firster and Dexter energy transfer rates are proportional to their overlap

integrals, JF and JD respectively (3,4)

f IF(X)()X4dX
JF 0 (3)

J JF(X)e(X)dXJD (4)
IfO F(X)dX,4 (X)dX

where F(X) is the corrected fluorescence intensity of the fluorophore and e(X) is the

extinction coefficient of the acceptor (3-cp or 4-ht) at wavelength X. Overlap integrals were

calculated in the same manner as described previously (1) and it was found that JF and JD

were larger for compounds 3b,c than for compounds lb,c and 2b (Table VI, Fig. 4).
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Table VI: Dexter and F6rster Overlap Integrals
comp Dexter Integrals (cm) F6rster Integrals (M-lcm3)
ound buffer methanol dioxane buffer methanol dioxane
1b,c 1.01 x 10-3  2.18 x 10-3  3.64 x 10-3  3.58 x 10-18 7.07 x 10-18 8.96 x 10-18
2b,c 1.08 x 10-3  2.36 x 10-3  3.74 x 10-3  3.74 x 10-18 7.50 x 10-18 9.13 x 10-18
3b,c 3.03 x 10-3 4.71 x 10-3 5.44 x 10-3 2.37 x 10-17 3.37 x 10-17 4.23 x 10-17

Better overlap should lead to more efficient quenching and shorter fluorescence lifetimes if

either the F6rster or Dexter mechanisms were operational. However, this prediction

contradicts the lifetime data where 3a is noticeably slower than la and 2a (Table I).

F6rster transfer rates were calculated using (5)

kFT - JFK2 Od 8.71 x 1023 (5)
R6 14 td

where 1c2 is the orientation factor (assumed to be 2/3), 4d and rd are the quantum yield

(Table II) and lifetime (Table III), respectively of the appropriate diamagnetic derivative, R

is the donor-acceptor distance (Table V), and 1l is the solvent refractive index. The

resulting lifetimes (Table VII) are much slower (108 to 670 ns) than those observed for

compounds 1-2a although for 3a the values are close (42 to 53 ns) to the shorter lifetimes

observed (42 to 54).

Table VII: Firster Transfer Rates, kF (x 10-9 s- 1)
compound buffer methanol dioxane
la 1.5 1.5 1.6
2a 6.7 9.3 8.5
3a 24 19 20

Sensitivity analysis shows that these values could be off by up to a factor of 5 if 2 is

allowed vary from 0 to 4, although the actual value is close to 0 as ' 2 approaches 0 as the

angle between the donor and acceptor plane approaches 90", which is in the range of those

calculated (Table V). Differences are not likely due to geometry as energy minimized N-N

distances and the angles between the nitroxide radical plane and the fluorophore plane were
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Figure 4. Absorption spectra of 3-cp and 4-ht in dioxane. Fluorescence emission
spectrum of lb in standard buffer is included in order to illustrate the degree of
spectral overlap between fluorescamine emission and nitroxide absorption.
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similar for all three compounds (Table IV). The absorption dipole for the nitroxide group

is perpendicular to the NO bond, lying in the CNC plane as discussed previously (1), and

is perpendicular to the transition moment of the fluorophore which should lie in the plane of

the 5-membered ring of the fluorescamine moiety. This geometry results in an unfavorable

i 2 value for F6rster transfer. Further, while overlap integrals increase from buffer to the

less polar solvents for both Dexter and Forster mechanisms, values of kq do not change by

the same magnitude as the overlap integrals do. Thus we attribute these solvent effects to

the inherent photophysics of the molecule and not to the result of Fbrster or Dexter energy

transfer as a singlet state quenching mechanism.

Although we do not have one electron reduction and oxidation potentials for

fluorescamine and therefore can not calculate the thermodynamic driving forces for charge

transfer, we saw no evidence for the formation of radical ions in time resolved absorbance

measurements, making charge (electron) transfer less likely as a dominant quenching route.

No evidence for the formation of triplet states was obtained by time-resolved

absorption measurements. Until triplet sensitization experiments are performed, we cannot

exclude the possibilities that our inabiliby to observe these species is due to an extremely

small triplet extinction coefficient or alternatively that the triplet decays more rapidly than

the time resolution of the measurements (~10 ns). However for naphthalene-nitroxide

compounds the triplet to ground intersystem crossing rate is about two orders of magnitude

slower than the singlet intramolecular quenching rate and their extinction coefficients are

not unusually small (16). Thus we believe that the possibility of excited singlet quenching

via enhanced intersystem crossing is less likely.

The remaining quenching mechanism is enhanced internal conversion from the

excited singlet to the ground state. While it is not clear how the unpaired electron in the

nitroxide radical could directly enhance this process, this mechanism has been suggested by

other experimenters (2,5).

h' , I I, R4 IWI II .I 4 1 111A AIIA I 1



Conclusions. For all of the compounds studied, steady-state absorbance and

fluorescence spectra were identical with those of the parent fluorophore. There was no

evidence for charge transfer processes. This resulted in a decrease in fluorescence lifetime

and quantum yields of tens to hundreds-fold for the paramagnetic compounds over their

diamagnetic counterparts. Very rapid quenching rates (3-5 x 1010 s-1 for 1-2a and 3-8 x

109 s-1 for 3a) were calculated for the paramagnetic fluorescamine-nitroxide compounds in

a variety of solvents. Calculated energy minimized geometries were very similar for all

compounds which implies that geometric differences are not responsible for the variations

found in fluorescence lifetimes and quantum yields between compounds. Calculated

Firster and Dexter overlap integrals do not support deexcitation by these mechanisms.

Time-resolved absorbance measurements resulted in no evidence for transient species due

to either intersystem crossing to the triplet state or charge transfer. Of the mechanisms

considered for singlet state quenching, we have ruled out Firster and Dexter energy

transfer, and deem charge transfer and intersystem crossing to the triplet state less likely,

but cannot rule them out without additional experiments. The remaining mechanism, direct

internal conversion to the ground state, appears to be the most likely explaination of the

data.
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Appendix I: Investigation Into the Use of a Stable Nitroxide Radical as a

Secondary Trap for Hydroxyl Radicals Generated in Sea Water

Introduction

The hydroxyl radical has been termed the "most reactive, photochemically produced

free radical in the environment" (Mopper and Zhou, 1990) and is believed to be an

important photooxidant in natural waters. The production and consumption mechanisms

for hydroxyl radical in natural waters have recently been reviewed by Blough and Zepp (in

press) and Blough (submitted). Among those most studied are the direct photolysis of

nitrate and nitrite (1-3),
• =0.017

NO 3- + hv - = 0.017 > NO2 + O0- (1)
S=0.07N02- + hv = 0.07 ) NO + O- (2)

O- + H+ --- OH (3)

where Q is the photochemical quantum yield.

The NO produced by (2) can further react with superoxide to form additional hydroxyl

radical (or a species with similar reactivity), although the production of nitrate competes

with this process (4-7).

NO + 02- k=6.7(+/-0.9)x109M-is-1 OONO (4)

- OONO + H+  PKa = 6.5 > HOONO (5)

HOONO - NO3- + H+  (6)

--- OH + NO2 (7)

Hydrogen peroxide can also react with reduced metal species to produce hydroxyl radical

(8), or undergo direct photochemistry and dissociate into two hydroxyl radicals (9). The

latter process is not an important contributor in natural waters due to the poor overlap of

hydrogen peroxide absorption and the solar radiation spectra at the sea surface.

H20 2 + Mn+ -~ M(n+1 )+ + OH + OH- (8)

H202 + hv 4=0.98 2OH (9)
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It has been proposed (Zhou and Mopper, 1990; Mopper and Zhou, 1990; Mill, 1980; Mill

et al., 1980) that an additional source of hydroxyl radical is through the photolysis of

colored or chromophoric dissolved organic matter (CDOM) (10). Although the precise

mechanism by which hydroxyl radical is formed is currently unknown, one possible

mechanism may involve the follwing steps (Ononye et al., 1986; Ononye and Bolton,

1986).

1CDOM + hv I 1CDOM* (10)

1CDOM* (=0.01-0.04 ) 3CDOM*

3CDOM* + H20 ---- CDOMH" + OH

Although this last production mechanism has not been verified, it may be important for

understanding the oceanic cycling of dissolved organic carbon as photochemical

degradation has been proposed as the rate-limiting step for the removal of a large fraction of

oeanic DOC (Mopper et al., 1991).

Sinks for the hydroxyl radical in seawater are dominated by reaction with bromide

ion (11) (rate constant from Zehavi and Rabani, 1972).

OH + Br- k=l .lxl0M-1s-1 Br" + OH- [Br-] =- 1 mM (11)

In fresh waters, reactions with the carbonate ion (12) and dissolved organic matter (DOM)

(13)(rate constants from Anbar and Neta, 1967) are the major sink for the hydroxyl radical.
k'=<8x104 s-1

OH + CO3= k CO 3"- + OH- (12)
(typical seawater concentrations)

OH + DOM k=-2x108 M-1s-1 DOM + H2 0 or HO-DOM* (13)

Because of the high reactivity of the hydroxyl radical in natural waters, special

methods are needed for its study. Previous methods have included the use of cumene (Mill

et al., 1980), n-butyl chloride (Haag and Hoign6, 1985; Zepp et al., 1987b), methyl

mercury, nitrobenzene and anisole (Zepp et al., 1987b; 1992), octanol (Haag and Hoignd,

1985; Zepp et al., 1987a; 1992), benzoic acid and methanol (Zhou and Mopper, 1990;

Mopper and Zhou, 1990), benzene, 2-propanol and formate (Warneck and Wurzinger,

1988).
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In order to further investigate the possible influence on CDOM on the production of

hydroxyl radical and to improve sensitivity, we have worked to develop an additional

method of trapping hydroxyl radicals. This new method involves a two-step trapping

scheme. First the hydroxyl radical generated by the laboratory irradiation of natural

seawater reacts with one of three primary traps, DMSO, t-butanol, or octanol, to produce a

carbon-centered radical intermediate (14-16) (rate constants from Veltwisch et al., 1980;

Scholes and Willson, 1967; Buxton et al., 1988, respectively) Then, a second compound,

the probe, 3-(aminomethyl)-2,2,5,5-tetramethyl- 1-pyrrolidinyloxy free radical (3-amp)

traps these carbon-centered radicals. In the absence of oxygen, 3-amp reacts with carbon

centered radicals to form stable alkoxyamine adducts (17).

k=7x10 9 M-ls-1
OH + CH3 SOCH3  ) "CH3 (14)

DMSO

OH + CH3(CH2)70H k=7.7x109Ms- carbon-centered radicals (15)
octanol (pH 2, RT, in water)

OH + C(CH3)30H k=6x10 8 M-,s ) H20 + "CH2C(CH3)20H (16)
t-butanol (RT, in water)

k=108 to 109M- 1s- 1

carbon-centered radical + 3-amp k alkoxyamines (17)

The alkoxyamines are then derivatized by fluorescamine, separated by high performance

liquid chromatography (HPLC), and detected by monitoring the fluorescamine fluorescence

at 480 nm, utilizing techniques developed by Kieber and Blough (1990a,b).

As a test of whether hydroxyl radical produces the carbon-centered reaction

intermediates, reaction kinetics were studied in the presence of formate. Formate reacts

with hydroxyl radical in direct competition with natural scavengers (Br') to form CO2"

which reduces 3-amp to the hydroxylamine (18) (rate constant from Buxton et al., 1988).

k=3.2x109M-Is-
OH + HCOO k32x1M CO2  (18)

CO2 '" + 3-amp k=108to 109 M-Is-1 hydroxylamine
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Further, nitrite was employed as a well-defined photochemical source of hydroxyl radical.

The addition of N02-, a compound which photolyzes to hydroxyl radical (vide supra), was

used as an additional check that hydroxyl radical was indeed the compound trapped. The

expected result of nitrite addition is an increased product signal (2).

We found that the addition of the primary probe compounds resulted in the

generation of secondary carbon-centered radicals that were efficiently trapped by the 3-

amp. Competition kinetics experiments with DMSO resulted in a natural scavenger

hydroxyl radical consumption rate constant, kns (M-Is-1 ), that matched previous literature

results for coastal waters. The addition of formate resulted in decreases, and the addition

of nitrite in increases in the hydroxyl radical trapping rate by the two step probe method that

we employed.

Experimental

Sample Collection

Surface coastal sea water was obtained during a cruise aboard the RV ARGO Maine

in the Gulf of Maine (Table I).

Table I. Station Locations and Ancillary Data
Stn # Date Time Latitude Longitude Temp. Water Salin.

EDST "C Depth %o
(m)

GOM 10 5/24/93 23:07 430 31.47' 690 35.77' 9.4 150 31.7
GOM 12 5/25/93 00:02 430 34.54' 690 38.16' 8.6 124 31.4
GOM 14 5/25/93 00:48 430 37.66' 690 40.49' 8.6 84 30.6
GOM 16 5/25/93 01:42 430 40.79' 690 42.76' 8.3 74 29.1
GOM 18 5/25/93 02:33 43' 44.20' 690 45.31' 8.0 14 29.8
GOM 22 5/25/93 04:33 430 42.79' 690 55.68' 9.5 30 28.1
GOM 32 5/25/93 09:10 430 18.07' 690 50.91' 9.8 189 31.5
GOM 54 5/26/93 01:11 420 48.95' 700 20.80' 11.6 102 29.7
GOM 56 5/26/93 02:23 420 48.95' 700 29.11' 11.9 112 29.6
GOM 58 5/26/93 03:27 420 48.90' 700 37.83' 11.5 82 29.7
GOM 60 5/26/93 04:29 420 48.79' 700 46.66' 11.2 23 29.5
BATS 7/8/93 17:21 310 40.47' 640 05.63' 36.6
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Shelf water near the outflow of the Kennebec and Merrimack Rivers and in Lumbo's Hole

was sampled using a pole sampler and trace-metal clean techniques for photochemical

measurements and a 5 L Niskin for nutrient measurements. An additional sample was

collected in 5 L Niskins from 10 m depth at the BATS site southwest of Bermuda on the

RV Weatherbird II. All water was stored at room temperature in polyethylene containers in

the dark. Absorption and fluorescence measurements were made within four days of

collection.

Chemicals

HPLC grade dimethyl sulfoxide (DMSO), tert-butanol, n-octanol, reagent grade

sodium formate and 3-amp were obtained from Sigma-Aldrich. Reagent grade sodium

nitrite was purchased from Fisher. All chemicals were used as received, except for the 3-

amp which was purified as described elsewhere (Caron and Blough, in preparation).

HPLC solvents were made up as previously described (Kieber and Blough, 1990a,b).

Water used in all experiments was from a Millipore Milli-Q system. Standard buffer was

0.2 M, pH 8.1 borate.

Nutrient Analysis

Samples were collected in polyethylene scintillation vials and immediately frozen to

-10 "C. Analyses were performed following the Technicon AutoAnalyzer method (1970)

in T. C. Loder's lab at the University of New Hampshire.

Absorption and Fluorescence Measurements

Filtered (0.2 pm) water samples were analyzed with a Hewlett-Packard 8451A

spectrophotometer using 5 cm cells and Milli-Q water as the blank (Blough et al., 1993).

Absorption coefficients were calculated using:

acDOM(X) = 2.303 A(X)/L (19)
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where A(,) is the absorbance and L is the cell path length in meters. Fluorescence

emission spectra were collected on a SLM-Aminco SPF-500C spectrofluorometer in 1 cm

cells with 4 nm excitation and emission bandpasses. Samples were excited at 337 and 355

nm and the resulting in Raman bands centered at 381 and 404 nm, respectively and an

emission peak at -450 nm. After the Milli-Q water blank was subtracted, the spectra were

normalized to the fluorescence of 0.01 mg/liter quinine sulfate in 0.1 N H2SO4 (qs).

Fluorescence is reported in normalized fluorescence units (N.Fl.U.) using the technique of

Hoge et al. (1993)

Fn(X) (N.Fl.U.) = [(Fsample: Rsample)/(Fqs:Rqs)] x 10 (20)

where X is the excitation wavelength, F the fluorescence peak height and R the water

Raman signal height.

Sample Irradiation

Irradiation solutions consisted of filtered sea water (0.45 p.m nylon syringe filter)

buffered with 10% standard buffer, and containing 5-100 mM of primary trap (DMSO, t-

butanol or octanol) and 200-250 gM 3-amp. In a 1 cm quartz cell, the sample was

completely deaerated (-5 minutes) with argon (99.995% purity, Union Carbide) passed

through an oxygen trap (Alltech). Irradiations lasted for 10 to 30 minutes at 310 nm

(unless otherwise noted) with continuous head space flushing. The output of a 1000 W

Hg-Xe arc lamp was passed through a Spectral Energy GM 252 monochromator set to a 10

nm bandpass. Lamp intensities were measured with an International Light 1700 research

radiometer with a SUD 400 photodetector, calibrated for the specific experimental set-up

using potassium ferrioxalate actinometry as is described elsewhere (Caron and Blough, in

progress). After irradiation, 2 ml of sample were derivatized with 200 pl. of fluorescamine

(5 mM in acetonitrile) in an all-Teflon vial.
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Compound Detection and Quantification

The HPLC method of Kieber and Blough (1990a,b) was used to analyze the

trapped compounds. Compounds were detected with a Spectroflow 783 absorbance

detector set to 390 nm and a Hitachi Model F1000 fluorescence spectrometer. Excitation

and emission monochromators of the fluorometer were set to 390 and 480 nm,

respectively. Fluorescence peak areas were converted to concentrations by first multiplying

by the absorbance to fluorescence peak area ratio, and then using an absorbance standard

addition curve created with known concentrations of 3-amp:

Cstd  * F-s = Cs  (21)
Fstd As

where F is the fluorescence area, A the absorbance area for the peak of interest, and C the

concentration of the sample (s) and standard (std).

Results and Discussion

Nutrient Data

The nutrient values fell within a fairly narrow range (Table II). Absorption by

nitrate and nitrite is less than 0.5% of the total absorption of the samples (calculated using

extinction coefficients from Zafiriou and True, 1979 and Zafiriou and Bonneau, 1987).

Table II. Nutrient Dataa
Stn # Depth NO 3- + N02- N2- NO3-b

(m) (&iM) (1M) (EM)
10 1.3 0.26 0.08 0.18
12 1.8 0.07 0.04 0.03
14 1.2 0.10 0.04 0.06
16 1.6 0.04 0.05 0.0
18 1.8 0.15 0.04 0.11
22 1.3 0.45 0.09 0.36
32 1.8 0.10 0.09 0.01
54 1.6 0.06 0.04 0.02
56 1.1 0.45 0.07 0.38
58 1.5 0.15 0.06 0.09
60 1.6 0.12 0.13 0.0
aData provided by T. Loder. bBy difference of N03- + NO2 and N02-.
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Absorption and Fluorescence Measurements

Absorption and fluorescence spectra and ratios closely matched those for other

North Atlantic samples (Table III). For the Gulf of Maine water samples, only slight

deviations from linearity were found in the relationships between salinity and aCDOM at

310, 337 and 355 nm (R2 = 0.934, 0.917 and 0.898, respectively) (Fig. 1), and salinity

and Fn at 355 nm and 337 nm (R2 = 0.902, 0.792, respectively) (Fig. 2).

Table II. Absorption and Fluorescence Data
Sample ID aCDOM( 3 10 ) aCDOM( 33 7 ) aCDOM( 35 5 ) Fn(337) Fn(355)

m-1 m-1 m-1 N.F1.U. N.F1.U.
GOM 10 0.623 0.357 0.268 1.32 0.872
GOM 12 0.918 0.595 0.523 1.98 1.25
GOM 14 1.573 0.985 0.795 2.97 1.98
GOM 16 2.154 1.357 1.031 4.29 2.69
GOM 18 2.438 1.564 1.194 4.79 3.31
GOM 22 3.470 2.253 1.700 7.23 4.63
GOM 32 0.125 0.437 0.380 1.73 0.975
GOM 54 1.895 1.170 0.896 3.50 2.19
GOM56 1.977 1.193 0.888 3.58 2.46
GOM58 2.109 1.329 1.025 3.61 2.34
GOM 60 2.222 1.371 1.036 4.06 2.79
BATS 0.099 0.066 0.040

These results indicate that the fluorescence and absorbance are mainly due to riverine

organic matter that is being diluted into the sea water. Deviations from linearity in

absorbance or fluorescence to salinity relationships may be due to photobleaching of the

riverine material with time spent at the surface, biological production of distinct or

additional CDOM in situ, or upwelling of high salinity water masses which have picked up

CDOM from the bottom sediments (Blough et al., 1993; Carlson and Mayer, 1983). Very

good linear relationships were found between aCDOM and Fn at 337 and 355 nm (R2 =

0.979 and 0.977, respectively) (Fig. 3) These relations are close to those found by Hoge

et al. (1993) for other Western North Atlantic sites and furthers their finding of only slight

variations in the fluorescence per unit absorption (or quantum yield) of marine waters.
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Figure 1. Correlation of absorption coefficient at 310, 337 and 355 nm (m-1) with salinity
(%o/) for the GOM samples.
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Figure 3. Correlation of absorption coefficient at 310, 337 and 355 nm (m-1) with
fluorescence at 337 and 355 nm (N.Fl.U.) for the GOM samples.
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Method Evaluation

No background problems were encountered, but day to day variability has not yet

been eliminated. Dark reactions contributed less than 1% of the methyl radical fluorescence

peak area (as measured by dark blanks). The background production rate of methyl radical

from photolysis of CDOM (0.66 nM/min in GOM water and 0.65 nM/min in BATS water

at 310 nm and a light intensity of 1.1 x 10-8 E/cm 2sec) is also negligible compared to the

signal generated in the presence of DMSO as a primary radical trap (Fig. 4). The

background methyl radical production rate was about three fold lower in Milli-Q water

(0.46 nM/min). The methyl radical signal increased with increasing concentration of 3-amp

up to 200 gM 3-amp at which point the methyl radical signal flattened out. This indicates

that above this concentration, 3-amp is present in enough excess to quantitatively trap the

methyl radical. Concentrations of 200-250 gtM were used in the experiments reported here.

Generahy runs on a single day showed good agreement (± 25%) and the data discussed

below comes from such runs. Experiments on different days showed up to a factor of five

variability. The cause of this variability has not yet been determined, but might be due to

small amounts of product-destroying cleaning acid remaining in incompletely rinsed

reaction vessels.

DMSO as Primary Trap

When various amounts (0.5 to 11 mM) of DMSO were added to the sample before

irradiation, the methyl radical fluorescence peak area increased, corresponding to the

production of secondary methyl radicals by reaction (14). The production rate reached a

plateau after the addition of 5 mM DMSO (Fig. 5) at a value of 54 nM/min. Irradiation of

buffered Milli-Q water for 10, 20 and 30 minutes with DMSO as the primary trap, resulted

in hydroxyl radical production rates that were constant within experimental error indicating

that the amount of hydroxyl radical trapped increases linearly with time. Unlike the results

for the primary production of methyl radicals, irradiations of three different types of
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Figure 4. Log-linear plot of HPLC fluorescence chromatograms illustrating the pattern of
adduct formation produced by an irradiation of GOM #18 water at 310 (± 5)
nm. Initial 3-amp concentration was 250 gM; light intensity was 1.1 x 10-8
E/cm2sec except for a. Adduct designations ar as follows: N=3-amp,
H=hydroxylamine, A=acetyl radical, M=methyl radical. a is a dark blank, b is
a light blank, and c is with 5 mM DMSO added. Unlabeled peaks were caused
by fluorescent contaminants in the 3-amp. Hydroxylamine concentrations are
not quantitative.
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Figure 5. The effect of increasing concentrations of DMSO on the trapping rate of methyl
radicals (generated from reaction of hydroxyl radical with DMSO). All points
are from irradiations of GOM #18 water at 310 (± 5) nm and a light flux of 1.1
x 10-8 E/cm2sec with an initial 3-amp concentration of 200 gM.
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waters, GOM, BATS and Milli-Q with DMSO as the primary trap gave the rather uniform

results of 17.1, 16.7 and 23.5 nM/min, respectively. This suggests a problem (possibly

left over acid) with the technique, the presence of equal amounts of hydroxyl radical

producing CDOM in the two waters or another source of hydroxyl radical in the samples

which overwhelms the contribution of the CDOM-originated hydroxyl radical. Up to a

factor of five variability was found in runs on different days. An average of six irradiations

at 310 nm in GOM water that did not appear to be affected by acid or any other problems

results in a hydroxyl radical production rate of -45 (+ 10) nM/min.

Preliminary evidence from the irradiation of three different GOM samples (10, 18

and 22) shows that it may be possible to correlate absorbance and fluorescence with

hydroxyl radical production rate. There is a general trend of increasing hydroxyl radical

production rate with increasing absorption (Fig. 6), although clearly more data is needed

before it can be quantified. The non-zero x-intercept for the data set suggests blank

problems and not necessarily that hydroxyl radical is being generated.

Octanol as Primary Trap

Hydroxyl radical reacts with octanol (15) to form a suite of product carbon-centered

radicals that are trapped by 3-amp. Abstraction of a hydrogen atom from the carbon next to

the alcohol group in octanol leads to the formation of the 3-amp one electron reduction

product, the hydroxylamine. Abstraction of any of the other hydrogens should result in

stable alkoxyamine adducts. Consistent ratios of 0:5:6:1:1:1:1 were found for the six stable

alkoxyamine product peaks observed (Fig. 7) This differs from the ratios of the number of

protons on each carbon (2:2:2:2:2:2:3) because all of the protons are not extracted with

equal efficiency as has been seen previously (Asmus et al., 1973). As this is a region of

changing HPLC gradient, the varying quantum yields of the alkoxyamines in different

solvents effect the peak ratios (although by no more than a factor of two) (see Chapter 1,

Table I. for quantum yields of 3-amp in methanol and buffer.)
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Figure 6. Correlation of absorption coefficient (m-1) and fluorescence from excitation at
355 nm (N.Fl.U.) with the trapping rate of methyl radicals (generated from
reaction of hydroxyl radical with DMSO) for three GOM samples (#10, 18 and
22). All points are from irradiations at 310 nm, a light flux of 1.1 x 10-8
E/cm2 sec, an initial 3-amp concentration of 200 gLM and an initial DMSO
concentration of 5 mM.
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Irradiation in the presence of -5 mM octanol (due to the limited aqueous solubility

of octanol {4.47 mM, Tewari et al., 19821, the exact concentration present is not known)

resulted in an estimated hydroxyl radical production rate of 6.6 nM/min (achieved by

summing the area of the six peaks.) Irradiation at 360 nm instead of 310 nm resulted in

lower production rates, in accordance with the absorption coefficient at this wavelength.

t-Butanol as Primary Trap

Hydroxyl radical reacts with t-butanol (16) both by extracting a proton from one of

the methyl groups (95.7%) and by extracting the proton from the alcohol which rearranges

to generate a methyl radical (4.3%) (Asmus et al., 1973). These radicals are trapped by 3-

amp and elute at around 18.5 and 19 minutes, respectively, and in the expected ratio. Four

additional small peaks were observd as well which are probably due to contaminants in the

t-butanol as they do not increase with the addition of nitrite (Fig. 8) Preliminary studies

indicate that at least 50 to 100 mM of t-butanol are needed for complete trapping.

Product Check

The addition of 100 gM NO2- to the cuvette before irradiation with either octanol or

t-butanol as the secondary probe, resulted in a 50 to 100 fold increase in production rate

(Figs. 7,8) as expected due to the generation of hydroxyl radicals by NO 2- (2). In both

cases, the addition of nitrite resulted in increased production of the same compound peaks

that resulted from the primary traps alone, thus showing that these products are indeed the

result of reactions with hydroxyl radical. Dark blanks for octanol and t-butanol with N02-

showed no peaks in the region of interest.

Kinetics

The rate of hydroxyl radical consumption by natural scavengers can be arrived at

considering the following reactions:
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OH sources + hv OH > OH (22)

OH + ns Rn$ mostly Br2- in seawater (23)

OH + p P alkoxyamines (24)

where POH is the production rate (s-1) of hydroxide radical and Rns and Rp are the rates of

consumption (M-Is -1) by natural scavengers (ns) and probe compounds (p), respectively.

In the presence of probe compounds,
d[OH]

= POH -k' ns [OH] 'ss-kp[P] [OH] 's, (25)
dt

where k'ns and [OH]'ss are the pseudo first order rate constants (s- 1) and hydroxyl radical

concentration (M), respectively, in the presence of the probe (which can cause a decrease in

the steady-state concentration of hydroxyl radical due to an increased sink), kp is the rate

constant (M-is -1 ) and [P] the concentration of the probe (M). At steady-state (which is

rapidly achieved as all of the

species involved are very reactive), the rate of change of hydroxyl radical with time is equal

to zero. Taking this into account and solving for [OH]'ss in (25) leads to

[OH] 'ss POH (26)
k' ns + kp [P]

Taking the rate of probe consumption (and trapped methyl radical production),

Rp = kp[P] [OH] 'ss (27)

rearranging and substituting into (26) gives

kp [P] POH (2)

k'ns + kp[P]

A linear transformation arrives at
1 1 k' 1-1 lns -+ - (29)

Rp [P] POHkp POH

A plot of inverse production rate of methyl radical versus inverse DMSO concentration

(1/[P]) in GOM # 18 water (Fig. 9) results in a k'ns of 2.6 x 106 s -1 (recall kp=7x10 9 M-is -

1 for DMSO). This matches the k'ns value obtained by Zhou and Mopper of 2.4 (+ 0.2) x

106 s-1 in coastal seawater. Also obtained is the laboratory hydroxyl radical production rate
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(9.9 x 10-10 M s-1 ), from which it is possible to calculate the natural water hydroxyl

radical production rate in the GOM samples by dividing by laboratory photon fluxes

(obtained using potassium ferrioxalate actinometry) and multiplying by the clear-sky,

summer noon photon fluxes at 40*N (Zepp and Cline, 1977)

POH(exp(}) * E(40'N(J})
POH(40'N )}) * E (30)

E(exp( ))

where E is the photon flux of either 40*N or the experiment (exp) for a given wavelength,

.. From this calculated production rate (Table IV), the steady-state surface hydroxyl

radical concentration can be calculated as follows. In the absence of probe compounds, the

rate of change of hydroxyl radical concentration (25) becomes
d[OH]d[ = POH - k' ns [OH] ss (31)

dt

which at steady-state gies

[OH]ss = POH (32)
k' ns

The values obtained in this manner agree well with those obtained from single experiment

values at a number of wavelengths (Table IV). Rearranging (26) leads to

(k' ns + kp[P])Rp
POH =

kp [P]

which, when substituted into (32) gives

[OH]ss = (ns +kp[P)Rp (33)
k'ns *kp[P]

Again we normalize to clear-sky, summer noon photon fluxes at 40*N.(Zepp and Cline,

1977)

[OH]ss(exp{X}) * E(40'N,)(})
[OH]ss(40'N{X}) = (35)

E(exp{I})

the resulting average value between 310 and 400 nm is 2.4 (t1.1) x 10-18 M which is

about a factor of four to five smaller than values obtained by Zhou and Mopper (1990) of

9.5 to 13.5 x 10-18 M for coastal sea water.
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The hydroxyl radical production rate, POH, can be calculated from the steady-state

concentration, [OH]ss, and the natural scavenger rate constant, k'ns (s-1) using (33). The

resulting average value (Table IV) is also about a factor of 10 lower than that obtained by

Zhou and Mopper (1990). This is due, in part, to the fact that these values are calculated

using solar photon data from 40* N whereas Zhou and Mopper (1990) use values for 26*

N.

Table IV. Hydroxyl Radical Production Rate and Steady-State Concentration
wavelength [OH]ssa  POHa

(nm) (M (MMs-1)

275 (one value) 5.74x10-18  1.51x10-23
310 (linear fit) 2.48x10- 18  6.52x10- 12

310(one value) 3.02x10- 18  7.95x10-12
350 (one value) 1.52x10- 18  4.00x10-12
390 (one value) 1.26x10- 18  3.32x10-12
400 (one value) 3.67x10-18  9.64x10 - 12

average (suigle
measuren.ents) 2.4(±1.1)x10-18 6.2(+.3.1)x10- 12

(310-400)
a Using clear-sky summer photon fluxes at 40°N (Zepp and Cline, 1977).

A quick check for the influence of 10 mM HCO2- (5) showed about a five-fold

decrease in hydroxyl radical trapping rate due to HC0 2 -comparing two 20 minute

irradiations at 310 nm, one with and one without HCO2-. The presence of an additional

sink, in this case formate, results in the following modification to equation (29)

1 1 (k'ns+k'f) 1 1 (kns +kf[F]) 1 (30)
+ - = + (30)

R'p [P] POHkp POH [P] POHkp POH

where k'f (s- 1) is the pseudo first order reaction rate constant for hydroxyl radical with

formate, kf (M-Is-1) the rate constant, [F] the concentration of formate and R'p the rate of

consumption (M-ls-1) of probe in the presence of formate. Rearranging (30) we can solve

for k'f

k ( ns + (R'p - POH)k [P])(31)
R'P
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Figure 9. Double reciprocal plot of the effect of increasing concentrations of DMSO on
the trapping rate of methyl radicals (generated from reaction of hydroxyl radical
with DMSO). All points are from irradiations of GOM #18 water at 310 (± 5)
nm and a light flux of 1.1 x 10-8 E/cm2sec with an initial 3-amp concentration
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The value obtained in the one experiment was kf = 16 x 109 M- 1s- 1 which is about five-fold

faster than the literature value of 3.2 x 109 s-lM -1 (Buxton et al., 1988). This indicates that

there was a problem with this competitive kinetics experiment which is not surprising given

the observed variability in results.

Wavelength Dependence of the Hydroxyl Radical Production Quantum Yield

Previous researchers have shown that there is a strong wavelength dependence of

the hydroxyl radical production quantum yield (Mopper and Zhou, 1990). The

measurements from our experiments follow the same pattern, but result in values higher by

about a factor of 10 (Fig. 10). Until the uncertainty in our technique is worked out, it is

not possible to tell if there is really a conflict between these values.

Relative Contribution of N03-, NO2- and other sources to I OH

The relative contribution of N03-, N02- and other sources (including CDOM

photolysis) to POH can be calculated from their concentrations and rate constants. When

concentrations of nitrate and nitrite (Table II) are multiplied by the production rate constants

that Mopper and Zhou (1990) calculated for nitrate (3.0 x 10-13 Ms-1/tM NO3-) and nitrite

(2.3 x 10-11 Ms-1/iM N02-), they only account for 0.53 and 15% of the production of

hydroxyl radical in GOM sample #18, respectively. The remaining -85% of the source

term in as yet unaccounted for, but could be due to CDOM photolysis is argued by Mopper

and Zhou (1990). The possible correlation between sample absorption and/or fluorescence

and hydroxyl radical production rate (vide supra) suggests a significant contribution by

CDOM photolysis.
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Conclusions

The relatively low background natural production rate of methyl radical (0.5 to 1

nM/min) without a primary trap makes this double trapping method feasible. Tests of the

method had favorable results. The addition of nitrite to the reaction mixture results in an

expected increase in the area of the fluorescence peaks, indicating that it is indeed hydroxyl

radical that causes the HPLC fluorescence peaks. Competitive kinetics calculations result

in a calculated k'ns that is identical, within experimental error, to that obtained by Zhou and

Mopper (1990) using two different trapping methods in coastal seawater. Addition of

formate causes a decrease (of a factor of two more than expected from literature results) in

the trapping efficiency of DMSO as is expected as it is a competitor for hydroxyl radical.

The large amount of variability between runs has interfered with the results, but can

probably be eliminated with more method development work.

Within the uncertainty of the technique, there does not appear to be an increase in

the hydroxyl radical production rate of Milli-Q, BATS, and GOM #18 water with

increasing sample absorption coefficient. However a single experiment comparing three

different GOM samples (#10, 18, 22) did show a correlation between absorbance and

hydroxyl radical production rate.

The values obtained here do not closely match other literature values. Hydroxyl

radical production rate and steady-state concentrations were about an order of magnitude

lower than those calculated by Zhou and Mopper (1990), although this may be due to

latitudinal differences (vide supra). Quantum yield values were about an order of

magnitude higher than those of Mopper and Zhou (1990). More detailed work is needed to

recognize the full potential of this method.

Future Work

A central question in interpreting these results is the reason for the similarity of

hydroxyl radical production rates obtained for GOM #18, Milli-Q and BATS waters. This
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needs to be investigated further. Also, a thorough study of reproducibility needs to be

done to improve consistency between days and irradiations. To do this a number of

irradiations using constant primary trap and 3-amp concentrations should be done on a

single sample. Experiments employing different primary trap and nitroxide concentrations

should be performed to test these results further. A detection limit study should be

undertaken using a well defined hydroxyl radical source such as nitrite to see if some of the

measurements here are in the noise level. A systematic model study of hydroxyl radical

production quantum yields should be undertaken so that experimental results can be

compared with natural waters irradiated with sunlight. Also, some terrestrial water samples

should be analyzed to expand the area of relevance of the study. In addition, the effects of

metals, such as iron, on hydroxyl radical production rates (8) could be studied using this

method.

'Id~^I I--
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Appendix II: Humic Acid Fluorescence Lifetime Study Utilizing Time-

Resolved Single Photon Counting

Introduction

The photochemistry and photophysics of chromophoric dissolved organic matter

(CDOM) (and humic acids (HA) as a subset) found in natural waters are of interest for a

number of reasons. In addition to playing a part in the geochemical cycling of carbon

species (Introduction), and its potential importance in the production of hydroxyl radicals

(Appendix I), it has been shown that CDOM can act as a direct sensitizer in reactions with a

number of organic pollutants. Sensitizers are compounds which absorb light directly, and

then either transfer the energy to oxygen or other compounds to initiate reactions or

produce reactive transient intermediates (free radicals) that react with other compounds.

CDOM can act as a sensitizer for both dissolved (Zepp et al., 1985) and sorbed compounds

(Fisher et al., 1987, and references therein,; Zepp et al., 1981a,b; Amador et al., 1989;

Gauthier et al., 1986). This is of interest as a number of studies have shown that organic

pollutants, including polycyclic aromatic hydrocarbons and some pesticides, extensively

sorb to CDOM (McCarthy and Jimenez, 1985; Hatcher et al., 1993; Carter and Suffet,

1982; Chiou et al., 1986). To better understand the photophysics and photochemistry of

these materials, and quantify CDOM sensitization of organic pollutant reactions, it is

necessary to know the kinetics of both quenching and sensitization. In addition, studies of

the photophysical lifetimes and emission energies can give insight into the properties and

nature of the underlying chromophores of the CDOM and how they are influenced by

changes in solvent matrix such as salinity and pH.

Some of the transient intermediates produced in CDOM photochemistry have been

identified (solvated electron, radical cations, triplet states; Power et al., 1987). However,

all of the previous measurements of fluorescence lifetimes were performed with equipment

that was laser pulse-width limited and therefore was not able to examine lifetimes shorter

-41111YlrlYYIIYIIIYI l~b~ 1'16 il illillilimloommi~" -



82

than hundreds of picoseconds (Milne et al., 1987). The apparatus used here allows

examination of lifetimes down to -20 picoseconds and a significant population of the

CDOM chromophore lifetimes were found in this range. The following work examines the

fluorescence lifetimes of two different humic acids both in seawater and buffered Milli-Q

water at two excitation wavelengths and a suite of emission wavelengths.

Theoretical Development

Mechanisms

There are two deexcitation pathways that produce photons from excited state

CDOM (1) (denoted as CDOM*). In addition to direct fluorescence from the singlet state

(2) which we measured, CDOM can undergo intersystem crossing (ISC) to the triplet state

and phosphoresce (3-4). Since ISC involves a non-allowed electron spin flip, the triplet

state (and thus phosphorescence) exhibits longer lifetimes than direct fluorescence.

1CDOM + hv - 1CDOM* (1)

1CDOM* kF(O = - 0.01) ) hv + 1CDOM (2)

kS 3CDOM* (3)
k

3CDOM* PH hv + 1CDOM (4)

In competition with the photon-producing deexcitation pathways are the various

dark pathways. These unimolecular reactions include internal conversion (IC) within the

molecule either from the singlet state (5) or inter-system crossing (ISC) from the triplet

state after ISC from the singlet state (6) and direct photochemical reactions to make a

product (P) (7,8). Bimolecular reactions include short-range collisional transfer (SRX)

(9,10) and long-range, Firster transfer (LRX) (11,12) to an acceptor molecule (A).

Unimolecular Reaction

ICDOM* kIC > 1CDOM (5)

3CDOM* kISC4 1CDOM (6)
k

ICDOM* P P (7)
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k
3CDOM* P ) P (8)

Bimolecular Sensitization

ICDOM* + IA ksRx 1CDOM + IA* (9)
3CDOM* + 3A kSRX , 1CDOM + 3A* (10)

ICDOM* + 1A kLRX , ICDOM + 1A* (11)

However, normally these reactions (9-11) do not occur because the lifetimes are too short

and the concentrations too low. The most common mechanisms are fluorescence, internal

conversion, intersystem crossing to the triplet, intramolecular quenching and product

formation.

Quantum Yields and Lifetimes

Both steady-state and time-resolved experiments give information on the

photophysical parameters of chromophores. The combination of the two can yield even

more information. Here we will explore the measurements and calculations necessary to

obtain as many parameters as possible from a combination of steady-state and time-

resolved measurements for two chromophores. Later we will demonstrate it for HA

lifetimes divided into three groups.

Different chromophores generally absorb differently at a given wavelength (Fig. 1)

and can emit light at distinct or identical wavelengths (Fig. 2,3). The theory for both cases

will be developed after some basic definitions.

Basic Definitions

The fluorescence quantum yield, 0, of a species is related to the ratio of photons

emitted to those absorbed (12) which is also the ratio of the fluorescence, or radiative, rate

constant to the sum of all rate constants, radiative and non-radiative (13).
number of photons emitted

= (12)number of photons absorbed
kF kr (13)

kF + kSC + kIC + kp + kSRX[A]+ kLRX[A] kr + knr

ruM ll IIiIIIIIY InYII-~~- -I' ~ ----
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Figure 1. Plot of two stylized chromophores with distinct absorption spectra.
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The total quantum yield of a multi-component system such as humic acids can be

determined experimentally with respect to a compound of known fluorescence quantum

yield such as quinine sulfate,

T = FsAqsqs (14)
AsFqs

where OT and 4 qs are the quantum yields of the mixture and quinine sulfate (qs),

respectively, A the absorbance at the excitation wavelength and F the integrated

fluorescence of the sample (s) or quinine sulfate (qs).

When analyzing a mixture of chromophores, it is necessary to know the fractional

absorption contribution, ci, of each component at the excitation wavelength used before the

individual component quantum yields, Oi, can be calculated, as

OT = c ii (15)

where, by definition,

cji(k) = 1 (16)

Steady-state fluorescence spectra are used to calculate the total quantum yield, Tr,

and also give the photon per wavelength information necessary to gain more information

from time-resolved fluorescence measurements. Time-resolved fluorescence spectra

consist of an initial rise due to the laser pulse and then an exponential decrease in photon

counts with increasing time after the pulse (Fig. 4). Individual lifetimes are deconvoluted

using an exponential fitting program. The output of the program consists of the lifetimes

and the contribution of each lifetime to the whole as is consistent with an exponential fit of

the form
1

00 -t
< >= ae 1 = alzl (17)

0

for one fluorescent component and
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1
0-t

< >= flai())e i = lai(k)i (18)
0

for three fluorescent components where <t> is the average lifetime, t is time, ti is the

lifetime and ai (X) the fractional amplitude of the ith fluorescing component at wavelength,

X. By definition

lai(k) = 1 (19)

The fluorescence lifetime of a component, ti, is determined by the reciprocal of the sum of

the rate constants

' i = 1 (20)
kr + knr

It should be noted that the value of ti is dependent on the mechanism of deexcitation and

is generally constant over all emission wavelengths for a given component. We can now

relate 0i and ti by taking the ratio of (13) to (20) and rearranging to get

(i = tikr (21)

The fractional fluorescence contribution of an individual component at wavelength

X, fi(X), to the total time-resolved fluorescence can be calculated from the time-resolved

data as follows

fi(k) = ) (22)
7'iai (X)

This can be converted into the fraction of total steady-state fluorescence, Fi(,) by

multiplying fi(X) by the total fluorescence at each wavelength, FT()

Fi (X) = fi(k) * FT (,) (23)

These are all of the basic quantities that will be used in the following discussion.

Calculation of ci and 0h when all components have identical emission spectra

In the case of a multi-component system in which all of the components have

identical emission spectra (Fig. 2),

OT = ci i(X) (24)

rillYI~l -- 111 111 ___m. _m~ .
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as the relative time-resolved fluorescence contribution of each of the components is

constant with emission wavelength (Fig. 5). Thus, the ratio of the quantum yield of

(fluorescence by) an individual component to the total quantum yield (fluorescence) is
cii (X)_ Fi(X) -iX) = ai (,)ti (25)

OT FT(L) lai (-)ri

In a two component system, the ratio of the first and second components leads to
cl l_(*), T - al (X).i 1 * ai(X)'ti (26)

OT c2 )2 () ai()'ti a2 ( )t 2

which simplifies to
c101() - a, (X)t;1  (27)
c2 2( ) a2 (,)t 2

Substituting in (20) leads to
clTl(X)krl - a ()1 (28)
c212 (X)kr2  a2 (,)t 2

If the radiative rate constants, krl and kr2 at, the same, then
cl a1 ) (29)

2  a2((29)

and, recalling (16,20)

cl=al(X) and c2=a2(X) (30)

Substituting into (25) we obtain,
F_(_) _ F2(X) T

01() = and 02 2 () = (31)
al (X)FT(,) a2 ()FT ()

which can be calculated as we can measure al(X),a2(,),OT,FT(,) and calculate Fl(,),F2(,)

from FT(,), al(X),a2(),'tl and t2. More generally for systems of greater than two

component chromophores with identical emission spectra

ti4T iFil
i= i(32)

FT

If krl and kr2 are not the same, then it is necessary to collect data at two excitation

wavelengths to calculate the individual quantum yields, Oi.

In the more common case of a multi-component system in which the individual

chromophores have distinct emission spectra, the process of calculating the individual
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quantum yields is a bit more complex, but can still be done as long as all of the lifetimes

can be satisfactorily resolved and data is collected over all relevant emission wavelengths.

Calculation of ci and qi when all components have distinct emission spectra

In the more common case of a multi-component system in which the individual

chromophores have distinct emission spectra (Fig. 3), the process of calculating the

individual quantum yields is more complex, but can still be done if fluorescence lifetimes

can be resolved and are determined for all relevant emission wavelengths.

For this case, (15) holds true, but (24) no longer does,

OT # ci4i() (33)

as the relative time-resolved fluorescence contribution of each of the components changes

with emission wavelength (Fig. 6). We find it convenient to define

f i' () - - a ) (34)
Ti  lai (,)1 i

In order to compensate for the distinct emission spectra of the individual components, we

must calculate the sum of Fi(k) over all emission wavelengths

Fi = Fi())dX =i fi fi' (X)F(X)dA. (35)

so that now

FT = ZiFi (36)

In this case, the ratio of the quantum yield of an individual component to the total quantum

yield is equal to the ratio of the fluorescence due to an individual component to the total

fluorescence of all of the components
cii _ F _ Fi' (37)i-i (37)
OT FT F

Substituting in (15) leads to
cizikri _ ziFi '- r F (38)
OT F

Which rearranges to

ci Fi'T (39)
kriF
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In a two component system, the ratio of the first and second components leads to
cl _ Fl' PT , kr2FT

(40)
c2  krlFT F2' T

If the radiative rate constants, krl and kr2 are the same, then

c- F1' (41)
c2  F2

and, recalling (15)

cl F' and c2 - F2' (42)
F 1' +F 2' F 1'+F 2 '

Rearranging (37) and substituting in (42) gives
t1 l(F 1 ' +F2' )(T and 02 =  (F' + F 2 ' )T (43)

FT FT

which can be calculated as we can measure 'l,t2,OT,FT and calculate Fl' and F2 ' from FT,

al(X),a2(X),'l and t2.

For a two component system, if krl and kr2 are not the same, then it is necessary to

collect data at two excitation wavelengths as well as all of the important emission

wavelengths in order to calculate the individual quantum yields, (i.

Thus, with a combination of steady-state absorbance and fluorescence data and

time-resolved fluorescence life-times, the quantum yields of individual components can be

calculated. It should be noted however, that in the case of SRHA and ORHA there may be

a continuum of components that are artificially grouped (into three categories for our data)

by the nature of the analysis.

Experimental

Reagents

Water used in all experiments was from a Millipore Milli-Q system. Standard

buffer was 0.2 M, pH 8.1 borate. Sea water was collected from 10 m depth at the BATS

site southwest of Bermuda on the RV Weatherbird II and stored at room temperature in the

dark. Suwanee River humic acid (SRHA) was purchased from the U.S. Geological
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Survey, Denver and used as received. Orinoco River humic acid (ORHA) was collected

and concentrated as described by Blough et al. (1993).

Apparatus

Time-Resolved

A mode-locked, cavity-dumped, synchronously-pumped Nd-YAG laser exciting at

290 nm (Rhodamine 6G dye, doubled) or 590 nm (Rhodamine 6G dye) was used to

perform single photon counting fluorescence measurements on humic acids (Chapter 2).

At the 290 nm excitation wavelength, <290 nm and >310 nm cutoff filters were placed in

front of the monochromator to reduce scatter. The monochromator was tuned between 350

and 650 nm; entrance and exit slits were adjusted to obtain a counting rate of 4000-5000

photons per second impinging on the photomultiplier tube. Before collecting lifetime data,

a rough emission spectrum of photon intensity versus wavelength was collected by

averaging a series of 10 to 15 readings from the photomultiplier bin readout at the

wavelengths of interest. Between 5000 and 10000 photon counts were collected for most

samples. For the experiment with excitation at 290 nm and emission at 650 nm only 1200-

1500 counts were collected due to the very slow photon emission rate at this wavelength.

Varying time bases were used (between 5 and 100 ns) to collect information on different

decay processes. Decay curves were deconvoluted and fit to three exponentials with

software described above (Chapter 2). The temporal resolution of this system is -20

picoseconds.

Steady-State

Absorption spectra were collected with a Hewlett-Packard 8451 A diode array

spectrophotometer (2 nm resolution), while steady-state fluorescence spectra were recorded

with an Aminco-Bowman 2 Luminescence spectrometer employing 4 nm excitation and

emission bandpasses, an excitation wavelength of 290 nm. Samples were thermostated to

.0i14lh
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230 C. Quantum yield measurements were made relative to quinine sulfate in 0. 1N H2 SO4

where (qs = 0.55 (14).

Sample Preparation

Sufficient Suwanee River or Orinoco River humic acid was added to Milli-Q water

or filtered (0.45 pm nylon syringe filter) sea water in a 1 cm quartz cuvette to achieve an

optical density of -0.1 at 290 nm. Some samples were deaerated with nitrogen before

analysis but, not surprisingly, this was found to be unnecessary for the short lifetimes

encountered (0.02 to 6 ns). In air-saturated aqueous solutions where oxygen is the primary

quencher, it only becomes efficient when the lifetimes of the compounds or interest are

close to the quenching rate of oxygen in solutions which is 20 to 50 ns.

Results and Discussion

Steady-State Measurements

As has been seen previously (Zepp and Schlotzhauer, 1981; Bricaud et al., 1981;

Blough et al., 1993), the absorption spectrum of humic acids consists of a featureless

exponential decrease in absorbance from the ultraviolet into the visible wavelengths (Fig.

7).

The rough emission spectrum of photon intensity versus wavelength from the laser

measurements is shifted about 50 nm to the blue (450 nm) from that obtained with the AB2

steady-state fluorescence instrument (500 nm) (Fig. 8). This offset may be due to the

gating of the photons measured on the time-resolved laser system which causes it to be

biased towards the shorter lifetimes. An effect has also been seen in the values of the

deconvolved fluorescence lifetimes on different time bases (vide infra).

The fluorescence quantum yield of SRHA in standard buffer (Table 1) was similar

to those measured by Zepp and Schlotzhauer (1981) and Green and Blough (submitted) for

a number of different soil and riverine humic materials. In addition to the total quantum
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yield (300 to 800 nm), two partial quantum yields were measured over the wavelengths at

which time-resolved fluorescence lifetimes were measured.

Table I. Fluorescence Quantum Yields
Quantum Yield over

Material 300 to 800 nm 350 to 650 nm 350 to 550 nm
SRHA 0.0030 0.0025 0.0019

Time-Resolved Measurements

Deconvolution

For both SRHA and ORHA, three lifetimes were clearly distinguishable using a

three exponential fitting program (Fig. 4). The output of the program consists of the three

lifetimes and the contribution of each lifetime to the total photon output, as is consistent

with an exponential fit (18) (Table II). Fitting with fewer exponentials was not tried, but

the program did not cause two of the lifetimes to converge to a single value (as it has done

with other compounds when they had fewer distinguishable lifetimes than the number of

exponentials selected for fitting.)

The use of different time bases for data collection caused some variation in the

lifetime values obtained. For the shortest lived component, rl, the use of a 5 ns timebase

resulted in values that ranged from 0.019 to 0.064 ns while use of 20 to 100 ns timebases

resulted in values between 0.046 to 0.28 ns. This is probably an effect of a preferential

weighting of the data available to the deconvolution and fitting program and the fact that

there is probably a large number of components that we are artificially grouping into three

categories. The short lived components are better resolved on a shorter timebase as they

constitute a greater portion of the fit; similarily, the long lived components are better

resolved on a longer timebase (Chapter 2).
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Table II. Time-Resolved Fluorescence Lifetime Data
Emission time 11 cl fl T2 c2 f2 T3 c3 f3
X(nm) base (ns) (%) (%) (ns) (%) (%) (ns) (%) (%)
SRHA excited at 290 nm

ORHA excited at 590 nm
650 20 0.018

350
350
360
360
370
380
390
400
410
420
430
440
440
440
440
450
450
460
470
480
490
500
510
520
520
530
540
550
550
650
650

5
20
20
5
5
5
5
5
5
5
5
5

20
40
100
5

20
5
5
5
5
5
5
5

20
5
5
5

20
5

20

90 10

excited at 290 nm
20 0.15
20 0.19
20 0.080

0.019
0.060
0.16

0.039
0.039
0.036
0.043
0.045
0.046
0.042
0.048
0.035
0.22
0.20
0.28

0.052
0.090
0.044
0.047
0.053
0.064
0.048
0.058
0.052
0.16
0.043
0.041
0.043
0.16

0.034
0.046

590 nm
0.022
0.030
0.033

85
71
59
67
68
69
66
65
66
67
64
71
61
64
69
64
70
64
64
63
61
67
64
64
67
67
69
69
67
87
88

9
11
14
6
6
6
5
5
5
5
4
4
12
13
18
5
9
4
4
5
5
5
5
5
12
5
6
5
12
18
21

0.50
0.78
0.96
0.51
0.51
0.49
0.49
0.50
0.49
0.48
0.51
0.44
1.5
1.5
1.8

0.50
1.2

0.48
0.49
0.47
0.51
0.47
0.51
0.44
1.2

0.39
0.38
0.43
1.2

0.37
0.64

0.50
0.48
0.52

0.57

1.4
1.5

0.72

12
26
36
27
26
24
26
26
25
24
26
19
29
28
25
24
22
26
26
24
26
22
25
25
24
22
21
21
23
10
10

35
52
50
33
30
26
24
23
21
20
19
15
41
41
42
18
36
17
16
16
17
17
17
17
34
17
17
15
31
22
32

3.5 2.4 58
3.3 3.1 57
3.5 2.8 53

7 27 3.7 2.7 63

5.4 11 56
6.1 10 54
3.9 7.8 60

SRHA in seawater excited at 290 nm
440 20 0.11 61 7 1.1 26 28 4.8 13 65

ith component. Chi 2 values

2.9
5.2
5.1
4.2
4.2
4.0
4.2
4.4
4.4
4.6
5.3
4.2
5.7
5.8
6.2
4.2
5.2
5.9
6.1
4.0
4.5
4.5
5.1
4.2
5.4
3.7
3.6
5.1
5.2
3.2
3.8

3.3
2.9
4.8
5.9
6.6
7.4
8.7
9.1
9.8
9.6
10
11

9.1
8.0
6.7
12

7.7
10
10
13
13
11
12
12
8.9
11
10

9.5
9.8
3.1
2.4

55
37
36
60
64
68
70
72
74
76
77
81
47
46
40
77
56
80
80
79
78
78
78
78
54
78
77
80
57
60
47

SRHA
640
650
660

excited at
20
20
20

ORHA
440
550
650

ti is the lifetime, ci the contribution, and fi the fractional contribution of the
were between 0.93 and 2.7 for this data set.
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Wavelength Dependence of Fluorescence Lifetimes

As expected, (vide supra) fluorescence lifetimes were nearly constant across all

emission wavelengths examined (Fig. 9) The anomalously short lifetime at 650 nm may be

real, but could also result from the collection of a lesser number of counts at this

wavelength. The intermediate lifetimes, r2, ranged from 0.37 to 0.51 ns on the 5 ns

timebase (0.63 to 1.8 ns on 20 to 100 ns timebases), and the shortest lifetimes, l1, ranged

from 34 ps to 64 ps (with one 19 ps value) on the 5 ns timebase (46 to 280 ps on the 20 to

100 ns timebases) (Table I). All except for the single 19 ps value are above the detection

limit of about 20 ps.

Individual Chromophore Contribution to Time-Resolved Fluorescence and Quantum Yields

The fractional contribution to time-resolved fluorescence, Fi(X), varies with

emission wavelength as is expected for chromophores with distinct emission spectra (Fig.

6,10). FI(X) remains relatively constant across the wavelengths examined, while F2 (,)

decreases from 350 to 550 and F3(X) increases to a plateau (and maybe decreases to 650

although this data point is questionable as discussed above.) Thus the second set of

equations, (33) to (44), is used to calculate the component quantum yields.

Table III. Calculated Relative Absorption and Quantum Yields for each Componenta
350 to 650 350 to 550

Component ci ci

1 0.68 2.0x10-4 0.67 1.4x10-4
2 0.227 2.1x10-3  0.234 1.6x10-3
3 0.095 2.0x10-2  0.100 1.5x10-2

aAssumes that all components have the same radiative rate constant, kr.

The results indicate an insensitivity to the wavelength range used in the calculations which

suggests that the Fi(X) are not dependent on emission wavelength (Fig. 11).
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Figure 9. The three deconvoluted fluorescence lifetimes of SRHA in standard buffer vs
emission wavelength. T2 values are multiplied by 5 and T3 values by 10 to
make trend comparison easier. Excitation was at 290 nm.



103

- mm M• • • •
0 fl (lambda)

* f2(lambda)

m f3(lambda)

n

S 0 0 MM 0 M 0 0 0 0 r M M0 M

.9 - - - -

340 380 420
.46
460 500

. I

540 580 620 660

Emission wavelength (nm)

Figure 10. Wavelength dependence of the fractional fluorescence contribution of the
three component species of SRHA for excitation at 290 nm.

I85

80

75

70

65

60

55

50

45

40

35

30

25

20 -

15

10-

5:



104

Contribution to Steady-State Fluorescence

Of great interest are the fractional contributions of the three components. From the

time-resolved data, the fractional contribution of each of the three individual lifetimes to the

total steady-state fluorescence was calculated (22). The shortest lived component, tl,

represents between 61 and 85% of the total decay. However, its contribution, fl, to the

steady-state fluorescence is only 4 to 21%. Thus steady-state measurements grossly

misrepresent the abundance (and also the importance) of the short-lived, picosecond time

range components. Multiplying the fractional contribution of each fluorescence lifetime by

the fluorescence intensity at the corresponding wavelength leads to a graphic comparison of

this issue (Fig. 11).

Comparisons between types of HA and solvents

The differences between excitation at 590 nm and 290 nm with emission at 650 nm

on a 20 ns time scale are minimal for SRHA (Table II). No large differences were

observed between SRHA and ORHA fluorescence lifetimes, and the change of solvent

from buffer to seawater does not result in a discernible difference. These results agree with

the results of Milne et al. (1985) who found very little variation between several types of

CDOM in solutions of different pHs and salinities.

Comparison with other workers

Previously Milne et al. (1987) found that they could fit their data with a single

exponential decay. We can compare our data with theirs by recombining the three

individual exponentials into an average lifetime, <t>, (2). This study's average lifetimes

for ORHA (3.21-3.53 ns), SRHA in buffer (3.45 ns) and in seawater (3.37-3.41 ns) at

650 nm show only slight variations 3.4 (± 0.2) in agreement with results by Milne et al.

(1987). However their values, 2.2 (± 0.2) at 460 nm, differ significantly from those of
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this study, 4.55 - 4.75 ns for SRHA in buffer at 460 nm. This may be due to the different

time scales investigated.

Conclusions

The above data show that at least three individual lifetimes can be distinguished by

iterative deconvolution. The majority of fluorescent chromophores in HA have very short

(20-60 ps) lifetimes. From steady-state quantum yields and time-resolved fluorescence

data across a suite of emission wavelengths the individual chromophore quantum yields can

be calculated assuming identical radiative rate constants. Shorter fluorescent lifetimes for a

given chromophore center within CDOM result in smaller quantum yields and may be

caused by very rapid competing intramolecular dark pathways such as energy or electron

transfer

Preliminary work investigating changes in time-resolved fluorescent lifetimes due to

different sources of CDOM (Orinoco vs Suwanee Rivers), solution types (seawater vs

standard buffer) has shown little variability due to these modifications. Excitation at 590

nm resulted in lifetimes,Ti, and fractional contributions, ci, for wavelengths above the

excitation wavelength (640-660 nm) that were similar to those resulting from excitation at

290 nm.

Future Work

The results of this study should be included in future models of the effect of

sensitization of compounds near or sorbed to CDOM as well as within individual CDOM

chromophores in the environment. Our work should be expanded to include excitation at

additional wavelengths, especially those in the solar ultraviolet and visible range. Also,

other portions of CDOM such as fulvic acids which constitute an important component of

marine organic matter. The application of deconvolution routines that can distinguish more

than three independent lifetimes to this data will help determine if the absorption and
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fluorescence spectra of CDOM is caused by a limited number of individual compounds

with broad spectroscopic characteristics or a continuum of individual species with narrow

ones. The utilization of a frequency modulated fluorescence spectrometer may assist in

answering a number of these questions.
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