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Abstract 

The aquatic photochemistry of two high-energy compounds was investigated 
as a part of a larger study of their environmental fate. Ammonium dinitramide 
(ADN) absorbs light < 400nm and degrades rapidly upon exposure to sunlight. Half- 
lives for the photolysis of ADN at the surface of a body of water were calculated as - 
six minutes for a location in Syracuse, NY. However, much of the light that degrades 
ADN directly is absorbed in the top layer of water; the half-life at a depth of 2m was 
calculated as 15 years. A model of the absorption of light passing through the water 
column in combination with quantum yields was used in order to compare predicted 
and observed rates in Onondaga Lake, with good agreement. Dark solutions of ADN 
were stable indefinitely and indirect photolysis did not provide a significant decay 
mechanism. 

Although quadricyclane did not photolyze in distilled water, it degraded if 
natural dissolved organic matter (DOM) was also present. This phenomenon was 
ascribed to the reaction of quadricyclane with hydroperoxy (HOO) and its conjugate 
base, Superoxide (02"). The kinetics of this reaction were tested through the use of an 
alternative HOO/02" generator, xanthine-xanthine oxidase and a probe, 
ferricytochrome C. 

Using quadricyclane as a probe, the pH dependence of the production rate of 
HOO/02" was determined for a commercial humic solution. Results indicated that the 
predominant mechanism of formation of HOO/02" was electron transfer from an 
excited DOM moiety to oxygen and not the reaction of oxygen with hydrated 
electrons, photejected by excited DOM. 

Additionally, the apparent quantum yields for the production of HOO/02" at 
four different wavelengths for four water samples was determined. Values for 
Cayuga Lake and Lake Ontario were very similar; those for Onondaga Lake were 
observably different. In contrast, the values for the Aldrich humic acid solution were 
significantly higher, confirming that commercial humic solutions may not serve as an 
appropriate model of fresh water humic solutions. Indirect photolysis of 
quadricyclane provided a significant pathway for breakdown. Furthermore, 
quadricyclane was deployed effectively as a probe of HOO/02" production rates in 
natural waters at a wide range of pHs. 
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Chapter 1 

Introduction 

0,96a„aP496M.97-l-035,Kisadaptedfromt»1ePhDd,senat,onofM,cheUeK. 

B^tvas^uaticPhoto«^^ 

(1999). 

pho,ochemica, «action. The« is evidence that direct photons provides a 

substan,ia,reactio„pa«^^^^ 

^«-^--^"^^--',,,,"■i,,,,,,"-,,,* 

light and propagates a chemical reaction. 

„ „rder to understand these photochemical reactions, several parameters mas, 

beknownoverthera»geofwave1engthsofintere,,het„,en,,yon,gh,,,hcamoUnt 

ofl,htahsorhedandtheeffic1encyof,hereac,ionu„derconsldera,ion.Thein,e„s,,y 

„nnct.enthgh.ma.hehetermine.ehherthronghchemicalacttnometr.orh.some 

water column may he measured or modeied through application of seattenng and 
.sorptionparameters.Th^antum.ie.dforthechemtcalonnteresrshouldhe.en 

indirectpho,o,ys,s, the appropriate parameter will actual* he an apparent quan,um 

yie,d that comprises the initial, «ght-indueed steps in the reactton. 



This report will dea. wtth an example of both direct and tndtrec, photolysts. 

^N (ammon.um dinitramtde, undergoes rapid pho,o,ys,s i„ d.stttied water solutions 

and this reaction is not accented by the presence of dtssoived organic ma,.er. An 

predicted vs. observed degradation of ADN at various depths in local lakes. 

Quadncyc,ane is a strained hydrocarbon tha, had previous* been suggested as 

a chemtca. energy storage species and more recentiy »as proposed as a Je, fuel 

Ahhough direct photoiysis in Hgh, >290nm (the minimum wavelength reachtng ,he 

earth's surface) is impossible, quadricydane does degrade when a solution of 

„uadncyc.ane and humic acid is irradiated. Experiments have shown that the 

chemical agent response for this reaction. The second order rate constant for the 

reaction of quadncyclane with these radicals was determined a, a variety of PHs, and 

production of hydroperoxy and Superoxide radicals in a given body of water was 

calculated. 

The background chapter will present some fundamental photochemical 

concepts tha« are necessary to the comprehension of the reported resuhs. Initially, a 

description of «he passage „flight through the atmosphere and in«o «he water cohtmn 

i, given. Details about «he kinetics of various photochemtca, reactions are provtded 

in addition «o «he identification of some of the important photosensitize, presen, in 



natural waters. Finally, specific information 

its involvement in the degradation of quadricyclane. 

about Superoxide radicals is given due to 

O        O 
I-   i- o     o 

<« +- N        N 

A-   A- 

Representative resonance structures of the dinitramide ion: 

2,7n4.6-, Quadricyclane(tetracyclo[3.2.0.0.^0-O]heptane 

Figure 1.1. Structures of (a) ADN, (b) Quadricyclane. 



Background 

Sunlight: 

■ Before initiating discussion of the mechanism through which photochemical 

reacüons take place at the earth's surface, it is essenüal to describe the charactenst.es 

of the light that is available. The intensity distribution as a function of wavelength 

depends on the presence of molecules that both absorb and scatter light in the 

atmosphere. As light enters a water body, reflection and refraction must be 

considered as well as the absorption and scattering within the water body itself. 

The sun may be treated as a black body radiator at 6000K (4). Planck was 

able to describe the energy distribution of a black body radiator by considering the 

electromagnetic radiation of wavelength X emitted by the black body to be due to the 

excitation of electromagnetic oscillators of wavelength X. He proposed that the 

energy of each oscillator was limited to discrete values (i.e. quantized) (5) and that 

the energy density in the range of X to X + dX is given by the Planck distribution:" 

87ihc 
d£, = pdX., where p = 

(1) 

x5 U%T-i- 

where % is the total energy divided by the total volume (energy density), 

p is the energy density distribution, 

h is Planck's constant (6.62 x 10"   Js), 

c is speed of light in vacuo (3 x 108 ms"1), and 

k is Boltzmann's constant (1.38 x 10"   J K ), 



Planck's distribution of the emission of a black body radiator matched 

experimental curves closely and is the basis for describing the quality of light 

reaching the earth's surface. Superimposed on this curve are the absorption spectra of 

gases in the solar atmosphere - the Fraunhaufer lines (4). 

Solar radiation that reaches the earth's surface must pass through the earth's 

atmosphere. Thus, the incident irradiation is a function of time of day and year, 

latitude, elevation, thickness of the ozone layer and concentration of particles in the 

atmosphere. Ozone is particularly important in dictating the characteristics of the 

light in the UV-B region (280-320 ran); values for the average ozone thickness can be 

obtained from sources such as London (6). This light is of critical importance to 

humans not only in terms of causing biological damage but also in terms of causing 

the direct photolysis of many chemicals. 

The attenuation of light in the atmosphere is due both to absorption and 

scattering. Computer models exist that allow prediction of solar intensities depending 

on time and latitude (4). The latest versions of these programs (GCSOLAR) include 

accurate descriptions of sky radiation in addition to seasonal and latitudinal variation 

in intensities (7). These models are certainly useful in predicting half-lives of 

chemicals, but for short-term field studies, a concurrent physical measurement of 

light flux is more appropriate. Neither cloud cover nor daily variation in ozone 

thickness is considered in most light models and yet this may be very important for a 

particular study. 



Sunlight may also be scattered by aerosols, gaseous moleeules aud dust in «he 

atmosphere. Scattering of light changes its direction but does not cause any 

conversion of energy. The extent of scattenng is a function of wavelength. The 

intensity of Rayleigh scattered light, defined as scattenng by parfic.es with diameters 

much smaller than the wavelength of «he incident light, is proportional to VX> (5). 

Thus, it is most pronounced in the blue and ultraviolet regions of the spectrum. 

Sikorksi and Zika reported .ha, the fraction of light from the sky (that is scattered, 

diffuse light) is greater than 50% in the UV-B region (8). 

The distinction between direct and diffuse light is important i» consideration 

of the path length of light both in the atmosphere and also in «he body of water. 

When solar radiation reaches the water surface, a fraction of h will be reflected. 

App.ying Fresne.'s Law, the fraction of direct light that is reflected by a flat water 

surface is < 0.1 at all values of solar zenith angle (z) until z approaches 90«. An 

average value for the fraction of diffuse fight that is reflected is 0.07 (4); this figure 

was reached by treating the sky as uniformly bright. Both of these reflection 

parameters were determined using a refractive index <„) vame of 1.34 for the air to 

water interface. This value actually only corresponds to light of wavelength 436nm. 

Ideally, the variation of n with X wou.d be included in a mode, of the behavior of 

fight, but over the wavelength range 290-400nm, n varies from 1.36 to 1.34 and so 

not much accuracy is forfeited (9). 



The refraction of light as it enters a body of water determines its path length 

and hence the extent to which absorption takes place as a function of depth. The path 

length of direct light is: 

k = D sec 9 

where k is the path length, D is the depth and 9 is the angle of refracüon, such that: 

smz /3) 
sin0 

It is apparent that the path length of direct light will vary with solar zenith angle and 

hence latitude, local hour and the declination angle. 

For diffuse light, an average path length in water may be determined by 

considering the sky as a luminous hemisphere of uniform brightness. Leifer describes 

this problem in detail (4); the result for diffuse light is that the average path length is 

equal to 1.2D. 

The absorption of light in the ocean is mostly due to the water itself and hence 

solar radiation in the blue region penetrates furthest (10). In bodies of fresh water, 

the absorption coefficient is greater due to the presence of dissolved organic matter. 

An exponential relationship between the absorption coefficient and wavelength has 

been observed in many samples of water; the absorption decreases with increasing 

wavelength (11,12). 

Scattering is not considered to be as important of a mechanism in water for 

UV radiation unless the sample is exceptionally turbid. Because the size of the 

particles is large in comparison to the wavelength of light, the process is fairly 



independent of wavelength. For most purposes, scattering in the UV region is 

deemed insignificant in comparison to absorption (7,10,13). 

Direct Photolysis: 

Direct photolysis involves the direct absorption of light and subsequent 

reaction by a chemical. The first law of photochemistry, the Grotthus-Draper law, 

states that only light that is absorbed by the reacting system can induce chemical 

change (14); Raman scattering is an exception to this law (5). In effect, there must be 

overlap in wavelength of the absorption spectrum of the chemical and the spectrum of 

the incident radiation. The second law, the Stark-Einstein law, dictates that each 

molecule that reacts must absorb one photon of light (14). Biphotonic processes, 

where the chromophore absorbs two photons consecutively are possible under 

conditions of very intense light such as lasers (15) but will not be considered any 

further in this paper. 

The quantum yield, fa, designates the efficiency of a photochemical reaction: 

.       moles that photoreact 

einsteins absorbed (4) 

where 1 einstein = 1 mole of photons, or equivalently: 

.       molecules that photoreact 
(f>x =  

photons absorbed 

In order to define a quantum yield, the intensity of the incident light must be known, 

and furthermore, the exact process under consideration should be defined. A 



quan«om vteld for «he production of some end-prodnc, may be defined, as ean a 

qUan«um yteld for the drsappearanee of an imtial reactant. These two v..«, «11 not 

necessarily match, as in the case of a chain reaction. 

For the photoreaction of some chemtcal, C irradiated by a monochromatic 

source: 
(6) 

'-• C-> products 
where I, ,s .he average nnmber of einsteins absorbed by the reactan, per untt volume 

and per unit time. Then, 

(-*[Q)   -AT rate of reaction = - 9x1ax 

la>. ~ W - 1F„E 
(8) 

whcre A is the surfie area of the irradiated vesse. and V is «he vohtme of that vessel, 

and a, waveiength X, I» is me intensity of «he incident fight (einsteins per nni. area 

per unit thne), F. is .he fracfion of inciden« figh. absorbed by «he enfire system and 

F«, is the fraction of .he absorbed Ugh« that is specified absorbed by the chemica,: 

(9) 

'"' _    s,.[C] (10) 
"•    0,,+EJCI 

where a, is «he mo.ar absorptivity of «he reactant a, wavelength X (M1 cm ), a, » .he 

attennation coefficient of «he sohttion in the absence of «he reac«an« (cm') and / is the 

path length of light in the reaction vessel. 

Using these basic equations, the kinetics of many photoehemtcal reactions 

may be described. There are also simplifications that faeilitate «his process. For 



instance, in a distilled water solution of chemical C, Fc5l =1 as all of the light that is 

absorbed by the system is in fact absorbed by C for low X. 

In the case of an optically thin solution, that is one where less than 2 % of the 

incident light is absorbed, a further simplification may be made. 

Rewriting FsX = [l-exp{-2.3038X[C]/}] = [l-exp(-2.303 Ab)] (11) 

where Ab = s^[C]/  (absorption) (12) 

,    (2.303 Ab)2    (2.303 Ab)3 

Then for small Ab, 1 - exp(-2.303 Ab) = 1 - (2.303 Ab) + ^ —-— - —- + ... 

Ignoring any but the first two terms leads to: 

FsX= {l-[l-2.303 Ab]} = 2.303 Ab (13) 

(14) 

Since s^, fa, I, (AN), I0\ are constants, this equation simplifies to a 1st order rate 

Hence, | ^j  = -2.303s JC]%I<u(^ 

equation with the form: 

^-«C] (,5) 

and hence a plot of ln[C] vs. t will yield a straight line with a slope equal to the first 

order rate constant, k: 

k = 2.303 Ioxsx ®x I (AN) (16) 

If the incident intensity, Io*. is known, then the quantum yield may be determined. 

Another limiting case is that of an optically thick solution of one chemical; 

one where the fraction of light absorbed, ¥s\, may be approximated to 1. For this to 

occur, the absorption, Ab, should be >2. For this situation, Fa =1 and so the rate 

equation becomes: 

10 



f^l =4 1 
V dt ; x V v J V 

(17) 

and hence the disappearance of C is described by zero-order kinetics as long as the 

solution remains optically thick. 

Experimental Considerations: 

From the equations above, it can be seen that the quantum yield of a chemical 

reaction can be determined once the incident light intensity, molar absorptivity and 

path length of the irradiation cell are known. The molar absorptivity is easily 

measured using a spectrophotometer. The intensity of the incident light may be 

determined most conveniently through the use of chemical actinometers. 

Actinometry relies on the well-described photoreaction of a reference 

compound under the same light conditions that are to be used in subsequent reactions. 

In most cases, potassium ferrioxalate as developed by Hatchard and Parker (16) is 

employed due to ease of use and its convenient wavelength range of 250-500nm. In 

this reaction, Fe(III) is reduced to Fe(II) under exposure to light; the concentration of 

Fe(II) is determined by monitoring the absorption at 510nm of Fe(II) phenanthroline. 

The determination of incident light is possible through knowledge of the quantum 

yield for the reduction of iron(III) and due to the optical thickness of the actinometer 

solution. 

11 



The final parameter that must be known is the path length of the irradiated 

cell. Zepp determined an experimental procedure for the measurement of the path 

length of a cell (17). 

The photolytic rate equation for chemical C in distilled water is (vide supra): 

dt ) 

A 

vVy 
{l-lO ,-MC]' (18) 

For the optically thick case, i.e. when ex[C]l >2, the equation is simplified to: 

-d[C] 
dt 

= <Mox 
max J 

A 
(19) 

The ratio, X, of the rate at any concentration [C] to the maximum rate is given by: 

Rate, in 
Rate 

(20) 
max / 

= X = l-l(TitC]' 

Manipulation of this equation yields: 

-log(l-X) = ex[C]/ (2D 

and so a plot of-log (1-X) vs. ex[C] yields a straight line with a gradient equal to the 

path length. This procedure may not be necessary in the use of quartz cells that are 

commonly used in lab experiments, as the path length is well defined. However, in 

the case of environmental deployment, where culture tubes are sometimes used, the 

situation is less exact as sunlight will not be traveling along the major axis of the 

tube. For a 13 x 100 mm (Corning) glass culture tube, Zepp found that the effective 

path length was 11.2 mm (4). 

Another consideration in the experimental set-up of photochemical reactions 

is the geometry of the irradiation cell. Whereas a chemical that is dissolved in a 

natural body of water will primarily receive light from above, a chemical that is 

12 



deployed in a tube will effectively receive light from all dtrections because of the 

scattenng of light from the walls of the „radiation celL A simp.e test of this effect i, 

t0 expose a chemical both in an open dish and in an enclosed tube and compare «heir 

photolysis rates. It had been observed «hat «he concentration of light in a culture tube 

is such «hat «he pho.oehemical reaction proceeds a« a rate of 2.2 - 3 times that in an 

open dish (18). However, «his was due «o artifacts in the experimental setup and later 

experiments using carefully controlled conditions, minmizing reflection, have showed 

that there is no significant effect (19). 

The rate a« which a chemical undergoes direct photolysis in natural waters will 

depend on «he amount of light reaching .he chemical; therefore, shielding of light dne 

«o absorption by dissolved organic matter must be considered. A screening factor 

may be calculated which simply relates the ratio of «he 1» order rale constant in 

natural water to that in distilled water. 

For a chemical C in distilled water, the rate of photolysis for an optically thin 

solution of C has been derived above: 

= 2.303s JC^V 
v dt A 

This can be rewritten: 

I dt  A 

(22) 

A^ 
where kdw , (distilled water rate constant) - 2.303s >J0x^ y 

(23) 

(24) 

For the same chemical C in a humic solution with attenuation coefficient a,, the rate 

equation has the same form as equation (8), but F* and F* are different: 

13 



Fi>s=i_io-(a^lciy 

*"     a,+sx[C] 

(25) 

(26) 

CA 

Assuming 
that a, >>s>.[C], this can be rewritten: 

(27); 

where kb, (rate constant in humic add solution) - -. - 

K,, _.i-i<r"' (29) 

L
dw v 

Hence, the screening factor, Sx - ^ ^     2.303ax/ 

of direct photolysis rates due 
This screemng factor allows prediction of the decrease 

to light shielding for an optically thin system. 

Indirect Photolysis: 

In indirect photons, one tno.ecu.e absorbs Ugh, and tnttiates the chennca. 

^„„.another—, .„„atota, waters, tnetetsa.acsepooiofdtssoived 

organicma«er,hatabsorbsHsh,we„in,o,hev1siblereg,onoftheso1arsPectran1-I. 

a<Ms a brownish coior to the water when present a, high concentrations. The 

„horethat absorbs hght may either he regenerated as occurs ,n energy transfer 

reac,1„„sor,tmayuudergoan1rreversib1echange.Ineffec,,thepbo,oseusit,Zermay 
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act as a photocatalyst or may itself undergo direct photolysis in inducing the indirect 

photolysis of another compound (20). 

It has long been established that dissolved organic matter (DOM) present in 

natural waters is an important photosensitizer (21). The exact composition of this 

material is not known although there have been extensive efforts to elucidate the 

structure (22,23). Due to the variability of the material among different samples, it is 

somewhat futile to describe a generic structure, but some progress has been made in 

identifying important functional groups within the structure. Phenolic and carboxylic 

functionalities have been identified by a variety of methods (23) and may certainly 

play an important role in the photochemistry of natural waters. 

There is not even a clear convention on the nomenclature of dissolved organic 

material. The term 'unknown photoreactive chromophore' (UPC) (20) may be the 

most suitable in light of the uncertainty involved in the structure, but other terms 

encountered in the literature are: gelbstoffe, dissolved organic carbon, humic acid, 

fulvic acid and heteropolycondensate (20). In this paper, the terms DOM and humic 

acid will be used. The distinction between humic and fulvic acids is an operational 

one; humic acids are soluble in dilute base but are precipitated at a pH=2 while fulvic 

acids are soluble in both dilute base and dilute acid (22). 

Humic acids are the detritus of the biodegradation of plant and animal matter, 

which explains the variability of their composition. The concentration of dissolved 

organic carbon, [DOC], is a useful measure for comparison of different water 

samples. For a photochemist, the most important characteristic of humic materials is 
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Annum   Zeoo has described an 
their broad absorbance band «tending up to - 600nm. Zepp 

exponentialmodelforthisband(ll): 

_2303AL 
kh " [DOC]/ 

wnere kh i. the specie absorption coefn.ent for the hum, substance 

A, is the absorption in m"1 at wavelength X 

[D0C] is the concentration of delved organic carbon (mg U') 

/is the cell path length in m. 

kh=AeB(450-x) 

^eAandBareeonstantsandUstbe.—binntn.Zeppobtatned ebenen, 

^o.eaUb^onspectratotbisdataw.bre.essioncoefncientsOO^and 

noted a consistency in .be vaiue of B throughout different water sampies. A snrniar 

• A «,,t Kv Davies-Colley with the same results 
comparison of inland waters was earned out by Davies Col  y 

(12). 

DiSso,ved organic matter drat is capab.e of photosensmzatton facbtates tbe 

photodegrada„onofehemica1s,batWon1do,berwisebepbotoebemica..yrefrac,ory. 

The irradiatton of DOM produces a „umber of oxidative species tba, can inmate 

reactions.si„g,e,oxygen('0;),snper„xiderad,caHOJ-),hydrogenPeroxide(H20;,, 

and hydroxyl radical (OH) (24). 

«any, tbe DOM is excited by tbe absorption of iignt; this is foliowed by 

transferofenergy or hy,be transfer of an eiectron to some other compound (25): 

16 



1 DOM + hu -» DOM* + e photoionization 
1 DOM + hu-»1 DOM * ->3DOM * excitation followed by intersystem crossing 
3DOM*+302->'DOM+'0: formation of singlet oxygen 
3 DOM *+302 -> DOM+ + 0,~ formation of Superoxide 

Some possible reactions are shown above. In fact, approximately 90% of the light 

absorbed by DOM is converted to heat on a very short time scale (24). Furthermore, 

much of the somewhat stable 3DOM is quenched by reacting to form 'Oa; most of 

which decays by heating the water (20). The half-life of '02 is ~ 3(js; a chemical 

would have to be present at milimolar levels to compete with the quenching by water. 

However, reaction with singlet oxygen may be a significant sink for some compounds 

(26). 

Superoxide has been shown to be an intermediate in the natural production of 

hydrogen peroxide in surface waters (27). Although relatively stable (marine half-life 

on the order of minutes) and present in nanomolar concentrations, Superoxide is not 

considered an important source of reactivity for organic chemicals in natural waters. 

However, it does have an important role in the redox cycle of transition metals such 

as copper and iron (28,29,30,31). 

Although there is a relatively high quantum yield (0.005-0.008) (15) for the 

primary production of a hydrated electron, the lifetime is sufficiently short that most 

of the electrons do not escape the humic matrix in order to react with a chemical in 

bulk solution (15,32). 

Finally, there is one other important reactive species that is produced through 

the irradiation of natural waters. The hydroxyl radical is the end product of the 
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pho<o,ys,s of »we (N0.0 (33) although i. i, produced in smaller quantifies from 

himic ao,ds too. The hydroxyl rad.ca, may be an important speeies because it reacts 

readi.y witb many cbem.eals bu, it ts present a, very low concentrates ,n „atura, 

waters. 

Puotosensiuzed reactions of xenobtotics in natural waters frequency folio« 

flrs, order kinetics (34,35). In order to normalize the rate constant for a particular 

Terences in the available light, bom in terms of the irradiance as well as the amount 

of hght tha, is absorbed. Zepp developed a response function, X,„ as an appropriate 

parameter: 
__£_ (32) 

As,X        -cav 
Do.x 

where V, is the appln. first order constant for the reaction with some probe, P 

and E;\ is a function of the intensity of light available to the system. 

d[P]=_k,[p] (33) 

For a sensttil, S, that produces a reactive intermediate,,, that reacts both with the 

pr„be, P, and natural scavengers, L, the response function (X,0 of „te sensitizers can 

„e plotted as a function of wavelength. In order to develop this idea more fu„y, it is 

sensible to consider the chromophoric DOM as two distinct parts: the sensitizing par. 

(S) and the remainder. As such, the attenuation coefficient of the whole system can 

be broken up in the same way: 
(34) 

ax = ax' + £x[S] 

where a,; is the non-sens.tizing par« of me humic acid and *[S] is the product of the 



molar absorptivity of the sensitizer and its concentration. 

Then: p   =i_io_a;l (35) 

F      _eJS]_=MS] (36) 

8?[S] + ax'      a, 

The average rate of light absorption by the sensitizer: Ia>. = Io>. Fs>. Fc>. 

!.,.= 
I0,(%)(l-I0--'>,.[S] (37) 

a, 

and rate of reaction of P : -±-± = -kp[P][I] 
dt P 

(38) 

and rate of reaction of I: —— = P, - L, 
dt (39) 

where Pi and Li are the production and loss reactions respectively of I. 

Now,P, = U<J>x (40) 

where (()>. is the quantum efficiency of the production of I from S. 

L. = kp[P][I] + k,[I][L] (41) 

where L represents natural scavengers of I and ki is the rate constant for the reaction 

of I with L. For low concentrations of P such that the presence of P does not affect 

the lifetime of the sensitizer, then the reaction of I with P is insignificant compared to 

the reaction of I with L. 

Assuming steady state conditions for I such that Pi = Li and substituting 

equations (37), (39), (40) into (41) gives: 

joAAMy-l°~aJ)zMS] 
a,k,[L] (42) 
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Nowsubstltuting this into =qua»cn (38) y,eWs: 

(43) 

where [LI is constant, some of the above e 
For a system where [M i& ^ 

quation can be grouped 

together as constant Q>; (44) 

Qx = 

c- ■ ~-pav    a function ot xne avo 
Definingc-o.x , a i"" 

sample, 
-o.)-" a 

Ioi%Vlirl (45) 

(46) Then, 

dt 
and thus, the response function, (4?) 

x    =i_ = Q)£JS] 
E0,X 

,   ■    to„ lies in the observed relationship between the 

MOrtanCe0f,h     enZlereisas,ng,e— e witbtn the hnmre 
r   ,tinn and wavelengtn. n u^-1 

«-——* tosmstoat,on,,henaP,o,oftheresPo„se 

«-*«--—*f cmm)shouidpara,,eHtsabsorpt,onspeetrum 
wavelengm (action spectrum) snom   F 

fenctlonv,wa Lbeenobserve.^ewavelenst.depenaenceof 

^phenomenon-^ ^^^* 

hydrogen peroxide production (36) as w 
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1    „t,rc   The same equation also explains the 
probe compound (34) in various natural waters. The same eq 

.•   uu   „Y     and [SI   This relationship is frequently expressed 
linear relationship between Xs.>., and L^J- 

* a linear plot of rate constant vs. [DOC]. throu 

Probes: 

The ana,ysis of photochemicany produced «active species is comphca.ed due 

t0 both their tow concentrations (10* - 10'" M) and short hfetitnes (us - .). 

ChenticaiprohesW-stentspeoieshvfonnin^stahieproduCwhichcanthen 

„emeasured. There are twopossibie ntethods of dep.oyment. The prohe can he 

^edatsufftcientivtowtoveUsothatthesteadystateconcentrationoftheradicatos 

not perturbed. Pseudo-ftrs, order kinetics are assumed and hence amb.en, 
eoncentrationsofthe radica, are dednced(29,33,37)..AUema,ive,y,the probe can he 

added a, such high concen.ra.tons that i, ».competes ah other scavengers of the 

rate of the reactive transient (24,37). The former method is somewhat more attracts 

due to the reduced chance of probe re.a.ed artifacts associated with minimum 

variation of the system under study (37). 

There are severa, recrements that a chemicai probe must meet in order to be 

effective; the mo, important of which U a weh-charactenzed rate constant with the 

specif,creactivespee,es. toeaUy.that rate constant, high so thatmimtna, amounts 

„fp.obearerecuired.lntermsofanalysis.awiderangeofconeentrattonsof.he 
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system can be interpreted more thoroughly as the competition between the added 

probe and existent natural scavengers can be altered. 

For use in photochemical experiments, it is advantageous if the probe does not 

absorb light in the region of interest, and if not completely transparent, the probe 

itself should be photochemically inert. 

There is one significant disadvantage in using chemical probes to measure 

reactive species produced within the humic matrix. As humic acid solutions are not 

homogeneous, the concentration of the transient in the bulk solution may be orders of 

magnitude different from that inside the humic acid. Burns et al. developed a kinetic 

model that described the effects of degree of partitioning of a chemical to the humics 

(32). In particular, the humic mediated dechlorination of the hydrophobic pesticide 

mirex was discussed. For such a compound, use of a hydrophilic chemical probe 

such as chloroethanol would be inappropriate. In effect, the chemical probe is 

detecting levels of transient in one phase while the chemical is reacting with the 

transient in another phase. 

Various probes have been deployed to assess the steady state concentrations 

and production rates of reactive transients in natural waters. Some kinetic and 

concentration data for transients in surface water are shown below; the results are 

taken from a review of the subject by Haag and Mill (24). 
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02" k[02"] 

k[DOM] 

6 x 101Z[H+] M" s" 
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Superoxide: 

In as much as it ,s hypo.hestzed «hat quadricyc.ane reacts with superox.de 

radicals produced by the photoseusittzaticu of DOM, sorue background ts prov.ded 

on superoxide. The exact mechanism through which superox.de is formed m 

(DOM) undergoes photoionization, oxygen is reduced, forming superoxide. 

However, the measured production rates of the hydra.ed electron are not suffictent.y 

highto explain the observed steady state concentration of superoxide (13,36). 

Fnrthermore, the addition of electron scavengers to an irradiated hnmic acid solution 

does no, reduce .he production of hydrogen peroxide, a stable end product of 

peroxide reactions (.3). An alternative explanation is that a direct e.ectron transfer 

from an excited triplet state to 02 takes place (24). 

Measured steady state concentrations ofsnperox.de in natural waters are in 

the range: 10'' -10* M (24). The reactions of superoxide are themselves not well 

understood. Superoxide will undergo dictation but this is a relatively insignificant 

sink in the presence of transition metals (28,29). The reactions of superoxide with 

transition metals win depend on the specia.ion of the metals and hence the PH. 

Zafiriou * al showed that in ocean waters, the reaction of superoxide with copper 

«in be far more important than self-dismutation even if me poorly characterized 

organic complexes of Cu are inert (28). to fact, there is evidence that there are a,so 

„on-metallic complexes that react with superoxide in natural waters (38). A metal- 

complexing reagent (EDTA or DTPA) was added to samples of natural waters ,0 
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quench the metal catalyzed reactions and samples were also boiled to reduce enzyme 

activity. In this way, it was suggested that the additional sink of Superoxide was the 

dissolved organic material itself. Thus, Superoxide has a role in the redox cycling of 

both transition metals and dissolved organic matter in natural waters. 

Superoxide Chemistry (pH): 

In this paper, reference is predominantly made to Superoxide radicals rather 

than to both Superoxide and its conjugate acid, perhydroxyl (hydroperoxyl) radicals. 

This is because HOO has a pKA of 4.8 (39,40) and hence at common pHs of 

environmental importance (7-8.5), only 0.02% of the species is HOO. 

The disproportionation of the pair may be expressed as: 

HO,+HO,->H,0,+0 '2     '^2^2   '   w2 

HO, + 0; +H,0^-H,0, +02 +OH" 

Rate of disproportionation, Robs = ki [H02][H02] +k2 [H02][02"j 

Defining, cT = [H02] + [02"], then 

Robs=[H02]
2 k,+ ^2*^HO, 

[H+] 

k,+ ^2^" HO, 

[H+] 

1 + 
KHp2 V 

[H+] 

'CT'  = kobsCT 

(48) 

(49) 

(50) 

(51) 

(52) 

KHO,  - 
[H+][0-] 

[H02] 

Bielski calculated the constants (40): 

1 TkvH   „"I 

(53) 

k, = (8.3±0.7) x W M"' s"1   k2 = (9.7±0.6) x 10' M" s-1 and KH02 = 1.6 x 10"3 M 
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Hence above pH - 6, the rate constant for disproportion simplifies to: 

(54) k^exio^HiM-V 

Probes for Superoxide: 

For many years, biologists have made use of tetranitromethane, 

ferricytochrome e and ni.ro blue tetrazolium as probes for Superoxide (40). Their 

mam advantage is simplieiry of use (colorimetric anaiytical techniques) bu, this ,s 

a,so the cause of their „appropriateness for use in natura! waters. Superox.de is only 

produced in natural waters that have been irradiated and the above compounds are 

sensitive to light. 
The metalloenzyme Superoxide dismutase (SOD), which catalyzes the 

dismutation of Superoxide has also been utilized as a probe for Superoxide, but 

antfacts in photochemical expenments have been reported (29,41). The ana.ytical 

technique is to measure the increased production of hydrogen peroxtde in the 

presence of SOD, with the result that the measured Superoxide is that fraction which 

does not generate H202 in the absence of SOD. However, there is still some 

uncertainty as to whether Superoxide disproportionation is the only source of 

hydrogen peroxide. 

Recently, nitric oxide has also been applied as a specific probe for Superoxide 

as we,, as genera, dasses of radicals: H, R, OH, ROO, 0," (37,41). !so,ope mass 

specrometry is used to measure the reaction of labeled NO with Superoxide. The 

reaction of NO with O," has a rate constant of - 2 x 10« Ms>, forming peroxynitrite, 
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which *en manses mto nhrate. Nitrate ,s convened tnto UO for tsotopic analysts 

shortcoming of this method i, the possthihty of peroxymtrhe-s cleaving into OH and 

and hence a fraction of the reaction (estimated a, 30-40%) may no, be measured (29). 

Experimental Methods for Production of Superoxide: 

Various methods have been used to produce Superoxide radicals for the 

purpose of rate experiments. Certain.y, radiolysis provides the most effecbve method 

in ,ba. very high concentrations of Superoxide, up to 0.4mM, can be produced 

(42,43), but this method is no. a universa. option due ,o limited availability and so «he 

enzymatic approach (xanthme-xanthine oxidase) provides a stmple alternative. 

Radio.ysis of water produces the primary radicals: H, e and OH (44). These 

can be converted into the Superoxide and hydroperoxy radicals by including oxygen 

and either formate or ethanol: 

H + 02     ►     H°2 

e+02     ►     0{ 

HCCV + OH ►   C02' + H20 

co2- + o2 ► co2 + o2- 

The irradiated solution contain, simply water, formate and some ethylened.amine - 

tetraacetic acid (EDTA) to chelate any trace metals. As a result, the risk ofs.de 

reactions due to the presence of contammants is very low. Metal impurities may react 
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■A   f      .A (Ai\ this would necessarily complicate the reaction under 
with the Superoxide formed (42), this * ouiu 

consideration. 

Particularly in the biomedica. fields, ,he enzymatic mode of production of 

suPerox,de is preferred due to «he system's Cose animation to ,„ Wvo sttuattons. 

Xanthme i, preferenfiaHy used as a substrate in «be reaction wi.b «be xanrhme oxidase 

enzyme. In «bis reacfion, xanthine (X) is oxidized «o uric actd (U) whtle «be enzyme 

is reduced (40,45): 

Eox + X        ►    Ered + U 

Ered + 202- ►  Eox + 202- 

The pH range over which this technique can be apphed is limited to that in 

which the xanthine oxidase is active. 

Chemicals of Interest: 

Ammonium Dinitramide (ADN): 

Dinitramide salts (K+, Na+, NH4
+) were first developed in the U.S. by SRI 

international in 1988 (46), although it appears that the Soviet Union had been secretly 

using ADN (NH4
+ N03")in their weapons program since the 1970's (47). 

Dmitramides were primarily developed for use as an oxidizer in solid-fuel rocket 

propellants. 

Presently, ammonium perehlorate (AP) is «be mos« wtde.y used oxidizer for 

propellants and explosives. ADN has several advantages over AP, mos« notably the 

absence of cbiorine in «be former. Chlorinated oxidants such as AP release cWonde 
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from rocket motors: this is a concern both environmentally as well as militarily (48). 

The smoky white 'contrail', characteristic of AP allows ready tracking of rocket 

launches. Another advantage for ADN is its higher lift capacity, relative to AP, 

allowing launches of heavier payloads (48). ADN will probably not replace AP for 

ten years; ADN is both less thermally stable and more shock sensitive than AP (46). 

Quadricyclane: 

Quadricyclane has recently been suggested as an additive to jet fuel (49) and 

rocket propellant (50). Quadricyclane is a highly strained hydrocarbon; its high heat 

of formation and relatively high density (0.982 gml"1) suggest that it would have a 

high energy density. 

Another practical application for which it was considered was as a solar 

energy storage species (51,52). Quadricyclane and its valence isomer, norbornadiene, 

have also been of interest to theoretical chemists due to their interconversion through 

a delocalized radical cation (53,54,55). 

The environmental fate of quadricyclane has only recently been investigated 

due to its possible deployment by the U.S. Air Force. Half-lives of quadricyclane due 

to acid hydrolysis range from 25 minutes at pH -3 to ~ 2 days at pH=5 (56). An 

extrapolated half-life at neutral pH's is on the order of years. 

In soil samples, after quadricyclane has undergone abiotic transformation to 

tricyclo[2.2.1.02-6]heptan-3-ol and bicyclo[2.2.1]hept-5-en-ol, a further transformation 
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bioticaUv and ,s further mineralized to CO, (57). 
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Chapter 2 

Modeling the Photolysis of Ammonium Dinitramide in Natural Waters 

Abstract 

Photolytic rate constants for the novel energetic compound, ammonium 

dinitramide (ADN) were determined in order to understand the fate of ADN in natural 

bodies of water. Quantum yields were measured between 290 and 400nm using a 

lamp system, and these values were combined with absorption of light in a water 

column to model photolysis rates as a function of depth. The validity of this model 

was tested in field trials in Onondaga Lake, Syracuse, N.Y. For a summertime 

irradiation, half-lives ranged from ~ 6 minutes at the surface to ~ 15 years at a depth 

of 2m. The predicted and observed degradation rates of ADN were sufficiently 

similar to justify use of this simple model. It was also found that the degradation of 

ADN is not enhanced to any measurable degree by sensitized photoreactions in humic 

solutions. Thus, the photodegradation of ADN can be predicted throughout the water 

column of a body of water. 

Introduction 

Ammonium dinitramide (ADN: NH/N3O4-) is a novel compound under 

consideration as a rocket propellant (1,2,3). Prior to its deployment, its aquatic 

photodegradation should be studied as part of an overall comprehension of its fate. 

The major products of the photolysis of ADN are nitrate (N03"), nitrite (N02") and 

nitrous oxide (N20) (4). 
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The increased concentration of NO3" and NCV as a result of ADN photolysis 

might affect the level of algal activity for a system where nitrogen is limiting. In 

addition, there are toxicological concerns due to the known oxidizing power of nitro 

groups, which can convert the ferrous iron in hemoglobin to ferric iron (5). Severe 

oxygen depletion, known as methemoglobinemia, can result (6). Consequently, there 

are recommended maximum concentrations in drinking water for similar nitro- 

containing propellants and explosives such as TNT, RDX, and HMX (7). TNT, in 

particular, has been studied extensively because it is a primary ingredient of most 

military explosives. An obvious manifestation that spurred interest in TNT photolysis 

is sunlight-induced color changes (pink water) in polynitroaromatic wastewater from 

munitions manufacturing and loading plants (8). As for ADN itself, at present, only 

is acute toxicity in rats has been tested at levels of lg/kg (9) while nothing is known 

about its impact as a result of prolonged exposure at lower levels. 

ADN should photolyze in sunlight as it absorbs strongly in the UV-A region 

of the spectrum. To study this reaction, the photolytic rate constants were calculated 

over the range of wavelengths in which ADN absorbs light (290-400nm), using a 

lamp system. The objectives were not only to determine the active region of the 

sunlight spectrum in terms of ADN photolysis but also to model the degradation of 

this compound throughout the water column. To this end, ADN was deployed at 

various depths in a lake so that the predicted rate of degradation could be compared to 

the observed rate. A simple model of the absorption of light through the water 

column was applied and found to be accurate. 
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Interaction with dissolved organic material can affect the fate of a xenobiotic 

compound. For instance, TNT undergoes both direct and indirect photolysis with the 

result that the photodegradation of TNT is more rapid in a sample of natural water 

than in a sample of distilled water (8). Due to the complex mixture of products 

reported for TNT photolysis, there may be more than one sensitized pathway for the 

photodegradation of this compound (10,11). However, in the case of ADN, humic 

acid mediated reactions were found to be inconsequential compared to direct 

photolysis. 

An understanding of the aquatic photochemistry of ammonium dinitramide 

(ADN) involves both direct and indirect photolysis at the surface and at depth. 

Although at present it has only been tested in one lake, the model that has been 

developed should be able to predict the direct photolysis of ADN spilled into any 

natural body of water, assuming that the attenuation coefficient ofthat water is 

known. 

Experimental Section 

Materials: ACS grade acetonitrile was obtained from J.T.Baker Inc. (Philipsburg, 

NJ). Puriss grade tetrabutylammonium hydroxide concentrate was obtained from 

Fluka Chemical Company (Buchs, Switerland). Potassium oxalate monohydrate 

(> 99%) and commercial humic acid, as the sodium salt, were obtained from Aldrich 

Chemical Company (Milwaukee, WI). ACS reagent grade phenanthroline was 

obtained from Fisher Scientific (Pittsburgh, PA). Ferric chloride was obtained from 

Mallinckrodt Chemical Inc., (Paris, KY). ADN was kindly donated by Dr. T. Mill of 

SRI International, Menlo Park, CA. 
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All solutions were made using water purified with a Millipore 4-bowl 

standard system (Millipore Corp., Chicago, IL); the water had a resistivity of greater 

than 18MQcm and will henceforth be referred to as MilliQ water. 

Humic acid solutions were prepared using a variation of the method of Zepp 

et al. (12). Humic material (2g) was extracted with 2L of 0.1N sodium hydroxide 

solutions and pressure-filtered through a 0.2um capsule filter (Gelman Sciences 

#12117) at 4-6 psi. The filtrate was filtered again after adjustment to pH 6 with HC1. 

Humic acid working solutions were prepared as necessary by diluting the stock 

solution and using buffers to adjust the pH (13). Dissolved organic carbon (DOC) 

measurements were made on working humic solutions using external digestion with 

potassium persulfate and a Beckman Model 215A infrared analyzer. 

Potassium ferrioxalate solutions for actinometry were prepared by combining 

5 ml each of ferric chloride (0.4M) and potassium oxalate (1.2M) and diluting to 

100ml (14). 

Methods: 

Analysis by Ion-Pair Reverse Phase High Performance Liquid Chromatography 

(HPLC). The HPLC system consisted of an Eldex Model B-100-S single piston 

pump (Eldex Laboratories, Menlo Park, CA) in series with a coil pulse dampener, a 

0-6000 psi flow-through pressure gauge and a 6-port Rheodyne sample injection 

valve (Chromtech, Apple Valley, MN) with a lOOul sample loop. A 4.6-mm x 100- 

mm Prodigy (Phenomenex, Torrance, CA) d8 column was used for all analyses. A 

3:1:2 tetrabutylammonium hydroxide (0.005M): MilliQ water: acetonitrile mobile 

phase was pumped at a flow rate of 1.5 ml/min. Absorption was measured using an 
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ISCO V4 variable wavelength absorption detector (ISCO Inc. Lincoln, NE), set at 

284nm(lmaxofADN). 

Values for the [ADN] were determined from HPLC standard curves. The 

Beer-Lambert law was applied to relate absorption to concentration. Absorbances of 

solutions in 1 and 10 cm quartz cells were measured using a Hewlett-Packard UV- 

visible spectrophotometer (model 8453, Hewlett-Packard Company, Wilmington, 

DE). 

Three experiments were performed with humic solutions (DOC = 8.5 mgL") 

of ADN. First, long bandpass filters (Rolyn Optics) were used that would absorb the 

incident light below 400nm. Secondly, at 284nm, the quantum yield was determined 

at various temperatures. For these irradiations, the sample temperature was 

controlled with a Fisher Scientific water bath (model 9005). Finally, the quantum 

yield of ADN in a humic solution was determined at three wavelengths (285, 345, 

380nm) and compared to that of ADN in MilliQ water. 

Laboratory Photolyses 

Two irradiation systems were used. The first was an Osram XBO 150W/1 

Xenon lamp housed in an Oriel Uniform Beam Illuminator lamp housing (model 

6148) and powered by a Spectral Energy (Westwood, NJ) universal power supply 

(model LPS 251 HR). In addition, a Bausch and Lomb high intensity monochromator 

was used with a bandwidth set to 4nm. The second was a 1 kW xenon lamp, a GM 

252 high intensity quarter meter grating monochromator, with the same bandwidth, 

and an enclosed sample chamber (Spectral Energy Corp.). Light intensities were 
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measured using potassium ferrioxalate actinometry (15) and an IL1400A photometer. 

(International Light, Inc. Newburyport, MA) 

Sunlight Photolyses 

Outdoor photolysis experiments were carried out in Onondaga Lake, 

Syracuse, NY on four days during the summer of 1997 and 1998 on both clear and 

cloudy days. Samples were deployed at depths ranging from 0.5 - 2.0 m using a rack 

(Figure 2.1) holding 13 x 100 mm Pyrex culture tubes (Corning Inc., Corning, NY). 

Since the tubes were not made of quartz, the incident light was corrected to take into 

account absorption by the glass by using transmission spectra provided by the 

manufacturer (minimum transmittance - 70% at 290nm). Surface irradiance was 

measured every twenty minutes over the six-hour irradiation period with an Optronics 

OL-754 spectroradiometer (Optronics Lab., Orlando, FL) over the range 290 - 700 

run. 
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2m 

2m 

Figure 2.1. System for exposing samples to sunlight at depth in a lake. The 
supports are aluminum rods with clips to hold the screw-cap culture tubes. 
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Results and Discussion 

Determination of Photolysis Rates: 

In order to obtain the photolysis rate of ADN at the surface of a body of water, 

three parameters must be known. First, the molar absorptivity coefficient zx, was 

calculated by measuring the absorbance spectrum of aqueous solutions of ADN. 

Secondly, the quantum yield, fa, for the degradation of ADN was determined in the 

laboratory using a lamp system. Thirdly, the solar irradiane, 1^, was measured with a 

spectroradiometer. These parameters were obtained across a wavelength range of 

290-400nm. The minimum corresponds to the lowest wavelength to reach the surface 

of the earth and the maximum corresponds to the highest wavelength where ADN 

absorbs solar radiation. 

Molar absorptivity coefficients were calculated from the absorption spectrum 

(Figure 2.2a). In the region of environmental significance, there is a peak at 284nm 

and a shoulder that corresponds to a smaller peak centered at approximately 325nm. 

In order to determine quantum yields, the irradiance of the incident light must 

be known. Thus, these experiments were performed with a lamp whose output was 

quite stable. The irradiance was measured on a daily basis with a photometer, and 

this instrument was calibrated weekly by performing simultaneous ferrioxalate 

actinometry. The quantum yields for ADN, fa, were determined by plotting ln[ADN] 

vs. time. For an optically thin solution undergoing direct photolysis, the rate equation 

is (16): 

{™)k= -«031,W [ADN] (1) 

where at a given wavelength X, I is the incident irradiance per unit volume of 

sample in Einstein cm"3 min"1, <|> is the quantum yield for the degradation of ADN, s is 
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the molar absorptivity coefficient of ADN (cm2 mol"1) and / is the path length of the 

irradiated cell (cm). Note that I*. = I0x (A/V) where I0x is the incident irradiance in 

Einstein cm"2 min"1, A is the surface area and V is the volume of the sample cell. 

Thus, equation (1) may also be written: 

jd[ADN]|   =_2.303I   M   [ADN] 

I     dt     h (2) 

The quantum yield of ADN is about 0.1 over the first two absorption bands 

described above (Figure 2.2b) with a small increase near the high wavelength end of 

the absorption spectrum (Figure 2.2a). 

The final parameter needed in order to predict photolysis rates is the solar 

irradiance. Solar irradiance was measured as a function of wavelength and time in 

Syracuse, N.Y. during the summer and early fall of 1998, and photolysis rates were 

predicted with that data. One such sample spectrum is included (Figure 2.2c). 

For all wavelengths between 290 and 400nm, the irradiance as measured by 

the spectroradiometer in watts cm"2 ran'1 was converted into einstein s" cm" ran' 

using the following conversion: 

1.2xl08J 
1 einstein =  

X (nm) (3) 

Thus, the photolysis rate constant, kx, in min"1 nm"1, of ADN was calculated (Figure 

2.2d). Referring to equation (2), 

kx = -2.303 exfolox (4) 

where Sx (cm2 mol"1), ()>x are measured values, I0x is the solar irradiance. 

Integrating the curve in Figure 2.2d over the specified wavelength yields a net rate 

constant, k, of 0.11 min"1, corresponding to a half-life for ADN of six minutes under 

these conditions. 
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Figure 2.2. (a) Absorption spectrum of ADN. (b) Quantum yield for ADN photolysis, mean with 
95% confidence interval is given, (c) Solar irradiance measured at noon on September 25th, 1998 in 
Syracuse, NY. (d) Predicted photolysis rate constants for ADN at surface, using irradiance data 
from (c). 
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Modeling photolysis rates at depths 

In order to predict the degradation rates at different depths, the quantum yields 

determined above were applied to a model that incorporated the absorption of light as 

it travels through the water column. The irradiance of sunlight in the water column 

was estimated using the following equation, derived from Lambert's Law (17): 

EZ,,=E0,X(10-^) (5) 

where E0,x and Ez,x are the light intensities at depths of 0 and z meters 

respectively, ax is the attenuation coefficient of the lake water and /s is the path length 

the light must travel to reach depth z. 

This path length is greater than the actual depth of deployment (z) due to the 

refraction of light and is dependent on the nature of light as it hits the surface of the 

water - direct or diffuse (17). For analysis of the photodegradation of ADN, only UV 

radiation need be considered, as ADN does not absorb visible light. Due to scattering 

in the atmosphere, UV radiation is predominantly diffuse (18) - the irradiance of 

scattering is proportional to AT4. For diffuse light, Zepp et. al. derived a mean path 

length of 1.2 z (19). For direct light, /s varies from z to 1.5z for solar zenith angles 

0 - 85°. Although, UV radiation does have a direct component, a set value of 1.2 was 

used for the path length in the light absorption model. 

Values for a% were determined from the absorption spectra of the lake water. 

This coefficient accounts for absorption and not scattering. The latter is generally 

less significant in most natural waters for short wavelengths (20) and has been 

ignored in this work. Solar irradiance at four different depths, calculated by equation 

(4) is shown in Figure 2.3. 

The validity of the above model was tested through deployment of ADN at 

different depths. The predicted concentration of ADN was derived using measured 
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of Figure 2 (c). 
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surface irradiances taken every twenty minutes in combination with the light 

attenuation model and this was compared to that actually measured, following six 

hours of exposure to sunlight. This is displayed for September 25th, 1998 in Figure 

2.4. The predicted and measured values show the same decline in photolysis rate 

from the surface to 2m. In this case, actual degradation of ADN was greater than 

predicted at all depths. However, as seen in Figure 2.5, on average, over all the 

deployment dates, no systematic error is detected. 

Indirect Photolysis: 

The rate of direct photolysis of ADN decreases rapidly with increasing depth, 

due to the absorption of light that degrades ADN directly. However, indirect 

photolysis, photosensitized reaction of ADN by other chemicals in the water, may 

still be important. Humic acids, which have been shown to photosensitize various 

chemicals, can absorb visible light and therefore may cause photolysis at greater 

depths. Three experiments were performed in order to determine the importance of 

indirect photolysis on the overall photolysis rate of ADN. 

First, ADN samples in humic solutions were irradiated with a < 400nm 

longpass cutoff filter. ADN, itself, does not absorb in this region and hence any 

degradation could be attributed to indirect photolysis. No degradation was observed. 

Secondly, quantum yields at 284nm were determined at a range of 

temperatures from 5 to 30 °C. The rate of direct photolysis is not affected by 

temperature whereas any indirect reaction might be. Again, there was no evidence of 

indirect photolysis, as the quantum yield did not vary over this temperature range 

(Table 2.1). 
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Figure 2.4. Predicted (•) and observed (O) concentrations of ADN remaining after six hour 
irradiation in Onondaga Lake on September 25th, 1998. Error bars are the 95 confidence 
interval on the observed values. 
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Table 2.1. Quantum yields (fa) for degradation of ADN at 284nm at four different 

temperatures in MilliQ and humic solutions. 

Temperature (UC)            fa (MilliQ) 95% C.I. fa (Humics) 95% C.I. 

5                              0.102 ±0.005 0.098 ± 0.006 

15                             0.105 ±0.005 0.100 ±0.006 

25                             0.104 ± 0.003 0.102 ± 0.004 

35                             0.103 ±0.004 0.099 ±0.005 
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Finally, the quantum yield of ADN in MilliQ water was compared to that in a 

humic solution. For this experiment, the shielding effect of the humic acids had to be 

taken into account as shown in the following equations: 

lam =-IAFA I     dt     )x (6) 

where ¥sX is the fraction of incident light absorbed by the system (ADN and 

humics) and Fa is the fraction ofthat light that is absorbed by ADN itself (16). 

where Ax and Hx are the absorption of ADN and the humic solution 

respectively at A, ran. The absorption of the humic acid solution was measured prior 

to irradiation and was assumed to remain constant throughout the six-hour irradiation. 

ADN absorbs very little of the light absorbed by the system and for the purpose of 

simplification, Fsx is assumed to remain constant over the irradiation period. 

Substituting into equation (6): 

A,     1 
rate = -Ixcj>x(l-10-H>) Ax+HxJ (g) 

This equation can be integrated using the Beer-Lambert Law to substitute for the 

absorption of ADN. The resulting equation is: 

[ADN]t-[ADN]0 + 'FO 
vsx'y 

M [ADN1_ | _H,)t (9) 

1[ADN]J 

Values for the quantum yield of ADN in humic solution were calculated by non- 

linear regression of the integrated rate equation (Table 2.2). Even at this high [DOC] 

(8.5 mgL"1), there is no statistically significant change in the quantum yield 
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Table 2.2. Absorbances of ADN (Ax) and Aldrich humic acid (Hx) solutions with 

measured quantum yields of ADN. For the quantum yields, values are 95% 

confidence intervals. 

X(nm) Ax Hx <fo (MilliQ) <J>X (Humics) 

95% C.I. 95% C.I. 

284 0.0067 0.2300 0.104 ±0.003 0.102 ±0.004 

345 0.0021 0.1273 0.110 + 0.004 0.107 ±0.006 

380 0.0002 0.0888 0.176 ±0.006 0.184 ±0.012 
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for ADN photolysis in the presence of dissolved organic matter at three representative 

wavelengths. Thus, the indirect photolysis of ADN is insignificant in comparison to 

its direct photolysis. 

Significance of Results 

The predicted half-life of ADN in sunlit surface waters (depth < 0.1m) is 

approximately six minutes in the summer. ADN photodegrades slowly at greater 

depths (ti/2 for summer-time irradiation at 2m in Onondaga Lake is 15 years). This is 

purely a function of shielding by the dissolved organic matter present in the lake. 

The light model used to predict the photodegradation of ADN is simple in that 

it ignores light scattering and assumes a constant value for the degree of refraction of 

incident light. However, a more elaborate model is not justified in this case as the 

extent of photolysis is predicted sufficiently accurately. This model might not work 

as effectively in a water body with less DOM where scattering would be a significant 

portion of the attenuation coefficient. 
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Chapter 3 

Determining the Rate constant for the Reaction of Quadricyclane with HOO/0:" 

Abstract 

The indirect photolysis of quadricyclane, a high-energy compound, has been 

investigated. It has been proposed that quadricyclane is oxidized both by 

hydroperoxy and its conjugate base, Superoxide. These radicals are produced by the 

photosensitization of dissolved organic matter. The kinetics of this reaction have 

been interpreted through the use of an enzymatic production technique (xanthine- 

xanthine oxidase) in concert with a specific probe (ferricytochrome C). A pH study 

was carried out in order to isolate the reactions of quadricyclane with hydroperoxy 

and Superoxide; the two rate constants for the reactions of quadricyclane with these 

radicals are 5.2 x 106 and 2.7 x 105 Nf'mm ' respectively. These rate constants are 

sufficiently high to provide a significant decay pathway for quadricyclane. For many 

bodies of water, the pH »pKa of hydroperoxy and so the predominant species will be 

Superoxide which has typical concentrations in natural waters in the nanomolar range. 

Therefore, the half-life of quadricyclane for indirect photolysis in shallow water 

(depth < 1cm) is on the order of days. In addition, quadricyclane can be added to 

natural water samples at sufficiently high levels that it will outcompete other 

scavengers for Superoxide. As such, the possibility of using quadricyclane as a probe 

for Superoxide production in natural waters is investigated. 
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Introduction 

Quadricyclane, (tetracyclo[3.2.0.0.2,704'6]heptane),a strained cyclic 

hydrocarbon, has recently been suggested as an additive both to jet fuel and rocket 

propellant (1,2). It is ideally suited to these purposes due to its stability and high 

energy density - a factor of its high heat of formation and density. Prior to its wide- 

scale deployment, the environmental fate of quadricyclane should be considered as 

losses to the atmosphere, soil and watershed are inevitable. Specifically, photolysis 

of quadricyclane is presented in this paper and its relative importance as a possible 

degradative mechanism is considered. 

Quadricyclane is considered a light nonaqueous phase liquid (LNAPL) for the 

purposes of modeling its movement in soil. As such, the liquid will migrate towards 

the capillary fringe; its further movement will depend on the degree of its solubility in 

groundwater. Quadricyclane undergoes acid hydrolysis to form two alcohols: 

nortricyclyl alcohol and exo-5-norbornen-2-ol (3), both of which are more soluble 

than their parent compound. In addition, only nortricyclyl alcohol undergoes biotic 

transformation, forming tricyclo[2.2.1.02'6]heptan-3-one (4). Hence, to a large 

degree, the amount and identity of compounds found in the ground water following a 

spill will depend on the pH. 

Prior to its present suggested function, quadricyclane was of interest to 

chemists because of the properties and reactions of it and its valence isomer, 

norbomadiene. For instance, the isomerization of this pair has long been considered 

as a possible means of storing solar energy (5). Norbomadiene is converted to 
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quadricyclane through the absorption of light. Then the reverse process can take 

place, releasing heat. Unfortunately, norbornadiene does not absorb light at 

wavelengths > 290 nm (the minimum wavelength of light to reach the earth's 

surface), and so a sensitizer such as cuprous chloride or o-benzoylbenzoic acid must 

be added to the system (6). 

The energy-releasing reaction (AH = 92-110 kJmol"1) (5,7) of quadricyclane is 

thought to proceed via a free radical-cation chain reaction where the quadricyclane 

radical cation rearranges to a norbornadiene radical cation. A ground-state 

quadricyclane molecule reacts with the norbornadiene radical cation, producing 

norbornadiene and another quadricyclane radical cation. This process is initiated by a 

photosensitized one-electron oxidation (8,9). The photocycloaddition of quinones 

with quadricyclane was also noted as side reaction (10). 

Consideration of the photochemistry of quadricyclane must focus on its 

indirect photolysis as quadricyclane does not absorb light of wavelength >290nm, the 

shortest wavelength to reach the earth's surface. Quadricyclane degrades in irradiated 

humic solutions. Tests were performed in order to identify the specific reactive 

transient responsible for this reaction (11). It was noted that no reaction took place in 

the absence of oxygen, suggesting one of the oxidants produced by the irradiation of 

humic acids: OH, 'C^, HOO, 02", H202 as the initiator. Quadricyclane underwent 

photolysis at the same rate in humic solutions in the presence of DMF (a singlet 

oxygen scavenger) and at approximately the same rate in the presence of methanol (a 

hydroxyl radical scavenger). The reaction of quadricyclane and hydrogen peroxide 
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was tested directly; no degradation was observed. Therefore, the hydroperoxy radical 

(HOO) and its conjugate base, the Superoxide radical anion (02") (pKA = 4.8) (12). are 

in all likelihood responsible for the humic sensitized photoreaction of quadricyclane. 

In order to determine the rate constant for the reaction of quadricyclane with 

HOO/02", reactions were carried out using HOO/02" generators and probes. This 

relatively stable radical can be produced enzymatically with the xanthine-xanthine 

oxidase system (13,14) and radiolytically by irradiating oxygenated water containing 

either methanol or formate (15,16). Ferricytochrome C is reduced by HOO/02" and 

this reaction is well characterized at a large range of pH's (12). Nonetheless, there is 

some variation in reported rate constants, kcyt. For example at pH 7, literature values 

range from 2.7 x 107 to 1.4 x 108 IVr'min"1 (17). Variability in the measured rate 

constants can partly be assigned to ionic strength differences as well as to the 

presence of trace contaminants such as copper. 

There is even some uncertainty as to the pKa of ferricytochrome C. Two 

studies reported pKas in the region of 7.4 and 9.2 in order to explain the observed pH 

dependence of kcyt (18,19) but this could be an artifact of the experimental conditions. 

Butler et al. proposed in a later paper (20) that the apparent pKa at 7.4 was due to Cu 

impurities which could react at near-diffusion controlled rates with HOO/02" (12). 

The interference from Cu ions also depends on the pH; at pHs > 9, the predominant 

copper species will be hydrolysis complexes which might be less redox active (20). 

Due to the presence of low levels of Cu impurities in commercial ferricytochrome C 

preparations, chelating agents such as EDTA or DTPA are included in reaction 
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solutions. Butler reported that millimolar levels of EDTA were sufficient to 

counteract the interference from Cu impurities (20). 

Koppenol et al. studied the effect of ionic strength on kcyt in order to further 

explain discrepancies in reported values (21). Ionic strength will certainly have an 

impact on the observed rate constant of 0{ and ferricytochome C as they are both 

charged species. 

K W 
,    uobs    . ,  .i-o , 1-Q2ZAZBI^ logkcyt = logkcyt + rr— 

1 + cd/2 

The Bronsted equation, above, relates the variation in the observed rate 

constant, k)J to the ionic strength, I, in terms of the charges, ZA, ZB of the two 

species and a constant, a, dependent on the minimum distance between them. As I 

increases, the charges on the reacting species are shielded from each other. In the 

case of 02" and ferricytochome C, it was found that the apparent charge on 

ferricytochrome C at pH 7.9 was + 6.3 and the rate constant at 1=0 was determined to 

be 1.9 x 108 M^min"1. Consideration of these two artifacts: copper impurities and 

ionic strength differences account for observed differences in values of kcyt at neutral 

pHs. Whereas Koppenol et al. reported kcy, = 5.3 x 107 Nf'min"1 using 1 mM 

phosphate and 2 mM formate preparations, Butler et al. reported kcyt = 2.4 x 10 M" 

min"1 using lOmM phosphate and lOOmM formate solutions. 

Clearly, in using ferricytochrome C as a probe of HOO/02", care must be 

taken in adjusting for both pH and ionic strength as well as chelating trace Cu. At 

present, there is confidence in the prediction of the pH dependence of kcyt, based on a 
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-1     ■ -1 
Single relevant pKa of 9 (16, 22). Thus, a value of k^, = 6.6 x 10 M" min" at pH - 7 

was applied in this paper (20,21). 

The alkaline form of ferricytochrome C above pH = 9 is not reduced by 

Superoxide. This characteristic is unfortunate, as higher pH experiments are 

appealing due to the reduced rate of dismutation of HOO/CV. Bielski et al 

circumvented this problem by preserving ferricytochrome C at pH = 5.8 before 

mixing it with a Superoxide solution at pH = 9. The reduction of ferricytochrome 

took place more quickly than its configurational change; in effect, kcyt at pH = 5.8 

was being measured but the superoxide solutions were maintained at a stable pH (16). 

One last weakness in the ferricytochome C probe system is directly related to 

its greatest strength. The reduction of ferricytochrome C is observed by monitoring 

the change in absorbance at 550nm; a simple and widely available method (23). 

However, increasingly, there is interest in probing the production of reactive 

transients by irradiated solutions of dissolved organic matter. Since ferricytochrome 

C absorbs strongly itself in the visible region, its photochemical applications are 

limited (24). 

The reduction of ferricytochrome C by a given HOO/02" generating system 

was monitored in order to determine the production rate of HOO/02". Then, 

quadricyclane was added to the same system and the reduction of ferricytochrome C 

was again monitored. Knowing the production rate of HOO/02\ a rate constant for 

the competing reaction of HOO/02" with quadricyclane could be calculated. 
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This reaction was performed at several pHs so that the rate constant of 

quadricyclane with both Superoxide and hydroperoxy could be determined. Methanol 

was included in the reaction mixture in order to quench any reaction of quadricyclane 

with hydroxyl radicals. In addition, control experiments were performed in order to 

account for the disappearance of quadricyclane through hydrolysis. 

Rate constants for the reaction of quadricyclane with HOO/02" were 

determined, allowing prediction of the importance of indirect photolysis as a fate for 

quadricyclane in natural waters. In addition, the feasibility of using quadricyclane as 

a probe of HOO/O2" was considered. 

Experimental 

Materials: Sodium hydroxide (99.99%), quadricyclane (-99%) and commercial 

humic acid, as the sodium salt, were obtained from Aldrich Chemical Company 

(Milwaukee, WI). Ferricytochrome C (>95%, from horse heart), xanthine oxidase 

(from buttermilk) suspension in a 60% saturated ammonium sulfate solution - 

1.3U/mg protein, puriss. grade xanthine (99%) and Superoxide dismutase (from 

bovine erythrocytes) - 3900 units/mg, were obtained from Fluka Chemical Company 

(Springfield, NJ). ACS grade EDTA and potassium hydrogen phthalate (KHP) were 

obtained from Fisher Scientific (Springfield, NJ). HPLC grade methanol was 

obtained from Allied Signal Inc. (Muskegon, MI). Ultrapure KH2P04 was obtained 

from J.T. Baker (Phillipsburg, NJ) and ACS grade sodium tetraborate decahydrate 
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and ACS grade hydrochloric acid were obtained from EM Science (Cherry Hill. NJ). 

All chemicals were used as received. 

All solutions were made using water purified with a Millipore 4-bowl 

standard system (Millipore Corp., Chicago, IL); the water had a resistivity of greater 

than 18MQcm and will henceforth be referred to as MilliQ water. 

Humic acid solutions were prepared using a variation of the method of Zepp 

et al. (25). Humic material (2g) was extracted with 2L of 0.1N sodium hydroxide 

solutions and pressure-filtered through a 0.2um capsule filter (Gelman Sciences 

#12117) at 4-6 psi. The filtrate was filtered again after adjustment to pH 6 with HC1. 

Humic acid working solutions were prepared as necessary by diluting the stock 

solution and using buffers to adjust the pH (26). Dissolved organic carbon (DOC) 

measurements were made on working humic solutions using external digestion with 

potassium persulfate and a Beckman Model 215 A infrared analyzer. 

Methods: HPLC: A Waters (Milford, MA) HPLC system was used to analyze the 

quadricyclane concentration with the following components: 515 pump, 717 plus 

autosampler, 996 photodiode array detector, Millenium chromatography manager, a 

3.9 x 150 mm Novapak d8 column and a 10ul sample loop. An isocratic mobile 

phase of 90% methanol and 10% MilliQ water was pumped at a flow rate of lml/min 

and quadricyclane was monitored at 210nm. 

Stock quadricyclane solutions were prepared by adding 20ul of quadricylane 

to 100ml of mM buffered solution, shaking the resulting mixture on a wrist-action 
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shaker and storing the solutions at 4°C. In addition, solutions with added methanol 

(OH scavenger) were used in order that the Superoxide reaction could be isolated. 

The reduction of ferricytochrome C was followed using a Spectronic® 20 

Genesys™ spectrophotometer (Spectronic Instruments, Rochester, NY) and the molar 

absorption coefficients provided by Massey (23). 

Buffer solutions of 0.001M were prepared with KHP, KH2P04, sodium 

tetraborate decahydrate, HC1 and NaOH. The pH was measured with an Acumet pH 

meter 915 (Fisher Scientific, Springfield, NJ). At this concentration of buffers, the 

general acid catalysis of quadricyclane is insignificant. In addition, at pHs < 7, 

quadricyclane undergoes hydrolysis observably. For experiments performed under 

these conditions, it is possible to account for this reaction (27). 

In the experiments involving the enzymatic production of Superoxide, 0.1 ml 

of EDTA (0.5 mM), 0.5ml ferricytochrome C (1.5 x 10"4M) and 0.5 ml xanthine (8 

mM) were added to 2.4 ml of a buffered quadricyclane solution (2mM) containing 50 

mM methanol. Timing of the reaction began with the addition of 0.5 ml of xanthine 

oxidase (30nM). These experiments were repeated with added Superoxide dismutase 

in order to test the extent of the reduction of ferricyctochrome C by HOO/02" as 

opposed to OH radicals. This enzyme catalyzes the dismutation of HOO/02"; thus, 

any reduction of ferricytochrome C observed in its presence will be due to alternative 

reactions (21). 

Irradiations were performed with a Hanovia 450 W medium pressure Hg lamp 

housed in a reflector (Ace Glass #7883-02) and powered by an Ace Glass cased 
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power supply (#7830-60). The solutions were prepared in 13 x 100 mm Pyrex 

disposable culture tubes (Corning Inc., Corning, NY) with screw-cap vials with PTFE 

liners. Eight culture tubes were simultaneously irradiated using a merry-go-round 

apparatus. 

Results and Discussion 

The degradation of quadricyclane in an irradiated humic solution was 

observed over four hours. This process could be modeled effectively by assuming 

either zero (r2 = 0.99) or first order kinetics (r2 = 0.99) (Figure 3.1). In order to 

interpret these results more fully, it was necessary to determine the rate constant of 

the reaction of quadricyclane with HOO/O2". 

The reduction of ferricytochrome C by HOO/02" radicals in the xanthine- 

xanthine oxidase system was monitored by following the change in absorbance at 

550nm. It has been determined that the molar absorption coefficients of both the 

reduced and oxidized form of this hemoprotein are relatively constant over the pH 

range 7-10(13). Furthermore, the rate constant for this reaction is well chracterized 

over this same pH range. Thus, the enzymatic production rate,P, of HOO/02" at a 

range of pHs was determined by using published values for kcyt (20), the second order 

rate constant for the reduction of ferricytochrome C, [cyt]ox, with HOO/02" and kdis, 

(12) the second-order rate constant for the dismutation of HOO/O2". 

» = -McTl[cy,]„ (2) 

dt 
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^ = P-kcJcT][cyt]0X-kdiäcT
: (3) 

dt v 

CT = [02"] + [HOO] (4^ 

An approximation can be made that the rate of dismutation of HOO/CK is 

insignificant in comparison to reaction with cytochrome, particularly as EDTA is 

added as a chelator for transition metals. In this case, the rate of reduction of 

ferricytochrome C is equal to the production rate of HOO/02" radicals. This 

assumption is valid in that key, ~ kdjs (Table 3.1) whereas [cyt]»[cT] (|aM vs. nM). 

Thus, the gradient of a plot of ferricytochrome C concentration vs. time will be equal 

to the rate of production of HOO/02' radicals (Table 3.1). 
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Figure 3.1. The degradation of quadricyclane in an irradiated humic solution, 

pH= 5.6. 

(A) 0th - order kinetics: [quadricyclane] vs. time, (r2 = 0.996), 

( O ) 1st - order kinetics: In[qUadricydane]' vs. time, (r2 = 0.999) 
[quadricyclane]0 
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In subsequent reactions, the test solution also contained 1.3mM quadricyclane. 

Since quadricyclane also reacts with HOO/02\ the observed decrease in rate of 

reduction of ferricytochrome C can be related to the competition for HOO '0{ as 

shown for pH 7.02 in Figure 3.2. In this case, the relevant rate equations are as 

follows: 

^ = P-kcJcT][cyt]0X -kdis[cTf -kQ[Q][cT] 
dt p) 

^ = -kQ[Q][cT] (6) 
dt 

drcvtl (7) 
^^ = -kcyt[cT][cytL 

dt 

[Q] is the concentration of quadricyclane and kQ is the observed second-order 

rate constant for the reaction of quadricyclane with HOO/O2". Since the production 

rate was already known, a value for kQ was deduced using a non-linear regression in 

Figure 3.2, and the values for P, kcyt, kd,s in Table 3.1. Curve fitting was performed 

on equations (5), (6), and (7) using Scientist Version 2.0, a MicroMath Scientific 

Software data fitting program. The curve was fit to the data for [cyt]ox; it was not 

possible to monitor [Q] and [cT] during the reaction. Once a value for kQ was 
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Table 3.1. Production rates of HOO/CV using xanthine-xanthine oxidase at different 

pHs and relevant rate constants: k^is, the rate constant for the dismuation of HOO O;" 

(12), kcyt, the rate constant for the reduction of ferricytochrome C with HOO/O;' 

(20,21), and kQ, the calculated rate constant for the reaction of quadricyclane with 

HOO/02". 

pH Production rate kdisxKT kcytX 10" kQx 10° 

x 106(Mmm') (M-'min1) (M-'min1) (M-'min1) 

7.02 2.55 3.44 6.60 2.95 

7.15 2.58 2.55 6.58 2.87 

7.23 2.60 2.12 6.56 2.83 

7.31 2.57 1.76 6.54 2.80 

7.40 2.60 1.43 6.51 2.77 

7.48 2.57 1.19 6.47 2.76 

9.00 1.50 0.036 1.20 2.67 
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Figure 3.2. Reduction of ferricytochrome C by HOO/02" at pH 7.02 in xanthine- 

xanthine oxidase system with (□) and (•) without quadricyclane present; the 

curves represent the fitted lines to the rate equations by non-linear regression. 
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determined at a particular pH, it was possible to predict the extent of reaction of 

quadricyclane and HOO/CK by substituting for kQ in equation (5). Quadricyclane 

concentration is predicted to be essentially constant as can be seen by the simulation 

at pH 7.02 in Figure 3.3; [Q] should decrease from 1.3mM to 1.296mM over the 

course of 5 minutes. In addition, the concentration of cT, according to the model, was 

in the nanomolar range. 

The rate constant, kQ, varied from 2.67 - 2.95 x 10' IVr'min"1 over the pH 

range 7.02 - 9.00. The variation of the determined value is due to relative 

concentrations of hydroperoxy and its conjugate base, superoxide (pKa = 4.80) (12). 

The specific values for the rate constant with superoxide and hydroperoxy were 

determined by calculating the ionization fractions, a„ and the specific rate constants, 

ki. 

[HOO] [H+] 
a0 = 

cT [H+] + Ka 
(8) 

[O,"] Ka 
—— = a, =  (9) 

'     [H+] + Ka 
w 

kQ = a0ko + aiki (10) 
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Figure 3.3. Simulation of [quadricyclane] and [HOO/02"] during enzymatic 

production at pH 7.02 using model with best-fit value for kQ, the rate constant 

for the reaction of quadricyclane with HOO/O2". 
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Values for k0 and ki were determined as (5.2 ± 0.3) x 10" and (2.7 ± 0.1) x 10' 

M min"1 using non-linear regression of equations (8),(9).(10) with the literature value 

for Ka (12). The values for kQ at different pHs as well as the fitted curve are shown in 

Figure 3.4. The excellent fit of the pH dependency of kQ is consistent with the 

hypothesis that quadricyclane is reacting with HOO/CK. 

There is a degree of uncertainty in estimation for k0 and kt due to the 

restricted range of pHs over which experiments were performed. Near-neutral pHs 

were chosen in part due to the constancy of ferricytochrome C's extinction 

coefficients in that region and also because ferricytochrome C has been of particular 

interest to biochemists and so there have been numerous studies of ferricytochrome 

C's reactivity in that pH range. The absolute value of kQ is linked to that of 

ferricytochrome C with its inherent uncertainties. 

The reported error in k0 and ki is experimental and does not account for the 

error in literature value of kcyt. Other workers have reported an error of 10% for 

similar experiments (21) and so it is reasonable to do the same for kcyt; this will 

confer an additional 10% uncertainty to the calculated value of kQ. This error will be 

propagated to k0 and ki depending on their relative contribution to k0; see equation 

(10). In the pH range of our experiments, this will necessarily confer a large 

uncertainty onto k0 as the concentration of HOO is so low; a0 = 6.3 x 10" at pH = 8. 

However, the fit of the observed values of kQ to equation (10) at pH 7 - 9 is sufficient 

for use of interpolating values of kQ anywhere in that range; that error is simply due 

to error in kcyt. 
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Figure 3.4. Variation of observed kQ, rate constant for the reaction of quadricyclane with 

HOO/02", with pH in enzymatic experiments. The curve represents the fit to a model that 

describes the variation in kQ due to the ionization fractions of HOO and 02" radicals. 

73 



The higher rate constant for HOO vs. 0{ is not unusual. Gebicki and Bielski 

have noted this phenomenon for linoleic acid, alanine and cysteine (2S). For these 

compounds, values for k0 and k, were 1.8 x 104 and 0, 2.6 x 104 and 3.6. 3.6 x 104 and 

9 x lC^Iyr'nun"1 respectively. 

Once kQ had been determined, it was possible to deploy both ferricytochrome 

C and quadricyclane as probes of HOO/02" production using conditions that wouUl 

ensure that all other reactions were insignificant. Separate Aldrich humic solutions, 

[DOC] = 8.5 mgL"1, buffered at pH=8.5, containing quadricyclane (2mM) and 

ferricytochrome C (20uM) were irradiated in Pyrex tubes with a medium pressure Hg 

amp. EDTA (0.5mM) was included in both samples to minimize alternative reactions 

ofHOO/02". 

It was assumed that the rate of degradation of quadricyclane and the rate of 

reduction of ferricytochrome C would be equal to the rate of production of HOO/O:'. 

The quadricyclane samples were irradiated for up to 90 minutes to allow observable 

reaction while the ferricytochrome solutions were irradiated for no more than 5 

minutes to avoid complete reaction. 

Solutions of ferricytochrome C without added humic acids were irradiated in 

order to test for photoreduction of ferricytochrome C (Figure 3.5). Since the 

concentration of the product first increases and then decreases, it appears that both 

ferri- and ferro-cytochrome C are photoreactive. However, during the course of the 

experiment (< 30 minutes), their reactivity is quite predictable. This alternative 

reduction of ferricytochrome was factored out of the observed reaction that took place 
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Figure 3.5. Reduction of ferricytochrome C (cytox) to ferrocytochrome C (cytred) in 

irradiated MilliQ water. 
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in the presence of humic acids. The calculated production rates were (2.98 ± 0.25) x 

10"6 and (2.79 ± 0.02) x 10"6 M min"1 (95% confidence interval) from the 

quadricyclane and ferricytochrome C solutions, respectively. The two production 

rates are not significantly different; however, ferricytochrome C is not ideal for 

photochemical experiments due to the uncertainties in its own photoreactivity. 

Quadricyclane does not absorb light of wavelength > 290 nm and so is more suited 

for reactions involving light. 

Environmental fate of quadricyclane: 

The kinetics exhibited during the degradation of quadricyclane in irradiated 

humic solutions (Figure 3.1) become clearer after rate constant, kQ has been 

determined. Typical half-lives of quadricyclane in natural waters due to indirect 

photolysis may be determined by applying typical production rates of HOO/02". 

^ll = P-kQ[quad][cT]-kdis[cT]
2-kVnk[cT] OD 

dt 
where k'Sink is the pseudo-first order rate constant for all other reactions - sinks 

such as reactions with transition metals as well as dissolved organic matter (29). It 

has been proposed that in fact the uncatalyzed dismutation of Superoxide is 

insignificant in comparison to these other reactions in natural waters (30). 

If quadricyclane were present in an aqueous system at high levels (2.5mM), its 

degradation rate would be equal to the production rate of HOO/02" as all the other 

terms in equation (11) would be insignificant. This is based on the values: kQ = 9.3 x 

105 M-'min ', kdis = 6.9 x 108 M^min \ k'sink ~ 50 min1 (29) and cT ~ nM for pH 5.6. 
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As such, it would be appropriate to apply zero-order kinetics to the irradiation shown 

in Figure 3.1. 

Marine production rates of HOO/02" have been estimated at 6 x 10"° M min" 

(30). For an initial quadricyclane concentration of 2mM, such as might be 

encountered in the case of a spill, the half-life would be on the order of 100 days 

whereas the half-life due to hydrolysis is approximately 185 days at pH=7 and 1850 

days at pH =8. In effect, indirect photolysis provides a significant sink for 

quadricyclane. 

Quadricyclane as a probe for HOO/O2': 

The indirect photolysis of quadricyclane provides an important sink for this 

hydrocarbon. In addition, a better understanding of the kinetics and mechanism of 

this process allows the use of quadricyclane as a probe for HOO/02" formation in 

natural waters. The values for the rate constant of quadricyclane were determined 

indirectly; the decrease in rate of reduction of ferricytochrome was attributed to 

scavenging of HOO/02" radicals by quadricyclane. Direct measurements of the 

disappearance of quadricyclane in the enzymatic experiments were not possible due 

to analytical limitations. Quadricyclane concentrations in the experiments were 

sufficiently high that its degradation was undetectable. 

The competition kinetics of probe reactions have been described at length 

(24). Chemical probes are generally applied at one of two concentrations: high 

enough to outcompete all other reactions or sufficiently low so as not to affect the 
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steady state concentration of the radical under investigation. The former technique 

was applied in this work. 

A further consideration of the reaction of quadricyclane with HOO/02" is the 

identification of products and the possibility of their subsequent reaction with the 

same radicals. No products have been observed through HPLC with photodiode array 

or GC with flame ionization detector (11). It is assumed that the first step of the 

reaction of quadricyclane is as follows: 

2H+ + 02" + C7H8    >C7H8 + + H202 (12) 

This reaction is likely due to the extremely low oxidation potential of quadricyclane 

(E° = 0.9 v); itself a feature of the strained structure (31). Combining this half- 

reaction with the reduction of Superoxide (E° = 0.89 v) (32), will result in a value of 

E° = 1.79 v for reaction (12) at pH = 7, and using the Nernst equation to predict cell 

potential at non-equilibrium conditions: 

E = E°_HlnQ (13) 
nF 

where Q is the reaction quotient, T is the absolute temperature, R is the universal gas 

constant, F is Faraday's constant, n is the number of electrons involved in the reaction 

and E is the cell potential. The concentration of the quadricyclane radical cation is 

assumed to be very low in natural waters, a fact which will only increase the value of 

E for this reaction. Thus, this reaction will have a large positive E and hence large 

negative Gibbs free energy and so thermodynamically, this reaction should proceed. 

Subsequently, the quadricyclane radical cation can be converted to a 

norbornadiene radical cation and hence to a norbornadiene molecule through the 
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oxidation of another quadricyclane molecule. This chain reaction has been observed 

for other photosensitized one-electron oxidations (7,8). However, it appears that this 

reaction is not an important one under the experimental conditions employed for this 

paper (enzymatic or irradiated humic production of radicals), as norbornadiene can 

readily be identified concurrently with quadricyclane in the HPLC method used and 

yet none was observed. Alternatively, the quadricyclane radical cation could add 

onto the humic matrix, thus preventing product identification. For the purpose of 

determining the kinetics of the reaction of quadricyclane, the end-products are 

unimportant as long as the initial step is indeed rate limiting as is assumed here. 

In using quadricyclane as a probe of HOO/02" production, it is important to 

determine the distribution of quadricyclane between the humic substances and the 

bulk solution. It has been determined that the kinetics of humic photoreactions 

cannot be accurately described assuming a homogeneous nature for the humic 

solution for compounds that bind to humic matter (26). Using the UNIFAC 

estimation technique, activity coefficients for quadricyclane in water, yNV, and in 

octoanol (y°) were determined (33), Kow can be calculated knowing these parameters 

(y7yw). Then a value for the organic carbon partition coefficient, K<,c, was predicted 

on the basis of a linear free-energy relationship between KoC and KoW (34). It appears 

that quadricyclane resides primarily in the bulk solution with the dissolved fraction ~ 

0.998, a value so close to 1 that order-of-magnitude errors in K<,c estimation will not 

affect the conclusion. Apparent production rates within the humic matrix may be 
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very different due to the possibility of scavenging of HOO/02" by the DOM itself 

(29). 

Provided that precautions are taken to account for its hydrolysis and reaction 

with OH radical, quadricyclane provides a simple means of probing the production 

rate of HOO/02". The relevant rate constants were determined using an enzymatic 

system and their variation with pH was predicted well on the basis of ionization 

fractions. Consequently, production rates of HOO/02" in an irradiated humic 

solution, measured simultaneously by quadricyclane and ferricytochrome C, were 

compared with very good agreement. 
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Chapter 4 

Production Rates of HOO/02" in Aldrich Humic Solutions 

Abstract 

The pH dependence of the production of hydroperoxy (HOO) and Superoxide 

radicals (02") from irradiated humic solutions was monitored using a novel probe, 

quadricyclane. High concentrations of the probe were used in order that it effectively 

scavenged all the radicals and thus its decay rate was equal to the production rate of 

the radicals. The variation of production rate with pH was related to possible 

production mechanisms. Additionally, chloroethanol, a scavenger of hydrated 

electrons (e"(aq)), was added to irradiated solutions to elucidate whether this reactive 

species,(e"(aq)), is an intermediate in the production of HOO/02". The decrease in 

production rate of HOO/02" with increasing pH in conjunction with the undetectable 

effect of the addition of chloroethanol indicates that the most significant formation 

pathway involves the transfer of an electron from an excited state of the dissolved 

organic matter to molecular oxygen. 

Introduction 

HOO/O2" is formed during sunlight irradiation of natural waters. The two 

possible paths of production involve either the direct transfer of an electron from an 

excited state of dissolved organic matter, DOM, (3DOM) to molecular oxygen (02) or 

the reaction of 02 with a hydrated electron that was produced from the photoionization 

of DOM (1,2). It has been suggested that semiquinone radical anions within the humic 
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matrix are specifically responsible for the former mechanism (3) whereas the latter 

mechanism seems unlikely in view of the low formation rates of hydrated electron (4). 

Measured values for the production rate of Superoxide in natural waters range 

from 6 x 10"" to 6 x 10"9 M min"1 (5,6) while steady state concentrations range from 

10"n to 10"8 M (5,7). Most measurements thus far have been for marine systems but 

estimates of fresh water production rates are ~ 2 x 10"9 -2x10" M min" (8). 

Predicted fresh water rates are higher than those for marine waters because of the 

higher dissolved organic carbon concentration, [DOC], generally observed in fresh 

water samples. The dependence of production rates on [DOC] has been observed for 

photosensitized reactions such as the production rate of hydrogen peroxide (9) and 

since Superoxide is considered to be the primary precursor of hydrogen peroxide (10), 

a similar relationship for Superoxide is appropriate. 

The chemistry, and in particular the fate, of HOO/02" in natural waters is still 

somewhat uncertain. Originally, it was assumed that dismutation of HOO/02" to form 

02 and H202 was the most important sink of HOO/02". However, at pHs of most 

natural water systems (pH 7 -8.5), given that the pKa of HOO is 4.8 (11), 02" is the 

predominant species. 02" reacts far more slowly with 02" (0.3 M" s" ) than either it 

reacts with HOO (7.61 x 105 MV) or than HOO reacts with itself (8.86 x 107 M'V1) 

and so this loss mechanism is in fact of minimal importance (12). The possibility of 

other scavengers was proposed in explaining why the production rate of H202 was 

increased as Superoxide dismutase (SOD) was added to the system (5). In effect, 

there was an alternative sink of Superoxide other than its dismutation. As SOD was 
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added in higher concentrations, it could compete effectively for HOO/02\ The 

alternative sinks were grouped together by a pseudo-first order rate constant, k'sm^ 

assuming a constant concentration of the sink species. Initial values for ksink were 

estimated as 0.15 min"1, but this prediction is based on the assumption that all the 

H202 formed in the absence of SOD was produced only by the disproportionation of 

HOO/02\ 

The identity of this sink for HOO/02" was initially thought to be Fe (III) (13) 

or Cu(II) (7) as the reaction of these metals with HOO/02" occurs at nearly diffusion 

controlled rates. These reactions were considered important even though both of 

these metals will to a large degree be complexed in natural waters. However, it was 

later observed that even when EDTA was added as a complexing agent of these metal 

species, there was still an ill-defined loss mechanism. The only treatment that 

seemed to reduce the activity of this sink was bleaching of the natural waters, 

suggesting reaction with the dissolved organic matter as a possible fate (6). Values 

for this rate constant were determined as 12 - 84 min"1 for coastal waters. 

The variation of production rates of these radical species with pH gives some 

indication of their formation as well as their potential fates. The structure of the 

humic acids, themselves, will change with pH, particularly at the pKas of predominant 

functional groups such as carboxylic and phenolic moieties. The stability of the 

superoxide/hydroperoxy group is also a function of the pH in terms of dismutation 

rate (11). Certainly, steady state concentrations of HOO/O2" will depend on the 
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concentration and speciation of transition metals as well as the nature of the DOM. It 

is clear that pH will affect both the formation and destruction of HOO/02". 

Further insight into the formation mechanism can be gained through inclusion 

of scavengers of the hydrated electron such as chloroethanol. Thus, a discussion of 

production rates will necessarily involve consideration of all these factors. In this 

paper, the focus is a comparison of production rates over the pH range: 4 -12. 

Quadricyclane, a strained cyclic hydrocarbon, appears to react with both the 

hydroperoxy radical and the Superoxide anion (14). The rate of reaction of 

quadricyclane is such that the dismutation of HOO/02" is insignificant in comparison 

to its reaction with milimolar concentrations of quadricyclane. Thus, if humic 

solutions of quadricyclane are irradiated, the production rate of this pair of radicals can 

be determined through measurement of the degradation of quadricyclane. Hence, the 

variation of production rates with pH can be interpreted, providing some insight into 

the mechanism of formation of HOO/O2". 

Quadricyclane is a useful probe for HOO/02" as it can be used over a wide 

range of pHs, provided that its acid hydrolysis (15) is accounted for through the use of 

control experiments. In addition, the possible reaction of quadricyclane with the 

hydroxyl radical should be quenched through the addition of a scavenger such as 

methanol. 

Values for kQ, the rate constant of quadricyclane with HOO/02" were 

determined using an enzymatic mode of production, the xanthine-xanthine oxidase 

system, and a well-characterized probe of HOO/02", ferricytochrome C (14). The pH 
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dependence of the reaction was quantified by performing the experiment at different 

pHs and accounting for the varying reaction rate of HOO/02" with the different forms 

of ferricytochrome C (16). The experimental conditions were such that the possible 

reactions of HOO/02" were with ferricytochrome C, quadricyclane or possibly 

bimolecular dismutation. The dismutation of HOO/02" was deemed insignificant in 

comparison to the other reactions given the low concentration of HOO/02" present. 

Values for the dismutation rate constant have been determined under many different 

conditions (11). EDTA was included in the reaction mixture as a chelating agent for 

trace metals present that might react with HOO/02". Values for kQ are 5.2 x 106 and 

2.7 x 105 M min"1 for the reaction of quadricyclane with HOO and 02" respectively. 

Using these values, it is possible to deploy quadricyclane as a probe for HOO/02" 

production in irradiated humic solutions at a wide range of pHs. 

The kinetics of probe systems has been described at length in the literature 

(17,18,19). Probes are added to reaction mixtures at a range of concentrations, 

allowing variation of the relative significance of the reaction with the probe as 

opposed to natural scavengers, In this manner, the production rate of the species of 

interest as well as its steady state concentration in the absence of the probe can be 

determined. Once the kinetics of the total reaction system is well understood, one of 

two methods is employed. Either the probe is used at such low concentrations that it 

does not alter the steady state concentration of the reactive species, or it is used at 

sufficiently high concentrations that the reaction of the species with the probe 

outcompetes all other reactions. In the former method, pseudo-lst order kinetics are 
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assumed for the reaction of the probe allowing determination of the unperturbed 

steady-state concentration of the species. In the latter case, the rate of reaction of the 

probe approaches the formation rate of the species. Both production rates and steady 

state concentrations are important to a fuller understanding of the chemistry of the 

species in natural waters. 

At present HOO/02" are not considered to be important to the degradation of 

many xenobiotics in natural waters. However, these radicals have a crucial role in the 

redox cycle of both DOM, through the cycling of quinones and semi-quinone radicals 

(20), and transition metals, holding transition metals in unstable oxidation states such 

as Cu(I) and Fe(II). As a result, HOO/02" may indirectly play a role in the formation 

of other significant oxidants such as OH arid H2O2. 

Experimental 

Materials: Sodium hydroxide (99.99%), quadricyclane (-99%) and commercial 

humic acid, as the sodium salt, were obtained from Aldrich Chemical Company 

(Milwaukee, WI). Puriss. grade 2-chloroethanol was obtained from Fluka Chemical 

Company (Springfield, NJ). ACS grade EDTA and potassium hydrogen phthalate 

were obtained from Fisher Scientific (Springfield, NJ). HPLC grade methanol was 

obtained from Allied Signal Inc. (Muskegon, MI). ACS grade hydrochloric acid and 

ACS grade sodium tetraborate decahydrate (borax) were obtained from E.M. Science 

(Gibbstown, NJ). Ultrapure KH2P04 and K2HP04 were obtained from J.T. Baker 

(Phillipsburg, NJ). All chemicals were used as received. 



All solutions were made using water purified with a Millipore 4-bowl 

standard system (Millipore Corp., Chicago, IL); the water had a resistivity of greater 

than 18MQcm and will henceforth be referred to as MilliQ water. 

Humic acid solutions were prepared using a variation of the method of Zepp 

et al. (4). Humic material (2g) was extracted with 2L of 0.1N sodium hydroxide 

solutions and pressure-filtered through a 0.2um capsule filter (Gelman Sciences 

#12117) at 4-6 psi. The filtrate was filtered again after adjustment to pH 6 with HC1. 

Humic acid working solutions were prepared as necessary by diluting the stock 

solution and using buffers to adjust the pH (21). Dissolved organic carbon (DOC) 

measurements were made on working humic solutions using external digestion with 

potassium persulfate and a Beckman Model 215 A infrared analyzer. 

Methods: 

HPLC: A Waters (Milford, MA) HPLC system was used to analyze the 

quadricyclane concentration with the following components: 515 pump, 717 plus 

autosampler, 996 photodiode array detector, Millenium chromatography manager, a 

3.9 x 150 mm Novapak C]8 column and a lOul sample loop. An isocratic mobile 

phase of 90% methanol and 10% MilliQ water was pumped at a flow rate of lml/min 

and quadricyclane was monitored at 210nm. 

Stock quadricyclane solutions were prepared by adding 25ul of quadricylane 

to 100ml of buffered solution, shaking the resulting mixture on a wrist-action shaker 

and storing the solutions at 4°C. For all experiments, the concentration of 
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quadricyclane was related to a dark control to account for the hydrolysis of 

quadricyclane. In addition, solutions with added methanol (OH scavenger) were 

used in order that the Superoxide reaction could be isolated. 

Irradiations were performed with a Hanovia 450 W medium pressure Hg lamp 

housed in a reflector (Ace Glass #7883-02) and powered by an Ace Glass cased 

power supply (#7830-60). The solutions were prepared in Pyrex disposable culture 

tubes (Corning Inc., Coming, NY) with screw-cap vials with PTFE liners. Eight 

culture tubes were simultaneously irradiated using a merry-go-round apparatus. 

Buffer solutions with concentrations of 0.001M were prepared with KH2P04, 

K2HP04, KHP, borax, NaOH, HC1. The pH was measured with an Acumet pH meter 

915 (Fisher Scientific, Springfield, NJ). 

Results and Discussion 

Competition Kinetics: 

Humic solutions containing different concentrations of quadricyclane were 

irradiated in order to find the degree to which quadricyclane reacted with available 

HOO/O2". The relevant rate equations are as follows: 

%Ll = P-kQ[cT][Q]-kI
sink[cT]-kdis[cT]2 

dt 

^ = -kQ[cT][Q] (2) 

Where cT =[02"] + [ HOO] 

kQ is the apparent rate constant for the reaction of quadricyclane with HOO/02". 
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[Q] is the quadricyclane concentration. 

kdis is the rate constant for the self-dismutation of HOO/02". 

k'sink is the pseudo-first order rate constant for all other sinks of HOO/CK. 

The system can be greatly simplified if it is assumed that HOO/02" reaches steady 

state and that the dismutation of HOO/02" provides an insignificant sink of the 

radicals. Using published values for kd,s (11) and approximate values for cT (nM), 

dismutation is negligible. In this case, the rate of reaction of quadricyclane with 

HOO/O2" can be derived: 

■d[Q] P[Q] (3> 
sink +[Q] ^Q        dt        k" 

k 
Q 

Figure 4.1 displays the variation of RQ with [Q] at pHs of 5 and 8. Values for RQ 

were determined by following the degradation of quadricyclane over a 10% drop 
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Figure 4.1. Effect of quadricyclane concentration on rate of reaction with 
HOO/02" at pH 5 (O   )andpH8(# ). The curve shows the fitted line. 
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in concentration. At concentrations near the solubility limit of quadricyclane 

(2.8mM) (15), RQ approaches P, the production rate, indicating that quadricyclane 

outcompetes natural scavengers in the solution for HOO/02". This hyperbolic 

relationship can be linearized by plotting 1/RQ vs. 1/[Q]: 

(4) 

RQ"P + 

K
 sin k 

VkQP ) 

1 

[Q] 

In this manner, values for P, the production rate, and ksink were calculated: 

P = 1.3 x 10"5 and 3.7 x 10"6 Mmin"1 and k'sink = 900 and 122 min"1 at pH 5 and 8 

respectively. 

Values from this work for k'sink at pH 8 agree with literature values of 12 - 84 

min"1 (6) while the value at pH 5 two orders of magnitude higher. Values for 

production rates in the irradiated humic solutions (3.6 x 10"6 M min" ) are 

considerably higher than those predicted for fresh waters (2 xlO"9 - 2 xlO"7 M min" ) 

(8). However, the Aldrich solutions that were used did have a high [DOC] = 8.5 

mgL"1, and there has also been some debate over the use of commercial humic 

solutions as a model for aquatic DOM (22). The source of commercial humic acids is 

often not documented and in fact, the IR spectra of such solutions resemble that of a 

natural peat sample. Furthermore, the Hg lamp that was used for the irradiations 

emits intensely at several wavelengths in the region of the spectrum where humic 

acids absorb light, as opposed to the more continual solar emission (23). 

In Figure 4.1, the rate of reaction of quadricyclane with HOO/02" appears to 

reach a plateau at quadricyclane concentrations of 2.1 raM. Thus, at concentrations 
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equal to or greater than this, the observed reaction rate of quadricyclane reflects the 

production rate of HOO/02". All further experiments were performed using at least 

this concentration of quadricyclane, allowing a comparison of production rates. 

There is always some concern about possible artifacts in using such high 

concentrations of probe, but the shape of the curves in Figure 4.1 suggests that the 

kinetics for the reaction of HOO/02" are being accurately described. 

Accounting for hydrolysis: 

As quadricyclane does undergo hydrolysis, control experiments were 

performed in order to account for possible loss of quadricyclane by this mechanism. 

Dark samples of quadricyclane buffered at pHs < 7 exhibited observable loss and so 

all results were treated in order to take hydrolysis into account: 

Q + H+    k'  > products * ) 

Where Q is quadricyclane, and ki, is the second-order rate constant = 26 M" min" at 

25°C (15). Assuming a steady [H+] for a buffered solution, a pseudo-first order rate 

constant can be derived at a particular pH: 

k' = k,[H+] (6) 

Since these experiments involved a Hg lamp and hence elevated solution 

temperatures of- 35°C, values for k' were determined directly for each pH by 

measuring the extent of reaction of quadricyclane in a dark control humic solution at 

the same temperature, rather than using the literature values for 25°C. For such a 

sample, 
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^ = -k'[Q] and integrating over the reaction time, gives : 
dt 

In W 
vi 

= -k't (8) 
JQ]o. 

Once the value for k' had been determined from the dark control, the extent of 

reaction due to hydrolysis could be factored out of the irradiated samples. 

The relevant rate equation for the reaction of quadricyclane with HOO/02" 

including hydrolysis is: 

^! = -McT][Q]-k'[Q] (9) 

at 

At high concentrations of quadricyclane, it is assumed that all of the HOO/02" 

radicals produced react with quadricyclane and so, for a rate of production of 

HOO/O2" ,P: 

P = kQ[cT][Q] (10) 

A simplification of equation (9) is possible: 

^Ql = -P-k'[Q] (") 
dt 

Integrating this over the time period of the reaction: 

mp + kmU-k't 
(12) 

P + k'[QJo. 

Since [Q]t and [Q]0, the concentrations of quadricyclane at time zero and time t are 

known, manipulation of this equation allows calculation of P, the production rate of 

HOO/O2". One further note of caution is that quadricyclane does undergo general 

acid catalysis and so the weak acid form of the buffer could also catalyze hydrolysis. 
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Dark controls were tested at varying concentrations of buffers in order to test 

appropriate levels of buffer. Buffer concentrations of < ImM were used as no 

observable contribution to hydrolysis occurred under these conditions. 

Variation of Production Rate with pH: 

Using high quadricyclane concentrations (2.5mM), irradiations of humic 

solutions were performed at pHs from 4 to 12. Figure 4.2 displays the variation in P 

over this pH range. The production rate of HOO/02" increases noticeably at lower 

pHs. One explanation of this might be an effect of pH on the absorbance spectrum of 

humic acids. 

Since the rate of a photochemical reaction follows the general form (23): 

Rate of reaction = Ia^<()x (13) 

where U represents the amount of light absorbed and <S>X the quantum efficiency of 

the reaction. U depends on the incident light intensity and on the degree to which 

that light is absorbed. 

If absorbance increased with decreasing pH, Ia\ and the reaction rate would 

also increase. However, the absorbance increases with increasing pH for this humic 

solution (Figure 4.3), consistent with observations of other workers (24,25). 

Therefore, the increase in production rate at low pH cannot be explained by net 

absorbance of the humic acids. 

In Figure 4.2, it is apparent that there is a decrease in the apparent production 

rate of HOO/02" over the pH range 4-10 with a small increase from 10-12. This 
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Figure 4.2. Variation of production rate of HOO/02" by irradiated Aldrich humic 
solutions with pH. 
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Figure 4.3. Absorbance spectra of Aldrich humic solutions ([DOC] = 8.5 mgL") 
at pHs 3-11, taken in a 1cm quartz cell. 
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decrease is not due to the speciation of HOO and 02" and the significantly different 

rate constants for the reaction of quadricyclane with 02" and HOO. The experimental 

conditions are such that quadricyclane reacts with nearly all of the HOO/Of produced 

regardless of the pH; in effect kQ[Q]»k'Sink in equation (1); see competition kinetics 

above. The variation of production rate is also not due to the pH dependent 

dismutation rate of HOO/02". Over the entire pH range studied, this reaction path 

does not provide a significant sink for HOO/02\ given the published rate constants 

for this reaction (11). 

The fact that the production rate increases dramatically at pHs < 6 suggests 

that the reaction of the hydrated electron, e"(aq), with molecular oxygen is not an 

important source of HOO/02". Protons will react with e"(aq) (11): 

H++e-aq->H k = 2.2xlO,0M-'s-1 (14> 

The concentration of protons, [H+] is high enough at pH=4 to compete with 02 

(typical concentrations of 0.25 mM) for hydrated electrons produced by the 

photoionization of humic acids (26). This would lead to a decrease rather than the 

observed increase in the production rate of HOO/02". 

Chloroethanol, a scavenger of hydrated electrons (4), was added at varying 

concentrations at pH 12 and 5.5. This high pH was chosen because the contribution 

of the hydrated electron reacting with molecular oxygen to produce Superoxide is 

likely to be most significant at this pH. This is partly due to lack of competition for 

the hydrated electron from protons but also because at this pH, most phenolic groups 

within the DOM will have dissociated. Phenolic groups have been identified as a 
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likely source of photoejected electrons (27) and the quantum efficiency of this 

process increases with increased ionization. Therefore, the increase in the apparent 

production rate of HOO/02" might be due to greater hydrated electron production. 

However, chloroethanol had no effect on the degradation rate of quadricyclane at 

either pH (Figure 4.4) suggesting that this pathway is insignificant to the overall 

production of HOO/02". The addition of chloroethanol has also been shown to have 

no effect on the amount of hydrogen peroxide produced from a humic solution (8). 

Since much of the HOO/02" produced in an irradiated humic solution may be reduced 

to hydrogen peroxide, this is further evidence against hydrated electron's contribution 

to HOO/O2" formation. 

As pH increases so does [OH"] with two important effects on the 

photochemistry of humic acids. Inorganic anions such as OH" can quench electron 

transfer reactions (24), suggesting a decreased production rate of HOO/02" from 

electron transfer from a dissolved organic matter functionality to molecular oxygen as 

pH increases. 

(15) 
1 DOM—S^-V DOM *—*^>' DOM 
3 DOM+3 02 -> DOM+ +0; (16) 

In effect, the hydroxide anion reacts with the excited singlet state of DOC before 

inter-system crossing (ISC) to the excited triplet state can take place, therefore 

reducing the possibility of reaction with 02. However, [OH"] increases by 6 orders of 

magnitude from pH 4 to 10, which should lead to a larger pH effect than that 
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Figure 4.4. Production rate of HOO/02" at pH 5.5 ( O ) and pH 12 ( • ) with 
varying concentration of chloroethanol. (Note that values for production rates do 
not match those in Figure 4.2 exactly due to slightly different experimental set-ups). 
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observed. Thus, it would appear that the quenching of singlet states is not the only 

explanation for the decrease in production rate. 

Bruccoleri et a!, also observed a decrease in the energy stored in triplet states 

as pH increases (26) The underlying cause was assumed to be due to an increase in 

the internal conversion of singlets to the ground state as opposed to more rapid 

radiationless decay of triplet states. One explanation for the observed decrease is the 

changing character of the humic acids as more acidic groups deprotonate at higher 

pHs. This phenomenon might explain the shape of Figure 4.2 where a decrease in 

apparent production rates is observed at the average pKa of carboxylic groups 

(pH=4.5) and a slight increase near the phenolic pKa (pH = 10) (28). No justification 

was given as to why the deprotonated functionality might exhibit shorter lifetimes for 

the excited singlet state. 

An alternative explanation is the changing conformation of humic acids with 

increasing pH. At a larger degree of deprotonation, the humic acid assumes a more 

extended conformation with reduced aggregation. Chromophore interactions will 

occur more readily in an aggregated molecule and will provide pathways for 

intersystem crossing and decrease radiationless decay of excited singlet states. Both 

of these processes will serve to increase the population of excited triplet states and 

thus the production of HOO/02". Variation in pH may alter not only the production 

rates of HOO/02" but also their possible scavenging through reaction with trace 

metals or quinone functionalities. 
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Thus, it appears that the electron transfer from DOM to molecular oxygen 

produces the majority of HOO/02". The pH dependence of this process is 

complicated not only by the complex structure of the humic acids but also by the 

varying speciation of scavengers of these radicals. It is clear that there are two 

distinct modes of transferring an electron from the DOM to a substrate. Bums et al. 

provided evidence that the reactive transient responsible for the dechlorination of the 

pesticide, mirex, was the hydrated electron (24). In those experiments, chloroethanol, 

trichloroacetate and N20 were deployed as scavengers of the hydrated electron and a 

significant change in the reaction rate was noted. In this work, since 0.2 M 

chloroethanol did not quench the quadricyclane reaction, another mechanism must be 

involved. 
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Chapter 5 

Comparison of Production Rates of HOO/O2" 

in Four Water Samples using Quadricyclane as a probe. 

Abstract 

The wavelength dependence of the production of hydroperoxy and Superoxide 

radicals by the irradiation of four water samples was investigated. Quadricyclane was 

used to probe this production rate at 313, 365, 405 and 435 nm using a Hg lamp and 

narrow bandpass filters to isolate the emission lines. The results were compared after 

normalizing for differences in light attenuation and incident intensity that were 

specific to the sample. Since the radicals under consideration are precursors to 

hydrogen peroxide, the values for the apparent quantum yield were compared to 

literature values for H202, both in terms of consistency between samples and also 

variation with wavelength. The apparent quantum yields for the two species followed 

the same trend in variation in wavelength. The values for HOO/02" were significantly 

higher than for H202, confirming that there are other sinks for HOO/02". For the 

natural water samples, there was good agreement among apparent quantum yields of 

HOO/02". Samples of all the waters, containing quadricyclane, were also exposed to 

sunlight on a rooftop over a two-week period. The production rate of HOO/02" under 

these conditions was proportional to the attenuation coefficient of the water sample. 
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Introduction 

Superoxide (02") and its conjugate acid hydroperoxy (HOO) are produced 

from the irradiation of DOM. This is thought to occur either through the reaction of a 

photoejected hydrated electron with dissolved molecular oxygen or through direct 

electron transfer from an excited DOM moiety (1). The apparent quantum yield for 

production of HOO/02" decreases with increasing wavelength. This has been shown 

to be true for other photosensitized reactions induced by the photolysis of DOM such 

as production of singlet oxygen (2,3), energy transfer (3) and production of hydrogen 

peroxide (4). 

Differences in production rates of reactive transients by assorted water 

samples affect the half-lives of xenobiotics contained therein. At present, neither 

Superoxide nor hydroperoxy are considered to be important to the breakdown of any 

xenobiotics, but certainly, these radicals are involved in the redox cycle of transition 

metals such as copper and iron (5,6). A result of this is an indirect impact on steady 

state levels of other oxidants such as hydroxyl radical and hydrogen peroxide that are 

products of the redox reactions of HOO/O2". 

The reaction of quadricyclane, a strained cyclic hydrocarbon, with HOO/02" 

has recently been presented (7,8). By monitoring the degradation of quadricyclane in 

an irradiated sample of natural water, the production rate of these radicals can be 

determined. If the radiant flux of the applied light and the attenuation coefficients of 

the water samples are known, then an apparent quantum efficiency, normalized for 

the absorbance of the water can be determined. 
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At the concentration of quadricyclane used in these experiments (2 mM). the 

rate of reaction with HOO/02" outcompetes the other scavenging mechanisms for 

these radicals. This necessitates that quadricyclane be allowed to degrade only as far 

as this condition is still met. Another precaution that must be taken in the application 

of this probe for superoxide is that both the hydrolysis (9) and the possible reaction of. 

quadricyclane with the hydroxyl radical (10) be taken into consideration. This is 

achieved through using dark controls and adding a hydroxyl scavenger such as 

methanol. 

The apparent quantum yield of four water samples at four wavelengths is 

presented. Differences between the apparent quantum yields are related to 

differences between the different sources including the concentration of dissolved 

organic matter (DOM) as well as the pH: 

Using the determined spectra (quantum yields vs. X) for different waters, it is 

possible to predict environmental degradation rates using published solar intensities 

(11). A long-term roof-top study was performed in order to compare qualitatively the 

degradation of quadricyclane under different pH and DOM conditions. 

Quadricyclane can act as an effective probe of HOO/02" production in irradiated 

natural waters under both lab conditions and in the field. 

Experimental 

Materials: Quadricyclane (-99%), potassium oxalate monohydrate (>99%) and 

commercial humic acid, as the sodium salt, were obtained from Aldrich Chemical 
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Company (Milwaukee, WI). HPLC grade methanol was obtained from Allied Signal 

Inc. (Muskegon, MI). ACS reagent grade phenanthroline was obtained from Fisher 

Scientific (Pittsburgh, PA). Ferric chloride was obtained from Mallinckrodt 

Chemical Inc. (Paris, KY). All chemicals were used as received. 

Water samples were collected during the summer of 1998 and the unfiltered 

samples were stored at 4°C until needed. Samples were taken from: Onondaga Lake 

(a eutrophic lake in Syracuse, NY), Cayuga Lake (oligotrophic Finger Lake in Central 

NY), and in the western portion of Lake Ontario (Laurentian Great Lake). In 

addition, an Aldrich humic solution was used. 

All solutions were made using water purified with a Millipore 4-bowl 

standard system (Millipore Corp., Chicago, IL); the water had a resistivity of greater 

than 18MQcm and will henceforth be referred to as MilliQ water. 

Humic acid solutions were prepared using a variation of the method of Zepp 

et al. (12). Humic material (2g) was extracted with 2L of 0.1N sodium hydroxide 

solutions and pressure-filtered through a 0.2|am capsule filter (Gelman Sciences 

#12117) at 4-6 psi. The filtrate was filtered again after adjustment to pH 6 with HC1. 

Humic acid working solutions were prepared as necessary by diluting the stock 

solution and using buffers to adjust the pH (13). Dissolved organic carbon (DOC) 

measurements were made on working humic solutions using external digestion with 

potassium persulfate and a Beckman Model 215A infrared analyzer. 
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Potassium ferrioxalate solutions for actinometry were prepared by combining 

5ml each of ferric chloride (0.4M) and potassium oxalate (1.2M) and diluting to 

100ml (14). 

Methods: 

HPLC: A Waters (Milford, MA) HPLC system was used to analyze the 

quadricyclane concentration with the following components: 515 pump, 717 plus 

autosampler, 996 photodiode array detector, Millenium chromatography manager, a 

3.9 x 150 mm Novapak C]8 column and a lOul sample loop. An isocratic mobile 

phase of 90% methanol and 10% MilliQ water was pumped at a flow rate of lml/min 

and quadricyclane was monitored at 21 Onm. 

Stock quadricyclane solutions were prepared by adding 25(0.1 of quadricylane 

to 100ml of the water sample, shaking the resulting mixture on a wrist-action shaker 

and storing the solutions at 4°C. For all experiments, the concentration of 

quadricyclane was related to a dark control to account for the hydrolysis of 

quadricyclane. In addition, solutions with added methanol (OH scavenger) were 

used in order that the Superoxide reaction could be isolated. 

Irradiations were performed with a Hanovia 450 W medium pressure Hg lamp 

housed in a reflector (Ace Glass #7883-02) and powered by an Ace Glass cased 

power supply (#7830-60). Four 10-cm ES cylindrical quartz cells with Teflon 

stoppers (NSG Precision Cells, Farmingdale, NY) were irradiated simultaneously 

using a merry-go-round apparatus. In front of each cell was a 1-inch diameter narrow 
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band interference filter (CVI Laser Corp., Livermore, CA). These triple-cavity filters 

were centered at 313.0, 365.0, 405.0 and 435.8nm, had a FWHM of lOnm and an 

optical density of 4. The intensity of light was measured using ferrioxalate 

actinometry (15). A Spectonic® 20 Genesys™ spectrophotometer was used to 

monitor the absorption of the iron(II) phenanthroline complex formed at 550nm. 

The pH of each of the water samples was measured with an Acumet pH meter 

915 (Fisher Scientific, Springfield, NJ) and the absorption spectrum was measured 

with the UV-Vis spectrophotometer. 

For the rooftop irradiations, the solutions were prepared in disposable 13 x 

100 mm Pyrex culture tubes (Corning Inc., Corning, NY) with screw-cap vials with 

PTFE liners. The tubes were deployed on a rack in a circulating water bath with a 

mean temperature of 18°C, with the vials just below the surface. The samples were 

left on the roof of Baker Laboratory (State University of New York, College of 

Environmental Science and Forestry, Syracuse,NY) during August, 1998. 

Results and Discussion 

The absorbance spectra of the water samples in 10 cm quartz cells were 

recorded and are shown in Figure 5.1. Values for a%, the attenuation coefficients at 

wavelength X were derived: 

Ax = axl (1) 

Where A\ is the absorbance and / is the pathlength of the cell. 
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The fraction of light absorbed, Fs>., at wavelength X, in the 10 cm cell used during 

irradiations by the Hg lamp, was calculated: 

Fs,=l-10-A; (2) 

At the four wavelengths for which apparent quantum yields were calculated, the 

values of a?, and Fs>. are shown in Table 5.1. 

It has been shown that quadricyclane reacts with HOO/ 02~ that is produced 

by the photosensitization of dissolved organic matter found in water samples. This 

reaction can be described: 

= P-kQ[Q][cT]-k'sink[cT]-kdis[cT]2 (3) dcT 

il = -kQ[Q][cT] <4) 

dt 

cT = [02"] + [HOO] (5) 

where [Q] is the concentration of quadricyclane, kQ is the rate constant for the 

reaction of quadricyclane with HOO/02\ kdis is the rate constant for the dismutation 

of HOO/02" and k'sink is the pseudo-first order rate constant for all other reaction 

pathways of HOO/02". Values for kdis (16) and kQ (1) and estimates of k'sink (17) are 
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Figure 5.1. Absorbance spectra of Onondaga Lake, Cayuga Lake, Lake Ontario 

water and a S.SmgL'1 [DOC] Aldrich humic acid solution. The spectra are taken 

in 10cm quartz cells. 
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Table 5.1. Attenuation coefficients (a>.) and fraction of light absorbed (Fs>.) in a 10cm 

cell for different water samples. 

Aldrich Onondaga Cayuga Ontario 

X(nm)         a?. Fs>. ax           Fs>. a>. Fs>.            a>.            Fs>. 

313 0.1767 0.983 0.0619 0.760 0.0243 0.428 0.0134 0.265 

365 0.1045 0.910 0.0377 0.580 0.0143 0.281 0.0072 0.153 

405 0.0652 0.777 0.0295 0.493 0.0112 0.227 0.0055 0.119 

435 0.047 0.661 0.0264 0.455 0.0101 0.207 0.0048 0.105 
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known and all experiments were performed with quadricyclane concentrations > 

2mM in order that the only significant reaction of HOO/O;" was with quadricyclane. 

For instance, at pH = 7.48, 

kQ = 2.76 x 105 M-'min \ kdis = 1.19 x 107 M"'min"\ k'sink < 1 x 102 min"1 and cT - nM. 

As a result, the rate of reaction of quadricyclane is assumed to be equal to the rate of 

production of HOO/O2": 

-d[Q]_p 
(6) 

dt 

The rate of production of HOO/02" can also be defined in terms of the incident light. 

The rate of light absorption, Ia,x, by the sensitizer can be described in the typical 

manner: 

T     = I F  F ' ' 

Fs,x = fraction of light absorbed by the entire system =  1-10_oti' 

I>. = incident light intensity in einstein per liter per minute. 

Fc,x = fraction of light absorbed by the system that is absorbed by a particular 

sensitizer. 

Finally, the rate of production of HOO/O2" is defined in terms of the apparent 

quantum yield, §\, a function of the fraction of light absorbed by the sensitizer 

responsible for the production of HOO/02" (Fc,0, and the quantum efficiency of this 

reaction, ((j)^). Since neither of these terms could be measured, only ()>'>. could be 

determined: 

P1=Z£Q1 = I,>>WI(1-10-VI 
(8) 

dt 
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And so the apparent quantum yield, <))'>.: /dt ^ 

1,(1-10"°*') 

The variation of <|>\ with A. is shown in Figure 5.2. In all four water samples, <)>'>. 

decreases as X increases with the one exception of the value of <t>'405 for the Aldrich 

solution. The values of §\ are similar for Cayuga and Ontario, both oligotrophic 

lakes, with long hydraulic residence times -12 and 6 years respectively (18,19). In 

contrast, Onondaga Lake which has higher values of <j)\, has a hydraulic residence 

time of approximately three years (20). 

In order to compare the values for different waters, it is necessary to consider 

why (ji'xmay vary. The simplified treatment of the light-induced production of 

HOO/02" treats the DOM as one entity. As such, the light absorbed by the 

chromophoric DOM is considered to be the crucial parameter in normalizing between 

different samples. However, in all likelihood, there are multiple functionalities within 

the DOM that are directly responsible for the production of HOO/02"; it has been 

suggested that quinone moieties might be involved (21). It would be more 

appropriate to factor out the fraction of light absorbed by the actual photosensitizing 

fraction (Fc,x) of the chromophoric DOM. Zepp et al. developed the necessary theory 

to describe this process in his description of response functions for singlet oxygen 

production (2) as well as energy transfer reactions (3), assuming a single sensitizing 

fraction. A true description of the kinetics may be written: 
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Figure 5.2. Plots of apparent quantum yield of HOO/02" production from irradiated 

samples of (a) Aldrich, (b) Onondaga Lake, (c) Cayuga Lake and (d) Lake Ontario water. 
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P, = iAxI^A.i=IxF,x<i>\ (io) 
i 

where the contributions of each of the sensitizing fractions, i. are summed up 

to equal the apparent quantum yield. For this reason, discrepancies between ((>'>. are 

expected for different waters because of the varied nature of DOM. The proportion 

of a certain photosensitizing fraction will vary although its individual quantum yield 

for production of HOO/CV will not. This argument offers a reasonable explanation 

for why the values of §\ are similar for the two most similar lakes in this study; they 

have similar compositions. Furthermore, there has been some debate over the 

appropriateness of the use of commercial humic acids such as Aldrich humic salts 

because of the distinct chemical composition and source of the material; their IR 

spectrum most resemble a natural peat sample (22). It can be seen that the values of 

<|>\ are particularly high for the Aldrich samples. Another reason for this may be prior 

exposure to sunlight. Dissolved organic matter in lake water is altered in structure 

over the course of summer due to photobleaching (23). Lake water samples in this 

study were collected from the epilimnion in July, while the Aldrich humic acids had 

not been previously exposed to light. 

There is one final cause for discrepancy in the apparent quantum yields 

derived above. The pH of the samples varies as 7.63, 8.16, 8.34, and 8.03 for 

Aldrich, Onondaga, Cayuga and Ontario respectively. A study of the pH dependence 

of the production of HOO/02" shows a decrease of approximately 10% in the 

production rate over the pH range 7.63 to 8.34 (8). This suggests slightly higher 
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values for f>. for the Aldrich solution compared to the others, but not of the observed 

magnitude. 

Similar studies have been performed for hydrogen peroxide (H:0:) where a 

comparison was made between the effective quantum yields of H202 production in 

different waters (4,24). These studies also suggested that a normalization of the 

production rates by accounting for attenuation effects did not account for the different 

reaction rates of the samples. There was variation by up to a factor of 4 in the value 

of <t>'x in the waters studied by Scully et al. and by Cooper et al; our results show 

similar variation. 

A direct comparison of <j>V for H202 and HOO/02" is appropriate as HOO/02" 

is a precursor to H202 in natural water bodies (25): 

HOO + 02~+H+ ->H202+02 (U) 

In general, the values that were determined here for §\ (HOO/02") were up to ten 

times as high as those for (j)\ (H202). Some of this discrepancy is explained by the 

existence of other reaction pathways for HOO/02". Equation (11) describes the 

disproportionation of hydroperoxy and Superoxide radicals. In addition, HOO/02" can 

be reduced by transition metals such as Cu(I) (5) and Fe(II) (6) as well as by 

semiquinone radicals (26) to form H202. However, HOO/02" can also undergo 

oxidation through reaction with transition metals in a higher oxidation state or with 

quinones to form oxygen. Therefore, not all of the HOO/02" that is produced will 

produce H202 and the relationship between the two formation rates is a complex 

function of the composition of the water. Petasne and Zika deduced differences of 
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approximately a factor of three between the production rates for HOO/O2" and for 

H2O2 for marine samples (27). 

Solutions of quadricyclane (2.13 mM) in each of the different waters were 

exposed to natural sunlight for a long-term study. The degradation of quadricyclane 

in each solution is shown in Figure 5.3. The extent of reaction of quadricyclane 

followed the expected order, based on the derived values of Fsx and <(>'>.: Aldrich > 

Onondaga > Cayuga > Ontario. The light to which the samples were exposed was the 

same; the difference in rate is attributed to the differing amounts of light absorbed as 

well as to the relative proportion of sensitizing fraction of DOM. 

Previous workers have studied the variation of production rate of H2O2 with 

attenuation coefficient at 313nm and found a linear relationship (4). With the limited 

number of lakes in this study, a ratio of production rate to 0:313 was used as an 

alternative to a plot. The Cayuga and Ontario Lake waters agree well in this respect 

with values of 8 x 10"7 and 9 x 10"7 respectively. In these experiments, the lake water 

solutions were optically thin as the deployment cells had an effective pathlength of 

1.12 cm. In this case, a simplification can be applied to the fraction of light absorbed: 

FsX=l-10"a''~2.303ax/ (12) 

Therefore, the fraction of light absorbed is proportional to the attenuation coefficient. 

Assuming a consistent value for ty\ for these lake waters, the rate of production of 

HOO/O2" will be proportional to ax. The fact that Cayuga and Ontario had similar 

values for this ratio implies similar <t>\ whereas the ratio for Onondaga Lake water 
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Figure 5.3. Degradation of quadricyclane in (A) Aldrich, (o) Onondaga, ( □ ) 

Cayuga, ( O ) Ontario water during a rooftop irradiation in the summer of 1998. 
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was 5 x 10"7, suggesting a higher value for the apparent quantum yield of production 

ofHOO/02". 

Figure 5.4 shows the relative significance of different wavelengths to the 

overall production of HOO/02" in the top 1cm of a lake. This was modeled using the 

experimentally determined values for ty\ and FsX for each of the lakes in combination 

with solar spectral irradiation data recorded at noon in August 1998 in Syracuse, NY. 

Peak production occurs in the UV-A portion of the spectrum, but visible light is also 

important to the process. This is because even though the apparent quantum yield is 

lower in the visible region, sunlight intensity is higher. 
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Figure 5.4. Wavelength dependence of modeled production rates of HOO/02" for (O) 

Onondaga, ( D ) Cayuga, ( O ) Ontario water using solar irradiation data for summer 

noon-time sun in Syracuse, NY. 
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Conclusions 

The photochemistry of two novel compounds was investigated with the 

purpose of describing their environmental fate in the case of a spill. Results derived 

thereof allowed alternate applications for both ammonium dinitramide and 

quadricyclane. 

ADN could serve as an actinometer for light of wavelength up to 400nm. 

Advantages to its use are ease of detection, high solubility and stability. Possible 

drawbacks are high quantum yields {circa 0.1) and high absorptivity, dictating rapid 

reaction. Its slow degradation at depths greater than 1 m indicates that ADN is most 

suited to measure attenuated light at depth. 

The indirect photolysis of quadricyclane is ascribed to the reaction with 

HOO/O2" produced by the interaction of excited DOM with dissolved oxygen. The 

basis for this conclusion is the reaction of quadricyclane with HOO/O2" produced 

through an alternative means. The retarded reduction of ferricytochrome in the 

presence of quadricyclane provides reliable results for the rate constant, kQ. The 

variation of kQ with pH supports the hypothesis that quadricyclane reacts with 

HOO/O2". Furthermore, the simultaneous measurement of HOO/02" production in an 

irradiated humic solution by ferricytochrome C and quadricyclane provides 

compelling evidence that quadricyclane is reacting with HOO/02" in humic solutions. 

However, at the high concentration of quadricyclane that is used, there are 

possible artifacts. For instance, at that level (2.5mM), quadricyclane may be reacting 

with all of the HOO/02" as soon as it is formed, but an alternative mechanism may be 
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feasible at lower quadricyclane concentrations. The HOO/CV could react with other 

substrates, forming other reactive radicals (e.g. organic peroxy radicals) which could 

then react with quadricyclane. However, for the purposes of measuring HOO/CK 

production, using high concentrations of quadricyclane is effective. 

Ideally, a similar study could be performed using lower concentrations of 

quadricyclane. This would serve to clarify the reaction chemistry of HOO/02" in the 

situation where quadricyclane did not perturb the steady state. In such a case, 

quadricyclane could be deployed as a probe of the steady state concentration. In 

order to do this, an alternative analytical technique would be used; for example, GC- 

FID would certainly detect much lower concentrations of quadricyclane. 

The wide range of detectable concentrations of quadricyclane adds to the 

appeal of this probe. The possible drawbacks (hydrolysis, reaction with OH) have 

been described in the manuscripts and can easily be circumvented. 

A study of the photochemistry of these two compounds has provided insight 

into some fundamental concepts. The extent of photolysis of ADN at different depths 

is directly related to the passage of light of different wavelengths through the water 

column. The apparent quantum yields for the production of HOO/02" varies for 

different water samples and is related to the DOM composition. As it turns out, 

photolysis does indeed provide an important sink for both of these compounds, 

especially in shallow waters. 
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Appendix 1 

Values of extinction coefficient, quantum yield and associated margin of error for 
ADN for wavelengths 285 - 400 nm. 

Wavelength (nm) Extinction coefficient 
(M'W1) 

5020 

Quantum yield Margin of error 
(95% C.I.) 

280 0.119 0.004 

285 5150 0.104 0.003 

290 4944 0.0955 0.004 

295 4434 0.0832 0.005 

300 3765 0.082 0.005 

305 3184 0.0893 0.004 

310 2793 0.0798 0.005 

315 2562 0.0814 0.004 

320 2431 0.0915 0.005 

325 2321 0.0914 0.006 

330 2193 0.0866 0.004 

335 2032 0.101 0.005 

340 1833 0.0977 0.005 

345 1601 0.110 0.005 

350 1341 0.113 0.005 

355 1071 0.106 0.004 

360 819.3 0.108 0.005 

365 602.5 0.120 0.0055 

370 398.0 0.102 0.0055 

375 259.5 0.120 •    0.006 

380 159.9 0.148 0.006 

385 97.3 0.168 0.0065 

390 55.6 0.130 0.008 

395 31.2 0.104 0.01 

400 17.1 0.086 0.01 
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