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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 (0;). The kinetics of this reaction were tested through the use of an
alternative HOO/O;" generator, xanthine-xanthine oxidase and a probe,
ferricytochrome C.

Using quadricyclane as a probe, the pH dependence of the production rate of
HOO/O, was determined for a commercial humic solution. Results indicated that the
predominant mechanism of formation of HOO/O," 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/O;" 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/O, production rates in
natural waters at a wide range of pHs.

viii




Chapter 1
Introduction

This document is the final technical report for the research grants F49620-94-
0296 and F49620-97-1-0355. It is adapted from the PhD dissertation of Michelle K.
Beretvas, "Aquatic Photochemistry of Ammonium Dinitramide and Quadricyclane”
(1999).

Many chemicals that are present in natural waters undergo some type of
photochemical reaction. There is evidence that direct photolysis provides 2
substantial reacﬁon pathway for toxic chemicals such as polycyclic aromatic
hydrocarbons and various chlorinated hydrocarbons (1,2,3). In addition, a chemical
may undergo an indirect or sensitizedﬂreaction whefe some other substance absorbs
light and propagates a chemical reaction. |

In order to understand these photochemical reactions, several parameters must
be known over the range of wavelengths of interest: the intensity of light, the amount
of light absorbed and the efficiency of the reaction under consideration. The intensity
of incident light may be determined either through chemical actinometry or by some
physical device (e.g. spectroradiometer). The behavior of light In passing through the
water column may be measured or modeled through application of scattering and
absorption parameters. The quantum yield for the chemical of interest should be well
characterized for a range of inéident intensities, temperatures and concentrations. For
indirect photolysis, the appropriate parameter will actually be an apparent quantum

yield that comprises the initial, light-induced steps in the reaction.




This report will deal with an example of both direct and indirect photolysis.
ADN (ammonium dinitramide) undergoes rapid photolysis in distilled water solutions
and this reaction is not accelerated by the presence of dissolved organic matter. An
analysis of this direct photolysis is provided along with ﬁeld data that compares the
predicted vs. observed degradation of ADN at various depths In local lakes.

Quadricyclane 1s a strained hydrocarbon that had previously been suggested as
a chemical energy storage species and more recently was proposed as a jet fuel.
Although direct photolysis in light >290nm (the minimum wavelength reaching the
earth’s surface) 1s impossible, quadricyclane does degrade when a solution of
quadricyclane and humic acid is irradiated'. Experiments have shown that the
hydroperoxy/ superoxide radical pair produced by the photolysis of humic acids is the
chemical agent responsible for this reaction. The second order rate constant for the
reaction of quadricyclane with these radicals was determ.ined at a variety of pHs, and
these values were then applied to natural water studies. In this manner, the rate of
production of hydroperoxy and superoxide radicals in a given body of water was
calculated.

The background chapter will present some fundamental photochemical
concepts that are necessary to the comprehension of the reported results. Initially, a
descﬁption of the passage of light through the atmosphere and into the water column
is given. Details about the kinetics of various photochemical reactions are provided

in addition to the identification of some of the important photosensitizers present in




natural waters. Finally, specific information about super

its involvement in the degradation of quadricyclane.

oxide radicals is given due t0
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Figure 1.1. Structures of (a) ADN, (b) Quadricyclane.
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Background
Sunlight:

"Before initiating discussion of the mechanism through which photochemical
reactions take place at the earth’s surface, it is essential to describe the characteristics
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 wayelength A emitted by the black body to be due to the '
excitation of electromagnetic oscillators of wavelength A. 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 A to A + d\ is given by the Planck distribution:

8nthe 1
de = pd\, wherep = 1
E=p P==3 [eh%“-l) (1)

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 107 Js),

¢ is speed of light in vacuo 3x 108 ms™), and

k is Boltzmann’s constant (1.38 X 102 1K™,




Planck’s distribution of the emission of a black body radiator matched
experimental curves closely and is the basis for describing the quali;y' of light
reaching the earth’s surface. Superimposed on this curve are the absorption spectra of
gases in the solar atmosphere - the Fraunhaufer liﬁes (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 nm); 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 ¢xist 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 molecules and dust in the
atmosphere. Scattering of light changes its direction but does not cause any
conversion of energy. The extent of scattering is a function of wavelength. The
intensity of Rayleigh scattered light, defined a.s scattering by particles with diameters
much smaller than the wavelength of the incident light, 1s proportional to 1/at (3).
Thus, it is most pronounced in the blue and ultraviolet regions of the spectrum.
Sikorksi and Zika reported that 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 in consideration
of the path length of light both in the atmosphere and also in the body of water.
When solar radiation reaches the water surface, a fraction of it will be reflected.
Applying Fresnel’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 (2) untii z approaches 90°. An
average value for the fraction of diffuse light that is reflected is 0.07 (4); this figure
was reached by treating the sky as uniformly bright. Both of thesé reflection
parameters wWere determined using a refractive index (1)) value 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 A would be included in a model of the behavior of

light, 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:

l3=DsecH . (2)
where I is the path length, D is the depth and 0 is the angle of refraction, such that:

_sinz

1= %ine &)
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 léngth is
equal to1.2D.

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, ¢», 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

¢, =

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




quantum yield for the production of some end-product may be defined. as can a
quantum yield for the disappearance of an initial reactant. These two values will not
necessarily match, as in the case of a chain reaction.

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

source:

(6)

i w.
C— products

where 1. is the average number of einsteins absorbed by the reactant per unit volume

and per unit time. Then,

rate of reaction = (ﬁ d[C]) = 0,10 (7
dat J,

A
Iy = IOK(V)FSAFC). ®)

where A is the surface area of the irradiated vessel and V is the volume of that vessel,
and at wavelength A, Iox is the intensity of the incident light (einsteins per unit area
per unit time), Fa is the fraction of incident light absorbed by the entire system and

F.; is the fraction of the absorbed light that is specifically absorbed by the chemical:

F, = {1 _ 10t retc 9)
o __&lC]
o __———aﬁsh[C] (10)

where €, is the molar absorptivity of the reactant at wavelength A ! cm’), oy is the
attenuation coefficient of the solution in the absence of the reactant (cm") and [ is the

path length of light in the reaction vessel.
Using these basic equations, the kinetics of many photochemical reactions

may be described. There are also simplifications that facilitate this process. For




instance, in a distilled water solution of chemical C, F; =1 as all of the light that is
absorbed by the system is in fact absorbed by C for low A.

In the case of an optically thin solutidn, that is one where less than 2 % of the
incident light is absorbed, a further simplification may be made.
Rewriting Fg, = [1-exp{-2.303¢,[C]/}] = [1-exp(-2.303 Ab)] (11)

where Ab = ¢,[C]/ (absorption) (12)

2 3
Then for small Ab, 1-exp(-2.303 Ab) =1-(2.303 Ab) + (2'303'Ab) _(2303Ab) +...

3
Ignoring any but the first two terms leads to:
Fa = {1-[1-2.303 Ab]} =2.303 Ab (13)
Hence, (ﬂc_]J = -2.3038A[C]z¢1101(§) (14)
dt J, \%

Since €3, 01, L, (A/V), In, are constants, this equation simplifies to a 1** order rate

equation with the form:

—d[C]
i (15)

and hence a plot of In[C] vs. t will yield a straight line with a slope equal to the first
order rate constant, k:
k=2.303Ip €1 Or I (A/V) " (16)
If the incident intensity, Iy 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, Fs), may be approximated to 1. For this to
occur, the absorption, Ab, should be >2. For this situation, F) =1 and so the rate

equation becomes:

10
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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 referencc
compound under the same light conditions that are to be ﬁsed 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(Il) 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(IIT) 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 supray:

—d[C]] (Aj e[ (18)
——i=0,1,| =\ -107" ,
[ )=l T
For the optically thick case, i.e. when &,[C]1 >2, the equation is simplified to:
- d[C]) ( A )
=¢,1.| —
( a ) 0,105 v (19)
The ratio, X, of the rate at any concentration [C] to the maximum rate is given by:
( Rate[c] ] — X = 1 _10~£;.[C]1 (20)
Rate,

Manipulation of this equation yields:

log(1-X) = £,[C]! Q1
and so a plot of —log (1-X) vs. £,[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 irradiatipn 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 directions because of the
scattering of light from the walls of the irradiation cell. A simple test of this effect 1s
to expose a chemical both in an open dish and in an enclosed tube and compare their
photolysis rates. It had been observed that the concentration of light in a culture tube
is such that the photochemical reaction proceeds at a rate of 2.2 - 3 times that in an
open dish (18). However, this was due to 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 at which a chemical undergoes direct photolysis in natural waters will
depend on the amount of light reaching the chemical; therefore, shielding of light due
to absorption by dissolved organic matter must be considered. A screening factor
may be calculated which simply relates the ratio of the 1% ordcr rate 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:

_(dI€]) A
( m ))‘ 2-303%[(:]‘1)110;.1(\,) (22)
This can be rewritten:

_(dICT) _

( dt )l kdw,x[c] (23)

where k, , (distilled water rate constant) = 2.303¢,$,1,,/ (—3} (24
For the same chemical Cina humic solution with attenuation coefficient o, the rate

equation has the same form as equation (8), but Fyy, and Fy are different:
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F.=1- 10'(“>.+9;.[C])1

S 1151 B (26)
“a, +£,[C]

Assuming that o == £,[C], this can be rewritten:

Q7N

dcl) .
_( dt )l _kha.k[c]

wherek,, , (rate constant in humic acid solution)=—————
2 o

IOA(P/V)cbl;k(l —1074) (28)
S |

. Kpa 1- 107
Hence, the screening factor,S, = —— = T anan | (29)
Ky, 23030

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

to light shielding for an optically thin system.

Indirect Photolysis:

In indirect photolysis, one molecule absorbs light and initiates the chemical
reaction of another substrate. In natural waters, there is a large pool of dissolved
organic matter that absorbs light well into the visible region of the solar spectrum — it
adds a brownish color to the water when present at high concentrations. The
chromophore that absorbs light may either be regenerated as 0cCurs in energy transfer

reactions or it may undergo an irreversible change. In effect, the photosensitizer may
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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 1s
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 fole 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) méy 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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their broad absorbance band extending up t0 ~ 600nm. Zepp has described an
exponential model for this band (11):

Kk, = 2.303A, (30)

[DOCY

where ky, is the specific absorption coefficient for the humic substance
A, is the absorption inm™ at wavelength A
[DOC] is the concentration of dissolved organic carbon (mg LY
 is the cell path length in m

K, NS - (31)
where A and B are constants and )» is the wavelength in nm. Zepp obtained excellent
fits of real absorption spectra to this data with regression coefficients (? 0.95) and
noted a consistency in the value of B throughbut different water samples. A similar
comparison of inland waters was carried out by Davies-Colley with the same results
(12).

Dissolved organic matter that is capable of photosensitization facilitates the
photodegradation of chemicals that would otherwise be photochemically refractory.
The irradiation of DOM produces a number of oxidative species that can initiate
reaétions - _singlet oxygen (02, superoxide radical (O7), hydrogen peroxide (H202),
and hydroxyl radical (OH) (24).

Initially, the DOM is excited by the absorption of light; this is followed by

transfer of energy or by the transfer of an electron to some other compound (25):
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'DOM +hv — DOM™ +¢~ photoionization
'DOM + hv—>'DOM * —»’DOM*  excitation followed by intersystem crossing
'DOM *+°0,-'DOM+'0, formation of singlet oxvgen

*DOM *+°0, - 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 °DOM is quenched by reacting to form ]OZ‘; most of
which decays by heating the water (20). The half-life of 'O, is ~ 3us; a chemical
would have to be present at milimolar levels to compete with fhe quenching by water.
However, reaction with singlet oxygen may be a éigniﬁcant 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 stab]e (marine half-life
on the order of minutes) and present in nanomolar conce;ltrations, 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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photolysis of nitrate (NO3") (33) although it is produced in smaller quantities from

humic acids too. The hydroxy! radical may be an important species because it reacts

readily with many chemicals but it is present at very low concentrations in natural

waters.

Photosensitized reactions of xenobiotics in natural waters frequently follow

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

photosensitized reaction within different water samples, it is necessary to account for

differences in the available light, both in terms of the irradiance as well as the amount

of light that is absorbed. Zepp developed a response function, Xsa, as an appropriate

parameter:
1
k P

= e
EO,K

Xs.k

(32)

where k', is the apparent first order constant for the reaction with some probe, P

and E', is a function of the intensity of light available to the system.

0.

aP] _
a i, [P

For a sensitizer, S, that produces a reactive

probe, P, and natural scavengers, L, the res

(33)
intermediate, I, that reacts both with the

ponse function (Xs) of the sensitizers can

be plotted as a function of wavelength. In order to develop this idea more fully, it 1s

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

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

be broken up in the same way:

o =0t ex[S]

(34

where o;” is the nbn-sensitizing part of the humic acid and €,[S] 1s the product of the
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molar absorptivity of the sensitizer and its concentration.

Then: Foo1-10" (33)
€,[S] - £,[S] (36)

g, [S]+a,"

The average rate of light absorption by the sensitizer: I,; = Io;. Fs) Fo;.

ch

-o;l o]
[ = Io.). (%Xl -10 k,_[S] (‘)7)
EYS a}.
and rate of reaction of P :E[—lﬂ = -k, [P][I] ‘
d‘it | (38)
and rate of reaction of I: an_ P, -L,
dt (39)

where P; and L; are the production and loss reactions respectively of 1.
#

Now, Py =105 N (40) A
where ¢ is the quantum efficiency of the production of I from S. |

Ly = kp[P][I] + ki[I][L] (41)
where L represents natural scavengers of I and k; 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 P; = L; and substituting

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

Ioa (%ll - IO_Q;'[)SAd)A[S]
a,k[L]

(1= (42)
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Now substituting this into equation (38) yields:
D 107 )e, ., ISIP) -
dt a).kl[L]
For a system where [L] 18 constant, some of the above equation can be grouped
together as constant Qx:
Q, = g’_lfi’_ (44)
kL]
DefiningEo » 2 function of the available light intensity, particular to each water
sample, IM(% Xl 10
Eor =
o (45)
Then,
d[P o ,
) g1, 80 =51 6)
and thus, the response function,
K 47
Xa = "—a%- = Q).SL[S] 47
Eoa
The importance of this derivation lies in the observed relationship between the
humic

ingle substance within the

4 wavelength. Ifthereisas

response function an
sensitization, then 2 plot of the response

s responsible for the photo

matrix that i
its absorption spectrum

function Vs. wavelength (action spectrum) should parallel
(34). This phenomenon has been observed in the wavelength dependence of
hydrogen peroxide production (36) as well as the reaction of singlet oxygen witha
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probe compound (34) in various natural waters. The same equation also explains the
linear relationship between X, and [S]. This relationship is frequently expressed

through a linear plot of rate constant vs. [DOC].

Probes:

The analysis of photochemically produced reactive species is complicated due
to both their low concentrations (10'8 _ 10" M) and short lifetimes (is — S)-
Chemical probes ‘trap’ transient species by forming a stable product, which éan then
be measured. There are two possible methods of deployment. The probe can be
added at sufficiently low levels so that the steady state concentration of the radical is
not perturbed. Pseudo-first order kinetics are assumed and hence ambient
concentrations of the radical are deduced (29,33,37)- Altematively; the probe can be
added at such high concentrations that it outcompetes all other scavengers of the
radical. In this case, the rate of reaction of the probe will be equal to the formation
rate of the reactive transient (24,37). The former method is somewhat more attractive
due to the reduced chance of probe related artifacts associated with minimum
variation of the system under study (37)-

There are several requirements that a chemical probe must meet in order to be
effective; the most important of which ié a well-characterized rate constant with the
specific reactive species. Ideally, that rate constant is high so that minimal amounts
of probe are required. In terms of analysis, a wide range of concentrations of the

probe should be able to be detected easily. If this is possible, the kinetics of the
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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 lspecies 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 compopnd, use of a hydrophilic chemical probe
such as chloroethanol would be iﬁappropriate. 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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Midday T

Transient | Sources Sinks Ksink Loss Rate s™ surface conc. |
M
°DOM | DOM K[0:] 2x10M's" 5x10° (1-5)x 10"
"0, DOM | k[H:O] 25x10°s" 25x 10 107 -107"
OH DOM. | K[DOM] | 25x 10Lmg' s | (02 X100 | (2-0x107
NOy’ |
5 DOM k[O2] TR0 M s | (05-1.5)x10" | (1-2)x 107
k[NO5] 1x10°M's” *
O, DOM | K[Or] | 6x 10 [HHM"s 10° -1 10°-10"
k[DOM] ?
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Superoxide:

In as much as it 1s hypothesized that quadricyclane reacts with superoxide
radicals produced by the photosensitization of DOM, some background is provided
on superoxide. The exact mechanism through which superoxide 1s formed n
irradiated natural waters is not known. Itis possible that as dissolved organic matter
(DOM) undergoes photoionization, 0Xygen is reduced, forming superoxide.
However, the measured production rates of the hydrated electron ar€ not sufficiently
high to explain the observed steady state concentration of superoxide (13,36).
Furthermore, the addition of electron scavengers to an irradiated humic acid solution
does not reduce the production of hydrogen peroxide, a stable end product of
superoxide reactions (13). An alternative explanation is that a direct electron transfer
from an excited triplet state to 0, takes place (24).

Measured steady state concentrations of superoxide in natural waters are in
the range: 102 - 10 M (24). The reactions of superoxide are themselves not well
understood. Superoxide will undergo dismutation but thisis a relz;tive.ly insignificant
sink in the presence of transition metals (28,29). The reactions of superoxide with
transition metals will depend on the speciation of the metals and hence the pH.

7 afiriou et al. showed that in ocean waters, the reaction of superoxide with copper
will be far more important than self-dismutation even if the poorly characterized
organic complexes of Cu are inert (28). In fact, there is evidence that there are also
non-metallic complexes that react with superoxide in natural waters (38). A metal-

complexing reagent (EDTA or DTPA) was added to samples of natural waters to
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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 (hydfoperoxyl) radicals.
This is because HOO has a pK4 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:

k; -
HO, +HO, > H,0, +0, S - (48)
K, )
HO, +0; +H,0-»>H,0, +0, +OH" (49)
Rate of disproportionation, Roys = k; [HO,][HO;] +k; [HO,][O:7] (50)
Defining, cr = [HO,] + [O,7], then | (51)
Kk k:KHo2
, k,K ! + R
Robs = [I—Ioz]n{k1 I :{O: } = [H ] - >CT- — kObsCTz
[H'] (1 Ko, )
L [H'] (52)
_ 0]
o = H0 3 (53)

Bielski calculated the constants (40):

k) =(8.320.7) x 10°M"' 57k, =(9.7£0.6) x 10’ M s™ and Kyyop = 1.6 x 10° M
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Hence, above pH = 6, the rate constant for disproportionation simplifies to:

Kepe = 6 x 107[H") M's? (54)

Probes for Superoxide:

For many years, biologists have made use of tetranitromethane,
ferricytochrome ¢ and nitro blue tetrazolium as probes for superoxide (40). Their
main advantage is simplicity of use (colorimetric analytical techniques) but this 1s
also the cause of their inappropriateness for use in natural waters. Superoxide 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
artifacts in photochemical experiments have been reported (29,41). The analytical
technique is to measure the increased production of hydrogen peroxide in the
presence of SOD, with the result that the measured superoxide is that fraction which
does not generate H,0, 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 well as general classes of radicals: H, R, OH, ROO, O, (37,41). Isotope mass
spectrometry is used to measure the reaction of *N-labeled NO with superoxide. The

reaction of NO with Oy has arate constant of ~2 X 10° Ms™, forming peroxynitrite,
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which then rearranges Into nitrate. Nitrate is converted into N>O for isotopic analysis
by reduction with Cw/Cd to form nitrite and further reaction with azide. One possible
shortcoming of this method is the possibility of peroxynitrite’s cleaving intc OH and
NO, within a solvent cage. It is possible for these specieé to escape the solvent cage

and hence a fraction of the reaction (estimated at 30-40%) may not be measured (29).

Experimental Methods for Production of Superoxide:

Various methods have been used to produce superoxide radicals for the
purpose of rate experiments. Certainly, radiolysis provides the most effective method
in that very high concentrations of superoxide, up to 0.4mM, can be produced
(42,43), but this method is not a universal option due to limited availability and so the
enzymatic approach (xanthine-xanthiné oxidase) provides a simple alternative. |

Radiolysis of water produces the primary radica1§: H, ¢ and OH (44). These
can be converted into the superoxide and hydroperoxy radicals by including oxygen
and either formate or ethanol:

H+0, —» HO:

e+0, —» Or

HCO, + OH—» COy + H,0

COy + 0, —» CO2+ 02 ‘

The irradiated solution contains simply water, formate and some ethylenediamine —
tetraacetic acid (EDTA) to chelate any trace metals. Asa result, the risk of side

reactions due to the presence of contaminants is very low. Metal impurities may react
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with the superoxide formed (42); this would necessarily complicate the reaction under
consideration.

Particularly in the biomedical fields, the enzymatic mode of production of
superoxide is preferred due to the system's close approxbimation to in vivo situations.
Xanthine is preferéntially used as a substrate in the reaction with the xanthine oxidase
enzyme. In this reaction,‘xanthine X)is oxidized to uric acid (U) while the enzyme
is reduced (40,45):

E+X ——p Era? U

. +20; —® Ext202

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

which the xanthine oxidase is active.

Chemicals of Interest:
Ammonium Dinitramide (ADN):

Dinitramide salts (K, Na’, NH,") 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" NO3)in their weapons program since the 1970’s (47).
Dinitramides were primarily developed for use as an oxidizer in solid-fuel rocket
propellants.

Presently, ammonium perchlorate (AP) is the most widely used oxidizer for
propellants and explosives. ADN has several advantages OVer AP, most notably the

absence of chlorine in the former. Chlorinated oxidants such as AP release chloride
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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 caﬁacity, 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’l) 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 fheoretical 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=3to~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 .0**Jheptan-3-ol and bicyclo[2.2.1]hept-5-en-ol, a further transformation
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of the former cyclic alcohol takes place. Tricyclo[2.2.1 .0>°]heptan-3-one is formed

biotically and 1s 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. Quantﬁrri 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. Fora summertime
irradiation, half-lives raﬁged 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 degradétion of
ADN is not enhanced to any meésurable 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: NH4"N;04) 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 cbmprehension of its fate.
The major products of the photolysis of ADN are nitrate (NO3"), nitrite (NO2') and

nitrous oxide (N;0) (4).
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The increased concentration of NO;™ and NO>" 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 (3). 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-in’duced 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 1g/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 thé 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 of that 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 (Zg) was extracted with 2L of 0.1N sodium hydroxide
solutions and pressure-filtered through a 0.2pm capsule filter (Gelman Sciences
#12117) at 4-6 psi. The filtrate was filtered again after adjustment to pH 6 with HCI.
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 infrafed 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 100ul sample loop. A 4.6-mm x 100-

mm Prodigy (Phenomenex, Torrance, CA) C;g 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 V* variable wavelength absorption detector (ISCO Inc. Lincoln, NE), set at
284nm (Amax of ADN). |

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'l)
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 (Coming 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

nm.
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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 €, was
calculated by measuring the absorbance spectrum of aqueous solutions of ADN.
Secondly, the quantum yield, ¢;, for the degradation of ADN was determined in the
laboratory using a lamp system. Thirdly, the solar irradiane, I, 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
6f 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, thefe 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, ¢,, were determined by plotting InfADN]
vs. time. For an optically thin solution undergoing direct photolysis, the rate equation
is (16):

{d[ADN]

} =-2.303L4¢, ¢, /[ADN]
i,

()
where at a given wavelength A, I is the incident irradiance per unit volume of

sample in Einstein cm” min™, ¢ is the quantum yield for the degradation of ADN, € is
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the molar absorptivity coefficient of ADN (cm’ mol™) and / is the path length of the
irradiated cell (cm). Note that I, = Ips (A/V) where Ipy, is the incident irradiance in
Einstein cm™ m@n”, A is the surface area and V is the volume of the sample cell.

Thus, equation (1) may also be written:

{ﬂ@_N_]} = -2.3031,9, £, [ADN]

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 2.2¢c).

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

2

the spectroradiometer in watts cm” nm’' was converted into einstein s’ cm” nm™'

using the following conversion:

1.2x10°]
A (am) 3

1 einstein =

Thus, the photolysis rate constant, kj, in min™ nm™! , of ADN was calculated (Figure
2.2d). Referring to equation (2), |
ky = -2.303 €, o2 Inn ‘ 4)
where € (cm2 mol") , 03 are measured values, Ip, 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™, 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. (¢) Solar irradiance measured at noon on September 25™ 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):

E,, = By, (107") (%)
where E,,, and E,,; are the light intensities at depths of 0 and z meters
respectively, a, 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 A, For diffuse light, Zepp et. al. derived a mean path
length of 1.2 z (19). For direct light, /; 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 o, 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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Figure 2.3. Modeled intensity at different depths in Onondaga Lake for solar irradiance
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 25™, 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 wés 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, indirectb
photolysis, photosensitized reaction of ADN by othér 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 OC. 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 25" 1998. Error bars are the 95 confidence
interval on the observed values.
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| Table 2.1. Quantum yields (¢,) for degradation of ADN at 284nm at four different

temperatures in MilliQ and humic solutions.

Temperature ('C) | ¢, MilliQ) 95% C.I. ¢» (Humics) 95% C.IL
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:

d[ADN]
{ dt }x =-1,¢,F,F;

(6)
where F,, is the fraction of incident light absorbed by the system (ADN and
humics) and Fci is the fraction of that light that is absorbed by ADN itself (16).

A
F, =1-107%*") andF,, = {———A *H }
A + A

(7)
where A, and H, are the absorption 6f ADN and the humic solution
respectively at A nm. 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, Fs) is assumed to remain constant over the irradiation period.

Substituting into equation (6):

rate=-1,¢, (1-107" ){—-‘—A‘*—}

A, +H, @)
This equation can be integrated using the Beer-Lambert Law to substitute for the
absorption of ADN. The resulting equation is:
H [ADN] -
ADN], ~[ADN], +| =2 |In{*——* 1 = ~1,¢, (1-107")t ®
[ADN], -[ADN], (le] {[ADN]O} 29 ( )

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™), there is no statistically significant change in the quantum yield
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Table 2.2. Absorbances of ADN (A,) and Aldrich humic acid (H,) solutions with

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

confidence intervals.

A (nm) Ax H, o (MilliQ) ¢ (Humics)
95% C.L 95% C.L

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 (1, 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/Oy

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, superoxiae. 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 quadricyélane with these
radicals are 5.2 x 10® and 2.7 x 10° M min™' respectively. These rate constants are
sufficiently high to provide a significant decay pathway for quadricyclane. For many
bodies of water, the pH >>pK, 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. Speciﬂcally, 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 éuch, the liquid will migrate towards
the capillary fringe; its further movement will depend on the degrge.of itvs solubility in -
groundwater. Quadricyclane undergoes acid hydrolysisl 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,
norbornadiene. For instance, the isomerization of this pair has long been considered

as a possible means of storing solar energy (5). Norbornadiene 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 H ght 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-relea;iﬁg reaction (AH = 92-110 kJmol™) (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, '0,, HOO', Oy, H,0; 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 (O2) (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/O, , reactions were carried out using HOO/Oz' 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/O;" and
this reaction is well characterized at a large range of pH's (12). Nonetheless, there is
some variation in reported rate constants, key. For example at pH 7, literature values
range from 2.7 x 107 to 1.4 x 10® M*min™ (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 pK, of ferricytochrome C. Two
studies reported pK.s in the region of 7.4 and 9.2 in order to explain the observed pH
dependence of ky: (18,19) but this could be an artifact of the experimental conditions.
Butler et al. proposed in a later paper (20) that the apparent pK, at 7.4 was due to Cu
impurities which could react at near-diffusion controlled rates with HOO/O;" (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 key, in order to further
explain discrepancies in reported values (21). Ionic strength will certainly have an

impact on the observed rate constant of O;" and ferricytochome C as they are both

-charged species.

A (1)
gk — logilzt « LTl
| 1+al”

cyt cyt

The Brensted eqi,lation, above, relates the variation in the observed rate
constant, k;’fj to the ionic strength, I, in terms of the charges, Za, Zp of the two
species and a constant, o, dependent on the minimum distance between them. Asl
increases, the charges on the reacting species are shielded from each other. In the
case of O, 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 I=0 was determined to
be 1.9 x 108 M'min™!. Consideration of these two artifacts: copper impurities and
jonic strength differences account for observed differences in values of key: at neutral
pHs. Whereas Koppenol et al. reported keyt = 5.3 X 10" M 'min™' using 1 mM
phosphate and 2 mM formate preparations, Butler et al. reported key = 2.4 X 10" M
min”' using 10mM phosphate and 100mM formate solutions.

Clearly, in using ferricytochrome C as a probe of HOO/O,’, care must be
taken in adjusting for both pH and ionic strength as well as chelatiﬁg trace Cu. At

present, there is confidence in the prediction of the pH dependence of kcy:, based on a

59




single relevant pK, of 9 (16, 22). Thus, a value of keyi = 6.6x10 M min" at pH=7
was applied in this paper (20,21).

The alkaline form of ferricytochrome C above pH = 9 is not reducec by
superoxide. This characteristj; is unfortunate, as higher pH experiments are
appealing due to the reduced rate of dismutation of HOO/O;". Bielski ez 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, kcy at pH =15.8
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 abéorbance at 550nm; a simple and widely available method (23).
However, increasingly, there is interest in probing the prodﬁction 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/O;’ ge_nerating system
was monitored in order to determine the production rate of HOO/O,". Then,
quadricyclane was added to the same system and the reduction of ferricytochrome C
was again monitored. Knowing the production rate of HOO/O;, a rate constant for

the competing reaction of HOO/O;” 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/O-" 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/O," was considered.

Experimental

Materials: Sodium hydroxide (99.99%), quadricyclane (~99%) and commercial
humic acid, as the sodium salt, were obtained from Aldrich Chemic_al 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 KH,PO4 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-bow]
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
N\

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

solutions and pressure-filtered through a ’O.me capsule filter (Gelman Sciences
#12117) at 4-6 psi. The filtrate was filtered again after adjustment to pH 6 with HCL
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 uging external digestion with

potassium persulfate and a Beckman Model 215A infrared analyzer.

Methods: HPLC: A Waters (Milford, MA) HPLC systefn 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;s column and a 10ul sample loop. An isocratic mobile
phase of 90% methanol and 10% MilliQ water was pumped at a flow raté of lml/min
and quadricyclane was monitored at 210nm.

Stock quadricyclane solutions were prepared by adding 20pl of quadricylane

to 100m! 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™ spectrophotome;er (Spectronic Instruments, Rochester, NY) and the molar
absorption coefficients prgvided by Masse}.f (23).

Buffer solutions of 0.001M were prepared with KHP, KH,PO,, sodium
tetraborate decahydrate, HCI 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 undef
these conditions, it is possible to account for this reaction (27).

In the experimehts involving the enzymatic production of superoxide, 0.1 ml
of EETA (0.5 mM), 0.5ml ferricytochrome C (1.5 x 10*M) 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/O;" as
opposed to OH radicals. This enzyme catalyzes the dismutation of HOO/O,; 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 merrv-ge-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 (r* = 0.99) or first order kinetics ( = 0.99) (Figure 3.1). In order to
interpret th¢se results more fully, it was necessary to determine the rate constant of
the reaction of quadricyclane with HOO/O;".

The reduction of ferricytochrqme C by HOO/O; 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/O;  at a
range of pHs was determined by using published values for key (20), the second order
rate constant for the reduction of ferricytochrome C, [cyt]ox, With HOO/O,™ and Kais,

(12) the second;order rate constant for the dismutation of HOO/O,".

dleytl,, _ @)
dt - kcyt[cT ][Cyt]ox
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dfe; ]
dt

= P - kcy‘l[CT ][Cyt]ox - kdisCT (3)

cr =[057+ [HOO] | (4

An approximation can be made that the rate of dismutation of HOO/O:" 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/O, radicals. This
assumption is valid in that key ~ kgis (Table 3.1) whereas [cyt]>>[cr] (UM vs. nM).
Thus, the gradient of a plot of ferricytochrome C concentration vs. time will be equal

to the rate of production of HOO/O; radicals (Table 3.1).

65




——— 5t

3.0E-03 @ 0

4
2.5E-03 | £ 0.1
2.0E-03 .
L 0.2 =
s >
~ 1.5E-03 . =
= =
- -02 =
1.0E-03 |
5 -0.4
5.0E-04 .
0.0E+00 -0.5
0 20 40 60 80 100 120
time (min)

Figure 3.1. The degradation of quadricyclane in an irradiated humic solution,
pH= 5.6.
(A) 0™ — order kinetics: [quadricyclane] vs. time, (* = 0.996),

[quadricyclane],

( O ) 1™ — order kinetics: In vs.time, (r* = 0.999)

[quadricyclane],
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In subsequent reactions, the test solution also contained 1.3mM quadricyclane.
Since quadricyclane also reacts with HOO/O5', the observed decrease in rate of
reduction of ferricytochrome C can be related to the competition for HOO/O:" as

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

follows: .
dicr] 5 _ _ 2
ST = Pkl Jleytl,, ~kler T ~KolQler] “
Q] _ _
el ko [Qlle,] (6)
dleytl _ (7)
e = ke Jeytl,

[Q] is the concentration of quadricyclane and kg is the observed second-order -
rate constant for the reaction of quadricyclane with HOO/O,". 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, ey, kais 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].y; 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/O; using xanthine-xanthine oxidase at different
pHs and relevant rate constants: kg5, the rate constant for the dismuation of HOO.'O,"
(12), keys, the rate constant for the reduction of ferricytochrome C with HOO/O>’

(20,21), and kq, the calculated rate constant for the reaction of quadricvclane with

HOO/0;". s
pH Production rate kgis x 107 Keyr X 107 kox 107
x 10° (Mmin™) (M 'min™) (M 'min™") (M 'min™)
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/O,™ at pH 7.02 in xanthine-
xanthine oxidase system with (C) 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/O- 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 cr, according to the model, was
in the nanomolar range. |
The rate constant, kq, varied from 2.67 - 2.95 x 10° M'min”' 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 (pK, = 4.80) (12).

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

determined by calculating the ionization fractions, o, and the specific rate constants,

k;.
[HOO] _  __ [H]
Cr " [H']+K, (3)
[OZ_] = = Ka
¢, ' [H]+K, ©)
kQ=(10k0+Ot1k1 (10)
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Figure 3.3. Simulation of [quadricyclane] and [HOO/O,] during enzymatic
production at pH 7.02 using model with best-fit value for ko, the rate constant

for the reaction of quadricyclane with HOO/O;'.
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Values for ko and k; were determined as (5.2 £ 0.3) x 10°and (2.7 =0.1) x 10°
M min"' using non-linear regression of equations (8).(9).(10) with the literature value
for K, (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 dependeﬁcy of Kq is consistent with the
hypothesis that quadricyclane is reacting with HOO/O-".

There is a degree of uncertainty in estimation for ko and k; 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 ko and k; is experimental and does not account for the
error in literature value of k.. Other workers have reported an error of 10% for
similar experiments (21) and so it is reasonable to do the same for kc;,‘; this will
confer an additional 10% uncertainty to the calculated value of kq. This error will be
propagated to ko and k, depending on their relative contribution to ko; see equation
(10). In the pH range of our experiments, this will necessarily confer a large
uncertainty onto kg as the concentration of HOO is so low; oo = 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 Keyr.
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Figure 3.4. Variation of observed ko, rate constant for the reaction of quadricyclane with
HOO/O;’, 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 O, radicals.
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The higher rate constant for HOO vs. O’ is not unusual. Gebicki and Bielski
have noted this phenomenon for linoleic acid, alanine and cysteine (28). For these
compounds, values for ko and k; were 1.8 x 10* and 0.2.6 x 10* and 3.6. 3.6 x 10* and
9 x 10°M 'min”' respectively.

Once kq had been determined, it was possible to deploy both ferricytochrome
C and quadricyclane as probes of HOO/O," production using conditions that would
ensure that all other reactions were insignificant. Separate Aldrich humic solutions,
[DOC}=8.5 mgL"', 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
of HOO/O;'.

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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in the presence of humic acids. The calculated production rates were (2.98 + 0.25) x
10°® end (2.79 £0.02) x 10 M min™ (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/O;".
Leslp - Lquadifer) - aler = KniLer] ()

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/O;  as all the other

terms in equation (11) would be insignificant. This is based on the values: kg =9.3x

10° M min™, kgie = 6.9 x 108 M min", K'gine ~ 50 min™* (29) and cr ~ 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/O; have been estimated at 6 X 10'01 M miin”
(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/O;':

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/O; formation in
natural waters. The values for the rate constant of quadricyclane were détermined
indirectly; the decrease in rate of reduction of ferricytochrome was attributed to
scavenging of HOO/O, 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/O:" 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" + 0y + CHy —> C:Hs™ + H0; (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 eciuaﬁiqn to ‘predict cell

potential at non-equilibrium conditions:
RT
E=E’-—In 13
F Q (13)

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 h.axée 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 emploved 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. Altematively, 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/Oz’ 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 homogéneous nature for the humic
solution for compounds that bind to humic matter (26). Using the UNIFAC
estimation technique, activity coefficients for quadricyclane in water, ¥", and in
octoanol (y°) were determined (33), Kow can be calculated knowing these parameters
(v°/y*). Then a value for the organic carbon partition coefficient, Koc, was predicted
on the basis of a linear free-énergy relationship between K, and Ko (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, 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/O; 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/O,". 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/O, 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 Rateg of HOO/O:' in Aldrich Humic Solutions

Abstract

The pH dependence of the production of hydroperoxy (HOO) and superoxide
radicals (Oy") 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 (€ aq) ), Was added to irradiated solutions to elucidate whether this reactive
species, (€ (aq) ), is an intermediate in the production of HOO/O;". The decrease in
production rate of HOO/O;  with increasing pH in conjunction with the undetecfable
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/O, 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, (*DOM) to molecular oxygen (O2) or
the reaction of O, 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 hvdrated electron (4).

Measured values for the production rate of superoxide in natural waters range
from 6 x 10" to 6 x 10° M min™' (5,6) while steady state concentrations range from
10" to 10® M (5,7). Most measurements thus far have been for marine systems but
estimates of fresh water production rates are ~ 2 X 10° -2 x 107" 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 dependencg 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 HO&O{ in natural waters is still
somewhat uncertain. Originally, it was assumed that dismutation of HOO/O; to form
0, and H,0, was the most important sink of HOO/O;". However, at pHs of most
natural water systems (pH 7 —8.5), given that the pK, of HOO is 4.8 (11), 0O, is the
predominant species. O, reacts far more slowly with Oz (0.3 M 's™) than either it
reacts with HOO (7.61 x 10° M''s™) or than HOO reacts with itself (8.86 x 10 M's™)
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 H,0, 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/O;". The
alternative sinks were grouped together by a pseudo-first order rate constant, K'sinks
assuming a constant concentration of the sink species. Initial values for Kginx were
estimated as 0.15 min™, but this predictidn is based on the assumption that all the
H,0, formed in the absence of SOD was produced only by the aisproportionation of
HOO/0O;. :

The identity of this sink for HOO/O,” was initially thought to be Fe (I1) (13)
or Cu(II) (7) as the reaction of these metals with HOO/O," 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 és a possible fate (6). Values
for this rate constant were determined as 12 — 84 min™ 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 pK,s of predominant
functional groups su;:h 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/O;" 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/O>'".

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/Oy’ is insigniﬁéant 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/O;'.

Quadricyclane is a useful probe for HOO/O;" 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
hydroxy] radical should be quenched through the addition of a scavenger such as
methanol.

Values for ko, the rate constant of quadricyclane with HOO/O,” were

determined using an enzymatic mode of production, the xanthine-xanthine oxidase

system, and a well-characterized probe of HOO/Oy', 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/O>" with the d_ifferenf forms
of ferricytochrome C (16). The experimental conditions were such that the possible
reactions of HOO/O, were with ferricytochrom.e C, quadricyclane or possibly
bimolecular dismutation. The dismﬁtation of HOO/O, was deemed insignificant in
comparison to the other reactions given the low concentration of HOO/O:" 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/O,". Values forkgare 5.2x 10° and
27x 10° M min” for the reaction of quadricyclane with HOO and O, respectively.
Using these values, it is possible to deploy quadricyclane as a probe for HOO/Oy
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 thé 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-1* 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/O;," 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(l) and Fe(Il). As aresult, HOO/O; may indirectly play a role in the formation

of other significant oxidants such as OH" and H,0,.

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 KH,PO, and K,;HPO, were obtained from J.T. Baker

(Phillipsburg, NJ). All chemicals were used as received.
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All solutions were made using water purified with a Millipore 4-bow]
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 fhrough a0.2um capsulé filter (Gelman Sciences
#12117) at 4-6 psi. The filtrate was filtered again after adjustment to pH 6 with HCL.
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 215A 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 g column and a 10ul sample loop. An isocratic mobile
phase of 90% methanol and 10% MilliQ water was pumped at a flow rate of Iml/min
and quadricyclane was mémitored at 210nm.

Stock quadricyciane solutions were prepared by adding 25u1 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., Comning, 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 KH,POs,
K,HPO,, KHP, borax, NaOH, HCl. 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

HOOQ/O,. The relevant rate equations are as follows:

Leu] _p o kglen Q1=K Ler ) afer T v
A Lo Q) .

Where ¢t =[0;7] + [ HOO]

kq is the apparent rate constant for the reaction of quadricyclane with HOO/O;".
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[Q] is the quadricyclane concentration.

kqis is the rate constant for the self-dismutatio.n of HOO/O5'.

K'sink 1s the pseudo-first order rate constant for all other sinks of HOO/O»".
The system can be greatly simpliﬁed if it is assumed that HOO/O,  reaches steady
state and that the dismutation of HOO/O, provides an insignificant sink of the
radicals. Using publishéd values for kgis (11) and approximate values for ¢t (nM),
dismutation is negligible. In this case, the rate of reaction of quadﬁcyclane with

HOO/O5 can be derived:

_-diQl___ PQI 3)
? dt Kok
———kQ +[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/O, atpH 5 (O )and pH 8 (® ). 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/Ox'. This hyperbolic

relationship can be linearized by plotting 1/Rq vs. 1/ [Q]:

11 (R L
R, P { kP [Q]

In this manner, values for P, the production rate, and kinx were calculated:

4)

P=13x 107 and 3.7 x 10° Mmin"' and K'snx = 900 and 122 min™ at pH 5 and 8
respectively.

Values from this work for k'« at pH 8 agree with literature values of 12 -84
min' (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° M min™') are
considérably higher than those predicted for fresh waters (2 x10° -2 x107 M min™")
(8). However, the Aldrich solutions that were used did have a high [DOC] = 8.5
mgL’l, and there has also been some debate over the use of commer;:ial humic
solutions as a model for aquatic DOM (22). The source of commercial humic acids is
often not documented and in fact, the IR‘spe‘ctra 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/O;" appears to

reach a plateau at quadricyclane concentrations of 2.1 mM. 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/O,". 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/O;  are being accurately described.

Accounting for hydrolysis:

As quadricyclane does undergo hydrolysis, control experiments were
performed in order to account for pbssible 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" —X— products (5)
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. Forsucha

sample,
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d . : o .
—Eig = —k'[Q] and integrating over the reaction time, gIVes )
i , .

Q]
In| B8} = e s
n[[Q]oj t ®

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/O>’

including hydrolysis is:

d , ©
e SR ©)
At high concentrations of quadricyclane, it is assumed that all of the HOO/O,
radicals produced react with quadricyclane and so, for a rate of production of
HOO/O; ,P:
P =kq[er][Q] (10)
A simplification of equation (9) is possible:
dQ]
dQ_ _p_p (1)
d [Q]
Integrating this over the time period of the reaction:
(12)

ln{P + k'[Q]t } = —k't
P+k'Q],

Since [Q]: and [Qlo, 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/O,". 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/O; 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 geperal form (23):

Rate of reaction = I, ¢» : (13) -
where I, represents the amount of light absorbed and CI% the quantum efficiency of
the reaction. I, depends on the incident light intensity and on the degree to which
that light is absorbed.

If absorbance increased with decreasing pH, I, 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 netr
absorbance of the humic acids.

In Figure 4.2, it is apparent that there is a decrease in the apparent production

rate of HOO/O, 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/O;" 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 O™ and the significantly different
rate constants for the reaction of quadricyclane with O," and HOO. The experimental
conditions are such that quadricyclane reacts with nearly all of the HOO/Oy produced
regardless of the pH; in effect ko[Q]>>K'sink in équation (1); see competition kinetics
above. The variation of production rate is also not due to the pH dependent
dismutation rate of HOO/O,". Over the entire pH range studied, this reaction path
does not provide a significant sink for HOO/O;, 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, € ), with molecular oxygen is not an
important source of HOO/O,". Protons will react with €'aq) (11):

H'+ew > H k=22x10°Ms™ (14)
The concentration of protons, [H'] is high enough at pH=4 to compete with O,
(typical concentrations of 0.25 mM) for hydrated electrons produced by the
photoionization of humic acids (26). This would lead to a decrease r'ather than the’
observed increase in the production rate of HOO/O,".

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/O, 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) suggésting that this pathway is insignificant to the overall
production of HOO/O,". 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/O,” produced in an irradiated humic solution may be reduced
to hydrogen peroxide, this is further evidence against hydrated electron’s contribution
to HOO/O, 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/O;" from
electron transfer from a dissolved organic matter functionality to molecular oxygen as

pH increases.

IDOM hv 3 lDOM* 1SC BDOM (15)
SDOM+30, — 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 O,. 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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observed. Thus, it would appear that the quenching of singlet states is not the only
explanation for the decrease in production rate.

Bruccoleri ef al. 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 1s 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 pK, of carboxylic groups
(pH=4.5) and a slight increase near the phenolic pK, (pH = 10) (28). No justiﬁcatioq
was given as to why the deprotonated functionality might exhibit shorter lifetimes for
the excited singlet state.

An alternative explanation ié the changing conf(;rmation 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/O,". Variation in pH may alter not only the production
rates of HOO/O," 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/O,". The pH dependence of this process is
cémplicated 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. Burns ef al.
provided evidence that>th.e reactive transient responsible for the dechlorination of the
pesticide, mirex, was the hydrated electron (24). In those experiments, chloroethanol,
trichloroacetate and N,O 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/O>’
in Four Water Samples using Quadricyclane as a probe.
Abstract
The wavelength dependencé 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 H,O,, both in terms of consistency between samples and also
variation with wavelength. The apparent quantum yields for tfle two specieé followed
the same trend in variation in wavelength. The values for HOO/O, were significantly
higher than for H,0,, confirming that there are other sinks for HOO/dz'. For the
natural water samples, there was good agreement among apparent quantum yields of
HOO/O,". 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/O; under

these conditions was proportional to the attenuation coefficient of the water sample.
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Introduction

Superoxide (O;) 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/O;™ decreases with increasing wavelength. This has been sho’wn
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 preséﬁt, 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/O;'".

The reaction of quadricyclane, a strained cyclic hydrocarbon, with HOO/O;’
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/O,™ 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 (1 0) be taken into consideration. This is
achieved through using dark controls and adding a hydroxyl écavenger 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 specfra (quanfum yields ;/s. M) 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/O2' production in irradiated

natural waters under both lab conditions and in the field.

Experimental

Materials: Quadricyclane (~99%), potassium oxalate monohydrate (299%) 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 Wefe 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 HCL.
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;g column and a 10p] sample loop. An isocratic mobile
phase of 90% methanol and 10% MilliQ water was pumped at a flow rate of 1ml/min
and quadricyclane was monitored at 210nm.

Stock quadricyclane solutions were prepared by adding 25ul 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 relatéd 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»3l3.0, 365.0, 405.0 and 435.8nm, had a FWHM of 10nm 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 spectrophotométer.

For the rooﬁop irradiations, the solutions were prepared in disposable 13 x '
100 mm Pyrex culture tubes (Corning Inc., Coming, NY) with screw-cap vials with
PTEE 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 A were derived:
A= ol (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 A, in the 10 cm cell used during

irradiations by the Hg lamp, was calculated:

F, =1-107" &)
At the four wavelengths for which apparent quantum yields were calculated, the
values of a, and Fg; are shown in Table 5.1.

It has been shown that quadricyclane reacts with HOO/ O;” that is produced

by the photosensitization of dissolved organic matter found in water samples. This

reaction can be described:

% =P —ko[Qller ]~ K [er ]~ Kgsler 3)

. (4)
dt kQ[Q][CT] ) )

cr =[07]+ [HOO] | ' : )

where [Q] is the concentration of quadricyclane, kq is the rate constant for the
reaction of quadricyclane with HOO/Oy', kg;s 1s the rate constant for the dismutation
of HOO/O;™ and K'irx is the pseudo-first order rate constant for all other reaction

pathways of HOO/O,". Values for kgis (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 8.5mgL"' [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
A (nm) o, Fo. o Fg a, Fg. Q. Fo.
313 0.1767 0983 0.0619 0.760 0.0243 0428  0.0134  0.265
365 0.1045 0910 0.0377 0.580 0.0143 0281 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,

ko =2.76 x 10° M min”", kg = 1.19 x 10" M'min™, K'inie < 1 x 10° min™'and c7 ~ nM.

As a result, the rate of reaction of quadricyclane is assumed to be equal to the rate of

production of HOO/O;:
- (6)
aQl _,p
dt ,

The rate of production of HOO/O;" can also be defined in terms of the incident light.
The rate of light absorption, I, , by the sensitizer can be described in the typical

manner:

Ia.k = IAF F . | (7)

SATCA

F,, = fraction of light absorbed by the entire system = 1- 107
I; = incident light intensity in einstein per liter per minute.
F.,,. = fraction of light absorbed by the system that is absorbed by a particular

sensitizer.

Final}y, the rate of production of HOO/Oy;" 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/O; (F. ), and the quantum efficiency of this
reaction, (¢»). Since neither of these terms could be measured, only ¢" could be

determined:

B = - (:l[tQ] =L,¢% =10~ 1O_a}'l)¢'x ®
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And so the apparent quantum yield, ¢';.: d[Q/],gt 9)

The variation of ¢, with A is shown in Figure 5..2. In all four water samples, ¢
decreases as A increases with the one exception of the value of ¢'4os for the Aldrich
solution. The values of ¢" are similar for Cayuga and Ontario, both oligotrophic
lakes, with long hydrgulic residence times - 12 and 6 years respectively (18,19). In
contrast, Onondaga Lake which has higher values of ¢", 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 ¢'y may vary. The simplified treatment of the light-induced production of
HOO/O;, 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/O,’; it has been
suggested that quinone moiet;es might be involved (21). It would be more
appropriate to factor out the fraction of light absorbed by the actual photosensitizing
fraction (F. ;) of the chromophoric DOM. Zep/p 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/O, production from irradiated
samples of (a) Aldrich, (b) Onondaga Lake, (c) Cayuga Lake and (d) Lake Ontario water.
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b, = I).Fs.).ZFc.l.i(b}..i = I).Fs.).¢ i (10)

Whefe 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 photosensitiziﬁg fraction will vary although its individual quantum yield
for production of HOO/O;" 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/O,™ 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 ¢';. for the Aldrich solution compared to the others, but not of the observed
magnitude.

Similar studies have been performed for hydrogen peroxide (H:0O:) where a
comparison was made between the effective quantum yields of H;O: 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 vé]ue
of ¢'; in the waters studied by Scully et al. and by Cooper et al; our results show
similar variation.

A direct comparison of ¢, for H,O, and HOO/O;' is appropriate as HOO/O2
is a precursor to H,O; in natural water bodies (25):

HOO+0, +H" -> H,0,+0, ‘ (11).
In general, the values that were determined here for ¢'x (HOO/O;") were up to ten
times as high as those for ¢"y (H,0,). Some of this discrepancy is explained by the
existence of other reaction pathways for HOO/O,". Equation (11) describes the -
disproportionation of hydroperoxy and superoxide radicals. In addition, HOO/O; can
be reduced by transition metals such as Cu(I) (5) and Fe(II) (6) as well as by
semiquinone radicals (26) to form H;Ox. Hdwever, HOO/O;, can also undergo
oxidation through reaction with transition metals in a higher oxidation sfate or with
quinones to form oxygen. Therefore, not all of the HOO/O; that is produced will
produce H,0, 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/O, and for
H,0; 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 F, 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 H,O, 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 o.3;3 was used as an
alternative to a plot. The Cayuga énd Ontario Lake waters agree well in this respect
with values of 8 x 107 and 9 x 107 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:

F, =1-10""'~2.303a,/ (12)
Therefore, the fraction of light absorbed is proportional to the attenuation coefficient.
Assuming a consistent value for ¢' for these lake waters, the rate of production of
HOO/O,” will be proportional to a,;. The fact that Cayuga and Ontario had similar

values for this ratio implies similar ¢", whereas the ratio for Onondaga Lake water
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Figure 5.3. Degradation of quadricyclane in (A) Aldrich, (¢ ) Onondaga, (O )

Cayuga, ( O ) Ontario water during a rooftop irradiation in the summer of 1998.
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was 5 x 107, suggesting a higher value for the apparent quantum yield of production

of HOO/O5'.

Figure 5.4 shows the relative significance of different wavelength; to the
overall production of HOO/O;" in the top lcm of a lake. This was modeled using the
experimentally determined values for ", and Fg; 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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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 arﬁmonium 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 aﬁenuated light at depth.

The indirect photolysis of quadricyclane is ascribed to the reaction with
HOO/O;" produced by the interaction of excited DOM with dissolved oxygen. The
basis for this conclusion is the reaction of quadricyclane with HOO/O;" produced
through an alternative means. The retarded reduction of ferricytochrome in the
presence of quadricyclane provides reliable results for tﬁe rate constaﬁt, kq. The
variation of ko with pH supports the hypothesis that quadricyclane reacts with
HOO/O;". Furthermore, the simultaneous measurement of HOO/O,  production in an
irradiated humic solution by ferricytochrome C and quadricyclane provides
compelling evidence that quadricyclane is reacting with HOO/O," 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/O;" as soon as it is formed, blit an alternative mechanism may be
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feasible at lower quadricyclane concentrations. The HOO/O: 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/Oy
production, using high concentrations of quadricyclane is effective.

Ideally, a similar stuciy could be performed using lower concentrations of
quadricyclane. This would serve to clarify the reaction chemistry of HOO/O; 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 aﬂd 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/O;" varies for
different water samples and is related to the DOM composition. As it turns out,
photolysis doe§ 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

Quantum yield ~Margin of error

Mem™) (95% C.L)

280 5020 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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