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ABSTRACT

The development and investigation of a new technique for measuring tropospheric
concentrations of hydroxyl radicals (OH) is presented. The technique is based on the nearinfiared fluorescence of IR12S which is quenched upon reaction with OR IR12S, is shown
to react with OH, and be sufBciently less reactive with other tropospheric oxidants that when
exposed to tropospheric air samples, changes in the dye fluorescence are related to the
ambient OH concentration.

A near-infrared fluorimeter was constructed to determine IR125 concentrations.
Detection of 10"'^ MIR125 in solution was obtained. This sensitivity allows observation of
changes in IR125 concentrations due to reaction with typical tropospheric OH concentrations.
Changes in the fluorescence of IR.12S when sampling the ambient air using dye impregnated
quartz wool cartridges were shown to follow predicted OH concentrations for the observed
environmental conditions. Photodecomposition by sunlight and reaction with other, longer
lived, oxidants were accounted for in determining the IR125 response to OH.

An OH source of known concentration to calibrate the IR125 response based on the
photolysis of HONO or H2O2 was constructed. A photochemical computer model developed
and used to determine the steady-state OH concentrations was validated by the successful
prediction of concentrations of some cogenerated compounds. This OH source was not
compatible with the sampling technique using dye impregnated quartz wool cartridges,
because of the overwhelming interference caused by suspected heterogeneous reactions of
the precursors. Absolute calibration remains to be completed.
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CHAPTER 1
INTRODUCTION

Earth's atmosphere has evolved over the course of several billion years. The
atmosphere is fiir fix)m chemical equilibrium, and the current composition of the atmosphere
is largely an artifact of the biological processes which consume and emit its innumerable
chemical constituents. The atmosphere itself is a dynamic chemical system, with a myriad of
chemical species circulating through it over a vast range of time scales. Molecular nitrogen
(Nj), the most abundant atmospheric component, has an atmospheric residence time of more
than IS million years, while some very reactive trace compounds, such as excited atomic
oxygen (0('D)), have residence times measured in milliseconds. Many mechanisms exist in
the atmosphere to remove its constituents: precipitation, absorption by the oceans, solar
photolysis, heterogeneous reactions on the surfaces of aerosols and ice crystals, aqueousphase reactions in hydrometeors, and gas-phase oxidation reactions. While all of these
mechanisms are important in atmospheric chemistry, the quasi-equilibrium state which has
been established between the biosphere and atmosphere is maintained largely by balancing of
the emissions of chemically reduced compounds from the biosphere with atmospheric gasphase oxidation reactions.

The Earth's atmosphere is an oxidizing atmosphere, and is often compared to a low
temperature flame. The concentrations of many important species are controlled by gas-phase
oxidation reactions involving the primary tropospheric oxidants; ozone (O3), hydrogen
peroxide (H2O2), the nitrate radical (NO3), and the hydroxyl radical (OH). The hydroxyl
radical, OH, is arguably the most important tropospheric trace constituent. It is the principal
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tropospheric oxidant, being singty responsible for the gas-phase oxidation of many important
atmospheric trace gases. These inchide carbon monoxide (CO), methane (Cli,), non-methane
l^rdrocarbons

molecular hydrogen (Hj), ammonia (NH3), hydrogen sulfide (HjS),

sulphur dioxide (SOj), and hydrogenated halocarbons (HCFC). OH reactions also control
the partitioning of the nitrogen oxide species (NOy), which in turn determine the local O3
concentration in the remote troposphere. Since it is the OH concentration which determines
the quasi-equih'brium concentration of many atmospheric trace gases, large changes in the OH
concentration can dramatically change the atmospheric composition.

Since the industrial revolution there has been an observed increase in the emission and
atmospheric burden of anthropogenically generated compounds, including NOy,
chlorofluorocarbons (CFCs), carbon dioxide (CO2), and CH4. Concern for the effects that
these increases might have on the global climate have prompted studies resulting in the
development of numerical computer models of the global climate. Since the global climate
is controlled largely by the atmospheric composition (through effects on radiative transfer in
the atmosphere), the accuracy of these model predictions of the future climate is dependent
upon the understanding of atmospheric chemistry, and the accurate prediction of the future
atmospheric composition. These models therefore rely heavily on current measurements of
the various parameters involved in the tropospheric gas-phase chemistry, and observations
of trends in the concentrations of the atmospheric constituents. Long-term trends in the
oxidizing capacity of the atmosphere are especially important in predicting climatic change,
since changes in the oxidizing capacity directly impact the concentrations of climatically
important trace gases. Model predictions of the future oxidizing capacity of the atmosphere
have yielded results over a wide rang^ including predictions of both increasing and decreasing
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OH concentrations, depending upon the assumptions used in the particular model (Lu and
Khalil, 1992; Thompson, 1992).

The motivations for measuring tropospheric OH concentrations are therefore twofold.
Measurement of tropospheric OH is nearly synonymous with measuring the "oxidizing
capacity" of the atmosphere, with long-term monitoring of the atmosphere's oxidizing
capacity providing an excellent check for global chemical models. Secondly, since OH is
intricate^ involved with the chemistry of so many important atmospheric trace compounds,
measurement of its concentration, in conjunction with that of other atmospheric constituents,
contributes significantly to an understanding of local tropospheric chemistry.

For these reasons scientists have expended considerable effort to develop methods for
measuring tropospheric OH concentrations over the past 25 years. Several techniques have
been pursued, with some yielding reasonable results. These include laser induced
fluorescence, long-path laser absorption, isotopically labeled '^CO titration to *^C02, and ionassisted mass spectroscopy, with there being several permutations of the first two techniques.
Versions of all of these techniques have produced reasonable measurements on a limited basis,
but at this time there is no technique for routinely making tropospheric OH measurements.

This thesis presents the study of a new technique for measurement of tropospheric OH
concentrations: the measurement of OH by observation of the near-infixed fluorescence
quenching of the polymethine molecule IR12S. The ultimate goal is to develop a technique
for measuring tropospheric OH which is simple, low cost, and can be used by many groups
who study local tropospheric chemistry, but for whom the cost of constructing an OH
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instrument based on the current techniques are prohibitive. The goal of this thesis is to
provide evidence of the utility of this technique, as well as provide some preliminary results
obtained through its application. This thesis is divided into several sections. Chapters 2 and
3 review background information on tropospheric OH chemistry, and discuss the current
techniques used for making tropospheric OH measurements, along with their limitations and
results. Chapter 4 describes our proposed technique. Chapter 6 describes the physicochemical properties of IR125. Chapter 7 describes the near-infrared fluorimeter constructed
to measure the IR12S fluorescence. Chapter 8 descnbes our attempts to calibrate the IR125
response to OH, and the calibration source constructed for this purpose. Chapter 9 describes
the sampling methods employed during the preliminary tests of this technique. The final
chapters. Chapters 10 and 11, discuss the results, conclusions, and proposed future studies
of this new tropospheric measurement method.
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CHAPTER!
TROPOSPHERIC OH CHEMISTRY

It is not poss9)le to provide in this thesis a comprehensive description of the chemistry
of tropospheric OH. To do so would require a complete study of all of tropospheric
chemistry because of the intricate relationship among all atmospheric constituents. Any text
covering tropospheric chemistry contains detailed descriptions of all of the processes
mentioned in this Chapter, and many also include a discussion of the effects these processes
have on the global climate. Excellent sources of information include Brimblecombe, 1986,
Findlayson-Pitts and Pitts, 1986, Seinfeld, 1986, and Wayne, 1991. Rather, this chapter
intends to provide an outline of some of the more important aspects of the roles OH plays in
the oxidation of natural and anthropogenically generated trace gases as background
information to help the reader understand the motivation behind the extended efforts to
measure the concentrations and understand the behavior of this elusive species.

The troposphere contains approximately 90% of the total atmospheric mass, and
neariy all of the atmospheric burden of nitrogen, carbon, and sulphur trace gas compounds.
Most of the trace compounds found in the atmosphere are either produced and emitted by
biological processes at the Earth's surface, or are the products of atmospheric gas-phase
chemical reactions involving these compounds. Many of the trace compounds emitted by
biological processes are reduced species, such as ammonia (NH3), methane (CH4), and
hydrogen sulphide (HjS). Anthropogenically generated compounds are also emitted into the
atmosphere. These are primarily the result of the combustion of fossil fuels and wood, and
are normally oxidized, or partially oxidized compounds. Typical of these species are nitric
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oxide (NO), caibon monoxide (CO), and sulphur dioxide (SO2). Wet and dry deposition are
important loss processes for the primary sur&ce emissions within the boundary layer, but once
these compounds reach the free troposphere, gas-phase oxidation reactions provide the
primary atmospheric removal mechanism for most trace compounds, including those
mentioned above.

The study of tropospheric chemistry is the study of photo-chemical free radical
oxidation reactions controlled by OH.

It is difiScuIt to overstate the importance of OH in

tropospheric chemistry. Reaction with OH begins the oxidation process for most atmospheric
trace gases, with OH also controlling the concentration of most of the other atmospheric
oxidants. Because of its extreme reactivity, the tropospheric chemical lifetime of OH is short,
and its concentrations low. The lifetime of OH varies from approximately 1 second in the
remote, free troposphere, to lO's of milliseconds in some polluted urban environments. The
tropospheric concentration of OH varies from a midday maximum value of up to a few times
lO'cm"' in some urban environments, to an estimated 10' cm*^ at night in the remote, free
troposphere. At night, when the OH concentration is 1/10 to 1/100 of the peak daytime
concentration, the concentration of the nitrate radical (NO3), increases and assumes some of
the role of trace gas oxidation performed by OH during daylight hours. NO, is photolytically
labile, and thus is present at low concentrations during the day. NO, is also much less
reactive than OH, but its peak nighttime concentration of approximately 10' cm'^ is
approximately 100 tunes greater than the peak OH concentration, so that it is able to
contribute significantly to the nighttime oxidation of some species. For most atmospheric
trace gases, however, the primary oxidation is initiated during daylight hours by OH.
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2.1

Daytime OH Production

Free radical reaction chains are initiated through the near-ultraviolet photolysis of
photolytically labile species at wavelengths longer than 280 nm. Wavelengths shorter than
280 nm are strongly absorbed by stratospheric ozone (O3), and do not reach the troposphere
with flux densities high enough to contribute significantly to the photolysis of tropospheric
species. The most important photolysis precursors are O3, NOj, and HCHO for the formation
of fi'ee radical species under most conditions, but many other compounds (e.g. nitrous acid
(HONO), nitric acid

pemitric acid (HNO4), peroxides, aldehydes, and halogenated

compounds) provide photolytically active sources of fi'ee radicals which can play significant
roles in tropospheric chemistry.

Ultraviolet photolysis of O3 is the most important source of tropospheric fi'ee radicals.
O3 is dissociated by UV light at wavelengths in the visible and UV regions of the spectrum,
converting O3 into an oxygen molecule and an oxygen atom. A majority of the atomic oxygen
produced by photolysis at wavelengths longer than 310 nm is in the ground

state, while

photolysis by light at wavelengths shorter than 310 nm produces atomic oxygen which is
primarily in the excited 'D state. Nearly all of the ground state atomic oxygen recombines
with molecular o;^gen (O2) to reform Oj. Most of the atomic oxygen in the excited 'D state
is coUisionally quenched to the ground ^ state where it recombines with O2 to reform O,, and
it is only a small Section of the excited state atomic oxygen that propagates the radical
reaction chain. O3 photolysis is shown in reactions 2.1 to 2.4.
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^

OCP)

(2.1)

hv ^

OCD)

(2.2)

OCD) * M -• 0(V») • M

(2.3)

0('P) * O^* M -* O^* M

(2.4)

The majority of the 0('I^) which is not quenched to OfP) reacts with water vapor to produce
OH.

OCD) * Hp

lOH

(2.5)

This is the primary daytime mechanism of tropospheric OH production.

2.2

Nighttime OH Production

Production of OH also occurs at night. The primary nighttime source in the free
troposphere is the reaction of the hydroperoxyl radical (HOj) with O3. In polluted urban
areas where NO is produced at night through fossil fuel combustion, the reaction of HOj with
NO provides another significant, and sometime dominant, source of OH.
flOj * O^-*- OH * 20j

(2.6)

HO^ * NO ^ OH * NO^

(2.7)

HO2 is produced at night through the thermal dissociation of pemitric acid (HNOJ.
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HNO

M ^ HO^* NO^* M

(2-8)

Since the sinks for OH are similar to those during the day, the subsequent radical chain
reactions described below also provide a significant source of HOj. Reactions 2.7 and 2.8
contribute to the daytime OH production, as well, and can be the dominant daytime source
of OH in some urban environments with especially high NO or O, concentrations.

2^

Oxidation of Carbon Species

Approximately 70% of OH produced in the fi-ee troposphere reacts with CO, and
approximately 30% with CH4. CO has an atmospheric chemical lifetime of approximately 3
months before it is oxidized to CO2 by OH via reaction 2.9.

CO * OH

CO^ * H

(2.9)

The hydrogen atom produced in this reaction is the radical chain carrier, with most reacting
rapidly with Oj to form HOj.

H*

HO^ * M

(2.10)

The oxidation of CH4 (reactions 2.11 - 2.17 followed by 2.9) is completed in a
complex process which is initiated by the abstraction of a hydrogen atom by OH to form a
water molecule and a methyl radical (CH3). CH, reacts rapidly with oxygen to produce a
methyl peroxy radical (CH3O2), which in turn reacts with a hydroperoxyi radical to form
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methyl Iqrdroperoxide (CH3OOH). Peroxides are easily photolyzed by ultraviolet light, and
the phototy^ of Q^OOH produces a methoxy radical (CH3O) and regenerates OR CH3O
reacts rapidly with O2 to form formaldehyde (HCHO). The HCHO can then be photolyzed
by wavelengths less than 338 nm to form HCO and H. HCO then reacts with O2 to finally
yield CO, which is eventually oxidized to CO2 by OH, and in the process produces another
HO2.

CH^* OH ^ CH^* Hp
CH^*

M ^ CHp^ * M

CHp^ * HO
CHpOH * hv
CHp * Oj

(2-11)
(2.12)

CHfiOH * Oj

(2-13)

CHp * OH

(2-14)

HCHO * HO^

(2.15)

HCHO » hv -* HCO * H
HCO * O^-*- CO * HO^

(2.16)

(2.17)

Notice that the oxidation reaction chain of CH4 to CO is a net producer of HOj.

While CH4 has a fairly long atmospheric chemical lifetime (~8 years), once the
oxidation process is initiated by OH, the conversion to CO through further oxidation of the
methyl radical progresses rapidly (~hours). In the unpolluted (low NOJ troposphere,
oxidation of CH4 progresses primarily along the path described above. There are, however,
several places where the chemistry can deviate from this path. CH3OOH, and HCHO, are
readily dissolved m cloud drops, and can be removed by precipitation, thus terminating the
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reaction chain. In urban atmospheres, with high NO^ concentrations, the methyl peroxy
radical (CH3O2) can react predominantly with NO to produce a methoxy radical (CH3O) and
NOj.

• NO

ar,o • NO^

(2.18)

Also, HCHO photolysis can yield products different from those shown above, or react directly
with OH. Both of these paths provide significant loss mechanisms for tropospheric HCHO.

HCHO * hv ^ CO * H^
HCHO * OH

HCO * Hp

(2.19)
(2.20)

Similar oxidation steps occur for higher alkanes. These can essentially be identified
by the replacement of CH^ with RH in the above equations, where R is a hydrocarbon radical
analogous to the methyl radical. The oxidation process is, of course, initiated by the
abstraction of a hydrogen atom by OH.

RH * OH

Hp

(2.21)

As mentioned above, in regions of high NO or O3, HOj will react with these species
to regenerate OH.
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-* OH * iVOj

HO^
* NO

RO * NO^

(2.8)
(2.22)

HO,* 0 , - * 0 H * 20^

(2.7)

RO,* O^-* RO * 10,

(2.23)

The same is true for the alkyl peroxy radicals, however, under some conditions of low NO
and O3, HO2 and the alkyl pero?Qr radicals react predominantly with HOj to produce hydrogen
peroxide (HjOj) and alkyl peroxide (ROOH), respectively, which can be absorbed into cloud
drops and removed through precipitation, or photolyzed as an additional source of OR

HO,* HO, ^ H,0, • O,
RO,* HO,-* ROOH • O,
H,0, * hv
ROOH * hv

20H
RO * OH

(2.25)

(2.26)
(2.27)

The alkoxy radical (RO) normally will react to produce an aldehyde, or a ketone and
regenerate HO2.

RO -* R' * R''CHO

(2.28)

RO * O,-* R'^CO * HO,

(2.29)
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Where R', R", and R*" are alkyl groups or radicals.

2.4

Oxidation of Nitrogen Species

The HO, / NOy cycle controlled by OH is especially important in urban
photochemistry. OH concentrations determine the partitioning of the NOy species NO, NO,,
nitrous add (HONO), and nitric add (HNO3). The adds in turn provide a reservoir of OH,
since they can be photolyzed at short visible and UV wavelengths, or since th^ can also be
easily absorbed by cloud drops and removed from the free troposphere through predpitation,
can terminate the radical reaction chain.

OH * NO ^ HONO

(2.30)

OH • NO^

(2.31)

HNO^

HONO * hv

OH * NO

HNO^ * hv

OH * NO^

(2.32)
(2.33)

The partitioning of NOy spedes is critically important because the concentration of
NO2 determines the tropospheric O3 concentration, in both urban and remote atmospheres.
The near-ultraviolet photolysis of NOj is the only known O3 production mechanism of any
significance in the troposphere.
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NO ^ * h\ ^ NO * OCP)
OCP) * O^* M

O^* M

(2.34)
(2.4)

NHj is also oxidized by OH, but since NH, is quite soluble, most is removed from the
atmosphere by precipitation aiter being absorbed by water drops.

2.S

Oxidation of Other Species

In addition to its involvement in the oxidation of hydrocarbons and the partitioning
of NOjp OH is also the primary oxidant of many other trace compounds. Atmospheric
sulphur compounds are important because they contribute significantly to the tropospheric
and stratospheric aerosol burden, and to the formation of very efiScient cloud condensation
nuclei. Most biological emissions of sulphur species are in the form of the reduced inorganic
compounds hydrogen sulphide (HjS), carbon disulphide (CSj), and carbonyl sulphide (COS),
or as the organic sulphur compounds methyl mercaptan (CHjSH), dimethyl sulphide
(CH3SCH3), and dimethyl disulphide (CH3S2CH3). Oxidation of all of these species is initiated

by reaction with OR Attack by NO3 also provides an important initial oxidation path for the
organic sulphur species at night. Oxidation of the reduced species ultimately leads to the
formation of SO2, while oxidation of the organic sulphur compounds can lead to the
fomiation of sulfonic acids which are removed from the atmosphere primarily by precipitation,
as well as SOj.

Anthropogenically produced SO2 is one of only a few significant trace gases emitted
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in quantities that exceed the natural source. Anthropogenic emission of SOj, primarily as a
byproduct of the combustion of sulphur-rich fossil fuels, exceeds the natural source of SO2
by a considerable amount, accounting for approximately 70% of the total global sulphur
emission fix)m all sources. Again, the removal of SO2 from the atmosphere is dependent on
tropospheric OH to initiate further oxidation.

SO^* OH * M

HOSO J

(2.35)

HOSO2 can be fiuther oxidized to sulfuric acid, H2SO4, by the subsequent reaction of another
OH, but this cannot be the primary oxidation process since laboratory kinetic studies indicate
that the radical reaction chain is not terminated by the formation of H2SO4. Further studies
have shown that oxidation occurs through reactions involving Oj and H2O (Wayne, 1991).
The net reaction representing the oxidation of SO2 to H2SO4 can be expressed as equation
2.36.

OH * O^* H p

H ^ ^ * HO^

(2.36)

The predominant oxidation path for SO2 does not provide a net loss of radicals, and, as for
other radical oxidation processes, the net consumption or production of radical species is
dependent upon the relative abundance of NO and O3 for the regeneration of OH. The OH
initiated oxidation of SO2 is responsible for the formation of sulphate and sulfiiric acid
aerosols as well as cloud condensation nuclei, however, there is continuing debate over the
magnitude and efifect of this aerosol source.
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HCFC oxidation will be used as a final example of the importance of OH to the
removal of atmospheric trace species.

HCFCs are intended to replace the

chlorofluorocaibons (CFCs) for use in refirigeration systems and other applications, because
of the CFCs role in the catalyzed loss of stratospheric O3. CFCs were developed in the 1930s
as refiigerants, and have been especially valuable in this and many other applications because
of their thermodynamic properties and inert chemical behavior. The inertness of CFCs has
been a problem, since all of the CFCs produced are eventually released into the atmosphere
where their chemical lifetimes are several decades to several hundred years. The only
significant loss mechanism of CFCs fi'om the fi'ee troposphere is transport through the
tropopause, and into the stratosphere where fi'ee chlorine, bromine, and fluorine atoms (CI,
Br, and F) are generated by direct UV photolysis. These fi'ee halogen atoms catalyze the
destruction of stratospheric O3 causing an increased surface UV flux, and lower stratospheric
temperatures.

Over 80% of halogen contributed loss of ozone is attributable to

trichlorofluoromethane (CFCl,; CFC-11), dichlorodifluoromethane (CF2CI2; CFC-12) and
trichiorotrifluoroethane (CF2CICFCI2; CFC-113). Concern over the effects of a reduced
amount of stratospheric O3 has lead to the gradual replacement of CFCs with HCFCs. By
replacing one or more of the halogen atoms of a CFC with hydrogen atoms (to create
HCFCs) the reactivity of these compounds with OH is greatly increased because of the
propensity of OH to abstract H atoms from the target species. The product CFC radicals are
also highly reactive, yielding products which are removed from the troposphere through wet
deposition. The end result is that fewer halogens reach the stratosphere to participate in the
O3 depleting cycles. Reaction with tropospheric OH provides the only significant loss
mechanism for HCFCs and greatly reduces the O3 depleting capacity of atmospheric emission
of these compounds.
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From the above ^camples and simplified discussion it is easy to see the importance,
of the complex role played by OH in tropospheric chemistry. Considerable effort has been
e?q)ended in the scientific community to better understand the chemical processes involving
the hydro?^ radical. The reaction rates for most of the chemical reactions involving OH have
been painstakingly measured, as have the concentrations of many of the tropospheric trace
gases, and have been published in hundreds of journal articles and text books. While much
work in this field has been completed, there is still much left to be done, and in spite of the
pivotal role of OH in all aspects of tropospheric chemistry, a simple, low cost method for
measuring tropospheric OH concentrations is still unavailable.
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CHAPTERS
CURRENT TECHNIQUES FOR TROPOSPHERIC OH MEASUREMENT

The importance of OH in tropospheric chemistry was first recognized over 25 years
ago. Since that time, considerable effort has been expended by several research groups
developing techniques to measure tropospheric OH concentrations. Devising a method to
routinely make accurate measurements has been one of the biggest challenges in experimental
atmospheric chemistry. These measurements are extremely difficult to make because of the
low concentration and short lifetime of tropospheric OH, which challenges the detection limits
of traditional methods.

There are currently four OH measurement methods employed to directly determine
local tropospheric OH concentrations, and one method to indirectly obtain regional and global
OH concentrations. Local OH measurements are those made over spacial scales of meters
to a few kilometers, while regional or global OH refers to spatial scales of thousands of
kilometers to total tropospheric burden of OH. It is the local OH concentrations which are
of primary interest in the study of tropospheric photochemistry, while knowledge of regional
or global OH provides information about the atmospheric oxidizing capacity. The spacial and
temporal distribution of tropospheric OH is highly variable. This is because the atmospheric
chemistry is dependent upon the atmospheric dynamics and meteorology of the location. For
this reason, many studies of atmospheric chemistry involve extended sampling of atmospheric
chemical and plqrsical parameters over an extended volume using instrumented aircraft. The
goal of any local OH measurement technique is to be eventually adapted to an aircraft
sampling environment. This requirement has also been difficuh for some techniques to meet.
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Of the local OH measurement techniques, the most common are based on the nearultraviolet absorption and fluorescence of OH, and include laser induced fluorescence and
long-path absorption methods. The remaining two local techniques involve OH oxidation of
*^0 to '^COj, and OH conversion to H2^S04. Regional and global OH concentrations are
inferred indirectly by observing atmospheric concentrations of methyl chloroform (1,1,1trichloroethane, CH3CCI3). All of these methods have produced useful information, but the
complexity and cost of the instrumental methods has limited their use to only a few research
groups.

3.1

Laser Induced Fluorescence

Several laser induced fluorescence

(LIF) instruments are currently in use for

measuring tropospheric OH concentrations. These instruments use pulsed ultra-violet lasers
to resonantly excite OH in air drawn through a sampling cell, where OH is detected by
observing the subsequent fluorescence. Laser excitation near 308 nm is used to selectively
excite OH in single rotation-vibration-electronic transitions (A

(v'=0) <-

(v"=0)).

OH fluorescence is observed from 307 nm to 311 nm. Older instruments excite OH at 282
nm, but because of the high rate of photolysis of O3 and subsequent in situ production of OH
at these wavelengths, most of these instruments are no longer in use. The O3 cross-section
at 308 nm is 4% and the 0('D) quantum yield is 82% of the values at 282 nm. Excitation of
OH at 308 nm, however, has some additional problems. The close proximity of the excitation
wavelength to the fluorescence wavelength means that background fluorescence from the air
at ambient pressure along with Mie, Raman, Rayleigh, and wall scattering contribute to
background noise which can obscure the OH fluorescence signal. To reduce this interference.
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all LIF instruments currently in use have adapted versions of the fluorescence assay by gas
expansion ^AGE) technique pioneered by Hard et aL (1984). Basically, ambient air is drawn
through a small inlet nozzle into a flow cell which is maintained at low pressure (typically 1 10 torr). This significantly reduces the background interference, and greatly improves the
sensitivity of the OH measurement. Since performing the fluorescence measurement at
lowered pressure increases the fluorescence lifetime of OH to durations significantly longer
than the laser pulse, fiirther improvement of the signal-to-noise ratio can be obtained by
electronically gating the detector so that OH fluorescence detection only occurs after the
scattered laser light has dissipated (Stevens, et al., 1994). Detection limits are reported to be
in the neighborhood of a few times 10^ OH cm"' (Brune et al., 1995; Hard et al., 1995;
Holland et al., 1995).

Upper tropospheric and lower stratospheric measurements have been successfiilly
made by one group using an LIF instrument carried aloft by the NASA ER-2 (Wennberg et
al., 1994 and 1995). This instrument is based on earlier techniques using 282 nm laser
excitation of OH in the Qi(2) and Q2i(2) rotational lines of the A

(v'=l) <-

(v"=0)

transition. Collisional quenching of the vibrational mode results in fluorescence in the same
transitions as mentioned above in the band fi'om 307 nm to 311 nm. Because of the higher
mixing ratio of OH in the upper troposphere and stratosphere, lower ambient pressure, and
especially because of the lower water vapor content, this instrument does not experience the
interference problems of those deployed near the surface.

All of the LIF instruments also employ some modulation of the signal to remove
background biases. These take the form of spectral modulation (shifting the excitation laser
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wavelength on and off the OH absorption line) or chemical modulation (adding a reagent
\^ch removes OH from the sampled air before laser Qlumination). To prevent drifting of the
excitation wavelength which would result in drifting of the interpreted OH concentration,
some form of spectral reference must also be used. The instruments periodically scan
reference cells containing an appropriate gas with narrow absorption features to spectrally
lock the laser emissions to the required wavelength.

The laser systems which are used by these instruments are in general quite large and
costly, usually consisting of a copper vapor or solid state laser pumping a dye laser followed
by a frequency doubling crystal, although the current costs have been lowered by the
development of new laser systems. This technique suffers, as do many others, of requiring
calibration A^ch is usually performed by introducing a known concentration of OH into the
fluorescence chamber.

3.2

Long Path Absorption

The other commonly used local OH measurement technique is long path laser
absorption (LPA) which is currently being used by research groups in Germany and the
United States. With this technique the OH concentration is determined by monitoring the
absorption of laser light in the 308 nm OH electronic band along a long path (generally 1 to
10 kilometers). The laser emissions are either spectrally broad or rapidly scanned in
wavelength to cover several well resolved rotational lines in the band, including the Q-branch
rotational transitions mentioned in reference to the LIF instruments which occur at 307.9951
nm and 308.0006 nm. The Lambert-Beer law is employed to calculate the OH concentration
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along the beam path from the absorption spectnmi. This requires accurate knowledge of the
absorption cross-section and absorption line-shape which accounts for pressure, Doppler, and
instrument line broadening based on the environmental conditions of measurement location.
These parameters are believed to be known or calculable to a few percent. The laser output
power is monitored concurrently with the transmitted spectrum to account for any changes
in laser power.

LPA instruments are designed with single or multiple reflection paths. The NOAA
instrument (Mount, 1992) is a single reflection instrument with a mirror placed 10.3 km
distant which reflects the beam of laser light back to the telescope receiver located with the
laser system The OH concentration measured by this instalment is then an average along this
path. Other instruments use a multiple reflection path (White cell) where the beam of laser
light multiply traverses the volume between two mirrors placed in the open air. The
separation of the mirrors used in the Julich instrument is 20 m with the separating distanced
traversed 144 times for a total path length of 2.88 km (Dom et al., 1995). While the multiple
path design allows a more local measurement and the possibility of aircraft installation, the
multiple reflections required to attain a sufficient path length reduces the light transmission
through the cell (to 11% in the Julich instrument).

There are several problems associated with these instruments. The most serious
problem is the interference experienced in some, especially urban, environments by several
chemical species having absorption features in the same portion of the spectrum. These
include SOj, CH2O, HCHO, C H,, and other identified as well as unidentified species. O3
IQ

and NO2 both have broad absorption bands in the same spectral region, but do not have the
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fine line structure which can mask the OH line shape. Under even lightly polluted conditions
the spectral signatures of these species must be accounted for to obtain accurate OH values.
Under more polluted conditions the OH line features are usually completely masked, or the
baseline is made indeterminable by the absorption from these interfering species, making OH
measurement impossible.

Sunlight scattered into the direction of the receiving telescope also interferes with the
baseline determination of the measured absorption spectra, and must be subtracted during the
measurement. Production of OH along the optical path through O3 photolysis by the laser
emissions can also be a source of interference. Generally, through careful laser selection and
optical system design OH production can be kept below the detection limit of the system
(Mount and Harder, 1995; Dom et al., 1995).

As with the LIF instruments, this method of OH detection requires costly and complex
lasers and optical systems. Single reflection systems are immobile, and all LPA instruments
suffer from trace gas interferences which prohibit their use in certain environments, as well
as uncertainties associated with calculating the absorption cross-sections.

3.3

Isotopically Labeled "CO Titration

The radiocarbon tagged carbon monoxide ('*C0) method of OH detection has been
diligently pursued by one group for many years (Felton et al., 1990). This method relies on
the observation that the only gas phase removal mechanism for CO is by reaction with OH.
In this technique, air is drawn through a quartz cell and injected with "CO. The "CO + OH
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reaction (Chapter 2) is allowed to progress in the flow cell, after which the
is sq)arated from any unreacted

and the

produced

/ "CO ratio determined by measuring the

radioactivity of the product with a gas-proportional counter. The OH concentration is
determined from the ["COJ / ['^O] ratio, the "CO + OH rate constant (k), and the reaction
time (t) using the following equation:

[OH]

["CO.] 1
["CO] k t

(3.1)

While this technique is straight forward in concept, considerable difiBculty has been
experienced in its implementation. The primary problem is that the "CO + OH reaction
progresses slowly, so that the amount of "COj produced in the flow reactor during a
reasonably short sampling period (minutes) can be small, corresponding to less than 1 p
emission per minute in the spontaneous nuclear decay of the "C atom (Felton et al., 1990).
Since the amount of "CO2 produced in the flow cell is determined by the measured
radioactivity of the product, the purity of the collected sample is extremely important.
Interference in the measured radioactivity is incurred from trace amounts of radioactive
compounds in the ambient air, such as ^^^Rn and '^Kr, and from the "CO tracer injected into
the flow cell. There is also a significant quantity of "CH4 unavoidably introduced concurrently
with the "CO into the flow reactor. The "CO2 collected is separated from other radioactive
compounds through a series of steps, including dilution of "CO and "CH4 by the addition
of '^CO and '^CH4 into the collected gas stream prior to a cryogenic CO2 trap, and gas
chromatography to remove the ^^^Rn,

and other ambient radioactive species. The biggest

interference problem encountered with this technique is the introduction of "CO2 into the flow
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reactor with the '^^0 (and
decay of the

is produced by radiolysis through the spontaneous

in the '^CO prior to injection into the flow reactor. Significant interference

occurs when the ['^COJ / ["CO] ratio injected into the flow reactor is above lO**. To achieve
this purity for the '*C0 is quite difficult, and requires purification be performed at the time
the

is injected into the flow reactor. This is done by passing the

gas over heated

granular zinc to reduce the '^COj to "CO, followed by cold traps to remove any remaining
"COj. When properly performed, this process usually removes enough "COj so that the
amount injected does not interfere with the determination of OH.

The "CO concentration is measured by collecting the flow reactor gas, and measuring
the radioactivity of the sample. The concentration is much larger than the amount converted
to "CO2, so that interference fi"om other species is not generally a problem.

The amount of handling and processing of the "COj provides considerable opportunity
for errors to be introduced into the measurement, and also limits measurement frequency. This
technique is also limited to specific atmospheric conditions, requiring non-turbulent winds
between 1 and S m sec*' to prevent unpredictable wall losses of OH in the reaction chamber.
However, some data have been collected, and an intercomparison was performed with an LIF
instrument, which produced some promising results.

3.4

Ion-Assisted Mass Spectroscopy

This is a chemical titration of OH technique based on chemical ionization mass
spectroscopy (Eisele and Tanner, 1991). In this case, OH is titrated into Hz'^SO, by
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introducing ^63into a flow reactor with ambient air. The

is introduced at high enough

concentration that all OH in the ambient air is converted to H2^S04 in a time short compared
to the lifetime of OH. The titration of OH in the flow reactor progresses along reactions 3.2
-3.4 to produce H2"S04

* OH

-* H^SO^ • M

H^SO^ * Oj

• HO^

* ff^O * M

H^SO^ * M

3.2
3.3
3.4

After the OH has been completely titrated to H2"S04, propane is added to the gas stream at
concentrations large compared to SO2 to quench any OH produced through subsequent
reactions (e.g. those involving the concurrently produced HOj) in the flow reactor. The gas
stream then passes an ionizing source (/T emission). Ionization of the gas stream (primarily
N2 and O2) results in the predominant formation of nitrate ions (NO3"). The NOj" then reacts
with the H2'*S04 in reaction 3.5 to produce H^S04*.

m\

HSOI * HNO ,

(3.5)

The amount of H2^S04 produced in the flow reactor is determined by measuring the NO3' and
H^S04' concentrations with a mass spectrometer, and employing the measured rate constant
for reaction 3.5. The concentration of OH is then calculated by assuming a 100% titration
efficiency of ambient OH into H2^S04.
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There are several difBculties associated with this technique. Ion chemistry involving
alternate pathways for H2^S04 and H^SO/ are probably present, including ion clustering,
neutralization, and conversion to other ion species. There is also some background
interference from ambient

which must be subtracted from the total amount by

periodically quenching OH upstream of the flow reactor by adding a hydrocarbon, such as
propane, to the sampled air. The HO2, as mentioned above, can also cycle through to OH,
mostly through reactions with NO and O3(Chapter 2) which must be quenched by downstream
addition of propane. Under some remote tropospheric conditions, HNO3 is added upstream
of the flow reactor to force the preferential production of NO,' during ionization, since it was
observed that under low NO^ and HNO3 conditions, other ion species could be predominant.

While this is a f^y new technique for measuring tropospheric OH, and many aspects
of the process still require investigation, it has produced credible results during major field
campaigns (Eisele, 1995). Recent improvements in the instrumentation address these areas,
which has lead to improved results. There is, however, only one group using this technique,
and because of the expense and complexity of the instrumentation, it is unlikely to become
a widely used method for measuring tropospheric OH.

3.5

Methyl Chloroform Mass Balance Calculation

The final method obtains a regional or global OH concentration from observations of
atmospheric concentrations of methyl chloroform (1,1,1-trichloroethane; CH3CCI3) (Prinn et
al., 1995, Prinn et al. 1992). This technique does not provide local OH concentrations useful
for studying fast tropospheric photochemistry, but does provide some indication of the long-
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term trend in large-scale tropospheric OH concentrations.

CH3CCI3 is not a naturally occurring atmospheric species, so that all CH3CCI3 present

in the atmosphere has an anthropogenic origin. CHjCClj is released into the atmosphere in
quantities and locations deduced from industrial production and sales records. Obtaining
meaningful values of atmospheric OH concentrations then requires accurate knowledge of the
reaction rate of CH3CCI3 + OH, it's tropospheric concentrations, and several important
assumptions. First, that reaction with OH is the only removal mechanism for CH3CCI3, that
the atmospheric distributions of CH3CCI3 after release can be accurately calculated, and that
the distribution of OH can be accounted for in calculating the loss of CH3CCI3.

Since 1978 atmospheric concentrations of CH3CCI3 have been monitored at 5 remote
coastal locations in both northern and southern hemispheres as part of ALE-GAGE
(Atmospheric Lifetime Experiment - Global Atmospheric Gases Experiment). From these
measurements, researchers have estimated global OH concentrations using a 2-dimensional
global atmospheric model (Prinn et al., 1995, Prinn et al. 1992) based on the assumptions
mentioned above. (For this period they estimate a global average OH concentration of 10^
cm'^ with no distinguishable trend.) The errors for this calculation arise from the assumptions
made during the modeling. Reaction with OH is not the only removal mechanism for CH3CCI3.
A significant amount is lost by ocean absorption. This amount has been estimated, and
accounted for in the model, but there is still some uncertainty as to the magnitude of this sink.
The atmospheric models use only a small number of boxes to calculate the CH3CCI3 lifetime,
but even so, there is some uncertainty in the production and sales records, and in the resulting
estimation of release rates into each model box. Once released into the atmosphere, the
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dynamical distribution of CH3CCI3 is made more uncertain by the model, though it is limited
by the observed concentrations at the 5 stations. There is also some uncertainty in the reaction
rate constant of OH CH3CCI3, which is temperature dependent.

For global OH trends, this method appears to provide a reasonable estimation of global
OH concentration trends, and probably a reasonably accurate estimate of the magnitude of
the global OH concentration. It does not have the sensitivity to distinguish a trend over the
past 16 years, nor can it provide reasonable local trends in OH since these are determined by
the local photochemistry. It is important to distinguish the methyl chloroform technique for
inferring ^obal OH concentrations from the others, which obtain local OH concentrations from
direct measurement.

3.6

Summary

All of the above techniques have produced reasonable results, with some (most notably
the LIF, LP A, and ion-assisted mass spectroscopy) techniques being regularly used in field
programs. Each has advantages and disadvantages when compared to the others, but none
is cleariy superior to the others, and none of the above techniques is able to provide routine
OH concentration measurements over the wide range of ambient tropospheric conditions with
low uncertainty.

For any trace gas measurement technique, there is always some concern that all
potential sources of error have not been considered during the development of the
measurement technique. It is conmion practice amongst experimentalists developing, and
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applying measurement techniques to compare their measurements with those of other
instruments or techniques. The long history of the development of OH measurement
techniques has provided several opportunities for intercomparison. These joint experiments
have been conducted for OH measurements using some of the methods mentioned above, with
varying degrees of success. Two recent intercomparisons will be mentioned here. One
reported intercomparison involved simultaneous OH measurements made by an LIF method
and the '^30 titration method (Campbell et al., 1995). They reported a correlation coefiBcient
between the two techniques of r^.74 for measurements made under conditions believed to
be clean with OH concentrations expected in the low 10® cm*' range. The relative response,
however, showed a strong disagreement between the two techniques (factor of 2.9 difference
in slope of the least squares regression line fitted to simultaneous data pairs). It was unknown
whether this was due to calibration error, or perhaps to losses of OH in the inlet of the LIF
instrument, or to short time scale sampling inhomogeneities.

Another intercomparison was performed using an LP A method and the ion-assisted
mass spectroscopic technique (Mount and Eisele, 1992). This was conducted at nearly 3 km
altitude in the mountains west of Boulder, Colorado.

The LPA measured the OH

concentration along a single reflection long path (20.6 km total path length) while the ionassisted mass spectroscopic technique measured the concentration at the location of the
reflective mirror for the LPA method. Even though these two methods sampled somewhat
di£ferent air volumes, reasonably good results were obtained. Simultaneously measured values
generally agreed within a factor of 2 with the differences ascribed to variations in the air
masses sampled by the two instruments. However, other key photochemical parameters were
measured during this intercomparison, and models based on these measurements predict
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greater OH concentrations than those measured by either technique, suggesting incompletely
understood chemistry, or additional OH scavengers (Eisele et al., 1994).

While significant progress has been made in the last decade in developing a reliable
method of measuring tropospheric OH concentrations, uncertainties in OH measurement
values will remain until consistent results can be obtained by multiple techniques under a
variety of ambient conditions. True instrument comparisons can only be made with techniques
which measure OH in the same air mass over similar integration times. All four techniques
for measuring local tropospheric OH will continue to be improved, but there is still a need for
a simple, low cost OH measurement technique.
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CHAFrER4
PRINCIPLES OF THE FLUORESCENT QUENCHING TECHNIQUE

In 1988 a paper was published (Imasalca et al^ 1988) presenting a technique for making
en^rmatic assays using near-infrared laser fluorimetry. The authors of this paper describe an
experimental method for determining the amount of xanthine converted to uric acid by
xanthine oxidase. Hydrogen peroxide (H2O2) is concurrently produced in this reaction, and
the authors determined the amount of xanthine converted to uric acid by measuring the amount
of H2O2 produced. Thqr accomplished this by adding a fluorescent polymethine dye, IR12S,
to the reaction solution, and measuring the change in the laser induced fluorescence of the dye,
which th^ found to be proportional to the amount of H2O2 produced. With this technique,
these researchers were able to monitor the production of very small amounts of H2O2, and
therefore the conversion of very small amounts of xanthine oxidase. The authors discovered,
however, that they could obtain consistently reprodudble results only if ferrous sulfate (FeSOJ
was added to the solution in which the reaction progressed.

What these researchers had unknowingly done was construct a Fenton system (Chapter
6) where the Fe^ from the added FeS04 catalyzed the decomposition of H2O2 producing OH
in solution. It was the OH produced in solution through the Fenton reaction which attacked
the IR12S, resulting in a measured loss of dye fluorescence. IR125 is in &ct stable in solutions
containing H2O2 alone (Chapter 6). Once it was recognized that the quenching of the IR125
fluorescence was due to dissolved OH, it was quickly hypothesized that this technique could
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be adapted to the determinatioii of ambient tropospheric OH concentrations'.

4.1

Basis of Technique

The underlying concept of using the laser induced near-infrared fluorescence of IR12S
to determine tropospheric OH concentrations is exceptionally simple. An ambient air sample
is introduced to some quantity of IR125, and the OH concentration determined from the
observed decrease in the IR125 fluorescence. The polymethine structure of IR125 is especially
conducive to rapid oxidation by OR By abstracting a hydrogen atom from the polymethine
chain, or through addition to the chain, OH interrupts the alternating sequence of double and
single bonds in the chain, thereby quenching the near-infrared fluorescence. Because of the
very low concentration of OH in the ambient troposphere, correspondingly small
concentrations of IR12S must be detectable. The high sensitivity of near-infrared fluorescence
measurements is the key to the usefulness of this technique.

A rough estimate of the fluorescence detection sensitivity required for application of
this technique may be made by making some simple assumptions. If tropospheric air
containing 10® OH cm"' is sampled at 10 L min"' for 1 min, then an approximately 50%
decrease in fluorescent intensity would be observed from 1 ml of 10''^ MIR125, assuming
a 10% overall fluorescence quenching efficiency by OH. Using near-infrared diode laser
induced fluorescence techniques, detection of IR12S has been reported at concentrations below
10*'^ M (Sauda, et al., 1986), and for a similar polymethine dye at the single molecule level

'Credit for recognoing the possible applicatioiiof IRI25 fluorescence quenching to tropospheric OH measurement
belongs to my advisor, Eric A. Betterton.
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(Soper et al., 1993), so that the required sensitivity is readily attainable.

There are several &ctors contributing to the high sensitivity of near-infrared
fluorescence measurements. The ambient background sources in the near-infrared region
^ere IR125 fluoresces are very low, since very few compounds present in the atmosphere
have absorption / emission bands in this part of the spectrum. Solar emission is low at nearinfrared wavelengths, and thermal emission is negligible under ambient conditions. More
important, however, is the fairly recent (1980's) development of near-infixed diode lasers that
can provide the required high power illumination at the excitation wavelength. The
polymethine dyes themselves are also extremely good absorbers, having been developed as
photosensitizers in photographic emulsions.

While the basic concept of applying this technique to tropospheric OH measurement
is simple, the implementation is not. There are fundamental requirements that any OH
measurement technique must meet to provide useful information. The sampling method must
not perturb the ambient OH concentration in a way which cannot be calibrated; other ambient
compounds and environmental conditions must not interfere significantly; the measured values
must be related to absolute OH concentrations through some type of calibration process, and
the measured OH concentrations should have uncertainties which are small compared to the
uncertainties in the predicted values.

In addition to considering the requirements and restrictions of sampling tropospheric
OH, there are many effects specific to this technique which could significantly interfere with
the IR12S response to OH, and might even prevent practical use of this application. Some
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understanding of the physicochemical properties of IR12S is necessary for validation and
implementation of this technique. For example, the conditions of dye stability, the reaction
mechanisms of OH with IR12S as well as IR12S with other compounds, and the products of
these reactions should be investigated. Our hypothesis that the loss of fluorescence exhibited
by the dye in the presence of OH is due to disruption of the fluorophore by abstraction of a
hydrogen atom from the central polyene of the IR12S should also be verified. These must be
considered in addition to the issues of calibration, sampling and interference mentioned above.

4.2

Outline ofMethod Development

To address these issues, development of the technique has progressed through several
steps.
•

The physicochemical properties of IR12S were studied, with particular
attention paid to its reaction with OH. An attempt was made to identify the
preferential pathways, and reaction products for this reaction. This was done
by analyzing the reaction products with high performance liquid
chromatography and electro-spray mass spectroscopy. Other reactions of
IRI25 were also considered, and the stability of the dye under various
conditions and in various solvents was studied.

•

A fluorimeter having sufficient sensitivity for measuring suitably small dye
concentrations was constructed, and its response to IR125 concentrations
characterized.
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•

A calibration of the near-infrared fluorescence quenching response to OH by
the IR125 was made. This was done by constructing a source of OH based
on the visible and near-ultraviolet photolysis of nitrous acid (HONO). The
concentration of OH emitted from the source was calculated by a computer
model of the photolysis cell chemistry using acdnometrically determined
photolysis rate constants.

•

Methods of introducing the tropospheric air sample to the dye were tested, and
some used to sample the ambient air. The most successful of these methods
is the use of IR125 impregnated quartz wool filter cartridges. Dry IR125,
deposited on the quartz wool, is exposed to ambient air drawn through the
cartridges. After sampling is completed, the dye is extracted from the
cartridge, and the fluorescent intensity measured to determine the amount
remaining. This sampling method was used in making some preliminary
measurements of the OH concentration of the ambient air.

The remaining chapters of this work describe these efforts and their results.
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CHAPTERS
MATERIALS

This chapter contains information on the chemicals, solvents, and the instrumentation
used during the project, which is referred to throughout this thesis. The origin, along with
any special information pertaining to the chemicals, soh^s, and compressed gas supplies are
tabulated in this chapter for ease of reference. Several commercial instruments were used
during the project. These instruments, and the conditions under which they were operated
are described in this chapter. Instruments constructed for this project, including the nearinfrared fluorimeter, the calibration ceil, and the sampling apparatus, are described in detail
in separate chapters.

5.1

Chemical Supplies

The chemicals used for the project were obtained from reputable chemical supply
companies, and were generally American Chemical Society (ACS) analytical reagent (AR)
grade or of higher purity. The reagents used are listed in Table S.l. Some of the chemicals
obtained are of special importance to the work performed, and are listed separately in the
table.

5.2

Solvents

The primary solvents used for preparing IR12S solutions, dimethylsulfoxide (DMSO),
methanol, and water, were also analytical reagent (AR) grade or of higher purity. All of the

47

solvents used in this project are listed in Table 5.1. No difference in performance of the
different grades of solvent used was observed. The water was prepared in the laboratory with
single distillation of tap water by a Jencons GP-3 Autostill and subsequent passage through
a Millipore Milli-Q Water System containing 2 ion exchange cartridges and 2 activated carbon
filters. The resulting water is extremely pure having a resistivity of greater than 18 megohmcm with a very low organic content. Throughout the rest of this paper, these solvents will
simply be referred to as DMSO, methanol, and water.

5.3

Compressed Gas Supplies

Several compressed gases were used during the project. These include nitrogen,
oxygen, argon, and nitric oxide. The nitrogen and oxygen were unanalyzed, industrial grade
bottled gas supplied by the Arizona Welding Equipment Company, while the argon was
certified ultra-high purity supplied by the Linde Gas Company. The actual purity of the
industrial grade gases is unknown, but they normally contain less than 5 ppm total
hydrocarbons. The ultra-high purity argon was analyzed by the Linde Gas Company, and is
certified to contain 0.3 ppm O2, 3.4 ppm Nj, 2.4 ppm H2O, less than I ppm H2, less than 1
ppm CO2, and less than 0.2 ppm total hydrocarbons. Also, a NO calibration gas was used to
calibrate the Thermo Electron NO, analyzer described below. This gas was obtained fi'om
the Matheson Gas Company, and contained, by supplier provided analysis, 7.0 ppm NO (:^
5%)inN2.
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5.3

InstrumentatioD

All solutions were prepared gravimetrically using a Mettler model AE 100 analytical
balance having a precision of ± 0.0001 g and an accuracy of ± 0.0001 g. The balance was
regularly calibrated using the internal 100 g calibration mass, and the standard calibration
procedure provided by the manufacturer. Volumetric measurements were made using
standard Class A volumetric glassware obtained from reputable labware suppliers, and
Eppendorf Varipette mechanical volumetric pipettes, model 4810, equipped with Fisher
Scientific brand plastic pipette tips. The mechanical pipettes were calibrated gravimetrically
using the Mettler analytical balance and Millipore water, with the density of water calculated
at the ambient temperature. All glassware was thoroughly cleaned with Micro brand cleaning
solution (available fi'om International Products Corporation) and rinsed several times with
water. Special cleaning procedures were occasionally employed, and are described elsewhere
in this thesis.

All pH measurements were made using an Orion model SA 720 pH meter with an
Orion model 9103BN combination glass pH electrode. To measure the pH of aqueous
solutions, the pH meter was calibrated using Radiometer brand pH buffers of values 10.01,
7.00, or 4.01. Two point calibrations were made using buffers of pH values bracketing the
expected pH of the sample. In instances where the expected pH was below pH 4 or above
pH 10, solutions of suitably strong concentrations of HCl or NaOH were prepared and used
as calibration standards so that the expected pH of the sample was always bracketed by the
pH of the caUbration standards. A linear interpolation between the vohages measured by the
electrode for the calibration standards was used to determine the pH of the sample. pH
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measurements were also made in a 50:50 (by volume) mixture of ethanol and water. In this
case, special calibration standards were prepared from standard analytical reagents in the same
mixture of ethanol and water. There were 2 pH standards used: a solution of 0.01 M oxalic
acid and 0.01 M lithium hydroxalate which has a calculated pH of 2.97, and a solution of 0.01
M succinic acid and 0.01 M lithium succinate having a calculated pH of 5.70. The 2 point
calibration procedure was followed using these standards for use in all 50:50 ethanohwater
sample pH measurements.

A Thermo Electron Corporation

analyzer, model 14B/E, was used to determine

the concentration ofNO emitted from the calibration cell during the photolysis of HNOj. The
instrument was calibrated using Matheson Calibration gas having a concentration of 7 ppm
NO in Nj. The instrument is a chemiiuminescent detector where the NO oxidation to NOj
in the presence of excess O, generates a photon which is detected by a photomultiplier tube
(PMT). The instrument is also capable of measuring NOj concentrations after reducing the
NOj to NO in a heated molybdenum catalytic converter prior to oxidation to NO. The NOj
analysis suffered from interference by the HNO, concurrently emitted from the calibration
cell, and was not used. There was no expected or observed interference with the NO
measurements. The calibration cell emissions were directed to the sample inlet of the
analyzer, which was assembled and operated according to the manufacturer's specifications.
The NO^ analyzer response was recorded by a Linear model 291 chart recorder. The
concentration of NO emitted from the calibration cell was determined by comparing the NO,^
analyzer response to the calibration cell emissions with the response of the analyzer to the NO
calibration gas, which was recorded immediately before and after that of the calibration cell
emissions. A linear relationship between these signal strengths was used in the determination.
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The gas flow rate was maintained at 500 ml/min for all measurements, as determined by a
He^ett Packard model 0101-0113 soap film flow meter, even though small changes in flow
rate had little efifect on the measured concentrations.

Several series of spectrophotometric measurements were made using two
spectrophotometers. These are a Shimadzu model UV2101 and an Hitachi model U2000.
The specifications and conditions of both spectrophotometers are listed in Table 5.2. Both
are dual beam instruments operated in the absorbance mode. The cuvettes used with both
instruments are Hellma model 111-QS-lO. Identical cells were used in the sample and
reference beams, with the baselines produced with the appropriate solvent in both the sample
and reference cuvettes. In the same manner, care was taken to include the same solvent in
the reference beam cuvette as in the sample cuvette during analysis.

The high performance liquid chromatography (HPLC) analyses were performed using
two HPLC systems. These are Hewlett Packard model 1050 and Waters model 600-MS
HPLC systems. The specifications and operating conditions for both chromatography
systems are described in Table 5.2. The conditions under which the chromatograms were
obtained for both systems are modeled after Heintz el al, 1986.

ADionex QIC ion chromatograph was also used during this project. The operating
conditions for the Dionex chromatography system are described in Table 5.2.

Electro-spray injection mass spectrometry was performed on the IR125 and OH
reaction products, generated in the N-HT photolytic system, by the Analytical Core in the
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Center for Toxicology, College of Pharmacy at the University of Arizona Health Sciences
Center. The instrument is Finnigan MAT 90 mass spectrometer. The specifications and
operating conditions for this instrument are listed in Table 5.2.

A Digital Equipment Corporation model 5000 workstation was used to run the model
of the calibration cell. The outputs of the FORTRAN program were numerical ASCII files
fi-om which plots were produced using the NCAR GRAPHICS (National Center for
Atmospheric Research, Boulder, CO) plotting package. The programs written to handle the
data produced by the fluorimeter were coded in Microsoft Quick-C. Most other plots in this
work were produced using Axum (TriMetrix Software, Inc.) on an IBM compatible personal
computer.
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Table 5.1
Chemicals, Solvents, and Gases
Many chemicals, solvents, and gases
were used over the course of this project Compounds which play particularly important roles
are listed separate^, and inchide more specific information. All reagents were generally ACS
AR grade or better.
Specialty Chemicals
Chemical
IR125
IR125
o-Nitiobenzaldehyde

Supplier
Easbnan Kodak
Beckton Dickenson
Sigma Chemical Co.

Catalog Number
136 8059
NDC 0011-8361-20
N-6001

LotNimiber
0860104048
CGN013
109F0494

Standard Reagents
Chemical
3-hydroxybenzoate
4-hydro^benzoate
Ammonium Acetate
Benzoic Acid
Disodium Phosphate Dilqrdrate
Ferrous Sulfate
Hydrochloric Acid
Hydrogen Peroxide
Lithium Hydroxide
N-hydroy-2-thiopyridone
Oxalic Acid
Sodium Bicarbonate
Sodium Carbonate
Sodium Nitrate
Sodium Nitrite
Sodium Phosphate Heptahydrate
Succinic Acid

Grade
ACS Reagent
ACS Reagent
ACSAR
ACS Reagent
ACSAR
ACSAR
AR
30%, Stabalizer Free
ACSAR
99%
ACS Reagent
Purris, p.a.
Purris,p.a.
Purris, p.a.
Purris, p.a.
ACSAR
99%

Supplier
Sigma Chemical Co.
Sigma Chemical Co.
Fisher Chemical Co.
Sigma Chemical Co.
Fisher Chemical Co.
Fisher Chemical Co.
Fisher Chemical Co.
Fisher Chemical Co.
Mallinckrodt Chemical Co.
Aldrich
Matheson, Coleman, Bole
Fluka
Fluka
Fluka
Fluka
Fisher Chemical Co.
Aldrich

ACS Grade
AR
HPLC
HPLC
OR
AR
HPLC

Supplier
Fisher Chemical Co.
J.T. Baker Chemical Co.
Fisher Chemical Co.
Mallinckrodt Chemical Co.
J.T. Baker Chemical Co.
J.T. Baker Chemical Co.

Solvents
Solvent
2-Propanol
Acetonitrile
DMSO
Ethanol
Methanol
Methanol
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Table 5.2
Instrumentation Specifications and Operating Conditions
Critical
specifications and operating conditions are listed for the primary commercial analytical
instruments used during the project.
Spectrophotometers
Shimadzu UV2101
Dual Beam Transmission
Scanning
I cm
1 nm
Hellma 1 lI-QS-10

Method
Mode
Path Length
Resolution
Cuvettes

Hitachi U2000
Dual Beam Transmissioa
Scaiming
1 cm
1 nm
Hellma 111-QS-lO

Liquid Chromatographs
Method
Column
Flow Rate
Eluent

Detector

Hewlett Packard IPSO
Reverse Phase
Alltech Spherisorb
ODS-25U
2.0 ml/min
SO mMAmmonium
Acetate; 56%
Acetonitrile; 41%
MeOH: 3%
Hewlett Packard
84S2A Diode Array

Waters 600-MS
Reverse Phase
Alltech Spherisorb
ODS-25U
I.O mlAnin
SO mMAmmonium
Acetate; 56%
Acetonitrile: 41%
MeOH; 3%
Spectra Physics
Spectra 100

Mass Spectrometer
Method
Type
Flow Rate
Eluent
Detector

Finnican Mat 90
Flow Injection Electro-Spray Ionization
Positive and Negative Ion
0.3 ml/min
Methanol; 50%
Water. 50%
Reverse-Geometry, Double Focusing
Quadra-Pole

Dionix QIC
Suppressed Conductivi^
Dionix Ion Pac AS4A
with Ion Pac AG4A Guard
1.0 mlAnin
1.7 mM Sodium Carbonate
1.8 mM Sodium Bicarbonate

Dionix QIC Conductivity
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CHAFTER6
PHYSICOCHEMICAL PROPERTIES OF IR125

IR125 (CAS Registry Number 3599-32-4) was developed in the early 1950's by
Brooker and Heseltine at the Kodak Research Laboratory for use as a photosensitizing agent
in photographic emulsion (Brooker, 1955). It is also commonly referred to as indocyanine
green or cardiogreen, and is currently used clinically by the medical profession to measure
hepatic function, cardiac output, liver blood flow, and in ophthalmic angiography. IR125 is
also used as a laser dye, and by biochemists as a fluorescent tag to label and track large
molecules, made possible by its high protein binding efficiency (Bjomsson et al, 1982; Pierce
and Birge, 1982; Webb et al, 1975; Fox et al, 1960). Detection of IR125 by laser induced
fluorescence at concentrations below 10*'^ M has been reported (Sauda et al, 1986) and for
a similar polymethine dye at the single molecule level (Soper et al, 1993). This chapter
describes some of the physical and chemical properties of IR125 which make it effective as
an OH indicator.

6.1

Physical Data

The IR125 used in this study was obtained from two sources; Eastman Kodak (cat#
136 8059, lot# 0860104048) and Becton Dickinson (cat# NDC 0011-8361-20, lot# CGN013)
there was no noticeable difference between the two products in absorption spectrum, or
fluorescent intensity around 830 nm using an excitation wavelength of 795 nm. Structurally,
IR125 is a tricarbocyanine compound with identical heterocyclic nuclei each containing one
nitrogen atom, connected by a heptamethine chain (Figure 6.1). There are polymethene
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chains terminated in sulfo groups bonded to the nitrogen atoms. The molecule is polar
consisting of dual hydrophobic heads connected by the polyene chain, and hydrophilic tails
which give the dye surfactant properties. The nitrogen atoms can be viewed as tertiary or
quaternary amines, depending on the interpretation of the unpaired electrons of the nitrogen
atoms. The charge is concentrated at the nitrogen atoms, especially when the molecule is in
an excited state (Demchuck et al, 1988).

The dye is supplied as the sodium salt of a sulfonic acid with a molecular weight of
775. The molecule is relatively stable over a pH range from 5 to 11 with a pK, of 3.27
(Bjomsson et al, 1982). A verification of the IR125 pK, was performed, and is described in
the following section.

The IR125 solutions generally consisted of IR125 in unbuffered solvent, or in some
cases, in sodium or potassium phosphate buffers (at pH 6). Stock solutions were prepared
at 10"* M, stored refrigerated in darkness, and diluted to the final concentration immediately
before use. Fresh stock solutions were prepared daily for all but trial experiments.

Figure 6.2 shows the absorption spectrum of IR125 dissolved in three solvents,
dimethyl sulfoxide (DMSO), methanol, and water. IR125 absorbs light in the ultraviolet
region of the spectrum as the delocalized electrons in the aromatic groups are excited from
ground state n to excited n* orbitals. There is also strong absorption in the near infrared
portion of the spectrum as the unpaired, delocalized, n electrons associated with the nitrogen
atoms, but delocalized throughout the heptamethine chain and aromatic groups, undergo
electronic transitions from their ground state to excited n* orbitals.
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The fluorescence spectnun of IR125 in the same three soh^ents is shown in Figure 6.3.
The fluorescence is due to the retum of the delocalized n electrons to their ground state after
losing a small amount of energy to internal conversion. In general, the wavelengths of the
near infi:ared absorption and fluorescence peaks are determined by the length of the polyene
chain and the size of the aromatic groups. An increase in the length of the polyene chain
connecting the aromatic groups results in an increase of approximately 110 nm in the peak
absorption and emission wavelengths for each conjugated carbon pair added. Changes in the
size of the aromatic groups by addition or removal of organic substituents also results in
changes in the wavelengths of peak absorption and emission, but much less dramatically than
alterations of the polyene chain. For example, removal of the outermost benzo groups at the
4,5 and 4',5' positions results in a decrease of 45 nm in the peak absorption and fluorescence
wavelengths (Benson and Kues, 1977).

The energy levels of these electronic states are affected by the properties of the
solvating molecules, in particular the hydrogen bond donating strength and nucleophillicity
of the solvent (Derevyanko et al, 1982; Soper and Mattingly, 1994). The strength of
hydrogen bonds formed between the nitrogen atoms of IR125 and the solvating molecules
will determine the energy levels of the excited electronic states, so that the peak wavelengths
of absorption and emission involving these transitions show a wavelength shift dependent
upon the hydrogen bond donating strength of the solvent used. A blue shift of the peaks
occurs for higher solvent hydrogen bond donating strength. The nucleophillicity of the
solvent determines the number of available degrees of freedom of the IR125 molecule, and
therefore the number of accessible vibrational-rotational states which in turn determine the
absorption and emission bandwidths. In the case of IR125 in the three solvents examined in
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this study, it appears that the hydrogen bond donating strength of water being somewhat
greater than that of methanol leads to shorter peak absorption and fluorescent wavelengths
in water. DMSO, having a lower hydrogen bond donating strength and being a less
nucleophilic solvent, causes broader absorption and fluorescent peaks to occur at longer
wavelengths.

The absorption spectra were measured using the Shimadzu spectrophotometer
(Chapter 5). The fluorescence spectra were obtained using the fluorimeter described in
Chapter 7. The absorption and fluorescence spectra of IR125 in DMSO are comparable to
that reported in the Eastman-Kodak catalog, while the corresponding spectra in methanol and
water are comparable to those reported by others (Soper and Mattingly, 1994).

The purity of the dye was evaluated using high performance liquid chromatography
(HPLC). The chromatogram shown in Figure 6.4 is of IR125 in water. The chromatography
was performed using the Hewlett Packard HPLC system under the conditions listed in
Chapter 5. IR125 elutes after a retention time of about 12 minutes. Another peak is observed
at a retention time of about 4 minutes. This peak is present in freshly prepared dye, and
slowly becomes larger as the dye solution ages. The absorption spectrum of this impurity is
very similar to that of IR125. These observations imply that the peak eluting at 4 minutes in
the chromatogram is due to an isomer, or degradation produa of IR125 originally present in
the commercial reagent and also slowly forming in solutioru A similar conclusion was reached
by another group which also observed this impurity (Heintz et al, 1986). The amount of this
impurity or degradation product present when the dye solution is first prepared is less than
10% of the IR125 concentration. This concentration was determined by a comparison of the
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HPLC absorbance peak hdghts at 220 nm of the impurity and of IR125 with the assumption
of identical molar extinction coefficients for the two compounds. We were unable to
determine the fluorescent spectrum of the impurity.

IR125 easily dissolves in DMSO, methanol, and water at 10"^ M. While we did not
observe any aggregation of the dye in pure solvent over periods of weeks, we did observe
rapid aggregation of the dye when in solutions containing sodium and potassium salts. The
amounts and rates of aggregation were not determined.

The stability of IR125 in DMSO, methanol, and water varies dramatically. There is
little observed change in the fluorescent intensity of dye solutions in DMSO over a period of
a few weeks, nor in methanol over a period of a few days. In water, however, an irreversible
decrease in the fluorescent intensity of IR125 is observed over a period of a few hours. For
IR125 in all three solvents, the decay can be greatly decreased, or eliminated, by degassing
the solvent with argon and keeping the solution refrigerated and in darkness. If this is done,
decay of the near infrared absorption and fluorescence peaks in DMSO is not observed over
a period of months, nor in methanol over a period of weeks. Even in water the decay of
IR125 can be significantly reduced. Figure 6.5 shows a comparison of the decay of the peak
near infrared absorption of IR125 in water exposed to lab air and in water continually sparged
with ultra high purity argon. The implication of this test is that the decay of IR125 in solution
is due to slow oxidation by dissolved oxygen. The initial decay rate of the absorption peak
of the IR125 in water exposed to lab air is 1.5% hr"'.
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6.2

IR12S pK. Verification

We repeated the pK, determination of IR125 using the same spectrophotometric
technique employed by Bjomsson et al, 1982, which was originally developed by Flexser et
al, 1935 for the determination of the ionization constants of weak acids. This method relies
on two assumptions: first, that the absorbance of the fi'ee base and that of the conjugate acid
are independent of the presence of the other, and secondly, that the absorbance of both the
fi'ee base and the conjugate add follow the Lambert-Beer law. In the case of IR125, both of
these assumptions appear to be justified. The pK, of a weak acid is found by colorimetric
titration and application of the following equation.

where pH^ is the equilibrium pH,
absorbance of the conjugate acid, and

is the absorbance at the equilibrium pH, A, is the
is the absorbance of the free base. A 5x10"® M

IR125 solution was prepared fi-om 17 ml water, 1 ml methanol, 1 ml of 0.1 M HCl (aq), 1 ml
of 10"* MIR125 stock solution in water, and a few drops of I M NaOH so that the resulting
pH was measured at 7.06 using the calibrated Orion pH meter (Chapter 5). The methanol
was included to stabilize the IR125 in solution, and the HCl was included so that the IR125
would be exposed to CI' for all absorbance measurements during the titration. The procedure
was completed quickly (approximately 30 min.) with the pH and absorbance measured at only
3 points so that the effect of any decomposition or aggregation of the dye would be
minimized. The absorbance of the solution at 778 nm was measured with the Shimadzu
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spectrophotometer at the start of the titration, and after the addition of 0.06 ml of 1 M HCl,
and 0.66 ml of 1 M HCl. The results are shown in Figure 6.6. The pKa of IR125 was then
determined using the above equation and found to be 3.5 ±0.3. The error in this value is large
because of the small number of data points, and more importantly because of the rapid
decomposition of IR125 at low pH values. It was noted that the peak absorbance of IR12S
at 778 nm decayed rapidly (time scale of minutes to tens of minutes) at pH values below
about 2 and above 10. Care was taken to keep the absorbance measurements for the
conjugate acid and the free base within these values. The difference in the pKa values
reported in the literature and here is within the estimated error in our experiment.

6.3

Reaction ofIR125 with Species other than OH

Reaction of IR125 with compounds other than OH which are present in the
troposphere is of concern because of the potential for interference with determination of the
OH concentration. The question then is whether any atmospheric constituent reacts with
IR125 at a rate sufiSciently large so that the observed change in the IR125 concentration with
time is not due only to reaction with OH. For the loss of IR125 through reaction with some
species other than OH to be significant, the concentration of the interfering species must be
sufficiently large to compensate for a lower reaction rate. Since the tropospheric OH
concentration is very small (approximately 10'^ ppm) the reaction rates of IR125 with other
species present at much larger concentrations can be quite small for the loss of IR125 to
reactions with these compounds to cause significant interference.

There are many compounds present in the ambient air which are potentially capable
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of oxidizing IR12S. These include ozone (O3), excited atomic oxygen (OC'D)), nitrate radical
(NO3), hydropero^QT radical (HOj), organic oxy- and pero?^- radicals (RO and ROj),

Iqrdrogen peroxide (HjOj), nitrous acid

and molecular oxygen (O2). Even though

all of these species may react with IR125, some may be neglected as potential interfering
candidates from simple arguments.

Reaction with NO3 is not expected to cause a significant loss of IR12S during daytime
hours, since the concentration of NO, during the day (kept low by the rapid photolysis by
sunlight) is comparable to the concentration of OH, while its reaction rate with hydrocarbons
is known to be typically much less (approximately 2 orders for alkanes) than the reaction rate
of OH with hydrocarbons (Wayne, 1991).

During the night (without photolytic

decomposition) the concentration of NO3 increases while the concentration of OH decreases
(1-2 orders), so that the nighttime NO, might provide a significant loss of IR12S.

The organic radicals RO and RO2 are common weak oxidants in many aqueous and
gaseous systems. Th^ are produced in the troposphere mainly as intermediates in the
oxidation of hydrocarbons to carbon dioxide. The primary sinks for these radicals are
reactions of RO with Oj and RO2 with NO:

RO' * Oj - R'- * HO^RO^- * NO - RO- •
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These reactions provide rapid sinks for RO and RO2 because of the relatively large
concentrations of O3 and NO. RO and RO2 occur in the troposphere at concentrations of less
than 10® cm*' forRO and RO, (Hastie, et al., 1991). Absolute reaction rates of RO and RO2
with NMHCs are not reported, however we expect them to be less than 10'" cm' sec'', so
that they do not provide a significant loss mechanism for IR125.

0('D) is unlikely to cause interference with the OH quenching of IR125 fluorescence.
As mentioned earlier, 0('D) is formed in the troposphere by photolysis of O3 by sunlight of
wavelengths less than 300 nm, and its subsequent reaction with water vapor is the primary
source of daytime tropospheric OH. The dominant sink of 0('D) is collisional quenching to
ground state, 0('P), and subsequent reaction with 0, to reform O3. While 0(*D) is certainly
very reactive with IR125, its pseudo steady-state concentration is very low, because of the
relatively high concentration of tropospheric water vapor and rapid collisional quenching.
The actual concentration of 0('D) is not well known since a routine detection technique is
not available, however, it is estimated to have daytime concentrations of less than 1 cm''
(Graedel, 1978), in which case it would not contribute significantly to the loss of IR125.

O3 is the most likely candidate for competitive oxidation of IR125, mainly because it
occurs in the troposphere at concentrations (typically 20 - 500 ppb) many orders greater than
OH. The reaction rate of O3 with IR125 can then be considerably smaller than that of OH
with IR125 for O3 to contribute significantly to the loss of IR125. We conducted some
simple experiments to determine the approximate contribution to the loss of IR125 through
oxidation by O3. These consisted of producing Oj by photolysis of O, illuminated with a low
pressure mercury vapor lamp. Compressed O, was bled through a glass cell housing a low
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pressure mercury lamp (Pen Ray, 1.5 inch). The ozone produced was then bubbled through
water, and the concentration determined by spectroscopic observation of the decay of indigo
(Bader and Hoigne, 1981). The ozonated water was added to aqueous IR125 concentrations,
and the decrease in fluorescence observed. From these experiments, we found aqueous O3
reaction with IR12S to have a rate of less than 10^ M'' sec''. This rate includes the
photosensitization losses due to the high (unknown) concentration of dissolved Oj. The rapid
progression of this reaction implies that significant interference can be expected from O3 when
using aqueous solutions of IR125 in bubblers to sample tropospheric OH. The difliision of
OH in solution limits its aqueous reaction to less than 10'° M"' sec"', which is not adequate
to compensate for the much higher concentration of ambient O3. When sampling with IR125
impregnated quartz wool cartridges, we found very little dye loss when air was drawn through
metal pipes and kept in darkness for up to several times the estimated chemical lifetime of OH
in ambient air, as described in Chapter 9, implying that O3 in not a significant source of
interference with this sampling technique.

As mentioned above, O2 is suspected in the slow decay of IR125 in aqueous solution.
The rate of reaction of O2 with IR125 in our sampling apparatus is immeasurably slow, and
during ourtropospheric air sampling, we did not observe any decay of IR125 attributable to
reaction with Oj, as described in Chapter 9. We did observe an apparent photosensitization
reaction of IRI25 with Oj in solution. Figure 6.7 shows the fluorescence of aqueous IR125
(10'^ M) through which oxygen gas was bubbled for 30 minutes. The result is a distinct
oscillation in the fluorescent intensity of the sample, accompanied by an irreversible decay.
We believe that these phenomena are due to the dissolved O2 in the sample. IR12S was
developed as a strong photosensitizing agent in photographic emulsions, and appears to be
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involved in a photosensitizing reaction with the dissolved O2 in this case. It is hypothesized
that the IR125 in solution, excited by the near-infrared laser illumination, coUisionally
transfers the excess energy to the dissolved O2 before spontaneously dropping to ground state
and producing fluorescence emission. The excited Oj then oxidizes the IR125 causing it to
fragment and permanently lose its fluorescent properties at the monitored wavelengths
(around 830 nm). Photosensitization quenching of dye in excited states before stimulated
emission is a common problem with immunofluorescence measurements, fluorescence
spectroscopy, and with dye lasers. Additives that efficiently quench excited O2 to ground
state have been added to dye solutions to improve the lazing efficiency and retard fading for
several years (Johnson et al., 1980). The oscillatory effect observed may be related to the
concentration of the unexcited dissolved O2 which is available for coUisional excitation by
excited IR125. The amount of dissolved O2 in the solution may control the partitioning of
the energy lost by excited IRI25 between coUisional exchange and fluorescent emission.
Much work would be necessary to confirm these hypotheses, but if true, this could provide
a sensitive test for dissolved O2.

H2O2 and HNO2 have presented unique problems for interference through reaction
with IR125 because of our use of these compounds as photolytic OH precursors in the
calibration process. We have observed reactions of both of these compounds with IR12S.
Imasaka, et al (1988) studied the quenching of the near-infrared fluorescence of IR125 by
H2O2. They found no fluorescence quenching at the concentrations of IRI25 (1.1 x 10'^ M)
and H2O2 Oess than 2 x 10'^ M) in their experiment when using solutions prepared in twice
distilled water. Upon the addition of Fe(II) sulfate (FeSOt), they obtained reproducible
fluorescent quenching of IR125, presumably due to the production of OH in solution via the
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Fenton reaction. We also checked the stability of IR125 in solution in the presence of HjOj,
and found fluorescent quenching of the dye only when the HjOj concentration was much
larger than that employed by Imasaka, etal. (Section 6.4.1). Based on these results, and the
observations of Imasaka, et al., HjOj, which is typically present in the troposphere at
concentrations less than 10 ppb (Brimblecombe, 1986), should not interfere with the
oxidation of IR125 by OH, though we were unable to accurately determine the rate constant
for the heterogeneous reaction of H2O2. We did observe rapid decay of the near-infrared
fluorescence of unsolvated IR125 deposited on the quartz wool of our sampling filters during
the calibration process with HjOj used as the photolytic precursor of OH. This is due to the
heterogeneous decomposition of HjO, to 20H.

HNO2 reacts readily with IR125 in aqueous solution. It is well known that in solution
HNO2 maintains an equilibrium with NO^ (nitrosyl cation), and that NO* reacts strongly with
tertiary amines because of the concentration of charge at the nitrogen atom of the amine
(Car^, 1992). This property of HNO2 is exploited in organic syntheses. The nitrogen atoms
in the heterocycles of IR125 can be viewed as being configured as tertiary and quaternary
amines which are susceptible to attack by NO*. HNO2 occurs in the troposphere at
concentrations which range from up to 8 ppb in heavily polluted regions to less than 30 ppt
in clean remote sites (Finlayson-Pitts and Pitts, 1986). The decay of IR125 when sampling
the pre-photolysis gas with HONO concentrations of 1 ppmv using quartz wool cartridges
(Chapter 9) was observed to occur at rates of 50% over tens of minutes, so that HNO2 should
not cause any interference with the OH measurements, but does make the use of HNO2
impractical as an OH precursor in the calibration process where the required HNOj
concentrations are many orders larger than in the ambient air.
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Table 6.1 summarizes the effects of species which could possibly interfere with the
reaction of OH with IR125.

6.4

Reaction of IR125 with OH

The reaction of IR125 with OH was observed in two aqueous systems: a Fenton
system where OH is produced by the catalytic reaction of Fe(II) with HjOj, and a photolytic
system where N-hydrojqr-2-thiopyridone (N-HT; CAS Registry Number 1121-31-9) is used
as the OH precursor.

6.4.1 Fenton System

In the Fenton system (Halliwell and Gutteridge, 1989), OH is produced by the well
known catalytic reaction:

Fe

^ Fe^ * OH' * OH-

The catalytic cycle is completed by the reduction of Fe'"^ to Fe"* by O2' or H^O,. There are
also other reactions involving OH which make quantitative analysis of the system uncertain,
so that no attempt was made to do so. The Fenton system was used only to establish that the
IR125 reaction with OH yields products which are not fluorescent and do not exhibit the
absorption of IR12S in the near infrared portion of the spectrum.
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For study of the reaction of OH with IR12S in the Fenton system, two 10'* MIR125
aqueous solutions were prepared, one containing 10*^ M FeS04 and the other 10'^ M HjOj.
The stability of IR12S in solution in HjOj with FeS04 was established by allowing these
solutions to remain at room temperature in darkness for over 30 minutes, during which there
was no observed change in the fluorescence of the solutions at 830 mn. HjOj was then added
to the FeS04 / IR125 mixture with a resultant HjOj concentration of greater than 10'^ M. The
fluorescence emissions of the mixture were below the detection limit of the fluorimeter when
measured less than 2 minutes later, indicating rapid destruction of the IR125 fluorophore. A
subsequent spectrophotometric scan of the solution showed no absorption throughout the
near infrared absorption region confirming the disruption of the chromophore.

In other experiments, FeS04 (5x10"' M) was added to the 10*' M HjOj / 10"* M
IR12S resulting in a 35% decrease in the fluorescent intensity of the solution after 25 minutes.
31 minutes after the first addition of FeS04, the FeS04 concentration was increased to 10*^
M resulting in a fluorescent intensity of approximately 30% of the initial value in 3 minutes.
After another 8 minutes more FeS04 was added raising the concentration to 10"^ M. The
fluorescent intensity of the solution was below the detection limits of the fluorimeter when
measured 2 minutes later. A record of the fluorescent intensity measurements during the
experiment is shown in Figure 6.8. The decrease in fluorescent intensity corresponds to the
addition of FeS04 and the resulting generation of OH by the Fenton reaction. Since IR125
is stable in solutions of FeS04 and HjOj separately, at the concentrations used, it is clear that
products of the Fenton reaction (i.e. OH) must be responsible for the destruction of the IRI25
near-infrared fluorophore. The primary oxidant is OH, but other potentially reactive species
are also generated in the Fenton system, including the hydroperoxide radical, hypervalent
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iron-oxo species, and nucleophilic iron-coordinated compounds which could be responsible
for some of the oxidation of IR125 (King et al, 1992). The iron necessarily present in the
system precluded inmiediate analysis of the reaction products by conventional HPLC
methods.

6.4.2 N-Hydroxy-2-Thiopyridone System

N-HT is an organic OH source which does not interfere with HPLC analysis. In this
system, OH is produced in aqueous solution through the photolysis of N-HT by visible light;

hv

N
I
OH

s

N

+

OH*

+

OH-

\

hv
N-HT

>

PyS-

Additionally, there is no formation of other oxy- or peroxy- radicals which could also oxidize
the IR125 as in the Fenton system. The thiyl radical (PyS) produced along with OH in the
photolysis of N-HT is resonance-delocalized, and should therefore react minimally with IR12S
(Dix and Aikens, 1993). Subsequent reactions involving OH, and the precursor or the
cogenerated thiyl radical follow schemes which lead to the production of a replacement OH
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(Boivin et al, 1990).

An aqueous solution of 1.08x10'^ MIR125 was prepared using water degassed with
argon. This IR12S solution was used to prepare 3 separate mixtures of 100 ml each in
identical volumetric flasks. The first flask (flask 1) contained the IR12S solution only, and
was kept re&igerated and in the dark as a control solution. The second flask (flask 2)
contained the IR125 solution only, but was kept under identical conditions as the third flask
(flask 3) which contained the IR125 solution to which was added 3.4x10"* M N-HT. Flasks
2 and 3 were illuminated for 16 hours by a pair of 200 W Westinghouse tungsten filament
incandescent light bulbs. Flask 2 was included to enable the distinction between the products
of the OH reaction with IRI25, and the products of direct photolysis of IR125 during the
illumination of the flasks. After the exposure of the 2 flasks to visible light, the fluorescent
intensity of the solutions in each of the 3 flasks was measured (Figure 6.9). The fluorescent
intensity of the solution in flask 2, containing IR125 only, showed a 60% decrease during
exposure to the visible light due to direct photolysis of IR125 and possibly also
photosensitization reactions with the small amount of dissolved oxygen. By contrast, the
fluorescent intensity of IR125 in flask 3, exhibited a degradation of 96% when compared to
the control solution. The decrease in the near-infi'ared fluorescence is accompanied by a loss
in the near-infi-ared absorption. Figure 6.10 shows that the absorption peak of the solution
in flask 3 has decreased and shifted to shorter wavelengths, implying a major change in the
structure of IR125. This change in the absorption spectrum was readily apparent, since
during illumination the color of the solution in flask 3 changed from a bright green to a bright
blue, while the IR.125 solution in N-HT-fi'ee solutions remained bright green throughout the
experiment.
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The compounds in solution in the three flasks were separated using HPLC on the
Hewlett Packard chromatograph as described in Chapter 5. All chromatograms are of
absorbance at 220 nm. This wavelength was chosen since any compounds having aromatic
groups strongly absorb radiation of this wavelength. Figure 6.11 is a chromatogram of the
solution in flask 3 after illumination by the tungsten lamps. A comparison of Figures 6.13 and
6.4 show that there is relatively little intact IR12S left in flask 3, which is consistent with the
observed decrease in the fluorescent intensity at 830 tun. The additional peaks occurring at
retention times different from IR125 are presumably due to the products of the reaction of
OH and IR125, as well as to N-HT and the N-HT photolysis products, and not due to direct
photolysis of IR125. This inference is supported by the absence of these peaks at the same
retention times in the chromatogram of the IR125 solution in flask 2, which was exposed to
visible light, yet contained none of the OH precursor, N-HT.

The decrease in the IR125 near-itifiared fluorescence in flask 3 is due primarily to the
presence of N-HT, though there is some decrease due to other effects of illumination, as in
flask 2. Some specifics of the reaction mechanisms causing this loss of fluorescence can be
inferred by examination of the reaction products. We hoped that by identifying the reaction
products we could verify that reaction with OH was the primary cause of the loss of
fluorescence, and possibly identify a predominant reaction product which would indicate a
preferred reaction pathway. To identify the reaction products we used electro-spray injection
mass spectroscopy. To use this technique it is necessary to obtain approximately I ^g of the
compound of interest, which can be achieved using preparative scale chromatography with
the analytes collected from several injections as they elute from the HPLC column. This
preparative chromatography could not be performed on the Hewlett Packard chromatograph
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for fear that the large quantity of IR125 required could seriously contaminate the photodiode
array detector. Instead, the Waters chromatograph was used as described in Chapter S. A
fresh aqueous solution of 3.2 x 10"^ MIR12S and 1.2 x 10"' M N-HT was prepared and
exposed to the same pair of 200 W Westinghouse lamps under the same conditions as
described previously for 17 hours. The higher IR12S concentration and larger sample loop
were used to shorten the preparative process. The chromatogram produced by the Waters
HPLC system of this solution after illumination is shown in Figure 6.12. Even though the
conditions are similar for the two chromatography systems, the chromatograms shown in
Rgures 6.14 and 6.13 appear quite different. This is due to the different sensitivities of the
two ultra-violet detectors, as well as to slight, unintentional, variations in the actual conditions
(such as eluent composition, column pressure, etc.). The compounds causing the peaks in the
chromatogram in Figure 6.12, numbered 0-4, were captured in separate vials in 10
consecutive 100 jil injections on the Waters system, so that each of the 5 vials held the
quantity of analyte, associated with one of the 5 chromatographic peaks, contained in 1 ml
of the post-reaction solution. All of these peaks are believed to be due to the elution of
reaction products. This is supported by the observation that the color of the analytes
associated with these peaks have strong violet, blue, and green colors, whereas N-HT and the
N-HT photolysis products are themselves colorless.

Afler the completion of the preparative separation of the analytes indicated by peaks
0 - 4, the solution in each vial was carefully concentrated through evaporation by blowing dry
argon across the surface of the liquid. Note that this procedure evaporated most of the
methanol, water, and acetonitrile, but concentrated the ammonium acetate contained in the
eluent along with the analyte. The concentrated analytes were then subjected to electro-spray
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ionization mass spectrometry, using the Fiimigan MAT mass spectrometer as described in
Chapter 5. Both positive and negative ion analyses were performed. Analysis of the electrospray ionization mass spectrometry data for samples of unknown composition is complicated
because of the uncertainties in the parameters which determine the ion current strengths,
especially the ionization efficiency of the analytes. The ionization efficiency of the analytes
is determined by the number and strength of their charge centers. For IR12S, the charge
centers are the sulfonate groups and the nitrogen atoms. It is at these locations that ions are
most likely to be found. In electro-spray ionization mass spectroscopy, the ions formed from
the analyte at the electro-spray nozzle are most often formed from the addition or subtraction
of protons. In solutions which contain ions or easily ionizable species, charge may also be
provided by the attachment of ions other than protons. In our case, the ammonium acetate
present in all of our samples is a likely source of charge for the compounds observed in the
mass spectra. Another complication inherent in electro-spray ionization mass spectroscopy
is the formation of ionized solvent molecule clusters. These clusters can include other species
in the sample, especially ionic compounds, which can further complicate the interpretation of
the mass spectra, and identification of the analyte mass. The ion current generated by these
clusters at masses below several hundred mass units can be much stronger than those
generated by the analyte, especially if the ionization efficiency of the analyte is low.
Interference can also come from compounds present in the sample at relatively low
concentrations which have high ionization efficiencies. In our case, by performing the
preparative chromatography and collecting the eluate associated with the 5 peaks in the
chromatogram, the concentration of the analyte absorbing strongly at 220 nm is expected to
be present in the sample at a much higher concentration than any other compounds separated
by the CIS chromatography column. Other compounds, including the solvent and ammonium
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acetate, which are not separated by the CIS column, occur at high concentrations, but should
produce similar mass spectra in each of the S samples.

As a reference point for analyzing the mass spectra of the S concentrated reaction
products, the mass spectrum of IR12S dissolved in methanol is shown in Figure 6.13. The
spectrum is of negative ions formed from an electro-spray ionization injection of 0.3 ml min''
of 10"^ MIR125. Note the prominence of the peak at 751.3 mass units which corresponds
to the mass of the IR125 anion after the loss of a proton. A similar spectrum of positive ions
was produced showing a similar peak at 7S3.3 mass units corresponding to the mass of the
IR125 anion after the addition of a proton (and loss of an electron to yield a positively
charged ion).

We followed a typical procedure for identifying the unknown analytes from the mass
spectra. Since the analytes captured in the S vials are all expected to be reaction products
of IRI25, and all of the prominent peaks in both the positive and negative ion mass spectra
are at molecular weights less than that of IR125, we began the process of determining the
structure of the analytes by identifying the weakest bonds in the IR125 molecule, and
calculating the molecular weights of the portions remaining bonded if the molecule should be
cleaved at those bonds. The molecular weights of these IR125 fragments were then used as
the basis of calculations for the molecular weights of possible clusters to compare with the
masses identified by peaks in the mass spectra. All of the peaks in the mass spectra must
correspond to some combination of IR125, IRI2S fragments, N-HT, N-HT photolysis
products (including OH), and solvent molecules, of methanol, water, acetonitrile, ammonium
(NH/) and acetate (CiHjOj*)- A simple trial and error approach was used to identify

74

possibilities for the structures of the analytes.

The analyte causing the peak labeled 0 in the chromatogram in Figure 6.12, has a
bright blue color. It appears to be the compound giving IR12S treated with N-HT the bright
blue color after exposure to visible light, and to be a major product of the reaction of IR125
with N-HT since the blue color did not appear in the control solution containing only IR12S
exposed to visible b'ght The negative ion mass spectrum is shown in Figure 6.14. The mass
peak at 725.3 mass units appears to be due to a negatively charged form of this compound.
A similar peak occurs at 761.3 mass units in the positive ion spectrum of the same sample.
Definitive identification of the structure of this compound is impossible, and in fact these 2
peaks in the mass spectra do not necessarily correspond to the same compound, since the
efficiencies of forming positively or negatively charged ions are not equivalent. Further
complications occur since the preferentially formed clusters of solvent molecules yielding
positive and negative ions are dififerent composition. It is likely, however, that the same
analyte is responsible for both peaks, but incorporates different molecules or ions in a cluster
producing peaks in the positive and negative mass spectra at different mass units. The most
likely candidate for the analyte causing the peak 0 in the chromatogram is IR12S less a
proton, the sodium atom, the dangling polymethene and terminal sulfo group, plus a thiyl
radical, or IR125 less (CH):, the sodium atom, and a proton. Differences between the
positive and negative mass spectra can be attributed to differences in solvent affinity between
the positively and negatively charged compounds.

The mass spectra of the other vials are likewise difficult to identify, but the dominant
peaks in all of the mass spectra are at mass units lower than that of the IR125 anion. This
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implies that either the compounds have a considerably lower iom'zation efficiency than IR125,
that their ultra-violet absorption is much greater than that of IR125, or that they are fragments
of IR125.

The most likely candidates for the analytes causing the 5 peaks in the

chromatogram are listed in Table 6.2. All of these analytes have molecular weights less than
that of IR125.

While the identification of the structure of the analytes in the 5 vials is uncertain, it
does appear that ail are fragments of IR125. This is not surprising as IR125 is fragile, and
disruption of any site on the molecule through addition or abstraction by OH could easily
cause the molecule to fragment. Fragmentation of IR125 appears to be the most likely
scenario following the reaction of IR125 with OH. This conclusion was certainly not proven
by the limited analysis performed, but is supported by the following observations. Any IR125
adduct or fragment containing an intact aromatic group will absorb ultra-violet light at
wavelengths around 220 nm, the chromatographic monitoring wavelength, so that any portion
of IR125 not observed eluting from the colunm by the detector must be a small fragment of
the original molecule. Attachment reactions of OH to IR125 should also yield products which
have similar retention times in the C18 column since the product should have a polarity similar
to IR125, and the hydrophilic portions of the molecule would still be able to interact with the
stationary phase of the column in a similar manner as IR125, so that we at least expect any
attachment reaction product not to elute from the column very quickly. Since intact IR125
produces a strong signal in the mass spectra, any addition product of the reaction of OH and
IR125 should exhibit similar ionization efficiencies since some of the charge centers would
still be available for ion attachment. It is also known that electro-spray ionization is gentle
on the analytes and does not cause them to fragment significantly upon ionization, and that
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after ionization, the ions are not selectively passed from the ionization chamber into the mass
spectrometer (Mann et ai., 1992).

There are other possibilities which have not been tested. Most of the IR12S in the
sample could have reacted with more than one OH since there was considerably more N-HT
available for photolysis in the flask than IR125, so that we could be observing the products
of the reaction of several OH with a single IR12S molecule. It must also be noted that we
have not proven that OH oxidation is responsible for the IR125 derived compounds we
observed. However, since OH is a very powerful oxidant that is kinetically labile, and since
OH produced by the visible light photolysis of N-HT has been shown to initiate oxidation of
other organic polyenes without interference from the N-HT or the concurrently produced thiyl
radical (Dix and Aikens, 1992) it is very unlikely that another reactant is responsible for the
IR125 decay observed.

6.5.

Summary

The IR12S supplied by Kodak or Becton Dickinson is suitable for use, as an OH
indicator. The dye which we received, while containing a few percent of an unknown
contaminant (most likely a decay product) is acceptable for use without further purification.
IR125 is suitably reactive with OH and suitably unreactive with other oxidizing species we
tested, that when exposed to sampled tropospheric air the dye should react primarily with
OH. The products of the reaction of IR125 and OH exhibit very low or no fluorescent
emission near that of the unreaaed dye, and are mostiy fragments of IR125. There are other
species which are reactive, or potentially reactive with OH, but should not contribute
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significantly to the loss of OH during air sampling, but can (in the cases of H2O2 and HNOj,
interfere with the calibration process when used as photolytic OH precursors. These
conclusions are supported by our air sampling results, described in Chapter 9.
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Figure 6.1

(^3)4803

Structure of IR12S

IR12S is a sulfonic acid with hydrophobic heterocyclic nucleii connected by a
polymethine chain, and hydrophillic polyene chains terminated in sulfo groups attached to the
nitrogen atoms.
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Figure 6^

Absorption Spectra of IR12S in Water, Methanol, and DMSO

Shown is the absoq)tion spectra of IRJ25 in 3 soh/ents. The peak absorbance for each
spectrum has been normalized to 1.
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Fluorescence Spectra oflRllS in Water, Methanol, and DMSO

The fluorescence spectra of IR12S in 3 solvents were obtained with excitation by
near-infiared laser iUununation near 795 nm. The peak fluorescence signal for each spectrum
has been normalized to 1.
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HFLC Separation of 1R12S Solution

IR125 is separated on a CIS colunui using an eluent of acetonitrile, methanol, and
ammonium acetate buffisr, as described in the text Detection is by ultra-violet absorption at
220 nm. IR12S elutes under these conditions after approximately 12 minutes.
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Figure 6^

Decay of IR125 in Water

The decay of the peaic absorbance of IR125 (at 778 nm) is shown for 2 aqueous
solutions of IRi2S. One sohidon was exposed to lab air, and the other kept under continuous
purging with uitra-high purity .v^n. Both sohitions were kept at room temperature, in
darkness.
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Spectrophotometric Determination of the pK, of IR125

The pK, of IR12S was detennined by monitorii^ the peak absorbance of lO'* M
IR12S in a an approximately S mM sodium chloride solution at 778 nm as described in the
text This data yields a pK,of3.5± 0.3.
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Photosensitization Oscillation of IR125 Fluorescence

A strong, reprodudble osdllation, suspected to be a photosensitizatioa reaction
involving dissolved Oy is observed in the fluorescence emission around 830 nm of an aqueous
solution of 10'^ M IR125 when illuminated by a laser at 795 nm. To accentuate the
oscillatory effect, 0} was bubbled through the solution for 30 minutes prior to this
fluorescence measurement
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Figure 6.S

Decay of IR12S Fluorescence in the Fenton System

The decay of the fluorescence at 830 nm of lO** MIR125 in an aqueous solution of
10^ M
with FeSO* added at 36 minutes (5 x 10^ M), at 67 minutes (KT' A'Q, and at 78
minutes (10^ M). The loss of fluorescence is presumably due to reaction of the 1R125 with
the OH produced by the Fenton reaction.
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Decay of IR12S Fluorescence in the N-HT Photolysis System

The fluorescence at 830 nm of a solution of 1.08 x lO** MIR125 in water is shown
for 3 cases: (ControO in water only, kept refiigerated and in darkness for 16 hours; (Light
Only) in water only, after 17 hours illumination by a pair of200 W tungsten lamps; ^ight and
N-HT) in water to which has been added 3.4 x 10** M N-HT, after 17 hours illumination by
a pair of200 W tungsten lamps.
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Figure 6.10

Absorption spectrum of IR12S in the N-HT Photolysis System

The absorption spectrum is shown of a solution of 1.08 x 10^ MIR125 in water to
which has been added 3.4 x KT* M N-HT after 16 hours illumination by a pair of 200 W
tungsten lamps. The loss of 1R125 is presumably due to reaction with OH produced by the
photolysis of N-HT.
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HPLC Separation ofReaction Products in Flask 3

This chromatogram is of the solution in flask 3 after 16 hours illuniination which
initially contained 1.08 x 10^ MIR125 and 3.4 x 10^ M N-HT. The chromatogram was
obtained using the HP HPLC system described in Chapter S, and is of absorfaance at 220 nm.
Some of the peaks are presumably due to reaction products of 1R125 and OH.
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HPLC Separation of Reaction Products in N-HT Photolysis System

This chromatogram is of the soluUon in flask 3 after 17 hours Hlununation which
initially contained 3^ x 10** MIR125 and 1.2 x 10*' M N-HT. The chromatogram was
obtain^ using the Waters HPLC system described in Chapter S, and is of absorbance at 220
nm. Some of the peaks are presumably due to reaction products of IR125 and OH. The
compounds responsible for the peaks labeled 0-4 were captured in separate vials in 10
injections of 100 ^1 each.
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ISOO

Mass Spectrum of IR12S in Methanol

This electrospray ionization mass spectrum of n^ative ions is of fresh 1R125 in water
anri methannl using the Rnnigan MAT mass spectrometer described in Chapter S. The peak
at 7S1.3 mass units coire^nds to the IK125 anion less one proton. The reported predsion
of the mass spectrometer is :fcl mass unit.
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Negative Ion Mass Spectrum or Eluate at Peak 0

This eiectrospray ionization mass spectrum of negative ions is of the eluate which
includes the compound responsible for the peak labeled 0 in Figure 6.14. The concentrated
solution injected into the mass spectrometer includes the compounds in the eluent which
carried the analyte through the column.
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Table 6.1
Spccies Possibty Interfering with OH Quenching of IR125 Fluorescence
Several species have been considered as possible contributors to the observed quenching of
IR12S fluorescence. This table summarizes the estimated contribution to the IR125
fluorescence quenching. The reaction rates are estimated from typical gas phase NMHC
reaction rates for each species.

Species

Reaction Rate
(cm' • sec*^)

OH
^3
OCD)
OOP)
HO2
HA
HN62
N03
RO
RO2

10-"
10-"
lO-io
io-'2
10-16
*
*

10-"
t
t

Typical Concentrations
(cm*')
10«
10'^
10°
10^
10'
10"
10®
10*
10'
10'

* The dominant reactions of IR125 with
reaction rates are unknown.

Rate x Concentration
(sec-')
10-'
10-®
lO-io
io-«
10-'
«
*

10"^
t
t
and HNO, are heterogeneous. These

t Absolute rate constants for RO and RO2 with NMHCs have not been determined.
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Table 6.2
Suspected Compounds Responsible for Peaks 0-5
Each of the
compounds responsible for the S labeled peaks in Ilgure 6.14 was analyzed with electro-spray
ionization mass spectroscopy for both negative and positive ions. While definitive
identification of the analytes is impossible, some compounds which are possibly responsible
for these peaks are listed in this t^le. All are singly charged.

Negative Mass Spectra
Peak

Mass

0

725

Possible Compound
IR125-(CHj),SOj-Na + (PyS')-H

or
1
2

3
4

IRI25-(CH)j-Na-H
Only Small Fragments and Solvent Clusters Observed in Mass Spectnim
725
IRI25 - (Cty^SOj - Na + (PyS*) - H
or
IR125-(CH)j-Na-H
751
IR125
Only Small Fragments and Solvent Clusters Observed in Mass Spectrum

Positive Mass Spectra
Peak

Mass

0
1
2
3
4

761
762
234
463
234

Possible Compound
IR125-(CHj),SO,-Na + (PyS) + (HiO)j + H
IRI 25 - (Ciy^SOj - Na + (N-HT) + OH + 2H
IRI 25 Fragment
IRI 25 Fragment
IRI 25 Fragment

94

CBQ^FTER?
FLUORIMETER DESCRIFnON

To measure the concentration of IR12S present in solution, a near-infixed laser
fluorimeter was constructed. The fluorimeter design is quite simple. Near-infiared laser
emissions are focused on the sample solution containing IR125. Collecting optics, mounted
at right angles to the incident beam, direct the fluorescent emissions fi'om the sample through
a filter and monochromator to a photomultiplier tube (PMT). The signal fi'om the PMT is
detected using phase-sensitive detection techniques, and processed by personal computer.
The fluorimeter was modeled after (Johnson, et al, 1989 and Sauda, et al, 1986) and has been
able to detect IR125 concentrations to 10*" M. This chapter describes the instrument, its
operation, and typical data analysis.

7.1

Hardware Description

A schematic drawing of the fluorimeter is shown in Figure 7.1. The heart of the
fluorimeter is a laser diode. Spectra Diode Labs model SDL-2420-H1 GaAlAs, which has a
maximum output of approximately 200 mW at wavelengths between 792 nm and 805 nm.
It is contained in a sealed, windowed, metal package which also houses a monitor photodiode,
thermoelectric cooler, and thermocouple. The emission wavelength is adjusted by changing
the temperature of the emitting diode at a rate of about 0.3 nm/°C, with lower temperatures
corresponding to shorter wavelengths. In practice, the emission wavelength was kept at 79S
nm by maintaining the diode temperature at -12.3°C to maximize the absorption by IR125.
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The laser is mounted on a Spectra Diode Labs model SDL-800-H free air passive heatsink.
A small blower circulates air over the heatsink and allows for dissipation of up to 7 W of
thermal input, thus enabling the temperature of the diode to be maintained at the lowest
allowed setting of -12.3 °C. An advantage of operating at low temperatures is that the
lifetime of the laser diode is extended considerably, since the diode junction lifetime decreases
rapidly with increasing temperature. The intensity of the coherent emission from the diode
is controlled by adjusting the current through the diode junction. A minimum amount of
current (the threshold value) is required before any coherent radiation is emitted. Once the
threshold value is reached, the radiated power increases rapidly with increasing current. The
threshold for coherent emission from the laser is approximately 130 mA, and the maximum
allowable current (before junction damage) is 400 mA.

The emitting area of the diode is a rectangular stripe 100.0 (im by 1.0 (xm. The beam
divergence is 35° perpendicular to the emitting stripe, and 10° parallel to the emitting stripe,
both measured as full width at half maximum. The rise and fall times of the laser emission are
less than 1 nsec. The laser diode also emits broadband incoherent radiation at wavelengths
above and below that of the coherent radiation wavelengths. This spontaneous emission is
of concern, since the fluorescence of the IR125 occurs in a band close to the absorption band,
and additional background radiation could limit the detection sensitivity. The bandwidth of
the spontaneous emissions is approximately 25 nm fiill width at half maximum with a total
energy of about 3 mW. The spontaneous emission of the diode increases with the current
through the diode until the threshold current for spontaneous emission is reached, but once
the threshold value is reached, the intensity of the spontaneous emission remains constant
with increasing current. This is an important aid to phase sensitive detection, as will be
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explained below.

The optical components, including the laser diode heatsink, the focusing optics, the
sample cuvette, and the collecting optics, are supported by custom mounts fastened to posts
held by Ealing carriers riding on 2 Ealing optical rails arranged at right angles to each other.
The carriers can slide along the rails, with some having vertical and horizontal positioning
screws to aid in alignment. The optical rails are epoxyed to a lab bench.

The laser is controlled by a Spectra Diode Labs model SDL-800 laser diode driver.
The driver supplies the current through the laser diode junction, monitors the emitted power
with the monitor photodiode, and controls the temperature of the laser diode using the
thermoelectric cooler. Both the diode current and temperature are monitored by the driver,
and held at the set values to maintain constant power output and wavelength stability. The
driver also has the provision for accepting an external waveform for modulating the amplitude
of the laser output. The only requirement on this external high-impedance voltage input is
that the vohages remain between 0 and 1 V. These voltages are used by the laser driver to
produce proportional currents through the laser diode, and correspond to laser diode currents
of 0 to 1 A. Care is taken to keep the total current less than the maximum rating of400 mA
to avoid damaging the diode junction.

To use phase-sensitive detection, the laser diode is driven by a square-wave external
input to the laser driver provided by a Wavetek Model 19 funaion generator. This signal is
a 50% duty cycle, 1.0 kHz square-wave oscillating voltage with a DC offset of 0.122 V and
a peak-to-peak vohage of 0.244 V, and is converted by the laser driver to an oscillating
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current through the laser diode. This waveform is combined with the laser driver bias current,
set at 130 mA, to produce an amplitude modulated, square wave laser output which oscillates
between approximately 1 and 200 mW. The life of the laser diode is extended by keeping the
diode current above the threshold value of 130 mA throughout the modulation cycle. The
signal generator output is also used as a reference signal by the lock-in amplifier.

The laser emission is focused on the cuvette holding the liquid IR125 sample. Since
the laser output diverges from the laser surface by dififerent amounts in the directions parallel
and perpendicular to the diode stripe, a 25-mm diameter cylindrical lens of SO-mm effective
focal length is placed 4 mm in front of the laser window. This lens reduces the divergence
of the laser output in the direction perpendicular to the stripe to match the divergence in the
parallel direction. The cylindrical lens is followed by a lOO-mm diameter, 270-mm focal
length convex lens located 165 mm away from the laser window to collect the diverging laser
output. A second 90-mm diameter, 290-mm focal length convex lens, located 475 mm from
the laser window, focuses the laser output to a spot of diameter less than 0.5 mm near the
center of the sample cuvette approximately 940 mm from the laser window. The lenses and
sample cuvette are all uncoated. A considerable amount of aberration, especially astigmatism,
is present in the focused spot, but this should not affect the performance of the fluorimeter
because the fluorescent emissions are collected from the entire illuminated volume near the
focused spot.

The sample is contained in a Hellma model 111-QS quartz fluorescence cuvette which
has I mm walls, an interior path length of 10 nun in each horizontal direction, and a total
volume of approximately 3 ml. The minimum amount of sample solution required for proper

98

illumination is approximately 1 ml. The cell is supported by a custom made cuvette bolder
mounted on an Ealing optical rail carrier.

The fluorescence emissions of the IR125 sample contained in the cuvette are collected
by a 2S-mm diameter, approximately 2S-nim focal length convex lens positioned 25 mm from
the cuvette, with the optical axis perpendicular to the illuminating beam path. The collected
fluorescent emissions are therefore roughly coUimated when th^ next pass through a 25.4>
mm diameter Physical Optics Corporation raman holographic edge filter.

The filter is

designed to block any scattered laser light, and is wavelength tunable by tilting the filter
relative to the optical axis of the collecting optics. At an angle of incidence of approximately
5°, the filter efifectively blocks passage of light in a band from 780 nm to 800 nm having an
optical density of 5 at 792 nm. Transmission is greater than 80% at all wavelengths from 815
nm to beyond 900 run. A second 110-mm diameter, 215-mm focal length convex lens is
located 295 mm from the filter. This lens focuses the collected fluorescence emissions onto
the entrance slit of a J-Y model DH-10IR double monochromator approximately 320 mm
away. The fluorimeter was moved several times to different locations, and the separation of
the optical elements in both the laser focusing and fluorescence collecting paths was changed
during each move to meet space limitations.

The £^35 monochromator has a lOO-mm focal length and a linear dispersion of 8
nm/mm. The optical components of the monochromator include two aberration-corrected
concave holographic gratings with 600 grooves/mm and three fixed slits (entrance, exit and
intermediate slits). The gratings can be manually rotated to adjust the central pass band
wavelength from 400 nm to 1600 nm. For most measurements, 2-nmi-wide slits provided a
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pass bandwidth of 16 nm and a center wavelength between 824 and 830 nm. The
monochromator also has extremely high stray-light rejection, quoted by the manufacturer as
2 X 10*^ at 8 bands from the 632.8 nm HeNe laser line.

A photomultiplier tube ^MT) is enclosed in a housing mounted at the exit slit of the
monochromator. Two types of PMTs were used; a Hamamatsu model R928 and the other
a Hamamatsu model R2949. Both have extended red multi-alkali photo cathodes with a
radiant sensitivity of 12 mA/W and a quantum eflBciency of about 2% at 825 nm. The R2949
is a low dark current version of the R928 having a dark current of 1.6 nA compared to 18 nA
for the R928, and is equipped with an external light shield. The only disadvantage of the
R2949 is that it has a significantly smaller photocathode area than the R928. Both are
designed to carry a maximum cathode-to-anode supply voltage of-1250 V, and were typically
operated with a supply voltage of -1200 V provided by a Fluke model 41OB high voltage
power supply. The selected PMT is installed in an Hamamatsu model E717-21 socket
mounted in a Products for Research model PRl 123 room temperature housing equipped with
a manual shutter. Typical output currents using the R928 PMT are in the range of 0.1 ^ A to
10 fxA for the IR125 concentrations measured.

The PMT anode current is fed to the input of an Ithaco model 3981 lock-in amplifier
equipped with a current preamplifier that converts the PMT signal to a voltage that is
proportional to the current with a user-selectable gain of 10' or 10' V/A A reference signal
is provided to the lock-in amplifier directly from the Wavetek signal generator. In general,
a lock-in amplifier consists of a phase-sensitive detector followed by a DC amplifier, along
with an appropriate preamplifier and frequency- and phase-tracking circuits. The input to
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the lock-in amplifier must be an AC signal accompanied by an AC reference of exactly the
same fi'equency. The shape of the waveforms is generally unimportant, so long as the
amplitude of the reference waveform is great enough to trigger the reference circuits. After
conditioning by the preamplifier, the signal is mixed with (multiplied by) the reference input,
which has been converted to a square waveform, and shifted to a specified phase relative to
the signal. The output of the mixer is then sent through a low fi-equency pass filter followed
by a voltage amplifier. The mixer and low-pass filter constitute the phase-sensitive detector.
The output of the phase-sensitive detector is a DC voltage proportional to the amplitude of
the input signal. All lock-in amplifiers are variations of this simplified description, and offer
various options and enhancements. The operating parameters typically used for operation of
the Ithaco lock-in amplifier, and the data acquisition software and procedures are described
below.

The primary advantage of using phase-sensitive detection is that it enables detection
of extremely small signals accompanied by high noise levels, since white noise and signals of
frequencies different from that of the reference signal are averaged to zero by the phasesensitive detector. The insensitivity to large DC offsets in the input signal is especially
important in our application. As mentioned above, the laser diode emits spontaneous
radiation at wavelengths which coincide with the fluorescent wavelengths of the IR12S. Since
the amplitude of the spontaneous emissions are not modulated with the coherent emissions
of the laser diode, using phase-sensitive detection techniques with the modulated laser output
greatly increases the sensitivity of the instrument to the weak fluorescent emissions of low
concentrations of IR125.
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7.2

Software Description

The Ithaco lock-in amplifier is supplied as a computer board which is installed in an
IBM compatible 386 computer equipped with a math coprocessor. All of the lock-in settings,
with the exception of the preamplifier gain, are set through the Ithaco 3981 User Program.
This computer program allows the user to set the lock-in parameters such as the integration
time constant, sensitivity, and gain, provides for automatic calibration of the reference
circuits, and collects signal data during measurements. Detailed instructions for use of this
software are included in the Ithaco 3981 Instruction and Maintenance Manual. The 3981
settings most commonly used during operation of the fluorimeter are listed in Table 7.1. The
digitized output of the User Program is in the form of a binary file containing signal
information at one second intervals. The binary file can be converted to an ASCII file
(containing the identical information) using the 3981 File Conversion Program provided by
Ithaco. The converted ASCII file contains information on the many parameters measured and
monitored by the lock-in amplifier, but not required for the analysis of each fluorescence
measurement. To simplify analysis of the fluorescence data, custom software was written in
the C programming language to extract just the amplitude of the detected fluorescent signal
from the converted ASCII file, and provide further signal smoothing. The smoothing is
optional and can be accomplished using either a box or triangle averaging filter of specifiable
width. These functions are performed by 2 programs, DATAMAN and FILTER, which are
included as Appendix A. The output file generated by these programs is an ASCII file
consisting of column data pairs of measurement time and PMT current amplitude at one
second intervals. These files are typically converted to X-Y plots using Axum (TriMetrix
Software, Inc.) a commercially available data plotting routine.
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7.3

Operation

Operation of the fluorimeter proceeds after assembly and alignment of the fluorimeter
optical elements. The assembly and alignment process is completed in 2 steps. The first is
to assemble and align the laser diode and focusing optics so that the laser emissions are
focused in a small spot near the center of the cuvette holder. To accomplish this, the laser
diode, cylindrical lens, and 2 convex lenses are assembled in their appropriate mounts and rail
carriers, and placed on the longer of the 2 optical rails of sufficient length in approximately
the locations indicated in the fluorimeter description above. Note that, because the laser
diode is extremely sensitive to electro-static discharge, it must be handled with care at all
times. If the laser diode is not already mounted in the heatsink assembly, the laser diode
package is removed fi-om its shipping/storage box at a static safe work area, and installed
immediately in the grounded heatsink by following the procedure listed in the manufacturer's
operation manual. It normally remains installed in the heatsink until it fails to operate. The
second rail is positioned at a 90° angle to the first, with the cuvette holder located, in line
with the laser focusing optics, near one end of the second rail. The heights of all of the
components are then adjusted so that the center points of each optical element are coUinear,
with the optical axis 245 mm above the bench top. The height of the optical axis above the
bench top is determined by the height of the monochromator entrance and exit slits, which are
at a fixed height. This optical axis extends through the vertical centeriine of the cuvette
holder window, but is located near the bottom of the window to allow for fluorescent
measurements of smaller sample volumes. The laser driver monitor photodiode is calibrated
following the manufacturer's procedure listed in the operation manual. This calibration is only
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required if the monitor photodiode calibration setting on the driver has been changed since
the last calibration. The laser driver current limit is set to 400 mA, and the temperature of the
emitting diode is set to the minimum temperature setting (-12.3°C). The bias current is then
set to 130 mA with no external input provided. At this point, the laser, connected by the
integral cable of the heatsink assembly to the laser driver, is switched on. At 130 mA, the
laser diode current is above the threshold value, but the diode emits very little coherent
radiation. The short wavelength portion of the spontaneous emission from the laser diode in
this state elicits a red response in the human eye, and is used to align the focusing optical
elements, without requiring the use of a visible light emitting alignment laser. A small piece
of tissue is placed in the cuvette holder in the usual location of sample cuvette so that it is in
the approximate center for both cuvette holder windows. The room lights are darkened to
view the laser diode emission on a piece of white paper. Slight adjustments in the positions
of the optical elements are then made so that the focused spot is located along the optical axis
at the horizontal center of cuvette holder. The focused spot is made to be as small as possible
(less than approximately 0.5 mm in diameter).

Attention now turns to the second step of the assembly and alignment process; the
alignment of the fluorescence collecting optics. The 2 convex lenses, and the raman
holographic edge filter, in their appropriate mounts and installed in optical rail carriers, are
located close to the positions indicated in the fluorimeter description above. The heights and
lateral positions of each optical element are adjusted so that the optical axis of the collecting
optics is horizontal, passes through the center of each element, and intersects that of the laser
focusing optics at 90°. The monochromator is mounted on a separate stand with its optical
axis at a fixed height, and is positioned so that its entrance slit is located approximately 65 cm
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from the sample cuvette. Care is taken to center the entrance slit on the optical axis of the
collecting optics, and position the monochromator so that the slit area is perpendicular to
optical axis. Since the monochromator is perfecdy symmetrical, either slit may be used as the
entrance slit. If the PMT housing is mounted at the exit slit, it is removed from the
monochromator, and if a PMT is installed in the housing, care is taken to keep the manual
shutter closed to prevent room tight from illuminating the photocathode. The smallest width
fixed slits (0.5 mm) are installed in the monochromator, and the heights of the entrance and
exit slits reduced to approximately the same dimension. A HeNe alignment laser is placed on
a stable platform and aligned so that the emitting aperture is at the same height as the center
of the exit slit of the monochromator, and in a location so that when powered, the laser
illuminates the exit slit from a direction perpendicular to the area of the slit. A sheet of tissue
paper is placed over the exit slit to diffuse the HeNe laser radiation. The alignment laser is
placed as far from the monochromator as practical to allow for easier positioning, and the
monochromator adjusted to pass the HeNe laser radiation (632.8 nm) so that it is visibly
emitting from the entrance slit of the monochromator. The sample cuvette holder is centered
in the cone of light emitting from the entrance slit of the monochromator (with the
fluorescence collecting optical elements removed). The position of the monochromator, and
the positions of the lenses and filter are then systematically adjusted, starting with the
monochromator, followed by the lens closest to the cuvette holder, so that the HeNe laser
emissions are focused at the same point in the cuvette holder as the emissions from the laser
diode.

Once the alignment laser and the diode laser emissions are focused at the same spot
near the center of the sample cuvette, the PMT housing, with the PMT and socket installed.
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is replaced on the monochromator, and the pass wavelength of the monochromator set to 830
nm (dial reading of 415). The high voltage supply and signal cables are connected to the
PMT socket. With the coarse alignment of the fluorimeter complete, a fine alignment is next
performed. A 10*' MIR125 solution (in an appropriate solvent) is prepared, and placed in
the sample cuvette. The square wave signal fir>m the Wavetek function generator is provided
to the laser driver, so that the average diode current reads approximately 252 mA. The laser
is switched on, and the monitor photodiode should report a peak power of approximately 200
mW and an average power of approximately 100 mW. The Ithaco 3981 User Program is then
started, and the operating parameters set to those listed in Table 7.1, and the pre-amp gain
switch is set to 10' V/A position. When the PMT anode current exceeds the lock-in input
limit, an error message occurs in the User Program, and the pre-amp setting is then reduced
to the 10^ V/A position. The User Program is placed in the display mode, and the magnitude
of the PMT anode current monitored. The high vohage supply to the PMT is switched on,
and the manual shutter opened so that the fluorescent signal from the IR125 sample is
displayed on the monitor. Fine adjustments to the optical element positions are carefully and
systematically made to maximize the monitored PMT current. The fluorimeter is now aligned
and ready for data collection.

To operate the fluorimeter at its maximum sensitivity, the 2 mm slits are installed in
the monochromator (with the manual shutter closed), and the grating positions adjusted to
pass a center wavelength of 824 nm (dial position of 412). The function generator, laser
driver, and high vohage power supply parameters set to the values described above. The
3981 User Program should be started, and the operating parameters set to those in Table 7.1.
The pre-amp gain is set to 10' V/A, and the internal calibration operations performed. A
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shroud is placed over the sample cell, fluorescence collection optical elements, and
monochromator entrance slit to reduce the ambient light along this path which might enter
the monochromator, increasing the background noise.

7.4

Output Analysis

The concentration of IR12S in the sample of interest can be determined using the
fluorimeter by comparing the fluorescent signal from the sample to the signal from prepared
standard concentrations of IR125. Since the relative fluorescent signal strength from a given
concentration of IR125 recorded by the fluorimeter can vary from changes in fluorimeter
alignment, laser power, and other parameters, the IR125 concentration is determined by
comparing the fluorescent signal from the sample to the signal from an IR125 standard of
similar concentration. The fluorescent intensity of the standard is recorded immediately
before or immediately after that of the sample to minimize the effect that any changes in the
fluorimeter response have on the measured signal strength. The concentration of the dye in
the sample is easily determined using only one standard IR12S by simple linear extrapolation
of the standard signal strength, since the response of the fluorimeter is linear over a wide
range of concentrations, as is shown in Figure 7.2. A significant portion of the signal
recorded by the fluorimeter can be due to background noise when observing the fluorescence
of low concentrations of IR125 (< 10"'® M). In this case, the magnitude of the contribution
to the signal by the background noise is determined by observing the signal from solvent
alone, and subtracting the magnitude of this signal from both the measured standard and
sample signals before the linear comparison is made. This allows for determination of the
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sensitivity of the fluorimeter, and a more accurate determination of the IR12S concentration
in the sample. When well aligned, and with the operation parameters properly set, the
fluorimeter can accurately determine the concentration of IRI2S to remarkably iow levels.
With the fluorimeter operated as described above, IR125 concentrations below 5 x 10*" M
in water and methanol, and below 10'" M in DMSO have been observed. Figure 7.3 shows
the fluorescent signal from 10*" MIRI25 in methanol along with the background contribution
determined by observing the signal from methanol only.

When configured and aligned as described earlier, the fluorimeter exhibits a measured
signal to noise ratio (S/N) of above 5 for 10*" MIR125 in methanol. The S/N is lower than
this value (above 2) when water is used as the solvent, and higher (above 10) when DMSO
is used, because of the solvation eflfects on the IR125 absorption spectra (Chapter 6).

Of course the accurate determination of the IR12S concentration in a sample depends
on accurately knowing the IR125 concentration in the standard.

At these very low

concentrations it is difficult to be sure of the actual concentration of standard dye solutions
since many processes, which are not accounted for during preparation of the IR12S solutions,
work to lower the dye concentration in solution. These processes can include the attachment
of dye molecules to the walls of the container, complexation of IR12S molecules with trace
impurities in the solution, transport of the dye by the solvent boundaries leading to deposit
of the IR125 on the container walls, and others. However, in determining the amount of OH
present in air sampled as described in Chapter 9, determination of the absolute concentration
of the IR125 is never actually required, since it is the change in fluorescence which is related
to the OH concentration in the sampled air. The change in the fluorescence of dye exposed
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to OH, consecutive observations of the fluorescence signal from solvent only, dye exposed
to an air sample, and dye unexposed to an air sample, but prepared and handled in exactly the
same manner as the IR125 exposed to OH, are made. A plot of the recorded fluorescent
agnal from a typical series of these measurements is shown in Figure 7.4. After subtracting
the background signal from the signals from both IR125 solutions, the ratio of the signal from
the exposed dye sample to the unexposed dye sample is related to the amount of OH present.

Errors in the determination of the OH concentration in the sampled air contributed by
the uncertainties in the fluorimeter measurements are negligible compared to other errors,
especially in the calibration process. Repeatability in the measured fluorescent intensity of dye
solutions of identical concentration is within 5% over periods of a few hours, but changes
much greater than this can be experienced over longer periods as the fluorimeter alignment
degrades. These systematic errors in measured fluorescent intensity are minimized by using
the relative change in the intensity of the dye solution exposed to the sampled air with the
reference solution fluorescent signal obtained immediately prior to or following that of the
exposed solution.
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Schematic of the Near-Infrared Fluoriineter

The individual components of the near-infrared fluorimeter constructed and used in
this project are shown in tl^ figure. The excitation wavelength is tunable fit>m 792 nm to
805 nm. The fluorescent emission wavelength of IR12S is solvent dependent, and occurs in
broad bands fi'om roughly 800 nm to 860 nm.
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Fluorimeter Response Varies Lineariy with IR125 Concentration

The response of the fluorimeter varies lineariy with IR12S concentration over a wide
range of concentrations. Departures from linearity at low concentrations are due to
uncertainties in the concentrations of the IR125 standards used, rather than non-linearities in
the fluorescent enussion.
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Fluorescent Signals from Methanol and 2x10*" MIR125 in Methanol

The badcground signal recorded fiom soh/ent, without IR12S, contributes significantly
to the measured fluorescent signal of the dye solution at these concentrations, and is
subtracted fiom the sample and reference signals dufii^ the data analysis. In this example the
signal from the MeOH is around half of the signal fi^m 2x10*" MIR12S extracted fix)m a
cartridge lab blank.
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A Typical Series of Measurements used to Determine OH Concentration

A typical series of fluorescence measurements used to determine the OH
concentration in an air sample includes a record of the signals obtained from solvent only (1),
lab blanks (2 and 6), travd blanks (3 and 4) and sample (S). All cartridges are handled and
prepared in exactly the same manner. The OH concentration is determined as indicated in
Chapter 9.
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Table 7.1
Typical Lock-in Amplifler Settings The Ithaco 3981 lock-in amplifier
settings most commonly used during the operation of the fluorimeter are listed in this table.
Some of the settings, such as integration and averaging times, are set at values required by
the data analysis programs.
Mode;
Gain:
Reference Frequency:
Input Voltage
Amplitude:
DC Offset:
Phase Angle:
Phase Shifter:
Averaging Time:
Integration Time:
Time Constant:
Dynamic Range:
Sensitivity:
Isolated Ground
Calibrated

Current
10'

10 Khz
0.244 V (peak to peak)
0.122 V
0°

Enabled
1.00 sec
1.00 sec
33.3 msec
X low
y low
lOOjiA
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CHAPTERS
CALIBRATION

general, all instrumental measurement techniques require some form of calibration.
Calibration could be the laboratory determination of relative absorption cross-sections or
reaction efficiencies, direct comparison with an independent technique, or sampling of a
standard trace gas. As with many other techniques, calibration of the fluorescence quenching
of IR125 by OH has posed a significant challenge, since OH is highly reactive, has a short
lifetime, and there are no standard methods available for generating known amounts of OH
on a routine basis. There are a limited number of possible calibration methods available,
including comparison of the IR125 fluorescent quenching with an independent measurement
oftropospheric OH, determination of the overall yield of the reaction of IR125 with OH by
some alternative technique, and comparison of the IR12S fluorescent quenching by gas-phase
OH to the fluorescent quenching by a known OH concentration. We selected the last of these
options, and have constructed a reference source of OH. Several techniques for generating
OH were considered, including photolysis of water by short wavelength ultra-violet light
(Aschmutat et al. 1994), photolysis of methyl nitrite (CH3ONO) (Atkinson et al. 1981),
reaction of NOj with hydrogen atoms (H) produced by microwave discharge (Howard and
Evenson 1974), photolysis of nitrous acid (HONO) by ultra-violet light, and photolysis of
hydrogen peroxide (HjOj) by ultra-violet light. We chose to construct a source which
produces OH through the continuous photolysis of HONO or HjO,. The source, as designed,
is not amenable to photolysis of HjO since the UV lamps do not generate radiation at the
shorter wavelengths required for photodissociation of water vapor.
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The concentration of OH emitted from the calibration source is calculated using a
photochemical computer model The model includes all of the significant reactions involving
HONO, H2O2, suspected contaminants, and intermediate species. The reaction rate constants
were obtained from the literature, with the exception of the photolysis rate constants which
were derived from the measured photon flux, published absorption cross-sections, and lamp
spectral emission data provided by the lamp manufacturer.

This chapter describes the OH source, the photochemical computer model used to
calculate the steady-state OH concentration, the determination of the photolysis rate
constants, and the application of the OH source to calibrating the fluorescence response of
IR125 when exposed to OH.

8.1

Hydroxyl Radical Source Description

The caUbration source was designed to produce a known steady-state concentration
of OH in an inert carrier gas with a minimal number of additional, concurrently produced,
reactive species. Argon was selected as the carrier gas, and was obtained in an ultra-pure
grade (Chapter S). The argon is further purified to remove trace impurities which could
become involved in photolytic OH chemistry. The contaminants of primary concern are NO^
and hydrocarbons. To remove N0„ the ultra-pure argon passes through a 3 cm^ 65 cm long
glass column of permanganate impregnated alumina (Purofil). After passing through the
Purofil, the argon flows through a 244 cm long section of 6.5 mm diameter quartz tubing
formed into a 7.5 cm diameter coil with a low-pressure mercury lamp (PenRay, UVP)
producing ultra-violet light at 254 nm at its center. The irradiation of the argon flowing
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through the quartz coil is intended to result in the photolysis of any trace organic compounds
present. After exiting the coiled quartz tubing, the argon passes immediately through a heated
(to approximately 60°C) 5 cm% 10 cm long column of steel wool to remove any organic
radicals which may have been produced by the UV photolysis, and any trace amounts of
o?^gen. The steel wool column is followed by a 5 cm\ 42 cm long column of glass wool to
remove any particulates carried in the purified gas stream.

At this pomt the NO^

concentrations were found to be below the detection limit (SO ppbv) of the NO^ analyzer
(Chapter 5).

Either HONO or HjO, was added to the gas stream by bubbling the purified argon
through solutions of sodium nitrite (NaNOj) or HjOj, as described below. The gas is then
immediately introduced into the photolysis cell. The photolysis cell is a 122 cm long, 9.2 cm
diameter (outer) glass tube with wall thicknesses of 3 mm. The ends of the tube taper to 5
cm long sections of 6.35 mm diameter (outer) glass tubing in approximately 3 cm. The
measured volume of the photolysis cell is 8.02S L. The cell is supported near each end by a
copper wire strung between wooden dowels inside of an unpainted plywood box. The box
contains eight, 122 cm long fluorescent lamps (General Electric model F40BL) in four
electrical fixtures mounted one on each box side. Each lamp provides a luminous output of
over 7 W in the near-uhraviolet (320 nm - 400 nm) with the maximum output near 360 nm.
The emission spectrum for these lamps was provided by the manufacturer, and is shown in
Figure 8.1. The box is ventilated by a Muffin fan mounted in the center of one side with air
inlets in both box ends to remove excess heat generated by the fluorescent lamp fixtures.

Gas flow through the OH source is maintained at 500 ml / min by a Fisher 2-stage

117

inert gas pressure regulator followed by a Mott Metallurgical Corp. Model 5100-1/4-SS-500
critical orifice flow regulator. A schematic of the complete OH calibration source is shown
in Figure 8.2.

All columns, bubblers, and tubing connecting the various components of the OH
source are made of glass, with the exception of the tubing connecting the critical orifice gas
flow regulator to the Purofil column which is 6.35 mm diameter (outer) stainless steel tubing,
the critical orifice which is sintered stainless steel, and the gas cylinder pressure regulator.
The various components are connected with 6.35 mm diameter (outer) glass tubing which is
joined together with brass Swagelok compression couplings.

8.2

Computer Model of the Photolysis Cell Chemistry

To be usefiil for calibration, the steady-state concentration of OH in the reactor must
be accurately known. The original intent was to measure the concentration of emitted OH
directly by employing accepted techniques used to measure large OH concentrations or
determine the OH concentration over long averaging times. Two methods were attempted.
The first was to measure the conversion of 2-propanol to acetone by reaction with OH. This
was attempted by bubbling the gas emitted from the photolysis cell directly through a 2propanol solution and analyzing the solution for acetone by gas chromatography (Woodward
and Sutton, 1966). The second attempt was to measure the hydroxylation of benzoate to 3hydroxybenzoate and 4-hydro7Qi}enzoate (Gutteridge, 1987). This was done by bubbling the
photolysis cell emissions through a benzoate solution in a pH 7.4 phosphate buffer for a
known period and analyzing the solution for 3- and 4- hydroxybenzoate by fluorometric
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analysis (excitation wavelength 300 nm, emission wavelength 40S nm). Both attempts were
unsuccessful because the low concentration of OH emitted from the cell required
unreasonably long bubbling times to obtain a measurable amount of conversion using these
techniques. Additionally, uncertainties in the overall reaction yields would make the results
questionable.

Our second approach was to model the photolysis cell chemistry numerically, and use
the model results to predict the steady-state OH concentration. While this method also has
large uncertainties, the computer model predicted OH concentration is more accurate than
the alternative available direct analysis methods at these low product concentrations. Perhaps
in the future, the predicted OH concentration can be corroborated using other, independently
calibrated, low concentration OH detection techniques, such as those described in Chapter
3.

The computer model of the photolysis cell chemistry is a simple fifth-order RungeKutta routine, taken from Press et al. 1992, which calculates the concentrations of the
chemical species from the set of differential equations representing the chemical reactions
occurring in the photolysis cell. This technique is based on the Euler method for solving sets
of coupled, first-order, ordinary differential equations. The Runge-Kutta method uses the
information obtained from several finite increments in the independent variable in evaluating
the expressions for the first-order derivatives to propagate the simultaneous solutions of the
dififerential equations over an interval. The estimates are accurate to fourth-order, with the
fifth-order calculation returning an estimate of the truncation error which is used to vary the
size of the increment in the independent variable (time). The Runge-Kutta method was
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chosen because it is a robust technique for solving sets of differential equations, and is well
suited to solutions of simple chemical systems. Although it is one of the least efiBcient
computational methods, computing time was not an issue in this model.

The computer program (oh.for) consists of several FORTRAN subroutines which
handle the integration, step size determination, and the coding of the differential equations to
be solved. The introduced gas flow rate and composition, error allowance, and initial step
size are provided by the input file (oh.in). The concentrations of all chemical species are
written periodically, along with the value of the independent variable (time), to an output file
(oh.out). The computer program, oh.for, and a sample input file are included as Appendix
B.

Since all chemical species present in the model, including all intermediates, are
monitored, a result which shows all species varying smoothly with time and approaching
steady-state values with reasonable concentrations, is assumed to be valid. The validity of the
model results is further supported by the laboratory measurement of some reaction products,
as described below, and by the model sensitivity to known perturbations in the concentrations
of introduced species and in reaction rates. There is some variation in the length of time the
model takes to complete a run due to changes in the concentrations of the introduced
chemical species, truncation error limits, and initial step size. In all cases the required
computer time is reasonable, with several runs completed overnight at low priority on the
computer (Chapter 5).

The photolysis cell chemical system is represented in the computer model by 37
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chemical reactions involving 20 chemical species. These species include the primary reactants
as well as intermediate species and assumed contaminants. The reactions that comprise the
chemical model, along with the assodated rate constants, are listed in Appendix C. The same
model is used for both HONO and HjOj photolysis, the only difference being in the source
gas composition. The computer model is initialized with the photolysis cell filled with the
pre-photolysis gas mixture with the lamps turned on at time zero. The model advances by
small increments in the independent variable, time, with recalculation of the concentrations
of all chemical species after each step. This process continues for more than IS minutes,
when the system is very close to steady-state equilibrium. The photolysis cell constituents are
assumed to be well mixed, with the pre-photolysis gas mixture introduced at 500 ml/min and
the gas mixture in the photolysis cell exiting at the same rate. The pressure inside of the cell
is assumed to be at 1 atmosphere pressure and 25 "C. Other loss mechanisms, such as
heterogeneous reactions with the wall of the photolysis cell, are not included in the model.

The same model is also used to calculate the concentration of the gas species after
they exit the cell, and are no longer illuminated by the UV lamps. This is done simply by
initiating the model with the model-predicted steady-state concentrations of all monitored
species, and setting all of the model photolysis rate constants to zero. The concentration of
OH at the time the gas actually encounters the IR125 can then be estimated fi'om the time the
photolysis cell gas remains in the dark after exiting the cell before reaching the sampling
device. Again, only gas-phase reactions are considered, so that the results are only assumed
to be valid for short times (< 1 sec) after the gas has exited the cell when surface reactions
should be negligible.
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8.2.1 Nitrous Acid as the Hydroxyl Radical Precursor

HONO is introduced into the argon stream by a bubbler containing an aqueous
solution ofNaNOj in a phosphate buffer. Some of the nitrite (NOz") is protonated to HONO
so that a chemical equilibrium is established between the NOj' and the HONO in solution,
which is expressed by the acid dissodation constant for HONO (pK, = 3.35 at 25°C; Seinfeld,
1986). The resulting concentration of HONO in the gas stream introduced into the photolysis
cell is calculated using the Henry's law constant for HONO (49 M atm*' at 25 °C; Seinfeld,
1986). The NO,* and HONO in solution in the bubbler also maintain chemical equilibria with
NO and NO, in the gas phase, which are then introduced into the photolysis cell along with
the HONO. The gas phase concentrations for these compounds are similarly calculated
through the Henry's law equilibrium expressions (Seinfeld, 1986).

The resulting

concentrations of the nitrogen compounds carried by the argon into the photolysis cell are
determined by adjusting the concentration of NaNO, and the pH of the phosphate buffer.
Typically, the NaNO, concentration was 0.02 M and the pH at 6.2. The NO and HNO,
byproducts of this method also provide a way of validation of the chemical models. The
chemical equilibria among the nitrogen species in solution and in the gas phase is described
by the following expressions.

NaNO
HONO

^ H

NO^ *NO^^^

Na'* no;

. NO

4.47x70 - M

. 2NO;^^^ ,

HONO ^ ^ HONO

(8.1)

,

- 3.32x70
K„ -. 49 M/atm

MVatm '

(8.2)
(8.3)
(8.4)
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In addition to the nitrogen compounds in the photolysis gas, methane (CHJ, carbon
monoxide (CO), and o^Qrgen (Oj) were assumed to be present as contaminants. A sensitivity
analysis of the chemical model showed that the equilibrium OH concentration in the
photolysis cell was not critically dependent upon the concentrations of these compounds. The
assumed concentrations of these contaminants are 1.0 ppm CH4, 1.0 ppm CO, and 0.5 ppm
O2, which are based on the maximum amounts possibly present in the ultra-pure argon as
determined by the supplier's analysis. The gas is also very nearly saturated with HjO after
passing through the sodium nitrite solution in the bubbler.

The calculated concentrations of NO and HONO introduced into the photolysis cell
were verified by direct measurement. The NO^ analyzer (Chapter 5) was used to measure the
NO concentration in the pre-photolysis gas, while the calculated HONO concentration was
verified by bubbling the gas mixture through a 1.8 mM carbonate / 1.7 mM bicarbonate buflfer
(approximately pH 9) for a known amount of time, and analyzing the solution for NO2* with
the ion chromatograph (Chapter 5). All of the HONO was absorbed by the carbonate
solution. This was verified by passing the photolysis cell gas through two bubblers, placed
in series, containing identical carbonate solutions. When the solutions from both bubblers
were analyzed, the second bubbler was found to contain an insignificant amount of NOj*.
The differences in the calculated and measured HONO, NO, and NOj pre-photolyis gas
concentrations are attributed to not establishing equilibrium conditions in the NaNOj bubbler.
The measured values were used for inputs to the photolysis cell model. Both the predicted
and measured NO and HONO concentrations in the pre-photolysis gas are shown in Table
8.1.
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At steady-state, the photolysis cell contains many chemical species in addition to OH.
HONO, NO, and HNO3 are predicted to reach photochemical equilibrium at concentrations
easily measurable with available techniques. As with the pre-photolysis gas, the steady-state
NO concentration in the cell was measured using the NO, analyzer, and HONO, along with
the photolytically produced HNO3, were measured by bubbling the gas through a pH 9, 1.8
mM/1.7 mM carbonate/bicarbonate buffer, and analyzing the solution for NOj* and NO3* by
ion chromatography (Chapter 5). All HNO3 and HONO were found to be dissolved in the
carbonate buffer. The measured concentrations of these compounds agreed reasonably well
with the model predictions. The measured and predicted values of the steady-state NO,
HONO, and HNO3 concentrations are also listed in Table 8.1 along with the predicted
concentrations of the other photolysis cell constituents. A plot of the photolysis cell chemical
model constituent concentrations with time after is presented in Figure 8.3. This plot shows
the change in concentration of the photolysis cell gas constituents after the lamps are switched
on. (time = 0). The pre-photolysis gas is assumed to have been flowing through the cell
continuously prior to switching on the lamps. The photolysis rate constants used in the
photolysis cell model are all 5 times those calculated from the actinometric data. This was
done to provide a better fit to the measured HONO, NO, and HNO3 concentrations in the
photolysis cell gas.

Note that although NO, is also predicted to be present at an easily measurable
concentration, all of the techniques available to us for measuring NO2 suffer from interference
caused by the high background concentration of HONO, so that the emitted NO,
concentration was not measured.
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After exiting the photolysis cell, the OH concentration in the photolyzed gas rapidly
decreases as the photolytic OH production mechanisms are terminated while the gas-phase
OH removal mechanisms remain. The loss of OH is dominated by reaction with the high
concentration of unphotolyzed HONO. A plot of the predicted photolysis cell gas constituent
concentrations versus time after leaving the photolysis cell is presented in Figure 8.4. The
rate of decay of OH determines the amount of time allowed for introducing and exposing the
photolysis gas to the IR125. The short lifetime of OH upon exiting the photolysis cell adds
significantly to the error in the estimated OH concentration actually exposed to the IR125.

In the future, a longer OH lifetime can be obtained by using much brighter photolysis
lamps, so that a lower concentration of HONO in the pre-photolysis gas can be used to obtain
the same OH concentration.

Perhaps the most significant problem in using HONO as the photolytic precursor for
OH is that HONO reacts with IR125. The reactivity is suspected to be due to the HONO
dissociation to yield nitrosyl (NO"^) in aqueous solution, as well as the heterogeneous
decomposition of HONO to OH +N0, described in Chapter 6. The heterogeneous reaction
of HONO with IR125 was observed when attempting to calibrate the response to OH by
IR125 deposited on quartz wool filter cartridges. Since this sampling technique had already
been identified as the primary sampling method under consideration, further work on the
calibration source was halted. It was found, however, that the effect of HONO on the IR125
using this sampling method should not pose an interference problem under expected sampling
conditions.
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8.2.2 Hydrogen Peroxide as the Hydroxyl Radical Precursor

OH was also generated in the photolysis apparatus using H2O2 as the OH precursor
instead of HONO. This method of producing OH simplifies the model chemistry, but has the
disadvantage of not producing any measurable intermediate compounds (equivalent to NOJ
which can be used to verify the model results.

H2O2 is introduced into the argon stream by a bubbler containing an aqueous HjOj
solution. The resulting concentration of H2O2 in the gas stream is calculated using the Henry's
law constant for HjO, at 298''C, 0.00071 M atm"\ (Seinfeld, 1986), so that the argon flowing
into the photolysis cell contains the desired concentration (typically 10 - 100 ppm(v)) H2O2.
The gas is also nearly saturated with H2O, and is assumed to include the same contaminant
concentrations (1.0 ppm CH^, l.O ppm CO, and 0.5 ppm O2) as with the photolysis of
HONO. A summary of the composition of the pre-photolysis gas using the H2O2 bubbler is
presented in Table 8.2.

As with the HONO photolysis, the computer model is initiated with the concentrations
of compounds in the photolysis cell set equal to those in the pre-photolysis gas, and the
concentration of all intermediate species set to zero. A plot of the computer model calculated
concentrations is shown in Figure 8.5 and summarized in Table 8.2. Again, as with the
HONO photolysis model, the photolysis rate constants used were 5 times those calculated
from the actinometric measurements to produce a better fit with the measured HONO, NO,
and HNO3 photolysis gas concentrations obtained with HONO as the OH precursor.
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In comparison to the HONO photolysis system, the HjOj photolysis is much less
efficient at producing OH, so that the steady-state concentration of OH in this system is
considerably lower. The low OH production is due to a mismatch in the output spectrum of
the photolysis cell lamps, and the HjOj absorption spectrum. Photolysis of H2O2 occurs
principally ultra-violet wavelengths shorter than those emitted by the F40BL lamps. A much
higher photolysis rates could be obtained in a system which incorporates low pressure
mercury ultra-violet lamps and a quartz photolysis cell which is transparent to these shorter
UV wavelengths. The H^O, system is much cleaner than the HONO photolysis system in that
the number of byproducts and intermediates are considerably less. This reduces uncertainties
in the chemical model predictions of the resultant OH concentration, but does not provide the
advantage of allowing the concentration measurements of additional species which can be
used to verify the computer model results.

The high background of unphotolyzed HjO, was also observed to interfere with the
observed decrease in IR125 fluorescent intensity when the HjO, photolysis source was used
in conjunction with quartz wool filter cartridges. The heterogeneous decomposition of HjOj
to yield 20H is suspected to be the cause of this interference, but, as in the case of HONO
is not expected to cause an interference problem under the range of anticipated sampling
conditions.

8.3

Determination of the Photolysis Rate Constants

The most important aspect of the chemical model, with respect to obtaining accurate
steady-state concentrations, is the accuracy of the photolysis rate constants. Initially, the
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photolysis rates for the photodissodation ofHONO, NO2, and NO3, were calculated from the
information provided by the lamp manufacturer (General Elearic) and estimates on the
percentage of the lamp emissions which actually pass through the cell. The uncertainties in
these rate constants were unacceptably high, so that measurement of the actual actinic flux
through the cell was required. Two actinometric measurement methods were considered;
the photolytic decomposition of potassium ferrioxalate, K3Fe(C204)3 (Parker, 1953), and the
photoisomerization of o-nitrobenzaldehyde (Pitts, et al., 1965).

Upon illumination (A,^500 nm) of an acidified (pH -1) solution ofK3Fe(C204)3, the
ferrioxalate ion, Fe(C204)3^, is photoreduced, yielding ferrous iron Fe(II). The Fe(II)
concentration is determined photometrically by complexing with 1-10 phenanthroline to a
stable complex which absorbs strongly at 510 nm. The strength of the measured absorption
at this wavelength determines the amount of photoreduced iron, and thus the actinic flux at
wavelengths shorter than 500 nm.

Exposing o-nitrobenzaldehyde in 50:50 waterrethanol (by volume) solutions to light
of wavelengths shorter than 410 nm causes the o-nitrobenzaldehyde (1) to undergo a
photorearrangement to o-nitrosobenzoic acid (2) which dissociates to o-nitrosobenzoate and
a proton. The yield of o-nitrosobenzoic acid produced during illumination is monitored
simply by measuring the pH of the exposed solution.

(1) • h v - (2) - (3) • H '
While both methods would have provided reliable results, we chose the
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photoisomerization of onhrobenzaldehyde for several reasons. 0-nitrobenzaldehyde begins
to absorb near 410 nm, which coincides with the photodissociation threshold for NOj and
HONO. The peak photon flux from the photolysis lamps occurs at about 370 nm. Also,
determining the photon flux by measuring the pH during illumination, instead of performing
a secondary titration and subsequent absorption spectroscopy, greatly simplifies the
experiment. Plots of the o-nitrobenzaldehyde, HNO2, and HjOj absorption spectra are shown
in Figures 8.6, 8.7, and 8.8.

According to Pitts, et al. (1965) the production of o-nitrobenzoic acid initially occurs
in a zero-order reaction for a 1 cm (or greater) pathlength, at wavelengths shorter than 400
nm, in 0.1 M o-nitrobenzaldehyde until enough has been converted that the reaction becomes
first-order. This photoisomerization reaction occurs at an established quantum yield of 0.5
from below 300 nm to over 400 nm. The actinic flux is then given by:

^
dt

^
2NV

(8.5)
^ '

Where [IT] is the hydrogen ion concentration (M); t is time (sec); n is the actinic flux through
the cell volume (photons sec"'); N is Avogadro's number (6.02 x 10^); V is the cell volume
(L), and the 2 in the denominator accounts for the quantum yield of 0.5 in the
photoisomerization reaction.

To measure the actinic flux the cell was disconnected from the other elements of the
calibration source, and 1/4 inch (inside diameter) Tygon brand plastic tubing connected from
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the cell inlet and outlet to a March

Inc., Model 1A-MD-l pump to circulate the solution

through the cell. The caUbrated Orion pH electrode (Chapter 5) was inserted into a T in the
tubing at the outlet of the cell so that the electrode extended along the fluid path. The total
volume of the cell, tubing, and pump was 8.07S L, SO ml more than the cell volume alone.
The cell and tubing was filled with 0.1 M o-nitrobenzaldehyde in a 50:50 waterethanol (by
volume) solution, with care taken to expel all air fi'om the system. The cell was installed in
the lamp enclosure in exactly the same position as for the gas phase photolysis, and the
solution circulated through the cell at approximately 3.5 L min"' while the pH was recorded
once every 10 sec. This procedure was completed twice using freshly prepared solutions.
A plot of the IT concentration with time for the first trial is shown in Figure 8.9.

A linear regression fit of the data for the period where the change in the IT
concentration is linear (i.e. for the portion of the experiment where the photoisomerization
is zero-order) revealed similar rates of H* production during the two trials. These were 9.12
X 10"* M sec"' for trial 1, and 1.17 x 10*' M sec"' for trial 2. This results in an average actinic
flux of 9.7 X 10" photons sec"' ±10% through the photolysis cell, or, since the photolysis cell
has an interior surface area of3380 cm\ an isotropic flux density of 2.9 x 10'* photons cm'^
sec"' ±10%. The stated errors only reflect the random errors in the measurements which were
determined fi'om muhiple trials using much smaller cells in the same photolysis cell enclosure.

While both trials showed the expected zero-order increase in the FT concentration,
there are some differences in the two trials which are worth noting. During trial 1 a period
of relatively slow decrease in pH for the initial 170 seconds is observed before a period of
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rapid linear increase in the IT concentration lasting for nearly 600 seconds. During Trial 2
an initial period of rapid linear increase in the IT concentration lasting only 200 seconds is
observed. There were no differences in the method used for the two trials which might cause
these differences in the observed response. A likely explanation is that initially during the first
trial there was an induction period reflecting an accumulation of o-nitrobenzoic acid on the
walls of the cell and tubing which remained for the second trial, resulting in an apparent lower
actinic flux through the cell during the first trial, and the lack of an initial equilibration period
in the second trial. Ideally these measurements would be repeated, but material costs
prevented further trials from being performed.

Since the actinic flux is assumed to be isotropic, there is no need to make any
correction to take into account the index of refraction difference between the onitrobenzaldehyde solution and the photolysis gas. It is necessary to properly distribute the
photons comprising the actinic flux spectrally to accurately compute the photolysis rate
constants for the gas-phase photolysis of HONO, H^O,, and the other photoreactive species.
The lamp manufacturer's data for the emission spectrum of the photolysis lamps used for this
purpose. The F40BL emission spectrum (Figure 8.1) was scaled so that the total number of
photons emitted by the lamp below 400 nm is equal to that found through the actinometry.
The normalized emission spearum (Figure 8.10) represents the photon flux through the
volume of the photolysis cell. The photon flux and transmittance cut-off of the photolysis cell
glass coincide at 290 nm.

The manufacture's data shows (Figures 8.1 and 8.10) no indication of the existence
of any narrow emission lines, which are probably present. The smooth nature of the spectral
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distribution of the lamp emissions which was used to compute the photolysis rate constants,
could therefore lead to errors in the computed rate constants. Unfortunately, there is no way
of estimating the magnitude of error without a high resolution measurement of the photolysis
lamp emission spectrum which we were unable to obtain.

There are up to five species in the photolysis cell gas which are photolyzed by
illumination at these wavelengths: HONO, NOj, HjOj, O3, and NO3, with two separate
photolysis reactions occurring for both O3, and NO3. All of these reactions were included in
the photolysis cell mode! for completeness, even though not all contribute significantly to the
chemistry of the system. These rate constants were computed fi-om the following formula:

J - I,

/a^ A A.,

Where j is the photolysis rate constant for the species of interest (sec*');

(8.6)
is the mean

wavelength of the i* interval (nm); T is the temperature of the photolysis gas (K); a,(A.i,T)
is the absorption cross-section at ki and T (cm^; $,(A.i,T) is the quantum yield at k, and T;
I(>,i) is the mean irradiance in the interval which includes A.; (photons cm'^ sec"' nm"'), and A A-j
is the width of the i"* interval (nm). The following rate constants were calculated using values
for a,(Ai,T) and $,(A,j,T) from Carter, 1990.
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HONO • Av - OH * NO ,

J ' 1.14*7(7 -*80: -*

(8.7)

Hfi, » Av - 20H ,

J " 4.58x70

(8.8)

N O , * hv ^ NO * 0 ,
hv - 0 ,

oep),

sec '

J ' 5.6*70 ^ sec *

(8.9)

4.1*70

sec '

(8.10)

hv - 0 , * O C D ) ,

/ • 4.1*70

sec '

(8.11)

NO^ • hv - N O * 0 , ,

J ' 8.4*70

sec *

(8.12)

NO^ • hv - N O , . 0 .

J ' 2.3*70

sec '

(8.13)

•

J

'

These calculated rate constants were used in the photolysis cell model with HONO
as the OH precursor, and the model results for the photolysis gas HONO, NO, and HNO3
concentrations compared with the measured values. All of the photolysis rate constants were
then scaled together to produce a best fit of the modeled and measured values. A best fit was
found with the model photolysis rate constants at S times the calculated values. The model
data presented here were therefore generated using photolysis rate constants S times those
shown in equations 8.7 - 8.13. This difference is most likely due to fine structure in the lamp
emission spectrum which is not evident in the data provided by the manufacturer. Additional
fine structure in the emission spectrum fi'om that used in the calculations would affect each
rate constant differently, because of the unique shape of each compound's absorption
spectrum. Since many of the photolysis reactions are insignificant, because of the small rate
constants, and for lack of additional information on the relative effect on each rate constant,
changing all rate constants by the same amount to produce the best fit is a reasonable
approach. Note that absorption spectra which vary more slowly with wavelength, such as
H2O2 will be less affected by redistributions of photon flux with wavelength.
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Calibration of Sampling Methods

Several attempts to calibrate the IR125 fluorescence response to OH were made using
the calibration source of OR These attempts were unsuccessful for a variety of reasons. Our
original intent was to sample the emissions of the OH calibration source, and directly compare
the IR125 fluorescence quenching observed to the fluorescence quenching observed from
sampling the ambient air. However, the dye impregnated quartz wool filters were not
adaptable to sampling of the calibration source using either HONO or HjOj, since the
apparent heterogeneous decomposition of these compounds caused an overwhelming
background source of OH (Chapter 6).

8.7

Summary

Historically, constructing an OH calibration source has been extremely difficult.
Several techniques have been used to produce OH in both gas and liquid phase reactions have
been used, but accurately knowing the emitted OH concentration is always difficult.
Currently the most promising design for a gas-phase OH calibration source is based on the
photolysis of water vapor in the mid-ultraviolet (254 nm) (Aschmutat, 1994).
While we did develop a source of OH of a known concentration, we were unable to
use the source to calibrate our chosen sampling technique because of the heterogeneous
reactions involving the OH precursor. The photolysis of HONO or H2O2 may be useful as
a calibration source for other OH measurement techniques, and the photolysis efficiency of
the apparatus may be improved to increase the ratio of OH to precursor so that it may yet be
used to calibrate our method of OH sampling using dye impregnated quartz wool filters.
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Figure 8.1
F40BL Emission Spectrum
The emission spectrum of the GE F40BL lamps used in the photolysis cell was derived
from data provided by the manu&cturer. The manufacturer provided total emission for 7
continuous bands spanning the entire emissive range. The energy has been distributed
smoothly through each band.
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Figure 8.2
Schematic of the OH Calibration Source
The OH calibration source consists of an ultra-pure argon gas source, a flow
regulator, a nitrogen oxide scrubber, a hydrocarbon photolysis cell, an organic radical
scrubber, a particulate filter, a source of HONO or HjO,, and the photolysis ceil.

136

IB"

ir'
5.
ir
OL

1
<»" fee
UJ
o 10^^ Ft
5
w
O
KK
CJ
ir" V
i-«
ir
ir
ir
ir

100

200

300

400

500

TINE

Figure 8.3

600

700

800

900

1000

(MCI

Plot of the Photolysis Cdl Constituent Concentrations Using HNO2

The steady-state concentrations of the photolysis cefl constituents when HNO^ is used
as the OH precursor are shown as a function of the time from when the photolysis lamps are
switched on. These results assume that the cell is filled with the pre-photolysis gas prior to
illumination of the cell. The photolysis rate constants used in the model were 5 times the
calculated values, so that the results best fit the measured data.

137

«Mr

ir'
ir»

a
c

4n»

0

.001

.002

.003

.004

.009

TINE

Figure 8.4

.006

.007

.000

.009

.010

(••«!

Plot of the Photolysis Cefl Constituent Concentrations After Exiting Cell

The concentrations of the photolysis cell constituents when HNOj is used as the OH
precursor are shown as a fimction of the tin» after exiting the cell. These results assume that
the steady-state concentration is reached, and exists immedlatiy prior to time when the gas
exits the cell and is no longer iUuminated. The photolysis rate constants used in the model
were 5 times the calculated values, so that the results best fit the measured data.
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The steady-state concentrations of the photolysis cell constituents when HjO] is used
as the OH precursor are shown as a function of the time from when the photolysis lamps are
switched on. These results assume that the cell is filled with the pre-photolysis gas prior to
illumination of the cell The photolysis rate constants used in the model were 5 times the
calculated values, so that the results best fit the measured data (for HNOj photolysis).
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Plot of the O-Nitrobenzaldehyde Absorption Spectrum

The O-Nhrobenzaldeiiyde vapor absorbs over the same region as HNO^, NO^ and to
a lesser extent
This spectrum was taken from Pitts, Vernon, and Wan, 1965.
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Plot of the HNOj Absorption Spectrum

The HNOj vapor absorption spectrum shows a considerable amount of structure.
This spectrum was taken from Stoclcwell and Calvert, 1978.
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Plot of the HjO] Absorption Spectrum

HjOj vapor absorption occurs at wavelengths shorter than HNO}, and N-HT
absorption. This spectrum was. taken from Un et aL, 1978.
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Figure 8.9

Plot of the H* Concentration Used to Determine the Actinic Flux

The IT concentration shows an initial linear increase which indicates a zero-order
reaction resultii^ in the measured decrease in pR A linear fit to the data in the region from
50 to 250 seconds was used to determine the actinic flux in the photolysis ceiL
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Scaled F40BL Emission Spectrnm

The F40BL emission spectrum shown in Hgure 8.1 was corrected using the
actinometiic data to depict the actual photon flux in the photolysis ceil
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Table 8.1
Composition of Photolysis Gas Using HNO2
Theconcentratioiisofthe
species which comprise the pre-photolysis gas, and the photolysis cell steady-state gas are
listed. The expected values are those calculated from the NOx equilibrium expressions (at pH
6.2), or provided by the ultra-pure argon supplier. The measured values were used in the
input to the photolysis cell model. The photolysis rate constants used in the photolysis ceU
model which yielded these resuhs were 5 times the calculated photolysis rate constants.
Pre-Photolvsis Gas Concentrations
Species
Expected
HNOj
0.7
NO
2.5
NOj
2.5
CO
l.O
CH,
1.0
Oj
0.5

0>pi°)

Measured (ppm)
1.0
1.6
1.6 (from p^ = Pno)

Photolvzed Gas Steadv-State Concentrations
Species
HNOj
NO
NO,
HNOj
CO
CH«
0.
CHjO
N,05
0('P)
CHjO
0,
OH
NO,
H,0,
CH,
CHjOj
HOj
CHO

Model Prediction (ppm)
0.9
2.8
0.55
0.05
1.0
1.0
0.5
5x10-*
4x10-'
5x10-*
1x10^
2x10-^
4x10-^
10-'
2xlO-*
3xlO-»
2x10-"'
2xI0-'»
4x10-"

Meas
0.5
2.5
0.04

(ppm)
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Table 8.2
Composition of Photolysis Gas Using H2O2
Theconcentrationsofthe
species which comprise the pre-photolysis gas, and the photolysis cell steady-state gas are
liked. The expected values are those calculated from the HjOj Henry's Law expression, or
provided by the ultra-pure argon vender. The model predictions use photolysis rate constants
5 times the calulated values.
Pre-Photolvsis Gas Concentrations
Species
CO

Expected
144 ppm
l.O

CH4

1.0

Oi

0.5

Photolvzed Gas Steady-State Concentrations
Species
^Oj
CO
CH,
Oj

Model Prediction
140 ppm
1.0
1.0
0.5

HOj

I0-'

CHjOj
OH
CHj

3x10-«
1\10-*
SxlO'"
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CHAFFER 9
SAMPLING OF THE AMBIENT AIR

Several dif^nt methods for sampling the ambient troposphere were considered. The
choices were limited because of the constraints placed on the method by the physical
properties of both the tropospheric OH and the IR125. Since OH is generated primarily by
UV photolysis of O3, and since OH has such a short lifetime (typically on the order of 1 sec
in the remote, clean troposphere, to 10 msec in some polluted urban environments) the
sampled air cannot remain shielded from sunlight for more than a few milliseconds before
being introduced to the IRI25. At the same time, the IR125 is a photosensitive compound
which decomposes with exposure to sunlight, and must be kept continually in the dark. A
fluther criterion is that the ambient OH should react solely with the IR125, and not with other
added compounds (e.g. solvents). Taken together, these constraints are quite severe, and
eliminate or require the substantial modification of most standard sampling techniques.
Several sampling methods were tried. The method which gave the most consistent results
was small volume quartz wool filter cartridges impregnated with IR125, through which
ambient air is drawn by a vacuum pump.

9.1

Method Description

Sampling with IR12S-impregnated quartz wool cartridges, is conceptually very simple.
A small amount of quartz wool is loosely packed into a small diameter tube (a short distance
from the tube end), and a small amount of IR12S deposited in the quartz wool. Ambient air
is then drawn rapidly through the tube, where the ambient OH reacts with the IR125. The
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small diameter of the inlet relative to the length of tubing that the sampled air passes through
before reaching the quartz wool 0-e. small field of view for the quartz wool) limits the amount
of light reaching the dye, keeping the loss of IR12S to direct photolysis at a minimum. The
small volume of the tube keeps the residence time short, limiting loss of OH. After drawing
the air sample through the cartridge, the dye can be extracted at leisure, and the dye
fluorescence compared to that of that fi'om a blank cartridge which was not exposed to OH.
The decrease in fluorescence of the dye exposed to OH then indicates the relative
concentration of OH in the sampled air. The linear velocity through the entrance tip is 25 m
sec"', so that wall losses of OH are negligible.

While the sampling method is very simple in concept, great care must be taken in
preparing and handling the dye and cartridges because of the low dye concentrations involved,
as well as the sensitivity of the dye to sunlight. When a standard procedure is carefully
adhered to, the fluorescent intensity of the IR125 extracted firom the quartz wool cartridges
(unexposed to OH) is very reproducible. The reproducability of the measured fluorescence
of the extraaed dye is important since the sensitivity of the fluorometric measurements drifts
somewhat (with drifting fluorimeter optical alignment) fi'om day-to-day. This means that it
is the difference between the fluorescence intensity of dye extracted fi'om a cartridge used to
sample the ambient air and that of a blank cartridge which must be used to determine the OH
concentration, and not a single fluorescence measurement. In fact, multiple cartridges are
used to determine the ambient OH concentration, and to measure some sources of possible
interference, as is explained below.

A standard procedure was developed to perform the sampling of ambient air which
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appears to yield consistent results. This procedure was chosen after many tests were
performed to check the reproducability and sensitivity of the process, but there are probably
many permutations of this procedure which would yield equally reproducible and sensitive
results. Adherence to this particular set of operations is continued primarily to maintain
consistency among the various measurement periods.

The cartridges are constructed from Becton-Dickenson model 309586, 3 ml plastic
syringes. The ends of the tip guards are trinuned by 2 mm using a clean razor blade so that
they become approximately 1.8 cm long, open ended tubes having a volume of approximately
0.2 ml when fitted over the syringe tips. The syringe plungers are removed from the syringes
and discarded, and the syringe bodies and tip guards rinsed with deionized water and
methanol. The syringe finger braces are also removed, so that the plunger ends of the syringe
bodies can now be inserted into Tygon plastic tubing attached to vacuum pumps. Then, 5.0
mg of quartz wool, which has been cleaned with Micro brand cleaning solution in an
ultrasonic bath for approximately 30 minutes, and thoroughly rinsed with deionized water,
also while in an ultrasonic bath for approximately another 30 minutes, is packed lightly into
the syringe tip guard. The tip guard is pressed firmly onto the syringe tip, and the quartz
wool lightly packed against the syringe tip so that it fills approximately 0.1 ml of the openended tip guard volume (Figure 9.1). All handling of the quartz wool is done with stainless
steel forceps which have been well cleaned with Micro and rinsed with deionized water.

Once assembled, the IR125 must be loaded onto the quartz wool. A stock solution
of 10"* MIR125 in HPLC grade methanol is prepared. 10 jil of the stock solution is diluted
to 100 ml with methanol to form a 10'^ MIR125 solution. A Hamilton model 7101, 1 jil
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syringe is used to transfer 1 ^1 of this solution to the quartz wool in the syringe cartridges.
The methanol is removed through evaporation by drawing lab air through the cartridge at S
L min'' for 30 sec. Many syringes are prepared at one time to minimize errors from
hematic variations in handling the dye. After all of the syringes have been fully prepared,
th^r are wrapped in aluminum foil and stored in the laboratory freezer at temperatures below
-10 "C until used.

To sample the ambient air and at the same time evaluate other (non-OH caused)
IR125 loss mechanisms, 4 prepared cartridges are removed from the freezer and individually
wrapped with aluminum foil to the end of the open syringe tip guard to protect the IR125
from sunlight. A temporary aluminum foil cover is placed over the open end of each tip guard
to prevent accidental exposure of the IR12S to sunlight through the open end. Of the 4
cartridges, only one is used to sample the ambient air for OH (cartridge I). It is placed in the
sampling location (usually mounted on a ring stand by a standard ring stand clamp) with the
tip pointed directly away from the sun, and the plunger-end of the syringe cartridge connected
to a vacuum line. Another (cartridge 2) is placed in the same orientation as the cartridge used
to sample the ambient air, but has its plunger end covered with aluminum foil and is not
connected to a vacuum line. This cartridge serves as a travel blank. Cartridge 3 is connected
to a vacuum line, the temporary aluminum foil cover removed, and the open end of the foil
covered tip guard inserted into a brass fitting mounted on the end of an 82.6 cm long, 0.635
cm diameter (inside) copper tube, so that the air passing through the cartridge is first drawn
through the copper tube to allow for a determination of the effect of longer-lived oxidants on
the IR12S fluorescence. The remaining cartridge (cartridge 4) is removed from the freezer
and wrapped entirely in aluminum foil to serve as a baseline reference. The two cartridges
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which have air drawn through them (cartridges 1 and 3) are connected to vacuum pumps
through calibrated Brooks 40 L min*' rotameters. The rotameters are pre-set so that air is
drawn through the two cartridges at IS L min*'.

After all of the cartridges have been

properly mounted, the aluminum foil covers are removed from cartridges 1 and 2, and the
pumps activated. At the end of the sampling period, the aluminum foil covers replaced on all
cartridge tip guards, the cartridges completely covered with aluminum foil, labeled, and
placed in the laboratory freezer.

When the fluorescence of the dye in the cartridges is to be analyzed, a single cartridge
is removed from the freezer. The tip guard containing the IR125 impregnated quartz wool
is removed from the syringe body and placed on the tip of a new, unmodified, BectonDickenson model 309586 syringe containing 2.0 ml methanol. A short tube containing a
teflon filter disk is placed at the outlet of the tip guard to filter any quartz fibers flushed from
the cartridge. The IR125 is extracted from the quartz wool by forcing the methanol through
the quartz wool and teflon filter, directly into the fluorimeter's sample cuvette. Operation of
the fluorimeter is described in Chapter 7. The fluorescence intensities of dye extracted from
the four cartridges used for a single OH measurement are determined sequentially, with as
short a time as possible allowed to elapse between measurements. The background signal is
also determined by measuring the signal from a sample cuvette filled with methanol only. The
same cuvette is used for all measurements. A typical set of measurements is shown in Figure
9.2.

There are therefore 5 independent fluorescence intensity measurements used for each
tropospheric OH determination which includes an evaluation of the photodecomposition of
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the IR125, and the effects of noti-OH reactions on the dye fluorescence; 4 filter cartridge
measurements, and solvent background signal measurement. The IR125 extracted fi'om
cartridge 1 is the only dye exposed to the full ambient concentration of OH. Before reaching
the dye impregnated quartz wool in this cartridge, the sampled air passes through the 0.1 ml
volume (approximately 1.0 cm long) of the open tip guard which is shielded fi'om sunlight.
With a volume flow rate of 15 L min*', the residence time of the sampled air in the dark is
approximately 0.4 msec. This is much less than the chemical lifetime of OH in the ambient
air under any typical conditions which is estimated at 160 msec for a CO concentration of 1
ppmv.
The quartz wool fibers are approximately 8 ^m in diameter. Since quartz has a
density of approximately 2.1 gm cm'^, this means that the surface area of 5 mg of the quartz
wool is approximately 12 cml The maximum surface area of quartz wool covered by IR125
can be estimated by approximating each planar IR125 molecule as a rectangle. The
dimensions of this area are determined fi'om the bond lengths spanning the length and width
of the molecule. Using a length of 2 nm, which includes the heptamethine chain bond lengths
as well as the contribution of those in the aromatic groups having a component along this
same direction, and a width of 1.5 nm, which includes the bond lengths spanning the polyenes
attached to the nitrogen atom in the aromatic groups, and the appropriate contributions fiom
the aromatic group bonds, we find that a single planar IR125 molecule covers an area of
approximately 3 nm*. With 1 jil of 10'^ MIR125 applied to the quartz wool, the maximum
area covered by the dye is therefore about 0.002 cm*. This corresponds to 0.017% of the
sur&ce area of the quartz wool, or 2% of the cross-sectional area of the tip guard. In reality,
with only 1 (il of IR125 solution applied to the quartz wool, the dye is not uniformly
distributed, but is concentrated in the layer of quartz wool nearest the inlet. Even if the
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volume of quartz wool were restricted to the one-fiftieth portion nearest the inlet, the dye
would still cover less than 1% of the sur&ce area of the wool in that same portion. This
implies that the removal of OH from reactions with the quartz wool surface must be small for
this technique to have an efficiency over 1%, and should never exceed about 2% for IR12S
distributed uniformly across the cross-sectional area of the tip guard. This efficiency could
be larger in practice if the dye remained at a higher concentration near the center of the crosssectional area since the velocity profile across this area should peak in the middle and
decrease to zero at the waUs of the tip guard, so that much of the sampled air passes through
a much small cross-sectional area. These effects are likely, since the dye solution is applied
to the center of the layer of quartz wool nearest the inlet.

One source of interference which must be accounted for is the solar
photodecomposition of the IR125 deposited on the quartz cartridges. Cartridge 2 is used to
correct for this effect by exposing the cartridge to the same ambient lighting conditions as
Cartridge 1, but without drawing any air through it. The measured decrease in the fluorescent
intensity of the dye extracted from Cartridge 2 should be due primarily to the effects of
sunlight. This can be used to correct the measured fluorescence decrease from Cartridge 1.
This effect is minimized by shortening the sampling time.

Cartridge 3 is used to quantify the interference caused by the reaction of the IR125
with other compounds in the sampled air. By drawing the air sample through a long copper
tube before introducing it to the IR125 (Cartridge 3), some or most OH is eliminated while
long-lived oxidants, including O3 and H2O2, remain. The result is that the concentration of
OH in the air sample when it finally reaches Cartridge 3 is depleted by an amount dependant
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upon the lifetime of OH and the residence time in the copper tube. Under the sampling
conditions described above, the residence time in the copper tube is approximately 0.5 sec,
longer, or at worst, on the same order as the typical ambient OH lifetime. Other potential
interfering species (Chapter 6) have chemical lifetimes many times the residence time of air
in the copper tube so that their concentrations would remain unaffected by the passage
through the copper tube. With a Reynolds number of 1750, the flow should remain laminar,
so that the wall losses of interfering species would be minimal. Species with chemical
lifetimes in the ambient which are similar to or shorter than that of OH would not be
discriminated against. A longer (61 inch), larger diameter(0.75 inch) steel pipe (Re = 1100)
was also used with similar results.

It should be noted that the simultaneous use of several sampling set-ups similar to that
for Cartridge 3, but each using a copper tube of a different length, could be a method for
determining the lifetime of OH independently of the measurement of the OH concentration.
This has not been pursued.

The fluorescence measurements are made by extracting the IR125 fi-om each cartridge
as described above immediately before being placed in the fluorimeter sample cuvette. The
fluorimeter shutter is initially closed while the flrst sample is placed in the cuvette. The
shutter is opened for a few minutes, then closed and the process repeated for each cartridge.
The fluorimeter output was recorded continually as the extract fi'om each cartridge was
placed in cuvette. The order that the data in Figure 9.2 appears is; methanol only, cartridge
4, cartridge 2, cartridge 3, and cartridge I.
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9^

IR125 Response Calculation

To determine the decrease in dye fluorescence attributable to reaction with OH for
an individual measurement, the fluorimeter signals for the dye extracted from each of the 5
samples are compared. The fluorimeter signal from the IR125 extracted from Cartridge 4,
minus the »gnal from methanol only, represents the initial quantity of IR125 loaded onto all
4 cartridges (Sj). Similarly, the fluorimeter signal from the dye extracted from Cartridge 1,
minus that from methanol (S,) represents the amount of dye remaining after subjecting the
initial quantity of IR125 to the ambient air sampling procedure. The difference in the
fluorimeter signals from Cartridge 2 and methanol only (83) indicates the amount of dye
remaining after exposing the loaded cartridge to sunlight, while the difference in fluorimeter
signals from Cartridge 3 and methanol only (S3) represents the amount of dye remaining after
exposing the dye to other atmospheric reactants. The amount of dye fluorescence attributed
to reactions with OH can therefore be expressed as a fraction of the initial amount by:

It is this quantity which should be related to the ambient OH concentration by calibration
data.

For the example shown in Figure 9.2, the change in fluorescence attributed to reaction
with OH is 0.47, or in other words, 47% of the initial dye fluorescence was quenched by
reaction with OH. Note that for OH lifetimes long compared to the residence time of the air
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in the copper tube, at least some of the decrease in dye fluorescence for cartridge 3 would be
due to reaction with OH.

Further discussion of measurement data is included in Chapter

10.

9.3

Alternative Sampling Methods

Other sampling methods were also considered. Attempts were made to use different
types of bubblers and nebulizers, but met with only limited success. These trials will be
discussed briefly here, since the use of some form of sampling with aqueous solutions of
IR125 is probably the only technique which will allow for real time measurements of OH by
exploiting near-infrared fluorescent quenching of the dye.

Two types of bubblers were tested for sampling of the ambient air. Both contained
from 2 to 10 ml of low (varied) concentration aqueous solutions of IR125. The first type was
a bubbler of typical design, with the gaseous sample drawn through a 0.25 inch diameter tube
extending down from the top of the bubbler into the reservoir containing the IR125 solution
by a vacuum placed on the head-space of the reservoir. There were several difficulties
associated with this bubbler design. A reasonable residence time for the sampled air in the
dye solution required a large volume of solution and a slow flow rate of the sampled air
through the bubbler. The large volume of solution required that a very low dye concentration
be used, so that a noticeable change in fluorescence could be observed through the titration
of OH, which stressed the detection limit of the fluorimeter. The slow flow rate in turn meant
longer sampling times or still lower IR125 concentrations, as well a shorter bubbler inlet tube
to minimize the length of time the air sample spent in the dark before reaching the dye
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solution. In addition, the photosensitization effects, described in Chapter 6, for fluorescence
measurements of the dye in aqueous solution are not fully understood. To avoid some of
these problems, we tried using large volumes of IR125 solution of low concentration, and
extracted the dye from the aqueous solution using Isolute brand CI8 packed solid phase
extraction (SPE) cartridges into methanol. To do this, all of the aqueous dye solution was
removed from the bubbler and passed through the SPE cartridge. The IRI25 remained in the
CI8 packing material as the water passed through and was discarded. A small volume of
methanol was then passed through the IR125 loaded SPE cartridge, re-solvating the dye and
removing it from the packing. The extracted dye solution has a higher concentration of
IRI25, with a stronger fluorescence signal than the aqueous dye solution, without the
associated photosensitization problems. The residence time of the sampled air in the inlet was
also on the order of the lifetime of OH, limiting the efficiency of the measurements. Results
obtained with this apparatus were inconsistent.

A second type of bubbler was designed with a much shorter inlet (Figure 9.3). In this
bubbler the inlet is located in the bottom of the reservoir with a total length of less than 1
inch. The 0.25 inch diameter tubing tapered to an approximately 0.1 inch diameter orifice just
upon entering the reservoir. To keep the dye solution from draining from the reservoir
through the air inlet when vertically positioned, a second reservoir was appended at the base
of the main reservoir for temporary storage of the dye solution with the bubbler positioned
horizontally. Afler the air flow through the inlet is established, the bubbler is uprighted, and
the dye solution flows from the storage reservoir into the main reservoir for sampling of the
incoming air. Likewise, when the sampling period has ended, the bubbler is turned to the
horizontal position so that the dye solution flows into the storage reservoir before the air flow
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is terminated. All other aspects of dye solution handling are similar for the two bubbler types.
The limited results obtained using this bubbler were also inconsistent, most likely because of
the increased handling required with the SPE process to change the solvent from water to
methanol, but further testing is still required before the suitability of this sampling device can
be properly evaluated.

We also experimented with nebulizers for use as sampling devices. The nebulizers are
designed so that au* drawn into the nebulizer from the base passes through a restricted nozzle
and past an open ended capillary tube which extends into the IR125 solution reservoir. A
sketch of a nebulizer is shown in Figure 9.4. The venturi effect draws the solution through
the capillary from the reservoir creating large concentrations of liquid aerosols in the 5 ^m
diameter range. The idea is that the high surface area of the dye solution aerosols allows for
eflScient titration of the OH in the air sample by the dye carried in the aerosol. Since the dye
is a surfactant, it should be near the aerosol surface, and readily accessible to the OH. Two
nebulizers were used: one made from plastic, the other from glass, and both of the design
described above. We experienced the same problems with the nebulizers as with the bubblers.
With the nebulizers we experienced some additional problems. One was the loss of aerosols
through the outlet of the nebulizer connected to the vacuum pump. This loss was eliminated
by the placement of Millipore brand Teflon filter disks across the outlet, positioned so that
the aerosol collected on the filter drained back into the reservoir. Another, more serious
problem was the loss of IR125 once the dye solution was loaded into the nebulizer. Loss of
dye was observed in both nebulizers, and its fate never determined. It was thought that the
dye was adhering to either the plastic or glass walls of the capillary tube, but subsequent
rinsing of the entire nebulizer with methanol recovered only a portion of the dye.

158
Some limited success was achieved with the plastic nebulizer when the effects of
sampling the calibration source and ambient air on the small amount of IR12S recovered by
the methanol rinse of the nebulizer. Immediately ailer sampling, the aqueous dye solution was
removed from the ndiulizer and discarded, and the entire interior of the nebulizer rinsed with
2 ml of methanol. This small quantity of IR125 exhibited a decreased fluorescence in
proportion to the sampling time of the calibration source, and the ambient air. The signal
range was extremely narrow, and the results could not be reproduced reliably, however, there
is some hope in these resuhs for future application of this process.

Other sampling techniques were considered, such as passing the air over a cooled
plate or through a cooled tube with the aqueous dye solution flowing down the sides,
however, none of these were tested.
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Figure 9.1

Schematic of the Quartz Wool Cartridges

The quartz wool cartridges used to sample the ambient air are constructed from
polyethylene disposable syringes, syringe tip guards, and quartz wool. The quartz wool
packed near the tip is impregnated with IR125 dissolved in methanol.
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Typical Fluorescence Signak rrom Cartridges Used to Measure OH

Shown is a set of fluorescence measurements used to determine the ambient OH
concentration. The fluorimeter output is recorded continual^ while samples are placed in and
removed from the cuvette. The shutter is closed while samples are changed. Sample 1 is
methanol only; sample 2 is the extract from cartridge 4; sample 3 is the extract from cartridge
2; sample 4 is the extract from cartridge 3; sample 5 is the extract from cartridge 1.
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Diagram of Short Lifetime Bubbler

The short lifetime bubbler is designed to introduce an air sample to the solution with
a very short residence time in the apparatus prior to reaching the solution. The goal is to
mininnze the timeix^ien OH production (via pholysis) is shut-down, as well as eliminate wall
losses.
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Diagram of Nebulizer

This drawing depicts one of several nebulizer designs tested. Here, the aqueous
IRI25 sbludon is drawn ttvough a tube from the reservoir by the pressure difference caused
by the sampled air passing across the tube end. The drops carried from the tube by the
sampled air impact the surfice placed in the air stream, causing them to fragment into droplets
of approximately S ^m diameter. The IR12S on the surface of the droplets are then able to
react with OH in the sampled air.

163

CHAPTER 10
RESULTS

10.1

Overview

OH sampling was performed on several days using IR12S impregnated quartz wool
cartridges in a variety of configurations and for a number of different sampling times. The
measured trends in the OH concentration in general follow the expected response to the
ambient OH concentration under various enviroimiental conditions. Lower concentrations
are measured for lower sun angles and cloudy/hazy conditions resulting in smaller decreases
in dye fluorescence; higher concentrations are measured for high sun angles and clear air
conditions resulting in greater decreases in dye fluorescence. As described in previous
chapters, the interference effects of primary concern during sampling are direct
photodecomposition of the dye, and reaction with other tropospheric radicals and oxidants,
primarily ozone. Many of the sample sets, therefore, include the additional cartridges needed
to evaluate these interference effects.

Although the atmosphere was sampled on numerous occasions, the results obtained
using this technique are best understood when represented by a case study of one sampling
period.

First, case study data are presented followed by a discussion of the data

interpretation.

Since absolute calibration of this detection technique (and all others) remains an issue
(Chapter 8), only the relative response is discussed here.
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10.2

A Case Study: Sampling Results from 6-7 July, 1996

A series of samples was taken over the weekend of 6 and 7 July, 1996 on the roof of
the Physics and Atmospheric Sciences Building. The sampling period began at 1535 on 6
July, and ended at 1505 on 7 July, with no samples taken between sunset and sunrise. For
each sampling time a travel blank (cartridge 2) and a sample (cartridge 1) were used, with an
occasional reference blank (cartridge 4) used for comparison with the travel blanks. No
cartridges to check for competing reactions (cartridge 3) were used because of the
consistently small change in fluorescence of the dye in these cartridges, as is discussed below
Samples were taken every 1 to 2 hours for 5 minute sampling times, with air drawn through
cartridge 1 at 15 L min''. Table 10.1 lists the sampling times, cartridges used, and observed
cloud cover.

The weather during this period included light west wind on both days, a build up of
cumulus clouds to a heavy cloud cover in the late afternoon and evening of 6 July. Thin high
clouds were present on the morning of 7 July. The majority of the sampling period was clear
with minimal clouds or haze. Temperatures in the mornings were in the 80's (F) increasing
to around 100 F in the mid-afternoons.

All cartridges were loaded with 1

of 10*^ MIR125 in methanol, and stored in the

lab freezer until used. The cartridges were again stored in the lab freezer after sampling until
the dye was extracted and analyzed using the procedure described in previous chapters.
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The raw fluorescence measurements are shown in Figure 10.1 for 6 July, and Figure
10.2 for 7 July. The measured fluorescent intensity of the travel blanks varied smoothly with
measurement time during the course of the analysis. This slow change is due to instrumental
drift, dther in total power, peak wavelength, or both, and was corrected by fitting a smooth
curve to the travel blank signals which then provided a correction factor for each OH sample.

The difference in the fluorescent intensity of the dye extracted fi'om the sample
cartridges and that of its expected initial value is related to the amount of OH in the air
sample. These values are shown in Figures 10.3 and 10.4.

Some general observations can be made. First, the trend in the data matches the
expected trend in OH concentration with a greater decrease in fluorescence during midday
than during the morning or evening. The difiference between the measured fluorescence of
dye extracted fi-om the travel blanks closely matches that of the lab blanks, showing that there
is negligible loss, at least for two sampling times, due to photodecomposition by sunlight.
Finally, although the high variability of the signal along with the low signal to noise ratio leads
to a fairly large uncertainty in the flnal results, it is not so much as to obscure the general
trends in the data.

Closer inspection reveals some additional features. The decrease in the sample signal
from ISSO on 6 July is somewhat lower than expected at first glance. A check of Table 10.1
shows that during this sampling time the sun was obscured by clouds considerably more than
for other samples. This would have caused a drop in OH concentration, and therefore
lessened the loss of dye fluorescence.
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Three cartridges of the thirty-four (sample at 1610 on 6 July, and the travel blanks
from 1710 on 6 July and 0710 on 7 July) show anomalously high fluorescent intensities. This
is probably due to some error in the preparation process, possibly the addition of dye solution
from droplets on the exterior of the syringe needle. Since interpolated values can be
substituted for the travel blank data, these anomalies affect the results only slightly, but the
data from 1610 on 6 July is obviously in error, and must be discarded. Finally, the slight
inaeases in fluorescence loss in the last evening sample and the first morning sample above
that expected because of the low OH concentration at those times, is noted. These
differences, however, are within the uncertainty of the measurements. The samples on the
morning of 7 July have a somewhat higher uncertainty because of the anomalously high
fluorescence of the travel blank from that sampling time.

10.3

Photodecomposition

The effects of solar illumination of the IR125 in the quartz wool cartridges were
examined by the use of a travel blank (cartridge 2) during several sampling series. Both the
travel blank and the sample cartridge (cartridge 1) were oriented with the inlet 180 degrees
from the sun in approximately the same location with the only difference being the lack of air
drawn through cartridge 2 (Chapter 9). Samples were taken for a variety of sampling periods
from less than 5 minutes to more than 1 hour. The dye extracted from the travel blanks
exhibited a decrease in fluorescent intensity which corresponded to a loss of less than 2% of
the original fluorescent intensity for each minute of exposure to the indirect sunlight. The
maximum loss in dye fluorescence with these cartridges occurred within a few hours of local
noon on clear days, however there was a wide variation in the amount of loss from day-to-day
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which is attributed to differences in the amount of the indirect light reaching the cartridges
due to differences in atmospheric attenuation, scattering surface, and cartridge positioning.
An insignificant amount of fluorescence loss in dye extracted fi'om the travel blanks was
observed in samples taken after sunset.

Because of the high d^ee of variability, it is difficult to estimate the contribution of
photodecomposition to the fluorescence loss in the sample cartridges for long sampling times.
For this reason the sampling time was kept at 5 minutes where the maximum contribution
fi'om photodecomposition to the total IR12S fluorescence decay does not significantly
interfere with the OH determination. Travel blanks were nonetheless routinely included in the
sample set.

10.4

Non-OH Reactions

In earlier chapters the possibility that other tropospheric constituents could contribute
to fluorescence quenching in IR125 was discussed. This possibility was examined directly by
including a cartridge (cartridge 3) in some sampling periods which sampled air that had
remained in the dark for a period on the order of the maximum expected OH chemical
lifetime. As described in Chapter 9, air sampled by this cartridge remained in the O.S inch
diameter copper tube for approximately 0.5 seconds before reaching the IR12S impregnated
cartridge. Later trials using a longer, larger diameter steel pipe were also completed. IR12S
fi'om these cartridges consistently showed significantly less fluorescence loss than dye
extracted from the corresponding sample cartridge, and in many cases showed no loss at all.
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Hgure 10.5 shows the fluorescence of IR125 extracted from cartridge pairs used to
simultaneously sample the ambient air for several sampling periods as a percentage of their
initial fluorescence; one which sampled the air directly (cartridge I) and one which sampled
the air which passed through a 1/2 inch copper pipe. The ambient CO concentration, which
plays a major role in determining the OH chemical lifetime in urban areas, including Tucson,
can vary over a wide range, causing the OH lifetime to similarly vary. For typical CO
concentrations of 0.1 to 1 ppmv the OH chemical lifetime with respect to CO alone varies
approximately fi'om 1.7 to 0.17 seconds. The variation in the lifetime of the ambient OH
could therefore be such that a significant percentage could reach the IR12S impregnated
cartridge after passing through the copper pipe for some sampling periods.

The passage of other potential oxidants of IR125, notably Oj, through the copper pipe
would have little effect on the concentration reaching the IR125 impregnated cartridge since
the lifetimes of these compounds are several orders longer than that of IR125. The significant
difference in the amount of decrease in the fluorescence intensity of dye extracted from the
sample cartridge and that coupled with the copper tube is strong evidence that the
fluorescence quenching is, at least in a large part, due to reaction with OH, i.e., that the
technique appears to be specific for OH.

lO.S

Possible Measurement Errors

There are a few steps in the cartridge preparation, sampling, and dye extraction
process where the random errors are potentially significant enough to interfere with the
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results. An attempt was made to identify, and quantify, these errors so that their effects could
be estimated, and hopefully reduced. During the construction of the cartridges, variations in
the length of the tip guards, in the amount of quartz wool used, how the quartz wool is
packed into the syringe tip guard, in the amount of dye loaded onto the quartz wool, in the
distribution of the dye in the quartz wool and surrounding plastic, in the random orientation
of the cartridges during sampling, in the efficiency of extraction of the dye from the
cartridges, and in the fluorimeter performance could all contribute random and systematic
errors to the OH measurement.

The variability in the amount of dye loaded onto the cartridges and extracted from
them after sampling is potentially a large source of randomly generated error. To test the
reproducibility of loading and extracting dye from the cartridges, several were loaded,
inmiediately extracted with methanol (without any undergoing any air sampling), and the
fluorescent intensity of the extract measured.

By carefully adhering to the standard

procedure, excellent reproducibility was attained, as is demonstrated in Figure 10.6 which
shows a plot of the fluorescent signal of the extracts from one of these tests.
Another potential source of error, is the effect of variations in the quantity of quartz
wool used in the individual cartridges. If some OH is lost by deposition to the surface of the
quartz wool, then small changes in the surface area of wool could strongly influence the
IR12S response. This effect was tested by simultaneously collecting samples in the same
location using cartridges containing variable amounts of quartz wool (S - 20 mg), and fixed
quantities of IR125. Only small differences in the fluorescent intensity of the extracted dye
were observed, probably because the small amount of solution (1 ^1) allows the methanol to
evaporate before dispersing throughout the fibers, leaving the dye deposited on the outer layer
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of fibers only.

There are several systematic errors which could be introduced into the sampling
procedure. Most of these are thus far unexplored, but it is important to remember the
possibility that th^ could affect the results. The efiea of the environmental conditions such
as ambient temperature, humidity, and aerosol loading have not been examined, but could
have some influence on the IR125 response to OH. These variables would be best studied
using the standard source of OH in the laboratory.

The effect that the presence of aerosols has on the IR125 response is difficult to
determine. The strength of this source of error would depend upon the aerosol speciation,
with particles of organic composition probably having a greater effect than inorganic particles.
This issue, in fact, returns us to the discussion of the influence of variations in the amount of
quartz wool loaded into the cartridges. For many, or perhaps most, inorganic particles, the
effect on the IR125 response should be small since the amount of surface area of the particles
collected in the quartz wool should be very small relative to the variations in the quartz wool
surface area from cartridge to cartridge. The effect of particles composed of chemical
compounds which are more reactive with OH (such as organics) is probably much greater.
However, there is an ongoing debate on the heterogeneous reactivity of OH, (Brune, 1996;
Hanson et al., 1992; Zahniser, 1992).

The effects of systematic errors involving the reactions of IR125 with species in the
ambient troposphere other than OH have already been discussed (Chapter 6), however,
additional reactions are introduced by the presence of the quartz wool. As was mentioned
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in Chapters 6 and 8, it appears from the use of HONO and HjO, as OH precursors in the
calibration source, that surface reactions facilitated by the quartz wool can lead to IR12S
destruction. While only preliminary quantification of these effects have been made, it appears
that the concentrations of HONO and HjO, typically found in the troposphere are too low to
significantly affect the IR125 in the quartz wool cartridges during sampling.

Contaminants deposited on the quartz wool with the IR125 which could compete for
reaction with OH are also of concern. The quartz wool and cartridge bodies are carefully
cleaned and handled during the cartridge preparation process to minimize the amount of
contamination introduced with them. Also, IR125 solutions are prepared only fi'om HPLC
grade methanol, with only I ^1 of solution loaded onto the quartz wool. The small quantity
of solution used was chosen to maximize the concentration of IR125 and minimize the total
quantity of possible contaminants in the methanol, as well as minimize the drying time. The
concentration of contaminants in solution should be well below the 10'^ M concentration of
the IR125. The methanol evaporates quickly after injection into the quartz wool.

10.6

Additional Tests

Several additional simple tests were performed to check the interpretation of the
sampling data. These tests were performed to verify that the relative OH concentrations
determined from the sampling measurements varied consistently with the sampling conditions.
In other words, these tests checked to see whether the indicated OH response was greater
when more OH was believed to be present than at times when less OH was believed to be
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present, and that there was no response when OH was absent in the sampled air. These tests
included sampling the ambient air at night, when the OH concentration should normally be
below the detection limit, and during periods of reduced solar irradiance such as early
morning, late afternoon, and during cloudy periods, when the OH concentration should be
reduced from fiill sun, mid-day levels. Of course, the local chemistry can be such that
sampling for OH during these periods may not yield the expected relative OH concentration
(e.g. local releases of highly reactive hydrocarbons during a sunny, mid-day sampling period
could deplete the OH concentration), but these effects should be rarely observed. All of the
ambient air data were collected on the roof of the Physics and Atmospheric Sciences Building.
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Figure 10.1

Raw Fluorescence Data Trom 6 July 1996 Samples

The raw fluorescence data collected on 6 July 1996 is shown as a function of the time
of measurement with the fluorimeter for both samples and travel blanks. Tlie cartridge
numbers correspond to the descriptions in Table 10.1. Sample '0' is methanol only. Notice
the periodic change in the measured intensity of the dye extracted from the travel blanks.
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Figure 10.2

Raw Fluorescence Data from 7 July 1996 Samples

Tlie raw fluorescence data collected on 7 July 1996 is shown as a function of the time
of measurement with the fluorimeter for samples, travel blanks, and two laboratory blanks.
The cartridge numbers correspond to the descriptions in Table 10.1. Sample '0' is methanol
only. Notice the periodic change in the measured intensity of the dye extracted from the
travel blanks.
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OH SIGNAL. 6 JULY 1996
5 MINUTE SAMPLES
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Figure 10 J

Change in Fluorescent Intensity from 6 July 1996 Samples

The corrected data coUeaed on 6 July 1996 is ^own as the difference in the
fluorescent signals of the sample and the travel blank as a function of the time of day the
sample was obtained. The one standard deviation error bars are based only on the
reproducibility of the measured fluorescence of the extraaed dye.
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OH SIGNAL, 7 JULY 1996
5 MINUTE SAMPLES
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Figure 10.4

Change in Fluorescent Intensity from 7 July 1996 Samples

The corrected data collected on 7 July 1996 is shown as the difference in the
fluorescent signals of the sample and the travel blank as a function of the time of day the
sample was obtained. The one standard deviation error bars are based only on the
reproducibility of the measured fluorescence of the extracted dye.
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Observed Change in Dye Fluorescence with Primary OH Source OfT

Shown in this Figure are the fluorescent signals of dye extracted from cartridge pairs
which simultaneously sampled the ambient air in a conventional configuration (open bar) and
through a copper tube where the air was kept in the dark for approximately 0.5 seconds
before reaching the IR125 impregnated cartridge (solid bar). Tlie fluorescent signals are
shown as a fraction of the initial fluorescence. These tests were conducted at different times
throughout the year, and for various sampling times. While the loss of dye fluorescence from
air passing through the copper tube is attributed to reactions of IRI2S with non-OH oxidants,
some may be due to reaction with OH if the OH lifetime during the sampling period was long
compar«i to the residence time of the air in the copper tube.
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Dye Extraction Process is Reproducible

The process for extracting the 1R125 fivm the cartridges is easily reprodudble. Here
five cartridges were charged with the same amount of IR125, and subjected to the same
methanol extraction process as the samples. The small peak between 0 and 10 minutes is the
background signal fom methanol only. The resulting IR12S concentration in the extracted
samples (for no dye loss during the process) is 4 x 10*" M. The cyclic drift of the
fluorimeter, is evident, but not pronounced in this data. Typically, after correcting for
fluorimeter drift, all measurements fall within 5% of the mean.
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Table 10.1 Ambient Air Sample Summary
The ambient air atop the Physics and
Atmospheric Sciences Building was sampled during 6 and 7 July 1996. The sampling times,
cartridges used, and ambient conditions are listed below. The cloud cover is an estimate of
the obscuration of the sun at the sampling location. All times are local (Mountain Standard
Tmie).

Sample Times Cartridee No.
6 July 1996
1535 - 1540
1550 - 1555
1610-1615
1630 - 1635
1650 - 1655
1710-1715
1730 - 1735
1900- 1905
7 July 1996
0710-0715
0730-0735
0800 - 0805
1000 - 1005
1200-1205
1300 - 1305
1400 .1405
1500-1505

Use

Flow Rate

Weather

1
2
3
4
6
7
8
9
12
13
14
15
16
17
18
19

Sample
Travel Blank
Sample
Travel Blank
Sample
Travel Blank
Sample
Travel Blank
Sample
Travel Blank
Sample
Travel Blank
Sample
Travel Blank
Sample
Travel Blank

15Lmin''
OLmin"'
15 L min"'
OLmin"'
15 L min"'
0 Lmin"'
15 L min"'
OLmin"'
15 Lmin"'
0 Lmin"'
15 Lmin"'
0 Lmin"'
15 Lmin"'
0 Lmin"'
15 Lmin"'
0 Lmin"'

light west wind, clear
cloud cover ~5%
light west wind, cumulus
cloud cover ~50%
light west wind, clear
cloud cover ~10%
light west wind, cumulus
cloud cover ~15%
mod. west wind, ciirostratus
cloud cover ~20%
light west wind, cinx>stratus
cloud cover ~20%
light west wind, stratus
cloud cover ~30%
light west wind, light rain
cloud cover ~10%, sun low

20
21
22
25
27
28
29
30
31
32
33
34
35
36
37
38
26
39

Sample
Travel Blank
Sample
Travel Blank
Sample
Travel Blank
Sample
Travel Blank
Sample
Travel Blank
Sample
Travel Blank
Sample
Travel Blank
Sample
Travel Blank
Lab Blank
Lab Blank

15 Lmin"'
0 Lmin"'
15 Lmin"'
0 L min"'
15 L min"'
0 L min"'
15 Lmin"'
0 L min"'
15 Lmin"'
0 L min"'
15 Lmin"'
0 L min"'
15 L min"'
0 L min"'
15 Lmin"'
OLmin*'
0 L min"'
0 L min"'

light var. wind, clear
cloud cover 0%, no direct sun
light var. wind, clear
cloud cover 0%,no direct sun
light var. wind, clear
cloudcover 0%, no direct sun
calm, full sun, clear
cloud cover 0%
calm, full sun, clear
cloud cover 0%
calm, full sun, clear
cloud cover 0%
light west wind, cumulus
cloud cover 0%
light west wind, cumulus
cloud cover 5%, light haze
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CHAFFER 11
SUMMATION: CONCLUSIONS AND FUTURE WORK

The goal of this work was to demonstrate the utility of the fluorescence quenching of
IR125 by OH to determine tropospheric OH concentrations. Research toward that goal,
which comprises the body of this thesis, was initiated by the observations that IR12S reacts
with OH, and that detection of extremely low concentrations of IRI25 had previously been
demonstrated.

The research presented here progressed through studies of the

physicochemical properties of IRI25, demonstration of IRI25 reactivity with OH,
construction of a fluorimeter capable of detecting low concentrations of IR125, development
of a gaseous source of OH of known concentration, and development of a sampling technique
of the ambient troposphere, culminating in the actual measurements of the relative
concentration of OH presented in the previous chapter.

While the goal of this thesis has been met by demonstrating that the technique is
successful, research on this topic is by no measure complete. There are several areas where
further work is required to develop this technique to the point where it is accepted and
employed as a practical method for determining tropospheric OH concentrations.

This final Chapter includes a summary of the conclusions and a discussion of future
work which would advance the development of a simple, low cost method for routinely
measuring the concentration of tropospheric OH. Application of this technique to other
measurement problems is also suggested.
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11.1

Conclusions

Several conclusions may be drawn from the research presented. First, detection of
IR125 by near infra-red fluorescence can be easily performed at concentrations on the order
of the number of OH which can be sampled at practical rates in a period on the order of a
minute. Detection of 10"'- MIR125 was obtained with the simple fluorimeter constructed for
this work. This sensitivity allows for the observation of decreases in the concentration of
IR125 due to OH at ambient concentrations for sampling times of less than 5 minutes at
practical flow rates. Several improvements to the fluorimeter are suggested below which
would improve the sensitivity of the instrument considerably, and allow for higher temporal
resolution of relative OH concentrations, as well as higher precision in the measurements.

Second, products of the OH reaction with IR125 do not fluoresce as strongly as
IR125 at wavelengths between 795 nm and 900 nm. The aqueous solution experiments where
OH was generated in the Fenton and N-HT systems clearly showed the net loss of
fluorescence at the wavelengths monitored by the fluorimeter. Many of the products which
were finally examined are likely the products of multiple reactions, and it is possible that some
products exhibit reduced fluorescence at these wavelengths. However, the demonstrated
fragility of the polyene connecting the two aromatic groups of IRl 25, which allows for IR125
fluorescence at the longer wavelengths, makes it unlikely that primary products of this
reaction are adducts which fluoresce at these wavelengths. It is probable that some products
of this reaction fluoresce at shorter wavelengths where no fluorescence measurements were
made. The point being that IR125 reactions with OH predominantly result in products which
do not fluoresce at the same wavelengths as IRl25.
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IR125 also reacts with O,, and probably other oxidants, though it is not reactive with
H2O2 in aqueous solution. Laboratory tests of the reactivity of IR12S with O3, and the
ambient outdoor air sample measurements show that the reaction rate with ozone is far less
than that with OH. While O3 did not appear to significantly interfere with the fluorescence
quenching due to reaction with OH, it still remains to be shown that this holds for higher
ambient concentrations ofO}.

Changes in the fluorescence of IR125 when sampling the ambient air using dye
impregnated quartz wool cartridges were shown to follow the predicted OH concentrations.
While the evidence is not definitive as to whether the response is attributable to reaction of
the dye with OH, it is fairly convincing. Independent tests removed the known effects of
photodecomposition by sunlight and reactions with other, longer lived, oxidants from the
IR125 response, leaving a change in dye fluorescence which followed a pattern consistent
with the expected OH concentration under the observed environmental conditions.

A source of OH at a known concentration to be used for calibration of the IR125
response was developed. Sources of OH at known concentration based on the photolysis of
HONO and HjO, were constructed. The photochemical computer model developed to
determine the steady-state OH concentrations was validated by the successful prediction of
the concentrations of cogenerated compounds. Unfortunately these OH sources were not
compatible with the concurrently developed sampling technique using dye impregnated quartz
wool cartridges, because of the overwhelming interference caused by the suspected
heterogeneous reactions of the precursors. Absolute calibration of the OH quenching of
IR125 remains to be completed.
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11.2

Recommended Future Work

There are many aspects of the OH detection technique that merit continued study and
development. These can be divided into three main groups, fluorimeter improvement,
calibration source development, and further OH research.

11.2.1 Fluorimeter Improvement

Several modifications and improvements to the fluorimeter design and construction
can be made to improve the sensitivity, and stability of the IR125 fluorescence measurements.
Improved sensitivity and stability would permit a shorter sampling time, and allow for relative
OH concentration measurements to extend closer to sunrise and sunset. Additionally, the
higher SNR would speed up the fluorescence measurement process, allowing a higher
through-put.

One of the problems with the current fluorimeter design is that any variation in the
laser output appears directly in the measured fluorescence signal. The addition of a second
lock-in amplifier and detector, operated in a ratiometer mode, would help mitigate this effect.
The additional detector would observe the modulated laser output directly (at the lazing
wavelength) and feed its output to the added lock-in amplifier. The output of this lock-in
amplifier and that of the original lock-in amplifier, which carries the fluorescent signal, would
be used to form a ratio of the fluorescence signal to the laser output. Since much of the drift
in intensity of the fluorescence signal of the fluorimeter is attributed to fluctuations in laser
output, observing the ratio of these two signals instead of the fluorescence signal alone would
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improve the long-term stability of the fluorescence measurements considerably.

The fluorimeter optical elements presently in use are not optimized for their purpose.
For example, there are 8 surfaces in the optical train which focus the laser output on the
sample, including the sample cuvette wall. Using optics which are anti-reflection coated for
the laser output wavelengths (790 - 810 nm) could increase the power in the focused spot by
more than 15%. Other optical designs could be used to decrease the amount of radiation lost
in the focusing optical train, and to equate the laser output divergence in the directions
parallel and perpendicular to the diode stripe (e.g. a Wollaston prism pair instead of the
cylindrical lens now used). This would improve the spot shape as well as increasing the
power in the focused spot.

Additional changes can also be made to improve the fluorimeter performance. The
optical bench should be replaced to improve alignment stability; a light-tight enclosure should
be added to eliminate noise associated with stray ambient light and scattered laser light from
entering the fluorescence collection optics; a cooled PMT could be added to further improve
the signal to noise ratio.

11.2.2 Calibration Source Development

Continued development of a calibrated source of OH is necessary. As mentioned
earlier, the most promising source of gaseous OH which would be compatible with the dye
impregnated quartz wool sampling technique is water vapor photolysis. Photolysis of water
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vapor occurs at UV wavelengths, so that a new photolysis cell must be constructed. The new
cell would incorporate a low pressure mercury vapor lamp emitting at 254 nm which would
illuminate the gas stream through a quartz wall or window in the cell, or be enclosed within
the cell. The same computer model can be implemented to predict the concentration of OH.
The model would be verified through a comparison of the measured and predicted of the O3
concentration.

11.2.3 Further Studies

There are many opportunities for continued and novel studies involving the research
presented here, in addition to collecting additional outdoor sample data, and perfecting the
dye impregnated quartz wool cartridge sampling technique. Further measurements of O3
during sampling of the ambient air could be made to further examine the effect of its
concentration. Further laboratory studies of the reaction of OH and IR125 can be conduaed.
These could include quantification of the reaction rate; identification and quantification of the
reaction pathways and daughter products; measurements of the fluorescence of the daughter
products. Further physicochemical studies of IR125 could be conducted. These could
include further quantification of its reaction rate with atmospheric oxidants such as O3, HOj,
RO, ROj, and 0('D); quantification of the IR125 solar photolysis rate.

The ambient air sample measurements can be improved by increasing the frequency
of sampling, and taking simultaneous samples to decrease the uncertainty in a single
measurement.
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There are also other potential application of this technique. During this research an
apparent sensitivity of the IR12S fluorescence intensity to the dissolved O2 concentration was
observed. This is believed to be due to a photosensitization reaction where the dissolved Oj
is the sensitizer. Such an effect might be exploited for the determination of extremely low
dissolved Oj concentrations, which cannot be made using current techniques.
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APPENDKA:
REACTIONS AND RATES INCLUDED IN THE PHOTOLYSIS CELL MODEL

The following reactions and accompai^g rates were included in the computer model
of the photolysis cell chemistry. Where appropriate, the third body concentrations were taken
to be 2.5 X 10'^ cm'^ (argon). With the exception of the photolysis rate constants, the rate
constants were obtained from Carter, 1990, Cocks, et al., 1982, Hastie, et al., 1991, and
Sein&ld, 1986. In several cases the value used is an average of values from multiple sources
when there was no reason to &vor a particular reference. The photolysis rate constants were
determined as described in the text, with the values shown here 5 times the calculated values
(8.7 - 8.13) as explained in Chapter 8.

Reaction
HONO + hv-OH + NO
HA + hv-20H
Nbj+ hv-NO + O
NOj+ hv-NO + Oi
NOj+ hv-.N0, +0
Oj + hv — Oj + 0
OH + NO-.HONO
OH + HONO-HjO + NOj
OH + NOj-.HNO,
OH + OH-HA
HN0j + 0H-.N0, + H,0
OH + HjOj-HjO + HOj
H0I + 6H-HJ0 + 0I
HOj + HO^-HA + Oi
NO + HOj-NO, + OH
NOj + NOj-NA
OH + CO -COz + H
OH + CH^-CHj + HiO
CHj + Oj-CHA
CHjOj + NO - CH,0 + NO,

Rate Constant
5.5 X lO"* sec"'
2.3 X 10"* sec"'
2.8 X lO-» sec'
4.2 X 10"* sec"'
1.2 X 10'^ sec"'
2.0 X 10*' sec"'
300 ppm"' sec"'
140 ppm"' sec"'
270 ppm"' sec"'
160 ppm"' sec"'
2.0 ppm"' sec"'
42 ppm"' sec"'
740 ppm"' sec"'
62 ppm"' sec"'
200 ppm"' sec"'
65 ppm"' sec"'
6 ppm"' sec"'
0.2 ppm*' sec*'
25 ppm"' sec"'
190 ppm"' sec"'

Al
A2
A3
A4
A5
A6
A7
AS
A9
AlO
All
A12
A13
A14
A15
A16
A17
A18
A19
A20
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Reaction
CH,0, + HO,- CH«Oj + Oj
CH,0 0,-011,0 +HOj
OH + CH,0 - H,0 + CHO
CH0 + 0,-»H0, + C0
0 + N0,-N0 + 0,
O + NO - NO,
0 + N0,-N0,
0 + 0,-Oj
2N0 + 0,-2N0,
N0 + 0,-N0, + 0,
0 + 0,-20,
NOj + Oj-NOj+ O,
NO, + NO-2NO,
NOj + NO, - NO + 0, + NO,
N,05 - NO, + NO,
N,0, + H,0-2HN0,

Rate Constant
150 ppm"' sec"'
0.048 ppm*' sec*'
270 ppm"' sec"'
140 ppm"' sec"'
220 ppm*' sec*'
67 ppm*' sec*'
61 ppm*' sec*'
0.36 ppm*' sec*'
1.2 X 10*" ppm*^ sec"'
0.4 ppm"' sec*'
0.21 ppm*' sec*'
7.9 X lO"* ppm*' sec*'
460 ppm*' sec*'
0.2 ppm*' sec*'
0.11 sec*'
3.2 X 10*^ ppm*' sec*'

A2l
A22
A23
A24
A25
A26
A27
A28
A29
A30
A31
A32
A33
A34
A35
A36
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APPENDIX B:
DATA ACQUISITION SOFTWARE

Fluorescence data is acquired using an Ithaco 3981 lock-in amplifier using the
manufacturer provided driver. The driver sets the parameters of the lock-in and writes the
acquired to a binary file on the PC hard disk. The binary file is then converted by another
manufacturer provided program to an ASCII text file which contains all of the information
generated by the lock-in, including settings, phase information, etc. The two simple C
programs which are listed here extract the time and magnitude values fi-om the ASCII text
file, perform either an unsealed or scaled running average, and write the averaged data to a
new file.

/•
/•
I*
/•
/*
I*
/•

DATAMAN.C

V

TfflS PROGRAM EXTRACTS THE TIME AND CORROSPONDING */
CURRENT MAGNITUDE FROM THE ASCI FILE CREATED BY V
THE 3981 LOCK-IN CONVERSION PROGRAM. IT ASSUMES »/
THAT THE DATA POINT INTERVAL IS ONE SECOND WITH */
NO PREVIOUS AVERAGING BY THE CONVERSION PROGRAM. V
- IE INT=120, AVG=1
»/

#include <stdio.h>
#include <io.h>
#include <ermo.h>
mainQ
{
int i, j, k, eof, timeinc;
float unwanted, curmag, time;
char filename[20], newfile[20], header[1000],c;
FILE »filel, •file2;
printf("Enter name of ascii file with data\nto be extracted.\n");
scanf("%s", filename);
printf("Enter new file name.\n");

scanf(''%s", newfile);
printf("%s, %s\n", fflename, newfile);
filel = fopen(filenaine, "r");
file2 = fopen(newfile, "w");
for(i=0; i<250; i-H-)

{
fscanf(filel, "%s", header);

}
timeinc = 0;
while(getc(file1)!=EOF)

(
timeinc-H-; /• for time per sample point = I sec. */
for(i=0; i<5; i++)

{
fscanf(filel, "%e,", &unwanted);
}
fscanf(filel,"%e,", &curmag);
time = timeinc/60.;
/• timeinmin. */
fprintf(file2, "%f, %e\n", time, curmag);
for(i=0; i<24; i-H-)

{
fscanf(filel,

&unwanted);

}

}
fclose(filel);
fclose(file2);
}

/•
/»
/•
/•

FILTER2.C

V

THIS PROGRAM PERFORMS A BOX OR TRIANGLE FILTER
OPERATION ON A FILE CONSISTING OF DATA PAIRS
•/
SEPARATED BY COMMAS AND RETURNS ( XXX, YYY \n)

#include <stdio.h>
#include <Iimits.h>
#include <io.h>
#include <malloc.h>
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mainQ
{

int i, j, temp, maxnum, filterwidth, new_filterwidth, c, numlines, delta;
float total,avg,weight,deltaf;
float Jar *avgmag, _fiir •time;
char filename[SO], newfile[50], yom, bort;
FILE •filel, •file2;
avgmag=(float _far *)malloc( (size_tXsizeof(float)*16000));
time=(float _fer *)ma^oc( (si2e_tXsizeof(float)*16000));
fflush(stdin);
printfCDo you want to filter a file? (y or n)\n");
scan£("%c", &yom);
if(yom=y)

{
printf("Enter file name.\n");
scanf("%s", filename);
printf("Enter new file name.\n");
scanf("%s", newfile);
printf("Enter filter width, (odd integer)\n");
scanf("%d", &filterwidth);
printf("%s, %s, %d\n", filename, newfile, filterwidth);
filel = fopen(filename, "r");
numlines=0;
while((c=getc(filel))!=EOF)

{
if(c='\n')
{
++numlines;
}

}
fclose(filel);
filel = fopen(filename, "r");
file2 = fopen(newfile, "w");
for(i=0;i<numlines;i++)

{
fscanf(filel, "%C %r, time^-i, avgmag+i);

}
maxnum=numlines-1;
fflush(stdin);
printf("Do you want to use a box filter or a triangle filter? (b or t)\n");
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scanf("%c", &boit);
/•

box filter */
if(bort==T)')

{
for(i=0;i<((filterwidth-l)/2);i-H-)

{
total=0.;
for0=0j<=2*g++)

{
total=total+*(avginag+-j);
}
avg=total/(2*i+1);
fprintf(file2,"%£|
%e\n", •(timeH),avg);

}
for(i=(filterwidth-l)/2; i<=inaxnum-((filterwidth-l)/2); i-H-)

{
total = 0.;
for(j=i-((filterwidth-l)/2); j<i-t-((filterwidth-l)/2)-»-l; j-H-)
{
total = total + *(avgmag-4);
}
avg = total/filterwidth;
fprintf(file2,
'/ieVn", *(time-t-i), avg);

}
for(i=maxnum+l-((filterwidth-l)/2); i<=niaxnuin; i-H-)

{
total = 0.;
temp = 0;
for(j=maxnum-(2»(inaxnum-i)); j<=niaxnum; j-H-)
{
total = total + *(avgmag+j);
-H-temp;
}

avg = total/temp;
fprintf(file2,

}
}
/• triangle filter
else

{

*/

%e\n", •(time-t-i), avg);
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for(i=0;i<((filterwidth-l y2);i-H-)

{
total=0.;
new_filterwidth = 2*i;
for(j=0j<=2*ij-H-)
{
delta = abs(i-j);
deltaf = delta*1.000;
if(new_filterwidth=0)
{
weight = I;
}
else
{
weight=(((new_filterwidth)/2.0)-deltaf)/((new_filterwidth)/2.0);
}

total=total+(*(avgmag+j)*weight);
}
if(i=0)
{
avg = total;
}
else
{
avg = total/(i*1.0);

}
fprintf(file2,"%^
%e\n", •(time+i),avg);
}
for(i=(filterwidth-l)/2; i<=maxnum-((filterwidth-l)/2); i-H-)

{
total = 0.;
for(i=i-((filterwidth-l)/2); j<i-H((filterwidth-l)/2)-»-l; j-H-)

{
delta = abs(i-j);
deltaf = delta*1.000;
weight = (((filterwidth-1.0)/2.0)-deltaf)/((filterwidth-1.0)/2.0);
total = total (*(avginag+-j)*weight);
}
avg = total/((filterwidth-1.0)/2.0);
fprintf(file2, "%f,
%e\n", *(time-^i), avg);

}
for(i=maxnuni-H-((filterwidth-l)/2); i<=inaxnuin; i-H-)
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{
total = 0.;
temp = 0;
new_filterwidth = 2*(inaxnum-0;
for(j=inaxniim-(2*(inaxnum-i)); j<=niaxnum; ]++)

{
delta = absO-j);
deltaf = delta*1.000;
if(newjBlterwidth=0)

{
weight=1.0;

}
else

{
weight=(((new_filterwidth)/2.0)-deltaf)/((new_filterwidth)/2.0);
}

total = total + *(avgmag+j)*weight;
-H-temp;

}
if((i==maxnum-l) || (i==maxnum))

{
avg = total;
}
else

{
avg = 2*total/temp;

}
fprintf(file2, "%f,

}
}
fclose(filel);
fclose(file2);

}
}

%e\n", •(time+i), avg);
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APPENDKC:
PHOTOLYSIS CELL COMPUTER MODEL

The photolysis cell computer model is based on a simple 5th-order Runge-Kutta
routine (taken from Numerical Recipes in Fortran, SecomJ Ed by Press et al. 1992) for
solving the set of differential equations which represent the reactions occurring in the cell.
The initial concentrations and rate constants are read from the input file OH.IN, along with
the Runge-Kuta routine parameters. The example input file listed is included for illustrative
purposes only.

QH.IN
20, 0.0, 1000.0, l.Oe-4, l.Oe-7, 0.0, 1.0, 3.5
1.0,1.6, 10000.0,1.6,0.0,0.0,0.0,0.0,0.0,1.0, 1.0, 0.5, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0
QH.FQR
C
C
C
OH.FOR
C
C
C
C TfflS PROGRAM MODELS THE PHOTOLYSIS CELL WITH PARAMETERS
C FOUND IN oh in WTTH CHEMICAL REACTIONS FOUND IN derivs.for
C TfflS FOLLOWS THE PROGRAMS LISTED IN NUMERICAL RECIPES EST
C FORTRAN, CHAPT. 16
C
C
C
C
IMPLICIT none
INTEGER iJ,nvar,imax,nok,nbad,NMAX
PARAMETER (NMAX=50)
DOUBLE PRECISION xl,x2,eps,hl,hmin,y(NMAX),ystart(NMAX),
&
cmax,delta
EXTERNAL derivs,rkqs
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OPEN(UNIT=10,FILE='oh.out',ACCESS='APPEND'^ORM=TORMATTED',
& STATUS=TJNKNOW]Sr)
OPEN(UNIT=15,FILE='oh.m',FORM='FORMATTED',STATUS='OLD')
READ(15,*3ND=^0) nvar,xl,x2,eps,hl,hinin,cfnax,delta
READ(15,*,END=20) (ystart(i),i=l,nvar)
imax=int(cinax/delta)+l
do i=l,iinax
call odeuit(ystart,y,iivar,xl,x2,eps,hl,hiniii,nok,nbad,
&
derivs,rlcqs)
C
write(10,11) x2,ystart(l),(y(j)j=l,nvar)
ystait(1)=ystart(1Hdelta
enddo
11 fonnat(19gl4.6)
CLOSE(UNIT=10)
CL0SE(UNIT=15)
20 CONTINUE
END
C
C
C
C
ODEDSnr
C
C
C
C TfflS IS THE RUNGE-KUTTA DRIVER SUBROUTINE
C
C
SUBROUTINE odeint(ystart,y,nvar,x1,x2,eps,h1,hiiiin,nok,nbad,
&
derivs,rkqs)
IMPLICIT none
INTEGER nbad,nok,nvar,KMAXX,MAXSTP,NMAX
DOUBLE PRECISION eps,hl,hmin,xl,x2,TINY
EXTERNAL derivs,rkqs
PARAMETER (MAXSTP=le8,NMAX=50,KMAXX=2000,TINY=1.0e-30)
INTEGER iJ,kmax,kount,nstp,templ,temp2
DOUBLE PRECISION dxsav,h,hdid,hnext,x,xsav,dydx(NMAX),
& y(NMAX),yp(NMAX,KMAXX),yscaI(NMAX),xp(KMAXX),
& ystart(NMAX)
COMMON /path/ kniax,kount,dxsav,xp,yp
x=xl
h=sign(hl,x2-xl)
nok=0
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C
C
C

nbad=0
kount=0
kinax=0
do i=l,nvar
y(i)=ystartCi)
enddo
if(kmax.gt.O) xsav=x-2.0*dxsav
do nstp=l,MAXSTP
call derivs(x,y,dydx,ystait)
do i=l,nvar
yscal(i)=abs(y(i))+abs(h*dydx(i))+TINY
enddo
if(kmax.gt.O)then
ii(abs(x-xsav).gt.abs(dxsav))then
if(kount.lt.kmax-l )then
kount=kount-t-l
xp(kount)=x
do i=l,nvar
yp(i,kount)=y(i)
enddo
xsav=x
endif
endif
endif
if((x+h-x2)*(x+h-xl).gt.0.0) h=x2-x
call rkqs(y,dydx,nvar,x,h,eps,yscal,hdid,hnext,ystart,derivs)
if(hdid.eq.h)then
nok=nok+l
else
nbad=nbad+l
endif
if((x-x2)*(x2-xl ).ge.O.O)then
do i=l,nvar
ystait(i)=y(i)
enddo
if(kniax.ne.O)then
kount=kount+l
xp(kount)=x
do i=l,nvar
yp(i,kount)=y(i)
enddo
endif
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return
endif
temp2=10000
if(temp1.eq.temp2)then
write(10,11) x,ystart(l),(y(i)j=l,nvar)
temp1=0
endif
templ=templ+l
11 fonnat(19gl4.6)
if(abs(hnext).lt.limin)then
C
pause 'stepsize smaller than
write(10,*) 'stepsize smaller than
& minimum in odeint'
endif
h=hnext
enddo
C
pause 'too many steps in odeint'
write(10,*) "too many steps in odeint'
return
END
C
C
C
C
C
C
C
RUNGE-KUTTA STEPPER PROGRAM
C
C
C
C
SUBROUTINE rkqs(y,dydx,n,x,htry,eps,yscal,hdid,hnext,
&
ystart,denv$)
IMPLICIT none
INTEGER n,nmax
DOUBLE PRECISION eps,hdid,hnext,htry,x,dydx(n),y(n),yscal(n)
EXTERNAL derivs
PARAMETER (nmax=50)
C USES derivs and rkck
INTEGER i
DOUBLE PRECISION errmax,h,xnew,yerr(nmax),ytemp(nmax),SAFETY,
& PGROW,PSHRNK,ERRCON,ystart(nmax)
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PARAMETER (SAFETY=0.9dOJ»GROW=M).2dO.
&
PSHRNK=-0.25dO.ERRCON=L89E-4)
h=htiy
1 call rkck(y,dydx,n,x,h,yteinp,yeiT,ystart,derivs)
ernnax=0.0
do i=l,n
enTnax=inax(emnax,abs^err(i)/yscal(i)))
enddo
ermiax=erTinax/eps
if(emnax.gt.1.0)then
h=SAFETY*h»(emnax*»pshrnk)
if(h.lt.0.1*h)then
h=0.1»h
endif
xnew=x+h
i£(xnew.eq.x)then
C
pause 'stepsize underflow in rkqs'
write(10,*) 'stepsize underflow in rkqs'
endif
goto I
else
if(errmax.gt.ERRCON)then
hnext=SAFETY*h*(ermiax**PGROW)
else
hnext=5.0*h
endif
hdid=h
x=x+h
do i=l,n
y(i)=ytemp(i)
enddo
return
endif
END
C
C
C
C
C
RKCK
C
C
C
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C THE rkck SUBROUTINE DIRECTS rkqs TO TAKE A CASH-KARP RUNGE-KUTTA
STEP
C
C
SUBROUTINE rkck(y,dydx,n,x,h,yout,yeiT,ystart,denvs)
IMPLICIT none
INTEGER n,NMAX
DOUBLE PRECISION h,x,dydx(n),y(n),yeiT(n),yout(n)
EXTERNAL derivs
PARAMETER (NMAX=50)
C USES derivs
INTEGER i
DOUBLE PRECISION ak2(NMAX),ak3(NMAX),ak4(NMAX),ak5(NMAX),
& ystart(nmax),ak6(NMAX),ytemp(NMAX),A2,A3,A4,A5,A6,
& B21,B31,B32,B41,B42,B43,B51,B52,B53,B54,B61,
& B62,B63364,B65,C1,C3,C4,C6,DCI,DC3,DC4,DC5,DC6
PARAMETER (A2=0.2,A3=0.3,A4=0.6,A5=L0,A6=0.875,B21=0.2,
B31=3.0/40.0332=9.0/40.0,
&
B41=0.3,B42=-0.9,B43=I .2351=-!1.0/54.0,
&
B52=2.5,B53=-70.0/27.0,B54=35.0/27.0,
&
B61=1631.0/55296.0,862=175.0/512.0,
&
B63=575.0/13824.0,B64=44275.0/110592.0,
&
B65=253.0/4096.0,Cl=37.0/378.0,C3=250.0/621.0,
&
C4=125.0/594.0,C6=512.0/1771.0,
&
DC1=C1-2825.0/27648.0,
&
DC3=C3-18575.0/48384.0,DC4=C4-13525.0/55296.0,
&
DC5=-277.0/14336.0,DC6=C6.0.25)
&

do i=l,n
ytenip(i)=y(i)+B21*h*dydx(i)
enddo
call derivs(x+A2*h,ytemp,ak2,ystart)
do i=l,n
ytemp(i)=y(i)+h*(B31*dydx(i)+B32*ak2(i))
enddo
call derivs(x+A3*h,ytenip,ak3,ystart)
do i=l,n
ytenip(i)=y(i)+h*(B41*dydx(i)+B42*ak2(i)+B43•ak3(i))
enddo
call derivs(x+A4*h,ytemp,ak4,ystart)
do i=l,n
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ytemp(i)=y(i)+h»(B51•dydx(i)+B52*ak2(i)++B53•ak3(i)+
&
B54»ak4(i))
enddo
call derivs(x+A5*h,ytemp,ak5,ystart)
do i=l,n
yteinpCi)=y(i)+h«(B6PdydxCi)+B62»ak2(i)+B63*ak3(i)+
&
B64^ak4(i)+B65*ak5(i))
enddo
call derivs(x+A6*h,ytemp,ak6,ystart)
do i=l,n
yout(i)=y(i)+h*(C1*dydx(i)+C3*ak3(i)+C4*ak4(i)+C6*ak6(i))
enddo
do i=l,n
yerr(i)=h»(DCl»dydx(i)+DC3*ak3(0+DC4»ak4Ci)+DC5*ak5(i)+
&
DC6«ak6(i))
enddo
return
END
C
C
C
C
C
C
DERTVS
C
C
C THE DIFFERENTIAL EQUATIONS ARE CODED IN THIS SUBROUTINE
C
C
subroutine derivs(x,y,dydx,ystart)
implicit none
integer nmax
parameter (nmax=50)
real scaler
double precision x,y(nmax),dydx(nmax),k(37),fr,v,
& honoi,h2oi,hono,no,h2o,no2,hno3,oh,h2o2,no3,
& ho2,rate(59),ystart(nmax),coi,ch4i,o2i,co,ch4,
& o2,ch3,ch3o2,ch3o,ch2o,cho,noi,no2i,o,o3,n2o5,
& h2o2i
data k/1. le-4,300.0,140.0,270.0,160.0,2.0,42.0,
&
740.0,62.0,200.0,65.0,6.0,0.2,25.0,190.0,
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&
&
&
&

150.0,0.048,270.0,140.0,5.6e-4,220.0,67.0,
61.0,0.36,1.2e-l l,0.4,0.21,7.9e-4,460.0,
0.2,0.1 l,3.2e-7,8.4e-7,2.3e-4,4.6e-7,4.1e-6,
4.1e-6/

C fr = flowrate in ml/inin, v = volume of cell in ml
fr=500.0
C convert flowrate to ml/sec
fr=fr/60.0
v=8.025e3
honoi=ystart(l)
noi=ystart(2)
h2oi=ystart(3)
no2i=ystart(4)
h2o2i=ystart(7)
coi=ystart(lO)
ch4i=ystart(l 1)
o2i=ystart(12)
hono=y(I)
no=y(2)
h2o=y(3)
no2=y(4)
hno3=y(5)
oh=y(6)
h2o2=y(7)
no3=y(8)
ho2=y(9)
co=y(10)
ch4=y(ll)
o2=y(12)
ch3=y(13)
ch3o2=y(14)
ch3o=y(15)
ch2o=y(16)
cho=y(17)
o=y(18)
o3=y(19)
n2o5=y(20)

rate(l)=k(l)*hono
rate(2)=k(3)*oh*hono
rate(3)=k(2)*oh*no
rate(4)=honoi*fr/v
rate(5)=hono*fi/v
rate(6)=no*fr/v
rate(7^h2o*fr/v
rate(8)=k(4)*oh»no2
rate(9)=no2*fr/v
rate(10)=hno3•fr/v
rate(l l)=oh*fr/v
rate(12)=h2oi*fr/v
rate(13)=k(5)*oh*^2
rate(14)=h2o2»fr/v
rate(15)=k(6)*hno3»oh
rate(16)=k(7)*oh*h2o2
rate(17)=k(8)*ho2*oh
rate(18)=k(9)»ho2»*2
rate(19)=k(10)*no*ho2
rate(20)=k(l l)*no3*no2
rate(21)=no3*fr/v
rate(22)=ho2*fr/v
rate(23)=k(12)»oh»co
rate(24)=k(13)*oh*ch4
rate(25)=k(14)»ch3»o2
rate(26)=k(15)«ch3o2*no
rate(27)=k(16)«ch3o2^ho2
rate(28)=k(17)»ch3o*o2
rate(29)=k(18)*oh*ch2o
rate(30)=co*fr/v
rate(3 l)=ch4*fr/v
rate(32)=o2*fr/v
rate(33)=ch3*fr/v
rate(34)=ch3o2*fr/v
rate(35)=ch3o*fr/v
rate(36)=ch2o*fr/v
rate(37)=coi*fr/v
rate(38)=ch4i*fr/v
rate(39)=o2i*fr/v
rate(40)=k(19)*cho*o2
rate(41)=cho*fr/v
rate(42)=k(20)*no2
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rate(43)=noi*fr/v
rate(44)=no2i*fr/v
rate(45)=k(21)*o*no2
rate(46)=k(22)*o»no
rate(47^k(23)*o*no2
rate(48)=k(24)«o*o2
rate(49)=k(25)*no*no*o2
rate(50)=k(26)*no»o3
rate(51)=k(27)*o»o3
rate(52)=k(28)*no2»o3
rate(53)=k(29)*no3*no
rate(54)=k(30)*no3•no2
rate(55)=k(3 l)*n2o5
rate(56)=k(32)«n2o5*h2o
rate(57)=o*fr/v
rate(58)=o3*fr/v
rate(59)=n2o5*fr/v
rate(60)=k(33)»no3
rate(61)=k(34)*no3
rate(62)=k(35)»h2o2
rate(63)=k(36)»o3
rate(64)=k(37)»o3
rate(65)=h2o2i*fr/v
C

Change the photolysis rates by a common multiplier
scaler=5.0

C
rate(1)=rate(1)*scaler
rate(42)=rate(42)*scaler
rate(60)=rate(60)*scaler
rate(61)=rate(61)*scaler
rate(62)=rate(62)*scaler
rate(63)=rate(63)*scaler
rate(64)=rate(64)*scaler
dydx(1)=rate(3)-rate(2)-rate(1)+rate(4)-rate(5)
dydx(2)=Tate(l)-rate(3)-rate(6)-rate(19)-rate(26)+rate(42)
&
+rate(43)+rate(45)+rate(54)-rate(46)-2*rate(49)
&
-rate(50)-rate(53)+rate(60)
dydx(3 )=rate(2)-rate(7)+rate(12)+rate(15)+rate( 16)
&
+rate(17>+Tate(24)+rate(29)-ratcK5^
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dydx(4)=rate(2)-rate(8)-rate(9)+rate(19)-rate(20)
+Tate(26)-rate(42)+rat^44>rate(45>+Tate(46)
&
-rate(47)+rate(49)+rate(50)-rate(52)+2*rate(53)
&
+ratc<55)+rate(61)
dydx(5)=rate(8)-rate(10)-rate(l 5)
dydx(6)=rate(l)-rate(3)-rate(2)-rate(8)-rate(ll)-2*rate(13)
&
-rate(15)-rate(16>rate(17)+rate(19)-rate(23)
&
-rate(24)-rate(29)+2*rate(62)
dydx(7>=rate(13)-rate(14)-rate(16)Wate(18)-rate(62)
&
+rate(65)
dydx(8)=rate(15)-rate(20)-rate(21)+rate(47)+rate(52)
&
-rate(53)-rate(54)+rate(55)-rate(60)-rate(61)
dydx(9)=rate(16)-rate(17)-2*rate(18)-rate(19)-rate(22)
&
-rate(27)+rate(28)+rate(40)
dydx(10)=rat^37)-rate(23)-rate(30)+rate(40)
dydx(l l)=rate(38)-rate(24)-rate(31)
dydx(12)=rate(39)-rate(25)-rate(28)+rate(27)
&
+rate(l 7)+rate(l 8)-rate(32)-rate(40)+rate(45)
&
-rate(48)-rate(49)+rate(50)+2*rate(51)+rate(52)
&
+rate(54)+rate(60)+rate(63)+rate(64)
dydx(13)=rate(24)-rate(25)-rate(33)
dydx(l4)=rate(25)-rate(26)-rate(27)-rate(34)
dydx(15)=rate(26)-rate(28)-rate(35)
dydx(16)=rate(28)-rate(29)-rate(36)
dydx(17)=rate(29)-rate(40)-rate(41)
dydx(18)=rate(42)-rate(45)-rate(46)-rate(47)
&
-rate(48)-rate(51)-rate(57^rate(61)+rate(63)
&
+rate(64)
dydx(19)=rate(48)-rate(50)-rate(51)-rate(52)-rate(58)
&
-rate(63)-rate(64)
dydx(20)=rate(20)-rate(55)-rate(56)-rate(59)
return
end
&
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