
Design and Application of Novel

Instrumental Techniques in

Atmospheric Chemistry: From

Gas-Phase Hydroxyl Radical to

Levitated Particles

Citation
Birdsall, Adam William.  2019.  Design and Application of Novel Instrumental Techniques in
Atmospheric Chemistry: From Gas-Phase Hydroxyl Radical to Levitated Particles.  Doctoral
dissertation, Harvard University, Graduate School of Arts & Sciences.

Link
http://nrs.harvard.edu/urn-3:HUL.InstRepos:42029807

Terms of use
This article was downloaded from Harvard University’s DASH repository, and is made
available under the terms and conditions applicable to Other Posted Material (LAA), as set
forth at
https://harvardwiki.atlassian.net/wiki/external/NGY5NDE4ZjgzNTc5NDQzMGIzZWZhMGFlOWI2M2EwYTg

Accessibility
https://accessibility.huit.harvard.edu/digital-accessibility-policy

Share Your Story
The Harvard community has made this article openly available.
Please share how this access benefits you. Submit a story

https://dash.harvard.edu/submit-story?publicationId=e04b7aae-5792-435a-86dd-4810ba71641b


Design and applications of novel instrumental
techniques in atmospheric chemistry: From

gas-phase hydroxyl radical to levitated particles

a dissertation presented
by

Adam W. Birdsall
to

The Department of Chemistry and Chemical Biology

in partial fulfillment of the requirements
for the degree of

Doctor of Philosophy
in the subject of

Chemistry

Harvard University
Cambridge, Massachusetts

May 2019



© 2019 - AdamW. Birdsall
All rights reserved.



Dissertation advisor: Frank N. Keutsch Adam W. Birdsall

Design and applications of novel instrumental techniques in
atmospheric chemistry: From gas-phase hydroxyl radical to levitated
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Abstract

Atmospheric chemistry has significant impacts on both human health and climate, due to

the formation of pollutants such as secondary organic aerosol and ozone. Measurements

alongside numeric model representations of the Earth’s atmosphere can be used to inform

policy decisions aimed at addressing these impacts. However, the complexity and trace

concentrations involved in the chemical composition of the atmosphere represent a

formidable analytical challenge, and progress in atmospheric chemistry often can be held

back by limitations in instrumentation available for use in field or laboratory studies. In this

work, two projects with the goal of enabling improved understanding of atmospheric

chemistry via improvements in analytical instrumentation are described. To better

understand fundamental processes that take place in atmospheric aerosol particles, a new

electrodynamic balance–mass spectrometry (EDB-MS) instrument was built that can

measure the composition of individually levitated droplets with high chemical specificity.

The ability of the EDB-MS to measure vapor pressures was validated by measuring

evaporation rates of a benchmark system of polyethylene glycol oligomers and comparing the

results to literature values. The technique was then applied to the dialdehyde butenedial,

resulting in an improved understanding of the effect of relative humidity and inorganic ions

on butenedial’s gas-particle partitioning behavior. In other work, research was performed to

design a new instrument to measure the hydroxyl radical (OH), which is the most important

gas-phase oxidant in the atmosphere. Both experimental work and numeric models were
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used to help design a new type of instrument that uses a two-photon laser-induced

fluorescence (TP-LIF) technique to measure OH. In contrast with existing single-photon

laser-induced fluorescence (SP-LIF) instruments, TP-LIF holds the promise of operating

without a low-pressure expansion cell, which has been hypothesized to be the source of a

poorly understood interference observed in existing measurements.
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1
Introduction

1.1 Atmospheric aerosol: composition and gas–particle partition-

ing

Atmospheric aerosol, strictly speaking, refers to the entire system of a suspension

of condensed-phase particles within a surrounding bath of gaseous vapors in the atmosphere.

Often, studies of atmospheric aerosol focus on the particulate fraction of the aerosol (“aerosol

particles”) due to their effects on human health and climate. Viewed in terms of their

chemical composition, atmospheric aerosol particles are understood to be extraordinarily

complex, likely consisting of upwards of tens of thousands of distinct chemical compounds,1

varying by environment. An important fraction of atmospheric aerosol particles of the

troposphere are organic compounds,2 which can be either directly emitted into the

1Goldstein and Galbally 2007.
2Jimenez et al. 2009.
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atmosphere in the condensed phase (primary organic aerosol, POA) or formed via

condensation of lower-volatility products derived from oxidation of gas-phase compounds

(secondary organic aerosol, SOA).

One grand challenge in atmospheric chemistry is to obtain a sufficiently complete

understanding of the organic fraction of aerosol particles such that key properties and

processes of aerosol particles can be correctly predicted, across all environments, in both

space and time. To this end, it is crucial to understand the behavior of different types of

organic compounds that can exist in aerosol particles, because different chemical structures

can exhibit vastly different behaviors that are relevant to the impacts of aerosol particles, such

as optical properties (which affects radiative forcing3) or the amount of oxidative stress

induced (which affects human health impacts4). Atmospherically relevant classes of organic

compounds include hydrocarbons; various classes of oxygen-containing compounds, such as

those containing aldehyde, ketone, peroxide, and epoxide groups; compounds incorporating

sulfate; both oxidized and reduced nitrogen-containing compounds; and multifunctional

compounds containing combinations of the previously mentioned functionalities.5

One key process of interest related to atmospheric aerosol is gas–particle partitioning of

chemical components.6 Gas–particle partitioning refers to the extent to which a given

chemical compound exists, at equilibrium, in the gaseous versus condensed phase. A correct

description of the gas–particle partitioning behavior is a necessary condition for having a

correct representation in models of the composition and behavior of aerosol particles.

Partitioning behavior is related to fundamental physical chemical constants describing a given

3Boucher et al. 2013.
4Lin et al. 2016.
5Hallquist et al. 2009; Nozière et al. 2015; Kroll and Seinfeld 2008; Ziemann and Atkinson 2012.
6Pankow 1994a; Pankow 1994b; Bilde et al. 2015.
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compound, such as its vapor pressure, or in the context of a water-rich environment, its

Henry’s law constant. However, the true gas–particle partitioning behavior of a compound

can differ from the expectation based on the pure compound’s vapor pressure or Henry’s law

constant, due to other effects. For example, a compound may establish an equilibrium with a

“reservoir” species in the condensed phase that has a far lower vapor pressure,7 or the

compound may exhibit nonideal interactions with the matrix of the condensed phase aerosol

particle, for instance experiencing “salting-out” or “salting-in” effects.8

In part due to the paucity of high-quality literature data, gas–particle partitioning in

models often uses an approach in which the order of magnitude of the saturation vapor

pressure is estimated based on properties that can be derived from an organic compound’s

chemical formula.9 Despite the utility of such approaches, because chemical structure

strongly influences gas–particle partitioning behavior, laboratory studies of key classes of

compounds can help improve model representations. In particular, studying the behavior of

single levitated particles under controlled laboratory conditions is often a useful approach

because the particles can reproduce many of the coupled physicochemical processes in

atmospheric aerosol over timescales relevant to the multiday lifetime of atmospheric aerosol

particles.10 Example research questions related to gas–particle partitioning and particle

chemical composition are shown in Fig. 1.1.1, using as an example chemical system

butenedial, the dialdehyde studied in Chapter 3. In terms of gas–particle partitioning, these

questions include the role of factors such as relative humidity and concentration of inorganic

salts in the condensed phase, which vary under ambient conditions (Questions 1 and 2 of
7Ervens and Volkamer 2010.
8Ip et al. 2009.
9Donahue et al. 2011.
10Krieger et al. 2012.
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Fig. 1.1.1). Additionally, the chemical composition of a particle can change due to a wide

range of chemical processes (such as the condensed-phase chemistry shown in Question 3 of

Fig. 1.1.1). The improved understanding derived from laboratory experiments can then be

used to better inform model representations of gas–particle partitioning, which in turn

improves our understanding of both the composition and extent of aerosol particles.

1.2 Atmospheric oxidation by the hydroxyl radical

The Earth’s atmosphere is fundamentally an oxidizing environment. This fact underlies many

of the chemical transformations that occur within it. For instance, gaseous sulfur dioxide,

emitted from sources such as coal-fired power plants or volcanic eruptions, becomes oxidized

(largely in aqueous solution) and leads to particle-phase sulfuric acid.11 The ultimate

thermodynamic fate of gas-phase organic compounds, if they remain in the atmosphere, is

oxidation to carbon dioxide.12 Understanding oxidative processes in detail requires

understanding the specific oxidizing compounds that are present. The most important

oxidizing compound is the hydroxyl radical (OH). OH is highly reactive and as such tends to

be present in low concentrations (approximately 106 molecules cm-3) and with short

atmospheric lifetime (commonly less than 1 s).13

The radical chemical cycles in which OH participates in the troposphere contribute both

to tropospheric ozone formation, which is a pollutant, as well as secondary organic aerosol

formation, which as described above has both climate and human health impacts. A simplified
11Hoffmann 1986.
12Guenther 2002.
13Fuchs et al. 2017.
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Figure 1.1.1: Scientific questions related to gas–particle partitioning that can be ad-
dressed using levitated droplet experiments: (1) How does effective vapor pressure of a
compound depend on ambient relative humidity, which affects the water content of an
aerosol particle? (2) What effect can inorganic salts have on effective vapor pressures?
(3) How does chemistry proceed in the bulk condensed phase compared to a particle? The
example chemical system shown here is centered around butenedial, the model dialdehyde
discussed in Chapter 3.
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Figure 1.2.1: Simplified scheme showing radical cycling of OH, RO2 and HO2 in the oxi-
dation of a generic volatile organic compound, R. The net conversion of NO to NO2 leads
to formation of ozone. The oxidation products R=O or ROOH may be of lower volatility
than R and hence contribute to secondary organic aerosol formation.

overview of how OH participates in oxidation of a volatile organic compound (VOC) “R” in

an NO-rich environment is given in Fig. 1.2.1. One source to initiate production of OH is

photolysis of ozone in the presence of water vapor. One termination sink of OH in urban

areas can be reaction with NO2 to form nitric acid. However, the immediate fate of a

significant fraction of OH is to participate in radical cycles with the compounds HO2 and the

class of peroxy radicals, RO2, along with NO and NO2, in which VOCs are oxidized by OH.

The reaction of OH with R results in the formation of a peroxy radical, RO2. In an NO-rich

environment, the dominant fate of the peroxy radical is reaction with NO, while with lower

NO concentrations reaction with HO2 or unimolecular reactions become more important.

6



Across these different pathways, the general trend is formation of a closed-shell, more

oxidized VOC (“oVOC”). The oVOC may have a lower volatility and partition into the

condensed phase, forming secondary organic aerosol. HO2 that can also be generated as a

consequence of the RO2 + NO reaction can then react with NO to regenerate OH, as

represented in simplified form in R1–R3:

OH + VOC −−→ RO2 (R1)

RO2 + NO −−→ HO2 + NO2 + oVOC (R2)

HO2 + NO −−→ OH + NO2 (R3)

The net effect of VOC oxidation in an NO-rich environment is not only to form a more

oxidized VOC but also to lead to the formation of ozone as a consequence of the shift in the

NO/NO2 ratio to favor formation of NO2. When NO is converted to NO2 there is a net

production of ozone as a consequence of R4–R5:

NO2 + hν −−→ NO + O (R4)

O + O2 + M −−→ O3 + M (R5)

As a consequence of the central role of OH in oxidative chemistry, measurements of OH

are highly valuable as a direct constraint on the local oxidative budget of an environment,

7



which can be used to both test and inform models. However, the same properties of OH that

make the radical important to oxidative processes in the atmosphere make it challenging to

measure. Direct measurement of OH requires specialized equipment that has been developed

over decades and has yet to reach a satisfactory end state in which measurements are obtained

that are highly sensitive and robust against possible instrumental artefacts across all ambient

environments. Improvements to the current state-of-the-art in OH measurement are still

possible, and would help the community better understand oxidative chemistry in the

atmosphere.

1.3 Atmosphericchemistry insightsenabledbynewinstrumentation

and associated numerical models

Though the questions of atmospheric aerosol chemistry and tropospheric OH chemistry are

somewhat divergent topics within the field of atmospheric chemistry, open questions in each

topic share an underlying theme. In each case, the frontier of understanding can be pushed

forward by novel instrumentation. The new instrumentation furthermore requires numerical

models that provide a mechanistic representation of the processes undergone within the

instrument, rooted in knowledge of the fundamental physics and chemistry that describe the

principles of the instrumentation. These numeric models can be used to inform the design of

an instrument or experiment, as well as to interpret the meaning of data obtained from the

instrument. In this dissertation I describe work I have performed to develop new

instrumentation and associated numerical models, and in some cases use the results of that

instrumentation to derive new insights about fundamental chemistry with relevance to the

8



atmosphere.

Chapters 2 and 3 describe the development and application of a new instrument to

measure the chemical composition of individual particles in a laboratory setting, using a

newly developed technique called electrodynamic balance–mass spectrometry (EDB-MS).

An electrodynamic balance (EDB) is a device, with heritage reaching back to the Millikan oil

drop experiment,14 that levitates a single charged particle in a surrounding bath gas for a

length of time that can easily extend as long as the multiday lifetime of an atmospheric aerosol

particle. Coupling the technique to mass spectrometry (MS), as was done here, allows the

changing chemical composition of a particle under controlled conditions to be quantified. In

general EDB-MS could be used to study a variety of different processes that lead to changes in

the chemical composition of an aerosol particle (Fig. 1.1.1); here, the focus is on studying

gas–particle partitioning behavior. In particular, by means of fitting a numerical model

describing evaporation to experimental data, effective vapor pressures and Henry’s law

constants are extracted from EDB-MS data sets. First, in Chapter 2, a benchmark system of

polyethylene glycols is used to validate the technique. Second, in Chapter 3, the technique is

used to study the behavior of the dialdehyde butenedial under a number of different

conditions relevant to scientific questions in atmospheric chemistry.

In Chapter 4, the focus turns to the challenge of measuring ambient OH using a new

approach. A powerful technique for measuring OH has been laser-induced fluorescence

(LIF). However, questions have been raised about whether the current paradigm of LIF

instruments, using what can be called a single-photon LIF (SP-LIF) technique, exhibit an

instrumental artifact in some ambient environments that becomes difficult to account for.
14Davis 2001.
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Driven by advances in laser technology, an alternate approach, called two-photon LIF

(TP-LIF), may have value in addressing those concerns. However, a number of design

decisions need to be made before a field instrument can be engineered and built. These

design decisions are best informed by a combined modeling and empirical approach, which is

described in this chapter.

Finally, Chapter 5 summarizes the research reported in this dissertation and looks forward

to future work.
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2
Mass spectrometry of single particles levitated in

an electrodynamic balance: A new platform for

atmospheric chemistry research
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2.1 Abstract

New analytical techniques are needed to improve our understanding of the

intertwined physical and chemical processes that affect the composition of aerosol particles

in the Earth’s atmosphere, such as gas–particle partitioning and homogenous or

heterogeneous chemistry, and their ultimate relation to air quality and climate. We describe a

new laboratory setup that couples an electrodynamic balance (EDB) to a mass spectrometer

(MS). The EDB stores a single laboratory-generated particle in an electric field under

atmospheric conditions for an arbitrarily long length of time. The particle is then transferred

via gas flow to an ionization region that vaporizes and ionizes the analyte molecules before

MS measurement. We demonstrate the feasibility of the technique by tracking evaporation of

polyethylene glycol molecules and finding agreement with a kinetic model. Fitting data to the

kinetic model also allows determination of vapor pressures to within a factor of 2. This

EDB-MS system can be used to study fundamental chemical and physical processes involving

particles that are difficult to isolate and study with other techniques. The results of such

measurements can be used to improve our understanding of atmospheric particles.

2.2 Introduction

Aerosol particles in the Earth’s atmosphere affect both the planet’s climate system and human

health.1 Because of these twin impacts, one long-standing goal of atmospheric research has

been to assemble via experiment a detailed fundamental understanding of the coupled

1Boucher et al. 2013; Lelieveld et al. 2015.

12



chemical–physical processes controlling the prevalence and composition of these particles,

such as gas-particle partitioning,2 homogeneous and heterogeneous chemistry,3 and kinetic

barriers arising from high particle viscosity or phase separation.4

One avenue of research directed toward that goal has been to study the behavior of

individual model aerosol particles under controlled laboratory conditions. Researchers have

studied particles deposited onto a substrate, or alternately, particles levitated by means of a

“trapping” force originating from an electric field, radiation pressure of a laser beam, or

acoustic waves. Levitated droplet experiments are appealing because they mimic aerosol

particles in the ambient environment in certain key ways: the presence of a surrounding bath

gas, an enhanced surface-to-bulk ratio, the absence of physical contact with a substrate, and

the ability to study supersaturated particles. Using electrodynamic or optical forces, multiple

laboratories have analyzed levitated droplets using optical techniques such as Raman

spectroscopy and Mie resonance spectroscopy.5 A number of different properties have been

studied in this way, including vapor pressures,6 hygroscopic growth,7 optical properties,8

liquid-liquid phase separation,9 diffusivities and diffusion coefficients,10 and oxidative

aging.11

Due to the high chemical complexity of aerosol particles in the atmosphere, an analytical

system for levitated particle experiments providing greater chemical specificity than existing

2reviewed in Bilde et al. 2015.
3e.g., George et al. 2015; Herrmann et al. 2015; Kroll et al. 2015.
4e.g., Bastelberger et al. 2017; Shiraiwa et al. 2013.
5earlier work reviewed in Krieger et al. 2012.
6Krieger et al. 2018; Cotterell et al. 2014; Cai et al. 2015; Huisman et al. 2013.
7Rovelli et al. 2016; Cotterell et al. 2014; Cai et al. 2015.
8Mason et al. 2015.
9Stewart et al. 2015.
10Bastelberger et al. 2017; Lienhard et al. 2014.
11Dennis-Smither et al. 2014.
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optical methods is desired. Mass spectrometry can help fill that need. One laboratory has

used a newly-developed branched quadrupole trap (BQT) design, which suspends particles

with diameters on the order of microns or 10s of microns within an electric field, to obtain

mass spectra of analyte droplets ejected from the BQT using a paper spray ionization

source.12 Among other features, the BQT design lends itself to study of condensed-phase

reactions, triggered by the coalescence of two droplets of differing composition with

sub-millisecond mixing times. Additionally, in a different laboratory a quadrupole ion trap

mass spectrometer was modified to levitate individual micron-sized droplets, followed by

reducing the trap pressure over 20 minutes to ~0.1 Pa, ablating the particle with a pulsed laser

(532 nm), and collecting a mass spectrum using the same ion trap.13 Previous work has also

reported measuring mass spectra of aqueous droplets suspended in acoustic traps.14 The

aqueous droplets suspended in acoustic traps tend to have a diameter on the order of a

millimeter, much larger than the micron or submicron diameter of atmospheric aerosol

particles. “Online” monitoring of the droplet’s composition while the droplet is in the trap

has been achieved with these systems, though in some cases the droplet needs to make

contact with a physical support while ionization is occurring, due to the disruptive impact of

the ionization source on the trapping potential. Another line of research has measured the

“offline” mass spectra of levitated micron-sized particles after deposition onto a substrate,

using laser desorption ionization techniques.15

Other online mass spectral measurements of single aerosol particles, albeit not of levitated

particles, have been performed with single particle mass spectrometers (SPMS). The

12Jacobs et al. 2017.
13Yang et al. 1995.
14Crawford et al. 2016; Stindt et al. 2013; Warschat et al. 2015; Westphall et al. 2008.
15Bogan and Agnes 2002; Haddrell and Agnes 2004; Haddrell et al. 2005.
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instruments size micron or submicron aerosol particles based on the terminal velocity after

acceleration, and then collect mass spectra on a single-particle basis, with ionization typically

achieved via laser desorption.16 Generally the amount of fragmentation induced by the laser

desorption ionization makes identification of single organic analyte ions difficult, but

instruments such as the Single Particle Laser Ablation Time-of-Flight mass spectrometer

(SPLAT) have used a two-step laser desorption technique to generate mass spectra with a

small enough degree of fragmentation, and enough reproducibility, such that organic analyte

molecules can be identified.17 Such an instrument has been used to study, in laboratory

chamber experiments lasting on the timescale of hours, processes such as evaporation

kinetics and the interactions between primary and secondary organic aerosol.18

Here we describe a newly-developed system that couples an electrodynamic balance

(EDB), which levitates aerosol particles for an arbitrarily long amount of time, with mass

spectral analysis of the entire particle. We operate with particles of diameter approximately

10–30 μm for reliable acquisition of quantifiable mass spectra, though the EDB can levitate

particles of smaller diameter. In contrast with the acoustic trap–mass spectroscopy

experiments, but similarly to the BQT, our system spatially separates the particle levitation

chamber from the mass spectral analysis, meaning the measurement of a single particle

destroys that particle, and corresponds to a single residence time in the EDB. The chemical

trajectory of how a particle of a given composition transforms is traced out by collecting a

series of mass spectra for a set of particles with identical starting composition but varying

residence time in the EDB before transfer to the mass spectrometer. As a set of
16reviewed in Pratt and Prather 2011.
17Zelenyuk et al. 2009.
18Vaden et al. 2010; Vaden et al. 2011.
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proof-of-concept experiments, we have analyzed particles containing mixtures of short-chain

polyethylene glycol (PEG) molecules. In this paper we demonstrate the ability of the coupled

electrodynamic balance–mass spectrometer (EDB–MS) system to measure and quantify on a

relative basis the constituent molecules of a multicomponent aerosol particle. The

evaporation rates of PEG molecules are shown to agree with a kinetic model of particle

evaporation, using literature vapor pressures, as well as constrain vapor pressures to within a

factor of 2 by fitting the model to collected data. We then discuss possible improvements to

the experimental system as well as future experiments with this system that leverage the

ability of the EDB to trap particles indefinitely to study chemical transformations of aerosol

particles over their multiday atmospheric lifetime. For instance, with this system it should be

possible to study evaporation in complex nonideal mixtures, and aerosol aging that is not

sped up by operating at high reactant concentrations.

2.3 Experimental

2.3.1 Design of system

Figure 2.3.1 provides a schematic of the system. The electrodynamic balance (EDB) was

previously designed and built at ETH Zurich and has been described elsewhere.19 In brief,

the EDB follows a “double-ring” design in which the electric field trapping the particle

originates from a pair of rings acting as high-voltage AC electrodes and two center-drilled

endcaps maintaining a DC potential.20 The particle originates from a droplet-on-demand

generator based on a commercial inkjet printer cartridge (Hewlett–Packard 51633M) and is

19Colberg 2001.
20Davis et al. 1990.
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then charged inductively by passing through a charged coil. While held in the EDB, the

particle is illuminated by a small diode-pumped, solid state laser producing 532 nm light

(Lasermate GMA-532-5A9P2) and imaged with a compact CCD camera ( JAI CV-A50).

The transfer and ionization source assemblies were newly designed and built at Harvard.

The transfer assembly was constructed of aluminum and stainless steel and kept entirely

electrically grounded. Within an outer tube that supports the EDB atop the ionization source,

the transfer tube (1/4” OD, length ~14 cm) extends at its top to directly below the lower

(grounded) DC endcap of the EDB. A funnel attached to the top of the transfer tube helps

reduce turbulence by adapting the inner diameter of the endcap to that of the transfer tube.

The transfer tube terminates at its bottom within the ionization source, directly above the

vaporization platform.

The ionization source assembly was designed to mount in front of the inlet region of a

commercial time-of-flight mass spectrometer ( JEOL AccuTOF). The curved face of the

assembly’s cylindrical housing includes an entrance hole for the transfer tube at the top, two

side ports for a 1/2” viewing window and camera, two threaded 1/4” ports to control how

much the MS inlet draws in lab air compared to gas from the EDB, and a bottom port that can

be used for mounting the vaporization platform or a laser. The flat front face of the housing,

opposite the MS inlet, contains a Teflon disc with an adjustable mount for a 0.30 mm

diameter needle used to generate the ionizing corona discharge (typical current through MS

orifice plate ~200-300 nA).

The vaporization platform is built around a disk-shaped ceramic positive temperature

coefficient (PTC) resistor (TDK B59060) whose temperature self-regulates to 220 °C when a

12 V potential is applied. The resistor is sandwiched between two copper foil electrodes,

17



Figure 2.3.1: Schematic of experimental setup. A ~140 pL droplet is ejected from the
inkjet cartridge, charged, and trapped in the electrodynamic balance (EDB). Once the
droplet is ready to be destructively analyzed by the mass spectrometer, it is transferred
out of the EDB, down the transfer tube, and to the ionization source. In the ioniza-
tion source, the droplet strikes the heated vaporized platform (220 °C) and the result-
ing analyte vapors are drawn toward the mass spectrometer (MS) inlet. The corona dis-
charge from a high-voltage needle ionizes the analyte molecules (positive mode) before
the molecules enter the MS. The transfer tube terminates ~4 mm above the vaporization
platform. The tip of the corona discharge needle is ~2 cm in front of the MS inlet skim-
mer cone.
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which in turn are surrounded by two circular glass cover slips (12 mm diameter, 0.14 mm

thickness). The stack of materials is secured to a polyether ether ketone (PEEK) base with

screws. Upon exiting the transfer tube, the particle strikes the heated top cover slip and

vaporizes. The vapors are drawn immediately into the MS inlet, after first undergoing

gas-phase ionization via interaction with the corona discharge.

Electronic control of the EDB system and ionization source was managed via a custom

dataflow program (Keysight VEE).The AC voltage for the EDB ring electrodes was generated

from a function generator signal (Stanford Research Systems), amplified through a high

voltage amplifier (Matsusada). Control, data acquisition, and data analysis from the mass

spectrometer were performed using a commercial software suite ( JEOL MassCenter).

Relative humidity (RH) and temperature were measured using a combined sensor (Sensirion

SHT21) installed in the flow directly upstream of the EDB.

2.3.2 Sizing of levitated particles using the “spring point” method

Immediately after particle introduction into the EDB, “spring point” measurements were

made to determine initial diameter.21 The spring point method is based on the equations

describing the stability regions of the EDB. These equations can be shown to relate two

parameters that describe the field strength and the drag on the particle at the transition

between stable and unstable trapping of a particle—the “spring point”. The parameters are

related to measured DC amplitude, AC amplitude and frequency, particle diameter, and the
21Davis 2001.
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“geometrical constant” of the EDB via Eq. 2.1 and Eq. 2.2:

β × b =
2gVac

ω2Vdc
(2.1)

α =
36μ
ρd2

pω
(2.2)

where β is the field strength parameter; b is the geometrical constant for the specific EDB;

α is the drag parameter; g is the gravitational constant (taken as 9.80665 m s-2); Vac and Vdc

are the amplitudes of the AC and DC components, respectively, on the ring electrodes and

endcaps; ω is the angular frequency of the AC component; ρ is the particle’s density; dp is the

particle’s diameter; and μ is the viscosity of the surrounding gas (taken as 1.846 × 10-5 kg m-1

s-1).

To relate α and β × b at the spring point, single solid polymethyl methacrylate (PMMA)

spheres of known 18 μm diameter (Microbeads AS) were injected into the EDB. The spring

point of each sphere was measured for a number of different AC amplitude–frequency

combinations, with a total of 22 spring point measurements over 4 different PMMA spheres.

We ruled out the possibility of doublets or larger aggregates by observation of the droplet

behavior by eye. Agglomerates show distinct scattering intensity fluctuations because of

Brownian rotational motion in the EDB, which are easily detected by observing the image of

the particle. Additionally, if the spring point had been measured using an aggregate with mass

twice that of a single sphere or greater, the value would have been clearly anomalous and

discarded. From each spring point measurement, α and β × bwere calculated using Eq. 2.1

and Eq. 2.2, and the data were fit empirically to a second-order polynomial function. This
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polynomial function was used to convert β × b for each PEG particle, calculated via Eq. 2.1,

to α, which in turn was used to calculate a particle diameter via Eq. 2.2.

We found this method of determining particle diameters to provide values consistent with

an alternate calculation method, in which α and β are related using the stability curves

tabulated in Davis et al. (1990), and b for this EDB is taken to be 2.8× 10-3 (determined by

optimizing the evaporation model fit to data for tetraethylene glycol (PEG-4) evaporation in

the polyethylene glycol, average molecular weight 200 (PEG-200), evaporation experiment

described below).

2.3.3 Sample preparation

Solutions were prepared using commercially available polyethylene glycol, average molecular

weight 200 (PEG-200, TCI), and monodisperse triethylene glycol (PEG-3), tetraethylene

glycol (PEG-4), pentaethylene glycol (PEG-5), and hexaethylene glycol (PEG-6) (99%

except PEG-3 97%, Sigma Aldrich). Reliable operation of the inkjet cartridge droplet

generator, which requires a liquid with suitable viscosity and surface tension, required all PEG

solutions to be dissolved in deionized water. Best performance was found when the PEG was

diluted to a weight fraction between 0.20 and 0.30, which optimized the trade-off between

consistent droplet generation (sufficiently high concentration of water) and production of

larger particles that were easier to transfer to the ionization assembly (sufficiently high

concentration of PEG). Once mixed, samples were pipetted into the well of the inkjet

cartridge for particle injection. Because of the dry environment of the EDB in these

experiments (<5% RH), effectively all of the water was assumed to evaporate out of the

particles after injection on the timescale of seconds, leaving behind a PEG particle with an
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starting mass proportional to the PEG weight fraction of the prepared solution. Running the

evaporation model (described below) with a mole fraction of water of 0.0522 confirmed that

the presence of water under these dry conditions was predicted to have a negligible effect on

the evaporation rate, and hence could be safely disregarded.

2.3.4 Operation of system

A droplet (initial injection volume ~140 pL) was injected from an inkjet cartridge into the

electrodynamic balance. The droplet was negatively charged by passing through a coil held at

+300 Vdc. The electric field in the electrodynamic balance was created from a superposition of

an AC field (Vpp = 5 kV, f = 100 Hz) and a DC field (Vdc = +10 to +20 V).

For particles that were sized, the following procedure was completed within the first two

minutes after the droplet was injected into the trap to determine the droplet’s spring point:

The DC amplitude was adjusted until the droplet was vertically centered in the EDB. The AC

frequency was decreased and the AC amplitude was increased (up to 6 kV) until the particle

was just at the cusp of no longer being stably trapped. Then, at a fixed AC frequency, the AC

amplitude was slowly increased in 0.01 kV increments until the droplet was observed by eye

to no longer be stably trapped in the center of the trapping potential (i.e., when it started

tracing a vertically stretched path). The AC adjustment procedure was repeated at a second

pair of lower AC frequency and amplitude values when possible. Each trio of DC amplitude,

AC frequency, and AC amplitude values allowed for the size of the droplet at that moment to

be calculated (Sect. 2.2). The average of the two calculated diameters using the two sets of

AC measurements was taken to be the starting diameter of the particle.

22corresponding to ~5% RH, Ninni et al. 1999.
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Some particles were then immediately ejected from the EDB to the vaporization and

ionization region (see ejection procedure below), and hence resided in the EDB for 3 to 5

minutes before mass spectral analysis. Other particles resided in the EDB for longer amounts

of time before ejection. For these particles, after the sizing procedure was complete, a 80 sccm

purge flow of nitrogen (Airgas, industrial grade) was introduced from the top of the EDB. The

DC trapping voltage was increased to approximately 50 V to keep the droplet near the center

of the EDB with this flow. The purge flow remained at this level until droplet ejection.

The droplet ejection procedure started with increasing the nitrogen flow and the DC

trapping voltage in tandem so that the droplet’s vertical position in the EDB remained

constant as the flow increased. It was found that with the current experimental geometry,

droplet transfer was most reliable with a nitrogen flow of approximately 200 to 250 sccm and

a counterbalancing DC voltage of approximately 200 to 350 V, depending on the droplet mass

and charge. Once the flow and voltage were increased, the quarter-inch threaded ports on the

ionization region were fully or partially closed (by means of adjustable valves) so that the

nitrogen flow into the EDB matched that of the flow entering the mass spectrometer inlet via

the transfer tube. The correct extent to close the valves was determined by centering the

droplet’s horizontal alignment. A centrally aligned droplet was taken to mean the flow out of

the bottom of the EDB to the ionization region matched the flow from the top of the EDB.

(Horizontal displacement of the droplet was taken as a sign of gas flowing through the EDB’s

side droplet injection port, due to a mismatch between the nitrogen flow into the top of the

EDB and out of the bottom.) Once the flow was set appropriately the DC voltage was

switched to 0 V, and the droplet was pulled with the nitrogen flow out of the EDB, down the

transfer tube, and onto the vaporization platform in the ionization region.
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2.3.5 Quantification

The particle mass spectra were quantified for each mass channel of interest, working at unit

m/z mass resolution, using the MS software’s “chromatogram” viewer. The height of the peak

above the surrounding background, in time, was taken to be the signal strength. The software

peak-finding algorithm was used to define the peak height and background, with correct peak

identification confirmed by eye. Figure 2.3.2 presents a sample time trace of selected ion

signals arising from ejection and ionization of a 20 μm diameter PEG-200 particle.

To account for particle-to-particle variability in MS signal, peaks were normalized to the

PEG-6 parent ion signal at 283 m/z. PEG-6 was chosen as an internal standard due to its

minimal evaporation over the timescale of these experiments and presence in appreciable

amounts. To obtain molar ratios (relative to PEG-6) that can be compared to a model, the

normalized peak intensities were then corrected for the molar sensitivity of the specific PEG

molecule compared to PEG-6, as determined by measurements of binary droplets of known

composition of PEG-6 mixed with PEG-3, PEG-4, or PEG-5 (Table 2.6.1).

Mass spectra were also collected for particles consisting of pure PEG-3 through PEG-6 to

assess the extent of fragmentation and check for mass coincidence problems. Negligible mass

coincidence was found for the parent ion peaks used here, and all molecules were found to

have a majority of their signal at the parent ion, with the exception of PEG-3, which had three

roughly equal peaks: the parent ion and two fragment ions (Table 2.6.2).
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Figure 2.3.2: Sample mass spectrometer selected ion time series used to quantify the
droplet’s molecular components, with 1 Hz sampling. Here the time series corresponding
to the mass spectrum of Fig. 2.4.1, of a single PEG-200 droplet with diameter 20 m, is
shown. The signal intensity in each mass channel is recorded as the peak height above
surrounding background, using a peak-detection algorithm checked by eye for correctness.
The relative abundance of each PEG molecule is then obtained after correcting for the
empirically-determined relative signal response of each PEG molecule (Table 2.6.1).
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2.3.6 Evaporation model

A kinetic model was developed to describe the evaporation of a single PEG droplet levitated

in the EDB 23. The model is initialized with a distribution of PEG components and a particle

diameter. The particle is assumed to be an ideal mixture in equilibrium at every instant with

the gas phase at the surface, as in Eq. 2.3:

csi = Xi
Pvapi
kT

(2.3)

where csi the gas-phase surface concentration of species i, Xi is the particle-phase mole

fraction of species i, Pvapi is the pure component vapor pressure of species i at temperature T

inside the EDB, and k is the Boltzmann constant.

The evaporation of species i is then assumed to proceed viaMaxwellian flux,24 as in Eq. 2.4:

dni
dt

= 4πrDgi(c∞i − csi) (2.4)

where r is the particle radius,Dgi is the gas-phase diffusion constant of species i, and c∞i is

the gas-phase concentration of species i at infinite distance from the particle surface (here

always taken to be zero). This description of evaporation is strictly true for conditions with no

gas flow, whereas we operate with a small nitrogen purge flow (80 sccm) to prevent buildup of

PEG vapor within the EDB. However, we conclude our combination of EDB geometry and

flow rate leads to a negligible increase in the evaporation rate.25

Parameters used to describe PEG molecules in model calculations are taken from Krieger

23Available at https://github.com/awbirdsall/pyvap.
24Seinfeld and Pandis 2006.
25Zhang and Davis 1987.
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et al. (2018) and described in Table 2.6.3. The model was implemented in Python using the

SciPy package’s implementation of the LSODA ordinary differential equation solver.

For each experimental data set, the model was run twice as bracketing cases to reflect the

uncertainty in literature vapor pressures, as well as particle-to-particle variability in initial

diameter and EDB temperature. The slow-evaporation-limit model run used the lowest

measured temperature (298.0 K), the largest measured starting particle radius of the particles

for a given experiment, and the lower bounds of the literature vapor pressure values (reported

as 95% confidence intervals in Krieger et al. (2018)), with the exception of the PEG-6

internal standard, whose vapor pressure was taken as the upper bound of the literature

confidence interval. Conversely, the fast-evaporation-limit model run used the highest

measured temperature (299.5 K), the smallest measured particle radius, and the upper

bounds of the literature vapor pressure confidence intervals, except for the lower bound of

PEG-6’s vapor pressure. The starting particle radius was typically between 9 and 11 micron,

with variability on the order of 10%. The most important contributors to the model output

ranges were the uncertainties in vapor pressure and variations in starting radii.

The model’s performance was checked by comparison to an experiment performed with a

PEG-4 + PEG-6 particle of known starting composition trapped in a similar EDB at ETH

Zurich, equipped with a spectrometer that continuously sized the particle via scattering

measurements.26 The measured change in radius over multiple days was consistent with the

model-derived radius (Fig. 2.6.2).

26as in Zardini et al. 2006.
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2.4 Results and discussion

2.4.1 Representative mass spectrum

Using the EDB-MS system, we obtained the mass spectrum of single particles that were

trapped inside the EDB and then transmitted to the ionization source for vaporization and

ionization. A sample mass spectrum of a PEG-200 particle (Fig. 2.4.1) shows that the signal

from droplets with diameters on the order of 20 μm can be easily detected.

2.4.2 Model-measure comparison

The measurement and model were compared for droplets of three different compositions:

two binary mixtures and one more complex mixture.

2.4.2.1 Binary particles

Evaporation of both PEG-3 and PEG-4 were tracked in binary mixtures in which the second

component was PEG-6, as an internal standard, with an initial molar ratio of approximately

unity. The evaporation time extended to 60 minutes for the PEG-3 binary mixture and 170

minutes for the PEG-4 binary mixture. The spectra of 40 PEG-3 + PEG-6 droplets were

collected in total. After filtering out particles with too small of a PEG-6 signal for reliable

normalization (defined as less than 1000 counts s-1, 20 particles) a total of 20 PEG-3 + PEG-6

particles remained for analysis. For the PEG-4 + PEG-6 particles, the spectra of 15 particles

were collected and all 15 had sufficient PEG-6 signal for quantification. Sizing information

was only collected for 2 of the PEG-4 + PEG-6 particles and the bracketing model runs were
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Figure 2.4.1: Sample mass spectrum of a droplet consisting of polyethylene glycol, aver-
age molar mass 200 g mol-1 (PEG-200), droplet diameter 20 m. The droplet was trapped
in the electrodynamic balance and then transferred to the ionization source for analysis,
as in Fig. 2.3.1. The peaks at 151, …, 327 m/z, with regular 44 m/z spacing, correspond
to MH for M = triethylene glycol (PEG-3) through heptaethylene glycol (PEG-7). Peaks
at 45, 89, 133, and 175 m/z (marked with *) arise in part from PEG fragmentation, con-
firmed with mass spectral analysis of single-component PEG droplets. All other peaks
originate from the mass spectrum background, which reflects air drawn into the MS from
both the laboratory and the EDB-MS assembly.
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Figure 2.4.2: Evaporation of polyethylene glycol (PEG) droplets of binary composition,
with starting molar ratio approximately 1:1. Initial droplet compositions are (a) triethylene
glycol (PEG-3) and PEG-6; (b) tetraethylene glycol (PEG-4) and PEG-6. All values are
molar ratios, scaled to in-droplet hexaethylene glycol (PEG-6) abundance as an internal
standard. Experimental observations are binned by time (10 and 20 minute intervals for
PEG-3 and PEG-4, respectively) and the mean value is plotted as a point. When multiple
data are available within a single bin, a 95% confidence interval is estimated via a boot-
strap analysis and plotted. Outputs from kinetic models of PEG evaporation are plotted
as shaded regions. The regions are bounded by limiting cases reflecting the variability in
the EDB air temperature and the droplet starting diameters, and the uncertainty in litera-
ture vavpor pressures (upper curve: lowest temperature, largest droplet, and lowest vapor
pressure; lower curve: highest temperature, smallest droplet, and highest vapor pressure).

necessarily defined by the two measured diameters. In each case, individual observations

were binned into appropriate time intervals (10 and 20 minutes for PEG-3 and PEG-4,

respectively). Due to the scatter in the data, the values in each bin were averaged and when

multiple values were present in a bin, a bootstrap analysis was performed to estimate the

uncertainty in the averaged value. The results are compared to the predictions of the

evaporation model in Fig. 2.4.2. The model was initialized with the known composition of

the prepared binary mixtures.

After averaging over multiple droplets within each time bin the measured evaporation is
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consistent with the model rates for both PEG-3 and PEG-4, within considered uncertainties.

As an alternate approximate check of the reasonableness of the relative measured evaporation

rates that does not rely on the correctness of the model implementation, the approximate

evaporation timescales for PEG-3 and PEG-4 can be compared. Presuming all other

conditions are held constant (starting radius, temperature, etc.) and temporarily neglecting

the minor deviation from first-order decay due to the changing particle radius, the ratio of

evaporation half-lives for PEG-3 and PEG-4 should equal the ratio of their vapor pressures,

inverted. As shown in Fig. 2.4.2, the half-life for PEG-3 evaporation is about four times

shorter than for PEG-4 (15 min versus 60 min), which is consistent with the PEG-3 vapor

pressure being approximately four times larger than PEG-4 near 298 K (Table 2.6.3).

2.4.2.2 PEG-200 particles

Similar to the binary mixtures, the evaporation of PEG-200 particle components was also

tracked. Following the same filtering procedure as for the binary particles, spectra were

collected for 90 particles, and after filtering out particles with insufficient PEG-6 signal (63

particles), 27 particles remained for analysis. The same binning, averaging and boostrapped

uncertainty procedure was performed as for the binary particles (with 10, 20, 400 and 400

minute bins for PEG-3, PEG-4, PEG-5 and PEG-7, respectively). The major components of

the stock solution used to prepare these particles consisted of PEG-3 through PEG-7; the

model-measurement comparison for each molecule, using PEG-6 as an internal standard, is

given in Fig. 2.4.3. Here, because the starting composition of the purchased PEG-200 mixture

was not available, the model was initialized with the average PEG composition given by the

measurements of particles that were immediately ejected from the EDB. Again, the measured
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Figure 2.4.3: Evaporation of PEG-200 droplets of mixed composition, as in Fig. 2.4.2.
Here, observations are binned in 10, 20, 50, and 50 min intervals for PEG-3, PEG-4, PEG-
5, and PEG-7, respectively. The same data set is used for tracking the evaporation of all
PEG molecules; plots are split across two figures ((a): PEG-3 and PEG-4; (b): PEG-5 and
PEG-7) due to the significantly differing evaporation timescales.

change in composition with time is largely consistent with modelled evaporation. The slight

increase in PEG-7 over the longest model timescales is due to the faster evaporation of PEG-6

compared to PEG-7.

2.4.3 Extracting vapor pressures from model fit

The above analysis uses a model to check the appropriateness of the observed evaporation

rates. However, one future utility of such an experimental systemmay be calculating the vapor

pressure (or activity) of a compound for which the value is not known. Thus, we also assessed

how well we can constrain the vapor pressures of compounds by optimizing the model fit to

the experimental measurements. For both the PEG-3 + PEG-6 and PEG-4 + PEG-6 binary

mixtures, we iteratively ran the model with the PEG-3 or PEG-4 reference vapor pressure (at

298.15 K) as the free variable (assuming PEG-6 to represent a reference compound with
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well-constrained vapor pressure). We performed the analysis twice for each mixture, fixing

the temperature and initial diameter to each of the bracketing cases described above. We

calculated the root-mean-squared deviation (RMSD) of the binned data points from the

model output at the bin’s midpoint time, and searched for convergence to a minimum RMSD.

In each case, we found model convergence to the binned data. The extracted vapor pressures

of PEG-3 and PEG-4 averaged over the two bounding temperature/diameter cases (48±12

mPa for PEG-3 and 14.6±2.2 mPa for PEG-4) are consistent with the literature vapor

pressures (66.8+11.0
−9.5 and 16.9+1.1

−1.0 mPa for PEG-3 and PEG-4, respectively), when their

respective uncertainties are considered. The results demonstrate that the current data set

allows calculating vapor pressures with uncertainty within a factor of 2. Because vapor

pressure values derived from different experimental techniques can vary by orders of

magnitude, even the precision obtained in this proof-of-concept measurement can represent

a helpful constraint for compounds less well-studied than PEG.27 The variability in the

starting diameter and temperature are the dominant sources of uncertainty in this model fit,

so the precision of extracted vapor pressures is expected to improve with better constraints on

the particle-to-particle variability in EDB temperature and starting diameter.

2.4.4 Accounting for particle-to-particle signal variability

We have shown the experimental results to be consistent with expectations reflected in a

kinetic model, and further, that meaningful vapor pressure values can be extracted if the

values are assumed to be unknown. However, it can also be seen from Fig. 2.4.2 and Fig. 2.4.3

that there is considerable particle-to-particle variability in the signal for replicates collected

27Bilde et al. 2015.
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after the same EDB residence time. Additionally, this variability appears to differ between

evaporation data sets: the PEG-4 + PEG-6 binary particle data appears much more tightly

clustered than the PEG-3 + PEG-6 data set, for instance, meaning averaging over fewer points

is required. This variability highlights the importance of averaging over multiple particles to

obtain a quantitative picture of the change in droplet composition. We investigated possible

sources of this variability in order to understand possible sources of improvement for future

iterations of this system.

Because this variability is observed for particles for which little evaporation has occurred it

seems unlikely that variability in the rate of evaporation is the cause. Instead, the variability

more likely originates from vaporization, ionization, or the mass spectral measurement itself.

We investigated a number of possible factors contributing to the variability in signal.

Within the size range of particles analyzed during the evaporation experiments, variability in

the particle diameter (approx. ±10%), measured with the spring-point method, did not

correlate to particle-to-particle variability in apparent evaporation rates, or to

particle-to-particle variability in absolute signal. For two populations of PEG-200 particles

with masses varying by a factor of approximately 2.5, higher variability in raw signal was

observed for the smaller particles. In this data set the decreased particle-to-particle variability

in normalized signal can also be readily observed (Fig. 2.6.1). From these analyses we

conclude that though the particle-to-particle variability in raw signal may be affected by

significant differences in particle mass, the variability in the normalized evaporation data was

not explained by the variability in measured starting particle diameter. We compared the

variability in signal for particles that were trapped in the EDB to particles that were allowed to

travel directly to the ionization region, either by passing through the EDB without first being
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charged, or by ejection out of the droplet generator positioned directly above the top of the

transfer tube. Comparing the two sets of measurements on a solution-by-solution basis, we

did not find that the particles first trapped in the EDB systematically demonstrated a larger

variability in signal. This implies the trapping process is not a dominant source of variability

in the signal.

Because there was particle-to-particle variability in the total amount of particle-derived

signal measured by the MS, we looked for a correlation between normalized signal variability

and the total raw counts, both for particles trapped in the EDB and immediately ejected, and

for particles that were never trapped. Our data set was too sparse to make statistically

rigorous conclusions, but it did not appear as if there was a consistent relationship for all

studied solutions between total raw counts and the normalized signal variability, once we

filtered out data with raw PEG-6 peak intensities judged too low (<1000 counts s-1) to allow

for accurate peak height determination.

We also considered the possibility that the 1 s MS sampling time used for these

experiments could be undersampling the pulse of a signal from the vaporized particle, which

could lead to added signal variability. To check this, we compared the variability in

normalized peak signals of PEG-200 particles when the MS sampling interval was 1 s or 0.1 s.

In each case, the PEG-200 particles were injected into the EDB and then immediately

transferred to the ionization region, without trapping. We found no difference in the

variability in the normalized PEG-3 through PEG-7 signals between the 1 s and 0.1 s

sampling data.

Another factor to consider is the possibility of variability in the vaporization process. The

quantification procedure presumes the vaporization of analyte molecules is virtually
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instantaneous, for every particle measured. If the vaporization process were not

instantaneous for certain lower-volatility analyte molecules, this would manifest itself as the

signal intensity being spread out over a longer time interval, with diminished peak intensity.

The peak signals for most particles showed a consistent sharp peak shape on all analyte signal

channels. In a small number of cases, it was observed that heavier molecular weight (i.e.,

lower volatility) PEG showed an anomalously broad distribution of signal in time, with a

smaller peak intensity, whereas lighter molecular weight PEG showed the normal sharp peak.

These cases were ascribed to irregular vaporization, perhaps due to misalignment of the

particle transfer, and discarded from further analysis. Had these data not been discarded, they

would have contributed extremely large “normalized signals” for lighter molecular weight

PEG, since the PEG-6 peak intensities were weakened due to broadening. If irregular

vaporization contributed to the variability in normalized signal observed in Fig. 2.4.2 or

Fig. 2.4.3, it would have needed to have arisen from cases in which the broadening of the

lower volatility signals was too subtle to be screened out by eye.

From these checks, we observed what appeared to be an inherent variability of

approximately ±20–30% in the normalized peak intensities, regardless of the raw signal

strength, initial particle diameter, the MS sampling rate, or whether or not the particle was

held in the EDB prior to transfer to the ionization region. The origin of the apparent

somewhat greater variability for some data, such as the first time bin for the PEG-3 + PEG-6

binary particles, has not been determined. Future work is needed to determine whether such

variability persists in future studies with refinements to the experimental design.

An additional limiting factor for this experiment, beyond the signal variability and

consequent need for averaging, was the difficulty of transfer from the EDB to the vaporization
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region for some particles. It was found that the transfer protocol described above worked

with near-100% success for transferring particles that were ejected from the EDB relatively

quickly after their initial formation. However, the transfer success rate for some particles was

found to become appreciably lower when residence times in the EDB extended to hours or

days. We hypothesize this is a result of the smaller remaining particle mass after a significant

portion of the particle’s starting material has evaporated: the less massive particle is then

more buffeted by any turbulence it encounters during the transfer step and is less likely to

strike the vaporization platform. Future experiments with this system would be aided by an

improved transfer design in which lighter particles also reach the ionization source with

near-100% efficiency, or an experimental design in which the final droplet mass is not much

smaller than the initial.

2.5 Conclusions

In this work, we describe a new electrodynamic balance–mass spectrometer system that is

capable of suspending a single particle of known starting composition within a bath gas of

controlled composition for an arbitrarily long amount of time, and then measuring the

particle’s composition via mass spectrometry after transfer to an ionization source. We

demonstrate the ability of the EDB-MS system to assemble a series of snapshots tracking how

a particle’s chemical composition changes with time, here with a model system of

polyethylene glycol components whose composition changes due to evaporation. Because

evaporation of polyethylene glycols has been carefully studied, we are able to validate our

experimental results by means of a comparison to a simple kinetic model of evaporation.

For single-component aerosol particles, existing EDB-based techniques to measure vapor
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pressure by continuously monitoring the change in diameter currently offer more precision,

due to the high accuracy with which the diameter can be measured compared to the larger

variability in mass spectrum-derived peak ratios. However, since the mass-to-charge ratio of

the quantified mass spectral peak provides information about the chemical identity of the

compound whose evaporation is tracked, the EDB-MS approach is less vulnerable than a

diameter-tracking method to measuring incorrect evaporation rates due to the presence of

impurities. Furthermore, the EDB-MS approach can be applied to a wider range of systems

with greater chemical complexity due to the inherently multichannel detection technique, as

demonstrated by the PEG-200 evaporation experiment. Additional systems that may lend

themselves to study by the EDB-MS are discussed below.

Further improvements to the experimental set-up are possible, beyond the prototype

design used for this experiment. The EDB can be altered to improve the gas-flow control and

measurement, and make possible monitoring particle sizing by means of light scattering.28

The design of the particle transfer from the EDB can be improved to increase the transfer

efficiency for the smallest-diameter particles, which are most sensitive to turbulence in gas

flow. Implementing an alternate ionization scheme could remove the limitation of only

detecting molecules that are sufficiently volatile to vaporize quickly upon impact on the 220

°C platform. Modification of the ionization scheme may also be necessary to obtain sufficient

signal when working with smaller particles or analyte compounds present in smaller

quantities. One approach may be to vaporize the particle not with a heated platform, but with

an infrared laser, possibly followed by a separate gas-phase ion source.29 Alternately, an

electrospray-type scheme may be used, such as delivering the particle onto a paper spray

28e.g., as in Zardini et al. 2006.
29as in Warschat et al. 2015; Westphall et al. 2008; or Zelenyuk et al. 2009.
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source,30 ionizing via an interaction between the particle and a spray of ions,31 or by

producing a spray directly from the particle when dropped onto a charged needle tip.32

2.5.1 Future experiments

We envision future experiments using this EDB-MS system to study linked chemical and

physical transformations of particles, particularly with relevance to atmospheric aerosol

particles. The strength of this system lies in its ability to couple the strengths of trapped single

particle experiments—in which a single particle transforms over a timescale of minutes,

hours, or days, with careful control of both condensed- and gas-phase compositions—with

the chemical specificity of mass spectrometric analysis. These strengths make the EDB-MS a

complimentary technique to existing experimental and modeling approaches.

Even using laboratory-generated aerosol particles with diameters on the order of 10 μm,

results from future lab studies can be used to improve our understanding of submicron

atmospheric aerosol particles. Physical and chemical constants, such as reaction rate

constants and diffusion coefficients, are equally applicable to both laboratory and smaller

atmospheric particles. The effect of other size-dependent factors, such as changing

surface-to-volume ratio, radius-dependent mixing timescale of a viscous particle, or the

Kelvin effect on growth of small nanoparticles, can be accounted for by calculation if the

appropriate parameters are known. Trapping a submicron particle within the EDB-MS would

require further development. One approach may be to transfer particles to the ionization

region using a linear quadrupole geometry; this geometry has been used by other research

30as in Jacobs et al. 2017.
31e.g., as in Doezema et al. 2012; Gallimore and Kalberer 2013; or Horan et al. 2012.
32as in Tracey et al. 2014.
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groups.33 Detection limitations for the mass spectrometer would also need to be assessed.

One class of future experiments is to measure evaporation rates. By fitting to a model,

evaporation data can be used to determine vapor pressures of compounds when the levitated

particle represents an ideal mixture, as was demonstrated in the current work. In addition,

particles can be prepared for which evaporation is not expected to proceed as for an ideal

mixture. For instance, the compound being studied may be expected to have an activity

coefficient in the particle mixture deviating significantly from unity, or evaporation might be

kinetically limited due to physical properties (slow diffusion or phase separation). If the

vapor pressure of the compound under study is known, the observed evaporation rate can be

compared quantitatively to a model representation of that nonideality. The use of a mass

spectrometer as the analytical technique in these cases means the presence of all

MS-detectable components of the particle can be tracked with time, providing a more

detailed data set than an equivalent experiment measuring particle diameter alone.

Beyond measurements of evaporation in ideally and nonideally mixed particles, the

EDB-MS can be used to track chemical reactions in particles. A condensed phase mixture

that itself is reactive can be prepared and injected as a particle, or the composition of the bath

gas be changed to induce changes in the particle’s composition. One example would be to

change the RH of the gas, which can change the water activity in the particle and

consequently affect condensed-phase chemistry by either serving as a plasticizer to help

speed diffusion in a kinetically “frozen” particle, or affecting equilibrium of a chemical

reaction in which water directly plays a role, such as hydrolysis. A second example would be

to add an oxidant such as ozone or the hydroxyl radical (OH) to the gas, which can cause

33Jacobs et al. 2017; Duft et al. 2015; Sivaprakasam et al. 2017.
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organic molecules in the particle to undergo rounds of oxidative “aging”.

In all of these examples, the EDB-MS is well-suited to studying chemical transformations

over “long” timescales of hours or days, which are of interest because of their relevance to the

atmospheric lifetime of aerosol particles. One approach in laboratory studies of aerosol

chemistry has been to speed up the reaction of interest by increasing the concentration of a

reactive species, for example, ozone or OH, compared to typical atmospheric concentrations.

The technique presumes the chemical changes an aerosol particle undergoes over multiple

days can be accurately compressed to a shorter timescale by working at higher

concentrations. However, it may be the case that working at higher concentrations masks

other processes that are important on a longer timescale, but do not speed up under the

selected concentration conditions. Unimolecular reactions are an example of a class of such

processes. Working with the EDB-MS would provide an opportunity to check whether the

results from high concentration experiments can in fact be extrapolated to slower,

lower-concentration conditions in the atmosphere.

This system therefore represents a valuable analytical tool for better understanding

fundamental physicochemical processes of aerosol particles, whose value in part lies in

providing improved model representations of these processes, enabling a better

understanding of the role of aerosol particles in human health and climate.
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2.6 Additional information

2.6.1 Mass spectrometry signal characterization

The subsection provides data on PEG mass spectral relative sensitivities (Table 2.6.1) and

fragmentation patterns (Table 2.6.2).

Table 2.6.1: Relative sensitivity of the EDB-MS system to PEG-3 through PEG-6, nor-
malized to PEG-6. The relative sensitivity is defined as value by which the molar ratio of
a particle’s composition (PEG-X/PEG-6, X = 3, 4, or 5) is multiplied to obtain the ra-
tio of peak intensities measured by the MS. The values were obtained by averaging the
measured peak ratios of binary particles, consisting of PEG-6 and one of PEG-3, PEG-4
or PEG-5, that were injected into the EDB, trapped momentarily, and then immediately
transferred to the ionization region for measurement. The relative sensitivity of PEG-7
was not measured and was assumed to equal 1.

PEG-3 (m/z 151) PEG-4 (m/z 195) PEG-5 (m/z 239) PEG-6 (m/z 283)

Rel. sens. 0.33 0.72 0.94 1.00
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Table 2.6.2: Fragmentation patterns of individual PEG molecules. Peak intensities are
normalized to the MH signal for each molecule. For each molecule, intensities are the
mean (with 1- standard deviation) of 10 background-subtracted spectra of particles that
are injected into the EDB and immediately travel to the ionization source, without being
trapped in the EDB for any amount of time. Only m/z values with intensity of at least
5% of the parent ion for at least one PEG molecule are listed.

m/z 45 87 89 133 151 175 195 239 283

PEG-3 89±5 13±1 100±5 12±1 100 - - - -

PEG-4 17±1 2±3 28±2 17±1 1±1 6±2 100 - -

PEG-5 7±1 - 12±0 12±0 1±2 - - 100

PEG-6 5±2 - 7±0 7±0 - 8±1 - - 100

The role of normalization and particle size on particle-to-particle mass spectrum signal

variability was analyzed (Fig. 2.6.1). Mass spectra for a set of PEG-200 particles were

considered: those for particles “immediately” ejected from the EDB after trapping (defined as

within 6 minutes of introduction), and with spectra over the signal threshold (defined as at

least 1000 counts in the m/z 283, PEG-6 channel). The particles were generated from two

different solutions of PEG-200 in water: 10% and 25% by weight. After fast water

evaporation, the weight fraction can be taken as proportional to the starting trapped particle

mass. (A full set of spring-point diameter measurements are unavailable.) The

particle-to-particle raw signal variability (Fig. 2.6.1, top) was less for droplets from the 25 wt.

% mixture, but the normalized signal variability (Fig. 2.6.1, bottom) was similar for droplets

from the two mixtures. In both cases, the variability in the normalized signal is smaller than

the variability in the raw signal.
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Figure 2.6.1: Analysis of the role of normalization and particle size on particle-to-particle
mass spectrum signal variability, comparing particles generated from solutions of 10 and
25 wt. % PEG-200. Top: particle-to-particle raw signal variability. Bottom: particle-to-
particle normalized signal variability. Box-and-whisker plots are shown for each tracked
m/z (corresponding to PEG-3 through PEG-7), with outliers defined as observations more
than 1.5 times the interquartile range beyond the low and high quartiles. Individual obser-
vations are overlaid as points (distributed horizontally for clarity).
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2.6.2 Kinetic model of particle evaporation: parameters and validation

The subsection provides a table of parameters for PEG used in the kinetic evaporation model

(Table 2.6.3) and a figure illustrating a check of the performance of that model (Fig. 2.6.2). A

droplet generated from a solution of known PEG-4 and PEG-6 composition, along with

water, was injected into an electrodynamic balance (different from the one used during the

EDB-MS experiments). The droplet’s radius was monitored continuously while levitated in

the EDB by fitting the scattering spectrum of incident light.34 The kinetic model of

evaporation was initialized with the source solution’s molar ratio of PEG-4 and PEG-6. The

modeled radius, derived from the modeled molecular composition as evaporation takes place,

is compared to the experimentally determined radius. Because it took several minutes for the

conditions in the EDB to stabilize following injection, the model was initialized not with the

experimentally measured starting radius but with a starting radius such that the model radius

agreed with the experimentally measured radius at the final time (approx. 75.9 hours). Once

equilibrated, the ambient relative humidity (i.e., water activity) in the EDB was measured to

be 12%. A fixed water activity of 0.12 was estimated to correspond to a mole fraction of water

of 0.18 in the particle, from a previous experimental study of water–PEG-200 mixtures,35 and

this fixed mole fraction of water was included in the model in addition to the PEG-4 and

PEG-6. The model was run with the mean experimentally measured temperature in the EDB,

291.06 K.

34Zardini et al. 2006.
35Ninni et al. 1999.
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Figure 2.6.2: Comparison of measured PEG-4 + PEG-6 particle radius from ETH evapo-
ration experiment and model, used to check model performance.
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Table 2.6.3: Properties of PEG molecules used in the particle evaporation model: Dg is
gas-phase diffusivity at 298 K and 1 atm, M is molar mass, ρ is density at 298 K, Pvap
is saturation vapor pressure at a reference temperature of 298.15 K, ΔHvap is enthalpy
of vaporization. The model disregards the temperature dependence of any value, with
the exception of vapor pressures being calculated from Pvap and ΔHvap using the Clausius-
Clayperon equation. Values are taken from Krieger et al. (2018), in which vapor pressure
measurements represent consensus values from a study by multiple research groups using
different setups for detecting vapor pressures over a large temperature range.

Dg / 10-6 m2 s-1 M / g mol-1 ρ / g cm-1 Pvap / Pa

ΔHvap / kJ

mol-1

PEG-3 5.95 150.2 1.108 6.68+1.10
−0.95×10−2 78.3±0.7

PEG-4 5.20 194.2 1.132 1.69+0.11
−0.10 × 10−2 77.1±0.4

PEG-5 4.66 238.4 1.155 5.29+0.75
−0.65× 10−4 90.6±1.1

PEG-6 4.26 282.3 1.180 3.05+0.59
−0.49× 10−5 102.1±1.5

PEG-7 3.94 326.4 1.206 1.29+0.48
−0.35 × 10−6 113.7±2.7
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3
Single-particle experimentsmeasuring humidity

and inorganic salt effects on gas–particle

partitioning of butenedial

3.1 Abstract

An improved understanding of the fate and properties of atmospheric aerosol

particles requires a detailed process-level understanding of fundamental factors influencing

This chapter is in review as A. W. Birdsall et al. (2019). “Single-particle experiments measuring humidity
and inorganic salt effects on gas-particle partitioning of butenedial”. Atmospheric Chemistry and Physics Discus-
sions. doi: 10.5194/acp-2019-423. This material is based upon work supported by NSF grant CHE 1808084,
the National Science Foundation Graduate Research Fellowship under grant numbers DGE 1144152 and DGE
1745303, and theHarvardUniversity Faculty of Arts and SciencesDean’s Competitive Fund for Promising Schol-
arship. The authors thank Ulrich Krieger for useful discussions.
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the aerosol, including partitioning of aerosol components between the gas and particle

phases. Laboratory experiments with levitated particles provide a way to study fundamental

aerosol processes over timescales relevant to the multiday lifetime of atmospheric aerosol

particles, in a controlled environment in which various characteristics relevant to

atmospheric aerosol can be prepared (e.g., high surface-to-volume ratio, highly concentrated

or supersaturated solutions, changes to relative humidity). In this study, the four-carbon

unsaturated compound butenedial, a dialdehyde produced by oxidation of aromatic

compounds that undergoes hydration in the presence of water, was used as a model organic

aerosol component to investigate different factors affecting gas–particle partitioning,

including the role of lower-volatility “reservoir” species such as hydrates, time scales involved

in equilibration between higher- and lower-volatility forms, and the effect of inorganic salts.

The experimental approach was to use a laboratory system coupling particle levitation in an

electrodynamic balance (EDB) with particle composition measurement via mass

spectrometry (MS). In particular, by fitting measured evaporation rates to a kinetic model,

the effective vapor pressure was determined for butenedial and compared under different

experimental conditions, including as a function of ambient relative humidity and presence of

high concentrations of inorganic salts. Even under dry (RH<5%) conditions, the evaporation

rate of butenedial is orders of magnitude lower than what would be expected if butenedial

existed purely as a dialdehyde in the particle, implying an equilibrium strongly favoring

hydrated forms and the strong preference of certain dialdehyde compounds to remain in a

hydrated form even under lower water content conditions. Butenedial exhibits a salting-out

effect in the presence of sodium chloride and sodium sulfate, in contrast to glyoxal. The

outcomes of these experiments are also helpful in guiding the design of future EDB-MS
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experiments.

3.2 Introduction

Atmospheric aerosol particles contribute significantly to health and climate effects.1 In order

to understand and predict the extent and composition of aerosol particles across all

environments, models of atmospheric aerosol require well-constrained experimentally

derived parameters describing aerosol behavior over their entire multiday lifetime in the

atmosphere.

One key process is gas–particle partitioning, meaning a quantitative measure of what

fraction of a given atmospheric chemical species exists in the gas compared to the particle

phase under a given set of atmospheric conditions. For example, accurate understanding of

gas–particle partitioning is necessary to understand to what extent a given compound

contributes to aerosol particle loading in a particular environment. Despite seemingly being a

straightforward question to answer, reconciling observations of gas–particle partitioning with

scientists’ best understanding of the involved compounds remains an area of active research.2

The vapor pressure of a compound is an important parameter affecting its gas–particle

partitioning behavior, but is not necessarily sufficient to completely describe the partitioning.

Strictly speaking, a vapor pressure describes the equilibrium between pure condensed- and

gas-phase forms of a particular compound. However in the complex matrix of atmospheric

aerosol particles, a compound can instead be thought of as exhibiting an “effective vapor

pressure”, Pvap,eff, meaning the vapor pressure apparently demonstrated by the compound

1Cohen et al. 2017; Boucher et al. 2013.
2Bilde et al. 2015.
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when at equilibrium in a system consisting of a gas phase and single condensed phase, if the

role of effects beyond Raoult’s Law (i.e., a mole fraction dependence) were ignored. Similarly,

while the Henry’s law constant, KH, is used to describe gas–particle partitioning of a

compound in a dilute aqueous solution, the behavior of a compound in atmospheric aerosol

can be described using an “effective Henry’s law constant”, KH,eff.

Researchers have used global-scale chemical transport models to investigate the effect of

representation of KH,eff on modeled secondary organic aerosol (SOA) concentrations. In

particular, KH,eff has been used as a parameter describing the loss of gas-phase oxidized

semivolatile organic compounds (SVOC) via wet deposition, as a pathway competing with

SOA formation. In these modeling studies, one approach has been to use a single uniform

KH,eff of 103 to 105 M atm-1 for SVOC for which KH,eff is otherwise unknown.3 An alternate

approach has been to obtain a model-derived parameterized dependence of KH,eff on

volatility that distinguishes between anthropogenic and biogenic precursors.4 Overall,

calculated secondary organic aerosol loadings have been shown to depend on the

representation of KH,eff,5 underlining the importance of an improved fundamental

understanding of how KH,eff depends on the chemical behavior of a compound within the

complex matrix of atmospheric aerosol particles.

To this end, this research article focuses on two possible effects on Pvap,eff and KH,eff:

formation of condensed phase “reservoir” species and nonideality in the condensed phase

due to interactions with inorganic ions (Fig. 3.2.1).

First, the compound may experience a second equilibrium in the condensed phase with a
3e.g., Pye and Seinfeld 2010.
4Hodzic et al. 2014.
5Knote et al. 2015; Hodzic et al. 2016.
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Figure 3.2.1: Schematic illustrating the meaning of effective vapor pressure, Pvap,eff, and
effective Henry’s law constant, KH,eff. A compound partitioning between the gas and
particle phase (here, butenedial, BD) can exist in the gas phase (BDgas). In the parti-
cle phase the compound can exist in its standard form (BDpart) but also in fast equilib-
rium with a “reservoir” species via reversible chemical equilibrium (here, hydrated butene-
dial, BD-hydpart). The reservoir species also can partition to the gas phase (BD-hydgas),
but with a lower vapor pressure. The formal vapor pressure and Henry’s law constant of
butenedial are related to the equilbrium between BDgas and BDpart alone. In contrast,
Pvap,eff and KH,eff are related to the equilibrium between the gas phase and the combined
particle-phase abundance of both BD and reservoir species BD-hyd. Additionally, Pvap,eff
and KH,eff can be modulated by the presence of inorganic ions in the particle phase, shown
here as generic cations X+ and generic anions Y-, which may have a salting-in or salting-
out effect.
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“reservoir” species with a lower vapor pressure. This reservoir species may be formed by

chemical reactions such as hydration or oligomerization. If a large proportion of the

compound exists in the form of the reservoir species, the result would be a lower Pvap,eff or

higher KH,eff, whose value can depend on both the gas–particle partitioning equilibrium as

well as on the equilibrium with the reservoir species.6 The prototypical molecule for this

process is the two-carbon dialdehyde glyoxal, which is known to exist largely in hydrated

form in the presence of condensed-phase water, leading to a large KH,eff.7 The process here of

reversible formation of a reservoir species is in contrast to the nonreversible formation of a

product that takes place in the process of reactive uptake, for example by the isoprene

epoxydiols.8

A second effect could be if nonideal mixing, within a single phase, between the compound

of interest and other aerosol components causes the activity coefficient of the compound, γ,

to differ strongly from unity. Here Pvap,eff or KH,eff differs from the value in a corresponding

ideal mixture by a factor of γ. When the nonideality is due to interactions with inorganic

compounds, which can be highly concentrated in ambient aerosol particles, the effect is called

a “salting-in” (γ<1) or “salting-out” (γ>1) interaction, depending on whether the interaction

favors or disfavors, respectively, the presence of the compound in the phase in question. The

effect of salting in or salting out on chemical systems with atmospheric relevance has been

assessed with both experimental and theoretical approaches.9

The gas–particle partitioning behavior of a given compound will depend on its chemical

properties. In the present work we have studied the four-carbon unsaturated dialdehyde
6Ervens and Volkamer 2010.
7Ip et al. 2009.
8Lin et al. 2012.
9Toivola et al. 2017; Waxman et al. 2015; Wang et al. 2014; Yu et al. 2011.
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Figure 3.2.2: Butenedial (left) in equilibrium with its singly (center) and doubly (right)
hydrated forms. The cis isomers of butenedial and its hydrates are shown here but no
assumptions are made about the geometric isomer studied in this work.

butenedial. Butenedial has been observed in the atmosphere and can be produced as a

first-generation oxidation product of aromatic compound precursors.10 Furthermore we are

interested in butenedial in terms of what its behavior reveals about the behavior of aldehydic

compounds present in the atmosphere. One characteristic of butenedial is that the aldehyde

functional groups are expected to readily hydrate under aqueous conditions, such as in an

aqueous aerosol phase whose water content is governed by the relative humidity (RH) of the

surrounding gas phase (Fig. 3.2.2). The properties of butenedial, such as Pvap,eff or KH,eff, are

expected to vary greatly depending on whether butenedial primarily exists in a hydrated or

non-hydrated form, as has been observed for glyoxal. Another dicarbonyl compound, the

three-carbon compound methylglyoxal, has also received appreciable study,11 though one

notable structural difference is it contains one aldehydic group and one ketone. Unlike for

glyoxal and methylglyoxal, Pvap,eff or KH,eff for butenedial previously has not been measured

experimentally, to the best of our knowledge. Measurement of the gas–particle partitioning of

butenedial provides further insight into the behavior of dicarbonyl compounds larger than

glyoxal and methylglyoxal.

One approach to address these questions is via laboratory experiments studying individual

10Dumdei and O’Brien 1984; Shepson et al. 1984; Birdsall and Elrod 2011.
11e.g., Curry et al. 2018.
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particles levitated in a chamber surrounded by a bath gas. The advantages of this approach

include the ability to isolate and quantify individual processes of interest under controlled

conditions. An additional strength of levitated particle experiments is the ability to create a

system that exhibits certain key characteristics of atmospheric aerosol: a relatively high

surface-area-to-volume ratio enabling investigation of the interaction between bulk and

multiphase processes, a condensed phase that can achieve highly concentrated or

supersaturated conditions that are often present in atmospheric aerosol particles, and the

ability to levitate particles over time scales consistent with their multiday atmospheric

lifetimes so that “slow” processes can be studied. Furthermore, the ability to flow a pure bath

gas continually through the levitation chamber simplifies the system compared to analogous

experiments performed in an environmental chamber, removing the need for continual

gas-phase measurements and reducing the set of multiphase processes that need to be

accounted for, such as the effects of a more complex gas-phase matrix. The observations made

in levitated particle experiments can, with care, be extrapolated to ambient atmospheric

conditions, for example, by accounting for the difference in size (and hence

surface-area-to-volume ratio) between laboratory and atmospheric particles.

Previous work in our laboratory has developed a technique termed electrodynamic

balance–mass spectrometry (EDB-MS) to levitate individual charged droplets with diameter

on the order of 10 μm in an electrodynamic balance (EDB) and then measure the droplet’s

composition with mass spectrometry (MS).12 Other groups have developed methods to

measure vapor pressures of organic compounds using highly precise particle diameter

measurements using optical sizing techniques.13 One difference between MS and optical

12Birdsall et al. 2018.
13Krieger et al. 2012.
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sizing approaches is with MS, vapor pressures of individual chemical components can be

readily extracted in a multicomponent system. In this research article, we report experiments

in which we used our EDB-MS instrumentation to measure Pvap,eff of butenedial under

different experimental conditions, by measuring butenedial’s evaporation rate and fitting the

data to a kinetic model in which Pvap,eff is the free parameter. KH,eff can also be calculated

based on a calculated particle water content, using measured relative humidity and a

thermodynamic model. First we measured Pvap,eff of butenedial in purely organic aerosol

particles under two relative humidity conditions. We then measured Pvap,eff of butenedial in

mixed organic/inorganic aerosol particles, containing either sodium chloride or sodium

sulfate under humid conditions. The results demonstrate the possible role of different factors

on the effective vapor pressures and Henry’s law constants of organic aerosol components, as

well as help inform future EDB-MS experiments.

3.3 Experimental

3.3.1 Butenedial synthesis

Butenedial was synthesized in our laboratory following literature procedure.14 In brief, 2.4 M

2,5-dihydro-2,5-dimethoxyfuran (DMDF, TCI America, 98%) was hydrolyzed at 25° C over

~10 d in aqueous solution containing acetic acid (VWR, 99.7%) diluted to 3.4M in deionized

water. Reaction progress was monitored via NMR. Rotary evaporation was used to remove

acetic acid, residual DMDF, and excess water. The mass fraction of the rotovapped solution

determined to be butenedial was quantified via quantitative addition of diethylmalonic acid
14Avenati and Vogel 1982.
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Figure 3.3.1: NMR spectrum of synthesized butenedial in deuterated water solvent. In-
cludes peaks associated with hydrated butenedial (hyd. BD), diethylmalonic acid (DMA),
used as an internal standard (int. std.), and solvent (HDO).

(Sigma Aldrich, 98%) as an internal standard, and found to be 0.75±0.02, with the lack of

major unidentified peaks in the spectrum implying the balance of the composition to consist

of water. No further purification was deemed necessary based on the collected product NMR

spectrum (Fig. 3.3.1).

3.3.2 Droplet levitation and measurement

Microdroplets were generated, levitated, and measured via mass spectrometry using the same

electrodynamic balance–mass spectrometry (EDB-MS) apparatus as previously described.15

In brief, a droplet-on-demand particle generator injects a ~140 pL droplet from an aqueous

15Birdsall et al. 2018.
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solution into the EDB levitation chamber, through a charged coil that gives the droplet

charge. A combination of AC and DC electrodes, in a “dual-ring” geometry, establishes an

electric field that confines the charged droplet in the center of the levitation chamber. The

water content from the aqueous solution rapidly equilibrates with the relative humidity of the

levitation chamber (~1 s). A single droplet is allowed to reside in the center of the levitation

chamber for a defined period of time while a purge flow of dry or humidified nitrogen gas

flows through the levitation chamber (95 standard cubic centimeters per minute, sccm),

maintaining a fixed relative humidity (RH) in the levitation chamber and preventing the

accumulation of gases evaporating from the droplet. At the end of the residence time in the

droplet levitation chamber, the gas flow and electric field are manipulated to eject the droplet

out of the bottom of the levitation chamber, through a straight length of 1/4” (outer

diameter) stainless steel tubing to the ionization region. In the ionization region, which like

the levitation chamber is at ambient pressure, the droplet impacts a glass slide mounted on a

heated plate (220° C) and the resulting vapors are ionized via a corona discharge emanating

from a charged needle and drawn into the inlet of a commercial time-of-flight mass

spectrometer, operated at unit mass resolution (JEOL AccuTOF). A sample mass spectrum

of a single particle containing butenedial, hexaethylene glycol (PEG-6, an internal standard)

and sodium chloride is shown in Fig. 3.3.2.

Mass spectra were collected using commercial software ( JEOL MassCenter), resulting in a

brief (few second) signal “pulse” above the background on m/z channels corresponding to

components of the vaporized droplet (Fig. 3.3.3). As previously, the intensity at each m/z

channel was quantified as the height of the pulse above the background. The peak height

calculation was automated using an algorithm that detected the peak at each mass channel of
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Figure 3.3.2: Sample mass spectrum of droplet trapped in EDB and measured with MS,
using the BD + PEG-6 + NaCl (XNaCl = 0.140) experimental solution. Both the raw and
background-subtracted spectra are shown. Butenedial is observed at its parent ion of 85
m/z. PEG-6 is observed at its parent ion of 283 m/z, along with at known fragment m/z
labeled with *.
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interest and subtracted an average background value from before the peak onset, and was

checked by eye for correctness.

One change from the previously described setup was to sample the mass spectrometer at a

faster rate of 3 Hz, compared to previous sampling at 1 Hz. Eachmass spectrum had sufficient

signal, with better temporal sampling of the droplet signal peak. With the current set of

experiments, we observed less particle-to-particle variability in the normalized analyte signal

compared to previously.16 This could potentially be explained by our previous technique

undersampling the peak shape.

As previously described,17 droplet sizes were characterized after initial trapping and before

the ejection procedure using a spring point technique, which relies on a quantitative

relationship of the visible onset of droplet instability (the “spring point”) in the EDB with the

voltage conditions and the droplet diameter.18 The droplet diameters determined for this

study used the same calibration data using 18 μm diameter polymethylmethacrylate

(PMMA) spheres as previously. The absolute accuracy of this technique is estimated at 20%.

3.3.3 Experimental systems

We used two types of experiments to probe the effect of relative humidity (RH) and

inorganic content on evaporation rate of butenedial and on extracted values of Pvap,eff and

KH,eff. The experimental solutions used in the current study are reported in Table 3.3.1.

Overall two types of experiments were performed.

16Birdsall et al. 2018.
17Birdsall et al. 2018.
18Davis 1985.
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Figure 3.3.3: Sample extracted ion time series from measurement of a single droplet,
whose mass spectrum is shown in Fig. 3.3.2. The peak intensities in the 85 and 283 m/z
mass channels above the surrounding background are used to quantify the abundance of
butenedial and PEG-6 in the droplet, respectively.
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Table 3.3.1: Parameters describing the experimental conditions used in each experiment type. These parameters and
associated uncertainties were used as model inputs. Relative molar quantities of butenedial, PEG-6 and the inorganic
salts were determined via the mass composition of the prepared precursor solution. The overall mole fraction of water
was calculated from the experimental relative humidity (75±5% for the humid experiments and 2.5±2.5% for the dry ex-
periments) and the solution composition via the thermodynamic model AIOMFAC (see body text). Radius measurements
were obtained via a spring point technique (see body text). Provided uncertainties are 1 values and incorporated into
the model calculations as explained in the main text. *Radius distribution imputed from dry BD + PEG-6, adjusted by
factor of 1.12 to account for presence of water. **Radius distribution imputed from NaCl (#1) experiment.

composition RH XBD XPEG−6 XNaCl XNa2SO4 XH2O r (μm) T (K) N

BD + PEG-6 <5% 0.457 ±

0.013

0.518 0 0 0.025 ±

0.013

12.9 ±

1.5

300.10 ±

0.75

19

BD + PEG-6 75 ±

5%

0.0960 ±

0.0028

0.109 0 0 0.795 ±

0.013

14.4 ±

1.7*

300.10 ±

0.75

9

BD + PEG-6 +

NaCl (#1)

75 ±

5%

0.0976 ±

0.0026

0.0514 0.071 0 0.780 ±

0.020

13.8 ±

2.1**

300.10 ±

0.75

16

BD + PEG-6 +

NaCl (#2)

75 ±

5%

0.0255 ±

0.0007

0.0145 0.140 0 0.820 ±

0.015

13.8 ±

2.1**

300.10 ±

0.75

17

BD + PEG-6 +

Na2SO4

75 ±

5%

0.0621 ±

0.0027

0.0528 0 0.105 0.795 ±

0.018

13.8 ±

2.1**

300.10 ±

0.75

8
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One type of experiment was designed to investigate the effect of RH on the evaporation

rate (and hence Pvap,eff) of butenedial. These experiments used droplets from a solution

containing a mixture of butenedial and hexaethylene glycol (PEG-6, i.e., the polyethylene

glycol hexamer, 99%, Sigma Aldrich), the latter of which served as an internal standard.

Droplets were exposed to two different RH levels: “dry” experiments for which the bath gas

was dry nitrogen gas with RH in the EDB measured to be <5%, and “humid” experiments for

which the bath gas was humidified nitrogen gas created by flowing nitrogen gas through a

water bubbler with RH in the EDB measured to be 75 ± 5%.

A second type of experiment was designed to probe the effect of the presence of inorganic

species on Pvap,eff of butenedial. As for the RH experiments, droplets contained butenedial

along with PEG-6 acting as an internal standard. Additionally the droplets contained one of

two inorganic compounds, either sodium chloride (NaCl) or sodium sulfate (Na2SO4). Two

NaCl solutions were studied with XNaCl of 0.071 and 0.140; one Na2SO4 solution was studied

with XNa2SO4 of 0.105. These experiments were performed with a humidified levitation

chamber at RH 75 ± 5%.

Separate trials in a similarly designed EDB equipped with additional spectroscopic

instrumentation (described in Sect. 3.2 of Krieger et al. (2018)) were performed to confirm

the particles remained deliquesced at our experimental humidity for the inorganic particles.

The observed two-dimensional angular optical scattering pattern remained visible at the

experimental humidity, implying a spherical deliquesced particle.19 No change in fringe

pattern was observed when drying a particle containing butenedial and PEG-6 without an

inorganic salt, meaning that no phase separation or efflorescence occurred in the salt-free

19Braun and Krieger 2001.
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system. In contrast, when dry nitrogen was introduced as the bath gas for salt-containing

particles, the fringe pattern was observed to change, indicating that efflorescence had

occurred due to the presence of the inorganic salt.

3.3.3.1 PEG-6 as internal standard

We deemed PEG-6 to be an appropriate internal standard and major condensed-phase

component for these experiments for a number of reasons. PEG-6 was used as an internal

standard to account for droplet-to-droplet variability in total amount of signal measured with

the mass spectrometer because it shows a clear peak at 283 m/z in the mass spectrum (MH+)

and its vapor pressure is low enough for its evaporation to be negligible over the timescale of

the experiments. We also used PEG-6 as an internal standard in a previous set of

experiments.20 Based on those previous results, the viscosity of a PEG-6 matrix is sufficiently

low to expect no condensed-phase diffusion effects limiting the evaporation rate of

butenedial.

We also verified our observations were not affected by reactive chemistry between PEG-6

and butenedial. Because butenedial contains aldehyde groups and PEG-6 contains alcohol

groups, conceivably a hemiacetal could be formed by their reaction, which would lower

Pvap,eff of butenedial. We repeated the humid evaporation measurements with diethylmalonic

acid as the internal standard rather than PEG-6, for which no chemical reaction with

butenedial is expected. We observed no difference in evaporation rate, within experimental

uncertainty, of butenedial between the PEG-6 and diethylmalonic acid data, implying the

presence of PEG-6 did not measurably influence the evaporation rate. Furthermore, we
20Birdsall et al. 2018.
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observed no peaks in the mass spectrum at m/z ratios consistent with a PEG-6–butenedial

hemiacetal. Recent work has shown that a model hemiacetal oligomer was detected intact via

mass spectrometry when quickly (millisecond timescale) vaporized from impact onto a

heated rod at ~160 °C,21 which suggests under our similar analytical conditions we would

also expect to observe the intact hemiacetal, if present. Nor did we observe a peak in a 2D

NMR heteronuclear multiple bond correlation (HMBC) experiment of the precursor

PEG-6–butenedial aqueous solution consistent with coupling between the butenedial and

PEG-6 moieties of a putative hemiacetal, as would be expected.

To check whether salting out of PEG-6 would affect the extracted butenedial Pvap,eff in the

inorganic experiments, additional evaporation model runs (see below) were performed in

which the model representation of PEG-6 had a vapor pressure 10 times larger than the

literature value. This was used as a conservative upper bound of a salting-out effect. With this

higher vapor pressure of PEG-6, evaporation of PEG-6 still proceeded slowly enough over

experimental timescales such that there was no discernible difference in the extracted

butenedial Pvap,eff (<1% change).

3.3.4 Evaporation model and determination of Pvap,eff and KH,eff

Pvap,eff of butenedial under each experimental condition was determined by fitting a kinetic

model that describes the changing composition of a droplet in time to observations. To

determine the uncertainty in the extracted Pvap,eff, the analysis considered the uncertainty in

the model input parameters and the standard error in the non-linear curve fitting coefficient,

as detailed below. The data consists of a set of individual observations for each trapped and
21Claflin and Ziemann 2019.
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measured droplet, corresponding to a normalized abundance of remaining butenedial

(relative to PEG-6) after butenedial evaporation has proceeded for a certain amount of time.

Plotting a set of these data points for a single type of experiments shows a decay over time in

the normalized butenedial signal, which is compared to the kinetic model.

3.3.4.1 Maxwell flux description of particle evaporation

The kinetic model describing evaporation was implemented in pyvap, an open-source Python

package that has been previously described22 23. In brief, the kinetic model numerically

integrates a differential equation describing evaporation of droplet components via

Maxwellian flux,24 as in Eq. 3.1.

dni
dt

= 4πrDgi(c∞i − csi) (3.1)

in which r is the particle radius,Dgi is the gas-phase diffusion constant of species i, and c∞i

is the gas-phase concentration of species i at infinite distance from the particle surface (taken

to be zero in the EDB), and csi the gas-phase surface concentration of species i.

We assume the particle is an ideal mixture and in equilibrium at its surface with the gas

phase, so the gas-phase surface concentration is then given by Eq. 3.2:

csi = Xi
Pvapi,eff

kT
(3.2)

where Xi is the particle-phase mole fraction of species i, Pvapi,eff is the pure component

22Birdsall et al. 2018.
23Available at https://github.com/awbirdsall/pyvap.
24Seinfeld and Pandis 2006.
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vapor pressure of species i at temperature T inside the EDB, and k is the Boltzmann constant.

Due to the fast equilibration of water, its evaporation is not explicitly represented. Instead,

the water content is calculated at each time step to preserve a fixed mole fraction of water in

the particle. The evaporation of PEG-6 is explicitly represented using experimental physical

parameters available in a review of polyethylene glycol vapor pressures.25 However, over the

experimental timescales involved the evaporation of PEG-6 was calculated to be negligible,

making for our purposes PEG-6 effectively involatile. The model representations of sodium

chloride and sodium sulfate had vapor pressures of 0, preventing any modeled evaporation.

Sodium chloride and sodium sulfate are represented as being fully dissociated into two and

three ions, respectively. The model does not include any representation of acid-base

equilibrium.

To make the fitting procedure less computationally expensive, rather than repeatedly

numerically integrating the differential equation we developed an analytical expression that

approximates a solution to Maxwellian flux under certain simplifying assumptions. In

particular, we assumed droplet radius and mole fraction of water were time-invariant, and all

non-butenedial, non-water droplet components did not evaporate over the experimental time

scale. A description of the resulting analytical solution and fitting procedure, along with

validation of the technique, are given in the Additional Information below.

3.3.4.2 Parameter inputs and uncertainty

All parameters aside from Pvap,eff of butenedial are constrained by knowledge of the

experimental system. These parameters include the initial mole fraction of butenedial,
25Krieger et al. 2018.
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temperature, RH, the gas-phase diffusivity of butenedial, and the initial droplet radius. The

droplet diameter is provided by the spring-point measurements The temperature and RH is

provided by a RH/temperature probe (Sensirion SHT31).

Physical parameters used to represent each compound are given in Table 3.3.2. Other

model input parameters are given in Table 3.3.1.

Table 3.3.2: Physical parameters for each compound used in the model. *Note that be-
cause all observations of butenedial in the condensed phase were consistent with existing
in its dihydrated form, the model used physical parameters of butenedial dihydrate. **Be-
cause inorganic salts sodium chloride and sodium sulfate are essentially involatile, their
vapor pressures were assumed to be effectively 0.

compound M (kg / mol) ρ (kg / m³) P(298K) (Pa) Dgas (10-6 m2 / s)

butenedial

dihydrate

0.1201* 1060 see results 8.56 ± 0.86

PEG-6 0.2823 1180 3.05 × 10-5 4.26

NaCl 0.05844 2160 0** n/a

Na2SO4 0.142 2660 0** n/a

The gas-phase diffusivity of butenedial (along with the dihydrate) in air was estimated

using the Fuller-Schettler-Giddings equation, which is based on the molecular weights and

volumes of the components of a binary gas mixture. The molecular volume of butenedial was

calculated based on its molecular structure using literature parameters.26 The density of

butenedial is assumed to be 1.06 g m-3 based on literature densities of aldehydes butanedial

and glutaraldehyde.27

26Welty et al. 1984.
27Lide 2008.
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The initial molar ratio of butenedial and other non-water components of the droplet (e.g.,

PEG-6, sodium chloride, sodium sulfate) is known from the relative concentrations of the

compounds in the precursor aqueous solution, which was prepared quantitatively. However,

the overall mole fraction of butenedial in the droplet depends on the droplet’s water content.

For the dry experiment the RH is measured to be 5% or lower. Though the possible presence

of water in these low amounts are accounted for in our uncertainty analysis (see below), we

find under these conditions the presence of water has a negligible effect on accurately

predicting the mole fraction of butenedial. In contrast for the humid experiments the water

content is a non-negligible contribution to the overall molar composition. When equilibrated

with the surrounding gas phase, the droplet water concentration will be such that the activity

of water in solution and in the gas phase (i.e., RH) are equal.

To calculate the mole fraction of water corresponding to the RH of the humid experiments

we used the thermodynamic model AIOMFAC via its publicly accessible online interface

(https://aiomfac.lab.mcgill.ca), using the known starting composition of the non-water

particle components. AIOMFAC uses a functional group approach to calculate the

equilibrium thermodynamic activities of a mixed inorganic/organic solution assumed to exist

in a single deliquesced phase.28 In particular, butenedial was defined in terms of its functional

groups in its hydrated form because our results imply that is its dominant form in our

experiments (see below). The mole fraction of water in the particle was assumed to be fixed

over the entire course of the experiment, assuming the activity coefficient of water does not

change appreciably as butenedial evaporates from the particle.

Because of the different molar sensitivities of the mass spectrometer to butenedial and
28Zuend et al. 2008; Zuend et al. 2011.
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PEG-6, a scaling factor needed to be applied to scale the measured ratios of butenedial and

PEG-6 signal intensities to the molar ratio. The scaling factor was determined independently

for each type of experiment from the data points for the droplets that had resided in the EDB

for 5 minutes or less. Assuming negligible butenedial evaporation over this timescale, the

molar ratio for these droplets was assumed to be equal to the known starting molar ratio of

the precursor aqueous solutions. A bootstrapping procedure was used to estimate the mean

and standard deviation in the short time interval normalized peak intensity, and from that

along with the known molar composition of the starting precursor aqueous solution, a mean

and standard deviation in the scaling factor was determined.

Spring-point-derived radii were available for the dry experiment (16 radii, mean 12.9 μm

and standard deviation 1.5 μm) and NaCl #1 experiment (16 radii, mean 13.8 μm and

standard deviation 2.1 μm). Spring-point-derived sizes were not available for the humid

(inorganic-free), NaCl #2, and Na2SO4 experiments. However, due to the similarity in

droplet behavior (e.g., response to flow and voltage conditions during particle transfer) the

distribution of droplet diameters for those experiments could be imputed from the available

measurements. The humid experiment diameter distribution was obtained by scaling the dry

experiment diameter distribution by a factor of 1.115 to account for the calculated increase in

diameter due to the presence of water. The NaCl #2 and Na2SO4 experiment diameter

distributions were assumed to match that of the NaCl #1 experiment. The resulting diameter

distributions used are given in Table 3.3.1.

We used a Monte Carlo approach to estimate the uncertainty in the retrieved butenedial

Pvap,eff due to uncertainties in the other model input parameters. The implementation of the

uncertainty analysis is described in the Additional Information below. The analysis
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incorporates the uncertainty associated with model input parameters, including droplet

diameter, temperature, scaling factor, and gas-phase diffusivity of butenedial, as reported in

Table 3.3.1. Using this approach, the per-experiment uncertainties due to uncertainty in

model input parameters and standard error in the model fit vary by experiment and are

reported in Table 3.3.3, but range between ±20% and ±40%. Compared to other uncertainties

in our approach, this is likely a dominant source of uncertainty. For comparison, we

previously described an uncertainty estimation technique in which we simply considered

limiting cases of temperature and diameter parameters to give upper and lower bounds of

Pvap,eff of various polyethylene glycols.29 Using that less detailed uncertainty treatment, which

did not consider uncertainty due to measurement variability, the previous estimated

uncertainty range was between ±15% and ±25%.

29Birdsall et al. 2018.
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Table 3.3.3: Extracted effective vapor pressures Pvap,eff for butenedial (BD) with 1 uncer-
tainties obtained from uncertainties in model input parameters described in the main text,
along with effective Henry’s law constants KH,eff and Setschenow constants KS, where ap-
plicable. Uncertainties in KH,eff and KS derived from propagating uncertainties in associ-
ated Pvap,eff values.

composition RH

ionic

strength

(M)

Pvap,eff(BD, 300K)

(mPa)

KH,eff (107 M

atm-1) KS (m-1)

BD + PEG-6 <5% n/a 31.1 ± 9.0 n/a n/a

BD + PEG-6 75 ±

5%

n/a 39.5 ± 8.8 5.2 ± 1.1 n/a

BD + PEG-6 +

NaCl (#1)

75 ±

5%

5.3 58 ± 18 4.8 ± 1.5 +0.009 ±

0.032

BD + PEG-6 +

NaCl (#2)

75 ±

5%

9.6 225 ± 88 1.82 ± 0.71 +0.048 ±

0.021

BD + PEG-6 +

Na2SO4

75 ±

5%

21.0 172 ± 44 1.54 ± 0.40 +0.073 ±

0.020

3.3.4.3 Effective Henry’s law constant

Using the extracted Pvap,eff along with the calculated molarity of butenedial, we estimated an

effective Henry’s law constant KH,eff for all humid experiments. The butenedial molarity was

calculated using the water content calculated with the thermodynamic model AIOMFAC and

assuming the overall molecular weight and density of the particle was the weighted average of

the molecular weights and densities of its chemical components, respectively. The full

72



expression is then given by Eq. 3.3:

KH,eff =
XBDMW−1

avgρavg

XBDPvap,eff
(3.3)

or after simplification

KH,eff =
MW−1

avgρavg

Pvap,eff
(3.4)

whereMWavg is the weighted average of molecular weights of the chemical components of

the particle and ρavg is the weighted average of densities of the chemical components of the

particle.

Because the dominant source of uncertainty in Eq. 3.4 is Pvap,eff, we derive the uncertainty

in KH,eff by using the same relative uncertainty as in the corresponding Pvap,eff.

3.4 Results and discussion

3.4.1 Humidity dependence

Figure 3.4.1 shows data and the corresponding best model fit for the humidity dependence

butenedial evaporation experiments. The extracted values for the extracted Pvap,eff of

butenedial under the two RH conditions are 31.1 ± 9.0 mPa and 39.5 ± 8.8 mPa for the dry

and humid conditions, respectively. (The uncertainty values correspond to a 1σ value derived

from the Monte Carlo sampling approach described in the Additional Information, and

reflects the uncertainty due to uncertainty in the model input parameters and the standard

error of the coefficient in the model fit.) We interpret these results to imply Pvap,eff under the
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Figure 3.4.1: Experiments used to determine the effective vapor pressure of butenedial
(BD) in a droplet also containing hexaethylene glycol (PEG-6), under dry (RH<5%) and
humid (RH 75 ± 5%) conditions. Points are observations of individual droplets and the
line is the best model fit, as described in the text, with associated vapor pressure and 1
uncertainty printed.

dry and humid conditions are indistinguishable, within the uncertainties in our

measurements and fitting procedure. Note the extracted Pvap,eff values are similar despite the

differences in evaporation timescales. This is a consequence of the evaporation rate scaling

with the concentration of butenedial in the particle in Eq. 2.3. Because the mole fraction of

butenedial decreases as water content increases, under humid conditions butenedial

evaporation is expected to proceed more slowly even if Pvap,eff is unchanged. This previously

has been referred to as the “Raoult’s Law effect”.30

One implication of the measured effective vapor pressures is that considering the

hydration of butenedial is crucial for a correct prediction of its Pvap,eff and hence its

gas–particle partitioning behavior. If the butenedial in the particle primarily consisted of

butenedial in its dialdehyde form, the expected Pvap,eff would be expected to be orders of

30Prisle et al. 2010.
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magnitude larger. For example, the EVAPORATION model31 (accessed through

UManSysProp32) predicts a vapor pressure for butenedial of 350 Pa at 298 K, and the

Nannoolal et al. method33 (also accessed through UManSysProp) predicts an even higher

vapor pressure of 1.5 kPa at 298 K. If butenedial were primarily in the form of the dialdehyde,

we would expect to observe a much faster rate of evaporation than was actually observed. In

contrast, using the dihydrated form of butenedial, EVAPORATION predicts a vapor pressure

of 2.2 mPa at 298 K, which is almost within the same order of magnitude as the measured

butenedial Pvap,eff. The Nannoolal et al. method predicts a very low vapor pressure of 2.5 x

10-4 mPa at 298 K for the butenedial dihydrate.

Both EVAPORATION and the Nannoolal et al. method use a group contribution

approach; the extremely low value of the Nannoolal et al. method prediction may reflect the

limitations of its group contribution parameterization for this chemical structure.

Additionally, in comparison with experimental vapor pressures, EVAPORATION has been

reported to show a trend of underestimating vapor pressures at low vapor pressure.34 This

trend could help account for the discrepancy between our measured Pvap,eff and the

EVAPORATION model estimate, though we cannot rule out the possibility that the

discrepancy between measured Pvap,eff and predicted butenedial dihydrate vapor pressure

could possibly reflect a contribution to Pvap,eff by the evaporation of butenedial monohydrate

present in the particle. EVAPORATION predicts the monohydrate to have a vapor pressure

of 2.3 Pa, whereas the Nannoolal et al. 2008 method predicts a vapor pressure of 220 mPa.

However, the lack of any significant aldehyde peak in the NMR spectrum suggests

31Compernolle et al. 2011.
32Topping et al. 2016.
33Nannoolal et al. 2008.
34O’Meara et al. 2014.
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equilibrium strongly favors the dihydrate form of butenedial under humid conditions.

The low observed Pvap,eff of butenedial conceivably could also reflect a contribution from

formation of butenedial oligomers, which would similarly lead to a lower Pvap,eff. However, we

see no evidence for oligomer formation in our mass spectra or NMR spectrum. For oligomer

formation to be consistent with our observations, it would have to be the case that ether

oligomers hypothetically formed from butenedial completely decompose or fragment during

the vaporization and ionization process into butenedial monomers that are detected at the

butenedial ion parent ion value of 85 m/z. The likelihood of complete oligomer

decomposition appears low. A recent study of different classes of model oligomers reported

ether oligomers were detected intact via mass spectrometry after thermal desorption at ~160

°C.35 Because we have no observational evidence for oligomer formation, in contrast to our

observation of extensive butenedial hydration in NMR spectra, we conclude hydration of

butenedial is the more likely explanation for the observation of a relatively low Pvap,eff. Finally,

as elucidated in Sect. 2.3.1, we observe no evidence for formation of cross-products of

butenedial reacting with PEG-6 that would reduce the Pvap,eff of butenedial.

Furthermore the fact that the two Pvap,eff are indistinguishable, at least within the estimated

uncertainty of ~30%, implies butenedial primarily exists in a hydrated form not only under

conditions with a high water content, but also under conditions with lower water content.

This observation is also consistent with the collected NMR spectra of butenedial, in which

only hydrated butenedial peaks are observed, even under conditions with a lower residual

water content. There may be to some degree a shift in equilibrium between the hydrated and

non-hydrated forms of butenedial under the different RH conditions, which could lead to a
35Claflin and Ziemann 2019.
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change in Pvap,eff, but our results imply any change would correspond to a change in Pvap,eff less

than our uncertainty in extracted Pvap,eff, approximately 20%.

A possible mechanistic explanation for this observation could be due to slow kinetics of

dehydration under dry conditions. For all experiments, regardless of RH, the particle was

initially generated from an aqueous solution in which equilibrium appears to strongly favor

butenedial dihydrate. When the droplet is injected into the EDB under dry conditions, the

water content of the particle quickly (~1 s) equilibrates. Within the dry particle, butenedial

may be kinetically frozen over experimental timescales in the dihydrate form, even if the

dialdehyde becomes more thermodynamically favorable. Additional experiments would be

necessary to test this explanation.

Using Eq. 3.4 we calculated KH,eff of butenedial to be 5.2 ± 1.1 × 107 M atm-1 in the humid,

inorganic-free experiment. (Uncertainties in KH,eff arise from propagating uncertainties in

Pvap,eff, given the relationship in Eq. 3.4.) For comparison, KH,eff of glyoxal has been

previously measured to be 4.19 × 105 M atm-1 in an inorganic-free aqueous phase.36 The

magnitude of the measured KH,eff for butenedial compared to glyoxal suggests butenedial may

have a strong tendency to partition into an available aqueous phase, ignoring the effect of

inorganic compounds.

3.4.2 Inorganic salt dependence

Figure 3.4.2 shows data for inorganic salt dependence experiments. For both the sodium

chloride and sodium sulfate experiments, the extracted butenedial Pvap,eff is larger than the

Pvap,eff measured in the organic-only cases, with values of 58 ± 18 mPa and 225 ± 88 mPa for

36Ip et al. 2009.
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Figure 3.4.2: Experiments used to determine the effective vapor pressure of butenedial
(BD) in a droplet also containing hexaethylene glycol (PEG-6) and either sodium chloride
(NaCl) or sodium sulfate (Na2SO4), under humid (RH 75 ± 5%) conditions. Points are
observations of individual droplets and the line is the best model fit, as described in the
text, with associated vapor pressure and 1 uncertainty printed.

the XNaCl of 0.071 and 0.140 sodium chloride experiments, respectively, and 172 ± 44 mPa for

the sodium sulfate experiment. The fact that the Pvap,eff for butenedial becomes higher in

solutions containing both inorganic salts, by up to a factor of 8 under our experimental

conditions, implies the inorganic salts in this case have a salting-out effect. Interestingly,

previous work with a different dialdehyde, glyoxal, demonstrated that the presence of both

sodium chloride and sodium sulfate led to a shift in the hydration equilibrium favoring the

formation of the hydrate, implying a salting-in effect.37 In contrast, the three-carbon

dicarbonyl methylglyoxal has been measured to exhibit a salting-out effect for both sodium

chloride and sodium sulfate.38 The fact that salting-out effects have now been observed for

both methylglyoxal and butenedial suggests the direction of salting in/salting out for a

dicarbonyl compound may be influenced by the extent to which it contains hydrophobic

regions, represented in butenedial by the alkenyl group and in methylglyoxal by the methyl

group.
37Yu et al. 2011; Waxman et al. 2015.
38Waxman et al. 2015.
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Calculated KH,eff for the three inorganic salt-containing experiments, again using Eq. 3.4,

are given in Table 3.3.3. Furthermore the magnitude of the salting-out effect can be

quantified using the Setschenow coefficient KS, using the formulation of Waxman et al.

(2015) in Eq. 3.5, where

KS =
1

cs log
KH,w
KH,s

(3.5)

and cs is the condensed-phase salt concentration (using molality, m), KH,w is the effective

Henry’s law constant in the absence of the inorganic salt, and KH,s is the effective Henry’s law

constant in the presence of the inorganic salt. The calculated values of KS using Eq. 3.5 for the

three inorganic experiments are given in Table 3.3.3, with uncertainties derived from

propagating the uncertainties in the effective Henry’s law constants. TheKS values for the two

NaCl experiments (+0.009 ± 0.032, +0.048 ± 0.021 m-1) have 1σ uncertainty intervals that

overlap. KS for sodium sulfate (+0.073 ± 0.020 m-1) is approximately three times larger than

the mean KS (+0.029 ± 0.019 m-1) for sodium chloride in our experiments. Interestingly, this

is a similar trend as previously reported for methylglyoxal in the presence of the same two

inorganic salts, of 0.06 m-1 and 0.16 m-1, respectively.39 However, the absolute magnitudes of

the KS values are measured here to be smaller for butenedial compared to methylglyoxal. This

may be due to butenedial having two aldehyde groups that are able to hydrate and have

relatively energetically favorable interactions with the inorganic salts, compared to only one

aldehyde group for methylglyoxal.

A competing hypothesis to potentially explain the measured higher Pvap,eff in the mixed

organic–inorganic droplets could be phase separation. If the presence of the inorganic

39Waxman et al. 2015.
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components led to the formation of two different condensed phases with butenedial

predominantly in an organic-rich phase, the Pvap,eff of butenedial would be higher due to its

higher mole fraction concentration. However, thermodynamic calculations performed in

AIOMFAC suggest this behavior is unlikely. Though a more extensive set of calculations

would be necessary to rigorously check for the presence of partial phase separation,

calculations performed using AIOMFAC assuming a single well-mixed phase under the

experimental conditions show the activities of the organic components remain well below 1

without extremely large (i.e., >>1) activity coefficients. These calculations are consistent with

the droplets consisting of a single mixed phase under these experimental conditions.

3.4.3 Sources of uncertainty

The dominant source of uncertainty in our Pvap,eff extraction procedure is uncertainty in the

droplet diameter. The uncertainty in the measured diameter for a population of particles is

estimated to be up to a factor of 50% about the mean, which has a particularly large effect

because vapor pressure scales with surface area. Using the spring point technique to measure

the starting diameter of each trapped droplet has an inherent uncertainty. Additionally there

is some degree in droplet-to-droplet variability in starting diameter for each population of

droplets. Our modeling approach treats the diameter of a population of droplets for a single

experiment type as a single mean value, with an associated standard deviation. In part we

treated the data this way because spring point-derived droplet diameters were not available

for every droplet included in this analysis, though consistency in collected data across the

data set implied each set of droplets could be described in terms of a single distribution of

diameters. Additionally, previous analysis of a data set using spring point diameter
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measurements did not observe a correlation between residuals of the remaining analyte and

the measured starting diameter for that particle, relative to the population mean (i.e., droplets

measured using the spring point technique to be smaller than average did not have their

analyte molecule evaporate more quickly).40 This suggests though there is considerable

uncertainty in our spring point measurements, it would not be helpful to constrain the model

based on the measured diameter of each individual droplet.

As a secondary effect, uncertainty in water content of the droplets as a calculated

parameter may also contribute uncertainty to our Pvap,eff determination. Our representation

of the uncertainty in the mole fraction of water reflects solely uncertainty in the relative

humidity measurements upon which the model representation is based; we do not include a

representation of the accuracy of the AIOMFAC model calculation used to determine the

corresponding mole fraction of water itself. The water content is not used to constrain the

droplet diameter (which is constrained by the spring point method, above), but it does have a

significant effect on determining the overall mole fraction of butenedial in the droplet. For

example, the mean measured RH for the humid experiments was 75%, but based on

AIOMFAC model calculations the mean mole fraction of water can be up to 0.82, depending

on the hygroscopicity of the solution. Because the butenedial is a fixed mole fraction of the

non-water portion of the solution, for the same set of measurements a difference in assumed

mole fraction of water between 0.75 and 0.82 corresponds to a difference in extracted

butenedial Pvap,eff by a factor of (0.18-0.25)/0.25, or almost 30%. Because the true

uncertainty in the AIOMFAC activity correction is likely smaller than the difference between

the ideal and calculated nonideal cases, 30% likely represents a highly conservative upper

40Birdsall et al. 2018.
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bound on uncertainty arising from the AIOMFAC water mole fraction calculation.

3.5 Conclusions

A set of laboratory experiments have used an electrodynamic balance–mass spectrometry

(EDB-MS) technique to measure the evaporation of butenedial from organic-only and mixed

organic–inorganic levitated droplets under dry and humid conditions. With this setup the

specific process of interest, gas–particle partitioning, was studied in isolation in an

environment in which a single particle of known composition is exposed to a continually

refreshed bath gas of pure dry or humidified nitrogen. This approach simplifies the

measurement compared to performing an experiment in an environmental chamber, which

will have a more complex gas-phase matrix, because no gas-phase measurement is required

and no process other than evaporation needs to be modeled.

We measured the effective vapor pressure (Pvap,eff) of butenedial, under both low

(RH<5%) and higher (RH 70%) humidity conditions, to be approximately 30-40 mPa, which

is 4 orders of magnitude lower than the expected vapor pressure of a four-carbon dialdehyde.

This result implies butenedial exists primarily in a hydrated form, across a wide range of RH

conditions, and the gas–particle partitioning of butenedial in ambient particles favors the

particle phase more strongly due to butenedial’s hydration. The importance of hydration

reactions in affecting gas–particle partitioning is consistent with previous work studying

atmospherically relevant aldehydes, most notably glyoxal.

These results emphasize the importance of considering the gas–particle partitioning of

atmospheric compounds based on their actual chemical form in the condensed phase, rather

than their pure form in isolation. For the case of butenedial the current results suggest
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butenedial’s Pvap,eff can be represented by a single value across all ambient RH.

The fact that Pvap,eff is invariant between the two RH conditions may imply in these

experiments butenedial remained in its hydrated form even under dry conditions with little

condensed-phase water. This may be due to butenedial being kinetically frozen as a hydrate

over the experimental timescales of tens of minutes to hours. If this is indeed the case, the

ability of our EDB-MS approach to determine butenedial’s Pvap,eff is a consequence of

butenedial hydrate evaporating over a timescale during which the dehydration reaction is

negligible. This analysis points to the care that needs to be taken when considering the

behavior of atmospheric aerosol. If using an experimental approach with appreciably

different conditions from those reported here (e.g., temperature or butenedial

concentration), the rates of the competing evaporation and dehydration pathways may

exhibit different scaling dependencies and hence lead to a different conclusion about

butenedial’s behavior. One attractive quality of EDB-MS is it allows monitoring the evolution

of a particle’s composition over the multiday lifetime of an atmospheric aerosol particle. It is

not necessary to use extreme experimental conditions to simulate some aspect of multiple

days of atmospheric lifetime in a shorter period of time.

Observation of a higher Pvap,eff of butenedial in the presence of high concentrations of

inorganic salts sodium chloride or sodium sulfate imply a salting-out effect that increased

Pvap,eff of butenedial by up to a factor of approximately six to eight under the most

concentrated inorganic conditions used in this experiment. In ambient particles the

magnitude of the effect is expected to depend on the inorganic ion concentration, as

described by the Setschenow coefficients. In general, the magnitude of the observed

Setschenow coefficients is such that only with inorganic ion concentrations on the scale of >1
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M is a significant effect predicted. The salting-out effect is predicted to be negligible with

inorganic ion concentrations on the order of 100 μM to 1 mM. Consequently, the measured

salting-out effect is predicted to have an influence on aqueous aerosol particles but not on

cloud water. The magnitude and sign of the salting-in or salting-out effect is also known to

depend on the identity of the ion, so further study would be necessary to investigate the effect

of other inorganic ions. In general, better understanding of factors influencing gas–particle

partitioning with this level of chemical detail improves predictions of the composition and

fate of organic aerosol and its chemical constituents.

This work also helps inform the design of future experimental work using EDB-MS

instrumentation. A measurement of particle diameter with lower uncertainty than the spring

point technique would meaningfully reduce the uncertainty in extracted effective vapor

pressures, particularly with a continuous diameter measurement. Other research with EDBs

has demonstrated the utility of optical sizing techniques for performing this measurement.41

In sum, this work uses an EDB-MS laboratory technique to better understand the

dependence of a model organic compound’s effective vapor pressure on particle composition,

and hence help contribute to an improved understanding of fundamental factors influencing

gas–particle partitioning in atmospheric aerosol.

41Zardini et al. 2006.
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3.6 Additional information

3.6.1 Analytical solution to differential equation and curve-fitting

To make the fitting procedure less computationally expensive, rather than repeatedly

numerically integrating the differential equation we developed an analytical expression that

approximates a closed-form solution to Maxwellian flux under certain simplifying

assumptions. In particular, we assumed three quantities were time-invariant:

First, the droplet radius did not vary with time because the butenedial reflects only a

fraction of the total droplet composition. For our experiments, the full numerical integration

calculation showed particle radius decreased by less than 10% with complete butenedial

evaporation and has a negligible effect on the vapor pressure calculation compared to overall

uncertainty in our experiments.

Second, the mole fraction of water in the droplet did not vary with time. This

approximation is true to the extent that the RH in the EDB remains constant and the change

in composition over the droplet’s residence of the EDB does not lead to a change in the

activity coefficient of water.

Third, all components in the droplet that are not butenedial or water (i.e., PEG-6, NaCl

and Na2SO4) did not evaporate over the timescale of the experiment.

Using these assumptions, it can be shown that the Maxwell flux expression can be

simplified to

dNi

dt
= −a

Ni

b+ cNi
(3.6)
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where

a = 4π
Pvap,effiDgir

kT
(3.7)

b =
1

1 − XH2O
(NPEG−6 + Ninorg) (3.8)

c =
1

1 − XH2O
(3.9)

andNi is the time-dependent number of molecules of compound i.

This form of differential equation has an analytical solution in the form:

Ni(t) =
b
c
W

( c
b
e−

a
b t+

C0
b

)
(3.10)

whereW is the Lambert W function and C0 is an integration constant. From this solution

it further can be shown that

C0 = b ln
(
NBD,(t=0)

)
+ cNBD,(t=0) (3.11)

The data was fit to Eq. 3.10 with the values of b, c, and C0 constrained as input parameters

and a as the free parameter whose value was determined via non-linear curve fitting. The

fitting procedure used the Trust Region Reflective algorithm, which allows for fitting to an

arbitrary function with parameters constrained to only take on physically meaningful positive

values,42 as implemented in the SciPy scientific computing package.43

42Branch et al. 1999.
43Jones et al. 2001–.
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3.6.2 Validation of analytical solution

The agreement between Eq. 3.10 and numerical integration was verified for our experimental

conditions using the dry experiment because that is the experiment for which the largest

change in droplet radius is expected to have taken place.

To confirm that the assumptions made in deriving the closed form solution to the Maxwell

flux differential equation do not substantially affect the shape of the evaporation curve or the

extracted vapor pressure, the closed form solution was compared to the best fit forward run of

the Maxwell flux equation. Minimizing the root mean squared deviation (RMSD) of the

forward model run from the observed butenedial evaporation was used as the metric to

determine the forward run of best fit. As shown in Fig. 3.6.1 and Fig. 3.6.2, the best fit forward

run was compared to the closed form solution for both the dry and humid measurements

without inorganics present. In both cases, the vapor pressures converged to the same value

within the uncertainty range, verifying that assuming constant radius, mole fraction of water,

and nonvolatility of hexaethylene glycol does not alter the vapor pressure estimate

significantly for the instrumental setup.

3.6.3 Monte Carlo uncertainty analysis

The overall strategy of the Monte Carlo uncertainty analysis was to obtain a distribution of

extracted butenedial vapor pressures was obtained by repeating the fitting procedure

described above 10000 times, each time using a set of parameter values sampled at random

from the set of distributions describing their uncertainties. The mean of the extracted

butenedial vapor pressures provides a central value for the butenedial effective vapor pressure.
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Figure 3.6.1: Validation of closed-form approximation, dry BD + PEG-6 experiment.
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Figure 3.6.2: Validation of closed-form approximation, humid BD + PEG-6 experiment.
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The standard deviation describes the uncertainty due to uncertainties in the other model

input parameters as well as the standard error in the model fit coefficient.

The source of the uncertainty in diameter arises from a combination of inherent

uncertainty in the measurement and droplet-to-droplet variability, though the characteristics

of each droplet were kept as consistent as possible. The uncertainties in gas-phase diffusivity

and scaling factor reflect uncertainties in the underlying parameters, rather than reflecting any

variability in the values from particle to particle. The uncertainty in temperature does reflect

the extent to which the EDB temperature drifted with time, though it should be noted the

effect of temperature on the evaporation model over this range is limited. Each input

parameter was represented by a Gaussian distribution centered at the mean value and with

standard deviation based upon the variability or uncertainty in its measurements. The Monte

Carlo approach assumes independence between each of the model input parameters, which is

a reasonable assumption for this set of parameters. The distribution of each input parameter

was treated separately for each experiment type (i.e., dry, humid, NaCl #1, NaCl #2, Na2SO4).

To calculate Pvap,eff for each iteration of the Monte Carlo technique, a value of awas used

that accounted for the standard error in the value of a extracted from the curve-fitting

procedure. A single value of awas sampled from a standard distribution centered at the

optimal estimate of a, arising from the current iteration of curve-fitting procedure, and with

standard deviation equal to the square root of the variance of the a estimate, again from the

current iteration of the curve-fitting procedure. Using this sampled value of a in Eq. 3.7, the

value of Pvap was calculated for a single iteration of the Monte Carlo technique.
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4
Design of instrumentation tomeasure ambient

hydroxyl radical (OH)with a two-photon

laser-induced fluorescence technique

4.1 Abstract

The hydroxyl radical (OH) is a key oxidant in the Earth’s atmosphere. Due to its high

reactivity and short lifetime, fast and direct in situ measurements of OH are both valuable

direct constraints on the oxidative chemistry in a particular environment and also highly

challenging to perform. Due to this, new approaches to measuring OH are urgently needed.

This work describes work performed to design new instrumentation to measure OH using a

two-photon laser-induced fluorescence (TP-LIF) technique. In contrast to existing

single-photon laser-induced fluorescence (SP-LIF) instrumentation, TP-LIF excites an OH
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radical to a fluorescing state via sequential absorption of an infrared photon resonant with a

vibrational energy level transition followed by absorption of an ultraviolet photon resonant

with an electronic transition. Such schemes have been proposed in the literature but only

recently has laser technology progressed sufficiently for TP-LIF to have the potential to be

used for measuring ambient concentrations of OH. In order to inform the experimental

design, a numeric model was built that explicitly represents the populations of different

energy levels for a population of OH radicals excited by laser pulses in various excitation

schemes. In this way, a variety of different approaches could be compared. Additionally,

proof-of-concept experimental work was performed, informed by the modeling results, to

prepare for measurement of OH.This work makes recommendations for future work building

instrumentation using TP-LIF.

4.2 Introduction

Oxidation by the hydroxyl radical (OH) plays a central role in the chemistry of the Earth’s

atmosphere, responsible for much of the removal of trace gases emitted into the troposphere,

including greenhouse gases.1 Accurate measurements of OH are crucial to accurately model

key chemical processes in the atmosphere, including oxidation of volatile organic compounds

(VOC). These processes are directly linked to human health and climate impacts via the

formation of secondary organic aerosol and tropospheric ozone. Consequently, any

comprehensive understanding of the chemistry of the atmosphere requires models that

accurately quantify the sources and sinks, and thereby the concentrations, of OH across a full

range of chemical environments. Discrepancies continue to exist between measured and

1Lawrence and Jockel 2001.
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modeled OH concentrations, including in regions with high VOC and low nitrogen oxide

concentrations.2

Because of the fast reactivity of OH (typical ambient lifetime <1 s), OH concentrations are

highly sensitive to the local chemical environment, so testing and improving model

representations of OH require time-resolved, in situ measurements of OH. These are difficult

measurements to achieve, and decades have been spent developing techniques to measure

ambient levels of OH (on the order of 106 molecules cm-3, or <0.1 part per trillion by

volume) with high precision and accuracy, including via laser-induced fluorescence (LIF).

Modern LIF instruments excite OH inside a low-pressure detection cell using a

high-repetition rate UV laser at 308 nm, and then measure fluorescence at the same

wavelength using gated detection. Recently, OH LIF groups have recently uncovered an

artifact in their signal emerging from instrument-generated OH that, when unaccounted for,

can lead to spuriously large OH measurements.3 The physical origin of this artifact, and for

which ambient environments or specific research groups’ instruments the artifact is

significant, remain open questions under study.4

More specifically the mechanism by which OH is generated within the instrument is

unknown but has been hypothesized to be linked to the low-pressure expansion that is part of

the design of these instruments.5 The low-pressure expansion is necessary to avoid generation

of OH from ozone photolysis. Correcting for the unknown in-instrument OH generation

with current SP-LIF instruments requires integrating a chemical scrubber technique to

2Rohrer et al. 2014.
3Mao et al. 2012; Novelli et al. 2014a.
4Mao et al. 2012; Novelli et al. 2014a; Novelli et al. 2014b; Novelli et al. 2017; Rickly and Stevens 2018;

Fittschen et al. 2019.
5Novelli et al. 2017; Rickly and Stevens 2018.
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subtract off the instrument-generated OH.6 This process complicates the design and reduces

the overall precision of measurements. Therefore, development of an alternate technique

with which to measure OH, without the same instrument-generated OH interference, would

significantly contribute to the atmospheric chemistry community’s ability to make reliable

and precise measurements of OH.

To address this need, we have begun to develop an instrument to measure ambient levels of

OH using laser-induced fluorescence with two-photon excitation (TP-LIF) (Fig. 4.2.1). First

an infrared (IR) photon of wavelength approximately 2.9 micron excites an OH molecule to

the first vibrationally excited state. Then a 346 nm ultraviolet photon excites that OH

molecule into the electronically excited fluorescing state. Because ozone’s absorption

cross-section is orders of magnitude smaller at 346 nm compared to 308 nm, low-pressure

operation should no longer be necessary to avoid OH generation from ozone photolysis.7

With operation at near-ambient pressure, an instrument can be designed without the

low-pressure expansion thought to be related to the unknown interference in existing SP-LIF

instruments. Furthermore, because the fluorescence signal consists of higher-energy photons

than the pumping light, with appropriate optical filtering the measurement should be

virtually free of background from scatter. TP-LIF has been described previously in the

literature, with some groups achieving fluorescence signal in laboratory experiments but with

insufficient sensitivity to measure atmospherically relevant concentrations of OH.8

Limitations in available laser power at the needed infrared wavelength was a primary reason

for the low sensitivity of previous TP-LIF tests and the lack of an already existing TP-LIF

6e.g., Novelli et al. 2014a; Rickly and Stevens 2018.
7Hannun 2016.
8Bradshaw et al. 1984; Tsuji et al. 2000.
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Figure 4.2.1: Comparison of single-photon and two-photon laser-induced fluorescence.

instrument with the ability to measure ambient concentrations of OH. With improved laser

technology now available, particularly for accessing the mid-IR, we intend to be able to build

an instrument with adequate sensitivity to perform field measurements.

It is predicted that such an instrument may not require gated detection due to the

blue-shifted spectral separation of the fluorescence signal from any incident light, and may

offer reduced background due to a combination of being extremely selective for OH

fluorescence and minimizing the amount of solar background, depending on the particular

selection of TP-LIF excitation scheme and instrumental design. Challenges with such an

instrument include the requirement for high IR laser power and the experimental difficulties

in operating two lasers that both must be well-aligned and tuned to the correct spectral line.

Completed work toward these goals, described in this chapter, includes development of a

kinetic model representing the dynamics of excitation and fluorescence to guide the design of

the experiment, as well as initial experiments to test approaches to achieving a TP-LIF
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instrument and assembling subsystems of a benchtop instrument.

4.3 Methods

4.3.1 Numerical model

A kinetic model has been developed to represent the dynamics of a population of OH

molecules as the molecules first absorb incident laser radiation and then relax through both

radiative and nonradiative transitions. Following the framework of Smith and Crosley

(1990), the model includes a set of bins, with each bin corresponding to either one or

multiple quantum energy levels in which a fraction of a population of OH radicals can reside.

Using a master equation approach, the model also includes a set of coupled differential

equations describing the rates at which population flows between the different bins over the

course of a laser pulse sequence, due to different processes. The processes modeled include

absorption and stimulated emission from the UV and IR lasers, using a particular

rovibrational line for each transition; fluorescence; electronic and vibrational quenching from

interactions with the bath gas; equilibration to the thermal distribution of rotational states;

and equilibration between pairs of lambda doublet states for electronic ground-state OH.

Literature values, along with parameters representing experimental conditions (laser powers,

bandwidths, detection cell pressure, etc.) are used to calculate rates. Number of detection

counts additionally depend on detection efficiency, or the proportion of fluorescing photons

that result in the detector recording a count.

Overall the amount of signal can be expressed as related to the product of the efficiencies of
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IR and UV laser excitations (EIR and EUV), fluorescence (Efluor) and detection (Edetection), or

Dsignal ∝ EIR × EUV × Efluor × Edetection (4.1)

Using the framework of Eq. 4.1, model calculations were used to compare the predicted

counts using different excitation schemes: excitation to the A(v’=1) or A(v’=0) states using

313 nm or 346 nm photons, respectively, with representations of excitation and relaxation

processes as detailed below. For the purposes of calculating relative detection counts using

Eq. 4.1, it is sufficient to express Edetection values on a relative scale. It was assumed all

detection was of equal efficiency, apart from whether a gated detection scheme was necessary.

A gated detection scheme was deemed necessary if the wavelength of the detected

fluorescence is near the wavelength of the incident UV beam. In that case, fgate, the fraction of

total fluorescence that can be detected using the gated detection scheme is given by Eq. 4.2:

fgate = e
−

Δtdelay
τfluor − e

−
Δtdelay+tgate

τfluor (4.2)

where Δtdelay is the time delay after the UV laser pulse that gated detection begins, tgate is

the length of time of the gated detection, and τ fluor is the lifetime of OH fluorescence.9

More detailed calculations also were performed, calculating absolute numbers of detection

counts per second by integrating over an explicit time-dependent representation of OH in the

fluorescing state obtained from the numerical model described below. Using this approach

9following Holland et al. 1995.
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the number of detection counts was calculated by Eq. 4.3:

D = EVA
∫

nfluor(t)dt (4.3)

where E is the collection efficiency (assumed to be 0.05), V is the collection volume

(approximated as 0.2 cm3), A is the fluorescence rate (i.e., Einstein A-coefficient), in s-1, and

nfluor(t) is the time-dependent population of OH in the fluorescing state, in cm-3. This

calculation was performed over a range of detection cell pressures of interest to give

pressure-dependent predicted detection counts.

The more detailed calculation also included an explicit calculation of the OH IR and UV

absorption line shape as a function of pressure and their overlaps with the laser bandwidths.

In full, the excitation rate from state j to state k due to laser absorption was calculated by

Eq. 4.4:

d[Pk]
dt

= [Pj]BL
∫

F(ν)G(ν)dν (4.4)

where d[Pk]
dt is the rate of increase of population density [Pk] of state k from absorption of

state j, [Pj] is the population density in absorbing state j, B is the Einstein B-coefficient for

absorption (cm2 J-1 Hz), L is the total incident laser power density (W cm-2), and F(ν), G(ν)

are the normalized line shapes of the laser and OH absorption lines, respectively. The∫
F(ν)G(ν)dν term is a line shape factor that accounts for the degree of overlap between the

two line shapes, with perfect overlap corresponding to a line shape factor of 1. The OH

absorption line was calculated to have a pressure-dependent Voigt lineshape (Fig. 4.3.1). The

laser was calculated to have a Gaussian lineshape. The two line shape factors were assumed to
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Figure 4.3.1: Calculated Voigt lineshape for P1(3) v”=1 ← v”=0 OH vibrational transi-
tion, 3.0 torr.

share the same center frequency. The resulting pressure-dependent line shape factor resulted

in a pressure-dependent excitation rate.

Parameters describing the rates of different transitions were derived from the extensive

OH spectroscopy literature and are given, along with references, in Table 4.3.1. The OH

states considered were the ground X(v“=0) state, the vibrationally excited X(v”=1) state, and

within the first electronically excited manifold, the A(v’=0) and A(v’=1) states. When

collision partner-specific quenching rates were available, an overall quenching rate was

calculated assuming the atmosphere’s relative abundance of molecular nitrogen and oxygen

and a 2% mixing ratio of water vapor.
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Table 4.3.1: Literature-derived parameters used in popmodel to describe rates of different spectroscopic transitions,
corresponding to transitions shown in Fig. 4.3.2 and Fig. 4.3.3. The “fluorescence” parameters correspond to Einstein
A-coefficients for spontaneous emission and were also used to calculate Einstein B-coefficients for absorption and stim-
ulated emission. For collision-mediated processes, when values were available on a collision partner-resolved basis, a
weighted average was taken reflecting relative atmospheric abundances of N2 and O2, and assuming a H2O mixing ra-
tio of 0.02. “VET” = vibrational energy transfer, “RET” = rotational energy transfer.

Process Starting state Ending state Value Unit Reference

fluorescence A(v’=0) X(v”=1) 5300 s-1 Copeland et al. (1987)

fluorescence A(v’=0) X(v”=0) 1.44 × 106 s-1 Copeland et al. (1987)

fluorescence A(v’=1) X(v’=1) 8.38 × 105 s-1 Copeland et al. (1987)

fluorescence A(v’=1) X(v’=0) 5.11 × 105 s-1 Copeland et al. (1987)

VET (with N2) X(v”=1) X(v”=0) 1.50 × 10-15 cm3 s-1 D’Ottone et al. (2004)

VET (with O2) X(v”=1) X(v”=0) 1.00 × 10-13 cm3 s-1 D’Ottone et al. (2004); Dodd

et al. (1991) (average)

VET (with H2O) X(v”=1) X(v”=0) 1.36 × 10-11 cm3 s-1 Raiche et al. (1990)

electronic quenching

(with N2)

A(v’=0) X(v”=0) 1.90 × 10-11 cm3 s-1 Copeland et al. (1985)

electronic quenching

(with O2)

A(v’=0) X(v”=0) 1.35 × 10-10 cm3 s-1 Wysong et al. (1990)
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Table 4.3.1 (continued): Literature-derived parameters used in popmodel.

Process Starting state Ending state Value Unit Reference

electronic quenching

(with H2O)

A(v’=0) X(v”=0) 6.80 × 10-10 cm3 s-1 Wysong et al. (1990)

electronic quenching

(with N2)

A(v’=1) X(v”=0) 1.90 × 10-11 cm3 s-1 Copeland et al. (1985)

electronic quenching

(with O2)

A(v’=1) X(v”=0) 1.35 × 10-10 cm3 s-1 Wysong et al. (1990)

electronic quenching

(with H2O)

A(v’=1) X(v”=0) 6.80 × 10-10 cm3 s-1 Wysong et al. (1990)

VET (with N2) A(v’=1) A(v’=0) 2.30 × 10-10 cm3 s-1 Williams and Crosley (1996)

VET(with O2) A(v’=1) A(v’=0) 2.10 × 10-11 cm3 s-1 Williams and Crosley (1996)

VET (with H2O) A(v’=1) A(v’=0) 7.30 × 10-11 cm3 s-1 Williams and Crosley (1996)

RET X(v”=0) X(v”=0) 7.72 × 10-10 cm3 s-1 Smith and Crosley (1990)

RET X(v”=1) X(v”=1) 7.72 × 10-10 cm3 s-1 Smith and Crosley (1990)

RET A(v’=0) A(v’=0) 4.65 × 10-10 cm3 s-1 Smith and Crosley (1990)
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Table 4.3.1 (continued): Literature-derived parameters used in popmodel.

Process Starting state Ending state Value Unit Reference

RET A(v’=1) A(v’=1) 4.65 × 10-10 cm3 s-1 Smith and Crosley (1990)

lambda doublet

equilibration

X(v”=0) X(v”=0) 4.50 × 10-10 cm3 s-1 Kliner and Farrow (1999)

lambda doublet

equilibration

X(v”=1) X(v”=1) 4.50 × 10-10 cm3 s-1 Kliner and Farrow (1999)

lambda doublet

equilibration

A(v’=0) A(v’=0) 0 cm3 s-1 n/a

lambda doublet

equilibration

A(v’=1) A(v’=1) 0 cm3 s-1 n/a
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Figure 4.3.2: Model representation of OH energy level bins and processes linking them,
for the case with 346 nm UV laser excitation to A(v’=0).

4.3.1.1 Modeling vibrational excitation

The IR excitation was performed from a single rotational state within X(v“=0) to a single

X(v”=1) rotational state. Additionally, because of the lambda splitting that OH exhibits in its

ground electronic state, a total of three bins were represented within a single vibrational

energy level within the ground state: the rotational energy level of interest, that state’s lambda

doublet, and all other rotational levels (Fig. 4.3.2 and Fig. 4.3.3). The transitions between the

states arose due to IR laser excitation/stimulated emission, spontaneous emission, vibrational

quenching, rotational energy transfer (RET), and transfer between the lambda doublets.
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Figure 4.3.3: Model representation of OH energy level bins and processes linking them,
for the case with 313 nm UV laser excitation to A(v’=1).
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4.3.1.2 Modeling electronic excitation

A total of three different UV excitation and detection schemes were initially considered that

involve the first electronically excited state of OH, referred to as the A state. First, two

different excitation schemes are possible: either A(v’=0) ← X(v“=1) via a photon with

wavelength 346 nm, abbreviated as (0,1) excitation, or A(v’=1) ← X(v”=1) via a photon with

wavelength 313 nm, abbreviated as (1,1) excitation. With (0,1) excitation, fluorescence from

A(v’=0) → X(v“=0) can be measured at 308 nm, abbreviated as (0,0) fluorescence. With (1,1)

excitation, two fluorescence channels are possible. First, direct A(v’=1) → X(v”=0) with

fluorescence at 282 nm, abbreviated as (1,0) fluorescence. Secondly, A(v’=1) → A(v’=0)

vibrational relaxation can first occur relatively quickly, followed by (0,0) fluorescence at 308

nm. Consequently, the three possible schemes include (0,1) excitation followed by (0,0)

fluorescence, or (1,1) excitation followed by either (1,0) or (0,0) fluorescence. (Additionally,

in theory an experiment could be imagined in which both (1,0) and (0,0) fluorescence

channels are measured after (1,1) excitation.)

The model included population bins to represent relevant energy levels within the A state.

The additional population bins in the A state included the particular rotational state excited to

by the UV laser and all other rotational states within the vibrational manifold. For the (0,1)

excitation and (0,0) fluorescence case, this meant two additional population bins were added

within A(v’=0), as shown in Fig. 4.3.2. OH population flowed between X(v“=1) and A(v’=0)

based on UV laser absorption and stimulated emission, as well as spontaneous emission and

quenching. Fast equilibration between the A(v’=0) rotational state of interest and all other

rotational states was allowed to proceed using a literature-derived rotational energy level

transfer (RET) rate. Transitions from A(v’=0) to X(v”=0) occurred due both to fluorescence
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and electronic quenching. The calculation proceeded similarly for the cases with (1,1)

excitation, except with the addition of two population bins each in A(v’=0) and A(v’=1), as

shown in Fig. 4.3.3. Vibrational energy transfer from A(v’=1) to A(v’=0) was also included.

4.3.1.3 Model implementation

A single model run involved setting all relevant parameters that define all rates, along with the

characteristics of the two lasers: their power, as well as their pulse width if pulsed lasers, along

with the relative timing of the IR and UV pulses. The model was implemented as a Python

package named popmodel 10. Because of the vastly different timescales of the different

processes as well as the fact that the laser pulses are instantaneously turned on and off, the

differential equation system is stiff. Due to this, the LSODA integrator was selected, as

implemented in the SciPy scientific computing Python package.11

Based on the results of the model run, the number of detection fluorescence counts was

calculated based on the fluorescence rate, along with assumed collection and quantum

efficiencies, detection volume, and operation frequency. The metric that was evaluated was

the predicted number of detection counts per ambient 106 cm-3 of OH, per second.

4.3.2 Proof-of-concept “depletion” experiments

Initial proof-of-concept measurements were performed at Forschungszentrum Jülich,

Germany (FZJ). An Aculight (Lockheed Martin) optical parametric oscillator (OPO) was

used as the infrared source.12 The full turn-key OPO system consisted of a pump laser that
10Available at https://github.com/awbirdsall/popmodel.
11Jones et al. 2001–.
12Henderson and Stafford 2006.
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Figure 4.3.4: Schematic of benchtop experiment setup at Forschungszentrum Jülich.

produces 15 W of 1064 nm radiation that is fiber coupled to the OPO itself, which made use

of a periodically poled lithium niobate crystal in which the 1064 nm pump radiation is

converted into the lower-frequency signal and idler wavelengths, including up to 2-3 W of the

idler beam operating at approximately 2.9 micron in this work. The output is single-mode

with a 1 MHz bandwidth, and the system contains four different wavelength tuning

mechanisms that vary from coarse to fine adjustment of the wavelength. The OPO was

integrated into an existing SP-LIF OH measuring instrument,13 which includes an OH

generation source, OH detection cell, and pulsed UV laser system, in a benchtop

configuration shown in Fig. 4.3.4.

To quickly leverage the equipment available at FZJ and minimize the dimensions of

13Lu et al. 2013.
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operational space that initially needed to be searched, a “depletion experiment” was

performed. In this experiment, the ability of the IR source to effectively promote population

from X(v“=0) to X(v”=1) was assessed. The FZJ OH instrumentation was run in standard

“SP-LIF” mode, with direct A(v’=0) ← X(v“=0) excitation via 308 nm radiation and detection

of fluorescence at 308 nm from A(v’=0) → X(v”=0). The wavelength of the IR laser was tuned

over a region that should correspond to a vibrational absorption feature. If the IR laser is at an

absorbing wavelength that excites some of the ground-state OH to X(v“=1), the amount of

308 nm fluorescence signal will be depleted by a factor proportional to the amount of

population in the X(v”=1) state. The IR line in the vibrational absorption spectrum was

selected based on the strength of the line as well as avoiding overlap with water absorption

features, using the OH and water absorption spectra available in the HITRAN 2012

database.14 Based on this, the OH P1(3) line at 2901.0641 nm was used.

4.3.3 Assembly of subsystems for TP-LIF proof-of-concept work

Further experimental work proceeded at Harvard. Various subsystems necessary for

completion of a laser tabletop proof-of-concept experiment were assembled. These

components include infrared and ultraviolet lasers, an OH generation system, an OH TP-LIF

fluorescence axis, an OH lamp axis, and a computer control system (Fig. 4.3.5).

The infrared source is a homebuilt optical parametric generator (OPG) that generates the

required 2.9 micron beam through nonlinear conversion of light from a 5 kHz, 1064 nm

Nd:YAG laser (Mephisto MOPA, Coherent) via a periodically-poled lithium niobate
14Rothman et al. 2013.
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Figure 4.3.5: Schematic of benchtop experiment setup at Harvard.

crystal.15 The nonlinear conversion is enhanced via injection seeding from a 1680 nm DFB

seed, coaligned with the Nd:YAG beam. The available power at 2.9 micron is approximately

250 mW.

The ultraviolet source is a modified titanium-sapphire (Ti:sapph) laser (Photonics

Industries). The laser cavity optics have been replaced with optics coated for production of

the 692 nm light necessary for obtaining a 346 nm beam after passing through an external

secondary harmonic generation (SHG) crystal. As detailed in the Results, the available

power at 346 nm is approximately 20 mW at present, but is expected to be able to be

improved with further optimization of geometry and components.

For creation of large (>109 molecule cm-3) concentrations of OH in the laboratory, OH is

15Hannun 2016.
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generated through photolysis of water vapor in nitrogen using a xenon excimer lamp (Osram)

with output at 172 nm. The concentration of generated OH can be controlled by changing

the ratio of humidified and dry flows that mix before reaching the excimer lamp.

Immediately downstream of the OH generation lamp is the TP-LIF detection axis. The

detection axis is a modified detection cell previously used to measure OH with SP-LIF.16

Perpendicular to the direction of flow, one axis contains collection optics and a

photomultiplier tube (PMT) for detection of fluorescence signal. The second axis contains

windows for the co-aligned IR and UV laser beams to pass through. The laser beams currently

travel in a single-pass configuration, but a multi-pass geometry may later be implemented to

improve sensitivity.

Downstream of the TP-LIF detection axis, generation of OH has been confirmed with a

secondary detection axis that makes use of a resonance fluorescence lamp. A sealed lamp is lit

with a microwave discharge and trace amounts of OH emit at the electronic transition located

at roughly 308 nm.

Computer control for timing of laser pulse generation and signal collection from a PMT on

the detection axis has been implemented with Labview code. Other aspects of the flow

system and lamps are controlled with in-house software built on top of the QNX real-time

operating system.

16Wennberg et al. 1994.
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Figure 4.4.1: Example popmodel run dynamics using experimental parameters with IR
excitation using the OPG system at Harvard and excitation to A(v’=0) with 346 nm UV
radiation. The much faster quenching processes at 760 torr compared to 3 torr can be
observed.

4.4 Results

4.4.1 Numerical model

An example model run showing evolution of OH quantum state population dynamics with

time is shown in Fig. 4.4.1. The predicted detected fluorescence counts, per second, were

calculated from the output of such a model run and used to evaluate different experimental

setups, as described in the following subsections.

Additionally, characteristic timescales (e-folding lifetime) for excitation and relaxation
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Figure 4.4.2: Calculated e-folding lifetimes for excitation and relaxation processes repre-
sented in popmodel, as a function of pressure, using parameters describing the experimen-
tal system assembled at Harvard.

processes were calculated. The values of these timescales for the experimental system

assembled at Harvard, over a range of pressures, are shown in Fig. 4.4.2. Over the pressure

range considered, all process timescales exhibit a monotonic pressure dependence.

Collision-based quenching or other relaxation processes take place more quickly at higher

pressures due to the increased collision rate. Excitation processes due to IR or UV absorption

take places more slowly at higher pressures as a consequence of broadening of the OH

absorption line. As the absorption line broadens, the line shape factor representing the

spectral overlap between the laser and absorption line shapes decreases, leading to a slower

excitation rate.

Under experimental conditions representative of the experiments at Jülich, characteristic

lifetimes for vibrational transition processes were found to be 47 ns (IR laser absorption), 13
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ns (RET), 23 ns (lambda doublet energy transfer), and 35000 ns (vibrational quenching)

with a 3 torr bath gas.

4.4.1.1 Comparison of UV excitation schemes

The amount of relative signal for (0,1) excitation and (0,0) fluorescence, and (1,1) excitation

and (1,0) or (0,0) fluorescence UV excitation/detection schemes were compared, using

characteristic values for the FZJ experiments. The amount of signal for an equivalent SP-LIF

experiment was used as a baseline value, defined to be 1. It was found that at 2 torr of pressure

and 296 K, (1,1) excitation followed by (0,0) fluorescence was predicted to have a

normalized amount of signal equal to 0.070, with a somewhat lower value of 0.015 if instead

the (1,0) fluorescence channel is monitored. By comparison, the (0,1) excitation followed by

(0,0) fluorescence scheme leads to approximately an order of magnitude smaller signal, with

a normalized value of 0.0021 under the same conditions. The breakdown of each term,

following Eq. 4.1, is given in Table 4.4.1.
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Table 4.4.1: Comparison of model results for different two-photon laser-induced fluores-
cence (TP-LIF) schemes for OH detection. The UV excitation and fluorescence schemes
are defined in the main text. Overall relative fluorescence counts, Dnorm, is scaled relative
to the single-photon laser-induced fluorescence (SP-LIF) case in the “sp” column, defined
to be 1. The breakdown of Dnorm into four efficiency terms arising from the efficiencies
of the infrared transition (EIR), ultraviolet transition (EUV), fluorescence (Efluor), and de-
tection (Edet) follows Eq. 4.1. IR and UV efficiency calculations based on instrumentation
available for experiments at Forschungszentrum Jülich, Germany.

sp

(0,1)

excitation /

(0,0)

fluorescence

(1,1)

excitation /

(1,0)

fluorescence

(1,1) excitation / (0,0)

fluorescence

EIR 1 0.1 0.1 0.1

EUV 0.074 0.001 0.069 0.069

Efluor 0.27 0.27 0.027 0.20

Edet 0.63 1 1 0.63

Dnorm 1 0.0021 0.015 0.070

Even though the (1,1) excitation schemes lead to a somewhat larger amount of signal, the

(0,1) excitation scheme is still preferred. This is because ozone photolysis and generation of

OH is known to be a factor with 313 nm radiation, which is the reason the SP-LIF

instruments operate at reduced pressure. Only by operating at 346 nm, where the ozone

absorption cross-section is order of magnitudes smaller, can TP-LIF operate at higher

pressures because laser-generated OH is less of an issue. The additional advantage of

operating with 346 nm excitation is the fluorescence at 308 nm is then blue-shifted from the

laser scatter. With appropriate filtering, an extremely low background measurement should
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Figure 4.4.3: Calculated detection counts, optical parametric generator (OPG) or optical
parametric oscillator (OPO) infrared source. The different excitation and fluorescence
schemes are defined in the main text.

be possible.

Because of this difference, ultimately a TP-LIF field instrument should use 346 nm

excitation for the UV laser.

4.4.1.2 Comparison of IR excitation

Pressure-dependent model calculations were performed comparing the OPG and OPO

excitation (Fig. 4.4.3), using parameters given in Table 4.4.2. It was found the OPG excitation

exhibited less strong of a pressure dependence. At the higher pressures for which the TP-LIF

is intended to be operated at, use of the OPG system results in a larger number of detection

counts. Only at very low pressures at which vibrational quenching is less important does the

CW OPO system have a higher predicted number of counts.
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Table 4.4.2: Parameters used to predict detection counts.

Parameter Value

POPO 3 W

POPG 250 mW

PUV 50 mW

[OH]amb 106 cm-3

Ecollection 0.05

Equantum 0.25

Vdetection 0.2 cm3

fmeasure 5 kHz

Multipass enhancement 50

4.4.1.3 Accounting for multipass design

Because the predicted detection counts per second for ambient (106 cm-3) were low, the

model was also run to check the predicted counts assuming a multipass design could result in

a 50-fold enhancement in the signal counts (Fig. 4.4.4). In this case, using the (0,1) excitation

scheme with 346 nm radiation, the detection counts are still expected to be between 0.01 and

1 detection count per second, depending on operating pressure. This result suggests further

work may be necessary to enhance the number of counts achieved for a field instrument,

likely by increasing the available OPG power.
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Figure 4.4.4: Calculated detection counts and its pressure dependence, assuming 50-fold
signal enhancement from multipass design. Use of either the optical parametric generator
(OPG) or optical parameteric oscillator (OPO) IR sources are considered, with the same
UV excitation characteristics in each case.
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Figure 4.4.5: Sample FZJ depletion experiment results, with no depletion signal ob-
served. Right plot: error bars indicate total range of wavelength measurements for each
OH point. The expected wavelength of the depletion signal is at the center of the right
plot, with expected magnitude of approximately 10% drop in signal (i.e., approximately
360 normalized counts).

4.4.2 Depletion experiments

The results of the depletion experiments did not provide evidence of measurable excitation of

population into the X(v”=1) state via the IR laser. An example experimental result is shown

in Fig. 4.4.5.

A number of hypotheses were investigated that could explain the lack of depletion signal.

According to the numerical model, approximately 10% of the total population was expected

to reside in X(v”=1) under the experimental conditions at steady-state.

Because the bandwidth of the IR OPO (1 MHz) was significantly narrower than the

expected linewidth of the vibrational absorption line, a dithering technique was tried in

which the OPO wavelength was quickly tuned over a wavelength range that better matched

the expected linewidth of the absorption line, which was calculated to be 14 MHz (full-width
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at half max, FWHM), or 0.4 pm at 2.9 μm (Fig. 4.3.1). A representation of the dithering was

also integrated into the popmodel code, suggesting that though the effect of dithering may be

worth investigating, it also should not be necessary to obtain measurable signal.

Another possibility that was considered was the range over which the IR wavelength was

swept did not in fact contain the intended P1(3) absorption feature. This could be either due

to an inaccuracy in the wavelength measured by the wavemeter, or an error in the reported

literature value of the wavelength. The wavemeter repeatability was rated at 0.2 pm and

absolute accuracy of 0.6 pm. A wavelength range broader than the rated accuracy of the

wavemeter and the estimated uncertainty in the literature wavelength value was swept over,

implying that the lack of signal was not due to missing the absorption feature. A related

difficulty was that the wavelength of the OPO output, if not actively controlled, was observed

to drift over the fluorescence integration timescale over a wavelength range broader than

FWHM of the vibrational absorption line. This issue was overcome via performing a slow

sweep of the IR OPO wavelength, via programming a slow ramp of the voltage delivered to

the cavity mirror piezo transducer, that was set empirically to compensate for the observed

drift rate as well as slowly change the IR wavelength. The scan rate was set such that the IR

wavelength would stay within the FWHM of the absorption feature over the fluorescence

integration period. Future work could integrate active computer control feedback to change

the scan rate with time, because it was observed that the rate of drift changed over time.

However, even the manual control of the wavelength drift described above was sufficient to

show the lack of signal could not be explained by drift in the IR laser wavelength.

A third possibility that was examined was the alignment between the IR and UV beams

was inadequate, meaning no spatial overlap between the vibrationally excited OH and the UV
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beam. Extensive iterative alignment was performed to try to match the alignment of the IR

and UV beams as well as possible, including of their diameters. IR beam diameters of both 1.5

mm and 6 mm were used, using two lenses in a Galilean telescope configuration to expand

the beam to the latter value. As far as could be determined, beam alignment was not the cause

of not observing a depletion signal.

As a result, despite addressing the potential problems as described above, a depletion

signal was not observed. This suggests further work would need to be performed with this

experimental system. Furthermore, it also suggests a better approach may be to move directly

to observing TP-LIF fluorescence rather than depletion of SP-LIF signal. An advantage of

looking for the appearance of the fluorescence signal compared to the depletion of an existing

fluorescence signal is the limit of detection should be improved. The limit of detection of the

depletion experiment is limited by the noise in the existing SP-LIF signal, which acts as the

baseline, as seen in Fig. 4.4.5, whereas the background should be effectively zero for the

TP-LIF experiment.

4.4.3 Subsystem assembly for TP-LIF proof-of-concept work

A number of intermediate results were achieved at Harvard in preparation for experiments to

measure TP-LIF.

4.4.3.1 OPG IR source

The ability of the OPG system to be tuned to the IR wavelength of interest for the vibrational

excitation step was assessed. An ammonia (NH3) gas cell was prepared and a diagnostic

absorption scan was performed. Based on comparison of the absorption spectrum with a
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literature NH3 absorption spectrum, the location of the desired OH P1(5) line was found.17

The OPG was operated at a 5 kHz rep rate, and operated at 250 mW with a 6 ns pulse length.

Additional tuning of the OPG system may be possible to further enhance the power output.

4.4.3.2 Ti:sapph UV source

It was found that the existing optics in the Ti:sapph laser were not appropriate for generating

the necessary 692 nm wavelength to frequency double to generate the 346 nm UV excitation

beam. A wavelength of 692 nm is not in the peak portion of the gain curve for a Ti:sapph

crystal, but still is expected to have sufficient gain at that wavelength for operation.18

The power of the Ti:sapph output as a function of wavelength was traced in a number of

configurations. It was found that due to the coating of cavity optics, there was a sharp

decrease in output power at 700 nm. Though specifications were not available from the

manufacturer for the optical components installed in this laser ( J. Song, personal

communication), commercially available Ti:sapph cavity mirrors often show a drop in

reflectivity at near 700 nm.

Because cavity optics for operation at 692 nm were unavailable, and the specifications of

the existing cavity optics were unavailable, the required characteristics of new cavity mirrors

for 692 nm were determined empirically. The focal lengths of each existing cavity mirror was

measured, and commercially available mirrors were identified with similar focal lengths but

high reflectivity at 692 nm (as well as high transmittance at 532 nm for the pump

wavelength). After replacement of cavity optics with a different coating, it was found that

wavelengths under 700 nm could be achieved. Two different output coupler optics were used,

17Rothman et al. 2013; Hannun 2016.
18Moulton 1986.
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one that was 10% transmissive and the other 5% transmissive. The 10% output coupler was

found empirically to be appropriate for achieving lasing at 692 nm. Currently the amount of

power available at 346 nm after the frequency doubling crystal is 20 mW but it is expected

further enhancements to the power could be made with additional work on cavity alignment.

4.4.3.3 OH generation

Via use of the resonance fluorescence lamp secondary detection axis, generation of OH has

been confirmed via PMT detection. The OH signal in the secondary detection axis and its

dependence on water vapor content of the gas flowing through the OH source is shown in

Fig. 4.4.6. As expected, the presence of additional water leads to increased OH formation,

though there is evidence for saturation.

4.5 Conclusions and futurework

A combination of numerical modeling and benchtop experiments have been performed to

inform the design of a proposed field instrument to measure ambient concentrations of OH

using a two-photon laser-induced fluorescence (TP-LIF) technique. Such a technique would

supplement existing in situ OH measurements, which largely rely on a single-photon

laser-induced fluorescence (SP-LIF) technique. Though the absolute amount of signal will

inherently be smaller using TP-LIF, because the entirety of the X(v“=0) population cannot

be excited to X(v”=1), the technique has the advantages of having a fluorescence signal far

spectrally separated from any incident radiation, as well operating with a UV wavelength for

which laser-generated OH via ozone photolysis is much less of concern. As a result, the
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Figure 4.4.6: OH lamp detection axis confirming OH generation and expected response
to change in humidity.
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technique is less dependent on operating at low pressures and hence may avoid recent

concerns about possible unknown sources of instrument-generated OH thought to be related

to the low-pressure expansion required by modern SP-LIF techniques. Consequently,

TP-LIF should not need to be operated with a chemical scrubber to check for the

interference. The ultimate sensitivity of the technique should also be aided by the very low

background expected at the fluorescence wavelength channel.

A first set of IR spectral scans performed at FZJ did not lead to any observed depletion

signal. Key parameters in achieving signal are precise IR wavelength calibration,

near-complete beam overlap, adequate matching of IR bandwidth to absorption linewidth,

and sufficient signal integration time. A conclusion from this experimental work is direct

measurement of TP-LIF is preferred over depletion experiments using SP-LIF, due to the

small background.

Another key result of this work’s analysis is a conclusion that TP-LIF development should

proceed using 346 nm excitation with the UV laser to the A(v’=0) state, to maximize the

advantages of TP-LIF compared to SP-LIF, namely, to greatly reduce the ozone photolysis

which should allow operation at higher pressures, as well as to provide a virtually

background-free measurement. These advantages outweigh the results of the numeric model

which show that a somewhat higher absolute fluorescence signal is expected with 313 nm

excitation to the A(v’=1) state.

The numeric model described in this work was used to calculate the factor by which the

TP-LIF technique results in fewer fluorescence counts than an analogous SP-LIF system. It

also points to the potential importance of using a multi-pass technique in a fielded instrument

to increase the instrument sensitivity.
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4.5.1 Future work

The work described herein sets the stage for future experimental work in which TP-LIF signal

is measured and characterized in the laboratory. The experiment will use the OPG and

Ti:sapph lasers described above, along with the OH generation source. The OPG and

Ti:sapph will be co-aligned, as was done with the experiments at FZJ. Based on the

knowledge gained from the FZJ depletion experiments, the system will be operated directly

in TP-LIF mode, wherein fluorescence signal from the TP-LIF excitation scheme is sought,

rather than a depletion experiment in SP-LIF mode. Again, the advantage here will be with

virtually zero background, even a small fluorescence signal can be observed and then

optimized. The challenge of initially gaining TP-LIF signal is that observation of fluorescence

requires to simultaneously tune both the IR and UV sources to the correct wavelengths. (In

contrast, the SP-LIF depletion experiment allows first determining the correct UV

wavelength by observing SP-LIF, and then independently determining the correct IR

wavelength by sweeping the IR source wavelength until depletion is observed.) However,

observation of TP-LIF signal can be achieved via a two-dimensional wavelength sweep of

both the IR and UV wavelengths. With the UV wavelength fixed, the IR wavelength is swept

over the entire range of wavelengths over which the vibrational absorption line might be

found. Then, the UV wavelength is adjusted by a small amount and again held fixed while the

IR sweep is performed. This process is repeated until the entire plausible UV wavelength

range is checked. At some point during that process, the TP-LIF signal will be observed.

Once signal is obtained, optimal operational parameters will be determined, including

absorption line selection, operating pressure, and timing of the IR and UV pulses. Once

optimized, different key aspects of the system’s behavior will be characterized. This includes
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measuring the sensitivity and limit of detection, and checking for the dependence of signal on

compounds such as ozone, for which no interference is expected but should be verified. If

necessary, further improvements in infrared excitation efficiency, combined with the

expected lowered background for the technique, should enable a mature TP-LIF instrument

to have its sensitivity competitive with SP-LIF instruments.

Once the performance of the benchtop measurement system has been assessed, if the

predicted sensitivity to ambient concentrations of OH is sufficient, the knowledge gained

from the benchtop system can be used to engineer and build a field deployable instrument. In

this way, a new type of OH measurement could help better constrain the OH oxidation

budget in the Earth’s troposphere, which plays a central role in the fate of a number of

different chemical systems with broader impacts extended to human health and climate.
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5
Conclusions

5.1 Summary of currentwork

This work addresses two different topics in atmospheric chemistry in which

development of new instrumentation can help advance the state of understanding: the

fundamental chemistry underlying gas–particle partitioning, and the reliability of ambient

measurements of the hydroxyl radical, OH.

A new laboratory technique for measuring the detailed chemical composition of individual

levitated droplets using mass spectrometry, electrodynamic balance–mass spectrometry

(EDB-MS), was developed. The system was first used to observe the evaporation of sets of

polyethylene glycol compounds, whose vapor pressures were previously well characterized.

The observations were found to be in agreement, within experimental uncertainties, with a

model representation of evaporation using the literature vapor pressures. Fitting the model to

the observations to obtain vapor pressures resulted in values that agreed with literature values
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within a factor of two, which is far better than the orders of magnitude discrepancies that have

sometimes been reported in the literature in the past.

The EDB-MS setup was then applied to examine the evaporation of butenedial, a

dialdehyde compound with relevance to the atmosphere, under different conditions. It was

found that the effective vapor pressure is much lower than would be expected based on its

dialdehyde structure alone, implying that butenedial, like the smaller dialdehyde glyoxal,

exists largely as a dihydrate in atmospheric aerosol particles. Consequently, the effective

Henry’s law constant for butenedial was also calculated to be large, on the order of 107 M

atm-1. Furthermore, evaporation of butenedial was shown to speed up in particles containing

sodium chloride or sodium sulfate, consistent with a salting-out effect. The difference from

the salting-in effect previously observed for glyoxal can be justified in terms of butenedial

containing a larger hydrophobic portion to its structure, implying larger dialdehydes in the

atmosphere may behave more similarly to butenedial than glyoxal.

Laboratory and modeling studies were performed to inform the design of an instrument to

measure ambient OH using a two-photon laser-induced fluorescence (TP-LIF) technique. It

was found that though in theory either a pulsed or continuous wave infrared (IR) source may

be used, the available pulsed system is preferred for operation at the desired higher pressures.

For the ultraviolet (UV) laser, to gain the desired advantages over existing single-photon

laser-induced fluorescence (SP-LIF) techniques, excitation should be performed using 346

nm light rather than 313 nm, even though the total amount of fluorescence signal is not as

large. It was found that the cavity optics of an existing Ti:sapph laser could be modified to

make accessible the desired 346 nm beam. The modeling results indicate that with the

amount of laser power currently available, a multipass configuration in the detection cell may
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be necessary to obtain sufficient fluence to be able to measure ambient levels of OH. An

experiment for a benchtop proof-of-concept study is proposed, using a modified existing

SP-LIF detection cell for TP-LIF detection of OH along with a secondary lamp axis to

confirmOH production. It is recommended to perform a two-dimensional search of both the

infrared and ultraviolet wavelengths to find the TP-LIF signal, rather than attempt a

“depletion experiment” in which the UV laser is used to perform SP-LIF while the IR laser is

tuned over the vibrational absorption feature.

5.2 Future directions

5.2.1 Monitoring chemistry with EDB-MS

Preliminary work is underway to use EDB-MS to study chemical reactions taking place in the

levitated particle, which is a type of experiment for which the EDB-MS approach is

particularly well-suited. The reaction of butenedial with ammonia is being studied.

Interestingly, the formation of a light-absorbing pyrrolinone compound is observed when a

reaction mixture is prepared in a vial and allowed to react there, but when the same mixture is

introduced into the EDB-MS as a levitated droplet, no reaction occurs. Observation of

pyrrolinone formation is only observed in a levitated droplet if much higher concentrations

of ammonia gas are introduced into the EDB-MS gas phase bath. More work is necessary to

interpret these results.

This work can be further expanded to look at other types of chemical transformations

relevant to atmospheric aerosol, for example the heterogeneous oxidation by gas-phase

compounds such as OH or ozone. A key advantage of the EDB-MS approach compared to
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other laboratory studies is the ability to retain a single particle over the multiday lifetime of

atmospheric aerosol. Therefore, heterogeneous oxidation can be studied over the true

lifetime of an atmospheric particle, rather than having to accelerate the oxidation rate with

highly elevated oxidant concentrations as has previously been done with other techniques. In

this way, EDB-MS represents a unique opportunity to investigate whether previous results

with elevated oxidant concentrations present a true representation of multiday aging.

5.2.2 Improved EDB-MS performance

Though the performance of the current EDB-MS design has been sufficient for the current set

of experiments, a number of modifications are envisioned to broaden the scope of feasible

experiments. Addition of an optical sizing system, as has been used by other research groups,

will better constrain the evaporation model and lead to smaller uncertainties in extracted

vapor pressures. Use of an EDB in a quadrupole configuration should allow a population of

particles to be trapped at once, and analyzed by MS one at a time over the course of an

experiment. As a result, experimental throughput should increase greatly.

5.2.3 Measuring ambient OH with TP-LIF

The TP-LIF work described in Chapter 5 has laid the groundwork for a benchtop

proof-of-concept experiment, as outlined above. The results of that study, specifically the

instrumental sensitivity, will inform what further optimizations need to be performed to

build a field instrument with sufficient sensitivity to measure ambient concentrations of OH,

in a manner that avoids a low-pressure expansion and hence represents an alternative

measurement approach with advantages compared to existing SP-LIF techniques.
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