ABSTRACT
ROTHFUSS, NICHOLAS ERNEST. Toward Better Characterization of the Viscosity of Organic
Aerosol. (Under the direction of Dr. Markus D. Petters).
Atmospheric aerosol is central to various processes of meteorological or climatological
concern and is a pollutant of significant concern for human health. Much of the particulate matter
present in the atmosphere is composed of organic compounds. Organic aerosol (OA) can be
liquid-like, semi-solid, or have mechanical properties similar to a glass, a difference of
approximately 15 orders of magnitude in measured viscosities. Modelling studies suggest that
highly viscous OA will be common in the middle and upper troposphere and in drier and colder
regions of the lower troposphere. At near-glassy viscosities, bulk diffusion within the particle
may be sufficiently inhibited as to render assumptions of rapid equilibration between the particle
and its ambient environment during processes such as hygroscopic growth invalid, and thus serve
as a potential source of error in cloud and climate models. Viscous outer shells may shield
reactive species in the particle bulk from reaction with ambient oxidant species or inhibit
evaporation of volatile species initially present within the bulk, dramatically increasing the
atmospheric lifespan of such compounds and thus can provide a long-range transport mechanism
for toxic or carcinogenic substances such as polycyclic aromatic hydrocarbons. Finally, highly
viscous OA particles may serve as ice nuclei, altering pathways of cirrus cloud formation and
concomitant radiative effects. Accordingly, there is scientific merit in quantifying OA viscosity
and characterizing the processes that drive it and are modulated by it.
Full understanding will require development of new instrumental methods and robust
numerical models. This dissertation works towards closing this gap. This dissertation comprises
six chapters on the topic of OA viscosity. A review of relevant literature on topics relating to OA
viscosity is provided as an introductory chapter. Chapter 2 investigates how different functional

groups modulate viscosity and/or glass transition temperature of atmospherically relevant
compounds, based upon data collated from literature. Chapter 3 demonstrates a method for
probing the viscosity of nanoscale aerosol by using measurements of apparent electrical mobility
diameter to assess the morphology of dimerized particles subject to a brief period of
conditioning. Chapter 4 presents a phase diagram model for binary aqueous aerosol, using
sucrose as the representative system. This model combines the Gordon-Taylor equation for
representing the humidity-dependence of glass transition temperature, a modified Vogel-FulcherTammann equation for representing the temperature-dependence of viscosity, and a mass-based
water activity parameterization, with model parameters derived using viscosity measurements
made with the experimental method of Chapter 3. Chapter 5 characterizes and defines minimum
experimental parameters for the experimental method of Chapter 3. Finally, Chapter 6
investigates the relationship between initial particle viscosity and condensational growth kinetics
for a number of aqueous carbohydrate systems commonly used as OA proxies, using a
combination of electrodynamic balance-based laboratory measurements and a gas diffusional
growth model.
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CHAPTER 1
Introduction
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Atmospheric aerosol is central to various processes of meteorological or climatological
concern (McNeill 2017; Fan et al. 2016; Boucher et al. 2013) and is a pollutant of significant
concern for human health (Shiraiwa et al. 2017b). Much of the particulate matter in the
atmosphere is comprised of organic compounds (Volkamer et al. 2006), and this organic aerosol
(OA) fraction consists of thousands of distinct compounds (Goldstein and Galbally 2007).
Broadly, atmospheric OA can be separated into two classes: primary (POA) and secondary
(SOA). POA is directly emitted in the particulate phase, such as combustion products (Tsimpidi
et al. 2016; Presto et al. 2012) and aerosolized bioaerosols (Després et al. 2012). In contrast,
SOA precursors are emitted in the gas phase, such as isoprene and its derivatives from biogenic
sources (Shrivastava et al. 2017a; Jokinen et al. 2015; Wyche et al. 2014; Fu et al. 2014) or
aromatics from anthropogenic sources (Jathar et al. 2013; Gentner et al. 2012; Pandis et al.
1992). These precursors subsequently undergo oxidation reactions producing progressively less
volatile products (Ziemann and Atkinson 2012; Kroll et al. 2011; Jimenez et al. 2009).
Eventually, equilibrium vapor pressure is sufficiently reduced that some fraction of these
compounds will partition into the particulate phase, forming SOA (Donahue et al. 2006; Odum et
al. 1996). Both POA and SOA may subsequently undergo additional compositional changes
though particle-phase reaction (Zaveri et al. 2014; Shiraiwa et al. 2013; Jang et al. 2002) or
hygroscopic growth from uptake of ambient water vapor (Rovelli et al. 2016; Petters and
Kreidenweis 2007; Varutbangkul et al. 2006). The kinetics and products of these evolutionary
processes will depend upon timescales of molecular uptake and bulk mixing. These timescales
may be longer than assumed equilibrium timescales in highly viscous particles (Bones et al.,
2012; Tong et al., 2011; Zobrist et al., 2011) and thus serve as a source of error in atmospheric
models.
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The difference in viscosity between a liquid such as water and an amorphous solid
(glassy) phase is approximately 15 orders of magnitude (Shiraiwa et al. 2011). POA can be
highly viscous. Long-chain hydrocarbons typical of anthropogenic emissions may be solid at
near-ambient and colder temperatures (Shrivastava et al. 2017b), and glassy particles comprised
of soil material aerosolized via surface impacts of precipitation droplets have been observed
(Wang et al. 2016). Until recently, it has been thought that SOA was primarily liquid. In a
theoretical treatment, Marcolli et al. (2004) argued that the liquid phase was thermodynamically
preferred. Experimentally, observed trends in both deliquescence relative humidity (Marcolli et
al. 2004) and evaporation behavior (Cappa et al. 2008) for carboxylic acids argued for
increasingly liquid-like behavior in organic mixtures with additional components. Given that the
mixtures in the studied works had a comparatively small number of constituents relative to
atmospheric OA, expecting such OA to be liquid in practice was a reasonable extrapolation. The
existence of atmospheric SOA in highly viscous forms was postulated by Zobrist et al. (2008),
who observed that a number of common aqueous OA proxy systems, including several multicomponent mixtures, underwent a glass transition at temperatures of atmospheric relevance. This
was confirmed by Virtanen et al. (2010), who observed amorphous solid particles in electron
micrographs of SOA derived from boreal forest emissions. More recently, global modelling by
Shiraiwa et al. (2017a) suggests that environmental conditions favorable for SOA to exist in a
glassy phase become increasingly common with altitude, and that in the upper troposphere SOA
may be predominately glassy. Semi-solid viscosities have been directly measured in dry,
laboratory-generated SOA (Järvinen et al., 2016; M. Song et al., 2016; Zhang et al., 2015).
Together, the above observations suggest that highly viscous OA may be relatively common in
the atmosphere, particularly in colder and drier regimes. For such particles, rapid equilibration

3

cannot necessarily be assumed in numerical treatments of chemical, microphysical, or radiative
interactions. Accordingly, there is scientific merit in quantifying OA viscosity and characterizing
the processes that drive it and are modulated by it.
OA viscosity is, however, a very broad research topic. It touches on organic, physical,
and analytical chemistry; cloud microphysics; and aerosol mechanics. Full understanding will
require development of new instrumental methods and robust numerical models. As direct
measurement of ambient OA is often not feasible, suitable proxy and laboratory-generated SOA
systems must be identified and characterized. Thus, there are many aspects for research, although
a full treatment of OA viscosity is well beyond the scope of a single Ph.D. dissertation. The
remainder of this chapter will discuss the existing state of knowledge regarding OA viscosity,
with an emphasis on the facets of this broad problem that directly motivated the research in the
chapters to follow. These subsequent chapters are then briefly introduced at the end of the
literature survey.
Possible Implications of Viscous Organic Aerosol
It is worth considering why variations in viscosity observed across OA are of potential
scientific interest. A conventional value of 1012 Paꞏs is typically assumed for glassy aerosol
(Debenedetti and Stillinger 2001). By comparison, liquid water has a viscosity of 0.0089 Paꞏs at
25 °C (Kestin et al. 1978), implying observed viscosity in atmospheric aerosol may span more
than fifteen orders of magnitude. Per the Stokes-Einstein (SE) relationship (Shiraiwa et al. 2011),
diffusivity of small molecules within an aerosol matrix is inversely proportional to the particle
viscosity (η):
𝐷

𝑘 𝑇
,
6𝜋𝑎𝜂

(1)
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where kB is Boltzmann’s constant, T is the absolute temperature, and a is the molecular radius. It
is established that the SE relationship does not strictly hold, even at relatively low viscosities
(Marshall et al. 2016). However, it is not unreasonable to expect that the difference in diffusivity
between a particle with water-like viscosity and one with glass-like viscosity is still many orders
of magnitude, particularly for relatively large molecules. Even for particles in the semi-solid
regime (102 < η < 1012 Paꞏs) (Shiraiwa et al. 2011), diffusivity may be reduced by multiple
orders of magnitude relative to a liquid phase. Deviations from SE behavior can be accounted for
through the use of fractional SE relationships, where viscosity and diffusivity are related via an
empirically derived power (ξ). At constant temperature, such an equation has the following form:
𝐷

𝐶𝜂 ,

(2)

where C accounts for the non-viscosity terms on the right side of Eq. (1). For water in sucrose at
296 K, a value for ξ of 0.57 has been proposed (Price et al. 2016), implying an approximately
half order of magnitude decrease in diffusivity for each order of magnitude increase in viscosity.
Characteristic mixing time (τ) within a particle of diameter Dp is inversely related to the
diffusivity (Seinfeld and Pandis 2006):
𝜏

𝐷
.
4𝜋 𝐷

(3)

As such, if viscous inhibitions are present, particles may equilibrate on timescales longer than
those of most processes in the atmosphere (Maclean et al. 2017). Possible implications of such
inhibitions are considered next.
One major area of concern is hygroscopic growth of aerosol particles. Hygroscopic
growth is driven by a gradient in vapor pressure between the ambient environment and the
surface of the particle. If adsorbed vapor molecules do not readily penetrate into the particle
core, the surface water activity will approach equilibrium with the ambient RH, reducing
5

diffusional flux and slowing particle growth. If growth is slowed sufficiently relative to
timescales of atmospheric processes such as adiabatic cooling in an updraft, actual droplet size
distributions will differ from the predictions of purely equilibrium models such as Köhler (1936)
theory. Inhibited hygroscopic growth of viscous aerosol has been observed at low (<45%) RH
(Bones et al. 2012; Tong et al. 2011). However, growth kinetics at higher RH are of greater
relevance to cloud processes, and by extension, cloud radiative effects. Modelling studies
suggest that diffusional inhibitions may be of less concern at high RH (O’Meara et al. 2016;
Lienhard et al. 2015), perhaps due to plasticization from water uptake removing diffusional
inhibitions (Pajunoja et al. 2015). However, direct measurements comparing timescales of
condensational growth to initial particle viscosity at high RH have not been previously reported.
This is investigated further in Chapter 6 of this work.
Diffusional inhibitions may also influence the kinetics of particle-phase chemical
reactions. For liquid-like particles with high diffusivity even for large molecules, oxidants should
readily penetrate into the bulk to attack reactive species. Similarly, volatile molecules within the
particle bulk should readily mix to the surface and evaporate. However, if a viscous outer shell is
present, such as from co-emitted primary organics (Shrivastava et al. 2017b) or formed as a
result of surface oxidation (Pfrang et al. 2011), these assumptions may not hold. Modelling
studies suggest that formation of a viscous outer shell and subsequent arrest of oxidation can
explain observed trends in oxidation of oleic and palmitoleic acid (Pfrang et al. 2011), both
major effluents of meat cooking, an important source of SOA precursors in urban regimes
(Rogge et al. 1991). It has been suggested that viscous aerosol shells can protect potentially
carcinogenic polycyclic aromatic hydrocarbons in the particle bulk from oxidation, potentially
providing a mechanism for long-range transport of these and other highly reactive or volatile
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anthropogenic pollutants to previously pristine regions (Shrivastava et al. 2017b; Zelenyuk et al.
2012). Recently, Liu et al. (2018) have observed that brown carbon forms more readily from
initially non-absorbing SOA at 60% RH than at 20% RH, environmental conditions consistent
with lower particle viscosity and higher diffusivity with the particle matrix. Chim et al. (2017)
found that uptake of OH radicals by aqueous droplets of 2-methylglutaric acid increased with
increasing RH and argued that this was more likely due to changes in bulk viscosity than changes
in reaction mechanism arising from increased particle water content. Similar observations of RHdependent kinetics have been made for the ozonolysis of shikimic acid (Steimer et al. 2015),
uptake of ammonia by α-pinene SOA (Kuwata and Martin 2012) and uptake of both OH (Davies
and Wilson 2015) and N2O5 (Gržinić et al. 2015) by citric acid aerosol.
Finally, viscous organic aerosol may modulate ice nucleation pathways, with possible
implications for cirrus cloud formation. The latter possibility is of potential concern to global
climate models, as cirrus layers influence the global radiative balance (Campbell et al. 2016; Lee
et al. 2009). Murray (2008) observed that citric acid solutions could become glassy at conditions
similar to the tropical tropopause, and that in such solutions ice crystallization was inhibited.
This was extended in subsequent works, where heterogenous ice nucleation was observed on
glassy particles in a cloud simulation chamber for first citric acid aerosol (Murray et al., 2010)
and then various other OA proxies (Wilson et al. 2012). Elsewhere, Wang et al. (2012) observed
heterogeneous ice nucleation onto naphthalene SOA and Ignatius et al. (2016) observed
heterogenous ice nucleation onto viscous α-pinene SOA. The possibility heterogenous ice
nucleation directly competes with homogeneous freezing has been studied by Berkemeier et al.
(2014), whose modelling work suggests under certain circumstances depositional mode ice
nucleation (Vali et al. 2015) onto glassy aerosol or immersion mode nucleation (Vali et al. 2015)
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via semi-solid aerosol may predominate. If OA viscosity is an important consideration for
treatments of ice nucleation, it should be noted that relevant viscosities are currently not well
constrained. Glassy (1012 Paꞏs) viscosities may not be necessary for depositional mode freezing,
for example. In practice, required viscosities for heterogeneous nucleation may be quite low. For
example, contact mode nucleation (Vali et al. 2015) facilitated by hydrocarbons with viscosities
below 1 Paꞏs has been observed (Collier and Brooks 2016).
Organic Aerosol Formation and Ageing
Before considering methods of quantifying OA viscosity, it is worth briefly discussing
the chemistry of OA, in order to emphasize to the reader that many factors influence OA
composition, morphology, and by extension, viscosity. As mentioned above, OA can be broadly
divided into two classes: POA and SOA. POA is directly emitted in the particulate phase and can
be viscous. Much of this fraction is composed of black carbon, so named because it is a strong
absorber of radiation (Bond et al. 2013). Black carbon arises due to incomplete combustion, with
both industrial and biomass burning sources contributing significantly to the global budget (Bond
et al. 2013). Much of this material may be tar-like spheres (Adachi and Buseck 2011; Pósfai et
al. 2004), with viscosities on the high end of the semisolid range. Another contributor to the
black carbon fraction is soot, a fractal-like aggregation of combustion effluents (Seinfeld and
Pandis 2006). To the author’s best knowledge, the viscosity of soot aerosol has not been directly
considered to date. However, recently Sharma et al. (2018) reported that mixtures of soot and
highly viscous OA will tend to remain externally mixed under conditions where less viscous OA
will tend to partially engulf the soot particles, suggesting that soot is also highly viscous or solid.
In addition to the combustion-related POA discussed above, Wang et al. (2016) have observed a
formation mechanism for glassy POA that may be of particular importance in agricultural areas.
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Soil organic material (SOM) dissolved in a surface water layer is entrained into air bubbles
formed from impact of precipitation droplets. These bubbles subsequently burst, aerosolizing the
SOM, which quickly becomes viscous due to drying. Finally, bioaerosols such as pollen and
microbes also contribute to the POA fraction (Fröhlich-Nowoisky et al. 2016; Després et al.
2012).
SOA formation mechanisms are exceptionally complex and have been the subject of
several review articles (Ziemann and Atkinson 2012; Carlton et al. 2009; Hallquist et al. 2009;
Kroll and Seinfeld 2008). Accordingly, only a high-level discussion of SOA formation will be
presented in the following paragraphs, and the reader is directed to the referenced review articles
and citations therein for additional details. SOA precursors are comprised of a variety of
anthropogenic and biogenic emissions. Broadly speaking, these gases (VOCs) are (typically
unsaturated) hydrocarbons with limited oxidation. In unpolluted environments, isoprene and its
derivatives, particularly monoterpenes and sesquiterpenes, dominate (Shrivastava et al. 2017a).
In urban regimes, various alkanes, alkenes, and aromatic hydrocarbons can act as SOA
precursors (Gentner et al. 2017; Hildebrandt et al. 2009; Ng et al. 2007). Slightly more
complicated precursors include fatty acids from meat cooking (Rogge et al. 1991) and products
of biomass burning (Kelly et al. 2018; Bian et al. 2017). Molecular oxygen (O2) is the most
prevalent oxidizer in the atmosphere by a large margin. However, direct reaction between O2 and
common VOCs proceeds much too slowly to be of atmospheric relevance (Seinfeld and Pandis
2006). Accordingly, SOA formation is driven by radical chemistry. Four radical species are of
particular importance: hydroxyl radical (OH), nitrate radical (NO3), ozone (O3), and atomic
chlorine (Cl) (Ziemann and Atkinson 2012). NO3 is primarily relevant to nighttime chemistry as
it readily photolyzes to NO2 in the presence of sunlight (Seinfeld and Pandis 2006). Reactions
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between VOCs and OH, NO3, and Cl typically form either an alkyl radical via abstraction of a
hydrogen atom from a C-H bond by the oxidant or a substituted alkyl radical via direct addition
of the oxidant to a carbon-carbon double bond (Ziemann and Atkinson 2012). O3 attacks carboncarbon double bonds, forming a ring-shaped intermediate product known as a Criegee
intermediate that subsequently decays to an alkyl radical and a free OH radical (Ziemann and
Atkinson 2012).
Regardless of formation mechanism, the primary reaction pathway for these alkyl-type
radicals is addition of molecular oxygen to form peroxy radicals (RO2ꞏ). Through subsequent
reactions, these peroxy radicals can form alcohols (ROH), carboxylic acids (RC(O)OH),
carbonyls (RC(O)R’), hydroperoxides (ROOH), and peroxy acids (RC(O)OOH), as well as
organic nitrates (RON2) and peroxynitrates (ROON2) in the presence of NOx (Ziemann and
Atkinson 2012). The addition of oxygenated groups tends decrease equilibrium vapor pressure
(Goldstein and Galbally 2007). Progressive oxidation is characteristic of organic species
evolution in the atmosphere (Kroll et al. 2011; Jimenez et al. 2009), and after sufficient
oxidation, vapor pressure will be reduced sufficiently as to allow some fraction of the chemical
species to partition into the particulate phase. The viscosity of the resulting particles will in part
depend upon the number and type of functional groups added; this relationship is investigated
further in Chapter 2 of this work. Quantification of gas-particle partitioning along with potential
implications of partitioning on viscosity are considered next.
SOA formation is frequently discussed in terms of aerosol yield (Y), which is the ratio of
the resultant total organic aerosol mass concentration (COA) and the concomitant reduction in
concentration of precursor gases (Seinfeld and Pandis 2006). Odum et al. (1996) demonstrated
that a reasonable model for aerosol yield can be derived by assuming the system consists of a
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product with a low equilibrium vapor pressure (C1*) and a product with a high equilibrium vapor
pressure (C2*). Assuming the two products have individual molar yields (ratio of moles produced
to moles of total gases reacted) a1 and a2 respectively, this can be represented by the following
equation (Odum et al. 1996):
𝑌

𝑎

𝐶

𝐶

𝑎
𝐶

∗

𝐶

(4)

𝐶∗

Two-product-style approaches for modelling partitioning can be extended to an arbitrary number
of bins. One common method is the volatility basis set (VBS) (Donahue et al. 2006). In this
approach, similar to the Odum et al. (1996) method, bins are defined by effective vapor-phase
saturation concentrations (C*i), here typically defined as logarithmically spaced powers of 10.
Knowing the total concentration of organic mass in the particulate phase (COA), the fraction of
each bin in the aerosol phase (ξi) can be calculated by solving iteratively the below equations:
𝜉

1
𝐶

𝐶∗
𝐶
𝜉𝐶

(5a)

(5b)

where Ci is the total organic mass concentration in either phase for each bin. From the above, it
is clear that at higher values of COA, a higher fraction of more volatile constituents will partition
into the particulate phase. This may have implication for the viscosity of the resulting aerosol.
An approximately inverse relationship between viscosity and equilibrium vapor pressure has
been noted in bulk organic samples (Thomas et al. 1979; Sastri and Ramana Rao 1970; Mitra
1954). This suggests that if a larger fraction of highly volatile constituents are present in the
aerosol phase, particle viscosity will be smaller than if those highly volatile constituents
remained in the gas phase. Accordingly, viscosity of OA may depend not just upon the chemical
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systems present, but their respective concentrations as well. This is consistent with observations
by Grayson et al. (2016), who noted that the viscosity of α-pinene SOA decreased by
approximately 1.5 orders of magnitude as the aerosol mass loading increased 2 orders of
magnitude from 100 to 10,000 µg m-3.
Regardless, from the above discussion, it should be apparent that OA is an exceptionally
complex system. The large number of potential product species implies that isolation of specific
OA constituents in suitable quantity for viscosity analysis will be difficult at best. Accordingly,
classic industrial rheological approaches may scale poorly to the OA domain, and specialized
methodologies for quantifying and representing OA viscosity may be necessary. Previously
existing work on those latter two topics will be discussed in the next two sections.
Measuring Aerosol Viscosity
In discussing methods for measuring OA viscosity, we shall first consider the special case
of the viscosity associated with transition between an amorphous solid (glassy) phase and an
amorphous semi-solid phase, conventionally 1012 Paꞏs (Debenedetti and Stillinger 2001). The
glass transition is a second-order phase transition, that is it is associated with a change in heat
capacity but does not involve a latent heat like crystallization (Jaeger 1998). This change in heat
capacity can be readily detected in bulk samples via differential scanning calorimetry (DSC),
where it appears as a sigmoidal transition between two different levels of baseline heat flux to
the sample versus temperature (Ford and Wilson 1999). By comparison, first-order phase
transitions such as melting or crystallization will appear as peaks in heat flux around the
transition temperature. Note that to study glass transition behavior it is important the system
under study retains an amorphous structure. This will require specialized preparation for systems
that readily undergo crystallization (Dette et al. 2014).
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As for directly measuring viscosity itself, common methods for analyzing large, bulk
samples can be suitable to readily available organic proxy systems such as carbohydrates and
common organic food acids, but are poorly suited to SOA. As discussed in the preceding section,
SOA formation is exceptionally complex, with highly branched reaction mechanisms and various
sensitivities to environmental conditions. Measuring distinct viscosity profiles for these
individual constituents is highly impractical. Many of these constituents are not commercially
available, and the frequent occurrence of highly reactive (and in bulk, potentially explosive)
peroxy groups limits the degree to which such compounds can be synthesized and isolated in
quantities suitable for bulk analysis. Even when SOA products are analyzed as a complete
mixture, bulk methods will generally be inadequate. Bulk rheological methods exist for
microliter volumes, but are typically limited to very low viscosities (Renbaum-Wolff et al.
2013b). When only micrograms of material can be collected, methods suitable for nanoliter
volumes are required. Thus, the need for aerosol-specific methodologies for measuring viscosity
should be apparent.
A broad class of such techniques involves observations of various relaxation processes in
supermicron-sized particles via optical imaging. One such example is the bead-mobility method,
first introduced by Renbaum-Wolff et al. (2013b). A supermicron (30 µm – 50 µm diameter)
droplet of the material under study is placed on a slide. Next, ~1 µm beads of melamine or a
similar hydrophilic compound are nebulized over the droplet; several of these are subsequently
incorporated into the droplet. The slide is then positioned in a temperature- and humiditycontrolled flow cell. Shear stresses between the N2 flow in the cell and the surface of the droplet
introduce circulations that in turn induce movement in the beads. By observing the droplet via
optical imaging, it is possible to calculate a characteristic bead speed within the droplet matrix,
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which in turn can be related back to viscosity through a calibration curve. This method is limited
to viscosities where bead speed is fast enough to be measurable. Renbaum-Wolff et al. (2013b)
estimates the maximum such viscosity as 103 Paꞏs, which functionally restricts its applicability to
liquids and the low-end of the semi-solid viscosity range. As such, this method is typically used
concert with other measurement approaches, frequently including the poke flow technique
discussed next (Grayson et al. 2017; M. Song et al. 2016; Renbaum-Wolff et al. 2013a).
The basic idea of poke flow was first introduced for qualitatively differentiating liquids
and non-liquids by Murray et al. (2012) and for quantitatively measuring viscosities by
Renbaum-Wolff et al. (2013a), with more thorough validation of the latter subsequently provided
by Grayson et al. (2015). As with the bead-mobility method, a supermicron particle is
maintained on a hydrophobic substrate in a temperature- and humidity-controlled flow cell. A
sharp needle is inserted through a hole in the flow cell and pokes the previously spherical
particle, forcing it into a torus shape. Relaxation of the particle from a torus back to a sphere is
then observed via optical imaging. These observations are used to calculate a characteristic
relaxation time, which is then related to viscosity by use of numerical flow simulations.
Recently, Lee et al. (2017) have proposed that transitions between glassy solid and semisolid phases and between semi-solid and liquid phases can be detected using atomic force
microscopy. In the former case, the transition is detected by the presence of a viscoelastic
response, while in the latter case it is delineated by the ratio of probe penetration distance to
particle height reaching a steady-state for a given force. For aqueous sucrose particles, these
transitions were observed at RH values corresponding to viscosities 1011.2 and 102.5 Paꞏs (Lee et
al. 2017) based upon the data of Y. Song et al. (2016), both within 1 order of magnitude of the
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common literature conventions of 1012 (Debenedetti and Stillinger 2001) and 102 Paꞏs (Shiraiwa
et al. 2011), respectively.
Yet another approach utilizes molecular rotors. Molecular rotors are molecules with
twisted conformations that fluoresce when intramolecular rotation is hindered. The characteristic
timespan of this fluorescence is related to the viscosity of the medium (Lee et al. 2018). Variants
of this approach have been primarily utilized in rheological studies of living cells (Kubánková et
al. 2017; Lee et al. 2016; Haidekker and Theodorakis 2007); however, it has been demonstrated
that the basic methodology is applicable to droplets of atmospherically relevant material as well
(Hosny et al. 2013).
Finally, one particularly notable droplet method (Power et al. 2013) utilizes optical
tweezers (Wills et al. 2009), an instrumental method for trapping and manipulating particles
using the radiation pressure produced by a tightly focused laser beam. Using the tweezers, two
separate droplets are brought into contact, forming a dimer. Changes in morphology as the
dimer relaxes into a sphere are observed using brightfield microscopy. Viscosity is inferred from
the timescale required for the dimer to fully coalesce and virtually the entire viscosity range of
atmospheric relevance can be probed. To date this technique has been applied to RH-dependent
viscosity measurements for a variety of common proxy systems for organic aerosol (Y. Song et
al., 2016), aqueous sodium nitrate (Baldelli et al. 2016), aqueous mixtures of sucrose and citric
acid (Marsh et al. 2018), and aqueous erythritol (Chu et al. 2018). The idea of relating dimer
coalescence to viscosity, first pioneered via this method, is the basis of the instrumental method
that will be detailed in Chapters 3 and 5 and utilized in Chapter 4 of this work.
The methodologies discussed so far are all single-particle techniques (or double-particle
in the case of optical tweezers). Although such methodologies only require picoliters of material,
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this nonetheless translates to particle diameters on the supermicron scale. Much aerosol of
atmospheric interest is of diameters of 100 nm or less (Betha et al. 2013; Aiken et al. 2009;
Kannosto et al. 2008; Rupakheti et al. 2007), and scale dependence of aerosol viscosity is
currently not well understood. Furthermore, even size-selected atmospheric aerosol may consist
of particles of differing chemical composition and mixing state. In such cases effective radiative
behavior and other physicochemical properties of the bulk may differ from those of the
individual constituent morphologies. Finally, for products of environmental chamber or flow
reactor experiments acquisition of adequate amounts of material for analysis via single-droplet
techniques may require the use of filter extracts, which may involve reactions between the
collected material and the extraction solvent (Bateman et al. 2008). As such, there is also
motivation for development of rheological techniques for bulk, nanoscale aerosol to complement
single-particle methodologies.
One such method exploits a phenomenon known as impactor bounce (Jain and Petrucci
2015; Saukko et al. 2012; Virtanen et al. 2010). This technique is based upon a simple principle:
the more solid-like a particle, the greater likelihood that it will fail to adhere to the collection
substrate in an impactor. The fraction of particles that bounce as such can be determined by
comparing the number of particles actually collected to an expected number derived from
concentration measurements of the same input particle stream using a scanning mobility particle
sizer (SMPS) (Wang and Flagan 1990). Bounce is an appealing technique because it utilizes
ubiquitous aerosol instrumentation and does not require high aerosol number concentration. As
such, it can be readily utilized in field deployments in addition to laboratory studies.
Unfortunately, existing results suggest bounce fractions approach unity at viscosities as low as
102 Paꞏs (Bateman et al. 2015). As such, it may only be useful for identifying when particles are
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in liquid phase. For example, bounce measurements have been used by Bateman et al. (2016) to
determine that ambient particles in the Amazon rain forest are liquid under most environmental
conditions.
Alternatively, there has been interest in methods probing spherical relaxation, essentially
bulk aerosol analogues to the droplet-based method of Power et al. (2013) discussed above.
Järvinen et al. (2016) used measurements of depolarization of backscattered light to detect when
chamber-generated aggregates of α-pinene SOA relaxed to a sphere, noting that such a transition
corresponded to an approximate viscosity of 107 Paꞏs. Zhang et al. (2015) considered how the
dynamic shape factor (χ) of dimerized α-pinene SOA varied with viscosity. Dynamic shape
factor is a correction to Stokes drag calculations accounting for deviations from the behavior of
an equivalent spherical particle due to asphericity. It will have a value of approximately 1.1 for a
dimerized particle, decreasing to 1.0 for a coalesced sphere (Hinds 1999). If particle mass (mp) is
known, such as measured using Aerosol Particle Mass Analyzer (Ehara et al. 1996), χ can be
calculated for mobility-selected particles of mobility diameter Dm via the below equation (Kasper
1982):

𝜒

𝐶

𝐷
6𝑚 ⁄𝜋𝜌

⁄

6𝑚 ⁄𝜋𝜌
𝐶 𝐷

⁄

,

(6)

where ρ is an assumed particle density and Cc is a slip correction function. Using numerical
simulation, Zhang et al. (2015) estimated that the spherical coalescence process covered
viscosities between ~108 Paꞏs and 106 Paꞏs for flow tube-generated α-pinene SOA.
The isolation of dimers (or other relevant morphologies) in bulk aerosol, however, is
problematic, particularly when the aggregate formation mechanism is Brownian coagulation, as
in both the Järvinen et al. (2016) and Zhang et al. (2015) experiments discussed above. For
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example, in the Zhang et al. (2015) work, it was necessary to carefully select the dimer mobility
diameter utilized in order to minimize the influence of non-dimer morphologies on subsequent
measurements. As such, a method for directly preparing and isolating dimerized particles may
be desirable. One potentially useful approach has been demonstrated by Maisels et al. (2000).
This method is based upon the following observation: when two oppositely charged monomers
coagulate, the resulting dimer will be charge neutral. As such, uncoagulated monomers retain a
charge and can subsequently be removed via electrostatic filtration. The streams of oppositely
charged particles can be produced by using two differential mobility analyzers (DMAs) (Knutson
and Whitby 1975) of opposite polarity. Relatedly, the form of Eq. (6) suggests that if the ratio of
the slip correction between spherical and aspherical particles remains approximately constant,
the change in shape factor associated with spherical relaxation can be detected simply by
comparing measurements of mobility diameter using a SMPS, eliminating the need to measure
particle mass. Such an assumption is typically reasonable for particles with diameters on the
order of 100 nm (Suda and Petters 2013). These two approaches will be combined in the
viscosity method introduced in Chapter 3, applied in Chapter 4, and further characterized in
Chapter 5 of this work.
Modelling Aerosol Viscosity
To begin, it is worth discussing the environmental parameters a general viscosity model
needs to account for. Perhaps paramount is temperature. In condensed phase, viscosity arises due
to cohesive interactions between molecules. Empirically, the strength of interactions between
two neutral molecules separated by a distance r can be modelled using the Lennard-Jones
potential (VLJ) (Lennard-Jones 1931). In simplified form:

18

𝑉

𝑟

𝐴
𝑟

𝐵
𝑟

(7)

where ALJ and BLJ are constants characteristic of repulsive and attractive interactions,
respectively. Under such a formulation, net attractive forces (represented by a negative value of
VLJ) strengthen as intermolecular distance decreases, except at very close distances where
repulsive forces increasingly dominate due to quantum mechanical effects. At higher
temperatures, molecules exhibit greater mobility, and thus any two molecules will spend less
time in close proximity, resulting in weaker intermolecular attractions and a less viscous liquid
overall. In the troposphere, temperatures can range from approximately 190 K at the tropical
tropopause (Seidel et al. 2001) to approximately 330 K in the hottest deserts (El Fadli et al.
2013). The effect of such a 140-degree difference in temperature on viscosity can be dramatic.
For example, 190 K is below the glass transition temperature (Tg) of 1,2,6-hexanetriol (Nakanishi
and Nozaki 2011), a liquid organic used as a SOA proxy (Cai et al. 2015; Zawadowicz et al.
2015), whereas at 330 K its viscosity is on the order of 1 Paꞏs (Meister et al. 1960), at least 11
orders of magnitude smaller.
In addition to temperature, a broadly applicable viscosity model must account for RH. In
equilibrium, a particle will have absorbed (or desorbed) enough vapor molecules for its water
activity to equal the ambient fractional RH. Water is an excellent plasticizer (Koop et al. 2011).
Accordingly, the presence of water vapor will typically result in a less viscous particle than one
composed of dry solute alone. As an extreme example, at ambient conditions the mere presence
of water vapor may differentiate glassy pure sodium nitrate from a low-viscosity mixture (cf.
Baldelli et al., 2016; Dette & Koop, 2015). For less extreme examples, RH-dependent viscosities
have been reported for a large number of common binary aqueous proxy systems by Y. Song et
al. (2016). Observed reductions in viscosity include eight orders of magnitude for glucose
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between 15% and 80% RH, ten orders of magnitude for sucrose between 31% and 83% RH, and
seven orders of magnitude for citric acid between 4% and 70%. For SOA, differences of
viscosity of approximately six orders of magnitude have been reported for isoprene-derived SOA
between 0% and 85% RH (M. Song et al. 2015), approximately seven orders of magnitude for
toluene-derived SOA between 30% and 90% RH (M. Song et al., 2016), and five to seven orders
of magnitude for α-pinene SOA between 0% and 90% RH (Zhang et al. 2015). Conversely, a
particle subject to drying may undergo an RH-induced glass transition (Mikhailov et al. 2009).
At small diameters (< 100 nm) thermodynamic calculations suggest a scale dependence
may also be present (Cheng et al. 2015), although to the author’s best knowledge no significant
experimental study of this relationship has been published to date, and this variable will not be
considered in the discussion below.
Methods of estimating Tg will be considered first. As the glass transition is associated
with a change in energy conformation (Angell 1991), it is plausible that glassy solids have
distinct properties relevant to aerosol physicochemistry that are lacking even in viscous semisolids. Regardless, even if the distinction between glassy solid and semi-solid OA is more
academic than functionally distinguishing, Tg itself is often an important parameter in more
general treatments of viscosity, as will be shown later in this section. A simple parameterization
for Tg is the Boyer-Beaman or Boyer-Kauzmann rule (Boyer 1963), which relates Tg to the
crystalline melting temperature (Tm) of the solute via a constant scaling factor (g):
𝑇

𝑔𝑇 .

(8)

Koop et al. (2011) suggested a value of 0.7 for g for molecular organic compounds, which has
been utilized in modelling work by Berkemeier et al. (2014) and in validation of a glass
transition temperature estimation scheme by Shiraiwa et al. (2017a). While its simplicity is
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attractive, the Boyer-Beaman rule has important drawbacks. First, for many OA constituents the
melting point will be unknown. Additionally, when such data is available, it may not always be
representative. For example, symmetric dicarboxylic acids likely have melting points much
higher than dicarboxylic acids as a whole due to their capacity for forming very stable ring
dimers via hydrogen bonding in the solid phase (Etter 1990). Methods for estimating melting
point exist (eg. Jain et al., 2004; Joback & Reid, 1987), but themselves typically require
knowledge of the underlying molecular structure. When such structural information is known, it
may be preferable to use it directly in estimation of Tg, rather than indirectly via estimates of Tm.
As discussed above and elsewhere (Ziemann and Atkinson 2012; Kroll et al. 2011;
Jimenez et al. 2009), OA evolution is driven by oxidation reactions that either add oxygenated
functional groups or fragment the molecule. As such, one potential variable of interest is O:C
ratio, which is relatively easy to quantify via aerosol mass spectrometry approaches
(Canagaratna et al. 2015; Ng et al. 2010; Aiken et al. 2008). However, O:C ratio alone appears to
correlate poorly with Tg (Koop et al. 2011), suggesting that other physical properties must also
be considered. Another physical property that is relatively easy to characterize is molecular mass
(M). A direct relationship between Tg and M has been long observed in polymer research (Fox
and Flory 1950):
𝑇

𝑇

,

𝐾
,
𝑀

(9)

where Tg,∞ is the glass transition temperature in the limit of infinite molecular mass and Km is a
fitted parameter. The combination of O:C ratio and molecular mass is central to the molecular
corridors approach discussed next.
The concept of molecular corridors was first posited by Shiraiwa et al. (2014) in a study
of SOA kinetic regimes. In this framework, a 2D scatterplot relating two physical properties of
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interest (molar mass and volatility in the original work) is constructed for the set of compounds
under study. Reference lines are positioned on the plot corresponding to minimally oxidized (ie.
hydrocarbons, O:C ratio = 0.0, empirical formula CnH2n+1) and maximally oxidized (ie. sugar
alcohols, O:C ratio = 1.0, empirical formula CnH2nOn) compounds. When the data points are
colored according to a third variable, O:C ratio in the original work, distinct, physically
interpretable “corridors” can be discerned. This interpretation can be purely qualitative, but the
framework also allows identification of relationships between variables suitable for construction
of empirical parametrizations. For Tg, two such parameterizations have been published, one
defining Tg as a function of molar mass and O:C ratio (Shiraiwa et al. 2017a):
𝑇

21.57𝑀

1.51𝑀

1.7 𝑥 10

𝑀

131.4 𝑂: 𝐶

0.25𝑀 𝑂: 𝐶

(10)

and the other a slightly more robust formulation that utilizes the number of carbon and oxygen
atoms instead of the raw O:C ratio (DeRieux et al. 2018):
𝑇

𝑏 𝑛

ln 𝑛

𝑏 ln 𝑛

𝑏

ln 𝑛 ln 𝑛

𝑏 ln 𝑛

𝑏

ln 𝑛 ln 𝑛 .

(11)

In the latter formulation nc0, bC, bH, bCH, and bCO are fitted parameters that have different values
for CH and CHO compounds. This equation draws inspiration from a published molecular
corridor-based parameterization for volatility (Li et al. 2016), but unlike the referenced work
does not consider organic nitrates or sulfates as sufficient Tg data for such compounds is
unavailable.
The Tg parameterizations discussed in the preceding paragraph are all for dry, singlecomponent systems. To account for hygroscopic uptake of water vapor or to estimate Tg values
for multi-component systems, a mixing rule must be utilized. Commonly, this is the GordonTaylor (GT) equation (Gordon and Taylor 1952). For aqueous multi-component systems the
following general form has been suggested by Koop et al. (2011):
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where wwater is the mass fraction of water in the particle, Tg,water is the glass transition temperature
of pure water, and wi, Tg,i, and kGT,i are the mass fraction, glass transition temperature, and fitted
Gordon-Taylor constant, respectively, for the ith solute in the system. In aerosol research to date
the GT equation has perhaps most frequently been utilized for binary systems of an organic
solute and water. In such cases, Eq. (12) reduces to the following function of the organic mass
fraction (worg), pure organic glass transition temperature (Tg,org) and a single Gordon-Taylor
parameter:

𝑇

1

𝑤

𝑇
1

,

𝑤

1
𝑤
𝑘
1
𝑤
𝑘

𝑇,

,

(13)

The GT equation may be less than optimal for modelling OA as it is best behaved for systems
that do not readily form intermolecular associations (Koop et al. 2011), whereas hydrogen
bonding groups such as -OH and -COOH are common in organic aerosol (Ziemann and Atkinson
2012; Russell et al. 2011; Hallquist et al. 2009). It has been argued that in complex aerosol
mixtures the number of permutations for adduct formation is large enough that the net effect of
these deviations from expected GT-behavior cancel out (Shiraiwa et al. 2017a). That said, the
GT equation inherently cannot model binary systems where Tg does not monotonically increase
with mass fraction of the more viscous constituent. For example, Koop et al. (2011) reported
such behavior for aqueous sulfuric acid under nearly dry conditions and for binary mixtures of
malonic and tricarballyic acids. Despite these limitations, Koop et al. (2011) noted the lack of
evidence for favoring any alternative mixing rule, such as the Couchman-Karasz equation
(Couchman and Karasz 1978) in aerosol applications. The author is not aware of research during
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the intervening years countervailing this interpretation. The GT equation has been widely used
for modelling RH-dependent glass transition behavior of aerosol proxy systems. For example,
Roos (1993) applied the GT equation to 10 different aqueous carbohydrate systems. Zobrist et al.
(2008) reported GT fit parameters for 13 aqueous OA proxy systems, including various polyols,
carbohydrates, and a combination of five carboxylic acids known as the Cappa mixture (Cappa et
al. 2008). Dette et al. (2014) applied the GT equation to dry mixtures of 3-methylbutane-1,2,3tricarboxylic acid and pinonic acid, both reported oxidation products of α-pinene. Finally, Dette
and Koop (2015) studied a variety of mixtures of dry polyols, carbohydrates, and citric acid with
either sodium nitrate or ammonium bisulfate. In this work, the GT equation both fit the reported
data well and produced consistent extrapolations of the (not directly measured) pure salt glass
transition temperatures regardless of the organic constituent. The expanded formulation (Eq.
(12)) has been utilized for aqueous sucrose/citric acid and sucrose/sodium nitrate systems in a
work by Marsh et al. (2018). Ignoring water, DeRieux et al. (2018) have used an analogous
formulation for estimating dry glass transition temperature of complex SOA mixtures whose
individual constituents have been resolved via high-resolution mass spectrometry.
It is important to note that Eqs. (12) and (13) utilize equilibrium mass fractions of the
organic constituent within the particle. Accordingly, a parameterization must include a mapping
to this value from the ambient RH (and in more sophisticated formulations, temperature). For
simple binary systems, it is possible to directly define water activity models (Zobrist et al. 2008).
When chemical composition is reasonably well-constrained, a group contribution method such as
UNIFAC (Fredenslund et al. 1975) may be applicable. However, for less-constrained systems a
more general framework must be utilized. Frequently, a modified Köhler theory (Köhler 1936)
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with a single-parameter encapsulating the solute’s hygroscopic behavior (κ) is utilized (Petters
and Kreidenweis 2007):
𝑤

𝜅

𝑅𝐻 ⁄100
1 𝑅𝐻⁄100

𝜌
𝜌

.

(14)

The above κ is based upon the volumetric composition of the particle, while a mass-based variant
has been proposed by Mikhailov et al. (2013). The two parameters can be interconverted via a
density ratio scaling.
From above discussion, it can be seen that RH can be accounted for by incorporation into
a parameterization of aqueous Tg. However, for estimating viscosities below that of the glass
transition (ie. at temperatures above Tg), temperature must be handled separately. As discussed
above, viscosity increases with decreasing temperature. Additionally, note that an energy barrier
must be overcome to initiate viscous flow, which for all else equal will be larger for more
viscous fluids than less viscous ones. This inverse dependence on temperature and direct
dependence on activation energy suggests an Arrhenius-style equation may be suitable (Frisch et
al. 1940). Assuming the temperature dependence of the activation energy of viscous flow is
small enough to consider that quantity constant, this can be written as
log

𝜂

𝐴

𝐵
,
𝑇

(15)

where A and B are fitted parameters. Near-Arrhenius behavior is observed in inorganic network
solids such as SiO2 (Angell 1995). However, organic glass formers typically deviate from
Arrhenius behavior, with viscosity showing weaker temperature dependence at relatively high
temperatures and stronger dependence near Tg, a property referred to as fragility (Angell 1991).
As such, the Vogel-Fulcher-Tamman (VFT) (Fulcher 1925) equation is typically used in
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preference to Eq. (15) when many orders of magnitude in η must be considered. This equation
has the following form:
log

𝜂

𝐵

𝐴

𝑇

𝑇

,

(16)

where A, B, and T0 are fitted parameters. Alternatively, Eq. (16) can be rewritten to explicitly
include a fragility parameter (Df) (Angell 1991):
log

𝜂

𝐷𝑇
𝑇 𝑇

𝐴

(17)

Assuming a glass transition viscosity of 1012 Paꞏs (Debenedetti and Stillinger 2001) and A = -5
(Nascimento and Aparicio 2007), T0 can be redefined in terms of Tg (DeRieux et al. 2018):
𝑇

39.17𝑇
𝐷
39.17

(18)

Together, Eqs. (11), (16), and (18) comprise the viscosity parameterization of DeRieux et al.
(2018). Now, note that Eq. (17) depends upon a reference temperature where viscosity
approaches infinity. An alternative approach is to use Tg itself directly as a reference
temperature. This formulation is known the Williams-Landel-Ferry (WLF) equation (Williams et
al. 1955):
log

𝐶 𝑇 𝑇
,
𝑇 𝑇
𝐶

𝜂
10 𝑃𝑎 ∙ 𝑠

(19)

with C1 and C2 as fitted empirical parameters. This approach, combined with Eq. (13) for relating
dry and aqueous Tg values, is used in recent parameterizations for α-pinene SOA and sucrose
presented by MacLean et al. (2017). If fitted VFT parameters are known, Eqs. (16) and (19) can
be related via the following equations (DeRieux et al. 2018):
𝐶

𝐵
2.303 𝑇

𝑇

(20a)
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𝐶

𝑇

𝑇.

(20b)

An alternative VFT-based approach for binary aqueous mixtures is presented in Chapter
4 of this work. In this formulation, T0 refers to the temperature of infinite viscosity for the dry
mixture, with both the dry (as measured) and aqueous (as calculated via Eq. (13)) Tg values used
to derive a correction to T0 accounting for the presence of water in the aerosol. Please note that
this and the two methods discussed above are not directly compared as the paper comprising
Chapter 4 (Rothfuss and Petters 2017a) was published prior to Maclean et al. (2017) and
DeRieux et al. (2018). The method of Chapter 4 has subsequently been expanded to
multicomponent mixtures in Marsh et al. (2018).
This Dissertation
This dissertation collects five articles on the topic of OA viscosity, each touching on one
or more of the aspects discussed in the above literature review. Four of these articles have been
published in peer-reviewed journals, and one is currently a preprint. The first published article
(Rothfuss and Petters 2017b), which comprises Chapter 2 of this document, investigates how
different functional groups modulate viscosity and/or glass transition temperature of
atmospherically relevant compounds, based upon data collated from literature. The second
published article (Rothfuss and Petters 2016), which comprises Chapter 3 of this document,
demonstrates a method for probing the viscosity of bulk nanoscale aerosol by using
measurements of apparent electrical mobility diameter to assess the morphology of dimerized
particles subject to a brief period of conditioning. The third published article (Rothfuss and
Petters 2017a), which comprises Chapter 4 of this document, presents a phase diagram model for
binary aqueous aerosol, using sucrose as the representative system. This model combines the
Gordon-Taylor equation (Gordon and Taylor 1952) for representing the humidity-dependence of
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glass transition temperature, a modified Vogel-Fulcher-Tammann (Fulcher 1925) equation for
representing the temperature-dependence of viscosity, and a mass-based water activity
parameterization (Mikhailov et al. 2013), with model parameters derived using viscosity
measurements made with the experimental method of Chapter 3. The preprint, which comprises
Chapter 5 of this document, characterizes and defines minimum experimental parameters for the
experimental method of Chapter 3. This was inspired by variations in observed dimer mobility
spectra during the work of Chapters 3 and 4 and several related projects not detailed in this
document (S. Petters et al. 2019; Marsh et al. 2018; Tandon et al. 2018). Finally, the fourth
published article (Rothfuss et al. 2018), which comprises Chapter 6 of this document,
investigates the relationship between initial particle viscosity and condensational growth kinetics
for a number of aqueous carbohydrate systems commonly used as OA proxies, using a
combination of electrodynamic balance-based laboratory measurements and a gas diffusional
growth model.
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Abstract
Organic aerosols can exist in highly viscous or glassy phase states. A viscosity database
for organic compounds with atmospherically relevant functional groups is compiled and
analyzed to quantify the influence of number and location of functional groups on viscosity. For
weakly functionalized compounds the trend in viscosity sensitivity to functional group addition
is: carboxylic acid (COOH) ≈ hydroxyl (OH) > nitrate (ONO2) > carbonyl (CO) ≈ ester (COO) >
methylene (CH2). Sensitivities to group addition increase with greater levels of prior
functionalization and decreasing temperature. For carboxylic acids a sharp increase in sensitivity
is likely present already at the second addition at room temperature. Ring structures increase
viscosity relative to linear structures. Sensitivities are correlated with analogously derived
sensitivities of vapor pressure reduction. This may be exploited in the future to predict viscosity
in numerical models by piggybacking on schemes that track the evolution of organic aerosol
volatility with age.
Introduction
Organic compounds are a significant component of atmospheric aerosol, both in terms of
mass concentration (Volkamer et al. 2006) and number of distinct species (Goldstein and
Galbally 2007). These compounds feature an array of functionalities including alcohols (OH),
carboxylic acids (COOH), carbonyls (CO), esters (COO), organic nitrates (ONO2), and a variety
of peroxide bond-containing groups (R1OOR2) (Ziemann and Atkinson 2012; Russell et al. 2011;
Hallquist et al. 2009). They may be oligomerized (Trump and Donahue 2014; Hall and Johnston
2011; Altieri et al. 2008) and can form through gas-phase (Ziemann and Atkinson 2012;
Hallquist et al. 2009), aqueous-phase (McNeill 2015; Yu et al. 2014; Ervens et al. 2011;
Sorooshian et al. 2007), and heterogeneous accretion (Perraud et al. 2012; Hall and Johnston

53

2012a) processes. Evidence has been found for liquid (Bateman et al. 2016; Cheng et al. 2015;
Cappa et al. 2008; Marcolli et al. 2004), semi-solid (Song et al. 2015, 2016; Renbaum-Wolff et
al. 2013), and glassy (Wang et al. 2016; Vaden et al. 2011; Virtanen et al. 2010; Mikhailov et al.
2009; Zobrist et al. 2008) organic aerosol (OA), suggesting that the absolute viscosity of OA
spans approximately fifteen orders of magnitude (Power et al. 2013; Renbaum-Wolff et al.
2013). At high viscosities diffusivity may be sufficiently small to preclude equilibration,
impacting gas-particle partitioning (Vaden et al. 2011), water uptake (Rickards et al. 2015;
Berkemeier et al. 2014; Zobrist et al. 2011), and oxidation kinetics (Gržinić et al. 2015; Slade
and Knopf 2014; Shiraiwa et al. 2011). Highly viscous particles may also alter ice nucleation
pathways (Ignatius et al. 2016; Berkemeier et al. 2014; Murray et al. 2010) and by extension the
radiative behavior of cirrus layers, with concomitant impacts on climate.
The emerging data for viscosity (η) of dry secondary organic aerosol (SOA) particles
suggests SOA generated from monoterpenes (Grayson et al. 2016; Zhang et al. 2015; RenbaumWolff et al. 2013) and aromatics (Song et al. 2016; Saukko et al. 2012) can have η > 108 Pa∙s at
room temperature. SOA generated from isoprene is somewhat less viscous with η ~ 105 Pa∙s
(Song et al. 2016). We are not aware of glass transition temperature (Tg) measurements for
common chamber SOA systems, but many common pure laboratory proxies for oxygenated SOA
have Tg values within or near the range of atmospheric interest, including citric acid,
levoglucosan, and sucrose (Appendix A Table S1). OA viscosity changes due to variations in
temperature (Koop et al. 2011; Zobrist et al. 2008), variations in relative humidity (Bateman et
al. 2015; Mikhailov et al. 2009), and progressive oxidation (Koop et al. 2011), but detailed causal
models of SOA viscosity have not yet been proposed. Koop et al. (2011) investigated the
molecular basis of viscous aerosol formation from a number of perspectives including O:C ratio
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and molecular weight, but did not analyze the role of specific functional groups. Understanding
the contribution of different functional groups to viscosity may lead toward a more mechanistic
understanding of how chemical formation can be linked to the generation of viscous OA. This
work extracts the sensitivities of viscosity to various functional groups associated with
atmospheric OA from published viscosity and glass transition data; assess how these sensitivities
are influenced by temperature; investigates possible implications of these sensitivities for
formation of semi-solid or glassy OA under atmospherically relevant conditions; and identifies
gaps in existing experimental data that need to be filled to better understand OA viscosity.
Materials and Methods
A database of published experimental bulk viscosity data was compiled, including
saturated chain molecular C3-C20 organics containing functional groups of atmospheric interest.
This consisted of 18 alkanes, 57 alcohols, 1 carbohydrate, 12 carboxylic acids, 8 ketones, 6
aldehydes, 48 esters, and 3 organic nitrates (Appendix A Table S2). The data were analyzed for
trends arising due to addition of various functional groups at 298.15 K, a proxy for near-surface
conditions. Viscosity values at 298.15 K were either interpolated or extrapolated from
temperature resolved viscosity data. For most species, temperature (T) dependence of viscosity
(η) was represented by the Vogel-Fulcher-Tammann (VFT) equation (Fulcher 1925):
𝑙𝑜𝑔 𝜂

𝐴

𝐵
𝑇

𝑇

,

(1)

where A, B, and T0 are fitted parameters. This has been shown capable of accurately representing
the temperature dependence of viscosity over many orders of magnitude, although it may
overestimate viscosity at temperatures near the glass transition point (Scherer 1992; Angell and
Smith 1982; Laughlin and Uhlmann 1972). When there was insufficient data to fit Equation (1)
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using a non-linear least squares approach, the Arrhenius equation (Andrade 1930) was utilized
via an ordinary least squares fit:
𝑙𝑜𝑔 𝜂

𝐴

𝐵
.
𝑇

(2)

The 95% confidence interval of the fitted curve at 298.15 K was interpreted as the uncertainty in
the viscosity estimate at that temperature. Typical uncertainties were between 5% and 10%,
although higher uncertainties were calculated for a number of species where data were limited or
extrapolation was necessary. All available viscosity data points at all temperatures were typically
utilized in curve fitting. Data points were elided if they were three standard deviations outside
the scatter of other data at that temperature or if they were identical to values reported in other
publications with overlapping authorship and already incorporated into the database. Data points
were not weighted due to differences in how authors estimate and report uncertainty in viscosity
measurements. Reported glass transition data was generally ignored in curve fitting (Fit 1).
However, for a small number of hydroxylated species a second fit was also performed where the
mean literature Tg value was assumed to correspond to a viscosity of 1012 Pa∙s, a common
convention (Fit 2) (Debenedetti and Stillinger 2001). Fit 2 was used for temperature dependence
curves plotted in Figure 1 (aside from sucrose where the literature viscosity data and glass
transition temperature are sufficiently incongruent to preclude a fit to Equation (1) when utilized
together), which spans the entire viscosity range of atmospheric relevance, including the glass
transition. Fit 1 was used otherwise as it typically was more congruent with literature data at 298
K. Fitted equation coefficients and scatterplots of utilized data points are provided in Appendix
A (Table S3). In a few cases there were insufficient data to perform either type of fit, but
laboratory data existed at 298±1 K. In these situations, the reported literature value (or average
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thereof) was used directly. All calculated literature viscosities at 298.15 K are reported in
Appendix A Table S2.
To express the efficacy of different functional groups to influence viscosity we extract
sensitivity parameters (Appendix A Table S4) of the form
𝑆

,

𝑑 log 𝜂
,
𝑑𝑁

(3)

where N denotes the number of groups present and i denotes the functional group (OH, COOH,
CO, COO, ONO2, CH2). For example, Sη,i = 0.2 corresponds to one order of magnitude increase
in viscosity due to the addition of five functional groups if type i. To calculate Sη,i specific
sensitivities (Δη/ΔNi) first were calculated for the each pair of species in our database differing
by the addition of one functional group only, starting from an alkane base. To the best of our
knowledge no data exists for chain mononitrates, so specific sensitivities were also calculated
between dinintrates and their underlying alkane to maximize the number of points in a very
limited data set. Specific sensitivities were then partitioned according to functional group and Sη,i
values were assigned to the mean of each of these sets. Ranges and standard deviations are also
reported in Appendix A Table S4. Absolute uncertainties in Sη,i values are expected to be less
than 0.1 at 298.15 K.
A database of experimental glass transition temperature (Tg) data for aliphatic compounds
containing OH and/or COOH groups was also compiled (Appendix A Table S1). This consisted
of 76 aliphatic alcohols, 39 carbohydrates or carbohydrate derivatives, 4 carboxylic acids, and 4
hydroxy acids. As with bulk viscosity, the data were analyzed for trends arising due to addition
of various functional groups, although the amount of available data limited formal quantitative
treatment to OH-containing compounds (excluding hydroxy acids). Over the range of OH group
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number (NOH) where the relationship between NOH and Tg was approximately linear the
sensitivity of Tg to OH addition (STg,OH) was calculated via a fit to the following equation:
𝑇

𝑆

,

𝑁

𝑇

,

,

(4)

where Tg,HC is the extrapolated glass transition temperature of an unfunctionalized alkane.
Approximate functionalization sensitivities were also calculated for vapor pressure using
data digitized from Figure 1b of Goldstein and Galbally (2007). These sensitivities were
computed by an analogous approach to that of Equation (3), except that the derivative term is
preceded by a negative sign due to the tendency of functionalization to reduce vapor pressure.
Sensitivities are reported in Appendix A Table S5. These calculated vapor pressure sensitivities
were correlated to the calculated viscosity sensitivities via linear regression. In deriving this
correlation, the first and second OH group additions and the first COOH addition were treated as
separate data points instead of using single sensitivity values derived from all OH or COOH
additions.
Results and Discussion
Figure 1 shows Tg and viscosity data and VFT curves for compounds containing between
one and eight hydroxyl groups. Viscosity and glass transition temperature systematically increase
with increasing number of OH groups. A sharp increase in viscosity occurs when the compound
is cooled to near its Tg. The relative spacing between the lines varies with temperature, showing
that any derived Sη,i is temperature dependent. For example at 200 K adding 1 OH group to an
alkane has approximately the same influence on viscosity that adding 3 OH groups does at
300 K. However, the relative sorting of compounds is preserved over a wide range of
temperature.
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Figure 2 summarizes viscosity data for alcohol, carboxylic acid, carbonyl, ester, and
organic nitrate species at 298.15 K. Each addition of a functional group increases viscosity due
to increasing intermolecular forces. Listed in order of increasing strength these are London
dispersion forces, dipole-dipole forces, hydrogen bonding, or ionic forces. The relative role of
these are demonstrated by contrasting the increase in viscosity due to the addition of methylene
(London forces), ester (dipole-dipole), carbonyl (dipole-dipole), hydroxyl (hydrogen bonding)
and carboxylic acid (hydrogen bonding & ionic interactions if dissociated). Figure 2 shows that
OH, COOH, and ONO2 have the largest Sη,i. These are the most effective groups to increase
viscosity when converting alkanes to monofunctional compounds and, where applicable,
monofunctional species to difunctional instances. Atmospheric OA oxidation results in an
increase of number of oxygen containing functional groups and the average oxidation state with
time (Kroll et al. 2011; Jimenez et al. 2009), thus resulting in a tendency for atmospheric aging
to produce more viscous particles. The observed increase in viscosity with functionalization is
mirrored by a decrease in vapor pressure, as several authors have noted before (Thomas et al.
1979; Sastri and Ramana Rao 1970; Mitra 1954).
Figure 3 shows viscosity functionalization sensitivities extracted from literature plotted
against analogous vapor pressure sensitivities. Viscosity sensitivities derived from the data
shown in Figure 2 are broadly consistent with those extracted from the functional group
contribution viscosity model of Sastri and Rao (1992) (Appendix A Table S4) , which was
trained with a different dataset. The Sastri and Rao model is further discussed in the Supporting
Information. Sensitivities from the group model were derived by estimating the viscosity of each
compound in the database followed by derivation of Sη,i from the modeled data. Viscosity
sensitivities are similar for a first OH addition and a first COOH addition, despite the latter
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having ~1.5 orders of magnitude greater effect on vapor pressure. Excluding COOH groups,
viscosity and vapor pressure sensitivities have the same ranking: OH > ONO2 > CO ≈ COO >
CH2 (methylene) and thus correlate. Vapor pressure is noticeably more sensitive to a second
COOH group addition than the initial COOH group; a similar but less dramatic difference is
noted between the addition of the first and second OH group. Therefore, viscosity sensitivities
also depend upon the degree of existing functionalization, which is explored further below.
The data point to a primary role for hydrogen bonding groups – OH and COOH – and
possibly ionic dissociation, in driving viscosity. This is consistent with existing literature relating
hydrogen bonding to higher glass transition temperatures (van der Sman 2013; Nakanishi and
Nozaki 2011). Polar ONO2 groups are also significant, whereas CO and COO groups are less so
and non-polar CH2 groups less still. Broader implications of these sensitivities for mechanistic
treatment of SOA viscosity are now discussed.
Hydroxyl Groups
For viscosities greater than ~1 Pa∙s sensitivity to OH group addition generally increases
with each subsequent addition, as can be inferred from the gaps between fitted temperature
dependence curves in Figure 1. The effect of this progressive increase in sensitivity can be
dramatic, as addition of three OH groups to a hexane backbone to form 1,2,6-hexanetriol only
raises viscosity to the high-end of the liquid range at 270 K (~3 orders of magnitude increase),
whereas adding an additional three groups to form sorbitol results in viscosity near the glass
transition (~10 orders of additional magnitude increase). This effect may be less pronounced at
warmer temperatures where viscosities are lower at higher levels of functionalization. The first
three OH additions at 298.15 K have comparable influence (Figure 2; Appendix A Table S4),
while comparing the viscosity of sorbitol to the viscosity of 1,2,6-hexanetriol at 298.15 K
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(Appendix A Table S2) suggests the fourth through sixth OH additions may each have similar
influence as the first three at that temperature, unlike at 270 K. If OH was the only functional
group, the number of OH groups to turn a particle glassy is > 6 at near surface conditions, and 23 in the upper free troposphere. This is illustrated in Figure 4 that shows an approximately linear
relationship (R2 = 0.922) exists between the number of OH groups and Tg for compounds with up
to 8 OH groups. Each additional OH group adds ~30 K to Tg over the range of atmospherically
relevant temperatures.
Triols and tetrols are common products in isoprene SOA (Zhang et al. 2011; Surratt et al.
2010). The viscosity of dry isoprene SOA has been measured as ~105 Pa∙s (Song et al. 2015), or
about seven orders of magnitude below glass transition. Together, these two observations are
broadly consistent with the 7 OH group expectation for glass formation calculated above. In
atmospheric contexts the presence of water and/or a multicomponent organic matrix may
plasticize the particle (Koop et al. 2011; Marcolli et al. 2004), suggesting the actual number of
OH groups required is somewhat larger. Accordingly, if there are cases where OH groups are
primarily responsible for formation of viscous aerosol at near surface conditions, it seems likely
that oligomerization processes are also involved. It has been suggested that epoxydiol
intermediates form higher-order, polyhydroxylated oligomers in isoprene SOA (Surratt et al.
2010). Similar processes may exist in more viscous systems.
Significant spread (~100 K) is observed in Tg values at low levels of hydroxylation
(Figure 4). Larger values of Tg are typically associated with branching, longer chain lengths, and
mid-chain OH groups, whereas smaller values are typically observed in short-chain n-alkanols
and primary alkanediols (Appendix A Table S1, Figures S1, S2). This suggests structural
considerations beyond OH number may have a secondary influence on formation of viscous
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hydroxylated aerosol, particularly in lower temperature environments were less functionalization
is necessary for high viscosity.
Carboxylic Acid Groups
The correlation with vapor pressure in Figure 3 suggests that Sη,COOH may double for a
second group addition. In turn Sη,COOH exceeds Sη,OH at higher levels of functionalization,
suggesting an important role for polyacids in explaining viscous aerosol. However, unlike with
diols, viscosity data are limited to high temperature melts as even the lightest dicarboxylic acids
readily crystalize and have normal melting points (Tm) well above the range of atmospheric
interest [e.g. succinic acid (Tm = 461 K); glutaric acid (Tm = 371 K); oxalic and malonic acids
decompose before melting at temperatures above 400 K] (Chemical Abstracts Service 2016).
Extrapolating these data to ambient temperatures is not feasible. Instead, the viscosity sensitivity
in Figure 3 is based on the vapor pressure data and the linear trend of vapor pressure versus
viscosity sensitivity. However, glass transition data are broadly consistent with the notion that
Sη,COOH exceeds Sη,OH in polyfunctional compounds. For example, data listed in Table 1 shows
that Tg for acids is 30-70 K warmer than structurally similar alcohols. Although many
polycarboxylic acids are poorly amenable to measurement of Tg through traditional thermal
methods (Dette et al. 2014; Curtin et al. 2013), for pure organic compounds Tg can be estimated
from the melting point, Tg

0.7Tm (Koop et al. 2011). Therefore, common dicarboxylic acids

are expected to undergo glass transition at temperatures of atmospheric relevance [e.g succinic
acid (Tg ≈ 320 K); glutaric acid (Tg ≈ 260 K); oxalic and malonic acid (Tg > 280 K)], similar to
hexols. These implied Tg values are similar to or higher than observed Tg values for several
tricarboxylic acid species (Tables 1 and Appendix A S1), although the triacid Tg values are still
~70 K higher than triols and comparable to pentols.
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The strong influence of multiple COOH groups on viscosity may be due to enhanced
hydrogen bonding in those systems. Acid groups on separate molecules can form two hydrogen
bonds with each other, forming a ring structure (Etter 1990) that results in inhibited molecular
rotation, a state associated with higher Tg values (Laventure et al. 2016; Imamura et al. 2006).
Such non-covalent dimerization has been found thermodynamically favorable in cis-pinic and
terpenylic acid (DePalma et al. 2013), two suspected major products of α-pinene oxidation
(Kristensen et al. 2014). Chain dicarboxylic acids may be particularly rigid as COOH group ring
dimerization can be extended to infinite chain lengths, ultimately favoring crystallization. In
principle such non-covalent oligomerization is also possible in higher-order carboxylic acids
with two terminal COOH groups, but one may hypothesize that interactions involving the midchain COOH group (or OH groups in hydroxy acid species or alkyl groups in branched species)
may inhibit formation of optimally hydrogen bonded structures. Unbranched dicarboxylic acids
are known constituents of OA (Kawamura and Bikkina 2016), but are not necessary
representative of particulate diacids in general. In any case, non-covalent oligomerization should
not be favored in complex mixtures that prevent crystallization. Carboxylic acids (pKa ~ 5) also
dissociate much more readily than either aliphatic (pKa ~ 16) or phenolic (pKa ~ 10) hydroxyls
(McMurry 2012), potentially allowing for even stronger ionic interactions to enhance viscosity.
This suggests that the reported Sη,COOH underestimates the importance of acids, as it is based
upon laboratory reagents that were nominally dry and by extension non-dissociated, whereas
pure carboxylic acids in actual SOA may be dissociated via aqueous-phase processing in cloud
or fog droplets (Paciga et al. 2014; Yu et al. 2014; Ortiz-Montalvo et al. 2012). A better
understanding of Sη,COOH for second and third addition and the role of acids on amorphous
particles will likely be important to fully understand OA viscosity.
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It is likely that COOH groups play an important role in the formation of viscous aerosol
due to their prevalence in SOA composition. Di- and tri-carboxylic acids are major constituents
of α-pinene SOA (Kristensen et al. 2014), which already been noted as viscous (albeit subglassy) under dry conditions at room temperature (Grayson et al. 2016; Zhang et al. 2015;
Renbaum-Wolff et al. 2013). Carboxylic acids may be primarily present as monoacids such as 2methylgylyceric acid in isoprene SOA (Zhang et al. 2011; Surratt et al. 2006; Edney et al. 2005),
a system which is somewhat less viscous (Song et al. 2015). Carboxylic acids have also been
identified as a major constituent in SOA derived from aromatic species including toluene,
catechol, and guaiacol (Ofner et al. 2011). Dry toluene SOA is viscous at room temperature, and
unpublished work collected by our group suggests catechol SOA is also viscous at room
temperature. Furthermore, hydroxy acids have been identified via mass spectrometry of a
number of model SOA systems including cycloalkanes (Gao et al. 2004), isoprene (Surratt et al.
2006; Edney et al. 2005), α-pinene (Gao et al. 2004), and toluene (Jang and Kamens 2001).
Interaction between OH and COOH groups via hydrogen bonding or esterification likely
influences viscosity. The currently published data set offers limited ability to assess these
interactions. From Table 1, the Tg value for citric acid is only ~10 K higher than that observed
for 1,2,3-propanetricarboxylic acid, not the 30 K difference that might be expected due to the
added OH group. On the other hand, the difference in Tg between malic acid and tartaric acid is
more consistent with expected OH sensitivities. It is possible that the presence of OH groups
inhibits formation of COOH ring dimers in certain circumstances, either through direct steric
hindrance or promotion of other less-rigid hydrogen bonding patterns. Vapor pressure in
hydroxymonocarboxylic and oxodicarboxylic acids is sensitive to the position of the non-acid
group, an observation consistent with weaker intermolecular forces (Chattopadhyay and
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Ziemann 2005). Formation of esters between COOH and OH groups may be thermodynamically
favorable under atmospheric conditions (Barsanti and Pankow 2006) and evidence for
esterification between COOH groups and OH groups of hydroxylated acids has been observed in
Fourier transform ion cyclotron (FT-ICR) mass spectrometry of methylglyoxal oxidation
products (Altieri et al. 2008). Viscosity is much less sensitive to the presence of a COO group
than either the OH or COOH group removed in its formation (Figure 3), so significant ester
formation will likely reduce viscosity of weakly functional mixtures despite also promoting
longer average chain lengths. However, if the overall effect is to increase the average number of
OH and/or COOH groups present per molecule in an overall OA system, esterification may
actually promote viscosity.
Nitrate Groups
Nitrate sensitivity is comparable to that of OH (~0.8 orders of magnitude increase in
viscosity per group up to three additions), but the value is based upon a small number of very
short-chain (C3) compounds. This raises the question how representative that value is for ONO2
groups in longer-chain species more typical of SOA. Kinetic calculations suggest that nitrates
may be a major constituent of viscous (Song et al. 2016) toluene SOA (Hu et al. 2007). The
larger size of ONO2 groups may allow for enhanced steric interactions between molecules,
inhibiting translational motion and increasing viscosity relative to other non-associated groups.
Vapor pressure sensitivity falls between OH and CO groups (Figure 3), but is closer to the
former, which would augur for at least some sensitivity of viscosity to ONO2 groups.
Carbonyl and Ester Groups
At room temperature carbonyl groups have a direct influence on viscosity discernible
from that of the underlying chain, but well below that of COOH, OH, and ONO2 groups. There
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is limited viscosity data for carbonyl compounds at upper tropospheric temperatures, however,
the viscosity of propanone at 190 K is ~0.7 orders of magnitude larger than that of n-propane,
versus an ~0.4 orders of magnitude difference at 298 K (Table S2). This argues carbonyl group
influence on OA viscosity may be limited relative to hydrogen bonding groups throughout the
range of temperatures of atmospheric relevance. Carbonyl groups may also influence viscosity
through promoting oligomer formation via hemiacetal (Surratt et al. 2006) and radical chain
(Renard et al. 2016) reactions. The effects of ester groups are similar to those of carbonyl groups,
albeit with somewhat higher uncertainties. This is perhaps not surprising considering the similar
structures of the two groups, differing only by the presence of an oxygen atom on the main chain
adjacent to the carbonyl carbon. Ester and carbonyl groups may have a greater impact on
viscosity in polyfunctional compounds containing hydrogen bonding groups, as the oxygen
atoms can act as hydrogen bond acceptors.
Methylene Groups
The low value of Sη,CH2=0.1 suggests that the length of the carbon backbone is only a
minor contributor to OA viscosity. The aggregate influence of CH2 groups will be maximized in
larger oligomers lacking OH and COOH groups. Indirectly, the chain length is important since it
provides sites for functionalization via oxidation. Oligomerization producing larger molecular
weight compounds will increase viscosity. For polymers a relationship between Tg and molecular
weight is well-established (Boyer 1963). This relationship holds reasonably well for organic
species of relevance to OA as well (Koop et al. 2011).
Open Questions
The importance of OH and COOH groups suggests that other hydrogen bonding groups,
e.g. hydroperoxy and peroxy acid, are also important. No viscosity data is available for these
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groups, but it has been suggested that hydroperoxy and peroxy acid groups have an effect on
vapor pressure comparable on an order-of-magnitude basis to hydroxyl groups (Ziemann and
Atkinson 2012), which would be consistent with a similar effect on viscosity. The presence of
ring structures may also increase viscosity. More highly aromatic humic acids have been
observed to undergo glass transition at higher temperature than less aromatic fulvic acids (Young
and Leboeuf 2000). Our collated data suggests monosaccharides, which can adapt a cyclic
conformation, have higher Tg values than chain polyols of identical OH number (Figure 4),
although the presence of a carbonyl group on the monosaccharide species makes this an
imperfect comparison. Glass transition temperatures within the range of atmospheric relevance
have been observed in non-hydrogen bonding species with multiple triazine (nitrogenous
aromatic heterocycle) rings (Laventure et al. 2016). Triazines are not directly relevant to OA, but
this raises the possibility that similar behavior might be more broadly observed in non-hydrogen
bonding polycyclics. Finally, molecular dynamics simulations suggest inositol, a cyclic hexol,
may have a Tg value of ~480 K (Watt et al. 2004), almost 200 K higher than its linear congeners
(Appendix A Table S1). Interactions between functional groups on individual molecules possibly
modulate Sη,i values. A much expanded database of viscosity data will be needed to explore such
effects.
Broader Implication
Polar groups including hydroxyl, acid, nitrate, and likely hydroperoxide are the main
functional groups responsible for turning OA viscous. Oligomerization and the formation of ring
structures also contributes to high viscosity. Systematic differences exist between SOA generated
from different precursors and SOA generated from a single precursor at different mass
concentration (Grayson et al. 2016). SOA from toluene and α-pinene SOA are more viscous than
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isoprene. An increase in COOH groups accompanied by a decrease in molecular mass results in a
net reduction of viscosity (Kidd et al. 2014). The functional group sensitivities discussed here
may serve as a starting point to explain these differences. Broadly, the products from these
systems are multifunctional compounds with varying proportions of OH, COOH, and ONO2 and
different degrees of oligomerization. One potential direct application of the sensitivities is to
build multiple linear regression models that explain OA viscosity from functional group data
(Aimanant and Ziemann 2013; Maria et al. 2003).
To date, much of the work on viscous aerosols has focused on either near-surface
environments or cirrus layers. Because viscosity is more sensitive to functionalization at lower
temperatures (Figure 1), sensitivities at cirrus altitudes should be higher than the surface values
reported in this work. This raises the possibility that mechanisms of glassy OA formation are
substantially different in the two regimes. For example, it has already been noted in this work
that approximately half as many dry OH groups are required for glass transition at 190 K than at
270 K and the sensitivity to OH addition in already hydroxylated compounds may be
significantly greater at 270 K than at 298 K. Secondly, the functional groups with the strongest
influence on viscosity, alcohols and acids, also have the strongest influence on hygroscopicity
(Suda et al. 2014). Much of the recent interest in climatological effects of viscous OA has been
focused on the possibility that viscous OA inhibits hygroscopicity through intraparticle
diffusional limitations (Lienhard et al. 2015; Rickards et al. 2015; Price et al. 2014; Zobrist et al.
2011). A direct correlation between hygroscopicity and viscosity sensitivity to functional group
composition implies that highly viscous particles are generally susceptible to plasticization by
water at elevated RH. Nitrate-dominated compounds may be an exception (Suda et al. 2014).
Finally, the relationship between viscosity and volatility opens a number of avenues for
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investigation. First, the observed dependence of viscosity sensitivity on both existing
functionalization and temperature suggests that even though available simple group contribution
methods (Sastri and Rao 1992) approximately capture sensitivities at room temperature
(Appendix A Table S4), more sophisticated predictions are needed to model viscosity over the
entire atmospheric temperature range. However, it may be possible in numerical applications to
tightly couple viscosity estimation to methods that track gas-particle partitioning, e.g. the
volatility basis set approach (Donahue et al. 2006). A relationship between the degree of
partitioning to the particulate phase and particulate viscosity is supported by an inverse
correlation of viscosity with mass concentration in α-pinene SOA (Grayson et al. 2016). Future
studies might attempt to directly relate volatility and viscosity measurements to formulate
parameterizations that can be applied in numerical models. If the link can be strengthened it may
also ultimately be possible to exploit methods for measuring moderate to high viscosities
(Rothfuss and Petters 2016; Zhang et al. 2015; Power et al. 2013; Renbaum-Wolff et al. 2013) to
probe volatility, avoiding chemical changes that can arise in traditional thermal denuder-based
techniques, such as oligomer decomposition (Hall and Johnston 2012b).
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Table 1. Glass transition temperatures for alcohols and acids with equal number of functional
groups.
#C(a) Alcohol
#OH Alcohol Acid species
#COOH(b) Acid
species
Tg (K)
Tg (K)
3
1,22
170±3
Lactic acid
1
207±18
Propanediol
4
1,2,43
201
Malic acid
2
255±8
Butanetriol
4
Threitol
4
226
Tartaric acid
2
288±10
(c)
5
Ribitol
5
252
Citric acid
3
282±5
6
1,2,63
204±6
1,2,33
269
Hexanetriol
Propanetricarboxylic acid
7
1,2,73
200
1,2,4-Butanetricarboxylic 3
270
Heptanetriol
acid
(a)
Number of carbon atoms
(b)
Unless noted, the number of OH groups equals the number of OH groups in the analogous
alcohol species minus the value in this column.
(c)
Has 1 OH group.
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Figure 1. Viscosity data (circles) and glass transition temperatures with two-standard deviation
error bars (squares), and fitted VFT equation curves (including the glass transition) for 2-hexanol
(red – 1 OH), 1,2-pentanediol (orange – 2 OH), 1,2,6-hexanetriol (magenta – 3 OH), threitol
(yellow – 4 OH), xylitol (cyan – 5 OH), sorbitol (dark blue – 6 OH), and sucrose (black – 8 OH).
Data sources are listed in Appendix A Tables S1 and S4. The grey shaded area corresponds to
the approximate range of temperatures of tropospheric interest.
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Figure 2. Viscosity data extracted from literature for alcohol (a), carboxylic acid (b), carbonyl
(c), ester (d), and organic nitrate (e) species at 298.15 K. Unfilled markers indicate the value was
extrapolated while filled markers represent interpolated data.
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Figure 3. Sensitivities of viscosity to functional group addition versus sensitivity of vapor
pressure (P) to functional group addition at 298.15 K. Red circles: both sensitivities were
calculated from data. Blue circles with labels that end in a ‘?’: one sensitivity was calculated
from data (viscosity for OH #3, vapor pressure for COOH #2), the other was extrapolated from
an approximate linear trend line fitted to the points where both sensitivities could be calculated
from data (dashed line; R2 = 0.778). Error bars are two-standard deviation values.
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Figure 4. Mean literature glass transition temperatures for various OH-containing compounds
versus the number of OH groups present. The displayed trend line is fitted to data for species
containing between 1 and 8 OH groups. The grey shaded area corresponds to the approximate
range of temperatures of tropospheric interest.
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CHAPTER 3
Coalescence-Based Assessment of Aerosol Phase State Using Dimers Prepared Through a
Dual-Differential Mobility Analyzer Technique
Chapter 3 was published in Aerosol Science and Technology (Year: 2016, Volume: 50, Pages:
1294-1305) with the following co-author:
Petters, M.D.1
1

Department of Marine, Earth, and Atmospheric Sciences, NC State University, Raleigh, NC
27695

The Supplemental Information for this paper is provided in Appendix B. References to content in
the Supplemental Information in the original manuscript have been replaced with references to
Appendix B in this chapter.
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Abstract
Viscosity of atmospheric aerosol spans at least fifteen orders of magnitude, from thin
liquids to glassy solids, with possible concomitant impact on multiple processes of
meteorological and/or climatological concern. Recently there has been an interest in aerosol
phase assessment techniques based upon dimer coalescence. Theoretical treatment suggests
discernible reductions in dimer diameter begin when viscosity ~108 Pa∙s and the dimer is
spherical at ~105 Pa∙s for submicron particles, or the middle range of the semi-solid regime. A
method using nanoparticle dimers synthesized by utilizing differential mobility analyzers of
opposite polarity to produce monomers of opposite charge that subsequently undergo
electrostatically mediated coagulation has been developed and is detailed in this work. This
method was used to assess the aerosol phase state of several atmospherically relevant organic
species and inorganic salts at relative humidity (RH) values ranging between 10% and 100%.
Ammonium sulfate, monosodium α-ketoglutaric acid, sodium chloride, and sucrose all displayed
RH-dependent phase state. These observed viscous transitions occurred at RH values less than
existing deliquescence relative humidity data, a result consistent with existing literature reports
of RH-induced structural rearrangements. Fully coalesced and fully uncoalesced diameters could
be fitted to single values, indicating the presented technique is absolute. The method was also
used to assess the phase state of dry sucrose aerosol at temperatures between 20 °C and 70 °C. A
phase transition was noted at 63.7 °C ± 4.4 °C, near the glass transition temperature, suggesting
the presented method may also be useful for probing phase responses to temperature
perturbations.
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Introduction
Organic compounds are a major constituent of atmospheric aerosol in both fractional
abundance (Volkamer et al. 2006) and number of species (Goldstein and Galbally 2007). Much
of this organic aerosol is thought to form a liquid phase (Bateman et al. 2015; Cheng et al. 2015;
Cappa et al. 2008; Marcolli et al. 2004). However, there is evidence that a significant fraction
can also form amorphous solids (Virtanen et al. 2010; Mikhailov et al. 2009; Zobrist et al.,
2008). These glassy particles lack traditional crystalline structure, but are of sufficiently high
viscosity to behave mechanically like solids. Typically the threshold viscosity for a glass is
defined as 1012 Pa∙s (Debenedetti and Stillinger 2001), nearly fifteen orders of magnitude greater
than the viscosity of water. Particle phase transitions can occur through changes in either
temperature (Dette and Koop 2015; Koop et al. 2011) or relative humidity (Bateman et al. 2015;
Montgomery et al. 2015; Koop et al. 2011; Mikhailov et al. 2009). High particle viscosity
hinders uptake of chemical species (Gržinič et al. 2015; Davies and Wilson 2015; Chan and
Chan 2013; Pfrang et al. 2011; Shiraiwa et al. 2011; Roth et al. 2005), influences ice nucleation
pathways (Berkemeier et al. 2014; Baustian et al. 2013; Schill and Tolbert 2013; Wang et al.
2012), and may kinetically limit water uptake (Lu et al. 2014; Bones et al. 2012; Tong et al.
2011; Zobrist et al. 2011).
Existing approaches for assessing particle phase utilize impactor bounce (Virtanen et al.
2010), quartz crystal balances (Arenas et al. 2012), circulating beads (Renbaum-Wolff et al.
2013), poke testing (Renbaum-Wolff et al. 2013), and fluorescent rotors (Hosny et al. 2013).
Alternatively, a number of techniques have recently been developed based upon coalescence
state of aggregate particles. Power et al. (2013) used optical tweezers to induce coalescence
between 10 μm droplets then observed the amount of time required for full coalescence via light
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microscopy. Järvinen et al. (2016) correlated measurements of optical depolarization to
asphericity of naturally coagulated chamber secondary organic aerosol (SOA). Zhang et al.
(2015) similarly investigated asphericity of agglomerates by comparing mass and mobility
diameters of SOA undergoing Brownian coagulation in a smog chamber.
Coagulation-based methods are desirable because they measure viscosity directly by
probing relaxation times due to flow and because they can characterize high viscosities in the 105
– 1010 Pa∙s regime. One current limitation of coagulation-based methods is that the controlled
synthesis and isolation of coagulated dimers is challenging. The coagulation rate (-dN/dT) is
related to the particle concentration (Seinfeld and Pandis 2006):
𝑑𝑁
𝑑𝑇

𝑘 𝑁𝑁

(1)

where N1 and N2 are number concentrations of particles having diameters D1 and D2 and k12 is
the rate constant. For monodisperse submicron particles and N < 105 cm-3 coagulation rates are
negligible at the time scale of typical laboratory experiments. Coagulation rates can be enhanced
or suppressed through electrostatic interactions of charged particles (Zebel 1958). This effect has
been used by several groups to prepare aggregated particles. Borra et al. (1999) developed a
technique for synthesizing powders via coagulation of particles produced through two opposite
polarity electrosprays. In this technique uncoagulated particles retain a charge and thus can be
readily removed by application of an electrostatic filter. Maisels et al. (2000) demonstrated
nanoparticle dimers could be similarly synthesized using two differential mobility analyzers
(DMA) of opposite polarity to create monodisperse particles of opposite charge. DMAs are
ubiquitous in aerosol research and can select particles with diameters ~10 nm; accordingly, the
Maisels et al. (2000) approach is an attractive option for synthesis in laboratory settings of
nanoparticle dimers such as utilized by the Zhang et al. (2015) phase method.
92

This work presents a technique for assessment of particle phase that applies a variant of
the Zhang et al. (2015) asphericity method for assessing viscosity to dimers that were
synthesized following the Maisels et al. (2000) approach. It is demonstrated that this technique
detects phase transitions arising due to changes in relative humidity or temperature. This method
is applied to assess the aerosol phase state of several pure inorganic and organic compounds used
as atmospheric proxies across a range of relative humidities and the phase state of sucrose upon
exposure to a heating (melting) cycle.
Methods
Viscosity Estimation
This section describes how the measured dimer mobility diameter (Dp) can be used to
determine if the particle has fully or partially coalesced, or remains uncoalesced. Consider two
particles with mobility dimers D1 and D2 respectively comprising a dimer. The sphere equivalent
diameter of the dimer (Dse) is
𝐷

𝐷

𝐷

⁄

(2)

Dimers that coalesce into a sphere have a dynamic shape factor of unity and the measured Dp
equals Dse. This idealized limit is denoted as fully coalesced dimer diameter (Dc). Dimers that do
not coalesce approximate a rod-shaped particle and have a dynamic shape factor of ~1.1 (Hinds
1999). Particles with higher dynamic shape factor experience an increased drag force and thus
have larger mobility diameter. This observed upper limit of the shaped particle is denoted as the
fully uncoalesced dimer diameter (Duc). Experimentally determined Dp’s are bound by
𝐷

𝐷

𝐷

(3)

and can be used to bound the particle viscosity.
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Viscosity as a function of mobility diameter measurements is modeled over the transition
regime using a combination of assumptions similar to those in the Supplement of Zhang et al.
(2015) and predicted geometries from modified Frenkel theory (Pokluda et al. 1997). To
illustrate the relationship between viscosity (η), residence time (τ), surface tension (σ), monomer
diameter (Dmono), dimer mobility diameter (Dp), uncoalesced dimer diameter (Duc), and coalesced
dimer diameter (Dc), the following analytical approximation was derived
𝜂
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𝐷
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where ξ is the particle geometry factor. Residence time refers to the characteristic time period
over which dimer relaxation can occur. For the purposes of this work, this is typically the
average residence time within a thermal conditioning unit (conditioning unit volume / flow rate),
although in some circumstances the average time necessary for a particle to traverse the distance
between the entry to the coagulation chamber and the inlet to the particle sizer may be more
relevant. Dimer mobility diameter is the size of the dimer as measured by a scanning mobility
particle sizer (SMPS) after any relaxation has occurred. A complete derivation is provided in
Appendix B. Eq. (4) shows that the implied viscosity is directly proportional to time available for
the particles to coalesce and tension of the surface. The solution is singular at Dp equal to Duc and
asymptotic as Dp approaches Dc. Viscosity values can be determined for partially coalesced
particles and are bounded for fully coalesced and fully uncoalesced particles. The bounds of
viscosity can be varied over several orders of magnitude by changing residence time. The bounds
of viscosity are only weakly sensitive to realistic values of surface tension and insensitive to the
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range between fully uncoalesced and fully coalesced dimer diameters. The closed form solution
provided by Eq. (4) is only accurate to ~1 order of magnitude due to simplifying assumptions. A
more accurate numerical representation of Frenkel theory (Appendix B) is used for actual model
calculations.
Example numerical model calculations are shown in Figure 1 for Dmono = 80 nm, Duc =
110 nm, Dc = 100 nm, and τ = 5 s. These values are representative of some of the experiments
that are presented in this work. Calculations were performed at two different surface tensions
(0.03 J m-2 and 0.07 J m-2), characteristic values for pure organics and water (Seinfeld and Pandis
2006). From Figure 1 it can be inferred that η ≥ 108 Pa∙s when the dimer is fully uncoalesced, η ≤
105 Pa∙s when the dimer is fully coalesced, and 105 ≤ η ≤ 108 Pa∙s as the dimer is transitioning
from uncoalesced to coalesced.
Experiment Types
Experiments performed for this work can be sorted into two classes: cooling cycle and
heating cycle (melting), where dimers are briefly exposed to varying levels of relative humidity
(RH) and temperature, respectively. Most of the experiments were of the former type, although a
melting experiment was performed for sucrose. During each experiment data was collected at
~10 nominal RH values between 20% and 100% RH or nominal temperatures between 0 °C and
70 °C. Typical spacing was 10% RH or 10 °C well away from any observed humidity- or
temperature-induced shifts in measured coagulated diameters and 5% RH or 5 °C near such
shifts. Typically, 3-5 SMPS scans were performed at each nominal conditioner RH or
temperature.
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Chemicals Used
The following chemical reagents were used: adipic acid (Sigma-Aldrich, 99%),
ammonium sulfate (Fisher, 99.9%), Calcium nitrate tetrahydrate (Sigma-Aldrich, 99%),
Monosodium α-ketoglutaric acid (Sigma-Aldrich, 98%), polyethylene glycol 600 (Fisher;
henceforth PEG-600), polyethylene glycol 1000 (Alfa-Aesar; henceforth PEG-1000),
polyethylene glycol 10000 (Alfa-Aesar; henceforth PEG-10000), sodium chloride (Fisher, 99%),
sodium dodecyl sulfate (Sigma-Aldrich, 99%), succinic acid (Sigma-Aldrich, 99.0%), and
sucrose (Sigma-Aldrich, 99.5%). All reagents were used as-provided without further purification.
Sample solutions were prepared to 2% (w/w) in HPLC grade water. For the sucrose melting
experiment, a 0.1% (w/w) solution of sucrose in a mixture of methanol and a small amount of
HPLC grade water [~2% (v/v)] was used.
Experimental Design
The experimental setup is shown in Figure 2. Particles were generated via a constant
output atomizer (TSI 3076). Solutions were routed to the atomizer using a syringe pump. The
particle stream was routed through two Nafion gas dryers (PermaPure PD-50T-24MSS) in series
to remove the solvent then exposed to radiation from a 210Po source to charge equilibrate the
aerosol. The dried and neutralized particles were split between two DMAs, one with cylindrical
geometry (TSI 3081; henceforth TSI-DMA) connected to a negative-polarity power supply and
selecting only positively charged particles, the other with radial geometry (Zhang et al. 1995;
henceforth RDMA) connected to a positive-polarity power supply and selecting only negatively
charged particles. Each DMA was configured to select particles of a single monomer diameter:
nominally 80 nm in cooling cycle experiments, 50 nm in the melting experiment. Sheath flow in
the TSI-DMA and RDMA were 5 L min-1 and 2 L min-1, respectively. Sample flows through the
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DMAs were controlled through valves connected to their respective sample outlets, plus an
excess release valve positioned immediately after the neutralizer outlet. Rates of 1.7 L min-1
through the TSI DMA and 0.6 L min-1 through the RDMA were typical. The high sheath-tosample flow rates result in a broad size cut and was chosen to maximize the transmitted particle
concentration. The DMA sample outflows were merged and routed into a 0.3 L mixing chamber
where coagulation was allowed to occur. For a typical flow of 2.3 L min-1, this implies an
average chamber residence time of 8 s. The flow was split again after the mixing chamber with
0.3 L min-1 directed towards a custom-built electrostatic filter where uncoagulated particles were
removed and the remainder directed towards either an aerosol electrometer (TSI 3068; cooling
cycle experiments) or condensation particle counter (TSI 3772; sucrose melting experiment). The
particle counters were used to monitor particle generation and overall flow stability in real time,
but were not utilized in phase analysis. The electrostatic filter consisted of a negatively charged
¼” diameter center electrode maintained at 2 kV electrical potential and a grounded 1” diameter
outer tube. Removal of 100% of charged particles was confirmed experimentally. Particles that
dimerized by coagulation of +1 and -1 charges were charge neutral and transmitted through the
electrostatic filter. The transmitted uncharged dimerized particles were passed through an X-ray
source (TSI 3088), briefly exposed to variations in temperature and/or humidity that may trigger
viscous relaxation and subsequent coalescence, and routed through a SMPS. The SMPS
consisted of a high flow DMA column (Stolzenburg et al. 1998; henceforth HF-DMA) using a
condensation particle counter as detector (TSI 3020). Sheath and sample flow rates were 4.5 and
0.3 L min-1, respectively. Signal from the TSI 3020 was acquired from the +5V counter trigger
and the instrument was operated in single-particle counting mode, valid of concentrations < 2000
cm-3. The SMPS was configured to scan across a range of voltages corresponding to a range of
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diameters that included the expected coagulated peak. Details on the configuration of the column
and SMPS configuration are described elsewhere (Nguyen et al. 2014; Suda and Petters 2013).
All sheath flows were controlled using critical orifices on the outlet and dry, compressed, particle
free zero air on the inlet. The RH of zero air was below the detection limit of the RH sensors.
Temperature and Humidity Control
A series of temperature and humidity sensors (Rotronic HygroClip2) were installed in the
system to monitor conditions. Humidity is introduced into the system by incomplete solvent
removal by the Nafion membrane driers. The most relevant humidity for interpretation of the
experiments is that inside the thermal conditioner, which was maintained under nearisodrosothermal conditions. In cooling cycle experiments dimers were briefly exposed to
variations in relative humidity by chilling the flow inside the thermal conditioner. The
conditioner consisted of a 14” long, 3/8” inner diameter aluminum sample line embedded within
an aluminum plate itself in thermal contact with a Peltier-type thermoelectric heat exchanger (TE
Technology CP-200TT). Temperature was measured using a thermistor (TE Technology MP3193) in physical contact with the metal plate of the conditioner unit. System dew point was
measured using a RH sensor positioned within the flow between the outlet of the thermal
conditioner and the inlet of the final DMA. The conditioner was able to swing temperatures
±45 °C relative to ambient. Thus, the lower range of temperatures during cooling cycle
experiments was approximately -20 °C, sufficient to saturate the sample. During melting
experiments dimers were briefly exposed to variations in temperature by ramping the conditioner
up to as high as 70 °C. At 0.3 L min-1 sample flow the average residence time within the
conditioner was five seconds.
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The thermal conditioning approach for RH control was adopted because it obviates the
need for an additional humidification and drying step. However, because viscosity is also a
function of temperature, the utilized approach for RH control introduced a temperature
dependence viz-à-viz a true humidification system. Specifically, reductions in temperature
increase viscosity, potentially counteracting the plasticizing effects of increased RH. For the
purposes of this work – demonstrating that RH-induced phase transitions can be detected by the
presented coagulation technique – this is an acceptable limitation, although some implications
are considered in discussion of the results. During the melting experiment RH values were
< 15% at 20 °C, so it is expected the temperature dependence of viscosity dominated.
RH Sensor Calibration and Uncertainty
The dew point derived from the RH sensor adjacent to the thermal conditioner was
calibrated as follows. Temperature within the conditioner was reduced until a continuous
reduction in measured dew point was observed – i.e. saturation was reached and conversion of
vapor to condensed phase was triggered. Under these conditions it was assumed that the
conditioner temperature was the actual dew point. Deviations between the dew point reported by
the sensor and inferred from the conditioner temperature were observed for two minute intervals.
This procedure was repeated at several temperatures between -15 °C and -19 °C. The observed
deviations were progressively more negative at lower temperatures, reaching -1.8 °C at -19 °C,
and the overall trend did not readily fit to either a linear or exponential curve. Accordingly, a
piecewise constant-adjustment calibration was implemented. With this approach, we believe that
the dew point measurements are in the worst case within 0.3 °C of actual. Under typical system
conditions (Td > -20 °C) this translates to an absolute uncertainty of ±3% in measurements of
conditioner RH (Lawrence 2005). Total absolute uncertainty in conditioner RH for a single
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SMPS scan was calculated from the quadrature combination of this value and twice the standard
deviation of the RH values observed over the course of the scan. The latter contribution was
often negligible compared to the former.
Data Collection and Processing
Size spectra measured by the SMPS were fitted to a lognormal distribution. The fitted
curve had either one (Figure 3a) or three modes (Figure 3b), depending upon the range of
voltages utilized in the final DMA scan. The mode diameter of the one mode fit and the central
mode of the three mode fit are interpreted as corresponding to +1 charged particles, taken to be
equal to the dimer mobility diameter (Dp). The 95% confidence interval radius for this fitted
parameter was taken as the uncertainty in dimer diameter measurement. Confidence intervals of
±1 nm were typical. Experiments with a discernible diameter shift due to humidification or
heating were fitted to a logistic equation of the form
𝐷

𝐷
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𝐷
exp

𝐷
𝑘 𝑥

𝑥

,

(6)

where x is the independent variable of interest (RH for cold cycle experiments, temperature for
melting experiments), x0 is a critical value of the independent variable characteristic of
coalescence [henceforth relaxation RH (RHr) or relaxation temperature (Tr) as appropriate], and

k is a steepness parameter. The 95% confidence interval radius of the x0 parameter was
interpreted as the uncertainty in the critical value. The complete set of lognormal fits for the
SMPS scans comprising a representative experiment that had a discernible diameter shift is
shown in Figure 4.
Qualitative Characterization of Dimer Coalescence Degree
Cooling cycle experiments for several reagents did not display significant variations in
Dp over the entire range of tested RH values. In these cases a logistic fit was not possible and
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calibration data was required to assess phase state. For nonvolatile particles, one approach was to
compare the diameter to the fitted bounds of a second compound that did display a phase
transition. Alternatively, the diameter was compared to the measured dry Duc and Dc values for
compounds that were predictably solid or liquid at ambient conditions. Ammonium sulfate and
PEG-600 were utilized, respectively. The former readily crystalizes at RH < 40% (Ciobanu et al.
2010), well above the RH at the entrance of the monomer selection DMAs (typically 10-20%).
The latter has a liquid viscosity of 0.135 Pa∙s at 25 °C (Zhang et al. 2011), well below the
threshold for coalescence. PEG-600 begins transitioning from a waxy solid to liquid phase at 32
°C with maximum melting at 22 °C (Sarier and Onder 2008) and PEG-600 always peaked near
the expected Dc. For the results presented in this paper, the first calibration method was preferred
as it minimized the number of species-specific non-idealities introduced, although the second
technique was utilized with one experiment where a suitable reference experiment did not exist.
With semi-volatile compounds an alternative approach was utilized. Monomer size
measurements were measured using the volatility tandem DMA approach (Rader and McMurry
1986). For these measurements particles were generated sequentially with both source DMAs,
the electrostatic filter was turned off, and the evaporated size based on the residence time in our
system was observed using the SMPS. Results were used to calculate an expected Dc via Eq. (2).

Duc was estimated as 1.1 times this value based upon the expected shape factor.
In the absence of a detectable phase transition measured Dp values slightly larger than Dc
or slightly smaller than Duc must be handled with care. In principle, they may correspond to
transition viscosity values. However, given the sensitivity of Dp to η in the transition regime, if
an analyte has consistent Dp values across a full range of RH values, we believe it likely was
either fully coalesced or fully uncoalesced at all RH and the differences in measured mobility
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diameters arose due to slight differences in deviation from ideal spherical geometry or dry
diameter in the size-selecting DMAs.
Experimental Results
Cooling Cycle (RH) Experiments
Results for example compounds from cooling cycle experiments are summarized in
Figures 5-6. Results for the remaining compounds studied are shown in Appendix B Figures S2S7. Adipic acid (Figure 5a) and sodium dodecyl sulfate (Appendix B Figure S2) consistently
peaked at the fully uncoalesced diameter (η ≥ 108 Pa∙s) for all RH. Conversely, calcium nitrate
(Figure 4b), PEG-1000 (Appendix B Figure S3), and PEG-10000 (Appendix B Figure S4)
consistently peaked at the fully coalesced diameter (η ≤ 106 Pa∙s) for all RH. Note the specified
viscosity upper bound is an order of magnitude larger than what would be suggested by Figure 1.
This adjustment is necessary because in the absence of at least one uncoalesced data point it is
possible that the time scale between the coagulation event and the dimer reaching the SMPS inlet
(an order of magnitude longer than the thermal conditioning time scale assumed by Figure 1)
was itself sufficient to allow for full coalescence. Finally, sucrose (Figure 6a), ammonium sulfate
(Appendix B Figure S5), mono-sodium α-ketoglutaric acid (Appendix B Figure S6), and sodium
chloride (Appendix B Figure S7) showed RH-dependent phase state. These results along with
corresponding DRH values from literature are summarized in Table 1. Observed coagulated
diameters in the fully uncoalesced and fully coalesced regimes fell within the 95% observational
prediction interval of the fitted logistic curves with few exceptions. This suggests the
uncoalesced diameter is roughly constant except for a narrow range of viscosities near the
coalescence point, consistent with Figure 1. Similarly, this suggests that incomplete coalescence
is only possible over a narrow range of viscosities, with full coalescence occurring otherwise.
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For species with discernible phase transitions, RHr was consistently below the DRH for
that compound (Table 1). Because of the temperature dependence intrinsic to our RH
methodology, the difference between the RHr and the DRH may actually be understated by the
data presented here. In general, DRH increases with decreasing temperature (e.g. Brooks et al.
2002). This is because solubility generally decreases with decreasing temperature and DRH and
solubility are inversely related (Eq. (10.70) in Seinfeld and Pandis 2006). Calcium nitrate was
found already at reduced viscosity at the lower limits of RH supported by our particle generation
system, again well below the reported literature DRH. Adipic acid, which deliquesces under
supersaturated conditions (Christensen and Petters 2012), did remain uncoalesced at RH values
up to 100%. For the inorganics ammonium sulfate, sodium chloride, and calcium nitrate, the
reduced viscosity observed prior to deliquescence implies water adsorption onto the crystal can
lead to plasticization of the particle and initiate physical restructuring prior to bulk water uptake.
This is consistent with reported restructuring artifacts observed from fluorescence microscopy
(Montgomery et al. 2015) and tandem differential mobility analyzer measurements (Montgomery
et al. 2015; Mikhailov et al. 2009). For sucrose, RHr (58.4% ± 0.9%) is much lower than the
DRH (85%) (Salameh and Taylor 2006). However, DRH is referenced against a crystallized
sucrose particle. Dried sucrose particles do not readily crystallize and form amorphous solids.
For example, Robinson et al. (2014) observed that the onset RH for hygroscopic growth was
31%, well below the RHr reported here. This suggests that water adsorption acts as a gradual
plasticizer with amorphous solids in addition to crystalline instances. Again, this is consistent
with reported restructuring observed in hygroscopicity measurements (Mikhailov et al. 2009).
Estimates of viscosity for sucrose at various RH values versus data measured by Power et
al. (2013) are plotted in Figure 6b. The trend in our viscosity estimates is similar to that reported
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by Power et al. (2013), although our estimates are 3-4 orders of magnitude higher. This was
likely because our data was collected at much colder temperatures (~ -7 °C vs. room
temperature) due to our cold-cycle-based system of RH control. For example, the viscosity of
sorbitol (a C6 sugar), increases from ~105 to ~1010 when cooled from 25 °C to 0°C [interpolated
from Angell et al. (1982) and glass transition data in Nakanishi and Nozaki (2011)]. Therefore,
the strong temperature dependence of viscosity at values approaching the glass transition is
important for accurate interpretation of the cooling experiments.
Sucrose Heating Cycle (Melting) Experiment
Figure 7 shows example ‘melting’ data for pure sucrose aerosol. In this experiment,

Dmono = 50 nm, Dc = 60.9 nm ± 2.5 nm observed at T ~70°C, Duc = 65.7 nm ± 0.5 nm observed at
T < 50°C, and transition diameters corresponding to partially coalesced particles are observed
between 50 and 70°C. The relaxation temperature (Tr) was measured as 63.7 °C ± 4.4 °C. This
temperature is higher than the 60 °C glass transition temperature (Tg) of amorphous sucrose
estimated from differential scanning calorimetry data (Simperler et al. 2006), as would be
expected for a less viscous particle. However, the observed difference is within measurement
uncertainties in either measurement. This raises the question of how readily Tr and Tg can be
distinguished in practice. Because the coalescence observed by our method is estimated to occur
at a viscosity spanning from four to seven orders of magnitude less than the glass transition, such
a differentiation would be useful in applications modeling the temperature dependence of
viscosity. In this particular experiment, limits in our thermal control system prevented collection
of data at temperatures well beyond the point of fully coalescence. Accordingly, the fit of Dc was
imprecise, if still distinct from Duc. If Dc was 1-2 nm too high, the reported Tr will accordingly be
too low. Thus, it is quite possible the actual difference between Tg and Tr was greater than
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presented here. More generally, while to the best of our knowledge little laboratory data exists on
the temperature dependence of viscosity for metastable organic semi-solids, available data does
suggest there is at least 20 °C of difference between η ~107 and η ~1012 for several compounds
containing hydroxyl groups (Hutzler et al. 1972). Thus, while the difference between Tr and Tg
may not be resolvable for all systems, we expect that they will be for a significant fraction of
such systems, and thus the method here is useful for elucidating temperature-viscosity
dependency over part of the metastable range, even if the specific numerical result presented
here is of limited utility.
Discussion
Diameter shifts have been observed for Dp ≥ 60 nm. Diameters for fully coalesced and
fully uncoalesced particles were broadly consistent with those estimated from the sphere
equivalent diameter of a shaped particle. Thus, the method is absolute, i.e. a single measurement
of particle size (coupled with suitable verification of dry and coagulated diameters) is enough to
classify a particle’s viscosity as greater than the threshold (~108 Pa∙s), less than the threshold
(~105 Pa∙s), or of a transition value. This may prove especially useful for qualitatively
identifying an aerosol as not being in a glassy phase as the threshold viscosity is well below the
glassy range. However, actual viscosity estimates are limited to a few orders of magnitude in the
middle of the semi-solid regime for a given set of experimental parameters. The viscosity
corresponding to the midpoint between the fully uncoalesced and fully coalesced particle is
~2 x 106 Pa∙s. Since the inferred viscosity depends on the relaxation time, increasing the
residence time inside the conditioner from 5 s to 500 s would increase this value to ~2 x 108 Pa∙s.
Similarly, increasing monomer size from 80 nm to 800 nm would decrease this value to ~2 x 105
Pa∙s. Thus, some additional viscosity estimates can be made by altering experimental parameters,
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but viscosity measurements across the entire fifteen orders of magnitude observed in atmospheric
aerosol would require unrealistic combinations of residence time and monomer size. Dropletbased techniques can measure aerosol viscosity on an order of magnitude basis over the entire
range of interest (Power et al. 2013), but are currently only applicable to micron-diameter
particles. Thus, this technique could be applied in validation of (semi-)empirical size corrections
mapping micron particle viscosity data to the nanoscale.
There are several additional limitations to the methodology. First, if equilibrium vapor
pressure (p°) is sufficiently large that monomers partially evaporate, erroneous conclusions about
particle phase state may be reached. For example, evaporation on experimental time scales was
observed with succinic acid [p° ≈ 1.5 x 10-3 Pa at 25 °C (Koponen et al. 2007)]. In this vapor
pressure range Duc with evaporation may appear identical to Dc without evaporation. Such cases
can be partially corrected for by measuring the selected monomer size using volatility tandem
DMA that is implicitly available within the experimental setup. However the strong dependence
of vapor pressure on temperature and evaporation rates on residence time and build up in the
vapor phase will reduce the precision of the measurement. Second, the preparation of very high
concentrations of charged monomers requires working with broad size cuts and with relatively
high aerosol generation flow rates. Coagulated signal can be enhanced by increasing the
residence time in the chamber, however, this comes at cost of increased noise due to monomers
that undergo spontaneous loss of charge and pass through the electrostatic filter. The atmospheric
discharge rate is ~30 min (Hoppel, 1985). At the current 8 s configuration and assuming ambient
charge fields, up to 0.4% of particles could spontaneously lose their charge inside the
coagulation chamber. Actual discharge rate will depend on shielding on location. Third, stable,
highly efficient solvent removal without incurring large particle losses is challenging. This may
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impact the initial particle phase state after drying and before entering the monomer DMAs.
Operating the current setup below 10-20% RH will require modifications to the drying setup.
Fourth, non-spherical particle shape will result in deviations from expected Dc values. For
example, the measured ammonium sulfate Dc was consistently slightly larger than the theoretical

Dse. This is consistent with a slight dynamic shape factor of 1.01-1.04 of crystallized ammonium
sulfate (Biskos et al. 2006; Zelenyuk et al., 2006). Somewhat larger deviations were seen for
sodium chloride, which has a dynamic shape factor of ~1.08 in its cubic crystalline form (Petters
and Petters 2016; Wang et al. 2010; Zelenyuk et al., 2006). More strongly shaped crystalline
particles may bias viscosity estimates if Dc and Duc are not both known. Finally, inferred
viscosity estimates are uncertain due to the need to assume a surface tension. Spanning the
realistic range between 0.03 and 0.07 J m-2 results in variation of 0.4 in log10 η values estimated
through the modified Frenkel (Pokluda et al. 1997) sintering model.
Summary
We have presented a system for classifying particle phase based upon mobility diameter
measurements of dimers synthesized by coagulation of charged monomers produced by DMAs
of opposite polarities. The phase measurement system is capable to classify particles as either η
≥ 108 Pa∙s or η ≤ 105 Pa∙s. The measurement is ‘absolute’, i.e. a single measurement of particle
size is enough to determine if the dimer has Duc or Dc, provided that the selected monomer is
non-volatile and approximately spherical. For select conditions a viscosity can be inferred in the
transition regime. Phase transitions can be observed by either humidifying particles subjecting
them through a cold cycle, or melting the particle subjecting them through a heat cycle. RHinduced transitions were observed at lower humidities than deliquescence, consistent with
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existing evidence for RH-induced structural reorganizations. We expect the melting transition to
be a useful complement to the glass transition and to occur under similar conditions.
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Table 1. Observed relaxation RH values and literature deliquescence RH values for reagents
considered in this work.
Compound
RHr (%)
DRH (%)
8
(a)
Transition not observed – fully uncoalesced (η ≥ 10 Pa∙s)
Adipic acid
≥100
99.9 (25 °C)(b),(c)
≥95 (24 °C)(d)
≥95 (-10 °C)(d)
Sodium dodecyl sulfate
≥100
Transition observed (η RH-dependent)
Ammonium sulfate
74.6±1.7
75.7±1.5
36.1±1.8
38.8±0.8
Sodium chloride
60.8±3.2
60.9±5.1
Sucrose
58.4±0.9
Transition not observed – fully coalesced (η ≤ 106 Pa∙s)(a)
PEG-1000
≤10
PEG-10000
≤10
Calcium nitrate
≤20

80.2 (25 °C)(b)
82.7 (24° C)(d)
81.2 (-10 °C)(d)

Monosodium α-ketoglutaric acid

75.3 (25 °C)(b)
76±2(e)
85 (25 °C)(f)
0(g)
0(g)
50 (25 °C)(h)

Dmono = 80 nm

(a)

(b)

(Marcolli et al. 2004)
DRH for adipic acid nanoparticles is strongly diameter dependent. For D < 200 nm used here,
supersaturated DRH has been observed (Christensen and Petters 2012; Hings et al. 2007).
(d)
(Brooks et al. 2002)
(e)
(Woods et al. 2007)
(f)
(Salameh and Taylor 2006)
(g)
Continuous hygroscopic growth and no DRH is observed for PEG 600 and PEG 2000 (Petters
et al. 2006). PEG 1000 and 10000 are infinitely soluble in water. Therefore no DRH transition is
expected.
(h)
(Kelly and Wexler 2014)
(c)

118

11

10

10

Viscosity (Pa·s)

10

9

10

8

10

7

10

-2

σ = 0.07 J m

-2

σ = 0.03 J m

6

10

5

10

100

102
104
106
108
Dimer mobility diameter (nm)

110

Figure 1. Modeled viscosity as a function of dimer diameter for Dmono = 80 nm, Duc = 110 nm,

Dc = 100 nm, and τ = 5 s, values characteristic of some experiments presented in this work. Two
surface tensions are depicted, one characteristic of pure organics (0.03 J m-2), one characteristic
of a fully deliquesced particle (0.07 J m-2).
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Figure 4. Fitted one-mode lognormal curves for all SMPS scans comprising a cooling-cycle
experiment for nominal 80 nm sucrose monomers. Curves are coded according to the RH value
of the particular SMPS scan: <48.4% (solid), 48.4%-68.4% (dashed), >68.4% (dotted). These
thresholds were selected so as to depict the relation of each scan to the fitted RHr value of 58.4%
± 0.9% and corresponding expected coalescence states (i.e. uncoalesced, partially coalesced, or
fully coalesced). The left and right vertical lines correspond to fitted Dc (101.1 nm ± 0.6 nm) and
Duc (111.3 nm ± 0.7 nm) values, respectively.
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Figure 5. Measured dimer mobility diameters for nominal 80 nm adipic acid (a) and calcium
nitrate (b) monomers versus relative humidity with lines indicating fully uncoalesced (top dashed
lines) and fully coalesced (bottom dashed lines) diameters as predicted from calibration data.
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Figure 6. (a) Measured dimer mobility diameters for nominal 80 nm sucrose monomers versus
relative humidity, fitted lognormal curve (solid line) with associated 95% observational
prediction interval (dashed lines), and viscosity estimates for selected diameters in the transition
regime assuming a surface tension of 0.03 J m-2. (b) Comparison of sucrose humidity-dependent
viscosity estimates from (a) (black line) to measurements reported by Power et al. (2013) (filled
circles). The dashed portion of the line indicates onset of coalescence and corresponds to
diameters shifts that are within the measurement uncertainty for individual data points.
Measurements in panel (a) were collected at temperatures between -3 and -11 °C whereas the
Power et al. (2013) measurements were collected at room temperature.
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Abstract
Atmospheric aerosols can exist in amorphous semi-solid or glassy phase states. These
states are determined by the temperature (T) and relative humidity (RH). New measurements of
viscosity for amorphous semi-solid nanometer size sucrose particles as a function of T and RH
are reported. Viscosity is measured by inducing coagulation between two particles and probing
the thermodynamic states that induce the particle to relax into a sphere. It is shown that the glass
transition temperature can be obtained by extrapolation to 1012 Paꞏs from the measured
temperature-dependent viscosity in the 106 to 107 Paꞏs range. The experimental methodology
was refined to allow isothermal probing of RH dependence and to increase the range of
temperatures over which the dry temperature dependence can be studied. Several experiments
where one monomer was sodium dodecyl sulfate (SDS), which remains solid at high RH, are
also reported. These sucrose-SDS dimers were observed to relax into a sphere at T and RH
similar to those observed in sucrose-sucrose dimers, suggesting that amorphous sucrose will flow
over an insoluble particle at a viscosity similar to that characteristic of coalescence between two
sucrose particles. Possible physical and analytical implications of this observation are
considered. The data reported here suggest that semi-solid viscosity between 104 and 1012 Paꞏs
can be modelled over a wide range of T and RH using an adapted Vogel-Fulcher-Tammann
equation and the Gordon-Taylor mixing rule. Sensitivity of modelled viscosity to variations in
dry glass transition temperature, Gordon-Taylor constant, and aerosol hygroscopicity are
explored, along with implications for atmospheric processes such as ice nucleation of glassy
organic aerosols in the upper free troposphere. The reported measurement and modelling
framework provides a template for characterizing the phase diagram of other amorphous aerosol
systems, including secondary organic aerosols.
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Introduction
Organic compounds are a primary constituent of atmospheric aerosol (Goldstein and
Galbally 2007; Volkamer et al. 2006). Much of this organic fraction is in the form of secondary
organic aerosol (SOA): particulate matter that has evolved into condensable forms from initial
gas-phase precursors through chemical reactions, particularly oxidation reactions (Hallquist et al.
2009). These oxidation reactions produce oxygenated products (Kroll et al. 2011; Hallquist et al.
2009; Jimenez et al. 2009). Addition of oxygenated functional groups, particularly hydroxyl
(OH) and carboxylic acid (COOH), increases intermolecular interactions and thus lowers vapour
pressure and increases condensed phase viscosity (Rothfuss and Petters 2017). Particle viscosity
also increases with decreasing temperature (T) (Dette and Koop 2015; Koop et al. 2011) and/or
relative humidity (RH) (Bateman et al. 2015; Montgomery et al. 2015; Koop et al. 2011;
Mikhailov et al. 2009). Highly oxidized particles can be sufficiently viscous at certain
combinations of T and RH that they behave as amorphous solids (Koop et al. 2011; Mikhailov et
al. 2009; Zobrist et al. 2008), with consequent impact on ice nucleation pathways (Ignatius et al.
2016; Berkemeier et al. 2014; Wilson et al. 2012; Murray et al. 2010) and intraparticle diffusion
timescale (Gržinić et al. 2015; Rickards et al. 2015; Berkemeier et al. 2014; Slade and Knopf
2014; Shiraiwa et al. 2011; Vaden et al. 2011). Recently a number of authors have investigated
the (RH-dependent) viscosity of chamber-generated (Grayson et al. 2016; Song et al. 2015, 2016;
Zhang et al. 2015; Pajunoja et al. 2014; Renbaum-Wolff et al. 2013) and proxy oxygenated
(Power et al. 2013) aerosol at room temperature. Under colder conditions, Zobrist et al. (2008)
and Koop et al. (2011) have investigated the RH-dependence of the glass transition temperature,
while Berkemeier et al. (2014) investigated temperature and humidity combinations where
particles are sufficiently viscous as to act as ice nuclei. Järvinen et al. (2016) have reported
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combinations of T and RH where α-pinene SOA is sufficiently plasticized that aspherical
particles relax into a spherical shape. Combined, these studies have probed a wide range of
particle diameters (80 nm to 20 μm, plus bulk measurements), viscosity (10-2 to 1012 Paꞏs),
temperature (-60 to +70 °C), chemical composition, and methodologies. There remains
uncertainty on how these point observations interrelate over the complete thermodynamic state
space.
Connecting viscosity data obtained from bulk and aerosol measurements is important for
several reasons. First, viscosity in bulk samples may be fundamentally different from viscosity in
sub 100 nm particles due to scale effects. Second, bulk collection of secondary organic aerosols
perturbs the gas particle equilibrium with semi-volatile compounds, which, in addition to sample
aging, may alter the chemical composition of the material studied. Third, equilibration time
scales with respect to water uptake and physical relaxation become longer in bulk samples,
making measurements of ultrahigh viscosity particles time consuming. Finally, uncertainty
remains due to methodological challenges posed by measuring viscosity in nanoparticles without
collecting the material on substrates.
The modelling framework used by Berkemeier et al. (2014) relates RH, the equilibrium
hygroscopic water uptake by the particle, and the glass transition temperature using an
attractively simple set of equations that do not explicitly account for particle size. Application of
this framework to atmospheric aerosols in large scale models requires further experimental
validation as well as experimental constraints of input parameters. Furthermore, the Berkemeier
et al. (2014) model does not explicitly treat viscosity in the semi-solid regime. This work focuses
on sucrose aerosol only, with the objective to test and extend the Berkemeier et al. (2014) model
framework. The sucrose example is used to illustrate how the experimental methodology can be
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extended to probe the T and RH dependent phase diagram for a wide range of amorphous organic
aerosols, including SOA.
Sucrose itself is a minor constituent of atmospheric aerosol (Li et al. 2016; Barbaro et al.
2015; Chen et al. 2013; Yttri et al. 2007) but with eight OH groups is a reasonably well-studied
laboratory proxy system for highly oxidized SOA. Sucrose has been utilized in studies of phase
(Bateman et al. 2015; Dette and Koop 2015; Power et al. 2013), diffusion (Davies and Wilson
2016; Price et al. 2016; Tong et al. 2011; Zobrist et al. 2011), droplet evaporation (Miles et al.
2016; Lu et al. 2014; Bones et al. 2012; Davies et al. 2012), water uptake (Dalirian et al. 2015;
Hodas et al. 2015; Robinson et al. 2014; Xu et al. 2014; Baustian et al. 2013; Rosenørn et al.
2006), ice nucleation (Schill and Tolbert 2014; Baustian et al. 2013), and optical properties
(Robinson et al. 2014) in relation to atmospheric aerosol processes. This wide utility suggests a
practical physical model of sucrose viscosity can be used both to probe aerosol vitrification in
broad terms and as a template for future development of analogous models directly applicable to
SOA systems. In this work we further develop existing frameworks based upon the GordonTaylor mixing rule for glass transition temperature (Gordon and Taylor 1952) and VogelFulcher-Tammann (VFT) equation for the temperature dependence of viscosity (Fulcher 1925)
and apply them to the viscosity of sucrose. It is shown that this model is consistent with a series
of newly collected measurements of viscosity at various T and RH and previously reported RHdependent viscosities and glass transition temperatures of sucrose from literature. The sensitivity
of this model to variation in organic hygroscopicity, water-organic intermolecular interactions as
represented by the Gordon-Taylor constant, and dry glass transition temperature is also
investigated. Possible adaptation of the framework to other organic aerosol systems is discussed
in the context of this sensitivity analysis.
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Methods
Viscosity Measurements
Experiments were based on the coalescence time scale approach (Zhang et al. 2015;
Pajunoja et al. 2014; Power et al. 2013; Ethridge et al. 2007) using controlled dimer synthesis
and theory that has been described in detail in previous work (Rothfuss and Petters 2016).
Briefly, viscosity is measured as follows. Dimerized particles composed of two sucrose
monomers of equal size are generated via coagulation of particles carrying opposite charge.
Coagulated charge-neutral dimers are isolated via electrostatic filtration. Viscosity, and to lesser
extent surface tension, determine the sintering rate, ultimately causing the particle to relax into a
sphere. Because the fluid drag force scales with the particle surface area (Leith 1987), the
elongated dimer particles have a reduced mobility when pulled through air using an electric field.
Therefore, the shape can be inferred by measuring electrical mobility diameter (Hinds 1999),
using scanning mobility particle sizers (SMPS) (Wang and Flagan 1990). In a typical experiment
dimers are prepared at low RH and then passed through a 5 s cycle of elevated RH. Water taken
up by the particle acts as a plasticizer, temporarily reducing viscosity and inducing sintering.
After the cycle is completed, the RH drops again, the sintering process is arrested, and the
partially merged shape is observed by a reduction in the mobility diameter. Viscosity can be
inferred from the mobility diameter and modified Frenkel theory (Rothfuss and Petters 2016;
Pokluda et al. 1997; Frenkel 1945) .
Details of this method are summarized below, with emphasis on differences between the
specific instrumental setup utilized here and previously (Rothfuss and Petters 2016). A
simplified schematic of the experimental setup is depicted in Fig. 1. In this work, particles were
supplied from separate constant output atomizers (TSI Inc. Model 3076) to two differential
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mobility analyser (DMA) columns: a standard long column DMA (TSI 3071) and a high-flow
column (HFDMA) (Nguyen et al. 2014; Suda and Petters 2013). Both columns were operated at
3:1.5 L min-1 sheath-to-sample-flow ratio. Each instrument was configured to select 80 nm
particles. Solutions of 0.2% (w/w) sucrose (Sigma-Aldrich, 99.5%) in HPLC-grade water
(Fisher) were used. Aerosol passed to the TSI column was charge equilibrated by an x-ray
radiation source (TSI 3088), while aerosol passed to the HFDMA was charge equilibrated using
a 210Po source. Baseline drying was supplied by Nafion dryers (PermaPure PD-50T-24MSS)
positioned between the atomizers and neutralizers. The TSI column was attached to a negative
polarity power supply and selected only positively charged particles, while the HFDMA column
was attached to a positive polarity power supply and selected only negatively charged particles.
These separate particle streams were combined in a 0.3 L coagulation chamber, where a fraction
of oppositely charged particles underwent coagulation to form neutral dimers. The outflow of
this chamber was passed through an electrostatic filter that transmits neutral dimers while
uncoagulated charged particles were removed with 100% efficiency. Dimers were passed
through an aluminium thermal conditioning loop (Lytron CP10G03) at 0.3 L min-1 where they
were briefly (~5 s) exposed to variations in T and RH that may reduce viscosity and result in
partial or full coalescence. Depending upon experiment type, the thermal conditioning loop was
either in thermal contact with a programmable Peltier-type thermoelectric device or submerged
within a temperature-controlled water bath. Conditioning loop temperature was monitored using
a thermistor in physical contact with an aluminium plate in thermal contact with the loop. A
chilled-mirror hygrometer (General Eastern OptiSonde) with dew point/frost point accuracy of
±0.2 °C (manufacturer specification) was used to monitor humidity within the conditioning loop.
Hygrometer readings < 0 °C were interpreted as frost points. The effective RH experienced by
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the dimer within the conditioning loop was determined from the ratio of the actual and
equilibrium vapour pressures as calculated using the appropriate vapour pressure
parameterizations from Murphy and Koop (2005). Coalescence state was analysed using an
SMPS system (Wang and Flagan 1990) comprised of a differential mobility analyser with radial
geometry (Zhang et al. 1995) and a condensation particle counter (TSI 3020). Data reduction
protocols for the raw SMPS spectra were identical to those used previously (Rothfuss and Petters
2016).
The experiments performed can be partitioned into three broad categories: cooling cycle,
heating cycle, and isothermal humidification. In cooling cycle experiments the system was
maintained in an approximately isodrosothermal state and RH varied by adjusting the
temperature of the conditioning loop. This implies that even though these experiments are
designed to probe sensitivity to RH, the viscosity associated with coalescence actually occurs at
a specific combination of T and RH. Heating cycle experiments were procedurally similar to
cooling cycle experiments. However, they probed temperature dependence of viscosity only
because at the higher temperatures utilized (40 °C to 95 °C) RH was typically < 1%. Heating
cycle experiments were the only experiments in this work that utilized the water bath for thermal
control. This was necessary because the thermoelectric device used for other experiments is only
rated to a maximum temperature of 70 °C, which is approximately 25 °C less than required to
fully resolve a transition for dry sucrose. Three independent heating cycle experiments were
performed and are reported. In isothermal humidification experiments the conditioning loop was
maintained at a single temperature while varying levels of water vapour were introduced via a
supplementary humidified flow. To create this flow, dry air from a zero air generator (Teledyne
Inc. 701) was directed through a humidifier consisting of a series of Nafion tubes immersed in a
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water bath whose temperature was controlled via a Peltier-type thermoelectric element. Given
sufficient equilibration time, the dew point of the humidified flow would be within 1 °C of the
thermoelectric set point for temperatures between 1 °C and 22 °C at humidified flow rates less
than 1 L min-1. The humidified flow rate was regulated via a needle valve positioned in the outlet
of the humidifier. Flow rates varied from <0.1 L min-1 to 1.0 L min-1 depending upon the range
of RH values required for a given experiment, but values between 0.2 L min-1 and 0.5 L min-1
were most common. This flow entered the system via a three-way valve positioned within the
line between the TSI DMA column and the coagulation chamber. This valve could be directed to
excess to take measurements at baseline drying levels, otherwise system humidity was controlled
by varying the humidified flow dew point temperature and flow rate. For this work, baseline
dew points of -10 °C to -12 °C were typical. Together with the limitations of the humidification
system discussed above, this constrained isothermal experiments to an approximate temperature
range of 3 °C to 15 °C for a typical dry sample flow of 3 L min-1 (1.5 L min-1 sample through
each size selecting instrument).
Because each size selecting instrument was supplied particles by an independent
atomizer, experiments could be performed where one monomer was sucrose and the other was
sodium dodecyl sulfate (Sigma-Aldrich, 99%; 0.1% (w/w) in HPLC-grade water; henceforth
SDS). Previous work suggests SDS dimers do not coalesce into a sphere at RH < 95% (Rothfuss
and Petters 2016). Accordingly, when the sucrose particle in a sucrose-SDS dimer is sufficiently
plasticized by water uptake it is expected to flow over the effectively solid SDS particle instead
of coalescing as two sucrose monomers would. This results in a detectable shift in measured
mobility diameter despite the difference in physical mechanism. For this work three sucrose-SDS
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experiments were performed: two cooling cycle experiments and one isothermal humidification
experiment with a conditioner temperature of 7 °C.
In interpreting SMPS data, it is assumed that fully coalesced particles will be
approximately spherical and will have measured dimer mobility diameters (Dp) consistent with
the expected volume equivalent diameter. Fully uncoalesced particles will be approximately rod
shaped and have measured mobility diameters ~1.1 times larger than the volume equivalent
diameter (Hinds 1999). If a discernible transition in measured Dp occurs over a range of T or RH
values studied, the data can be fitted to a logistic equation to derive both the fully uncoalesced
(Duc) and fully coalesced dimer diameters (Dc):
𝐷
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𝑥
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where x is the independent variable (either T or RH, depending upon experiment), x0 is a critical
value corresponding to the midpoint of the coalescence relaxation (henceforth either Tr or RHr),
and k is a steepness parameter. In cooling cycle experiments the temperature associated with RHr
was calculated as the mean of the temperatures measured at all collected data points within some
range around the fitted RHr. By default, this was the calculated uncertainty in the fitted RHr
parameter, with the range subsequently increased in increments of 1% RH until at least 3 data
points fell within the resultant range. In heating cycle experiments the RHr was calculated using
an analogous approach.
For measured Dp between Duc and Dc viscosity was calculated using a variant of Frenkel
sintering theory Rothfuss and Petters 2016; Pokluda et al. 1997; Frenkel 1945):
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where η is the compound viscosity, ξ represents a shape parameter, Dmono is the monomer
diameter taken to be the mobility diameter of the upstream DMAs, and σ is the surface tension
for dry amorphous sucrose, taken to be 0.084 J m-2 based on the measurements aggregated by
Van Hook and Kilmartin(Van Hook and Kilmartin 1952). Equation (2) includes simplifying
assumptions that can be eliminated by using a lookup table that relates ξ and η (Rothfuss and
Petters 2016; Pokluda et al. 1997). For the particle sizes and residence times used here Tr or RHr
corresponds to a viscosity of ~5 x 106 Pa∙s. Viscosity values are reported for selected
temperatures corresponding to Dp intermediate to Duc and Dc for each of the three heating cycle
experiments performed. Utilized Dp are derived from the fit to Eq. (1) for each such experiment.
Additional Viscosity Data
Two 5 x 106 Pa∙s viscosity data points for sucrose are included from the literature. First,
we have previously reported results of an earlier cooling cycle experiment for sucrose aerosol
prepared analogously to the sucrose aerosol utilized in this study (Rothfuss and Petters 2016). In
that experiment we used relatively inexpensive humidity sensors (Rotronic Hygroclip 2) and
calibrated them against an indirect dew point temperature measurement. Unfortunately, our
approach for calculating conditioner RH values during the referenced experiment did not
distinguish between dew point and frost point temperature, leading to an overestimate of RHr.
We therefore report a revised estimate of RHr derived from the raw data of the original
experiment but using the methodology of this work for calculating conditioner RH. Second, we
also report an estimate for η = 5 x 106 Pa∙s as a function of RH at room temperature (assumed T
= 22 °C) interpolated using linear regression from data digitized from Power et al. (2013) (see
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Figure S1 in Appendix C). Whereas the data we have collected is for aerosol with diameters on
the order of 100 nm, Power and co-workers (2013) investigated the viscosity of individual
supermicron-diameter sucrose solution droplets.
Viscosity Model
Viscosity is modelled as a function of T and RH. The general modelling framework is
based on previous work by Zobrist et al. (2008), Koop et al. (2011), and Berkemeier et al. (2014)
who modelled the RH dependence of the glass transition temperature (Tg) using the GordonTaylor mixing rule (Gordon and Taylor 1952) and the relationship between RH and sucrose mass
fraction from water activity models. The glass transition refers to a reversible transition from a
hard, brittle, glassy state into a viscous or rubbery state. A common convention is to define the
glass transition temperature Tg where η = 1012 Pa∙s (Debenedetti and Stillinger 2001). This work
extends the model to viscosity less than Tg.
Temperature dependence of viscosity over many orders of magnitude for possibly
metastable liquids is represented by the Vogel-Fulcher-Tammann (VFT) equation (Fulcher
1925):
log

𝜂 𝑇

𝐴

,

(4)

where A, B, and T0 are fitted parameters. T0 corresponds to a temperature where viscosity
asymptotically approaches infinity. It is hypothesized here that the shape of this temperature
dependence curve does not vary significantly with water content, but instead the curve shifts
parallel to the temperature axis as relative humidity changes. This hypothesis is based on
conjecture. Validating this hypothesis is part of this work. With this assumption, the temperature
at which a given viscosity (η°) occurs at under dry conditions will differ from the temperature
said viscosity occurs at for a given RH by a constant value ΔT for all values of η°:
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Furthermore, this implies the temperature at which viscosity asymptotically approaches infinity
will also be reduced by ΔT. Thus,
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Because Eq. (5) is applicable at the viscosity corresponding to the glass transition,
∆𝑇 𝑅𝐻
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where Tg,s is the glass transition temperature of dry sucrose, Tg(RH) is the RH dependent glass
transition temperature of sucrose and ΔTg is the difference between the two. Combining Eqs. (6)
and (7) yields:
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Note that Eq. (8) reduces to Eq. (4) when RH = 0%, as expected for dry sucrose. The GordonTaylor mixing rule (Gordon and Taylor 1952) is utilized to calculate Tg:
,
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where ws is the RH-dependent weight fraction of sucrose in the mixture, Tg,w is the glass
transition temperature of water, and kGT is the Gordon-Taylor constant. Relative humidity and
equilibrium sucrose mass fraction in an aqueous particle are related by the water activity model
of Zobrist et al. (2008):
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where aw is the water activity. For a flat solution surface, aw equals to the fractional relative
humidity. Eqs. (8)-(10) are used to compute lines of constant viscosity (viscosity isopleths) in T
and RH state space.
Sensitivity Analysis
Calculations were performed to show how the modelled 5 x 106 Pa∙s isopleth varies with
T and RH as water uptake, Gordon-Taylor constant, or dry glass transition temperature vary
across relevant ranges. This viscosity value was chosen primarily for practical reasons, as it is
readily measured by our experiments. It also corresponds to a viscosity where the intraparticle
mixing time scale for a 100 nm particle becomes appreciably long to influence condensed phase
heterogeneous chemistry reaction rates (Hinks et al. 2016; Gržinić et al. 2015; Slade and Knopf
2014; Pfrang et al. 2011). The activity model of Eq. (10) is an empirical relationship with seven
fitted parameters and therefore not well suited for assessing the sensitivity of viscosity
predictions to differences between assumed and actual hygroscopic behaviour. Instead, a single
parameter representation of hygroscopic growth is applied for relating ws to RH:
𝑤
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𝜅

⁄
⁄

,

(11)

where κm is the mass based hygroscopicity parameter (Mikhailov et al. 2013). Note that for
comparison purpose κm can be related to the more common volume based hygroscopicity
parameter (κv) (Petters and Kreidenweis 2007) by the ratio of the density of water and solute
(Mikhailov et al. 2013). The sensitivity analysis varied κm between 0.006 and 0.7, values
characteristic of weakly hygroscopic ambient aerosol (Mikhailov et al. 2015; Petters et al. 2009)
and sodium chloride (Mikhailov et al. 2013), respectively. For consistency, this framework was
also used in preference to the water activity model when assessing Tg and kGT sensitivity. In these
cases, a constant κm of 0.14 was assumed. This was derived from fitting Eq. (11) to a series of
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RH values between 40% and 50% and corresponding ws values as predicted by inverting Eq. (10)
at a temperature of 0 °C. Using the mass-based hygroscopicity parameter instead of the water
activity model has minimal effect on the position of the modelled viscosity isopleths (Appendix
C Fig. S2). In the assessment of kGT sensitivity, kGT was varied between 0.5 and 6.0, based upon
values reported for 19 atmospherically relevant proxy systems by Zobrist et al. (2008). For dry
glass transition temperature, Tg,s was varied between 45 °C and 90 °C. This range is slightly
larger than the reported uncertainty in Tg,s and includes both the lowest (46 °C) (Murthy et al.
1993) and highest (78 °C) (Shamblin et al. 1999) literature values used in calculation of Tg,s.
Results
Measured dimer mobility diameters and fitted logistic curves for three representative
experiments performed for this work (sucrose-sucrose isothermal humidification, sucrose-SDS
isothermal humidification, and sucrose-sucrose heating cycle) are shown in Fig. 2; similar plots
for the other experiments performed are provided in Appendix C Figures S3-S11. The data show
that the change between Duc and Dc is 7-9 nm for the sucrose-sucrose experiments and 4 nm for
the sucrose-SDS experiments. This difference can be attributed to the asphericity of SDS
particles (Gubaidullin et al. 2016; Mazer et al. 1976). The data show that the RHr values for
sucrose-sucrose and sucrose-SDS obtained at similar temperatures compare within measurement
uncertainty. This suggests that sucrose-SDS experiments can be used to infer viscosity, even
though the geometric assumptions underlying the method’s viscosity model do not directly apply
to sucrose-SDS relaxation. Calculated RHr and/or Tr values from all experiments considered are
summarized in Table 1. Parameters needed to initialize the viscosity model for sucrose (Eqs. (8)(10)) are summarized in Table 2. These parameters were derived from a mixture of literature
synthesis and new data presented here. Tg,w is assumed equal to -137 °C (Koop et al. 2011). Tg,s
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equals to 68 °C and was calculated as the mean of twelve reported Tg values for dry sucrose from
literature (Simperler et al. 2006; Kawai et al. 2005; Miller and de Pablo 2000; Buitink et al.
2000; Shamblin et al. 1999; Taylor and Zografi 1998; Elamin et al. 1995; Saleki-Gerhardt and
Zografi 1994; Murthy et al. 1993; Roos 1993; Tiers 1993; Orford et al. 1990). Figure 3 shows the
data extracted from three heating cycles experiments graphed versus viscosity (Appendix C
Table S1). At the RH typical of coalescence for sucrose heating cycle experiments (<1%), the
activity model of Eq. (10) predicts that ws > 0.998. As such, the deviation in viscosity from that
of perfectly dry sucrose aerosol is expected to be small. Note that the coalescence transitions in
these experiments occurred at temperatures ~20 °C warmer than in a sucrose heating cycle
experiment performed in our earlier work (Rothfuss and Petters 2016). The sucrose aerosol in the
referenced work was atomized from a solution whose predominate solvent was methanol. Other
authors have reported that full removal of methanol solvent from atomized particles can be
difficult in practice (Rissman et al. 2007; Shilling et al. 2007). Residual methanol will tend to
reduce the viscosity of the particle and allow for coalescence at lower temperatures. We believe
this primarily explains the discrepancy, and note that the experiments presented in this work do
not suffer from this issue. Additionally, the experiments presented here all captured the entire
diameter shift, whereas (as discussed in the referenced work (Rothfuss and Petters 2016)) our
earlier experiment did not. The coefficients A, B, and T0 were obtained by fitting Eq. (4) to
viscosity data from the three heating cycle experiments and mapping Tg,s to a viscosity of 1012
Pa∙s (Debenedetti and Stillinger 2001). The observed transition temperature range during the
heating cycle experiments confirms that the generated dry sucrose aerosol was amorphous, as the
maximum temperature studied (95 °C) was well below the ~175 °C melting point of crystalline
sucrose (Miller and de Pablo 2000; Saleki-Gerhardt and Zografi 1994; Roos 1993).
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Figure 4 shows the Gordon-Taylor relationship for sucrose. The fitted value of kGT = 5.25
was derived from a non-linear least squares fit to Eq. (9) using Tg,w and Tg,s and reported
literature data for aqueous sucrose Tg as a function of sucrose weight fraction (Elamin et al.
1995; Saleki-Gerhardt and Zografi 1994; Luyet and Rasmussen 1968). The derived kGT value is
slightly larger than the 4.86 value reported by Zobrist et al. (2008) but consistent with the 5.08 ±
0.31 value recommended by Frank (2007).
Figure 5 shows literature Tg values alongside the 5 x 106 Pa∙s data summarized in Table
1. Thermodynamic states below the Tg correspond to glassy states. As shown previously
(Berkemeier et al. 2014), glassy states can exist at higher RH for colder T. Notably, the 5 x 106
Pa∙s data parallel the Tg data at slightly warmer temperature. Model predictions are plotted in
Fig. 5 alongside the data. The 5 x 106 Pa∙s isopleth shows excellent agreement with both the
viscosity data reported here and the data point extracted from Power et al. (2013). The model
captures the general trend in glass transition temperature with increasing RH, with laboratory
bulk Tg values consistently within 5 °C of the 1012 Pa∙s isopleth at all RH, although at RH > 60%
it tends to underestimate viscosity at Tg. High RH corresponds to large values of ΔTg, thus the
assumptions underlying Eq. (8) may be less accurate. The modelled viscosity is very sensitive to
RH at η > 106 Pa∙s, so any errors in the water activity model would also contribute to the
observed discrepancies. The authors of the activity model do not give an exact range of fitted
temperatures for sucrose, although the data were collected as part of a series of experiments
where the minimum temperature across all experiments measured was −21 °C. Extrapolation of
this fit to T < −40 °C may lead to significant uncertainty, although the exact value cannot be
quantified. Figure 5 also superimposes ice nucleation data for sucrose from Baustian et al.
(2013). The saturation ratio over ice (Sice), RH, and T are directly related through the Clausius-
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Clapeyron relationships. The model predicts equilibrium viscosities > 104 Pa∙s at all ice
nucleation data points. Potential relationships between viscosity and ice nucleation will be
discussed further below.
Figure 6 contrasts model predicted viscosity as a function of RH at 22 °C, a proxy for
near-surface temperature, with supermicron droplet viscosity measurements by Power et al.
(2013) and bulk solution viscosity measurements from Swindells et al. (1958) and Quintas et al.
(2006). For the bulk solution data, sucrose concentrations were converted to RH values using Eq.
(10). There is excellent agreement between model predictions and laboratory data at RH values
corresponding to viscosities > 104 Pa∙s, but the model overestimates viscosity at lower RH.
Viscosity data points utilized in fitting Eq. (1) ranged from 1.22 x 106 Pa∙s to 3.22 x 107 Pa∙s
(Appendix C Table S1), in addition to the Tg,s value assigned to the conventional glass transition
viscosity of 1012 Pa∙s (Debenedetti and Stillinger 2001). Any predicted viscosity of < 104 Pa∙s
involves extrapolation of the VFT curve. Equation (4) has the following behaviour in the limit of
infinite temperature:
lim 𝜂
→

10

(12)

The fitted value of A = 1.1756 implies the model will never predict a viscosity less than ~10 Pa∙s,
and it is reasonable to expect that viscosities will be overestimated in less viscous regimes.
Nascimento and Aparicio (2007) suggest to fix A to a value of -5 and only fit B and T0. One side
effect of this convention is to force the asymptotic behaviour of Eq. (12) to occur at a viscosity
more typical of free-flowing liquids, as would be physically realistic. However, for our dry
sucrose data such a restriction results in a fitted VFT curve that diverges from our constrained
Tg,s, whereas our actual fit is virtually coincident. (cf. Appendix C Figure S12 and Figure 2). In
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atmospheric contexts the resulting bias in the high viscosity range may be of greater importance
than the limitations in low viscosity prediction discussed above.
Figure 7 shows the calculated sensitivity of the viscosity to variations in Tg, κm, and kGT.
Together, these three variables determine the demarcation between glassy and liquid states in T
and RH state space. Increasing Tg increases the number of glassy states, while increasing κm or
kGT decreases the number of glassy states. The range in Tg shown in Fig. 7a is limited to the
uncertainty of the sucrose Tg. In atmospheric SOA, Tg will span a much broader range; many
compounds identified in atmospheric SOA have Tg values well below the freezing temperature of
water (Koop et al. 2011; Zobrist et al. 2008). These systems will still be glassy or semi-solid at
cold T and low RH. In principle, the viscosity isopleths of the dry solute directly connect to the
Tg of pure water following a near linear relationships shown for sucrose in Fig. 7a. Significant
curvature to the viscosity isopleths is introduced by varying kGT or κm. Figure 7b highlights the
uncertainty introduced by kGT, assuming that kGT were not constrained by the Tg data. Koop et al.
(2011) suggested that kGT = 2.5±1 is a reasonable range for SOA. However, this range would
exclude sucrose. Furthermore, Fig. 7b shows that viscosity isopleths are quite sensitive to the
assumed kGT, even over the narrow range 2.5±1. Perhaps expectedly, the aerosol hygroscopicity
exerts a large influence on viscosity due to the strong plasticizing effect of water (Fig. 7c). A
hypothetical non-hygroscopic compound with high Tg is expected to be glassy or semi-solid over
a wide range of T and RH. Conversely, moderate hygroscopicity of κm = 0.14, representative of
sucrose at T ≈ 0 °C, significantly reduces the number of potential viscous states. The frequency
of occurrence of T and RH in the atmosphere at the 300 mb and 500 mb heights as derived from
the global NCEP Reanalysis 4-times daily pressure level resolved dataset (Kalnay et al. 1996) for
2015 are superimposed in Fig. 8. The black and red lines in Fig. 8 correspond to glass transition
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and 5x106 Pa∙s viscosity isopleths, respectively, for various values of hygroscopicity. As
viscosity increases with decreasing temperature and/or RH, regions of the figure below these
isopleths correspond to environmental conditions that are progressively more viscous.
Accordingly, the frequency distribution suggests that if sucrose was used as a model for organic
aerosol, glassy and semi-solid phase states would dominate at those pressure levels. Figure 8
shows that weakly hygroscopic particles will be glassy even when assuming a Tg much less than
that of sucrose. For higher κm, representative of highly hygroscopic organic compounds or
inorganic compounds mixed into organic compounds, the number of potential viscous states is
significantly reduced.
Discussion
Implications of the experimental results and sensitivity studies are as follows. The T and
RH dependent viscosity isopleths can in principle be well modelled using a simple scheme with
five empirically determined parameters: A, B, T0, κm, and kGT. The data analysis of the
experiments performed here used literature data as a guide and to test the results for selfconsistency with existing data. However, a best-fit set A, B, T0, κm, and kGT could have been
derived using standard error minimization techniques using only the new data presented in this
work. This implies that the modelling framework itself appears sufficient to classify the aerosol
as glassy, semi-solid or liquid, and that accurate viscosity estimates can be obtained over a
relatively wide range of viscosity 104 Pa∙s < η < 1012 Pa∙s.
Atmospheric SOA consists of a mixture of thousands of compounds that are often mixed
with inorganic components. This may cause model assumptions to fail. For example, the
Gordon-Taylor equation assumes that there are no strong solute-solute interactions or there is no
oligomer formation at low water content. Furthermore, the modelling framework is semi-
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empirical and model inputs are poorly constrained. Figures 7 and 8 demonstrate that sensitivity
of the viscosity prediction to Tg (or T0), κm, and kGT is large. To our knowledge there are no data
for dry glass transition temperatures of SOA. Temperature-dependent viscosity data to construct
VFT fits are also unavailable. There is significant information available on the hygroscopicity of
OA, although most studies have focused on ambient T and high RH. To model aerosol viscosity,
the mass fraction of water at low temperature must be accurately known. Whether the available
high RH and room temperature data provide sufficient guidance for accurate predictions of water
mass fraction at low RH and cold temperatures remains to be evaluated. The κm for sucrose is
less than characteristic values for organic-inorganic mixtures (Kristensen et al. 2016; Slade et al.
2015; Hersey et al. 2013; Chang et al. 2010). Organic atmospheric aerosol typically includes a
sizable inorganic fraction (Kristensen et al. 2016; Dette and Koop 2015; Mueller et al. 2015;
Almeida et al. 2014; Torvela et al. 2014; Hersey et al. 2013). Accordingly, the sensitivity of
already viscous aerosol to changes in RH may be even more pronounced in atmospheric
contexts. Atmospheric OA evolves over time. As the aerosol ages by the addition of functional
groups, both Tg and κm increase and their value may be estimated from functional group data
(Rothfuss and Petters 2017; Petters et al. 2016; Suda et al. 2014; Koop et al. 2011; Jimenez et al.
2009). To what extent these estimation methods are accurate enough vis-à-vis the sensitivity of
the phase diagram to these parameters is unclear. There is no theoretical guidance on factors that
might control kGT as SOA is aging. This implies that future studies should empirically determine
A, B, T0, κm, and kGT for a broad range of SOA systems and evaluate whether these parameters
can be predicted from molecular structure.
As mentioned above, we are not currently aware of laboratory glass transition
temperature measurements for common chamber SOA systems that contain water. Acquiring
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such data is likely not technologically infeasible, at least at relatively warm temperatures,
although the need to develop new methodologies would suggest it may not be forthcoming in the
short term. Recently, there have been a number of developments for measuring aerosol
viscosities, including those of chamber SOA, in the middle of the semi-solid range (Järvinen et
al. 2016; Rothfuss and Petters 2016; Zhang et al. 2015; Power et al. 2013; Renbaum-Wolff et al.
2013). This raises the possibility an adequate dry glass transition temperature can be estimated
from extrapolation of semi-solid viscosity. This is an appealing option, as sufficient viscosity
data for a reasonable VFT curve fit must be collected anyways. Such an extrapolation using our
data for sucrose is presented in Appendix C Fig. S13. Although our data spans less than two
orders of magnitude, it is nonetheless sufficient to predict a glass transition temperature well
within one standard deviation of the mean literature value. Had we utilized this value in our
model instead of the literature-constrained value, the change in viscosity isopleth placement
would have been minimal (Appendix C Fig. S14). However, other authors have reported a
tendency for VFT-based extrapolations to overestimate viscosity at temperatures near the glass
transition (Scherer 1992; Angell and Smith 1982; Laughlin and Uhlmann 1972). Currently, dry
viscosity measurements with our method are limited to systems with dry Tr values > ~30 °C. As
such, significant improvements in both drying capacity and cooling capacity will be required to
estimate glass transition temperatures values for systems with Tg < ~0 °C. Many of the SOA
proxy systems studied by Zobrist et al. (2008) have experimental Tg values well below this limit.
The results presented in this work suggest that the Gordon-Taylor approach is acceptable
for sucrose. Zobrist et al. (2008) and Koop et al. (2011) have shown the Gordon-Taylor equation
models Tg for a variety of aqueous SOA proxies including various alcohols, sugars, and
carboxylic acids and mixtures of carboxylic acids and/or inorganic salts. However, it has also
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been noted that the Gordon-Taylor equation performs poorly for highly associated systems
and/or at high solute concentration (i.e. low RH) (Koop et al. 2011). This may restrict the general
application of Gordon-Taylor-based frameworks, as significant hydrogen bonding and/or
oligomer formation are typical of highly viscous systems (Rothfuss and Petters 2017). By its
construction, the Gordon-Taylor equation cannot represent systems where the mixture (at some
proportion) has a glass transition temperature higher than either constituent. Such behaviour has
been observed in mixtures of malonic and tricarballyic acid (Koop et al. 2011). However, given
that water is an excellent plasticizer, we consider such scenarios unlikely in atmospheric aqueous
SOA, except perhaps at very low RH values. Regardless, the broad range of proxy GordonTaylor constants reported by Zobrist et al. (2008) suggest constraining kGT may be difficult.
Further research is needed on the specific applicability (or non-applicability) of the GordonTaylor equation to SOA, including reasonable values of kGT.
Both our data and the data point extracted from Power et al. (2013) show excellent
agreement with the model presented in this work. The dimers utilized in our experiments were
~100 nm in diameter, while the diameters in Power et al. (2013) were on the order of several
microns, or 2-3 orders of magnitude larger. The viscosity model (Eqs. (8)-(10)) does not
explicitly consider particle diameter. Furthermore, as can be seen in Fig. 6, the Power et al.
(2013) results are consistent with bulk solution viscosity measurements by Swindells et al.
(1958) and Quintas et al. (2006). Bulk solutions are analogous to droplets of infinite diameter.
Together, these two observations suggest that particle length scale does not affect viscosity for
particles having diameter > ~100 nm. Further research is necessary to confirm this result. Scale
effects may be larger at smaller diameters, where the influence of surface tension on phase is
more pronounced (Cheng et al. 2015).
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Figures 5 and 7 superimpose ice nucleation data for sucrose from Baustian et al. (2013)
Deposition ice nucleation, defined as heterogeneous ice nucleation from supersaturated vapour
on a particle without prior formation of liquid (Vali et al. 2015), is the proposed path for
equilibrium glassy states (Berkemeier et al. 2014; Baustian et al. 2013; Wang et al. 2012; Wilson
et al. 2012; Murray et al. 2010). In addition to direct nucleation potential, water diffusion may be
kinetically inhibited in highly viscous particles, resulting in a core-shell structure with a
sufficiently long lifetime for the particle to serve as an immersion mode ice nucleus; this
nucleation pathway has been proposed for glassy particles subject to conditions favourable for
plasticization of their outer layers, such as an increase in RH due to adiabatic vertical transport in
an updraft (Berkemeier et al. 2014). It is unlikely that ice nucleation behaviour will switch
immediately from depositional to immersion when the thermodynamic conditions cross the η =
1012 Pa∙s isopleth. We propose that a critical equilibrium viscosity η < 1012 Pa∙s exists where
particles will retain their depositional ice nucleation ability. The value of such a critical viscosity
is unknown. Physically, it is required that uptake of water molecules (and concomitant
plasticization) will not destroy all active nucleation sites. Combinations of T and RH consistent
with viscous or glassy sucrose particles are common in the upper atmosphere (Fig. 8). Assuming
that the sucrose aerosol particles in the experiments reported by Baustian et al. (2013) were in
equilibrium with the increasing relative humidity at all times of the experiment, our data model
suggests that sucrose aerosol can act as an ice nucleus at viscosities as low as ~104 Pa∙s (Fig. 5),
well below the glass transition. However, recent studies have shown that partially-deliquesced
core-shell structures arise due to diffusion limitations in even moderate atmospheric updrafts, in
which case ice nucleation may be triggered by a more solid aerosol core exhibiting a higher
viscosity (Berkemeier et al. 2014). At these temperatures (~-50 °C) the condensation kinetics of

150

sucrose aerosol are not well quantified. Accordingly, the actual nucleation pathway cannot be
ascertained from these data alone. This highlights the need for additional research into the
minimum viscosity facilitating depositional ice nucleation and how viscosity modulates diffusion
at low temperatures. Relatedly, our sensitivity analysis results argue that aerosol hygroscopicity
is particularly important for driving viscosity in cirrus-like regimes. Figures 5, 7c, and 8 imply
moderate overestimates of κm may result in large underestimates of viscosity, which will in turn
result in underestimates of the maximum temperature where viscosity is sufficiently high for
heterogeneous ice nucleation, perhaps leading to erroneous prediction of ice crystal
concentration and size distribution in cirrus clouds (DeMott et al. 1998).
Finally, the observation that mobility diameter shifts occur under similar conditions for
sucrose-sucrose and sucrose-SDS dimers suggests that insoluble probe particles can be utilized in
viscosity measurements. The technique expanded upon in this work requires high monomer
number concentration to produce a coagulated number concentration suitable for analysis. As
demonstrated in this work and previously (Rothfuss and Petters 2016). Such concentrations can
generally be achieved via atomization. We have also utilized the technique with monoterpene
SOA produced via a continuous flow reactor (unpublished work). However, our attempts to
apply this method directly to the products of environmental chamber reactions have been
unsuccessful to date due to limited number concentration. For two monodisperse streams with
particle diameter Dmono, number concentrations N1 and N2, and particle diffusion constants D1
and D2, the coagulation rate (J) can be calculated as
𝐽

4𝜋𝛽𝐷

𝐷

𝐷 𝑁𝑁,

(13)

where β is a diameter-dependent correction factor for non-continuum effects (Seinfeld and
Pandis 2006). Accordingly, the coagulation rate depends upon the product of the two number
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concentrations, and a relatively weak source of particle number such as an environmental
chamber can be partially compensated for by combining it with a predictably high source, such
as SDS or another insoluble probe species generated via atomization.
Because the geometric assumptions underlying the model of Eqs. (2) and (3) do not hold
under this mechanism, it is only possible to derive a characteristic viscosity for the observed
transition and not specifically relate Dp to viscosity along the entire diameter shift as with true
coalescence. Computational fluid dynamics model simulations similar to those performed by
Zhang et al. (2015) may provide additional constraints. In the absence of such simulations, the
inferred viscosity is characteristic of the entire physical transformation and not a specific point in
the coalescence process, and its uncertainty will be larger. In coalescence experiments the
detectable range of viscosities over the transition from Duc to Dc. is typically about two orders of
magnitude, as can be seen in Fig. 1 of our previous work (Rothfuss and Petters 2016). We expect
that a plasticized particle will only flow around an insoluble probe at viscosities where it would
undergo a considerable degree of partial coalescence with a chemically identical particle.
Accordingly, we expect the range of analyte viscosities observed in gradual coalescence is wider
than in a flow process, and a reasonable bound on uncertainty for inferred viscosities in the latter
case is half of an order of magnitude. Such uncertainties compare favourably with reported
uncertainties for viscosities of similar magnitude measured using other methods (Zhang et al.
2015; Pajunoja et al. 2014; Power et al. 2013).
Conclusions
A series of T and RH-dependent viscosity measurements for amorphous sucrose aerosol
were collected using a method based upon observations of coalescence state (via mobility
diameter measurements) in synthesized dimers. Identification of T and RH combinations
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corresponding to a viscosity of approximately 5 x 106 Pa∙s was emphasized. These measurements
were consistent with a viscosity model for sucrose based upon the Gordon-Taylor equation, a
modified Vogel-Fulcher-Tammann equation, and a mass-based water activity parameterization.
It may be possible to generalize this model to other aerosol systems, including SOA, although
input parameters will need to be constrained via direct measurement following the template laid
out in this work, both for pure components and mixtures. The model can then be used to compute
the amorphous phase diagram for the system. The measurements and model calculations are
suitable to estimate viscosity at conditions relevant to ice nucleation at cirrus temperature,
providing input for studies that seek to deconvolve the relative role of equilibrium viscosity and
kinetic dissolution on ice nucleation activity. Experiments with sucrose-SDS dimers show
relaxation under similar conditions of T and RH – and by extension, similar sucrose viscosity –
as in sucrose-sucrose dimers despite having different underlying physical relaxation
mechanisms. This suggests that readily producible insoluble probe species can be used to
enhance coagulation in dimer mobility diameter-based methods for assessing viscosity when
analyte number concentration is insufficiently low.
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Table 1. Summary of measured and calculated temperature/RH combinations corresponding a
sucrose viscosity of 5 x 106 Pa∙s.
Experimental
Method
Isothermal
humidification

Cooling cycle

Monomers

T (°C)

RH (%)

Data Source

Sucrose +
sucrose

4 °C
5 °C
10 °C
12 °C
15 °C
7 °C
0.1 °C ± 1.2 °C
-8.7 °C ± 0.2
°C

45.2% ± 1.0%
45.5% ± 0.1%
44.3% ± 0.9%
43.2% ± 1.5%
40.7% ± 1.0%
43.2% ± 2.9%
46.8% ± 1.2%
50.3% ± 0.8%

-1.3 °C ± 1.1
°C
-3.4 °C ± 1.3
°C
83.1 °C ± 0.6
°C
83.2 °C ± 0.7
°C
82.8 °C ± 0.7
°C
≈ 22 °C(a)

48.6% ± 3.1%

This work
This work
This work
This work
This work
This work
This work
Rothfuss and
Petters, 2016
(updated)
This work

48.9% ± 3.5%

This work

0.8% ± 0.1%

This work

0.8% ± 0.1%

This work

0.9%

This work

36% ± 4%

Power et al.,
2013

Sucrose + SDS
Sucrose +
sucrose
Sucrose + SDS

Heating cycle

Optical tweezers

Sucrose +
sucrose

Sucrose +
sucrose
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Table 2. Summary of fitted sucrose viscosity model parameter values.
Parameter
Value
VFT equation
A
1.1756
B
172.01
T0
324.92 K
Pure component glass transition
temperatures
Tg,s
341 K
Tg,w
136 K
Gordon-Taylor equation
kGT
5.25
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1
Monomer Selection

Dimer Coagulation
and Filtering

0.3 L chamber

Particle Generation (x2)

Temperature Control
Cooling/Heating Cycle: Varied
Isothermal Humidification: Held constant
Conditioning loop

RDMA
Electrostatic
filter

Thermoelectric

HFDMA

4

TSI-DMA

SMPS

Nafion tubes
in water bath

5

CPC

Dew Point Control
Cooling/Heating Cycle: Not used
Isothermal Humidification: Varied
Zero air
generator

2

Thermoelectric

3

6

Figure 1. Simplified schematic of the experimental viscosity assessment method utilized in this
work.
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Figure 2. Measurements of dimer mobility diameter versus either relative humidity or
temperature for three experiments characteristic of this work, including fitted logistic curves
(solid black curves) and 95% observational prediction intervals (dashed black curves): a)
sucrose-sucrose isothermal humidification at 10 °C (RHr = 44.3% ± 0.9%, Duc = 110.6 nm ± 0.5
nm, Dc = 102.9 nm ± 0.7 nm, k = 0.9376); b) sucrose-SDS isothermal humidification at 7 °C
(RHr = 43.2% ± 2.9%, Duc = 104.3 nm ± 0.7 nm, Dc = 100.1 nm ± 0.6 nm, k = 0.4056; c)
sucrose-sucrose heating cycle (Tr = 82.8 °C ± 0.7 °C, RHr = 0.9%, Duc = 108.8 nm ± 0.5 nm, Dc
= 99.6 nm ± 0.6 nm, k = 0.5626).
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Figure 3. Fitted VFT curve (black curve) for data derived from our heating cycle experiments
along with a mean value for the dry glass transition temperature of sucrose from literature. Error
bars associated with the glass transition point correspond to one standard deviation of the
literature values utilized. Black dashed curves correspond to the 95% observational prediction
interval of the fitted VFT equation.
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Figure 4. Fitted Gordon-Taylor curve for sucrose (black curve) along with literature data (Koop
et al. 2011; Elamin et al. 1995; Saleki-Gerhardt and Zografi 1994; Luyet and Rasmussen 1968)
utilized in its derivation.
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Figure 5. Amorphous phase diagram of sucrose aerosol. The diagram shows viscosity as a
function of temperature and relative humidity, along with relevant literature data (Rothfuss and
Petters 2016; Baustian et al. 2013; Power et al. 2013; Jansson et al. 2005; Elamin et al. 1995;
Saleki-Gerhardt and Zografi 1994; Luyet and Rasmussen 1968). Grey curves are lines of
constant viscosity. The red dashed line represents a constant viscosity of 5 x 106 Pa∙s. The cyan
solid line represents the glass transition viscosity (1012 Pa∙s). Blue-grey curves are lines of
constant supersaturation with respect to ice.
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Figure 6. Modelled sucrose viscosity (black curve) as a function of relative humidity at T ≈ 22
°C, along with relevant literature data (Power et al. 2013; Quintas et al. 2006; Swindells et al.
1958).
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Figure 7. Variation in modelled sucrose viscosity with variation in various model parameters.
Red points: viscosity data from Table 1. Purple points and lines: ice nucleation data and
supersaturation with respect to ice as in Fig. 5. Dashed grey curves: variation in prediction of 5 x
106 Pa∙s viscosity by our model with a) dry glass transition temperature; b) kGT; c) κm. Red lines:
a) Tg = 341 K, the value used in our model; b) kGT = 5.25, the value used in this model; c) κm =
0.14, a value fitted to output from the activity model of Eq. (10) at a temperature of 0 °C and RH
between 40% and 50%. Black lines: a) the lowest and highest reported dry glass transition
temperatures for sucrose; b) kGT = 2.5, a typical value recommended by Koop et al. (2011). c) κm
= 0.006, a value characteristic of non-hygroscopic organics (Petters et al. 2009).
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Figure 8. Filled contours show observed joint frequency distribution of T and RH derived from
global NCEP Reanalysis 4-times daily pressure (p) level resolved dataset (Kalnay et al. 1996) for
2015 at p = 500 mb and 300 mb level. Red lines, top to bottom, are modelled η = 5×106 Paꞏs
isopleths for sucrose assuming κm = 0.01, 0.14, and 0.7, respectively. The black line corresponds
to η = 1012 Paꞏs (glass) for a hypothetical compound with Tg = 0 °C and κm = 0.01. States above
the red and black lines are equilibrating on the time scale of atmospheric processes, while those
below are glassy and semi-solid and do not.
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CHAPTER 5
Characterization of a Dimer Preparation Method for Nanoscale Organic Aerosol
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Abstract
Nanoscale dimers have broad application in studies of aerosol physicochemical properties
such as aerosol viscosity. These particle dimers can be synthesized using the dual tandem
differential mobility analyzer (DTDMA) technique, wherein oppositely charged particle streams
coagulate to form dimers that can be isolated using electrostatic filtration. Although some
characterization of the technique has been published, a detailed thesis on the modes and theory of
operation has remained outside the scope of prior work. Here we present new experimental data
characterizing the output DTDMA size distribution and the physical processes underlying its
apparent modes. Key experimental limitations for both general applications and for viscosity
measurements are identified and quantified in six distinct types of DTDMA experiments. The
primary consideration is the production of an adequate number of dimers, which typically
requires high mobility-selected number concentration in the range 50,000-100,000 cm-3. The
requisite concentration threshold depends upon the rate of spontaneous monomer decharging,
which arises predominately from interactions of the aerosol with ionizing radiation within the
coagulation chamber and is site-dependent. Lead shielding of the coagulation chamber reduced
the first-order decharging constant from ~2.0 x 10-5 s-1 to ~0.8 x 10-5 s-1 in our laboratory. Dimer
production at monomer diameters less than 40 nm is hindered by low bipolar charging
efficiency. Results from the characterization experiments shed light on design considerations for
general applications and for characterization of viscous aerosol phase transitions.
Introduction
Dimer particles can be generated using optical traps (Jacobs et al. 2017; Power et al.
2013) for supermicron particles and the dual tandem differential mobility analyzer (DTDMA)
method (Rothfuss and Petters 2016; Maisels et al. 2000) for submicron particles. Dimer particles
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can be used to probe particle phase state (S. Petters et al. 2019; Marsh et al. 2018; Rothfuss and
Petters 2016; Zhang et al. 2015; Pajunoja et al. 2014; Power et al. 2013), assess aggregation
kinetics (Maisels et al. 2002), measure surface tension (Bzdek et al. 2016b), investigate how
physical properties and particle mechanics vary with morphology (Tandon et al. 2018; Bell et al.
2017; Bzdek et al. 2016a), initiate condensed phase reactions (Jacobs et al. 2017), and synthesize
nanomaterials (Sigmund et al. 2014; Kennedy et al. 2003). The DTDMA technique is relatively
new (Rothfuss and Petters 2016). Comprehensive characterization of method performance and
limitations are not available.
Figure 1 presents a schematic of dimer particle synthesis with a DTDMA. Two DMAs of
opposite polarity classify particles by mobility (Fig. 1a). The streams’ nominally monodisperse
particles merge and enter a coagulation chamber (Fig. 1b). The merged stream then flows
through an electrostatic filter, which removes all charged particles. Coagulated particles of
opposite charge are charge-neutral and pass through. This neutral aerosol is charge equilibrated
to a Boltzmann distribution using a bipolar ion source (generally referred to as a neutralizer, but
in this case used to impart charge). The resulting mobility size distribution is measured using a
third DMA operated in scanning mobility particle sizer (SMPS) mode (Wang and Flagan 1990).
The DTDMA size distribution, indicated by the black line in Fig. 1c, contains four apparent
modes. These modes will be analyzed in detail in this work. The specific aim of this work is an
improved understanding of the various factors influencing the DTDMA output size distribution,
which is needed to optimize performance of DTDMA systems.
The right panels in Fig. 1 show sequential views of particle transmission through the
DTDMA calculated with the Julia DMA Language (JDL) (M. Petters 2018). Briefly, the JDL
predicts the transmission through arbitrary configurations of DMAs based on DMA geometry,
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sheath-to-sample flow ratios, charging probabilities, and an assumed upstream size distribution.
Coagulation is modeled based on Brownian coagulation theory including enhancement due to
charge effects (Zebel 1958). The illustrative example here assumes three cylindrical long DMA
columns, sheath-to-sample flow ratios of 4:1.5 in DMA1 and DMA2 and sheath-to-sample flow
ratio of 4:0.6 in DMA3, charge equilibrium, no diffusional losses, unit particle detection
efficiency, a nominal selected size (Dmono) of 100 nm by DMAs 1 and 2, a 60 s coagulation time
(teff), coagulated particles are fully coalesced and consequently have assumed a spherical
geometry, and an upstream aerosol with parameters Nup = 2 × 106 cm-3, Dup = 130 nm, and σup =
1.6, where Nup, Dup, and σup correspond to the number concentration, mode diameter, and
geometric standard deviation of the lognormal particle number size distribution function. Only
particles carrying 1 or 2 charges are considered for clarity and because the contribution of
particles with 3 charges to the signal is small (M. Petters 2018).
Figure 1a shows the calculated mobility size distribution exiting DMAs 1 and 2. Red and
blue colors indicate the contribution of particles carrying +1/–1 and +2/–2 charges to the total.
The concentration of negatively charged particles is higher due to the differential charging
efficiency in bipolar chargers. Figure 1b shows the mobility size distribution after passage
through the coagulation chamber. Red and blue colors show the neutral dimer particles from
+1/–1 and +2/–2 coagulation events. A small fraction of particles carrying +1 or –1 charge
spontaneously lose their charge inside the coagulation chamber and also pass through the
electrostatic filter. Figure 1c shows the apparent +1 mobility size distribution after passage
through a charge neutralizer and DMA3. The apparent +1 mobility diameter is computed from
the DMA selected mobility assuming singly charged particles. Passage through the neutralizer
restores charge equilibrium, resulting in particles carrying 1 and 2 charges from each of the
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populations. Peaks #1-#3 comprise the trimodal distribution that we reported in previous work
(Tandon et al. 2018; Rothfuss and Petters 2016). In this specific example, the contribution of the
decharged particles to the total signal dominates Peak #3, and the +1/–1 dimer population
dominates Peak #2. As Peak #2 is the primary dimer signal, its modal diameter (Dp) or
magnitude is typically the quantity of analytical interest in DTDMA applications. In practice,
both decharged particles (Peak #3a) and +2-charged dimer particles (Peak #3b) contribute to
Peak #3, with the latter becoming more prominent as Nup increases.
Based on the model, the apparent +1 size distribution and contribution of the various
subpopulations to the apparent modes #1-#4 depends strongly on the upstream number
concentration, the decharge rate (governed by a first-order rate constant βD), the coagulation
time, and the sheath-to-sample flow ratios in the three DMAs. Figure 2 shows example data
(experimental setup described later) for different mobility-selected number concentrations (N).
At high concentrations (N ≈ 240,000 cm-3; Fig. 2a), Peak #2 is well resolved. For lower-but-stillhigh concentrations (N ≈ 150,000 cm-3; Fig. 2b), Peak #3 may resemble a shoulder more than a
distinct peak. At smaller concentrations, Peak #2 and Peak #3 may be of similar magnitude and
difficult to resolve (N ≈ 50,000 cm-3; Fig. 2c), Peak #3 may dominate (N ≈ 50,000 cm-3; Fig. 2d),
or Peak #2 may be absent despite presence of Peak #3 (N ≈ 25,000 cm-3; Fig. 2e). In Figs. 2b-e,
Peak #3 is located near the monomer diameter, not the expected +2 dimer diameter as is the case
in Fig. 2a.
To date, published applications of DTDMA-style methods have been under favorable
experimental conditions and did not require in-depth characterization of how these parameters
modulate the produced particle stream and associated SMPS spectra (S. Petters et al. 2019;
Marsh et al. 2018; Tandon et al. 2018; Rothfuss and Petters 2017; Maisels et al. 2002). Here, the
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physical processes which affect the aerosol stream output by DTDMA are characterized via
modelling and comparison with new and some previously published experimental data. The
signal arising due to spontaneous decharging of monomers is investigated using experiments.
Lower bounds in monomer number concentration and diameter for practical application of this
method are quantified.
Methods
Aerosol precursors utilized in this work and their associated particle generation
mechanisms are summarized in Table 1. Depending upon system, particles were generated via an
oxidation flow reactor (OFR) with ozone chemistry only (S. Petters et al. 2019; henceforth OFR
#1), an OFR with both OH and ozone chemistry (Reece et al. 2017; henceforth OFR #2), an
evaporation/condensation source (Tandon et al. 2018), or atomization of aqueous solution
(Rothfuss and Petters 2016). Particle generation mechanisms were selected based upon
convenience for generation of high Nup and not for specific chemical composition. For
experiments new to this work, SOA derived from α-pinene (via OFR #1) was used when the
studied system is not otherwise mentioned.
The experiments performed for this work are described in the following sections. Data
from these experiments is provided in Appendix D (Tables S1-S9).
DTDMA Characterization Experiments
The DTDMA system has been detailed extensively in prior work (S. Petters et al. 2019;
Marsh et al. 2018; Tandon et al. 2018; Rothfuss and Petters 2016, 2017), thus only modifications
new to this work will be discussed below. In previous work, coagulation chamber residence time
(tcoag; defined as the ratio of the chamber volume and volumetric flow) was strictly a function of
the flow rate. All flow passed through a single, 0.3 L chamber, with flow not routed to the SMPS
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or a post-chamber condensation particle counter (CPC) used to measure N directed post-chamber
to an overflow. In this work, tcoag was varied through two different approaches. A schematic
depicting these modifications is presented as Figure S1 in Appendix D. The first approach made
use of multiple 0.3 L coagulation chambers connected via short lengths of ¼” O.D. conductive
tubing (henceforth referred to as the chamber assembly) to vary coagulator volume. In the
second, the previously unregulated overflow after the chamber assembly was replaced with a
needle valve backed by a vacuum pump, allowing the amount of flow directed to exhaust postchamber, and by extension total flow through the assembly, to be regulated. A new overflow was
positioned between the merge point of the mobility-selected streams and the inlet to the chamber
assembly. The CPC used to measure N was also positioned here to minimize the amount of
required flow through the chamber assembly. Together, these changes allowed for flow through
the chamber assembly to vary between 0.3 L min-1 (the minimum rate required by the SMPS)
and the sum of the two mobility-selected stream flows (up to 3 L min-1). This allowed for
operation with tcoag values up to 180 s when all three chambers were utilized in the chamber
assembly. The full teff was typically 6 s longer than tcoag due to dwell time in tubing between the
monomer stream merge and electrostatic precipitator inlet. Unless stated otherwise, three
chambers were utilized and tcoag was 60 s, i.e. 0.6 L min-1 of regulated excess flow through the
chamber in addition to the 0.3 L min-1 directed to the SMPS. For all experiments, mobility
selection utilized two DMAs with cylindrical geometry (TSI 3071, TSI, Shoreview, MN;
henceforth TSI DMA). The final SMPS consisted of a DMA with radial geometry (RDMA)
(Zhang et al. 1995) and a TSI 3020 CPC. Typical sheath flows were 3.1 L min-1 through the TSI
DMAs and 2.0 L min-1 through the RDMA and sheath-to-sample flow ratios were 3.1:1.0 and

185

2.0:0.3, respectively. (Henceforth, use of the term flow ratio shall refer to the TSI DMA sheathto-sample flow ratio unless otherwise indicated.)
Many of the experiments performed for this work involved quantifying the magnitude of
an SMPS peak. In such experiments, 8-10 SMPS scans were collected for each studied value of
the independent variable of interest. The mean of the peak height of the raw response function
(raw number concentration vs. apparent +1 mobility diameter as shown in Fig. 2), each
calculated as the height of a fitted lognormal mode corresponding to Peak #2 (Fig. 1c), is
reported. Unless specified otherwise, two-mode lognormal fits were performed, with the second
mode corresponding to Peak #3, as data points associated with either Peak #1 or #4 were
typically not prominent enough to skew fitting. Note that Peak #3 has contributions from both
decharged monomers and doubly charged +1/-1 dimers (Fig. 1c). When it is necessary to
distinguish these contributions, the decharged mode will be referred to as Peak #3a and the
doubly-charged mode as Peak #3b, as shown in Fig. 1c.
In many experiments it was desirable to set N to a desired target value, within the limits
of precision imposed by variance in Nup. This was performed by placing a diluter before the
source aerosol is split to the two mobility-selecting DMAs. This piece combined a HEPA filter
with a bypass tube; the fraction of the flow directed through the bypass was regulated by a
needle valve. Reducing the flow through the bypass reduced Nup and, after mobility selection, N.
By carefully adjusting bypass flow, N could be set to the desired value for the selected DMA
configuration.
For many of the experiments performed in this work, lead shielding was utilized to
reduce potential monomer decharging within the chamber assembly due to interactions with
atmospheric radiation. This shielding was constructed from 2”-thick low emissivity lead bricks
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sourced from NC State University Office of Environmental Health and Safety, who had
previously utilized them as part of an environmental beta particle detector. The typical
arrangement of these bricks is shown in Figs. S2 and S3 of Appendix D. One layer of bricks was
positioned below the chamber assembly and parallel to each of its long sides. Two layers of
bricks were positioned above the assembly. Note the ends of the chambers were left partially
unshielded in the axial direction in order to facilitate necessary Swagelok hardware for
connecting the assembly to the inbound and outbound flows.
DECHARGE-TDMA (DETDMA)
The system can be used to produce monomers in a standard TDMA (Rader and McMurry
1986) mode by removing the voltage potential from one of the mobility-selecting DMAs. This
will result in a single, like-charged monomer stream entering the chamber assembly, with the
other DMA output acting strictly as a clean dilution flow. The TDMA configuration can be used
with the electrostatic precipitator turned off, resulting in transmission of all monomers to the
SMPS, typically for purpose of size verification. However, when the electrostatic precipitator is
on, all charged particles are removed. This includes any like-charged particles that coagulate due
to Brownian motion as well as charged monomers. Because the electrostatic precipitator removes
charged particles with 100% efficiency (Rothfuss and Petters 2016), this specific configuration
(henceforth decharge-TDMA, or DeTDMA) will produce only monomers that have undergone a
spontaneous loss of charge. In this work, measurement of these monomers was used to study the
spontaneous decharging process. Peak heights were calculated via a one-mode lognormal fit to
each collected spectrum. An example SMPS spectrum containing only a decharged peak is
shown in Fig. 3. Note that because only one of the two mobility-selecting DMAs is turned on
and thus the second DMA is not transmitting monomers that can subsequently decharge, this
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peak has magnitude approximately half what would be expected for Peak #3a in a concomitant
DTDMA spectrum.
RADIATION SENSITIVITY EXPERIMENT
The sensitivity of monomer decharging to the presence of ionizing radiation was studied
by recording DeTDMA scans for an experimental setup where a weak radiation source was
positioned below a single 0.3 L coagulation chamber, as well as for the otherwise same system
immediately prior to the placement of the source and immediately after its removal. A cesium137 beta source (Spectrum Techniques, Oak Ridge, TN) with initial activity of 1.8 x 105 Be (5
µC) and half-life of 30.2 years was utilized. Based upon its age of 14.8 years at the time of the
experiment, an effective activity of 1.3 x 105 Be was expected, assuming first-order decay
kinetics. A photograph showing how the source was positioned relative to the coagulation
chamber is presented in the Appendix D as Fig. S4.
SHIELDING EXPERIMENT
The role of lead shielding was explicitly probed by measuring DeTDMA peak heights
across a series of different possible brick configurations, including no shielding whatsoever,
shielding only below the chamber, and shielding with various numbers of layers of bricks above
the chamber.
CONCENTRATION EXPERIMENTS
Several experiments were performed to investigate the dependence of Peak #2 and #3
magnitude on number concentration. Peak #2 and #3 heights were calculated at eight
concentrations between 50,000 cm-3 and 250,000 cm-3 using a shielded coagulator assembly and
at five concentrations between 50,000 cm-3 and 250,000 cm-3 for an unshielded assembly. In the
former trials, tcoag was 26 s and in the latter 60 s.
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RESIDENCE TIME EXPERIMENTS
For experiments where residence time effects were explicitly probed, it was observed that
measured N could vary depending upon the flow rate through the chamber assembly. This was an
unexpected behavior given that the upstream DMA configurations were held constant. We
believe this was because the mobility-selected streams were not necessarily well mixed prior to
diversion to the monitoring CPC at low sample flows. In these experiments, one of the 0.3 L
chambers was utilized as a mixing volume positioned immediately before the flow branched to
the monitoring CPC and overflow. Note this provided an additional 6 s of possible coagulation
time outside of the primary chamber assembly (ie. teff = tcoag + 12), while reducing maximum tcoag
to 120 s. However, as this was constant for all chamber assembly residence times, we do not
believe it significantly influenced the results of the experiments where it was utilized.
Experiments studied the influence of teff on both Peak #2 in the DTDMA spectrum and on
the peak in a DeTDMA spectrum (under both shielded and unshielded setups). In all such
experiments, the mean height of the peak of interest was calculated at ~6 teff between 24 s and
132 s.
FLOW RATIO EXPERIMENTS
Two experiments exploring the influence of flow ratio on resolution of Peak #2 were
performed. In the first experiment, N was allowed to vary with the flow ratio (ie. Nup was held
constant; henceforth floating N), while in the second experiment (henceforth “constant” N), N
was maintained at approximately 100,000 cm-3 for all flow ratios. In both experiments, 8-11
DTDMA SMPS scans were collected at 4-5 flow ratios between 2:1 and 5:1. The influence of
flow ratio on the resolution of these spectra was quantitatively assessed by calculating the
standard deviation in the fitted modal diameters of Peak #2.
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DCIC Characterization Experiments
Much of our previous use of the DTDMA method has focused on a specialized variant
for assessing particle phase known as Dimer Coagulation, Isolation, and Coalescence (DCIC).
This method (Rothfuss and Petters 2016) combines DTDMA with a brief thermal conditioning
step where previously uncoalesced dimers may sufficiently relax to undergo full or partial
coalescence. Apparent mobility diameters between those of the fully uncoalesced (Duc) and fully
coalesced (Dc) dimers can be related back to viscosity via a modified sintering theory (Rothfuss
and Petters 2016; Pokluda et al. 1997). Two topics of specific interest to DCIC experiments were
investigated for this work: the use of probe monomers (Rothfuss and Petters 2017) for partial
compensation of low analyte monomer number concentration and minimum monomer size for
resolution of fully uncoalesced and fully coalesced morphologies.
PROBE MONOMERS
In most DCIC experiments to date, the positively charged and negatively charged
monomers were chemically identical. Conversely, in a probe monomer experiment, one
monomer stream consists of a highly viscous species generated at high number concentration
(the probe), while the other consists of a less viscous species (possibly) generated at much lower
number concentration. Instead of detecting full coalescence by a shift in monomer diameter, the
shift corresponds to conditions where the less viscous monomer is sufficiently relaxed that it
flows over the probe particle. In previous work (Tandon et al. 2018; Rothfuss and Petters 2017),
it has been observed that this transition occurs under similar environmental conditions as
coalescence of homogeneous particles of the analyte. Two sets of DCIC experiments were
performed to investigate minimum analyte number concentration for a resolvable mobility
diameter shift in the presence of a high number concentration probe. In both sets of experiments,
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α-pinene SOA was utilized as the analyte monomer. In the first set of experiments, α-pinene
SOA (N = 290,000±10,000 cm-3) was also utilized as the probe, while in the second set PolyWax
850 (N = 170,000±20,000 cm-3) was used.
SIZE LIMITATIONS
DCIC depends upon successful resolution of Duc and Dc. The delta between the two
diameters typically shrinks with Dmono, suggesting that at some minimum value of Dmono the two
morphologies become unresolvable. This minimum value was probed by using measured shifts
between Duc and Dc. The experimental data were used to validate several related variations of a
model calculating that same shift. In this model, Duc was derived from electrical mobilities for
aspherical particles as calculated by the parameterization of Gopalakrishnan et al. (2015a) and
the nominal Dc was taken to equal the sphere equivalent diameter. This model was then used to
investigate Dmono < 50 nm, where experimental data were unavailable. Predicted shifts were
discussed in the context of typical fitting precision. This analysis primarily utilized data from
published work (S. Petters et al. 2019; Marsh et al. 2018; Tandon et al. 2018; Rothfuss and
Petters 2016, 2017). However, a series of new DCIC experiments using PolyWax 850, βcarophyllene SOA, limonene SOA, terpinolene SOA, ammonium sulfate, or sucrose were
performed for this work using monomers of apparent diameters between 50 and 100 nm.
Experiments at smaller Dmono were attempted, but proved unsuccessful due to insufficient signal
in the SMPS.
Modeling
Modelling of DTDMA SMPS spectra was based upon the DTDMA response functions of
the JDL, modified to use size-dependent coagulation coefficient values from Hinds (1999). As
the DTDMA functions are not rigorously validated in the source work (M. Petters 2018), the
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suitability of the JDL for this work was assessed. Measured DTDMA spectra for β-caryophyllene
SOA were overlaid with model-predicted spectra for two distinct scans where parameters of the
upstream size distribution were available from separate SMPS scans. In both simulations a
decharging constant of 2 x 10-5 s-1 was assumed as this was consistent with observed results for
these experiments. In the scan of Fig. 4a, a dominant Peak #2 was present, characteristic of high
mobility selected number concentration (N ≈ 120,000 cm-3), while in Fig. 4b, Peak #2 and Peak
#3 were of similar magnitudes, indicative of more marginal number concentration (N ≈ 30,000
cm-3). In both figures, the predicted magnitude of Peak #2 was within 20% of observed.
Figure 4 provides an initial validation of the model, assuming that a reasonable
decharging constant can be inferred for the experimental setup and location. However, it is also
necessary to verify that the JDL reasonably reproduces observed concentration- and timedependent behavior of the DTDMA system. As such, model predictions were also compared to
the results of the concentration- and time-dependence experiments mentioned in Section 2.1,
using a shielded coagulator assembly. For these experiments, the actual parameters of the
upstream source distribution were unknown. In both cases Dup = 100 nm, and σup = 1.6 were
assumed. When modelling concentration dependence, Nup was varied in order to produce
different values of N. Nup was fixed as 2.1 x 106 cm-3 when modelling coagulation time
dependence as this resulted in calculated N of ~100,000 cm-3 transmitting through DMAs 1 and
2, mirroring actual experimental conditions.
Concentration dependence is probed in Fig. 5a. The observed Peak #2 magnitudes
increase quadratically with chamber concentration and there is a similar trend between
experimental results and model prediction, although model predictions are larger, particularly at
N > 200,000 cm-3. Time dependence is probed in Fig. 5b. For teff less than 60 s, the relationship is
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linear, as predicted by theory, and is of similar slope as the model predictions. However, beyond
60 s, the observed dependence upon residence time is much weaker than the model would
suggest. At these residence times, flow through the coagulation chamber was < 0.6 L min-1 for
the two-chamber setup utilized in this experiment. Alternatively, at the 38 s teff of Fig. 5a, where
good agreement was observed between model predictions and experimental results at different
monomer number concentrations, flow was 1.4 L min-1. We hypothesize that at low flow rates
the two size-selected streams were not fully mixed. Under these conditions, the pre-mixing
volume (which was used in the setup of this experiment) was adequate to ensure that neither
mobility-selected stream was preferentially redirected to the CPC monitoring N (thus eliminating
the apparent dependence of that quantity upon chamber residence time), but not sufficient to
ensure full mixing for coagulation purposes. Regardless, the results of this section suggest that
the JDL represents the time- and concentration-dependent behavior of DTDMA in the absence of
flow or mixing related limitations, and is suitable for this work.
Characterization of DTDMA Output
Monomer Decharging
Variations in DeTDMA peak magnitude due to the presence of a radiation source are
shown in Fig. 6a. Application of the radiation source increased the magnitude of the DeTDMA
peak by more than a factor of 100 relative to the background case. Note that the activity of the
source was only ~1/1000th of that of a typical radiation source used in bipolar neutralizers, and
that the source was placed on the outside of the steel chamber. DeTDMA peak height for various
configurations of lead shielding for N = 110,000 ± 7,000 cm-3 are shown in Fig. 6b. Lower peak
heights were observed when shielding was present, even in the case where shielding was only
below and to the sides of the coagulation chamber with no shielding above. The lowest peak
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heights were observed when at least one layer of shielding was present above the chamber;
however multiple layers of lead shielding above the chamber did not provide significant
additional benefit.
The influence of coagulation chamber residence time on decharging when N = 113,000 ±
8,000 cm-3 is shown in Fig. 7. DeTDMA peak heights are consistently lower for all trials where
shielding was present than when the chamber assembly was left unshielded. Furthermore, the
change in peak height with residence time, while still positively correlated, is of lesser slope than
in the unshielded trials. Similar to the coagulated signal, the linear relationship breaks down at teff
> 60 s, although the deviation appears to be less than in Fig. 5b. Using the model, βD values of
2.0 x 10-5 s-1 and 0.8 x 10-5 s-1 were estimated for the unshielded and shielded experiments,
respectively. Note that Fig. 6b suggests an approximately three-fold reduction in the decharging
rate, larger than observed here. This implies decharging may to some extent vary with ambient
environmental conditions in addition to experimental setup and location.
The above results demonstrate that monomer decharging occurs within the DTDMA
system to a detectable extent. The very high sensitivity to the radiation source in Fig. 5 suggests
that recombination with ions produced via interactions between gas molecules and ambient
ionizing radiation (of either atmospheric, ground, or building material source) is a major
mechanism for this process. We believe that these radiative interactions primarily occur within
the chamber assembly, or at least downstream of the size-selecting DMAs. Ions will be present
in the upstream sample flow (Hinds 1999), but as these will have much larger electrical
mobilities (100-1000x) (Hirsikko et al. 2011) than particles of typical monomer diameters, it is
expected these are filtered by the DMAs. The effects of lead shielding observed in Figs. 6b and 7
are also consistent with most the gas-phase ion formation occurring within the coagulation
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chamber itself, as active shielding would have no impact on the recombination rates of ions
already present in the particle stream. Furthermore, the trend lines in Fig. 7 approximately
extrapolate to 0 in the limit of teff = 0, as would be expected if decharging occurs predominately
in parallel with coagulation. Possible decharging mechanisms other than interactions with
ionizing radiation are briefly discussed in Appendix D. These are not thought to be significant to
the experiments presented in this work.
Interplay of Mobility-Selected Concentration, Residence Time, and Decharging
To optimize the DTDMA output, Peak #2 should be most be prominent. In the JDL (M.
Petters 2018), Peaks #2, #3a, and #3b scale linearly with teff. Accordingly, the ratios of these
peak heights will remain constant with increased coagulation time. Similarly, the ratio of Peak #2
to Peak #3b will not change, assuming it arises entirely due to differences in equilibrium +1 and
+2 charging efficiency in the final SMPS. However, the ratio of Peak #2 to Peak #3a will depend
upon mobility-selected number concentration and environment-specific βD. Plots of experimental
Peak #2/Peak #3 ratios and model-calculated Peak #2/Peak #3a ratios versus N for dimers
constructed from 100 nm α-pinene monomers are shown in Fig. 8a. The model ratios depict three
different βD values: the shielded (0.8 x 10-5 s-1) and unshielded (2.0 x 10-5 s-1) values inferred
from the data points of Fig. 7 and a value one order of magnitude less than that of the unshielded
constant. Note that even a one order of magnitude reduction in decharging rate from that of the
unshielded case greatly increases the prominence of Peak #2 vs Peak #3a, even at concentrations
<20,000 cm-3.
Beyond N = ~50,000 cm-3 in the shielded case and ~150 ,000 cm-3 in the unshielded case,
significant deviation is observed between model predictions and observed experimental data. At
lower concentrations, the fitted Peak #3 is dominated by the decharged contribution, and thus
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largely follows the linear trend line in the modeled ratio between Peak #2 and Peak #3a. At
higher concentrations, however, the +2-charged dimers begin to dominate, and the trend
becomes closer to constant. The theoretical Peak #2/Peak #3b ratio is not reached, however, (at
least at these number concentrations) as decharged monomers remain a significant contribution
to the fitted apparent Peak #3 height and make it appear larger than it would be due to +2charged dimers alone.
The strong dependence of the peak ratio upon number concentration apparent in Fig. 8a.
has important implications for mobility-selection and upstream particle generation. The highest
mobility-selected number concentration will occur when the selected monomer diameter is at or
near the mode diameter of the upstream distribution. This is made apparent in Fig. 8b. If
decharging is high, Peak #2 may only be prominent versus Peak #3 over several tens of
nanometers around the mode diameter of the upstream distribution. A broader range of diameters
can be accessed with shielding. It is thus recommended that the mobility-selecting DMAs
operate at the source mode diameter to the maximum practical extent. However, one benefit of
bulk aerosol methodologies over single particle methods (which typically utilize microndiameter droplets) is the potential for probing size-dependent behavior that only manifests on the
nanoscale, such as has been reported for SOA composition (Tu and Johnston 2017) and
hypothesized for SOA viscosity (Cheng et al. 2015). In such experiments, designing
methodologies for tuning the upstream distribution may be as important or more important than
the DTDMA implementation itself.
In principle, Fig. 5b suggests that a Peak #2 of suitable magnitude for curve fitting or
other analytical purposes can be generated by increasing tcoag, even if the coagulation rate is
weak, provided that N is sufficiently large for the cogulation rate to exceed the decharging rate.
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However, as the deviations in Figs. 5b and 7 depict, the low flow rates required for arbitrarily
long residence times may cause issues. Even if these mixing issues can be solved, the residual
flow required for the SMPS will put a volume-dependent upper limit on residence time.
Accordingly, progressively larger residence times will require progressivley larger coagulation
volumes, which may introduce their own flow and mixing issues not considered in this work. As
such, it is worth loosely quantifying necessary N for the coagulation setup used in this work,
which is similar to the setup used in prior works, at intermediate residence times (ie. ≤ 60 s), as
such bounds are likely to be characteristic of those observed in future applications of the
DTDMA method. Figure 8a suggests a threshold between 50,000 and 75,000 cm-3 for the
shielded setups utilized in this work, with a threshold closer to 100,000 cm-3 in the absence of
lead shielding. These thresholds will vary from location to location, even for similar shielding
setups, as inherent shielding power depends to some extent on the building itself (United Nations
Scientific Committee on the Effects of Atomic Radiation 1993). For example, in a series of
concurrent DCIC experiments using OFR #2, which is located in a different building in a
different area of the NC State University campus, necessary number concentrations of 90,000
cm-3 were typical, or approximately 50% larger than the requisite value in the home laboratory,
even with analagous lead shielding. (The laboratory with OFR #2 is housed next to an
experimental nuclear reactor (NC State University Department of Nuclear Engineering 2019)
and a plasma physics lab.)
One of the motivations for this work was a lack of success in achieving adequate dimer
signal with environmental chamber SOA, due to insufficient number concentration. Increased
coagulator residence time is unlikely to resolve these issues unless monomer decharging is
virtually eliminated. At size-selected chamber-level upstream concentrations <20,000 cm-3 the
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decharging rate likely exceeds the coagulation rate. In fact, Fig 8a. suggests that even at 50,000
cm-3 the decharging rate will be larger if shielding is poor.
Finally, it is worth considering Peak #1, the peak associated with dimers formed from
coagulation of +2 and -2-charged monomers. At monomer diameters larger than the source
mode, the magnitude of Peak #1 is negligible relative to Peak #2. Accordingly, it cannot be used
as a substitute for Peak #2 when the latter peak is unresolvable due to interference with a Peak #3
of similar magnitude. However, for systems where the source mode diameter is much larger than
the size-selected diameter, Peak #1 will become significantly more prominent. In the case of a
size-selected diameter of 100 nm, at an upstream mode of 250 nm Peak #1 will be larger in the
resultant DTDMA spectrum (Fig. 8b). This is likely to only be of use in rare cases as a
replacement for Peak #2, as such broad deviations between size-selected and upstream modal
diameters are not expected to be typical, and when such conditions are present it is expected that
Peak #2 will generally be small enough magnitude that even a relatively larger Peak #1 is not
useful. However, Fig. 8b suggests it may be possible to use both Peak #1 and #2 to analyze two
distinct monomer diameters simultaneously in scale dependence studies, particularly if upstream
number concentration is large and upstream modal diameter is moderately larger than the
mobility-selected diameter.
Flow Ratio Effects
Standard deviations in fitted experimental Dp from 100 nm monomer α-pinene SOA are
shown in Fig. 9a. Cases are shown where either Nup or N were held constant. When Nup is
constant (floating N), N decreases with flow ratio, as predicted from DMA theory. In the
“constant” N experiment N also decreased for the flow ratio of 5.0 as fewer than 100,000 cm-3
particles were mobility-selected at that ratio, even with Nup undiluted. For both experiments, the
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standard deviation decreased by approximately one half by increasing the ratio from 2.0 to 2.5,
but no improvement in precision was observed at higher ratios. The reduction in number at
higher ratios negates the benefits due to improved DMA resolution.
The above experimental work was performed at upstream number concentrations
typically associated with adequate dimer signal. Perhaps more interesting is the case where
number concentration is more marginal and the Peaks #2 and #3 are blurred in the final DTDMA
SMPS spectrum. To investigate these conditions, the modelling in Fig. 4b was replicated for
flow ratios between 2.0 and 4.0. As can be seen in Fig. 9b, as the ratio increases, the relative
magnitude of Peak #2 decreases compared to Peak #3, however, the resolution of Peak #2 (as
quantified via the depth of the well between the two peaks) does not change to an appreciable
extent.
Together, the results depicted in Figs. 9a and 9b suggest that in most cases the increased
magnitude of the dimer signal resulting due to high monomer number concentrations when the
mobility-selecting DMAs are operated at a lower cut ratio is of greater benefit than the higher
peak resolution associated with a higher flow ratio, particularly when comparing flow ratios ≥
2.5.
Signal Loss at Small Monomer Diameter
To date, the DTDMA method has been utilized to produce dimers from monomers as
small as 50 nm (Tandon et al. 2018). However, at smaller diameters adequate dimer signal has
been difficult to achieve. This behavior was probed using the JDL, and the reduction in Peak #2
signal with Dmono is apparent in Fig. 10a. This shows predicted Peak #2 height at different
monomer diameters assuming an upstream distribution of Nup = 2 x 106 cm-3, σup = 1.6, and Dup =
Dmono. At Dmono typical of much previous work (80-100 nm), this would be expected to produce
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a strong, readily discernible Peak #2. However, at Dmono = 40 nm the signal is approximately 1/3
that for 100 nm monomers and at Dmono = 20 nm, the signal is almost lost. At lower upstream
concentrations, peak height drops below 5 cm-3 at about 40 nm. Our SMPS system utilizes a CPC
in single particle counting mode with an integration time of 1s. Accordingly, a spurious count
translates to a noise signal of 0.2 cm-3. Assuming a 10:1 signal-to-noise ratio is acceptable, this
would argue that at minimum Peak #2 must have a recorded height of 2 cm-3. In practice,
somewhat stronger signals (5-10 cm-3) have typically been required, particularly in the presence
of decharging, so this can be considered as a lower bound. Even under this idealized case, this
bound may only be achievable down to about Dmono = 30 nm at upstream concentrations less than
2 x 106 cm-3, per Fig. 10a. In reality, the upstream distribution may have a mode diameter
significantly larger than observed here. For example, α-pinene SOA from OFR #1 has a modal
diameter over 100 nm (S. Petters et al. 2019). In these cases, fewer singly charged particles will
be mobility-selected and achieving adequate signal may be exceptionally difficult at diameters
much smaller than the 40-50 nm range where successful experiments have been performed
previously.
It is next worth considering where and how these losses are occurring. Figure 10b depicts
the necessary Nup for a N of 100,000 cm-3 at a given Dmono, again assuming the monomer
diameter is equal to the modal diameter of the source distribution. Beyond 60 nm, the requisite
concentration has only weak sensitivity to monomer diameter and approaches 2 x 106 cm-3. At
smaller diameters however, this sensitivity increases. At 40 nm, the requisite concentration is 2x
that at 100 nm, and at 20 nm it is almost 7x larger than at 100 nm. We do not believe wall losses
within the coagulator assembly or diffusional losses within the DMAs significantly influence
Peak #2 signal (Appendix D). Thus, this modelling would suggest the reduced DTDMA signal at
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smaller monomer diameters is predominately due to decreased equilibrium charging efficiency
upstream of mobility selection (Fuchs 1964). In our setup, bipolar diffusion chargers were
utilized in the DMA inlets. For working at small monomer diameter, it may be necessary to use
unipolar chargers (Hontañón and Kruis 2008; Qi et al. 2008; Marquard et al. 2007; Wiedensohler
et al. 1994; Adachi et al. 1992; Pui et al. 1988), which are more efficient at such sizes.
Specialized Dimer Characterizations
For studies of morphological dependence of properties, it may be necessary only to
demonstrate that dimers were synthesized. If one monomer has a significantly larger diameter
than the other, the apparent mobility diameter will be similar to the larger monomer diameter.
This occurs because the shape of the dimer will approach that of the larger monomer as the size
discrepancy between the monomers increases. For example, for a larger monomer diameter of
100 nm, the expected Dc (as derived from the volume-equivalent sphere) is 104 nm for a smaller
monomer of 50 nm, and 100 nm for a smaller monomer of 20 nm, versus 126 nm when the
second monomer is also 100 nm in diameter. Fig. 2e emphasizes that in some cases the
decharged signal may be mistaken for a largely absent dimer signal. Thus, it is necessary to
demonstrate that the Peak #2 signal is significantly larger than the Peak #3 signal, as the two may
have significant overlap even when the dimer is uncoalesced and highly shaped. Normally, such
characterization work will be performed by comparing the peak height on the full SMPS spectra
to the sum of the peak heights for the DeTDMA spectra produced by each of the size-selecting
DMAs. The +2/-2 dimer peak may have limited use in such characterization work if the
decharging rate is highly variable. In such cases, the height of the blended DTDMA Peak
#2/Peak #3 mode will vary over a series of scans, as will the height of specifically collected
DeTDMA peaks, and it may not be possible to conclusively argue that the DTDMA SMPS peak
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contains a dimer component. Presence of a peak in the expected +2/-2 dimer location, even if
weak in magnitude, will suggest that dimers were in fact produced. However, the implied high
concentration of decharged monomers restricts the practical use of dimer streams characterized
via this approach.
DCIC-Specific Considerations
Probe Monomers
As proposed previously (Rothfuss and Petters 2017) probe monomers that can be
generated at high concentration may compensate for the sensitivity of dimer signal at low analyte
concentration when studying phase transition. In Fig. 11a we show temperature ramps for
experiments where one monomer stream (the probe) is at fixed number concentration
290,000±10,000 cm-3 of α-pinene SOA while the second stream (the analyte), also α-pinene
SOA, has a concentration that varies between experiments. At the smaller analyte number
concentrations of 28,000 or 68,000 cm-3, a discernible diameter shift occurred at ~35 °C. For the
18,000 cm-3 experiment, a decreasing trend in mobility diameter with temperature was observed,
but the transition temperature is less apparent. Analogous ramps for different concentrations of
α-pinene SOA analyte with probe monomers at fixed number concentration of 170,000±20,000
cm-3 are shown in Fig. 11b. Here, the probe is PolyWax 850, a polymer that is solid at room
temperature and undergoes a coalescence transition at temperatures of ~60 °C (Tandon et al.
2018). This is ~25 °C warmer than the transition temperature for the studied α-pinene SOA,
which is expected to be of semi-solid viscosity under dry ambient conditions (S. Petters et al.
2019; Zhang et al. 2015; Renbaum-Wolff et al. 2013). Discernible shifts in mobility diameter
occur in all four ramps at ~35 °C. However, the fitted Dp values for the 15,000 cm-3 SOA-onPolyWax experiment have high enough uncertainty (frequently > 10 nm) to question the

202

reproducibility of that particular experiment. These experiments establish limits on what can be
achieved with the current setup. At even higher probe concentrations, the decharging of the
probe monomer will interfere with the dimer peak.
Resolution of Distinct Dimer Morphologies
Resolution of dimer morphologies for DCIC applications requires derivation of suitably
precise and distinct values of Duc and Dc. Previously, we stated that Dc is equal to the sphere
equivalent diameter and that Duc is ~1.1 times larger than Dc, based upon a typical shape factor
for doublets of spheres (Hinds 1999). Actual observed shift sizes are often less than this
formulation would predict, perhaps due to residual particle shape (Rothfuss and Petters 2016,
2017). Simple extrapolation suggests there is a minimum monomer diameter below which Duc
and Dc cannot be distinctly resolved at reasonable measurement precision. To investigate the
separation between Duc and Dc, the adjusted sphere (Dahneke 1973) approach of Gopalakrishnan
et al. (2015a) is used to calculate expected electrical mobilities (Z) for uncoalesced dimers, with
estimated relative error of ±10% (Gopalakrishnan et al. 2015b):
|𝑧|𝑒 1
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(5)

where Rs is the Smoluchowski radius (Gopalakrishnan et al. 2011) of the particle, Ap is the
orientation-averaged projected area of the particle, z is the charge on the particle, e is the
fundamental charge, λ is the mean free path of air, ηa is the viscosity of air, and α1, α2, and α3
empirical slip correction parameters taken from Davies (1945). Rs and Ap are both functions of
the particle geometry and depend upon the monomer diameter. Three separate idealized
geometries for uncoalesced dimers are considered: doublet of spheres, cylindrical rod, and
prolate spheroid. Derivations of Rs and Ap values used for each of these geometries are provided
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in Appendix D. Apparent Duc is subsequently inferred from Z (M. Petters 2018). In these
simulations Dc is assumed to equal the sphere-equivalent diameter, as in prior work.
Modelled predictions for the difference between Duc and Dc as a function of Dmono are
shown in Fig. 12. These model predictions are overlaid with actual observed shifts between fitted
Duc and Dc, from literature (S. Petters et al. 2019; Marsh et al. 2018; Rothfuss and M. Petters
2016, 2017) and new data from this work (Table S12 in the Supplemental Information). The data
show a significant spread in the difference between Duc and Dc for the same Dmono. Over
monomer diameters between 0 and 100 nm, all models are approximately linear and predict
diameter shift magnitudes as such: rod geometry model > (Duc = 1.1Dc model) ≈ doublet of
spheres geometry model > prolate spheroid geometry model. Experimental data points typically
fall between the doublet of spheres geometry and prolate spheroid geometry-based predictions,
except for 100 nm monomers, where a broader range of shifts have been observed. All data
points fit within the expected uncertainty of the model assuming a doublet of spheres geometry.
These models suggest an expected shift of 4 nm or less with 40 nm monomers, and of 2 nm or
less with 20 nm monomers.
The degree to which Duc and Dc can be measured depends upon the dispersion in median
dimer mobility diameters, which in turn vary with monomer number concentration. Based on
prior work and Table S9 in Appendix D, we do not expect uncertainty in fitted Duc and Dc values
to be better than 0.5 nm even for very stable particle generation systems, and values between 1
and 2 nm may be more typical when working with less stable upstream sources. Accordingly,
Fig. 12 would suggest a minimum monomer diameter of 20 nm is required for production of
resolvable distinct dimer morphologies, perhaps increasing to 40 nm in systems where upstream
particle production is highly variable. In our initial work (Rothfuss and Petters 2016) a number
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of systems studied did not undergo a clear shift in mobility when subject to conditioning, and
proximity to expected Dc or Duc values was utilized to infer a phase. Such determinations will
prove difficult at small diameters. Zelenyuk et al. (2006) observed that dynamic shape factors (χ)
for doublets of polystyrene latex spheres were highly dependent upon the orientation of the
particle relative to the electric field within the DMA, which varied with particle size. Measured
values for monomer diameters between 50 and 152 nm, where dimer orientation was at a 45°
angle relative to the electric field, were 1.09±0.02, consistent with prior literature for doublets
(Scheuch and Heyder 1990). At 20 nm, particles are approaching free molecular mechanics.
Calculations by DeCarlo et al. (2004) suggest a modest increase in shape factors between the
continuum regime and free molecular regime for χ < ~1.3, however, values for chains of spheres
(the morphology most relevant to DCIC) were nearly identical between the two regimes.
Relatedly, Zelenyuk et al. (2006) found that at a monomer size of ~300 nm the orientation
became parallel to the electric field and measured χ dropped to 1.01±0.01. At such shape factors
Duc and Dc may be indistinguishable. This suggests there may also be a maximum practical
monomer size for application of the DCIC method, at least when it is essential to resolve
uncoalesced and coalesced morphologies using mobility measurements alone.
Conclusions
This work presents a set of experimental characterizations probing the limits of the dual
tandem DMA method (DTDMA) method. Dimer production via the DTDMA method can be
reasonably represented by a simple model (M. Petters 2018). Thresholds for successful
application of the DTDMA method were derived from experimental data and modeling of the
instrument. Some of the thresholds quoted below here may be improved upon with updated
instrumentation, but the general capabilities and limitations will apply in all settings.
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It is shown that monomers that have undergone spontaneous loss of charge, and thus are
transmitted through the electrostatic filter, are a significant contribution to SMPS spectra of
DTDMA system output and can interfere with resolution of the dimer SMPS peak (+1/-1
coagulated). This decharging arises predominately due to recombination with ions formed via
interactions between gas molecules and ionizing radiation within the coagulation chamber
assembly. Decharging rates vary with experimental setup and laboratory-specific environmental
factors. Use of lead shielding around the coagulation chamber reduced the decharging rate by
approximately 60% in our home laboratory.
The resolution of the +1/-1 coagulated peak depends strongly upon mobility-selected
number concentration and decharging rate. Monodisperse number concentrations of 50,000 cm-3
to 100,000 cm-3 are typically required for a resolvable dimer signal in a DTDMA spectrum,
depending upon the decharge rate. For the specific application of measuring viscous phase
transitions, this may reduce to ~25,000 cm-3 using the probe monomer approach of Rothfuss and
Petters (2017) for probe number concentrations > ~200,000 cm-3. Reduction or elimination of
decharging should be an objective for design of future DTDMA-derivative systems.
Several avenues for optimization of the dimer signal were explored. Increasing the time
for coagulation will increase dimer production, but does not compensate for signal interference
due to decharging as both particle populations scale linearly with time. Increasing the sheath-tosample flow ratio will simultaneously increase peak resolution and decrease particle number
concentration. The higher number concentration associated with smaller sheath-to-sample flow
ratios is typically of greater utility than the improved resolution. The DTDMA method has been
successfully used with monomer diameters as small as 50 nm. Reduced charging efficiency with
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bipolar diffusion chargers makes production of adequate number of dimers difficult for monomer
diameters ≤ ~40 nm. Unipolar charging mechanisms may be required at small diameter.
Application of the DTDMA method to study viscous phase transition requires precise
characterization of the modal diameter of the +1/-1 dimer signal. At typical fitting precision, the
modal diameters of the coalesced and uncoalesced state must be >2-3 nm apart in mobility
diameter in order to distinctly resolve the transition of dimer morphologies. Extrapolation of
observed diameter shifts to smaller diameters using a two-parameter, adjusted sphere-based
model suggests this will be challenging for monomer diameters less than 20 nm.
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Table 1. Summary of experimental aerosol systems and preparation methods.
System
α-pinene SOA
β-caryophyllene SOA
Ammonium sulfate
Limonene SOA
Myrcene SOA
PolyWax 850
Sucrose
Terpinolene SOA

Precursor supplier (purity)
Aldrich (99%)
MP Biomedicals, LLC
Fisher Scientific (Certified ACS)
Fluka Analytical (Analytical Standard)
Sigma-Aldrich (95%)
Restek
Sigma-Aldrich (99.5%)
Sigma-Aldrich (90%)

Generation mechanism
OFR #1
OFR #2
Atomization
OFR #2
OFR #2
Gas-phase condensation
Atomization
OFR #2
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Figure 1. Left: schematic steps used for dimer synthesis. The neutralizer imparts an equilibrium
charge distribution. Right: dashed black line corresponds to a theoretical model of the size
distribution (a) at the entrance of the coagulation chamber, (b) after exiting the electrostatic filter,
and (c) the measured apparent size distribution with the particle counter after DMA3. Colored
lines indicate various contributions to the signal described in the text. The number #1-#4 in panel
(c) indicate four apparent modes in the total size distribution.
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Figure 2. Example DTDMA size distributions showing different arrangements of peaks
observed for Dmono = 100 nm. Apparent modes are labeled per the conventions in Fig. 1c.
Vertical lines are at 88 nm, 100 nm, and 133 nm, estimated locations for +2-charged dimers, +1charged decharged monomers, and +1-charged dimers, respectively. Note that the selected
mobility diameter scan range is such that the peak corresponding to dimers formed from
monomers that were doubly charged during size selection is not resolved, so dimer in this
context refers specifically to +1/-1 dimers.
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Figure 3. Example DeTDMA spectrum for myrcene SOA (Dmono = 100 nm) as transmitted by
the negative polarity mobility-selecting DMA at a 2:1 flow ratio. The solid curve is a fit of the
data points to a one-mode lognormal equation. The decharged monomer contribution to a full
DTDMA SMPS spectrum under these conditions will be approximately twice this magnitude.
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Figure 4. Observed DTDMA SMPS spectra, fitted two-mode lognormal curves, full simulated
DTDMA SMPS spectra, and simulated DTDMA SMPS spectral components for upstream source
distributions with lognormal parameters (a) Nup = 3.07 x 106 cm-3, Dup = 61.53 nm, and σup =
1.92 and (b) Nup = 9.06 x 105 cm-3, Dup = 46.14 nm, and σup = 1.69. In both examples Dmono = 80
nm, the flow ratio is 2:1, and the model calculated spectral contributions of +2/-2 dimers are not
significant.
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Figure 5. Dependence of Peak #2 magnitude on (a) N and (b) teff along with simulated model
trends assuming an upstream source distribution with Dup = 100 nm, and σup = 1.6. Open circles
correspond to data points that deviate from modeled behavior attributed to flow irregularities at
low sample flow/high coagulation time and have been omitted from analysis.
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Figure 6. (a) Fitted one-mode lognormal curves for DeTDMA spectra of 100 nm monomer αpinene SOA collected before exposure of the coagulation chamber to the radiation source
(dashed curves), while the radiation source was adjacent to the chamber (solid curves), and after
the radiation source was removed (dotted curves). (b) Mean DeTDMA peak heights for 100 nm
monomer α-pinene SOA where the coagulation chamber was protected by various amounts of
lead brick shielding. In the partial shielding case, bricks were positioned below and to the side of
the chamber, whereas in the full shielding cases 1 or more layers of bricks were positioned above
the chamber in addition to those below and to the side.
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Figure 7. Mean DeTDMA peak heights versus coagulation chamber residence time for 100 nm
monomer α-pinene SOA under both shielded and unshielded coagulation chamber setups, along
with associated linear regression lines and model-inferred trend lines. Open markers correspond
to experimental data points that deviate from trend attributed to flow irregularities at low sample
flow/high coagulation time and have been omitted from analysis.

221

Figure 8. (a) Ratio of modeled DTDMA Peak #2 and Peak #3a as a function of N under various
assumptions of βD for Dmono = 100 nm, assumed Dup = Dmono, assumed σup = 1.6, and a flow ratio
of 3:1 (solid lines), along with measured experimental apparent Peak #2/Peak #3 ratios for αpinene SOA. Dashed horizontal line corresponds to the expected Peak #2/Peak #3b ratio of 4.37
in the absence of decharging per the bipolar charging parameterization of Wiedensohler (1988).
(b) Ratios of modelled Peak #2 and Peak #3a magnitudes under two different assumptions of βD,
along with the ratio of Peak #1 and Peak #2, all as functions of Dup, for Dmono = 100 nm and a
flow ratio of 3:1. In both panels the shaded area corresponds to a Peak #2/Peak #3a ratio of less
than 1.5, an estimate of the minimum necessary for resolution of Peak #2. In panel (b), the
assumed upstream size distribution has lognormal parameters Nup = 2 x 106 cm-3 and σup = 1.6.
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Figure 9. (a) Standard deviation in fitted DTDMA Peak #2 mobility diameter for α-pinene SOA
for the indicated mobility-selected number concentrations under different flow ratios in the
mobility-selecting DMAs. (b) Simulated DTDMA SMPS spectra for 80 nm monomers assuming
βD = 2.0 x 10-5 s-1 and an upstream source with lognormal distribution Nup = 9.06 x 105 cm-3, Dup
= 46.14 nm, and σup = 1.69 under different assumptions of flow ratio (contour labels).
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Figure 10. (a) Model calculated height of the primary dimer peak at different monomer
diameters assuming teff = 60 s, a flow ratio of 3:1, and an upstream lognormal distribution with
Nup = 2x106 cm-3, 1.5x106 cm-3, or 1.2 x 106 cm-3; σup = 1.6; Dup = Dmono. Shaded area
corresponds to peak heights less than 5 cm-3, a coarse estimate of minimum peak height for
reliable peak fitting in prior work in the presence of moderate decharging. (b) Model calculated
required Nup for a mobility-selected number concentration of 100,000 cm-3 at different mobilityselected diameters assuming an upstream lognormal distribution with σup = 1.6 and Dup = Dmono.
In both panels, curves are fits of the plotted data to power equations of the form y = axb + c and
are provided as guides to the eye only.
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Figure 11. Variations in apparent +1 mobility diameter with thermal conditioning for DCIC
dimers formed via coagulation of monomers of α-pinene SOA from a stream of the specified
number concentrations onto monomers of (a) α-pinene SOA from a stream of number
concentration of 290,000±10,000 cm-3 (b) PolyWax 850 monomers from a stream of number
concentration of 170,000±20,000 cm-3. Dashed horizontal lines represent approximate values of
Duc and Dc. Error bars have been omitted from the lowest analyte concentration cases in each
panel for clarity.
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Figure 12. Predicted mobility diameter shifts between Duc and Dc using the model of
Gopalakrishnan et al. (2015a) for cylindrical rod, doublet of spheres, or prolate spheroid
geometries to predict Duc and assuming Dc is equal to the diameter of the volume-equivalent
sphere, overlaid with available experimental data. The predicted diameter shift assuming Duc is
1.1x larger than Dc is also shown. The shaded area corresponds to y-axis values of 3 nm or less.
Some experimental data points with nominal apparent monomer diameters of 80 or 100 nm have
been jittered ±2 nm for purposes of clarity.
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Abstract
Responding to changes in the surrounding environment, aerosol particles can grow by
water condensation changing rapidly in composition and, possibly, viscosity. The timescale for
growth is important to establish for particles undergoing hydration processes in the atmosphere
or during inhalation. Using an electrodynamic balance, we report direct measurements at -7.5, 0
and 20 oC of timescales for hygroscopic condensational growth on a range of model hygroscopic
aerosol systems. These extend from viscous aerosol particles containing a single saccharide
solute (sucrose, glucose, raffinose or trehalose) and a starting viscosity equivalent to a glass of
~1012 Paꞏs, to non-viscous (~10-2 Paꞏs) tetraethylene glycol particles. The condensation
timescales observed in this work indicate water condensation occurs rapidly at all temperatures
examined (< 10 s) and for particles of all initial viscosities spanning 10-2 to 1012 Paꞏs. Only a
marginal delay (<1 order of magnitude) is observed for particles starting as a glass.
Letter
Quantifying the rate of condensation of water on aerosol particles is important for a
diverse set of problems, including predicting cloud droplet number concentration in the
atmosphere and understanding the size dynamics and deposition profile of particles on inhalation
to the respiratory tract (Haddrell et al. 2015). Conversely, understanding the coupling between
mass and heat transport during evaporation is central to modelling the performance of sprays in a
range of applications and the production of functionalized particles by spray drying (Vehring
2008; Vehring et al. 2007). In many of these contexts, particles are >>1 µm in diameter (or grow
above this size) and the process occurs at ambient pressure. Under these conditions the particle
hygroscopic growth rate is limited by the rate at which mass is moved towards or away from the
particle surface in the gas phase, rather than molecular exchange at the surface or diffusion
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within the particle bulk. Such behavior is particularly likely if the particle is a liquid droplet.
However, when the particle is crystalline or amorphous, the possible impact of dissolution
kinetics or slow diffusion within the particle bulk on the rate of condensation and evaporation
must be considered. In such cases, timescales of bulk or interfacial transport may be longer than
those of gas diffusion (O’Meara et al. 2016; Berkemeier et al. 2013; Davies et al. 2012).
Alternatively, dissolution resulting from water uptake may remove bulk diffusional limitations
present in the dry, solid-like phase (Pajunoja et al. 2015). Organic particles (OA) can exist as
viscous semi-solid (Reid et al. 2018; Rothfuss and Petters 2017a; M. Song et al. 2016; Järvinen
et al. 2016; Zhang et al. 2015; Song et al. 2015; Renbaum-Wolff et al. 2013; Power et al. 2013)
or amorphous solid (glassy) phases (Koop et al. 2011; Virtanen et al. 2010; Mikhailov et al.
2009; Zobrist et al. 2008). Much OA is hygroscopic, meaning the absorption of water is
thermodynamically favorable. For a hygroscopic particle starting as an amorphous solid, the
condensation of water often leads to a decrease in particle viscosity, particularly if the particle
must progress from a glass (1012 Paꞏs) (Debenedetti and Stillinger 2001) to a dilute solution
droplet (10-3 Paꞏs), which can happen at very high relative humidities (RH) observed during
cloud droplet formation or inhalation. Although the evaporation and condensation kinetics of
water in highly viscous aerosol particles can be limited by slow diffusion of water within a
particle, particularly at low RH (Rickards et al. 2015; Bones et al. 2012) the impact of a viscous
core on condensation kinetics at high RH remains uncertain. Addressing this uncertainty is the
focus of this paper.
Continuous water condensation is often observed for hygroscopic amorphous particles as
the RH is increased instead of the sharp, solubility-dependent deliquescence phase transition
observed for crystalline particles (Robinson et al. 2014; Berkemeier et al. 2014; Mikhailov et al.
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2013). The anticipated equilibration time for a low viscosity submicron particle following an RH
change is <<1 s, increasing to >10 s for a 10 µm particle diameter (Reid et al. 2018). For highly
viscous semi-solid and glassy solid particles, the equilibration timescale may be much longer. At
a microscopic level, a particle undergoing water uptake can be viewed as a series of concentric
shells of varying viscosity/diffusivity (Shiraiwa et al. 2012; Zobrist et al. 2011). While it is
reasonable to expect that the outermost shells will readily equilibrate with the surrounding RH,
even for highly viscous particles, absorbed water vapor may not readily penetrate into the
particle interior if bulk diffusivity is sufficiently low (Bones et al. 2012). This will arrest growth
once the surface layers have high enough water activity to minimize diffusion down the vapor
concentration gradient versus the ambient environment. According to the Stokes-Einstein
relation, the diffusivity of a molecule within a matrix is inversely proportional to the viscosity.
Although the Stokes-Einstein relationship is known to fail in matrices of semi-solid viscosity
(Bastelberger et al. 2017; Chenyakin et al. 2017; Marshall et al. 2016; Lu et al. 2014; Price et al.
2014; Power et al. 2013) and the divergence is most drastic for small molecules like water, as a
first estimate it would suggest that the diffusivity within a glassy particle could be as much as 12
orders of magnitude less than observed within a particle of liquid-like nature (Renbaum-Wolff et
al. 2013). If bulk diffusional limitations are present, water uptake may happen readily on the
outer layer of the particle over the timescale expected for typical uninhibited gas-diffusion
limited equilibration resulting in a core-shell structure (Berkemeier et al. 2014) and kinetically
inhibited hygroscopic growth. At very high viscosities, particles may not take up discernible
quantities of water vapor over process-relevant timescales except in environments where
interfacial free energy is favorable for heterogeneous nucleation (Fletcher 1958).
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Atmospheric viscous OA is characterized by molecular species containing large numbers
of oxygenated functional groups (Rothfuss and Petters 2017b) and with relatively high molecular
weight (DeRieux et al. 2018; Hinks et al. 2016; Koop et al. 2011). Saccharides have similar
attributes to these atmospheric components and are commonly used as laboratory proxies for OA
(Rothfuss and Petters 2017a; Petters and Petters 2016; Price et al. 2016; Lienhard et al. 2015;
Baustian et al. 2013; Bones et al. 2012). Saccharides are also used widely as excipients and
additives in inhalation formulations (e.g. lactose) (Pilcer and Amighi 2010; Chow et al. 2007). In
this work, characteristic condensational timescales are determined for water on various micronsized aqueous droplets containing a saccharide (sucrose, glucose, raffinose, trehalose) subject to
a rapid increase in RH, starting from a RH characteristic of high equilibrium viscosity (105 to
>1012 Paꞏs) (Y. Song et al. 2016) at temperatures between -7.5 and 20 °C. Under such
experimental conditions, droplets could readily undergo condensational growth in the absence of
diffusion limitations, whereas growth could be hindered in the presence of such limitations. For
comparison, we also present measurements of the condensational kinetics on non-viscous
aqueous sodium nitrate particles and aqueous droplets of tetraethylene glycol (henceforth PEG4).
The condensation kinetics measurements are made using an electrodynamic balance
(EDB) to track temporal changes in radius following a rapid increase in RH (<0.5 s) within the
trapping region (Davies et al. 2013). Elastic light scattering (intensity with scattering angle) is
measured with a time resolution as high as 0.01 s, and the evolving radius and composition are
inferred using well-established procedures (Marsh et al. 2017). An example of the observed
change in droplet size is shown in Fig. 1 for the condensation of water on a glucose particle. The
timescale (τ) for condensation is characterized by a non-linear least squares fit of the
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experimental data to the modified Kohlrausch-Williams-Watts (mKWW) equation (Williams and
Watts 1970; Kohlrausch 1854):
𝑟 𝑡

𝑟

𝑟

𝑟 𝑒

⁄

(1)

where r is the radius of the particle at transition time t, ri and rf are the initial and final radii,
respectively, and β reflects the departure from a single-exponential fit. The suitability of an
equation of this form for modeling the response of a viscous solution droplet to a perturbation in
RH has been demonstrated in prior work (Rickards et al. 2015). Note that while physical
interpretations for β have been proposed elsewhere (Ingram et al. 2017), in this work it was used
solely as an empirical stretching parameter.
Reported moisture-dependent viscosities for aqueous solutions of the solutes studied here
are summarized in Fig. 2a. Initial viscosities at 20 °C and 25% RH vary from < 1 (for PEG4/sodium nitrate) to > 1010 Pa∙s (sucrose). We are not aware of lower temperature viscosity
measurements for these compounds, although a model proposed by Rothfuss and Petters
suggests sucrose particles at 25% RH have a viscosity well above the 1012 Pa∙s threshold for the
glass transition for all of the temperatures studied here (-7.5, 0 and 20 °C) (Rothfuss and Petters
2017a; Debenedetti and Stillinger 2001). This is consistent with available literature data for the
glass transition of aqueous sucrose solutions, which are summarized in Fig. 2b. Thus,
condensation measurements of water on aqueous sucrose particles at an RH ~25% with T ≤ 0 °C
are expected to involve particles initially in a glassy state. As shown in Fig 2b., literature data
suggests the RH-induced glass transition for raffinose will occur at ~50% at 0 °C, and ~60% at 7.5 °C, the starting experimental RH values used for raffinose in this work. Thus, we expect
raffinose particles at T ≤ 0 °C to initially have a viscosity at the high end of the semi-solid
viscosity range, approaching that of a glass.
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Characteristic time constants for all experiments are summarized in Fig 3a. Most τ values
are on the order of 1 s, although a small number (sucrose and raffinose in particular) have values
of ~10 s. All measured τ values are within a factor of 15 larger than the fastest system studied –
sodium nitrate at 20 °C – and a large majority are within 1 order of magnitude. This similarity
exists despite a broad range of initial viscosities, including liquid-like (sodium nitrate and PEG-4
at 20 °C), semi-solid (glucose, trehalose, and raffinose at 20 °C), near-glassy (sucrose at 20 °C
and raffinose at colder temperatures) and likely glassy (sucrose < 20 °C). This is further
illustrated in Fig 3b, which considers the possible dependency of the τ values on the initial
viscosity of the particle. Clearly, systems with low initial viscosity also exhibit the shortest
equilibration timescale, although the variation is only marginal. The possible temperature
dependence of τ is explored in Fig. 3c. Sodium nitrate has the shortest τ values at all
temperatures. In interpreting these results, it is important to remember that all of these systems
are hygroscopic. Typical fitted values of the stretching parameter β varied from 0.4 to 1.3, with
good reproducibility (±0.1) between identical experimental trials but no obvious systematic
pattern.
In the absence of condensed phase diffusional limitations on growth, droplet size
evolution can be modelled using an analytical treatment (first introduced by Kulmala et al. 1993)
of the gas diffusional mass flux that accounts for the latent heat of condensation and its impact
on the mass transfer rate (Kulmala et al. 1993). Experimental and modelled τ values are
compared in Fig 4. Although there is good consistency between experimental and modelled
timescales for sodium nitrate, experimental timescales are larger than the modelled timescales
for the saccharide droplets, exceeding an order of magnitude in some cases. It should be noted
that simulation of water condensation using the Kulmala equation does not account for the time
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required for the RH change (<0.5 s) in the EDB instrument. The model-observation consistency
for sodium nitrate and disparity for the remaining compounds suggests that either bulk diffusion
limitations or surface accommodation effects are responsible for the ~1 order of magnitude
increase in water uptake timescale in these experiments.
Despite the considerable variation in the range of starting particle viscosities apparent in
Fig. 3b (as large as 15 orders of magnitude), the measured timescales for condensational growth
and equilibration of the micron-sized particles following a step increase in RH are typically less
than 10 s within one order of magnitude. This viscosity range covers the expected range of
relevance for atmospheric OA and for amorphous particles typically used in inhalation therapies.
Although these experimental timescales are ~1 order of magnitude longer than timescales
predicted using a gas-diffusional condensational growth model for some of the more viscous
particles, they are nonetheless significantly shorter than timescales of typical atmospheric
processes. For example, at an initial temperature of 20 °C and updraft velocity of 1 m s-1, the
timescale to raise the RH from 20 to 80% is 2000 seconds. Under this scenario, even viscous
hygroscopic supermicron particles similar to those studied in this work can be expected to
effectively track the changing RH, remaining in equilibrium under almost all atmospheric
conditions. The most violent supercell thunderstorms, where vertical velocities may approach 50
m s-1 (Marshall et al. 1995) would perhaps be an exception. By contrast, highly viscous
amorphous particles may require more time to respond to the sudden increase in RH than occurs
during a typical inhalation time of 1 s, particularly given that most drug particles start larger than
1 µm in diameter.
Next, we consider the expected radius dependent scaling by calculating bulk mixing
times for aqueous sucrose aerosol as a function of radius at 20 °C and variable RH (see
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Appendix E Fig. S2). Overall, the calculated bulk mixing and condensational τ values have
similar sensitivity to particle size. Assuming experimental timescales decrease along a similar
slope with radius, extrapolation would suggest condensational growth occurs on the timescale of
milliseconds for 100 nm sucrose particles under ambient atmospheric conditions, fast enough to
likely be of limited consequence for atmospheric processes.
We note one key limitation regarding the broad applicability of our results: the systems
studied in this work all have liquid-like equilibrium viscosity (< 10 Paꞏs) (Fig. 2a) at room
temperature and 78% RH, as might be expected for hygroscopic aerosol where equilibrium water
content will be significant. The forcing that drives condensation will invariably lead to
plasticization of the particle (Koop et al. 2011), which in turn removes the diffusional limitation.
In the atmosphere, different chemical compositions and/or colder temperatures will result in
particles with much higher equilibrium viscosities, even at high RH. This may be particularly the
case if the system is weakly or non-hygroscopic, thus reducing the particle water content and
concomitant potentials for plasticization and increases in bulk diffusivity due to the influence of
water, even in outer layers of the particle that are likely equilibrated with the ambient
environment. The carbohydrates studied in this work contain multiple hydrogen-bonding OH
groups, the presence of which are associated with both higher viscosity (Rothfuss and Petters
2017b) and greater hygroscopicity (Suda et al. 2014). Accordingly, replacement of carbohydratecarbohydrate hydrogen bonds with carbohydrate-water hydrogen bonds during hygroscopic
growth is a plausible plasticization mechanism. This mechanism will be absent for non-hydrogen
bonding solutes. Because the experimental setup utilized droplets generated from aqueous
solution, possibly less hygroscopic non-hydrogen bonding organics could not be readily studied.
In cases where viscosity remains high at the final RH, bulk mixing timescales can be orders of
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magnitude higher at 10 µm than observed here (Rickards et al. 2015; Bones et al. 2012) and can
remain slow relative to typical timescales of atmospheric processes in which case condensational
growth timescales are also slow (Bones et al. 2012). Whereas, in the context of inhalation the
increased temperature (37 °C) and very high RH (>99.5 %) water condensation should remain
fast. Taken all together, these observations suggest bulk diffusional inhibitions are primarily a
concern for condensation onto particles that are weakly (perhaps even non-) hygroscopic in
addition to being sufficiently viscous. It should also be recognized that the temperature
dependence of hygroscopicity itself is not well resolved but will be a concern if solubility
limitations become more pronounced at lower temperatures.
Finally, we have not considered that marginal inhibition in condensational growth rate
may arise from a suppressed value of the mass accommodation coefficient (α). Direct
measurements of accommodation coefficients are primarily limited to those for water vapor onto
aqueous droplets. Miles et al. (2012) suggested a lower limit value of 0.5 for water
accommodating onto a water surface, based upon an assessment of five separate methods for
measuring accommodation coefficients. This limit was shown to be consistent with subsequent
measurements made by Davies et al. (2014) using the same instrument as employed here. This
would suggest that even assuming a conservative lower bound, the value of α would need to be
about a factor of 40 smaller than this limiting value of 0.5 (Appendix E Fig. S3). This augurs that
accommodation will not be limiting, at least once the condensation process has begun and an
aqueous shell at high water activity is present on the droplet surface. Surface accommodation
inhibition may be of greater concern in systems less hygroscopic than studied in this work, due
to their more hydrophobic nature.
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In summary, water condensation timescales on hygroscopic amorphous glassy particles
are less than 10 s under the conditions of high RH and there is only a marginal dependence on
the starting viscosity of the particle. Although these measurements suggest timescales for water
condensation can be expected to be short, weakly or non-hygroscopic aerosol particularly at low
temperatures may lengthen timescales of water condensation.
Experimental Methods
The theory and operation of the EDB have been discussed extensively in prior work
(Rovelli et al. 2016; Davies et al. 2013) and full details of its application in this work are
provided in Appendix E. The EDB chamber RH within the EDB chamber were determined from
probe droplet measurements (Rovelli et al. 2016). For each experiment, the initial equilibrium
radius (ri) at low RH was calculated as the mean of the measured radii across a time window of 1
s prior to the condensation step. Once ri was fixed, rf, τ, and β were calculated via an unbounded
fit to Eq. (1) as described above.
The gas diffusional growth model first introduced by Kulmala and coworkers (1993a) has
been described extensively in previous publications and details are provided in the Appendix E
(Rovelli et al. 2016; Davies et al. 2013; Kulmala et al. 1993b). Simulations of time dependent
growth were performed using values of temperature, initial and final RHs, and initial particle size
identical to those for each EDB experiment. For comparison to experimental measurements,
modeled characteristic time constants were calculated by fitting these data to Eq. (1), fixing ri to
the first simulated radius.
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Figure 1. Condensation profile (radius vs. time) for an aqueous glucose droplet (20 °C, RH
transition of 25 to 79%): measurement (grey points) and fitted mKWW equation (black curve).
Vertical grey dashed line represents τ = 3.6 s.
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Figure 2. In (a) RH-dependent viscosities of raffinose (Y. Song et al. 2016), trehalose (Y. Song
et al. 2016), sucrose (Y. Song et al. 2016; Power et al. 2013), glucose (Y. Song et al. 2016),
sodium nitrate (Baldelli et al. 2016), and PEG4 (Begum et al. 2013), with polynomial equations
from Y. Song et al.(2016) for the saccharides and Baldelli et al. (2016) for sodium nitrate (solid
lines). In (b) experimental RH-dependent glass transition temperatures for binary aqueous
solutions of raffinose (yellow squares (Zobrist et al. 2008) and circles (Kajiwara and Franks
1997)), sucrose (red triangles (Elamin et al. 1995), left triangles (Saleki-Gerhardt and Zografi
1994), right triangles (Luyet and Rasmussen 1968), upside down triangles (Jansson et al. 2005))
and sodium nitrate (blue squares) (Angell and Helphrey 1971). Pure component glass transition
temperatures (diamonds) for raffinose (Rothfuss and Petters 2017a), sucrose (Rothfuss and
Petters 2017a), sodium nitrate (Dette and Koop 2015), and water (Koop et al. 2011) are also
reported. Fits to the Gordon-Taylor equation (Gordon and Taylor 1952) using literature
parameters for raffinose (Zobrist et al. 2008) and sucrose (Rothfuss and Petters 2017a) are
indicated by solid lines.
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Figure 3. Fitted experimental characteristic condensation times versus (a) final RH, (b)
estimated initial viscosity of droplet prior to condensation step, (c) temperature of condensation
measurement. Dashed grey horizontal lines delineate the 1-order of magnitude range in τ
containing most experimental values. Legend at top for (a)-(c).
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Figure 4. Comparison of fitted experimental and modelled characteristic timescales using the
Kulmala equation (1993) and mKWW fitting for the experiments performed in this work.
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CHAPTER 7
Summary
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This concluding chapter briefly highlights the major results of this Ph.D. work, as
described in Chapters 2 through 6. Chapter 2 discussed how different functional groups modulate
viscosity and/or glass transition temperature of atmospherically relevant compounds, based upon
data collated from literature. Key findings include:


For weakly functionalized compounds the trend in viscosity sensitivity to functional
group addition is: carboxylic acid (COOH) ≈ hydroxyl (OH) > nitrate (ONO2) > carbonyl
(CO) ≈ ester (COO) > methylene (CH2), suggesting that hydrogen bonding is a key driver
of organic aerosol viscosity.



Sensitivities to group addition increase with greater levels of prior functionalization and
decreasing temperature. For carboxylic acids a sharp increase in sensitivity is likely
present already at the second addition at room temperature.



Addition of an OH group to an aliphatic alcohol or carbohydrate increases glass transition
temperature by ~30 K for up to 8 OH groups. The presence of ~6 OH groups is
associated with glass transition temperature values near ambient.



Sensitivities are correlated with analogously derived sensitivities of vapor pressure
reduction.

Chapter 3 demonstrated a method for probing the viscosity of bulk nanoscale aerosol by using
measurements of apparent electrical mobility diameter to assess the morphology of dimerized
particles subject to a brief period of conditioning. Key results include:


Dimers suitable for analysis can be synthesized by allowing for coagulation of oppositely
charged monomers produced by differential mobility analyzers (DMAs) of opposite
polarity, then isolated via electrostatic filtration, replicating the method of Maisels et al.
(2000).
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Uncoalesced dimers will be aspherical and thus have larger apparent mobility diameters
in scanning mobility particle sizer (SMPS) spectra, allowing for differentiation of
different morphologies via mobility diameter measurements.



The methodology can detect viscosity-related coalescence events arising due to increases
in temperature or relative humidity during a brief conditioning step. Humidity-induced
transitions occur at RH values less than that associated with deliquescence.



Viscosity values of ~105 Paꞏs to ~107 Paꞏs can be calculated for measured mobility
diameters intermediate to the fully uncoalesced and fully coalesced values using a
modified sintering theory. Viscosity can be bounded for the fully coalesced and fully
uncoalesced cases.

Chapter 4 presented a phase diagram model for binary aqueous aerosol, using sucrose as the
representative system. This model combines the Gordon-Taylor equation (Gordon and Taylor
1952) for representing the humidity-dependence of glass transition temperature, a modified
Vogel-Fulcher-Tammann (Fulcher 1925) equation for representing the temperature-dependence
of viscosity, and a mass-based water activity parameterization (Mikhailov et al. 2013), with
model parameters derived using viscosity measurements made with the experimental method of
Chapter 3. Key results include:


The temperature- and humidity- dependent viscosity of aqueous sucrose can be
represented by a combination of the Gordon-Taylor equation for the RH-dependence of
glass transition temperature, a modified Vogel-Fulcher-Tammann equation for the
temperature dependence of viscosity, and a mass-based hygroscopicity parameter.



Predicted viscosities using this framework are very sensitive to dry glass transition
temperature, Gordon-Taylor constant, and hygroscopicity. Application of this framework
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to other systems will require well-constrained values of these parameters, which may be
difficult in practice, particularly for very complicated systems such as SOA.


Comparison of viscosities predicted with this framework and experimental ice nucleation
data for sucrose suggests that glassy (ie. ≥ 1012 Paꞏs) viscosities are not necessary for
organic aerosol to act as ice nuclei.



Heterogeneous dimers where one monomer species (the probe) is more viscous than the
other (the analyte) undergo a mobility diameter shift under conditions similar to that
where a coalescence shift is observed for homogeneous dimers of the analyte.

Chapter 5 characterized and defined minimum experimental parameters for the experimental
method of Chapter 3. This was inspired by variations in observed dimer mobility spectra during
the work of Chapters 3 and 4 and several related projects not detailed in this document (S. Petters
et al. 2019; Marsh et al. 2018; Tandon et al. 2018). Key findings include:


The operation of the dimer preparation system is well represented by a basic DMA
operations model (M. Petters 2018).



Sufficient numbers of monomers undergo spontaneous decharging within the coagulation
chamber (and are thus transmitted through the electrostatic filter) as to be detected in the
SMPS. For monomer number concentrations < 100,000 cm-3, this signal can be large
enough to interfere with resolution of the primary dimer peak.



Monomer decharging is highly sensitive to the presence of a radiation source and can be
reduced by a factor of 2 to 4 through the use of rudimentary lead shielding. This suggests
decharging primarily results from recombination with ions formed via interactions
between gas-phase molecules and ambient radiation within the coagulation chamber.



The monomer decharging rate is site-specific.
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Dimers formed via coagulation of monomers that were doubly charged in the mobility
selecting DMAs will be of analytical interest only under very limited circumstances.



Production of adequate dimer number for analysis is difficult at monomer diameters < 50
nm due to reduced charging efficiency at those sizes resulting in increased particle losses
in the mobility-selecting DMAs.



Use of probe monomers may allow for detection of viscosity-related mobility diameter
shifts at analyte number concentrations of ~25,000 cm-3 for probe monomer number
concentrations > 200,000 cm-3.

Chapter 6 investigated the relationship between initial particle viscosity and condensational
growth kinetics for a number of aqueous carbohydrate systems commonly used as OA proxies,
using a combination of electrodynamic balance-based laboratory measurements and a gas
diffusional growth model (Kulmala et al. 1993). Key findings include:


Typical experimental timesscales of condensational growth for carbohydrates, PEG-4,
and sodium nitrate subjected to a rapid stepwise increase in RH to ~80% are all 1 to 10 s
at temperatures between -7 and 20 °C, despite the fact the that range of intial viscosities
varied by 15 orders of magnitude (~10-3 Paꞏs to ~1012 Paꞏs).



Experimental timescales of condensational growth for carbohydrates were up to 1 order
of magnitude slower than timescales predicted using a model assuming gas diffusion was
the limiting process. This suggests a weak inhibition of growth due to diffusional
limitations within the particle bulk may be present for semi-solid to glassy viscosity
particles, but the inhibition is not significant enough to increase equilibration timescales
to those of atmospheric processes such as adiabatic cooling in an updraft.
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Extrapolation of these experimental results on micrometer-scale droplets argues for
growth timescales on the order of milliseconds for nanometer-scale particles.



The studied systems were all at least moderately hygroscopic. Thus, it is believed that
progressive plasticization due to water uptake removed diffusional inhibitions to growth.
These results may not be applicable to less hygroscopic aerosol or at temperatures much
colder than studied where equilibrium viscosities may remain high even at high RH.
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APPENDIX A
Supporting Information: “Influence of Functional Groups on the Viscosity of Organic
Aerosol”
Appendix A comprises the Supporting Information for the article of Chapter 2, which was
published in Environmental Science and Technology (Year: 2017, Volume: 51, Article 2 Pages:
271-279) with the following co-author:
Petters, M.D.1
1

Department of Marine, Earth, and Atmospheric Sciences, NC State University, Raleigh, NC
27695
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Functional Group Model
The method of Sastri and Rao (1992) (henceforth Sastri-Rao) relates the viscosity (η) of
an organic at a given temperature to a negative power (N) of its vapor pressure in units of
atmospheres (P):
𝜂

𝜂 𝑃

,

(S1)

where ηB is the viscosity at the normal boiling point. Both ηB and N are calculated by means of
group contributions. When multiple instances of a functional group are present, each instance
adds a contribution to ηB, but only the first contributes to N, except in the case of ester groups.
Group contributions are under most circumstances relevant to this work constant; the most
notable exception is OH groups, whose contributions are functions of carbon chain length. Some
combinations of group types are special-cased. Vapor pressure in units of atmospheres is
calculated as function of the current temperature (T) and the normal boiling temperature (TB)
using an equation specified by Sastri-Rao:
ln 𝑃

4.5398
1.0309 ln 𝑇
0.38 3

3

𝑥 1

2𝑇⁄𝑇

.

.

2𝑇⁄𝑇
𝑇 ⁄𝑇

(S2)

ln 𝑇⁄𝑇 .

It is expected boiling point data will often not be readily available, requiring a separate numerical
parameterization. For this work, the group contribution method of Stein and Brown (1994)
(henceforth Stein-Brown) was utilized. This scheme modifies that of the Joback and Reid (1987),
adding the following correction equations to account for the increasing error seen in the latter
method at higher values of Tb:
𝑇

,

𝑇

94.84

0.5577𝑇

0.0007705𝑇 ,

𝑇

700𝐾

(S3a)
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𝑇

,

𝑇

282.7

0.5209𝑇 ,

𝑇

700𝐾

(S3b)

Viscosity sensitivities implied in the functional group model were derived by simulating the
compounds shown in Figure 2 of the main text using the Sastri and Rao group contribution
model and extracting Sη,i for each group the same way as was done for the actual viscosity data.
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Supplementary Tables S1-S5
Table S1. Summary of compiled glass transition data.
Compound
Chain alcohols
Arabitol (Carpentier et
al. 2003)
1,2-Butanediol (Maria
et al. 2010)
1,3-Butanediol (Maria
et al. 2010; Drake et al.
1977)
2,3-Butanediol (Maria
et al. 2010)
1,2,4-Butanetriol
(Nakanishi and Nozaki
2011)
1-Butanol (Murthy et al.
1993; Lesikar 1977; A.
V. Lesikar 1975; Arnold
V. Lesikar 1975; Johari
and Goldstein 1971;
Faucher and Koleske
1966)
2-Butanol (Murthy et al.
1993; Koleske and
Faucher 1979; A. V.
Lesikar 1975)
4-Decanol (Koleske and
Faucher 1979)
2,2-Dimethyl-1-butanol
(Koleske and Faucher
1979)
2,2-Dimethyl-1-hexanol
(Koleske and Faucher
1979; Johari and
Goldstein 1971)
2,2-Dimethyl-1pentanol (Koleske and
Faucher 1979)
2,2-Dimethyl-1propanol (Koleske and
Faucher 1979)

OH COOH Mean Tg ±
2σ

Min Tg

Max Tg

Data points

5

0

261

261

261

1

2

0

178.9

178.9

178.9

1

2

0

174±4

173

175.5

2

2

0

195.1

195.1

195.1

1

3

0

200.7

200.7

200.7

1

1

0

113 ± 5

111.41

118

6

1

0

123 ± 7

120.34

127

3

1

0

181

181

181

1

1

0

158

158

158

1

1

0

173

173

173

2

1

0

166

166

166

1

1

0

166

166

166

1
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Table S1 (continued).
2,4-Dimethyl-3pentanol (Johari and
Goldstein 1971)
Erythritol (O’Donnell
and Kearsley 2012;
Talja and Roos 2001)
1,2-Ethanediol (Takeda
et al. 1998; Angell and
Smith 1982)
Ethanol (Haida et al.
1977; Lesikar 1977; A.
V. Lesikar 1975; Arnold
V. Lesikar 1975;
Carpenter et al. 1967;
Faucher and Koleske
1966; Beaman 1952)
2-Ethyl-1-butanol
(Wang et al. 2008)
2-Ethyl-1,3-hexanediol
(Wang et al. 2008)
2-Ethyl-1-hexanol
(Wang and Richert
2007; Murthy 1996)
1,2,7-Heptanetriol
(Nakanishi and Nozaki
2011)
1-Heptanol (Lesikar
1977; Johari and
Goldstein 1971)
2-Heptanol (Koleske
and Faucher 1979)
3-Heptanol (Koleske
and Faucher 1979)
4-Heptanol (Koleske
and Faucher 1979)
1,5-Hexanediol (Wang
and Richert 2007)
2,5-Hexanediol (Wang
and Richert 2007)
1,2,6-Hexanetriol
(Nakanishi and Nozaki
2011; Dorfmüller et al.
1979)

1

0

193

193

193

1

4

0

230 ± 4

228.3

231

2

2

0

152.8 ± 0.6

152.6

153

2

1

0

97 ± 4

93

100

7

1

0

131.0

131.0

131.0

1

2

0

208.9

208.9

208.9

1

1

0

147 ± 4

146

148.9

1

3

0

200.3

200.3

200.3

1

1

0

142 ± 3

141.2

143

2

1

0

155

155

155

1

1

0

158

158

158

1

1

0

166

166

166

1

2

0

179.4

179.4

179.4

1

2

0

203.5

203.5

203.5

1

3

0

204 ± 6

201.9

206.4

2
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Table S1 (continued).
1-Hexanol (Arnold V.
Lesikar 1975; Koleske
and Faucher 1974)
2-Hexanol (Koleske and
Faucher 1979)
3-Hexanol (Koleske and
Faucher 1979)
Mannitol (Yu et al.
1998; Angell and Smith
1982)
Methanol (Angell and
Smith 1982; Lesikar
1977; A. V. Lesikar
1975; Arnold V. Lesikar
1975; Faucher and
Koleske 1966)
2-Methyl-1-butanol
(Wang et al. 2008;
Koleske and Faucher
1979)
2-Methyl-2-butanol
(Koleske and Faucher
1979)
2-Methyl-1-heptanol
(Koleske and Faucher
1979; Johari and
Goldstein 1971)
2-Methyl-2-heptanol
(Koleske and Faucher
1979)
2-Methyl-3-heptanol
(Johari and Goldstein
1971)
2-Methyl-2-hexanol
(Koleske and Faucher
1979)
2-Methyl-1-pentanol
(Koleske and Faucher
1979)
2-Methyl-2-pentanol
(Koleske and Faucher
1979)

1

0

134 ± 11

129.9

138

2

1

0

148

148

148

1

1

0

153

153

153

1

6

0

283 ± 3

282

283.9

2

1

0

105 ± 6

102.7

110

5

1

0

127 ± 10

123.6

131

2

1

0

154

154

154

1

1

0

151 ± 20

144

158

2

1

0

178

178

178

1

1

0

158

158

158

1

1

0

173

173

173

1

1

0

143

143

143

1

1

0

163

163

163

1
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Table S1 (continued).
2-Methyl-1,3propanediol (Jabrane et
al. 1998)
2-Methyl-1-propanol
(Murthy et al. 1993;
Koleske and Faucher
1979; A. V. Lesikar
1975; Johari and
Goldstein 1971)
2-Methyl-2-propanol
(Koleske and Faucher
1979)
3-Methyl-1-butanol
(Murthy et al. 1993; A.
V. Lesikar 1975;
Faucher and Koleske
1966)
3-Methyl-2-butanol
(Faucher and Koleske
1966)
3-Methyl-1,3,5pentanetriol (Nakanishi
and Nozaki 2011)
3-Methyl-2-pentanol
(Wang et al. 2008)
4-Methyl-1-heptanol
(Johari and Goldstein
1971)
4-Methyl-3-heptanol
(Wang and Richert
2007; Murthy 1996;
Johari and Goldstein
1971)
4-Methyl-4-heptanol
(Koleske and Faucher
1979)
4-Methyl-4-nonanol
(Koleske and Faucher
1979)
4-Methyl-4-octanol
(Koleske and Faucher
1979)

2

0

167.0

167.0

167.0

1

1

0

122 ± 11

116.5

127

4

1

0

180

180

180

1

1

0

123 ± 3

121.6

125

3

1

0

154

154

154

1

3

0

205.7

205.7

205.7

1

1

0

143.8

143.8

143.8

1

1

0

138

138

138

1

1

0

162 ± 3

160

162.8

3

1

0

170

170

170

1

1

0

185

185

185

1

1

0

178

178

178

1
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Table S1 (continued).
5-Methyl-3-heptanol
(Johari and Goldstein
1971)
5-Methyl-2-hexanol
(Wang et al. 2008)
6-Methyl-1-heptanol
(Johari and Goldstein
1971)
6-Methyl-2-heptanol
(Murthy 1996)
6-Methyl-3-heptanol
(Johari and Goldstein
1971)
1-Nonanol (Koleske and
Faucher 1979)
4-Nonanol (Koleske and
Faucher 1979)
1-Octanol (Lesikar
1977; Johari and
Goldstein 1971)
2-Octanol (Koleske and
Faucher 1979)
1,2-Pentanediol (Wang
and Richert 2007)
1,4-Pentanediol (Wang
and Richert 2007)
2,4-Pentanediol (Wang
and Richert 2007)
1-Pentanol (Lesikar
1977; A. V. Lesikar
1975; Arnold V. Lesikar
1975; Faucher and
Koleske 1966)
2-Pentanol (Koleske
and Faucher 1979)
3-Pentanol (Koleske
and Faucher 1979)
1,2-Propanediol (Wang
et al. 2008; Jabrane et
al. 1998; Angell and
Smith 1982; Johari and
Goldstein 1971)

1

0

159

159

159

1

1

0

152.1

152.1

152.1

1

1

0

140

140

140

1

1

0

159.0

159.0

159.0

1

1

0

159

159

159

1

1

0

153

153

153

1

1

0

175

175

175

1

1

0

149 ± 1

149

149.9

2

1

0

166

166

166

1

2

0

181

181

181

1

2

0

175.8

175.8

175.8

1

2

0

205

205

205

1

1

0

122 ± 3

120.8

124

4

1

0

140

140

140

1

1

0

143

143

143

1

2

0

170 ± 3

169

172

4
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Table S1 (continued).
1,3-Propanediol
(Jabrane et al. 1998;
Takeda et al. 1998)
1,2,3-Propanetriol
(Lienhard et al. 2012b;
Nakanishi and Nozaki
2011; Takeda et al.
1998; Angell and Smith
1982; Carpenter et al.
1967; Beaman 1952)
1-Propanol (Takahara et
al. 1994; Murthy et al.
1993; Lesikar 1977; A.
V. Lesikar 1975; Arnold
V. Lesikar 1975;
Carpenter et al. 1967;
Faucher and Koleske
1966; Beaman 1952)
2-Propanol (Murthy et
al. 1993; Koleske and
Faucher 1979; A. V.
Lesikar 1975)
Ribitol (Carpentier et al.
2003)
Sorbitol (Nakanishi and
Nozaki 2011; Talja and
Roos 2001; Shamblin et
al. 1999; Roos 1993;
Orford et al. 1990;
Angell and Smith 1982;
Angell et al. 1982)
Threitol (Nakanishi and
Nozaki 2011)
Xylitol (Nakanishi and
Nozaki 2011;
Carpentier et al. 2003;
Talja and Roos 2001;
Roos 1993; Orford et al.
1990)
Carbohydrates
Altrose (Slade and
Levine 1994)
Arabinose (Roos 1993;
Orford et al. 1990)

2

0

148 ± 8

144.6

150.4

2

3

0

189 ± 7

185

193

6

1

0

100 ± 7

93

109

8

1

0

119 ± 4

117

121

3

5

0

252

252

252

1

6

0

267 ± 7

264

273

7

4

0

226.3

226.3

226.3

1

5

0

249 ± 7

244

254

5

5

0

283.5

283.5

283.5

1

4

0

274 ± 8

271

277

2

270

Table S1 (continued).
Cellobiose (Pinto et al.
2010; Miller and de
Pablo 2000)
Fructose
(Wungtanagorn and
Schmidt 2001; Roos
1993; Orford et al.
1990)
Fucose (Roos 1993)
Galactose (Roos 1993;
Orford et al. 1990)
Gentiobiose (Pinto et al.
2010; Miller and de
Pablo 2000)
Glucose (Diogo and
Moura Ramos 2008;
Imamura et al. 2006;
Simperler et al. 2006;
Kawai et al. 2005;
Wungtanagorn and
Schmidt 2001; Miller
and de Pablo 2000;
Murthy et al. 1993;
Roos 1993; Orford et al.
1989, 1990; Chan et al.
1986; Beaman 1952)
Isomalt (O’Donnell and
Kearsley 2012)
Isomaltose (Imamura et
al. 2006; Orford et al.
1990)
Isomaltulose (Miller
and de Pablo 2000)
Kojibiose (Imamura et
al. 2006)
Lactose (Miller and de
Pablo 2000; Taylor and
Zografi 1998; Elamin et
al. 1995; SalekiGerhardt and Zografi
1994; Roos 1993)
Lactulose (Miller and de
Pablo 2000)

8

0

377 ± 13

372

381.3

2

5

0

277 ± 6

274.08

280

3

4
5

0
0

299
304 ± 3

299
303

299
305

1
2

8

0

367 ± 21

359

374.0

2

5

0

305 ± 13

290

311.4

12

8

0

307

307

307

1

8

0

351

351

351

2

8

0

342.1

342.1

342.1

1

8

0

359

359

359

1

8

0

379 ± 11

374

387

5

8

0

367.4

367.4

367.4

1
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Table S1 (continued).
Leucrose (Miller and de
Pablo 2000)
Levoglucosan (Tombari
and Johari 2015;
Lienhard et al. 2012a)
Lyxose (Singh et al.
2011)
Maltitol (Roos 1993)
Maltoheptaose
(Imamura et al. 2006)
Maltohexaose (Imamura
et al. 2006; Orford et al.
1990)
Maltopentaose
(Imamura et al. 2006;
Orford et al. 1989)
Maltose (Imamura et al.
2006; Kawai et al. 2005;
Miller and de Pablo
2000; Taylor and
Zografi 1998; Roos
1993; Orford et al.
1989, 1990)
Maltotetraose (Imamura
et al. 2006; Orford et al.
1989)
Maltotriose (Imamura et
al. 2006; Orford et al.
1990)
Mannobiose (Slade and
Levine 1994)
Mannose (Roos 1993;
Orford et al. 1990)
Melibiose (Miller and
de Pablo 2000; Roos
1993; Orford et al.
1990)
Nigerose (Imamura et
al. 2006)
Nystose (Slade and
Levine 1994)

8

0

362.7

362.7

362.7

1

3

0

248 ± 2

247.8

249.0

2

4

0

277.1

277.1

277.1

1

9
23

0
0

312
423

312
423

312
423

1
1

20

0

433 ± 42

418

448

2

17

0

427 ± 47

410

443

2

8

0

366 ± 11

360

373.8

7

14

0

411 ± 28

401

421

2

11

0

395 ± 34

383

407

2

8

0

363

363

363

2

5

0

304 ± 16

298

309

2

8

0

367 ± 17

358

374.5

3

8

0

362

362

362

1

14

0

350

350

350

1
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Table S1 (continued).
Raffinose (Lienhard et
al. 2012b; Moura
Ramos et al. 2005;
Buitink et al. 2000;
Miller and de Pablo
2000; Taylor and
Zografi 1998; Kajiwara
and Franks 1997;
Saleki-Gerhardt and
Zografi 1994)
Rhamnose (Roos 1993;
Orford et al. 1990)
Ribose (Roos 1993;
Orford et al. 1990)
Sorbose (Roos 1993)
Stachyose (Buitink et al.
2000)
Sucrose (Simperler et
al. 2006; Kawai et al.
2005; Miller and de
Pablo 2000; Buitink et
al. 2000; Shamblin et al.
1999; Taylor and
Zografi 1998; Elamin et
al. 1995; SalekiGerhardt and Zografi
1994; Murthy et al.
1993; Roos 1993; Tiers
1993; Orford et al.
1990)
Talose (Slade and
Levine 1994)
Trehalose (Imamura et
al. 2006; Simperler et
al. 2006; Kawai et al.
2005; Miller and de
Pablo 2000; Buitink et
al. 2000; Shamblin et al.
1999; Taylor and
Zografi 1998; Miller et
al. 1997; Crowe et al.
1996; Saleki-Gerhardt
and Zografi 1994; Roos
1993)

11

0

379 ± 8

375

387

7

4

0

283 ± 48

266

300

2

4

0

258 ± 13

253

262

2

5
14

0
0

292
396

292
396

292
396

1
1

8

0

341 ± 18

319

351

12

5

0

284.7

284.7

284.7

1

8

0

383 ± 14

370

391

11
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Table S1 (continued).
Turanose (Miller and de 8
0
Pablo 2000; Slade and
Levine 1994)
Xylose (Roos 1993;
4
0
Orford et al. 1990)
Carboxylic Acids and Hydroxyacids
1,2,43
0
Butanetricarboxylic acid
(Koop et al. 2011)
Citric acid (Lienhard et 3
1
al. 2012b; Hoppu et al.
2009; Lu and Zografi
1997; Maltini et al.
1997; Timko and Lordi
1979)
Lactic acid (Maltini et
1
1
al. 1997; Beaman 1952)
Malic acid (Curtin et al. 2
1
2013; Maltini et al.
1997)
3-Methyl-1,2,33
0
Butanetricarboxylic acid
(Dette et al. 2014)
Pinic acid (Koop et al.
2
0
2011)
1,2,33
0
Propanetricarboxylic
acid (Koop et al. 2011)
Tartaric acid (Lienhard 2
2
et al. 2012a; Maltini et
al. 1997)

343 ± 51

325

361.4

2

283 ± 10

279

286

2

269.6

269.6

269.6

1

282 ± 5

279

285.5

5

207 ± 18

200

213

2

255 ± 8

252

258

2

305

305

305

1

268.1

268.1

268.1

1

268.9

268.9

268.9

1

288 ± 10

284.1

291

2
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Table S2. Summary of literature viscosity data utilized, literature-derived viscosity values at 298.15 K used in functionalization
sensitivity calculations, and model-estimated viscosity values at 298.15 K.
Compound

Alkanes
n-Propane (Diller 1982; Rossini et al. 1953)
n-Butane (Rossini et al. 1953)
n-Pentane (Aucejo et al. 1995; De Soria, Maria et
al. 1988; Wei and Rowley 1984; Rossini et al.
1953; Batschinski 1913; Thorpe and Rodger 1894)
n- Hexane(Dubey et al. 2008; Baluja et al. 2005;
Nayak et al. 2003; Peng and Tu 2002; Comelli et al.
2002; Postigo et al. 2001; Chowdhury et al. 2001;
Sastry and Raj 1996; Aminabhavi and
Gopalakrishna 1996; Aminabhavi et al. 1996;
Rived et al. 1995; Aucejo et al. 1995; Franjo et al.
1995; Oswal and Patel 1992; Knapstad et al. 1989;
Wei and Rowley 1984; Johari 1968; Rossini et al.
1953; Batschinski 1913; Thorpe and Rodger 1894)
n-Heptane (Živković et al. 2010; Peng and Tu
2002; Matos et al. 1996; Sastry and Raj 1996;
Sastry and Valand 1996; Aminabhavi and
Gopalakrishna 1996; Aminabhavi et al. 1996;
Aucejo et al. 1995; Blanco et al. 1993; Fermeglia et
al. 1990; Knapstad et al. 1989; Celda et al. 1987;
Rossini et al. 1953; Batschinski 1913; Thorpe and
Rodger 1894)

Min T
(K)

Max T
(K)

Min η
(Paꞏs)

Max η Data
(Paꞏs) points

Uniqu
e T (a)

η
@298.15
K
(Paꞏs)(b)

Model η
@298.15
K (Paꞏs)
(c)

83.15
300
0.0001 0.014
183.15 268.15 0.0002 0.001
143.15 308.15 0.0002 0.004

54
17
48

54
17
41

0.0001
0.0002(d)
0.0002

N/A
N/A
0.0002

178.15

338.15

0.0002

0.003

85

44

0.0003

0.0003

183.15

368.15

0.0002

0.004

92

52

0.0004

0.0004
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Table S2 (continued).
n-Octane (Estrada-Baltazar et al. 2013; Živković et
al. 2010; Dubey et al. 2008; González et al. 2003,
2004; Trenzado et al. 2001; Aminabhavi and
Gopalakrishna 1996; Aminabhavi et al. 1996;
Aucejo et al. 1995; Oswal and Patel 1992;
Knapstad et al. 1989; Rossini et al. 1953;
Batschinski 1913; Thorpe and Rodger 1894)
n-Nonane (Živković et al. 2010; Aminabhavi and
Gopalakrishna 1996; Aminabhavi et al. 1996;
Matos et al. 1996; Aucejo et al. 1995; Celda et al.
1987; Rossini et al. 1953; Bingham and Fornwalt
1930)
n-Decane (Qin et al. 2014; Živković et al. 2010;
Dubey et al. 2008; Fang et al. 2008; González et al.
2003, 2004; Trenzado et al. 2001; Aminabhavi and
Gopalakrishna 1996; Aminabhavi et al. 1996;
Aucejo et al. 1995; Knapstad et al. 1989; Celda et
al. 1987; Rossini et al. 1953; Mumford and Phillips
1950; Bingham and Fornwalt 1930)
n-Undecane (Aucejo et al. 1995; Celda et al. 1987;
Rossini et al. 1953; Bingham and Fornwalt 1930)
n-Dodecane (González et al. 2003, 2004; Trenzado
et al. 2001; Aminabhavi and Gopalakrishna 1996;
Aucejo et al. 1995; Knapstad et al. 1989; Celda et
al. 1987; American Petroleum Institute 1967;
Rossini et al. 1953; Bingham and Fornwalt 1930)
n-Tridecane (American Petroleum Institute 1967;
Rossini et al. 1953)
n-Tetradecane (Knapstad et al. 1989; American
Petroleum Institute 1967; Rossini et al. 1953)

218.15

398.15

0.0002

0.0021

98

50

0.0005

0.0004

218.15

423.15

0.0002

0.0035

62

43

0.0007

0.0007

243.15

443.15

0.0002

0.0026

109

46

0.0009

0.0008

248.15

468.15

0.0002

0.0032

55

45

0.0011

0.0011

263.15

488.15

0.0002

0.0029

84

52

0.0014

0.0013

268.15

508.15

0.0002

0.0034

54

51

0.0017

0.0016

278.15

523.15

0.0002

0.0033

64

54

0.0021

0.0020
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Table S2 (continued).
n-Pentadecane (American Petroleum Institute 1967;
Rossini et al. 1953)
n-Hexadecane (Luning Prak et al. 2014; Dubey and
Sharma 2008; Aucejo et al. 1995; Celda et al. 1987;
American Petroleum Institute 1967; Rossini et al.
1953; Mumford and Phillips 1950)
n-Heptadecane (American Petroleum Institute
1967; Rossini et al. 1953)
n-Octadecane (American Petroleum Institute 1967;
Rossini et al. 1953)
n-Nonadecane (Chu et al. 1986; American
Petroleum Institute 1967; Rossini et al. 1953)
n-Eicosane (American Petroleum Institute 1967;
Rossini et al. 1953)

283.15

543.15

0.0002

0.0037

57

55

293.15

558.15

0.0002

0.0035

73

56

293.15

573.15

0.0002

0.0042

60

59

303.15

588.15

0.0002

0.0039

61

60

303.15

598.15

0.0002

0.0046

71

62

308.15

613.15

0.0002

0.0047

65

64

0.0025 ±
0.0001
0.0030 ±
0.0001

0.0024

0.0036 ±
0.0001
0.0041 ±
0.0001(d)
0.0048 ±
0.0001(d)
0.0056 ±
0.0002(d)

0.0035

0.0029

0.0041
0.0048
0.0055
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Table S2 (continued).
Alcohols
98.5
1-Propanol (Wang et al. 2015; Bajić et al. 2014;
Zhang et al. 2014; Zhu et al. 2014; Estrada-Baltazar
et al. 2013; Kijevčanin et al. 2013; Cano-Gómez et
al. 2012; Dash et al. 2012; Belda Maximino 2009;
Awwad et al. 2008; González et al. 2006, 2008;
Nain 2008; Gurung and Roy 2006; Yang et al.
2006a; Djojoputro and Ismadji 2005a; Oswal et al.
2005; Roy et al. 2005; Saleh et al. 2004, 2005; van
Miltenburg and van den Berg 2004; Pal and Kumar
2004; Romano et al. 2003; George et al. 2002; Tu
et al. 2000; Pal and Dass 2000; Shan and Asfour
1999; Akhtar et al. 1999; Aminabhavi et al. 1999;
de Ruiz Holgado et al. 1999; M. I. Aralaguppi et al.
1999; Kumagai and Yokoyama 1998; Oswal and
Desai 1998; Sastry and Valand 1998; Lee et al.
1997; M.M. El-Banna 1997; Aminabhavi and
Gopalakrishna 1995; Papaioannou and Panayiotou
1995; Assael and Polimatidou 1994; Tejraj M.
Aminabhavi et al. 1993a; Crabtree and O’Brien
1991; Garcia et al. 1991; Paez and Martin 1989;
Pikkarainen 1983, 1988; Rauf et al. 1983; Won et
al. 1981; D’Aprano et al. 1979; Hutzler et al. 1972;
Johari 1968; Mikhail and Kimel 1963; Mumford
and Phillips 1950; Dunstan et al. 1914; Thorpe and
Rodger 1894)

368.74

0.0005

3.17e10 199

43

0.0020 ±
0.0001

0.0016

278

Table S2 (continued).
2-Propanol (Mesquita et al. 2014; Almasi and
Sarkoohaki 2012; Hoga and Tôrres 2011; Doghaei
et al. 2010; Belda Maximino 2009; Iloukhani and
Almasi 2009; Awwad et al. 2008; Iloukhani et al.
2006; Yang et al. 2006b; Oswal et al. 2005; Saleh
et al. 2005; Weng et al. 2005; González et al. 2003;
Martín Contreras 2001; Pal and Dass 2000; Canosa
et al. 1998a; Nikam et al. 1996; Sovilj 1995; Lee
and Lin 1995; Paez and Martin 1989; Pikkarainen
1983)

293

343.15

0.0006

0.0024

65

9

0.0020 ±
0.0001

0.0014
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Table S2 (continued).
1-Butanol (Spasojević et al. 2014; Bajić et al. 2014;
Knežević-Stevanović et al. 2014; Estrada-Baltazar
et al. 2013; Faria et al. 2013; Torín-Ollarves et al.
2013; Cano-Gómez et al. 2012; Dash et al. 2012;
Domańska et al. 2012; Dubey and Kumar 2011;
Domańska and Żołek-Tryznowska 2010; Oswal
and Ijardar 2009; Awwad et al. 2008; Clará et al.
2008; Dubey and Sharma 2008; Dubey et al. 2008;
Gardas and Oswal 2008; González et al. 2006;
Gurung and Roy 2006; Yang et al. 2006a; Ansón et
al. 2005; Baragi et al. 2005b; Oswal et al. 2005;
Roy et al. 2005; Saleh et al. 2004, 2005; Vallés et
al. 2004; de Ruiz Holgado et al. 2002; George et al.
2002; Indraswati et al. 2001a; Martínez et al. 2000;
Mussari et al. 2000; Pan et al. 2000; Sastry and
Patel 2000; Shan and Asfour 1998, 1999;
Aminabhavi et al. 1999; M. I. Aralaguppi et al.
1999; W. Weng 1999; Liau et al. 1998; Oswal and
Desai 1998; Sastry and Valand 1998; M.M. ElBanna 1997; Artigas et al. 1995, 1996; Domínguez
et al. 1996; Aminabhavi and Gopalakrishna 1995;
Franjo et al. 1995; Papaioannou and Panayiotou
1995; Assael and Polimatidou 1994; Rodriguez et
al. 1994; Aminabhavi and Raikar 1993; Tejraj M.
Aminabhavi et al. 1993a; Garcia et al. 1991;
Fermeglia and Lapasin 1988; Pikkarainen 1983,
1988; Rauf et al. 1983; D’Aprano et al. 1979;
Dakshinamurty et al. 1973; Thayumanasundaram
and Rao 1970; Mumford and Phillips 1950; Thorpe
and Rodger 1894)

273.42

387.26

0.0004

0.0052

213

29

0.0026 ±
0.0001

0.0023
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Table S2 (continued).
2-Butanol (Mesquita et al. 2014; Spasojević et al.
2014; Bravo-Sanchez et al. 2013; Živković et al.
2013; Almasi and Sarkoohaki 2012; Doghaei et al.
2010; Iloukhani and Almasi 2009; Awwad et al.
2008; Iloukhani et al. 2006; Oswal et al. 2005;
Ansón et al. 2005; González et al. 2004; Martínez
et al. 2000; Mussari et al. 2000; W. L. Weng 1999;
Canosa et al. 1998a; Sovilj 1995; Lafuente et al.
1994)
1-Pentanol (Wang et al. 2015; Caro et al. 2013;
Estrada-Baltazar et al. 2013; Faria et al. 2013;
Cano-Gómez et al. 2012; Almasi and Iloukhani
2010a; Sah et al. 2010; Gardas and Oswal 2008;
Al-Hayan and Abdul-Latif 2006; Gurung and Roy
2006; Yang et al. 2006a; Oswal et al. 2005; AlJimaz et al. 2004; Saleh et al. 2004; Romano et al.
2003; de Ruiz Holgado et al. 2002; George et al.
2002; Indraswati et al. 2001a; Pal and Dass 2000;
Sastry and Patel 2000; Shan and Asfour 1998,
1999; Tsierkezos and Molinou 1999; Aminabhavi
et al. 1999; W. Weng 1999; M. I. Aralaguppi et al.
1999; Weng et al. 1999b; Sastry and Valand 1996,
1998; Oswal and Desai 1998; M.M. El-Banna
1997; Mohamed M. El-Banna 1997; Tejraj M.
Aminabhavi et al. 1993a; Aminabhavi and Raikar
1993; Riggio et al. 1986, 1992; Garcia et al. 1991;
D’Aprano et al. 1979, 1989; Mumford and Phillips
1950)

288.15

343.15

0.0008

0.0046

70

12

0.0031 ±
0.0001

0.0023

223.15

402.95

0.0004

0.1010

142

28

0.0035

0.0032
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Table S2 (continued).
2-Pentanol (Almasi 2013; Almasi and Sarkoohaki
288.15
2012; Almasi and Iloukhani 2010a; Iloukhani and
Almasi 2009; González et al. 2004, 2006; Oswal et
al. 2005; Akhtar et al. 2002; Weng et al. 1999a,
1999b, Riggio et al. 1986, 1992; Shinomiya 1989;
D’Aprano et al. 1982, 1981)
3-Pentanol (Almasi and Iloukhani 2010a; Akhtar et 288.15
al. 2002; Weng et al. 1999a; Shinomiya 1989;
D’Aprano et al. 1982)
278
1-Hexanol (Wang et al. 2015; Bajić et al. 2014;
Domańska et al. 2012; Domańska and ŻołekTryznowska 2010; Dubey and Kumar 2010;
Habibullah et al. 2010b, 2010a; Subhash C Bhatia
et al. 2009; Al-Jimaz et al. 2004, 2007; Al-Hayan
and Abdul-Latif 2006; Gurung and Roy 2006;
Oswal et al. 2005; Saleh et al. 2004; George et al.
2002; Casas et al. 2001; Chowdhury et al. 2001;
Indraswati et al. 2001b; Shan and Asfour 1999;
Aminabhavi et al. 1999; M. I. Aralaguppi et al.
1999; Oswal and Desai 1999; W. Weng 1999;
Sastry and Valand 1996, 1998; Lee et al. 1997;
M.M. El-Banna 1997; Mohamed M. El-Banna
1997; Aucejo et al. 1996; Hoyuelos et al. 1996; De
Lorenzi et al. 1995; Franjo et al. 1995; Rodriguez et
al. 1994; Aminabhavi and Raikar 1993; Tejraj M.
Aminabhavi et al. 1993a; Liew et al. 1993; Matsuo
and Makita 1989; Singh and Sinha 1985; D’Aprano
et al. 1979; Mumford and Phillips 1950; Hovorka et
al. 1938; Dunstan et al. 1914)

323.15

0.0015

0.0053

38

8

0.0034

0.0037

323.15

0.0015

0.0083

13

7

0.0047 ±
0.0001

0.0037

428.15

0.0003

0.0089

150

24

0.0045

0.0045
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Table S2 (continued).
2-Hexanol (Almasi 2013; Iloukhani and Almasi
2009; Weng et al. 2005; Weng and Chen 2004;
Aucejo et al. 1996; Shinomiya 1989; Hovorka et al.
1938)
3-Hexanol (Weng and Chen 2004; Aucejo et al.
1996; Shinomiya 1989; Hovorka et al. 1938)
1-Heptanol (Wang et al. 2015; Cao et al. 2014;
Faria et al. 2013; Habibullah et al. 2013; Domańska
and Królikowska 2010; Al-Jimaz et al. 2004, 2007;
Hasan et al. 2007; Al-Hayan and Abdul-Latif 2006;
Oswal et al. 2005; Saleh et al. 2004; Sastry and
Patel 2000; Shan and Asfour 1999; M. I.
Aralaguppi et al. 1999; W. Weng 1999; Sastry and
Valand 1996, 1998; Oswal and Desai 1998; M.M.
El-Banna 1997; Mohamed M. El-Banna 1997;
Sastry and Raj 1996; Hoyuelos et al. 1996;
Aminabhavi and Raikar 1993; Tejraj M.
Aminabhavi et al. 1993a; Rauf et al. 1983;
Mumford and Phillips 1950; Dunstan et al. 1914)
2-Heptanol (Almasi 2013; Almasi and Sarkoohaki
2012; Almasi and Iloukhani 2010b; Iloukhani and
Almasi 2009; Weng et al. 2005; Shinomiya 1989)
3-Heptanol (Shinomiya 1989)
4-Heptanol (Shinomiya 1989)

278.15

408.15

0.0004

0.0107

29

18

0.0041 ±
0.0001

0.0034

278.15

398.15

0.0003

0.0170

20

16

0.0034

283.15

363.15

0.0010

0.0101

86

14

0.0048 ±
0.0001
0.0059 ±
0.0001

288.15

323.15

0.0023

0.0084

19

7

0.0053 ±
0.0001

0.0048

288.15

308.15

0.0035

0.0092

3

3

0.0048

288.15

308.15

0.0035

0.0092

3

3

0.0055 ±
0.0012
0.0056 ±
0.0007

0.0062

0.0048
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Table S2 (continued).
1-Octanol (Caro et al. 2013; Faria et al. 2005, 2013;
Bhattacharjee and Roy 2010; Domańska and
Królikowska 2010; Dubey and Kumar 2010;
Subhash C. Bhatia et al. 2009; Al-Jimaz et al. 2004,
2007; Hasan et al. 2007; Al-Hayan and Abdul-Latif
2006; Gurung and Roy 2006; Saleh et al. 2004; Ali
et al. 2004; Romano et al. 2003; Trenzado et al.
2003; Pan et al. 2000; Shan and Asfour 1998, 1999;
W. Weng 1999; Sastry and Valand 1996, 1998;
Oswal and Desai 1998; Lee et al. 1997; M.M. ElBanna 1997; Mohamed M. El-Banna 1997;
Hoyuelos et al. 1996; Franjo et al. 1995; Liew et al.
1993; Singh et al. 1990; Matsuo and Makita 1989;
Rauf et al. 1983; Mumford and Phillips 1950;
Bingham and Darrall 1930; Dunstan et al. 1914)
2-Octanol (Bhatia et al. 2011; Oswal et al. 2005;
Weng et al. 2005; Aminabhavi and Raikar 1993;
Tejraj M. Aminabhavi et al. 1993a; Shinomiya
1989; Bingham and Darrall 1930)
3-Octanol (Shinomiya 1989; Bingham and Darrall
1930)
4-Octanol (Shinomiya 1989; Bingham and Darrall
1930)
1-Nonanol (Domańska and Królikowska 2010;
Zorębski and Lubowiecka-Kostka 2009; Al-Jimaz
et al. 2007, 2004; Faria et al. 2005; Saleh et al.
2004; Shan and Asfour 1998, 1999; Hoyuelos et al.
1996; Matsuo and Makita 1989; Rauf et al. 1983)
2-Nonanol (Shinomiya 1989)

273.37

373.34

0.0011

0.0206

125

19

0.0075 ±
0.0001

0.0084

273.41

373.42

0.0008

0.0219

24

12

0.0063 ±
0.0002

0.0068

273.32

373.01

0.0005

0.0108

12

11

0.0068

273.29

373.32

0.0006

0.0154

11

11

283.15

348.15

0.0023

0.0174

43

12

0.0036 ±
0.0011
0.055 ±
0.0009
0.0095 ±
0.0001

288

308

0.0056

0.0138

3

3

0.0085 ±
0.0013

0.0097

0.0068
0.0116
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Table S2 (continued).
3-Nonanol (Shinomiya 1989)

288.15

308.15

0.0052

0.0133

3

3

4-Nonanol (Shinomiya 1989)

288.15

308.15

0.0053

0.0135

3

3

5-Nonanol (Shinomiya 1989)

288.15

308.15

0.0057

0.0150

3

3

1-Decanol (Faria et al. 2005, 2013; Domańska and 283.15 358.15 0.0019 0.0221
Królikowska 2010; Dubey and Kumar 2010; Mehra
and Gaur 2008; Al-Jimaz et al. 2004, 2007; Hasan
et al. 2007; Al-Hayan and Abdul-Latif 2006; Oswal
et al. 2005; Saleh et al. 2004; Ali et al. 2004;
Postigo et al. 2001; Pan et al. 2000; Shan and
Asfour 1998, 1999; Oswal and Desai 1998; Sastry
and Valand 1996, 1998; Hoyuelos et al. 1996; Liew
et al. 1993; Bravo et al. 1991; Matsuo and Makita
1989; Rathmann et al. 1956; Kuss 1955)
2-Decanol (Shinomiya 1989)
288
308
0.0068 0.0173

88

18

3

3

3-Decanol (Shinomiya 1989)

288.15

308.15

0.0063

0.0165

3

3

4-Decanol (Shinomiya 1989)

288.15

308.15

0.0063

0.0163

3

3

5-Decanol (Shinomiya 1989)

288.15

308.15

0.0069

0.0181

3

3

1-Undecanol (Faria et al. 2005; Saleh et al. 2004;
Shan and Asfour 1998, 1999; Gaikwad and
Subrahmanyam 1988; Kuss 1955)

293.15

358.15

0.0022

0.0173

28

13

0.0081 ±
0.0012
0.0083 ±
0.0006
0.0090 ±
0.0010
0.0117 ±
0.0001

0.0097

0.0105 ±
0.0015
0.0099 ±
0.0015
0.0099 ±
0.0011
0.0109 ±
0.0010
0.0139 ±
0.0002

0.0139

0.0097
0.0097
0.0162

0.0139
0.0139
0.0139
0.0365
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Table S2 (continued).
1-Dodecanol (Oswal et al. 2005; Saleh et al. 2004;
Sastry and Valand 1996, 1998; Liew et al. 1993;
Matsuo and Makita 1989; Gaikwad and
Subrahmanyam 1988; Geiseler et al. 1962;
Rathmann et al. 1956)
2-Dodecanol (Geiseler et al. 1962)

293

263

0.0021

0.0192

54

27

0.0161 ±
0.0003

0.0113

293.15

363.15

0.0017

0.0184

15

15

0.0298

3-Dodecanol (Geiseler et al. 1962)

293.15

363.15

0.0013

0.0115

15

15

4-Dodecanol (Geiseler et al. 1962)

303.15

363.15

0.0014

0.0096

13

13

5-Dodecanol (Geiseler et al. 1962)

293.15

363.15

0.0014

0.0169

15

15

6-Dodecanol (Geiseler et al. 1962)

303.15

363.15

0.0015

0.0122

13

13

353

0.0034

0.0122

24

9

0.0144 ±
0.0001
0.0092 ±
0.0001
0.0121 ±
0.0002(d)
0.0135 ±
0.0002
0.0157 ±
0.0003(d)
0.0206 ±
0.0033(d)

573

0.0003

0.0096

19

11

0.0321 ± 0.0283
0.0040(d)

420.85

0.0010

1.32e9

97

35

0.0515 ±
0.0046

1-Tetradecanol (Liew et al. 1993; Matsuo and
313
Makita 1989; Gaikwad and Subrahmanyam 1988;
Rathmann et al. 1956)
1-Hexadecanol (Matsuo and Makita 1989; Gaikwad 328
and Subrahmanyam 1988; Rathmann et al. 1956;
Boelhouwer et al. 1951; Dunstan et al. 1914)
Diols
1,2-Propanediol (Domańska et al. 2014; Živković et 167.5
al. 2014; Kijevčanin et al. 2013; Bajić et al. 2012;
Tsai et al. 2009; Belda Maximino 2009; Nain 2008;
Parsa and Haghro 2008; Sun and Teja 2004; Sastry
and Patel 2003; George and Sastry 2003; Yang et
al. 2003; Naidu et al. 2002; Kapadi et al. 2001;
Saleh et al. 1999; Tanaka et al. 1988; Hutzler et al.
1972; Mellan 1962)

0.0298
0.0298
0.0298
0.0298
0.0183

0.0905
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Table S2 (continued).
1,3-Propanediol (Domańska et al. 2014; Živković et
al. 2014; Kijevčanin et al. 2013; Bajić et al. 2012;
Belda Maximino 2009; Mehta et al. 2008; George
and Sastry 2003; Lech et al. 2001; Bleazard et al.
1996)
1,2-Butanediol (Domańska et al. 2014; Mehta et al.
2009; Parsa and Haghro 2008; George and Sastry
2003; Jadzyn et al. 2002; Saleh et al. 1999;
Hawrylak et al. 1998; Piekarski et al. 1995; Sun et
al. 1992)
1,4-Butanediol (Mehta et al. 2009; Yang et al.
2004; George and Sastry 2003; Lech et al. 2001;
Saleh et al. 1999; Hawrylak et al. 1998; Piekarski et
al. 1995; Sun et al. 1992)
2,3-Butanediol (Domańska et al. 2014; Mehta et al.
2009; George and Sastry 2003; Kapadi et al. 2003;
Saleh et al. 1999; Hawrylak et al. 1998; Piekarski et
al. 1995; Sun et al. 1992)
1,2-Pentanediol (Parsa and Haghro 2008; Jadzyn et
al. 2002)
1,5-Pentanediol (Domańska et al. 2014; Mehta et
al. 2008; Lech et al. 2001; Bleazard et al. 1996)
1,2-Hexanediol (Parsa and Haghro 2008; Jadzyn et
al. 2002)
1,6-Hexanediol (Lech et al. 2001; Bleazard et al.
1996)
1,7-Heptanediol (Lech et al. 2001)

288.15

420.8

0.0014

0.0681

61

32

0.0411 ±
0.0007

0.0144

283.6

422.8

0.0009

0.1060

72

50

0.0463 ±
0.0031

0.1828

293.15

422.9

0.0016

0.0903

55

32

0.0700 ±
0.0011

0.0193

295.6

422.9

0.0007

0.1239

35

18

0.0834 ±
0.0238

283.9

363.9

0.0014

0.1184

39

37

293.4

433

0.0015

0.1128

33

29

283.9

363.8

0.0022

0.1480

39

37

312.2

433.2

0.0016

0.0626

20

20

293.4

359.3

0.0115

0.1771

20

20

1,2-Octanediol (Jadzyn et al. 2002)

307.4

361.5

0.0033 0.0430

24

24

0.0476 ±
0.015
0.0947 ±
0.024
0.0572 ±
0.006
0.1280 ±
0.0047(d)
0.1379 ±
0.0013
0.0718 ±
0.0019(d)

0.3489
0.0245
0.2408
0.0302
0.0362
0.6041

287

Table S2 (continued).
1,8-Octanediol (Lech et al. 2001; Bleazard et al.
1996)
1,9-Nonanediol (Lech et al. 2001; Bleazard et al.
1996)
1,2-Decanediol (Jadzyn et al. 2002)
1,10-Decanediol (Lech et al. 2001; Li et al. 1999;
Bleazard et al. 1996; Boelhouwer et al. 1951)
1,2-Dodecanediol (Jadzyn et al. 2002)
Triols
1,2,3-Propanetriol (Kijevčanin et al. 2013; Ge et al.
2010; Belda Maximino 2009; Kwon and Pallerla
2000; Hutzler et al. 1972; Mellan 1962; Segur and
Oberstar 1951; Sheely 1932)
1,2,4-Butanetriol (Mellan 1962)
1,2,6-Hexanetriol (Aldrich Chemical Company
1996; Mellan 1962; Meister et al. 1960)
Higher-Order Hydroxylated Compounds
Sorbitol (Angell et al. 1982)
Sucrose (Rothfuss and Petters 2016)
1-Caboxylic Acids
Propanoic acid (Ahluwalia et al. 2013; Parveen et
al. 2012; Rattan et al. 2002; Cases et al. 2001;
Singh et al. 1995; Subha and Rao 1988; Kohler et
al. 1981; Dunstan 1915; Dunstan et al. 1914;
Thorpe and Rodger 1894)

0.1743 ±
0.0333(d)
0.1860 ±
0.0097(d)
0.0974 ±
0.0038(d)
0.4035 ±
0.2128(d)
0.2475 ±
0.0769(d)

0.0427

57

1.0155 ±
0.1079

2.4791

1
16

1
13

1.2270(e)
1.5447 ±
0.0408

4.4122
3.0022

3500

7

7

6e5

8e7

8

8

2.8 x 104
± 0.4 x
104
N/A

N/A

0.0003

0.0014

38

20

0.0010

0.0011

331

433

0.0016

0.0329

21

20

314.6

432.8

0.0017

0.0774

29

29

319.1

363.8

0.0041

0.0312

20

20

345.2

513

0.0005

0.0220

24

19

330.3

363.7

0.0064

0.0242

19

19

192.5

373

0.0148

6.08e09 76

298
253

298
312

1.2270 1.2270
0.5190 302.77

308

366

2.7

327.02

342.72

277.85

410.2

0.0504
1.4726
0.0607
0.9539
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Table S2 (continued).
Butanoic acid (Ahluwalia et al. 2013; Roy et al.
2006; Wanchoo and Narayan 1994; Gros and Feuge
1952; Mumford and Phillips 1950; Dunstan 1915;
Dunstan et al. 1914; Thorpe and Rodger 1894)
Pentanoic acid (Mumford and Phillips 1950;
Dunstan 1915; Dunstan et al. 1914)
Hexanoic acid (Ghatee et al. 2013; Gros and Feuge
1952; Mumford and Phillips 1950; Dunstan 1915;
Dunstan et al. 1914)
Heptanoic acid (Bingham and Fornwalt 1930;
Dunstan 1915; Dunstan et al. 1914)
Octanoic acid (Liew et al. 1991; Gros and Feuge
1952; Mumford and Phillips 1950; Dunstan et al.
1914)
Nonanoic acid (Noureddini et al. 1992; Berchiesi et
al. 1976; Mumford and Phillips 1950; Dunstan
1915; Dunstan et al. 1914)
Decanoic acid (Noureddini et al. 1992; Liew et al.
1991; Berchiesi et al. 1976; Gros and Feuge 1952;
Dunstan et al. 1914)
Dodecanoic acid (Noureddini et al. 1992; Liew et
al. 1991; Gaikwad and Subrahmanyam 1988;
Berchiesi et al. 1976; Fernandez-Martin and
Montes 1976; Gros and Feuge 1952; Bingham and
Fornwalt 1930; Dunstan 1915; Dunstan et al. 1914)
Tetradecanoic acid (Noureddini et al. 1992; Liew et
al. 1991; Gaikwad and Subrahmanyam 1988;
Berchiesi et al. 1976; Fernandez-Martin and
Montes 1976; Gros and Feuge 1952; Dunstan 1915;
Dunstan et al. 1914)

276.36

428.91

0.0003

0.0021

28

21

0.0014 ±
0.0001

0.0013

289.65

363.15

0.0008

0.0024

10

6

0.0023

288.25

373.15

0.0009

0.0036

19

12

0.0020 ±
0.0001
0.0028 ±
0.0001

284.15

393.15

0.0008

0.0055

16

13

0.0039

293.15

363.15

0.0013

0.0061

14

9

0.0038 ±
0.0001
0.0052 ±
0.0002

289.7

384.15

0.0014

0.0090

26

20

0.0070 ±
0.0002

0.0062

308.15

384.15

0.0016

0.0068

24

16

0.0094 ±
0.0007(d)

0.0078

319.15

433.15

0.0010

0.0075

41

23

0.0143 ±
0.0009(d)

0.0117

329.15

384.15

0.0028

0.0082

26

14

0.0254 ±
0.0098(d)

0.0168

0.0030

0.0049
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Table S2 (continued).
Hexadecanoic acid (Cedeño González et al. 1999;
Noureddini et al. 1992; Gaikwad and
Subrahmanyam 1988; Berchiesi et al. 1976;
Fernandez-Martin and Montes 1976; Gros and
Feuge 1952; Dunstan 1915; Dunstan et al. 1914)
Octadecanoic acid (Cedeño González et al. 1999;
Noureddini et al. 1992; Gaikwad and
Subrahmanyam 1988; Berchiesi et al. 1976;
Fernandez-Martin and Montes 1976; Gros and
Feuge 1952; Boelhouwer et al. 1951; Bingham and
Fornwalt 1930; Dunstan 1915; Dunstan et al. 1914)
Aldehydes
Propanal (Chaudhuri et al. 1968; Friend and
Hargreaves 1944)
Butanal (Chaudhuri et al. 1968; Friend and
Hargreaves 1944)
Hexanal (Djojoputro and Ismadji 2005b)
Octanal (Djojoputro and Ismadji 2005b; Chaudhuri
et al. 1968)
Nonanal (Djojoputro and Ismadji 2005b)
Decanal (Djojoputro and Ismadji 2005b)

338.15

384.15

0.0035

0.0089

26

13

0.0454 ±
0.0196(d)

0.0232

340.7

573.15

0.0004

0.0105

40

24

0.0370 ±
0.0030(d)

0.0320

288.55

317.55

0.0003

0.0004

7

7

0.0003

291.5

345.35

0.0003

0.0005

6

6

298.15 318.15 0.0006 0.0008
293.87 318.15 0.0010 0.0013

3
4

3
4

298.15 318.15 0.0011 0.0014
298.15 318.15 0.0013 0.0016

3
3

3
3

0.0003 ±
0.0001
0.0005 ±
0.0001
0.0008
0.0012 ±
0.0001
0.0014
0.0016 ±
0.0001

0.0004
0.0007
0.0011
0.0014
0.0017
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Table S2 (continued).
Ketones
Propanone (Gowrisankar et al. 2014; Wu et al.
2014; Rajagopal and Chenthilnath 2010; González
et al. 2005; Jain and Singh 2004; Kinart et al. 2002;
Peng and Tu 2002; Tsierkezos and Molinou 1999;
Petrino et al. 1995; De Lorenzi et al. 1995; Wei and
Rowley 1984; Prakash et al. 1980; Hafez and
Hartland 1976; Yergovich et al. 1971; Johari 1968;
Howard and McAllister 1958; Batschinski 1913;
Thorpe and Rodger 1894)
Butanone (Gowrisankar et al. 2014; KneževićStevanović et al. 2014; Wu et al. 2014; Habibullah
et al. 2011; Rahman et al. 2011; Rajagopal and
Chenthilnath 2010; Almasi and Iloukhani 2010a;
Clará et al. 2008; Roy et al. 2007; Singh et al.
2005; González et al. 2005; Ku and Tu 2005; Wang
et al. 2003; Peng and Tu 2002; Martínez et al.
2000; de Ruiz Holgado et al. 1996; De Lorenzi et
al. 1995; Petrino et al. 1995; Wanchoo and Narayan
1994; Lee and Wei 1992; Rao and Reddy 1988;
Fermeglia and Lapasin 1988; Celda et al. 1987;
Prakash et al. 1980; Thayumanasundaram and Rao
1970; Teller and Walsh 1959; Batschinski 1913;
Thorpe and Rodger 1894)
2-Pentanone (Gowrisankar et al. 2014; González et
al. 2005; Wright 1961; Batschinski 1913; Thorpe
and Rodger 1894)
3-Pentanone (Gowrisankar et al. 2014; Rathnam et
al. 2010, 2012; Katyal et al. 2003; Aminabhavi et
al. 1994; Fermeglia et al. 1990; Rao and Reddy
1988; Batschinski 1913; Thorpe and Rodger 1894)

183.15

328.23

0.0002

0.0020

61

32

0.0003

0.0003

240.8

353.15

0.0002

0.008

94

29

0.0004

0.0004

273

373

0.0002

0.0007

34

23

0.0005

0.0004

273.15

373.15

0.0002

0.0006

39

24

0.0004

0.0004
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Table S2 (continued).
2-Hexanone (Fermeglia et al. 1990; Fermeglia and
Lapasin 1988)
2-Heptanone (Wright 1961)
2-Undecanone (Wright 1961)
Diketones
2,4-Pentanedione (Wankhede et al. 2010; Tiwari et
al. 1996; Riggio et al. 1992)
Esters
Methyl ethanoate (Sastry and Patel 2003; Lu et al.
2001; Pal and Kumar 2000; Liu et al. 1999; Canosa
et al. 1998b; Matos et al. 1996; Palaiologou 1996;
De Lorenzi et al. 1995; T M Aminabhavi et al.
1993a; Tejraj M. Aminabhavi et al. 1993b; De
Soria, Maria et al. 1988; Mumford and Phillips
1950; Thorpe et al. 1897)
Methyl propanoate (Batschinski 1913; Thorpe et al.
1897)
Methyl butanoate (Matos et al. 1996; Gros and
Feuge 1952; Batschinski 1913; Thorpe et al. 1897)
Methyl pentanoate (Trenzado et al. 2001)
Methyl hexanoate (Trenzado et al. 2001; Matos et
al. 1996; Liew et al. 1992; Gros and Feuge 1952;
Bonhorst et al. 1948)
Methyl heptanoate (Trenzado et al. 2001; Liew et
al. 1992)
Methyl octanoate (Pratas and Freitas 2010; Matos
et al. 1996; Liew et al. 1992; Bonhorst et al. 1948)
Methyl decanoate (Habrioux et al. 2015; Pratas and
Freitas 2010; Matos et al. 1996; Liew et al. 1992;
Gros and Feuge 1952; Bonhorst et al. 1948)

298.15

298.15

0.0006

0.0006

2

1

0.0006

0.0005

293.2
293.2

393.2
413.2

0.0003
0.0004

0.0008
0.0021

8
9

8
9

0.0008
0.0019

0.0007
0.0015

288.15

308.15

0.0006

0.0007

5

4

0.0007 ±
0.0001

273.49

327.48

0.0003

0.0005

36

17

0.0004

0.0003

273.15

349

0.0003

0.0006

19

17

0.0004

0.0004

273.15

373.15

0.0003

0.0008

24

20

0.0005

0.0005

283.15 313.15 0.0006 0.0008
283.15 372.05 0.0004 0.0011

5
25

5
17

0.0007
0.0008

0.0007
0.0008

283.15

353.15

0.0005

0.0013

19

15

0.0010

0.0011

283.15

372.05

0.0005

0.0017

35

17

0.0013

0.0013

278.15

372.05

0.0007

0.0030

43

20

0.0019

0.0017
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Table S2 (continued).
Methyl dodecanoate (Pratas and Freitas 2010;
Ceriani et al. 2007; Liew et al. 1992; Gaikwad and
Subrahmanyam 1988; Gros and Feuge 1952;
Bonhorst et al. 1948)
Methyl tetradecanoate (Pratas and Freitas 2010;
Ceriani et al. 2007; Gaikwad and Subrahmanyam
1988; Gros and Feuge 1952; Bonhorst et al. 1948)
Methyl hexadecanoate (Pratas and Freitas 2010;
Ceriani et al. 2007; Gaikwad and Subrahmanyam
1988; Bonhorst et al. 1948)
Methyl octadecenoate (Pratas and Freitas 2010;
Bhuyan et al. 2006; Gaikwad and Subrahmanyam
1988; Gros and Feuge 1952; Bonhorst et al. 1948)
Ethyl methanoate (Djojoputro and Ismadji 2005c;
Lu et al. 2001; Emmerling et al. 1998; Mumford
and Phillips 1950; Dunstan et al. 1914; Batschinski
1913; Thorpe et al. 1897)
Ethyl ethanoate (Patwari et al. 2009; Baragi et al.
2005b; Djojoputro and Ismadji 2005c; Sastry and
Patel 2003; Lu et al. 2001; Pal and Kumar 2000;
Liu et al. 1999; Palaiologou 1996; De Lorenzi et al.
1995; Aminabhavi et al. 1994; Tejraj M.
Aminabhavi et al. 1993b; Rathnam 1988; Gros and
Feuge 1952; Mumford and Phillips 1950; Dunstan
et al. 1914; Batschinski 1913; Thorpe et al. 1897;
Heydweiller 1896)
Ethyl propanoate (Djojoputro and Ismadji 2005c;
Visak et al. 2000; Liu et al. 1999; Matthews and
Faville 1917; Dunstan et al. 1914; Batschinski
1913; Thorpe et al. 1897)

283.15

372.05

0.0007

0.0041

42

17

0.0028

0.0030

293.15

372.05

0.0011

0.0045

24

15

0.0040 ±
0.0001

0.0043

308.15

372.05

0.0014

0.0042

20

14

0.0056 ±
0.0006(d)

0.0059

310.95

372.05

0.0016

0.0050

17

13

0.0069 ±
0.0011(d)

0.0078

273.15

325.18

0.0003

0.0005

32

20

0.0004

0.0003

273.15

456.15

0.0001

0.0006

79

30

0.0004

0.0004

273.15

363.15

0.0003

0.0007

37

20

0.0005

0.0005
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Table S2 (continued).
Ethyl butanoate (Bajić et al. 2014; Djojoputro and
Ismadji 2005c; Gros and Feuge 1952; Mumford
and Phillips 1950; Matthews and Faville 1917)
Ethyl pentanoate (Indraswati et al. 2001b;
Mumford and Phillips 1950)
Ethyl hexanoate (Djojoputro and Ismadji 2005c;
Sheu and Tu 2005; Shigley et al. 1955; Gros and
Feuge 1952; Mumford and Phillips 1950)
Ethyl octanoate (Sheu and Tu 2005; Shigley et al.
1955; Gros and Feuge 1952; Mumford and Phillips
1950)
Ethyl nonanoate (Mumford and Phillips 1950)
Ethyl decanoate (Habrioux et al. 2015; Pratas and
Freitas 2010; Shigley et al. 1955; Gros and Feuge
1952)
Ethyl dodecanoate (Pratas and Freitas 2010; Liau et
al. 1998; Shigley et al. 1955; Gros and Feuge 1952;
Mumford and Phillips 1950)
Ethyl tetradecanoate (Pratas and Freitas 2010;
Shigley et al. 1955; Gros and Feuge 1952;
Mumford and Phillips 1950)
Ethyl hexadecanoate (Pratas and Freitas 2010;
Shigley et al. 1955; Gros and Feuge 1952;
Mumford and Phillips 1950)
Ethyl heptadecanoate (Mumford and Phillips 1950)
Ethyl octadecenoate (Pratas and Freitas 2010;
Shigley et al. 1955; Gros and Feuge 1952)
Propyl methanoate (Emmerling et al. 1998;
Batschinski 1913; Thorpe et al. 1897)

288.15

348.15

0.0004

0.0007

23

13

0.0006

0.0007

293.15

313.15

0.0006

0.0008

5

4

0.0008

288.15

368.15

0.0004

0.0011

27

16

0.0008 ±
0.0001
0.0009 ±
0.0001

288.15

368.15

0.0006

0.0017

16

12

0.0014

0.0017

293.15 298.15 0.0018 0.0019
283.15 368.15 0.0007 0.0029

2
25

2
16

0.0018(e)
0.0021

0.0020
0.0025

283.15

368.15

0.0010

0.0043

26

16

0.0030

0.0036

283.15

368.15

0.0012

0.0063

23

16

0.0042 ±
0.0001

0.0051

293.15

368.15

0.0015

0.0058

21

16

0.0053±
0.0001

0.0068

293.15 298.15 0.0051 0.0058
308.15 368.15 0.0018 0.0057

2
17

2
13

0.0078
0.0089

273.15

24

20

0.0051(e)
0.0074 ±
0.0002(d)
0.0004

353.15

0.0003

0.0007

0.0011

0.0004
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Table S2 (continued).
Propyl ethanoate (Patwari et al. 2009; Pal and
Kumar 2000; Liu et al. 1999; M I Aralaguppi et al.
1999; Palaiologou 1996; Mumford and Phillips
1950; Matthews and Faville 1917; Batschinski
1913; Thorpe et al. 1897)
Propyl propanoate (Casas et al. 2001; Matthews
and Faville 1917)
Propyl octanoate (Bonhorst et al. 1948)

273.15

373.15

0.0003

0.0008

40

18

0.0005

0.0005

293.15

298.15

0.0006

0.0007

2

2

0.0006

0.0007

293.15

372.05

0.0006

0.0019

4

4

0.0020

Propyl decanoate (Bonhorst et al. 1948)

293.15

372.05

0.0008

0.0028

4

4

Propyl dodecanoate (Bonhorst et al. 1948)

293.15

372.05

0.0011 0.0040

4

4

Butyl methanoate (Emmerling et al. 1998)
Butyl ethanoate (Patwari et al. 2009; Roy et al.
2006; Djojoputro and Ismadji 2005c; Sastry and
Patel 2003; Visak et al. 2000; Liu et al. 1999; M I
Aralaguppi et al. 1999; T M Aminabhavi et al.
1993b; Tejraj M. Aminabhavi et al. 1993b;
Fermeglia et al. 1990; Mumford and Phillips 1950)
Butyl butanoate (Djojoputro and Ismadji 2005c)
Pentyl ethanoate (Indraswati et al. 2001a; M.M. ElBanna 1997; Mumford and Phillips 1950)
Hexyl ethanoate (Rathnam et al. 2013; Djojoputro
and Ismadji 2005c; Indraswati et al. 2001b; M.M.
El-Banna 1997; Shigley et al. 1955; Mumford and
Phillips 1950)
Hexyl butanoate (Djojoputro and Ismadji 2005c)
Octyl ethanoate (Shigley et al. 1955; Mumford and
Phillips 1950)

293.15 323.15 0.0005 0.0007
293.15 343.15 0.0004 0.0007

4
35

4
11

0.0017 ±
0.0003
0.0025 ±
0.0001
0.0036 ±
0.0002
0.0006
0.0007

293.15 343.15 0.0005 0.0009
293.15 323.15 0.0006 0.0009

11
7

11
5

0.0011
0.0008

293.15

0.0012

26

13

0.0009
0.0009 ±
0.0001
0.0010 ±
0.0001

293.15 343.15 0.0006 0.0014
293.15 368.15 0.0006 0.0019

11
7

11
7

0.0012
0.0017

0.0017
0.0017

368.15

0.0004

0.0030
0.0043
0.0005
0.0007

0.0011
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Table S2 (continued).
Diesters
Diethyl ethanedioate (Pan et al. 2000; Bingham and
Hatfield 1935; Dunstan et al. 1913)
Diethyl propanedioate (Baluja et al. 2005; Baragi et
al. 2005a; Mumford and Phillips 1950; Dunstan et
al. 1913)
Diethyl butanedioate (Aminabhavi et al. 1994;
Mumford and Phillips 1950; Dunstan et al. 1913)
Diethyl pentanedioate (Dunstan et al. 1913)
Diethyl hexanedioate (Comunas et al. 2010; Meng
et al. 2008; Mumford and Phillips 1950; Dunstan et
al. 1913)
Diethyl heptanedioate (Dunstan et al. 1913)
Diethyl octanedioate (Mumford and Phillips 1950;
Dunstan et al. 1913)
Diethyl nonanedioate (Mumford and Phillips 1950)
Diethyl decanedioate (Mumford and Phillips 1950;
Dunstan et al. 1913)
Organic Nitrates
1,2-Propanediol, dinitrate (Peterson 1930)
1,3-Propanediol, dinitrate (Peterson 1930)

273.15

433.15

0.0004

0.0033

13

12

0.0018

0.0018

293.15

308.15

0.0014

0.0022

7

4

0.0019 ±
0.0002

0.0023

293.15

318.15

0.0016

0.0028

8

6

0.0030

298.15 298.15 0.0025 0.0025
283.15 373.15 0.0009 0.0046

1
30

1
19

0.0025 ±
0.0001
0.0025(e)
0.0031 ±
0.0001

298.15 298.15 0.0033 0.0033
293.15 298.15 0.0040 0.0047

1
3

1
2

0.0033(e)
0.0041(e)

0.0061
0.0076

293.15 298.15 0.0047 0.0053
293.15 298.15 0.0051 0.0060

2
3

2
2

0.0047(e)
0.0051(e)

0.0093
0.0113

283.15

333.15

0.0017 0.0056

11

11

N/A

283.15

333.15

0.0023 0.0085

11

11

0.0035 ±
0.0001
0.0051 ±
0.0001
0.0270 ±
0.0004

0.0038
0.0048

N/A

1,2,3-Propanetriol, trinitrate (Peterson 1930;
283.2
333.2
0.0068 0.0692 18
15
N/A
Rinkenbach 1926, 1927)
(a)
Based on 1 K binning
(b)
Calculated from fitted temperature dependence curves specified in Table S3 unless otherwise indicated. The confidence interval of
the fitted curve is typically asymmetric about the curve, thus the larger-radius bound is reported as the uncertainty. If no uncertainty is
specified, either the calculated uncertainty is smaller than the reported precision or there was insufficient data to calculate an
uncertainty, such as in cases where a single literature data point was used directly.
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Table S2 (continued).
(c)

N/A indicates either the boiling point estimated by the Stein and Brown method is less than 298.15 K or the model does not support
a functional group present in the compound (i.e. organic nitrates).
(d)
Extrapolated.
(e)
Literature value or average thereof used directly.
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Table S3. Fitted temperature dependence curves for laboratory viscosity data.
Equation

Parameters

VFT

A = -4.6490
B = 212.0865
T0 = 5.4168

Plot
10-1

-2

10

Viscosity (Pa·s)

Compound
Alkanes
n-Propane

10-3

10-4

-5

10

VFT

A = -5.0469
B = 474.7943
T0 = -74.1316

100

150
200
Temperature (K)

250

300

-3.3

10

Viscosity (Pa·s)

n-Butane

50

10-3.4
-3.5

10

-3.6

10

10-3.7
180

VFT

A = -4.4732
B = 216.7380
T0 = 35.6905

220
240
260
Temperature (K)

280

300

10-2

Viscosity (Pa·s)

n-Pentane

200

10-3

-4

10

VFT

A = -4.5956
B = 291.6832
T0 = 25.3750

150

200
250
Temperature (K)

300

350

-2

10

Viscosity (Pa·s)

n-Hexane

100

10-3

-4

10

150

200

250
Temperature (K)

300

350
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Table S3 (continued).
VFT

A = -4.5974
B = 304.3033
T0 = 41.8797

-2

10

Viscosity (Pa·s)

n-Heptane

10-3

-4

10

VFT

A = -4.7222
B = 385.6460
T0 = 28.8617

200

250
300
Temperature (K)

350

400

10-2

Viscosity (Pa·s)

n-Octane

150

10-3

-4

10

VFT

A = -4.5962
B = 341.0652
T0 = 58.0799

A = -4.6504
B = 389.0382
T0 = 52.6016

350

400

250

300
350
Temperature (K)

400

450

250

300
350
Temperature (K)

400

450

10-2

Viscosity (Pa·s)

VFT

300
Temperature (K)

10-3

10-4
200

n-Decane

250

10-2

Viscosity (Pa·s)

n-Nonane

200

10-3

-4

10

200
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Table S3 (continued).
VFT

A = -4.6715
B = 413.9947
T0 = 56.6425

-2

10

Viscosity (Pa·s)

n-Undecane

10-3

-4

10

VFT

A = -4.6975
B = 448.1233
T0 = 54.1192

250

300
350
400
Temperature (K)

450

500

10-2

Viscosity (Pa·s)

n-Dodecane

200

10-3

-4

10

VFT

A = -4.7434
B = 489.6730
T0 = 51.0335

A = -4.7576
B = 516.7269
T0 = 49.7803

450

500

300

350
400
450
Temperature (K)

500

550

300

350
400
450
Temperature (K)

500

550

10-2

Viscosity (Pa·s)

VFT

350
400
Temperature (K)

10-3

10-4
250

n-Tetradecane

300

10-2

Viscosity (Pa·s)

n-Tridecane

250

10-3

-4

10

250

300

Table S3 (continued).
VFT

A = -4.7845
B = 549.0025
T0 = 47.6358

-2

10

Viscosity (Pa·s)

n-Pentadecane

10-3

-4

10

VFT

A = -4.7508
B = 541.9205
T0 = 55.5235

300

350
400
450
Temperature (K)

500

550

10-2

Viscosity (Pa·s)

n-Hexadecane

250

10-3

-4

10

VFT

A = -4.7850
B = 580.6827
T0 = 50.1675

A = -4.8193
B = 620.7387
T0 = 43.5488

400
450
500
Temperature (K)

550

600

300

350

400
450
500
Temperature (K)

550

600

300

350

400
450
500
Temperature (K)

550

600

10-2

Viscosity (Pa·s)

VFT

350

10-3

10-4
250

n-Octadecane

300

10-2

Viscosity (Pa·s)

n-Heptadecane

250

10-3

-4

10

250
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Table S3 (continued).
VFT

A = -4.7835
B = 610.6088
T0 = 50.4317

-2

10

Viscosity (Pa·s)

n-Nonadecane

10-3

-4

10

VFT

A = -4.7980
B = 631.7209
T0 = 50.2432

300

350

400
450
500
Temperature (K)

550

600

10-2

Viscosity (Pa·s)

n-Eicosane

250

10-3

-4

10

VFT

A = -5.819
B = 697.6267
T0 = 55.9765

300

400
500
Temperature (K)

600

700

1012
10

10

8

10

Viscosity (Pa·s)

Alcohols
1-Propanol

200

106
104
102
100
-2

10

-4

10

VFT

A = -7.7999
B = 2062.9
T0 = -105.4491

100

150

200
250
300
Temperature (K)

350

400

-2

10

Viscosity (Pa·s)

2-Propanol

50

10-3

-4

10

290

300

310
320
330
Temperature (K)

340

350

302

Table S3 (continued).
Arrhenius A = -5.9824
B = 1010.7

10-2

Viscosity (Pa·s)

1-Butanol

10-3

10-4
260

VFT

A = -6.0501
B = 787.3486
T0 = 75.6254

300

320
340
360
Temperature (K)

380

400

290

300

310
320
330
Temperature (K)

340

350

10-2

Viscosity (Pa·s)

2-Butanol

280

10-3

-4

10

VFT

A = -5.3018
B = 620.0815
T0 = 80.0710

100

-1

10

Viscosity (Pa·s)

1-Pentanol

280

10-2

10-3

10-4
200

VFT

A = -4.7477
B = 297.3633
T0 = 167.7922

300
350
Temperature (K)

400

450

300
310
Temperature (K)

320

330

10-2.3
-2.4

10

Viscosity (Pa·s)

2-Pentanol

250

-2.5

10

-2.6

10

-2.7

10

-2.8

10

280

290

303

Table S3 (continued).
VFT

A = -5.3238
B = 384.2189
T0 = 169.8689

10-2.1
10-2.2

Viscosity (Pa·s)

3-Pentanol

10-2.3
-2.4

10

-2.5

10

10-2.6
10-2.7
10-2.8
280

VFT

A = -5.4163
B = 697.2032
T0 = 70.9469

300
310
Temperature (K)

320

330

10-2

Viscosity (Pa·s)

1-Hexanol

290

10-3

-4

10

VFT

A = -4.7825
B = 320.5246
T0 = 164.6281

A = -5.3397
B = 535.1200
T0 = 117.1396

400

450

300

350
Temperature (K)

400

450

-2

10-3

15

10

10

10

Viscosity (Pa·s)

VFT

350
Temperature (K)

10

10-4
250

2-Hexanol
(including Tg)

300

10-1

Viscosity (Pa·s)

2-Hexanol
(excluding Tg)

250

5

10

0

10

-5

10

100

150

200

250
300
350
Temperature (K)

400

450

304

Table S3 (continued).
VFT

A = -4.6694
B = 245.3065
T0 = 193.7420

-1

10

Viscosity (Pa·s)

3-Hexanol

10-2

-3

10

-4

10

VFT

A = -6.0972
B = 1050.3
T0 = 26.3660

280

300

320
340
360
Temperature (K)

380

400

10-1

Viscosity (Pa·s)

1-Heptanol

260

10-2

-3

10

VFT

A = -4.1305
B = 186.0132
T0 = 197.6567

300

320
340
Temperature (K)

360

380

320

330

305

310

10-2.1
-2.2

10

Viscosity (Pa·s)

2-Heptanol

280

-2.3

10

-2.4

10

-2.5

10

10-2.6
280

Arrhenius A = -8.5116
B = 1864.1

300
310
Temperature (K)

10-1

Viscosity (Pa·s)

3-Heptanol

290

10-2

-3

10

285

290

295
300
Temperature (K)

305

Table S3 (continued).
Arrhenius A = -8.5298
B = 1870.6

-1

10

Viscosity (Pa·s)

4-Heptanol

102

-3

10

VFT

A = -5.3576
B = 671.4996
T0 = 90.5180

290

295
300
Temperature (K)

305

310

-1

10

Viscosity (Pa·s)

1-Octanol

285

10-2

-3

10

VFT

A = -4.7170
B = 342.5574
T0 = 161.8590

300
320
340
Temperature (K)

360

380

280

300
320
340
Temperature (K)

360

380

280

300
320
340
Temperature (K)

360

380

-2

10

10-3

10-4
260

Arrhenius A = -6.5299
B = 1216.8

10-1

Viscosity (Pa·s)

3-Octanol

280

10-1

Viscosity (Pa·s)

2-Octanol

260

-2

10

-3

10

-4

10

260

306

Table S3 (continued).
VFT

A = -6.1580
B = 879.5771
T0 = 72.3157

-1

10

Viscosity (Pa·s)

4-Octanol

10-2

-3

10

-4

10

VFT

A = -4.8821
B = 490.4879
T0 = 126.6565

Arrhenius A = -7.9350
B = 1748.6

360

380

290

300

310
320
330
Temperature (K)

340

350

Viscosity (Pa·s)

10-1

10-2

10-3
285

Arrhenius A = -8.1523
B = 1807.3

290

295
300
Temperature (K)

305

310

290

295
300
Temperature (K)

305

310

10-1

Viscosity (Pa·s)

3-Nonanol

300
320
340
Temperature (K)

10-2

10-3
280

2-Nonanol

280

10-1

Viscosity (Pa·s)

1-Nonanol

260

10-2

-3

10

285

307

Table S3 (continued).
Arrhenius A = -8.1582
B = 1811.4

-1

10

Viscosity (Pa·s)

4-Nonanol

10-2

-3

10

Arrhenius A = -8.2831
B = 1860.4

290

295
300
Temperature (K)

305

310

290

295
300
Temperature (K)

305

310

10-1

Viscosity (Pa·s)

5-Nonanol

285

10-2

-3

10

VFT

A = -5.2211
B = 624.1384
T0 = 108.3855

-1

10

Viscosity (Pa·s)

1-Decanol

285

10-2

-3

10

Arrhenius A = -8.0188
B = 1800.8

300

320
Temperature (K)

340

360

10-1

Viscosity (Pa·s)

2-Decanol

280

10-2

-3

10

285

290

295
300
Temperature (K)

305

310

308

Table S3 (continued).
Arrhenius A = -8.2163
B = 1852.7

-1

10

Viscosity (Pa·s)

3-Decanol

10-2

-3

10

Arrhenius A = -8.1104
B = 1820.9

290

295
300
Temperature (K)

305

310

290

295
300
Temperature (K)

305

310

290

295
300
Temperature (K)

305

310

10-1

Viscosity (Pa·s)

4-Decanol

285

10-2

-3

10

Arrhenius A = -8.2292
B = 1868.8

10-1

Viscosity (Pa·s)

5-Decanol

285

10-2

10-3
285

VFT

A = -5.3026
B = 685.5816
T0 = 99.1764

10-1

Viscosity (Pa·s)

1-Undecanol

10-2

10-3
290

300

310

320
330
340
Temperature (K)

350

360

309

Table S3 (continued).
VFT

A = 5.6915
B = 873.5084
T0 = 74.0924

10-1

Viscosity (Pa·s)

1-Dodecanol

10-2

10-3
280

VFT

A = -5.0955
B = 525.5825
T0 = 136.7620

320
340
Temperature (K)

360

380

300

320
340
Temperature (K)

360

380

300

320
340
Temperature (K)

360

380

300

320
340
Temperature (K)

360

380

10-1

Viscosity (Pa·s)

2-Dodecanol

300

10-2

-3

10

VFT

A = -4.7870
B = 398.5803
T0 = 153.3152

10-1

Viscosity (Pa·s)

3-Dodecanol

280

10-2

10-3
280

VFT

A = -5.0955
B = 482.4444
T0 = 146.4316

10-1

Viscosity (Pa·s)

4-Dodecanol

10-2

-3

10

280

310

Table S3 (continued).
VFT

A = -5.5999
B = 673.5236
T0 = 117.5356

-1

10

Viscosity (Pa·s)

5-Dodecanol

-2

10

-3

10

VFT

A = -5.3580
B = 577.6498
T0 = 135.5650

300

320
340
Temperature (K)

360

380

10-1

Viscosity (Pa·s)

6-Dodecanol

280

10-2

-3

10

280

300

320

340

360

380

Temperature (K)

Arrhenius A = -6.5651
B = 1454.8

10-1

Viscosity (Pa·s)

1-Tetradecanol

10-2

10-3
290

VFT

A = -4.7992
B = 514.2643
T0 = 142.5932

310

320
330
340
Temperature (K)

350

360

300

350

400
450
500
Temperature (K)

550

600

-1

10

Viscosity (Pa·s)

1-Hexadecanol

300

10-2

-3

10

-4

10

250
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Table S3 (continued).
VFT

A = -6.8179
B = 1103.2
T0 = 98.6507

1010
8

10

6

Viscosity (Pa·s)

Diols
1,2-Propanediol

10

104
2

10

100
-2

10

-4

10

VFT

A = -4.7875
B = 564.1379
T0 = 132.2690

200

250
300
350
Temperature (K)

400

450

-1

10

Viscosity (Pa·s)

1,3-Propanediol

150

10-2

-3

10

VFT

A = -5.0892
B = 494.1413
T0 = 166.5529

300

350
Temperature (K)

400

450

300

350
Temperature (K)

400

450

300

350
Temperature (K)

400

450

100

-1

10

Viscosity (Pa·s)

1,2-Butanediol

250

10-2

10-3

-4

10

VFT

A = -5.4730
B = 877.7361
T0 = 94.8677

-1

10

Viscosity (Pa·s)

1,4-Butanediol

250

10-2

-3

10

250

312

Table S3 (continued).
VFT

A = -5.1066
B = 455.4225
T0 = 185.0843

0

10

10-1

Viscosity (Pa·s)

2,3-Butanediol

10-2

-3

10

-4

10

VFT

A = -12.5690
B = 4857.5
T0 = -133.7520

300

350
Temperature (K)

400

450

100

Viscosity (Pa·s)

1,2-Pentanediol
(excluding Tg)

250

-1

10

-2

10

-3

10

VFT

A = -6.1648
B = 773.5210
T0 = 138.4166

300

320
340
Temperature (K)

360

380

200

250
300
Temperature (K)

350

400

15

10

10

10

Viscosity (Pa·s)

1,2-Pentanediol
(including Tg)

280

5

10

0

10

-5

10

VFT

A = -5.8345
B = 1061.8
T0 = 77.4358

100

Viscosity (Pa·s)

1,5-Pentanediol

150

-1

10

-2

10

-3

10

250

300

350
Temperature (K)

400

450

313

Table S3 (continued).
VFT

A = -7.8282
B = 1612.8
T0 = 53.2479

0

10

Viscosity (Pa·s)

1,2-Hexanediol

10-1

-2

10

-3

10

VFT

A = -5.7906
B = 1035.0
T0 = 86.8257

300

320
340
Temperature (K)

360

380

100

Viscosity (Pa·s)

1,6-Hexanediol

280

-1

10

-2

10

-3

10

VFT

A = -5.8063
B = 1080.2
T0 = 79.7558

350
Temperature (K)

400

450

10-1

10-2
290

Arrhenius A = -8.7650
B = 2272.2

300

310

320
330
340
Temperature (K)

350

360

10-1

Viscosity (Pa·s)

1,2-Octanediol

300

100

Viscosity (Pa·s)

1,7-Heptanediol

250

10-2

-3

10

280

300

320
340
Temperature (K)

360

380

314

Table S3 (continued).
VFT

A = -5.7085
B = 954.1596
T0 = 105.3790

0

10

Viscosity (Pa·s)

1,8-Octanediol

10-1

-2

10

-3

10

VFT

A = -6.1564
B = 1196.7
T0 = 77.5873

300

350
Temperature (K)

400

450

300

350
Temperature (K)

400

450

100

Viscosity (Pa·s)

1,9-Nonanediol

250

-1

10

-2

10

-3

10

Arrhenius A = -8.6204
B = 2268.6

100

Viscosity (Pa·s)

1,2-Decanediol

250

-1

10

10-2

10-3
280

VFT

A = -4.9957
B = 586.4448
T0 = 170.7045

320
340
Temperature (K)

360

380

100

-1

10

Viscosity (Pa·s)

1,10-Decanediol

300

10-2

-3

10

-4

10

250

300

350
400
450
Temperature (K)

500

550
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Table S3 (continued).
VFT

A = -4.0749
B = 271.6642
T0 = 219.8246

0

10

Viscosity (Pa·s)

1,2-Dodecanediol

10-1

-2

10

-3

10

A = -7.2505
B = 1333.0
T0 = 114.4676

300

320
340
Temperature (K)

360

380

200

250
300
Temperature (K)

350

400

10

10

108
6

Viscosity (Pa·s)

Triols
1,2,3-Propanetriol VFT

280

10

4

10

2

10

0

10

-2

10

-4

10

VFT

A = -5.6973
B = 948.8921
T0 = 136.9412

103

2

10

Viscosity (Pa·s)

1,2,6-Hexanetriol
(excluding Tg)

150

101

100

-1

10

VFT

A = -4.1593
B = 559.2548
T0 = 169.5364

260

270

280
290
300
Temperature (K)

310

320

200

220

240
260
280
Temperature (K)

300

320

14

10

12

10

10

10

Viscosity (Pa·s)

1,2,6-Hexanetriol
(including Tg)

250

8

10

6

10

4

10

2

10

0

10

-2

10

180

316

Table S3 (continued).
Higher-Order Hydroxylated Compounds
VFT
A = -3.5859
Sorbitol
B = 540.2088
(including Tg)
T0 = 232.9487

14

10

12

10

Viscosity (Pa·s)

10

10

8

10

6

10

4

10

2

10

0

10

VFT

A = -0.8825
B = 426.7140
T0 = 278.6153

280

300
320
340
Temperature (K)

360

380

9

10

8

10

Viscosity (Pa·s)

Sucrose

260

7

10

6

10

5

10
325

VFT

A = -4.8588
B = 591.0261
T0 = -17.7939

335
Temperature (K)

340

345

300

350
Temperature (K)

400

450

300

350
Temperature (K)

400

450

10-2

Viscosity (Pa·s)

Carboxylic Acids
Propanoic Acid

330

-3

10

-4

10

VFT

A = -4.7239
B = 480.0865
T0 = 43.3137

-2

10

Viscosity (Pa·s)

Butanoic Acid

250

10-3

-4

10

250

317

Table S3 (continued).
VFT

A = -4.3423
B = 306.8577
T0 = 112.2751

-2

10

Viscosity (Pa·s)

Pentanoic Acid

10-3

-4

10

VFT

A = -4.5520
B = 423.0505
T0 = 87.3199

A = -4.2574
B = 312.0330
T0 = 128.2964

360

380

300

320
340
Temperature (K)

360

380

-2

10

Viscosity (Pa·s)

VFT

320
340
Temperature (K)

10-3

10-4
280

Heptanoic Acid

300

10-2

Viscosity (Pa·s)

Hexanoic Acid

280

10-3

-4

10

Arrhenius A = -5.5462
B = 972.8707

300

320
340
360
Temperature (K)

380

400

-2.3

10

Viscosity (Pa·s)

Octanoic Acid

280

10-2.4
-2.5

10

-2.6

10

-2.7

10

-2.8

10

-2.9

10

280

300

320
340
Temperature (K)

360

380

318

Table S3 (continued).
VFT

A = -4.2809
B = 348.5130
T0 = 134.2824

10-2.1

Viscosity (Pa·s)

Nonanoic Acid

-2.3

10

10-2.5

-2.7

10

10-2.9
280

VFT

A = -3.9949
B = 258.3826
T0 = 166.9644

320
340
360
Temperature (K)

380

400

320
340
360
Temperature (K)

380

400

10-1

Viscosity (Pa·s)

Decanoic acid

300

10-2

-3

10

VFT

A = -4.5927
B = 531.3215
T0 = 104.8128

300

10-1

Viscosity (Pa·s)

Dodecanoic acid

280

10-2

10-3
250

VFT

A = -3.7921
B = 222.6638
T0 = 194.0625

350
Temperature (K)

400

450

10-1

Viscosity (Pa·s)

Tetradecanoic
acid

300

10-2

-3

10

280

300

320
340
360
Temperature (K)

380

400

319

Table S3 (continued).
VFT

A = -3.6494
B = 207.0829
T0 = 208.3789

-1

10

Viscosity (Pa·s)

Hexadecanoic
acid

10-2

-3

10

VFT

A = -5.0246
B = 845.7611
T0 = 62.7523

300

320
340
360
Temperature (K)

380

400

10-1

Viscosity (Pa·s)

Octadecanoic
acid

280

-2

10

-3

10

-4

10

Aldehydes
Propanal

Arrhenius A = -5.3280
B = 554.5548

250

300

350

400
450
500
Temperature (K)

550

600

315

320

10-3.3

Viscosity (Pa·s)

-3.4

10

10-3.5

-3.6

10

-3.7

10

Arrhenius A = -5.1097
B = 530.5753

290

295

300 305 310
Temperature (K)

-3.2

10

-3.3

Viscosity (Pa·s)

Butanal

285

10

-3.4

10

10-3.5
10-3.6
10-3.7
290

300

310
320
330
Temperature (K)

340

350

320

Table S3 (continued).
Arrhenius A = -4.6891
B = 475.5899

-3.1

10

Viscosity (Pa·s)

Hexanal

-3.2

10

295

Arrhenius A = -4.3939
B = 438.7998

315

320

-3

10

10-4
290

Arrhenius A = -4.3147
B = 434.8905

295

300
305
310
Temperature (K)

315

320

-2.85

10

10-2.87

Viscosity (Pa·s)

Nonanal

305
310
Temperature (K)

10-2

Viscosity (Pa·s)

Octanal

300

10-2.89
-2.91

10

-2.93

10

10-2.95
295

Arrhenius A = -4.1676
B = 405.7782

305
310
Temperature (K)

315

320

305
310
Temperature (K)

315

320

10-2.8

Viscosity (Pa·s)

Decanal

300

10-2.9
295

300

321

Table S3 (continued).
VFT

A = -4.6144
B = 300.3635
T0 = 25.3624

-2

10

Viscosity (Pa·s)

Ketones
Propanone

10-3

-4

10

VFT

A = -4.6946
B = 371.8607
T0 = 9.1448

200

250
Temperature (K)

300

350

-3.1

10

-3.2

10

Viscosity (Pa·s)

Butanone

150

10-3.3
-3.4

10

10-3.5
-3.6

10

240

VFT

A = 4.6657
B = 356.4932
T0 = 31.8023

280
300
320
Temperature (K)

340

360

280

300
320
340
Temperature (K)

360

380

280

300
320
340
Temperature (K)

360

380

-3.2

10

-3.3

10

Viscosity (Pa·s)

2-Pentanone

260

-3.4

10

10-3.5

10-3.6
260

VFT

A = -5.2402
B = 764.6206
T0 = -106.3513

-3.3

10

Viscosity (Pa·s)

3-Pentanone

10-3.4

10-3.5

10-3.6
260

322

Table S3 (continued).
2-Heptanone

Arrhenius A = -4.8767
B = 523.7546

-3.1

10

Viscosity (Pa·s)

10-3.2

-3.3

10

-3.4

10

-3.5

10

280

VFT

A = -4.5128
B = 370.6355
T0 = 90.3314

400

300

320

340
360
380
Temperature (K)

400

420

Viscosity (Pa·s)

Arrhenius A = -4.2263
B = 317.1590
10-3.1

-3.2

10

VFT

A = -6.2071
B = 1812.9
T0 = -354.9493

Viscosity (Pa·s)

285

Esters
Methyl ethanoate

380

10-3

10-4
280

Diketones
2,4-Pentanedione

320
340
360
Temperature (K)

10-2

Viscosity (Pa·s)

2-Undecanone

300

290

300
295
Temperature (K)

305

310

-3.4

10

-3.5

10

270

280

290
300
310
Temperature (K)

320

330

323

Table S3 (continued).
Arrhenius A = -4.8088
B = 430.1265

-3.3

10

Viscosity (Pa·s)

Methyl
propanoate

-3.4

10

-3.5

10

260

Arrhenius A = -4.8775
B = 480.6295

300
320
Temperature (K)

340

360

-3.2

10

Viscosity (Pa·s)

Methyl butanoate

280

-3.3

10

-3.4

10

-3.5

10

260

Arrhenius A = -4.8724
B = 505.2086

A = -4.5129
B = 326.9398
T0 = 70.0138

380

-3.2

10

285

290

295 300 305
Temperature (K)

310

315

-2

10

Viscosity (Pa·s)

VFT

360

-3.1

280

Methyl hexanoate

300
320
340
Temperature (K)

10

Viscosity (Pa·s)

Methyl
pentanoate

280

-3

10

-4

10

280

300

320
340
Temperature (K)

360

380

324

Table S3 (continued).
VFT

A = -4.4845
B = 329.0981
T0 = 78.4294

-2

10

Viscosity (Pa·s)

Methyl
heptanoate

-3

10

-4

10

VFT

A = -4.4950
B = 351.2100
T0 = 79.9005

300

320
Temperature (K)

340

360

-2

10

Viscosity (Pa·s)

Methyl octanoate

280

-3

10

-4

10

VFT

A = -4.3209
B = 301.5039
T0 = 110.291

300

320
340
Temperature (K)

360

380

300

320
340
Temperature (K)

360

380

300

320
340
Temperature (K)

360

380

-2

10

Viscosity (Pa·s)

Methyl decanoate

280

-3

10

-4

10

VFT

A = -4.1720
B = 264.2297
T0 = 134.8647

-2

10

Viscosity (Pa·s)

Methyl
dodecanoate

280

-3

10

-4

10

280

325

Table S3 (continued).
VFT

A = -4.1973
B = 297.6682
T0 = 132.3779

-2.4

10

-2.5

10

Viscosity (Pa·s)

Methyl
tetradecanoate

-2.6

10

-2.7

10

-2.8

10

-2.9

10

280

VFT

A = -3.8468
B = 195.8040
T0 = 175.3233

320
340
Temperature (K)

360

380

300

320
340
Temperature (K)

360

380

300

320
340
Temperature (K)

360

380

-2.3

10

-2.4

Viscosity (Pa·s)

Methyl
hexadecanoate

300

10

-2.5

10

-2.6

10

-2.7

10

-2.8

10

280

Methyl
octadecanoate

Arrhenius A = -5.2443
B = 918.4739

-2.1

10

-2.2

10

Viscosity (Pa·s)

-2.3

10

-2.4

10

-2.5

10

-2.6

10

-2.7

10

-2.8

10

Arrhenius A = -4.7430
B = 395.0198

-3.3

10

Viscosity (Pa·s)

Ethyl methanoate

280

-3.4

10

-3.5

10

270

280

290
300
310
Temperature (K)

320

330

326

Table S3 (continued).
VFT

A = -6.3599
B = 1911.9
T0 = -341.1767

-3.3

10

-3.4

10

Viscosity (Pa·s)

Ethyl ethanoate

-3.5

10

-3.6

10

-3.7

10

-3.8

10

-3.9

10

250

Arrhenius A = -4.8508
B = 462.2223

350
400
Temperature (K)

450

500

-3.2

10

Viscosity (Pa·s)

Ethyl propanoate

300

-3.3

10

-3.4

10

-3.5

10

260

Arrhenius A = -4.8539
B = 493.3623

300
320
340
Temperature (K)

360

380

-3.2

10

Viscosity (Pa·s)

Ethyl butanoate

280

-3.3

10

-3.4

10

280

300

310 320 330
Temperature (K)

340

350

Arrhenius A = -5.0417
B = 574.3134
-3.1

10

Viscosity (Pa·s)

Ethyl pentanoate

290

-3.2

10

290

295

300
305
Temperature (K)

310

315

327

Table S3 (continued).
VFT

A = -3.6663
B = 41.8770
T0 = 228.1385

-2

10

Viscosity (Pa·s)

Ethyl hexanoate

-3

10

-4

10

VFT

A = -4.2942
B = 270.8127
T0 = 111.0880

300

320
340
Temperature (K)

360

380

300

320
340
Temperature (K)

360

380

300

320
340
Temperature (K)

360

380

300

320
340
Temperature (K)

360

380

-2

10

Viscosity (Pa·s)

Ethyl octanoate

280

-3

10

-4

10

VFT

A = -4.4166
B = 354.1203
T0 = 94.6095

-2

10

Viscosity (Pa·s)

Ethyl decanoate

280

-3

10

-4

10

VFT

A = -4.2608
B = 310.9559
T0 = 119.2714

-2

10

Viscosity (Pa·s)

Ethyl
dodecanoate

280

-3

10

-4

10

280

328

Table S3 (continued).
VFT

A = -4.2384
B = 323.1610
T0 = 124.7724

-2.2

10

-2.3

10

-2.4

Viscosity (Pa·s)

Ethyl
tetradecanoate

10

-2.5

10

-2.6

10

-2.7

10

-2.8

10

-2.9

10

280

VFT

A = -5.8745
B = 1385.7
T0 = -86.6974

320
340
Temperature (K)

360

380

300

320
340
Temperature (K)

360

380

300

320
340
Temperature (K)

360

380

280

300
320
Temperature (K)

340

360

-2.3

10

-2.4

Viscosity (Pa·s)

Ethyl
hexadecanoate

300

10

-2.5

10

-2.6

10

-2.7

10

-2.8

10

280

VFT

A = -4.4543
B = 462.6476
T0 = 98.8227

-2.2

10

-2.3

Viscosity (Pa·s)

Ethyl
octadecanoate

10

-2.4

10

-2.5

10

-2.6

10

-2.7

10

280

VFT

A = -5.5063
B = 944.9744
T0 = -131.4808

-3.2

10

Viscosity (Pa·s)

Propyl
methanoate

-3.3

10

-3.4

10

-3.5

10

260

329

Table S3 (continued).
VFT

A = -4.8209
B = 432.9208
T0 = 20.3074

-3.2

10

Viscosity (Pa·s)

Propyl ethanoate

-3.3

10

-3.4

10

-3.5

10

-3.6

10

Arrhenius A = -4.9885
B = 661.1046

280

300
320
340
Temperature (K)

360

380

-2

10

Viscosity (Pa·s)

Propyl octanoate

260

-3

10

-4

10

VFT

A = -4.4357
B = 371.7184
T0 = 95.5515

300

320
340
Temperature (K)

360

380

300

320
340
Temperature (K)

360

380

360

380

-2

10

Viscosity (Pa·s)

Propyl decanoate

280

-3

10

-4

10

VFT

A = -4.2593
B = 331.7393
T0 = 115.3494

-2.4

10

-2.5

10

Viscosity (Pa·s)

Propyl
dodecanoate

280

-2.6

10

-2.7

10

-2.8

10

-2.9

10

280

300

320
340
Temperature (K)

330

Table S3 (continued).
Arrhenius A = -4.7711
B = 467.1022

-3.2

10

Viscosity (Pa·s)

Butyl methanoate

-3.3

10

290

Butyl ethanoate

Arrhenius A = -5.0500
B = 560.3525

295

300

305 310 315
Temperature (K)

320

325

-3.2

Viscosity (Pa·s)

10

-3.3

10

-3.4

10

290

Butyl butanoate

300

310
320
330
Temperature (K)

340

350

300

310
320
330
Temperature (K)

340

350

Arrhenius A = -5.0029
B = 579.8919
-3.1

Viscosity (Pa·s)

10

-3.2

10

-3.3

10

290

Arrhenius A = -5.4131
B = 699.7548
Viscosity (Pa·s)

Pentyl ethanoate

-3.1

10

-3.2

10

290

295

300

305 310 315
Temperature (K)

320

325

331

Table S3 (continued).
VFT

A = -4.0623
B = 156.5387
T0 = 152.7176

-2

10

Viscosity (Pa·s)

Hexyl ethanoate

-3

10

-4

10

Arrhenius A = -5.1453
B = 666.2028

300

320
340
Temperature (K)

360

380

-2

10

Viscosity (Pa·s)

Hexyl butanoate

280

-3

10

-4

10

VFT

A = -4.3485
B = 288.2619
T0 = 114.7474

300

310
320
330
Temperature (K)

340

350

-2

10

Viscosity (Pa·s)

Octyl ethanoate

290

-3

10

-4

10

VFT

A = -4.4955
B = 354.3282
T0 = 96.3104

300

320
340
Temperature (K)

360

380

-2

10

Viscosity (Pa·s)

Diesters
Diethyl
ethanedioate

280

-3

10

-4

10

250

300

350
Temperature (K)

400

450

332

Table S3 (continued).
Arrhenius A = -5.9681
B = 969.1842

-2.6

10

Viscosity (Pa·s)

Diethyl
propanedioate

-2.7

10

-2.8

10

290

Arrhenius A = -5.5605
B = 880.1106

300
Temperature (K)

305

310

-2.6

10

Viscosity (Pa·s)

Diethyl
butanedioate

295

-2.7

10

-2.8

10

290

VFT

A = -4.2309
B = 299.9496
T0 = 123.8429

300
305
310
Temperature (K)

315

320

-2

10

Viscosity (Pa·s)

Diehthyl
hexanedioate

295

-3

10

-4

10

VFT

A = -3.9791
B = 201.2408
T0 = 166.5434

300

320
340
Temperature (K)

360

380

-2.3

10

-2.4

Viscosity (Pa·s)

Organic Nitrates
1,2-Propanediol,
dinitrate

280

10

-2.5

10

-2.6

10

-2.5

10

280

290

300
310
320
Temperature (K)

330

340

333

Table S3 (continued).
VFT

A = -3.5720
B = 126.8223
T0 = 198.7813

10-2.1
10-2.2

Viscosity (Pa·s)

1,3-Propanediol,
dinitrate

10-2.3
10-2.4
10-2.5
10-2.6
280

VFT

A = -3.9941
B = 244.9852
T0 = 195.3074

300
310
320
Temperature (K)

330

340

300
310
320
Temperature (K)

330

340

10-1

Viscosity (Pa·s)

1,2,3Propanetriol,
trinitrate

290

10-2

-3

10

280

290

334

Table S4. Calculated viscosity functionalization sensitivities.
Functional
Group
OH
(1st addition)
(2nd addition)
(3rd addition)
COOH
CO
COO
(1st addition)
(2nd addition)
ONO2
CH2

Comparisons

Sη,i

Δlog10 η/ΔNi
Min
Max

59
35
21
3
12
14
46
39
7
4
17

1.16
1.10
1.25
1.38
1.01
0.33
0.28
0.27
0.35
0.79
0.10

0.83
0.83
0.92
1.29
0.93
0.16
0.03
0.03
0.23
0.73
0.06

1.54
1.32
1.54
1.43
1.17
0.46
0.51
0.51
0.46
0.89
0.15

σ

Model Sη,i

0.16
0.10
0.18
0.08
0.07
0.09
0.11
0.12
0.09
0.07
0.03

1.41
1.30
1.35
1.61
0.95
0.22
0.13
0.14
0.13
N/A
0.09
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Table S5. Calculated vapor pressure functionalization sensitivities.
Functional
Group
OH
(1st addition)
(2nd addition)
COOH
(1st addition)
(2nd addition)
CO
COO
ONO2
CH2

Comparisons

SP,i

-Δlog10 P/ΔNi
Min
Max

17
13
4

2.31
2.15
2.82

1.83
1.83
2.81

2.83
2.40
2.83

0.33
0.17
0.01

12
8
8
20
2
29

3.61
5.10
0.91
0.82
2.05
0.51

3.36
3.88
0.69
0.19
1.98
0.09

3.99
6.39
1.11
1.44
2.12
0.72

0.18
0.91
0.15
0.36
0.10
0.14

σ
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Supplementary Figures S1-S2
a)

Unbranched alcohol

b)

Branched alcohol

Terminal OH only
Internal OH only
Both terminal and internal OH

Number of OH groups

Number of OH groups

3

2

2

1

1

80

100
120
140
160
180
200
Glass transition temperature (K)

220

80

100
120
140
160
180
200
Glass transition temperature (K)

220

Figure S1. Influence of (a) branching and (b) OH-group position on mean literature glass
transition temperature for species containing 1-3 hydroxyl groups. Note triols are elided from (b)
because all such compounds with available data have both terminal and internal OH groups.
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220

Monohydroxy alcohols
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The Viscosity Model
The assumed dimer geometry is depicted in Figure S1. This is the same geometry of
Pokluda et al. (1997) with additional terms defined in the Supplement to Zhang et al. (2015). The
morphology of two dimerized spherical monomers of identical initial diameter (Dmono) can be
parameterized by the particle geometry factor (ξ) (Supplement to Zhang et al., 2015):
𝐿
𝐿

𝜉

(S1)

where L1 is the length of the dimer and L2 is the diameter of each partially coalesced monomer.
Zhang et al. (2015) argue the particle geometry factory is linearly related to dynamic shape factor
(χ):
𝜉

𝑚𝜒

𝑞

(S2)

𝐷 𝐶 𝐷
𝐷 𝐶 𝐷

(S3)

where m and q are fit parameters and
𝜒

with Cc(Dve) and Cc(Dp) being the Cunningham slip corrections for the volume equivalent
diameter (Dve) and dimer mobility diameter (Dp), respectively. Assuming the aggregate is
spherical, the coalesced dimer diameter (Dc) will be identical to the volume equivalent diameter.
Eq. (S2) can be rewritten as such:
𝜉

𝑚

𝐷
𝐷

𝑞.

(S4)

The parameter m’ differs from m by the ratio of the slip-flow correction factors. However, the
linear relationship postulated in Eq. (S2) will hold if the ratio of the two slip correction values is
approximately constant, which is true over a reasonable range of Dp and Dc (Suda and Petters,
2013). Now, consider the constraints on the geometry factor. Under fully coalesced conditions (ξ
= 1):
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𝐷
𝐷

𝐷
𝐷

1.

(S5)

Similarly, when the dimers are minimally sintered (ξ = 4), Dp will equal the uncoalesced dimer
diameter (Duc):
𝐷
𝐷

𝐷
.
𝐷

(S6)

Applying these constraints to Eq. (S4) yields a system of two equations in two unknowns that
can be solved for m’ and q:
𝑚

𝑞

3
𝐷
𝐷
𝐷
𝐷
𝐷
𝐷

(S7)

1
4
1

.

(S8)

Substituting these results into Eq. (S4) then yields an expression for the geometry factor in terms
of the Duc, Dc, and Dp:

𝜉

3
𝐷
𝐷

𝐷
1 𝐷

𝐷
𝐷

4
3

.

(S9)

Now, define the angle of attachment (θ) as in Pokluda et al. (1997): the angle formed between a
line segment connecting the two monomer centers and a radial connecting one monomer center
to an attachment point between the two monomers on the dimer surface. Define the attachment
radius (z) as the distance between the center of one monomer and the neck radius (x) normal to
the segment between the two monomer centers that is drawn through the attachment point used
to define θ. Using basic trigonometry, the partially coalesced monomer radius (L2 / 2) can be
calculated as such:
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𝐿
2

𝑧
.
cos 𝜃

(S10)

The dimer length (L1) will be
𝐿

2

𝑧
cos 𝜃

2𝑧.

(S11)

Thus,
2𝑧
cos 𝜃 2𝑧
2𝑧
cos 𝜃

𝜉

1

cos 𝜃 .

(S12)

The angle of attachment can be related to the residence time (τ), viscosity (η), surface tension (σ)
and initial monomer diameter via modified Frenkel sintering theory (Eq. 15 in Pokluda et al.,
1997):
𝜃

2𝜏𝜎
𝜂𝐷

⁄

(S13)

.

Substituting Eq. (S13) into Eq. (S12) and solving for viscosity yields the relation given in the
main text:
𝜂

2𝜏𝜎
1
acos 𝜉 ⁄

𝐷

.

(S14)

The derivation of Eq. (S13) utilized two small angle approximations (Pokluda et al.
1997). Accordingly, Eq. (S14) overestimates viscosity by ~1 order of magnitude near
coalescence. Pokluda et al. (1997) also developed a more general numerical model for dimer
geometry at different stages of coalescence. Predictions of geometry as a function of a
dimensionless time term that can be related back to viscosity are given in Table S1. Estimated
viscosities in Figures 1 and 5-6 of Chapter 3 and Figures S5-S7 in this document are derived
from interpolations of the data in Table S1.
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Table S1. Calculated geometries at various stages of coalescence as adapted from Table 1 in
Pokluda et al. (1997).
2τσ/ηDmono
0.0001
0.01
0.02
0.03
0.04
0.05
0.06
0.07
0.08
0.09
0.1
0.2
0.3

2x/L2
0.0100
0.0979
0.1396
0.1713
0.1984
0.2210
0.2419
0.2609
0.2786
0.2949
0.3109
0.4274
0.5060

2τσ/ηDmono
0.4
0.5
0.6
0.7
0.8
0.9
1.0
1.5
2.0
4.0
6.0
8.0

2x/L2
0.5736
0.6242
0.6721
0.7062
0.7403
0.7666
0.7910
0.8767
0.9241
0.9872
0.9976
0.9995
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x
(L2 / 2)

z

θ
z

(L2 / 2)

Figure S1. Dimer geometry assumed in the derivation of the relationship between the degree of
dimer coalescence and particle viscosity. Adapted from Pokluda et al. (1997).
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Curve Fitting
Single-mode lognormal fits were performed over only a subset of points near to the
modal diameter. These points were selected using the following algorithm. First, the diameters
with the ten largest measured particle counts were identified; the fifth smallest of these ten
diameters was estimated to be the modal diameter. The data point at the estimated modal
diameter, the data points at the next fifteen higher diameters, and the data points at the previous
fifteen lower diameters were then used as inputs to the curve fitting routine.
All curve fits, along with calculations of associated parameter confidence intervals and
observational prediction intervals were performed using functionality of MATLAB R2014a.
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Supplementary Data
This section shows the figures for RH experiments discussed in the main text. The
compound studied is denoted in the caption. Symbols, lines, colors, and error bars are as in
Figure 4, Chapter 3 for reagents without a discernible phase shift and as in Figure 5, Chapter 3
for reagents with a discernible phase shift.
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Figure S2. Sodium dodecyl sulfate.
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Figure S3. PEG-1000.
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Figure S4. PEG-10000.
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Figure S5. Ammonium sulfate.
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Figure S6. Monosodium α-ketoglutaric acid.
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Figure S7. Sodium chloride.
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Abbreviations used in this document: temperature (T), viscosity (η), coalescence
characteristic relative humidity (RHr), coalescence characteristic temperature (Tr), uncoalesced
dimer diameter (Duc), coalesced dimer diameter (Dc), logistic curve steepness parameter (k),
glass transition temperature (Tg), mass-based hygroscopicity parameter (κm)
Additional Figures Referenced in the Manuscript

8

10

Viscosity (Pa·s)

6

10

4

10

2

10

0

10

20

40

60
80
Relative humidity (%)

100

Figure S1. Plot depicting how the relative humidity where viscosity equals 5 x 106 Pa s (open
red circle) was interpolated from data digitized from Power et al. (2013) (solid red circles). Solid
black line: fitted linear regression line; dotted black lines: 95% confidence interval of the fitted
regression line; dashed black lines: 95% observational prediction interval of the fitted regression
line.
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Figure S2. Variation in placement of modelled 5x106 Pa∙s and 1012 Pa∙s isopleths where the
relationship between sucrose mass fraction and water activity was modelled using either the
approach of Zobrist et al. (2008) or a mass-based hygroscopicity parameter approach (Mikhailov
et al. 2013) with a fixed parameter value of 0.14, characteristic of sucrose.
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Figure S3. Measurements of dimer mobility diameter versus RH for the sucrose-sucrose
isothermal humidification experiment performed at T = 4 °C, including fitted logistic curve
(solid black curve) and 95% observational prediction interval (dashed black curves). (RHr =
45.2% ± 1.0%, Duc = 110.5 nm ± 1.2 nm, Dc = 102.2 nm ± 0.9 nm, k = 0.6430).
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Figure S4. Measurements of dimer mobility diameter versus RH for the sucrose-sucrose
isothermal humidification experiment performed at T = 5 °C, including fitted logistic curve
(solid black curve) and 95% observational prediction interval (dashed black curves). (RHr =
45.5% ± 0.1%, Duc = 109.0 nm ± 0.8 nm, Dc = 103.0 nm ± 0.7 nm, k = 9.525).
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Figure S5. Measurements of dimer mobility diameter versus RH for the sucrose-sucrose
isothermal humidification experiment performed at T = 12 °C, including fitted logistic curve
(solid black curve) and 95% observational prediction interval (dashed black curves). (RHr =
43.2% ± 1.5%, Duc = 109.4 nm ± 0.7 nm, Dc = 102.4 ± 1.3 nm, k = 0.5982).
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Figure S6. Measurements of dimer mobility diameter versus RH for the sucrose-sucrose
isothermal humidification experiment performed at T = 15 °C, including fitted logistic curve
(solid black curve) and 95% observational prediction interval (dashed black curves). (RHr =
40.7% ± 1.0%, Duc = 108.9 nm ± 0.8 nm, Dc = 101.5 nm ± 0.9 nm, k = 0.8967).
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Figure S7. Measurements of dimer mobility diameter versus RH for the sucrose-sucrose cooling
cycle experiment performed new for this work, including fitted logistic curve (solid black curve)
and 95% observational prediction interval (dashed black curves). (RHr = 46.8% ± 1.2%, Tr = 0.1
°C ± 1.2 °C, Duc = 109.2 nm ± 0.8 nm, Dc = 102.7 ± 0.8 nm, k = 1.222).

407

Dimer mobility diameter (nm)

110

105

100

95

0

20

40
60
Relative humidity (%)

80

100

Figure S8. Measurements of dimer mobility diameter versus RH for the first sucrose-SDS
cooling cycle experiment referenced in Table 1 of the manuscript, including fitted logistic curve
(solid black curve) and 95% observational prediction interval (dashed black curves). (RHr =
48.6% ± 3.1%, Tr = -1.3 °C ± 1.1 °C, Duc = 104.4 nm ± 0.7 nm, Dc = 100.6 nm ± 0.9 nm, k =
0.3698).
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Figure S9. Measurements of dimer mobility diameter versus RH for the second sucrose-SDS
cooling cycle experiment referenced in Table 1 of the manuscript, including fitted logistic curve
(solid black curve) and 95% observational prediction interval (dashed black curves). (RHr =
48.9% ± 3.5%, Tr = -3.4 °C, Duc = 106.8 nm ± 0.5 nm, Dc = 102.3 nm ± 0.6 nm, k = 1.697).
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Figure S10. Measurements of dimer mobility diameter versus RH for the first sucrose-sucrose
heating cycle experiment referenced in Table 1 of the manuscript, including fitted logistic curve
(solid black curve) and 95% observational prediction interval (dashed black curves). (Tr = 83.1
°C ± 0.6 °C), RHr = 0.8% ± 0.1%, Duc = 108.4 nm ± 0.3 nm, Dc = 98.1 nm ± 0.5 nm, k = 0.4646).
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Figure S11. Measurements of dimer mobility diameter versus RH for the second sucrose-sucrose
heating cycle experiment referenced in Table 1 of the manuscript, including fitted logistic curve
(solid black curve) and 95% observational prediction interval (dashed black curves). (Tr = 83.2
°C ± 0.7 °C, RHr = 0.8% ± 0.1%, Dc = 107.9 nm ± 0.5 nm, Duc = 98.5 nm ± 0.5 nm, k = 0.5814).
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Figure S12. Fitted VFT curve as derived for sucrose when fixing the A parameter to a value of 5. The curve fit utilized both viscosity data derived from heating cycle experiments and mean
literature Tg. Error bars associated with the glass transition point correspond to one standard
deviation of the literature values utilized. Black dashed curves correspond to the 95%
observational prediction interval of the fitted VFT equation.
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Figure S13. Fitted VFT curve as derived for sucrose utilizing only data from heating cycle
experiments and not considering mean literature Tg. Error bars associated with the glass
transition point correspond to one standard deviation of the literature values utilized. Black
dashed curves correspond to the 95% observational prediction interval of the fitted VFT
equation.
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Figure S14. Variation in placement of modelled 5x106 Pa∙s and 1012 Pa∙s isopleths where dry
sucrose glass transition temperature was determined either using an average literature value or
via extrapolation of our own dry sucrose viscosity measurements.
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Additional Table Referenced in the Manuscript
Table S1. Viscosity measurements for amorphous sucrose at various temperatures as derived
from the three heating cycle experiments performed for this work. Experiment numbering
corresponds to order of mention in Table 1 of the main manuscript.
Experiment #1 (Tr = 83.1 °C)
T (°C)
η (Pa∙s)
78.46
3.22 x 107
78.73
2.82 x 107
79.01
2.47 x 107
79.29
2.18 x 107
79.56
1.92 x 107
79.84
1.69 x 107
80.12
1.52 x 107
80.39
1.35 x 107
80.67
1.20 x 107
80.95
1.07 x 107
81.23
9.61 x 106
81.50
8.66 x 106
81.78
7.69 x 106
82.06
6.92 x 106
82.33
6.23 x 106
82.61
5.60 x 106
82.89
5.05 x 106
83.16
4.55 x 106
83.44
4.12 x 106
83.72
3.77 x 106
83.99
3.45 x 106
84.27
3.13 x 106
84.55
2.87 x 106
84.83
2.65 x 106
85.10
2.34 x 106
85.38
2.09 x 106
85.66
1.90 x 106
85.93
1.74 x 106
86.21
1.62 x 106
86.49
1.52 x 106
86.76
1.45 x 106
87.04
1.38 x 106
87.32
1.33 x 106
87.59
1.22 x 106

Experiment #2 (Tr = 83.2 °C)
T (°C)
η (Pa∙s)
79.69
2.96 x 107
79.87
2.66 x 107
80.05
2.41 x 107
80.22
2.18 x 107
80.4
1.97 x 107
80.58
1.77 x 107
80.75
1.62 x 107
80.93
1.48 x 107
81.10
1.35 x 107
81.28
1.23 x 107
81.46
1.12 x 107
81.63
1.02 x 107
81.81
9.43 x 106
81.99
8.68 x 106
82.16
7.89 x 106
82.34
7.22 x 106
82.51
6.67 x 106
82.69
6.12 x 106
82.87
5.62 x 106
83.04
5.18 x 106
83.22
4.76 x 106
83.39
4.39 x 106
83.57
4.07 x 106
83.75
3.78 x 106
83.92
3.54 x 106
84.10
3.27 x 106
84.28
3.04 x 106
84.45
2.83 x 106
84.63
2.66 x 106
84.80
2.42 x 106
84.98
2.21 x 106
85.16
2.03 x 106
85.33
1.88 x 106
85.51
1.76 x 106
85.69
1.65 x 106

Experiment #3 (Tr = 82.8 °C)
T (°C)
η (Pa∙s)
79.13
2.96 x 107
79.30
2.66 x 107
79.48
2.42 x 107
79.66
2.19 x 107
79.83
1.99 x 107
80.01
1.80 x 107
80.18
1.64 x 107
80.36
1.51 x 107
80.54
1.38 x 107
80.71
1.26 x 107
80.89
1.15 x 107
81.07
1.05 x 107
81.24
9.72 x 106
81.42
8.98 x 106
81.59
8.22 x 106
81.77
7.50 x 106
81.95
6.94 x 106
82.12
6.41 x 106
82.30
5.88 x 106
82.48
5.43 x 106
82.65
5.01 x 106
82.83
4.63 x 106
83.01
4.28 x 106
83.18
3.98 x 106
83.36
3.72 x 106
83.53
3.48 x 106
83.71
3.23 x 106
83.89
3.00 x 106
84.06
2.81 x 106
84.24
2.65 x 106
84.42
2.41 x 106
84.59
2.20 x 106
84.77
2.03 x 106
84.94
1.88 x 106
85.12
1.76 x 106
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Table S1 (continued).
85.86
86.04
86.21
86.39
86.57
86.74

1.57 x 106
1.50 x 106
1.44 x 106
1.39 x 106
1.35 x 106
1.31 x 106

85.30
85.47
85.65
85.83
86.00
86.18
86.35
86.53

1.66 x 106
1.58 x 106
1.51 x 106
1.45 x 106
1.40 x 106
1.36 x 106
1.32 x 106
1.22 x 106

416

References
Mikhailov, E., Vlasenko, S., Rose, D., and Pöschl, U. (2013). Mass-based hygroscopicity
parameter interaction model and measurement of atmospheric aerosol water uptake.
Atmos. Chem. Phys., 13:717–740.
Power, R.M., Simpson, S.H., Reid, J.P., and Hudson, A.J. (2013). The transition from liquid to
solid-like behaviour in ultrahigh viscosity aerosol particles. Chem. Sci., 4:2597–2604.
Zobrist, B., Marcolli, C., Pedernera, D.A., and Koop, T. (2008). Do atmospheric aerosols form
glasses? Atmos. Chem. Phys., 8:5221–5244.

417

APPENDIX D
Supplemental Information for “Characterization of a Dimer Preparation Method for
Nanoscale Organic Aerosol”
Appendix D comprises the Supplemental Information for the paper of Chapter 5, which has been
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Raleigh, NC 27695
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Additional Figures

Figure S1. Simplified flow schematic for the coagulation chamber assembly subsystem,
including flow rates for an idealized experiment with two 0.3 L coagulation chambers installed,
1.1 L min-1 sample flow through both mobility-selecting DMAs (a typical value) and a
coagulation chamber residence time of 30 s. The schematic above includes the 0.3 L mixing
volume used in experiments probing coagulation time effects. Accordingly, the effective
coagulation time for the setup presented is 42 s, including the estimated 6 s of dwell time outside
of the mixing volume and coagulation chambers. The amount of flow to exhaust is directly
regulated by the needle valve.

419

Figure S2. Photograph showing the lead brick shielding used to encase the coagulation chamber.

420

Figure S3. Photograph showing the lead brick shielding used to encase the coagulation chamber
with the top layers removed.

421

Figure S4. Photograph showing position of the utilized Cs-137 radiation source relative to the
coagulation chamber during the radiation sensitivity experiment.
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Data Tables
The first two tables in this section summarize conventions utilized in the subsequent
tables. The remainder of this section consists of tables relating to experimental data presented in
the figures of the main manuscript (Chapter 5).
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Table S1. Abbreviations utilized in the tables of this section. Charge quantities relate to the
charge on the particle in the final SMPS.
Dc
Dmono
Dp
Duc
Dup
N
Nana
Nup
T
teff
σDp
#2
#3
#3DeTDMA

Apparent +1 dimer diameter in the fully coalesced case
Apparent +1 monomer diameter
Apparent +1 dimer diameter
Apparent +1 dimer diameter in the fully uncoalesced case
Upstream particle source modal diameter
Mobility-selected number concentration
Mobility-selected number concentration for the analyte stream in a probe monomer
experiment
Upstream particle source number concentration
Thermal conditioner temperature
Full coagulation time
Standard deviation in fitted Dp
Height of peak #2 as defined in the main manuscript
Height of peak #3 as defined in the main manuscript
Height of the peak in a DeDTDMA spectrum
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Table S2. Uncertainty reporting conventions utilized in the tables of this section.
Dc
Dp
Duc
Duc - Dc
N
Nana
#2 (in
aggregate)
#3DeDTDMA

95% confidence interval width in fitted logistic parameter
95% confidence interval width in fitted lognormal parameter
95% confidence interval width in fitted logistic parameter
Combination of Duc and Dc uncertainties in quadrature
1 standard deviation in values collected at 1 Hz frequency over the time
period of interest
1 standard deviation in values measured at 1 Hz frequency over the time
period of interest
1 standard deviation in values measured
1 standard deviation in values measured
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Table S3a. Experimental data for Fig. 5a in the main manuscript.
N (cm-3)
53,000 ± 600
75,000 ± 900
99,500 ± 600
120,000 ± 1,000
147,000 ± 2,000
177,000 ± 2,000
188,000 ± 4,000
243,000 ± 4,000

#2 (cm-3)
3.1 ± 0.4
7.0 ± 0.4
13.6 ± 0.5
21 ± 1
30 ± 1
43 ± 1
50. ± 2
85 ± 3
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Table S3b. Experimental data for Fig. 5b in the main manuscript. Coagulation time includes
estimated 6 second dwell time in the pre-mixing volume used for these experiments and an
additional estimated 6 second dwell time elsewhere in the system between the exit to the
mobility-selecting DMAs and the inlet to the electrostatic precipitator excluding the coagulator
assembly. Shaded rows correspond to trials which deviated from the expected trend due to
irregularities at low flow.
t (s)
32
36
40
42
52
72
84
132
132

#2 (cm-3)
12.5 ± 0.4
12.7 ± 0.5
15.2 ± 0.7
15.3 ± 0.4
19.2 ± 0.7
16.3 ± 0.4
15.7 ± 0.9
19.7 ± 0.9
18.9 ± 0.8
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Table S4. Experimental data for Fig. 6b in the main manuscript.
Layers
above
coagulator
assembly
0
0
0
1
2
3
4

Freezer
door
closed?
No
Yes
Yes
Yes
Yes
Yes
Yes

Shielding
below
coagulator
assembly?
No
No
Yes
Yes
Yes
Yes
Yes

#3DTDMA (cm-3)
8.4 ± 1.4
7.9 ± 0.6
3.9 ± 1.6
2.1 ± 0.3
2.8 ± 1.0
2.3 ± 0.5
2.2 ± 0.2

N (cm-3)
117,000 ± 1,000
115,000 ± 2,000
103,800 ± 500
112,800 ± 600
112,700 ± 400
115,000 ± 1,000
114,100 ± 600
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Table S5a. Experimental data for unshielded trials in Fig. 7 of the main manuscript. Coagulator
residence time includes estimated 6 second dwell time in the pre-mixing volume used for these
experiments and an additional estimated 6 second dwell time elsewhere in the system between
the exit to the mobility-selecting DMAs and the inlet to the electrostatic precipitator excluding
the coagulator assembly. Shaded rows correspond to trials which deviated from the expected
trend due to irregularities at low flow.
teff
(s)
24
24
26
27
27
32
32
36
36
40
40
42
42
42
42
48
48
52
52
72
72
72
72
72
72
84
84
132
132
132
132

#3DTDMA (cm-3)

N (cm-3)

3.2 ± 0.4
2.7 ± 0.3
2.8 ± 0.2
3.6 ± 0.4
2.5 ± 0.2
4.8 ± 0.3
3.6 ± 0.3
4.9 ± 0.3
4.2 ± 0.4
4.4 ± 0.3
4.9 ± 0.4
6.2 ± 0.3
5.4 ± 0.6
6.0 ± 0.4
4.8 ± 0.5
7.2 ± 0.5
7.1 ± 0.3
7.0 ± 0.5
4.7 ± 0.4
7.9 ± 0.3
8.0 ± 0.4
8.3 ± 0.6
7.5 ± 1.1
7.3 ± 0.3
5.4 ± 0.3
10.0 ± 0.4
6.3 ± 0.3
11.4 ± 0.6
10.0 ± 0.7
9.6 ± 0.6
9.0 ± 0.5

110,000 ± 2,000
116,000 ± 1,000
110,000 ± 1,000
116,000 ± 1,000
113,000 ± 1,000
113,000 ± 1,000
111,000 ± 1,000
112,000 ± 5,000
121,000 ± 1,000
110,000 ± 2,000
115,000 ± 1,000
111,000 ± 1,000
112,000 ± 1,000
113,000 ± 1,000
118,000 ± 1,000
112,000 ± 2,000
114,000 ± 1,000
114,000 ± 1,000
114,000 ± 1,000
111,000 ± 1,000
108,000 ± 1,000
110,000 ± 2,000
111,000 ± 1,000
117,000 ± 1,000
116,000 ± 1,000
112,000 ± 1,000
113,000 ± 1,000
112,000 ± 1,000
108,000 ± 2,000
115,000 ± 1,000
111,000 ± 1,000
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Table S5b. Experimental data for shielded trials in Fig. 7 of the main manuscript. Coagulator
residence time includes estimated 6 second dwell time in the pre-mixing volume used for these
experiments and an additional estimated 6 second dwell time elsewhere in the system between
the exit to the mobility-selecting DMAs and the inlet to the electrostatic precipitator excluding
the coagulator assembly. Shaded rows correspond to trials which deviated from the expected
trend due to irregularities at low flow.
teff
(s)
36
36
40
40
42
42
52
52
72
72
84
84
132
132
132
132

#3DTDMA (cm-3)

N (cm-3)

2.3 ± 0.6
1.6 ± 0.1
2.0 ± 0.3
2.2 ± 0.2
3.0 ± 0.3
2.1 ± 0.5
3.4 ± 0.5
3.0 ± 0.3
2.7 ± 0.4
2.8 ± 0.2
3.0 ± 0.2
2.6 ± 0.3
4.2 ± 0.2
3.8 ± 0.3
4.0 ± 0.4
3.4 ± 0.2

114,000 ± 2,000
114,000 ± 1,000
111,000 ± 2,000
119,000 ± 2,000
107,000 ± 1,000
120,000 ± 4,000
111,000 ± 1,000
115,000 ± 1,000
112,000 ± 1,000
116,000 ± 1,000
110,000 ± 1,000
117,000 ± 1,000
110,000 ± 1,000
105,000 ± 1,000
119,000 ± 1,000
111,000 ± 1,000
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Table S6a. Experimental data for shielded trials in Fig. 8a of the main manuscript.
N (cm-3)

Ratio N (cm-3)

54,077 ± 578
53,500 ± 394

#2
(cm-3)
2.63
2.47

#3
(cm-3)
2.03
2.15

1.30
1.15

53,021 ± 329

3.65

1.98

1.85

52,878 ± 420
52,739 ± 339

3.50
2.95

1.87
2.01

1.87
1.46

52,561 ± 349

3.16

1.89

1.67

53,730 ± 534

2.74

1.90

1.44

52,994 ± 318
52,511 ± 361
52,410 ± 371

3.27
2.96
3.21

1.81
1.65
2.02

1.80
1.79
1.59

73,804 ± 370
73,955 ± 441

6.88
7.30

3.16
3.19

2.18
2.29

76,218 ± 911
75,466 ± 396

6.48
6.61

3.26
3.42

1.99
1.93

74,717 ± 398

6.79

3.02

2.25

74,704 ± 409

7.65

3.31

2.31

74,684 ± 359

6.44

3.12

2.07

76,250 ± 848

7.36

4.08

1.80

75,600 ± 373

7.68

3.25

2.36

100,151 ±
622
99,854 ± 531

13.28

4.95

2.68

13.12

5.10

2.57

99,914 ± 554

13.53

5.01

2.70

99,687 ± 574
99,056 ± 574

13.29
13.39

4.57
5.54

2.91
2.42

144,948 ± 972
148,843 ±
2,579
148,237 ±
1,514
147,971 ± 925
146,138 ±
1,819
145,200 ±
1,028
145,917 ±
1,610
148,987 ± 948
148,446 ± 904
146,100 ±
1,698
181,275 ± 971
179,304 ±
1,655
178,185 ± 797
176,988 ±
1,645
175,736 ±
1,097
180,329 ±
1,363
177,716 ±
1,486
175,946 ±
1,534
173,702 ±
1,386
174,631 ± 902
183,780 ±
1,290
182,050 ±
1,047
183,350 ± 985
183,250 ±
1,113

#2
(cm-3)
28.23
30.37

#3
(cm-3)
9.93
9.54

2.84
3.18

30.04

9.75

3.08

30.64
30.63

9.47
10.01

3.24
3.06

31.19

9.51

3.28

31.22

10.66

2.93

31.01
29.76
31.61

9.37
9.99
11.08

3.31
2.98
2.85

41.61
42.37

13.44
12.63

3.10
3.36

42.62
43.35

14.24
13.24

2.99
3.27

43.63

14.99

2.91

43.67

14.34

3.04

43.56

14.01

3.11

42.21

13.04

3.24

43.94

14.92

2.95

42.63

13.13

3.25

47.16

14.49

3.26

46.52

14.01

3.32

46.78
50.29

14.70
14.91

3.18
3.37

Ratio
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Table S6a (continued).
98,430 ± 579

14.87

5.84

2.55

98,702 ± 477

14.41

5.99

2.41

99,987 ± 918
99,928 ± 677
98,952 ± 495

13.43
13.76
13.56

5.19
5.02
4.89

2.59
2.74
2.77

119,171 ±
592
118,805 ±
573
118,536 ±
638
118,764 ±
856
121,129 ±
654
120,102 ±
680
119,727 ±
549
119,644 ±
741
119,806 ±
815
121,978 ±
663

18.65

6.51

2.87

190,477 ±
3,093
193,822 ±
1,378
192,092 ± 974
191,582 ± 952
189,735 ±
1,508
190,064 ± 899

49.19

15.71

3.13

51.96

15.96

3.26

50.94
52.16
52.14

14.90
16.69
15.88

3.42
3.13
3.28

51.84

17.58

2.95

20.54

6.94

2.96

248,272 ± 958

82.77

24.26

3.41

21.04

7.57

2.78

248,693 ± 972

91.32

25.66

3.56

20.13

7.29

2.76

83.92

26.33

3.19

21.55

7.76

2.78

242,362 ±
1,116
241,606 ± 835

87.27

24.80

3.52

19.94

7.25

2.75

87.16

25.33

3.44

20.70

6.85

3.02

85.27

25.48

3.35

21.65

8.04

2.69

83.46

23.81

3.50

21.97

7.75

2.84

22.96

7.56

3.04

243,331 ±
1,017
240,469 ±
2,423
238,801 ± 901
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Table S6b. Experimental data for unshielded trials in Fig. 8a of the main manuscript.
N (cm-3)
50,160 ± 3,410
48,852 ± 3,349
51,776 ± 4,354
49,925 ± 3,462
49,616 ± 3,337
50,683 ± 3,761
48,283 ± 3,424
48,760 ± 3,290
71,357 ± 3,538
72,875 ± 3,806
74,081 ± 3,864
72,348 ± 3,593
74,390 ± 3,698
77,618 ± 4,421
74,183 ± 3,353
74,302 ± 3,481
109,307 ± 2,157
111,461 ± 1,680
110,602 ± 2,138
114,499 ± 3,840
110,005 ± 2,239
112,338 ± 3,230
109,646 ± 2,441
109,076 ± 2,124
169,111 ± 9,507
159,502 ± 5,980
157,634 ± 3,173
165,874 ± 6,337
161,075 ± 3,474
158,274 ± 1,580
164,030 ± 5,813
156,918 ± 2,448
248,085 ± 2,738
245,770 ± 2,436
248,659 ± 3,701
255,365 ± 3,139
250,564 ± 3,400
249,371 ± 3,479
248,280 ± 3,428
244,126 ± 3,594

#2 (cm-3)
1.61
3.41
2.19
4.61
2.13
6.22
5.98
2.68
13.31
6.03
13.64
14.64
13.80
13.91
9.51
12.67
21.32
20.30
19.76
23.08
26.52
24.01
20.48
26.16
44.30
44.64
43.68
48.71
50.07
45.49
49.76
44.89
96.18
92.54
93.44
94.08
91.99
90.74
98.80
99.34

#3 (cm-3)
8.56
8.71
8.54
6.28
8.27
8.73
8.81
8.09
10.29
9.92
9.66
12.49
10.24
10.34
9.40
9.87
12.73
12.35
12.42
13.62
12.52
13.12
12.74
12.95
15.30
15.60
14.70
15.64
15.97
15.59
17.12
15.53
28.65
26.37
30.04
28.80
27.62
27.43
27.60
28.15

Ratio
0.19
0.39
0.26
0.74
0.26
0.71
0.68
0.33
1.29
0.61
1.41
1.17
1.35
1.35
1.01
1.28
1.68
1.64
1.59
1.70
2.12
1.83
1.61
2.02
2.90
2.86
2.97
3.12
3.13
2.92
2.91
2.89
3.36
3.51
3.11
3.27
3.33
3.31
3.58
3.53
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Table S7a. Experimental data for the (approximately) constant upstream concentration trials in
Fig. 9a of the main manuscript.
Flow
ratio
2.0
2.5
3.0
4.0

N (cm3
)
242,000
226,000
183,000
120,000

σDp(nm)
2.34
0.80
0.71
0.90

434

Table S7b. Experimental data for the (approximately) constant mobility-selected concentration
trials in Fig. 9a of the main manuscript.
Flow
ratio
2.0
2.5
3.0
4.0
5.0

N (cm-3)

σDp(nm)

109,000
114,000
108,000
112,000
74,000

1.70
0.69
0.92
0.51
0.70
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Table S8a. Experimental data for Fig. 11a of the main manuscript.
Nana = 18,000 cm-3

Nana = 29,000 cm3

T
(°C)
24.2

Dp (nm)

T
(°C)
137.5 ± 37.2 20.1

25.7

136.2 ± 27.1 21.3

28.6

136.8 ± 18.0 22.7

34.5

130.0 ± 37.2 22.9

37.4

134.4 ± 9.2

38.9

127.4 ± 13.7 24.4

40.4

116.9 ± 27.1 25.7

43.3

127.1 ± 11.6 27.2

44.8

113.1 ± 31.3 27.3

46.2

113.8 ± 20.5 28.6

24.2

28.8
30.1
31.6
31.7
33.0
33.2
34.5
34.7
36.0
36.1

Dp (nm)
139.7 ±
4.0
137.7 ±
4.5
136.4 ±
3.7
138.3 ±
6.1
137.4 ±
4.9
136.3 ±
4.9
137.3 ±
6.0
137.2 ±
4.5
138.5 ±
4.0
137.0 ±
2.7
136.2 ±
2.4
136.9 ±
2.8
137.8 ±
3.6
135.3 ±
2.7
134.9 ±
2.0
134.1 ±
3.2
133.8 ±
3.2
128.8 ±
6.2
133.8 ±
2.6
131.0 ±
2.1

Nana = 68,000 cm-3
T
(°C)
21.4
23.1
24.9
26.6
28.4
28.6
30.1
30.3
31.8
32.0
33.5
33.7
35.2
35.4
37.0
37.1
38.8
40.4
40.6
42.1

Dp (nm)
137.0 ±
2.4
137.7 ±
2.3
137.7 ±
2.2
135.5 ±
2.0
136.8 ±
2.1
134.4 ±
2.0
136.4 ±
2.0
134.7 ±
2.1
133.9 ±
1.5
133.6 ±
1.3
133.1 ±
1.7
130.6 ±
1.9
130.3 ±
1.4
130.1 ±
2.0
129.1 ±
1.3
127.9 ±
1.7
127.9 ±
1.7
126.2 ±
1.6
126.5 ±
1.6
125.4 ±
1.6
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Table S8a (continued).
37.4
37.6
38.9
39.1
40.4
40.5
41.8
42.0
43.3
44.8
46.3
46.4
47.7
47.8
48.6

129.3 ±
3.4
130.9 ±
5.1
129.1 ±
2.3
127.4 ±
5.6
128.7 ±
3.5
125.2 ±
3.2
125.9 ±
4.0
125.8 ±
4.4
127.2 ±
3.9
126.8 ±
4.3
126.3 ±
4.3
124.1 ±
2.7
125.5 ±
2.9
124.6 ±
4.1
126.8 ±
3.9

42.3

127 ± 1.7

43.8

125.5 ±
1.7
125.6 ±
1.8
125.7 ±
1.5
124.7 ±
1.4
124.2 ±
1.2
124.7 ±
1.4
124.4 ±
1.1
125.2 ±
1.4
123.3 ±
1.6
123.2 ±
1.5
123.7 ±
1.0
123.4 ±
1.7
123.1 ±
1.5

44.0
45.5
45.7
47.2
47.4
49.0
49.2
50.7
50.9
52.4
52.5
53.5
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Table S8b. Experimental data for Fig. 11b of the main manuscript.
Nana = 15,000 cm-3
T (°C)
Dp (nm)
24.8
139.7 ± 6.4
25.8

140.5 ± 7.1

27.0

140.2 ± 6.2

28.2

139.9 ± 6.0

29.4

138.5 ± 7.8

30.6

141.6 ± 6.1

31.9

138.3 ± 6.6

33.1

135.8 ± 6.5

34.3

136.2 ± 6.9

35.5

135.3 ± 8.5

36.8
38.0

132.9 ±
10.9
131.9 ± 8.8

39.2

133.6 ± 4.7

42.9

46.5

126.5 ±
10.9
129.2 ±
10.3
126.1 ±
15.3
123.1 ± 6.9

47.8

124.0 ± 8.1

48.5

126.2 ± 4.8

44.1
45.3

Nana = 28,000 cm-3
Nana = 43,000 cm-3
T (°C)
Dp (nm)
T (°C)
Dp (nm)
24.8
137.4 ±2.9 24.8
137.7 ±
1.8
25.8
135.4 ±
25.8
137.2 ±
3.4
2.2
27.0
137.3 ±
27.0
136.8 ±
4.4
2.0
28.2
137.3 ±
28.2
138.1 ±
2.9
2.2
29.4
136.1 ±
29.4
136.3 ±
3.4
2.3
30.7
134.7 ±
30.7
137.1 ±
3.7
2.2
31.9
133.8 ±
31.9
135.0 ±
5.4
1.9
33.1
134.7 ±
33.1
133.8 ±
4.3
2.8
34.3
133.7 ±
34.3
131.4 ±
3.3
3.2
35.5
132.0 ±
35.5
131.5 ±
4.7
2.9
36.8
131.0 ±
36.8
130.6 ±
4.2
1.6
38.0
132.6 ±
39.2
128.4 ±
3.1
2.5
39.2
130.7 ±
40.4
126.5 ±
3.6
3.2
40.4
129.1 ±
44.1
126.4 ±
3.0
4.4
41.7
128.7 ±
45.3
123.3 ±
5.2
1.7
45.3
125.6 ±
3.3
47.8
122.0 ±
3.8
48.5
124.2 ±
3.4

Nana = 162,000 cm-3
T (°C)
Dp (nm)
24.7
138.3 ± 1.5
25.7

136.7 ± 1.2

27.0

137.7 ± 1.6

28.2

136.1 ± 1.2

29.4

136.8 ± 1.4

30.7

135.1 ± 1.2

31.9

133.7 ± 1.0

33.1

133.5 ± 1.3

34.3

132.2 ± 1.4

36.8

130.9 ± 1.3

39.2

127.5 ± 1.3

40.4

126.2 ± 1.3

41.7

125.1 ± 1.9

45.3

122.5 ± 1.5

46.6

122.2 ± 1.6

47.8

123.1 ± 1.8

48.6

124.3 ± 1.8
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Table S9. Experimental data new to this work for Fig. 12 of the main manuscript.
System
α-pinene SOA

Dmono
(nm)
100
100
100

α-pinene SOA onto PolyWax
850(a)

100
100

Β-caryophyllene SOA(b)

80
80
80
80
80
80
80
80
80
80
80
80

Ammonium sulfate(c)
Limonene SOA(b)

50
100
100
100

Duc (nm)

Dc (nm)

138.5 ±
0.5
136.2 ±
0.6
137.7 ±
1.3
135.9 ±
0.7
138.2 ±
2.4
106.2 ±
0.7
108.1 ±
0.6
107.9 ±
0.8
111.4 ±
0.4
110.0 ±
0.6
109.0 ±
0.4
109.4 ±
0.4
107.8 ±
1.2
105.9 ±
0.8
109.6 ±
0.7
110.9 ±
0.7
106.6 ±
1.4
65.4 ± 0.3
134.9 ±
1.2
136.0 ±
1.0
136.5 ±
2.2

124.0 ±
0.8
124.8 ±
0.6
123.9 ±
0.7
120.3 ±
1.4
122.2 ±
2.3
99.0 ± 0.6
100.3 ±
0.8
98.9 ± 0.9

Duc - Dc
(nm)
14.5 ± 0.9
11.4 ± 0.8
13.8 ± 1.5
15.6 ± 1.6
16.0 ± 3.3
7.2 ± 0.9
7.8 ± 1.0
8.0 ± 1.2

105.2 ±
0.4
102.0 ±
0.5
101.6 ±
0.5
102.0 ±
0.4
99.8 ± 0.8

8.0 ± 1.4

97.0 ± 0.8

8.9 ± 1.1

101.5 ±
0.6
103.3 ±
0.8
96.2 ± 3.0

8.1 ± 0.9

62.2 ± 0.3
125.3 ±
2.4
129.4 ±
0.8
124.9 ±
1.3

6.2 ± 0.6
8.0 ± 0.8
7.4 ± 0.6
7.4 ± 0.6

7.6 ± 1.1
10.4 ± 3.3
3.2 ± 0.4
9.6 ± 2.7
6.6 ± 1.3
11.6 ± 2.6
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Table S9 (continued).
100
100
PolyWax 850

50
50
50
60
70
80
80
100
100

Sucrose(c)
Terpinolene SOA(b)

50
80
80
80
80
80
80

140.2 ±
1.1
136.9 ±
1.2
65.8 ± 0.4
65.4 ± 0.4
62.0 ± 0.3
76.9 ± 0.3
87.1 ± 0.4
104.3 ±
0.4
103.8 ±
0.4
132.1 ±
0.8
137.0 ±
0.4
64.6 ± 0.9
105.9 ±
1.5
104.6 ±
0.7
107.6 ±
0.7
107.4 ±
1.6
106.0 ±
2.3
106.7 ±
0.6

130.2 ±
1.4
126.7 ±
1.2
60.9 ± 0.9
60.7 ± 0.6
58.6 ± 0.9
71.3 ± 0.7
80.8 ± 1.0
94.3 ± 0.8

10.0 ± 1.8

4.9 ± 1.0
4.7 ± 0.7
3.4 ± 0.9
5.6 ± 0.8
6.3 ± 1.1
10.0 ± 0.9

92.3 ± 1.0

11.5 ± 1.1

119.7 ±
1.3
124.1 ±
0.6
59.8 ± 0.4
96.5 ± 1.4

12.4 ± 1.5

4.8 ± 1.0
9.4 ± 2.1

95.6 ± 0.8

9.0 ± 1.1

100.6 ±
0.9
99.5 ± 1.6

7.0 ± 1.1
7.9 ± 2.3

96.3 ± 1.9

9.7 ± 3.0

99.9 ± 0.6

6.8 ± 0.8

10.2 ± 1.7

12.9 ± 0.7

(a)

Probe monomer experiment with PolyWax 850 probe and SOA analyte
Collected as part of concurrent DCIC-based project. See also: Champion, W.M., Rothfuss,
N.E., Petters, M.D., Grieshop, A.P. Volatility and Viscosity of Terpene Secondary Organic
Aerosol from Flow Reactor Experiments. In preparation for Env. Sci. Technol. Lett.
(c)
Thermal conditioner RH-induced phase transition. All other transitions were due to changes in
conditioner temperature.
(b)
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Additional Discussion on Monomer Decharging
Here we briefly consider other possible decharging mechanisms. We do not believe these
to be major contributors to monomer decharging as observed in this work, however some may be
of greater concern under other experimental conditions. Interactions between high atomic
number solids such as lead and high-energy beta particles produce X-rays via Bremsstrahlung
(Thornton and Rex 2006). In principle, Bremsstrahlung could serve as an additional ionization
source within the chamber assembly. However, if Bremsstrahlung was a significant contributor
to observed monomer decharging, we might expect that at large coagulator residence time
shielding increases decharging relative to the unshielded case. This does not occur in Fig. 7
(Chapter 5). Bremsstrahlung may become an issue in proximity to sources of high-energy beta
particles, such as certain instruments used in cancer therapies (Jødal 2009), or in outdoor
environments where background beta radiation from decay of uranium-238 and various thorium
isotopes in the ground may be more prevalent. However, in sufficient thickness lead may
recapture the Brehmstrahlung it generates (Murata et al. 2014; Van Pelt and Drzyzga 2007),
suggesting it is possible to elide this concern entirely in practice.
Negatively charged ions can also be formed by emissions of electrons by particles
themselves in the presence of UV light, a process known as photoionization (Nishida et al.
2017). These ions may subsequently recombine with a +1 monomer to form a neutral, and
photoionization of an existing -1 monomer will produce a neutral particle directly. However, no
source of UV radiation exists in the DTDMA system and it is expected that the flows themselves
are fully insulated from ambient UV radiation. UV bulbs are commonly used in SOA generation
for producing radical oxidant species within the reaction vessel (eg. Saha et al. 2018; Peng et al.
2015; Cocker et al. 2001). However, as the particles output by such systems are subject to
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reneutralization prior to size selection (via exposure to a Po-210 source or other similar means)
and it is expected that any excess ions produced will be filtered by the mobility-selecting DMAs,
photoionization events in the upstream source are not expected to influence observed DTDMA
SMPS spectra.
Finally, charge can also be transferred from a particle via collision with a metal surface,
such as the walls of our coagulation chamber (John et al. 1980). If such now neutral particles do
not adhere as a result of the collision, they may be subsequently transmitted through the
electrostatic precipitator.
Additional Discussion on Particle Loss Mechanisms
The Julia DMA Language (JDL) (M. Petters 2018) model accounts for diffusional losses
within the mobility-selecting DMA’s using the parameterization of Reineking and Porstendörfer
(1986). Accordingly, it is worth briefly considering how such processes may increase signal
losses, particularly at small diameter. This parametrization is for the TSI 3071 geometry used in
this work and utilizes a dimensionless quantity known as the deposition parameter (µ):
𝜇

𝐷𝐿
,
𝑄

(S1)

where D is the particle diffusion constant, L is the effective axial length assumed equal to 1.3 m
and Q is the volumetric flow rate. The following equation relates µ to the fraction of particles not
lost through diffusional mechanisms (PnDMA):
𝑃𝑛

0.82 exp

11.5𝜇

0.1 exp

70.0𝜇

(S2)
0.03 exp

180𝜇

0.02 exp

340𝜇 .

Applying Eq. (S1) for a 30 nm particle with D = 6.4 x 10-9 m2 (Hinds 1999) and a typical DMA
sample flow of 1.2 L min-1, µ = 4.1 x 10-2 results in PnDMA = 0.96 via Eq. (S2). Using a D value
of 5.45 x 10-8 m2 s-1, corresponding to a standard 10 nm particle (Hinds 1999) reduces PnDMA to
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0.89. Thus, diffusional losses in the DMAs are not trivial at very small diameter, but are less
significant than losses due to reduced charging efficiency in explaining the extreme reduction in
mobility-selected concentration with monomer diameter.
The fact the JDL is broadly consistent with observed behavior, including expected signal
losses at small monomer diameter, argues against wall losses being a significant concern for
DTDMA operation, because the model itself does not consider them (M. Petters 2018). In Fig. 5a
of the main manuscript, the most prominent deviations between model and observed peak
heights occur at very high mobility-selected number concentrations (> 150,000 cm-3) where a
resolvable dimer signal is expected even if the monomer decharging rate is higher than observed
in this work. Thus, even if these discrepancies arise entirely due to wall losses (instead of, for
example, errors in assumptions regarding the upstream particle distribution used with the JDL),
such losses will not be of practical concern for dimer production. However, particle diffusion
constants for 20 nm monomers are almost an order of magnitude larger than those at 100 nm
(Hinds 1999), so the possibility wall losses are more significant at small monomer diameters
where relevant experimental data is currently unavailable cannot be disregarded. Approximating
the coagulation chamber assembly as a single (wide diameter) tube, the penetration through the
assembly (Pn) can be characterized by the dimensionless deposition parameter of Eq. (S1) and
the following parameterization from Hinds (1999):
𝑃𝑛
𝑃𝑛

0.819 exp

1

5.50 𝜇
11.5𝜇

⁄

3.77𝜇, 𝜇

0.0975 exp

0.009
70.1 𝜇 , 𝜇

(S3a)
0.009

(S3b)

Using the diffusion constant for 30 nm particles from Hinds (1999) and typical experimental
conditions (D = 6.4 x 10-9 m2, L = 1 m, Q = 0.9 L min-1) approximately 97% of particles will
transmit through the coagulation chamber under the conditions given above. This suggests
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diffusional wall losses within the coagulation chamber do not significantly influence dimer
production.
Alternative mechanisms of wall loss also provide unsatisfactory explanations. The
presence of charges on a chamber wall has long been a general concern for wall loss (McMurry
and Rader 1985). Recent work by Charan et al. (2018) found that such electric fields can
noticeably increase loss of small particles of the opposite charge and that it is relatively easy to
introduce charging via incidental physical contact. However, whereas Charan et al. (2018)
considered large Teflon environmental chambers, it is unlikely that such charge build-up has
occurred in the system presented here. The coagulation chambers themselves and all tubing
between the size-selecting DMAs and the coagulation assembly (and between the individual
coagulation chambers when multiple ones were in use) are comprised of conductive material,
either stainless steel or polymer. As such, for charge buildup to occur on the chamber walls it
would be necessary for the metallic exterior of both size-selecting DMA columns to be
improperly grounded. Meanwhile, losses due to inertial impaction or sedimentation increase with
diameter (Von Der Weiden et al. 2009) and thus cannot explain signal losses that are most
prominent at small diameter.
Derivation of Geometric Parameters for the Mobility Diameter Models of Fig. 12
The model of Gopalakrishnan et al. (2015) is used to estimate mobility diameters for
fully uncoalesced dimers. This is a variant of the adjusted sphere approximation (Dahneke 1973),
using the formulation of Zhang et al. (2012) for the adjusted Knudsen number. This requires
defining two geometry-specific properties: the Smoluchowski radius (Rs) (Gopalakrishnan et al.
2011) and the orientation-averaged projected area (Ap). The derivation of these parameters for
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each of the three idealized morphologies presented in the manuscript in terms of the monomer
diameter (Dmono) are given in the following subsections.
Doublet of Spheres Geometry
Non-dimensional values of Rs and Ap for a doublet of spheres have been calculated by
Gopalakrishnan et al. (2011) as 1.392 and 5.800, respectively. These quantities were calculated
assuming the monomer sphere radius as the characteristic length, thus they can be
redimensionalized to the appropriate units as such:
𝑅

1.392 𝐷

⁄2

(S4a)

𝐴

5.800 𝐷

⁄2

(S4b)

Cylindrical Rod Geometry
Parameterizations for cylindrical rods are derived from Gopalakrishnan et al. (2015),
whose generalized formulation was taken from Hansen (2004). For Rs,
𝑅

3
𝐷
16

⁄

𝐿

1.0304
0.00166𝑥

0.0193𝑥

0.06229𝑥

0.00476𝑥

(S5)

2.66 𝑥 10 𝑥

where x depends upon the diameter (Dcyl) and length (L) of the cylinder.
𝑥

ln

𝐿
𝐷

(S6)

We assume that Dcyl = Dmono and L = 2Dmono. Thus, Eq.(S5) and (S6) simplify to
𝑅

0.7757𝐷

.

(S7)

Likewise, for Ap, the published formulation of
𝐴

𝜋
𝐷
4

𝐿

(S8)

becomes the following when our geometric assumptions are applied:
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1
𝜋𝐷
2

𝐴

1.571𝐷

.

(S9)

Prolate Spheroid Geometry
We start with the parameterization for ratios of the hydrodynamic radius (Rhyd) to the
sphere-equivalent radius (Rse) from Hansen (2004).
𝑅
𝑅

𝑝

⁄

𝑝

1

ln 𝑝

𝑝

1

.

(S10)

where p is the ratio of the major (c) and minor (a) axes lengths of the generating ellipse. As we
assume that the a = Dmono and c = 2Dmono, p = 2. Thus, substituting this result into Eq. (S10) and
solving for Rhyd:
𝑅

1.044𝑅 .

(S11)

For a dimer formed from two otherwise identical monomers:
𝑅

2

⁄

𝐷
2

(S12)

.

Finally, Rhyd can be approximated as Rs via the Hubbard-Douglas approximation
(Gopalakrishnan et al. 2015; Hubbard and Douglas 1993). Combining this assumption with Eqs.
(S11) and (S12) yields our final form for Rs:
𝑅

0.657𝐷

.

(S13)

For Ap, we first note that a prolate spheroid is a convex solid, and thus will have an Ap value ¼
that of its actual surface area (S). The latter quantity is defined as follows (Wolfram MathWorld
2018):
𝑆

2𝜋𝑎

2𝜋

𝑎𝑐
sin
𝑒

𝑒.

(S14)

where e is the ellipticity, defined as
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𝑎
.
𝑐

1

𝑒

(S15)

Thus,
𝜋
𝑎
2

𝐴

𝑎𝑐
sin
𝑒

𝑒.

(S16)

and applying our assumptions about how the axes relate to the monomer diameter to Eqs. (S15)
and (S16) yields
𝐴

1.342𝐷

.

(S17)
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APPENDIX E
Supporting Information for “The Condensation Kinetics of Water on Amorphous Aerosol
Particles”
Appendix E comprises the Supporting Information for the paper of Chapter 6, which was
published in The Journal of Physical Chemistry Letters (Year: 2018, Volume: 9, Pages: 37083713) with the following co-authors:
Marsh, A.1, Rovelli, G.1, Petters, M.D.2, Reid, J. P.1
1

School of Chemistry, University of Bristol, Bristol, UK BS8 1TS

2

Department of Marine, Earth, and Atmospheric Sciences, NC State University, Raleigh, NC
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Electrodynamic Balance Experimental Methods
Droplets are generated from a droplet-on-demand piezoelectric dispenser, charged by an
induction electrode, and trapped within the EDB chamber <100 ms after generation. The
confined dilute solution droplet with initial radius of 30 – 20 μm, rapidly loses water
equilibrating to the RH of the trapping region (~20% in the measurements presented here). Time
between initial equilibration and invocation of the condensation step was on the order of one to
several minutes to allow the trapped particle to reach an equilibrated moisture content with the
gas phase. Initially the dominant gas phase flow regulating the RH entered through the top pair
of cylindrical electrodes; switching the gas flow to a pre-equilibrated higher RH flow through the
bottom electrode allowed a step increase in RH to be achieved in less than 0.5 s (Davies et al.
2013). Temperature within the chamber was maintained by circulating coolant through channels
present in the EDB structure. Coolant temperature was controlled using a circulating thermal
bath (Julabo F32-ME). At temperatures of 20 °C we expect the actual chamber temperature was
within ± 1 °C of the coolant temperature based upon prior work by Davies et al. (2013). For
measurements collected at coolant temperatures ≤ 0 °C, the chamber temperature was measured
via a thermocouple (±1.5°C) placed between the main electrodes immediately prior to the
experiment. Each of the two-primary humidified EDB flows is a mixture of two subflows: a dry
flow and a moist flow humidified via bubbling through a temperature-controlled water bath. The
ratio of the flow rates for these two subflows was controlled via a custom LabView (National
Instruments) software application. At the start of the condensation step the two primary gas
flows were switched from 20 and 200 mL min-1 to 200 and 20 mL min-1, respectively. At
temperatures ≤ 0 °C, measurements (±2% RH) of chamber RH were derived by tracking radius
changes during equilibration of a separately generated and trapped probe droplet having well
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characterized, gas diffusion-limited evaporation behavior, pure water in this case. This procedure
is detailed in Rovelli et al. (2016). At 20 °C probe droplets were not utilized except during the
PEG-4 experiments. The EDB chamber has two separate droplet-on-demand generators,
allowing alternate generation of probe and sample droplets from separate dispensers. At all
temperatures the RHs of the drier flow were nominally 20% for measurements with glucose,
PEG-4, sodium nitrate, and sucrose droplets, and 50% for raffinose and trehalose droplets. The
higher RH values switched to during condensation step measurements ranged from 60% to 90%
at 20 °C. At lower temperatures all measurements utilized a nominal high RH flow RH of 80%.
Measurements were collected for glucose and trehalose only at 20 °C, while measurements were
also collected for raffinose, sodium nitrate, and sucrose at temperatures of 0° and -7.5 °C and
PEG-4 at 0 °C.
To measure droplet radius, the elastic light scattered from a 532 nm (λ) laser (Laser
Quantum Ventus CW) incident on the droplet was collected via a CCD camera with a central
angle (θ) of 45°. From the observed angular fringe separation (Δθ) and the refractive index (n)
the radius can be estimated to within a precision of ±100 nm using the geometric optics
approximation (Glantschnig and Chen 1981):
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Note the refractive index of the droplet varies with density during droplet growth as the solute
mass fraction decreases. For initial data collection a constant refractive index of 1.335,
equivalent to that of pure water at 532 nm, was assumed. In post-processing measured radii were
adjusted to values derived from actual refractive indices as inferred from the molar refraction
(Stelson 1990). This procedure is detailed in Rovelli et al. (2016) and Marsh et al. (2017)
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For experiments 5% (w/w) solutions of D-(+)-glucose (Sigma-Aldrich, 99.5%), PEG-4
(oligomer purity > 98.5%, Sigma-Aldrich), D-(+)-raffinose pentahydrate (Sigma-Aldrich, ≥
98.0%), sodium nitrate (Fisher Scientific, analytical reagent), sucrose (Sigma-Aldrich, ≥ 99.5%),
and D-(+)-trehalose dihydrate (Sigma-Aldrich, ≥ 99%) were prepared in HPLC-grade water
(Fisher Scientific). All reagents were used as provided without additional purification. Chemical
compounds were selected to form binary aqueous-solute aerosol droplets such that a broad range
of initial (pre-condensation step) viscosities could be studied.
Gas Diffusional Growth Model
Assuming spherical geometry, isotropic mass flux, and a time step sufficiently short to
approximate the droplet density (ρ) as constant, radial growth with time (t) can be described by
the following ordinary differential equation:
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For this work, mass flux was simulated using the Kulmala diffusion model (Rovelli et al. 2016;
Miles et al. 2010; Kulmala et al. 1993):
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where S∞ is the saturation ratio far from the particle surface (equal to the fractional ambient RH),
Sr is the saturation ratio at the particle surface (equal to the equilibrium water activity of the
droplet solution), R is the universal gas constant, T∞ is the temperature far from the droplet
surface, p0 is the equilibrium vapor pressure of water at T∞, A is a correction factor for Stefan
flow effects, M is the molecular weight of the solute, DN is the gas-phase diffusion constant of
water in nitrogen, L is the enthalpy of vaporization for liquid water, K is the thermal conductivity
of air, βM and βT are non-continuum correction factors for mass and heat transfer (Fuchs and
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Sutugin 1970) respectively, and Sh is the Sherwood number (Bird et al. 1960), a correction factor
for enhanced mass transfer to the droplet due to gas flow within the EDB. The Stefan flow
correction depends upon the full ambient air pressure (p):
𝐴
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2𝑝

(S4)

Stefan flow is a stream of air towards a condensing droplet that develops to maintain constant
ambient air pressure near the droplet surface despite ongoing gradient diffusion of air molecules
away from the particle. The βM and βT terms depend upon the mass accommodation and thermal
accommodation coefficients, respectively. Unless otherwise stated, these are assumed to be
unity. The Sherwood number is calculated as a function of the Reynolds (Re) and Schmidt (Sc)
numbers using a formulation parallel that of Ranz and Marshall (1952) for the Nusselt number,
the analogous quantity of the Sherwood number for heat transfer:
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Here the Kulmala mass flux equation is used to simulate condensation/evaporation events
governed by a gas phase diffusion limitation and determine the timescale of water condensation.
To apply this kinetic model, the following quantities must be known:


Initial radius (prior to condensation step),



Concentration of solute in the droplet at the initial radius (prior to condensation step),



Final RH (post condensation step),



Hygroscopic growth parametrisation of the sample compound,



Density parametrisation against water activity of the sample solutions.

Density parametrisations for the saccharide species, sodium nitrate and PEG-4 were taken from
the work of Cai et al. (2016). Hygroscopic response curves were taken from AIOMFAC-web
(Zuend et al. 2011, 2008) for the saccharides, E-AIM (Clegg et al. 1998) for sodium nitrate and
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from the work of Marsh et al. (2017) for PEG-4. The sensitivity of the simulated condensation
timescales to hygroscopicity parametrisation was tested and found to have a negligible impact on
the retrieved condensation timescale. Examples of simulations of condensation events are shown
in Fig. S1 and Fig. S2.
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Figure S1. Time dependence of particle size (grey curves) along with fitted mKWW equations
(black curves) and simulated growth curves (red curves) for representative (a) sodium nitrate and
(b) sucrose droplet condensation experiments at 0 °C. The dashed red curves represent
uncertainty in the simulated growth curves arising due to assumed uncertainties of ±0.1 µm (i.e.
the precision of the geometric optics approximation) in the initial droplet radii. The dashed
vertical lines are positioned at the fitted experimental characteristic times.
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Figure S2. Modeled growth curves under various assumptions of mass accommodation
coefficient (α) for the representative sucrose condensation experiment (grey data points) from
Fig. S1b. Thin dotted red curves correspond to modelled growth curves assuming logarithmically
spaced values of the mass accommodation coefficient between 0.0001 and 0.01; the α = 0.1
curve is not visible as it is coincident with the α = 1.0 curve on the resolution of this figure. The
thicker dashed red line (α = 0.0025) is the value of α where the modelled characteristic time
equals the observed experimental characteristic time of 2.2 s.
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Calculation of Bulk Mixing Time
Assuming behavior consistent with Fick’s 2nd Law, the characteristic timescale for
diffusional mixing within a particle is related to the square of radius (r) (Seinfeld and Pandis
2006):
𝜏

𝑟
𝜋 𝐷

(S6)

where D is the particle diffusion constant in the host medium. For water vapor in sucrose, the
temperature- and RH-dependent diffusivity relationship of Lienhard et al. (2015) is utilized.
Applying a rudimentary scale analysis to Eq. S6, characteristic intraparticle mixing time should
be four orders of magnitude faster in a 100 nm particle than in a 10 μm one. As such, if bulk
diffusional limitations are of limited practical concern at the latter size, they will be of even less
concern at the former, assuming no difference in particle viscosity. Scale dependence of aerosol
viscosity is currently not well constrained, although there is limited evidence that it is of less
concern at diameters > 100 nm (Rothfuss and Petters 2017). Regardless, thermodynamic
arguments by Cheng et al. (2015) suggest that if scale dependence is present, smaller particles
will be less viscous and thus presumably mix even faster. Fig. S3 depicts characteristic bulk
mixing times for aqueous sucrose aerosol as a function of radius at 20 °C and variable RH
(between 10 – 90 %), calculated using equation S6.
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Mass Accomodation Coefficient

Figure S3. Comparison of the radius dependence of the modelled bulk mixing time in 10 % RH
increments (grey solid lines) and 25% and 78% RH (black solid lines) with modelled
condensational growth timescales for sucrose particles at 20 °C and for an RH step from 25% to
78% (red circles). The mean experimental timescale for a sucrose particle (~8 µm) ~25 – 75 %
RH step at 20 °C is indicated by the red square.
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