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Abstract:
Aerosol particles undergo numerous phase transitions in the atmosphere as the relative humidity
is varied. Understanding the location and occurrence of these phase transitions is essential for
understanding the morphology and successful modeling of aerosol particles. Some phase
transitions that are possible are deliquescence, efflorescence, separation, and mixing. To
investigate the phase transitions of organic aerosol particles, model systems composed of either
phenylglyoxylic acid or 3,4-dimethoxyphenylacetic acid with either ammonium sulfate,
ammonium chloride, or sodium sulfate were studied. Using optical microscopy, these systems
have revealed a hysteresis between the location of separation and mixing phase transitions. To
our knowledge this hysteresis has never been reported before. Additionally a history effect has
been observed in which the immediate RH and time history of the aerosol particle influences the
location of the mixing phase transition. The existence of these two phenomena, in addition to
their atmospheric implications, are discussed.
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Chapter 1: Introduction:
An aerosol particle is the suspension of a solid or a liquid in a gas. These particles consist
of a combination of inorganic salts, minerals, organic compounds, and water. Aerosol particles in
the atmosphere are produced by a large number of natural sources, including the oceans, deserts,
forests, and volcanoes, as well as anthropogenic sources including fossil fuel combustion. Aerosol
particles have an impact on air quality by contributing to smog and haze.1 It has also been shown
that aerosol particles have a negative influence on human health, especially if particles below
2.5 microns in diameter are present in large concentrations. Dockery et al., investigated the effects
on human health from air pollution levels, and found a direct correlation between the concentration
of fine aerosol particles and the mortality rate for six cities in the United States.2
In addition to health effects, aerosol particles are involved in heterogeneous chemistry in
the atmosphere. Heterogeneous chemistry involves the reaction of an aerosol particle with a
gaseous compound. One example is the interactions with N2O5. Nitrogen oxides are significant
oxidizers in the atmosphere whose concentration is related to the total N2O5 present, so removal
of N2O5 via uptake with aerosol particles reduces the total amount of nitrogen oxides present.3 The
removal of N2O5 by aerosol particles is dependent on the particle morphology and state, with the
removal occurring more slowly on solid particles compared to liquid particles.4-8
Aerosol particles have become increasingly important to study in recent years due to their
role in the climate system. While there is a good level of understanding of the warming that
greenhouse gases cause, the role of aerosol particles on the climate is not well understood.9 Aerosol
particles can influence Earth’s climate directly and indirectly. The aerosol direct effect occurs
when incoming radiation is scattered or absorbed by an aerosol particle. The aerosol indirect effect
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occurs when aerosol particles influence cloud formation and therefore the optical properties of the
cloud, altering how radiation is scattered or absorbed. From the Intergovernmental Panel on
Climate Change 2013 report, these two effects have a net cooling influence on the climate;
however, there are large uncertainties associated with both effects leading to an uncertainty in the
overall magnitude of the cooling.9
Some of the uncertainty in the role of aerosol particles comes from a lack of understanding
of the complex composition and morphology of aerosol particles.10,11 With respect to composition,
while the major inorganic components are well characterized, there is a large uncertainty as to the
specific organic compounds present.12 Field studies have suggested anywhere from hundreds to
thousands of organic compounds may be present in the atmosphere, but only a small number of
these compounds have been identified, leading to an uncertainty in aerosol particle composition.1,12
The presence of a wide variety of organic compounds can lead too numerous morphologies of
aerosol particles including but not limited to irregularly shaped, fractal, non-spherical, and
spherical particles. Each morphology may interact in the atmosphere differently because of
changing refractive indices and uptake properties, further complicating our understanding of their
effects on the climate system. By gaining a better understanding of the morphology of aerosol
particles, better climate predictions can be made.
One subset of aerosol particles that is of particular interest is aqueous organic
aerosol particles. Organic aerosol particles are typically comprised of both organic and inorganic
components. Ho et al., showed that organic compounds in PM2.5 in Beijing can come from both
anthropogenic and biogenic sources such as traffic exhaust and trees respectively.13 Depending
on the region, it has been observed that carbonaceous compounds ranges from 30% to 80% of the
total particle mass.14

These organic aerosol particles can undergo phase transitions in the
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atmosphere that influence particle morphology. Two possible phase transitions are efflorescence
and deliquescence. Efflorescence is the process in which a particle crystallizes and loses water.
Deliquescence is the process in which a crystalline particle uptakes water to form a solution. These
two transitions are shown in Figure 1, which compares the growth factor of ammonium sulfate as
the relative humidity (RH) is cycled. The deliquescence phase transition occurs around 78% RH,
while the efflorescence phase transition occurs around 40% RH.15 The RH at which these phase
transitions occur are approximately constant for a specific chemical system.

Figure 1: Mass growth ratio compared to relative humidity for ammonium sulfate particles as the RH is
varied. The sudden growth at about 78% RH represents deliquescence, while the sudden decrease at about
40% RH represents efflorescence.

Additionally, the presence of an organic compound can lead to changes in the relative
humidity at which deliquescence and efflorescence occur for pure salts. For example, the inorganic
salt ammonium sulfate, a common inorganic component of aerosol particles, deliquesces at 78%
RH, but in the presence of a mixture of maleic, malonic, malic, glutaric, and methylsuccinic acid
the deliquescence decreases to 36.4% RH.16 It has also been shown that depending on the specific
organic compounds present, efflorescence might not occur due to the liquid being more stable than
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the solid.16 These phase transitions can occur throughout a particle’s lifetime as the relative
humidity in the atmosphere varies.
In addition to efflorescence and deliquescence phase transitions, some organic aerosol
particles undergo liquid-liquid phase separation (LLPS). In this process, a particle with one liquid
phase separates into two distinct liquid phases, typically with an organic-rich phase on the outside
and an inorganic rich phase on the inside.17,18 The occurrence of an outer organic-rich phase can
have numerous implications for how the optical properties change and the ability to partake in
heterogeneous chemistry in the atmosphere. A two-phase system can suppress or inhibit the
hydrolysis of N2O5 depending on the organic compound and specific morphology present.
Additionally, the occurrence of an outer organic-rich phase can also influence ice nucleation
activity and the hygroscopicity of the particle. This process of LLPS can be reversed to form one
liquid phase from two distinct phases, which is a mixing phase transition. These two phase
transitions occur at an approximately constant RH for a specific chemical system. Figure 2 shows
the possible phase transitions for organic aerosol particles.
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Figure 2: Schematic of all phase transitions that can occur for organic aerosol particles. The particle on
the left is homogeneous, while the particles in the middle and the right consist of two phases. The blue
sphere represents the organic rich phase while the purple sphere represents the inorganic rich phase. The
red irregular shape represents a solid particle

Because LLPS can have drastic implications for the behavior of aerosol particles, many
studies have been devoted to understanding this phenomenon. Some studies investigating LLPS
and the factors influencing this process have concluded that one important factor may be the
oxygen to carbon molar ratio of the organic component, or O:C ratio. According to You et al., if
the O:C ratio is above 0.8 LLPS will not be observed, and if the O:C ratio is below 0.5 LLPS will
always be observed.19 For organic compounds with an O:C ratio between 0.5 and 0.8, LLPS is
sometimes observed depending on the specific organic compound used. While the O:C ratio is
useful because it is widely measured in the field, it is a first approximation for whether LLPS will
occur. Other studies suggest that functional groups are important for understanding and predicting
LLPS.11 Knowledge of whether a system will or will not undergo LLPS is important for predicting
and understanding the particle’s morphology.
The conditions required for all four phase transitions depend on thermodynamic and kinetic
considerations. While one might expect that the deliquescence relative humidity (DRH) would be
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the same as the efflorescence relative humidity (ERH), they are not due to the presence of a kinetic
barrier. The deliquescence point of a particle is when the uptake of water would result in the
formation of a saturated solution. When solely considering thermodynamics we would expect the
efflorescence point to occur when the solution reaches saturation and forms a crystal. This would
result in these two transitions occurring at the same RH. However, these two transitions occur at
different relative humidities, due to the presence of a kinetic barrier to efflorescence.20 In order to
form a new solid phase, a critical nucleus has to be created in order for crystallization of the solid
phase to commence. This kinetic barrier to efflorescence is overcome by a highly supersaturated
solution, which occurs at a lower water content and relative humidity than the deliquescence
point.20 For example ammonium sulfate undergoes deliquescence at 78% RH, but does not undergo
efflorescence until approximately 38% RH.15 This RH difference for these transitions indicates
that there is a large hysteresis between these transitions. This hysteresis between efflorescence
and deliquescence is well known and characterized. Because of the presence of this hysteresis,
knowing the relative humidity a particle is exposed to in a particular environment may not correctly
predict the morphology of the aerosol particle, and thus the history of the particle must be known
to determine its morphology.
This same principle can be applied to understanding the separation and mixing phase
transitions. It could also be expected that the mixing relative humidity (MRH) should be the same
as the separation relative humidity (SRH) due to the presence of a kinetic barrier. The mixing
point if a particle is when the one phase system becomes more stable than the two phase system.
When solely considering thermodynamics we would expect SRH to occur at the point when a twophase system is lower in energy. This would suggest that both transitions occur at the same RH.
However, LLPS can happen through one of two mechanisms, spinodal decomposition or
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nucleation and growth. Spinodal decomposition occurs when a random fluctuation results in the
formation of a second phase throughout the particle with no energy barrier present.21 Nucleation
and growth occurs in metastable solutions and requires the growth of a critical nucleus to initiate
phase separation. If LLPS occurs through nucleation and growth, then this process is similar to
efflorescence in that both processes require a critical nucleus to form prior to the phase transition
occurring. Therefore there is an additional kinetic barrier to undergo LLPS by nucleation and
growth, while no kinetic barrier is present for mixing to occur. This kinetic barrier to LLPS could
lead to this process occurring at higher solute concentrations and therefore at a lower RH. Because
of this barrier, a hysteresis between these two transitions is expected to exist. However, there have
been no studies investigating the MRH that have observed any difference between the SRH and
MRH of a system.22 One studied system, a polyethyleneglycol-400/ammonium sulfate mixture
showed no hysteresis between separation and mixing, with both transitions occurring at 89% RH.
Ciobanu et. al. hypothesized that this could be due to the system undergoing LLPS through
spinodal decomposition.21 Additionally, it could also be that the kinetic barrier to LLPS is
sufficiently small that no delay in the occurrence of LLPS was observed. So while no prior
hysteresis has been observed, this work reports on the first known occurrence of a hysteresis
between LLPS and mixing for organic aerosol particles.
Additionally, another phenomenon will be explored and described in this work. For our
systems of interest, the observance of the mixing phase transition is only observed under specific
experimental conditions, and otherwise this transition is not observed. We have observed that the
morphology of the particles additionally depends on the immediate relative humidity history to
which they have been exposed. Both the hysteresis and this history effect for organic aerosol
particles containing phenylglyoxylic acid as the organic component will be investigated
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throughout this thesis. In addition, a hysteresis for particles containing 3,4-dimethoxyphenylacetic
acid will also be explored. The structure of both organic compounds are shown in Figure 3

Figure 3 Structures of phenylglyoxylic acid (left) and 3,4-dimethoxyphenylacetic acid (right)

In this study, the four phase transitions discussed earlier are investigated with organic
aerosol particles composed of phenylglyoxylic acid (PGA) as the organic component combined
with aqueous solutions of ammonium sulfate, sodium sulfate, and ammonium chloride.
Phenylglyoxylic acid has an O:C ratio of 0.375, and as a result, this system should undergo LLPS.
While this compound has not been observed in the atmosphere, it is used here as a model
compound for organic components with low O:C ratios that are present in the atmosphere. 3,4dimethoxyphenylacetic acid is another model organic compound that has been observed in the
atmosphere and has an O:C ratio of 0.4, so should also undergo LLPS. Ammonium sulfate is one
of the most prevalent inorganic components of aerosols, and sodium sulfate and ammonium
chloride were chosen to help determine the influence of the cationic and anionic species.
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Chapter 2: Experimental.
2.1: Generation of aerosol particles:
Phenylglyoxylic acid (97%, Sigma Aldrich), 3,4-dimethoxyphenylacetic acid (98%, Sigma
Aldrich), ammonium sulfate (>99%, EMD), ammonium chloride (99.5%, Sigma Aldrich), and
sodium sulfate (99%, EMD) were all used as received. Solutions of either phenylglyoxylic acid
or 3,4-dimethoxyphenylacetic acid with either ammonium sulfate, sodium sulfate, or ammonium
chloride in a 1:1 organic:inorganic mass ratio were made. Solutions made with phenylglyoxylic
acid were 5% by weight in ultrapure water (HPLC grade, Fisher Chemical). Solutions made with
3,4-dimethoxyphenylacetic acid were 1.5% by weight in ultrapure water and were gently heated
for 2 hours until dissolved followed by slow cooling to room temperature while continuing to stir.
No evidence of crystallization was observed upon cooling. All solutions were used within three
days of preparation. Glass slides (VWR) were prepared by a series of rinses with soap, ultrapure
water, and absolute ethanol. In order to minimize substrate interactions, the glass slides were
treated with a commercial silanizing agent and buffed with a kimwipe until no streaks were visible
to create a hydrophobic coating. The glass slides were used within 3 days of the Rain-X coating
being applied. All solutions were aerosolized using a spray bottle (VWR) with the aerosols
deposited on the pretreated slides.
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2.2: Microscope and environmental chamber:

Figure 4: Schematic of environmental chamber setup used for imaging particles.

Slides with aerosol particles were placed into a custom built environmental cell with
variable relative humidity control as shown in Figure 4. Prepurified nitrogen is split into two
streams. The first stream goes through a rotometer (RMA-12-TMV, Dwyer) and then through a
heated water bubbler resulting in the production of humidified nitrogen. The second stream goes
through a rotometer and then is recombined with the humid nitrogen prior to entering the
environmental chamber. The two flow rates into the cell were manually controlled to obtain the
desired RH while maintaining a nearly constant total flow rate (~500 cm³/min) into the chamber.
The relative humidity was measured with a HMP60 humidity probe from Vaisala (error 3%),
which was previously calibrated using constant humidity standards based on saturated solutions of
ammonium sulfate (81%), sodium chloride (75%), and potassium hydroxide (9%).24 Particles
were imaged using an Olympus IX70 light microscope and the images were captured with a digital
camera and IC capture software.
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For trials investigating efflorescence/deliquescence the particles were typically
equilibrated around 90% RH for 30 min and then decreased at 1% RH/min until efflorescence
occurred. The particles were allowed to equilibrate for 20 min below efflorescence (around 30%
RH), and then the RH was increased at roughly 1% RH/min until deliquescence was observed.
For trials investigating LLPS/mixing the particles were equilibrated at 95% RH or greater for
40 min and then decreased at approximately 1% RH/min, capturing images every 15 s until LLPS
was observed. Particles were allowed to equilibrate for either 0 or 30 min at an RH up to 20% RH
below LLPS, and then the RH was increased at 2% RH/min until >92% RH, once again taking
images every 15 s. Once above 92% RH, the particles were equilibrated for 30 min. ImageJ
(Version 1.48V, NIH) was used to analyze the particles.
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Chapter 3: Results and discussion:
Organic aerosol particles comprised of phenylglyoxylic acid as the organic component and
either ammonium sulfate, sodium sulfate, or ammonium chloride as the inorganic component were
imaged with an optical microscope. The particles were imaged as the RH was varied from high
RH (>90% RH) to low RH (<30% RH) and back to high RH at an average of 1% RH/min, which
has been shown in our setup to result in accurate measurements of the deliquescence relative
humidity (DRH) and efflorescence relative humidity (ERH) of ammonium sulfate. The RH for
any observed efflorescence, deliquescence, LLPS, and mixing phase transitions were recorded to
the nearest 0.1%.

Additionally the phase transitions of 3,4-dimethoxyphenlyacetic

acid/ammonium sulfate aerosol particles were studied.
3.1: Phenylglyoxylic acid and ammonium sulfate:
Shown below in Figure 5 are the phase transitions that are observed for the phenylglyoxylic
acid/ammonium sulfate system. In Figure 5a, the particle is homogeneous throughout while in
Figure 5b, there is a clear distinction between the core of the particle and the shell, representing
the two distinct phases from having undergone LLPS. As the RH is decreased to lower values the
size of the particle decreases and the relative sizes of the two liquid phases change. In Figure 5c
and Figure 5d the particle is imaged before and after efflorescence. As can be seen here, the
effloresced particle in Figure 5d has a solid core and is much smaller than the particle in Figure
5c.

After efflorescence, increasing the RH results in no change in particle size prior to

deliquescence occurring, as can be seen by comparing Figure 5d and Figure 5e. The process of
deliquescence is shown in Figure 5e and Figure 5f, in which the solid phase in Figure 5e uptakes
water and becomes a fully liquid particle again. For this system, deliquescence goes from a solid
particle to a two liquid phase system. As the RH increases, two liquid phases were maintained up
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to at least 95.9% RH as shown in Figure 5g, indicating that the mixing phase transition was not
observed. Additionally, since there is a difference between the onset of LLPS and the location of
mixing, which is unobserved, a hysteresis exists between these two phase transitions.

Figure 5: Images of a typical phenylglyoxylic acid/ammonium sulfate particle showing the observed phase
transitions. Images a and b are before and after LLPS, c and d are before and after efflorescence, and e and
f are before and after deliquescence. Image g is after increasing the RH to a high value post-deliquescence.

The relative humidities of the phase transitions in Figure 5 were recorded for every observed
particle in the field of view for multiple runs. The average results are shown in Figure 6.
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Figure 6. Phase transitions of phenylglyoxylic acid and ammonium sulfate. Error bars represent +/- 1
standard deviation.

Both the ERH and DRH values match up well with the literature values for pure ammonium
sulfate particles, with the ERH occurring at 38% 3.7% and the DRH occurring at 78% 0.7%
compared to literature values for ERH at 38% and DRH at 80%, which is within the known error
of the probe.15 This agreement suggests that the organic compound has minimal influence on the
location of efflorescence or deliquescence of the mixture. The location of the SRH is 89.5%
2.7%; however the MRH is unobserved at greater than 95% RH, indicative of a hysteresis of at
least 6% RH between these two phase transitions. As mentioned earlier, particles undergoing
LLPS by nucleation and growth have an activation barrier to LLPS. If this barrier is large enough,
then it is expected that a hysteresis between these two phase transitions exists. This is the first
reported occurrence of a hysteresis between LLPS and mixing.
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Two additional experiments were performed to further investigate this hysteresis. The first
experiment investigated the equilibrium time prior to decreasing RH. As seen in Figure 5, there
is a noticeable size decrease between the particle in Figure 5a and the particle in Figure 5g despite
the latter being at a higher relative humidity. This size difference brings into question whether the
initial particle was at equilibrium with respect to water uptake, and whether or not the observed
hysteresis is a consequence of the initial particle not being at equilibrium. To investigate this,
particles were equilibrated for 90 min between 95 and 97% RH prior to decreasing the RH to
ensure that the particles were at equilibrium with respect to water uptake. Images were taken every
5 min. Figure 7 shows the size of a representative particle throughout its equilibrium period. The
reported particle size is the area equivalent diameter. It is evident over the first 40 min that the
particle size increased by less than 10 µm and is then fairly constant, indicating that equilibrium
was obtained in that time. The size difference between Figure 5a and Figure 5g is much greater
than 10 µm. As a result, it can be concluded that this difference cannot be the result of the particle
in Figure 5a not being equilibrated. Thus, the LLPS-mixing hysteresis observed in Figure 5 is not
the result of the initial particle not in equilibrium. We note that the large size difference may be
the result of the impaction of the particle on the slide causing it to spread out initially.
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Figure 7: Particle size vs. time for a representative phenylglyoxylic acid/ammonium sulfate aerosol
particle.

The observed change in particle size may be a consequence of the calculation for area
equivalent diameter, which does not take into account the height or the volume of the particle.
When a particle shrinks and grows it is possible that the contact angle with the substrate changes,
altering its shape. This behavior suggests that the difference between Figure 5g compared to
Figure 5a might be due to a different shape of the particle, and not necessarily a different volume.
This result was not further investigated. To further investigate this another camera would need to
be taking pictures at different angles so that we can get the height of the particle as it varies
throughout RH cycles.
The second experiment investigated the drying rate.

Because LLPS is both

thermodynamically and kinetically controlled, it is possible that the SRH depends on the drying
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rate. If SRH is affected by drying rate, then any perceived hysteresis could be the result of this
kinetic factor. Figure 8 plots the location of SRH as a function of the drying rate, with the area
equivalent diameter of the particles represented by different colors. All of these particles were
equilibrated for 40 min prior to decreasing the RH.

Figure 8: Drying rate (RH/Min) vs. SRH of a series of phenylglyoxylic acid/ammonium sulfate aerosol
particles. Color represents size of the particles with blues being smaller particles and orange and red
representing larger particles.

From Figure 8 it can be seen that there is no correlation between SRH and drying rate over
a factor of 10 or particle size over a factor of 3, and that all measurements are within the error of
the RH probe. Thus no kinetic effect was observed in the location of the SRH over this range of
experimental conditions.

Therefore, the LLPS-mixing hysteresis is not an artifact of the

experimental conditions.
An interesting observation of Figure 8 is that there is some spread in the location of the
LLPS phase transition. The results suggest that the spread in SRH is not dependent on particle
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size or drying rate and occurs over a range of about 5% RH. The reason for this scatter is likely
due to experimental error, such as the location of the slide within the chamber, and the error in the
RH probe (3%). However, for all of these particles, no mixing of the two phases back into a one
phase system was observed for humidities less than 95% RH.
In Figure 5, the experiments performed were investigating all four phase transitions, so the
RH was decreased to go through both LLPS and efflorescence, and then was increased to go
through deliquescence and then mixing. However, mixing was not observed despite being held at
95% RH for 30 min. For the next set of experiments the RH was kept above the ERH of the
system, to ensure only one phase transition, separation, occurred on the way down. Figure 9
illustrates a RH versus time profile for the next experiment.

Figure 9: Schematic for experimental conditions that leads to an observation of mixing. The red star
indicates SRH and the red plus indicates MRH.

In this experiment the particles were first equilibrated for 40 min between 95 and 97% RH,
followed by decreasing the RH by an average of 1% RH/min until LLPS occurred at 89% RH.
Within a minute of all particles being phase separated, the RH was increased from 88% RH at an
average of 2% RH/min until the RH was above 92%, and then equilibrated for thirty minutes at
>92%RH. During this second equilibration period the particles were observed to undergo mixing
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at 95% RH and become a homogeneous particle again. The presence of a mixing phase transition
was not observed before this experiment.
To further investigate this occurrence of mixing, two additional experiments were
performed. The first experiment was to investigate if an increased hold time at an RH below SRH
but above ERH would also result in the observation of mixing. This RH vs. time profile is
illustrated in Figure 10.

Figure 10: Schematic for experimental conditions that leads to no mixing being observed. The red star is
the location of SRH.

After holding the RH between 77 and 81% RH for at least 20 min the RH was increased at
an average of 2% RH/min. In this case the particle remained phase separated throughout the
experiment and no mixing transition was observed when increasing the RH back above 95%.
These two experiments were repeated, confirming that at minimal hold times, less than 1 min
below SRH, mixing occurred, while at large hold times, greater than 20 min below SRH, mixing
did not occur. This difference between these two runs is termed the ‘history effect’, in which the
immediate RH history of the particle influences the location of a phase transition.
To confirm that the particles had actually mixed and that the observation was not an optical
effect hiding a thin outer organic layer, a second RH cycle was performed. To investigate this,
after apparent mixing, the RH was decreased again at an average of 1% RH/min after a second
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equilibration for thirty minutes at high RH (>95% RH). If the particles had indeed mixed and were
homogeneous, then one would expect that the SRH should occur again at a comparable RH as
before. However, if it was still phase separated, two phases would be observed early in the RH
decrease. The results of this experiment are shown in Figure 11. SRH1 and SRH2 are referring
to the first and second occurrence of LLPS, and MRH1 and MRH2 are referring to the first and
second occurrence of mixing.

Figure 11: Comparison of SRH1, SRH2, MRH1, and MRH2 for phenylglyoxylic acid/ammonium sulfate
aerosol particles. SRH1 and SRH2 refer to the first and second observed instance of SRH. MRH1 and
MRH2 refer to the first and second observed instance of mixing.

The difference in the SRH is approximately 2%, which is well within the error of the RH
probe. Therefore, it was concluded that the particles were completely mixed prior to decreasing
the RH again. For both cycles upon increasing the RH back above 95%, the particles were
observed to mix within 1% of each other. The SRH occurs at 89% for systems that mix and the
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MRH occurs at 95%, resulting in a hysteresis of 6% between LLPS and mixing for runs that do
undergo mixing.
We have observed a history effect for systems containing PGA/ammonium sulfate. The
RH vs. time profiles in Figure 9 and Figure 10 illustrates two differences. The first is how low the
RH reaches compared to the SRH. In Figure 9, when mixing is observed, the minimum RH is
about 1% below SRH, whereas Figure 10, when mixing is not observed, this decrease is around
10% RH. This lower RH could result in a change in concentration of the compounds in the two
phases. The second difference is the time spent below SRH. In Figure 9, when mixing is observed,
the time below SRH is roughly two minutes, whereas Figure 10, when mixing is not observed, the
time below SRH is roughly 20 min. These differences will be discussed in more depth later.
To further investigate the history effect, additional experiments were performed. We
wanted to confirm that this effect was not the result of an interaction with the inorganic salt.
Experiments were run in which the inorganic compounds were systematically varied according to
the Hofmeister series. The Hofmeister series lists ions by their ability to influence protein
solubility in water. The salting out effect reduces a protein’s solubility in water and the salting in
effect increases a protein’s solubility in water.3 A partial listing of the ions in the Hofmeister series
are shown here: (F- > SO42- > HPO42- > acetate > Cl- > NO3- >…; NH4+ > K+ > Na+ > Li+ > …;
starting with the most salting out end of the series). The salting out/salting in behaviors can also
be applied to aerosol particles. It is known that ions good at salting out lead to phase separation at
lower concentrations (higher SRH), while ions better at salting in lead to phase separation at higher
concentrations (lower SRH). This salting out/salting in effect on SRH of aerosol particles has
previously been demonstrated.3 One of the strongest salting out anions is sulfate and ammonium
is one of the strongest salting out cations. Therefore ammonium sulfate is great at salting out,
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which will lead to a higher SRH. By changing from sulfate to chloride, or ammonium to sodium,
the salting out ability of the inorganic compound decreases, which could influence the location of
SRH. Additionally, because the system is different, the location of MRH could change as well.
The results from changing the inorganic salts will be discussed below.
3.2: Phenylglyoxylic acid mixed with sodium sulfate or ammonium chloride
The experiments probing all four phase transitions, in addition to the experiments in Figure
9 and Figure 10 were repeated with aerosol particles composed of phenylglyoxylic acid and either
sodium sulfate or ammonium chloride. The same weight percentages as the phenylglyoxylic acid
and ammonium sulfate system were used for these new systems. When cycling from high to low
RH, the same three phase transitions were observed for the new systems as for phenylglyoxylic
acid and ammonium sulfate particles. The location of the phase transitions of the three systems
are shown in Figure 12.
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Figure 12: Comparison of ERH, DRH, and SRH for aerosol particles composed of phenylglyoxylic acid
and three different inorganic salts. Ammonium sulfate is in blue, sodium sulfate is in green, ammonium
chloride is in red. No MRH was observed in all three systems. Error bars are +/- 1 standard error of the
mean

For phenylglyoxylic acid/ammonium chloride the ERH was 48.4 0.41% and the DRH
was 76.0 0.23%. For phenylglyoxylic acid/sodium sulfate the ERH was 58.4  0.62% and the
DRH was 82.0  0.45%. The ERH and DRH values match up well with the literature values for
pure sodium sulfate and pure ammonium chloride particles, indicating that the organic compound
did not influence these transitions.20,25,26 No ERH for ammonium chloride was found in the
literature. For SRH, the phenylglyoxylic acid/ammonium chloride was at 86.2  0.45% and for
the phenylglyoxylic acid/sodium sulfate the SRH was at 88.8  0.12%, while the SRH for the
phenylglyoxylic acid/ammonium sulfate SRH is at 89.5  0.65%. For the salts studied, the
Hofmeister series predicts the order of salting out to be ammonium sulfate > sodium sulfate >
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ammonium chloride, and the SRH follows this trend, confirming that the inorganic compound
varies the location of SRH as expected.
Regardless of the salt used, a mixing phase transition was never observed when undergoing
full RH cycles, and the two phase systems persisted after equilibrating at high RH values. Thus,
for all three systems studied, a hysteresis is present between LLPS and mixing. Because of the
presence of a hysteresis, experiments were performed to investigate if the history effect would also
be present.
The experiments shown in Figure 9 and Figure 10 were repeated for these two new systems.
Figure 9 diagrams the experiment in which the RH is rapidly increased at 2% RH/min within 1 min
of observing LLPS and then equilibrated at >95% RH for thirty minutes, while Figure 10 diagrams
the experiment in which the RH is held between 10% and 17% below SRH for at least 20 min prior
to rapidly increasing the RH followed by equilibration at >95% RH for thirty minutes. Once again,
mixing is observed when following the profile of Figure 9, but no mixing is observed when
following the profile of Figure 10. This provides additional confirmation of the existence of the
history effect. For the runs that show mixing the comparison between SRH and MRH is shown in
Figure 13. It is important to note that the data used for Figure 13 are only the runs that mixing was
observed in, and so the SRH presented here varies slightly from the SRH presented in Figure 12.
As before, the SRH follows the Hofmeister series. There is a slight variation in the MRH of the
three systems due to different chemical interactions occurring as the salt is varied.
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Figure 13: Comparison of SRH and MRH for runs that mix for aerosol particles consisting of
phenylglyoxylic acid and one of three salts. Green is sodium sulfate, red is ammonium chloride, and blue
is ammonium sulfate. Error bars are +/- 1 standard error of the mean.

As with the previous experiments with ammonium sulfate, the difference between the runs
with or without mixing is minimum RH reached and time below SRH. A comparison of the time
below SRH for all three salts is shown in Figure 14. The runs that do mix spend a minimal amount
of time below SRH (30 s to 2 min), while the runs that do not mix spend a large amount of time
below SRH (20 to 45 min). The difference in time includes the transition times to the minimum
RH and back up, as well as the hold time at the minimum. No observable difference in the results
occurs from runs that spend either 20 min or 40 min below SRH, suggesting that the difference in
time between 20 min and 40 min is not responsible for the observed differences.
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Figure 14: Time below SRH for runs that either will or will not mix for aerosol particles composed of
phenylglyoxylic acid and one of three salts. Blue represents ammonium sulfate, red represents ammonium
chloride, and green represents sodium sulfate. Error bars represent 1 standard deviation.

In order to confirm that the particle did undergo mixing after equilibrating, the same
experiment as before was performed. After increasing and holding the RH at high values for
30 min, the particles that followed the Figure 9 profile appeared homogeneous and thus mixing
appeared to have occurred whereas those that followed the Figure 10 profile appeared phase
separated and thus mixing had not occurred. Both sets of particles then underwent a second
reduction in RH after holding at high RH values for 30 min. Once again, the homogenous particles
went through a distinct LLPS transition, whereas phase separated particles remained phase
separated at all times. This confirms our interpretation that mixing actually occurred. Figure 14
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shows the SRH1 and SRH2, the first and second time through SRH, and the MRH1 and MRH2,
the first and second time through MRH, for runs that had underwent mixing.

Figure 15: Graph comparing SRH1, SRH2, MRH1, and MRH2 for aerosol particles consisting of
phenylglyoxylic acid and either ammonium sulfate (blue) or ammonium chloride (red)

For the ammonium sulfate and ammonium chloride runs the results are very similar with
only small differences in the location of SRH and MRH between the first and the second
occurrence of these transitions. No data for sodium sulfate is presented in Figure 15 due to
instability in the RH probe during those experiments.
3.3: History Effect:
The history effect was observed in three systems containing phenylglyoxylic acid and
either ammonium sulfate, sodium sulfate, or ammonium chloride. All of these systems should
undergo a mixing phase transition by 100% RH; however, due to the potential error in the RH
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probe of up to 3% RH, the RH is kept close to 95% RH instead of allowing it to increase towards
100% RH in order to protect the probe. However, if we can overcome this experimental limitation
we hypothesize that mixing would be observed in all cases. The presence of the history effect
results in the observance of mixing at a lower RH then may normally be the case. There are a few
hypotheses to explain this effect. The first is the possibility of a reaction happening, while the
second is that a physical change may be occurring.
The first hypothesis is the possibility of a change in chemical composition during the hold
time, for example a chemical reaction. A chemical reaction could be possible due to the acidity of
phenylglyoxylic acid. Phenylglyoxylic acid has a pKa of 2.1, and the bulk solution of a 1:1 mass
ratio of phenylglyoxylic acid and ammonium sulfate has a pH of 1.3. As the RH changes, the
quantity of water changes affecting the concentration of both species. Furthermore, when phase
separation occurs we have two phases of unknown concentration.
It has been shown by Schwier et al. that aldol and aldol-like reactions can occur with
glyoxal and methylglyoxal aerosol particles mixed with ammonium sulfate.27 While
phenylglyoxylic acid has no α-hydrogens available that would lead to an aldol condensation
reaction occurring, the possibility of some other reaction occurring in the phenylglyoxylic acid
and ammonium sulfate system still exists. However, by changing the inorganic salts there was no
change in the existence of both the history effect and the hysteresis. So while it is possible that a
reaction occurred, it can be concluded that the history effect is due to a reaction that does not
depend on the chemical identity of the salt.
Another hypothesis is that there is a physical change happening during the hold time in
these experiments. One idea of a physical difference is that the composition of the two phases
changes over time, which could affect the viscosity. Even though we have observed LLPS, it is
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not known if the compositions of the two phases are fully equilibrated with respect to each other
immediately upon LLPS. If the system is highly viscous around SRH, then that could lead to a
delay in equilibration. The viscosity could lead to a period of time where this composition of the
two phases is evolving. Thus, by increasing the RH immediately, the composition of the phases
could be different then if we had waited some amount of time to account for the viscosity. This
could account for the observance of the history effect. This will be investigated in the future with
Raman and NMR spectroscopy to see if there is a composition change over various equilibration
times below SRH.
Another possible physical change could be in the structuring of the organic layer at the
interface. Over time as the particle loses water the organic phase can become more concentrated
and the organic species could become better ordered. This ordering would lead to a more stable
two-phase system requiring a higher RH to fully mix. This process is expected to occur in all
phase separated organic aerosol particles, although the functional groups could have a large
influence on the amount of ordering. This ordering effect could be prevented if there is insufficient
hold time for the particles, which could give rise to the observed history effect.
To further investigate the history effect the relative humidity after LLPS will be
equilibrated much closer to the onset of LLPS instead of 10-20% below SRH. This would help
investigate whether the history effect is dependent on concentration. If the history effect does not
exist when equilibrating closer to the SRH, it suggests that concentration is likely playing a role.
If the history effect does exist, then it would suggest that time below SRH is likely playing a larger
role. Experiments varying the holding time below SRH could also help with understanding the
history effect.
3.4: 3,4-dimethoxyphenylacetic acid mixed with ammonium sulfate
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To further study the hysteresis between LLPS and mixing, we examined another organic
compound mixed with ammonium sulfate. The phase transitions of organic aerosol particles
consisting of 3,4-dimethoxyphenylacetic acid and ammonium sulfate were studied as the RH was
cycled in a similar manner to the experiments with phenylglyoxylic acid. Figure 16 displays the
locations of the observed phase transitions. The ERH of this system is 37.5  1.82 %, the DRH
is 78  1.23 % which matches the literature values, once again suggesting that the organic
compound does not influence these transitions in my experiments.15 The SRH is at 90.6  3.45 %.
Additionally the location of SRH is similar to the phenylglyoxylic acid/ammonium sulfate system,
and there was no observation of mixing occurring. Therefore this system also has a hysteresis
between SRH and MRH.

Figure 16: Comparison of ERH, DRH, SRH, and MRH for 3,4-dimethoxyphenylacetic acid/ammonium
sulfate aerosol particles. Error bars are +/- 1 standard deviation and no MRH was observed for this system

31

This experiment confirmed that the hysteresis between LLPS and mixing occurs with an
atmospherically relevant compound. While no MRH was observed, there have yet to be any
studies investigating whether the history effect is present for this system and whether a mixing
transition could be observed. Future experiments will be aimed at better characterizing this system
and seeing if there is a history effect present for this system.
To further study this hysteresis, experiments with phenylacetic acid will be performed to
see if organic aerosol particles consisting of that organic compound and ammonium sulfate would
also possess a hysteresis. Phenylacetic acid is another atmospherically relevant compound that
has a similar structure to the first two compounds in regards to its carbon backbone and the location
of the carboxylic acid. The structure of all three organic compounds are shown in Figure 17.

Figure 17: Structures of phenylglyoyxlic acid (left), 3,4-dimethoxyphenylacetic acid (middle), and
phenylacetic acid (right)

If a hysteresis is also found with this system, then that would result in three compounds
with similar structures all having a hysteresis, which could help with understanding what causes
this hysteresis to exist. Additionally, if a hysteresis is observed the occurrence of a history effect
will be investigated.
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Chapter 4: Conclusions
We have shown that organic aerosol particles consisting of phenylglyoxylic acid with
either ammonium sulfate, ammonium chloride, or sodium sulfate have a hysteresis between LLPS
and mixing phase transitions. These three systems also exhibit a history effect, where the
immediate history of the particle influences whether or not a mixing phase transition is seen.
Additionally, organic aerosol particles consisting of 3,4-dimethoxyphenylacetic acid and
ammonium sulfate have a hysteresis between LLPS and mixing phase transitions. These findings
are the first known occurrences of both of these effects.
While the hysteresis between LLPS and mixing was expected, it has not been previously
reported. Confirmation of the LLPS/mixing hysteresis has several consequences. First, there are
now model systems to study this effect, which is caused by an increased activation barrier. In most
cases this increased activation barrier is likely small, but for the studied systems it is larger leading
to the observed hysteresis. We want to investigate what it is about these compounds that leads to
an increased activation barrier. The hysteresis could be dependent on the O:C ratio, the solubility,
the structure, or some other physical property. Because of this hysteresis the range in which two
phases are possible has been extended. It is known that two phase systems will have different
uptake, reactivity, and optical properties than one phase systems which will be discussed in more
detail below.
Additionally the occurrence of the history effect leads to the need for more careful study
of the specific RH and time history of particles. While it is unknown the causes behind this effect,
the location of the mixing phase transition is dependent on the specific RH history of the particle.
This effect is only possible in systems that exhibit a hysteresis between LLPS and mixing. This
result is the first known occurrence where the location of a phase transition is path-dependent.
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Chapter 5: Atmospheric Implications:
The occurrence of this hysteresis could influence the modeling of aerosol particles and
their behavior in large portions of the globe. This LLPS-mixing hysteresis extends the range of
RH values in which two phases are possible instead of one. The presence of an organic rich outer
layer affects the interactions of the aerosol particle with radiation and other constituents of the
atmosphere, specifically water and reactive trace gases. In addition, the optical properties of the
aerosol particle are changed for the two phase system. Alexander et al. note that the refractive
index of aerosols is needed to accurately model the influence of aerosol particles in direct forcing
models.28 Thus, the extension of the RH range in which two phase systems are possible could be
useful in helping to eliminate some of the uncertainty associated with aerosol particles.
Aside from the hysteresis between separation and mixing, the occurrence of the history
effect is interesting to explore because this change suggests something fundamentally different is
happening in these systems. The occurrence of the history effect demands that a more specific
analysis of recent RH changes is necessary to be able to accurately discern where a phase transition
will occur. It is hypothesized that particles that undergo LLPS will always be mixed back together
by 100% RH, and so the change brought on by the history effect is a lowering of the MRH. This
implies that the location of MRH for a system containing a LLPS-mixing hysteresis is not constant.
This history effect would only be expected in systems that exhibit a hysteresis between the
separation and mixing phase transitions. The specific RH history and time spent at various RH’s
is required to fully understand what transitions can be expected and where they will occur.
Additionally the history effect has only been observed for systems with phenylglyoxylic
acid as the organic component and can only be seen in systems that undergo a hysteresis between
LLPS and mixing. To further examine this history effect, more systems that exhibit a hysteresis
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need to be discovered and then tested for the occurrence of the history effect. Systems with similar
structure and physical properties will be investigated for this effect. 3,4-dimethoxylphenylacetic
acid mixed with ammonium sulfate will be investigated for a history effect, and if phenylacetic
acid/ammonium sulfate has a hysteresis then it will also be investigated for a history effect.
The presence of the hysteresis between LLPS and mixing and the history effect gives
insight into the complex processes happening inside organic aerosol particles. The hysteresis
suggests that some systems possess a sufficiently large activation barrier to undergo LLPS. The
history effect suggests that a chemical and/or physical change is occuring in the aerosol particle
post LLPS that is not happening upon immediate increase of the RH. Further study of the
hysteresis and history effects will result in a better understanding of the physical processes that
take place in aerosol particles, which can lead to a lower uncertainty in our understanding of the
chemistry and physics of aerosol particles, and the atmospheric processes they undergo.
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