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ABSTRACT: 3-Methylbutane-1,2,3-tricarboxylic acid (3-
MBTCA) is an atmospheric oxidation product of α-pinene
and has been identified as the most relevant tracer compound
for atmospheric terpene secondary organic aerosol (SOA)
particles. Little is known, however, of its physicochemical
properties such as water solubility and phase state (e.g., liquid,
crystalline, glassy). To gain knowledge, we synthesized 3-
MBCTA from methyl 2-methylpropanoate and dimethyl
maleate via a Michael addition and subsequent hydrolysis
with 78% overall yield. It was found that 3-MBTCA transforms
into anhydrides upon melting at Tm = 426 ± 1 K, thus preventing a determination of the glass transition temperature Tg by
differential scanning calorimetry (DSC) through melting and subsequent cooling. Therefore, we designed the novel technique
MARBLES (metastable aerosol by low temperature evaporation of solvent) for transferring a substance into a glassy state without
heating. In MARBLES an aqueous solution is atomized into wet aerosol particles that are subsequently dried in several diffusion
dryers resulting in glass formation of the residual particles for several solutes. The glassy aerosol particles are collected in an
impactor until enough mass has accumulated that the sample’s Tg can be determined by DSC. Using this method, the glass
transition temperature of 3-MBTCA was found to be Tg ≈ 305 ± 2 K. Moreover, we have determined the glass transition Tg′ of
the maximal freeze-concentrated aqueous solution of 3-MBTCA, and Tg of mixtures of 3-MBTCA with water and pinonic acid.
The latter data indicate a dependence of Tg upon the atomic oxygen-to-carbon ratio of the mixture, with implications for
parametrizing the glass-forming behavior of α-pinene SOA particles in the atmosphere.

1. INTRODUCTION

Aerosols influence various processes in Earth’s atmosphere. For
example, they directly affect Earth’s albedo through scattering
and absorption of incoming sunlight, which in turn depend
upon the aerosol particles’ properties such as phase state, size,
chemical composition, and absorption cross section.1 Aerosols
further influence the atmosphere’s radiative transfer indirectly
by serving as cloud condensation nuclei (CCN) or ice nuclei
(IN), partly depending on the pre-existing aerosol particles’
phase state.2−4 For example, liquid particles of water-soluble
compounds may act as CCN for liquid water clouds and solid
particles, both crystalline and amorphous ones, may act as IN
for ice clouds5−8 The magnitude of their influence is little
understood,9 in part because aerosol properties such as phase
state are often variable and not well-known. This is particularly
true for organic aerosols that make up for about half of the
aerosol mass in the atmosphere.10−13

Most organic molecules are released into the atmosphere as
volatile organic compounds from which secondary organic
aerosol (SOA) particles may arise through atmospheric
oxidation and subsequent condensation.10,13−15 The organic
compounds found in organic aerosols often show moderate to
good water solubility due to their high oxidation state. For
example, atmospheric organic aerosols may consist of
compounds such as mono-, di-, or tricaboxylic acids, polyols,

ketones, aldehydes, different mono- and disaccharides, and
others.10,16−18 In contrast to most inorganic aerosol particles,
which crystallize readily upon drying,19 the organic aerosol
particles rather tend to form liquid particles instead of crystals
due to being a mixture of compounds.20

SOA particles arising from the oxidation of biogenic
precursors and subsequent condensation consist of hundreds
of different organic compounds, but a number of key
components have been identified. For example, in boreal
forests α-pinene is one of the most important biogenic SOA
precursors.10,14,21 Experiments have shown that the gas-phase
oxidation of α-pinene proceeds via pinonic acid, a semivolatile
compound, to the second-generation oxidation product 3-
methylbutane-1,2,3-tricarboxylic acid (3-MBTCA), a low-
volatile compound found predominantly in the aerosol phase,
Figure 1.13,14,22−27 Not much is known about the phys-
icochemical properties and the phase state of pinonic acid and
3-MBCTA, neither as pure components nor in mixtures. This
knowledge is, however, particularly important, because it has
been suggested that SOA particles in boreal forests may exist in
an amorphous solid, i.e., glassy state at room temperature under
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dry conditions.28,29 A semisolid or solid state of organic aerosol
particles has important atmospheric implications such as
delayed gas-to-aerosol partitioning.27,30−33 Moreover, such
particles may also have a longer chemical lifetime as the
oxidation can take place only on the surface of glassy particles
because of inhibited diffusion in the bulk of a particle.31,34−38

The glass-forming properties of key compounds of oxygenated
organic aerosol such as 3-MBTCA have not been investigated
experimentally until now.29 Because of its atmospheric
relevance, we synthesized 3-MBTCA and conducted a
physicochemical characterization of 3-MBTCA in the pure
state and in mixtures with water and pinonic acid.
For the estimation of whether a SOA compound such as 3-

MBTCA may form a glass in the atmosphere, it is essential to
determine its glass transition temperature Tg. The most
common approach for the determination of Tg is to transfer
a sample into a glass by first melting it by heating and
subsequently cooling it to temperatures sufficiently below the
estimated Tg, which typically is about 0.7 times its melting
temperature.29 Then the sample is reheated at a constant
heating rate and the glass transition is detected by means of
differential scanning calorimetry (DSC) through the associated
change in heat capacity.39,40 The approach described here
works for many substances, but it requires two important
preconditions to be fulfilled: first, the substance must remain
chemically intact upon melting and, second, the substance must
not recrystallize upon cooling but instead remain in a
supercooled metastable liquid state until the glass transition is
reached. However, in particular, sugars or di- and tricarboxylic
acids including 3-MBTCA undergo chemical changes upon
melting. Hence alternative methods for glass formation must be
chosen, for example, by drying a solution of the substance of
interest.41 The most common approaches are freeze-drying or
simple heating. In freeze-drying it is difficult to ensure complete
dehydration of a glassy sample, because of the rather small
water diffusion coefficient in glassy samples at low temper-
ature42 and, thus, freeze-drying a sample may require a
significant amount of time. Drying by heating may enhance
the likelihood of crystallization and bears the risk of chemical

changes in heat-unstable samples. These potential risks apply to
heat drying of bulk samples as well as to spray drying, in which
the sample solution is first sprayed into an aerosol before being
heated by mixing with a hot gas.43,44

To circumvent these problems, we have developed the
MARBLES method (metastable aerosol by low temperature
evaporation of solvent), which is described herein. MARBLES
is based on diffusion drying of an aerosol at room temperature
and has three principal advantages: relatively fast drying on the
order of seconds to minutes, a reduced likelihood of nucleation
of crystalline phases in the small, typically micrometer- to
submicrometer-sized liquid aerosol droplets, and avoidance of
chemical changes of organic substances by operating at room
temperature. Below, we will show the functionality of the
method using different substances with known Tg before we
apply it to 3-MBTCA and its mixtures with water and pinonic
acid.
The paper is structured as follows: Section 2 presents the

synthesis and characterization of 3-MBTCA. Section 3
describes experimental details of the DSC measurements and
the new experimental method MARBLES as well as several
validation experiments with reference substances. In section 4,
the results of glass transition measurements of pure 3-MBTCA
and its mixtures with water and pinonic acid are presented as
well as a discussion of atmospheric implications, before we
finish with a conclusion and a brief outlook in section 5.

2. SYNTHESIS AND CHARACTERIZATION OF
3-MBTCA

To obtain 3-MBTCA, we first pursued the route outlined by
Szmigielski,25 i.e., the deprotonation of dimethyl succinate,
substitution reaction between the resulting enolate and methyl
2-bromo-2-methylpropanoate, and finally ester hydrolysis.
However, in our hands the substitution reaction gave a very
low conversion of about 26% and side products. Therefore, we
developed an alternative method (Scheme 1): first deprotona-
tion of methyl 2-methylpropanoate (1), second Michael
addition of the resulting enolate to dimethyl maleate (2)45

resulting in the trimethyl ester (3) of 3-MBTCA, and third

Figure 1. Structures and properties of marker compounds during the
atmospheric oxidation of α-pinene.

Scheme 1. Synthesis of 3-MBTCA
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ester hydrolysis yielding the desired 3-MBTCA. This simple
three-step synthesis provided pure 3-MBTCA in 78% yield
from very cheap starting compounds. Details of the preparation
are given in the Supporting Information.
The melting point of 3-MBTCA was determined with DSC

measurements (see below) by heating a few crystals (about 5.1
mg) at a heating rate of 10 K min−1 to give Tm = 426 ± 1 K, in
good agreement with literature data of Tm = 427−428 K.46

Furthermore, we determined the solubility of 3-MBTCA in
water at 293.15 K by drying about 0.3 or 1 g of a saturated
solution and weighing the resulting residue, yielding a solubility
value of about 320 g of 3-MBTCA per liter of water,
corresponding to a solute mass fraction of wsol ≈ 0.24 ±
0.02. The water activity and density of an aqueous solution with
a mass fraction of w = 0.2 were determined to be aw = 0.982
and ρ = 1.05(8) g cm−3 using a water activity meter (Decagon
model series 3 TE) and a density meter (Anton Paar, DMA
4500 M).

3. THERMAL CHARACTERIZATION TECHNIQUE AND
SAMPLE PREPARATION WITH MARBLES
3.1. Differential Scanning Calorimetry. Differential

scanning calorimetry (DSC) is a standard technique for
studying phase transition processes such as crystallization,
melting, and glass formation. For the experiments described
below we used a differential scanning heat-flow calorimeter
(Q100, TA Instruments) that was calibrated comprehensively
using a series of nine calibration standards at cooling and
heating rates between −10 and +10 K min−1.47 The resulting
temperature accuracy of the calorimeter is about ±0.2 at 1 and
±0.4 K at 10 K min−1. In a typical measurement, 1−10 mg of a
sample was placed in an aluminum pan (thereafter sealed
hermetically), which was then transferred into the calorimeter.
Measurements were performed with an empty pan as a
reference. The glass transition temperature Tg of a sample was
determined in the heating mode at 10 K min−1 using the onset
of the glass transition signal, i.e., the intersection between the
extrapolated baseline and a line of maximum slope in the heat
flow signal, following the convention of Angell.39 We note that
because of small ambiguities in the evaluation of these slopes
and the repeatability of the experimentally determined Tg
values across multiple samples, we estimate the accuracy of
the glass transition temperatures given below to be about ±2 K.
3.2. The MARBLES Method. We have developed and

tested a novel method for preparing glassy samples of water-
soluble substances which we term MARBLES for “metastable
aerosol by low temperature evaporation of solvent”. With the
MARBLES method an aqueous solution of a compound is
sprayed into an aerosol followed by drying of the aerosol
droplets and collection of the dry particles. This is similar to
classical spray drying, but MARBLES avoids heating of the
sample and requires only a small amount of material for
preparing samples that can be analyzed by DSC. MARBLES has
several key advantages. First, drying of aqueous bulk samples or
droplets with a diameter of several micrometers or more can be
time-consuming, because of the small water diffusivity in glassy
materials.42,48 However, under the same conditions drying of
submicrometer aerosol particles (see images of collected
particles in Figure S3 in the Supporting Information) can be
achieved on the time scale of seconds to minutes.29,34,49,50 This
is made use of in MARBLES. Second, the crystallization
probability of the solute compound is strongly reduced in
aerosol particles, because of the smaller volume and the absence

of solid impurities such as dust in most aerosol droplets that
might trigger crystal nucleation. And third, the entire procedure
(dissolution and drying) can be performed at room temper-
ature, thus eliminating the occurrence of chemical changes
which are often found when bulk samples are melted (see
below).
Figure 2a outlines the working principle of the MARBLES

method. A dilute aqueous solution of the substance of interest

is atomized into a wet aerosol by an aerosol generator. The
aerosol is dried by diffusion drying before the aerosol particles
are collected in an impactor. A detailed functional scheme of
the MARBLES setup is shown in Figure 2b. Aerosol particles
are produced with an atomizer (A) by nitrogen purge gas from
a pressurized nitrogen source (NS), following the general
working principle of the constant output atomizer design of Liu
and Lee.51 The aerosol flow is directed through a drying section
consisting of three homemade diffusion dryers (DD), each 80
cm long. Each diffusion dryer consists of an outer tube made

Figure 2. (a) Working principle of the MARBLES system: wet aerosol
generation from an aqueous solution in an atomizer, aerosol drying in
diffusion dryer, and dry aerosol collection in an impactor. (b) Detailed
sketch of the MARBLES system. A nitrogen source (NS) is used to
drive an atomizer (A) for aerosol generation, the drying section
consists of several diffusion dryers (DD), a hygrometer for relative
humidity measurement (RH) with a sensor (S1) in the aerosol flow,
and a sensor (S2) in the dry glovebox (GB). Dried particles are
collected in an impactor (IM) and residual aerosol particles are filtered
out (F). The overall aerosol flow rate is measured with a flow meter
(FM). The exhaust line (EL) is protected from room air humidity by
another diffusion dryer. Samples are hermetically sealed in a sealing
unit (SU), before they are transferred from the glovebox via a pass-
through transfer chamber (TC) to the DSC (not shown).
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from poly(methyl methacrylate) with an inner diameter of 8.9
cm and an inner tube made of stainless steel wire screen about
2.5 cm in diameter. The annular space between the inner and
the outer tube is filled with silica gel drying pearls that are too
big to penetrate the wire screen (Silica Gel Orange, Roth,
diameter 2−5 mm, specific surface area ∼750 m2 g−1, water
absorbance ∼42 wt % at 80% RH). The aerosol stream is
directed through the inner wire-screen tube. While passing
through the drying section, water evaporates from the aerosol
droplets and diffuses through the wire screen to the annular
space where it is absorbed by the silica gel. The dried aerosol
then passes the first of two sensors (S1) of a hygrometer (RH;
Ahlborn Almeo 2590), which determines the relative humidity
of the gas phase of the aerosol. Thereafter, the aerosol particles
are collected using a homemade impactor (IM) by accelerating
the aerosol stream through a conical glass nozzle (orifice
diameter: 1 mm) and directing it onto an impaction plate. In
our setup, the impaction plate consists of the bottom piece of a
DSC aluminum pan (TA Instruments, hermetic aluminum pan
900793-901), which can be used directly for the subsequent
DSC measurements, thus avoiding further sample treatment.
Those aerosol particles that pass the impactor without being
collected are captured in a HEPA (high efficiency particulate
airfilter) filter (F) downstream of the impactor. The filtered gas
is directed through a flow meter (FM; Yokogawa Rotameter,
model RGC2) for determining the gas volume flow rate
through the entire setup. All components are connected either
by stainless steel Swagelock fittings and tubing or by plastic
tubing. The components RH, IM, F, and FM are placed inside a
dry glovebox (GB) about 310 L in volume (dimensions W × D
× H: 95 × 50 × 65 cm). During the experiments the relative
humidity inside the glovebox is continuously measured with a
second sensor (S2) of the hygrometer. Subsequent to sample
collection, the aluminum pan is hermetically sealed using a TA
Instruments sample encapsulation crimper press (sealing unit,
SU) inside the glovebox. Thereafter, the sample pan can be
handled in laboratory air for transferring it into the differential
scanning calorimeter for further analysis, without running the
risk of sample contamination by air.
3.3. Setup Optimization and Test Measurements. To

evaluate the working principle and the effectiveness of the
MARBLES method, we performed experiments with four
reference substances. After numerous tests it proved most
practicable to work with a solute mass fraction of w = 0.02 for
the aqueous solutions feeding the atomizer and an impactor
nozzle orifice diameter of 1 mm.
The aerosol drying efficiency depends on the residence time

of a particular aerosol particle in the drying section and,
therefore, on both the total length of the drying section and the
aerosol flow rate. Because the volume flow rate is fixed at
∼1900 sccm due to the operation requirements of the aerosol
generator, optimization was achieved by varying the length of
the drying section. The relative humidity (RH) of the aerosol
gas phase was measured after the drying section and was used
as one indicator for a completed aerosol drying process. When
a short drying section consisting of a single diffusion dryer tube
only is used, the outflow revealed measurable RH values,
indicating insufficient drying. However, with a drying section
consisting of three diffusion dryer tubes, the monitored RH was
always 0% ± 0.1% at a flow rate of ∼1900 sccm. This length-to-
flow-rate ratio corresponds to a residence time of an aerosol
particle in the drying section of about 37 s. An additional
increase of the drying section length did not lead to higher

values of Tg in the collected and analyzed samples, which
indirectly confirms that the chosen length is sufficient to result
in the lowest possible water content, see detailed discussion
below.
For the DSC analysis the aluminum pan with the collected

aerosol sample was removed from the impactor, sealed
hermetically, and then transferred to the DSC. To avoid
water uptake by the collected sample during the sealing of the
DSC pans with the crimper press, this sealing was done inside a
dry glovebox in which the RH was always held below 1%. The
effect of water uptake from ambient humidity during sealing on
the measured Tg is demonstrated with Tg data of trehalose
obtained from the DSC measurements for five different sample
preparation cases (Table 1): Sealing the sample inside the dry

glovebox where no significant water uptake may either occur
immediately (0 s) or occur after waiting for 60 s; immediately
sealing the sample in ambient air (0 s) or sealing the sample
after exposure to ambient air for 30 s and for 60 s. The glass
transition temperature Tg decreases strongly with increasing
waiting time before sealing in ambient air and, thus, with
increasing exposure time of the sample to the ambient
atmosphere. Even if the sample is sealed in ambient air without
delay (0 s), the sealing itself takes about 3−5 s and the
measured Tg is lower by about 7 K than that of a sample that is
sealed inside the dry glovebox. Obviously the 3−5 s needed for
sealing is sufficient to adulterate the measured Tg value. Sealing
the sample inside the glovebox after a 60 s waiting time did not
significantly affect the glass transition temperature, proving that
no water is taken up by the sample inside the glovebox. Similar
results were obtained with 3-MBTCA (Table 1).
For validating the drying effectiveness of the MARBLES

method we determined the glass transition temperatures of
glucose, sucrose, trehalose, and citric acid. The saccharides were
chosen because they are well-studied glass-forming substances,
and citric acid was used because it is structurally similar to 3-
MBTCA and, thus, it may act as a surrogate in test experiments.
In Table 2 we show the Tg values of samples vitrified with the
MARBLES setup. All substances were collected under dry
conditions for 20 min (resulting in a total mass of up to 5 mg)

Table 1. Tg of Trehalose and 3-MBTCA Samples after
Drying and Exposure to Different Humidity Conditions
(Dry Glovebox and Ambient Humidity) for Varying Time
Periods before Sealinga

sealing conditions time before sealing [s] Tg [K] (±2 K)

Trehalose
dry glovebox 0 369
dry glovebox 60 368
ambient 0 362
ambient 30 348
ambient 60 340

3-MBTCA
dry glovebox 0 305
ambient 0 303
ambient 15 290
ambient 30 284
ambient 45 281

aBecause ambient humidity varies, all experiments with one substance
were done on the same day. A “time before sealing” of 0 s indicates
immediate sealing, but we note that the sealing itself takes a few
seconds.
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and then analyzed by DSC. Also shown for comparison are Tg
values of the same substances in which vitrification was
achieved by established alternative methods. Given the
variability of Tg values reported in the literature, our results
agree well with the literature values, providing further support
for the applicability of our method for determining Tg of water-
soluble organics.
A typical DSC measurement of a heat unstable substance is

shown in Figure 3. In this experiment a sucrose sample that had

been transferred into the glassy state by the MARBLES method
was cooled from 293 to 263 K (blue), heated from 263 to 463
K (green), cooled again to 263 K (magenta), and finally heated
to 463 K (red). In the first heating cycle, the transition from a
glass to a supercooled liquid occurred as a step in the heat flow
signal (1) at 331 K. On further heating, the supercooled liquid
first crystallized (2) and then melted (3). In the second cooling
and heating cycle again a glass transition was detected (4a and
4b), but now at a lower temperature than in the first heating
cycle (309 K). We conclude from this observation that the
sucrose underwent chemical changes during the first melting,
and that the Tg determined in the second heating cycle has to
be assigned to another compound or a compound mixture. In
contrast, the glass transition temperature obtained from the
sample vitrified at room temperature by the MARBLES method
suggests that the sample indeed consists of pure glassy sucrose
and, hence, the measured value may represent the “real” Tg of
sucrose. In the results section below we show more examples
for this kind of behavior and also provide evidence that it is the
thermal treatment leading to chemical changes and, thus, a
reduced Tg value, and not the MARBLES method that leads to
an “artificially enhanced” Tg value.

4. THERMAL CHARACTERIZATION OF 3-MBTCA AND
MIXTURES THEREOF

4.1. Tg of 3-MBTCA. 3-MBTCA was dissolved in water (w
= 0.02) and transferred into the glassy state through the
MARBLES process as described above. The collected aerosol
sample was then investigated by DSC, Figure 4a. The sample
was first cooled from room temperature to 233 K at 10 K min−1

and then heated at 10 K min−1 to 463 K (green line), before the
cooling/heating cycle was repeated (red line). The glass
transition (1) was observed at Tg = 305 ± 2 K, which is close to
the value predicted from Tm by the Boyer−Beaman relationship
Tg,pred ≈ 0.7Tm ≈ 299 K.29 Upon further heating, crystallization
(2) of the sample occurred at about 345 K before melting (3)
commenced at Tm = 426 K, in agreement with a literature value
of Tm = 427−428 K.46 In the second cooling cycle only a liquid-
to-glass transition was observed and in the second heating cycle
a glass transition (4) was detected at about 259 K, i.e.,
significantly below Tg = 305 K of the first cycle. The latter is a
clear indication of a chemical change upon melting in the first
cycle, and it is in agreement with the fact that no crystallization
occurred in the second heating cycle (gray line). In
independent experiments we found that upon melting of 3-
MBTCA a mixture of the anhydrides 4 and 5 is formed
(Scheme 2; see Supporting Informatin for product identi-
fication by NMR spectroscopy, mass spectrometry, and IR
spectroscopy). Hence, we assign the glass transition temper-
ature Tg = 259 K to a mixture of the two anhydrides, residual 3-
MBTCA, and water. When a crystalline bulk sample of 3-
MBTCA is melted, cooled, and reheated (blue line in Figure
4b), the same low glass transition temperature (4) is observed
(compare with the red line, which is reproduced from Figure
4a). This measurement confirms that it is not possible to
determine Tg of 3-MBTCA by classical means (heating and
cooling) and emphasizes the usefulness of the MARBLES
approach taken here. Note that citric acid, a compound that had
been used to test the MARBLES approach (Table 2), is
structurally similar to 3-MBTCA. Interestingly, citric acid is
chemically stable during melting. Chemical changes of citric
acid occurred at around 450 K, i.e., well above the melting point

Table 2. Glass Transition Temperatures of Reference
Compounds Determined with MARBLES and
Corresponding Literature Values

substance
Tg
[K]

Vitrification procedure and
literature references

DSC heating rate
[K min−1]

sucrose 331 MARBLES 10
319 freeze-drying63 10
335 freeze-drying64 5

glucose 297 MARBLES 10
295 melting and cooling63 10

citric acid 286 MARBLES 10
284 melting and cooling65 10
283 melting and cooling66 10

trehalose 369 MARBLES 10
368 freeze-drying63 10
365 freeze-drying67 1, 10, and 20
373 melting and cooling64 5
385 heating of dihydrate at reduced

pressure67
1, 10, and 20

388 freeze-drying68 10
388 heating of dihydrate at ambient and

reduced pressure69
10

Figure 3. DSC thermogram with two consecutive cooling/heating
cycles of the heat-unstable substance sucrose. The first cooling/heating
cycle is marked in blue/green, and the second cycle in magenta/red.
Numbers indicate the glass transition during the first heating cycle (1),
subsequent crystallization (2), and melting/decomposition (3). The
glass transition in the second cooling (4a) and heating cycle (4b) is
observed at a lower temperature (see inset).
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of 426 K. IR and 1H NMR spectroscopic data indicate olefin
and anhydride formation.
4.2. Tg of Water/3-MBTCA Mixtures. The glass transition

temperatures of aqueous solutions of 3-MBTCA are not
accessible because of the relatively low water solubility of 3-
MBTCA with a solute mass fraction of wsol ≈ 0.24; see above.

Therefore, instead of starting with an aqueous solution, we
prepared dry glassy samples of 3-MBTCA by the MARBLES
method. We then exposed these bulk samples (2−3 mg) to
ambient humidity such that water uptake could occur as
described above. The amount of water taken up by these bulk
samples was determined by weighing the sample before and
after the exposure to humidity. Only samples with water mass
fractions of 0.01 and 0.02 (corresponding to exposure times of
1 and 5 min, respectively) could be prepared because longer
exposure times did not lead to further water uptake but instead
to crystallization of 3-MBTCA in the sample pans. The Tg
values for 3-MBTCA mass fractions of w = 0.99 and w = 0.98
are 289 ± 2 and 272 ± 2 K, respectively. The change of Tg as a
function of the water content of a sample can be estimated
quite generally with the semiempirical Gordon−Taylor
equation:52

=
+

+
T

w T w T

w w
k

k
g

1 g1
1

2 g2

1
1

2

GT

GT

Here, Tg is the glass transition temperature of the binary
mixture, Tg1 and Tg2 are the glass transition temperatures of the
two pure compounds, here of water and of solute, w1 and w2 are
the mass fractions of the two compounds in the mixture, and
kGT is the Gordon−Taylor constant. Because Tg of water is very
low (Tg1 = 136 K), even small amounts of water can
significantly decrease Tg of the mixture, as found for 3-
MBTCA (cf. Table 1). The strong decrease of the water/3-
MBTCA mixtures’ Tg with only small water content suggests a
relatively large Gordon−Taylor constant kGT, and fitting the
Gordon−Taylor equation to the available data points results in
kGT ≈ 9. We note, however, that this value can be regarded as a
rough estimate only due to the limited available data and the
associated uncertainty.
Another important characteristic temperature of aqueous

glassy materials is the glass transition of the maximally freeze-
concentrated aqueous solution, commonly termed Tg′.40,53,54
We determined Tg′ of 3-MBTCA by studying the phase
transitions observed in inverse emulsion samples as described
in previous studies.40 For these measurements an aqueous 3-
MBTCA solution (w = 0.2) was emulsified by mixing one part
of a 7 wt % solution of SPAN60 (Sigma) in a 1:1 mixture of
methylcyclopentane/methylcyclohexane (Merck) with one part
of the aqueous solution. This mixture was stirred with a
homogenizer (IKA Ultra-Turrax T25 basic) for 10 min at
20 000 rpm to yield an inverse emulsion containing aqueous
droplets in the micrometer size range. Analysis of such a sample
by DSC is shown in Figure 5. Upon cooling at a rate of 10 K
min−1 (red line) homogeneous ice nucleation occurred at Th =
229 K, in agreement with a value of 229.5 K predicted by water-
activity-based ice nucleation theory55,56 using the experimen-
tally determined water activity of the aqueous 3-MBTCA
solution of aw = 0.982 at room temperature and a value of
Δaw,hom = 0.325 for homogeneous ice nucleation in micro-
meter-sized droplets.57 Below Th no further transitions were
observed upon cooling to 153 K. Upon heating at 10 K min−1

(magenta line) a small exothermic signal was observed above a
temperature of 228 K (see also inset), most likely resulting
from ice crystal growth that was inhibited during cooling and at
lower temperature due to the high viscosity of the freeze-
concentrated aqueous 3-MBCTA matrix. At 246 K heating was
stopped and tempering of the sample commenced by slowly

Figure 4. DSC thermograms of 3-MBTCA samples. (a) 3-MBCTA
sample collected after the MARBLES process. The first cooling/
heating cycle is marked in green, and the second one is marked in red.
(b) Comparison of thermograms of a glassy and a crystalline bulk
sample of 3-MBCTA. The blue line marks the heating/cooling cycle of
the crystalline sample; the red one is reproduced from panel (a). For
details, see text.

Scheme 2. Melting of 3-MBTCA Forming the Anhydrides 4
and 5
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cooling the sample to 233 K at 1 K min−1 (orange line) before
it was cooled further to 153 K at 10 K min−1 (blue line).
Finally, the sample was reheated to 303 K at 10 K min−1 (green
line) This time a clear glass transition was observed at 230 K
(see also inset), which we assign to the glass transition of the
maximally freeze-concentrated solution with a value of Tg′ =
230 ± 2 K.
4.3. Tg of Pinonic Acid/3-MBTCA Mixtures. α-Pinene

SOA particles consist of different α-pinene oxidation
products.13,14,27 Therefore, we studied Tg of mixtures of the
intermediate oxidation product pinonic acid (O:C ratio of 0.3;
Figure 1) with the second-generation oxidation product 3-
MBTCA (O:C ratio of 0.75). For this purpose we dissolved
different mixtures of the two acids with varying mass ratios at
an overall mass fraction of about 0.02 in water and then applied
the MARBLES procedure. The collected aerosol samples were
then analyzed by DSC by first cooling the samples at 10 K
min−1 to 133 K and then reheating them at 10 K min−1 to 433
K. The resulting Tg values are shown as a function of 3-
MBTCA dry mass fraction in Figure 6. Clearly, the higher the
dry mass fraction of 3-MBTCA the higher is the Tg of the
mixture, finally approaching the Tg of pure 3-MBTCA for
wdry(3-MBTCA) = 1 in agreement with the Gordon−Taylor
equation.29,52 At lower dry mass fractions wdry(3-MBTCA) <
0.3, i.e., at higher pinonic acid mass fractions, no Tg could be
determined owing to crystallization of pinonic acid, in
agreement with results of experiments on pure pinonic acid.
To describe the Tg of pinonic acid/3-MBTCA mixtures, we
fitted the available Tg data to the Gordon−Taylor equation
described above, resulting in the black solid line. The fitted line

is almost linear (kGT ≈ 1), thus allowing a relatively stable
extrapolation of the Tg curve into the non-glass-forming
concentration range at wdry(3-MBTCA) < 0.3. Moreover, the
Tg of pinonic acid might be estimated by extrapolating the
Gordon−Taylor line to wdry(3-MBTCA) = 0, yielding a Tg of
pinonic acid of about 221 K. We note, however, that the
Gordon−Taylor approach may result in curved lines for kGT
values that are significantly smaller or larger than 1. The pink
and red shaded areas indicate, respectively, the 1σ and 2σ
confidence intervals of the fitting procedure, representing the
very conservative estimates of Tg in the non-glass-forming
region.
A Tg of pinonic acid of about 221 K suggests a low or

moderate viscosity of supercooled liquid pinonic acid at 293 K,
which is too low to prevent crystallization of pinonic acid
during the MARBLES procedure, in keeping with experimental
observations; see above. Therefore, determining the Tg of
pinonic acid requires a modification of MARBLES to allow for
particle collection and/or drying at low temperatures.
Also shown in Figure 6 are the Tg values determined in a

second cooling and heating cycle. As noted above, 3-MBTCA is
converted into the anhydrides 4 and 5 upon melting. Therefore,
these Tg values represent the glass transition of mixtures of
anhydrides 4 and 5, water, 3-MBTCA, and pinonic acid. With
an increasing amount of pinonic acid, the data approach the Tg
proposed for pure pinonic acid. This finding is in agreement
with the assumption that pinonic acid is less prone to forming
an anhydride.

Figure 5. DSC thermogram of an emulsified aqueous solution (w =
0.2) of 3-MBTCA. The red line shows the first cooling, the magenta
line shows the heating above Tg′, the orange line shows the tempering
with a lower cooling rate, and the following cooling and heating are
shown by the blue and green lines. Th indicates homogeneous ice
nucleation, Tm the ice melting, and Tg′ the glass transition of the
maximally freeze concentrated sample. For details, see text.

Figure 6. Tg of pinonic acid/3-MBTCA mixtures (black circles) as a
function of the 3-MBTCA mass fraction. Also shown are Tg values
from the second heating cycle (after chemical changes, blue circles).
The red and green circles indicate the measured Tg of pure 3-MBTCA
and the proposed Tg of pinonic acid, respectively. The latter results
from an extrapolation of the black line obtained from a Gordon−
Taylor-fit to the data. The red and pink shadowed areas indicate the 1σ
and 2σ confidence intervals of the fit.
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Finally, in Figure 7 we show the Tg values of several key
products of α-pinene SOA oxidation as a function of their O:C

ratio, a property that is often used to characterize multi-
component SOA particles using aerosol mass spectrometry and
also during modeling of SOA oxidation.13,58,59 The exper-
imental data reveal a clear and almost linear increase of Tg with
increasing O:C ratio. This seems to be in contradiction with an
analysis in our previous work on the general behavior of Tg in
organic molecules: A compilation of data of many very different
organic molecules did not show a clear trend of Tg as a function
of O:C. Instead, the molar mass dependence of Tg turned out
to be much more important.29 This analysis was a rather
general one on a compilation of diverse compounds, however,
and an O:C dependence of Tg may hold for specific sets of
chemically related compounds only. One such example is the
oxidation products of α-pinene shown in Figure 7, starting from
the pinonaldehyde toward 3-MBTCA. Similar trends of Tg have
been suggested for oxidation products identified in SOA
derived from specific precursors such as n-heptadecane and
naphthalene.60 Hence, we suggest that an O:C dependence of
Tg may thus facilitate the prediction of the SOA particles’
viscosity and phase state and facilitate modeling their effects on
gas-to-particle partitioning and the heterogeneous chemistry of
SOA particles.61,62

5. SUMMARY AND CONCLUSION
In this study we have established the MARBLES method based
on aerosol diffusion drying as a simple and fast approach to
form glassy samples from aqueous solutions. This method is
particularly suited for substances that undergo chemical
changes upon melting or heating. With MARBLES an aerosol
collection time of about 20 min was found to be sufficient for
obtaining about 2−5 mg of sample material as is required for a
DSC measurement of the glass transition temperature.
We were able to accomplish an efficient synthesis for 3-

MBTCA, which is a second-generation oxidation product of α-

pinene. Several physical and chemical properties of 3-MBTCA
were determined such as its solubility in water at room
temperature, its melting temperature Tm, its glass transition
temperature Tg, and the glass transition temperature of the
maximally freeze-concentrated solution Tg′. Furthermore, we
have determined the glass-forming properties of 3-MBTCA in
mixtures with water and pinonic acid. In particular, the results
of pinonic acid/3-MBTCA mixtures suggest a dependence of
Tg upon the O:C ratio for a set of compounds that originate
from the same precursor along an oxidation pathway. Such a
relation may prove helpful for modeling the effects of phase
state on the properties and behavior of atmospheric SOA
particles.
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