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ABSTRACT
FORMATION OF ORGANIC FILMS ON SULFURIC ACID SOLUTIONS AT UPPER
TROPOSPHERE AND LOWER STRATOSPHERE AEROSOL ACIDITIES
By Saul Perez
The effects of atmospheric aerosols on climate remain uncertain, especially where
aerosol chemical composition is not well known. Chemical analysis of aerosols in the
upper troposphere (UT) and lower stratosphere (LS) show sulfuric acid (40 - 80 wt. %)
and water as the major components. However, recently, the presence of organic
molecules was also reported in UT/LS aerosols which could produce a broad spectrum
of chemical reactions that have the potential to alter the aerosol climate properties, so
experiments were performed to examine these reactions. Propanal, individually or in
mixtures with glyoxal and/or methylglyoxal, combined with sulfuric acid formed highly
colored surface films. Since surface films would control aerosol climate properties, the
goals of this work are to determine the chemical composition of the films and to
determine the effects of aging, organic mixture, and acidity on film composition and
formation rates. Films and solutions were analyzed by attenuated total reflectance-FTIR,
1

H NMR and UV-Vis spectroscopies. Results show that aldol condensation products

(mainly 2-methyl-2-pentenal and 1,3,5-trimethylbenzene) and acetals (mainly 2,4,6triethyl-1,3,5-trioxane and longer-chain linear polyacetals) are the major species in films
formed from propanal. In mixtures of multiple organics, cross-reactions between
propanal and glyoxal and/or methylglyoxal were also observed. These results are used to
assess the potential for organic films to affect the climate properties of UT/LS aerosols.
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1.

INTRODUCTION

1.1. Aerosols in the Upper Troposphere and Lower Stratosphere and Their Effects
on Climate.
An aerosol is a suspension of liquid or solid particles in a gas, with particles
ranging in size from nanometers to tens of microns.1,2 Atmospheric aerosols have a wide
variety of sources that include natural and anthropogenic origins. The effects of
atmospheric aerosols on climate are complex and not completely understood. Over the
last few decades, a variety of groups have investigated the influence of atmospheric
aerosols.1,3-7 However, their effects remain the largest physical uncertainty in the
prediction of climate change according to an assessment by the 2013 Intergovernmental
Panel on Climate Change (IPCC).8
The effects of aerosols on climate may be direct or indirect, changing the balance of
incoming solar radiation and outgoing terrestrial radiation in the atmosphere and resulting
in warming or cooling.6,8 The direct aerosol effect is a result of scattering, reflection,
and/or absorption of radiation, changing the net energy budget of the Earth-atmosphere
system.1,2,8,9 The indirect aerosol effect is related to the role of aerosol particles as cloud
condensation nuclei (CCN), which are the seeds for the formation of clouds.8 Changes in
aerosol particle number, size, and/or chemical composition have the ability to affect
climate by changing cloud lifetimes, reflectivities and precipitation patterns. Since the
exact magnitude of these effects on climate caused by aerosols remains uncertain, it is
important to gain insight into the optical (light scattering and absorption) and cloudforming properties of aerosols.1,2,9 These properties are, in turn, strongly influenced by
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aerosol chemical composition and, therefore, by chemical reactions that occur within
aerosols.8
The upper troposphere and lower stratosphere (UT/LS) region can range roughly
from ~ 8 to 20 km10 in altitude and varies with geographical region and season since the
altitude of the boundary between the UT and the LS (tropopause) depends on factors such
as temperature, wind, and pressure. Thus, the tropopause varies from ~10 km in the
extratropical regions to ~17 km in the tropics.10 The tropopause roughly corresponds to a
minimum in the vertical temperature profile of the atmosphere, so the UT/LS region is
characterized by very cold temperatures (-73 to -53 °C).11-14 Therefore, most water vapor
condenses and falls before reaching the UT/LS. This lack of water results in aerosols
composed of aqueous sulfuric acid (H2SO4)15-17 at high concentrations of 40 to 80 wt. %.18
This acidic profile is the result of the formation of H2SO4 from the reaction of SO2 with
water. The major sources of SO2 are volcanic eruptions and the successive oxidation of
carbonyl sulfide (OCS).16,19-22 The presence of sulfuric acid aerosols in the upper
troposphere and in the lower stratosphere plays an important role in climate. Sulfuric acid
aerosols are highly reflective to UV-visible radiation. Therefore, climate models assume
that their main effect is to scatter incoming solar radiation, resulting in cooling at the
surface of the Earth.23-25 However, recent airborne measurements showed that a significant
fraction of upper troposphere and lower stratosphere (UT/LS) aerosols also contain organic
material.7,26,27 The effects of this material on aerosol climate properties are highly uncertain
due to its unknown chemical composition.8,26 A potential source of this organic material is
the uptake of gas phase organic compounds into sulfuric acid aerosols, leading to reactions
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that could potentially produce high molecular weight products that remain in the aerosol
phase. This organic material could alter the radiative and/or cloud forming properties of
the UT/LS aerosols by causing more light absorption or by altering hygroscopicity (and
thereby inhibiting water uptake), respectively.26,28
Herein, we examine the effects of reactions of sulfuric acid with organic molecules
on the chemical composition of bulk laboratory solutions that model aerosols in the UT/LS.
Results obtained from initial laboratory experiments carried out by our group in which
various carbonyl species (propanal, glyoxal, and/or methylglyoxal) were combined with
sulfuric acid at UT/LS aerosol acidities resulted in highly-colored solutions. Importantly,
solutions containing propanal also demonstrated the formation of colored organic films
which appeared on the surface of the aqueous reaction mixtures.
The formation of surface films is of particular interest, since surface coatings on
aerosols could have dramatic effects on aerosols properties since they would be expected
to control the hygroscopicity and the optical properties of aerosols and, therefore, could
affect climate. Thus, this work focuses on identifying which reaction(s) of propanal in
sulfuric acid solutions are responsible for the formation of surface films in order to assess
whether these reactions would be expected to alter the climate properties of UT/LS
aerosols.

3

1.2.

Potential Reactions of Organics in Sulfuric Acid Aerosols.
Low molecular weight carbonyl compounds taken up by aerosols have been shown

to undergo various reactions capable of producing higher molecular weight species
(accretion reactions)29-32 under tropospheric conditions (much less acidic that UT/LS
aerosols). These reactions include aldol condensation, hemiacetal/acetal formation,
further polymerization of acetals, cyclotrimerization, and organosulfate formation.33-36
Since all of these reactions are either acid-catalyzed or require sulfate, they are expected
to be even more important in the sulfuric acid aerosols typical of the UT/LS. We consider
each of these reactions described below and illustrated in Schemes 1 and 2 as potential
candidates for producing high molecular weight products that are likely to partition into
solid surface films. Scheme 1 shows the formation of diols and enols that can go on to
participate in the accretion reactions shown in Scheme 2. First, aldehydes and ketones
react with water to varying degrees to form diols35 (Scheme 1a) that provide the alcohol
groups required for formation of acetals/hemiacetals and organosulfates (Scheme 2b and
f)35. Second, carbonyl compounds in an acidic aqueous medium may also form enols35,37
(Scheme 1b) that will allow the acid-catalyzed formation of aldol-condensation
products34,35,38 (shown for propanal in Scheme 2a). If the first aldol condensation product
(2-methyl-2-pentenal in Scheme 2a) continues to react, it will add additional carbons to
the chain or backbone, forming the linear trimer, 2,4-dimethyl-2,4-heptadienal (Scheme
2a) and potentially larger polymers (Scheme 2a) that could partition to the surface. These
polymers have conjugation that increases with each aldol condensation step and,
therefore, can produce significant UV-vis absorbance that shifts further into the visible
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with each step. Linear trimers produced by aldol condensation may also cyclize; for
example, trimethylbenzene is formed via cyclization of the trimer of propanal, 2,4dimethyl-2,4-heptadienal39 (Scheme 2b). Alternatively, carbonyl species can undergo
acid-catalyzed reactions with their hydrated forms (diols) (Scheme 1a) to form
hemiacetals and acetals35,37,40 as shown for propanal in Scheme 2c. If the reaction
continues, it will form linear polyacetal products35,40 (Scheme 2d). Trioxane formation
via cyclotrimerization is also possible and is shown for propanal in Scheme 2e.41,42
Finally, organosulfate formation can occur when diols formed from carbonyls (Scheme
1a) react directly with sulfuric acid to produce sulfate esters (Scheme 2f).43-46
Products of propanal aldol condensation reactions have been reported in previous
studies in sulfuric acid (60-96 wt. %) solutions by Noziere and Esteve and Casale et.
al.34; both studies focused on the potential ability to form light-absorbing compounds and,
therefore, were not sensitive to any other non-absorbing reaction products of propanal.
Linear products of further aldol condensation of propanal in aqueous media using zeolites
as a catalyst have been reported to cyclize and form 1,3,5-trimethylbenzene (Scheme
2b).39 The formation of acetal/hemiacetal and cyclic products (Scheme 2c-e) have not
been reported for propanal in sulfuric acid, but they have been observed for other
aldehydes as reported by Garland et al.40 and Li et al.42 Similarly, although organosulfates
(Scheme 2f) have not been reported to be formed by propanal, they have been observed
to form in reactions of glyoxal on sulfuric acid aerosols by Liggio et al.45 and in reactions
of various alcohols with sulfuric acid.44,46-51
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Scheme 1: Enolization and Hydration of Carbonyl Groups.
1a)

Hydration of ketones and aldehydes:

1b)

Enolization of ketones and aldehydes:

Scheme 2: Potential Reactions of Propanal in the Presence of Sulfuric Acid.
2a)

Aldol condensation:

...

2,4-dimethyl-2,4-heptadienal
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2-methyl-2-pentenal

2b)

Trimethylbenzene formation

2,4-dimethyl-2,4-heptadienal

2c)

1,3,5-trimethylbenzene

Hemiacetal and acetal formation

hemiacetal

diol (hydrate)

acetal

2d)

Further polymerization

acetal
H+

polyacetal
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2e)

Trimerization of propanal

propanal

2f)

2,4,6-triethyl-1,3,5-trioxane

Organosulfate formation

1.3. Goals of the Project.
The possible role of reactions of organic molecules with sulfuric acid in UT/LS
aerosols and their implications for the climate properties of aerosols are examined. Due to
the large number of potential organic products formed in UT/LS aerosols and the
inaccessibility of the UT/LS without high altitude-aircraft, it is difficult to obtain detailed
information about the chemical composition of mixed organic/sulfuric acid aerosols when
formed in situ. Our laboratory experiments, although under simplified conditions, are
designed to improve our understanding of the chemical process(es) responsible for
organic film formation from reactions of propanal in sulfuric acid in order to assess the
potential importance of similar processes in UT/LS aerosols.
The first aim of this study is to evaluate the conditions (acidity and organic mixture)
under which surface films are formed by the reactions of small carbonyl species with
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sulfuric acid at acidities typical for aerosols in the UT/LS.26 The second and primary aim
is to use Fourier transform infrared (FTIR), nuclear magnetic resonance (NMR) and UVvisible spectroscopies to analyze the chemical composition of surface films formed in the
laboratory in order to determine which type(s) of reaction(s) are responsible for film
formation. Identification of the film-forming reactions will enable us to assess their
potential to impact climate properties of aerosols under more complex UT/LS conditions.
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2.

EXPERIMENTAL METHODS

2.1. Materials.
The reagents used in this study were 40 wt. % methylglyoxal (Sigma-Aldrich), 40
wt. % glyoxal (Sigma-Aldrich), 97 wt. % propanal (reagent grade, Sigma-Aldrich), 97
wt. % 2-methyl-2-pentenal (Sigma-Aldrich), 96-98 wt. % sulfuric acid (ACS reagent
grade, Sigma-Aldrich), 37 wt. % hydrochloric acid (ACS reagent grade, Sigma-Aldrich),
deuterated chloroform (ultra-pure, Sigma-Aldrich), and 0.5 N sodium hydroxide standard
solution (Sigma-Aldrich). Ultrapure water (10 to 16 MΩ·cm) was used for preparing the
diluted solutions.
Concentrated sulfuric acid (96-98 wt. %) was diluted with water to obtain 19, 37, 48
and 76 wt. % stock solutions. The stock sulfuric acid solutions were titrated in triplicate
with 0.5 N sodium hydroxide standard solutions in order to confirm the acid
concentrations. Typical results are shown in Table 1.
Table 1: Sample sulfuric acid solution (5 ml) titrations with target concentrations shown
in the top row.

76.0 wt. % H2SO4
(13.0 M)
NaOH ml
Molarity
53.00
13.05
53.00
13.05
51.80
12.76
AVG
SD

12.95
0.17

48.5 wt. % H2SO4
(6.69 M)
NaOH ml Molarity
27.20
6.70
27.00
6.65
27.10
6.67
6.67
0.02
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36.5 wt. % H2SO4
(4.72 M)
NaOH ml
Molarity
19.30
4.75
19.25
4.74
19.25
4.74
19.20
4.73
4.74
0.01

19.4 wt. % H2SO4
(2.24 M)
NaOH ml
Molarity
9.16
2.26
9.10
2.24
9.16
2.26
2.25
0.01

2.2. Film Formation Survey Experiments.
Preliminary experiments combining propanal (P), and its mixtures with glyoxal (G),
and/or methylglyoxal (M) with sulfuric acid solutions showed that the surface films
formed at rates which were affected by the concentration of acid, choice and
concentration of organic species, and the light exposure. Therefore, controlled
experiments were performed to determine which sample compositions and reaction
conditions produced detectable surface films and the rates at which these organic films
were produced.
In this work, solutions of propanal, propanal/glyoxal, propanal/methylglyoxal (1:1)
and propanal/glyoxal/methylglyoxal (1:1:1) were prepared at 0.030 M in each organic
present. Each organic mixture was prepared at four aqueous sulfuric acid concentrations:
19, 37, 48, and 76 wt. % H2SO4. The concentration of 0.030 M in each organic species
was chosen to be on the upper end of the range of reasonable concentrations for carbonyl
species in atmospheric aerosols, which vary dramatically with geographic location.
Concentrations of propanal, glyoxal, and methylglyoxal have not been directly measured
in UT/LS aerosols; however, concentrations of glyoxal and methylglyoxal in lower
tropospheric aerosols have been estimated to be in the millimolar range from
measurements of mass loadings of specific organic species combined with typical total
aerosol mass loadings.52-58
After thorough mixing in volumetric flasks, samples of 4.0 ml of each reaction
mixture were pipetted into 8 ml glass vials and sealed with Teflon-lined caps and
parafilm. Samples were stored in the dark at 21-24°C (room temperature). Samples were
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observed daily over a period of 180 days in order to determinate whether or not surface
films were present and how quickly they formed. The observations of film formation
were made visually by tilting the vials gently to facilitate the detection of solid films as
evidenced by their resistance to movement or tendency to form flakes. This procedure
was performed gently in order to minimize disturbance of the surface films.
2.3.

Chemical Analysis of Films.

2.3.1. Collection of the Film Samples.
The films formed from solutions that were 0.030 M in the organic reagent presented
the difficulty that the amount of film produced was very small. Under these conditions,
solid film material could not be removed reliably without contamination by sulfuric acid
which interferes with spectroscopic analysis of the films. Therefore, the concentrations of
the organic reagents were increased ten-fold to 0.30 M to produce more film, which
facilitated the collection of film without disturbing the underlying sulfuric acid.
Volumetric flasks (100 ml) were used to store the solutions in order to concentrate the
film on the small surface area in the neck of the flask as shown in Figure 1. Once filled
with solution, each volumetric flask was closed using a glass stopper and additionally
sealed with parafilm. As the acid-catalyzed reaction of organic compounds proceeded, a
thin, dark organic layer formed on the surface of the solutions (Figure 1). This solid or
semi-solid material was collected for subsequent analysis using a clean glass rod for
FTIR or the tip of a Pasteur pipette for NMR. A portion of the outer surface film was
removed and carefully transferred onto the surface of an attenuated total reflectance
(ATR) crystal for ATR-FTIR or transferred into CDCl3 solvent in an NMR tube.
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During the process of collecting the samples, efforts were made to exclusively
collect the organic film while minimizing the amount of aqueous phase by avoiding
contact of the glass rod or Pasteur pipette with the underlying aqueous solution. Aqueous
phase exclusion is important as water and sulfuric acid interfere with the spectral
elucidation of the organic functional groups of interest.

Film

Figure 1: Two-day-old film formed on 0.30 M propanal in 48 wt. % H2SO4
2.3.2. Attenuated Total Reflectance (ATR)-FTIR Spectroscopy.
Film samples were analyzed by attenuated total reflectance (ATR)-FTIR
spectroscopy which was chosen since it does not require alteration of the chemical
environment by dissolution in a solvent and because it can be used with highly acidic
samples.59-62 ATR is a type of internal reflection spectroscopy in which the sample is
placed in contact with an internal reflection element (IRE) of high refractive index.
Infrared radiation is focused onto the edge of the IRE, reflected through the IRE, and then
directed to the detector, as shown in Figure 2.60-62 When a sample is present, it absorbs
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some of the IR radiation, allowing measurement of the IR absorption spectrum of the
sample. ATR combined with FTIR spectroscopy allows for the convenient examination
of solid and liquid samples that can be placed directly on the ATR crystal (often at the
bottom of a shallow trough). In particular, for our samples, ATR also avoids traditional
salt plates that would be dissolved by any sulfuric acid.
The FTIR instrument used was a Nicolet 6700 spectrophotometer with single IR
beam and a Michelson interferometer. The FTIR beam was produced by a thermal
EverGlo source and split by a KrB beam splitter, and a mercury cadmium telluride
(MCT) detector was used. All spectra were collected under the following conditions:
spectral range of 650-4000 cm-1, 32 scans, 1cm-1 resolution, and a screen to attenuate the
IR beam to 20% for the highly sensitive MCT detector. A routine check of the beam
intensity and spectrum was performed before every experiment. After this quick
inspection, a background spectrum was collected with the clean ATR crystal.
An AMTIR crystal consisting of highly homogeneous AsxSeyGez, was chosen as the
IRE since it is insoluble in water, and compatible with concentrated acid. The crystal is
fixed with an angle of incidence of 45 degrees, and 10 total reflections and has a
refractive index of 2.5.63 The crystal is mounted on an optical bench that allows precise,
repeatable positioning of the crystal. The films were transferred directly from the
volumetric flask to the surface of the crystal with the help of a glass rod and carefully
distributed on the surface, avoiding direct contact of the glass rod with the surface to
prevent scratching. After each film was deposited on the surface of the ATR crystal, a
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room temperature FTIR spectrum was collected. Between samples, the crystal surface
was cleaned with acetone and then put through a blank run to check for contamination.

Sample
IRE

I

R

Figure 2: Schematic diagram of ATR sampling accessory (I=Incident radiation; R=
Reflected radiation, IRE Internal Reflection Element)
2.3.3. Proton Nuclear Magnetic Resonance (1H NMR) spectroscopy.
Proton NMR spectroscopy (1H resonance) was used to obtain further information
about the composition of the film. 1H NMR experiments were performed at ambient
temperature using a Varian INOVA-400 spectrometer. Tetramethylsilane (TMS) was
used as the internal standard for calibrating chemical shift. Quartz NMR tubes (5 mm
outer diameter) were used to contain the samples and deuterated chloroform (CDCl3) was
used to dissolve the samples. Using a Pasteur pipette, a small drop of the sample with an
approximate mass of 4 mg was transferred directly to an NMR tube previously filled with
CDCl3 to a height of 3.8 to 5.1 cm (around 0.6 ml). The tube was covered with a
polyethylene cap and then agitated briefly to dissolve the sample.
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2.4. Ultraviolet-visible Absorption Spectroscopy of Solutions.
Solutions of the organic/H2SO4 mixtures were analyzed by UV-vis spectroscopy to
evaluate the presence of chromophores present in the aqueous acidic solution that might
also be involved in formation of the solid and semisolid films. The solutions presented
coloration that indicated the probable presence of aldol condensation products.
Quantitative analysis using ultraviolet-visible (UV-vis) spectroscopy is based on the
light absorption capacity of molecules and atoms that can be expressed in terms of the
transmittance (T) or absorbance (A) of a solution contained in a transparent cell having a
specific path length (b). The relationship between absorbance and the concentration (c) of
an absorbing analyte is represented by Beers Law:
Equation 1

𝐴 = −𝑙𝑜𝑔 𝑇 = log

𝑃𝑜
𝑃

= 𝜖𝑏𝑐

where 𝜖 is the molar absorption or extinction coefficient and Po and P are the
incident and transmitted radiation intensities, respectively.61 The effective molar
absorptivity was calculated based on the concentration of propanal only in order to easily
evaluate the effects of adding glyoxal and methylglyoxal to propanal/sulfuric acid
mixtures.
The UV-visible spectra of the solutions were obtained using a Varian Cary 50 Bio
UV-visible spectrophotometer model with a diode array detector at a resolution of 0.6
nm. The light source was a xenon flash lamp with a spectral range of 190 to 800 nm. A
Peltier unit with circulating water bath at 23 ºC was used to control temperature. Sample
solutions were placed in quartz cuvettes of 0.001 to 1 cm of length for analysis.
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Reference spectra were measured in sulfuric acid solutions at the same H2SO4
concentration as the sample. Samples were prepared at 0.030 M in each organic (as in
section 2.2) and were filtered to eliminate solid residue from broken film, using 2.5 µm
Teflon filters and a glass syringe with a Teflon O-ring compatible with concentrated
sulfuric acid. The filtered solution was transferred into the quartz cuvettes using a glass
Pasteur pipette. Between samples, concentrated sulfuric acid was used to remove possible
organic molecules attached to the wall of the cuvettes, followed by a copious amount of
ultrapure water to remove the remaining sulfuric acid.
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3.

RESULTS
Section 3.1. describes the formation of colored solutions, precipitates, and surface

films from organic molecules combined with sulfuric acid and examines the impact of
acidity and organic mixture on the film formation kinetics. Section 3.2. presents results
from chemical analysis of surface films by FTIR and 1H NMR spectroscopy. The impacts
of different conditions on film composition are evaluated by changing the acidity,
composition of the organic mixture, and age in Sections 3.3, 3.4 and 3.5, respectively.
Section 3.6. describes UV-vis spectra of organic/H2SO4 solutions. The reactions
principally responsible for the formation of films are identified by combining FTIR, 1H
NMR, and UV-vis results.
3.1. Organic Surface Film Formation.
Formation of colored solutions, precipitates and solid or semisolid films was
observed in our preliminary experiments.64,65 In these experiments, a variety of carbonylcontaining organic compounds (propanal, glyoxal, and/or methylglyoxal) were mixed
individually or in combination (0.030 M in each organic) with solutions of sulfuric acid
(19-76 wt. %), and then observed daily for the presence of film. Many propanalcontaining mixtures formed surface films on timescales from seconds to weeks after
mixing. Mixtures containing only glyoxal and/or methylglyoxal did not form films.
In Figure 3, each of the four panels corresponds to one organic mixture (P, PG, PM
or PGM) and presents results from daily film observations for each of the four acidities
(76, 48, 37 and 19 wt. % H2SO4) as a function of time. White indicates days that film was
not observed and red indicates days that film was observed so that the formation of a film
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is represented by the beginning of a red bar. Interestingly, cycles of physical
disintegration and re-formation of film (indicated by the end of a red bar and later
beginning of a new red bar) were noticed in nearly all the films studied, with the
exception of the propanal/glyoxal film formed on 37 wt. % acid. The results show that
carbonyl compounds under acidic conditions may undergo reactions that result in the
formation of surface films and that the rate of formation of films varies from seconds to

Wt. % sulfuric acid

months depending on the composition of the organic mixture and the acidity.

Time since mixing (Days)

Figure 3: Daily observations of film formation rates from various organic/sulfuric acid
mixtures stored in the dark at room temperature. Each blue or white panel corresponds to
a different organic mixture: a) propanal (P); b) propanal and glyoxal (PG); c) propanal
and methylglyoxal (PM), and d) propanal, glyoxal and methylglyoxal (PGM). Each
organic is present at 0.030 M and each panel shows solutions at the four acidities of 19,
37, 48 and 76 wt. % H2SO4. The horizontal bar for each solution is color-coded to
indicate each day’s observation: White indicates the absence of film, yellow indicates
possible (uncertain) formation of film, and red indicates positive observation of film. A
change of color in a bar indicates that an event has occurred, such as the formation or
disintegration of a film indicated by the beginning or end of a red bar, respectively.
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The results in Figure 3 show that, overall, films form faster when the acidity of the
solutions is increased. In fact, instant film formation was observed at the highest acidity
when 76 wt. % sulfuric acid was mixed with propanal and glyoxal. These results are
consistent with the role of sulfuric acid as a catalyst34,35,66 during film-forming reactions.
Interestingly, with the exception of the propanal/glyoxal mixture, solutions of 76 wt. %
H2SO4 do not form films or form them more slowly than at 48 wt. % H2SO4. The reason
may be that the low activity of the water in such concentrated sulfuric acid solutions
prohibits reactions that require water such as aldol condensation and acetal formation.
With regard to the effect of organic mixture, the results from Figure 3 can be
divided into two groups within which mixtures display similar film formation/
disintegration behavior, rates of film formation, and trends with acidity: One includes
propanal and propanal/glyoxal films (Figure 3a and b), and the second includes
propanal/methylglyoxal and propanal/glyoxal/methylglyoxal films (Figure 3c and d). The
difference between the two groups is the presence of methylglyoxal in the second group
which shows that methylglyoxal changes the rates of formation of films and the trends
with acidity in a complex manner. Specifically, in contrast to propanal and
propanal/glyoxal, organic mixtures that included methylglyoxal at the highest
concentration of sulfuric acid (76 wt. %) did not form films. This may indicate that
methylglyoxal participates in cross-reactions with propanal resulting in products that do
not partition to a surface film. Conversely, at the lowest acidity, formation of films only
occurred when methylglyoxal was present in the organic mixture.
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Overall, these film formation survey experiments indicate that propanal and
mixtures of propanal with glyoxal and/or methylglyoxal are able to form surface films
when combined with sulfuric acid at acidities typical of upper troposphere/lower
stratosphere aerosols. The complexity of the trends with acidity and organic mixture
underscore the need to determine which reaction(s) are responsible for film formation.
3.2.

Chemical Composition of Surface Films.
In this section, the chemical composition of films is analyzed by ATR-FTIR and

NMR techniques. Films formed on 0.30 M propanal in 48 wt. % H2SO4 are used for this
analysis as a starting point since surface films only formed when propanal was present
and since propanal formed films fastest at 48 wt. % H2SO4. Sections 3.3-3.5 subsequently
address the effects of acidity, organic mixture and aging on the films. All the FTIR
spectra of surface films shown in this section were scaled to the carbonyl peak at 1690
cm-1 corresponding to aldol condensation products (mainly 2-methyl-2pentenal) for
comparison. Before scaling, a constant baseline was subtracted using the region from
4000-3950 cm-1 where the spectra were flat and the noise from water vapor was minimal.
This scaling was necessary to allow comparisons among spectra of different samples
because absolute absorbance intensity depends on the extent of coverage of the ATR
crystal by the sample which could not be precisely controlled.
3.2.1. Aldol Condensation Products.
In this section, ATR-FTIR (Figure 4)67 and 1H NMR (Figure 5) spectra of surface
films formed on solutions of 0.30 M propanal in 48 wt. % H2SO4 are presented and used
to analyze the chemical composition of the films. The results will help to understand
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which reactions are responsible for formation of films on organic/sulfuric acid solutions.
In Figure 4, ATR-FTIR spectra of the following neat standards are also presented for
comparison: propanal, 2-methyl-2-pentenal (2M2P), 1,3,5-trimethylbenzene (TMB), and
2,4,6-triethyl-1,3,5-trioxane (T).

Figure 4: ATR-FTIR spectra of a surface film (7 days old) formed on 0.30 M propanal in
48 wt. % H2SO4 (green) and of neat standards of propanal, 2-methyl-2-pentenal (2M2P),
1,3,5-trimethylbenzene (TMB) and 2,4,6-triethyl-1,3,5-trioxane (T) scaled to indicate
their maximum possible contribution to the film. The section from 2500 to 1800 cm-1 is
omitted for clarity. The main peaks of the film are also tabulated in the Appendix, Table
A1. (Reprinted with permission from Van Wyngarden et al., Atmos. Chem. Phys.,
2015.67)
The FTIR spectrum of the film (7 days old) in Figure 4 (green) indicates that aldolcondensation products are present in the film due to the presence of a strong C=O peak at
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1689 cm-1 in the region associated with α,β-unsaturated aldehydes and the presence of the
peak at 1643 cm-1 for the carbon-carbon double bond vibration. The first product of aldol
condensation of propanal, 2-methyl-2-pentenal (2M2P) shown in Scheme 2a, is
commercially available (Sigma-Aldrich) and its spectrum is scaled to indicate its
maximum possible contribution to the spectrum of the film material produced from
propanal/sulfuric acid in Figure 4. A second C=O peak is present at 1721 cm-1 which falls
in the region for saturated aldehydes and is assigned to unreacted propanal in the film.
The 1H NMR spectrum in Figure 5 and peak position data from Table A2 in the
Appendix also show evidence of aldol-condensation products in a 39-day-old film also
formed on a 0.30 M propanal, 48 wt. % H2SO4 solution. Specifically, 2-methyl-2pentenal (2M2P) is identified as the dominant species by the following 5 strong peaks:
The aldehyde group is confirmed by a strong singlet at 9.39 ppm. The vinyl proton is
indicated by a triplet at 6.48 ppm. A quintuplet produced by splitting of the CH2 protons
in the CH3-CH2-CH system appears at 2.38 ppm. The allylic methyl protons,

,

are evident from a strong singlet at 1.74 ppm. The remaining methyl group is identified
by a triplet at 1.11 ppm. A comparison with the spectrum of 2M2P (our standard
measurement) confirm these assignments. Overall, the identification of 2M2P as the
dominant aldol condensation product in the NMR spectrum allows assignment of the
major C=O (1689 cm-1) peak in the FTIR spectrum (Figure 4) to 2M2P predominantly.
The 1H NMR spectrum in Figure 5 also shows peaks at 2.28 and 6.79 ppm that are
assigned to 1,3,5-trimethylbenzene (TMB) by comparison to the literature spectrum
(SDBS)68. TMB formation was observed by Hoang et al.39 when propanal was allowed to
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react over acidic zeolite catalysts. They proposed that TMB was formed through
cyclization and subsequent dehydration of the trimer (2,4-dimethyl-2,4-heptadienal)
formed by aldol condensation of propanal (see Scheme 2b). In Figure 4, the FTIR
spectrum of TMB (black) was included for comparison, demonstrating that the most
intense bands in the TMB spectrum (834 and 1609 cm-1) are both observed in the
spectrum of the film.
Propanal, 48 wt. % H2SO4, Day 39

Chemical Shift (ppm)

Figure 5: 1H NMR spectrum of a surface film (39 days old) formed on 0.30 M propanal
in 48 wt. % H2SO4 and subsequently dissolved in CDCl3. Assignments to the following
species are indicated: propanal (P), 2-methyl-2-pentenal (2M2P), 1,3,5-trimethylbenzene
(TMB) and “polymer” (Po).
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Together, the FTIR and NMR results show that 2-methyl-2-pentenal (2M2P) and
1,3,5-trimethylbenzene (TMB) are the major products resulting from aldol reactions.
However, the presence of many other strong peaks in the FTIR spectrum between 3000 2800 cm-1 and 1500 - 800cm-1 indicates a more complex chemical composition of the
film, potentially including acetals and/or organosulfates.
3.2.2. Ethers: Acetals/Hemiacetals and Linear/Cyclic Polyacetals.

In addition to aldol condensation products, the FTIR spectrum also displays
evidence for ether groups (C-O-C) due to strong peaks in the 1200 - 1000 cm-1 region
(Figure 4). Species that could be responsible for these ether signatures include
hemiacetals, acetals and/or higher order polyacetal polymers which can form from the
reaction of propanal with one or more of its hydrates (diols) (Scheme 2c and 2d) or from
cyclotrimerization of propanal to form the cyclic acetal, 2,4,6-triethyl-1,3,5-trioxane (T)
(Scheme 2e). The presence of no polar groups could be responsible for the separation of
the films from the aqueous medium.
Interestingly, the FTIR spectrum of the film confirms the presence of 2,4,6-triethyl1,3,5-trioxane (T) since at least 13 bands in the FTIR spectrum correspond to peaks in the
spectrum of neat 2,4,6-triethyl-1,3,5-trioxane (Figure 4), including all six of the strongest
peaks in the 1500-900 cm-1 region (see peaks labelled with an orange “T” in Figure 4).
However, the reference NMR spectrum (SDBS)68 for the trioxane contains peaks for a
triplet at 4.78 ppm, a complex multiplet at 1.67 ppm and a triplet at 0.94 ppm, which
were not present in our NMR spectrum (Figure 5). The absence of the trioxane may be
due to the age of this sample (39 days old vs. 7 days old for the FTIR spectrum), since
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our group recently identified its presence in the NMR spectra of younger films (7 days
old)67. Preliminary results from our laboratory also indicate the absence of T in the FTIR
spectra of older samples in agreement with the results presented in this study. One
possible explanation is that the trioxane and propanal are in “rapid” equilibrium, and the
trioxane is depleted as propanal continues to react slowly over time via aldol
condensation and/or linear acetal formation.
After assignment of FTIR peaks to 2-methyl-2-pentenal, trimethylbenzene, trioxane
and propanal, the largest peak (945 cm-1) remains unassigned (Figure 4). Therefore, the
potential presence of hemiacetals and acetals (Scheme 2c) was evaluated. Hemiacetals
specifically present bands in the 1150 - 1085 cm-1 region, while the acetal contains the CO-C-O-C moiety which would produce 5 characteristic bands between 1200-1020 cm-1,69
so neither can account for the peak at 945 cm-1. Furthermore, both the hemiacetal and
acetal are not major constituents since only a weak peak exists in the OH stretching
region (3500 - 3400 cm-1) where a stronger peak (with respect to the peaks in the ether
region) would be expected due to the OH groups.
Alternatively, the presence of longer-chain polymers from sequential reactions of
propanal (Scheme 2d) potentially could explain the band at 945 cm-1 since stretching
vibrations for longer-chain polymers with -C-O-C-O-C- backbones are shifted to lower
frequency with the addition of multiple ether groups. For example, long-chain polymers
of small molecules of aldehydes such as formaldehyde, acetal and propanal present broad
and strong overlapping peaks in the 975 - 925 cm-1 region.70-74 Although the peak at 945
cm-1 does not exactly match the major peaks at 975, 960 and 925 cm-1 in the Novak and
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Whalley 70 spectrum of the polymethoxy polymer formed by pressurization of propanal,
such broad absorption is observed in the 980 - 920 cm-1 region that a peak near 945 cm-1
may be obscured by overlapping peaks. Furthermore, the intensities of peaks from
various polymer compounds in the film are likely to be different from those measured by
Novak and Whalley due to a different degree of polymerization and/or different relative
quantities of rotational isomers.70 The effect of the interaction between different species
in the film matrix could also cause shifts in the positions of the polymer absorption
bands. Although the 1H NMR spectrum of the 39-day-old film (Figure 5), does not show
peaks in the 4.5-5.0 ppm region that are characteristic for protons on the backbone of
polymethoxy (-C-O-)n polymers73, our group67 has observed the presence of peaks in this
region in the 1H NMR spectra of samples that are the same age (7 days old) as the films
used for FTIR in this study. It is possible that the older film has a greater variety of
polymer lengths and structures so that individual peaks could just be weak and spread
out. Additionally, both the 7- and 39-day-old films display a group of peaks between 11.7 ppm that are likely due to CH2 protons from long-chain polymers, and peaks near
0.94 ppm that are likely due to CH3 groups from the same polymers. Finally, all major
peaks in both the FTIR and the NMR spectra have been assigned or tentatively assigned
to aldol condensation products, trioxane, long-chain polyacetals, or unreacted propanal.
3.2.3. Other Potential Film Components: Organosulfates, etc.
In this section, the potential presence of organosulfates and other species in the
films is evaluated.
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Figure 6: ATR-FTIR spectra of surface films (7 days old) formed on mixtures of 0.30 M
propanal (P) in 7.02 M H2SO4 (48 wt. %) and 6.77 M HCl. The spectra were scaled to the
carbonyl peak at 1690 cm-1.
In order to test for the presence of organosulfates in the films, solutions of 0.30 M
propanal were prepared in both 7.02 M sulfuric acid (48 wt. %) and 6.77 M hydrochloric
acid with similar pH values of -0.84 and -0.83, respectively. Surface films formed on the
HCl solution indicating that organosulfates are not necessary for the formation of films.
Figure 6 shows that the FTIR spectra of the films formed on both the sulfuric acid and the
hydrochloric acid solutions are highly similar, demonstrating that organosulfates are not
present in significant quantities. In agreement with the FTIR results, the 1H NMR
spectrum of the surface film made on the HCl solution (Figure 7) also lacks organosulfate
peaks in the region of their resonance reported in the literature (10-12 ppm and around
3.0 ppm for the proton of the sulfonic acid group).75,76,77 This is expected since, due to the
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ionizability/polarity of organosulfates, they would be expected to remain in the solution
instead of partitioning to the film.
Propanal, 6.77 M HCl, Day 6

Chemical Shift (ppm)

Figure 7: 1H NMR spectrum of a surface film (6 days old) formed from 0.30 M propanal
in 6.77 M HCl and subsequently dissolved in CDCl3. Assignments to the following
species are indicated: 2-methyl-2-pentenal (2M2P), 1,3,5-trimethylbenzene (TMB), and
“polymer” (Po).
Although all major peaks in the FTIR and 1H NMR spectra of the films formed on
0.30 M propanal/48 wt.% H2SO4 (Figures 4 and 5) have been assigned to aldol
condensation products and acetals, some small, unassigned peaks remain, which indicate
that other minor species are present in the film (e.g., 1H NMR peaks between 1.8-2.2 and
near 5.3 ppm in Figure 5). These peaks could potentially be due to products of multiple
aldol condensation steps, aldols that have not gone through the condensation process, the
hemiacetal and acetal formed by propanal, other acetals that could also be formed by
reactions of aldol condensation products with propanal, and/or products from oxidation of
films by air/light.

29

3.3. Effect of Acidity.
In Section 3.1, the effect of acidity on the rate of formation of films was discussed.
The data collected from the film formation experiments using different organic molecules
combined with 19, 37, and 48 wt. % H2SO4 solutions indicate that films form faster at
higher acidities. Interestingly, however, film formation rates at the highest acidity of 76
wt. % H2SO4 were more complicated, with one mixture (PG) forming films instantly and
the others (P, PM and PGM) forming films more slowly or not at all. In this section, the
influence of acidity on the chemical composition of films formed by propanal is
presented using two different concentrations of sulfuric acid: 37 wt. % and 48 wt. %.

Figure 8: ATR-FTIR spectra of surface films (2, 3 and 33 days old) formed on mixtures
of 0.30 M propanal (P) in 48 wt. % and 37 wt. % H2SO4. All film spectra were scaled to
the carbonyl peak at 1690 cm-1.
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In Figure 8, the spectra of surface films made from 0.30 M propanal in 37 wt. %
and 48 wt. % H2SO4 solutions are presented for films at two different ages: 2-3 days old
and 33 days old. The FTIR spectrum of the young (2 day-old) film at 48 wt. % H2SO4
(green line) presents strong bands for 2,4,6-triethyl-1,3,5-trioxane (T) in the 1200 - 900
cm-1 region as described in detail in Section 3.2.2 (Figure 4). Conversely, in the spectrum
for the young (3-day-old) film at 37 wt. % H2SO4, the peaks for T disappear or become
weaker relative to the C=O peak at 1689 cm-1. It is possible that the bands of T are
overlapped by the presence of more hemiacetals, acetals, or polymers with long chains
and/or that there is simply less trioxane in the lower acidity film. Interestingly, the 33day-old film spectra at both acidities appear very similar and do not present the strong
bands for T, indicating that the long-term effect of acidity on chemical composition may
be negligible.
Figures 5 and 9 show the 1H NMR spectra of 36- to 39-day-old propanal films
formed on 48 and 37 wt. % H2SO4 solutions, respectively. 2-methyl-2-pentenal (2M2P)
and 1,3,5 trimethylbenzene (TMB) are positively identified at both acidities and 2M2P is
the dominant species in both cases. The polymethoxy polymer (Po) observed at 48 wt. %
H2SO4 also seems to be present at 37 wt. % H2SO4 with peaks at 0.94, 1.69 and 4.98 ppm
in agreement with the FTIR results. 2,4,6-triethyl-1,3,5-trioxane (T) is missing from the
1

H NMR spectra at both acidities, also consistent with the lack of trioxane in the older

FTIR spectra. Overall, our results show that films generally form faster at higher acidities
and display significant chemical differences at young ages (2-3 days old), but quite
similar spectra after aging for 36-39 days.
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Propanal, 37 wt. % H2SO4 , Day 36

Chemical Shift (ppm)

Figure 9: 1H NMR spectrum of a surface film (36 days old) formed on 0.30 M propanal
in 37 wt. % H2SO4 and subsequently dissolved in CDCl3. Assignments to the following
species are indicated: 2-methyl-2-pentenal (2M2P), 1,3,5-trimethylbenzene (TMB), and
“polymer” (Po).
3.4.

Cross-Reactions with Glyoxal and Methylglyoxal.
In this section, the potential effect of the presence of additional organic species

with carbonyl groups on the formation of films from propanal is evaluated. Comparisons
of FTIR and 1H NMR spectra of organic mixtures of propanal, propanal/glyoxal,
propanal/methylglyoxal and propanal/glyoxal/methylglyoxal show the effect of organic
mixture and provide evidence for cross-reactions between different organic species as
follows.
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48 wt. % H2SO4

Figure 10: ATR-FTIR spectra of surface films (7 days old) formed on mixtures of
propanal (P); propanal and glyoxal (PG); propanal and methylglyoxal (PM); and
propanal, glyoxal and methylglyoxal (PGM) in 48 wt. % H2SO4. Solutions are 0.30 M in
each organic. All film spectra were scaled to the carbonyl peak at 1690 cm-1.
Figure 10 shows films formed on mixtures of propanal (P), propanal/glyoxal (PG),
propanal/methylglyoxal (PM) and propanal/glyoxal/methylglyoxal (PGM) in 48 wt. %
H2SO4 at 0.30 M in each organic analyzed by ATR-FTIR 7 days after mixing. All the
film spectra were scaled to the carbonyl peak at 1690 cm-1 to facilitate comparisons
among the spectra. The spectra of the propanal and propanal/glyoxal films are very
similar in the region from 1800 - 1600 cm-1 that corresponds to 2-methyl-2-pentenal and
unreacted propanal. However, in the 1200 - 900 cm-1 region, the spectra for propanal and
propanal/glyoxal differ from each other since the propanal/glyoxal spectrum does not
match the spectral fingerprint for 2,4,6-triethyl-1,3,5-trioxane (T) like the spectrum of
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propanal-only does. This result suggests that glyoxal participates in cross-reactions with
propanal, producing polyacetal polymers that absorb in the 1200 - 900 cm-1 region and
contribute to the films.
The ATR-FTIR spectra (Figure 10) also show that when methylglyoxal is part of
the initial organic mixture (propanal/methylglyoxal and propanal/glyoxal/methylglyoxal),
there is a strong increase of the peaks in the acetal region (1200 - 900 cm-1) relative to the
carbonyl peak at 1690 cm-1 indicating a larger acetal/aldol condensation product ratio.
The methylglyoxal-containing films also present a new peak at 1762 cm-1 that can be
assigned to a C=O ketone group arising from reaction products of methylglyoxal. Since
glyoxal and methylglyoxal do not form films in the absence of propanal, the new ketone
peak and the relative increase of the acetal/aldol condensation product ratio must be due
to cross-reactions between methylglyoxal and propanal. Another interesting behavior in
films that contain methylglyoxal is that the spectra of PM and PGM are very similar,
differing only in the intensities of their peaks. This suggests that the presence of
methylglyoxal in the organic solutions could inhibit the ability of glyoxal to participate in
the formation of films. Such inhibition is also consistent with the observation in Section
3.1 that solutions containing methylglyoxal often formed films more slowly than
solutions without it.
1

H NMR spectra of the surface films from different organic mixtures are presented

in Figures 11 (PG), 12 (PM), and 13 (PGM) and compared to the NMR spectrum of the
propanal film in Figure 5. All films are 39 days old except for PGM which is 6 days old.
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The 1H NMR spectrum of propanal/glyoxal in Figure 11 (39 days old) is similar to
the NMR spectrum of propanal in Figure 5 (39 days old) showing peaks corresponding to
2-methyl-2-pentenal (2M2P) and 1,3,5,trimethylbenzene (TMB). Long-chain linear
polyacetals (Po) are also possibly present since there are peak groups similar to those
previously assigned to Po at 0.94 and 1.0-1.7 ppm. However, when compared with the
NMR spectrum of the film formed by propanal (Figure 5), the 1H NMR spectrum of the
film formed by propanal/glyoxal (Figure 11) shows weaker peak intensities for 2M2P and
TMB relative to the strong peak at 0.94 ppm assigned to the long-chain polymer.
Additionally, new peaks are present at 5.28, 5.80 and 5.88 ppm in the region
corresponding to vinylic and conjugated vinylic groups. These new compounds appear to
confirm the presence of glyoxal reaction products in the film which are likely due to aldol
condensation cross-reaction(s) with propanal since glyoxal does not form films alone. An
additional peak at 7.78 ppm in the aromatic region, also not observed previously, further
demonstrates the complex chemical composition of this mixed organic film due to crossreactions.
When methylglyoxal is present, the 1H NMR spectra (Figures 12 and 13 for PM and
PGM, respectively) display relatively weaker peaks (compared to P and PG) for 2methyl-2-pentenal (2M2P) and 1,3,5-trimethylbenzene (TMB), both products of aldol
condensation. Conversely, the intensity of the peaks near 0.9 ppm and 1.6 ppm, which
were assigned to polyacetals in the propanal-only spectrum, increase in intensity,
potentially indicating that relatively greater quantities of polyacetals are formed due to
cross-reactions. Although many other compounds could also produce peaks in these
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regions, this interpretation is consistent with the FTIR results. The complexity of the
chemical composition of the mixed films is demonstrated by an increasing number of
peaks in the region from 5 to 6 ppm going from the propanal/methylglyoxal to the
propanal/glyoxal/methylglyoxal film. This region belongs to vinyl and conjugated vinylic
groups which shows that aldol condensation cross-reactions also occur. Finally, the 1H
NMR spectrum of the PGM film was more similar to PM than to PG, which was also
observed in the ATR-FTIR spectra, again indicating that methylglyoxal may suppress
film-forming reactions between glyoxal and propanal. In summary, both FTIR and 1H
NMR results show strong evidence for products of cross-reactions from acetal formation
and aldol condensation reactions and both techniques also suggest that methylglyoxal
may inhibit the participation of glyoxal in film-forming reactions.
Propanal/Glyoxal, 48 wt. % H2SO4, Day
39

Chemical Shift (ppm)

Figure 11: 1H NMR spectrum of a surface film (39 days old) formed on a mixture of
propanal and glyoxal in 48 wt. % H2SO4 and subsequently dissolved in CDCl3. The
solution is 0.30 M in each organic. Assignments to the following species are indicated: 2methyl-2-pentenal (2M2P), 1,3,5-trimethylbenzene (TMB), and “polymer” (Po).
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Propanal/Methylglyoxal, 48 wt. % H2SO4, Day 39

Chemical Shift (ppm)

Chemical Shift (ppm)

Figure 12: 1H NMR spectrum of a surface film (39 days old) formed on a mixture of
propanal and methylglyoxal in 48 wt. % H2SO4 and subsequently dissolved in CDCl3.
The solution is 0.30 M in each organic. Assignments to the following species are
indicated: 2-methyl-2-pentenal (2M2P), 1,3,5-trimethylbenzene (TMB), and “polymer”
(Po).
Propanal/Glyoxal/Methylglyoxal, 48 wt. % H2SO4, Day 6

Chemical Shift (ppm)
1

Figure 13: H NMR spectrum of a surface film (6 days old) formed on a mixture of
propanal, glyoxal and methylglyoxal in 48 wt. % H2SO4 and subsequently dissolved in
CDCl3. The solution is 0.30 M in each organic. Assignments to the following species are
indicated: 2-methyl-2-pentenal (2M2P), and 1,3,5-trimethylbenzene (TMB), and
“polymer” (Po).
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3.5. Effect of Aging.
The change in the chemical composition of films with time is evaluated in this
section. The following organic compounds, alone or combined, were used: propanal,
propanal/glyoxal, and propanal/methylglyoxal. Films were made from propanal in both
37 and 48 wt. % H2SO4 solutions while the remaining organic mixtures were prepared in
48 wt. % H2SO4 only. For each of these four mixtures, film samples were collected and
analyzed from the same flask at different times after mixing of the solutions.
The effect of aging is evaluated by comparing the ATR-FTIR spectra of films at
various ages from 2 to 37 days old presented for each mixture in Figures 14-17. Overall,
the FTIR spectra for the films do not show any clear evidence for the formation of any
new chemical species as the films age, but the relative peak ratios do change with time.
The main changes with age observed in the spectra are changes in the intensities of the
peaks in the acetal region (1200 - 900 cm-1) compared to the C=O peak (1690 cm-1)
assigned to aldol condensation products.
Beginning with the propanal/48 wt. % H2SO4 sample, the ATR-FTIR spectra in
Figure 14 show a notable difference between the 2-day-old spectrum (green line) and the
older spectra (7, 33 and 37 days old). Specifically, the 2-day-old sample clearly shows
the presence of 2,4,6-triethyl-1,3,5-trioxane (T) since its characteristic pattern of bands
(Figure 4, orange line) dominate the 1200-900 cm-1 region, while the T signature is much
weaker at 7 days old and finally is nearly obscured by 33 days old. A possible
explanation is the formation of longer-chain linear polyacetals that continue to slowly
increase in concentration with time while trioxane remains constant (or decreases).
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Alternatively, the evaporation of T when the flasks are unsealed during sampling could
also explain its decreased contribution in older samples. However, the former explanation
is favored since it is also consistent with the continued growth of the films with time.
Interestingly, as noted in Section 3.3, when the acidity is decreased from 48 to 37 wt.
% H2SO4, 2,4,6-triethyl-1,3,5-trioxane is very weak or is not present in the FTIR
spectrum for the film even in the youngest sample (Figure 15). Also, while the spectrum
of the 48 wt. % H2SO4 film does not change much after 7 days, the spectrum of the 37 wt.
% H2SO4 film shows a consistent trend with age. Specifically, the peaks in the region
assigned to longer-chain linear polyacetals (1200 - 900 cm-1) increased relative to the
1690 cm-1 peak assigned to aldol condensation products. This may indicate that
polyacetal formation reactions go slower relative to aldol condensation reactions in less
acidic solutions. The same explanation can be extended to the increasing intensity with
age noticed for methyl and methylene peaks (2980 - 2800 cm-1). Another difference is the
small, broad band that increased with time in the 3500 - 3300 cm-1 alcohol region which
likely arises from the alcohol groups on the ends of the polyacetals (Figure 2d), but could
also be due to an increase in hemiacetals or single acetals which also contain alcohol
groups (Figure 2c).
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Propanal/48 wt. % H2SO4

Figure 14: Effect of aging on the ATR-FTIR spectra of a surface film (2, 7, 33, and 37
days old) formed on a mixture of 0.30 M propanal (P) in 48 wt. % H2SO4. All spectra
were scaled to the carbonyl peak at 1690 cm-1.
Propanal/37 wt. % H2SO4

Figure 15: Effect of aging on the ATR-FTIR spectra of a surface film (3, 7, 33, and 37
days old) formed on a mixture of 0.30 M propanal (P) in 37 wt. % H2SO4. All spectra
were scaled to the carbonyl peak at 1690 cm-1.
The effect of aging on the ATR-FTIR spectra of films formed from multiple
organics are shown for propanal/glyoxal and propanal/methylglyoxal in Figures 16 and
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17, respectively, both in 48 wt. % H2SO4 solution. The aging trend observed for the
propanal/glyoxal film (Figure 16) is similar to the trend for the propanal film at 37 wt. %
H2SO4 (Figure 15). Specifically, the spectra show a trend of increasing absorption with
time in the 3600 – 3200 cm-1, 3000 – 2800 cm-1 and 1500 – 900 cm-1 regions relative to
the 1690 cm-1 carbonyl peak, indicating an increase of the polyacetal to aldol
condensation product ratio with time. In contrast, the ATR-FTIR spectra of the
propanal/methylglyoxal films (Figure 17) show no significant trend with time.
Overall, the trends in chemical composition with age depend on the acidity and
the organic mixture and can result in increasing, decreasing or constant ratios between
polyacetal and aldol condensation products.
Propanal/Glyoxal/48 wt. % H2SO4

Figure 16: Effect of aging on the ATR-FTIR spectra of a surface film (2, 7, 33, and 37
days old) formed on a mixture of propanal and glyoxal (PG) in 48 wt. % H2SO4. The
solution is 0.30 M in each organic. All spectra were scaled to the carbonyl peak at 1690
cm-1.
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Propanal/Methylglyoxal/48 wt. % H2SO4

Figure 17: Effect of aging on the ATR-FTIR spectra of a surface film (2, 7, 33, and 37
days old) formed on a mixture of propanal and methylglyoxal (PM) in 48 wt. % H2SO4.
The solution is 0.30 M in each organic. All spectra were scaled to the carbonyl peak at
1690 cm-1.
3.6.

UV- visible Spectrometric Analysis of Solutions.
The previous sections presented chemical analysis of colored organic surface films

that were formed on acidic solutions. It is also important to evaluate the role and behavior
of the organic molecules in the acidic solutions themselves which are also highly colored
and could, therefore, impact the radiative properties of UT/LS aerosols.
In order to examine which absorbing species (chromophores) are present and to
determine the magnitude of the absorbance that would affect the radiative (absorbing)
properties of sulfuric acid aerosols, a series of UV–vis spectra were taken of solutions of
propanal, propanal/glyoxal, propanal/methylglyoxal, and propanal/glyoxal/methylglyoxal
in 48 and 76 wt.% H2SO4 after removal of the solid film fragments by filtering (Figure
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18). These experiments were performed with 274-day-old solutions since lower
stratosphere aerosols have long residence times (~ 2 years). The solutions were prepared
at concentrations of 0.030 M propanal which is ten times more dilute than the surface
films work, but more realistic for atmospheric aerosol concentrations.
1,3,5 trimethylbenzene/ 2-methyl-2-pentenal/
other aromatics

a) 48 wt % H2SO4

other enals

Further
conjugation

1,3,5 trimethylbenzene/

2-methyl-2-pentenal/

other aromatics

other enals

b) 76 wt % H2SO4

Further
conjugation

Figure 18: UV-Vis absorption of 274-day-old organic solutions in a) 48 wt. % H2SO4
and b) 76 wt. % H2SO4, after removal of film/precipitate. Solutions are 0.030 M in each
organic. “Effective” molar absorptivity is calculated based only on the concentration of
the propanal reactant (0.030 M) so that any changes in absorbance (compared to the
propanal-only spectrum) must be due to the presence of the additional organic species.
(Adapted with permission from Van Wyngarden et al., Atmos. Chem. Phys., 2015.67)
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Figure 18a shows the UV-vis spectra of propanal and mixtures of propanal with
glyoxal and/or methylglyoxal in 48 wt. % H2SO4 taken 274 days after mixing. In green,
the spectrum of the propanal/sulfuric acid solution shows two peaks at 200 and 245 nm
that most likely correspond to two species also observed in the films, 1,3,5trimethylbenzene and 2-methyl-2-pentenal, which absorb in water at ~200 and 234 nm,
respectively. The UV-vis spectrum also shows some absorption in the visible region
although no distinct peaks were observed. This absorbance probably corresponds to
continued aldol condensation of 2-methyl-2-pentenal with propanal and/or itself forming
multiple oligomers of various chain lengths which would produce multiple overlapping
peaks extending into the visible region. Further evidence for long-chain aldol
condensation products is observed in the spectrum of the propanal solution at the higher
acidity of 76 wt. % H2SO4 (Figure 18b, green). The most important result is the presence
of additional peaks at 365, 388 (shoulder) and 458 nm extending into the visible region.
Their presence can be explained by further acid-catalyzed aldol condensation reactions of
2-methyl-2-pentenal to form oligomers for which each aldol condensation step produces
a longer backbone and increasing conjugation.
The UV-vis spectra of mixtures of propanal/glyoxal, propanal/methylglyoxal and
propanal/glyoxal/methylglyoxal are also displayed in Figure 18. The “effective” molar
absorptivity of the organic mixtures was calculated based only on the concentration of the
propanal reactant, so that any changes in absorbance compared to the propanal-only
spectrum must be due to the presence of additional organic species. A comparison of the
propanal-only spectrum with the spectra of the organic mixtures in 48 wt.% H2SO4,
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shows the presence of larger peaks in the mixtures at wavelengths corresponding to 1,3,5trimethylbenzene and 2-methyl-2-pentenal which indicates the presence of additional
aldol condensation products in the organic mixtures. When the same comparison
(propanal-only spectrum against organic mixture spectra) is made at the highest acidity
(76 wt.% H2SO4), the results show a more dramatic increase in the absorbance from aldol
condensation products in the mixtures when compared to the propanal-only spectrum.
The only exception is that the peak at 365 nm is less predominant (relative to the rest of
the spectrum) in all the organic mixtures than in the propanal-only solution and is
actually lower in the propanal/glyoxal mixture than in the propanal-only solution despite
the increased organic content. It is possible that non-aldol condensation cross-reactions
could be occurring, competing with and decreasing aldol condensation products from
propanal. Additionally, cross- or self- aldol condensation reactions of glyoxal and/or
methylglyoxal likely result in a mixture of absorbing species that alter the UV-vis
spectrum. These results are consistent with evidence for cross-reactions in mixed-organic
solutions that was also observed in FTIR and 1H NMR spectra of the surface films.
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4.

CONCLUSIONS AND FURTHER STUDIES
Organic compounds (propanal, glyoxal and/or methylglyoxal) dissolved in highly

concentrated sulfuric acid simulating upper troposphere/lower stratosphere (UT/LS)
aerosol conditions, produced colored solutions, precipitates, and surface films. These
organic species may influence climate properties of aerosols in the UT/LS if present in
sufficient quantities.
This work is focused on the surface films since films on atmospheric aerosols
would be expected to control their optical, chemical and cloud forming properties.
Therefore, understanding the chemistry involved in the formation of surface films in
laboratory experiments would help to understand the role of organic films on acidic
UT/LS aerosols and their potential effects on climate. The results presented are based
primarily on the surface film made from propanal in 48 wt. % sulfuric acid. FTIR and 1H
NMR spectra of the films formed by propanal in sulfuric acid show spectral features of
aldol-condensation products (2-methyl-2-pentenal and 1,3,5-trimethylbenzene), acetals,
(long-chain linear polyacetals and 2,4,6-triethyl-1,3,5-trioxane) and propanal itself. The
polyacetals are most likely to be responsible for the phase separation. Evidence for crossreactions was present in the FTIR and 1H NMR spectra of films formed on solutions of
propanal mixed with glyoxal and/or methylglyoxal, including the observation that
increasingly complex film spectra resulted from increasing the number of organic source
compounds added to the mixtures. For example, when glyoxal or methylglyoxal was
present, the 1H NMR spectra of the films showed additional peaks in the 5.0 to 5.8 ppm
region which must be from products of cross-reactions since glyoxal and methylglyoxal
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do not form films without propanal. This result is especially important since crossreactions would be more common than self-reactions in atmospheric aerosols. UV-vis
spectra of the solutions also confirm the formation of aldol-condensation products and
show evidence of cross-reactions when methylglyoxal and/or glyoxal are present,
consistent with the FTIR and 1H NMR results from the surface films.
The formation of films using hydrochloric acid indicates that organosulfates are not
necessary for the formation of surface films. Furthermore, the FTIR and 1H NMR spectra
of films formed on hydrochloric and sulfuric acid are highly similar, indicating that
organosulfates are not major species. However, their presence as minor species cannot be
excluded due to the overlapping of peaks from the functional groups of other film species
in the FTIR and 1H NMR spectral regions corresponding to sulfates.
Kinetics experiments determined specifically how film formation rates depended on
acidity and organic mixture and were consistent with the results from chemical analysis
as follows. First, the overall tendency was for films to form faster at high acidity,
consistent with acid-catalyzed aldol condensation and acetal formation reactions. Second,
the presence of glyoxal in mixtures with propanal seemed to accelerate the formation of
films, and cross-reaction with propanal is the likely mechanism since glyoxal alone does
not form films.
In conclusion, identification of the major film components as aldol condensation
products and acetals indicates that film formation may be important in UT/LS aerosols
since many organic species can undergo aldol condensation and acetal formation
reactions. Furthermore, the observation of cross-reaction products from both processes
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suggests that reactions of carbonyl species could significantly contribute to aerosol mass
and, therefore, affect climate properties since there are many atmospheric organics that
may undergo these reactions.
Much work is required to assess the likelihood of the existence of significant films
on UT/LS aerosols and to determine the magnitude of climate impacts. To understand the
complex chemical composition of the mixed organic films, further studies are needed. An
extended new approach could utilize high-performance liquid chromatography (HPLC)
with tandem mass spectrometry (MS/MS) to identify the products and to clarify which
reactions are the most important for the formation of films from mixtures of multiple
organic species. Experiments examining the role of potential gas phase reactants will also
be necessary to simulate heterogeneous interactions in the atmosphere. The optical
properties of the organic compounds may importantly influence the radiation balance and
the climate impact of aerosols under different conditions, so the optical properties of
aerosols containing these compounds and films should also be measured. Results from
the experiments reported in the present work provide a foundation for these further
studies and, ultimately, for understanding of the role of organic reactions in the highlyconcentrated sulfuric acid aerosols in the UT/LS and their impacts on climate.
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6.

APPENDIX

Table A1: FTIR results from surface films formed on 7-day-old mixtures of propanal (P),
glyoxal (G) and/or methylglyoxal (M) in 48 wt. % H2SO4, compared with neat standards
of 2-methyl-2-pentenal (2M2P), 1,3,5-trimethylbenzene (TMB), and 2,4,6-triethyl-1,3,5trioxane (T)

Neat T
(cm-1)

OH stretch
(center)
OH stretch
(range)
(-CH)= alkenes,
vinyl or aromatic
CH3, asymm
stretch
CH2, asymm
stretch
CH3, symm
stretch
C-H aldehyde
C-H aldehyde
C-H aldehyde,
unbranched
C-H aldehyde,
branched
C=O stretch/
ketone, esters
C=O sat.
aldehyde

Neat
TMB
(cm-1)

3011
2973

Neat
2M2P
(cm-1)

P film
(cm-1)

PG film
(cm-1)

PM film
(cm-1)

PGM film
(cm-1)

3349

3451

3482

3485

3472

3289-3618

3286-3641

32913623

3167-3624

2972

2963

2964

2973

2972

3053

2940

2944

2937

2934

2933

2937

2936

2884

2856

2878

2875

2876

2882

2882

2792

2790

1762

1760

1719

1724

1722

2863

2818

2772

2767

2756
2693

2733

1745

1761

1717

1717

2710

2709

1721

2708

1701

C=C
unsaturated
C=C
unsaturated
CH3-CH2
scissoring
CH3-CH2
deformation

1687

1689

1688

1688

1687

1643

1643

1643

1644

1643

1466

1465

1611
1468

1472

1442

1444

1395

1617
1460

1405

57

1456

1458

1459

1458

1402

1405

1404

1404

Neat T
(cm-1)

CH3 umbrella
bending mode
OH in plane
bend, S=O
asymm stretch
OH in plane
bend
OH in plane
bend

Neat
TMB
(cm-1)

Neat
2M2P
(cm-1)

P film
(cm-1)

PG film
(cm-1)

PM film
(cm-1)

PGM film
(cm-1)

1378

1381

1378

1379

1385

1384

1358

1359

1358
1347

1347

1320

1322

1306

1306

1259

1258

1230

1230

1188

1188

1160

1160

1137

1138

1120

1117

1103

1102

1360

1346
1318
1307

1306

1307

1306

1271

1281

1263

1262

1260

1220

1219

1219

1274

OH deformation,
sulfate

1263
1239

C-C-C ketone
S=O asymm
stretch

1172

1171
1167

1160

1149

C-O or C-C-C

1126

1124

C-O or C-C-C

1112

1128
1116

1107
1099

1098

=C-H, =CH2

1072

1102

1086

1087

1088

1088

1075

1077

1081

1077

1065

C-C-O stretch,
OH asymm
stretch

1054
1039

=C-H, =CH2

1039

1043

1040

1023

1020

1010

1008

999

998

996

968

961

963

951

1010

1010

983

981

991
961
935

58

1037

1016

=C-H, =CH2
=C-H, =CH2

1036

937

935

Neat T
(cm-1)

Neat
TMB
(cm-1)

Neat
2M2P
(cm-1)

P film
(cm-1)

928

=C-H, =CH2
=C-H, =CH2
C-C-O symm
stretch, =C-H,
=CH2

919

PG film
(cm-1)

924

PGM film
(cm-1)
918

912

919
892

883

S-O stretch

PM film
(cm-1)

896

883
865

833

59

901

884

867

866

834

832

864

Table A2 : 1H NMR results from surface films formed on mixtures of propanal (P),
glyoxal (G) and/or methylglyoxal(M) compared with neat standards of 2-methyl-2pentenal (2M2P), 1,3,5 trimethylbenzene (TMB), 2,4,6-triethyl-1,3,5-trioxane (T) and
propanal (P). Chemical shift ranges are shown for different types of protons with specific
values for our standards indicated in bold.

Group

Chemical
Shift
(ppm)

P film
37 wt. %
H2SO4
36 days old
(ppm)

P film
48 wt. %
H2SO4
39 days old
(ppm)

PG film
48 wt. %
H2SO4
39 days old
(ppm)

PGM film
48 wt. %
H2SO4
6 days old
(ppm)

PM film
48 wt. %
H2SO4
39 days old
(ppm)

P film
HCl
6.77M
6 days old
(ppm)

0.97

0.96

0.92
RCH3

0.70-1.30

T

(0.94)

0.93
0.95

0.94

0.94

0.95

0.96
0.97

0.97
0.98

0.99
1.03

1.00

1.01

1.02

1.06
P/2M2P

(1.10/1.11)

1.12

1.05
1.11

1.12

1.12

1.12

1.12

1.16
1.18
R2CH2

1.20-1.40

1.20
1.22

1.22

1.24

1.25
1.31

1.24
1.30

1.32
1.36
R3CH

1.40-1.70
1.50
1.59

1.61

1.64

1.64

1.60

1.62
1.64

1.67
T

(1.69)

2M2P

(1.74)

1.74

1.74

1.96
1.97

60

1.68

1.69

1.76

1.75

1.75

1.75

Group

Chemical
Shift

HC-C=O
Carbonyl

2.00-2.70

Ketone

2.10-2.40

P film
37 wt. %
H2SO4
36 days old

P film
48 wt. %
H2SO4
39 days old

PG film
48 wt. %
H2SO4
39 days old

PGM film
48 wt. %
H2SO4
6 days old

PM film
48 wt. %
H2SO4
39 days old

P film
HCl
6.77M
6 days old

2.04
2.15

2.10
2.20

TMB

(2.36)

P

(2.47)

(OSO2R)

3.00-3.19

Ethers

3.00-3.4

Vinylic

4.60-5.90

2.28

2.28

2.28

2.28

2.28

2.28

2.38

2.38

2.37

2.38

2.38

2.38

2.47

4.96
4.98
5.00
5.17
5.25
5.28

Vinylic
Conj.

5.50-7.50

5.28

5.29

5.37

5.36

5.41

5.40

5.45

5.45

5.51

5.50
5.56
5.60
5.65

5.80
5.90
Aromatic

6.00-8.50

2M2P

(6.48)

5.88
6.04

6.48

6.48

6.48

6.49

6.49

6.48

6.79

6.79

6.79

6.74

6.80

7.26

7.27

7.27

6.72
TMB

(6.79)

6.80
7.00
7.17

CDCl3

7.24

7.28

7.15
7.27

7.27
7.78

Aldehyde

9-10.0

8.02

8.04

9.30

9.32

9.18
9.32

9.38

61

Group

Chemical
Shift

P film
37 wt. %
H2SO4
36 days old

2M2P

(9.39)

9.39

P film
48 wt. %
H2SO4
39 days old

PG film
48 wt. %
H2SO4
39 days old

PGM film
48 wt. %
H2SO4
6 days old

PM film
48 wt. %
H2SO4
39 days old

P film
HCl
6.77M
6 days old

9.39

9.39

9.40

9.39

9.40

9.45

9.45

9.59

9.58

9.62

9.60

9.62

9.60

9.65
9.75

9.74

9.79

9.80

62

9.80

