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Abstract 18 

The composition of organic aerosol has a pivotal influence on aerosol properties such as toxicity, and 19 

cloud droplets formation capability, which could affect both climate and air quality. However, a 20 

comprehensive and fundamental understanding of the chemical and physical processes that occur in 21 

nanometre-sized atmospheric particles remains a challenge that severely limits the quantification and 22 

predictive capabilities of aerosol formation pathways. Here, we investigated the effects of a 23 

fundamental and hitherto unconsidered physical property of nanoparticles – the Laplace pressure. By 24 

studying the reaction of glyoxal with ammonium sulphate, both ubiquitous and important atmospheric 25 

constituents, we show that high pressure can significantly affect the chemical processes that occur in 26 

atmospheric ultrafine particles (i.e., particles < 100 nm). Using high-resolution mass spectrometry and 27 

UV/Vis spectroscopy, we demonstrated that the formation of reaction products is strongly (i.e., up to a 28 

factor of 2) slowed down under high pressures typical of atmospheric nanoparticles. A size-dependent 29 

relative rate constant is determined and numerical simulations illustrate the reduction in the production 30 

of the main glyoxal reaction products. These results established that the high pressure inside 31 

nanometre-sized aerosols must be considered as a key property that significantly impacts chemical 32 

processes that govern atmospheric aerosol growth and evolution. 33 

 34 

Short Synopsis 35 

High pressure reached inside atmospheric nanometre-sized particles affects their chemistry and 36 

therefore their formation and growth.   37 
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Introduction 38 

Aerosol particles are a ubiquitous component of the atmosphere, comprising small liquid and solid 39 

particles suspended in the air, with diameters that vary from a few nanometres (nm) to several tens of 40 

micrometres (μm).1 Fine atmospheric aerosols (PM2.5, particles with aerodynamic diameter ≤ 2.5 μm) 41 

produce a significant cooling effect in the atmosphere1–3  through two mechanisms: by directly 42 

reflecting solar radiation back into space, and by acting as nuclei for the formation of cloud droplets, 43 

thereby regulating cloud reflectivity and lifetime.2,3 PM2.5 also has a negative impact on air quality and 44 

human health, representing the fifth ranking human health risk factor globally.4 Fine atmospheric 45 

aerosols can either be emitted directly into the air as primary aerosol, or formed in the atmosphere by 46 

gas-to-particle conversion and classified as secondary aerosol.1,5 The chemical composition of primary 47 

and secondary aerosols is mainly dominated by organic and inorganic species (and water at high 48 

relative humidity).While the inorganic species are limited to a few compounds (e.g., sulphates and 49 

nitrates are the largest contributors to submicron aerosol mass globally), there are thousands of organic 50 

compounds in aerosols.6 The organic vapours able to grow aerosols by condensation, thus forming 51 

“secondary organic aerosol” (SOA), are primarily formed through gas-phase oxidation of volatile 52 

organic compounds (VOC) emitted from biogenic and anthropogenic sources.1,5 However, the precise 53 

components and physicochemical processes involved remain poorly understood. Improving our 54 

fundamental knowledge of the chemical and physical processes that govern atmospheric aerosol 55 

growth and evolution is crucial to better quantify aerosol growth and properties and hence the effect of 56 

aerosols on climate change and impact on air quality.   57 

While research is mainly focused on elucidating the processes that control the formation and 58 

evolution of SOA, one of the most fundamental properties – the pressure inside atmospheric particles 59 

– is currently neglected in aerosol formation and growth models. The Laplace pressure is of central 60 

importance for the thermodynamic description of liquids with strongly curved interfaces (i.e., 61 

nanoparticles and nanoscale droplets). It represents the pressure difference of a droplet between the 62 

inside and outside. This effect is produced due to surface tension at the interface between a liquid and 63 

the gas interface of a curved surface.7 The Laplace pressure is proportional to the surface tension and 64 
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the inverse of the droplet size.7 The pressure is a fundamental physical quantity that affects the values 65 

of various thermodynamic and kinetic constants of numerous chemical reactions.8 The crucial 66 

parameters to describe the influence of pressure on chemical reactions can be further broken down, 67 

namely the reaction volume (ΔV) and the volume of activation (ΔǂV). The volume of activation ΔǂV is 68 

the volume change of the reaction system from the reactants to transition state, and the reaction 69 

volume ΔV is the corresponding volume change from the reactants to the products. The former has 70 

been studied in particular by Evans and Polanyi in their development of the transition state theory.9 As 71 

a result, the Laplace pressure is expected to have strong effects on the equilibrium state of any 72 

chemical system and may either accelerate or slow a given reaction. In general, processes that lead to a 73 

net increase in the molar volume from reactants to products (i.e., ΔV>0) are thermodynamically 74 

suppressed at high pressure, and processes with a positive volume of activation from reactants to 75 

transition state are kinetically suppressed at high pressures.10  76 

To investigate the influence of the internal pressure on atmospherically relevant systems, we 77 

have considered a well-studied reaction of glyoxal and ammonium sulphate. Glyoxal is among the 78 

most abundant oxygenated VOC produced in the atmosphere from the oxidation of biogenic and 79 

anthropogenic organic precursors.11 While it was previously considered as too volatile to contribute to 80 

SOA formation, recent studies have shown that glyoxal and other small dicarbonyl species can 81 

significantly contribute to SOA growth through multiphase chemistry.12–18  Since these species are 82 

largely produced in the gas phase, condensed phase sinks help explaining an important part of the 83 

missing SOA mass predicted by simulations.17,23 In the presence of ammonium sulphate these 84 

multiphase processes produce light-absorbing complex organic compounds, that contain an imidazole 85 

function.12,19,20,24 The vast majority of the kinetic studies characterizing atmospheric chemical 86 

reactions are conducted in bulk solution,22and/or in large aerosols,18 hence earlier studies on glyoxal 87 

chemistry were performed at atmospheric pressure. To demonstrate the potential importance of the 88 

internal pressure for atmospheric chemical reactions, this study has focused on the chemical 89 

characterization of glyoxal chemistry at pressures that simulate the interior of atmospheric 90 

nanoparticles (i.e., < 100 nm). 91 
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Experimental Methods 92 

The experiments were performed using individual low-density polyethylene bags (VWR). 10 mL bulk 93 

samples were introduced into the bags, that were sealed without any air. The solutions mixtures 94 

contained 2 M ammonium sulphate ((NH4)2SO4; (99.0%, Sigma Aldrich) and 0.25-2 M of glyoxal  95 

(40% in water, Sigma Aldrich), corresponding to a pH of 4. Experimental conditions were selected 96 

based on earlier studies which investigated the reaction of glyoxal with ammonium. Although these 97 

conditions do not mimic ambient concentrations, we selected this model system and reproduced the 98 

currently accepted conditions used in other studies and modified only the pressure at which the 99 

reaction took place. For each experiment, two sets of samples were prepared: i) “control” samples 100 

were protected from ambient light and kept at room temperature and at atmospheric pressure; ii) 101 

“pressure” samples were introduced into a high-pressure closed vessel (or reactor) and pressurized 102 

using water at 12.5, 25 or 50 MPa at room temperature (Figure S1). The 5 bags containing 4 103 

concentrations and 1 control were pressurized in a high-pressure vessel (OC-1; High Pressure 104 

Equipment Company, Erie, Pennsylvania) by a piston screw pump (Top Industry, France). Once the 105 

piston reached the desired pressure, the high-pressure vessel was isolated (using valves) in order to 106 

obtain a stable pressure during the experiment. The pressure inside the vessel was continuously 107 

monitored and remained stable (i.e., less than 5% decrease over each experiment).  108 

One set of samples comprises four solutions containing glyoxal (0.25, 0.5, 1 and 2M) and (NH4)2SO4 109 

(2M), 1 solution containing only glyoxal (2 M) and one water blank. The blanks were used to identify 110 

possible contamination from the bag itself. The results showed that the bags were not degraded by the 111 

chemicals (organics, acids, etc.) used in the experiments. The samples were maintained for 3, 6, 12, 18 112 

and 24-h. At least three replicates for each condition (concentration, exposure time and pressure) were 113 

performed.  114 

UV/Vis characterization. Kinetic analyses were based on measurements of the absorbance of the 115 

reaction mixtures as a function of time over 200-900 nm with a UV/Vis spectrometer (Cary 60, 116 

Agilent Technology). Directly after the end of the experiments, the samples were diluted (by a factor 117 

of 10) in deionized water to stop/significantly slow down the glyoxal reaction and ensure an optimal 118 
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quantification (i.e., peak absorbance < 1). The diluted reaction mixtures were taken and placed into 1 119 

cm quartz cuvettes. Control experiments were performed (i.e., without dilution) to ensure that the 120 

dilution did not modify the composition of the reaction mixtures. The ratio of the peak absorbance of 121 

the solution at high pressure and at atmospheric pressure were similar with (e.g., ratio = 0.52, 2Mat 50 122 

MPa) and without dilution (ratio = 0.56; 2M at 50 MPa). The absorption band between 260 nm and 123 

300 nm was used to probe the formation of light-absorbing compounds produced from the reaction of 124 

glyoxal with ammonium ions. Note that using the analytical techniques employed in this study, it was 125 

not possible to directly monitor the reactants’ concentrations. Therefore, no quantitative data on the 126 

thermodynamics were obtained. 127 

Chemical characterization. Solutions exposed at atmospheric pressure and at high pressures were 128 

directly diluted ( 10,000) at the end of the experiments to stop the reaction. Diluted samples were 129 

analysed by ultra-high performance liquid chromatography (Dionex 3000, Thermo Scientific) using a 130 

Waters Acquity HSS C18 column (1.8µL, 100 x 2.1mm) coupled with a Q-Exactive Hybrid 131 

Quadrupole-Orbitrap mass spectrometer (Thermo Scientific) equipped with an electrospray ionization 132 

(ESI) source operated in negative and positive modes. The mobile phase consisted of (A) 0.1% formic 133 

acid in water (Optima® LC/MS, Fischer Scientific) and (B) 0.1% formic acid in acetonitrile (Optima® 134 

LC/MS, Fischer Scientific). Gradient elution was carried out by the A/B mixture at a total flow rate of 135 

300 µL/min: 1% of B for 2 min, a linear gradient was used until 100% of B for 11 min, then 100% of 136 

B for 2 min and back to 1% of B in 0.1 min, and to end 1% of B for 6.9 min. Caffeine was used as an 137 

internal standard to retrieve the ionization efficiency of the different samples in order to account for 138 

the variability of the UPLC/ESI-Orbitrap. The recovery of caffeine was 86 ± 5% (1 std. dev.) and each 139 

sample was corrected for the instrumental variability. 140 

GAMMA simulations. Calculations were performed using the photochemical box model GAMMA 141 

5.025,26 to simulate the formation of light-absorbing organic material in aqueous aerosols from glyoxal 142 

following Woo et al.27 GAMMA uses a detailed kinetic treatment of glyoxal chemistry and does not 143 

assume chemical equilibrium.25 Gas phase concentration of glyoxal was set to 4.68 ×109 molecule cm-3 144 

as previously used by Tsui et al.26 The reaction of aqueous glyoxal with NH4
+ to form light-absorbing 145 

organic species was simulated using the kinetics of Schwier et al.28 for the base case and compared 146 



 7 

with simulations where that overall rate constant was reduced to account for the effects of particle 147 

pressure following the data in Figure 3. Simulations were performed for ammonium (bi)sulfate 148 

particles at 65% RH and pH 2 with a diameter of 20, 40, 80, 160, or 320 nm, with a constant liquid 149 

water content (7.25×1012 cm3cm-3) and surface area density (10-4 cm2cm-3). No partitioning correction 150 

was applied to take into consideration the possible Kelvin effect. In other words, to evaluate the effect 151 

of the pressure, identical aqueous phase concentration of glyoxal was considered for the different size 152 

bins. A 12-hour time period (dawn to dusk) was simulated. Ambient temperature was set to vary 153 

sinusoidally through the day with a half-period of 12 h, with the minimum temperature 298.15K at 154 

dawn and dusk and maximum temperature 303.15K at midday. Photochemical rate constants were set 155 

following McNeill et al.25 156 

Results and Discussion 157 

Influence of pressure on the formation of glyoxal reaction products. Assuming a liquid particle 158 

and the known surface tension (γ) (e.g., 72.74 mN m-1 for water, 44.4 mN m-1 for SOA at 20°C),29 the 159 

effective pressure inside nanometre-sized particles can be calculated using the Young-Laplace 160 

equation (∆P = 2γ /r, with r representing the radius of the particle) (Figure 1A). It should be pointed 161 

out the surface tension of nanoparticles remains basically unknown and only the surface tension of 162 

large aerosols can be determined. Hence, surface tension of alpha-pinene-derived SOA and pure water 163 

were selected as lower and upper limits, respectively, to probe the impact of the pressure. Indeed, 164 

earlier studies have shown that atmospherically relevant particles, including inorganic and organic 165 

species, have surface tension within this range.29–33  Besides surface tension, other parameters can 166 

influence the pressure, such as the phase state and/or chemical composition of the particles. For 167 

example, the surface tension of dissolved SOA from the oxidation of biogenic compounds can be 168 

reduced by a factor of two compared to pure water.29  According to various studies, biogenic SOA 169 

particles produced in laboratory chambers or observed in the ambient atmosphere may exist in various 170 

solid and liquid forms.34–36 However, nanometre-sized organic aerosols remain liquid under most 171 

environmental conditions.36–38 To investigate the impact of pressure on atmospheric chemical reactions 172 

that occur within the particles, we studied the reaction between glyoxal and ammonium sulphate under 173 
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different pressures ranging from 1 atm to 500 atm: 0.1, 12.5, 25 and 50 MPa, corresponding to coarse 174 

particles and to fine aerosol particles of 23, 12 and 6 nm in diameter, respectively (diameters 175 

calculated assuming a liquid droplet with a surface tension of pure water). As previously reported, 176 

products formed from the glyoxal-ammonium sulphate reaction absorb light in the UV and visible 177 

wavelengths providing a convenient way to follow the reaction (Figures 1 and S1-S4).19,20,39 Figure 1B 178 

shows the time evolution of the UV absorption spectra of a solution initially containing 0.25, 0.5, 1 179 

and 2 M glyoxal mixed with 2 M of ammonium sulphate ((NH4)2SO4) up to 24 hours, corresponding 180 

to experimental conditions conducted under atmospheric pressure (i.e., 1 atm internal pressure).20 The 181 

resulting solution is weakly acidic (pH ~ 4), thus simulating aqueous tropospheric aerosol particles. 182 

The absorbance of solutions at atmospheric pressure increased with time. Under high pressures, a 183 

significant decrease in the total absorbance is observed for all conditions investigated in this study 184 

(Figures 1C & 1D; S2). Already after 3h, the difference between experiments conducted at 185 

atmospheric pressure and 50 MPa experiments is significant (i.e., AbsP50/AbsP0.1 = 0.66 ± 0.02) 186 

underlying the impact of increased pressure on the rate of glyoxal’s reaction under slightly acidic 187 

aqueous conditions. Interestingly, related reactions between carbonyls and amines have been studied 188 

in the context of food science and a retarding effect of high (400 MPa) pressure was demonstrated. 40–189 

42  This observation is consistent with our results, although we find an effect on the reaction of glyoxal 190 

with ammonium sulphate at much milder pressures e.g., a slowing down by a factor of 2 at 25 MPa. 191 

This proves that pressure can already have a pronounced effect in a relevant size range for atmospheric 192 

aerosols. It is important to point out that in this study we have explored the effect of the pressure in 193 

bulk solution in a closed system, i.e., no partitioning was considered. As a result, the decreasing rate 194 

constant is only due to the effect of the pressure on the chemical processes. Additional studies are 195 

required to relate what we observed in bulk solution to aerosol particles. 196 

Ultra-performance liquid chromatography coupled with hybrid quadrupole Orbitrap mass 197 

spectrometry analysis, performed in negative and positive modes, shows the presence of a wide 198 

variety of reaction products (Figure 2A). The major reaction products, detected by their protonated 199 

ions and consistent with other studies that form through the iminum pathway,19,20,22,24,43 (i.e., imidazole 200 

(C3H5N2
+), imidazole-2-carboxaldehyde (C4H5ON2

+), hydrated imidazole-2-carboxaldehyde 201 
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(C4H7O2N2
+)), are observed in all the experiments. This product distribution is consistent with the 202 

existing literature, where high-molecular-weight organic compounds, formed by accretion reactions, 203 

have been observed.12,19,20,43 Although the reaction products are similar in our study, samples exposed 204 

to high pressures exhibit much lower product yields compared to the atmospheric pressure samples 205 

(Figure 2A). More specifically, concentrations of the primary products, such as imidazole, reduced by 206 

a factor of 2 after 24 hours, further highlighting the impact of pressure on this chemical system (Figure 207 

2B).  As in the Maillard reaction,41,44 chemical processes leading to the formation of such products 208 

increase the volume of reaction (i.e., V > 0). Therefore, at higher pressure, the product formation is 209 

reduced. In addition, formation of N-containing oligomers is also significantly supressed by the 210 

pressure (~ 40% after 24h). For example, the formation of C6H10O6N+ dimer is strongly reduced under 211 

high pressures (Figure 2). Finally, it is noted that the glyoxal products formed from aldol/acetal 212 

oligomerization were not observed in either the atmospheric pressure or the high-pressure samples. 213 

Overall, the results obtained in this study reveal that the Laplace pressure, i.e., the pressure within 214 

atmospheric particles, can strongly influence the multiphase processes involved in the formation and 215 

growth of SOA. 216 

Particle size-dependence kinetics. As the light-absorbing compounds absorb light at 290 nm (Figure 217 

S3), monitoring the evolution of this absorbance band provides insight into the overall kinetics of the 218 

reaction between glyoxal and ammonium cations. The reactions are first order (Figure S4) within the 219 

first 24 hours, which is consistent with an earlier study.20 Therefore, for each set of experiments (i.e., 220 

four concentrations at a given pressure and four concentrations at atmospheric pressure), where each 221 

condition was repeated at least three times, a global rate constant (kobs) can be obtained. As shown in 222 

Figure 3A, a pressure-dependent rate constant is determined, using the average kobs determined for 223 

each pressure. Using linear regression, particle size-dependence of the rate constant can be obtained, 224 

as shown in Figure 3B. Two surface tension values were selected to obtain the rate constant as a 225 

function of particle size: the surface tension of water (72.74 mN m-1), which represents an upper limit, 226 

and the surface tension of -pinene SOA, which is formed under humid conditions (44.4 mN m-1).29 227 

-pinene-derived SOA is used as model SOA because monoterpenes are among the most important 228 
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SOA precursors on a global scale.45,46 Therefore, for ultrafine particles, i.e.,  < 100 nm, the reduction 229 

of glyoxal chemistry is  important, indicating that chemical processes identical or similar to those 230 

involved in the heterogeneous chemistry of the dicarbonyls, can be strongly reduced in ultrafine 231 

atmospheric aerosols.  232 

 To further illustrate particle size-dependence chemistry, the photochemical box model 233 

GAMMA was used to simulate imidazole formation as a function of particle size (and hence pressure), 234 

The calculations were performed in discrete size bins (i.e., 20, 40, 80, 160, and 320 nm), for 12 hours 235 

(Figure 4).25,27,47 The simulations show that the pressure effect on the formation of imidazole and other 236 

brown carbon species is negligible, for the largest size bin (i.e., 320 nm). However, the heterogeneous 237 

process is greatly reduced when the pressure within the nanometre-sized particles increases. For 238 

example, the formation of glyoxal reaction products is reduced by 20% for the smallest size bin (i.e., 239 

20 nm). This further underlines that chemical processes that are expected to grow ultrafine particles48 240 

are likely to be strongly influenced by their high internal pressure. 241 

By studying an important chemical reaction under relevant atmospheric conditions, we showed that 242 

the high pressure inside nanometre-sized aerosol particles is a key property that has not been 243 

considered hitherto and that can have a significant influence on the chemical processes governing 244 

atmospheric particle growth and evolution. More importantly we demonstrated that pressures can have 245 

a noticeable effect at much milder pressures (~ 1-2 order of magnitude lower) than has been studied 246 

before. Such pressures are highly relevant for atmospheric aerosols. However, it is important to note 247 

that due to the relative short lifetime of nanoparticles (i.e., from a few hours to a day), the pressure 248 

would have a noticeable effect for chemical reactions that are greatly impacted by the Laplace 249 

pressure with rate constant comparable or shorter than the aerosol lifetime. Considering the Evans-250 

Polanyi principle, Le Noble and co-workers49 have derived a function to represent the reaction profile 251 

for a one-step reaction. By using such an approach, it is possible to evaluate the impact of the pressure 252 

on changes in the transition state. As we studied a global reaction, it was not possible to isolate a 253 

single reaction step using the analytical techniques employed by Le Noble et al.49 However, based on 254 

the existing literature we can derive some information providing hints that identify which reaction step 255 

may have been mostly impacted by the pressure.8,50 For example, the breaking of bonds within a 256 
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reaction mechanism involves the separation of atoms from each other from covalent distances to van 257 

der Waals distances. In fact, the transformation of NH4
+ to H+ and NH3, which was identified to be a 258 

key state of the investigated chemistry,19,24 is known to be hindered by pressure (i.e., V = 7 cm3 mol-259 

1)50,51, and might explain the observation made here. While we found a negative effect here for this 260 

specific reaction on the formation and growth of SOA, other potentially important particle phase 261 

reactions, especially those with negative reaction volumes and/or negative activation volumes, could 262 

be strongly promoted by pressure.1,22 The extensive literature on the effects of pressure on organic and 263 

inorganic chemical reactions in solutions strongly suggests that several types of atmospheric reactions 264 

could also be influenced by pressure.8 For example, nucleophilic substitution reactions of various 265 

types of organic compounds at high pressure are favoured because ionisation reactions in the transition 266 

state of the reaction cause negative activation volumes. While the experiments performed in this work 267 

show a clear impact of the pressure, additional experiments using aerosol droplets are required to further 268 

confirm the results presented here. Indeed, interfacial chemistry, gas-liquid exchanges i.e., processes not 269 

considered here, may also be affected by the pressure in addition to the “bulk” chemical reaction kinetics 270 

and equilibria. Overall, our results provide information about the potentially critical influence of 271 

pressure on the chemistry occurring within atmospheric nanoparticles. While such processes have not 272 

been reported before, this work emphasizes the need to consider particle phase processing under 273 

atmospherically relevant conditions. 274 

  275 
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 276 

 277 

Figure 1. (A) Pressure inside 2 to 1000 nm aerosol particles with surface tension of water and -pinene 278 

SOA. (B) Evolution of the absorbance (non-cumulative) of light-absorbing glyoxal reaction products at 279 

different reaction time and as function of glyoxal concentration. Non-cumulative absorbance of light-280 

absorbing glyoxal reaction products at different pressures of (C) 0.25 M glyoxal/ 2 M AS and (D) 2 M 281 

glyoxal/ 2 M AS as a function of reaction time.   282 

A 

C D 

B 

0.01

0.1

1

10

100

D
e
lt

a
P

 (
M

P
a

)

10
1

10
2

10
3

10
4

Diameter (nm)

 Surface tension water
 Surface tension of AP-SOA



 13 

Figure 2. (A) Impact of the pressure on the chemical composition of organic products from the reaction 283 

of glyoxal with ammonium sulphate measured by UPLC-(+)ESI-Orbitrap. Mass spectra were averaged 284 

across the chromatogram and background subtracted (i.e., water samples served as blank). (B) Evolution 285 

of the relative concentration ([Product]P>>1 atm / [Product]P=1atm) of the main reaction products as a 286 

function of time. 287 
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 289 

Figure 3. (A) Relative glyoxal/AS reaction rate constant of light-absorbing product formation as a 290 

function of pressure. The overall uncertainty of the relative rate constant is 0.074 (one standard 291 

deviation). (B) Relative glyoxal/AS reaction rate constant as a function of aerosol particle diameter 292 

considering different aerosol surface tension. 293 

  294 
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 295 

Figure 4. Decrease of the formation of glyoxal reaction products as a function of particle size 296 

diameter. Simulations were performed using GAMMA for different size bins diameters (e.g., 20, 40, 297 

80, 160, and 320 nm) and under Eastern US rural conditions.   298 
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ASSOCIATED CONTENT 299 

Figure S1 shows the absorbance of light-absorbing glyoxal oxidation products at different reaction 300 

time and pressure. Figure S2 displays the relative absorbance of light-absorbing glyoxal oxidation 301 

products under the different experimental conditions used in this study. Figure S3 shows the 302 

absorption spectra of glyoxal products after 24 hours. Figure S4 shows the first-order kinetic fit for the 303 

different experiments performed in this study. This material is available free of charge via the Internet 304 

at http://pubs.acs.org/. 305 
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