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Abstract 23 

 Nitrogen-containing Organic Carbon (NOC) is a major constituent of atmospheric 24 

aerosols and they have received significant attention in the atmospheric science 25 

community. While extensive research and advancements have been made regarding 26 

their emission sources, concentrations, and their secondary formation in the atmosphere, 27 

little is known about their water uptake efficiencies and their subsequent role on climate, 28 

air quality, and visibility. In this study, we investigated the water uptake of two sparingly 29 

soluble aromatic NOC: o-aminophenol (oAP) and p-aminophenol (pAP) under 30 

subsaturated and supersaturated environments using Hygroscopicity Tandem Differential 31 

Mobility Analyzer (H-TDMA) and a Cloud Condensation Nuclei Counter (CCNC), 32 

respectively. Our results show that oAP and pAP are slightly hygroscopic with comparable 33 

hygroscopicities to various studied organic aerosols. The supersaturated single 34 

hygroscopicity parameter (𝜅CCN) was measured and reported to be 0.18±0.05 for oAP and 35 

0.04±0.02 for pAP, indicating that oAP is more hygroscopic than pAP despite them having 36 

the same molecular formulae. The observed disparity in hygroscopicity is attributed to the 37 

difference in functional group locations, interactions with gas phase water molecules, and 38 

the reported bulk water solubilities of the NOC. Under subsaturated condition, both oAP 39 

and pAP aerosols showed size dependent water uptake. Both species demonstrated 40 

growth at smaller dry particle sizes, and shrinkage at larger dry particle sizes. The 41 

measured Growth Factor (Gf) range, at RH = 85%, for oAP was 1.60-0.74 and for pAP 42 

was 1.53-0.74 with increasing particle size. The growth and shrinkage dichotomy is 43 

attributed to morphological particle differences verified by TEM images of small and large 44 

particles.  Subsequently, aerosol physicochemical properties must be considered to 45 

properly predict the droplet growth of NOC aerosols in the atmosphere.  46 
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Introduction  47 

 Aerosol particles have major implications on global climate, air quality, and human 48 

health. Aerosols can be emitted from a variety of sources (e.g., biomass burning, sea 49 

spray, combustion processes, desert dust, and volcanic eruptions)1–3 or they can be 50 

generated in the atmosphere through various chemical processes (e.g., nucleation, 51 

condensation, and oxidation).4–6 Once suspended in the atmosphere, aerosols can 52 

influence Earth’s radiative budget through their direct and indirect interaction with solar 53 

radiation.2,4,7–9 The direct effect is based on the aerosol’s ability to directly scatter and 54 

absorb solar radiation. As for the indirect effect, aerosol particles can act either act as 55 

cloud condensation nuclei (CCN)—taking up water vapor and forming clouds in the 56 

process4,7,10 or as ice nucleating particles to form ice clouds.11 Hence, aerosols’ CCN 57 

efficiencies to uptake water (hygroscopicity) can directly affect the amount of cloud’s light 58 

absorption or scattering that takes place. The latest Intergovernmental Panel on Climate 59 

Change (IPCC) estimate of climate radiative forcing from the aerosol/cloud interaction is 60 

-0.7 Wm-2 (uncertainty range -1.8 to -0.3 Wm-2).12 The large uncertainty associated with 61 

aerosol-cloud interactions highlights the complexity associated with aerosols and their 62 

effect on cloud formation. While aerosol particles are composed of organic and inorganic 63 

species, the primary source of uncertainty stems from abundant and poorly understood 64 

organic aerosols.13,14 65 

Organic aerosols (OA) are ubiquitous in the atmosphere and account for a large 66 

fraction of atmospheric aerosols.13,15 Within the last decade, the atmospheric chemistry 67 

field has made substantial advances in aerosol speciation, chemical compositions of OA, 68 

and the chemical processes that OA undergo in the atmosphere. These advances were 69 



4 
 

highlighted in published reviews that include but not limited to Erven et al.6; Hallquist et 70 

al.16; Kanakidou et al.13; Kroll and Seinfeld17; and Mahilang et al.18 Despite these 71 

advances. the uncertainty in the hygroscopic-related properties of atmospheric OA 72 

remains large.15  73 

Nitrogen-containing organic carbon (NOC) are a major class of OA growing in 74 

importance due to a decline in regional sulfates and their prominent presence within 75 

atmospheric aerosols.15,19–23. Wedyan et al. (2007)21 discovered that 80% of nitrogen over 76 

the coastal Gulf of Aqaba was attributed to NOC.21 Another study by Cornell et al.24 77 

investigated the atmospheric chemical composition in Oahu, Hawaii, and found that 78 

approximately 30% of the total nitrogen was stored in NOC form.24 The abundance of 79 

NOC in the atmosphere is attributed to the wide range of primary and secondary emission 80 

sources.25 Primary sources such as biomass burning and both anthropogenic and 81 

biogenic sources, are responsible for approximately 27.4 Tg of NOC annually.13 As for 82 

secondary sources, the formation of NOC within the atmosphere remains unexplored. 83 

Various studies have shown that NOC can be formed in the atmosphere from chemical 84 

processes involving secondary organic aerosol (SOA) (e.g., but not limited to Darer et 85 

al.26; Liu et al.27; Vidović et al.28; Zhang et al.29). For instance, a wide range of NOC 86 

species can be formed from the ozonolysis of α-pinene and m-xylene in the presence of 87 

ammonia.27 Another study found that the atmospheric presence of NOC is attributed to 88 

the reaction of ammonium with oxidized organics (e.g., formate, acetate, pyruvate, 89 

malonate).29 90 

To further enhance our knowledge of NOC and their role within atmospheric 91 

chemistry and climate impacts, investigating the physiochemical properties of NOC 92 
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aerosols is necessary.7 One vital physicochemical property is hygroscopicity, which 93 

describes the water uptake ability of aerosols under subsaturated and supersaturated 94 

conditions.30 While extensive efforts have been allocated to investigate and report the 95 

water uptake behavior of atmospherically relevant OA compounds, further research 96 

remains needed.  This is due to the presence of a wide range of OA in the atmosphere 97 

making quantifying their hygroscopic properties a formidable task. To circumvent this 98 

challenge, theoretical models have been used to predict the hygroscopicity of OA, which 99 

are semi-empirical and often rely on parametrization of water solubility and extrapolation 100 

from lab measurements of one class of OA to another.31  Such simplistic approach fails 101 

to accurately capture the non-ideal behavior that is developed from solubility,32 liquid-102 

liquid phase separation,33,34 surface partitioning,35 and morphology.36 Also, these 103 

limitations highlight the fundamental importance to investigate the hygroscopicity of 104 

different classes of OA through laboratory measurement techniques. As such, various 105 

studies have undertaken a systematic approach by investigating the hygroscopicity of OA 106 

through the lens of other physicochemical properties such as functional groups, molecular 107 

weight, and bulk water solubility.37–42 For example, Suda et al.42 investigated the CCN 108 

activity of OA possessing different functional groups and reported a direct influence of 109 

functional group on water uptake. Specifically, it was reported that the hygroscopicity of 110 

an organic compound with hydroxyl or carboxyl groups is higher than that with nitrate or 111 

methylene groups.42 Other studies investigated a family of organic compounds, such as 112 

carboxylic acids37,43 or amino acids.37,44 The water uptake of amino acids has been 113 

reported due to their important involvement in the nitrogen cycle in the atmosphere (e.g., 114 

but not limited to Chan et al.45; Han et al.43; Luo et al.44; Marsh et al.37). Luo et al.44 115 
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investigated the water uptake using a hygroscopicity tandem differential mobility analyzer 116 

(H-TDMA) system, under a range of relative humidity (RH), of a series of amino acids, 117 

including aspartic acid, glutamine, and serine along with their mixtures with ammonium 118 

sulfate. The results of Luo et al.44 show that bulk water solubility play a major role in 119 

understanding the hygroscopicity of these amino acids, and that the presence of 120 

ammonium sulfate influence the phase state and hygroscopicity of the mixture.44 121 

To contribute to the mechanistic understanding of OA hygroscopicity, we explored 122 

two NOC aminophenol isomers: o-aminophenol (oAP) and p-aminophenol (pAP). 46,47 To 123 

our knowledge, no previous literature has reported on the hygroscopicity of pure aromatic 124 

compounds that contain nitrogen. Previous studies have employed other aromatic 125 

compounds to produce secondary organic aerosols (SOA) of mixed chemical 126 

composition. For example, the study by Hilderbrandt Ruiz et al.48 involved measuring the 127 

water uptake of SOA produced from the photooxidation of toluene. Another study by 128 

Nakao et al.49 investigated the SOA formation from benzene, toluene, m-xylene using an 129 

environmental chamber under different conditions. Similarly, various studies have 130 

investigated the water uptake of SOA formed from monoterpenes (C10H16) such as α-131 

pinene, β-pinene, limonene, and terpinene (Huff Hartz et al.50; Prenni et al.39; Duplissy et 132 

al.51; Frosch et al.52, to name a few). Additionally, while previous studies have reported 133 

the hygroscopicity of SOA from aliphatic amines,53 no previous study has explored 134 

aromatic amines, whether in single- or multi-component systems.   135 

Exploring single component composition instead of a mixture of components offer 136 

valuable knowledge with respect to how various physicochemical properties such as 137 

solubility, O:C ratio, functional groups, chemical composition, and structure impact water 138 
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uptake in aerosol particles. This is highlighted by the previously published CCN work that 139 

have investigated single component aerosols (e.g., but not limited to Marsh et al.37; Peng 140 

et al.54; Raymond et al.55; Han et al.43; Dawson et al.56; Estillore et al.57). Therefore, our 141 

study aims to enhance our understanding of the physiochemical properties effecting water 142 

uptake. The ring structure of oAP and pAP will provide us with a new perspective on the 143 

effect of aromaticity. Additionally, the two functional groups (-NH2 and -OH) on the 144 

aromatic ring in oAP and pAP add to the growing database of hygroscopicity of OA with 145 

different functional groups. Previous studies have invested in understanding the 146 

hygroscopic properties of OA with different functional groups (Han et al.43; Petters et al.58; 147 

Suda et al.42, to name a few); however, no previous reports were conducted on 148 

compounds containing -NH2 and -OH together. Finally, oAP and pAP enable us to explore 149 

the effect of solubility on hygroscopicity while maintaining the same O:C ratio, chemical 150 

composition, and functional groups.  151 

The objective of this paper is to investigate the water uptake of oAP and pAP under 152 

subsaturated condition using a Hygroscopicity Tandem Differential Mobility Analyzer (H-153 

TDMA) and supersaturated condition using a Cloud Condensation Nuclei Counter 154 

(CCNC). Results were analyzed through the lens of solubility and morphological 155 

properties and highlight the importance of physicochemical properties on the water 156 

uptake of NOC compounds.. Hence, understanding the water uptake of these 157 

aminophenol compounds will add a new dimension to the growing knowledge on the 158 

impact of functional groups on hygroscopicity.   159 

 160 

Experimental and Data Analysis   161 



8 
 

Chemicals. o-aminophenol (99%, CAS: 95-55-6, Sigma-Aldrich) and p-aminophenol 162 

(98%, CAS: 123-30-8, Sigma-Aldrich) were used in this study. All chemicals were used 163 

as received without further purification. The chemical structures and physical properties 164 

of both chemicals are summarized in Table 1.  165 

Table 1. The chemical structures and the relevant properties of o-aminophenol and p-166 
aminophenol 167 

Chemical Abbv. Structure 
Molecular Weight  

[g mol-1] 
Density  
[g mL-1] 

Bulk 
Solubility, 

Sbulk 
(in H2O) 
 [g L-1] 

o-aminophenol oAP 

 

109.13a 1.33 a 19.6c 

p-aminophenol pAP 
 

109.13b 1.13 b 15.7c 

a National Center for Biotechnology Information (2022). PubChem Compound Summary for CID 5801, 2-168 
Aminophenol. Retrieved April 3, 2022 from https://pubchem.ncbi.nlm.nih.gov/compound/2-Aminophenol. 169 
b National Center for Biotechnology Information (2022). PubChem Compound Summary for CID 403, 4-170 
Aminophenol. Retrieved April 3, 2022 from https://pubchem.ncbi.nlm.nih.gov/compound/4-Aminophenol 171 
c Rumble, J. R.; Lide, D. R.; Bruno, T. J. CRC handbook of chemistry and physics: a ready-reference 172 
book of chemical and physical data, 2017 173 
 174 
 175 
Aerosol Generation. A 0.1 g L-1 solution was prepared for each chemical using ultra-176 

purified water (18 ΜΩ cm-1, Millipore). The prepared solutions were sonicated to ensure 177 

dissolution prior to atomization. The aerosols were then generated using a constant 178 

output Collison Nebulizer (Atomizer; TSI 3076). The aerosols generation method has 179 

been used and described in previous CCN literature.43,55,57,59,60  180 

The wet aerosols were dried (< 5% RH) using silica gel dryers. The water uptake of the 181 

generated dry aerosols was then measured with two different experimental setups; a) H-182 

https://pubchem.ncbi.nlm.nih.gov/compound/2-Aminophenol
https://pubchem.ncbi.nlm.nih.gov/compound/4-Aminophenol
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TDMA (subsaturated conditions) and b) CCNC (supersaturated conditions) (Figure 1). In 183 

addition, TEM images were obtained using a sample collection setup shown in Figure 1.  184 

 185 

 186 

Figure 1. The experimental setup for subsaturated H-TDMA measurements, 187 

supersaturated CCNC measurements, and TEM sample collection. Abbreviations are: 188 

DMA: Differential Mobility Analyzer, CPC: Condensation Particle Counter, CCNC: Cloud 189 

Condensation Nuclei Counter, and TEM: Transmission Electron Microscope. 190 

 191 

Hygroscopicity Tandem Differential Mobility Analysis. The water uptake of oAP and 192 

pAP was evaluated under subsaturated conditions using the widely employed H-TDMA. 193 

The operation of the H-TDMA has been described in detail in previous literature.61,62 An 194 

overview of the H-TDMA experimental setup is shown in Figure 1. The dry aerosols, 195 

generated from a 0.1 g L-1 solution, were size selected (30-200 nm) by an electrostatic 196 

classifier (DMA 1, TSI 3082; flow rate = 0.3 L min-1). The size-selected particles were then 197 

humidified to RH = 85% ± 5% using a nafion humidification line (PermaPure M.H. series). 198 

The size distribution of the wet aerosol particles was then scanned using a second 199 

electrostatic classifier (DMA 2, TSI 3085; flowrate 0.3 L min-1), and the concentrations 200 

were measured using a Condensation Particle Counter (CPC; TSI 3776; flow rate = 0.3 201 
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L min-1). The Growth Factor (Gf) is the ratio between the wet mobility diameter (Dwet) and 202 

the dry mobility diameter (Ddry) (Eq. 1). Gf was calculated for each size-selected dry 203 

mobility diameter, averaged, and reported with its respective standard deviation.  204 

 
𝐺𝑓 =

𝐷𝑤𝑒𝑡

𝐷𝑑𝑟𝑦
 (1) 

 205 

The RH of the H-TDMA setup was calibrated with inorganic ammonium sulfate (see 206 

Supplemental Information; Taylor et al.63).  207 

Cloud Condensation Nuclei Analysis. The water uptake of oAP and pAP was tested 208 

under four different supersaturations (0.46, 0.67, 0.86, and 1.08%), that represent warm 209 

clouds, using a commercially available Cloud Condensation Nuclei Counter (CCNC; 210 

Droplet Measurement Technologies). The operation of the CCNC has been extensively 211 

described in previous literature.64–66 An overview of the CCNC experimental setup is 212 

shown in Figure 1. A flow stream (flow rate = 0.8 L min-1) of dried aerosol particles were 213 

charged in a Kr-85 bipolar neutralizer to produce an equilibrium distribution of electrically 214 

charged particles.67 The charged particles were then passed to a DMA (TSI 3080) in 215 

scanning mode and a size distribution from 8 to 352 nm was measured every 2.25 216 

minutes. Downstream from the DMA, the aerosol stream was bifurcated with one stream 217 

(flow rate = 0.3 L min-1) flowing into a CPC (TSI 3776) where the particle concentration 218 

(CN) was measured, while the other stream (flow rate = 0.5 L min-1) flowing into the CCNC 219 

where the activated particle concentration (CCN) was measured. The activated fraction 220 

is the ratio between CCN and CN and was measured at four different supersaturations, 221 

and the critical diameter (Dd), defined as the dry particle diameter size at which 50% of 222 
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the particles form droplets, was calculated with Scanning Mobility CCN Analysis 223 

(SMCA).66 The SMCA applies a charge correction followed by fitting a sigmoid curve 224 

through the activated fraction to obtain the Dd.66,67 At each supersaturation, 10 critical 225 

diameters were obtained for each chemical, and were used to calculate the 226 

hygroscopicity. To determine the CCNC’s supersaturations, a widely used calibration 227 

procedure was conducted with inorganic ammonium sulfate.55,56,68–71 Ammonium sulfate 228 

has been used in various literature for CCNC calibration for hygroscopicity measurements 229 

of organic aerosol.55,56,69–71 The calibration was conducted prior to the experiments, and 230 

the calibrated supersaturations are reported in the Supplemental Information.  231 

Water vapor condensation on aerosol particles and droplet growth can be 232 

thermodynamically described by Köhler theory. The theory is based on equilibrium 233 

thermodynamics and describes the vapor pressure and saturation, S, as follows:72 234 

 
𝑆 = 𝑎𝑤𝑒𝑥𝑝 (

4𝜎𝑠
𝑎⁄ 𝑀𝑤

𝑅𝑇𝜌𝑤𝐷𝑤𝑒𝑡
) (2) 

 235 

where 𝑎𝑤 represents the water activity coefficient, 𝜎𝑠
𝑎⁄  is the surface tension of the 236 

droplet, 𝑅 is the universal gas constant, 𝑇 is the sample temperature, 𝐷𝑤𝑒𝑡 is diameter of 237 

the wet droplet, and 𝜌𝑤 and 𝑀𝑤 are the density and molecular weight of water, 238 

respectively.72 239 

Based on the Köhler theory, the hygroscopicity of aerosol particles can be 240 

expressed in terms of a single hygroscopicity parameter, 𝜅, assuming the solute to be 241 

sufficiently dilute (i.e., ideal solubility).30 Hence, supersaturated 𝜅-hygroscopicity (𝜅CCN) of 242 

oAP and pAP can be expressed using the following equation:30 243 
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𝜅𝐶𝐶𝑁 =
4 (

4𝜎𝑠
𝑎⁄ 𝑀𝑤 

𝑅𝑇𝜌𝑤
)

3

27𝐷𝑑
3𝑙𝑛2𝑠𝑐

 

 

(3) 

where 𝐷𝑑  is the critical activation diameter and 𝑠𝑐 is the CCNC instrument 244 

supersaturation. The 𝜅CCN derived from the equation above is assumed to be constant as 245 

𝑠𝑐 is directly proportional to 𝐷𝑑
-1.5.30 246 

Transmission Electron Microscopy (TEM). The morphology of nano-sized aerosol 247 

particles of oAP and pAP were measured using a Transmission Electron Microscopy 248 

(JEOL 2100 TEM; LaB6 filament)—a method previously described in literature.34,73 An 249 

overview of the TEM sample collection is presented in Figure 1. In brief, the generated 250 

dry aerosol stream (0.3 L min-1) was charged with a neutralizer (Kr-85, TSI 3077A). The 251 

charged particles were then deposited for 4 hours onto an electrically grounded lacey 252 

carbon-coated copper TEM grid (TED PELLA). The deposited particles were then imaged 253 

at an accelerating voltage of 200 kV and a magnification range of 50-150 k. To minimize 254 

sample damage, the exposure time was limited to 90 sec.  255 

Results and Discussion 256 

Hygroscopicity under supersaturated conditions 257 

The 𝜅-values for oAP and pAP are reported and compared to other atmospherically 258 

relevant pure organic compounds (obtained from literature; refer to Table 2).. To 259 

understand the hygroscopicity of oAP and pAP aerosols under supersaturated conditions, 260 

10 critical diameters (Dd) were measured at four different supersaturations (0.46, 0.67, 261 

0.86, and 1.08%) and the average 𝜅CCN for each compound was calculated according to 262 

Eq. 3. Both oAP and pAP were observed to be slightly hygroscopic, under supersaturated 263 
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conditions, with 𝜅-values between 0.04-0.18. The average 𝜅CCN for oAP and pAP aerosols 264 

were 0.18±0.05 and 0.04±0.02, respectively. These values are consistent with 𝜅-values, 265 

obtained from various studied organic compounds, of less than 0.4,37,43,74 specifically, 𝜅-266 

values of different carboxylic acids, amino acids, sugars, and cycloalkenes as listed in 267 

Table 2 and Figure 2a.  Hence, it is evident that the water uptake of both oAP and pAP 268 

falls within the range of hygroscopicity of other atmospherically significant functional 269 

groups suggesting that the presence of both functional groups (–OH and –NH2) in 270 

aminophenols results in an average water uptake behavior similar to that of other 271 

functional groups.   272 

273 

Figure 2. a) Hygroscopicity of organic aerosol reported in literature and compared to the 274 

aminophenols studied here, oAP and pAP. A detailed summary of the chemicals, 𝜅-275 
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values, and their respective references is found in Table 2. b) The relationship between 276 

hygroscopicity and bulk water solubility for oAP and pAP at 25 C. Error bars for oAP and 277 

pAP represent standard deviation of 40 repeated measurements.  278 

 279 

Table 2. Summary of literature 𝜅-hygroscopicity of various organic compounds of 280 
atmospheric relevance  281 

Organic Groups Compounds 𝜿 References 

Carboxylic Acid Malonic Acid 0.26 Han et al.43 
 Succinic Acid 0.002 Peng et al.54 

 Pimelic Acid 0.03 Han et al.43 
 Maleic Acid 0.28 Choi and Chan75 
 Tartaric Acid 0.22 Han et al.43 
 Citric Acid 0.19 Marsh et al.37 
 Glutaric Acid 0.14 Marsh et al.37 
 Oxalic Acid 0.41 Marsh et al.37 

Amino Acids Glycine 0.04 Han et al.43 
 L-Aspartic 0.14 Han et al.43 
 L-Glutamine 0.16 Han et al.43 
 Serine 0.19 Han et al.43 
 L-Arginine 0.147 Marsh et al.37 
 L-Lysine 0.219 Marsh et al.37 
 L-Valine 0.253 Marsh et al.37 

Sugars Fructose 0.23 Han et al.43 
 Sucrose 0.10 Dawson et al.56 
 Mannose 0.14 Han et al.43 
 L-Arabitol 0.19 Han et al.43 
 D-Mannitol -0.01 Han et al.43 
 Galactose 0.134 Marsh et al.43 
 Xylitol 0.18 Bilde et al.76 

Cycloalkenes Cyclopentene 0.09a Varutbangkul et al.77 
 Cyclohexene  0.073a Varutbangkul et al.77 
 Cycloheptene 0.071a Varutbangkul et al.77 
 Cyclooctene 0.062a Varutbangkul et al.77 

a 𝜅-value was calculated 78 from Gf reported by Varutabangkul et al.77 282 

 283 



15 
 

Previous studies by Bilde et al.79; Chen at al.80; Han et al.43; Suda et al.42,81 to 284 

name a few reported variation in OA hygroscopicities with organic functionality. For 285 

example, Han et al.43 showed a quantitative increase in 𝜅-values based on functional 286 

groups in the order of (–COOH or C=O) > (–OH) > (–CH3 or –NH2).43 Another study by 287 

Suda et al.81 examined the hygroscopicity of various SOA under subsaturated 288 

environments, and reported a relationship between 𝜅-hygroscopicity and polarity in 289 

organic compounds, with highly polar SOA being more hygroscopic. 81 The conclusions 290 

of these studies suggest that other physiochemical properties contribute, along with the 291 

type of functional groups, to the hygroscopicity of organic compounds.  292 

To highlight the significance of other physicochemical properties (specifically 293 

solubility), Figure 2b shows a significant difference in 𝜅-values between oAP and pAP. 294 

Despite having the same molecular formulae and type of functional groups, oAP (𝜅CCN = 295 

0.18±0.05) is more hygroscopic than pAP (𝜅CCN = 0.04±0.02). This difference in 𝜅CCN (i.e., 296 

hygroscopicity) is attributed to the difference in bulk water solubility between oAP and 297 

pAP. Previous studies have concluded that the bulk water solubility range of 0.1–100 g 298 

L−1 determines the CCN activity of organic compounds.41,82–84 The bulk water solubility of 299 

both oAP and pAP falls in the range of slightly soluble compounds with values of 19.6 g 300 

L−1 and 15.7 g L−1, respectively. Under subsaturated hygroscopic conditions, compounds 301 

with limited solubility are  composed of an insoluble core surrounded by a saturated 302 

solution.43 Hence, oAP having the higher solubility, has a greater molar concentration in 303 

the saturated solution, leading to oAP being more hygroscopic than pAP. This increase 304 

in hygroscopicity based on water solubility has been observed in various OA such as, 305 

glyoxylic acid and 4-methylphthalic acid in Chan et al.40; maleic acid and molonic acid in 306 
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Han et al.43; aspartic acid and azelaic acid in Huff-Hartz et al.50; and polycatechol and 307 

polyguaiacol in Malek et al.85, to name a few. 308 

 309 

Hygroscopicity under subsaturated conditions 310 

The water uptake of oAP and pAP under subsaturated conditions was measured 311 

and analyzed based on morphological properties. Subsaturated measurements were 312 

completed under constant RH (85 ± 5%), and the measured wet mobility diameters and 313 

growth factors are shown in Figure. 3. For both oAP and pAP the water uptake was size-314 

dependent highlighting the presence of two distinct regions referred to as Growth and 315 

Shrinkage in Figure 3.  Here, the term ‘Growth’ refers to Gf values greater than 1, while 316 

the term ‘Shrinkage’ refers to Gf values less than 1. The experimental Gf values for oAP 317 

and pAP inversely correlated with the dry mobility diameter. For oAP, the Gf values range 318 

between 1.6-0.74 with increasing dry mobility diameter. For dry mobility diameters   120 319 

nm, oAP aerosols were shown to take up water and grow when exposed to humidification. 320 

This water uptake behavior is highlighted by the Gf values greater than 1 for dry mobility 321 

diameter  120 nm. oAP aerosols shrank for dry mobility diameter    120 nm where Gf  322 

values are less than 1 (Figure 3a). Similarly, the Gf values for the pAP system follow the 323 

same trend as the oAP system. The pAP Gf values decrease with increasing dry mobility 324 

diameter, with Gf values ranging between 1.5-0.74. However, and in contrast to oAP 325 

aerosols, the pAP aerosol shrinks at a smaller dry mobility diameter   60 nm (Figure 326 

3b). 327 

 328 
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 329 

Figure 3. H-TDMA measurements and analysis showing the growth factors versus dry 330 

mobility diameters (blue circles) and wet mobility diameters versus dry mobility 331 

diameters (black squares) for a) oAP and b) pAP. Red vertical line indicating the dry 332 

mobility diameter where growth to shrinkage transition takes place. Error bars (standard 333 

deviation) are included, but small to be visible. 334 

 335 

To our knowledge no previous literature has detected a trend similar to our study, 336 

where a single component aerosol system undergoes droplet growth and shrinkage 337 

across a range of ultrafine dry mobility diameters. Several studies by Cheng et al.86; 338 

Laskina et al.87; Mahish and Collins88 (to name a few) have reported size dependence in 339 

the uptake of water of various atmospheric aerosols. However, such observations were 340 

made on multicomponent aerosol systems. Laskina et al.87 reported a difference in the 341 

water uptake based on particle sizes obtained from a mixture of ammonium sulfate and 342 

different OA. This difference was attributed to changes in the mixing state observed for 343 

different sized particles.87 A study by Han et al.43 reported Gf values less than 1 (200 nm; 344 

90% RH) for azelaic and suberic acid using an H-TDMA setup.43 The shrinking behavior 345 
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was attributed to morphological limitations of the aerosol particles.43 Specifically, water 346 

adsorption at the surface of the particle could potentially lead to structural rearrangement 347 

at the microscale causing particles to collapse and shrink.36,89,90 348 

Figure 4 shows representative TEM images for oAP and pAP in two particle size 349 

ranges.  The particle morphology is dependent on particle sizes. At small sizes (≤ 50 nm), 350 

the shape of the particles appears spherical for both oAP and pAP aerosols. These small 351 

particles are compact, and hence, when water condenses on their surface, they grow in 352 

size. Thus, droplet growth and positive Gf are observed for both oAP and pAP at small 353 

dry mobility diameters.  354 

 355 

 356 

Figure 4. Representative TEM images showing morphological difference between small 357 

and large cross-sectional diameter size particles for oAP and pAP.  Sizes within each 358 

image represents scale bar. Additional images are provided in Figures S5 and S6, S7, 359 

and S8 in the Supporting Information.  360 

 361 
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Conversely, large size particles (≥ 100 nm) appear to contain void spaces. They 362 

can be formed of smaller elongated subunits. Such morphology at large sizes, makes 363 

these subunit particles more susceptible to collapse and rearrangement, as previously 364 

postulated by Mikhailov et al..90 TEM images support the observed shrinking in large oAP 365 

and pAP particles, where Gf = 0.74, and the collapsed particle is reduced in diameter by 366 

~25%. The size-dependent morphology is consistent with the presence of multiple 367 

nucleation sites on the surface of aqueous droplets: as the solvent evaporates, it may 368 

leave behind structures with void spaces91,92 , which are more prevalent in the pAP dry 369 

particle size distribution.    370 

The difference between the water uptake of oAP particles at larger sizes (< 120 371 

nm) than pAP (< 60 nm) can be attributed to chemical bonding. The functional groups (–372 

OH and –NH2) in oAP can engage in intramolecular hydrogen bonding due to their ortho-373 

positioning on the benzene ring. This reduces the number of hydrogen bonds that they 374 

can engage in with other neighboring molecules. Hence, oAP is less likely to form 375 

structures consisting of sub-units compared to pAP. As for pAP, due to the functional 376 

groups being in para-position of the benzene ring, hydrogen bonding with other molecules 377 

is more likely to occur. In addition, due to the symmetry of the para- structure, pAP 378 

molecules are prone to having a stronger  - stacking than oAP. This is due to the 379 

involvement of the electrons, from –OH and –NH2, in resonance structures causing a high 380 

electron density in the benzene ring. Hence, pAP particles are more often to consist of 381 

sub-units and, as result, more likely to collapse at smaller sizes than oAP.  382 

Moreover, the data in Figure 3 can be used to theoretically estimate the 383 

concentration of the aminophenol particles in the droplet at the nanoscale (Cnano) from the 384 
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value of the wet and dry mobility diameters at Gf = 1 assuming spherical particles and 385 

using a density of water of 1 g cm-3 for comparison with solubility in Table 1.  Table 3 lists 386 

the parameters used in calculating Cnano and the corresponding solute:solvent mass ratio 387 

for the particle and bulk systems. This calculation assumes that the mass of oAP and pAP 388 

are fully dissolved in the wet volume. Hence, the Cnano calculation can be considered the 389 

upper limit of the concentration of a deliquesced aerosol solute.  390 

 391 

Table 3: Estimation of particle solubility from hygroscopic growth data in Figure 3 392 

o-aminophenol (oAP) 

Wet 
Diameter 

Dwet (nm) 

Wet 
Volume 

Vw (cm3)a 

Dry 
Diameter 

DDry (nm) 

Dry 
Volume 

Vd (cm3)a 

Mass of 
oAP 

m (g)b 

Vol. of 
H2O 

VH2O(cm3)c 

Cnano 

(g L-1)d 

Solute:solvent 
mass ratioe 

140 1.4 10-15 120 9 10-16 1.2 10-15 5.3 10-16 2264 2.3 

p-aminophenol (pAP) 

Wet 
Diameter  

Dwet (nm) 

Wet 
Volume 

Vw (cm3)a 

Dry 
Diameter 

DDry (nm) 

Dry 
Volume 

Vd (cm3)a 

Mass of 
pAP 

m (g)b 

Vol. of 
H2O 

VH2O(cm3)c 

Cnano 

(g L-1)d 

Solute:solvent 
mass ratioe 

120 9 10-16 65 1.4 10-16 1.6 10-16 7.6 10-16 211 0.21 

Notes: a volume for spherical particles = d3/6, b mass = Vdbulk density (g cm-3).  Bulk densities of oAP and 393 
pAP are 1.33 and 1.13 g cm-3.93  c VH2O = Vw - Vd, d Snano = m1000/VH2O.  e Mass ratio = m/(VH2O1 g cm-3). 394 

 395 

Values of Cnano are ~ 120x and 14x higher than the Sbulk for oAP and pAP, 396 

respectively.  Also, Cnano for oAP is 11x higher than that of pAP whereas Sbulk for oAP is 397 

1.2x higher than that of pAP. This implies that despite oAP and pAP having a high bulk 398 

water solubility, on the nanoscale they are not fully dissolved. The particles are more likely 399 

to be composed of an insoluble core that is consistent with partially soluble species.32,43 400 
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These trends highlight the limitation of using bulk water solubility of organic compounds 401 

in Köhler based hygroscopic models of nanosized aerosol particles composed of 402 

sparingly soluble organic compounds. Consequently, it also emphasizes the importance 403 

of accounting for solubility limits when evaluating hygroscopic properties; molar volume 404 

alone is not necessarily a driver for droplet growth; especially in this case where structural 405 

isomers are examined. The calculated concentration enhancement is due to the increase 406 

in surface area with consequences on dissolution rate.94,95 Therefore, intermolecular and 407 

intramolecular forces need to be taken into account to understand changes to water 408 

uptake behavior with size of OA, specifically for isomeric compounds.  409 

Summary and Implications 410 

The hygroscopic properties of two NOC compounds namely, o-aminophenol and 411 

p-aminophenol were investigated under supersaturated and subsaturated conditions. 412 

Under supersaturated conditions, the hygroscopicity is reported in terms of the single 413 

hygroscopicity parameter (𝜅). The measured supersaturated hygroscopicity indicates that 414 

both oAP and pAP are slightly hygroscopic with 𝜅-values comparable with other organic 415 

compounds of atmospheric-relevance. Under the subsaturated condition of 85 ± 5% RH, 416 

the hygroscopicity studies of these two aminophenols reveal that oAP is more 417 

hygroscopic than pAP, which is attributed to oAP having a higher bulk water solubility. 418 

The growth factor obtained, under subsaturated conditions, is dependent on particle size 419 

for both oAP and pAP. The range of growth factors calculated were 1.6-0.74 (oAP) and 420 

1.5-0.74 (for pAP) with increasing dry diameter indicating that the particles undergo both 421 

growth and shrink depending on size. To explain this contrast in behavior, TEM images 422 

for both compounds were collected at small (≤ 50 nm) and large (≥ 100 nm ) cross-423 
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sectional diameters sizes. The difference in morphology between small and large 424 

particles aided in explaining the growth and shrinkage behavior. Small size particles were 425 

spherical in shape, while large size particles contained void spaces and appeared to 426 

consist of small sub-particles. Large particles with void spaces render them more 427 

susceptible to collapse during water uptake, hence the shrinking behavior.  428 

To our knowledge, our studies here are the first to quantitatively explore the water 429 

uptake of aminophenols and their size-dependent growth factor under subsaturated 430 

conditions. Hence, our data add a new dimension to the growing hygroscopicity database 431 

of different OA with different functional groups and also highlight that importance of 432 

characterizing the physicochemical properties of OA to better explain their hygroscopicity, 433 

specifically bulk water solubility limits and morphological changes with water uptake. It 434 

should be noted that OA is generally found mixed with other atmospheric components, 435 

which could potentially lead to different hygroscopic properties. However, elucidating on 436 

the hygroscopic properties of pure OA provides significant insight on the properties that 437 

influence water uptake. Accordingly, our study emphasizes that to accurately predict the 438 

climate impact of OA, hygroscopicity and water uptake models need to be amended with 439 

aerosol physicochemical properties, such as chemical structure, solubility, and 440 

morphology. Our current work involves elucidating on the effect of mixing on the 441 

hygroscopicity of aromatic NOC.  442 

 443 

 444 

 445 
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