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Abstract 

This work explores the effect of environmental conditions on the photodegradation rates of 

atmospherically relevant, photolabile, organic molecules embedded in a film of secondary organic 

material (SOM). Three types of SOM were studied: α-pinene/O3 SOM (PSOM), limonene/O3 SOM 

(LSOM), and aged limonene/O3 obtained by exposure of LSOM to ammonia (brown LSOM). PSOM and 

LSOM were impregnated with 2,4-dinitrophenol (2,4-DNP), an atmospherically relevant molecule that 

photodegrades faster than either PSOM or LSOM alone, to serve as a probe of SOM matrix effects on 

photochemistry. Brown LSOM contains an unidentified chromophore that absorbs strongly at 510 nm 

and photobleaches upon irradiation. This chromophore served as a probe molecule for the brown LSOM 

experiments. In all experiments, either the temperature or relative humidity (RH) surrounding the SOM 

films was varied. The extent of photochemical reaction in the samples was monitored using UV-Vis 

absorption spectroscopy. For all three model systems examined, the observed photodegradation rates 

were slower at lower temperatures and lower RH, conditions that make SOM more viscous. Additionally, 

the activation energies for photodegradation of each system were positively correlated with the 

viscosity of the SOM matrix as measured in poke-flow experiments. These activation energies were 

calculated to be 50, 24, and 17 kJ/mol for 2,4-DNP in PSOM, 2,4-DNP in LSOM, and the chromophore in 

brown LSOM, respectively, and PSOM was found to be the most viscous of the three. These results 

suggest that the increased viscosity is hindering the motion of the molecules in SOM and is slowing 

down  their respective photochemical reactions.  

Page 1 of 22 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



2 

 

Introduction 

Recent investigations into the phase state of secondary organic aerosol (SOA) have suggested that 

under certain conditions, both atmospheric and laboratory-generated SOA particles may behave as 

semi-solids or amorphous solids rather than liquids.
1-6

 This realization has important implications for our 

understanding of processes occurring within SOA material. The rheological properties of organic 

aerosols, such as viscosity, are expected to play a role in the dynamics of particle growth,
6, 7

 gas-particle 

partitioning,
8-10

 diffusion kinetics of water, oxidants, and other compounds,
11-15

 the dynamics of particle 

aggregation,
16

 and reactive uptake on particle surfaces.
17-20

 Diffusion limitations imposed by the 

increased viscosity of SOA have already been shown to impact the particle growth rates and 

mechanisms as well as the oxidation rates of organics within the SOA.
2, 6, 9, 12, 13

 

Environmental conditions such as temperature and relative humidity (RH) are expected to have a 

significant effect on the viscosity of SOA particles.
1-3, 11, 13, 16, 21-24

 As either temperature or RH of the 

system is increased, the secondary organic material (SOM) from which the particle is made will decrease 

in viscosity. For example, Renbaum-Wolff et al. reported that the viscosity of α-pinene/O3 SOM 

increases by several orders of magnitude upon reducing the RH from 90% to 30%.
3
 The effect of 

temperature on the viscosity of SOM has not yet been studied, but we estimate that a decrease in 

temperature from 20 °C to 0 °C will decrease the viscosity of α-pinene/O3 SOM by roughly two orders of 

magnitude, as discussed in our previous work.
25

  

The goal of this work is to investigate the effect of SOM matrix properties on the photochemical 

kinetics of photolabile, organic molecules within the SOM by varying the temperature and RH. 

Experiments were performed on three types of organic matrix including α-pinene/O3 SOM (PSOM), 

limonene/O3 SOM (LSOM), and aged limonene/O3 SOM obtained by exposure of LSOM to ammonia 

(brown LSOM). These particular systems were selected for two main reasons. First, PSOM and LSOM are 

common SOA materials in both outdoor and indoor environments: α-pinene is the most important 

precursor to global SOA and limonene is the most important indoor SOA precursor.
26, 27

 Second, brown 

LSOM was selected to test both the effect of exposure to ammonia on the viscosity of LSOM and to 

examine a different type of photochemistry.  (We did not do experiments with PSOM exposed to 

ammonia because reaction of PSOM with ammonia, unlike that of LSOM, does not lead to browning.)
28

 

Although the elemental composition of LSOM and PSOM components is quite similar, with average O/C 

ratios of 0.39 and 0.37 respectively, the viscosity of PSOM is likely to be greater than that of LSOM 

because the products of α-pinene ozonolysis tend to be more structurally rigid.
29, 30

 Similarly, brown 
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LSOM may be physically and chemically different from LSOM because it contains products of reactions 

of NH3 with carbonyls.
30

 Understanding how viscosity of SOA may play a role in the photochemical 

kinetics of different types of atmospheric molecules trapped within them is important in order to better 

predict the lifetimes of toxic pollutants. 

Ideally, these experiments should be done with submicron aerosol particles, similar to the ones 

found in the atmosphere, in order to maintain the correct time scale  for the gas-to-particle exchange of 

volatile products and reactants (e.g., molecular oxygen dissolved in the particles) of the photochemical 

processes occurring in particles. However, experiments performed with aerosol particles would be more 

difficult and suffer from potential interference from competing gas-phase photochemical processes.
31

  

We have chosen to simplify the experiments by working with the bulk phase of SOM collected on a 

substrate. For photochemical reactions that involve only condensed-phase reactants and products, bulk 

SOM experiments should provide the same information as experiments with aerosols. 

As PSOM and LSOM photodegrade relatively slowly, a strongly absorbing, nitroaromatic pollutant 

2,4-dinitrophenol (2,4-DNP) was dispersed in the SOM films to serve as a photochemical probe 

molecule. This compound enters the environment predominantly from pesticide use, manufacturing 

plants, biomass burning, and motor vehicles.
32-35

 It is known to be present in surface and atmospheric 

waters and in organic matter. Although mixing of 2,4-DNP and biogenic SOA is unlikely, we use 2,4-DNP 

just as probe of SOM matrix effects on photochemistry. The photodegradation of 2,4-DNP upon UV 

irradiation is accompanied by a decay in its absorbance at 290 nm and an increase in absorbance in the 

visible region of the spectrum, where PSOM and LSOM do not absorb, due to the formation of 

photoproducts.
25

  

2,4-DNP is expected to photodegrade by a mechanism shown in Reactions 1-4. As 2,4-DNP 

is irradiated, it is excited to a triplet state (Reaction 1) and proceeds to abstract a hydrogen 

atom from a neighboring molecule possessing weakly-bound hydrogen atoms (Reaction 2). 

Saturated hydrocarbons, aromatic hydrocarbons, and water are not suitable hydrogen donors 

in this reaction, whereas alcohols and aldehydes readily participate in the H-atom transfer. We 

assume that the rate of reaction 2 may be diffusion (and thus viscosity) limited. Diffusion 

limitations in a more viscous matrix would allow more time for competing deactivation 

(Reaction 3) to occur, thus preventing formation of 2,4-DNP photoproducts (Reaction 4). For 

example, 2,4-DNP* would need just a few nanoseconds to diffuse 0.6 nm (a reasonable 
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estimate for the distance to the closest abstractable H-atom) in a moderately viscous solvent 

such as octanol (viscosity ∼ 7×10
-3

 Pa s), but it would need several milliseconds to diffuse the 

same distance in PSOM (viscosity ∼ 10
4
 Pa s). The latter time is more than sufficient for the 

dissipation of the electronic excitation energy into heat. The excited states lifetime of 2,4-DNP 

has not been reported, but based on the triplet lifetimes of related nitrobenzene and 

nitrophenols (ortho, meta, and para) determined by Takezaki et al. we expect it to be < 1 ns.
36

 

Therefore, diffusion limitations may arise in materials with viscosity comparable to that of 

PSOM. 

 

Excitation:      2,4-DNP + hν → 2,4-DNP*     Reaction 1 

Reaction:       2,4-DNP* + R-H → 2,4-DNP-H + R    Reaction 2 

Competing Deactivation:  2,4-DNP* → 2,4-DNP + heat     Reaction 3 

Formation of Products:   2,4-DNP-H → products      Reaction 4 

 

Our previous study examined the photochemistry of 2,4-DNP at a range of temperatures in three 

different environments: water, octanol, and PSOM.
25

 It was found that the rate of photochemical 

degradation of 2,4-DNP in PSOM was more strongly affected by temperature than the same reaction in 

octanol. We proposed that viscosity of the matrix is a key factor affecting the rates of photoreactions 

occurring in PSOM.  However, other interpretations of the observations could not be excluded, for 

example, a different reaction mechanism in PSOM compared to octanol. To further investigate the 

possible matrix effects on the photochemistry of 2,4-DNP, we extended our measurements to various 

temperatures and RHs in two different types of matrices – PSOM  and related material LSOM. 

The third system examined in this study is brown LSOM formed by exposing fresh LSOM to ammonia 

vapors and drying the sample. It has a distinctive absorption band at 510 nm that, in combination with 

tails of UV absorption bands extending into the blue region of the spectrum, give the material a 

characteristic brown color.
30, 37-40

  Lee et al. found that an aqueous solution of brown LSOM readily 

photobleaches after several minutes of exposure to UV radiation; the peak at 510 nm decays and the 
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brown color disappears.
28

 Because this system photodegrades quickly and possesses a distinct UV-

absorbing functionality, an additional probe molecule was not used. Although the molecular nature of 

the actual chromophore is not presently known, it is likely to be an oligomeric, nitrogen containing 

compound formed by condensation reactions between SOA carbonyls and ammonia.
30

  

We find that all three model systems exhibit similar behavior wherein photodegradation rate is 

increased at higher temperature or higher RH. While the temperature effects can result from a number 

of factors, the fact that there is also an RH dependence suggests that viscosity is an important factor in 

photochemical reactions taking place within matrices. Increased viscosity may be hindering the motions 

of the molecules in the SOM and therefore slowing down the photochemical reactions in which they 

participate. 

  

Experimental 

SOM for each experiment was generated in a 20 L flow tube by dark ozonolysis of an SOA precursor 

volatilized under a flow of dry air. Typical mixing ratios in the flow tube were 70 ppm for O3 and 10 ppm 

for the precursor, either α-pinene (98%, Alfa Aesar) or limonene (97%. Sigma-Aldrich); the flow tube 

residence time was about 4 minutes. After passing through a charcoal denuder to eliminate excess 

ozone and organic vapors, the particles were collected using a Sioutas slit impactor (Cat. No. 225-370) 

equipped with a single stage D (0.25 μm cut point at 9 SLM collection flow rate), which was customized 

to accommodate 25 mm CaF2 windows as the impaction substrates. The average collection time of 45 

minutes generally produced about 2 mg of SOM deposited on the window. 

For the first two sets of experiments (PSOM/2,4-DNP and LSOM/2,4-DNP), 2,4-DNP (99.4%, Sigma 

Aldrich) was added to SOM by pipetting 100 µL of a 0.01 M 2,4-DNP/methanol solution onto the CaF2 

window, partially dissolving the SOM. The methanol was allowed to evaporate and 2,4-DNP to permeate 

the SOM for 30 minutes, after which the 2,4-DNP remained embedded in a thin film of SOM (as far as 

we could ascertain based on the inspection of the film under optical and Raman microscopes). It was 

necessary to keep the concentration of embedded 2,4-DNP low enough to ensure that the viscosity of 

the SOM matrix is not significantly affected, yet also high enough to absorb more radiation than the 

surrounding SOM molecules. Therefore, we elected to use a mass ratio of 2,4-DNP:SOM around 1:50 to 

satisfy both requirements.
25
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For the third set of experiments, brown LSOM was produced by exposing fresh LSOM to ammonia 

vapors as described in Ref. 
37

. First, a thin film of LSOM was created by pipetting 100 µL of methanol 

onto the LSOM, allowing it to spread over the window, and evaporating the solvent for 30 minutes.  The 

window was then inserted into a small glass petri dish, which was placed carefully into a larger petri dish 

containing a solution of 0.1 M ammonium sulfate (>99%, EMD) thus allowing it to absorb the vapors 

(estimated to contain 300 ppb NH3 using the AIM-II model),
41

 but not touch the actual solution. The 

larger petri dish was covered with a lid and the entire unit was stored in the dark. After two days of 

exposure, the window was removed and dried under a flow of dry air for at least one hour, after which 

the SOM film had browned. 

After each sample (2,4-DNP in SOM or brown LSOM) was prepared, it was irradiated inside the 

temperature and RH controlled setup shown in Figure 1. The CaF2 window loaded with sample was 

placed on top of a quartz microscope slide that was maintained at a desired temperature ranging from 0 

°C to 25 °C using a circulating water cooler connected to an aluminum heat sink. In order to achieve 

temperatures below 5 °C, two Peltier coolers (TE Technology, Inc. TC-48-20) were utilized in addition to 

the water cooler. The temperature was monitored throughout the experiment using a type-K 

thermocouple mounted on the microscope slide.  

The RH within the box was controlled by mixing flows of dry (<2% RH) and wet (>98% RH) air. 

Incoming dry air was first split into two separate flows controlled by two mass flow controllers. The 

humidified flow was obtained by passing dry air through a Nafion drier/humidifier (PermaPure). The 

final RH was set by adjusting the flow through each mass flow controller. The RH inside the box was 

measured with a Vaisala HMP237 probe. 

Irradiation of each sample was performed with the output of a 150 W xenon arc lamp (Newport 

model 66902 lamp housing) that was reflected by a 280-400 nm dichroic mirror and passed through a 

295 nm long-pass filter (Schott WG295) and UV band-pass filter (Schott BG1) in order to isolate a band 

(290-400 nm) of the actinic radiation that is most relevant for tropospheric photochemistry. The light 

was then piped into the photoreaction box through a liquid light guide (Edmunds #53-691) at a 15° angle 

with respect to the film normal (see Fig. 1). 

Absorption spectra of the SOM film were recorded using a custom spectrometer setup consisting of 

a D2/W light source and an Ocean Optics USB4000 spectrometer. The radiation from the light source 

was transmitted between spectrometer components and across the sample using 600 µm optical fibers 

as is shown in Figure 1. 
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Figure 1: A schematic diagram of the relative humidity- and temperature-controlled photoreaction box 

used to irradiate all samples at various RH and temperatures. 

 

Viscosity measurements of SOM were performed using the poke-flow technique described in Refs. 
3, 

23, 42
. The method builds on the qualitative approach introduced by Murray et al. to determine the flow 

characteristics of particles.
43

  Briefly, SOM was generated in the 20 L flow tube as described above and 

collected using the Sioutas impactor on substrates coated with trichloro(1H,1H,2H,2H-

perfluorooctyl)silane (Sigma-Aldrich). The coating procedure is described in detail in Ref. 
44

. During 

collection, the aerosol particles from the flow tube coagulated on the hydrophobic substrates creating 

supermicron SOM particles. After collection, the substrates containing the supermicron particles were 

transported to the University of British Columbia and stored at ∼280 K until the viscosity measurements 

were carried out.   

The supermicron SOM particles on the hydrophobic substrates were placed inside a RH-controlled 

flow-cell to carry out viscosity measurements.
44-46

 The flow-cell contained a small hole in the top, which 

allowed a sterilized sharp needle (0.9 mm × 40 mm with a 10 µm tip, Becton-Dickson, USA) to pass 

through and poke the particles. The needle was mounted on a micromanipulator (Narishige, model MO-

202U, Japan) allowing precise control of the movement of the needle. Prior to poking, the geometry of a 

particle was a spherical cap. Due to the force by the needle while poking, the spherical cap geometry 

was converted into a half-torus geometry.  After the needle was removed, the material flowed to 

minimize the surface energy of the system and eventually returned back to the spherical cap geometry 
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by filling the central hole. This process was monitored and recorded using a reflectance optical 

microscope (Zeiss Axio Observer, 40× objective) equipped with a CCD camera. The diameter of the 

equivalent hole area produced by poking the particle was calculated based on the relationship d = 

(4A/π)
1/2

, where d is the equivalent area diameter of a hole with area A.
47

 The experimental flow time, 

τ(exp, flow), was determined as the time needed for d to reach half of the initial value of the inner hole of 

the half torus.  

Simulations of fluid flow were carried out using COMSOL Multiphysics (version 4.3a) to convert τ(exp, flow) 

values into viscosity.
23, 42

  In the simulations, a half-torus geometry with an inner radius, R, and a tube 

radius, r, were required.  These values were set to match the experiments, and the viscosity was varied 

until the modeled flow time, τ(mod, flow), was equal to τ(exp, flow). The physical parameters needed for these 

simulations include: slip length (the interaction between the fluid and solid surface), surface tension and 

density of the SOM, and the contact angle at the particle-substrate interface. Upper and lower limits of 

the parameters used in these simulations are provided in Table 1.  Previous validation experiments with 

sucrose-water particles and high viscosity standards have shown that the poke-flow technique 

combined with simulations of fluid flow is capable of providing both lower and upper limits of viscosity 

that are consistent with literature or measured values when the viscosity of particles are in the range of 

5×10
2
 to 3×10

6
 Pa s.

42
 The major source of uncertainty in the viscosity of the SOM arises from 

uncertainty in the physical properties of SOM that are used in simulations (i.e., values shown in Table 1). 

Particle to particle variability of τ(exp, flow) is typically small. 

 

Table 1. Physical parameters used in the simulations to determine viscosities of α-pinene-derived SOM 

(PSOM) and limonene-derived SOM (LSOM). R and r indicate the radius of the tube and the radius of the 

inner hole, respectively, for a half-torus geometry. 

  Slip length 

(nm) 
a
 

Surface tension 

(mN m
-1

) 
b
 

Density 

(g cm
-3

) 
c
 

Contact angle 

(°) 
d
 

PSOM 

Values for lower limit 5 40 1.30 
70 (if r < 2R), 

90 (if r > 2R) 

Values for upper limit  10000 75 1.30 
90 (if r < 2R), 

70 (if r > 2R 

LSOM 

Values for lower limit 5 23 1.47 
60 (if r < 2R), 

80 (if r > 2R) 

Values for upper limit 10000 72 1.67 
80 (if r < 2R), 

60 (if r > 2R) 

Brown 

LSOM 
Values for lower limit 5 23 1.47 

65 (if r < 2R), 

80 (if r > 2R) 
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Values for upper limit 10000 72 1.67 
80 (if r < 2R), 

65 (if r > 2R) 
a 
Refs. 

48-61
  

b 
For PSOM, surface tension values were based on the viscosity of model compounds.

62
 For LSOM and 

brown LSOM, surface tension values were based on the estimated surface tension of liquid limonene at 

293 K (as the lower limit) and the surface tension of pure water at 293 K (as the upper limit) values from 

ACD/Labs (chemspider.com) and Engelhart et al.
63

 

c
 For PSOM, density values are based on Chen and Hopke, 2009.

64
 For LSOM and brown LSOM, density 

values are based on values from Kostenidou et al.
65

 

d
 Contact angles (70-90° for PSOM and 60-80° for LSOM) were determined using 3-D fluorescence 

confocal images of the SOM particles on the substrates. 

 

Results and Discussion 

The absorption spectra of (a) 2,4-DNP in LSOM and (b) brown LSOM taken during the course of 

photodegradation are presented in Figure 2. The inset of each graph corresponds to the absorbance 

decay at the representative wavelength for each system (290 nm for 2,4-DNP in LSOM and 510 nm for 

brown LSOM). The combined absorbance from the SOM and the reactant can be expected to follow 

Equation 1, 

���� = ���� + �
�� + �1 − �� × �
����   Equation 1 

where ASOM is the absorbance due to the SOM matrix, assumed to be unchanged by photolysis, A0 is the 

starting absorbance due to the reactant, k is the photodegradation rate constant, and β is the ratio of 

the absorption coefficient of the photolysis product(s) to that of the reactant at the wavelength of 

interest. (The value of β is 0 for non-absorbing products, smaller than 1 for weakly absorbing products, 1 

at the isosbestic point, and larger than 1 when products absorb stronger than the starting compound.)  

Since we were interested only in the values of k, the observed decays were fit using the simplified 

equation: 

���� = ������ + ������ × �
���     Equation 2 

 to obtain rate constants for each set of experimental conditions. The use of Eq. (2) automatically 

accounts for any uncompensated wavelength-independent offsets in the absorbance measurements.  

 It should be noted that in the case of 2,4-DNP, the decay in absorbance at ~250 – 320 nm is 

accompanied by an increase in the broad absorption band in the visible range (~400 – 450 nm) 
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indicating formation of a brown carbon product (a result of reduction of one of the –NO2 groups to –NH2 

group as discussed below). The rate constants k determined from equations 1 and 2 at 290 nm 

(decrease in absorbance, β < 1, const2 > 0) and 420 nm (increase in absorbance, β > 1, const2 < 0) were 

the same within the uncertainties of the fitting. 

 

Figure 2: Representative absorption spectra recorded during the photodegradation of (a) 2,4-DNP in 

LSOM and (b) brown LSOM. The insets show the decay of (a) the 290 nm peak of 2,4-DNP and (b) the 

510 nm peak characteristic of the brown LSOM chromophore where the red trace is the experimental 

decay and the black trace is the fit to Equation 2. The arrows indicate the wavelength at which spectra 

were fit to Equation 2 to get the rate constants. 

 

The increase in the visible absorbance of the irradiated 2,4-DNP samples is an important observation 

for two reasons. First, it confirms recent findings that photochemical processing is capable of altering 

the light absorption properties of brown carbon.
28,

 
66,

 
67

 Second, it shows that, depending on the system, 

photochemical processes in brown carbon are capable of creating light-absorbing compounds, not just 

destroying (photobleaching) them. Our work provides evidence that brown carbon has a dynamic 

absorption spectrum that can be altered on atmospherically relevant time scales via photochemistry. 
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To investigate the mechanism of 2,4-DNP photodegradation, we performed LC-PDA-MS  (liquid 

chromatography coupled to a photodiode array detector and an electrospray ionization high-resolution 

mass spectrometer) measurements on irradiated samples of 2,4-DNP in isopropanol (0, 30, and 60 min 

of irradiation in a quartz cuvette by the same light source as used for the film experiments). Isopropanol 

was used as the solvent in this analysis because it allowed for a simpler spectrum than SOM would have, 

as SOM is very complex and is made up of many different molecules that would yield a complicated 

background spectrum.
29

 The full results of the LC-PDA-MS analysis, as well as experimental details, are 

provided in the supporting information section. We assigned the observed products of 

photodegradation of 2,4-DNP by analogy with photochemistry of related compounds, nitrobenzene and 

2-nitrophenol. Based on the m/z values and UV-vis absorption spectra of the eluted peaks, we were able 

to assign products to the structures shown in Figure 3. We emphasize that we did not have standards for 

any of these compounds for unambiguous identification, so the assignments should be regarded as 

tentative. Nevertheless, our results strongly suggest that photoreduction of –NO2 group(s) in 2,4-DNP is 

the main mechanism of photodegradation. We observed peaks corresponding to an –NH2 (aniline) 

product as well as to an –NO (nitroso) intermediate which is expected for this process. Based on the UV-

vis absorption spectra (Figure S9 of the supporting information) the compounds containing an aniline 

group are likely the ones responsible for the brown color of the 2,4-DNP photodegradation products 

after the irradiation and cause the growth of the visible absorption band at ~400-450 nm. The formation 

of aniline products has significant implications for understanding the environmental fate of 2,4-DNP 

because of the high reactivity of aniline compounds. 

 

 

Figure 3: Products tentatively identified by LC-PDA-MS after 2,4-DNP photolysis in isopropanol. Details 

leading to the assignments are provided in the supporting information section.  
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Regarding the kinetics of 2,4-DNP photodegradation, as discussed in Lignell et al.,
25

 the effective 

activation energy of reactions with low intrinsic barriers is determined by the surrounding matrix’s 

viscosity, which depends strongly on temperature. The photodegradation of 2,4-DNP fits this profile – it 

has low activation energy in octanol and much higher activation energy in PSOM, likely due to the high 

viscosity of the PSOM film.
25

 The activation energy of each system studied in the current work was 

determined using the Arrhenius plot shown in Figure 4. This plot illustrates the relationship between 

temperature and rate constant for each system (including 2,4-DNP in PSOM shown previously in Ref. 25) 

under dry conditions. The results indicate that the activation energy of the photodegradation of 2,4-DNP 

in LSOM (24 ± 1 kJ/mol) is lower than that in PSOM (48 ± 6 kJ/mol). If these activation energies are 

actually viscosity-dependant, then this suggests that PSOM has a higher viscosity than LSOM. Another 

observation of the current work is that both of the reactions that occurred in LSOM (2,4-DNP and brown 

LSOM) had similar activation energies (24 ± 1 kJ/mol and 16 ± 5 kJ/mol, respectively) implying that the 

viscosities of LSOM and brown LSOM are similar. This would be consistent with minor compositional 

differences between the two materials.
68

 

 

Figure 4: Arrhenius plots of the photodegradation rate of 2,4-DNP in PSOM (red), 2,4-DNP in LSOM 

(blue), and brown LSOM (green) under dry conditions. The slopes correspond to activation energies of 

48, 24, and 16 kJ/mol, respectively. Markers with no error bars represent experiments that were 

performed once. All other markers are the average of 2-6 data points obtained at each temperature.  

 

In order to test this hypothesis, the viscosities of LSOM and PSOM generated in our flow tube were 

experimentally determined from poke flow experiments at different RHs, specifically, by measuring how 

quickly a half-sphere of SOM returns to its original shape after being distorted by a needle. The results 
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of these experiments are shown in Figure 5. Figure 5a depicts the average experimental flow time, 

which is taken for the equivalent area diameter to decrease to 50 % of its initial diameter. The PSOM 

had a longer experimental flow time than either LSOM or brown LSOM. For example, under dry 

conditions the experimental flow time of PSOM is longer by approximately  an order of magnitude than 

the experimental flow times of LSOM and brown LSOM, strongly suggesting a higher viscosity.   Unlike 

the clearly different poke flow times in PSOM and LSOM, the error bars on the absolute viscosity values 

shown in Figure 5b overlap because of the sensitivity to the model parameters needed to convert the 

poke flow times into the viscosity values. However, the simulated upper and lower limits of viscosity also 

suggest that PSOM is more viscous than LSOM or brown LSOM. These results are qualitatively consistent 

with larger apparent activation energies for the photodegradation of 2,4-DNP in PSOM vs. LSOM. 

 

Figure 5: (a) Average experimental flow time from the poke-flow experiments as a function of relative 

humidity. The markers correspond to the average of 4-11 individual poke flow measurements. The error 

bars represent one standard deviation for the repeated measurements. (b) Simulated ranges of 

viscosities as determined by upper and lower limits. The error bars are dominated by the uncertainties 

in the fitting parameters listed in Table 1. 

 

It is also clear from Figure 5 that the viscosity of SOM is strongly related to RH, which is in 

agreement with previous measurements.
3
 Irradiation of all systems under a range of RHs revealed that 
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as RH was increased, the photoreaction rate constant increased (Figure 6). The number of data points in 

Figure 6 is limited because each point requires several days of experiments, however, the increase in the 

rate with RH is clear.  We interpret this to be the result of water molecules softening the SOM matrix 

and allowing for the photoexcited molecules to diffuse to their reaction partners faster. We note that 

liquid-liquid phase-separation (LLPS) is possible in PSOM at very high RH>95%,
69, 70

 but the increase in 

the photodegradation rate is also observed at lower RH. Therefore we do not think that LLPS is 

responsible for the RH dependence of the photodegradation rate.  The change of RH seemed to have a 

larger effect on the brown LSOM system than either of the 2,4DNP/SOM systems. This is most likely due 

to the fact that 2,4-DNP photodegrades extremely slowly in water.
25

 As water molecules are introduced 

to the film, the rate of photodegradation may be increased due to decreased viscosity, but it is partly 

offset by the dilution of the molecules that 2,4-DNP can react with. The photodegradation of brown 

LSOM, on the other hand, is not affected by the presence of water molecules. Therefore, the increase in 

the rate of photodegradation due to decreased viscosity will be greater for brown LSOM than for 2,4-

DNP in LSOM or PSOM which may explain the larger RH dependence seen in brown LSOM.   

 

Figure 6: (a) The rate constants as a function of relative humidity for the photodegradation of 2,4-DNP in 

PSOM 2,4-DNP in LSOM, and brown LSOM. Each marker with error bars represents the average of all the 
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data points at each RH. These experiments were repeated 2-6 times. The slopes of the fit were (4.7 ± 

0.1) x 10
-6

, (2.9 ± 0.9) x 10
-6

, and (8 ± 2) x 10
-6

 s
-1

/%RH for 2,4-DNP in PSOM 2,4-DNP in LSOM, and brown 

LSOM respectively. Plot (b) demonstrates the effect of drying speed. 

 

We should point out that viscosity is not the only property of SOM that can change with RH. It is 

conceivable that the presence of water in the SOM film changes the molecular composition by means of 

hydration of aldehydes, hydrolysis of anhydrites, and other reactions involving water.  For example, 

hydrolysis reactions of organonitrates in aerosols have been observed at the RH levels used in this 

work.
71

 While these reactions may also contribute to the observed changes in the photodegradation 

rate, the physical effect of RH on the SOM viscosity likely dominates over the chemical effect of RH on 

the molecular composition of SOM. Additional experiments with materials that are not reactive towards 

water are needed to fully separate the chemical and physical effects of RH. 

Koop et al. and other groups have previously found that the viscosity of an aerosol particle at a 

particular RH strongly depends on the rate at which the system is dried/humidified.
2, 72-74

 It has been 

suggested that drying quickly will cause water molecules nearest the surface of the particle to evaporate 

quickly, creating a highly viscous “crust” that prevents water molecules in the interior of the particle 

from escaping. This results in an aerosol particle that contains a lower viscosity core.
2, 72

 Drying more 

slowly allows more time for water molecules within the particle to diffuse to the outer layers and 

evaporate, causing the particle to be more uniform in terms of viscosity. Thus the interior viscosity of 

the slowly dried particle is actually expected to be higher than that of the interior of the quickly dried 

particle.  

In our studies, the lowest RH experiments were performed under two different flow rates of dry air 

(6.5 SLM and 0.3 SLM). We found that the samples that were dried under a high flow rate of dry air 

photodegraded more quickly than samples dried under the slower flow rate. This was a reproducible 

effect, demonstrated by Figure 6b (note the small vertical error bars calculated from the repeated 

experiments). The red dots correspond to samples of 2,4-DNP in PSOM that were dried/humidified 

under a 0.3 SLM flow rate, and the light blue dot represents the samples that were dried under a 6.5 

SLM flow rate. The fast dried samples with a low viscosity core had a photodegradation rate that was a 

factor of ~3 higher than the slow dried samples with a high viscosity core. This provides additional 

indirect evidence that the viscosity of SOM plays an important role in the photodegradation of these 

systems.  
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These results suggest that certain types of photochemical reactions may be suppressed in 

condensed-phase environment of the highly-viscous aerosols relative to the same reactions in common 

organic solvents. In particular, photochemical processes involving secondary reactions of electronically-

excited organic molecules with the matrix constituents are likely to be affected by the diffusion 

limitations, and therefore, by the viscosity. This scenario clearly applies to 2,4-DNP, which 

photodegrades by a reaction of its triplet excited state with suitable hydrogen atom donors (reactions 1-

4). The photodegradation rate of the unidentified chromophore in the brown LSOM is similarly affected 

by viscosity. However, we want to emphasize that not all organic photochemical reactions will be 

suppressed in viscous aerosols by the same mechanism. Direct photolysis processes occur on faster time 

scales and do not require the excited molecules to diffuse through the matrix before the reaction. Such 

reactions are less likely to be affected by the material viscosity; for example, Norrish-I splitting of 

carbonyls can be efficient even in crystals.
75

 On the other hand, caging effects could be more significant 

in highly-viscous solvents, and result in suppression of direct photolysis quantum yields. Therefore, the 

effects of viscosity on photochemical reactions need to be investigated on a case by case basis.  

These results could help in the interpretation of atmospheric lifetimes of particulate nitro-aromatic 

compounds, some of which are known toxins.  In cold and dry segments of the atmosphere, such as over 

the polar regions and near the tropopause, these compounds could survive longer if they are trapped 

inside highly-viscous particles. In contrast, the same compounds could degrade faster under warm, 

humid conditions or when they are unprotected on the particle surface. It is possible that other types of 

photolabile organic compounds can similarly be protected from photodegradation under cold, dry 

conditions. It is also possible that photosensitized reactions can similarly be suppressed by the viscosity 

of the SOM matrix. These effects will need to be investigated in future studies. It also remains to be seen 

if these conclusions can be applied to other types of SOA, including those formed from anthropogenic 

sources. 

 

Conclusions 

In our previous work,
25

 we found that the photodegradation rate of 2,4-DNP in viscous PSOM had a 

significantly stronger temperature dependence than the same process in much less viscous octanol. We 

suggested that this effect was due to the fact that temperature has a stronger effect on the viscosity of 

PSOM than on the viscosity of octanol. The increased viscosity may be hindering the motion of 
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electronically excited 2,4-DNP molecules within SOM, slowing its photodegradation. In order to examine 

this effect, we expanded the scope of the previous measurements to investigate the effect of relative 

humidity on the photodegradation kinetics of 2,4-DNP in PSOM. We also investigated LSOM as an 

alternative organic matrix for 2,4-DNP photodegradation, and carried out similar experiments with a 

completely different photochemical system, specifically brown LSOM obtained by exposure of LSOM to 

ammonia. In all cases, as the viscosity of the SOM was increased by cooling the material or exposing it to 

dry air, the reaction rate decreased. The activation energy for the 2,4-DNP photodegradation in PSOM 

and LSOM were correlated with the explicitly measured viscosity of the materials.  
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