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dence that halogen bonding
catalyzes the heterogeneous chlorination of
alkenes in submicron liquid droplets†

Meirong Zeng and Kevin R. Wilson *

A key challenge in predicting the multiphase chemistry of aerosols and droplets is connecting reaction

probabilities, observed in an experiment, with the kinetics of individual elementary steps that control the

chemistry that occurs across a gas/liquid interface. Here we report evidence that oxygenated molecules

accelerate the heterogeneous reaction rate of chlorine gas with an alkene (squalene, Sqe) in submicron

droplets. The effective reaction probability for Sqe is sensitive to both the aerosol composition and gas

phase environment. In binary aerosol mixtures with 2-decyl-1-tetradecanol, linoleic acid and oleic acid,

Sqe reacts 12–23� more rapidly than in a pure aerosol. In contrast, the reactivity of Sqe is diminished by

3� when mixed with an alkane. Additionally, small oxygenated molecules in the gas phase (water,

ethanol, acetone, and acetic acid) accelerate (up to 10�) the heterogeneous chlorination rate of Sqe.

The overall reaction mechanism is not altered by the presence of these aerosol and gas phase additives,

suggesting instead that they act as catalysts. Since the largest rate acceleration occurs in the presence of

oxygenated molecules, we conclude that halogen bonding enhances reactivity by slowing the

desorption kinetics of Cl2 at the interface, in a way that is analogous to decreasing temperature. These

results highlight the importance of relatively weak interactions in controlling the speed of multiphase

reactions important for atmospheric and indoor environments.
Introduction

The reaction rate of a gas phase molecule with an aerosol or
droplet surface is governed by a set of kinetic steps that include
adsorption/desorption, solvation/de-solvation, and diffusion.1–5

The relative rates and coupling of these steps can oen yield
new pathways or catalytic mechanisms,6–13 which are largely
absent for a reaction occurring solely within a single phase.
Given the central role that aerosols play in air pollution,14,15

climate16–18 and human health,19 developing better insight,
using laboratory measurements,20 into the molecular factors
that enhance, suppress or even catalyze multiphase chemical
reactions is an important challenge. Using amodel reaction, the
heterogeneous chlorination of an alkene, we examine how
“spectator molecules” in the gas and condensed phase decel-
erate as well as catalyze heterogeneous transformations. These
results suggest that weak interactions, such as halogen
bonding, can play substantial roles in controlling the speed at
which multiphase transformations occur in the atmosphere
and on indoor surfaces.21–25
keley National Laboratory, Berkeley, CA

tion (ESI) available. See DOI:

the Royal Society of Chemistry
Rudich and co-workers6 observed that classes of chemical
reactions that occur slowly in the gas phase (k < 10�15 cm3

molecules�1 s�1), due to high activation barriers, are enhanced
at monolayer organic surfaces that mimic tropospheric aerosol;
in some cases by many orders of magnitude. For example, the
reaction of bromine atoms with saturated aliphatic lms occurs
10 000 times faster than predictions based upon analogous
reactions in the gas phase. Conversely, gas phase reactions that
are already fast6 (k �10�12 cm3 molecules�1 s�1), exhibit only
minimal surface enhancement.

Some fraction26 of the enhanced reactivity at surfaces vs. the
gas phase can be explained, somewhat trivially, by secondary
reactions (i.e. promoted by the higher molecular densities at
surfaces) or by the asymmetry of interfaces, where unreactive
forward scattering trajectories yield additional possibilities for
a reaction while in the gas phase they do not. More interest-
ingly, surface enhancement factors are also consistent with
well-known changes in the activation energy for an interfacial
reaction, which are controlled by an array of interactions, such
as molecular orientation, partial solvation, and the formation of
unique interfacial complexes.27 Theoretical work has also
shown the importance of relatively weak interactions, such as
hydrogen bonding, in governing reaction mechanisms at the
surface of atmospheric droplets.8–10 A recent study11 revealed the
importance of halogen bonded complexes in mediating iodine
reactions at droplet surfaces. In most cases, a halogen bond is
Chem. Sci., 2021, 12, 10455–10466 | 10455
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weaker than a hydrogen-bond with typical bond lengths �2.8 Å,
which form between an electrophilic molecule containing
a halogen atom X (X ¼ I, Br, Cl and F), and a nucleophilic
molecule containing atoms, such as N, O, S etc.28–32

The reaction of Cl2 with an alkene is relatively slow, so it is an
ideal system to examine how the competing kinetics of chlorine
adsorption/desorption, solvation/desolvation inuence hetero-
geneous reaction rates. Here we examine the heterogeneous
reaction of Cl2 with squalene (Sqe) – a branched hydrocarbon
with six C]C bonds. This reaction has been previously well-
characterized by Popolan et al.33 These prior results are lever-
aged to examine how the heterogeneous reaction rate depends
upon temperature and the presence of small spectator mole-
cules in the gas, which are unreactive towards Cl2 (water,
ethanol, acetone, and acetic acid). We also examine how doping
a fatty acid, an ester, alcohol, or an alkane together with squa-
lene in the aerosol phase alters its reactivity towards Cl2. The
chemistry examined in these model systems addresses the
growing interest in understanding surface reaction mecha-
nisms of unsaturated fatty acids and Sqe; major constituents of
skin lipids34 that are reactive towards halogens commonly
released during indoor activities, e.g. bleach cleaning ([Cl2] �
100 ppb).25,35–39

This paper is organized as follows. The apparatus and
experimental approach for quantifying heterogeneous chlori-
nation rates, reaction products as well as determining effective
uptake coefficients are described in Experimental design. Data
is presented in Results and discussion aimed at understanding
the changes in Sqe reactivity and product formation kinetics as
a function of temperature and in binary mixtures of Sqe with 2-
decyl-1-tetradecanol, oleic and linoleic acids, bis(2-ethylhexyl)
sebacate and squalane. Additional results are presented exam-
ining how the reaction rate of Sqe is altered by the presence of
small gas phase molecules such as H2O, acetone, acetic acid,
and ethanol. Together these experiments point to the interac-
tions of Cl2 with alkene (C]C), alcohol (–OH), acid (–COOH),
and ester (–COOC) functional groups, which, like temperature,
appear to modify the desorption kinetics of Cl2 from the aerosol
surface.
Experimental design

The heterogeneous reactions are conducted in the owtube
reactor, which has been widely used to explore the chemical
kinetics of the heterogeneous reactions between aerosols and
gases. Below we summarize the main features of the
experiment.
Aerosol generation

Polydisperse aerosols are generated via homogeneous nucle-
ation by passing dry N2 (0.3 SLM) through a Pyrex tube located
in a tube furnace. The Pyrex tube is lled with either a neat
liquid (e.g. Sqe), or is mixed with an additive, i.e. linoleic acid
(LA), oleic acid (OA), 2-decyl-1-tetradecanol (C24OH), squalane
(Sqa) or bis(2-ethylhexyl) sebacate (BES). These particular
additives were selected because they are liquids at room
10456 | Chem. Sci., 2021, 12, 10455–10466
temperature and should be fully miscible in Sqe. Specically, 2-
decyl-1-tetradecanol, also a liquid at room temperature, is used
rather than a normal alcohol to avoid the potential complica-
tions of well-known surface freezing effects, which can produce
unexpected reaction products as observed for the OH oxidation
of n-octacosane.40 The nal composition of the aerosol is
assumed to identical to the composition of the liquid mixture
prior to nucleating the aerosol. These chemicals were
purchased from Sigma-Aldrich. As the vapor cools and exits the
Pyrex tube, aerosols homogeneously nucleate. The aerosol-
laden ow is then passed through an annular activated char-
coal denuder to remove any residual gas-phase organics
produced in the oven. The furnace temperature is adjusted for
each experiment to generate stable aerosol streams. The average
aerosol distribution is log-normal with a mass concentration of
�3000 mg m�3 (2.0 � 106 cm�3) and an average diameter of
150 nm.

Flowtube reactor

Upon exiting from the charcoal denuder, the aerosol ow is
mixed with additional gases: Cl2, O2, wet or dry N2 and for
selected experiments gas phase additives (acetone, acetic acid,
ethanol), to yield a total ow of 1.1 SLM. This ow is then
introduced into the room temperature owtube reactor (140 cm
long and 2.5 cm inner diameter) that has, under these ow
conditions, an average residence time of �37 seconds. For the
temperature dependent experiments, a second double-walled
owtube reactor is used. This ow tube is 110 cm long with
an inner diameter of 2.2 cm and an average residence time, at
1.1 SLM, of �23 seconds. Water is circulated in the outer
portion of the ow tube in order to control reaction tempera-
ture. The recirculated water is xed at 5, 25, 35 or 50 �C for the
temperature dependent studies. Cl2 is delivered from a stan-
dard cylinder (52 ppm balanced with nitrogen) purchased from
Praxair, Inc. All experiments are conducted at atmospheric
pressure and in the dark to avoid the possible photolysis of Cl2
to produce Cl atoms.

Detectors

The aerosol chemical composition and its size distribution are
measured in real time. The aerosol size distribution is
measured by a TSI scanning mobility particle sizer (SMPS),
consisting of a 3080L Differential Mobility Analyzer (DMA) and
3025 Condensation Particle Counter (CPC). The average size of
the aerosol remains unchanged during reaction, which indi-
cates that C–C bond scission pathways to produce volatile
reaction products are unlikely.

The chemical composition of the aerosol is measured by
a vacuum ultraviolet aerosol mass spectrometer (VUV-AMS),41,42

located at the Chemical Dynamics Beamline 9.0.2, Advanced
Light Source (ALS), Lawrence Berkeley National Laboratory,
Berkeley, CA, USA. Mass spectra are recorded by rst vaporizing
the aerosol at �125 �C, followed by photoionization using
tunable vacuum ultraviolet (VUV) light. Photon energies are
selected for each experiment to minimize ion fragmentation.
9.6 eV is used for neat Sqe, while slightly larger energies are
© 2021 The Author(s). Published by the Royal Society of Chemistry
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used for Sqe/additive mixtures (e.g. 10.2 eV for Sqe/C24OH
mixture experiment).
Data analysis

In a typical experiment, a series of mass spectra are recorded as
a function of Cl2 exposure ([Cl2] � reaction time) to obtain the
kinetic decay of Sqe and the rise of reaction products, as shown
in Fig. 1A. A plot of the normalized Sqe signal versus Cl2 expo-
sure is then t to an exponential function to obtain a second
order heterogeneous rate coefficient, kt.43 kt is then used to
compute an effective reaction probability for Sqe (gSqe

eff ) using,

g
Sqe
eff ¼ 4kfitDrNAxSqe

6cM
(1)

where D, r, c, M and NA are the average diameter, the initial
particle density, velocity of Cl2 gas, molecular weight of Sqe, and
Avogadro's number, respectively. gSqe

eff is the fraction of Cl2
collisions with Sqe in the aerosol that yield a reaction.43 For the
mixture experiments, the mole fraction of the Sqe (xSqe) is used
when computing gSqe

eff . This approach allows us to focus on how
the inherent reaction rate (i.e. gSqe

eff ) of Sqe with Cl2 is altered in
the presence of spectator molecules doped either together with
Sqe in the aerosol phase or introduced as gases into the
reactor.

A sequence of chlorinated reaction products (denoted
SqeCln) are observed in the mass spectra and provide insight
into the reaction mechanism shown in Fig. 1. It is difficult to
obtain the absolute concentrations of the reaction products
from the ion signal alone, due to the lack of absolute photo-
ionization cross-sections and authentic standards to account
Fig. 1 (A) Normalized concentrations of Sqe and SqeCln as a function
of chlorine exposure ([Cl2] � time). The normalized concentration of
Sqe is divided by three (i.e. /3) for ease of presentation. Symbols are
experiments. Solid lines are predictions by the sequential reaction
model described in eqn (2). (B) Difference mass spectra (reacted–
unreacted Sqe) showing the SqeCln reaction products. (C) A reaction
scheme showing the first three product generations (n), as well as the
dissociative photoionization pathways that involve one or more –HCl
eliminations.

© 2021 The Author(s). Published by the Royal Society of Chemistry
for ion fragmentation patterns. Instead, the relative abundance
(%) of the products are reported by normalizing the product
signals (e.g. product [SqeCln]) to the initial signal of the
unreacted Sqe (e.g. [Sqe]0), namely [SqeCln]/[Sqe]0.

Results and discussion
(a) Kinetics and temperature dependence of the
heterogeneous reaction of neat Sqe

Fig. 1A shows the normalized decay of Sqe as a function of Cl2
exposure, which when t to an exponential function yields
gSqe
eff ¼ 3.5 � 10�5 using eqn (1). This value is slightly smaller

than previously reported value by Popolan et al.33 (i.e. 6.6 �
10�5). The reason for this difference is unclear, but likely
reects, as will be shown below, the sensitivity of this reaction to
the presence of gas and particle phase species present in the
reactor. Fig. 1B shows a difference mass spectrum (reacted–
unreacted) showing reaction products; denoted SqeCln. This
pattern of reaction products is consistent with the sequential
electrophilic addition of Cl2 to each of the 6 C]C bonds
(Fig. 1C), aer accounting for –(HCl)n elimination produced by
dissociative photoionization as shown previously.33,44 For
example, the rst-generation neutral product SqeCl2
(C30H50Cl2) appears at a m/z corresponding to either SqeCl
(C30H49Cl) or Sqe-2 (C30H48) aer one or two –HCl eliminations,
respectively. This pattern is also consistent with –(HI)n elimi-
nation observed during dissociative photoionization of iodo-
hydrocarbons.45

The kinetic evolution of each product generation, n (SqeCln),
shown in Fig. 1A appears statistical and is consistent with
a sequential reaction model analysis46 conducted by Popolan
et al.33 as well as other systems exhibiting multi-generational
kinetics.43–45 The sequential reaction model applies to parti-
cles that are well-mixed on the timescale of the reaction, where
the population of reactive species in the aerosol (i.e. Sqe,
SqeCln) is a Poisson distribution46 (eqn (2)) that evolves with
chlorine exposure ([Cl2]t).

f ðn; ½Cl2�tÞ ¼ ½SqeCl2n�
½Sqe�0

¼
�
kfit½Cl2�t

�n
n!

eð�kfit ½Cl2 �tÞ (2)

[SqeCl2n] is the concentration of product generation (n) and
[Sqe]0 is the initial Sqe concentration. kt is the second order
heterogeneous rate constant, which is assumed, for simplicity,
to be the same for all generations (e.g. Cl2 + Sqe and Cl2 +
SqeCln). Eqn (2) can reasonably account for the kinetic evolu-
tion of the products (SqeCl2, SqeCl4 and SqeCl6) as shown in
Fig. 1A, which indicates that the chemical evolution of Sqe and
SqeCln can be well represented by the same rate constant kt,
indicating that gSqe

eff zg
SqeCl2
eff zg

SqeCl4
eff zg

SqeCl6
eff .

The temperature dependence of the Sqe + Cl2 reaction is
measured at 5, 25 and 50 �C. As shown in Fig. 2A, the Sqe
reaction rate gets faster as the temperature is lowered (e.g. 50 to
5 �C). As expected, gSqe

eff also increases with decreasing temper-
ature as shown in Fig. 2B, with the reaction proceeding �5�
faster at 5 �C compared to 50 �C. Although the reaction rate
increases with decreasing temperature, the product formation
kinetics remain sequential (i.e. gSqe

eff zg
SqeCl2
eff zg

SqeCl4
eff zg

SqeCl6
eff )
Chem. Sci., 2021, 12, 10455–10466 | 10457
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Fig. 2 (A) Normalized decay of Sqe as a function of Cl2 exposure at 5,
25 and 50 �C. Symbols are experimental data; solid lines are predic-
tions from the sequential reaction model. (B) gSqe

eff as a function of
temperature. Symbols are experimental data, which are connected by
solid lines to guide the eye.
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and the product mass spectra (Fig. 1B) are nearly identical for
all temperatures. This suggests that the overall mechanism
does not change with temperature, but rather just the overall
rate of chlorination.

While this negative temperature dependence is somewhat
unusual for chemical reactions occurring in single phase, it
does occur for multistep reactions that proceed through
a potential well or pre-reactive complex. Trace gas uptake at
droplet surfaces oen exhibit a negative temperature depen-
dence, since mass accommodation is controlled by multiple
elementary steps as shown in Fig. 3.1–5,47–50 Without reaction,
there are two coupled equilibria that control the concentration
Fig. 3 Schematic of gas uptake at an aerosol surface showing
adsorption, desorption, solvation, de-solvation steps (denoted as steps
(i) to (iv)), as well as the chemical reactions. The net Henry's law
constant (H) is also shown.

10458 | Chem. Sci., 2021, 12, 10455–10466
of Cl2 in the aerosol. The rst equilibrium describes the parti-
tioning of gas phase Cl2(gas) to form an adsorbed species (i.e.
Cl2(ads)), whose steady state concentration is controlled by the
rate constants for Cl2 adsorption (kads) to and desorption (kdes)
from the interface (steps (i) and (ii) in Fig. 3). The second
equilibrium describes the partitioning of Cl2(ads) to the bulk
(Cl2(bulk)) and is governed by the solvation (ksol) and de-solvation
(ksol-rev) rate constants shown in steps (iii) and (iv) in Fig. 3. The
product of these two equilibria is the Henry's law constant (H)
for Cl2. Diffusion pathways are not explicitly shown in Fig. 3.

For the system considered here there are reaction steps in
the bulk and at the surface. The reacto-diffusive length (L) of Cl2
in Sqe is,

L ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

D

krxn½Sqe�

s
(3)

where D is the diffusion coefficient of Cl2 and krxn is the
bimolecular rate constant for the chlorination reaction. L is
estimated to be �300 nm (D ¼ 1.38 � 10�5 cm2 s�1,51 krxn ¼ 1.0
� 10�17 cm3 molecules�1 s�1,52 [Sqe] ¼ 1.26 � 1021 molecules
cm�3), which is �2� larger than the average aerosol diameter
used in the experiments. Additionally, Cl2 is quite soluble in
both hydrocarbons53,54 (e.g. decane55) and in polymers56,57 with
a dimensionless Henry's law (Hcc) constant between 10–20.
Thus chlorination is expected to occur within the volume of the
particle. However, despite this expectation that chlorination
occurs mainly in the bulk (as suggested by eqn (3)), the
temperature dependence of the uptake coefficient, estimated
using a resistor model explicitly neglecting surface processes,
predicts that the uptake coefficient will actually decrease with
temperature as shown in Fig. S1 and described in the ESI.† This
is opposite of the experimental trend and suggests the impor-
tance of surface process in governing the observed uptake
coefficient.58

As shown previously for many systems,1–4,47–50 the negative
temperature dependence observed for the mass accommoda-
tion coefficient arises from the aggregate temperature depen-
dence of the individual surface steps shown in Fig. 3. The
negative temperature dependence observed in Fig. 2B is likely of
similar origin.4,47,48 From previous studies,59 the adsorption step
kads is assumed to have no barrier and expected to be nearly
temperature independent with only slight changes arising from
the temperature dependence of the Cl2 velocity. The negative
dependence48,60 is mainly controlled by surface desorption (kdes,
step (ii), Fig. 3) and solvation (ksol, step (iii), Fig. 3), however the
exact scaling and magnitude of these individual rates is model
dependent. From molecular beam scattering experiments, kdes
is expected to decrease with temperature following an Arrhenius
relationship: as temperature decreases, desorption time
lengthens and kdes becomes smaller.61 The temperature
dependence of ksol is more ambiguous in prior studies. In some
studies,59,60,62 ksol is thought to be weakly temperature depen-
dent, varying much more slowly than desorption due to the
smaller activation energy for solvation. The critical cluster
nucleation model60 predicts an increase of ksol with decreasing
temperature, whereas the Gibb's surface model60 predicts the
© 2021 The Author(s). Published by the Royal Society of Chemistry
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opposite – a slight decrease. In Molecular Dynamics (MD)
simulations63–65 there doesn't appear to be a substantial barrier
for solvation, as predicted by the nucleation model. To our
knowledge, there remains a substantial uncertainty in how to
reconcile these various model predictions (MD, critical cluster
nucleation,49 capillary wave66) of trace gas uptake with experi-
mental measurements,1,2,60,67,68 which is needed to produce
a self-consistent set of kinetic parameters that vary with
temperature.

Despite this uncertainty, the temperature dependence
shown in Fig. 2B can be reasonably interpreted as follows. Since
the reacto-diffusive length is larger than the particle diameter,
the chlorination reaction is expected to occur throughout the
particle volume. So as temperature decreases so does kdes,
leading to an increase in [Cl2(ads)], which will increase both the
chlorination rate at the interface as well as the rate of solvation
(i.e. Cl2(ads) / Cl2(bulk)), which in turn increases the chlorina-
tion rate in the bulk. Effectively, a decrease in kdes (or ksol) at low
temperatures, increases the net Henry's law constant (H) for Cl2,
since it is product of the two equilibria shown in Fig. 3.

In order to further explore the origin of the accelerated
heterogeneous reaction rates at low temperature, a series of
isothermal experiments are conducted to examine how spec-
tator molecules containing oxygenated functional groups
modify the chlorination rate of Sqe in a similar way as
decreasing the temperature.

(b) Accelerated rates in Sqe/alcohol mixtures

2-Decyl-1-tetradecanol (C24H50O, termed C24OH) is mixed with
Sqe to make an aerosol of binary composition. C24OH is satu-
rated and thus unreactive towards Cl2. As shown in Fig. 4A, the
Fig. 4 (A) Normalized decay of Sqe as a function of Cl2 exposure for nea
(B) gSqeeff as a function of additive mole fraction. Symbols are experimental
structures of Sqe and the liquid additives.

© 2021 The Author(s). Published by the Royal Society of Chemistry
decay of Sqe in the binary mixture is faster when compared to
the reactivity of neat Sqe. Fig. 4B shows gSqe

eff as a function of
C24OH mole fraction, which is observed to steeply increase and
then plateau at 8 � 10�4 when the aerosol is �12–15% C24OH.
gSqe
eff in the mixture is 23 times larger than for the neat Sqe

experiment (3.5 � 10�5). As discussed below we nd no
evidence that the presence of C24OH alters the product
composition.

The plateau shown in Fig. 4B suggests that C24OH partitions
to the aerosol surface and tends towards saturation as its bulk
mole fraction is increased. The steep increase and saturation of
gSqe
eff is different from the monotonic increase one would expect

for the alternative case where the bulk solubility of Cl2 is
substantially larger in C24OH than in Sqe. Previous computa-
tional and experimental studies, on reasonably analogous
systems, support these observations; namely that oxygenated
solutes (e.g. C24OH, ethanol, and other oxygenates) generally
partition to the surface of a hydrocarbon solvent. For example,
Pecsok and Gump69 found that the surface tension of squalane
(saturated analog of Sqe) decreases steeply when mixed with
a small amount of ethanol. At ethanol mole fractions of �0.02,
the squalane/ethanol solution exhibits a surface tension that is
nearly identical to that of the pure ethanol liquid. A Molecular
Dynamics study of squalane, reported by Wick et al.,70 found
that for 1-butanol the gas–surface partitioning coefficient was
�1.5 � larger than the gas–bulk partitioning coefficient, indi-
cating interfacial enrichment. Another study71 of the partition-
ing of alkanols in squalane found that surface partitioning
increased with alcohol carbon number, with the surface parti-
tioning coefficient of 4-heptanol and 2-heptanol being 10 to 100
times larger than that of ethanol, respectively.69
t Sqe and Sqe + additive (i.e. C24OH, LA, OA, BES and Sqa) experiments.
data, which are connected by solid lines to guide the eye. (C) Chemical
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Fig. 5 (A) Differencemass spectra (reacted–unreacted Sqe) showing the reaction products (SqeCln); (B) Decay of Sqe and the formation kinetics
of SqeCln in the Sqe/C24OHmixture experiment. Symbols are experimental data; solid lines are generated from the sequential reaction model in
eqn (2).

Fig. 6 (A) Normalized decay of Sqe as a function of Cl2 exposure for

Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
Ju

ly
 2

02
1.

 D
ow

nl
oa

de
d 

on
 1

2/
5/

20
25

 5
:2

8:
06

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
Fig. 5A shows the reaction products formed in the Sqe/
C24OH mixture experiment. The major products are the
same series of SqeCln peaks that were observed in the neat
Sqe reaction (Fig. 1). This is expected since C24OH lacks
reactive sites for electrophilic addition of Cl2. The kinetics,
shown in Fig. 5B, although faster, remain sequential (i.e.
g
Sqe
eff zg

SqeCl2
eff zg

SqeCl4
eff zg

SqeCl6
eff ) in the presence of C24OH.

In summary, we nd evidence for the surface partitioning of
C24OH, but no evidence that its presence in the aerosol forms
new reaction products, which would suggest an altered reaction
mechanism (e.g. chlorohydrin formation39). Rather, the alcohol
appears only to accelerate the sequential addition of chlorine to
Sqe without directly participating in the mechanism (i.e.
a catalyst). Together these observations suggest that the accel-
eration mechanism involves a slowing of the Cl2 desorption
kinetics (in analogous way as decreasing temperature for the
neat Sqe reaction) likely through the stronger binding of Cl2 to
the –OH moiety of C24OH. This is consistent with the delayed
desorption of gas when forming interfacial hydrogen-bonds, as
reported by Morris and coworkers.61 Thus, any decrease in kdes,
due to halogen-bonding, will enhance both the chlorination
rate of Sqe at the interface as well as solvation rate of Cl2(ads),
which together would account for the accelerated kinetics.

Fig. 6A shows the temperature dependence of the Sqe decay
kinetics in a binary mixture with C24OH. Although the decay of
Sqe in the mixture becomes more rapid as temperature is
reduced to 5 �C, the temperature dependence of the uptake
coefficient is much weaker in the mixture than the pure Sqe
aerosol (Fig. 6B). An Arrhenius analysis of the temperature
dependence in Fig. 6B yields a phenomenological activation
energy of�26.7 kJ mol�1 for pure Sqe and�13.9 kJ mol�1 for the
Sqe/C24OH mixture. In the past, the temperature dependence of
the mass accommodation coefficient is used to extract informa-
tion about the energetic barriers for non-reactive and in some
cases reactive uptake. However, the interpretation of the energies
extracted from the data in Fig. 6B in terms of simple energetic
barriers is more ambiguous due to the complex coupling of the
equilibria and surface/bulk reaction pathways shown in Fig. 3.
Sqe/C24OH as a function of temperature (5, 25, 35 and 50 �C). Symbols
are experimental data; solid lines are from the sequential reaction
model. (B) gSqeeff as a function of temperature for pure Sqe (solid
symbols), and the Sqe/C24OH mixture experiments (open symbols).
Symbols are experimental data, which are connected by lines to guide
the eye.
(c) Accelerated rates in Sqe/fatty acid mixtures

Aerosols containing binary mixtures of Sqe and two liquid fatty
acids are used to further evaluate the role of oxygenated
10460 | Chem. Sci., 2021, 12, 10455–10466
functional groups (i.e. –COOH) in accelerating the chlorination
of squalene. Unlike C24OH, linoleic acid (LA) and oleic acid (OA)
have C]C bond(s), and react with Cl2. LA and OA reside
together with Sqe in skin lipids.34 Fig. 4A shows the decay of Sqe
in binary mixtures with either LA or OA. The presence of these
fatty acids leads to faster decay kinetics for Sqe than for the neat
case. As observed with C24OH, there is a steep increase of
gSqe
eff with LA and OA mole fraction, reaching a plateau of gSqe

eff ¼
5.3 � 10�4 and 4.17 � 10�4, which is around 16 and 12 times
faster than the reaction rate of pure Sqe.

Fig. 7 compares the products formed in the Sqe/LA (or OA)
mixture with results obtained using pure LA (or OA). In addition
to the series of products originating from Sqe (i.e. SqeCln), there
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Differencemass spectra showing reaction products (SqeCln, LACln and OACln) during the heterogeneous reaction of Cl2 in (A) neat LA; (B)
the Sqe/LA mixture; (C) neat OA; and (D) the Sqe/OA mixture experiments, respectively.
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appears new species that arise from the reaction of Cl2 with OA
and LA. This is expected since the C]C bond(s) in LA and OA
react with Cl2 to produce LACln (detected as LA-2 and LACl) and
OACln (detected as OA-2) products as shown in Fig. 7. These
LACln and OACln products are the same as those in pure aero-
sols of LA (or OA) as shown in Fig. 7A and C. The reaction
pathways for the formation of these chlorinated products and
the mass spectral peak patterns, aer accounting for –(HCl)n
elimination, are shown in Fig. S2 and S3 in the ESI.† These
patterns are consistent with the dissociative photoionization
pathways observed for SqeCln and described above.

Besides SqeCln, LACln and OACln, no new products, beyond
what is observed for pure LA and OA, are detected in the mixed
aerosols, which suggest that the presence of these fatty acids
does not alter the reaction pathway of Sqe itself. This is
consistent with Sqe/C24OH experiment described above. Addi-
tional experimental evidence and checks for Sqe/LA system can
be found in Fig. S4 and S5 in the ESI.†

It is interesting to note that the acceleration of the Sqe
kinetics in the presence of LA (or OA) is only slightly smaller
than that observed for C24OH as shown in Fig. 4B. This suggests
that the key moiety that enhances the kinetics is the –OH rather
than the –C]O group.
(d) Accelerated and decelerated heterogeneous rates of Sqe in
the presence of BES and Sqa

To examine the role of the –C]O group on the rate acceleration,
a liquid ester, bis(2-ethylhexyl) sebacate (BES), is mixed with Sqe
as shown in Fig. 4C. BES has a saturated carbon backbone,
which is unreactive towards Cl2. As shown in Fig. 4, the pres-
ence of BES slightly accelerates the decay of Sqe, with a gSqe

eff that
is only 26% larger than is observed for the pure Sqe case. This
indicates, assuming that interfacial orientation plays a minor
role, that the –C]O portion of BES only slightly increases the
reaction rate, suggesting that the largest contribution to reac-
tion acceleration is from the –OH group in the acids. For a nal
© 2021 The Author(s). Published by the Royal Society of Chemistry
comparison, a saturated alkane, squalane (Sqa), is added to Sqe.
Sqa has a similar branched structure as Sqe, but lacks C]C
bonds as shown in Fig. 4C. In this binary mixture,
gSqe
eff decreases by 66% relative to pure Sqe.
As shown above for the Sqe/C24OH experiment, the same set

of Sqe reaction products are observed to form sequentially in
the LA, OA, BES and Sqa mixtures, albeit their formation
kinetics are either accelerated or decelerated when compared to
the pure Sqe aerosol. This is illustrated in Fig. 8A where the
formation and subsequent consumption kinetics of SqeCl is
observed to be most rapid for the Sqe/C24OH mixture, followed
by Sqe/LA, Sqe/OA, Sqe/BES, pure Sqe and Sqe/Sqa, respectively.
The product formation kinetics mirror the trend in
gSqe
eff observed in Fig. 4A. This is illustrated in Fig. 8B where the

kinetics are recast in terms of Sqe lifetimes (sSqe) instead of Cl2
exposure as shown in Fig. 8A. sSqe is the product of Cl2 exposure
(molecules per cm3 � s) and the inverse Sqe decay constant, 1/
kt. Fig. 8B shows that the evolution of SqeCl in pure Sqe aerosol
and in the various binary mixtures as a function of sSqe are
identical within error. This indicates that the presence of the
aerosol additives doesn't change the overall reaction mecha-
nism but rather these additives serve only to modulate the
overall rate of sequential addition of Cl2 to Sqe and its chlori-
nation products.

To summarize, the reactivity of Sqe can vary by over an order
of magnitude and depends upon temperature and molecules
co-present with Sqe in the aerosol. We nd no evidence that
these additives (or temperature) alter the Sqe + Cl2 mechanism
through the formation of new products or by deviations from
the sequential reaction mechanism. Instead, we nd that the
magnitude of gSqe

eff scales with the molecular structure of the
additive, with clear evidence that oxygenated functional groups
accelerate the heterogeneous chlorination of Sqe. The observed
order of decreasing heterogeneous reactivity by functional
group is: –OH > –COOH > –C]O > C]C > C–C. This pattern
appears consistent with the expected interaction strength of Cl2
with various functional groups, pointing to the importance of
Chem. Sci., 2021, 12, 10455–10466 | 10461
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Fig. 8 Formation kinetics of SqeCl in pure Sqe aerosols, Sqe/C24OH, Sqe/LA, Sqe/OA, Sqe/BES and Sqe/Sqa aerosol mixtures, and Sqe aerosols
with gas additives (i.e. acetone, water, acetic acid, ethanol): (A) as a function of Cl2 exposure; or (B) as a function of Sqe lifetime (sSqe). Symbols are
experimental data, which are connected by lines to guide the eye.
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halogen bonding in promoting heterogeneous reactivity in the
system. For example, from calculations it is observed that the
interaction of Cl2 with –OH groups is more favorable than with
C]C bonds.30 It seems likely that the additives (as well as
reducing temperature) prolong the lifetime of Cl2 at the aerosol
surface, allowing increased ux through those pathways that
culminate in a reaction, either directly at the interface or via
reaction in the bulk aer solvation of Cl2(ads). This conclusion
will be further tested by introducing small oxygenated spectator
molecules, as additives to the gas phase.
(e) Heterogeneous chlorination of Sqe with gas phase
additives

Gas phase additives are introduced to the reactor by passing N2

through a glass bubbler lled with either water, ethanol, acetic
Fig. 9 Normalized decay of Sqe as a function of Cl2 exposure and ga
a function of gas phase additive concentration.

10462 | Chem. Sci., 2021, 12, 10455–10466
acid, or acetone. The vapor concentration is controlled by
changing the fraction of the total N2 ow that is diverted
through the bubbler. Fig. 9A shows that Sqe decays faster with
increasing water vapor concentration ([H2O]). gSqe

eff increases
monotonically with [H2O], reaching a value at [H2O] ¼ 4.2 �
1017 moleclues cm�3, that is 45% faster than under dry condi-
tions (Fig. 9C). These observations are consistent with a recent
study that has conrmed the presence of adsorbed water at the
squalene/air interface.72

Sqe decays more rapidly (up to 10�) with increasing
concentrations of ethanol vapor as shown in Fig. 9B. This is also
observed for acetic acid and acetone vapor. These results are
summarized in Fig. 9C where gSqe

eff shows a monotonic increase
with additive concentration over what is observed for Sqe in the
presence of N2 only. In each case gSqe

eff does not reach a plateau
as was observed for the longer chain alcohol and fatty acid
s phase additives concentration: (A) H2O and (B) ethanol. (C) gSqeeff as

© 2021 The Author(s). Published by the Royal Society of Chemistry
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aerosol mixtures shown in Fig. 4B. This likely means, for
example, that ethanol does not reach high enough concentra-
tions in our reactor to saturate the aerosol surface. The order of
reaction acceleration normalized to gas phase concentration is:
acetic acid > ethanol > acetone$ water. Direct comparison with
the aerosol additive trend in Fig. 4 is somewhat difficult, since
the magnitude of reaction acceleration will depend both upon
the strength of halogen bonding to Cl2 as well as the parti-
tioning of these small molecules to the aerosol surface, which
will roughly scale with their relative vapor pressure.

The rst generation reaction product (i.e. SqeCl) produced in
the presence of these small gas phase molecules is plotted
versus chlorine exposure and Sqe lifetime in Fig. 8. When
normalized to Sqe lifetime the product formation kinetics are
nearly identical to the binary mixture results. This suggests that
in addition to aerosol phase additives, small gas phase mole-
cules co-adsorbed to the aerosol surface can prolong the life-
time of Cl2 providing additional time for the chlorination
reaction to occur. These results appear consistent with previous
studies of the enhanced uptake of HCl gas onto organic liquids
in the presence of co-adsorbed H2O, which is facilitated by the
formation of H2O–HCl complexes as reported in the ref. 73.

Conclusions

Experimental evidence is presented that both gas and aerosol
phase molecules, which have oxygenated functional groups,
catalyze the heterogeneous chlorination of an alkene leading to,
in some cases, a 20� enhancement in the reaction rate. This
behavior is similar to reducing temperature, which is known to
slow the desorption kinetics relative to competing elementary
steps that ultimately lead to solvation and reaction. For certain
additives (ester and alkane), the heterogeneous reaction rate of
Cl2 with Sqe remains unchanged or is even slightly decelerated,
which suggest weaker halogen bonding and larger values for
kdes for these systems. We nd no evidence that either the gas or
aerosol phase additives modify the reaction mechanism.

Instead, these additives behave as spectators that either
accelerate or decelerate the sequential formation of chlorinated
Sqe reaction products. Together these results all point to the
signicant role that halogen bonding might play in this
heterogeneous reaction. We propose that the formation of these
relatively weak directional interactions between the oxygenated
functional groups and Cl2 slows its desorption rate (i.e.
a smaller kdes) from the aerosol surface, thereby enhancing
those pathways (solvation and reaction) that increase the rate of
electrophilic addition. A full kinetic analysis of this data set will
be conducted in a forthcoming publication to examine quanti-
tatively the coupling of reaction, adsorption, solvation, de-
solvation, and reaction rates on the observed reactive uptake
kinetics.

Finally, it is likely, and has indeed been shown theoretically
that weak interactions, such as halogen and hydrogen bonding
at aerosol surfaces can play a substantial role in determining
heterogeneous reaction rates and mechanisms.8–11 The chlori-
nation reaction studied here is perhaps unique in that it is
relatively slow reaction compared to others (e.g. ozonolysis and
© 2021 The Author(s). Published by the Royal Society of Chemistry
free radical reactions), thereby allowing the coupling and
competition of the elementary steps shown in Fig. 3 to be more
easily observed.

It is also interesting to consider the implication of these
results for indoor surface chemistry.23,24,38 Sqe, LA and OA are all
important constituents of skin lipids, which act as a natural
defense against the reactive oxygen and chlorine species. The
half-life (s1/2) of Sqe (in the absence of additives) is �56 min
under indoor conditions when bleach is used ([Cl2] � 100
ppb).35,37 However, in a mixture with other skin lipids such as LA
(or OA), s1/2 for Sqe decreases substantially to �3.6 min at the
same [Cl2]. This indicates that skin lipid reactivity is a more
complex function of the surface and gas phase environment, in
which trace constituents and weak interactions play more
important roles that previously imagined.
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