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Vibrational sum frequency generation (VSFG) spectroscopy and molecular dynamics (MD) simulations are
used to study the surface residence and organization of gas-phase methyl halide and methyl alcohol molecules
adsorbed to the air/water interface, while Raman spectroscopy is used to detect the uptake of the gas-phase
species into the bulk aqueous phase. Spectroscopy results reveal the presence of methyl alcohol in the bulk
and at the surface. Methyl chloride is detected in the bulk, but not at the surface. This indicates that methyl
alcohol adsorbs to the aqueous surface in a layer that is ordered, in agreement with previous studies, and is
also readily taken up into the bulk aqueous phase, whereas methyl chloride adsorbs, but, while being taken
up into the bulk liquid, has lower surface number density and/or forms a more disordered surface layer than
methyl alcohol. MD simulations show that methyl halide molecules transition readily between the gas phase
and interface, resulting in significantly shorter residence times at the surface for the methyl halides relative
to methyl alcohol. Both the geometries that the methyl species adopt at the interface and the interactions
between the methyl species and the interfacial water molecules differ for the halides and the alcohol.
Complementary studies of butyl species show similar results: butyl alcohol adsorbs to the aqueous surface in
a layer that exhibits a certain degree of order corresponding to the chains aligned along the surface normal,
while a markedly more disordered surface layer and shorter residence times are observed in MD simulations
for the butyl halides as compared to the alcohol. Desorption from the interface was found to be less frequent
for the butyl halides than for the methyl halides by MD simulations. Although Raman studies show uptake
of the butyl alcohol into the bulk phase, neither Raman studies nor MD simulations provide any evidence for
uptake of the butyl halides into the bulk phase. The profound difference in preferred orientations between
alkyl halides and alcohols at the aqueous surface, with the halogen atom of the alkyl halides being to a large
degree exposed to the vapor phase, is likely to have consequences for chemistry of alkyl halides adsorbed on
the surface of atmospheric aerosol particles.

high latitudes.'>!* In the troposphere, the primary sink of CH;ClI

Halogenated organic compounds of both biogenic and an-
thropogenic origin are abundant in the atmosphere and have
been recognized to play important roles in both tropospheric
and stratospheric chemistry.! Of the alkyl halides, methyl
chloride (CH;Cl) is of particular interest because it is the largest
contributor of organic chlorine to the atmosphere>? with an
average tropospheric mixing ratio of approximately 540 pptv.*°
A significant fraction of the CH;Cl present in the atmosphere
is biogenic in origin,*’ and a great deal of research in recent
years has been focused on balancing the global CH;Cl budget
because the known sinks of CH;Cl outweigh the known
sources.>*® The primary sources of CH;Cl that are currently
known include biomass burning,” wood-rot fungi,? tropical
coastal land,” various tropical plants,'® coastal salt marshes,!!!?
and the ocean,*'3 which also serves as a net sink of CH;Cl at

T Part of the “Max Wolfsberg Festschrift”.

* Corresponding authors. E-mail: allen@chemistry.ohio-state.edu;
roesel @uochb.cas.cz.

# The Ohio State University.

$ University of South Bohemia.

' Academy of Sciences of the Czech Republic.

10.1021/jp808630v CCC: $40.75

is reaction with OH radical.* However, the relatively long
tropospheric lifetime of CH;CI (> 1 year) results in a significant
amount of CH3Cl being transported into the stratosphere, where
it undergoes photolysis to release ozone-destroying Cl atoms.>!

Halogens have also been implicated in the destruction of
ozone in the troposphere. For several years, surface-level ozone
depletion events have been observed in the Arctic at polar
sunrise and have been correlated to an increase in gas-phase Br
atom concentration, suggesting that atomic Br is an important
component in the ozone destruction cycle.'"? However, the
mechanisms for production of Br atom and its precursors have
not been fully elucidated, nor have the chemical identities of
the precursors been determined with great certainty.?! One of
the first mechanisms proposed for initiation of the ozone
depletion event was photolysis of gas-phase bromoform.!”
Although it has subsequently been suggested that this pathway
is not significant enough to account for the degree of ozone
destruction,?? the possible role of halogenated organic species,
such as alkyl halides, in such processes must not be overlooked.

Alternatively, oxidation of halide ions in sea salt aerosol, the
frozen ocean surface, and the Arctic snowpack has been
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postulated as a possible pathway to the formation of reactive
Br species involved in the ozone depletion events.?*** Both bulk
aqueous phase and heterogeneous reactions have been shown
to be important in the postulated mechanisms.?! 2’ Because the
concentration of halide ions is enhanced at the surface of sea
salt aerosols and in frost flowers on the frozen ocean surface as
compared to bulk-phase seawater,”® 3! interfacial processes
leading to the activation of halides and other surface species
must be considered for other atmospheric processes as well.

The importance of heterogeneous atmospheric processes has
been demonstrated previously.' For example, evidence exists
for the formation of a surface complex (OH-++Cl™) during the
production of gas-phase molecular chlorine from interfacial
aqueous Cl~ and gas-phase OH.?® In this case, single-phase
reactions alone were unable to account for the experimentally
observed production of molecular chlorine, and inclusion of the
interfacial processes was necessary to make the model predic-
tions consistent with the experimental observations.

Without doubt, single-phase chemical reactions are extremely
important in describing atmospheric processes. However, such
reactions cannot adequately account for all of the chemistry in
our atmosphere, and important heterogeneous reactions must
also be taken into account. Considering that the known
biogeochemical cycle of CH;Cl involves partitioning between
different phases, it is reasonable that alkyl halides might also
participate in interfacial processes. Alkyl halide species have
been observed in the Arctic, where the potential for interfacial
chemistry on aerosols, the open ocean, the snowpack, and the
quasi-liquid layer of ice is significant.’?

Here, vibrational sum frequency generation (VSFG) spec-
troscopy is used to study the residence and surface organization
of gas-phase CH;Cl adsorbed onto the surface of water. In
addition, Raman spectroscopy is used to study the uptake of
CH;ClI into the bulk aqueous phase. These experiments are
performed as necessary first steps in understanding possible
surface reactivity and multiphase partitioning of alkyl halides.
The results obtained for CH;Cl are compared to those obtained
for methyl alcohol (CH;0OH), which is also present in the Arctic
troposphere.®® Recent field observations indicate that CH;OH
is taken up into the interstitial air of the porous snowpack, where
the surface area of the snowpack in contact with air is
substantial.*> VSFG results of a longer-chain series, comprising
n-butyl chloride, n-butyl bromide, and n-butyl alcohol, are also
presented. The experimental techniques are complemented by
molecular dynamics (MD) simulations of methyl chloride,
methyl bromide, n-butyl chloride, and n-butyl bromide at the
air/aqueous interface to obtain detailed, molecular level infor-
mation about the adsorption and organization of gaseous alkyl
halides on the liquid water surface. Control simulations for
methyl alcohol and n-butyl alcohol were also carried out. The
results of the MD simulations are used to get insight into the
experiment and aid the interpretation of the acquired experi-
mental data.

Experimental Section

VSFG Theory. Detailed theoretical descriptions of the sum
frequency process are available in the literature.>**° Only a
brief description of this technique is presented here. VSFG is a
second-order nonlinear optical technique that provides vibra-
tional spectra of interfacial molecules. In VSFG, the sum
frequency beam is generated by spatially and temporally
overlapping a visible beam with an infrared beam at a sample
surface. The resulting sum frequency beam has a frequency,
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wsrg, that is the sum of the frequencies of the two incident
beams, wyis and w, as shown in eq 1.

Wgpg = Wyis T O ()

The detected sum frequency signal originates from the molecules
residing at the interface between two isotropic bulk phases and
provides molecular-level structural information of these mol-
ecules. Polarization analysis of the sum frequency signal aids
in spectral interpretation.

The intensity of the sum frequency signal is shown in eq 2.

I‘USFG(w) [ |E®sFe . X(Z) . EwVISE‘wIRPI‘UVISIwIR (2)

I7sre, [@vis; and [“w® are the intensities of the sum frequency,
incident visible, and incident infrared beams, respectively. x(z)
is the macroscopic second-order nonlinear susceptibility tensor
for the interfacial molecules, and the absolute square term is
the electric field at the interface, where the indicated E terms
include Fresnel factors that describe the relationship between
the induced nonlinear polarization of the interface and both the
incoming beams and the generated sum frequency beam.
Detailed mathematical representations of the Fresnel factors can
be found in the literature.?%39~4!

%® is comprised of a nonresonant term and a sum of resonant
terms, as shown in eq 3.

=t Y AP ®

2, the macroscopic nonlinear susceptibility for a vibration v,
is related to the molecular hyperpolarizability for that vibration,
as shown in eq 4.

XE/2) = Nz |]‘L/K:lmn I:Bz/ (4)
Imn

N represents the number density of the surface species; [3,
represents the molecular hyperpolarizability for the v vibrational
mode; ty k., represents an Euler angle transformation between
the laboratory reference frame (denoted by subscripts 7, J, and
K) and the molecular reference frame (denoted by subscripts /,
m, and n); and [3++ [kepresents an average over the orientational
distribution of the molecules. The representation of the molec-
ular hyperpolarizability in the molecular reference frame is
shown in eq 5.
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w, is the frequency of the vibrational transition; I is the natural
line-width of the transition; [gloy,lv0is the Raman transition
moment; and [Jlu,lgllis the infrared transition moment, where
g is the ground vibrational state and v is the excited vibrational
state. When the frequency of the incident infrared beam
approaches the frequency of the vibrational transition, wjr —
w, approaches zero and the value of x5,2> increases, resulting in
an increase in the intensity of the sum frequency signal.
Furthermore, the molecular hyperpolarizability is nonzero only
when the Raman and infrared transition moments are nonzero.
Thus, a vibrational mode must be both Raman and infrared
active for it to be sum frequency active. Symmetry constraints
arising from this selection rule lead to the requirement for a
lack of inversion symmetry for sum frequency generation to be
allowed. Macroscopically, this requirement is fulfilled at
interfaces between two isotropic bulk phases. Sum frequency
generation is forbidden in bulk phases where the molecules
experience a centrosymmetric environment. The molecules
residing at the interface between two isotropic bulk phases
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experience a noncentrosymmetric environment and are sum
frequency active by this selection rule. Furthermore, a bilayer
exhibiting perfect inversion symmetry would be sum frequency
inactive, whereas sum frequency signal would result from a
monolayer or trilayer.

VSFG Instrumentation. The broad bandwidth sum fre-
quency generation (BBSFG) spectrometer*?* employed in these
experiments uses two regenerative amplifiers (Spectra-Physics
Spitfire, femtosecond and picosecond versions) to produce
femtosecond and picosecond visible pulsed laser beams with 1
kHz repetition rates. Each regenerative amplifier is seeded by
one-half of the output from a mode-locked Ti:Sapphire laser
(Spectra-Physics Tsunami) and is pumped by a Q-switched all
solid-state Nd:YLF laser (Spectra-Physics Evolution-30). The
output of the femtosecond regenerative amplifier (800 nm center
wavelength, ~300 cm™! bandwidth, 85 fs pulse duration)*? is
used in an optical parametric amplifier (OPA, Spectra-Physics
OPA-800CF) to generate broad bandwidth infrared pulses (>300
cm™! in the C—H stretching region). The wavelength region of
the infrared output is selected by angle tuning a 3-barium borate
crystal in the OPA. The broad bandwidth infrared beam is
spatially and temporally overlapped at the sample surface with
the output of the picosecond regenerative amplifier (800 nm
center wavelength, 15 cm™! bandwidth, 2 ps pulse duration)*?
to generate the broad bandwidth sum frequency beam. A
copropagating geometry is used for the visible and infrared
beams, and the reflected sum frequency beam is detected. The
angles of the infrared, visible, and sum frequency beams from
the surface normal are 69°, 58°, and 60°, respectively.

The reflected visible beam is spatially filtered after the sample,
and all residual light is optically filtered by two short pass (SPF-
750, CVI, Albuquerque, NM) and two notch (Kaiser Optical
Systems, Inc., Ann Arbor, MI) filters positioned in the sum
frequency beam line. The sum frequency beam is dispersed by
a 1200 g/mm grating blazed at 750 nm in a 500 mm
monochromator (Acton Research, SpectraPro SP-500) and then
detected by a liquid nitrogen-cooled CCD (Roper Scientific, LN
400EB, back-illuminated, 1340 x 400 pixel array). The mono-
chromator is controlled using SpectraSense software (Acton
Research, version 4.4.0).

Sum frequency peak positions are calibrated in the C—H
stretching region using the absorption bands of a polystyrene
film positioned in the infrared beam line during acquisition of
a sum frequency spectrum of a GaAs crystal. Background
spectra are acquired for each sample by disrupting the temporal
overlap of the beams, and the background-subtracted sum
frequency spectra are normalized to the nonresonant signal from
a GaAs crystal surface. Polarization selection is achieved using
a MgF, window in the infrared beam, a half-wave plate in the
visible beam, and a Glan polarizer in the sum frequency beam.
The resolution of the BBSFG system is approximately 8 cm™!.*

Materials. Methyl alcohol (CH;OH; HPLC grade), n-butyl
chloride (C4HyCl; ACS certified), and n-butyl alcohol (C4HyOH;
ACS certified) were obtained from Fisher Scientific. n-Butyl
bromide (C4HoBr; 99+% purity) was obtained from Acros
Organics. Methyl chloride (CH3Cl; 99.5% purity, instrument
grade) was obtained from Scott Specialty Gases, Inc. (Plum-
steadville, PA). Nitrogen (NF, compressed) was obtained from
Praxair, Inc. (Danbury, CT). All chemicals were used as
received. Deionized water was obtained from a Barnstead
Nanopure filtration system with a minimum resistivity of 18.2
MQ cm.

Experimental Method. To monitor the adsorption of gas-
phase alcohols and alkyl halides to the aqueous surface, a flow
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chamber was used in combination with the BBSFG system. The
flow chamber was attached to the sample stage of the BBSFG
system, and the gas-phase species of interest was flowed over
24 mL of water in a Petri dish contained in the chamber while
continuous VSFG spectra (60 s acquisitions) were obtained for
up to 2 h. Approximately 6.5 uJ of infrared energy and 300
uJ of visible energy were used for these experiments, and all
spectra shown were acquired in the SSP polarization combina-
tion. PPP and SPS spectra were also acquired and are shown in
the Supporting Information. Background spectra were obtained
for each sample throughout each flow experiment by disrupting
the temporal overlap of the incident beams. All VSFG spectra
are background-subtracted and normalized to the nonresonant
VSFG signal from a GaAs crystal. The effect of evaporation
was tested during these experiments to ensure proper overlap
of the incident pulses.

The chamber used for the adsorption experiments is com-
prised of a stainless steel lid that attaches to a stainless steel
cylindrical base by using knife-edge sealing technology in
conjunction with a copper gasket (4 in. i.d.). The incident beams
enter the chamber through a BaF, viewport (Reflex Analytical
Corp., p/n 8960-1BAF2) on the chamber lid, and the SFG beam
exits the chamber through a BK7 viewport (Kurt J. Lesker Co.,
p/n VPZL-275BK7). Because the optical properties of the
windows affect the spatial and temporal overlap of the incident
beams inside the flow chamber (as compared to when the
chamber lid is removed), the overlap of the beams was optimized
while monitoring the VSFG signal from a sample of sodium
dodecyl sulfate (SDS) inside the flow chamber before the
adsorption experiments were performed. The base of the
chamber was lined with Teflon tape to minimize scattering of
light inside the chamber, and a Teflon ring was used around
the Petri dish to hold the sample in place inside the chamber.

Volatilization of the liquid samples (CH;OH, C4H,OH,
C4HyCl, and C4HgBr) was accomplished by flowing nitrogen
gas at 15 standard cm*/min (sccm) through the liquid of interest
contained in a glass vial. A flow controller (MKS Instruments,
model 1479A51CS1BM; used with control box model PR4000-
F2VIN) was used to maintain a steady flow of nitrogen gas
into the liquid sample. Teflon tubing (1/8 in. 0.d.) and Swagelok
fittings were used to connect the flow controller to a stainless
steel needle that was inserted into the liquid sample through a
rubber septum. The nitrogen gas was bubbled into the liquid
sample, and the gas mixture (volatilized species and nitrogen
gas) was transported out of the vial and into the flow chamber
using a second needle attached to Teflon tubing (1/4 in. o.d.).
The opening of the second needle was placed approximately 1
in. above the surface of the liquid sample. Swagelok fittings
were used to attach the tubing to both the collection needle and
an inlet port in the flow chamber lid.

Because CH;Cl has a very high vapor pressure at room
temperature, the liquid was contained in a nonpressurized tank.
The methyl chloride vapor was extracted from the container
using a low-pressure regulator (Scott Specialty Gases, Inc.,
model 051202A510). Teflon tubing (1/4 in. 0.d.) connected the
regulator to a flow controller that was operated at 10 sccm. The
output of the flow controller was connected to the flow chamber
using Teflon tubing (1/4 in. o.d.). The fluxes (number of
molecules per minute) were calculated by the weight difference
for the liquid samples, whereas for the methyl chloride the ideal
gas equation was used. (Ideal behavior was assumed because
the sample chamber was open to the atmosphere during methyl
chloride flow.) The fluxes were calculated to be 1.9 x 10?° and
2.5 x 10% molecules/minute for methyl alcohol and methyl



2018 J. Phys. Chem. A, Vol. 113, No. 10, 2009

chloride, respectively. Gas (as a function of time) and liquid
concentrations are reported in the Supporting Information.

For all species, the experiments were performed at 24 °C
and ambient pressure, and the vapor was exhausted from the
flow chamber through an outlet on the lid. The organic vapors
were purged from the cell using a flow of pure nitrogen gas
after the adsorption experiments. The aqueous samples were
then collected for subsequent bulk-phase analysis using a Raman
spectrometer.

The Raman spectrometer employed in these experiments uses
a 532 nm continuous wave laser (Process Instruments; model
PI-ECL-785-300-SH) as an excitation source. The laser beam
(0.2 mW) is delivered to the sample by the same fiber optic
probe (InPhotonics) used to collect the scattered light. The
scattered light is dispersed by a 600 g/mm grating blazed at 1
um in a 500 mm monochromator (Acton Research, SpectraPro
500i; 50 um slit width) and detected using a liquid nitrogen-
cooled CCD (Roper Scientific, LN 400EB, back-illuminated,
deep depletion, 1340 x 400 pixel array). The monochromator
is controlled using SpectraSense software (Acton Research,
version 4.2.9) and calibrated to the 435.83 nm line of fluorescent
light. The peak positions of the Raman spectra are calibrated
by comparing the position of experimentally observed naph-
thalene peaks to those in the literature.*> An acquisition time
of 3 min was used for the Raman experiments. All reported
peak frequencies (for both Raman and VSFG spectra) are the
observed frequencies, not from spectral fits.

MD Simulations. Molecular dynamics simulations of the
adsorption of alkyl halides to the aqueous surface were
performed using a water slab with two independent liquid/vapor
interfaces. The simulation box contained 864 water molecules.
The size of the box was set to 30 A x 30 A x 100 A, with the
elongated box dimension along the z-axis normal to the two
liquid/vapor interfaces. An interface is defined as the region
between 90% and 10% of the bulk water density. Periodic
boundary conditions were applied in all three dimensions.
Following a 250 ps equilibration of the water slab at 298 K,
selected alkyl halide molecules (CH;Cl, CH;Br, C4HoCl, or
C4HoBr) were added into the simulation box. Simulations were
carried out for 2 and for 50 alkyl halide molecules in the unit
cell. Initial configurations for the trajectories were obtained by
placing one-half of the total number of the alkyl halide
molecules (i.e., 1 or 25) into the gas-phase region of the
simulation box approximately 2 A away from each of the two
interfaces. The 25 alkyl halide molecules were initially placed
on a regular grid in the xy plane. All systems were first energy
minimized to avoid bad contacts, and subsequently equilibrated
for several hundreds of picoseconds before a 10 ns production
run. Control simulations for corresponding alcohols (CH;OH
and C4;HyOH) were also carried out. All simulations were
performed with a time step of 1 fs at a constant volume and a
constant temperature of 298 K. Atomic coordinates were saved
for further analysis every 500 steps (=0.5 ps). The nonbonded
interactions were cut off at 12 A, and long-range electrostatic
interactions were accounted for using the Particle Mesh Ewald
procedure.* All bonds involving hydrogen atoms were con-
strained using the SHAKE algorithm.*” A polarizable force field
was employed in all MD simulations. For water, we used the
POL3 model.*®® For alkyl halides and methanol, the general
Amber force field (GAFF) parameter set* was employed.
Atomic partial charges for the alkyl halide molecules were
evaluated using the standard RESP procedure employing the
Gaussian 03 package.*® The force field for butanol was adopted
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Figure 1. VSFG spectra from flow experiments over water: methyl
alcohol (left panel) and methyl chloride (right panel) adsorbed to the
aqueous surface.

from Krisch et al.’! All molecular dynamics calculations were
performed using the Amber 8 program.>>

Results and Discussion

Methyl Alcohol, Methyl Chloride, and Methyl Bromide
at the Air/Water Interface. Spectroscopy, Methyl Species. The
VSFG spectra obtained after 2 h of flow of CH;0H (left panel)
and CH;CI (right panel) over an aqueous surface are shown in
Figure 1. In the spectrum of adsorbed CH;OH, the peak at 2835
cm™! is assigned to the CH; symmetric stretch (SS) and the
peak at 2948 cm ™! is assigned to a CH; Fermi resonance (FR)
with the shoulder at 2912 cm™! assigned to a second CH3 FR.*#
The VSFG peak intensities of methyl alcohol increase over time
(Supporting Information, Figure S4), showing that this system
does not come to equilibrium. Because sum frequency intensity
is a function of both number density and orientational order,
the presence of peaks in the VSFG spectrum of CH;OH at the
water surface suggests that the adsorbed CH;OH molecules are
not completely disordered at the air—aqueous interface, but
rather have a preferential orientation at the interface. Previous
MD studies of short chain alcohols at the air/aqueous interface
indicate that the hydroxyl group of the alcohol hydrogen bonds
to the surface water molecules.’*™>" This suggests that the
preferential orientation of short chain alcohols at the air/aqueous
interface is such that the hydrophilic hydroxyl group associates
with the aqueous phase, and the hydrophobic alkyl group points
into the gas phase. Thus, the CH;0H molecules adsorbed at
the air/aqueous interface adopt an organized surface structure.

In comparison, no peaks are observed in the VSFG spectrum
of CH;Cl at the air/aqueous interface, indicating that CH;Cl
either does not adsorb to the aqueous surface upon collision or
does adsorb to the aqueous surface, but has a low number
density, disordered interfacial arrangement, very short surface
residence time, or some combination of these phenomena. From
our gas-phase measurements, it is observed that the methyl
chloride system has reached a steady state condition (Supporting
Information, Figure S3). Understanding the possible uptake of
CH;ClI molecules from the gas phase into the bulk aqueous phase
can aid in understanding the adsorption of CH;Cl to the aqueous
surface.

To determine whether CH;Cl is taken up into the bulk liquid
phase from the gas phase, the Raman spectrum of the bulk
sample was obtained after the flow experiment and is shown in
Figure 2 (red spectrum). A peak at 710 cm™! is observed in the
Raman spectrum of the aqueous CH;Cl sample and is assigned
to the C—Cl stretch of CH3CL*® The presence of a peak
attributed to CH;Cl in the spectrum of the bulk aqueous phase
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Figure 2. Raman spectra of bulk aqueous phase after flow experiments:
C—Cl mode of methyl chloride (red, upper spectrum) and C—O mode
of methyl alcohol (blue, lower spectrum).

is direct evidence that CH;Cl is taken up into the aqueous phase
from the gas phase during the flow experiments. In addition,
the Raman spectrum of the CH;OH bulk aqueous sample was
obtained after the flow experiment and is shown in Figure 2
(blue spectrum). A peak at ~1026 cm™! is observed and
assigned to the C—O symmetric stretching of CH;OH. Uptake
of gas-phase CH;OH into the bulk aqueous phase has been
reported previously.>

Although CH;Cl is not detected at the interface during the
VSFG experiments (within the detection limits of the BBSFG
system under the experimental conditions used), the Raman
bulk-phase studies indicate that some interaction of the gas-
phase molecules with the aqueous interface must occur because
uptake of CH;Cl from the gas phase into the aqueous phase is
observed (as is evident in Figure 2). To explain these results, a
convolution of orientation and number density must be consid-
ered because the SFG intensity is proportional to these
parameters as shown in eqs 2 and 4. Absorption of the incident
infrared beam by the gas-phase molecules was considered, and
although this was observed, more absorption from methyl
alcohol than methyl chloride, the remaining infrared was
sufficient to generate SFG from the methyl alcohol surface
(details in Supporting Information).

By a simple comparison of electronegativities, the C—CI bond
in CH;Cl is expected to be slightly more polar than the C—H
bonds. Based on this model, the C—Cl bond might preferentially
associate with the aqueous phase as compared to the more
hydrophobic C—H bonds, which would then be expected to be
oriented more toward the vapor phase. Orientational order with
preference to lie perpendicular to the plane of the surface has
been observed for CH;Cl adsorbed to a layer of D,O ice
preadsorbed on Pd(111).%°

Several possibilities can lead to a low number density of
interfacial CH;Cl molecules, including a low probability of
adsorption upon collision, fast desorption from the surface for
those molecules that do adsorb upon collision, or fast solvation
of adsorbed molecules (i.e., fast uptake of adsorbed molecules
into the bulk phase). The last two of these possibilities would
lead to a short residence time of adsorbed CH;Cl molecules.

Molecular Dynamics, Methyl Species. To examine surface
number density, orientation, and interfacial residence times of
methyl halides on the surface of liquid water, MD simulations
were performed on systems containing 864 water molecules in
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Figure 3. Snapshots from simulations of (a) 50 methyl chloride
molecules and (b) 50 methyl bromide molecules and 864 water
molecules in slab geometry. Color coding: red, oxygen; cyan, carbon;
gray, hydrogen; magenta, bromine; yellow, chlorine.
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Figure 4. Density profiles resulting from simulations of (a) 50 methyl
chloride molecules and (b) 50 methyl bromide molecules and 864 water
molecules in slab geometry. Density profiles were averaged over the
two equivalent interfaces. Color coding: red, oxygen; cyan, carbon;
magenta, bromine; yellow, chlorine.

slab geometry and a total of 50 methyl chloride or methyl
bromide molecules. The initial configuration consisted of 25
methyl halide molecules per each interface. Typical snapshots
of the two systems are presented in Figure 3 with the
corresponding density profiles shown in Figure 4. These figures
clearly show that both methyl halides are present at the air/
water interface, for their concentration is significantly enhanced
in the interfacial region (defined on the z-axis as the interval in
which the water density decreases from 90% to 10% of its value
in the bulk liquid) as compared to the gas as well as the bulk
liquid phase. During the simulation, individual CH;Cl or CH;Br
molecules were observed to enter the interior of the water slab.
However, entering the bulk is a rather rare event on the
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nanosecond time scale of the simulation, fully in accord with
the relatively low solubility and Henry’s law constants of methyl
halides (solubilities for the gas at a partial pressure of 1 atm in
equilibrium with the solution,®’ CH;Cl 5.35 g/L., CH;Br 18.3
g/L; Henry’s law constants,””> CH;Cl 0.10—0.13 mol atm™',
CH;Br 0.15—0.19 mol atm™!). The CH;Br molecules were
observed to enter the bulk somewhat more readily and remained
fully solvated for slightly longer times as compared to the CH;Cl
molecules. This is reflected in a slightly higher density profile
signal of CH;Br in the bulk region of the water slab with respect
to CH3Cl and is in agreement with somewhat higher solubility
and Henry’s law constant of CH3;Br over CH;Cl. Throughout
the simulation, the majority of the CH3Cl and CH;Br molecules
remain located at the interface, although their interaction with
the water surface is rather weak and there is frequent exchange
of individual CH;Cl or CH3;Br molecules between the interface
and gas phase. This is in sharp contrast to methanol, which is
very soluble in water and exhibits a surfactant activity at the
aqueous interface.”

An interesting aspect of the density profiles depicted in Figure
4 is the fact that for both CH3Cl and CH;Br the surface peak of
the carbon atom is shifted toward the interior of the water slab
as compared to the halogen atom peak. This indicates that on
average the methyl halide molecules are oriented with the CHj;
group, rather than the halogen atom, toward the water. This is
a surprising finding because the analogy between methyl halides
and methyl alcohol would seem to suggest that the geometry
adopted by CH3;OH at the aqueous surface, in which the more
hydrophilic OH moiety associates with the aqueous phase and
the more hydrophobic CHj group points away from the aqueous
surface,” is also likely to be adopted by methyl halide molecules
adsorbed at the aqueous surface.

To verify that the orientation of the methyl halide molecules
at the water surface predicted by the simulation is not an artifact
of the model, for example, due to the CH;Cl—CH;Cl or
CH;Br—CH;Br interactions at the interface, we performed
another simulation in which only 2 CH;C1 or CH;Br molecules
were introduced into the simulation box containing 864 water
molecules in a slab geometry. The trajectories were initiated
with one methyl halide molecule on each surface of the slab.
In the course of the simulation, both molecules were occasion-
ally present on the same interface, however, rarely in the vicinity
of each other. As an example, trajectories of two CH;Cl
molecules are shown in Figure 5 as a plot of the z-coordinate
of the CI atom of CH;Cl versus time. While the CH;3Cl
molecules occasionally diffuse into the bulk liquid region of
the slab, they mostly remain confined to the interfacial region,
undergoing frequent desorption into the gas phase. Residence
times of CH;Cl molecules at the aqueous interface, observed
in the simulation, range from a few picoseconds to ~1 ns, with
a mean value of 140 ps. The trajectories of CH;Br yielded
essentially the same picture as for CH;Cl and are therefore not
shown here. In an analogous simulation for methyl alcohol,
gaseous CH;OH molecules were observed to adsorb to the water
surface and, subsequently, diffuse into the interior of the aqueous
slab, consistent with their large water solubility. In the course
of the simulation, the solvated CH;OH molecules revisited the
interfacial region; however, desorption of methanol from the
water surface back into the gas phase did not occur throughout
the entire 10 ns trajectory.

The simulations of 2 CH;Cl or CH;Br molecules interacting
with the water slab provided density profiles similar to the ones
presented in Figure 4, confirming the results of the trajectories
with 50 CH5CI or CH;Br molecules in the simulation box, in
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Figure 5. Trajectories of two methyl chloride molecules (one depicted
in red, the other one in green) interacting with water slab. The two
air/water interfaces of the water slab, defined as the regions between
10% and 90% of the liquid water density, are indicated by the dashed
horizontal lines; z = 0 corresponds to the middle of the slab.
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Figure 6. Orientation distribution of CH;Cl and CH3;0H molecules at
the air/water interface. Angle 0 is defined as the angle between the
interface normal and molecular axis (Cl — C vector for CH;Cl and O
— C vector for CH;0H). Color coding: blue, 2 CH;Cl molecules; green,
50 CH;Cl1 molecules; red, 50 CH;OH molecules in the simulation box.

particular with respect to the shift between the carbon and the
halogen atom density profile peaks.

The difference in preferred orientation between the methyl
halide molecules and methanol is clearly visualized in Figure
6, which shows the orientation probability distributions for the
CH;Cl1 and CH3;0H molecules at the water/vapor interface as a
function of cos(), 6 being the angle between the molecular
axis (Cl1 — C vector in the case of CH5Cl, O — C vector in the
case of CH;OH) and the vector normal to the air/aqueous
interface. Thus, cos(8) = 0 corresponds to the CH;Cl or CH;0OH
molecule oriented with the molecular axis parallel to the air/
water interface, whereas cos(6) = =£1 corresponds to the CH;Cl
or CH;0H molecule oriented with the molecular axis along the
interface normal; for cos(6) = 1 pointing with the methyl group
toward the gas phase, and for cos() = —1 pointing with the
methyl group toward water. Simulations with the higher dose
of methyl halides (50 CH;Cl) and with isolated methyl halide
molecules (2 CH;Cl) on the water surface yielded essentially
identical probability distributions, with the lowest probability
for 0.5 < cos(0) < 1, which corresponds to the CH;Cl molecule
pointing with the halide atom toward the interior of the water
slab and the CHj; group toward the vapor phase, and the
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maximum probability within the interval —1 < cos(f) < —0.5,
which corresponds to the CH3;CI molecule pointing with the
halide atom toward the vapor phase and the CHj group toward
the interior of the water slab. Thus, the CH; group of those
CH;CI molecules that align along the surface normal will be
more likely to interact with water than to stick out freely into
the vapor phase. However, the distributions are rather broad,
indicating a fairly high degree of orientational disorder and a
presence of a considerable fraction of the molecules that are
aligned parallel with the surface. For comparison, orientational
distribution of 50 CH;0OH molecules from the simulation of
methanol/water mixture is also shown. It exhibits a maximum
for cos(f) = 1, which corresponds to the preferred orientation
of methanol at the interface with the methyl group pointing into
the vapor phase.

The above results of MD simulations clearly indicate that,
despite analogies in physical and chemical properties between
alkyl halides and alcohols, methyl chloride and methyl bromide
interact with the aqueous surface in a different way and adopt
a different geometry at the air/water interface than methyl
alcohol. Previous ab initio calculations®** on CH;Cl and CH5Br
and their complexes with water also show profound differences
between these molecules and CH;OH. While both CH;0H and
methyl halides are polar molecules (the dipole moment of
CH;OH is 1.61 debye, the dipole moments of CH;Cl and CH;Br
are 1.97 and 1.93 debye, respectively®), the charge distribution
in the CH3OH molecule has a character rather different from
that in the methyl halide molecules. The dipole moment of
CH;0H is oriented predominantly along the O—H bond,
resulting in the methanol molecule consisting of a polar (OH)
part and a nonpolar (CH;) part, whereas methyl halides do not
exhibit this amphiphilic character, having the dipole moment
oriented along the molecular (C—Cl) axis. In addition, while
the CH;0H molecule can, through its OH group, engage in
hydrogen bonding patterns both as an H-bond donor and an
H-bond acceptor, the Cl or Br atom of the methyl halide
molecule can only act as an H-bond acceptor.

These differences strongly affect the way in which methyl
alcohol and methyl halides interact with water. In methyl
alcohol, the hydroxyl group associates with the water molecules
in clusters® as well as at the aqueous surface,’ while the methyl
group is oriented away from water, toward the gas phase. The
character of bonding between methyl halides and water is quite
different: the CH;X:H,O and CH;X:(H,O), complexes (X =
Cl, Br) reported in the literature®®* were found to have a cyclic
structure with a water hydrogen bonded to the halogen atom of
the CH;X moiety and one of the hydrogen atoms of the CHj
group weakly bonded to water oxygen. The structure of the
methyl halide—water complexes was correctly reproduced by
our force field. At an aqueous surface, this bonding pattern is
consistent with the halogen atom of CH;X binding to a dangling
hydrogen atom that is present at the air/water interface, while
one or several of the H atoms of the CH; group weakly bind to
the oxygen atoms of nearby water molecules. However, this
simple static picture cannot capture all of the complexity of
the (relatively weak) interaction between a methyl halide
molecule and the surface of liquid water, which at ambient
temperature continually undergoes reorganization at a picosec-
ond time scale. Thus, the majority of structures sampled by the
methyl halide molecule at the aqueous interface correspond to
a nonamphiphilic polar molecule interacting with the surface
of polar solvent.

In summary, the MD simulations show that gas-phase CH;Cl
and CH;Br molecules do adsorb to the aqueous surface upon
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Figure 7. VSFG spectra from flow experiments over water: butyl
alcohol (left panel), butyl chloride (center panel), and butyl bromide
(right panel) adsorbed to the aqueous surface.

collision with essentially unit probability at room temperature.
They do, in fact, accumulate at the interface if available at large
enough number density in the gas phase above the aqueous
interface, and they exhibit preference for (partial) solvation on
the surface rather than full solvation in the bulk liquid. However,
uptake of both CH3Cl and CH;Br into the interior of the water
slab has been observed in the MD trajectories, which is
consistent with the experimental observation of CH;Cl in the
bulk liquid phase using Raman spectroscopy. To explain
the absence of the CH;Cl signal in the VSFG spectrum, the
combination of orientation disorder and low number density has
been invoked. The MD simulations clearly show that the level
of surface orientation disorder of both CH;Cl and CH3Br on
water is much higher than for methyl alcohol, resulting in a
smaller degree of net orientation of methyl halides at the aqueous
interface. At the same time, while accumulation of methyl halide
molecules at the air/water interface has been observed in the
simulation with a high dose of methyl halide species, a low
number density of interfacial CH;Cl under the experimental
conditions cannot be ruled out, given the short residence time
obtained from MD simulation. The MD results indicate that the
possible low interfacial number density is likely due to the short
residence time of the adsorbed CH;Cl molecules with respect
to desorption from the surface back into the gas phase rather
than with respect to absorption into the bulk liquid.

Butyl Alcohol, Butyl Chloride, and Butyl Bromide at the
Air/Water Interface. Spectroscopy, Butyl Species. Comparison
of the VSFG and Raman data for CH;Cl and CH;OH (presented
in Figures 1 and 2) with complementary studies of water-
insoluble species might help to elucidate the mechanisms of
adsorption and uptake for the halide and alcohol species. The
VSFG studies were performed on the butyl species, and the
results are presented here. Both C4HoCl and C,HgBr are
insoluble in water, while butyl alcohol has a solubility of 115
g/L.67

VSFG spectra of the flow experiments using the longer-chain
series (butyl alcohol — left panel, C4;HyCl — center panel, and
C4HoBr — right panel) are shown in Figure 7. The same trend
is observed for the butyl species as is observed for the methyl
species. No VSFG intensity is observed for the halides, but peaks
are observed in the VSFG spectrum for the alcohol. The peaks
in the VSFG spectrum obtained for the flow experiment of butyl
alcohol over water are assigned to the CH, SS (2845 cm™),
CH; SS (2875 cm™!), CH, FR (2911 cm™!), and CH3 FR (2945
cm™!). These assignments are based on VSFG assignments for
neat C,HyOH in the literature.®® As with CH;OH, the VSFG
spectrum of C4HoOH at the water surface suggests that the
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Figure 8. Representative snapshots (top view — left column, side view — middle column) and density profiles (right column) from simulations of
50 butyl halide molecules (approximately 25 per interface) with 864 water molecules in slab geometry (top row — butyl bromide, bottom row —
butyl chloride). Density profiles were averaged over the two equivalent interfaces. Color coding: red, oxygen; cyan, carbon; gray, hydrogen; magenta,

bromine; yellow, chlorine.

adsorbed C,;HyOH molecules are not completely orientationally
disordered at the interface. The presence of a peak corresponding
to the CH, SS indicates that the adsorbed C4HyOH molecules
possess some gauche defects. This finding is consistent with
results reported in the literature.’*® Again, a convolution of
orientation and number density prevents VSFG signal from
being observed in the case of the butyl halide species. Raman
spectra also revealed the presence of butyl alcohol in the bulk,
although butyl halides were not detected (Supporting Informa-
tion).

Molecular Dynamics, Butyl Species. To shed more light on
the interaction of butyl chloride and butyl bromide molecules
with the liquid water surface, molecular dynamics simulations
were performed on systems consisting of 864 water molecules
in slab geometry and 50 C4HyCl or C4HoBr molecules (initially
25 per each liquid/vapor interface). During the simulation, the
majority of the C4HoCl as well as C4HyBr molecules remained
adsorbed to the water surface. Occasionally, individual butyl
halide molecules were observed to desorb into the gas phase,
although desorption was less frequent than for methyl halides.
No butyl halide molecule was observed to enter the bulk liquid
region of the water slab for any significant amount of time, in
accordance with negligible solubility of C4HoCl and C4HyBr in
water. The density profiles resulting from these simulations
along with a snapshot of the C4HoCl and C4HoBr molecules on
one of the liquid water slab surfaces are presented in Figure 8.

While adsorbed at the air/water interface, butyl halides did
not form a stable, well-ordered film. This finding is consistent
with previous results reported in the literature.®>’" As compared
to butyl alcohol, which has been found to form a well-organized
monolayer on the water surface, in which the OH groups interact
with the aqueous phase and the hydrocarbon chains stand
upright,>"""! the surface-adsorbed layer of butyl halides exhibits
a significantly larger degree of disorder.

To elucidate further the dynamics of butyl halide adsorption
on the surface of liquid water, simulations of 2 C4HyCl and
C,HoBr molecules interacting with the water slab were per-
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Figure 9. Trajectories of two butyl bromide molecules (one depicted
in red, the other one in green) interacting with water slab. The two
air/water interfaces of the slab, defined as the regions between 10%
and 90% of the liquid water density, are indicated by the dashed
horizontal lines; z = 0 corresponds to the middle of the slab.

formed. As an example, trajectories of two C4;HyBr molecules
(plotted as the z-coordinate of the Br atom vs time) are depicted
in Figure 9. The results for C4HyCl molecules are similar to
C,4HoBr and are therefore not shown here. As shown in Figure
9, butyl halide molecules adsorb to the water surface upon
collision; however, they readily undergo desorption back into
the gas phase, albeit somewhat less frequently as compared to
methyl halide species. Surface residence times of C,;HoBr
molecules, observed in the simulation, range between several
picoseconds and 3.3 ns, with a mean value of ~1 ns. This again
is in stark contrast to butyl alcohol, which during analogous,
10 ns long simulation remains adsorbed at the water surface or
diffuses throughout the interior of the aqueous slab.

To obtain more detailed information about the orientation of
butyl halide molecules at the water/vapor interface, we performed
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Figure 10. Orientation distribution of the terminal methyl groups of the
C4HyBr and C4HyOH molecules at the air/water interface. Angle 6 is
defined as the angle between the vector normal to the interface and the
C2 — CI vector, where Cl1 is the terminal (methyl group) carbon atom.
Color coding: blue, 2 C,HyBr molecules; green, 50 C;HoBr molecules;
red, 50 C4HyOH molecules in the simulation box.

orientational analysis of two intramolecular vectors, u = C4 —
C1 and v = C2 — C1, where Cl1 is the terminal (methyl group)
carbon and C4 the carbon adjacent to the halogen atom of the butyl
halide molecule, C4HoX (X = CI, Br). The C4 — C1 vector was
chosen to characterize the orientation of the hydrocarbon chain of
the butyl halide molecules with respect to the interface, while the
C2 — Cl1 vector was used to analyze the orientation of the terminal
methyl group. The simulations of 2 alkyl halide molecules at the
water surface yielded broad orientation distributions of the u =
C4 — C1 vectors with a preference for the molecules to be aligned
parallel to the surface. This finding is in agreement with the visual
inspections of the trajectories in which a broad range of orientations
was sampled by the (isolated) butyl halide molecules adsorbed at
the aqueous interface; however, the hydrocarbon chains of the
molecules were mostly found to lie flat on the water surface. In
the case of 50 alkyl halide molecules in the simulation box, the
C4 — C1 orientation distributions indicate an increase of the
fraction of the butyl chloride and, in particular, butyl bromide
molecules with the chains standing upright and the CHj3 group
pointing into the gas phase. However, a significant fraction of
molecules remain to be aligned parallel to the surface. These
orientational characteristics of the butyl halide chains are reflected
in the orientation distributions of the terminal methyl groups as
depicted in Figure 10 for butyl bromide using the C2 — C1 vector
(note that the C2 — C1 vector coincides with the ¢; symmetry
axis of the CH; group). For the isolated butyl halide molecules,
the C2 — C1 orientation distributions of the terminal methyl groups
are rather broad with a preference for the axis of the CH; group to
be aligned parallel to the surface (cos(6) = 0). For the increased
surface coverage, the maximum of the probability distributions
shifts toward cos(6) = 1, that is, the CH; group oriented upright,
along the surface normal. A second maximum at cos(6) = 0
corresponds to the fraction of molecules that remain oriented with
the CHj; group axis parallel to the surface. A control simulation of
50 butanol molecules in the simulation box confirmed the findings
of previous studies,’"! that butanol molecules form a surface layer
with alkyl chains standing upright and the OH group pointing
toward the interface. In Figure 10, this behavior of the butanol
molecules is reflected in the orientational distribution of their CH;
end-groups, which exhibits the only maximum at cos(6) = 1.
To summarize, MD simulations show that gas-phase C,HyCl
and C4;HoBr molecules adsorb to the water surface. However,
because their surface residence times with respect to desorption
back into the gas-phase are quite short, large partial pressures are
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likely to be needed to achieve significant surface coverage. At the
same time, it is only under the conditions of substantial surface
coverage that a considerable fraction of chains align along the
surface normal with the CH; group upright. In general, the surface
adsorbed C4H¢Cl and C,HgBr exhibit much larger orientation
disorder than does the corresponding alcohol, C4HyOH. Thus, as
in the case of CH;Cl and CH;Br, the results of the MD simulations
indicate that both low number densities due to short residence times
of butyl halides on the surface as well as the large degree of
orientation disorder are likely to be the cause for the absence of
the VSFG signal corresponding to C4HyCl and C4HqBr.

Conclusions

Adsorption of gas-phase alkyl alcohols and alkyl halides to the
air/water interface was studied using surface-sensitive vibrational
sum frequency spectroscopy and molecular dynamic simulations.
The alcohols studied here, methyl and butyl alcohol, adsorb at the
air/aqueous interface and are then absorbed into the aqueous
solution as revealed by surface (VSFG) and bulk (Raman)
spectroscopies. The halides, methyl and butyl chloride, and butyl
bromide, were not detected at the air/water interface, although
methyl chloride was readily observed in the bulk. MD simulations
reveal that the behavior of alkyl halides is significantly different
relative to that of alkyl alcohols. Orientation and vapor/water
residence times are considerably different. Consistent with the lack
of signal from the VSFG spectra, MD simulations show that the
alkyl halides are more disordered and have considerably shorter
residence times relative to the alcohols at the air/water interface.
The MD simulations also show that, quite surprisingly, surface-
adsorbed methyl halides orient with the halogen atom exposed
toward the vapor phase. The behavior of butyl halides on the water
surface is somewhere between that of simple alkanes and alcohols
(butyl halides predominantly align parallel to the surface, and, at
larger coverage, a fraction of molecules has its hydrocarbon chain
pointing into the vapor phase). These findings are likely to have
consequences for atmospheric chemistry, in particular for photo-
dissociation of methyl chloride and methyl bromide when adsorbed
on an aerosol surface.
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