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Gas-liquid scattering experiments are used to measure the fraction@f Molecules that are converted to

HNGQ; after colliding with 72 wt % HSO, containing 1-hexanol or 1-butanol at 216 K. These alcohols segregate

to the surface of the acid, with saturation coverages estimated to be 60% of a close-packed monolayer for
1-hexanol and 44% of a close-packed monolayer for 1-butanol. We find that the alkyl films reduce the
conversion of MOs to HNO; from 0.15 on bare acid to 0.06 on the hexyl-coated acid and to 0.10 on the
butyl-coated acid. The entry of HCI and HBr, however, is enhanced by the hexanol and butanol films. The
hydrolysis of NOs may be inhibited because the alkyl chains restrict the transport of this large molecule and
because the alcohol OH groups dilute the surface region, suppressing reaction befsand\hear-interfacial

H3;O" or H,O. In contrast, the interfacial alcohol OH groups provide additional binding sites for HCI and
HBr and help initiate ionization. These and previous scattering experiments indicate that short-chain alcohol
surfactants impede or enhance sulfuric acid-mediated reactions in ways that depend on the chain length,
liquid phase acidity, and nature of the gas molecule.

Introduction the abundance nor the speciation of these organic molecules is
firmly established, but they are expected to range from small
molecules such as methanol and acetone to long-chain fatty
acids?'~24 These molecules may segregate to the surface of the
acid droplets and coat them, potentially impeding interfacial
transport and suppressing®s hydrolysis. Organic coatings
have been recently suggested to be one explanation for the
variability in N2Os hydrolysis rates on acidic particles over the

aerosol northeast United Staté8In this article, we focus on the effects
N,Os + H,0 2HNG, @) of two soluble alcohols, 1-butanol and 1-hexanol, osON
hydrolysis in 72 wt % HSO, at 216 K and compare hydrolysis
rates with HCI and HBr uptake into the bare and film-coated
acids.

Insoluble and soluble organic species behave very differently
at the surfaces of aqueous solutions. Numerous experiments
show that insoluble, long-chain surfactants such as hexadecanol
0(C16H330H) form compact monolayers on water and sulfuric
acid that inhibit rates of water evaporation by* b® more, with
resistances that grow exponentially with chain lerf§tkinks
in the chain moderate this resistance substantially, as demon-
strated recently by the 10-fold greater permeation of acetic acid
through films ofcis-9-octadecen-1-ol (gH360) on water than
through the straight-chain 1-octadecaffdPermeation data are
scarce for short-chain surfactants: slightly solublg—Ci,
alcohols in water may impede,B® and CQ transporg® and
organic films can even enhance uptake when the gas is more
soluble in the surface film than in the subphase, as shown by
the adsorption of anthracene onto 1l-octanol-coated Water.
Conversely, recent fluorescence experiments indicate that 1-oc-
tanol films on water suppress interfacial pH changes induced
by exposure to HN@or NH3.30

Most pertinent to the present study are experiments by
Thornton and Abbatt, which demonstrate that a monolayer of

* To whom correspondence should be addressed. E-mail: Nathanson@N€xanoic acid on synthetic seawater aerosol reducéS; N
chem.wisc.edu. hydrolysis by 3- to 4-folc! Further experiments by McNeill

The aerosol-mediated conversion ofQ§ into HNG; is a
key step in regulating ozone levels in the stratosphere and
troposphere and in denitrifying the troposphere through wet and
dry deposition of nitric acid-® Because hOs is formed at night
from NO, and NG and photolyzes back into these species
during the day, the reaction

effectively converts N@and NQ into the temporary reservoir
species HN@ In the lower stratosphere, this reaction suppresses
the NO/NQ-catalyzed destruction of ozone while enhancing
both the HO/HQ cycle (through photolysis of HNSinto OH
and NQ) and the CI/CIO cycle (by curtailing formation of
CIONGy) that reduce @7 Inclusion of this hydrolysis reaction
in models of the lower stratosphere and upper troposphere lea
to better agreement between predicted and obseryedeiletion
rates and ratios of nitrogen oxide spedésin the global
troposphere, bDs hydrolysis occurs on a variety of aqueous
surface¥’ and is estimated to reduce NO and N@vels by
~40% and Q levels by~5% during winter monthg!~13

The hydrolysis of MOs is typically mediated by submicron
sulfuric acid particles in the lower stratosphere that range from
40 to 80 wt % HSO, at temperatures from 200 to 240 K, with
wider variations in acidity in the upper troposphere due to
absorption of NH.34 Laboratory studies demonstrate thaty
hydrolysis occurs with a probability near 0.1 in sulfuric acid
aerosols over a wide range of acid concentrations at low
temperature$*1° Field measurements indicate that, in the upper
troposphere and tropopause regions, these aerosol particle
contain significant concentrations of organic speéfedeither
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Figure 1. Several pathways for an®s molecule colliding into sulfuric
acid containing 1-hexanol. The values refer to the average liquid-
phase residence times of unreacte®Nand HNQ.

Mass spectrometer

et al. show that sodium dodecyl sulfate coatings on natural gigyre 2. Molecular beam scattering apparatus and liquid reservoir.
seawater and NaCl aerosols reduce hydrolysis,afN.0-fold 32 The Teflon reservoir is sealed except for a 0.9 cm diameter hole through
Folkers et al. and Anttila et al. also showed that aqueous sulfatewhich the NOs beam strikes the acid. Only one of the prechopper or
particles coated with thick, multilayer films formed from Ppostchopper wheels is used at one time.
monoterpene oxidation reduce,® hydrolysis by factors of
10 or more33:34 N2Os hydrolysis differently than HCI and HBr uptake, and they

N,Os molecules can follow a range of pathways upon MaY act differently or_1_su|furic acid or other subphases. The
collision with a submonolayer organic film on sulfuric acid, as €XPeriments below utilize 72 wt %430, or 70 wt % DSO,
illustrated in Figure 1 for acid coated with hexanol molecules &t 216 K, each 0.32 mole fraction acid, which are highly viscous
in different chain conformatior®3¢ At thermal collision ~ (~1900 cP) and low vapor pressure-{ x 10* Torr)
energies, nearly all impinging4s molecules will be momen- Iqu|q_s.42'43They show that, although the hexyl and butyl films
tarily trapped at the surface, and only a small fraction will recoil Significantly enhance HCl and HBr uptake, the conversion of
directly (inelastic scattering):3 Some of the thermalized49s N2Os to HNO; drops by 60% and 33%, respectively, indicating
may then desorb from the surface before or after moving that submonolayer films can impede this near-surface reaction.
between the hexyl chains, while others may permeate through .
the porous film and undergo hydrolysis near the filatid Experimental Procedure
interface or deeper into the acid. N,Os and Acid Preparation. N,Os is synthesized by

Our previous studies of butanol and hexanol coatings on 56 oxidizing NO with G, and G consecutively at room tempera-
to 68 wt % SOy (0.20 to 0.30 mole fraction acid) at 213 K ture, purifying the product by distillation under@nd storing
led us to suspect that these films would not significantly inhibit it at 195 K#* HNO3 formation is minimized by baking the
N2Os passage into the acid because they do not form compactapparatus and by passing NO and driegt@ough a 195 K

monolayers’~4° Each alcohol reacts with 430, to form cold trap to remove kD. The melting point of the pOs sample
mixtures of ROH, ROK", ROSQ ™, and ROS@H, which are under argon was observed to be-32 °C, which encompasses
expected to be in roughly equal proportions in 70 wt 458, the literature value of 41C 2> During the scattering experiments,

at 298 K#! On the basis of surface tension measurements of 72 the sample is held at 253 K, where theQy vapor pressure is
wt % H,SOs mixed with butanol and hexanol at 295 and 250 estimated to be 8 Toff Incident beams of 13 and 150 kJ mbl
K, the total surface concentration of all alkyl species at 216 K N,Os are created by expanding pure®$ or N,Os seeded in

is predicted to saturate at3.0 x 10 cm~2 (~60% of a close- 750 Torr H through an unheated, 0.13 mm diameter glass
packed monolayer) for 1-hexanol an@.2 x 10" cm=2 (~44% nozzle.
of a close-packed monolayer) for 1-buta#dOur first studies Surfactant/acid solutions are prepared by diluting 97 wt %

indicated that butyl films on 5668 wt % D;SO; at 213 K do H,SOy to 72 wt % with Millipore water, adding 1-hexanol (up
not impede water evaporation and actually enhance HCI andto 0.1 M) or 1-butanol (up to 1 M) and immediately cooling to
HBr uptake by providing extra OH surface groups that act as 216 + 0.5 K in the liquid reservoir shown in Figure 2. The
protonation sites for HCI and HBr dissociati®f®® When alcohols (Aldrich, >99% pure) are used without further
hexanol is substituted for butanol, the entry of HCI is still purification. Titrations indicate that the acid concentration
enhanced, except when the acid concentration is low enoughchanges by no more than 0.5 wt % during the time it is in
(56 wt % D,SOy) to reduce the fraction of HexQf and allow  vacuum (typically less than 3 days). The measured reductions
the hexyl film coverage to rise t0~68% of a compact in surface tension upon adding alcohol are those expected when
monolayer® At this higher packing, HCI uptake is reduced from  adding soluble, small-molecule surfactants, indicating that the
0.68 to 0.59 and water evaporation is reduced by 20%. In alcohols are not contaminated with long-chain insoluble
contrast to the enhanced uptake of HCI and HBr by the alcohol specieg?

films, the uptake of the basic molecule {FH,OH is nearly 1 A continuously renewed, vertical liquid film is formed by
at all acid concentrations and is impeded by less than 4% by rotation of a 5.0 cm diameter glass wheel partially submerged
both butyl and hexyl films. in 60 mL of the acid solutiod® The acid-coated wheel is

The observations above indicate that gas transport throughskimmed by a cylindrical Teflon scraper, which removes the
surface films is controlled by the chain length of the surfactant, outer 0.1 cm of acid and alcohol. The remainin@.03 cm thick
the identity of the gas molecule, and the underlying liquid. acid film then passes in front of a 0.7 éwircular hole, where
Hexanol and butanol films on sulfuric acid may therefore alter it is intercepted by the pOs beam impinging at an incident
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anglefinc of 45°. At a typical wheel speed of 0.17 Hz, the time

pre-chopper post-chopper

interval between scraping and exposure to the beam is 0.49 s. N,0s N,O

Argon scattering measurements show that this time is sufficient \@\ '..-‘ ( -

to allow the butyl and hexyl films to become reestablished at L >§

the surface of the apld, as shown prewoqsly in refs 38 and 39. (a) E_= 150 kJ/mol

The acid remains in front of the hole in the reservoir for X bare acid

0.45 s and is exposed to the incident beam for a tiggeequal - Y%

0 0.27 5. e £ frm=0.12£0.02
Distinguishing N.Os and HNO3 by Pre- and Postchopper ;% L ’% post(N,05+HNO;)

TOF Analysis. Time-of-flight (TOF) spectra of pBDs and HNQ & ¥

exiting from the acid are recorded by a differentially pumped z -

quadrupole mass spectrometer oriented at an ahgle 45°,

as shown in Figure 2. Electron-impact ionization is used to detect
the neutral molecules with an electron energy of 70 eV.
Unfortunately, the BOs™ parent ion is unstable and all stable
N2Os ion fragments are also produced by HNGnization. Here

we monitor the most abundant fragment, N@Qwz = 46), and -
employ pre- and postchopper TOF analysis to distinguigbsN
and HNQ by their short €106 s) and long £0.1 to 10 s)
residence times, respectively, in the acid. The pre- and
postchopper wheels are shown in Figure 2. With the postchopper
wheel in place and the prechopper wheel removed, the incident
beam strikes the liquid continuously and the exiting molecules
are chopped into 36s pulses upon exiting the acid. The arrival
times of these molecules at the mass spectrometer in the 0
postchopper spectrum therefore depend only on the velocities

ofth_e exiting molec_ules. In contrast, the prechopperV\_/heel_sllcesFigure 3. Pre- and postchopper TOF spectra ofOy and their
the incident beam into 50s pulses, and the total arrival ime  gifference spectra following collisions of 150 kJ mbIN,Os with

at the mass spectrometer in the prechopper spectrum depends2 wt % HS0, containing (a) no hexanol and (b) 40 mM hexanol.
on the residence times of the molecules in the acid solution asThe difference spectra correspond to thermal desorption of HNO
well as their gas-phase flight times. As described below, the molecules generated by,8 hydrolysis. NOs inelastic scattering (IS)
HNO; signal can be obtained by subtracting the prechopper 'S fit by a dotted curve. The difference spectra and the thermal

. desorption (TD) component of the,8s prechopper spectra are fit b
spectrgm (containing only XD) from the postchopper spectrum Mawa;II—BE)ItzznannF()jistributions shsoevn witr?r')solidpcurves. g
(containing both MOs and HNQ).

The raw TOF signals are converted into relativgOyl and
HNO; signals by correcting for the different ionization cross
sectionsono,* for dissociative ionization of pDs and HNQG
into NO;*. These cross-sections were calculated by multiplying
the total ionization cross sectian,: of each parent molecule
by the branching ratic for NO,™ formation. We used the
following values to calculateno,*: oot (N20s) = 7.0 A2 from

et ity - | .
Eine = 150 kJ/mol

40 mM HexOH
fixn =0.05 £ 0.01

NO,* Signal

400 800 1200
Arrival Time (us)

1600

from aratio of pre- and postchopper signals, as shown later in
eq 2. The reliability of this startstop procedure has been tested
in three ways: (1) high-energy argon scattering from the stopped
wheel (exp = 6 S) and continuously moving wheeltyf =

0.27 s) are identical, implying that the packing of the butyl and
hexyl films remains the same on the stationary and moving
films,38:39 (2) measurements of the HB+ DBr and HCI—

ref 47,r (N2Os — NO2*) = 0.54 from ref 48,01t (HNO3) = DCI exchange fractions (ranging from 0.08 to 0.60) isS0y

6.3 A2 from ref 49, and (HNOs — NO,™) = 0.60 from ref 50. using the stopped wheel differ by less thar0.02 from
Each value is measured at an electron energy of 70 eV, whichmeasurements using a continuously moving wheel, and (3) the

is equal to our experimental setting. Fortuitoustgo," is
3.8 A2 for both NbOs and for HNQ. The relative intensities of
HNOs; and NOs are therefore equal to the relative fluxes

N2Os hydrolysis probabilities in bare 72 wt %,80, when
measured from the stopped wheel and from the moving wheel
are each 0.1%- 0.02 after correcting for the fraction of HNO

obtained from the TOF spectra to within an estimated uncer- remaining in the acid, as described in the Appendix.

tainty of £15% in the ionization parameters. This systematic
uncertainty is not included in the error bars reported for the
hydrolysis probabilities becausgo, does not change the ratio
of probabilities for the bare and alcohol-coated acids.

Monitoring HNO 3 Desorption. The mass spectrometer is
collimated to monitor a patch of the acid-coated wheel for a
time equal to the exposure timg,p, of 0.27 s. This observation

Hexanol Solubility Measurements.The solubility of hexanol
in 72 wt % H,SO, was measured by comparing hexanol mass
spectrometer signals from pure hexanol (of known vapor
pressurg) and from 0.02 to 0.1 M hexanol in the acid at
253, 243, and 233 K. The vapor pressures varied linearly with
hexanol concentration, and when extrapolated to 216 K, yield
a hexanol solubility of 3.2 0.4 x 18 M atm~! and an enthalpy

time is insufficient to observe the complete evaporation of the Of vaporization of 78+ 2 kJ mol™. As discussed later, the
HNO; product, which desorbs over several seconds because off°lubility of butanol is expected to be slightly low&r.

its high solubility of 2x 10° M atm™ in 72 wt % HSO; at
216 K (as described in the Appendix). To monitor most of the
HNO; desorption, the wheel is periodically stopped fcs and
the HNG; desorption signal is recorded. The liquid is viscous
enough (1900 cP at 216 K) that it sags only slightly during this
stop period; a droop in the acid film does not distort the

Results and Analysis

Hydrolysis of N,Os by Bare Sulfuric Acid. Figure 3a
compares pre- and postchopper TOF spectra recordatt at
46 (NO;") following collisions of 150 kJ maol' N,Os with
uncoated 72 wt % bBO, at 216 K. In the postchopper mode,

measurements because the hydrolysis probability is determinedhe arrival time distribution depends only on the velocities of
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TABLE 1: N ,Os Hydrolysis Probabilities and HCI and HBr HX — DX Exchange Fractions Measured for 72 wt % HSO, or 70
wt % D ,SO, at 216 K

N2Os frxn N2Os hydrolysis HCI— DCI HBr — DBr

acid solution (eq 2} probability y° exchange fractioh exchange fractigh
bare acid 0.12: 0.02 0.15+ 0.02 0.08+ 0.03 0.19+ 0.02
180 mM BuOH 0.08+ 0.02 0.10+ 0.02 0.20+ 0.02 0.63+ 0.02
40 mM HexOH 0.05+ 0.01 0.06+ 0.01 0.16+ 0.02 0.60+ 0.02

aMeasured in both 70 wt % {30, and 72 wt % HSOs, each 0.32 mole fraction acilThe hydrolysis probability is obtained fronf, after
using eq A.1 to correct for HNOmolecules accumulating in solution and assuming no production of alkyl nitfdtéesasured in BSOy by
H — D exchange. These values are equated with the entry probability of HX, either as molecular HX oaad K/D™.%8

the exiting NOs and HNG molecules. Therefore, both species component. Finallyfx, must be corrected for those HNO
contribute to the TOF spectra measuredét= 46, regardless  molecules that accumulate within the acid and do not desorb
of their residence times in the acid. In the prechopper mode, over tte 6 s observation time. This correction, described in the
the TOF spectrum is a convolution of the gas-phase velocities Appendix, shows that 18% of the HN@emain behind and

of the molecules and their residences times in the acid. Thetherefore thatfi must be replaced bi1/0.82. The corrected
average residence time of HN@ so long ¢-0.2 s), and the  hydrolysis probabilityy is then found to be 0.1% 0.02, as
residence times of the individual molecules are so broadly summarized in Table 1.

distributed, that the desorption times of the exiting HNO Hydrolysis of N,Os by Hexyl-Coated Sulfuric Acid. The
molecules are not correlated with the incident pulses. In this stfects of doping the 72 wt % #$0y solution with 40 mM
case, the HN@desorption signal merges with the background. heyanol are displayed in Figure 3b. Surface tension measure-
This was shown prgwously in Figure 3 of ref 53 for collisions  ents indicate that, at this hexanol bulk concentration, the hexyl
of HNO; with 70 wt % D,SOy at 213 K. As described later, the g, 1face concentration reaches its saturation value of3.0
residence time of pDs lies in the opposite Ilm!t;. it is shorter cm2, corresponding to 60% of a compact monola}ét Upon
than the minimum 10° s ressaldence time that visibly alters the  5qqition of hexanol, the )Ds direct scattering channel decreases
prechopper TOF spectrufi>3Therefore, the prechopper spectra and the total (MOs + HNOs) desorption channel increases.

measured at/z = 46 in Figure 3a is composed only of thage trends have been observed before in hyperthermal
unreacted hOs molecules and is equivalent to the postchopper o jjisions of Ar, HCI, and HBr with sulfuric acid containing

spect@ of NOs. By. subtracting the prechopper Specm_’m hexanol or butanol; they occur because the alkyl groups roughen
containing only NOs signal from the postchopper spectium with e g ;rface and reduce its effective mass, increasing the
contributions from both bOs and HNG; signals, we obtain the likelihood that NOs will thermalize upon collisiore39

postchopper TOF spectrum of HNO . L . .

The bimodal feature of the prechopper spectrum in The mo§t important change in Figure 3b is seen in the value
Figure 3a reveals that /s molecules with high incidence of ff_’“}’ which drops from 0.1&_0.02 to 0.05 0.01 upon
energy follow two distinct pathways upon colliding with the addmon_ of hexanol. This reduction may be Ca“S‘?d by_a_t least
surface, as depicted in Figure 1. The narrow, inelastic scatteringt"€® dlfferezt factfors. h(l) laﬂreduced hydrolysis ifflClency
(IS) peak at early arrival times (high exit velocities) corresponds 'mpose‘?' by the surface hexyl film, (2)_a re_ductlon in the HNO

desorption flux because the hexyl film increases the HNO

to molecules that recoil directly from the surface, transferring > S 8 .
a portion of their kinetic energy through one or a few bounces. "€Sidence time in the acid, and (3) reaction eblor HNO;.
The broader peak at later arrival times (lower exit velocities) With the hexyl species to produce hexyl nitrate. We examined

arises from NOs molecules that become thermalized through the effect of added hexanol on the average HigSidence time
dissipation of their excess energy and then thermally desorbPY measuring HN@ desorption at two different observation
(TD). This prechopper TD component is fit well by a Maxwell times of 0.27 and 6 s. These times were selected by continuously
Boltzmann (MB) distribution at the acid temperature of 216 K SPinning the acid-coated wheel at 0.17 Hz and by stopping the

with a mass of MOs (108 amu) and the difference spectrum is Wheel, respectively. As shown in Figure 4a and b, fewer BNO
fit well by an MB curve with a mass of HNO(63 amu), molecules desorb over the 0.27 s observation time than over

supporting our experimental approach to identifying them.  the 6 s period for both bare and hexyl-coated acids. The ratios
The difference spectrum corresponds to thermalize®sN of 0.60 (bare acid) and 0.63 (hexyl-coated acid) are identical to

molecules that undergo hydrolysis and then desorb as HNO within our uncertainty, indicating that the hexyl film does not

while the prechopper TD signal represents the remaining Measurably impede evaporation of HNO

N,Os molecules that thermally desorb before converting to  Hexyl species at the surface or in the acid may also react

HNOs. Therefore, the fractiorfx, of the thermalized BDs directly with N,Os or with HNO; generated by hydrolysis to

molecules that are converted into HN® calculated from produce hexyl nitrate, CHCH,)sONO;,, according to the
reactions ROH+ N;Os — RONQO, + HNO3 and ROH +
1/2|$303 1/2|$‘§ HNO; — RONG;, + H»O. Hexyl nitrate should, like hexanol
o= N 1 ~ . (2) itself, evaporate slowly from solution, with dominant cracks in
|N2Os 17 |HNCs - jpre 1y dit = inci i
D 2'TD D 21D the mass spectrometer ratz = 46, co-incident with N@*, at

' m/z = 43, which does not overlap withJ9s or HNO; but does
where 128152%) and 190(113%) are the relative fluxes of  overlap with hexanol, and at'z= 76, which is unique to hexyl
thermally desorbing molecules of the prechoppes(#y and nitrate. Repeated searches at eattvalue showed no evidence
the difference (HN@) TOF spectra, respectively. The factor of of a signal that could be assigned to the alkyl nitrate. We
1/,in eq 2 arises from the stoichiometry of eq 1. The measured conservatively estimate that the uncertainty in these searches
exchange fraction from Figure 3a is 0.420.02. The+ 0.02 is ~5% of the total HNQ@ signal. The ratio of ionization cross
error bar reflects one standard deviation in reproducibility of sections at N@" for hexyl nitrate and nitric acid is expected to
+0.01 and an estimate#t0.01 uncertainty in fitting the TD  be ~1/3, based on the cracking patterns of each molééate
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Figure 4. HNO; difference spectra obtained at two beam exposure ¢
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Figure 5. Pre- and postchopper TOF spectra egDiland the difference

) o ) . spectra following collisions of bOs at a low incidence energy of 13
and assuming that the total ionization cross sections scale withkJ mot? with 72 wt % HSQ, containing (a) no hexanol and (b) 40

the number of electrons in each molectfid he relative TOF mM hexanol.
signalsN may then be converted to relative fluxes: NZ by
multiplying by the ratio of their average velocities, which is the addition of 40 mM hexanol to 72 wt %,HO, decreaseg
Bhexyl nitratdlnivic acidJ= 0.7. These numbers imply that the by more than half.
fraction of hexyl nitrate produced should not exceed 8.7 x Figure 6a displays the dependenceigfon the bulk-phase
0.05~ 0.1 of the HNQ flux. Thus, the formation of hexyl concentration of hexanol in 72 wt %,80, at.216 K. The open .
nitrate may be as high as 10% of the formation of HNO circles represent the surfac_e concentration of hexyl species
increasing the total loss of4®s into the hexyl-coated acid from  calculated from surface tension measurements for 72 wt% H
0.05 to 0.055, a difference that lies within the precision of the SQ: at 295 K> This coverage follows a Langmuir-type
measurement. This adjustment is not incorporated into the a}dsorptlon curve, rising rapidly at low-bulk hexanoll concentra-
analysis below, but it remains a source of uncertainty in our oNnS and then plateauing near 20 mM. The production of HINO
experiments. In the absence of this nitration channel, we [0lloWs an opposite trendfr decreases sharply and then also
conclude that the reduction in HNQlesorption imposed by platgaus. The correlatlorl beF""e‘% and hexyl. surface coverage
the hexy film is due to a reduction in the hydrolysis ofQ4. implies t'hat the reduction in hydrolysis with the addition of
N hexanol is caused by the presence of hexyl species that segregate
co-lll—iztiaor?-soc';‘ :ﬁ)ecg?a': |E::?;¢;?1f esngg?/ gf \;_VSe(;ek.??’T:glr(EIStid bY at the surface rather than by hexyl species dissolved in the bulk.
5

S X Hydrolysis of N,Os by Butyl-Coated Sulfuric Acid. We
RTiq), chosen because this high energy beam has a high flux 55 investigated changes in,®k hydrolysis upon adding

(estimated to be 6< 10 cm™ s™* or approximately one 1 jytanol, a soluble surfactant that is two Ogtoups shorter
monolayer s?) and because the IS and TD components are well {an 1-hexanol. Figure 6b plots, against the bulk concentra-
separated at this energy. To determine if this high collision {jon of hutanol following collisions of 160 kJ mo} N,Os with
energy skews the value &k», experiments were performed at 72 wt 95 H,SO, at 216 K. The value ofy, drops from 0.12&

the much lower incident energy of 13 kJ mél(7 RTiy), where .02 for bare acid to 0.0 0.02 for 180 mM butanol (44% of

the NOs flux is reduced by half. As shown in Figure 5, nearly 3 compact monolayer) and then does not change significantly
all impinging N2Os molecules thermalize on the surface, and jith further increasing butanol bulk concentration. As shown
no IS channel can be discerned in the pre- or postchopperin Table 1, the hydrolysis probabilitiescorrected for residual
spectra. The measurdgl, value of 0.05+ 0.02 matches the  HNO; in the acid are 0.15 (bare acid) and 0.10 (180 mM
value of 0.05+ 0.01 found at high incident energy in Figure 3. butanol). Just as with hexanol in panel a, the trendinis

The invariance offx, with incidence energy implies thdi, opposite to that of the surface segregation of butyl species (open
may be considered to be a measurement of the hydrolysiscirdes),

probabilityy that is conventionally reported for thermal-energy ~ The data in panels a and b may be used to pl@t/ybare
collisions at RTacig= 3.6 kJ mol* (neglecting any production  directly against the surface coveragyg, in panel ¢, wher@sm

of hexyl nitrate). As described in the Appendix, these values = ng,/nmay is the fraction of a compact monolayer covered by
must be corrected for HNSthat remains behind in solution.  the film and npax is ~5 x 10" cm~2 in the close-packed
The corrected values are listed in the third column of Table 1, configuration?® The surface concentratioms,s were obtained
which are just slightly higher thafa,. The observed reduction  from the surface tension measurements at 295 and 250 K and
in the hydrolysis probabilityy from 0.15 to 0.06 reveals that linearly extrapolated to 216 R:5*Panel ¢ indicates that s
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Figure 6. Fractionfi, of NoOs converted to HN@vs (a) hexanol and

(b) butanol bulk concentration in 72 wt %80, at 216 K. The hexyl

and butyl surface concentrations at 295 K are plotted against the right-
hand axis as open circles. The error bars represetd for 5
measurements (bare acid), 3 (40 mM hexanol), and 3 (180 mM butanol).
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N2Os hydrolysis, HCI and HBr entry is significantly enhanced
by the surface films.

Discussion

It is striking that the butyl and hexyl films on 72 wt %
H,SOy at 216 K impede BOs hydrolysis because these same
films enhance HCI and HBr uptake into 70.2 wt %3y, as
shown in Table 1. H/D isotope effects are not responsible for
the different outcomes; the same reduction yONhydrolysis
by the hexyl film is observed using 70 wt %80, and 72 wt
% H,SOy4, which are each 0.32 mole fraction acid.

Previous studies in our laboratory suggest that the entry of
HCI and HBr into BSOWD-,0 solutions containing hexanol at
213 K is controlled by two competing effects: hexyl chains at
the surface impede gas transport through the film, while the
basic hexanol OD groups assist HX entry by providing extra
surface sites for HCl and HBr dissociati$ihAs the underlying
solution is made more acidic, the hexyl and butyl films become
more porous and HCI and HBr molecules can more easily reach
the alcohol OD groups and protonate them. In particular, a
saturated hexyl film on 68 wt % 30y, which corresponds to
62% coverage of a compact monolayer, enhances the entry of
HCI from 0.14 (bare acid) to 0.23 and of HBr from 0.29 to
0.63, whereas a saturated hexyl film on 56 wt % acid,
corresponding to 68% coverage, reduces HCI entry from 0.69
to 0.58. NOs lacks the acidic proton of HCl and HBr and cannot
follow this pathway. In 70 wt % LSO, at cold temperatures,
N2Os hydrolysis is postulated to proceed primarily through an
acid-catalyzed channel consisting of®§ + H* — HNO3 +
NO," and NQ* + H,O — HNO; + H".1"57 The surface
alcohol OH and OK"™ groups could potentially substitute for
H,0 and H' as reactants and conver;®% into HNOz and alky!
nitrate. The reduction in }Ds hydrolysis we observe and the
absence of a signal attributable to the alkyl nitrate indicate that
these reactions do not readily occur and that the surface alcohol
molecules instead impede the conversion gONto HNOs;.

This reduction in NOs hydrolysis may be framed within two
scenarios motivated by the steady decrease in the fractional
hydrolysis rateyhexy/’ybare With hexanol surface coverag@exy
shown in Figure 6¢: (1) the hexyl chains block entry oy
into the acid, and (2) the hexyl head groups reduce the hydrolysis
rate in the near-interfacial region. The steady decrease in Figure

The other points represent single measurements. (c) The ratio of 6C is described by the relatigmexy/ybare~ 1 — (1 & 0.2)0hexy

hydrolysis probabilities/sim/ybare VS fractional surface coverag®im

from the data in panels a and b and the Appendix. #kg values
were obtained from surface tension data at 295 and 250 K and
extrapolated to 216 R* The dashed line is a fit to the hexanol data.

hydrolysis decreases approximately linearly with hexanol surface
coverage, such thafexy/ybare = 1 — MOhexyi With m= 1.0 £

0.2 (dashed line). The single cluster of butanol values, combined
with the uncertainty in determiningsim, makes it difficult to
determine if the shorter-chain alcohol impedes hydrolysis less
effectively at constant surface coverage.

Collisions of HCI and HBr with Hexyl-and Butyl-Coated
Sulfuric Acid. To gauge the effects of hexyl and butyl films
on HCI and HBr uptake into the acid, we also measured the
extent of HX— DX exchange following collisions of 100 kJ
mol~1 HCl and 150 kJ mol* HBr from 70 wt % D,SO at 216
K containing no surfactant, 40 mM hexanol, and 180 mM
butanol. As discussed in refs 37, 38, and 53, the fradtign
of thermalized HX molecules that undergo-® H exchange
can be interpreted as the entry probability of HCl and HBr into
the acid, either as molecular HX or as >and H" following

over the range 0bhexyi = 0 to 0.6, wher&heyxy is the fraction
of the surface area covered by hexyl chains in the all-trans
configuration ¢20 A2 in area and~10 A long)56.58 Clifford
et al. have recently observed, for 1-octanol films on water, that
the interfacial hydrolysis of HN@and NH; also decreases
linearly with increasing film coverag®.

Within the first scenario, the passage ofQ¥ into the acid
is limited to motions though fluctuating gaps between the hexyl
chains, which become less prevalent as more hexyl species
segregate to the surface at higher bulk-phase concentration and
become more tightly packed. These gaps arise because, at
intermediate coverages, the hexyl chains should adopt a range
of configurations with varying spacings and relative positions,
as pictured in simulations of butanol and heptanol on \Watep°
and inferred from neutron reflection studies of hexanol on
wateP® and sum frequency generation studies of hexanol on
59.5 wt % HSO..5° The approximate scaling betwegReyy/
Yoare aNd 1 — Onexy implies a constant “blocking power” for
each added hexyl chain. This simple correlation may be
accidental, however, because the various hexyl chain conforma-

dissociation at the surface. Table 1 shows that, in contrast totions project different surface areas and span different lengths,
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and the range of these structures becomes more restricted awhich a reaction occurs is equal ©/K)'/2, whereD is the NOs

the chain density increases. In particular, this scaling will likely diffusion coefficient andk is the hydrolysis rate constant.
fail as @ approaches 1 and the chains become highly aligned Reference 17 predicts that this depth is approxinyateh for

and compact; for insoluble long-chain surfactants, gas perme-72 wt % HSO, at 216 K. In accord with this estimate, the
ation is observed to decrease exponentially with surface thermal-desorption component of the prechopper TOF spectrum
concentration at high coverage. in Figures 4, 5, and 6 can be fit well with a MaxweBoltzmann

The model above may be analyzed quantitatively in the limit distribution unconvoluted with a residence time distribution,
that hydrolysis occurs far from the surfactant layer, which acts indicating that the average bulk-phase residence tiofentact
only to impede the entry of )Ds into the acid. The hydrolysis ~ N2Osis less than 2 10-%s53In this case, the average diffusion
probability may then be expressed as independent resistance§epth of 0.6D7)*2is less than 10 A fob < 1078 cn? 5714264
USING 1¥/hexyl = L/Gthexyl + 1/ reaci Whereoexyiis the probability This gxpenmen;al limit implies that hydrolysis often occurs in
that N,Os passes through the hexyl film and enters the acid @ region containing alcohol head groups and perhapsy@tips
andTeactis the bulk-phase reactiviff:061 c,qdoes not vary ~ as well.
upon addition of hexanol because hydrolysis occurs only within ~ The data in Figure 6 therefore suggest two possible causes
the bulk acid, where little hexanol is present. The range of values for the suppression of #0s hydrolysis: the surface alkyl chains
of Treact@re obtained fromypae = 0.15 in Table 1 using the ~ may pack tightly enough to block the entry of someQy
maximum value oftpare = 1 and its minimum value of 0.15, molecules into the acid, while the alcohol head groups may
yielding Treac{0bare = 1) = 0.18 andlyeac{Gpare = 0.15) = reduce the reactivity of pDs that do enter the acid, perhaps by
(every entering molecule reacts). In the latter case Whef: reducing the concentration of both;®" and HO near the
= 00, Glhexy! iS €quUal tOyhexy and decreases linearly Withhexy. film—acid interfacial region.

When T eactis 0.18, anexy Starts at 1 for the bare surface and
drops more sharply thaphexy. At the highest surface coverage Conclusions and Atmospheric Implications

Of Ghexy1 = 0.60, the resistance equation predicts tiaky varies Hexanol and butanol dissolved in 72 wt %%$0;, at 216 K

between 0.091(;eact= 0.18) and 0.06I(;eact= ). This analysis ' 3

! : . : form loosely packed surface films corresponding-80% and
suggests that, if hydrolysis occurs far from the film region, then ~44% of ayccr))mpact monolayer at their gsymptotic coverages

/ . ,

EEErrﬁgTiuz?(;egOh?;(g:eELrllsn;rli)sé (Setnotgrigo f’heogczgore of the respectively. The conversion of,8s to HNO;3 is noticeably

& ) 9 ) impeded by these surface films, with reaction probabilities that

The contrasting behaviors ofaRls and HCI or HBr may be  grop from 0.15 to 0.06 for the hexyl film and to 0.10 for the

ascribed in part to their different sizes; th’0 A® molecular ] film. These changes are smaller than those observed on
volume of NOs is approximately twice that of HCl and HBr,  seawater using hexanoic acid (3- to 4-fold reductimjjost
making it more difficult for NOs to pass through gaps between jikely hecause the alcohol films do not pack as tightly on acidic
the alkyl chains. Thus, HCl and HBr may permeate more easily gypphases due to charge repulsion among the RQidad
through the film and reach the underlying acid, where they can groyps and formation of ROS040:41
bond to and protonate the alcohol OH groups. Size arguments " The experiments demonstrate that short-chain alcohols can
alone cannot justify a lower mobility of #Ds through the film, - gjanificantly impede MOs hydrolysis by sulfuric acid droplets
however, because the molecular volumes ot@H,OH and if the alcohols are plentiful enough to form saturated surface
N2Os are very similar, but C#EH,OH passes through the hexyl  gims  However, it is unlikely that butanol and hexanol are
and butyl films on nearly every collisiofi.This difference points  resent in the background upper troposphere or lower strato-
to a potentially critical role for solute OH groups in aiding  gphere to reach significant surface coverages. The two shortest
transport W'thT the porous film, perhaps via hydrogen bonds 5\conols, methanol and ethanol, have been identified at con-
with H,O, H3O™, or algohol OH groups that strgddle thg fifh. centrations of~1000 ppt and~50 ppt (parts per trillion by
_ We may also consider the opposite scenario in whigBd\ volume), respectively, in polluted regions of the upper pacific
like CRCH,OH, passes easily between the alkyl chains, but troposphere at 1012 km2365 Our measured solubility of
hydrolysis itself is suppressed by the interfacial alcohol species. hexanol in 72 wt % KHSQ, at 216 K of 3x 108 M atm ™! permits
Within this second picture, the % Ghexy behavior in Figure 6¢  an estimate of the gas-phase concentration required to create a
reflects the role of the hexyl head groups, rather than the hexyl saturated hexyl film. For a typical pressure of 160 Torr at an
chains, in reducing the rate of reaction. Previous studies indicatealtitude of 12 km, we estimate that the40 mM hexanol bulk
that NOs hydrolysis in 70 wt % sulfuric acid is expected to  concentration for a saturated hexyl film require600 ppt of
occur very close to the surfaé’”%In this region, the hexyl  gas-phase hexanol. The solubility of butanol should lie between
—OH and —0OSQ;~ end groups may locally interfere with  the hexanol value and that of ethanol 0&k210° M atm™1:52in

protonation of NOs by interfacial HSO, or H;O*, which is  this case, the-200 mM butanol concentration for a saturated
potentially the key step that initiates hydrolysis in acidic butyl film requires~4000 ppt of gas phase butanol.
solutions!”*’In the limit in which hydrolysis occurs solely in These minimum gas-phase concentrations rise rapidly in more

the surface region and the hexyl film does not impede transport, dilute sulfuric acid because of lower alcohol solubilities. For
the resistance equation reduces tend4i~ 1/S+ 1/Tsus(where 60 wt % H,SO, at 216 K, which is closer to aerosol acidities
S the trapping probability, approaches 1 at thermal collision near the tropopause regidrthe solubility of the alcohols is
energies, as shown in Figure B)In this case I'sut scales  expected to be neard x 10° M atm~1.52 This lower solubility
approximately Withyhexy (for ynexyr < 0.15) and thus would be  requires the gas-phase hexanol concentration to increase to an
roughly proportional to k- 6hexy, Which represents the fraction  even more improbable value of 50 000 ppt to create a saturated
of surface area not covered by head groups. surface film. Butanol and hexanol alone are therefore not
Our experiments directly support the prediction thaOR sufficiently surface active in sulfuric acid in the upper tropo-
hydrolysis takes place in a shallow layer near the surface, sphere or lower stratosphere to impose barriers t#®DsN
potentially in the vicinity of the hexyl or butyl species. hydrolysis. These short-chain alcohols are just one of many
According to continuum model<;50 the average depth over different types of organic molecules, soluble and insoldbié’
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that may coalesce within or on aerosol droplets and segregate  HNO; desorption was also measured for a much shorter
to the surface to form mixed monolayers of widely varying observation time of 0.27 s using a continuously rotating wheel.

porosity and reactivitf/ We hope to extend the alcohol

In this casefremain rises from 0.18 to 0.52. Despite this large

measurements here to soluble organic molecules with differentcorrection, the final value fop(N2Os) was determined to be

functional groups to determine their surface activity in sulfuric
acid and their ability to impede or enhance ghguid transport
and interfacial reactions.
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Appendix: Determining the Fraction of HNO 3 Remaining
in Solution

We determine the fraction of J®s molecules that are
converted into HN@ by measuring the relative flux of HNO

over the 0.27 s exposure and observation time.
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