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To investigate the link between molecular structure, reactivity, and partitioning of oxygenated organic
compounds in acidic aerosols, the uptake of three compounds found in the atmosphere, methyl vinyl ketone
(MVK), methacrolein (MACR), and 2-methyl-3-butene-2-ol (MBO), by sulfuric acid solutions has been
measured using a rotated wetted-wall reactor (RWW) coupled to a chemical ionization mass spectrometer
(CIMS). MVK was found to partition reversibly into 2075 wt % HSO, solutions, and we report Henry’s

law coefficients between 20 and 7000 M afnover this range. A chemical reaction for MVK was likely
responsible for the uptake observed for-&8® wt % H,SO, solutions. We derive an upper limit to the aldol
self-reaction rate coefficient for MVK in 80 wt % solution 6f3 M~ s71. MACR partitioned reversibly over

most of the acidity range, and in contrast to that for MVK, the Henry's law coefficient was relatively
independent of k5O, content. These differences indicate that the increase of the coefficient with acidity is
likely due to the ability of the carbonyl molecule to form an enol. These results indicate that aldol condensation
can be facile in concentrated sulfuric acid solutions, but it should be negligibly slow in dilute acid solutions
such as tropospheric aerosols. MBO uptake could be explained by a Henry’s law coefficient that decreases

slightly as acid content varies from 20 to 55 wt %3;; we also measured the value in water, 70 M &tm
at 298 K. A steady-state uptake of MBO was observed onte3@0wt % HSO, solutions, a reaction product

was observed, and the reaction was tentatively identified as Pinacol rearrangement. Similar rearrangements

could be at the origin of some substituted oxygenated species found in atmospheric aerosols.

I. Introduction N;
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Recent studies have shown that the interactions of oxygenatedy,

. . - . . . Mass
organic compounds with acidic particles might play a role in Speitemeter
the formation of secondary organic aerosofsjn particular, I
for precursors for which gas-phase oxidation does not otherwise ‘"{:‘; Chs Rotating wall

2

produce aerosols, such as isoprene and its oxidation protiucts. Exhaust
Various explanations for these observations have been proposed,
most emphasizing that the increase of aerosol mass was due ta Dry
the formation of large molecular weight compounds by acid- ice
catalyzed reactions. These hypotheses lack verification, and
information on the identity and kinetics of the processes taking

place in these media is missing. An extensive organic chemical _ ) )
literature is available on the acid-catalyzed reactions of organic Figure 1. Schematic of the experimental setup.

compounds;” yet most has a limited application for atmospheric ) ) )

conditions. On the other hand, the uptake of a few organic (MBO) by aqueous sulfuric acid solutions. Values for the

compounds by acidic solutions for atmospheric purposes hasHenry’s law coefficient and the rates pf reactions were obtalrjgd
been reported. These studies focused on small species such d£0m the observed uptakes, and to gain more insight on solubility
formaldehyde,® acetaldehydé® acetoné~15 and methandf _and r_eactlon, their variations with acid content were also
and reported either the absence of reaction or a reactivity limited investigated.

to very acidic conditions. A limited reactivity could be due to ) )

the simple molecular structures of these species, and morell- Experimental Section

complex species may have a more significant chemistry. To ot of the experiments were performed in a rotated wetted-
explore this hypothesis, we studied the uptake of biogenic yq|| reactor (RWW) coupled to a chemical ionization mass
compounds found in the atmosphere, methyl vinyl ketone gpectrometer (CIMS) as illustrated in Figure 1. The principle
(MVK), methacrolein (MACR), and 2-methyl-3-butene-2-0l o the RWW has been described elsewH&8and this specific
setup was described in a recent arti@ét consists of a glass

_T Rosenstiel School for Marine and Atmospheric Science, University of cylindrical flow reactor equipped with an external glass jacket
M'iT;bf,'f;t'gﬁ'e de Glaciologie, Grenoble, France. for thermostating and a rotatable inner cylinder (lerigth 15

8 Central Oregon Community College, Bend, Oregon. cm; radiusp = 0.88 cm) supporting the liquid film. Small
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volumes Vi = 0.05-2 mL) of water or sulfuric acid solutions @) oo
were placed in the inner cylinder and rotateet§lrpm) in order 0.006 -
to maintain a thin film on the wall~{ 0.02 cm thick for 2 mL

of solution). Mixing and saturation of the solutions and wetting
of the wall were facilitated by the presence of a glass stirring
bar (about 14 cm long and 0.3 cm in diameter) that rested on
the bottom of the rotating cylinder. Mixtures of nitrogen and
water vapor in equilibrium with the composition of the acid
solutions were used as carrier gas at a total flow rate of~100
260 STP crimin~! (STP conditions: 273 K and 1 atm), a total
pressurd® = 65—170 Torr (0.08-0.23 atm), and temperatures
of 273—-313 K. The organic compounds were introduced into
the main flow of the reactor by entraining their vapor into a 500 750 1000 1250 1500 1750 2000 2250 2500 2750
small flow (~10 STP crmin) of N, and sending this flow t(s)

through a movable glass injector centered in the rotating 0.009
cylinder. The movable injector allowed for the variation of the 0.008 1 (P)
contact between the gas and liquid surfaces.

Uptake into (and desorption from, for solubility) the solutions
was studied by monitoring variations in the gas-phase concen-
tration of the organic. This concentration was monitored by
sampling the flow with a proton transfer mass spectrometer (a
form of CIMS). More detail on this instrument has been
published elsewher®,and a basic description of it follows. It
consists of a differentially pumped quadrupole mass spectrom- 0.001 4
eter coupled to an ion drift tube. The ion drift tube was typically 0 , , \ \ \
maintained at 10 Torr for this study. The ion source region 61500 62000 62500 63000 63500 64000 64500
produces the reagent ions®i(H,0),, and these ions enter us)
the drift tube region where they react with the organic 0.014

compounds. Such proton transfers are known to be facile for 0012 | (©
organic compounds and allow for the detection of oxygenated ’

and unsaturated spec®MVK and MACR, both of molecular £ 001
weight 70, were monitored at ™ and M-H3O™ at 71 and 89

amu, respectively. While for most organic compounds typical § 0008
proton transfer conditions do not lead to extensive fragmentation, 0.006 -
alcohols are the exception, and extensive dehydration can occur.

The ionization of MBO (molecular weight 86) leads nearly & 0004

exclusively to an ion of molecular weight of M* — H,0 at 0.002 -
69 amu for our operating conditions. In room-temperature
experiments, the temperature inside the reactor was assumed 0 ‘ ‘ ‘ ‘ ' '
to be equal to that of the room, 296 2 K, measured with a 66000 66800 67600 68400 69200 70000 70800
mercury thermometer. In the experiments at 273 and 313 K, a )

. . Figure 2. Typical experimental profiles. (a) Reactive uptake of MBO
water/ethanol mixture was flowed thr.ough the external jacket by 80 wt % HSQ, solution, observed at 69 amu, and release of a
of the reactor and thermostated to withiri K.

product at 87 amu. (b) Reversible uptake of MBO on water observed
A limited number of experiments were performed at the at 69 amu. (c) Combined reversible and potentially reactive uptake
University of Miami using a similar RWW setup but coupled observed for MBO with 40 wt % FSC, solution.

to a commercial HP 5971 electron ionization mass spectrometer.y Returning the injector to its initial position after the uptake
This setup was used to complete the investigation of the uptake\yas completed, and observing a second transient signal indicated
of MVK and MACR in very concentrated solutions (996 wt that molecules were desorbing from the liquid and confirmed
% H>SQy). Both compounds were monitored by ionization via he reversibility of the processes.
electron impact at their parent ion at 70 amu. The experimental  |n a number of experiments (see Figure 2c), the variation of
conditions were otherwise identical to the other RWW experi- tne signals indicated that two types of behavior were observed,
ments. e.g., a species was observed to be taken up and to desorb at a
Uptake investigations proceeded as follows: First, the injector later time, but in addition, a constant offset of 10% in the
was placed at its maximum position downstream where the asymptotic signal was observed at long exposure times. This
liquid was not exposedz(= 0 cm in Figure 1) to obtain the  could have been due to the occurrence of a slow reaction or to
unperturbed concentration of organics in the system, used asslight changes in the sensitivity of the instrument due to changes
baseline signals. Then, the injector was moved upstream to in water vapor content entering the CIMS. This small effect
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expose the liquid to the gas (maximum exposure 15 cm). was mostly observed with solutions of moderate acidity and
Reactive uptake was indicated by a constant (with time) offset could have been caused by a change of sensitivity due to the
between the baseline signal and the uptake sighékigure flow of dry gas introduced by the injector, which represented

2a). Transient signals first decreasing then returning to the ~10% of the total flow. In experiments where reaction was seen
baseline (Figure 2b) indicated that the organic compound to dominate, much larger changes (20% or greater) were
partitioned reversibly between the gas and the liquid, and theseobserved in the signals due to the exposure of reagent to the
experiments lead to evaluations of the Henry’s law coefficients, acid surface, and these are clearly identified with the occurrence
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of a reaction, as the changes were too large to be due to potentialarge especially when reactivity dominates and the valud of
sensitivity changes. can only be obtained via extrapolation.

Reactive Uptake.The first-order rate coefficient for removal Solubility Measurements. The processes responsible for
of the organic compound from the gas phdsgs (s™1), was reversible uptake include physical solubility and a species
calculated from the reactive uptake signals, as propensity to take other chemical forms via relatively rapid
equilibria (also referred to as “speciation”). The sum total of
these species concentrations in solution divided by the partial
pressure of the parent species yields a value for the apparent
Henry's law coefficientsH. Here, values foH were determined
from the experimental profiles using a method described
earlief923

s

wherelL is the contact distance of the gas and the liquid 13

cm), anduae is the average carrier flow velocity {66 cm

s™1). Typically, the entire length of the RWW was exposed
(L = 15 cm), vaye Wwas 6 cm s, and there is abdua 3 s
residence time of the carrier gas (and thus reactant) over the
acid. For large uptakeksnswas determined with more precision
by placing the injector at various positions in the reactor. The WhereF is the total volumetric flow in the reactor (éns™?),
effect of gas-phase diffusion on the uptake could be estimated Viiq the volume of solution (c#), andl/S (s) is the integrated

by comparingkops with the diffusion-limited ratg?43.44 area of the uptake or desorption region in a signal vs time plot
divided by the signal that is related to the partial pressure of

reactant at saturatiofy. These coefficients have been measured
for MVK and MACR in sulfuric acid solutions at concentrations
between 20 and 80 wt %, and for MBO in water (27205 K)
and in 40 and 55 wt % EO.

The temperature dependence of the Henry’s law coefficient
of MBO in water was also determined by using a relative
method described earlié?. The volume of water was first
exposed to MBO until it became saturated, &dvas noted.
Then, the RWW was isolated, and all gas flows were stopped.
The temperature was changed by aboutCQ and after~30
min to let the system equilibrate, the gas flows were turned
back on, the RWW was reconnected to the CIMS, and a new
value forS was noted that is related to the partial pressure of
MBO at this temperature. The temperature was alternatively
decreased and increased to check for loss of dissolved MBO
(typically less than 20%). The values &, which are directly
related to the partial pressure, are inversely proportional to the
Henry's Law coefficient.

Bubble Column Experiments. Because thin films of pure
water are sensitive to evaporation and difficult to maintain at
Room temperature in the RWW, a limited series of experiments
were performed to measure the Henry’'s law coefficient for
MVK in water using the bubble column technigéfeln this
technique, known volumes of water containing a trace of MVK
(approximately 103 M) were placed in a glass column through
whereVgasis the volume of the reactor{36.5 cnd) in proximity which a known volumetric gas flow could be maintained
to the liquid volume Yjiq), Rthe gas constant, the temperature,  (standard gas flow rat€) = 100-200 STP crdfmin atP =
andH the Henry’s Law coefficient of the organic compound in 620 Torr). This induced a decrease of MVK concentration in
the solution. Equation 4 was derived on the aSSUmption that both gas phase and solution because of the Henry’s law

the rates of mass transport (i.e., first-order diffusion rate in the equilibrium
gas-phase (eq 2) and the inverse of the mixing time due to
In(&) = In(ﬁ) =1 F X
C(t) X(t)] VigRTH

F | 1

H=x o x 5=
Vigb & RT

(5)

3.6D
iff — —QC (2)
where p is the radius of the reactor arid; is the diffusion
coefficient. ForP x D, = 0.1 atm cm s, typical for species
of this mass and size, our experimental conditidds=0.1—
0.25 atm) were such thégir ranged from 2-5 s71; generally,
kobs < kairt/2. The surface rate constant for removal of the organic
compound from the gas phadgas-surtace Can be determined
by correctingkops for diffusion*

1 _1_ 1
kga&surface kobs I(diff

A gas—surface reaction probability can be obtained by
dividing Kyas-surfaceby the quantityw/2p, representing the first-
order gas-surface collision rate coefficieAt;*wherew is the
mean molecular speed of the reactant.

The first-order rate coefficient in solutiorig'iq, was esti-
mated from the observed gas-phase rate using the relationshi

3

V

gas kgas—surface

-
Kia =V, * T HRT @)

stirring, 0.1 s1) are much greater than the rates of reaction. It
is tantamount to assuming that the reaetajuid system can
be thought of as an aerosol where each patrticle is a small reactor

with a uniform concentration of reactant. With these assump- yhereC(t) andC, are the concentrations of organic in the gas
tions, the entire volume of the solution contributes to the phaseX(t) andXo, the concentrations in the liquid phase, and
observed gas-phase loss. When these assumptions begin to bethe time. The concentration decay in the gas phase was
compromised, it is not clear how large an error is introduced, monitored in real time with the CIMS instrument, and the
and any reporteuiliq data are thus flagged. However, it seems Henry's law coefficient was obtained from the time constant
that in the case whellé;q is greater than the liquid mixing time  of the decay.

(~0.1 s%), the volume of liquid that contributes to the observed ~ Chemicals.MVK, MACR, and MBO (99%, Aldrich), were
gas-phase loss is less than the total liquid volume,lﬁpﬂom used without further purification. Sulfuric acid solutions were
eq 4 is a lower limit to the true first-order rate coefficient in prepared from 96.5 wt % $¥$0O, stock solutions (Mallinckrodt)

t (6)

the liquid. Finally, the liquid-phase reaction rates determined
by this method have another significant source of error, the
uncertainty in the Henry's Law coefficieny, which can be

and deionized water. Nitrogen was obtained from the vapor
above liquid nitrogen. The organic compounds were obtained
from their vapor over the pure liquids that were placed in a
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TABLE 1: Summary of the Henry’'s Law Coefficients
Measured for MVK, MACR, and MBO 2

Hvic kigMVK)  Huacr Hugo
wt % H,SOy M/atm s M/atm M/atm
0 22+ 1 73+ 3
21+ 2 12 0.005 80
20 (273 K) 38 ~0
36+1 35 0.0025
40 38+t7
50 25 0.006
52 25 0.009
55 280 0.0011 48 26
60 1500 60
63.5 2200 < 0.0001
70 7100 < 0.00005
71.2 44
73(313K) 3000 -
80 <0.0003 22

aT = 296+ 2 K unless otherwise specified.

glass trap at-77 °C. Their vapor was entrained in a flow of
nitrogen through the trap, and this flow was diluted before
introduction into the injector. Typical organic concentrations
in the flow reactor were 2« 10 molecule cm3, although
occasionally, it was as high as>4 102 molecule cm®. The

acid content of the solutions were determined before and after
each experiment by titration with standardized sodium hydroxide
solutions.

Ill. Results
Uptake of MVK. The Henry’s law coefficient of MVK in

water measured by the bubble column technique was found to

be H‘,\),,\,K (296 K) = (22.1+ 0.6) M atnr%, in good agreement
with the previously reported value éfyvk (298 K) = (21.5+
1) M atn 1,25 but slightly lower than the one reported by another
group of Hyyk (298K) = (41 + 7) M atnr1.26

The uptake of MVK measured with the RWW/CIMS setup
was dominated by a reversible component in-28 wt %
sulfuric acid solutions, but was large and indicated no desorption
from 80 to 96 wt % HSO, solutions. The effective Henry’s
law coefficients for MVK were measured for sulfuric acid
solutions between 20 and 73 wt %, and the results are
summarized in Table 1. A source of uncertainty in these

measurements arises from discerning the asymptotic value in

the signal vs time plots. An apparent steady-state loss in the
more dilute solutions impacts the ability to discern the quantity
I/Sy. Note that thek,, values that could explain the measure-
ments (see below) are very low0.01 s'1, much less than the
rotation rate of~0.1 s'%; thus, any potential loss within the
liquids probably affects the quantityand thus the value d,

by less than 10%. The values of the Henry’s law coefficient
for MVK rapidly increase with acid content starting near 55 wt
% H,SOy and reach values larger than the coefficient in pure
water by 2 or more orders of magnitude.

The measured Henry’s law coefficients for MVK, divided
by the value in water at the same temperature, are presented i
Figure 3 as a function of sulfuric acid content. Also shown are
the Henry’s law coefficients (divided by the values in water)
for acetone (295 K7 250 K), 2,4-pentanedione (29572R,
methanol (231 K9, butanol (296 K8), and acetaldehyde (240
K19). Like that for MVK, the H values for these compounds
also increase with acid content, althoudfvx appears to rise

Noziee et al.
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Figure 3. Henry's law coefficientH, of MVK, MACR, and MBO,
normalized to the values in pure water at the same temper&ﬂﬂbe (

as a function of sulfuric acid content. Data are for 296 K unless
otherwise indicated. Also shown for comparison are the coefficients
for acetone (ref 15, 250 K; ref 27) and 2,4-pentanedidaegtaldehyde

at 240 K}° methanol at 231 K, and butano?’ Effective Henry’s law
coefficients for water are shown as the curved lines (solid, 298 K;
dashed, 250 K); see the text for details.

exposure (the asymptotic signals, for the-B% wt % solutions)
according to eq 1. First-order loss rate coefficients in solution,
k,'iq, were calculated from eq 4. For most of the solutions, the
reactive component was difficult to discern in the signal vs time
plots, because the asymptotic signal was, within the uncertainty,
close to the unperturbed signal. Furthermore, we could not fully
partition out potential sensitivity changes in the system, and
we report most of the loss rates as upper limits.

The steady-state losses we report for MVK in-B5 wt %
solutions were 10% or less &f; thus, changes in instrumental
sensitivity upon exposure of the reactant to the liquid, due to
the ~10% changes in [bD] entering the CIMS, could have
been responsible for these “observed” losses. Yet, there is
evidence that potential sensitivity changes are not responsible
for the observed signal changes. The partial pressure of water
ranges from 16 to 4.4 Torr over this range of acid content at
295 K, and an uptake experiment in 20 wt % acid at 273 K
(H20O partial pressure= 4 Torr) showed no steady-state loss in
signal. The different signal behavior for 20 wt % at 273 K versus
52 wt % at 296 K, which exhibit similar O partial pressures,
argues that sensitivity changes do not entirely explain the
changes in the signals we observe, and that the steady state
losses we report (but cannot identify; see below) decrease
strongly with temperature. Plotted in Figure 4 is the observed
gas-phase loss rate coefficielgys versus the volume of the
liquid in the RWW for the measurements on 36 wt %S,
Kobsis clearly related to the volume of liquid in the RWW, and
the slope of the line (from application of eq 4) yields a value
for k,'iq of 0.0025 s!. Also, these data further support our

ttribution of the observed steady-state signal changes to a
iquid-phase loss process. Thus, also presented in Table 1 are
the k,'iq estimated from eq 4. The upper limit value in 80 wt %
acid Q<|'iq < 0.0003 s rests on a lower limit tddyyk of 10
M atm~1, because extrapolatiorH(,.VK/Hﬁ,NK, Figure 3) to 80
wt % is highly uncertain.

Scans of the CIMS over a wide range of masses revealed

more steeply than those for the other species that have relativelythat no other compounds were detectable in the gas phase. This

simple molecular structures.
First-order removal rates from the gas phakgs were

suggests that the potential reaction products were either
partitioned to the liquid phase or not detectable with PT-MS.

determined from the observed decreases in the signals uporA potential reaction pathway that would lead to long-chain, large
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Figure 4. Steady state observed first-order gas-phase loss rate i C\ /CHZ
coefficient for MVK vs liquid volume in the reactor. Acid content was //C_T_c”2 H
36 £ 1 wt % H,SO,, and temperature was 296 K. H,C OH
MVK

molecular weight products, is aldol condensation. Formation

of the enol of MVK, 1,3-butadiene-2-ol, is an essential step in CHy
this process. Presented in the discussion are possible loss ;/C—C
processes, but keep in mind that these valuek,'i{pin 20-55 HC °

wt % acid could be considered phenomenological constants tha

merely explain the observations. \

Uptake of MACR. The uptake of MACR was found to be o
reversible in sulfuric acid solutions up to 90 wt %3%04. The Mo ’ ,
effective Henry’s law coefficient for this compound was /
measured between 20 and 80 wt %S solutions (Table 1 e o
and Figure 3). Unlike that for MVK, this coefficient does not Figure 5. Structures of MACR and MVK and mechanisms of
significantly change with acidity, and remains, perhaps decreas-protonation, enolization, and aldol condensation for MVK.
ing slightly with acidity, near a value of 50 M atrh

The uptake of MACR was not reversible on the time scales function of temperature over 29275 K showed thatHygo

of our experiments (a few hours) using 96 wt %S@, increases exponentially with the inverse of temperature
solutions. A first-order rate coefficiefas suface= ~2 st was
obtained for the reaction in 96 wt % solution, after correction In[H,(\’,,BO] = (72304 190)T — (20.2+ 0.7) (8)

for gas-phase diffusion (eq 3). Assuming a Henry’'s law
coefficient of 50 M atni?, a first-order liquid-phase reaction Errors in eq 8 are & precision from the fit. Total uncertainty
rate coefficiemk,'iq is estimated to be-10 st (highly uncer- in the slope is obtained by adding in a potential 10% systematic
tain becausédyacg is not known in 96 wt % HSQ4, and the error (due to estimates of changes in the solutions with
applicability of eq 4 is compromised at these loss rates.) As temperature) to get a value of 7230900 for the slope. This
discussed below, MACR alone does not react by aldol conden-temperature effect corresponds to an enthalpy of solvation of
sation. No products were observed in the gas phase, precludingAHso = —(60+ 7) kJ mol™, matching, within the uncertainties,
the identification of the reaction. Potential reactions in the highly the temperature dependence previously reported for the Henry's
acidic environment include hydrolysis, sulfation of a double law coefficient of other alcoho. This temperature dependence
bond, and reaction with SO leads to the value ofiJ5o(303 K) = 54.5 M atn1?, slightly
Uptake of MBO. The uptake of MBO had both a time- lower than that previously reported, 653.5) M atn?, at this
dependent (reversible) and constant (steady-state) componentemperaturé®
on 40 and 55 wt % b5O, solutions (Figure 2¢), whereas no The first-order rate coefficient in the liquid was estimated
reversible component was observed on 80 wt % acid, and afrom eqs 4. Assuming a constant Henry’s law coefficient of
reaction product was detected. Extraction of the Henry’s law 50 M atnT® over the range 4672 wt % H,SOy, gas-phase loss
coefficient of MBO from the measurements in 55 wt %S, rates were converted into first-order liquid-phase reaction rates,
was difficult, because the reactive uptake was dominant overk,'iq, and plotted in Figure 6. This plot shows that the increase
the reversible component. Furthermore, it was not possible toin kjiq with acid concentration can be explained by
discern a reversible component in solutions more concentrated
than 55 wt %; thus, determination bffwas limited to the low- In(klliq) =(0.19+ 0.02) x W — (14.6+ 1.3) (9)
acidity, 0—55 wt % HSOy solutions. Table 1 and Figure 3 show
that this coefficient does not increase significantly over this whereW is H,SO; composition in weight percent. The data
acidity range, remaining near the average of52@) M atn%. points for solutions greater than 62 wt % acid were not included
The coefficient in water at room temperature was measured toin the fit, as the applicability of eqs-#4 is compromised because
be HEABO(ZQS K) = (73 &£ 3) M atnTl. Measurements as a of transport issues detailed above. Another reason for limiting
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1 As in previous studie¥)151627.2830the variations of the
0 Henry’s law coefficients with solution composition can be
-1 . discussed semiquantitatively by taking into account the various
2 g forms that species A is thought to take in solution. Liquid-phase
%?'3‘ ;‘ studies, such as for acetaldehyfehave established that
< 4 ',.‘ carbonyl compounds undergo the following equilibria in acidic
=5 solutions:
€ (1) Protonation
-7 ¢
-8
o AH" <A +H" K. = il (11)
0 10 20 30 40 50 60 70 80 90 100 App+
% wt. H,SO,
Figure 6. Liquid-phase first-order loss rate constant for MBO as where g is the activity of species in solution, andK; the
function of the HSQ, content of the solutions. equilibrium constant (note 11 is written as is customary and

thatKy+ is the equilibrium constant for the dissociation of the
protonated ketone), and
(2) Enolization

the fit to the less concentrated solutions is the possible

occurrence of a large increase in the Henry’s law coefficient

with acid content for solutions of 60 wt % and larger.
Scanning the CIMS over-8200 amu during the uptake

experiments on 80 wt % acid showed that the formation of a A < enol K

compound that gives 87 amu after proton transfer was correlated

with the uptake of MBO recorded at 69 amu (Figure 2a), with

a significant delay in time due to its solvation. The signal at 87 The molecular structures of protonated MVK and of the MVK

amu was thus identified as due to a reaction product for uptake enol are illustrated in Figure 5. An important difference between
into 80 wt % HSO. For the 40 and 55 wt % uptake MVKand MACR is that MACR cannot form an enol because

experiments, there was little or no change in the 87 amu signal the carbon adjacent to the carbonyl is completely substituted.

_ %o

enol —
an

(12)

upon exposure of MBO to the solutions. In addition to equilibria (egs 11 and 12), carbonyl compounds
in acidic media can undergo the following reactighs:

I\V. Discussion (3) Addition of the protonated molecule onto the enol
Henry's Law Coefficient of Oxygenated Organic Com- o,

pounds in Sulfuric Acid. Previous reports show a large increase AH" + enol— P, (Kadd: —) (13)

of the Henry’s law coefficients with sulfuric acid content for AaH+3eno

carbonyl compounds such as acetaldehdsgetoné? 27 and . o .

2,4-pentanedion®,as well as alcohols, such as methahahd which is essentially ireversible, and

butanol?® The Henry’s law coefficient for MVK measured in (4) Dehydration of the addition product

the present work displays a similar increase, wiidigacr is P, < P,+ H,0 (14)

constant or slightly decreases over the same range. Because of
the limited data available on the coefficient for MBO, the latter
will not be discussed here.

For species A partitioned between the gas and liquid phases
the Henry’s law coefficient, is represented in this work as

Products P1 and P2 are also illustrated for MVK in Figure 5.
Steps 1%+14 constitute the aldol condensation mecharim.
'In our experiments with solutions of less than 80 wt ¥5By,
the organic species were present at very low concentrations:
= typical gas-phase concentrations ok 2L0* cm 3 (~108 atm

Ha = AliofPa (10) gr?d a rgaxir%um Henry’s law coefficient of 4B1 a(ltm*l WOU|d)
whereP, (in atm) is the partial pressure of A in the gas, and correspond to a maximum liquid-phase concentration oft10
[A] or (M) is its total concentration in the liquid. At sufficiently M (~107°mole fraction.) As discussed below, the rate constants
low concentrations of dissolved Aa is a constant according ~ for aldol condensation are generally small, and the rates of
to Henry's law. At large concentrations of A, the properties of réaction are second order in the organic concentration. The low
the liquid can be affected, yet an effective Henry’'s law concentrations and small rate coefficients, therefore, imply that
coefficient can be used for the gas-solution equilibrium process, Steps 13 and 14 were slow in the moderately strong acid
albeit not necessarily equal tbla at low [Alo. A large solutions and likely had negligible impact on the equilibria (eqs
conventional Henry's law coefficient in an acidic solution is 11 and 12).
an indication that significant uptake of the compound may occur, ~ Taking into account the protonated and enol forms, eq 10
even outside the range of applicability of the value of the becomes
conventionalHa. The results of this work concerning these

coefficients may contribute to the understanding of enhanced . [Aljq + [AH'] + [enol]  [A]

aerosol yields obtained with acidic particle seeds in recent smog' 'A — Py - Py x

chamber studie5® The comparison ofHmvk and Hwacr +

measured in this work leads to key questions concerning the 1+ [AH] + [enol] (15)
processes responsible for the increase of these coefficients at [Alig  [Alig

high acidity: (i) Why do the Henry’s law coefficients for MVK

and MACR display such vastly different behavior with acidity? Note that other species, such as alcohols and small molecular
(ii) Why is the variation with acidity for MVK similar to the weight aldehyde&;10 can also have significant amounts of the
values reported previously for other carbonyl compounds and hydrated forms in high water content solutions. We do not
alcohols? consider the hydrated form here, as the emphasis is on solutions
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arise from coordination of HSP to thed™ on the carbon atom
carrying the protonated hydroxyl group (a shielded carbonium
aton). Enhanced solvation of the alcohols with increasing
H,SO, content could also be explained by such an interaction
where the protonated alcohol leads to a partially solvated
carbonium ion that can interact with H3O

The first term in eq 16 could also be responsible for increases
in Ha via physical interactions of A with the solvent at high
acid content, similar to that alluded to for the alcohols having
a significant interaction with the HSO ions in the solvent.
This interaction may also be important for MVK and the

with a significant acid content. Substituting the equilibrium
constants into eq 15 leads to

Vﬂnq 1
A= =N X 1-+-KH+

« A
Y an+

wherevy; is the activity coefficient of species

Previous work focused on identifying the term in eq 16 (or
an equivalent) responsible for the increaséiddt high acidity.
This increase was first qualitatively attributed to the protonation
terms for both methantland acetoné Later work on ketoné$ carbonyls reported previously, while the lack of an interaction
and acetaldehyd®,using literature values for the protonation for MACR may be related to the fact that it does not enolize.

constants, concluded that the protonation term could not o154 shown in Figure 3 are the effective Henry’s law coefficients
quantitatively explain the increase of the Henry's law coefficient ., H,O, normalized to the pure water value, obtained by

with acidity. Howe\_/er, it _is possible that the pr_otonation applying eq 10 using the water content and thgdH/apor
constants reported in the literature cannot be applied to theseIoressures of the acidé3s at 298 and 250 K. The increase in
strong acids or are flawed. Determination of many of these his quantity occurs at similar acidities as those for tie
constants, aqd Qf the half-protonation pomts for alcoholls, Was gnhanced for many of the organic compounds. The similarity
based on distribution methods}*? which are essentially (¢ he tendencies indicates the increasklinwith acidity could

identical to the method used in this work: the relative be related to a solvation effect by H$Oand/or another
measurement of the concentration of the organic species in WO, onstituent of the solution.

the enol erm and assuming that solvent efects were neglgile,  RE2CTViY of Carbonyl Compounds (MVK, MACR) in

half-protonation points for many alcohols were determined to ’Sulfgnc Acid SOIUUODS' As explained apove, organic chemical

be ~45 Wt % HSO;. However, the activities of the various studies have estgbllshed that. the main fate of carbonyl com-
' ' pounds in sulfuric acid solutions is aldol condensafiéA?

forms of an organic species and how they vary with acid content Studies of the uptake of gas-phase acetone by strong sulfuric

zrg ngit‘i(\i]i(t)wgéeif?é\i/:r?ttse:reecfofiggzgngﬁlsilIJg;eedt;ou?l ?t S)ma”acid solutions (7585 wt %) for stratospheric purposes have
e y y Y): " confirmed the occurrence of this reaction by identifying specific

If we ignore potential artifacts iKy+ for the time being, the

protonation constants for both the carbonyl species and the

alcohols are reported to be in the range-100’ M (e.g.,
Ky+(acetone)= 1.6 x 10" M33). MACR is expected to have a
Ky that is similar to that for other carbonyls and, in particular,
for the present argument, to that for MVK. Thus, if protonation
is responsible for the increase of Henry’'s law coefficients at
high H,SO, content,Huacr should similarly increase at high
acidity. The results of this work therefore allow us to make an
important generalization

in the understanding of these
systems: While protonation might be an important step in the

products, mesityl oxide and trimethylbenzéde.

The reactive uptake of MVK in 80 and 96 wt % acid solutions
is thus likely to be due to aldol condensation. The reaction is
second ordet-3936and a second-order reaction rate constant,

i can be obtained by dividing the valueslqf obtained in
this work by an estimated MVK liquid-phase concentration.
However, because of the extrapolation of the Henry's law
coefficient to concentrated solutions and the potential inap-
plicability of eq 4 due to large reactant gradients, large errors

can be introduced in the values of by andkj,. Therefore,

process responsible for the increase of Henry’s law coefficient We report only an estimate for loss rate coefficients that could

with acidity, it cannot be the sole cause for this behavior.

Because enolization constants are known to vary widely,

explain our results and only for 80 wt %,80, solutions for
which the error due to the extrapolation of the Henry’s law

betweerKeno = 5 x 1079 for acetone, because of its low degree coefficient would be the least and radial gradients within the

of substitution, toKeno = 4 for 2,4-pentanedione due to the
stabilization of the enol by an internal hydrogen béritljis
also not easy to attribute increasestinvith acidity to theKeno
term in eq 16. Most carbonyl compounds havEo several

liquid were small (although the first-order rate coefficient in
the gas phasdgs Was a significant fraction d;s, introducing
additional uncertainty ir1<|'i ). Correcting kops for gas-phase
diffusion lead tokgas = 3 s'L. With a lower limit to Hmvk of

orders of magnitude larger than that of acetone; thus, it seems™~10* M atm™%, we obtainkj, < 3 x 107 s from eq (4.)
that enolization alone cannot be the reason for the increase inWith a typical mid-reactor value for gas-phase MVK-e10~8

H at high acidity for carbonylskeno, = 1072 being considered
a fairly stable end). Yet, the similarities between increases in
Hwuvk with acidity and that for the coefficients for acetaldehyde,

atm, liquid-phase [MVK] is= 10 M, and thus, &' of ~3
M~1s1or less could explain the reactive uptake. This value is
in the range of the rate constants recently estimated for other

acetone, methanol, and butanol, and the contrast with thecarbonyl compound¥.

behavior ofHuwacr, suggests an important contribution of the
alcohol functionality of a compound to the value df in
concentrated acid.

In order for the enolization term in eq 16 to account for the
observed increases Bk between water ane 70 wt % acid,
the value of the equilibrium constareno, Needs to increase
with acidity, and/or the activity coefficient of the engleno,
has to decrease drastically with acidity comparegtAolf the
increase oHwvk is due to a decrease of the activity coefficient

Identifying a potential reaction of MVK in 20655 wt %
solutions is not straightforward. Our observations indicate that
I<,'iq was not dependent on [MVK] over this range (although
this variation was over a range of only a factor of 2), which
indicates first-order kinetics and is in contradiction with aldol
condensation. Among the first of the processes that should be
considered is enolization. Althougane for MVK is not known,
the reverse process of ketonization is probably fast, and if the
enol is not scavenged, it will probably rapidly ketonize. It is

of the enol, then an enhanced solvation of this molecule resultspossible that a low-level impurity in the acid solutions, such as

from interactions with the solvent. Such an interaction could

a halide, on the order of 1@ mole fraction, could have
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scavenged the enol form of MVK. We estimate that this H Ho o

scavenging reaction could have been maintained for several days T HaC N7 :

for a typical rate of MVK consumption if the impurity were (|:H3 CHs

present in solution at+0.3 ppm. For HSQ; contents of 26-55 protonation / doprotametion

wt %, our observed first-order loss rates are in the range 6.002

0.01 s* (properly, these are upper limits). These values are in H H

the range of values previously determined for carboffyls. Hzc/:\/ - Ho\g/c*ﬁ:/CHa
The postulations above notwithstanding, the reasons for the HyC CHs © o

phenomenologica, in 20-55 wt % HSO; solutions are not B amere 2.0 $methyh2-butene-1-ol

easily recognizable. Also, the rate coefficient estimated for MVK

aldol condensation in 80 wt % acid rests on quantities with large 1L protonation ? WL protonation

uncertainties. Further experimental work is needed to ascertain

a possible reaction in the dilute solutions and to obtain more B He

accurate determinations of the reactivity in the strong solutions. ~ Hc”"\> HO\C_I-QC\CIH/CHS
Recent work® on the interaction of acetaldehyde with7 HiC CHa o,

wt % solutions (216-240 K) revealed a reactive componentto  pinzcol pinacol

the uptake. Although no rate coefficients were reported, this is *""™"" 1L reereneement WL

in qualitative agreement with our observed losses for MVK in

2055 wt % solutions. However, studies of acetone uptake using HsQ oH HO_ /23 _CHsy

a RWW and an experimental setup similar to the present&ork " C/CH\C+ w1

reported no reactive component and very low upper limits{10 ’ CHs CHa

M~1 s™1) for the overall aldol condensation rate coefficient. It  deprotonaion deprotonation l

appears that the speciation and reactions of carbonyl compound

in sulfuric acid solutions are not easily generalized and can Hy 0 o B

depend in complicated ways upon molecular structure, acidity, HBC/CH\C\/ ¢ e :

and temperature. Also, it appears that the effects of low-level CHs CHa

impurities cannot be ruled out. racucs, ceam rocues. coamu) 7

The lack of reactivity of MACR observed over most of the _. . . . o

- L L Figure 7. Mechanisms for pinacol rearrangements and isomerizations
acidity range is likely due to the absence of enolization and +\Bo.
aldol condensation. However, in the atmosphere, MACR could
undergo aldol condensation as the protonated form with enols

of other specie$The reaction in 96 wt % bBO, solution was  carbonium ion with g double bond. Dehydration is reversible,
not identified but would not be important in the atmosphere if and water molecules can add to either ion’ g|v|ng 2_methy|_3_
it is confined to that extreme condition. butene-2-ol (MBO) or 3-methyl-2-butene-1-ol. The equilibrium
In conclusion, while aldol condensation produces, in principle, between MBO, 3-methyl-2-butene-1-ol, and protonated isoprene
large molecular weight compounds, the results of this work are has been observed in 250 wt % sulfuric acid solutions at 25
in agreement with previous wotk!that this class of reactions  °C3%-41 Both protonation and dehydration are reversible and
should be very slow in typical atmospheric aerosol compositions can contribute to the effective for MBO, but they are believed
and probably has only a marginal contribution to the formation to be rapid and thus do not contribute to the observed irreversible
of organic content of atmospheric aerosols. uptake of MBO. 3-methyl-2-butene-1-ol is also likely to undergo
Reactivity of MBO. In strong acid solutions, the reaction pinacol rearrangement, which would potentially lead to 3-me-
product of MBO observed at 87 amu indicates the potential thylbutanal. This compound should however be less abundant
occurrence of a pinacol rearrangeméRrinacol rearrangement  than 3-methyl-2-butanone, since the equilibrium between MBO
(initiated by protonation of a double bond) has previously been and 3-methyl-2-butene-1-ol is in favor of MBO. The existence
observed for two isomers of MBO, 2-methyl-2-buten-1-ol and of two separate products could not be verified, since they would
3-methyl-3-buten-2-ol in 13% sulfuric acid, leading to a mixture both be detected at 87 amu. Large time lags in variations of the
of 3-methyl-2-butanone and 2-methyl-1-buta#a® Because 87 amu signal with movements of the injector indicate that these
this reaction has been observed to occur in weak acids, weproducts are quite soluble in the acid solutions, in line with the
believe that pinacol rearrangement is also responsible for thelarge solubilities of carbonyls discussed here. Pinacol rearrange-
uptake we observed in 40 and 55 wt %3, solutions. A ment is also known to occur for diols and keto-alcohols under
mechanism similar to the one proposed in the previous studiessimilar conditions;® and it is only one example of the many
is shown in Figure 7 for MBO. The pinacol rearrangement of possible rearrangements for carbonium in acidic media.
the protonated molecule of MBO could be favored by the  The isomerization and rearrangement reactions of MBO
formation of a carbonium ion carrying an oxygen atom, more observed in this work might also occur in the atmosphere and
stable than the initial secondary carbonium. The expected result in accumulation of organic molecules in aerosols. In
product of this rearrangement is 3-methyl-2-butanone. This addition, they could produce species that cannot be formed by
transformation is essentially irreversible and can account for gas-phase oxidation, and might help explain recent observations
the observed consumption of MBO. such as the presence of 2-methyltetrols in organic aerosols from
Dehydration of protonated MBO can occur spontaneously by the Amazonian fores for example. The formation of these
the release of kD (or neat MBO might eliminate OH Figure compounds by gas-phase processes is unlikely to account for
7). This leads to protonated isoprene in solution, similar to what the quantities found in aerosols, while the acid-catalyzed liquid-
happens in the gas phase in the ion drift tube where MBO is phase reactions and isomerizations leading to highly soluble
detected primarily at 69 amu, which can isomerize between the species, similar to what was observed in this work for MBO,
original tertiary carbonium ion (probably favored) and a primary could be efficient formation pathways.
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V. Conclusion
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