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Metastable States

John D. Hearn and Geoffrey D. Smith*
Department of Chemistry, The Umirsity of Georgia, Athens, Georgia 30602

Receied: July 16, 2007; In Final Form: August 22, 2007

The reaction kinetics of ozone with oleic acid (OA) in submicron particles contamihgcosane has been
studied using aerosol CIMS (chemical ionization mass spectrometry) to monitor changes in particle composition.
Internally mixed particles witioa > 0.72 were found to exist as supercooled droplets when cooled to room
temperature. Partial reaction of the oleic acid was seen to completely inhibit further reaction and was attributed
to the formation of a metastable solid rotator phase ofrHl®cosane at the surface. This reaction-induced
phase change is believed to prevent further reaction by slowing ozone diffusion into the particle. When these
particles were cooled to fC before reaction, they reacted to a further extent and did not demonstrate such
an inhibition. This shift in reactivity upon cooling is attributed to the formation of the thermodynamically
stable form ofh-docosane, the triclinic solid. This transition was accompanied by an increasentiltioesane
density, which led to the development of “cracks” through which ozone can diffuse into the particle. The
aerosol withXoa < 0.72 consisted of an external mixture of particles contaimirgpcosane in either the
rotator or the triclinic solid phase because of the stochastic nature of the retatiglinic transition. The
reactivity of the oleic acid was seen to increase with increasidgcosane content as a larger fraction of the
particles underwent the rotatet triclinic transition and therefore contained cracks at the surface. These
findings demonstrate the importance of transient, metastable phases in determining particle morphology and
how such morphological changes can influence rates of reactions in organic aerosols.

Introduction n-alkanes with 14< n < 50 using a variety of techniques,
including surface tension measuremetitsX-ray scattering;!2

' light scattering® and differential scanning calorimett{y.The

existence of the frozen surface layer has been attributed to the

thermodynamic favorability of replacing the liquidapor

Although simple in molecular composition, normal alkanes
CH3—(CHa)n-2—CHj3 (Cn), are known to exhibit a variety of
interesting behaviors and have been studied extensively for
several decades. An excellent review of the properties of ;0 o' with the soligtvapor and solietliquid interfacest®
n-alkanes is given by Small.These long-chain, aliphatic . - ;

. . - in other words, the free energy is lowered upon formation of
molecules also serve as a starting point for understanding the )
. o the frozen monolayer. This surface frozen layer has been shown
behavior of many derivative molecules because they are the . o .

o o .~ . to mediate bulk crystallization and has been hypothesized to

building blocks of lipids, surfactants, polymers, and liquid

. . ) ; : act as a nucleation sité-18 Even if it exists only as a transient,
crystals. Of particular interest is the rich phase behavior of the metastable phase. the rotator can determine the arowth morphol-
n-alkanes, which can form crystal structures of triclinic, mono- P ' 9 P

clinic, or orthorhombic symmetry/In addition, they can exist ogy of the crystqlllne solifl. Thus, a .complete descrlptllon O.f

. . . o " the phase behavior of melts containing alkanes or their deriva-

in five plastic-crystalline phases, also called “rotator” phases, .. : )

b ; ; . tives requires an understanding of the roles that the rotator
etween the fully ordered crystalline phases and the isotropic hases pla

liquid phasé These rotator phases exhibit long-range positional P .p Y- . . )

order in three dimensions but no long-range order with respect Despite the wealth of information regarding the phase

to rotation about the molecule’s long a%i&The rotator phases ~ Pehavior ofn-alkanes, only a few studies have been performed

are less dense than the crystalline phases and have very larg@n Mixtures containing-alkanes and other molecules, such as

coefficients of thermal expansion, isothermal compressibility, alcohols;® ketones? or surfactants: What is more, no experi-
and heat capacity. ments to study the effects of alkane-mediated morphology

Many of the interesting properties af-alkanes can be changes on reactions in such mixtures have been reported. Such

attributed to or are influenced by these rotator phages, effects coulgl be of significant i_nte_rest for the refining of
including the well-known oddeven effect in their melting ~ Petroleum given that the crystallization of waxes from crude
points and crystal structures and the amount by which they can©ils (containing aliphatic hydrocarbon'_s,) can cause a variety of
be supercooled, i.e., the difference between the equilibrium Problems:#-24 Furthermore, the reactions of organic aerosol
transition temperature and the temperature at which the transitionParticles in the atmosphere could be influenced greatly by the
actually occurs when cooléd. In addition, it has been Phase and/or morphology as determinedhiglkanes and their
demonstrated that-alkanes form an ordered surface frozen derivatives. Aerosols in the troposphere are known to contain
monolayer of the rotator phase that is in equilibrium with the 2 significant fraction of organic material accounting for-20
disordered liquid a few degrees Celsius above the melting 40% of the fine particulate mass in rural areas in the U.S. and
point&10 Frozen surface layers have been found to exist for 30-80% in urban area®. This material consists of many
different classes of organic molecules includmglkanes that

*To whom correspondence should be addressed. E-mail: gsmith@ areé known to originate from the disintegration of plant matétial

chem.uga.edu. and the combustion of diesel fu&l28
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Here, we examine how the phases and morphologies ofin the carrier gas flow (1.5 slpm) and remained on axis,
aerosol particles are influenced by a particulaalkane, minimizing losses to the flow tube walls.;Was created from
n-docosane (C22), CH-(CH,),0—CHs, and how this determines O, using a corona-discharge generator (Pacific Ozone Technol-
the rate of a “probe” reaction in the particle. The probe reaction ogy, Inc.) and stored on a silica gel trap held in an isopropanol/
employed is that of gas-phasg @ith an unsaturated fatty acid, dry ice bath (70 °C);33it was swept out of the trap using &N
oleic acid (OA), in mixed OA/C22 particles. This reaction was flow (20—50 sccm) that mixed with a larger flow of,N500
chosen, in particular, because it has been studied extensivelysccm) that carried it into the rear of the flow tube. The O
in the atmospheric chemistry community as a model for concentration was measured before entering the flow tube using
understanding the oxidation of organic aero$8is? Because a 10-cm-long absorption cell with a Hg lamp (UVP, 11SC-1)
C22 does not react with Dany changes in OA reactivity can  and a UV-sensitive photodiode (Newport, 818-UV). Typicgl O
be attributed to changes in the phase and/or morphology of theconcentrations in the flow tube were«{3) x 10> molecules/
particles associated with timealkane. A few recent studies have cn?.
already found that OA reactivity can be reduced by more than  Upon exiting the flow tube, the particles were sampled into
an order of magnitude in mixtures containing solid saturated the aerosol CIMS instrument through a heated glass capillary
fatty acidsi®44 so there is reason to believe that this solid inlet held at approximately 350C. The vapor from the heated
n-alkane might have a similar effect. particles was then chemically ionized with NOwhich was

By monitoring the changes in aerosol particles on-line as they generated by sending a small flow (0.5 sccm) of NO through
react in a flow tube, we are able to study the behavior of this the 2!%o ionizer (NRD, Inc.). The NOreagent ion was used
system free from the constraints accompanying bulk samplesbecause it is capable of ionizing both OA and C22 through
in which contact with substrate surfaces can initiate heteroge- hydride abstraction, yielding the [OA H]* (m/z = 281) and
neous nucleation. Furthermore, the small sample volume of the[C22 — H]* (m/z= 309) ions, respectively. Additionally, some
submicron particles significantly lowers the rate of nucleation of the OA (~20—30%) appears as the NQadduct, [OA+
as compared to bulk or even electrodynamic balance studies NO]*, although it was not used in these experiments. The OA/
which typically employ particles 3@m or largert® Thus, it is C22 content in the particles was determined from the relative
possible to observe the effects of metastable phases in theséntegrated peak intensities in the mass spectra. Daily calibrations
aerosol experiments that might otherwise be difficult to study. of OA and C22 were performed using an aerosol with a known
In particular, we find that the reactivity of OA is influenced by OA and C22 composition.
the presence of C22 and that the magnitude of this effect The phase diagram for the binary system was constructed
depends on whether C22 exists in a metastable rotator phase ousing a differential scanning calorimeter (DSC) (Perkin-Elmer,
in the triclinic crystalline phase. Furthermore, the reaction model DSC 7). Mixtures of known composition ranging from
between @and OA is seen to induce the formation of the rotator Xoa = 0.12 toXoa = 0.92 were used as well as pure OA and
phase in some particles, leading to a dramatic decrease in OApure C22, and an empty aluminum pan was used as the

reactivity. reference. The mass of each sample was not measured, but it
was approximately 50 mg. The heat flow into or out of the
Experimental Methods sample was measured as the sample was heated or cooled at a

) ) o ~constant temperature ramp rated6% °C/min, and the temper-
Mixed particles containing OA and C22 were generated using ature at the peak of the melting transition was taken as the

homogeneous nucleation, as previously describéiith this melting point. A few experiments were performed in which the
method small flows of B(100 sccm) were sent through heated  temperature was varied by°Z/min to more precisely resolve
reservoirs Containing OA (14‘01600C) and C22 (89’190°C), certain phase transitions.

and the saturated vapors were mixed and heated agaifi@00 Gases were purchased from National Welders Supply with

The mixed flow cooled to room temperature, forming internally the following purities: N, 99.99%: Q, 99.99%; and NO,

mixed particles. Particles of 700-nm diameter (geometric 9959, Oleic acid (99%) was purchased from Sigma-Aldrich,
standard deviation= 1.15) were then selected from the andn-docosane (98%) was purchased from Fluka.

polydisperse aerosol using an electrostatic classifier (model

3080, TSI, Inc.). The sheath flow of the classifier was sent Results

through a dry ice/isopropanol bath—70 °C) to remove DSC Experiments.The starting point for understanding the
ammonia, apparently originating from the internal tubing of the behavior of the mixed OA/C22 particles is the equilibrium phase
electrostatic classifier, which interfered with the chemical diagram of bulk OA/C22 mixtures. The phase diagram was
ionization in the aerosol CIMS. Particle concentration was not constructed from the OA and C22 melting transitions observed
routinely measured but was approximately1D ug/m? in the in the DSC experiments for a variety of compositions (Figure
flow tube. For the “precooling” experiments, the aerosol was 1). An example DSC trace of a mixture wikpa = 0.31 is
passed through a glass trap immersed in a cold water bath ofshown in Figure 2. In this experiment, the temperature was
variable temperature {615 °C) before entering the flow tube.  raised and lowered atZ/min, whereas in most of the others,
The residence time in the trap was sufficiently long (i.e., several the temperature ramp was5 °C/min.

seconds) to ensure that the particles reached thermal equilibrium. The heating trace contains two positive-going peaks, one
Likewise, the particles re-equilibrated to room temperature after representing the melting of OA (at 11°G) and one representing
leaving the trap and before entering the flow tube. the melting of C22 (at 43.4C), the triclinic (T)— liquid (L)

The mixed particles reacted withg@t atmospheric pressure transition. In the cooling trace, the OA freezes at42nearly
and room temperature (28 2 °C) in an aerosol flow tube as 7 °C below the melting point. This difference results from the
has been described elsewhé&teBriefly, the particles were supercooling of the OA as the temperature is lowered below
introduced through a moveable glass injector tuieif. 0.d.) its melting point. This phenomenon is not uncommon even in
that allowed the reaction time to be varied-®s) depending bulk measurements such as those made here, and in fact, OA
on its position. The particle transit times in the flow tube were has been observed to be supercooled by up°t® 8n the walls
measured as described previolSIi¥he particles were entrained  of a glass flow tubé’”
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Figure 3. Free energy schematic (after Figure 3a of Sifpiliustrating
the existence of supercooled liguieHdocosaneAT) and the metastable

R phase oh-docosaneAT') upon cooling.

] ) i ] pared to 49.0 kJ/mol for the melting transitiyrconsequently,
Figure 1. Phase diagram of bulk oleic acid (Offlocosane (C22) jt is ot distinguishable in the DSC traces. Although these two
mixtures determined from the melting transitions of oleic amyignd rotator phases exhibit different degrees of symmetry, neither

n-docosane @) using differential scanning calorimetry. L, liquid . : .
mixture; L+ Seas, liquid mixture and solich-docosane; S, solid oleic contains long-range order in the rotational degree of freedom.

acid and solich-docosane. Each R solid contains gauche bonds that introduce bends and
kinks into the aliphatic chains, distinguishing them from the T
n-docosane phase in which the chain adopts an all-trans configuration. This
20+ difference results in a larger density for the T phase than for
10l oleic acid ey either of the R phasésand because this distinction is important
= i o for understanding the phase behavior of C22 in the mixed OA/
E 0] A C22 particles, we consider the, Rnd R, phases as one
% V metastable R phase in this study.
%’% -10 \ Flow Tube Experiments. The reactivity of OA with Q in
2 dllAT=7°G ] mixed OA/C22 particles was studied in an aerosol flow tube
§ 2 with a moveable particle injector allowing the reaction time to
I g -30] / be varied (6-5 s). For each particle composition, the OA content
a was measured using aerosol CIMS as a function of reaction
ey | o A time in order to construct an OA decay curve (Figure 4a,b). As
legdbill . ! . . ] expected, the C22 signal (not shown) was not observed to decay
0 10 20 30 40 50 from reaction, but it did fluctuate, presumably from variations
Temperature (°C) in the particle concentration. Consequently, the OA signal was

Figure 2. Differential scanning calorimetry trace of a mixture with nor_mallzed to the_022 .S'gf‘a' in order to_ acco_unt for these
Xon = 0.31 heated (black line) or cooled (gray line) at a constant rate Variations. Trends in the initial rate of reaction (Figure 5a) and

of 2 °C/min. Oleic acid is observed to be supercooled HC7(AT). the amount of OA remaining at the end of the decay (Figure
The existence oh-docosane in the metastable R phase leads to a 5b) were observed depending on the initial particle composition.
separation of the = R and R— T transitions upon cooling. In particular, the particles exhibit two different types of behavior

Similar supercooling is also evident for C22, although the depending on whether the particles are “OA-rich” (regioXd,
single triclinic (T) — liquid (L) transition has separated into > 0:72) or not (region llXoa < 0.72).
two phase transitions: (1) At 399, the liquid (L)— rotator In region I, the initial rate qf OA reaction is high (|.e.,. similar
(R) transition occurs, and 2) at 37%C, the rotator (R)— to the rate of pure OA particles), and the_OA reaction stops
triclinic (T) transition occurs. The split happens because the @ruptly before all of the OA reacts. This sudden shift in
C22 exists as a supercooled liquid between 43.4 and 9.0 reactivity indicates that a fraction of the OA is prevented from
and then as a metastable R solid between 39.0 and °&Z.0 reacting with @, or is “trapped”. Furthermore, this fraction must
The sum of the areas under these two peaks equals the are§Ot be trapped before reaction; otherwise, the initial rate of
under the single T— L melting peak, as expected. Such reaction would be correspondingly lower. Put another way, if
supercooling of the liquid and the rotator phases has beenth€ trapped OA were present before reaction, it would “dilute”
observed previously for bulkalkanes including-docosan@?546 t_he untra_pp(_ad OA SO thqt the observed initial rate of reaction
and is represented graphically in the plot of Gibbs free energy (-6, the initial slope in Figure 4a), would be lower. Thus, we
vs temperature in Figure 3. The mixed aerosol particles can conclude that the reaction between OA anrdriduces a
employed in the flow tube studies (below) are expected to show chang(_a in the particles that prevents further reaction. We believe
similar behavior, although they should exist in the supercooled that this change results from a C22 phase transition=(R)
liquid and metastable rotator phases over even wider temperaturdat 1€ads to a sudden change in particle morphology. The issues
ranges:; the rates of nucleation in the particles will be even lower ©f how this transition occurs and what kind of morphology is

than in the bulk because they are not in contact with surfaces@dopted are addressed in the Discussion below.
and contain significantly smaller sample volumes. In region Il, the rate of reaction is low initially but increases

We would like to point out that, although we have considered N the particles that contain more C22; conversely, the amount
the R solid as one specific phase, in fact, for pure C22, it really of OA trapped decreases. We conclude that, unlike in region I,

represents two different metastable rotator phasean® R. some of the OA is trapped before reaction and this amount
The L — Ry transition occurs first followed by the,R— R, decreases in particles with more C22. The initial reactivity is
transition at a lower temperatuteThis R, — R, transition also decreased proportionally to the amount that is trapped. We

involves a distortion of the hexagonal packing and is ac- believe that these observations can be attributed to the existence
companied by a small enthalpy change of 1.0 kJ#n@om- of C22 in two different solid phases, R and T, with the
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Figure 4. Oleic acid (OA) reaction decay curves for mixed oleic acid/ 1
n-docosane aerosols with (¥pa = 0.72, for which the @ + OA 0o+
reaction induces the R transition fom-docosane, leading to trapping 0.0 02 04 06 08 1.0
of the remaining oleic acid (plateau in decays), andX$) < 0.72, OA mole fraction, X,

which consists of an external mixture of particles contaimitpcosane

in either the R or T solid phases with the proportions determined by
the n-docosane content. Error bars represenirithe measured OA
signals. Lines are to guide the eye.

Figure 5. (a) Initial rate of reaction and (b) fraction of oleic acid (OA)
remaining as determined from the oleic acid reaction decay curves for
particles of varying composition. Particles can be grouped according
to trends in reactivity, which indicate the initial phase of thdocosane
o . as a liquid (region 1) or a liquid/solid mixture (region Il). Note that,
distribution of these phases determined by the strong dependenceyr X, < 0.40, the oleic acid did not react to completion over the

of the rate of the R~ T transition on the C22 content. time scale of the experiments, so the amount remaining plotted in b is
an upper limit to the amount trapped. Error bars were determined from
the standard deviation of the measured OA signals. Lines are to guide
the eye and do not represent fits to the data.

We can now develop a picture of how the mixed OA/C22 is not unexpected because the phase diagram predicts that the
particles form and how their morphologies influence the rate particles will exist as a liquid. However, particles wiaa <
of the OA+ Ogreaction. Because all of the reactions are carried 0.92 also remain entirely liquid even as the temperature falls
out at 23 (2) °C, well above the OA melting point of 1ZC, below the freezing point because they are supercooled. In other
the OA exists in the liquid phase. At equilibrium, the phase words, the rate of nucleation is not sufficient to induce
diagram (see Figure 1) indicates that C22 exists as a liquid for solidification of the C22 on the time scale of these experiments
Xoa = 0.92 and as both a solid and a liquid & < 0.92. (i.e., several seconds). There is substantial evidence for super-
However, because all particles are cooled from elevated cooling inn-alkanes, and indeed, we observed it to happen even
temperature{ ~ 400 °C) to room temperature, it is possible in the DSC measurements of the bulk C22 and OA/C22 mixtures
for them to exist in supercooled or metastable phases. Conse{e.g., Figure 2). The small volumes of the particles and the lack
quently, the C22 exists as a liquid (L), a rotator solid (R), or a of contact with surfaces that could initiate nucleation make it
triclinic solid (T). The phase(s) in which the C22 exists is (are) possible for the particles to remain supercooled longer and over
determined by the temperature, the temperature history (i.e., ratean even wider temperature range than is possible with bulk
of cooling or whether the particles are precooled before samples. Thus, the initial decay of OA is the same for all
reaction), the composition of the particle, and the extent of particles in region | (see Figure 5a) because they all begin as
reaction within the particle. The rate of the GAOs reaction liquid droplets.
is strongly influenced by the phase of the C22, and the particles Reaction between £and OA makes the particle no longer
can be grouped into two regions depending on whether they metastable as a liquid, and the+ R transition in the C22 is
are present initially as a liquid (regionXoa > 0.72) or as a initiated. It is not clear how this transition occurs, but the
liquid/solid mixture (region 11 Xoa < 0.72). Below, we consider  reaction does change the composition of the particle substan-
these two regions and examine how the phase of the C22 intially. Nonanal, in particular, is a semivolatile product, and its

Discussion

the particles affects the observed reactivity of the OA. evaporation could remove enough energy near the surface to
Region | (Xoa > 0.72).Particles are liquid droplets, and the create a local temperature gradient. Although this evaporation
rate of OA reaction is high (see Figure 5a) becaugec&n is not fast enough to cool the entire particle, it could enhance

diffuse throughout the droplet. Fofoa = 0.92, such behavior  the aggregation of C22 molecules forming “seeds” of bundled
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segments of trans-planar chains. Such seeds have been found
to initiate crystallization of alkané% and could induce the
formation of solid R in these particles. Additionally, increases

in the local C22 concentration near the surface that might occur
upon evaporation of the nonanal could speed up the nucleation.
Once the nuclei are formed, the solid R forms a frozen surface
layer that then acts as a heterogeneous nucleation site from
which the bulk of the particle can form the R solid. There is
substantial experimentei811.18:49.50and theoretical 53 evi-
dence for both the formation of and the nucleation by surface
frozen layers inn-alkanes and mixed systems containing
n-alkanes. Furthermore, the geometry and symmetry of the -
surface frozen layer have been found to closely resemble the R 0 2 4 6 8 10
solid (specifically, the R rotator phase}>5* We believe that

the frozen layer that is formed consists entirely of C22 in these

mixed OA/C22 particles because of repulsion between the

carboxylic acid moiety of OA and the alkyl chains of C22; a ;
similar segregation has been observed in mixealkanenh- 14
alcohol systems and has been attributed to repulsion between ]
the alcohol groups and the alkyl chai#is he R solid that forms

in the particle is not the thermodynamically stable phase (which
is T), but it can exist as a metastable phase in much the same
way that the particle remains liquid when it is supercooled. In
fact, the R— T transition in C22 is known to be supercooled 1
by as much as 7C*46and we have observed such supercooling 0.014
in our bulk DSC studies (e.g., Figure 2). ]

Once the surface frozen R layer has formed, the reaction

[OA]/ [OA]

0.1+

[OA] / [OA],

between @and OA is severely inhibited, as evidenced by the 1E3 ; ; \
plateaus in the OA decays (Figure 4a). Theslubility and/ 0 5 10 15
or diffusion into the particle is greatly reduced by the solid R O, Exposure (10" molecules/cm’® sec.)

layer that forms at the surface after being initiated by thefO  Figyre 6. Oleic acid (OA) reaction decay curves for precooled mixed
OA reaction. In essence, the remaining OA is trapped becausepleic acidh-docosane particles with (Bos = 0.87 and (b)Xoa =
O3 can no longer penetrate the particle. The fractional amount 0.72. Particles were brought to the desired temperafy@g °C; <,
of OA that is trapped increases with decreasing OA content in 15°C; 4, 11.5°C; v, 0°C) and then allowed to warm to 2& before
region | (see Figure 5b), because the particle is supercooled by" eagi)tmgaPreﬁoolgngls seen to efnT]anceI_:‘:m%olenc acid reaCt'V'tIY and is
a larger amount and less of a perturbation (i.e., reaction) is abuted tothe transition of the solid-docosane upon cooling.
; o . . - Error bars represenulin the measured OA signals. Lines are to guide

required to initiate the nucleation. Finally, at a composition of o eye.
;(%* ;t%Zrzéc;[Ewetg;mglritﬁ?Q gﬁéiﬂgeéézr?ggzzssgﬁf;gotzleedRreasonable to expect that @ould not be able to intercalate

P P R either the solid R or T alkane layers at the surface of the particle.
phase even before OA reacts with; @onsequently, all of the

. . . . However, because some of the bonds in the R phase exist in
OA is trapped. From this observation and the bulk phase dI‘Fjlgramthe auche configuration, bends and “kinks” are created in the
(Figure 1), we determine that the OA/C22 particles can be g 9 !

supercooled by up to 1%C alkyl chain®8 and the density of the R phase is lower than that
7o C . . of the T phase; for example, the densityrefetracosane, C24,
Although this picture satisfactorily explains the observed jncreases from 0.86 g/chin the R phase to 0.92 g/éin the
trends in reactivity, why is it necessary that C22 existinthe R 1 phase®’ Consequently, when the R- T transition occurs,
phase? Why is the thermodynamically stable T phase not formedne increase in density breaks the C22 crystal into blocks and
(iLe., L—T), trapping the OA? If this were the case, then we creates “cracks” or “channels” through which the @n reach
would expect to observe the trapping when we induce the L {he OA inside the particle and through which the OA can diffuse
T transition by precooling the particles t6G and then warming g the surface. In Figure 7, we illustrate how such a change in
them back to room temperature before they enter the flow tube. density can expose the OA to the,@lthough more dramatic
On the contrary, such experiments (Figure 6a) show that not changes in morphology might occur. For example, the blocks
only do precooled particles react, they react to completion. of c22 at the surface could be displaced by OA, in which case
Consequently, we conclude that the C22 exists in two different he particle would consist of domains of C22 surrounded by
solid phases (R or T) depending on whether the particles arepa. Such a scenario could explain the dramatic increase
precooled or not. Furthermore, these phases demonstrate markyhserved in the OA reactivity, although we have no means by
edly different trapping properties. which to characterize the surface morphology. Nonetheless,
So, why then does the R phase trap OA whereas the T phaseeaction is observed when C22 is in the T phase because it does
does not? Both phases are highly ordered and tightly packednot form directly from the isotropic L phase but rather forms
solids with an average area per molecule of only approximately from the metastable solid R phase. Thus, the metastable R phase
20 A217 The distance between adjacent molecules is then only determines the morphology of the particle and, therefore, the
on the order of 45 A, which is similar to the size of the O reactivity of the OA within. We point out that the granular
molecule. For example, Vieceli et al. representgéd®a sphere  substructure formed in the crystallization of polymers has also
with a diameter 4 A in their molecular dynamics study of its  been attributed to the formation of blocks and nucleation
interaction with various long-chain molecuf@slt is then mediated by a metastable ph&%¢st as is the case here.
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@ to determine exactly what governs the distribution of phases in
@ @ @ these particles. Perhaps the aerosol consists of particles that
_ @ formed with different cooling rates or with a variety of trace

D) :
X o @ 9 impurities.
@ What causes the increase in the fraction of particles inthe T
/ phase as the C22 content increases (i.e X@sdecreases)?
: - & Particles containing more C22 must be supercooled by larger
@ amounts in order for the C22 to remain in the (metastable) R
& & e o / ks ol o phase. Correspondingly, the rate of the-R T transition
: : increases when the particles are supercooled more, so the

o fraction of particles remaining in the R phase decreases. In
Rotator Triclinic region Il, the amount by which the particles are supercooled
Figure 7. Schematic representation of the rotator (left) and triclinic increases by only-7 °C from Xpa = 0.72 toXoa = 0. However,
(right) solid phases ai-docosane believed to be present at the surface g;ch g shift could be enough to increase significantly the rate
of the mixed oleic acidi-docosane particles. The increase in density at which the R— T transition takes place. Such a dramatic

accompanying the R> T transition leads to the formation of blocks d d th t of i tl
of n-docosane (right), creating cracks through whicha@n diffuse ependence on the amount oOf supercooling was recently

into the particle to react with oleic acid. The; @ represented by a  Observed by Weidinger et al. for the nucleatiomgfentadecane
sphere with a 4-A diameter after Vieceli et5al. (C15) andn-heptadecane (C17) particles held in an electrody-
namic balancé® By monitoring the intensity of polarized light
This distinction also explains the marked increase in reactivity scattered by the particles, they were able to measure an increase
when particles withXoa = 0.72 are sufficiently precooled in the nucleation rates by more than an order of magnitude when
(Figure 6b). No reaction is evident when the particles are at the amount of supercooling increased from 9.15 to°@or
room temperature or even when they are precooled t6C15  n-pentadecane and from 8.8 to 985 for n-heptadecane. Thus,
before entering the flow tube. However, when they are precooled jt seems reasonable to expect the nucleation rate for theTR
to 11.5 or 0°C, the OA is seen to react almost completely. We transition also to be a strong function of the amount of
surmise that the particles undergo theRT transition when  sypercooling, and thus composition, in the OA/C22 particles
precooled to 11.5C (or below), and as a result, cracks are in region II. This transition might be complete for particles with
formed, and the @penetrates into the particle to react with the x,, < 0.40, as none of those decays indicates any trapping,
OA. At higher temperatures, the C22 remains in the R phase, aithough it was not possible to follow these reactions to
and Q transport into the particle is impeded. completion on the time scale accessible in the flow tube
Region Il (Xoa < 0.72).The aerosol consists of an external experiments. Furthermore, precooling the particles Wish =
mixture of particles that contain solid C22 in either the R phase .40 to 0°C before reaction does not change the initial rate of
or the T phase, as well as liquid C22 and liquid OA. Those reaction or the shape of the decay (not shown), consistent with
particles containing C22 in the R phase behave similarly to the none of the C22 existing in the R phase.
Xoa = 0.72 particles; that is, no OA reaction occurs. Those
particles containing C22 in the T phase behave similarly to the -gncjusion
precooledXpa = 0.72 patrticles in which the R> T transition
was induced before reaction; that is, the OA reacts to comple- We have used the reaction betweep @d OA in mixed
tion. The observed OA decays reflect the average of these twoOA/C22 particles to probe their phases and morphologies.
cases weighted by the number of particles of each type. Thus,n-Docosane is found to remain a supercooled liquid as much
the initial rate of reaction of OA in these particles is seen to be as 14°C below the melting point and to form the metastable R
lower than that in pure OA particles (Figures 4b and 5a), which solid when a sufficient fraction of the OA has reacted with O
can be attributed to the averaging of the OA decays from the R This reaction-induced k= R transition completely stops the
particles (i.e., no reaction) and the T particles (i.e., fast reaction). reaction by trapping the OA. When the-RT transition occurs,
The particles that are richer in C22 are more likely to exist in either when the particles are precooled or when they contain a
the T phase because the-RT transition is faster; consequently,  sufficient fraction of C22 that the R solid is not stable, the
the initial rate is observed to increase and the amount of OA reaction is seen to proceed with no trapping. The difference in
trapped is observed to decrease at loXegk (Figures 4b and reactivity between the R and T phases is attributed to the
5b). Finally, atXoa = 0.40, the C22 in the R phase is no longer cracking of the C22 surface that occurs because of the density
stable at room temperature, and all of the particles contain C22increase accompanying the-RT transition. Thus, the fact that
in the T phase. At this point, precooling of the particles has no the crystallization of C22 is mediated by the metastable R phase
effect on the observed OA decays (data not shown) becausehas a profound impact on particle morphology and reactivity.
the C22 is already in the T phase. Although organic aerosols in the atmosphere are much more
How is it possible for particles of the same nominal complicated than the model binary mixture used in this study,
composition (i.e., sam¥oa) and at the same temperature to the rates of their chemical transformation might similarly be
contain C22 in the R phase in some cases and in the T phase irdetermined by the phase and/or morphology. The results from
others? Because the R phase is metastable with respect to théhe present work on the reaction of @ith an unsaturated
T phase, the R~ T transition is highly stochastic in nature organic species provide a starting point for understanding these
with a wide range of transition temperatures. For example, Sirota effects. However, ambient aerosol contains both saturated and
and Herhold observed this transition to occur feeicosane, unsaturated organics that can react with other oxidants, including
C20, over a range of temperatures from 30.5 to 3% OH, and these reactions might be influenced differently.
Consequently, it is possible for some particles to have already Furthermore, the particles will contain inorganic species and
undergone this transition before they enter the flow tube and, water, which will also affect phase and morphology, and the
thus, to exist in the T phase, while others are still in the R phase. entropy of mixing in particles containing many different species
Because the transition is a nonequilibrium process, it is difficult will tend to keep them as liquids or amorphous softi§hus,
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it is clear that the specific findings of the present study cannot _ (15) Ocko, B. M.; Wu, X. Z.; Sirota, E. B.; Sinha, S. K.; Gang, O.;
be extrapolated directly to ambient particles. Nonetheless, it Peutsch. M-Phys. Re. E 1997 55, 3164.
ble to expect that these particles might have much (16) Strota, E. BLangmuir1998 14, 3133,

§eems reason.a p . p .g . (17) Sloutskin, E.; Sirota, E. B.; Kraack, H.; Ocko, B. M.; Deutsch, M.
in common with the model particles used here; in particular, Phys. Re. E 2001, 64, 031708.
the rates of reactions might be influenced as much by the way  (18) Weidinger, I.; Klein, J.; Stockel, P.; Baumgartel, H.; Leisner.T.
in which they form as by their composition. Furthermore, PNs: Chem. 2003 107, 3636.
. . . S ! (19) Ofer, E.; Sloutskin, E.; Tamam, L.; Ocko, B. M.; Deutsch,fiys.
intermediate or transient states could dramatically change thereq, E 2006 74.
morphology, as demonstrated here with the C22—RT (20) Nakasone, K.; Shiokawa, K.; Urabe, Y.; Nemoto,JNPhys. Chem.
transition. Finally, because mixtures of molecules with different 52((2)%1 é04' 748,(3'3 W Hindle. S. A+ Aarfiot. A~ Hoiland. HCrvet

f S A7 ovey, L J. ., AIndle, 5. A.; Aarfiot, A.; Hollana, ryst.
chain Iengtr_ls exhibit extended ranges of stablllty. forlthg rotator o c\ith Des.2006 6, 297.
phases, believed to be brought about by a reduction in interlayer  (22) srivastava, S. P.; Handoo, J.; Agrawal, K. M.; Joshi, G1.®hys.
interactions,®Cit is possible that the phase and/or morphology Chem. Solid€993 54, 639.
of ambient aerosols, which contain hydrocarbons of varying (23) Sfivastava, S. P.; Saxena, A. K.; Tandon, R. S.; Shekhdfiil
chain Ie.ngth, mlghF .be med'ate.d by the .rOtator phases. . (2,4) birand, M.; Chevallier, V.; Provost, E.; Bouroukba, M.; Petitjean,

A variety of additional experiments might shed more light D. Fuel 1998 77, 1253.

on the role of long-chain molecules in determining the reactivity _ (25) Jacobson, M. C.; Hansson, H. C.; Noone, K. J.; Charlson, R. J.
of aerosols. For example, mixtures wfalkanes with similar ~ R&: Ge0phys200Q 38, 267.

. ’ ! . . (26) Hildemann, L. M.; Rogge, W. F.; Cass, G. R.; Mazurek, M. A,;
chaln'lengthsz(m < 3) could be employed to see if the mcreased Simoneit, B. R. T.J. Geophys. Res.-AtmdE996 101, 19541.
stability of the rotator phases affects rates of reaction in the (27) Schauer, J. J.; Kleeman, M. J.; Cass, G. R.; Simoneit, B. R. T.
particles. Furthermore, multicomponent mixtures with a wide E”?(jlzfg)“-TSg; Teﬁhgf"}agg? 33’D15E78-Z_ b 1. Sakurai e Zuk M

. . . onias, H. J.; beving, D. E.; Zlemann, P. J.; sakural, H.; ZuUK, M.;

range of chain Iengths, more closely resembling C(ude oil WaXeS, \1cMurry, P. H.; Zarling, D.: Waytulonis, R.: Kittelson, D. EEnviron.
could be studied as these form orthorhombic crystalline sci. Technol2001, 35, 2233.

solidg224 and might affect reactivity differently. Also, a (29) Morris, J. W.; Davidovits, P.; Jayne, J. T.; Jimenez, J. L.; Shi, Q;

systematic study with particles of different sizes might be

interesting as confinement effects within particles smaller than
approximately 250 nm have been observed to eliminate the

rotator phase and cause the-dgven) n-alkane to adopt the
orthorhombic symmetr§® Additionally, experiments with a
variety of chain lengths might provide some insight into the
role that surface freezing plays as it is known to occur only for
n-alkanes with 14< n < 50° Clearly there is much more work

to be done to elucidate the complex phase behavior of these

relatively simple molecules and how they influence the mor-
phology and reactivity of organic aerosol particles.
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