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Experimental Thermodynamics of Cluster lons Composed of HSO,; and H0.
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Predictions from gas phase nucleation models are highly sensitive to the thermodynamics of the initial stages
of particle growth, where free energies calculated using classical nucleation theory are expected to be the

least accurate. There is strong evidence th&® and HO are directly involved in atmospheric nucleation.

These species are also principal components of atmospheric ions, suggesting that they may play important

roles in ion-induced nucleation mechanisms. In part 1 of this work, we measured equilibrium constants for
the reactions of kD with the cluster ions, HH,SOy)s(H2O)w, S < 4 andw < 15, over a range of temperatures
using an ion flow reactor. ¥ bond enthalpies and entropies were derived from van't Hoff analyses, and
results for the Fi(H,0), system are in agreement with literature values. ThermodynamicsS®binding

in the H"(H,SOy)s(H20),, cluster ions were also estimated based on comparisons with the K+$Q0;)s

system, whose bond enthalpies were measured previously. As clusters grow in size, some thermodynamic

trends begin to reflect those for bulk$O/H,0 solutions. A stable population of the"tH,0),, cluster ions

is present in the atmosphere, but for typical concentrations, incorporation of the 86}, kholecule to form
H*(H2SOy)(H20)w is thermodynamically unfavorable at 270 K. As a result, significant growth and subsequent
nucleation of the F(H,SOy){(H-0), system is not anticipated in the middle or lower troposphere.

Introduction techniques were developed by Kebarle and co-wofkétso
Gas-phase cluster ions are involved in combustion, hetero- Measure cluster ion thermodynamics. The protonated water

geneous processes, nucleation, charge distribution in the Earth'<lusters were one of the first syostemsoto be investigated, and
ionosphere and planetary atmospheres, and interstellar matter89uilibrium measurements oAG®, AH®, and AS® for the
Experimental investigations of cluster ion reaction kinetics and stepwise association of,B ligands to form the F(H,O), series
thermodynamics, and more recent theoretical treatments ef ion ave been performed by a number of research grd@ips:>
ligand bonding, have yielded a wealth of insight into condensed Thermodynamic parameters_for hund_reds of cluster_ ion reactions
phases at the molecular level, isligand dynamics, and ion have now been ch_aracterlzed using both equilibrium and
solvation? It has been suggested that observations of gas-phasd’onequilibrium experimental metho#iShe H"(H;SQy)s(Hz0)w

nucleation in the atmosphere may be initiated by ambient cluster CUSter ions were first identified in the laboratory for 6 by

ions2 Models of gas phase nucleation require kinetic and SiNgh etak®using mass spectrometry. Sharp and Futteter
thermodynamic data in order to understand particle growth oPserved the H(H2SQy)s(H20)w series up through= 20 using
mechanisms and to accurately predict nucleation rates. Althoughf@st atom bombardment of sulfuric acid solutions. Kobara et
hundreds of ior-molecule reaction rate constants and thermo- &> have recently generatedtHSQ)s(H20)w, s < 3 andw
dynamic parameters have been tabuldtemveral systems = ©: cluster ions in an electrospray mass spectrometer. Viggiano
potentially important for ion-induced nucleation processes in €t @l*°and Lovejoy® measured the reaction kinetics of cluster
the atmosphere have not been investigated. Numerous fieldormation and ligand exchange for sevemi= 1 species.
observations and theoretical treatmefitsuggest that both ~ HOWever, the thermodynamics of,8Qy-containing positive
sulfuric acid and water vapor are directly involved in gas-phase 10NS have not been reported. ) )
nucleation in the atmosphere. These two species are also In this work, equilibrium constants were measured in an ion
principal components of ambient ions in the troposphere and lOW reactor apparatus over a range of temperatures for the
stratospheré, making them ideal precursors to ion-induced €&ctions of HO with positively charged b8Q/HO cluster
nucleation. The purpose of this work is to develop an experi- '0"S
mental method to determine thermodynamic quantitie&°(
AH°, andAS’) for the growth and evaporation of cluster ions H(H,SO,)(H,0),_; + H,0 + He=
g(r)lg] ptgs 6r)r:je(t;lfs;[rseo‘lt:lensdel_bp(;l.rameters for positive cluster ions H+(H2304)S(Hzo)w +He (1)
Extensive laboratory study of gas-phase cluster ion equilibria o
began in the 1960s. High-pressure mass spectrometry (HPMS)Where the indices andw refer to the number of $80, and
H,0 ligands, respectively, in the cluster. A van’t Hoff analysis
*To whom correspondence should be addressed. E-mail: yielded standard reaction enthalpies and entropiel§,andAS’.
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Figure 1. Variable temperature ion flow reactor apparatus.

corresponding negative ion system, HS®,S0y)s(H20)w, are were thermally and electrically isolated from the vacuum system.
described in the accompanying article (paft 2hd in our earlier Small thermal losses through the cylinder housing required that

studies?? the temperature of the fluid inside the copper coils be offset
from the fluid in the reactor jacket by up 8 K to equalize the
Experimental Method reactor and sampling temperatures. The gas temperature was

. —_ . measured using a calibrated thermocouple probe protruding from
Cluster ion equilibrium measurements were performed uUsing he end of a 1.5 m long 1/4" 0.d. stainless steel tube inserted

a stainless steel, temperature-controlled, low pressure, laminary,n the length of the reactor. The temperature gradient
flow reactor coupled to a qluadrupole mass spectrometer (Figurepetween the end of the flow reactor and the sampling orifice
1). lons were generated in a 20 cm lorg7.3 cm i.d. tube was kept to<1 K for all experiments. When operating at

coupled to the upstream end of the main 113 cm l0ng o mnerature extremes<40 or >400 K), gases would travel
temperature-controlled flow reactor of the same diameter. The up to 40 cm into the reaction zone before the temperature

temperatqre-control Jacket begins 13 cm from the upstream endstabilized to within 2 K. Temperature gradients between the

of the main reactor and extends the fuII length of the reactpr, center of the reactor and the wall were typicath@ K, but

terminating _about 4cm fro_m the sampling aperture. The_ reaction gradients 65 K were observed at high reactor temperature and

tz;)ne IS dlgflned as the d|stan_ce frolm ltg(?e star}rkc])f the.Jaﬁk?t to pressures. Reaction temperature was taken to be that measured
€ sampling aperture, approximately cm. The main NeUM o+ the radial center of the downstream end of the flow reactor.

(99.995%) carrier gas flow, introduced at the upstream end of Lo . . .
the ion generation section, ranged from 80 to 175 STP<sh bo‘:irglkuncertamty in the reaction temperature is estimated to

(STP= 760 Torr and 273 K), and represente®0% of the i . .
Water vapor was introduced into the flow reactor by flowing

total gas flow during equilibrium measurements. Water vapor X !
was introduced upstream of the ion source. Sulfuric acid vapor & He carrier gas through two glass frits at the bottom of a 10 L

was added to the reactor 4 cm upstream of the reaction zonePubbler filled with 6-8 L of distilled water kept at room
and 22 cm downstream of the ion source. Pressures at thel€mperature. The Hef® mixture flowed through a Teflon mesh
midpoint of the reaction zone, measured using calibrated filter to remove water aerosol, then through a valve that
capacitance manometers, were regulated by a throttle valve oncontrolled bubbler pressure, and finally into the flow reactor.
the pump line. Reactor pressures wereld Torr. Mass flow Helium flow rates through the bubbler ranged from 5 to 55 STP

rates of He into the ion reactor, water bubbler, and sulfuric acid ¢™° S_* at pressures of 1661000 Torr. The flow and pressure
source were independently monitored with calibrated com- ©f H20 inside the reactor were calculated from helium flows in

mercial flow meters. Gas flow in the reactor was laminar, the reactor and water bubbler, reactor and bubbler pressures,

indicated by a Reynold’s numbers s#5. Average linear flow ~ and the saturation vapor pressure of water. Th® Eoncentra-
velocities calculated from carrier gas flows and total pressure tion in the flow reactor was typically 26-10' molecule cm?.
were 200-6500 cm S, yielding cluster ion reaction times of Based on uncertainties in measured pressures and flows, the
t = 15-540 ms. The axial pressure gradient along the reaction Uncertainty in the calculated p@] values was estimated to be
zone, AP, was typically<1% of the reactor pressure, though +10%, which propagates into an uncertainty\i@® for reaction
atT > 400 K, the gradient increased 40 2%. Axial pressure 1 of +£0.1 kcal mot™.
gradients were ignored because the resulting changes in The sulfuric acid source consisted of a heated {3283 K)
thermodynamic valuesdAG® < 0.05 kcal mof?) are much glass sidearm that housed a glass sample boat containing several
smaller than the experimental uncertainty. mL of a solution of HSO, (impurities <1 ppm) and distilled

The ion flow reactor has an operable temperature range of water. UHP He and distilled water vapor passed over the liquid
200—-450 K. Gas temperature inside the flow reactor was in the boat, and the }$0y/H,O/He gas mixture was carried
controlled by circulating hot or cold fluid through the jacket though a Teflon stopcock into a 3/@lass tube inserted into
around the reactor. To control the temperature of the ions duringthe center of the flow reactor. The flow reactor region near the
sampling, fluid was also circulated through coils of copper sulfuric acid inlet was heated te350 K to reduce condensation
tubing soldered to the outside of the large stainless steel cylinderof H,SO, onto the reactor wall. Water vapor was passed over
that holds the sampling orifice separating the flow reactor from the H,SO, source to prevent dehydration of the3@, solution,
the first vacuum chamber. The sampling cone and the cylinder and thereby lower the vapor pressure of;S®Wer the liquid
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([SO3/[H2SOy] < 500)2% Based on HSOQ, and HO vapor
pressured? the HSO, mass fraction of the solution was
maintained at 8690 wt %. The sulfuric acid concentration in
the flow reactor typically ranged from f30,] < 5 x 1(° to

the exception of the final lens at the quadrupole entrance, whose
potential was typically 106130 V. Transmission of ions
through the lens stack was independent of mass. The ions
traveled 21 cm from the sampling aperture through the lenses
10" molecule cm2. This estimation does not account for the into the third vacuum chamber where they were mass filtered
substantial condensation 0£80, onto surfaces in the source  using a custom built quadrupole with I/@iameter cylindrical
region and flow reactor, and therefore, it represents an upperrods. The quadrupole filter was controlled with a commercial
limit to the H,SO, concentration in the flow reactor. A more radio frequency power supply and a computer interface. The
accurate estimation of [}$0y] is given in the Discussion  quadrupole circuit was resonant at a frequency of 1.2 MHz,
section. corresponding to a maximum peak-to-peak voltage of 2.6 kV,
lons were generated at the upstream end of the flow reactorgiving an upper mass limit of about 800 amu. The quadrupole
by electrons emitted at a regulated current of 6.0%nA from operated between constant peak widiimj mode and constant
a heated thoriated iridium filament biased+a00 V. Electrons resolution (WAm) mode, and therefore, the transmission of ions
reacted with ambient He atoms to generate ionic or metastablethrough the quadrupole was a function of both mass and
helium, He" and He*. These high energy species reacted rapidly resolution. Full peak widths at half-maximum intensity (fwhm)
with H,O molecules to form both positive and negative were typically 0.8 at 50 amu and 1.5 at 700 amu, corresponding

secondary ions, e.g., 8%, HeH", OH", and OH .25 The
relatively unstable positive ions were then converted $OH
within a few cm of initial ionizatior?®2° H3O™" ions traveled
>20 cm (5 to 50 ms) and were thermalized byL(* collisions

to resolutions ofAm = 63 and 467, respectively. A strong
mass discrimination effect was observed with variation of
resolution, which significantly altered cluster ion signal ratios.
However, as the resolution was lowered, the degree of mass

with He before they entered the reaction zone. As gas travelsdiscrimination lessened, and ion peak ratios converged for large
down the flow reactor, growth of cluster ions proceeds through ions (506-800 amu) atm/Am ~ 400, corresponding to peak

many association and decomposition reactions wifi® and
H,0 to create the H(H>SOy)s(H20), distribution

H"(H,S0)y(H,0),-1 + H,0 — H (H,SO)(H,0),,  (2)
H"(H,S0,)(H,0),, — H (H,SO)(H,0),_, + H,O (3)
H"(H,SO,),_,(H,0), + H,SO, — H"(H,SO,)(H,0),, (4)
H"(H,S0,)(H,0),, — H"(H,SO)._,(H,0), + H,SO, (5)
Ligand exchange reactions also take place in the reactor

H"(H,S0,)(H,0), + H,0—
H"(H,S0)s 1(H,0),+1 + H,SO, (6)

H"(H,SO,){(H,0), + H,SO, —
H"(H,S0)1(H,0), 1 + H,0 (7)

The proton affinities of HO and BSO, are very similar (PA
= 165.0 and 167.2 kcal mo!),2® and binary HSQyH,0O
positive ionic clusters are labeled a$(H,S0Oy)s(H20), because

widths as large asAm ~ 2.0 amu. Measurements were
frequently recorded over a range of resolution settings to ensure
that no significant mass discrimination occurred.

lons transmitted through the quadrupole mass filter were
detected with a continuous dynode electron multiplier operating
in pulse-counting mode. Signals from the multiplier were sent
through an amplifier/discriminator, and TTL pulses were
counted by the data computer. Raw data were collected by
monitoring count rates at different mass-to-charge ratios,
corresponding to various cluster ions signals. Software written
in our laboratory was used to control data acquisition and record
signals generated by the detector. lon signals (Hz) were collected
by performing three to four passes over a set of prescribed
cluster ions, where individual ion peak intensities were moni-
tored for a time period of 2201100 ms per pass. Typical
standard deviations of the average signal intensity weré%
but were as high as 20% for signatsl00 Hz. Background
signal levels, defined as the maximum ion signal at a mass where
no ions were detected, werel0 Hz for an integration time of
220 ms and were generally independent of mass and experi-
mental conditions.

Results

the location of the proton within the cluster ion is not explicitly Figure 2 shows mass spectra of thg(H,SOs)s(H20) cluster
known. Total ion concentrations in the flow reactor were ion family recorded at 243 K for three different® concentra-
estimated by calculating the fractional ion flow through the tions. The four distinct groups of ion signals evident in spectrum
sampling orifice to be~1Cf ions cnT? at 3 Torr and 298 K. (b) correspond to, from low to high mass, clusters containing
The reactor was pumped by a 20001 Roots pump backed 0, 1, 2, and 3 B50, molecules. Each $$O, group is comprised
by a large mechanical pump. A small fraction of the gas in the of multiple spectral peaks due to the equilibration gHbver
flow reactor was sampled through an orifice into a differentially the H"(H2SQ)s clusters. With an increase in {8], the
pumped three chamber vacuum system, where pressures rangeequilibrium shifts to clusters with more 2@ ligands. For
from 104 to 107 Torr. The sampling orifice was either a 100 example, the cluster ion with the maximum signal intensity in
or 250um diameter circular aperture laser-drilled through a 3.2 thes = 2 family shifts fromw = 5 in (a), tow = 8 in (b), and
cm diameterx 1.5 cm high conical molybdenum cone located finally to w = 12 in (c) as the relative humidity is increased
on-axis with the center of the flow reactor. The sampling cone from 2% to 61%. The kD distributions over each430, series
and it's cylindrical mounting flange carried an attractive DC  also widen at higher [bO]. Clusters with more k5O, molecules
potential of <1 V to help direct ion trajectories through the can support additional 30 ligands so that F(H2SQy)s(H20)w
aperture and boost sampling efficiency. lons with the same cluster ion growth in the kO coordinate is facilitated by adding
polarity as the nose cone were not sampled. As the ions entered2S0O.
the first vacuum chamber, they accelerated toward the stack of The intensity of a peak in the mass spectrum is proportional
attractively biased electrostatic lenses located on-axis with theto the concentration of the ion inside the flow reactor, where
sampling aperture. All lens potentials were seti#85 V, with the proportionality constant depends on the detection efficiency
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Figure 2. Mass spectra of HH,SOy)s(H20)w, s = 0—3, recorded at 61
a flow reactor temperature of 243 K. The relative humidity with respect
to ice is listed, and kD and HSO, concentrations are given in molecule 4 T T T T T T T
cm3. The most intense cluster ion peak in eacdlenvelope is labeled 32 34 36 38 40 42 44 46 48

SW) = H*(H,SQ){(H,0).
(sw) = H*(H2S0)s(H-0) 10%/T (K™

of the sampled ion. For the equilibrium reaction 1, the ratio of Figure 3. Van't Hoff plots for association of }O to form the (a)
a product signalSew, to a reactant signasw_1, is equal to  H (H2O, w=3-10, and (b) H(H.SQ)(H:0)w w = 514, cluster

. . L ion series via reaction 1. Points represent averages of multiple
the ratio of the product and reactant concentrations inside theexperimental measurements, and lines are weighted, linear least-squares

flow reactor fits to the data. Typical error bars shown for (0,3) and (1,5) represent
N one standard deviation of I§,. Product clusters are labelesw).
Ssw _ [H" (H;S0)(H,0),] _ _ »
=7 (8) weighted as the inverse square of the standard deviation of In
Ssw-1) [H" (H;S0){(H,0)y-1] Kp. The temperature dependenceAdi® andAS’ are functions

. . of the heat capacity change for the reactiag;, and eq 10 is
Because peak ratios are measured for cluster ions 18 amu apary)y strictly valid over a limited temperature range. By assuming

mass discrimination effe(_:ts over this range are negligib_le_, and g jinear fit to eq 10, usingh\C¢ values estimated from ab initio
the product and reactant ions are detected with equal efficiency. .5 culations of the HSO (H2SO0)s(H20)w Clusters?! errors in
Peak intensities may be used to deffigy and Ssw-y) if the AG® of < 0.1 kcal mot! are predicted over atmospheric
intensity measurements for the peaks corresponding{éiid temperatures (206300 K). Van't Hoff plots for the H(Hz0)
SQ)y(H20)w and H (H2SQy)s(H20)w-1 are recorded at the same g Hr(H,50;)(H,0). cluster ions are shown in Figure 3. Points

relative position on each peak. Equilibrium constafis,for a6 the averages of-B4 individual measurements of the
reaction 1 were determined from cluster ion signal intensity eqyilibrium constant for each cluster ion reaction over a range
ratios and the absolute concentration of water of H,O concentrationsAG®, AH°, andAS® values are listed in
Table 1. Large 95% confidence intervals AfS° for some
— S 1 9) clusters ¢5 cal moit K—1) are a result of the limited accessible
P Sew-1 PHZO(atm) temperature range of the measurements, but because measure-

ments were performed over atmospheric temperatures, only
wherePy,o is the gas-phase pressure oftHin atm, and the small extrapolations are required for determinatiod\&°(T),
standard Gibbs free energy changa$°, were calculated. T = 200-300 K. Propagation of uncertainties in experimental
Equilibrium constants were measured at reactor temperaturesParameters such as flow reactor temperature ai@ ¢dncen-
of 221-434 K and pressures of 622 Torr. A weighted, linear ~ tration give estimated errors iAG® that are similar to

least-squares fit of the data to the van't Hoff equation experimental precision uncertainties (typicafi9.5 kcal mot™?).
However, systematic effects such as mass discrimination or
In K, = —AH°/RT+ AS’/R (10) interfering background signals may also contribute to experi-

mental error, and total uncertaintiesAiG® values are estimated
gives AH° and AS for each reaction, where points were to be on the order of=1 kcal mol™.
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TABLE 1: Thermodynamic Results for the Reactions, H(H,SO4)s(H20)y—1 + Hz <= OHT(H,SOy)s(H-0),, for s = 0—3?

Froyd and Lovejoy

T (0,3) (0,4) (0,5) (0,6) 0,7) (0,8) (0,9) (0,10) (0,11)
~6.33 -5.16 -4.32 ~3.84 ~3.56
221 0.05 0.06 0.04 0.04 0.02
g 10 10 10 2
~5.90 -4.81 ~4.06 ~3.59 -3.43
223 0.08 0.06 0.05 0.05 0.11
12 12 12 12 8
-6.15 ~5.03 -4.21 ~3.64 -3.27
231 0.04 0.08 0.05 0.04 0.03
4 14 14 12 6
-7.03 ~5.65 ~4.55 -3.79 ~3.37 -3.02 -2.94
233 0.02 0.05 0.06 0.08 0.05 0.01 0.08
4 8 8 8 6 4 4
-7.01 ~5.57 ~4.43 ~3.66 ~3.16 —2.72 -2.63
243 0.04 0.05 0.03 0.03 0.10 0.01 0.04
8 12 12 12 14 6 2
~7.04 ~5.57 ~4.43 ~3.66 -3.10 -2.73
248 0.06 0.04 0.04 0.03 0.02 0.03
6 14 16 16 10 4
-6.82 ~5.30 -4.13 -3.33 —-2.72 -2.31 -2.15
258 0.16 0.09 0.03 0.07 0.04 0.04 0.05
6 8 8 6 10 6 4
~6.50 ~4.97 ~3.78 ~2.96 —2.41
271 0.16 0.11 0.06 0.11 0.01
6 8 8 4 2
-6.32 ~4.86 ~3.69 -2.84 —2.21 -1.94
273 0.03 0.03 0.04 0.07 0.11 0.03
14 16 16 12 6 2
-6.01 ~4.50 -3.32 —2.52
289 0.04 0.04 0.02 0.08
10 10 10 10
-9.62 ~5.68 -4.12 -2.95
298 0.04 0.02 0.05 0.08
12 16 16 12
—5.74 —4.23
298 0.13 0.16
34 30
-9.71 -5.83 ~4.29 -3.10
299 0.03 0.03 0.04 0.07
8 16 16 8
~13.00 -8.76 ~4.89 -3.30
325 0.06 0.05 0.06 0.04
4 26 26 8
~12.28 -7.91 -4.10 —2.47
361 0.06 0.05 0.04 0.04
8 20 16 4
~11.19 -6.79 -3.00
402 0.04 0.03 0.04
16 16 8
-10.41 -5.91
434 0.11 0.05
24 20
AH® -20.9 -18.0 -12.8 -12.2 -10.6 ~10.0 -10.2 -10.2
o 0.3 0.1 0.1 0.1 0.1 0.2 0.1 0.1
95% ClI 1.3 0.3 0.1 0.2 0.3 0.5 0.3 0.4
AT —24.1 -27.9 -238 ~26.9 -25.1 -25.8 ~28.6 -30.7
o 0.8 0.3 0.2 0.3 0.5 0.9 0.4 0.6
95% Cl 35 0.8 0.5 0.7 1.0 2.2 1.0 15
T (1,5) (1,6) 1,7) (1,8) (1,9) (1,10) (1,11) (1,12) (1,13) (1,14)
—6.14 ~5.09 —4.69 —4.54 -4.41 -4.11 -4.01 -3.83 -3.79
223 0.06 0.04 0.07 0.08 0.06 0.06 0.06 0.02 0.03
6 12 12 12 12 10 10 10 6
~7.48 -5.83 ~4.84 ~4.40 ~4.19 ~4.12 -3.85 -3.74 ~3.50 -3.39
233 0.03 0.09 0.06 0.10 0.11 0.05 0.01 0.01 0.00 0.00
2 6 8 8 8 8 4 4 4 4
~7.10 ~5.68 ~4.64 ~4.16 ~3.90 -3.75 -3.49 -3.42 -3.19 -3.09
243 0.05 0.09 0.04 0.04 0.06 0.04 0.06 0.03 0.04 0.00
6 12 16 16 14 14 10 8 6 6
~7.25 ~5.42 ~4.39 ~3.90 -3.63 ~3.49 -3.20 -3.11 -2.95 -2.82
R250 0.12 0.12 0.07 0.08 0.07 0.05 0.10 0.03 0.03 0.02
4 20 20 18 16 12 8 6 4 4
~7.12 -5.31 —4.24 ~-3.77 ~3.44 -3.23 ~3.06 -3.00 -2.73 ~2.67
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TABLE 1 (Continued)
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T (1,5) (1,6) 1,7) (1,8) (1,9) (1,10) (1,11) 1,12) (1,13) (1,14)
258 0.03 0.12 0.04 0.05 0.05 0.05 0.11 0.07 0.03 0.05
4 10 16 16 12 12 6 6 6 4
~6.56 ~4.94 -3.89 -3.38 -2.99 ~2.94
271 0.15 0.09 0.09 0.08 0.04 0.05
10 18 18 12 8 6
-5.85 ~4.36 -3.35 -2.89
289 0.12 0.12 0.11 0.00
6 12 10 2
~5.52
299 0.07
2
AH° -13.6 ~11.9 -10.7 -10.9 -116 -11.3 -11.3 -11.6 -10.7 -10.5
o 0.2 0.4 0.3 0.2 0.4 0.3 0.6 0.3 0.2 0.1
95% ClI 0.6 1.0 0.8 0.4 1.1 0.9 2.0 0.9 0.6 0.3
AT -26.2 ~25.7 -24.9 ~27.6 -31.8 -31.2 -31.9 -33.8 ~30.8 -30.7
o 1.0 1.6 1.2 0.5 1.6 1.3 2.7 1.3 0.8 0.4
95% ClI 2.5 4.2 3.1 1.4 4.4 3.6 8.4 4.0 2.7 1.3
T (2,5) (2,6) 2.7) (2,8) (2,9) (210) (211) (212) (213) (214) (215 (2.16)
-5.6F -536 -507 -490 —480 —4.62 -438 —421 —401 —4.00
223 0.02 0.01 0.04 0.06 0.08 0.10 0.07 0.09 0.05  0.09
49 4 8 12 12 12 10 10 10 6
-6.08 -540 -504 —475 —461 -440 —425 —405 -390 —3.70 —3.71
233 0.01 0.02 0.03 0.05 0.07 0.10 0.09 0.01 0.01 0.06  0.03
4 4 4 8 8 8 8 4 4 4 4
-6.97 -584 517  -482 —449 -428 -413 —395 -3.71 -355 —339 -3.34
243 0.04 0.07 0.03 0.04 0.02 0.05 0.03 0.07 0.03 0.01 002  0.13
2 8 8 10 16 14 14 10 8 6 6 2
-6.78 -559 —490 -451 —424 -407 -387 —367 —345 -331 —3.19
250 0.15 0.11 0.07 0.07 0.04 0.04 0.04 0.06 0.04 0.06 0.06
4 8 10 16 16 14 12 10 6 6 4
-6.61 -545 —472 —-433 —400 -3.71 -365 —351 —325 -3.08 —2.97
258 0.06 0.07 0.05 0.02 0.03 0.15 0.05 0.07 0.05 0.01 0.04
4 6 10 10 12 12 12 12 8 8 4
-6.16 -505 —430 —392 —357 -343 322 —3.06
271 0.08 0.11 0.06 0.06 0.04 0.08 0.02 0.06
6 16 14 12 10 8 4 2
AH® -136 -121 -11.3  -11.8 -120 -11.7 -119 -11.6 -116 -11.3 —105
o 0.8 0.4 0.2 0.1 0.2 0.5 0.3 0.5 0.3 0.1 0.4
95% ClI 3.2 1.3 0.6 0.3 0.7 1.3 0.8 1.4 1.0 0.4 1.2
AS -274 -258 -256  —289 —309 —305 319 314 325 320 —29.1
o 3.0 1.8 1.0 0.5 1.0 1.9 11 2.0 1.3 0.5 1.6
95%Cl 128 5.7 2.7 15 2.8 5.2 3.0 5.6 4.2 1.7 5.1
T (3,5) (3,6) (3.7) (3,8) (3,9) (3,10) (3,11)
—5.70° ~5.39 -5.15 —4.96
233 0.04 0.05 0.04 0.05
2 4 4 4
~5.88 ~5.58 ~5.21 ~4.94 ~4.67 ~4.65
243 0.01 0.01 0.03 0.03 0.05 0.09
2 2 8 6 6 6
~5.79 -5.28 —4.87 -4.72 -4.43
250 0.10 0.15 0.05 0.04 0.08
4 4 4 2 4
~6.38 ~5.56 -5.11 ~4.73 ~4.48 -4.18 -3.95
258 0.04 0.01 0.01 0.05 0.04 0.02 0.04
2 4 4 4 4 6 2
-5.17 ~4.66 ~4.29 -3.93 -3.80
271 0.01 0.08 0.05 0.08 0.03
2 6 8 8 8
AH° -121 -123 -125 -121 -12.1
o 0.2 0.3 0.4 0.4 0.3
95% ClI 0.7 0.9 1.3 1.3 1.0
AS ~25.4 -27.8 -30.2 -29.5 ~30.5
o 0.6 1.1 1.6 1.7 1.3
95% ClI 2.6 35 5.2 5.3 4.0

a Product clusters are labeles)). Values for each cluster correspondaG®, ‘the standard deviation, asthe number of measurements-°
andAS’ values are listed along with standard deviations and 95% confidence intervals for the fits toAeg°Hhd AH® are given in units of kcal

mol~! andAS’ is in cal molt K1,
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To accurately measure thermodynamic parameters $ar H
ligands in the H(H,SOy)(H20)y, cluster ion family, the cluster
ions must be in chemical equilibrium with gas-phasgHn
the flow reactor. The time constant for equilibration via reaction
1is given byr = 1/(k;[H20] + k-1), and an upper limit can be
written ast < 1/(ki[H20]), wherek are the rate coefficients for
the forward and reverse reactions in the equilibrium. Second-
order rate coefficients for production of'¥H,0),, w = 2—4,
via reaction 1 range from 3.% 101 to 7.4 x 1071 cm?
molecule’? st in 1.5 Torr of helium!* and association rate
constants for larger cluster ions are probably£610~° cm?®
molecule! s based on kinetic measurements of similar
reactions?® A typical residence time in the flow reactor of 100
ms and a relatively low O concentration of & 10 molecule
cm3 results in 330 association reaction lifetimes to form the
smallest cluster ions. Throughout all experiments, a sufficient
number of reaction lifetimes took place in the flow reactor for
reaction 1 to attain equilibrium with respect te® Concurrent
to equilibration with HO, the cluster ion distribution evolves
in the SOy coordinate through association and decomposition
reactions 4 and 5. Typical 430, concentrations of-1000—
10" molecule cm? in the flow reactor correspond to ontyl
lifetime for the association reaction 4. Although the time
constant for equilibration with 50, may instead be dominated
by decomposition or ligand exchange reactiong 5all cluster
ions were probably not in equilibrium with gas-phasgSBy.
Because [HOJ/[H2SQy] > 1% equilibration with HO was
much faster than redistribution of ions in the$®O, coordinate
via reactions 47, and cluster ions maintained equilibrium with
H,0.

To maintain equilibrium, the rate of approach to equilibrium

Froyd and Lovejoy
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Figure 4. Variation of AG® values for reaction 1 as a function of
[H20]. Representative results for the formation of severgH4SQy)s
(H20)y clusters. Lines are average values\@3°. Product clusters are
labeled éw).

10'6 1017

Potential complications in the measuremenA@&° include
nonequilibration, interfering background signals, clustering
during ion extraction, and fragmentation due to electric fields.
These complications generally lead to a variatiol\i@° as a
function of [HO] or other experimental parameters. An interfer-
ing background signal underlying a cluster ion peak raises the
intensity of that signal, resulting in an inaccurate measurement
of AG®. The error inAG® increases as the background signal
contributes a larger fraction of the total ion signal. Usually, with
a change in KO concentration, the fractional abundance of the

must also exceed the rate of ion loss processes. The dominanbackground ion also changes, ak@° will not be constant over

ion loss processes were the reaction with the flow reactor walls
and with oppositely charged ions. The diffusion-limited wall
loss rate constant in a cylindrical reactor with laminar flow is
approximatelyo-31

k, = 3.6M/r? (11)
whereD is the diffusion constant andis the reactor radius.
The ambipolar diffusion constant fortttH,O)z in He has been
measured under similar flow reactor conditions to those in the
present work to be 292 Torr éns 132 In 3 Torr of He, ky =
27 s 1 for HT(H,0)s, which is more than 100 times slower than
the rate constant for cluster ion equilibration withG4 The
second-order iorion recombination rate constant is approxi-
mately 10°° cm® molecule’ s71,32 giving first-order recombina-
tion rate constants of1 s * for concentrations of Xdons cns,
Overall, the H(H2SOy)s(H20),, cluster ion concentration suf-

a range of [HO]. An interfering ion, A", may also undergo
association reactions with,B

A" + n(H,0) = A"(H,0), (12)
In this case, the cluster ion signals of both the product and
reactant of reaction 1 are contaminated with background signals,
and the measured equilibrium constant would describe two
concurrent equilibria, reactions 1 and 12. If the actual equilib-
rium constants for these two reactions were similar, little
variation of AG°® over [H,O] would be observed, and the
measured\G° value would be valid for reaction 1. However,
because KD will not necessarily bind to both A and
H*(H2SOy)s(H20)y—1 With the same strength, a trend XG°
values would likely be observed over the range ofOH
concentrations. MeasuredG° values for the formation of
several H(H,SOy){H20)y cluster ions via reaction 1 are plotted

fered some depletion in the reaction zone due to wall loss andin Figure 4 for a range of flow reactor 8 concentrations.

recombination, but equilibrium with ¥ was maintained.
Most of the cluster ion equilibrium measurements were

Where experimentally possible, measurements were conducted
over a [HO] range of up to 2 orders of magnitude, but clusters

performed using He as the carrier gas because of its chemicallocated near either end of the observab}®Hlistribution could

inertness, efficiency of thermal equilibration, and low stability
of ionic species. As a further test of equilibrium conditions,

only be detected over more limited concentration range.
Measurements were discarded when significant variations in

and to better represent the Earth’'s atmosphere, one set ofAG°® over [HO] (>0.3 kcal mof?! per order of magnitude in

measurements was performed using The total ion signal is
significantly reduced when Nis passed across the electron
filament, and therefore, it was not feasible to usgfétl all
experimentsAG® (298 K) values for formation of F(H,0)s
and H"(H,O)s via reaction 1 using Ncarrier gas were-5.74

+ 0.13 and—4.23 £ 0.16 kcal mot? respectively, indistin-
guishable from the\G® (298—299 K) values using He;5.75

+ 0.08 and—4.214 0.10 kcal mof?, where uncertainties are
one standard deviation.

concentration) were observed. The uniformity &&° values
in Figure 4 also supports the linearity of the flow reactosQH
determination. The water bubbler pressure, helium flow rate
through the bubbler, and total reactor pressure and flow rate
were adjusted independently throughout the experiments, and
consistentAG® results verify that the helium flow through the
bubbler was fully saturated with water for all source conditions.
It is critical to the equilibrium measurements that relative
cluster ion signals accurately represent the cluster ion distribution
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in the flow reactor. Several phenomena may occur during TABLE 2: Current and Literature Thermochemical Results
sampling of the gas that can influence the distribution of cluster for the Reaction, H"(Hz20)w-1 + H20 = H*(H;0)*

ions. The mean free path of He molecules was%00xm in w thiswork ref9 ref12 ref13 ref 14 ref 15 ref 34 ref 35
the flow reactor, and gas was sampled through a 100 or 250, Ape 2316 318 304

um orifice. For these conditions, the sampled gas is in the AS —24.3 —24.0

transition region between effusive and viscous flow. Under 3 AH° —20.9(0.3)-19.5 —19.0 —20.5

noneffusive conditions, carrier gas molecules are cooled due to ASOQ —24.1(0.8)-217 —209

adiabatic expansion, and the cluster ion distribution may shift (296 k) 97002 94

to colder temperatures. Under most conditions, no variation of ~ AH°>  —18.0(0.1)—17.5-17.9-17.6 —-16.7

AG° values over reactor pressure or{b] was observed, and AS  -27.9(0.3)-27.3-28.4-27.1

AG® values measured with the 100 and 266 sampling 5 (AZCSB K) —5701) w55 —48

apertures agreed. During two experiments near room temper- AH°  —12.8(0.1) —12.7-115 -12.7

ature, a sharp trend iAG° for H(H,SOy)s(H20)y, s = 0—1 AS  —23.8(0.2) —23.4-19.9

andw = 5—7, was observed for [fD] > 10'> molecule cnm3 6 AH®  —12.2(0.1) —116 —12.2-161

when using the larger aperture, and these results were rejected., 23: :ig:g gg% :ig:g 120
MeasuredAG® values can also be affected by the level of AS  —25.1(0.5) -26.1

the DC potential on the sampling orifice. Hiraoka and Kebarle ~ 8 AH®  —10.0(0.2) 9.8

reported collision-induced dissociation of sampledsQ@Ha)n 9 ﬁﬁo :ig'g 8% _s8

cluster ions in their mass spectrometer apparatus. Atthe lowest ~ s —28.6 (0.4) '

temperatures, their measured equilibrium constants decreasedo AH®  —10.2 (0.1) -9.3

with pressure for even the most strongly bounes 1 and 2 AS  —30.7(0.6)

clusters, and the resulting van't Hoff plots were curved. Inthe  a AG° andAH°® are in units of kcal moft andAS’ are in cal mott
present experiments, sampling cone potentdls V were also K~L Values in parentheses are standard deviations determined from
found to fragment cluster ions during sampling, exemplified van't Hoff fits.
by a shift of AG® to less negative values. This suggests that

cluster ions were translationally heated as they approached the This work .,

orifice, in contrast to the Hiraoka and Kebarle study, where 25 . Cunshgiam et sl

fragmentation was believed to occur immediately after ion ———= Meot-Ner and Speller®

sampling. In the present study, the effective cluster ion heating (0,3) ®  Bierbaum et. al* (0.4)

.. . i (o] Bierbaum et. al.“ (0,5)

was more efficient at low reactor pressures, where ions 20 B Fehsenfeld ot al* (0.6)

experience fewer thermalizing collisions with the He carrier gas. 0

Enhanced fragmentation observed at high concentrations®f H ’ (0.5) ©6)

suggests that ¥ molecules are more efficient than He atoms 15 1

for promoting cluster ion decomposition. The effects of 2 ’ L7

expansive cooling and collision-induced dissociation may offset — T 08

one another. Although for both effects the cluster ion temper- 10 4 0,9)

ature decreases with increasing pressure, fragmentation can be (0,10)

controlled independently by adjusting the sampling potential,

and the presence of either effect can be detected separately. 51

Discussion X 5 3 . s
Thermodynamics for H,O Binding. Results are compared 10°/T (K™

to previous measurements Af5°, AH®, andAS’ to form the Figure 5. Van't Hoff comparison of experimental measurements of
protonated water clusters,"H20)y, in Table 2 and Figure 5. H+(H,0),,_; + H,O H*(H;0). equilibria. Product clusters are labeled
Van't Hoff lines for the three most complete HPMS stuéigs3 (sw). 2Reference 9°Reference 12°Reference 13%Reference 14¢-

and points corresponding to room-temperature measurementdReference 15.

from two flowing afterglow studi¢d-*>are included. Measure-

ments of AH® and AS® from the current work typically agree values forw = 7—10 are within 1.4 kcal mol of the currently
with the HPMS studies to within 0.5 kcal mdland 2 cal mot* reported values. The close correspondenc@lf and AS’

K-1 for w > 4. The AH° value for the H(H;O)s cluster is values to form H(H,0), between this work and previous
more than 1 kcal mof more negative than the two HPMS  studies in the literature reinforce confidence in the current
measurements. The room-temperature flowing afterglow valuesmeasurement technique.

from Bierbaum et al* for w = 4 and 5 are also in agreement Plots of association reaction enthalpies and entropies versus
with the current study, whereas th&° result for the H(HO)s the number of HO ligands in the H(H,SOy)s(H20)w clusters
cluster from Fehsenfeld et &l.is ~1 kcal mol? higher than are shown in Figure 6. For the protonated water clusters, H
the present values. Dalleska efaimeasured the thermodynam-  (H»O),, experimental literature values indicated thatwhe: 2

ics of the protonated water clusters using collision-induced ligand is quite strongly boundy\H® ~ —32 kcal moi1.9.13.36
dissociation. TheiAH® values for reaction 1 are within 1.5 kcal ~ This is consistent with ab initio calculations that predict an
mol~? of the mass spectrometry studies fof(H,O)y, w = 2—6. H.Os™ structure where the proton is shared equally between
Shi et al®® determinedAH® from H,O ligand binding energy  the two HO molecules’ Current measurements show that the
measurements via ionization of neutral water clusters in a jet w = 3 and 4 ligands also exhibit firm linkageAH® = —20.9
expansion. Although Shi's value &H° to form H"(H,0)s is and—18.0 kcal mot?, respectively, indicating that these ligands
nearly 4 kcal mot! more negative than other measurements, are still strongly influenced by the ion. Ab initio structural
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phase association reactions, and imply no significant molecular
rearrangement or unusually favorable product geometries as a
4 result of HO association. These thermodynamic measurements
indicate that addition of bSO, has only a weak effect on the
hydrogen bonding network within protonated water clusters,
consistent with the similar proton affinities and hydrogen
bonding sites of SO, and HO.

The cluster ions, H(H2SOs)s(H20)w, s > 0 andw < 4, were
never observed in the mass spectrum. In a previous kinetic study
from this laboratory, Lovej&d? showed that K5O, was
displaced by HO in HT(H2SOy)(H20)w, w = 13, clusters at
330 K

-10 4

-12 4

14 A

AH° (kcal mol™)

-16 4

wow oo
W= O

-18 4

[|7te9

20 ' H"(H,SO,)(H,0) + H,0 — H(H,0), + H,SO,,
k=4 x 10 °cm® molecule*s™* (13)

-25 1
H*(H,SO,)(H,0), + H,0 — H"(H,0), + H,SO,,

30 1 - k=3 x 10 *®cm® molecule*s™* (14)

H"(H,S0,)(H,0); + H,0 — H(H,0), + H,SO,,
k=1 x 10 °cm® molecule*s™* (15)

AS° (cal mol' K™

-35 4

40 — Similarly, kinetic studies of the reverse of reactions 13, 14, and
01 2 3 4 5 6 7 8 9 1011 1213 14 15 16 15 by Viggiano et al? suggest that equilibrium favors the

formation of H"(H,0),, for [H,0]/[H.SOy] = 10. In the current

_ _ ' _ experiments, the HH,SOs)(H20), cluster ion was observed

FIgL‘JI'e 6. Experimental reaction enthalpy and entropy denl/ed from in equilibrium with HH(H,SOy)(H-O)s in the flow reactor, but

SQNIHLO). reabtionss— 0.3, Enror bars are sne standard dovition . (H2SQ)(H2O)w w= 13, were presumably lost via reacions
s\IM2’ — U—o. -

of the fit parameter and represent precision only. The dashed lines are:L3 15. B_ased on prOton'tranSfer th_reShOIdS and the fac_t that

AH?,, (273 K) andAS;,,(273 K) for bulk water. the reaction 13 rate constant is slightly less than the-ion

molecule collision rate constant &f ~ 1 x 10°° cm® s,

calculations for H(H;0)s and H(H,0), show that HO ligands Lovejoy det_err_mned that reaction 13 is cIo_se to ergoneu@r(

are bound directly to a centrakB™* ion, and thew = 4 ligand ~ 0). The similar rate constants for reactions 14 and 15 suggest

completes the first solvation shéf.Binding of H,O ligands  that they may also be ergoneutral or slightly endoergiG{

steadily weakens as the core ion is further solvated, andas H > ©0): In the present study, §@]/[H,SQj] > 10% and these
(H.0), clusters continue to grow to eventually resemble small réactions were shifted in favor 80, displacement. For most
water dropletsAH® for reaction 1 will converge to the standard  roPoSpheric conditionsT(> 220 f relative humidity> 10%,
molar condensation enthalpy of bulk watéH°ens Conver-  and [HSQ) < 10° molecule cm?), these small FH(H,SOy)-

gence occurs rapidly for the H,O), series, and by = 7, (H20)w, w = 1—3 clusters will not be significantly populated,
AH° is within 1 kcal mott of AH%cond273 K) = —10.8 kcal and thermochemical values for,8 association to formv =

mol~126 Thew = 8—10 ligands are slightly more weakly bound 24 &re not required to predict ambient (;SOy)(H2O)w
than HO molecules in bulk water at 273 K because th@H  distributions. The F(H;SQy)z(H:O0), w < 4, and H (H:SQy)x-
molecules on the outer shell of the cluster are bound by fewer (20w W = 5, cluster ions were also not observed in the mass
hydrogen bonds than in the bulk. spectra; HSO, molecules in these clusters were presumably

The HSO4-containing clusters exhibit trends ixH® similar displaced by 1O.

number of H,O ligands, w

to the H(H,O)y series. HO is bound more strongly at lower Investigations of protonated mixtures of water and other
w, andAH® values converge towariH°.ong as the number of ~ strong acids have reported qualitatively similar findings. In a
H,O ligands increases. Cluster ions containing mosS® low-pressure ion flow reactor, DNPA(HNO;) = 179.6 kcal
molecules are somewhat slower to converge.Wer 5 and 6, mol~1)?8 was observed in IDNO3)(D20)w clusters only for
AH°® measurements show thas® binding is nearly identical ~ W = 5,* but ligand bond energies were not measured. HCI (PA
regardless of K5O, content, indicating that $50, has little = 133.1 kcal mot%)?8 has a lower proton affinity than the

influence on HO bonding to these cluster ions. This is in OXyacids, HSO; and DNQ, and it forms fewer hydrogen bonds
contrast to the trend in a bulk.BOy/H,0 solution where the ~ With solvating BO molecules. The HHCI)(H2O)y cluster ions

H,O vapor pressure decreases somewhat with increasing sulfuridiave been observed as products of ligand exchange reactions
acid mole fractior?? The bulk trend becomes evident for larger in @ Fourier transform ion cyclotron resonance appaféarsd

(W > 6) clusters in the Bi(H,SOs)s(H.O), family, where each  @lso in a thermal system at low temperatures (1870 K)**

successive bSO, molecule provides a small (0-11.4 kcal only for w = 10.

mol~1) stabilizing effect on HO ligands. Water association Estimation of Thermodynamics for H,SO, Binding. No
reaction entropy values range from abe@4 to—34 cal moi? direct thermodynamic measurements exist fo66; ligands
K~1 for all of the H"(H,SOy)s(H,0), clusters, independent of  in HT(H,SOy)s(H2O)y clusters. In the present work, estimations
H,SO, content, and are comparableA&’ cond273 K) = —29.3 of reaction free energies for the association @68, to form

cal moit K~1 for bulk water? These values are typical of gas  H™(H,SQy)s(H2,O)y via reaction 4 were made by modeling the
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Figure 7. Experimental and simulated mass spectra of (a) HSO
(H2SQy)o(H20), s= 0—4, and (b) H (H2SQy){(H20), s= 0—3, cluster
ions at 270 K. The flow reactor pressure was 7.10 To#r, 125 ms,
and [H0] = 5.0 x 10" molecule cm3. The most intense cluster ion
peak in each envelope is labelesin.

growth of cluster ions in the flow reactor using a kinetic
simulation under development in our laboratory. Flow reactor
H,SO, concentrations were first determined by fitting simulated
mass spectra to experimental spectra of the HEHSQy){(H20)w
cluster ions, whose 0, and HO thermodynamics are
known?2122 Simulated H(H,SOy)s(H20) spectra were then fit

to experimental spectra recorded under the same conditions asind a set oAG?

the negative ions by adjustin§yGg_, ¢ input values for reaction
4. lon—molecule rate coefficients for 430, association reac-

tions were calculated based on the methods of Su and Chesnavto estimateAG?

J. Phys. Chem. A, Vol. 107, No. 46, 2003309

TABLE 3: Values of AGZ_, , for the Reaction
H*(H2S0s)s-1(H20)y + H2SOs — H*(H2S0s)s(H20)w
Determined from Kinetic Simulations of lon—Molecule

Reactions in the Flow Reactof

number of HSOy ligands,s

number of HO ligandsw 1 2 3

1 —25.8

2 -14.3

3 -12.8

4 -10.7 -9.7 -9.8
5 —10.9 —9.4 —9.8
6 —10.9 -9.6 -9.9
7 —11.1 —10.1 —10.3
8 —-115 —10.7 —10.6
9 —12.0 —-11.3 —-11.1

aAll values are for 270 K, and units are kcal mal® Estimated
values based on measurements by Lovjand constrained by
AG;,_,,, values via thermochemical reaction cycles.

Figure 7a shows simulated and experimental mass spectra
for the HSQ~(H,SOy)s(H20),, cluster ion system at 270 K.
Simulated HSO, concentrations yielding the best fits to
experimental spectra were consistenti20 times lower than
[H2SOy] estimates calculated from carrier gas flows and
pressures and the,BO, vapor pressure in the source. In the
flow reactor, HSOy is strongly supersaturated relative to the
bulk liquid, and the discrepancy between calculated and
experimental [HSQy] is due to condensation of 430, on the
source, inlet, and flow reactor walls. Assuming gas-phase H
SOy condenses on the reactor walls with unit efficiency, and
using an estimated diffusion constant fos3@, in He of 180
Torr cn? s~144the concentration of $$0O, would decrease down
the length of the flow reactor by a factor ef10 at 3 Torr,
which roughly agrees with the best fit values for,§0y]. In
the simulation, [HSOy] was assumed to be invariant, but this
approximation does not greatly affect the estimateA@f_,
for reaction 4.

Figure 7b shows an experimental mass spectrum for the
HT(H2S0Oy)s(H20)y cluster ion system recorded under the same
conditions as the negative ion spectrum in Figure 7a. The
simulated spectrum was fit to the experimental spectrum in
Figure 7b using measurediGy,_,,, values, [HSO] = 1.0 x
10 molecule cm?® from the fit to the spectrum in Figure 7a,
< 1 values for reaction 4 determined through
trial and error. Values forAGZ , were constrained by
AG;] values through thermodynamic cycles. Experiments

w—1w
<15 were performed at 270 K for a range of

ich,2 and decomposition rate constants were determined from H,O concentrations. Under these conditions(HbSOy)s(H20 )
the corresponding equilibrium constants. Ligand exchange cluster ions grew in the $$0, coordinate to as large as= 3
reactions 6 and 7 were not included in the model, but evolution and clusters contained from= 4—9 H,O ligands. Simulations

of the clusters in the }$0, coordinate is accurately described
by reactions 4 and 5. The iefion recombination rate coefficient
was set to a constant value of Pacm?® molecule’? s71.33 lon
reactions with the walls were not explicitly treated, but this

were not performed at lower temperatures because, for the
concentrations in the flow reactor, the HSCH>SO)s(H20)w
cluster ion decomposition was negligible, and cluster growth
was no longer sensitive to 80, ligand thermodynamics.

process affects positive and negative ions equally, and estima-Standard Gibbs free energies fop30, in the H (H.SOy)s
tions of reaction 4 thermodynamics are unaffected by this (H,O),, w > 4, cluster ions are listed in Table 3. These values
omission. lon residence times in the flow reactor were calculated are averages of several spectral fitting experiments. The derived

from average flow velocities;, and the length of the reaction
zone,lrz

t= lrz

16 (16)

joy.2° Using these two constraintg\G?

set of AG?

o1 values is consistent with experimental measure-
ments ofAG;,

w—1w fOr reaction 1 and also with the estimated
thermodynamics of ligand exchange reactions 13 by Love-
.1 Values to form
H*(H,SQy)(H20), for w < 4 could also be estimated and are
listed in Table 3. Because of the indirect nature of the

The average velocity of the ions is enhanced by a factor 1.6 measurement, uncertainties in the deriva: ; (270 K)
relative to the carrier gas because efficient loss of cluster ionsvalues are larger than those for directly measured thermody-

at the reactor wall concentrates the ions at the reactor cérifer.

namic parameters, and are estimated taH2ekcal mol2.
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Figure 8. Reaction free energies at 270 K for association eOH
(AGy_;,) and HSOy (AGZ ;9 to the protonated water clusters,
HH(H20 1.

Gibbs free energies for the competitive uptake eOHand
H,SOy ligands to the protonated water series are compared in
Figure 8. In the smallest clusters;®land HSO, bond energies

Froyd and Lovejoy

clusters® H*(H,0)y, cluster ion thermodynamics indicate that
water distributions peak & = 4—10 under most tropospheric
conditions. However, many gas-phase species, such as CH
CN, CHsOH, and NH, incorporate into Fi(H,O),, clusters’
altering their chemistry and shifting the equilibrium,®1
distribution. Although the thermodynamic driving force for
incorporation of HSO, molecules into protonated water clusters
is relatively strong, no ambient23Q,-containing positive cluster
ions have been identified in the atmosphere. To initiate
nucleation of the F(H,SOy)s(H20), cluster ions, several H
SO, molecules may need to be incorporated to provide sufficient
cluster stabilization and promote spontaneous growth. However,
atmospheric concentrations op® are many orders of magni-
tude higher than k8Os, and as a result, our thermodynamic
data indicate that $80O; is eliminated from the clusters through
the ligand exchange reaction 6. For conditions 08| =

10" molecule cm® at 270 K, H(HO),, clusters will outnumber
H*(H2SOy)(H20),, at equilibrium by factors of 3300 and 740
for relative humidities of 10% and 90%, respectively. The initial
step toward nucleation is highly unfavorable, and therefore,
significant concentrations of the™ifH,SOy)s(H20),, cluster ion
family will not form at 270 K. Growth of this cluster ion system
may become more thermodynamically favorable at the low

are approximately equal. As more water ligands are added totemperatures of the upper troposphere.

the clusters, the affinity for J5Os grows, and av=4 H,SOy
ligands become more strongly bound thagOH The greater
stability of H,SO, within the clusters may be partially due to
additional hydrogen bonding sites available on thegS®,
molecule, a property that would become advantageous-at

3. In small clusters such as*H,SOy)(H20)s, a centrally
located HSO, molecule can form direct hydrogen linkages to
every HO ligand. The proton is likely to be central as well,
suggesting that small HH2SOy)(H20)w clusters are structured
as HO ligands surrounding an430,™ core ion. The slightly
higher proton affinity® of H,SO, would also help promote this
arrangement. In larger clusters with multiple isomeric geom-
etries, protons within the clusters are probably quite mobile due
to the similar proton affinities of k50O, and HO and the fairly
homogeneous molecular environment.

In liquid H,SOy/H,0 solutions, sulfuric acid exists largely
in deprotonated form, as H§Q?* It is not thermodynamically
favorable for the HS@ ion to exist in the proton-rich
environment of small F(H,SQy)s(H20)y, cluster ions. However,
as the clusters grow to where the proton and th&®
molecules are well solvated, the molecular environment will
begin to resemble that of a bulk solution. Althougfigand
bond enthalpies show qualitative agreement wits®,/H,O
solution thermodynamics, the strong stabilization e&8, with
increasing HO mole fraction in bulk solutions is not evident
in the H"(H,SOy)s(H20)y clusters. AG® values for association
of HSOy to these cluster ions are still many kcal mbiveaker
than for bulk solutions with the same compositféisuggesting

that solvation is incomplete at these sizes. Furthermore, one

might expect a large or abrupt reaction entropy change for
addition of the final solvating KD ligand(s) that enable
deprotonation of KIS0, The HO reaction entropy data in
Figure 6, which show a gradual trend ym and present no
obvious distinction betweeAS’ curves fors= 0 ands= 1—3,

do not support this hypothesis. ThereforeSBy may remain

in molecular (or protonated) form within these clustersS&,

Conclusions

We have measured the thermodynamics for the stepwise
growth of small H(H,SOy){(H.0)y cluster ions that are needed
to assess the potential for ion-induced nucleation in the
atmosphere. Growth of the fH,SO;)s(H20)y cluster ions is
initially driven by solvation of the proton by # ligands,
forming a stable distribution of HH,O),, ions. SOy mol-
ecules incorporate into these clusters and become more strongly
bound than HO. However, HO ligands do not provide a strong
stabilizing affect on HSO, molecules within the clusters, in
contrast to bulk HSOy/H,O solutions. Ligand bonding trends
instead suggest that smadl £ 3) HT(H,SO)s(H20), clusters
may have a molecular environment similar to liquid water. In
the atmosphere, gas-phasgHmolecules will drive HSO, out
of the clusters, and under most conditions, nucleation of the
H*(H,SQy){(H-0),, system is probably either thermodynamically
unfavorable or negligible compared to competing nucleation
mechanisms. Bonding characteristics and the nucleating potential
of the HY(H2SQy){(H20) cluster ions are compared to the
corresponding negative ion system, HS®,S0Oy)s(H20)w, in
the companion papét.
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