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Carbon-cluster anions,\C, are very reactive toward S@sticking probability of 0.012+ 0.005 for G;~ at

25°C), in contrast to their inertness toward other common atmospheric gases and pollutants. In flow reactor
experiments at ambient temperature and near atmospheric pressure, primary adsorptipobyoth®@arbon

cluster anionsN = 4—60, yields GSO,” or Cy-1S™. The inferred elimination of neutral G@s also detected

as meta-stable decay in collision-induced dissociation. At higher temperatures, the reactipavdh®@scent

carbon clusters yieldsyC1SO™ as well as undetected CO. The size-dependent initial reactivity reflects the
previously established structural transitions (i.e., from chain to cyclic to cage structures). Such carbon clusters
are formed in sooting flames and may act as nuclei for the formation of primary soot particles and serve as
models for the local structural features of active soot particle sites for black-carbon soot. The facile generation
of reactive carbon-sulfide and -sulfinate units may therefore have implications for understanding the health
and environmental effects attributed to the coincidence of soot and SO

Introduction multishell structures with active sites for adsorption, involving
. o unpaired electrons, or negative charging. Carbon cluster anions
Concentrated atmospheric emissions of black-carbon (s00t)can thus serve as well-defined models for defect sites in soot.
particulates and S{xoincide in many parts of the world as a  carhon-cluster anions,C, have been extensively studigd19
resglt of incomplete combustion of qusﬂ fu.el and blomass. An They are generally highly stable (high electron affinity) species
estimated 1224 Tg of carbon soot is emitted annually into ith established chain, -ring, and -cage structures, sharing these
the troposphere from biomass combustion and anthropogeniccparacteristics with active sobtBy contrast, carbon cluster

sources such as diesel engines and coal-fired power Blants. ations (G) and neutrals are more reactive toward a variety
The simultaneous presence of these agents has been linked tgs atmospheric gases such as 8,0, and SQ.20-23

death from lung cancer and heart diseds®wever, the nature The complete oxidation of carbergraphite by S@ is

of any such cooperative interaction between,30d soot  ayoraple (23 kcal motd), but it is immeasurably slow except
particulates remains unclear, despite long stuéynong the 5t glevated temperatures. Humeres ét akcently studied the
possible mechanisms of sedBO; interaction, soot may ef-  reqyction of S@on activated carbon at elevated temperatures.
ficiently adsorb S@ thereby concentrating it in the lungs where Using reactor partial pressures of 0.20 atm of ,S® a
subsequent processes lead to damagg. Soot could qlso Catalyzt%mperature of 600C, the dominant products were G@nd

the oxidation of S@to SO; (H,SOy) as first suggested in 1974 S,. Above 630°C, CO and COS were formed in significant

by Novakov et & and by others more recenftly’ (a homoge-  amounts. Here, we address these questions by investigating the
neous gas-phase or aqueous reaction involving photogenerated;ze_selective reactions of carbon-cluster anions with\&por

OH radicals is the accepted dominant reaction pathway for iy 4 atmospheric-pressure fast-flow reactor at ambient tem-
global-scale production of atmospherig$0,°19. Finally, soot perature.

could react stoichiometrically with SOmodifying either the

soot particle or SQinto more harmful species. Carbe80; Experimental Procedures
interactions are also relevant in environmental remediation since ) ] ) .
activated carbon is used to remove S@m hot flue gases! 13 The reaction of Sewith Cy~ occurred in a near atmospheric

ressure, variable-temperature fast-flow reactor, and the products
ere detected by time-of-flight mass spectrometry, following

soot particles#15 Carbon soot particles as small as 10 nm in standard procedur@$.Figure 1 shows the schematic features

diameter have been detected in sooting flames using differentialOf the cluster source ﬂO_W re_actéfrv?GThe coo_led clusters enter
mobility analysisi® Primary soot particles are defect-rich the ﬂO_W reactor and mix with a flow of a dilute 1.5% g8e
gas mixture for up to 0.10 ms as the clusters traversed the length
* To whom correspondences should be addressed. Phone: (770) 836-0-f the flow reactor (15 or 25 mm). In the absence of fast, I-n
4550; e-mail: alaevitt@westga.edu, : ) situ thermometry, we have bee_n very conc_:erned to establish
t University of West Georgia. that these S@reactions are taking place with properly ther-
¥ Georgia Institute of Technology. , _ o malized carbon-cluster anions. Toward this end, we have carried
ingié:n“r[ﬁ“i?ggrs‘ﬁslzogepa’tmem of Chemistry, Indiana University, Bloom- out a long series of control reactions, with various reactants
Il Current address: Department of Chemistry, Texas A&M University, introduced in the same manner and over the same concentration

College Station, TX 77842-30012. range as for S@ In each cycle of operation, the source gas-
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It has been shown that carbon clusters are generated in sootin
flames and act as the precursors to the largér tm) primary
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Figure 1. Schematic of the pulsed cluster source with atmospheric
pressure flow reactor. Carbon clusters of various sizes and charge state
are produced by laser ablation (Nd:YAG, 355 nm) of a graphite rod,
entrained, and thermalized in the primary He flowstream. The exit
orifice of the flow reactor is tapered down from the reaction channel

diameter of 6 mm to a diameter of 3 mm to ensure turbulent mixing of
the reactants.

Clusters to TOF-MS

valve opens and delivers pulses (0.3 ms long, 2C dtisplaced
volume) of high-pressure (8 atm) helium gas. The peak pressure
in the flow reactor can thus approach 0.5 bar because of the
choked exit-flow and modest (15-fold) volume expansion.
Carbon clusters of various sizes and charge states are produce
by laser ablation (Nd:YAG, 355 nm) of a graphite rod, entrained,
and thermalized in the primary He flowstream. This packet
merges with the reactant flowstreara longer, weaker flow of
SO, in He carrier-introduced from a second gas-valve, which
opens at a variable delay with respect to the cluster-packet
arrival. The SQ concentration in the reactor exceeds that of all
the carbon clusters combined. The Startial pressure in the
reactor is estimated to be approximately 0.08% of the total
pressure (approaching 0.4 mbar), as calculated from the preparet
dilution (1.5% for reactor insertion) in He and the instantaneous
relative intensities (1:20) of the two gas pulses, as measured
on a fast ionization gauge. The exit orifice of the flow reactor
is tapered down from the reaction channel diameter of 6 mm to

estimated to undergo thermalizing collisions with helium atoms
on the order of 1®to 1, depending on cluster size, and on
the order of 18encounters with SO Such values are normally
sufficient to establish the high-pressure limit of bimolecular
reaction kinetics, as well as to ensure thermodynamic control
in the case of reversible adsorption processes. After leaving the
flow reactor, the jet containing reactants and products expands
into vacuum, is skimmed, and enters the pulsed-voltage extrac-
tion region of the time-of-flight mass spectrometer equipped
with a reflectron.

Results and Discussion

The Gy~ clusters react with S£o form stable products under
ambient temperature and near-atmospheric conditions280
ppm of SQ at a total flow reactor pressure estimated at 0.3
bar. Figure 2 shows the mid- and loWrmass regions of the
resultant mass spectra with and without the addition of ®O
the flowstream of thermalized (wall temperatur800 K) Gy~
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Figure 2. (A) Mid-N mass spectra of thermalized carbon cluster anions,

Cn, in the region of G~ to Gy~

without (below) and with (above)

- e exposure to a 1.5% SfMe stream in the flow reactor at room
a diameter of 3 mm to ensure turbulent mixing of the reactants. temperature Rso, = 0.14 mbar). The addition of SQeads to the

The transit time of the clusters through the reactor is estimated appearance of new peaks in the mass spectrum corresponding to
at 90us, corresponding to a 300 m/s flow speed (Mach-0.2 for ambient-temperature reactions producingQ,” (ax) and Gi-1S~ (Bn).
He at this temperature). During this period, a carbon-cluster is (B) Same conditions as panel A but for Idwmass in the region of

Cs™ to Cig™. Increasing the partial
the reaction toward completion.

SCHEME 1

Cy + 80, < [Cy-SO,]—

pressure of S@the reactor drives

Oy

C\SO,°
Bn

N ¢S+ CO,

™

Cy, SO +CO

when the reactor gas flow is offset temporally from the source
gas flow to show unreacted\C clusters only folN = 17—26.

In Figure 2A (upper), the flows are overlapping, and both
product and reactant peaks are present. In a separate experiment,

the lowNN mass region N =

8—18) with and without the

addition of SQ under the same conditions is shown in Figure

2B.

Scheme 1 shows the primary reactions proposed to account
for product identities found in the mass analysis. The efficient
clusters. In Figure 2A, a reference spectrum (lower) is produced reaction of thermalized carbon anion clustenrg, Qvith a dilute
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Figure 4. Calculated vs the measured time difference between the

arrival at the detector of a stable product ion and a daughter ion as the
q’ result of a meta-stable decay. A, product can dissociate (decay)

C4SO, input structure

while in the field-free region of the TOF mass spectrometer. By
assuming the loss of GOa calculation can reveal when the fragmented
ion will be detected. This assumption is verified when the measured
Aiime IS within 80 ns of the calculated value, a time range represented
by the vertical error bars. All meta-stable products appearing in Figure

3 can be assignedy products decaying tgn* and CQ,.
C¢SO, calculated structure

Figure 3. Calculated structures of s&C SO, and GSO,. The TABLE 1
optimized structures of the stable produgiSC,~ (below) were left Cn C\"+ SO, — ChSQ,™ AHieaction(kcal mol?)
unconstrained. The starting geometry for the intermediate state of

N neutralm=0 anionm= -1
CsSQO,~ (middle), terminal sulfinaté! is shown and was assembled
using molecular mechanics. 8 —28 —60

9 -19 +0.4

mixture of SQ in helium at ambient temperature yield -

(), CnS ((ﬁ}N)’ and GiSO(yn), accomppanied gy chS(Iu)fwde- for Cg~ and GSO,~ using_ density functional theoﬁ?_?30 The
tected) evolution of C@and CO across a cluster size range of N a”‘?'ﬁN products contain one sulfur each as conflrmeq by an
N = 4-80. The presence of the GQ@roduct was confirmed |sotop|c-abundqncg analysis of the proc_juct peak groupmgs (
indirectly as a meta-stable decay neutral. Under the same™ + 1 M+ 2) in higher SQ concentration spectra revealing

A
experimental conditions, no adsorption or reaction products duetshe presence O_f b(.)th. e, m:.l) l?”?: Sts,m+ Zk)]' Aith%
to the interaction of @ NO, or the much more strongly O concentration is increased in the flow reactor, the abundance

oxidizing NbO with Cy~ were detected. The interaction of NO of products increase relative to that of unreacted Clusters,
with certain Gy~ does produce barely detectable amounts of suggesting Fhat the reaction can be driven toward completion.
associated products. The reaction mass spectra (Figure 3) also show the presence
Using carbon-cluster anions {(C) as a surrogate for carbon of broad Eeaks Iocat_ed near to tieproduct peaks. These broad
soot, comparisons of the heats of formation @f @nd G, and peaksfy*, were assigned to the delayed loss of {z0d appear

their reaction products containing -@vere made for the every_~24 amu N = 5-15) and th?n every 12 amli(= 16
smaller clustersN = 8 and 9, where accurate theoretical and higher). These peaks were assigned to the meta-stable decay

treatment is available. Many structural models were considered of \{veakly adsorbed species during the flight in the field-free
and actually calculat@d30—for the initial and intermediate ~ '€9'°N of the TOF spectromet&rThese meta-stable peaks were

products of S@—cluster interactions in an attempt to identify cz_alculated to be the result_ of the loss of weakly_ bour_1d2.CO

plausible reaction mechanisms. Energies for optimized ground- Figure 4 shows the comparison of the calculated time difference
state configurations (linearly constrained) of carbon chains were ang E[he }zneasgrgd tlr}r:te df|fferencet tt;]et;Neenl(;he stat;lle .pm?# ct
calculated with density functional theory utilizing the hybrid ~2n¢ ItS charged daughter fragment that wou'd occur during the

exchange-correlational functional B3LYP at the 6-313** field free flight if the product lost C@ This process is
level. The optimized structures of the stable produgs@G— represented by
was left unconstrained. The starting geometry for the intermedi- _
ate state of @50,, terminal sulfinaté? is shown and was CaSG, (ay) — Cy1S (By) +CO;, 1)
assembled using molecular mechanics. All quantum chemical
calculations were conducted with tBaussian 0Zomputational The meta-stable peaks occur at 24-u spacings in the low-mass
package. Attempts to optimize certain cyclic addition structures, region (89, 113, 137, 161, 185, 209, and 233 u) and then shift
suggested by known organic analogues as well as XPS resultgo a 12-u spacing in the higher mass region (245, 257, 269, ...,
on activated carboH, led to the identification of strongly bound 665 u). Each one of these meta-stable peaks can be assigned to
intermediates, depicted in Figure 3 and Table 1. The table the meta-stable decay of the low masgyn cluster fromN =
contains the heats of reaction for the linear carbon clustefs, C 5—15 and thery (even and odd) fronN = 16 and higher to
reacting with SQ to produce GSO,™ produce the correspondirgy cluster and CQ@

These calculations suggested that the reactions listed in Table Preliminary results obtained by heating or cooling the reactor
1 are favorable with the exception of theSID,~ species that indicate that thexy process decreases with increasing temper-
is slightly endothermic. Figure 3 shows the calculated structuresature, suggesting that it is a nonactivated, reversible binding,
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Figure 5. Relative reaction yield for each carbon cluster anion is shown B 2
with regions of defined reactivity. Previous structural assignments of Cy +50,(source)
linear, rings, and polycycles or cages were correlated with reactivity. 1.5% SO, :He
Although linear structures dominate frosh= 4—10, onlyN = 6 and

7 are shown. Generally, evéMielusters are more reactive in this linear
region. Ring structures dominate frdd~ 11—21 showing the greatest
extent of reaction for all isomers with a very strong eden
dependence favoring the evBielusters. The cage structures dominate
from N = 22 and higher as evidenced by a strong edden N
dependence on the extent of reaction. This dependence could b
attributed to the simple adsorption of one or more, 3@lecules to

the less reactive evel-cluster (fullerene structure) as compared to
the more reactive odd cluster (nonfullerene structure).

lon A%undanoe

whereas thegy process increases with temperature, consistent
with an activated, irreversible process (£€imination), as also
concluded from the analysis of the metastable decay process  ,ly" 25 261 276 288 300 312 308 336 348 360 352 384 39
(collisional activation leading to dissociation).
B et fon I 6. () Low mass spec o ermalz caron cste
. ’ rr‘¢L:1n|0ns, G, in the region of G to Cis~ without (A) and with (B)
the abundances from Figure 2 where no attempt was made tOgxposure to a dilute amount of 1.5% $@e in the cluster source at
account for the meta-stabl@\*) decay products. An odd room temperature. In addition toySO,~ (o) and Gi-1S~ (Bw), the
evenN reaction dependence is observed throughout the clusterproduct G-:SO™ (yn) was identified. (B) Same as panel A but showing
sizes studied. EveN-Cy~ clusters are more reactive (fewer region Gy to Css. The formation of GSO,™ (aw) for odd-N clusters

rent G- cl rs remain) fronN = 6—20 whil N Cn~ is not favored fronN = 11—-21. By N = 23, the formation of SO,~
(F:)Ii setetrsGdar(e: lrjri[)eresreeacgve) fr8m= 2(15_23 € oddN Cy (an) for odd-N clusters is slightly favored over evéih€lusters.

This size dependence can be explained by the well-establishedeaction temperatures than present in the reactor. Figure 6A
transitions in the structural and electronic characteristics of the shows the resultant lo-mass spectrum from the injection of
Cn~ anions. Previously, Gotts et al. measured size-dependentSQ, in the cluster source. As in the case of the reactor
isomers for both the positive and the negative ions of cafbon. experiments described previously, thg (CnSO:") and Sy
For the carbon cluster anion, linear isomers dominate Up to  (C\S™) products are present. On close inspection of the
= 9, ring structures dominate frohd = 10—40, and fullerenes  unreacted g peaks, an isotopic abundance analysis reveals a
are possible fronN = 35 and greater, although cluster source significantly enhancednf + 2) peak confirming the presence
conditions can affect the distribution of isomers. Given the of 345, Thus, sulfur is present in a reaction product that is mass
higher pressures used in this study, fullerenes may be presentoincident with G;~. A product assignment based upon the third
in greater abundance and at lower cluster sizes than depicted irreaction in Scheme 1 was assumed.
the work of Gotts et al. FronN = 23 and higher, this odd
even effect could be due to the presence of caged carbon Cy +SO, < [C\ *SO] — C,_,;SO (y,) +CO (2
structures where even-numbered clusters produce fullerenes (less
reactive). Note that all carbon cluster anions are open-shell Given that no meta-stable decay peaks are apparent in the
radicals in which no preferential oeletvenN effect is seen in spectrum, a straightforward conversion g§ Cto the o, fn,
the pure G~ mass spectrurf?. The lack of an electronic effect  and yy products is inferred. Preliminary results obtained by
points to structural considerations in developing an explanation heating or cooling the reactor indicate that thg process
of the relative intensities. decreases with increasing temperature, suggesting that it is a

To explore higher temperature reaction channels; $&s nonactivated, reversible binding, whereas thg process
seeded into the source buffer gas to allow for the simultaneousincreases with temperature, consistent with an activated, ir-
presence of Sgand nascent carbon clusters at the moment just reversible process (GCelimination), as also concluded from
after the laser ablation of carbon. The carbon clusters are presenthe analysis of the meta-stable decay process (collisional
with a higher partial pressure of $0ree electrons, and higher  activation leading to dissociation). In the laWspectrum, the

Mass (amu)
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evenN clusters N = 8 and 10) do not undergo partial oxidation study provides an example of the use of clusters to model the
to produce CO. Finally, Sgntroduced in the flow reactor can  interaction of small particles such as soot with environmentally
produce cluster anions (S,,") wheren = 1 and 2 andn = relevant gases in the atmosphere.
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