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Considering the importance and complexity of benzene oxidation on mineral oxide aerosol surfaces in
the atmosphere, gas-phase 3d-transition metal oxide cations were used as models of active sites on
mineral oxide aerosols to mimic the corresponding reactions. The various cations have been prepared by
laser ablation and reacted with benzene in a linear ion trap reactor. Of the 103 systematically investigated
cations, 39 clusters can oxidize benzene at room temperature. In addition to the adsorption channel,
other five types of reaction channels were observed, including dehydrogenation of CgHg, charge
exchange, hydrogen atom transfer, oxygen atom transfer, and the formation of CgHs0" radical, among
which the first two pathways are prevalent and the formation of CsHgO" cations has not been reported in
literature. The insight into the benzene oxidation reactions derived from the gas-phase model systems is
helpful to build a detailed picture of oxidative mechanisms of CsHg and its derivatives over corresponding
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In the atmosphere, aromatic hydrocarbons are an important
fraction of volatile organic compounds (VOCs) [1], among which
benzene (CgHg) is the simplest but ubiquitous pollutant. Mineral
dust particles including various metal oxides provide adsorption
sites of VOCs, and reactive surfaces for heterogeneous reactions
[2,3]. The oxidation reactions of VOCs such as benzene can result in
the formation of oxygenated products with lower volatilities and
these highly-oxidized compounds are quite important to the
generation of secondary organic aerosols (SOAs) [4,5]. SOAs are
one of the major components throughout the haze-fog episodes in
China [6], and particle-phase reactions are one of important
processes of the SOA formation [7,8]. Vanadium, manganese,
nickel, chromium, and copper are abundant heavy metals found in
the atmosphere in the north of China [9,10], and there are various
reactive oxide species on the mineral oxide surfaces, which are key
species of atmospheric chemistry [11]. Apart from the above
mentioned transition metal oxides, Fe,03 as well as TiO, are also
typical mineral aerosols. It is quite desirable to obtain the detailed
reaction kinetic data and reaction mechanisms to understand the
intrinsic properties of reaction centers of mineral dust aerosols at a
molecular level and offer basic parameters for atmospheric
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models. However, the enormous complexities of environmental
factors and relative reaction products render the reactions as well
as the nature of active centers obscure.

Gas-phase experiments conducted under properly defined
conditions provide an ideal arena for probing the energtics and
kinetics of a reaction at a strictly molecular level [12-22].
Investigations on benzene oxidation by gas-phase ions and clusters
gives fundamental insights for how benzene molecules can be
activated and the nature of active sites. There are some reports
about the reactions of metal ions [23-38], metal clusters
[32,36,39], and several transition metal oxide ions [40-43] with
benzene. Large amount of experimental efforts have been devoted
to the study of 3d transition metal atoms (M =Sc-Ni) interacting
with CgHg, and sandwich and rice-ball structures for M,(CgHg)m
were observed [25]. In addition, the adsorption, C—H bond
activation [44], dehydrogenation and dissociation processes
[24,45,46] of benzene molecules mediated by gas-phase ions
and clusters were also reported. Notably, there is a lack of clear
picture about the reactivity of small 3d transition metal oxide
cluster (TMOC) cations toward CgHg in the literature, which is
useful in elucidating compositions of reactive clusters, the reaction
trends and the possible oxidative ability of mineral aerosols.

In this study, we systematically investigate 103 reactions of
first-row transition metal oxide cations M,0," (M =Sc-Cu, x=1-6)
with CgHg in the linear ion trap at near room temperature. Thirty-
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(a) Cluster models
Proposed gas/particle interface reactions

1: adsorption

2: dehydrogenation of Cglly
3: charge exchange

4: HAT

5: OAT

6: the formation of C;H;O"

(b) Atmospheric gas-phase reactions
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Scheme 1. Simplified reaction channels for the reactions of M,0," (M=Sc-Cu)
cluster cations (a) and atmospheric OH" radicals (b) with benzene.

nine clusters show high reactivity toward benzene and display up
to six primary reaction channels, as shown in Scheme 1a: 1)
adsorption channel, 2) dehydrogenation of CgHg, 3) charge
exchange, 4) hydrogen atom transfer (HAT), 5) oxygen atom
transfer (OAT) and 6) the formation of C¢Hs0" radical. In addition to
M,0,CsHe", five types of oxidation products are generated during
these reactions, that is, C¢H, unit, CsHs  (phenyl) radical, CsHgOp 1"
cations, CsHgO" and CgHsO' radical. The adsorption channel exists
in most of the investigated cluster cations under our experimental
conditions, except for ScO3", MnO4* and other 25 inert clusters
(Table S1 in Supporting information), and this pathway will not be
included in the following discussion. Generally speaking, only
series of scandium oxide clusters and vanadium oxide clusters
exhibit similar reactivity toward benzene in the 39 reactive 3d
TMOC cations; however, more than two types of reactions coexist
in other 3d TMOCs. Co,0," and CryO," cations exhibit variety of the
products in the reactions with CgHe. The number of reactive
Mn,O," and NiO," clusters is the least. The detailed reaction
channels will be discussed in the following.

As shown in Fig. 1 and Fig. S1 (Supporting information),
dehydrogenation of CgHg is prevalent in the CgHg oxidation
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Fig. 1. Time-of-flight mass spectra for the reactions of the mass-selected Sc40¢" (a),
Tis0;" (b), Cr305*(c), Co304*(d) and Cus0;"(e) with CgHg, respectively. The reaction
time and the CgHg pressures are given. The peaks marked with stars are present in
the background spectra.

reactions mediated by the reactive metal oxide cations, except for
Scx0," clusters. The pseudo-first order rate coefficients (k1) [47],
which were estimated on the basis of a least-square fitting
procedure (Fig. S2 in Supporting information), and the reaction
efficiencies (@ =kq/kcaic; Kkcaic is the theoretical collision rate
[48,49]) for these reactions are given in Table 1 and Table S2
(Supporting information). Among the investigated clusters, Ti,O4",
(V205)1-3", (V205)0-1VOs" [47] Cr:0," (xy=1,2; 2,5; 2,6; 3,2; 3,8),
Mn,05", FeO4", Fe;05", CoxO," (x,y=2,2; 2,5; 3,4; 4,5; 5,7), NisOs",
as well as Cus03* and CugO4* can induce dehydrogenation of CgHg,
with the formation of M,0,_1CsH4" and H,0. The estimated rate
constants varied from 10~° cm® molecule™'s™! to 107" cm® mol-
ecule~!s~! and branching ratios (BRs) of this channel dramatically
changes from 1.3% for Cr,0g/CgHg to 78% for V305" /CgHg [50]. More
information of reactivity and reaction channels is shown in Fig. 2.
Based on the reported B3LYP-calculated results for the reactions of
V,05" and VO3* with CgHg, the dehydrogenation pathway proceeds
by two steps of C—0O bond making and two steps of hydrogen
atom abstraction alternately, with the formation of OH moiety
and H,O unit successively [50]. The formed CgH,4 unit is bonded
with two oxygen atoms of oxide clusters by forming a
+++—M—0—C—C—0O—--- ring in the product [50]. Similar
reaction mechanisms may be followed for other reactive TMOCs.
Normally, a small change in cluster composition can completely
change the reactive properties of the clusters [51,52]. Herein, the
dehydrogenation of CgHg generally exists in various 3d TMOC
cations, and the reactive clusters contain both of oxygen-rich and
oxygen-poor ones. Like Cr30,", which is very oxygen deficient, can
even offer one oxygen atom to form H,O unit in the CgHg oxidation
reactions. Unlike the reactions of stoichiometric early TMOC
cations with CH4 [53], no uniform structural compositions can be
summed up for these reactive 3d TMOCs. In addition, the
dehydrogenation of CgHg is one of the major channels (BR > 25%)
in most of the investigated reactions. In literature, there are some
oxide ions which also can bring about the dehydrogenation of
CGHGn such as FeO" [54], MnO* [40],\/205 and (V205)0,2VO3 [42],
and the branching ratios of this channel for MnO* and FeO* are only
10% and 5%, respectively.

In addition to dehydrogenation of CgHg, charge exchange
channel is also observed in many investigated 3d TMOC cations,
and two kinds of products C¢Hg" and C¢HgO™ are present, as shown
in Flg 1 and Flg S1. For V308+y \/5013,+v Cr205+, Cr4011+ and Ni405+,
the charge exchange channel is concomitant with the OAT channel,
resulting to the formation of CsgHgO" ions as the products of the
reactions with CgHg. For the reactions of (V,0s):-3", CryO," (x,
y=12; 2,5; 2,6; 3,2; 3,8; 4,10; 4,11), MnO," and Co,0," (x,y=1,4;
2,3; 2,5) with CgHg, CgHg" cations are the reaction products. The
charge transfer happens when cluster cations collide with benzene
molecules [50], and this channel is closely related to the ionization
energies (IEs) of benzene, phenol and relative neutral TMOCs. If
CeHg" is present in the mass spectra, the IEs of neutral TMOCs can
be assigned as larger than that of CgHg. Mass discrimination effect
due to large mass difference between CsHgOp 1" and oxide clusters
makes it difficult to exhibit the precise intensity of CsHg" in some
reactions, and this phenomenon is more serious for larger clusters.
Thus, it is hard to accurately compare the productions of CsHgOp 1"
for the reactions of the small clusters with those of the larger
clusters. This charge exchange channel also takes place in the
reactions of benzene with Co*, Cu®, Nb* [55] and Au* [37] ions,
forming CgHg" cations. However, the pathway of generating CsHgO"
has not been reported in the studies of CgHg oxidation reaction
mediated by gas-phase clusters. In the atmosphere, charge
exchange reactions, such as H+0" - H"+0 and 0,"+NO - 0, +
NO*, have been studied extensively [56]. From our gas-phase
reactions, one may expect that this reaction type may also exist
between mineral oxides and some VOC molecules, such as CgHg.
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Table 1
Products, pseudo-first-order rate constants, and reaction efficiencies for the investigated reactions.
Reactions Products/Equations Branching ratios k; (cm® molecule 's™ ") @
Sc406" +CsHg Sc4OH" + CHs™ 89% (1a) (42+09)x 1071 0.44
Sc406CsHg" 11% (1b)
Ti;0," +CsHe Tis0; + CsHg" 1% (2a) (9.6+2.0)x 10°1° 1.00
Tiz05CsHg" + 0 12% (2b)
Tiz0,CsHg" 87% (2¢)
Cr30,"+ CgHg Cr30, + CeHg* 2% (3a) (4.0+0.8)x10°1° 0.40
Cr;0CsH4" +H,0 32% (3b)
Cr30,CsHg" 66% (3¢)
C0304" +CsHs Co303H" +CsHs0 25% (4a) (13+03)x10°° 133
C0303CgH4" +H,0 43% (4b)
C0304CsHg" 32% (4c¢)
Cu30," +CgHe Cu;0" +CsHgO 96% (5a) (1.1+0.4)x 10°° 11
Cus0,CeH4" +Hy 1% (5b)
Cu30,CeHs" 3% (5¢)
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Fig. 2. Map showing of the reactivity and reaction channels for 3d transition metal
oxide cations with C¢Hg. The red number shown in each block represents the
oxygen atoms y in M,O," cations. The blank block means these clusters have not
been investigated.

Then the formed CgHg" radical cations can further react fast with
other atmospheric radicals through radical reactions.

Different from the generally existing pathways 1-3 in
Scheme 1a, the HAT process prevails predominantly only in
(Sc;03)1_5"/CeHg systems, with the formation of (Sc,03);_sH " and
CeHs (Fig. 1a and Fig. S1). The ScgO4," is the most reactive one and
the BRs for this HAT channel varied from 38% (for Sc;0015") to 90%
(for Sce0o"). As reported in literature, A =2y - nx+q (q: the charge
number, n: the highest oxidation state of element M’) can be used
to classify oxygen-richness or -poorness of early transition metal
oxide clusters M'O0,7 [15,57], and the A=1 clusters (Scz03),",
which possess oxygen-centered radicals (O~"), can activate the
C—H bond of C4Hy¢ [58]. Although the C—H bond energy (BE) of
CsHg (4.89 eV) is higher than that of CH,4 (4.55eV) [59], there is no
doubt that O~ plays a key role for the HAT process in (Sc;03),"/
benzene systems. Larger scandium oxide cluster cations with
stoichiometry of (Sc;03), may also be able to activate CgHg through
HAT, which is not further investigated herein. Among other studied
early TMOC cations with A=1, such as (V;0s);_4" and (CrOs);",
only (V,0s5);_4" clusters can abstract one hydrogen atom from
CsHg, and this channel is not the dominant one [50]. Schwarz et al.
pointed out that an increase or decrease in electronic multiplicity
of the bare MO* (M =Sc-Ni) coincides with a similar trend in the
richness and variety of the products formed in the reactions with
CgHg [40]. However, this phenomenon is not suitable for the
benzene oxidation on polynuclear metal oxide cation clusters
studied herein.

It is interesting that in benzene oxidation reactions with FeO,",
C0,05", Co304", Cu,0," and Cuys05" clusters (M,0,"), oxygen atom
transfer accompanying HAT happens, leading to the formation of
CeH50" radicals and M0, ;H" cations [60]. Note that the bond
dissociation energies of FeO*, CoO*, and CuO* are relatively weak in

the first-row transition metal monoxide ions MO" [61]. According
to the thermodynamic requirement that must be met by these
M,0,", the reactive M—O bond energies for MO, should be
within this range: BE(M-0)< BE(CgHs-0)-BE(C¢Hs—H)=(8.126-
4.896) eV=3.23 eV (The bonds energy for CgHs-0 is calculated at
the B3LYP/6-311++G** level of theory, and that for C¢Hs-H is from
Ref. [60]). Besides, we systematically studied the reactions of
nanosized vanadium oxide cluster cations with benzene, and
phenol is the product; surprisingly, the size is not the major factors
influencing the clusters’ reactivities [50].

In the atmosphere, OH’ radicals are one of the most important
oxidant, and there are lots of products observed from the OH’
radical-initiated reactions of benzene [62], which leads to the
removal of benzene and other VOC molecules from the atmosphere
or transformation in the atmosphere. For instance, in Scheme 1b,
the abstraction pathway can form H,0 and a phenyl radical in OH’/
benzene system, accounting for 5% of the overall reaction at 298 K
[63,64]. The CgHs" radical can further react with O, to produce
CeHs50" (CgHs +0, — CgHs0"+0, Progress (2)). The following
reaction CgHsO +M — CsHs +CO+M (Progress (3)) will obtain
cyclopentadienyl (CsHs') radical, which is a key intermediate
species for aromatic ring growth [65]. Phenol is also generated via
OH’ addition reaction to benzene (Progress (4)). Three (intermedi-
ate) products for OH' + CgHg were also observed in our gas-phase
model reactions, such as CgHs' radical, CgH50" radical, and CgHsOH.
In contrast, H,0 is formed through breaking of two C—H bonds in
benzene and generating of C—O bonds in cluster reactions, and
this dehydrogenation channel is generally present with large BRs.
Therefore, the mechanisms and BRs of dehydrogenation in
benzene oxidation reactions mediated by OH’ radical and 3d
TMOC cations are different. Physical adsorption by mineral dusts is
the one of major sinks for VOC molecules [65], and the adsorption
channels are also generally present in most of the investigated
cluster cations. Based on the cluster reactions, other two types of
channels existing in gas-phase cluster/CgHg systems, that is, charge
exchange and dehydrogenation, may contribute to the correspond-
ing VOC oxidation reactions in the atmosphere. From these results,
we may speculate that similar reaction types observed in OH’
+CgHg in the atmosphere may also exist in the heterogeneous
reactions of benzene molecules over mineral dusts, but the
mechanisms and importance of each channels may be different;
there are also some specific reactions on mineral oxide surfaces,
which are not present in the gas-phase reaction of OH” with CgHs.
These ring-retaining radical products obtained in the benzene
oxidation reactions can further react with other radicals or species
in the atmosphere.

In summary, we systematically investigate 103 reactions of
small 3d transition metal oxide cations with CgHg by using mass
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spectrometry, and a clear picture of the reactivity of TMOCs toward
benzene is built. As summarized in Fig. 2, a total of 39 cations can
oxidize CgHg efficiently, with the rate constants being in the order
of 107°-107"%cm® molecule™! s, regardless of adsorption
channel. The shade of color indicates the approximate range of
reaction rates. And the darker the color, the faster the reaction. The
blank block means these clusters have not been investigated. As
shown in Fig. 2, In the obtained six primary reaction channels,
dehydrogenation of benzene and charge transfer between cations
and CgHg generally exist in the investigated reactions, and the
formation of CgHgO" has not been reported previously. In
comparison with hydroxyl radical, the most important gas-phase
oxidant in the atmosphere, three (intermediate) products are
observed in the reactions of TMOCs with benzene, that is, CgHs
radical, CgHs0" radical, and phenol. The reaction information is
particularly valuable for gauging of future nano- and multiscale
modeling of benzene oxidation over mineral oxide aerosols in the
atmosphere, and one may expect that the heterogeneous conver-
sion of VOCs such as CgHg on mineral dusts is indispensable.
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