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Keywords: Water dimer radical cations are regarded as key intermediates in many aqueous reactions and
Water radical cations biochemical processes. However, the structure of the water dimer radical cations, and particularly
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Proton-transferred isomers
Inter-conversion of isomers

the inter-conversion between their isomers, remain difficult to investigate experimentally due to
their short lifetime and low abundance under ambient conditions. Furthermore, the isomers
cannot be distinguished in a full mass spectra. In this study, we report the experimental evidence
for the hemi-bonded and proton-transferred isomers of gas-phase water dimer radical cations, and
the inter-conversion process between them in a linear ion trap at low pressure and near room
temperature. Multiple collisions of isolated water dimer radical cations with He inside the ion
trap were systematically investigated; first, under different trapping times (i.e., reaction times)
ranging from 0.03 to 800 ms, and then at a very low collision energies ranging from 0.1% to 10%
normalized collision energy. The proton-transferred isomers were dominant at shorter trapping
times (<250 ms), while the hemi-bonded isomers were dominant at longer trapping times
(250800 ms). Moreover, the difference in symmetry of the shapes of the H,O*" signal profiles
and the H30" signal profiles implied the existence of two kinds of isomers and there were small
potential differences between them. Our results also suggested that by tuning the experimental
parameters the hemi-bonded isomers would become dominant, which could allow the study of
novel chemical reactions involving the hemi-bonded two-center-three-electron (2c-3e) structure
in a linear ion trap.

1. Introduction

The study of various variants of water molecules, such as micro-droplets, the protonated water clusters, and hydrated electrons, has
become a field of research that provides surprising research outcomes [1-7]. As an important intermediate in radiation chemistry and
radio-biology, the water radical cations, (H20)", have attracted much attention for their role in reactions, both experimentally and
theoretically [8,9]. However, there have been few reports of inter-molecular interactions of (H20)5" due to its high reactivity [9]. With
the rapid development of quantum chemical theory in cluster ion structures [10], bonding properties [11], and dynamic simulations of
reactions [12], great theoretical progress has been made in determining the formation mechanism of (H,0)5". Recently, as well
documented [13,14], water radical cations were naturally abundant in pure bulk water, which indicates that a water radical cati-
on/anion pair (Hy0---OHa=H,0*" + H,0*) has been formed based on hydrogen bond-induced electron transfer. Currently, there are
two main methods for forming (H,0)3". On one hand, (H,0);, could be generated through the ionization of water due to the strong
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electric field at the micro-droplet interface [15]. On the other hand, (H,0)3" could be generated in water vapor plasma, which is
produced under mild corona discharge [16], which provides a facile approach to access the high reactivity of water radical cations
under ambient conditions [17,18].

Studies of the water dimer radical cation, (H20)3", by means of quantum chemical and molecular dynamics methods are of
considerable interest [19,20]. The simulation results for the structural properties of (H,0)3" based on ab-initio, semi-empirical, and
density functional theory calculations are consistent, with two stationary points found to be the local minima: the proton-transferred
isomer with [HsO" ... *OH] characteristics and the hemi-bonded isomer with [H,0---OH,]*" characteristics [10,12,21]. Taking the
results at the aug-cc-PVQZ CCSD(T) level as an example, these two isomers are separated by 8.8 kcal/mol with an inter-conversion
barrier of 15.1 kcal/mol [10], and the proton-transferred isomer with the ion-radical structure is the minimum energy arrange-
ment [22].

In addition to the theoretical simulations, only a few reports have provided experimental evidence for the structural properties of
(H20)3™. Collision studies of the (H,0)3" ion in the gas phase are more consistent with the proton-transferred structure [23]. Gardenier
et al. [19] showed the infrared (IR) spectra of Are(H,0)5" and (H,0)3", in which a strong triplet approximately at 2000 cm~! could be
clearly detected and attributed to the bridging proton of the proton-transferred isomer. They argued that the hemi-bonded isomer had
no contribution to the spectra [19]. Through a direct oxygen ... oxygen bond contraction, a transient radical cation complex,
abbreviated as ¢OH(H30™), was formed within 140 fs and captured by Lin et al. [24]. The radical cation complex was confirmed as the
intermediate complex for the proton transfer between H,0*" and H,0, which was consistent with the proton-transferred isomers of
(H20)5".

Until recently, the hemi-bonded isomer of (H,0)5" has been poorly understood. It is interesting to note that in the collision induced
dissociation (CID) experiments of thermalized water dimer radical cations reported by Nibbering et al. [25], there was a substantial
yield of HyO*", indicating the hemi-bonded motif of (H,0)3". Collision reactions of (H,0)5" in a single collision with D50 in a collision
cell at low pressure were investigated at a very low collision energy, ranging from 0.05 to 2.0 eV, using a guided-ion beam tandem mass
spectrometer (MS", n > 2). Only the H,O*" fragment, and not the H3O " fragment, was observed, which indicated that the hemi-bonded
isomer was dominant, as opposed to the proton-transferred isomer [26].

The two structural motifs may be formed depending on how the water dimer radical cations are generated in the ion source.
Recently, Wang et al. [16]computationally and experimentally confirmed the existence of two isomers of (H,0)3". Later, the structure
of (Hy0)3" was further studied by Li et al. [27] in a CID experiment using an isotope labeling method. The dissociation (CID) results
showed that two kinds of fragment ions of m/z 19 (H30") and m/z 18 (Hy0"") could be competitively generated by loss of ¢OH and
H,0, respectively, indicating the two different isomers of (H,0)3". The CID with isotope labeling results indicated that (D,0)3",
(H200D50)**, and (H,0eHA?0)*" also exist as proton-transferred and hemi-bonded isomers.

In our previous reports, indirect evidence indicated the co-existence of the proton-transferred and hemi-bonded isomers of the
water dimer radical cations in the reactions between (H50)5 " and benzene. Protonated benzene cations (m/z 79) [28] and protonated
phenol cations (m/z 95) [17] could be formed from the [H30" ... *OH] isomer or even from their respective dissociation products:
H307" or *OH. Alternatively, the abundance of benzene radical cations (m/z 78) [28] as well as the phenol radical cations (m/z 94)
could have originated from the [H,0---OH,]*" isomer, with the latter case being consistent with the conclusions of Qiu et al. [15].

Until recently, the inter-conversion between the protonated isomer and hemi-bonded isomer lacked experimental evidence, and
was based on only a theoretical analysis [10]. The unique formation of hemi-bonded isomers has restricted in-depth research on the
structure-property relationship of water radical cations, which would enable a better understanding of the mechanism of natural
processes and the discovery of novel gas phase reactions. Both products resulting from the reaction with [HoO---OH3]*" and [H30™ ...
*OH] could be detected under ambient conditions in the ion source. In this study, the inter-conversion of the two isomers of (H,0)3" in
a linear ion trap at low pressure and near room temperature was achieved for the first time. Most importantly, our results suggest that
the hemi-bonded isomers could be dominant in the gas phase under suitable conditions, providing a new method for preparing highly
reactive hemi-bonded isomers and studying the novel chemical reactions exclusively induced by them.

2. Experimental section

Mass spectrometry (MS) experiments were conducted using a commercial linear ion trap mass spectrometer (LTQ-XL, Thermo-
Fisher, San Jose, CA, USA). The mass spectrometer was coupled with a closed, home-built ambient corona discharge ion source. Details
of the ion source can be found in previous reports from our laboratory [17,18]. Briefly, as shown in Fig. S1, a stainless-steel discharge
needle with an outer diameter (OD) of 150 pm, sharp tip (curvature radius 7.5 pm) and an insulator on the back end was fixed
co-axially with two fused silica capillaries using ferrules [17,18]. Ultra-pure water, which was not used in this work, could be
introduced through the inner fused silica capillary (ID 0.25 mm, OD 0.40 mm). The carrier gas (Ar with high purity, 99.999%, 0.3
MPa), which contained no more than 1 ppm water vapor, was introduced through the outer fused silica capillary (ID 0.53 mm) at a flow
rate of 20 mL/min [17,18]. The tip of the inner capillary orifice protruded approximately 0.5 mm out of the outer capillary orifice and
the tip of the discharge needle protruded about 0.5 mm out of the inner capillary orifice. The distance from the tip of the discharge
needle to the inlet capillary of the mass spectrometer was approximately 22 mm [17,18].

Mass spectra were collected in the mass-to-charge (m/z) range of 15-200. The capillary voltage was 1.0 V. The tube lens voltage
was 0.0 V. Because the temperature could affect the stability of the generated (Hy0)3" during the process for transferring ions to the
detector, the ion capillary temperature was set to be 150 °C, enabling the intensity of (H20)3" to reach a maximum [16,17]. The
temperature in the trap was near room temperature as discussed in our previous report [18]. The carrier gas was introduced into the
closed ion source for 20—30 min to completely replace the remaining gas with high-purity Ar. Experiments were conducted in positive
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ion detection mode (+2.5 kV). The water vapor, as the trace impurity in the carrier gas, was then ionized. Other parameters were set to
default instrument values without any further optimization. The background neutrals inside the trap were continuously renewed
through vacuum pumping. High-purity He gas (99.999%) was introduced to maintain the vacuum in the ion trap at about 1 x 107>
Torr [18] based on the vacuum gauge reading. The injected He was used as collision gas and a unique dissociation would occur when
the isolated ions were exposed to the He atoms.

3. Results and discussion

As shown in Fig. S2, water radical cations, (H20)3" (m/z 36) and (H,0)3" (m/z 54), and protonated water clusters, H"(H0)5 (m/z
37) and H(H,0)3 (m/z 55) were detected as the major species generated upon the ambient corona discharge of water vapor in Ar [18].
Consistent with our earlier experiments under similar ionization conditions [16], these signals attributed to the above ions were
further confirmed by using isotopically labeled water. The choice of the inert gas had little effect on the generation of the water radical
cations as well as the protonated water clusters, which we reported previously [16], indicating that the (H20)3"could be generated
when suitable amounts of energy were deposited into pure water vapor under atmospheric pressure, rather than reactions between
inert gas ions and water molecules.

To investigate the isomer structures of (H20)3", the generated (H20)3" could be trapped in the linear ion trap and the fragment ions
could be detected based on the multiple collisions with He atoms. Because the H30™ ions were the fragment ions of both the (H,0)5"
and the H*(H0), ions, it would be beneficial to study the trend of ion intensity of H(H,0), simultaneously when studying the inter-
conversion between the two isomers of (H,0)5". We therefore trapped H(H,0)- alone or both the (H,0)5" and H"(H,0), in the linear
ion trap. However, the intensity of (Hy0)3" trapped in the linear ion trap (Fig. S3) was significantly reduced compared with the in-
tensity detected in the full scan (Fig. S2). The (H20)3" that remained in the trap should possess the most thermodynamic stable
structure, indicating that most of the (H,0)3" isolated in the trap was the proton-transferred isomer. We speculated that most of the
(H20)5", especially the hemi-bonded isomers, generated in the water/Ar plasma was unstable when trapped and could be dissociated
before being transferred to the detector. This would be a reasonable explanation for the phenomenon discussed above, in which most of
the (H,0)3" generated in the ion source was lost during the trapping process.

First, H"(H,0), alone was trapped in the linear ion trap. The signal intensities for H30" and H"(H0) in the linear ion trap as a
function of trapping time are shown in Fig. 1 at 0% normalized collision energy (NCE%). No H,0*" (m/z 18) was detected in the ion
trap and only small amounts of H30" (m/z 19) were detected. Moreover, the ion intensity of H30" was almost constant as the trapping
time increased from 0.03 up to 800 ms. In contrast, a clear decrease in the ion intensities of H"(H,0), at a trapping time around
250—300 ms was detected. We assumed that the H3O" observed here would not be attributed to the dissociation of H(H30)s.
However, the background signals appeared to leak into the ion trap. It would be interesting to investigate the reasons for the decrease
in ion intensity of HT(H50), in the trap. We attributed this phenomenon to two possible reasons. 1) As is well documented [29-31], the
ions with low m/z, especially close to the detection limit of the ion trap, such as (H20)3", and H"(H,0)2, can be easily ejected out of the
ion trap. Thus, we speculated that the decrease in the ion intensity of H"(H20), could be partially caused by the ion resonance ejection
of the translational hot ions after trapping up to 250 ms. 2) We attributed the sudden decrease of H'(H,0), after 250 ms to the fact that
an equilibrium between H"(H,0), and H™(H,0), eH, was achieved, which means parts of the H*(H,0), ions would be converted to
the protonated water-hydrogen clusters, which was consistent with our previous report [18](as shown in Scheme 1a).

Then, (H,0)3", along with H"(H20),, was trapped in the linear ion trap at 0% NCE% (Fig. 2). As (H0)5" was trapped in the linear
ion trap from 0.03 to 250 ms, the ion intensities indicated that (H,0)3" exhibited an obvious dissociation, and the contribution of
H'(H20), to the fragment ions generated in the ion trap was limited (the same as shown in Fig. 1). As mentioned above, the decrease in
the ion intensity of (H,0)3" around this time was caused mainly by the dissociation, but was partially due to the ion ejection. Two kinds
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H*(H20)2+ H2 < H*(H20)2*H2
(H20...0H2) ** —H20"* + H>0
(OHs*..OH) — H30* + *OH
(OHs*.."OH) — (H:0...0H2) **

H*(H20)2 — H30* + H20

Scheme 1. A scheme illustrating the dissociation/fragmentation and conversions of water radical cations as well as protonated water clusters.
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37, blue triangles), isolated in the linear ion trap as a function of the trapping time of (H,0)3" ions. (Note: for comparison, the ion intensity of the m/z
37 ions in this figure is one-fifteenth of the absolute ion intensity. Each curve represents the average of three groups of parallel experiments.). (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

of fragment ions were detected: H,0°" (m/z 18), accompanied by H30™" (m/z 19), which was formed following the loss of HyO from
hemi-bonded isomers (as shown in Scheme 1b); and the #OH radical from proton-transferred isomers (as shown in Scheme 1¢), which
was consistent with our previous report [27]. The ion intensities of the fragment ions showed that the intensity of proton-transferred
isomers exceeded that of the hemi-bonded isomers, which was consistent with previous speculation. However, the ratio of the intensity
of H,0*" to the intensity of H30 ™ still increased during this time (Fig. 2 and Figs. S3a—c), suggesting that parts of the proton-transferred
isomers were converted to hemi-bonded isomers (as shown in Scheme 1d). With the trapping of (H,0)5" up to 400.03 ms (Fig. 2 and
Fig. S3d), the fragment ions of the hemi-bonded isomers became the dominant ions.

Next, the (H,0)3" that had been trapped in the linear ion trap up to 800 ms was further exposed to He atoms with increasing
collision energies, from 0% to 0.1% NCE%, and eventually up to 10% NCE% (Fig. 3). Further experimental evidence for the inter-
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Fig. 3. Signal intensities for H,O*" (m/z 18, black squares), H3O" (m/z 19, red circles), (H,0)3" (m/z 36, magenta rhombuses), and H"(H,0), (m/z
37, blue triangles), isolated in the linear ion trap as a function of the normalized collision energy. (Note: there is no scaling of m/z 37 in this plot and
each curve represents the average of three groups of parallel experiments.). (For interpretation of the references to colour in this figure legend, the reader
is referred to the Web version of this article.)
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Fig. 4. Peak profiles for the mass spectra measured under different trapping times: (a, b) 0.33 ms, (c, d) 3.03 ms, (e, f) 30.03 ms, (g, h) 400.03 ms,
and (i, j) 800.03 ms. (Note: The unavoidable signals at m/z at 32 might be assigned to 03").

conversion between these isomers could be detected from the ion intensity trends of their fragment ions. Depositing a small amount of
extra energy into (H20)3" resulted in a significant decrease in the ion intensity of (H,0)3", which was associated with the increase of its
fragment ion, HyO®" (Fig. 3 and Figs. S4a—c). We attributed this to the dissociation of the hemi-bonded isomer of (H20)5" formed in the
linear ion trap (similar to Scheme 1b). It was clear that most of the (H,0)3" was dissociated during this process. However, only some
parts of the trapped H*(H20), was dissociated, and a slight increase in the amount of fragment ions, H3O, could be detected (as shown
in Scheme 1e). The generated fragment ions, H3O", were obviously caused by the dissociation of H"(H,0), because the proton-
transferred isomer of (H,0)3" had already been consumed. Furthermore, the decrease of H"(H,0), was much lower than that of
(H20)5", due to the higher binding energy in the H(H,0), ions. This was consistent with previous reports that the binding energy of
the water dimer radical cation was only 75% of that of the protonated water dimer cluster [32-34].

As the collision energy continuously increased up to 9% NCE% (Fig. 3 and Fig. S4c), the multiple collision energy was large enough
to produce a significant dissociation of H"(H20),, accompanied by a sharp increase in its fragmentation ions, H30"(the same as in
Scheme 1e). Simultaneously, the small amount of (H,0)3" remaining in the trap was almost completely fragmented with an observed
increase of its fragmentation ions, HO®*(the same as in Scheme 1b). The residual H*(H,0) isolated in the ion trap was further
fragmented as the collision energy increased up to 20% NCE% (Fig. S4d).

For mass analyzer CID, the normalized collision energy is a measure of the amplitude of the resonance excitation radio frequency
(RF) voltage applied to the end-caps. The normalized collision energy scales the amplitude of the voltage to the parent mass. The
equation for calculating the amplitude of the resonance excitation RF voltage is as follows:

Amplitude =NCE% /30% {parent mass x tick amp slope + tick amp intercept } (@)

where NCE% is the normalized collision energy and tick amp is the amplitude of the resonance excitation RF voltage. The calculated
results for the energy of single collisions with NCE% set as 0.1%, 5%, and 10% are listed in Table S1. These values were much lower
than the bond energy for (H20)3" [35] and we therefore postulated that the dissociation of (H20)3" in the linear ion trap was promoted
through multiple collisions with He atoms.

As an additional observation, the resolution (m/Am) of the fragment ion at m/z 18 was obviously poorer than the other fragment
ion at m/z 19 because an asymmetry in the shape of the H,O®" signal profiles was detected (Fig. 4 a—f), which tailed to the higher mass
region. The shorter the trapping time of (H0)3" in the linear ion trap, the more obvious the asymmetry of the shape. In contrast, the
shape of the H30™" signal was much more symmetrical.

It could be inferred that the fragment ions of proton-transferred isomers of (H,0)3" (m/z 36) had been generated mainly in the ion
trap during the collision-induced dissociation. Because the [H3O" ... eOH] structure possessed a better stability than the
[Ho0---OH3]*" structure, the proton-transferred isomers would not have been dissociated within the period of ion transfer to the
detector. In contrast, it could be inferred that most of the hemi-bonded isomers were fragmented in the ion trap during the multiple
collisions with the He atoms, while some parts of the relatively unstable hemi-bonded isomers were dissociated into the fragment ions
during the period of ion transfer to the detector, resulting in a broadened kinetic energy distribution and consequently broadened mass
spectral peaks [35,36]. As the trapping time extended (Fig. 4 g—j), taking 800 ms as an example, most of the dissociation of the
hemi-bonded isomers could occur in the ion trap, and the ratio of the fragment ions of hemi-bonded isomers generated during the
period of ion transfer to the detector was substantially reduced, which led to more symmetrical H,O*" (m/z 18) signal profiles. A
methodological flow chart (Fig. S5) is presented in the supporting information to show the intrinsic correlation between the figures
discussed above.

4. Conclusions

Our results suggest a novel method to study the structural properties of water dimer radical cations based on CID in a linear ion trap
mass spectrometer at low pressure. The experimental data indicated that, in addition to proton-transferred isomers, hemi-bonded
isomers contribute to the (H,0)5" signal in the gas phase. The data also indicated an inter-conversion between these isomers. Our
results further suggest that by tuning experimental parameters, such as the trapping time or collision energy, the gas-phase water
dimer radical cations would be dominated by hemi-bonded isomers. However, the loss of water dimer radical cations during the
trapping process still needs to be overcome. The method developed here allows the study of novel chemical reactions involving hemi-
bonded two-center-three-electron (2c-3e) isomers in a linear ion trap. The other reactants, such as gas reactants or volatile organic
compounds, could be introduced into the ion trap with He gas and then the reaction would occur. This is an interesting topic for future
research.
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