
PREPARATIVE MASS SPECTROMETRY: INSTRUMENTATION AND 

APPLICATIONS 

by 

Pei Su 

 

A Dissertation 

Submitted to the Faculty of Purdue University 

In Partial Fulfillment of the Requirements for the degree of 

 

Doctor of Philosophy 

 

 

Department of Chemistry 

West Lafayette, Indiana 

December 2020 

  



 

 

2 

THE PURDUE UNIVERSITY GRADUATE SCHOOL 

STATEMENT OF COMMITTEE APPROVAL 

Dr. Julia Laskin, Chair 

Department of Chemistry 

Dr. R. Graham Cooks 

Department of Chemistry 

Dr. Mingji Dai 

Department of Chemistry 

Dr. Scott McLuckey 

Department of Chemistry 

 

Approved by: 

Dr. Christine Hrycyna 

 

 



 

 

3 

献给我的父母 

Dedicated to my parents. 

 



 

 

4 

ACKNOWLEDGMENTS 

First and foremost, I would like to thank Prof. Julia Laskin for mentoring and guidance 

throughout my last three and a half years at Purdue. I started with barely any experience in 

instrumentation in the lab as your first graduate student in the ion soft landing research and all the 

progress I have made would not have happened without you. I felt truly motivated getting into new 

scientific endeavors and I believe that everything I have learned from you will be a solid foundation 

for my future career. 

I must express my thanks to Prof. Zheng Ouyang and Prof. Yu Xia, who were my research 

advisors for my first two years at Purdue. Thanks for all the mentorship and support provided to 

me as a young graduate student. I still remember the time I entered the program with barely any 

knowledge in mass spectrometry. You have provided me with excellent opportunities in research 

and networking which are exceptionally valuable in my life. Additionally, I would like to thank 

my thesis committee members, especially Prof. R. Graham Cooks, for continuous support and 

mentoring. 

My parents, Mr. Mu Su and Mrs. Li Chen, my elder brother, Mr. Bo Su, for the thoughtful 

and warm support for all my endeavors over these years. I am grateful to have you as role-models, 

and I know you are always there to be together with me getting through the unusual times. My 

grandparents, aunts, uncles, and young cousins, please receive my gratitude for always being 

supportive and best wishes to all of you. 

I must acknowledge the friendship and scientific collegiality of all members and alumni of 

the J. Laskin Group with whom I have spent my time at Purdue. In particular, I must express my 

thanks to Dr. Jonas Warneke, who was an Alexander von Humboldt research scholar in the Laskin 

lab, for always being a dear friend, a great mentor, a source of bright ideas and scientific motivation, 

and an excellent collaborator after you have started an independent career as a “Freigeist” junior 

research group leader at Universität Leipzig, Germany. In addition, I must express my thanks to 

Andrew Smith, who was working with me as an undergraduate student and post-bachelor scholar, 

for being a dear friend and co-worker. I also want to thank Dr. Venkateshkumar Prabhakaran and 

Dr. Grant Johnson for the mentorship during my time at Pacific Northwest National Laboratory, 



 

 

5 

Dr. Ruichuan Yin for his friendship and help. I cannot wait to thank Daisy Unsihuay and Hugo 

Samayoa, for the great time we spent in the lab (and in particular for bringing me to your 

tremendously-fun Latino parties!); Michael Espenship, Solita Wilson, Manxi Yang, for all the 

scientific and non-science-related chatters; Hilary Brown, Daniela Mesa-Sanchez, Courtney 

Huffstutler, Miranda Weigand, Jyothsna Padmakumar Bindu, Habib Gholipour, Hang Hu, 

Xiangtang Li, for great collaborations and valuable discussions. 

I also must express my thanks to members of Prof. Ouyang and Prof. Xia’s lab at Purdue 

and Tsinghua University. In particular, I thank Dr. Wenpeng Zhang for the mentorship, Dr. Fan 

Pu, Dr. Xiao Wang, Dr. Sarju Adhikari, and Zishuai Li for being great lab mates and dear friends. 

Dr. Leelyn Chong, Dr. Elissia Franklin, Jia Ren, Dr. Ran Zou, Pengqing Yu, please, receive my 

heartful thanks as well. 

I cannot skip my thanks to my friends at Purdue. Thanks, Dake, for being a great roommate 

(and a real chef!), it has been almost a decade since our college time at Fudan University. Zhuoer, 

Fan, Aaron (Tse-Hong), Tina (Changqin), Chen, Ruoxing, thanks for all the unforgettable happy 

moments we spent together as a group of friends at Purdue and best wishes to all of you. 



 

 

6 

TABLE OF CONTENTS 

LIST OF TABLES .......................................................................................................................... 9 

LIST OF FIGURES ...................................................................................................................... 10 

LIST OF SCHEMES..................................................................................................................... 17 

LIST OF ABBREVIATIONS ....................................................................................................... 18 

ABSTRACT .................................................................................................................................. 20 

 INTRODUCTION .............................................................................................. 21 

1.1 Synopsis ............................................................................................................................ 21 

1.2 Phenomena in Ion-Surface Collisions ............................................................................... 22 

1.2.1 Soft Landing of Ions .................................................................................................. 23 

1.2.2 Charge Retention by Soft-Landed Ions ..................................................................... 24 

1.3 Instrumentation ................................................................................................................. 26 

1.3.1 Ionization Sources ..................................................................................................... 26 

1.3.2 Mass Analyzers .......................................................................................................... 27 

1.3.3 Ambient Soft Landing ............................................................................................... 28 

1.4 Surface Characterization Techniques for Soft-Landed Ions ............................................. 29 

1.5 References ......................................................................................................................... 30 

 DESIGN AND PERFORMANCE OF A DUAL POLARITY INSTRUMENT 

FOR ION SOFT LANDING ......................................................................................................... 38 

2.1 Introduction ....................................................................................................................... 38 

2.2 Experimental Section ........................................................................................................ 40 

2.2.1 Instrumentation .......................................................................................................... 40 

2.2.2 Chemicals .................................................................................................................. 44 

2.2.3 FSAM Surface Preparation ........................................................................................ 44 

2.2.4 Surface Characterization ............................................................................................ 44 

2.3 Results and Discussion ..................................................................................................... 45 

2.3.1 Characterizations of Mass-Selected Ion Beams ........................................................ 45 

2.3.2 Ion Kinetic Energy Distributions (KED) ................................................................... 47 

2.3.3 Two Modes of Ion Soft Landing Experiments .......................................................... 50 

2.3.4 Protecting Soft-Landed Cations Using Weakly-Coordinating Anions ...................... 51 



 

 

7 

2.3.5 Preparation of Charge-Balanced Ionic Layers ........................................................... 54 

2.4 Conclusions ....................................................................................................................... 57 

2.5 References ......................................................................................................................... 58 

 PREPARATIVE MASS SPECTROMETRY USING A ROTATING WALL 

MASS ANALYZER ..................................................................................................................... 64 

3.1 Introduction ....................................................................................................................... 64 

3.2 Experimental Section ........................................................................................................ 65 

3.2.1 Instrumentation .......................................................................................................... 65 

3.3 Results and Discussion ..................................................................................................... 70 

3.3.1 Analytical Expression for the Deposition Radius ...................................................... 70 

3.3.2 Calibration ................................................................................................................. 74 

3.3.3 Mass Resolution......................................................................................................... 79 

3.3.4 Deposition of High-m/z Nanoclusters ........................................................................ 87 

3.3.5 High-Throughput Deposition of Multicomponent Mixtures ..................................... 92 

3.4 Conclusions ....................................................................................................................... 97 

3.5 References ......................................................................................................................... 97 

 IN SITU SPECTROELECTROCHEMISTRY FOR UNDERSTANDING 

STRUCTURAL TRANSFORMATIONS OF PRECISELY DEFINED IONS AT 

ELECTROCHEMICAL INTERFACES .................................................................................... 105 

4.1 Introduction ..................................................................................................................... 105 

4.2 Experimental Section ...................................................................................................... 107 

4.3 Results and Discussion ................................................................................................... 109 

4.4 Conclusions ..................................................................................................................... 124 

4.5 References ....................................................................................................................... 125 

 GAS PHASE FRAGMENTATION OF HOST-GUEST COMPLEXES OF 

CYCLODEXTRINS AND POLYOXOMETALATES .............................................................. 129 

5.1 Introduction ..................................................................................................................... 129 

5.2 Experimental Sections .................................................................................................... 131 

5.2.1 Chemicals ................................................................................................................ 131 

5.2.2 Synthesis .................................................................................................................. 131 

5.2.3 MS Experiments ...................................................................................................... 132 



 

 

8 

5.3 Results and Discussion ................................................................................................... 133 

5.3.1 ESI-MS of tungsten CD-POM complexes ............................................................... 134 

5.3.2 Gas Phase fragmentation Pathways ......................................................................... 135 

5.3.3 Isotopic Labeling Experiments and Statistical Modeling ........................................ 145 

5.4 Conclusions ..................................................................................................................... 151 

5.5 References ....................................................................................................................... 152 

 GAS PHASE REACTIVITY OF [Mo6X14]
2- (X=Cl, Br, I) DIANIONS ......... 159 

6.1 Introduction ..................................................................................................................... 159 

6.2 Experimental Section ...................................................................................................... 160 

6.3 Results and Discussion ................................................................................................... 161 

6.3.1 In-Source Collision-Induced Dissociation ............................................................... 162 

6.3.2 Reaction Pathways Probed by Ion-Trap CID .......................................................... 163 

6.4 Conclusions ..................................................................................................................... 173 

6.5 References ....................................................................................................................... 174 

APPENDIX I: ANALYTICAL EXPRESSION FOR PREDICTING THE DEPOSITION RING 

USING ROTATING WALL MASS ANALYZER .................................................................... 179 

APPENDIX II: STEP-BY-STEP FOR STATISTICAL MODELING OF MULTIPLE WATER 

ELIMINATION PROCESS OF ISOTOPICALLY-LABELED [Γ-CD-W6POM]2- COMPLEX

..................................................................................................................................................... 184 

PUBLICATIONS ........................................................................................................................ 190 

  



 

 

9 

LIST OF TABLES 

Table 2.1 Typical ion currents of Ru(bpy)3
2+ and WPOM3- obtained on the surface in ESI(+/-) and 

ESI×2 mode. ................................................................................................................................. 46 

Table 3.1 m/z of the major oligomers observed in the spectrum (I to VIII) in Figure 2.6. ........... 75 

Table 3.2 m/z of the major oligomers observed in the spectrum (I to VIII) in Figure 2.7. ........... 77 

Table 3.3 Experimentally-determined radii of the ubiquitin ions and the values predicted using 

calibrated Equation 3.1 along with the corresponding relative errors. ......................................... 78 

Table 4.1 Calculated electrochemical parameters in the CV studies of WPOM anions at a scan rate 

of 0.5 mV s-1. The Ep, red and Ep, ox refer to reduction and re-oxidation peak potentials; E1/2, red and 

E1/2, ox refer to reduction and re-oxidation half-wave peak potentials. ....................................... 113 

Table 4.2 IR band assignments to different charge states of reduced WPOM from the 

spectroelectrochemistry experiments in the range of 1000-800 cm-1. ........................................ 124 

  



 

 

10 

LIST OF FIGURES 

Figure 1.1 Physical and chemical processes associated with ion-surface collisions at chemically-

relevant energies. Reproduced with permission from Ref [3]. Copyright 2012, American Chemical 

Society........................................................................................................................................... 23 

Figure 1.2 Schematic drawing of the lateral time-of-flight mas analyzer. Reproduced with 

permission from Ref [77]. Copyright 1999, American Institute of Physics. ................................. 27 

Figure 1.3 Schematic diagram of the electrospray emitter, drying tube, and electrostatic deflectors 

used for ambient soft landing .Reproduced from Ref [80]. with permission. Copyright 2011, 

American Chemical Society. ........................................................................................................ 28 

Figure 2.1 Schematic drawing of the dual polarity ion soft landing instrument showing the dual 

polarity ESI interface (1), high pressure ion funnel (HPF, 2), low pressure ion funnel (LPF, 3), 

bent flatapole ion guide (4), quadrupole mass filter (5), einzel lens (6) and surface (7). Direct 

current (DC) voltages on the tandem ion funnel system are shown with Roman numerals: I, HPF 

repeller in; II, HPF repeller out; III, HPF funnel in; IV, HPF funnel out; V, LPF funnel in; VI, LPF 

lens; VII, LPF funnel out; VIII, conductance limit. The pressure in each vacuum region is marked 

in red. Typical DC voltages used for transmission of ions of both polarities in the tandem ion 

funnel region are shown in the bottom left table. ......................................................................... 41 

Figure 2.2 Ion current stabilities of mass-selected Ru(bpy)3
2+ and WPOM3- in ESI×2 or ESI(+/-) 

modes over one hour time period.................................................................................................. 46 

Figure 2.3 One-dimensional ion beam profiles of +3.1 nA Ru(bpy)3
2+ and -4.6 nA WPOM3- 

obtained using IonCCD................................................................................................................. 47 

Figure 2.4 KEDs of Ru(bpy)3
2+ (a) and WPOM3- (b) obtained at different values of the flatapole 

bias. The most probable KE (KEmp) and FWHM and are shown for each curve. ........................ 48 

Figure 2.5 Ion kinetic energy distributions (KEDs) of Ru(bpy)3
2+ (a) and WPOM3- (b) acquired at 

different voltages on the conductance limit (Vcl). The flatapole bias was kept at +14 V/-14 V for 

Ru(bpy)3
2+ and WPOM3-, respectively. The FWHM and most probable kinetic energy (KEmp) of 

each KED plot was shown on the top left corner of each figure. ................................................. 49 

Figure 2.6 KEDs of Ru(bpy)3
2+ (a) and WPOM3- (b) obtained at different values of the flatapole 

bias. The most probable KE (KEmp) and FWHM and are shown for each curve. ........................ 51 

Figure 2.7 (a) Visible absorption spectra of B12Cl12
2-/NRH+ surfaces. Optical images of the 

surfaces are shown on the right: (b) neutral red only, (c) LBL, and (d) fast polarity switching. . 52 

Figure 2.8 (a) Visible spectra  of 1 mM Neutral Red in methanol (red) and in a solution of 10 mM 

NaOH in methanol (yellow). Optical images of the solutions are shown on the right: (b) NR in 

methanol, (c) NR in 10 mM NaOH in methanol. ......................................................................... 53 

Figure 2.9 (a) Visible spectra of  solutions of 1 mM Neutral Red in methanol (red) and in a solution 

of 10 mM NaOH in methanol (yellow) dropcasted onto FSAM surfaces. Optical images of the 



 

 

11 

dropcasted spots are shown on the right: (b) NR in methanol, (c) NR in 10 mM NaOH in methanol.

....................................................................................................................................................... 54 

Figure 2.10 IRRAS spectra of the MoPOM3-/Ru(bpy)3
2+ surfaces prepared by LBL (A and B), fast 

polarity switching (C), MoPOM3- only (D) and Ru(bpy)3
2+ only (E). The cartoon pictures of 

surface A through E are shown in the corresponding figures, illustrating the surfaces were prepared 

in either LBL or fast polarity switching modes. The combination of bands, reproduced by Gaussian 

curve fitting, are shown in each of the figures with color coding. A scale bar showing the 

absorbance is marked on the top left of the figure. ....................................................................... 56 

Figure 3.1 (a) A cross-section view of the RWMA from SIMION simulations showing the 

equipotential lines (red) at θ = 0° and θ = 30°. The black arrows indicate the direction of the electric 

field. The equipotential lines inside the RWMA are evenly spaced indicating that a homogeneous 

rotating field is constructed in the central region of the RWMA. (b) A schematic drawing of the 

ion soft landing instrument composed of a high-transmission ESI interface, an einzel lens, the 

RWMA and an IonCCD/surface. The left bottom corner shows the schematic drawing of the 

RWMA fabricated in our lab, and a diagram showing the phases of the sinusoidal rf waveforms 

applied to the eight electrodes. This panel is adopted from ref. [51] and presented here for clarity. 

(c) Cross-sectional view of the electrode geometry used in SIMION simulations including a 

conductance limit plate, einzel lens, RWMA, and IonCCD/surface. The red, green, and blue traces 

indicate the ion trajectories of 12000 ions of m/z=253.2, m/z=329.2, m/z=470.3, respectively, at a 

kinetic energy of 20 eV. ................................................................................................................ 67 

Figure 3.2 (a) A schematic diagram of the RWMA and a collector plate used to derive Eq. 1. The 

ion entering the RWMA at (0,0,0) at time t0 along the cylinder’s central axis is radially dispersed 

by the rotating field and exits the RWMA at (x1, y1, z1). The length of this region and time the ion 

spends in this region are denoted as D1 and t1, respectively. Next, the ion travels through the field-

free region along its velocity vector attained at (x1, y1, z1) and lands onto the collector plate at (x2, 

y2, z2). The length of this region and time the ion spends in this region are denoted as D2 and t2, 

respectively. (b) A projection of the collector plate perpendicular to the central axis showing the 

ring deposition pattern formed by a continuous ion beam; r is the radius of the ring. ................. 71 

Figure 3.3 Deposition radius as a function of distance from the RWMA entrance for an ion of 

m/z=253.2, Ek=35 eV/charge with RWMA operating at f=70 kHz, 10 Vp-p. ................................ 72 

Figure 3.4 (a) Plots of the deposition radius as a function of m/z for singly-charged ions of the 

same Ek (35 eV) and at several frequencies of the rotating field shown in different colors. (b) 

Simulated RWMA mass spectra containing four signals (m/z = 200, 400, 600, and 800) extracted 

from the plots shown in panel (a) at different frequencies shown using the same color coding as in 

panel (a). The heights of the bars in the simulated spectra indicate the m/z. ................................ 73 

Figure 3.5 The rotating electric field strength along the main axis of the RWMA. The location of 

the RWMA relative to the plot is shown in the figure. ................................................................. 75 

Figure 3.6 Negative ESI-MS spectrum of PAM (Mn=1500); m/z of the major oligomers observed 

in the spectrum (I to VIII) are listed in Table 2.1. ........................................................................ 75 

Figure 3.7 Plots of the calibrated deposition radii vs m/z at f=70 kHz (solid) and f=50 kHz (dashed). 

The experimental data points are shown for PAM calibrants (filled circles), organic dyes (open 

triangles), and PDMS oligomers (open diamonds). The r values were calculated using Eq. 1 using 



 

 

12 

the effective rotating field strength (E) and length of the field (D1) obtained from the calibration.

....................................................................................................................................................... 77 

Figure 3.8 (a) An ESI mass spectrum of 5 µM ubiquitin in 49:49:1:1 

methanol/H2O/CH3COOH/glycerol (v/v/v/v) showing a distribution of charge states ranging from 

7+ to 13+. (b) An IonCCD profile of ubiquitin ions separated by the RWMA operated at a 

frequency of f=40 kHz. The charge state assignment of each peak is labeled in the profile. ....... 79 

Figure 3.9 (a) IonCCD profile of a mixture of the three dyes acquired using RWMA operated at 

f=70 kHz, 10 V0–p at different kinetic energies. (b) The FWHMs of the peaks in the profiles shown 

in (a) and the corresponding values of mass resolution (c). ......................................................... 80 

Figure 3.10 Experimental IonCCD profiles (black) and simulated profiles (red) using sums of best-

fit Lorentzian distributions of the beam of the dye mixture at different kinetic energies. ........... 82 

Figure 3.11 Kinetic energy distributions of the dyes at 20 eV (a) and 50 eV (b). The black and red 

traces represent the experimental first derivative of the retarding voltage plot and the Gaussian-

fitted curve, respectively. .............................................................................................................. 83 

Figure 3.12 Experimental beam profiles (top black trace) and the corresponding profiles generated 

using SIMION simulations (light grey bars) of the three dyes at kinetic energies of 20 eV (a) and 

50 eV (b). Yellow, green, and blue areas/curves on the top/bottom of each panel represent 

Lorentzian profiles obtained from the best fit of the underlying peaks of DASPE+ (m/z 253.2), 

MG+ (m/z 329.2) and VBB+ (m/z 470.3), respectively. ................................................................ 85 

Figure 3.13 Simulated FWHM of the deposition ring of DASPE+ (m/z 253.2) with Gaussian-

shaped KEDs of 0.2 eV, 1 eV and 2 eV FWHM centered at 20 eV/charge and various initial beam 

widths (0 mm, 0.5 mm, 1 mm, 1.5 mm and 2 mm). ..................................................................... 86 

Figure 3.14 a) Gold atom arrangement in an atomic structure of Au144(SCH2Ph)60 
81 and the 

IonCCD beam profile showing Au144(SC4H9)60
n+

 (n=1,2,3) separated by RWMA at f=6/7/8/10 kHz, 

10 V0-p when the IonCCD was positioned 1’’ after RWMA. The charge states of Au144(SC4H9)60 

are labelled on top of the peaks. b) TEM images of Au144(SC4H9)60
+
 deposited onto graphene-

coated Cu grid acquired at 300 kV acceleration voltage, scale bar: 20 nm. c) An expanded view of 

an area of the TEM image highlighted with the yellow-squared area in panel b) containing 

monodisperse Au144(SC4H9)60
+
 clusters, scale bar: 10 nm. d) A cluster size distribution extracted 

from the TEM image in b). e) A representative HRTEM image of an individual Au144(SC4H9)60
+
 

cluster acquired at 300 kV acceleration voltage. f) HRTEM image of the cluster shown in E) after 

electron beam irradiation. Scale bar=1 nm. .................................................................................. 88 

Figure 3.15 Deposition radius of Au144(SC4H9)60
n+ (n=1,2,3) from SIMION simulations, analytical 

expression (equation 10), and experiments at f=70 kHz, V0-p=10 V with the IonCCD positioned 

1’’ away from RWMA. ................................................................................................................. 89 

Figure 3.16 a) SIMION simulations of the native charge state distribution of Apoferritin (480 

kDa)83 separated by RWMA operating at f=10 kHz, V0-p=10 V. The collecting plate is positioned 

3’’ away from the RWMA. The kinetic energy of the ions is 5 eV/charge. The scale bar in the 

picture is 5 mm. b) Deposition radius of different charge states of Apoferritin extracted from 

SIMION simulations presented in (a). .......................................................................................... 90 



 

 

13 

Figure 3.17 Schematic diagram of the TEM grid holder used for Au144(SC4H9)60 cluster deposition. 

1: grounded mask with a 3 mm diameter aperture in the center; 2: TEM grid; 3: current collector; 

4: PEEK adapter connected to a XYZ positioner. ........................................................................ 90 

Figure 3.18 STEM image of deposited Au144(SC4H9)60
+
 on graphene-coated Cu grid. The average 

cluster diameter is labeled. Scale bar: 10 nm. ............................................................................... 91 

Figure 3.19 Representative HRTEM images of individual Au144(SC4H9)60
+
 on graphene-coated Cu 

grid showing fcc-like Au core arrangement. Scale bar=1 nm. ..................................................... 92 

Figure 3.20 (a) IonCCD beam profile of the PAM oligomers with RWMA operating at f=70 kHz, 

V0-p=10 V with the IonCCD positioned 2’’ after RWMA; peaks corresponding to different 

oligomers are marked in the figure. (b) Nano-DESI line scan along the deposition region showing 

extracted ion signals for different oligomers (colored lines) and total ion signal (black line). .... 94 

Figure 3.21 Contact angles of the (a) hydrophobic FSAM surface covered with hydrophilic PAM 

oligomers and (b) hydrophilic gold surface covered with hydrophobic PDMS oligomers. The x 

coordinate of the plot corresponds to the distance between the point of measurement and the edge 

of the surface. The grey dashed lines are shown to guide the eye. ............................................... 95 

Figure 3.22 Full-width-at-half-maximum (FWHM) of the nano-DESI profiles of PAM oligomers 

II through VI on the left side (blue bars) and right side (red bars) of the line scan in Figure 2.20.

....................................................................................................................................................... 95 

Figure 3.23 A positive mode ESI-MS spectrum of PDMS (Mn=~580); m/z of the major oligomers 

observed in the spectrum (I to XI) are listed in the table. ............................................................. 96 

Figure 3.24 IonCCD beam profile of the PDMS oligomers with RWMA operating at f=50 kHz, 

V0-p=10 V; peaks corresponding to different oligomers are marked in the figure........................ 96 

Figure 4.1 in situ vacuum-compatible electrochemical cell using a nanoporous ionic liquid 

membrane. WE=working electrode, CE=counter electrode, RE=reference electrode. .............. 106 

Figure 4.2 A photographic image of the three-electrode cell assembly and schematic drawing of 

the IR light beam used for IRRAS measurements. WE = working electrode, CE = counter electrode, 

RE = reference electrode. The electrolyte membrane covers all three electrodes. ..................... 108 

Figure 4.3 (a) Nyquist plot obtained from the potentiostatic EIS of the in situ 

spectroelectrochemical cell (Frequency range: 100 kHz to 1 Hz, amplitude: 10 mV). Inset: the 

equivalent circuit model used to fit the EIS data, Re - electrolyte resistance, Rct - charge transfer 

resistance, Cdl – double layer capacitance, Rm - porous membrane resistance, Cm - double layer 

capacitance derived at porous membrane, and Zw - Warburg impedance). (b) CV of the blank 

spectroelectrochemical cell before soft landing experiments acquired at scan rate of 50 mV s-1.

..................................................................................................................................................... 111 

Figure 4.4 In situ CV of soft-landed PW12O40
3- anions in the potential range between -2100 and -

100 mV. CV measurements were performed after 3 × 1015 ions were deposited onto the cell. Scan 

rate: 0.5 mV s-1. The reduction portion of the CV curve showing potential regions outlined with 

red dashed lines and labeled with numbers on top along with key electron transfer processes 

examined spectroelectrochemically. The potentials used in the IRRAS measurements are marked 

with blue dots on the CV curve................................................................................................... 112 



 

 

14 

Figure 4.5 In situ IR spectra of the electrochemical cell obtained at different ion coverages. The 

IR spectrum of the initial blank cell is used as the baseline. The top spectrum represents the WPOM 

soft-landed on a bare Au surface for comparison. ...................................................................... 115 

Figure 4.6 IRRAS spectra of in situ spectroelectrochemical cell obtained at different potentials 

during reduction processes indicated on the left side in the range of 3000-700 cm-1. ................ 116 

Figure 4.7 IRRAS spectra of in situ spectroelectrochemical cell obtained at different potentials 

during re-oxidation processes indicated on the left side in the range of 3000-700 cm-1. ........... 117 

Figure 4.8 Chronoamperometry during the spectroelectrochemistry experiments. The 

measurements are shown in consecutive 1800-sec segments (including 600 sec equilibration and 

1200 sec IRRAS measurement time). ......................................................................................... 118 

Figure 4.9 (a) In situ IRRAS spectrum of WPOM anions soft-landed on a bare gold surface. (b) 

Representative IRRAS spectrum acquired at -2.1 V shown to illustrate new features that appear 

during the spectroelectrochemical measurements. The red dashed line indicates the IR baseline. In 

situ IRRAS spectra obtained at different potentials during the (c) reduction and (d) oxidation 

processes of WPOM. The potential regions I-VI and the corresponding charge states of the reduced 

WPOM species are marked on the right. .................................................................................... 119 

Figure 4.10 (a) Fitted IR spectra obtained during the reduction process in the wavenumber range 

between 1000 to 800 cm-1. Bar graphs showing the intensities of the positive (b) and negative (c) 

bands in the W=Ot region obtained from curve fitting as a function of the potential applied to the 

WE. The potential regions (I-VI) and charge states of the reduced WPOM at each potential are 

marked to facilitate understanding. ............................................................................................. 122 

Figure 4.11 Experimental and curve-fitted IRRAS spectra at different potentials in the reduction 

process marked on the top left side of each plot. In each plot, experimental spectrum is shown in 

black and the best fit curve is shown in red. The sum of squares in each curve fitting is indicated 

on the top right. ........................................................................................................................... 124 

Figure 5.1 ESI-MS spectra of solutions containing (a) [γ-CD + W12POM]3-  and (b) [γ-CD + 

W6POM]2-. .................................................................................................................................. 134 

Figure 5.2 ESI-MS spectra of solutions containing (a) [α-CD + W12POM]3- and (b) [β-CD + 

W12POM]2-. ................................................................................................................................. 135 

Figure 5.3 (a) HCD (CE = 45) and (b) low-energy CID (CE = 17) spectra of Keggin CD-W12POM 

complexes under same conditions. The precursor ion signal in each spectrum is marked with an 

asterisk. ....................................................................................................................................... 137 

Figure 5.4 (a) CID spectrum of [α-CD + W12POM]3- complex with 10× magnified lower m/z region. 

The fragments observed in the low m/z region is confirmed as the subsequent fragments of [CD - 

H]- by CID spectrum of [CD - H]- (b)......................................................................................... 138 

Figure 5.5 (a) CID spectrum of [α-CD + W12POM]3- complex with 10× magnified lower m/z region. 

The fragments observed in the low m/z region is confirmed as the subsequent fragments of [CD - 

H]- by CID spectrum of [CD - H]- (b)......................................................................................... 140 

Figure 5.6 A region of low-energy CID spectra of [γ-CD + W6POM]2- showing multiple water 

losses at (a) CE = 16, (b) CE = 19, and (c) CE = 22. The precursor ion signal in each spectrum is 



 

 

15 

marked with an asterisk. The red ruler on top of the panel shows the corresponding number of 

water losses. ................................................................................................................................ 141 

Figure 5.7 Expanded m/z range of the MS3 spectra showing further multiple water loss peaks from 

the [γ-CD + W6POM]2- complex (CE = 17 eV). The parent peak in each of the MS3 spectrum 

isolated from the MS2 of [γ-CD + W6POM]2- is marked with an asterisk. The red ruler on top of 

the panel shows the corresponding number of water losses from the original complex. ........... 142 

Figure 5.8 (a) Low-energy CID spectra of Lindqvist CD-Mo6POM complexes at CE = 17. The 

precursor ion signal in each spectrum is marked with an asterisk. (b) Expanded m/z range of the 

spectra showing multiple water loss peaks. The red ruler on top of each spectrum shows the 

corresponding number of water losses. ....................................................................................... 143 

Figure 5.9 Expanded m/z range of the spectra showing the [CD + W2O6 - H - xH2O]- fragments 

produced from low-energy CID experiments of [α-CD + W6POM]2- (a), [β-CD + W6POM]2- (b), 

and [γ-CD + W6POM]2- (c). ........................................................................................................ 144 

Figure 5.10 ESI-MS spectrum of a solution of [γ-CD + W6POM]2- in 50:50 (v/v) CD3OD/D2O 

solvent showing the isotopic envelopes of [γ-CD-H]-, [γ-CD + Cl]-, and [γ-CD + W6POM]2- after 

three hours of H/D exchange. ..................................................................................................... 146 

Figure 5.11 Experimental (a) and simulated (b and c) distributions of water losses from m/z = 1365 

isolated from the isotopic pattern of deuterium-exchanged [γ-CD + W6POM]2-. Panel (b) shows a 

simulated spectrum obtained assuming that all of the 24 -OH groups are available for the water 

loss channel; panel (c) shows a simulated spectrum obtained assuming that only 16 -OH groups 

participate in the water loss channel. The red ruler shows the corresponding number of water losses.

..................................................................................................................................................... 147 

Figure 5.12 ESI-MS spectrum of a solution of 18O-exchanged [γ-CD + W6POM]2- in 50:50 (v/v) 

acetonitrile/H2
18O solvent showing W6POM2- and [γ-CD + W6POM]2-. ................................... 149 

Figure 5.13 Experimental (a) and simulated (b, c and d) distributions of water losses from m/z = 

1369.5 isolated from the isotopic pattern of 18O-exchanged [γ-CD + W6POM]2-. (b-d) Simulated 

spectra obtained assuming that different number of oxygen atoms participate in the water loss 

channel: (b) only the oxygen atoms of W6POM2-; (c) a total of 35 oxygen atoms of both W6POM2- 

and 16 secondary hydroxyl groups of γ-CD; (d) a total of 43 oxygen atoms of W6POM2- and all 

24 hydroxyl groups of γ-CD. The red ruler shows the corresponding number of water losses. . 150 

Figure 6.1 Geometry of octahedral hexanuclear molybdenum [Mo6X
i
8X

a
6]

2‒ (X = F, Cl, Br, I) 

cluster anions. ............................................................................................................................. 159 

Figure 6.2 ESI-MS spectra of TBA salt of [Mo6X14]
2‒ (X=Cl (a), Br (b) and I (c)) in acetonitrile, 

showing the doubly-charged [Mo6X14]
2‒ as the predominant species. ....................................... 162 

Figure 6.3 In-source CID spectra, showing an overview of molecular fragment ions and their 

reaction products with background gases for a) [Mo6Cl14]
2‒, b) [Mo6Br14]

2‒ and c) [Mo6I14]
2‒. All 

observed fragments are singly charged. Adducts with H2O and O2 are marked with red and blue 

arrows, respectively. Multiple arrows in (b) and (c) indicate the number of O2 added. Fragment 

ions which have not reacted with background gas molecules are marked with a black dotted line 

and their molecular formula is abbreviated by [Number of Mo atoms, Number of halogen atoms].

..................................................................................................................................................... 163 



 

 

16 

Figure 6.4 Ion-trap CID mass spectra of [MoxCly]
- clusters: (a) [Mo6Cl13]

- (b) [Mo6Cl12]
- (c) 

[Mo6Cl11]
- (d) [Mo5Cl10]

- (e) [Mo5Cl9]
- (f) [Mo5Cl8]

- (g) [Mo4Cl8]
- (h) [Mo4Cl7]

- (i) [Mo4Cl6]
- (j) 

[Mo3Cl6]
- (k) [Mo3Cl5]

- (l) [Mo2Cl5]
- (m) [Mo2Cl4]

- (n) [Mo2Cl3]
-. Parent ions, generated via in-

source CID, are marked by *. Fragment ions which have not reacted with background gas 

molecules are marked with a blue, dotted line and their molecular formula is abbreviated by 

[Number Mo atoms, Number halogen atoms]. The red arrow indicates the reaction with water and 

green arrow indicates the reaction with O2, while dotted line indicates the corresponding adducts.

..................................................................................................................................................... 164 

Figure 6.5 Ion-trap CID mass spectra of [MoxBry]
- clusters: (a) [Mo6Br13]

- (b) [Mo6Br12]
- (c) 

[Mo6Br11]
- (d) [Mo6Br10]

- (e) [Mo6Br9]
- (f) [Mo6Br8]

- (g) [Mo6Br7]
- (h) [Mo6Br6]

- (i) [Mo6Br5]
- (j) 

[Mo6Br4]
- (k) [Mo6Br3]

- (l) [Mo6Br2]
-. Parent ions, generated via in-source CID, are marked by *. 

Fragment ions which have not reacted with background gas molecules are marked with a blue, 

dotted line and their molecular formula is abbreviated by [Number Mo atoms, Number halogen 

atoms]. The red arrow indicates the reaction with dioxygen, while dotted line indicates the 

corresponding adducts. Multiple arrows indicate the number of O2 added. ............................... 167 

Figure 6.6 Ion-trap CID mass spectra of [MoxIy]
- clusters: (a) [Mo6I13]

- (b) [Mo6I12]
- (c) [Mo6I11]

- 

(d) [Mo6I10]
- (e) [Mo6I9]

-. Parent ions, generated via in-source CID, are marked by *. Fragment 

ions which have not reacted with background gas molecules are marked with a blue, dotted line 

and their molecular formula is abbreviated by [Number Mo atoms, Number halogen atoms]. The 

red arrow indicates the reaction with dioxygen, while dotted line indicates the corresponding 

adducts. Multiple arrows indicate the number of O2 added. We note that (a) and (b) are acquired 

under extended mass range on the LTQ-XL instrument. ............................................................ 169 

Figure 6.7 Ion-trap CID mass spectra of [Mo6X14]
2- clusters: (a) [Mo6Cl14]

2- (b) [Mo6Br14]
2- (c) 

[Mo6I14]
2-. Parent ions are marked by *. The red arrows indicate the loss of X-. ....................... 171 

Figure 6.8 Examples of isolation of [Mo6In(O2)y]
- adducts in the ion trap: (a) [Mo6I9(O2)]

-, (b) 

[Mo6I8(O2)]
-, (c) [Mo6I8(O2)2]

-. Parent ions are marked by *. The red and blue arrows indicate the 

mass difference between two peaks corresponding to I- loss and O2 addition, respectively. ..... 173 

 

  



 

 

17 

LIST OF SCHEMES 

Scheme 5.1 Cyclodextrins (α, ß, and γ-CD) and POM anions (Keggin W12POM3-, Lindqvist 

W6POM2-) used in this study. ..................................................................................................... 133 

Scheme 5.2 Major fragmentation pathways observed for the CD-POM host-guest complexes in the 

gas phase. .................................................................................................................................... 136 

Scheme 6.1 Gas-phase fragmentation pathways of [Mo6X14]
2‒ (X=Cl, Br and I) ions by ion-trap 

CID experiments. Molecular formulae of the ions are abbreviated by [Number Mo atoms, Number 

halogen atoms]. Singly charged ions are written black, doubly charged ions red. Arrows mark the 

fragmentation pathways evidenced by ion-trap CID. ................................................................. 170 

  



 

 

18 

LIST OF ABBREVIATIONS 

AFM Atomic Force Microscopy 

CD Cyclodextrin 

CID Collision Induced Dissociation 

Da Dalton 

DC Direct Current 

DESI Desorption Electrospray Ionization 

DFT Density Functional Theory 

EEI Electrode-Electrolyte Interface 

EIS Electrochemical Impedance Spectroscopy 

ESI  Electrospray Ionization 

FSAM Fluorinated Self-Assembled Monolayer 

FWHM Full Width at Half Maximum 

eV Electron-volt  

GI-SAXS Grazing-Incidence Small Angle X-ray Scattering 

HCD Higher-Energy Collisional Dissociation 

HDX Hydrogen Deuterium Exchange 

HRTEM High-Resolution Transmission Electron Microscopy 

IL Ionic Liquid 

IRRAS Infrared Reflection Absorption Spectroscopy 

KED Kinetic Energy Distribution 

LBL Layer by Layer 

LDI Laser Desorption Ionization 

MACS Matrix Assembly Cluster Source 

MS Mass Spectrometry 

m/z mass-to-charge ratio 

Nano-DESI Nanospray Desorption Electrospray Ionization 

NIR Near Infrared 

NMR Nuclear Magnetic Resonance 



 

 

19 

PAM Polyacrylamide 

PDMS Polydimethylsiloxane 

POM Polyoxometalate 

RF Radio Frequency 

RWMA Rotating Wall Mass Analyzer 

SAM Self-Assembled Monolayer 

SEM Scanning Electron Microscopy 

SHG Second Harmonic Generation 

SID Surface Induced Dissociation 

SIMS Secondary Ion Mass Spectrometry 

SPE Screen-Printed Electrode 

STEM Scanning Transmission Electron Microscopy 

STM Scanning Tunneling Microscopy 

STS Scanning Tunneling Spectroscopy 

TEM Transmission Electron Microscopy 

TOF Time of Flight 

TPD Temperature Programmed Desorption 

TPR Temperature Programmed Reaction 

UPS Ultraviolet Photoelectron Spectroscopy 

XAS X-ray Absorption Spectroscopy 

XAFS X-ray Absorption Fine Structure 

XPS X-ray Photoelectron Spectroscopy 

XRD X-ray Diffraction 

  



 

 

20 

ABSTRACT 

Ion soft landing is a preparative mass spectrometry technique that enables intact deposition 

of polyatomic ions onto surfaces. The ability to select ions with well-defined mass, charge, and 

kinetic energy, along with precise control over size, shape, and position of the ion beam in the 

deposition process distinguishes ion soft landing from traditional synthetic and surface preparation 

approaches. A wide range of projectile ions including molecular ions, non-covalent complexes, 

clusters, and  ionic fragments generated in the gas phase have been used in soft-landing studies to 

address both the fundamental questions related to ion-surface interactions and enable applications 

of hyperthermal beams. 

Since the first soft landing instrument was implemented by Cooks and co-workers in 1977, 

significant advances have been achieved in preparative mass spectrometry instrumentation. 

Current instrument development efforts are focused on obtaining high ion currents, increasing the 

experimental throughput, and developing capabilities for layer-by-layer deposition. In chapter 2 

and 3, two novel instrumentation approaches are introduced, which improve the ion flux and 

experimental throughput of ion soft landing research. In particular, soft landing of ions of both 

polarities enables the bottom-up construction of ionic materials. Meanwhile, a rotating wall mass 

analyzer substantially increases the mass range of mass-selective deposition and disperses multiple 

species on the same surface thereby increasing the experimental throughput. These instrumentation 

developments open up the opportunities to explore research topics in the field of catalysis, energy 

storage and production, biology, and quantum sciences. 

In chapter 4, I describe a novel in situ spectroelectrochemistry approach for studying 

structural changes of electroactive species during electrochemical processes. In these experiments, 

ion soft landing is used to prepare well-defined ions at electrochemical interfaces. In addition, 

understanding of the gas-phase properties of cluster ions is important for their application in ion 

soft landing research. Ions can be prepared in the proper physical and chemical state via gas-phase 

chemistry approaches, and the favorable properties and reactivities of ions can thereby be 

harnessed using ion soft landing. In chapter 5 and 6, gas phase properties of host-guest complexes 

of cyclodextrins and polyoxometalates and molybdenum halide clusters are discussed. 



 

 

21 

 INTRODUCTION 

1.1 Synopsis 

Ions are important components of many classes of materials including electrolytes, ionic 

crystals, and polymers. The unique physical and chemical properties of these materials originate 

from their ionic building blocks. Mass spectrometry (MS) has been used for investigating the 

chemistry and physics of isolated gaseous ions, ion-ion and ion-matter interactions. Except for its 

wide analytical applications, MS is also ideally-suited as a preparative tool for the deposition of 

well-defined ions onto surfaces and substrates under controlled conditions. The first study of ion-

surface collisions was conducted by J.J. Thompson in early 1900s, which provided a “permanent 

record of the position of the rays”.1 Subsequent studies of ion-surface collisions have provided a 

detailed description of the relevant physical and chemical processes. Of particular interest are 

processes leading to trapping of ions on surfaces during collision, which have been developed into 

a distinct scientific field of ion soft landing. Ion soft landing refers to the deposition of ions onto 

surfaces, which preserves their structural integrity, and in specific cases, physical properties (e.g., 

ionic charge), chemical reactivity, and even biological activity.2-5 

In a typical preparative MS (ion soft landing) experiment, atomic or molecular ions 

produced from ionization sources are transferred into vacuum through ion optics, mass-selected 

using a mass analyzer, and deposited onto a substrate under controlled conditions.6,7 Recent 

developments in the field of preparative MS enable a high-coverage deposition using bright ion 

beams, which opens up opportunities to investigate ion-ion and ion-neutral chemistry on 

surfaces.8,9 Interesting macroscopic phenomena have been observed in ionic layers prepared using 

high-coverage deposition, which are not observed at sub-monolayer surface coverages.10 In 

particular, interactions of individual ions with surfaces at sub-monolayer coverage are replaced 

with collective phenomena at high coverages, which result in self-organization of the deposited 

layers.11,12 This has led us to think about two fundamentally important aspects associated with 

preparative deposition of ions. On the one hand, careful preparation of gaseous ions with desired 

physical and chemical properties is important for predicting their properties following a collision 

with a surface. It is therefore important to understand the structure, dynamics and chemical 

reactivity of gaseous ions. On the other hand, understanding of the physical and chemical processes 
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accompanying ion-surface collisions including ion-ion and ion-neutral interactions on surfaces is 

essential to the rational design and fabrication of functional ionic architectures of interest to energy 

storage, catalysis, and biology. These studies often employ a variety of surface characterization 

techniques. In particular, in situ techniques are favorable since they allow the real-time 

characterization of the ionic layer during its growth. X-ray spectroscopy,13,14 temperature 

programmed desorption (TPD),15 infrared and Raman spectroscopy,16-18 and electrochemical 

techniques19,20 have been used to study the structure and dynamics of ions and their local 

environment. Soft-landed ions have been also extensively investigated using ex situ surface-

characterization techniques such as optical spectroscopy,8,10 electron microscopy,21,22 and ambient 

ionization MS.21,23 

Herein, a series of studies focused on the characterization of structures and reactivity of 

gas-phase polyatomic ions and their interactions in the condensed phase layers prepared by soft 

landing of mass-selected ions is presented. We start by describing two developments of  

preparative MS instrumentation. The development of a dual polarity deposition instrument opens 

up opportunities for preparing previously inaccessible layered architectures using ions of both 

positive and negative polarities. Meanwhile, the rotating wall mass analyzer enables high-

throughput dispersive deposition of ions over a much wider mass range than what is accessible 

using a quadrupole mass filter or any commercial mass spectrometer. Our studies employ several 

interesting molecular clusters including polyoxometalates (POMs), halogenated closo-borates, and 

transition metal chalcogenide clusters that display distinct electronic, optical and magnetic 

properties determined by their molecular structures and composition. Studies of their gas-phase 

properties as isolated species are first presented, followed by demonstrations of how the favorable 

properties of these clusters can be harnessed in the condensed-phase using preparative MS. 

1.2 Phenomena in Ion-Surface Collisions 

Physical and chemical processes associated with ion-surface collisions are summarized in 

Figure 1.1. Ion-surface collisions at energies exceeding 1 keV result in physical sputtering and 

implantation.3 Meanwhile, ion scattering, surface-induced dissociation (SID) of ions, charge 

transfer to and from the surface, ion deposition (soft and reactive landing), and chemical sputtering 

are the dominant processes at hyperthermal kinetic energies (<100 eV).3,24 The key processes 
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observed at kinetic energies below 20 eV include ion scattering, charge transfer, and ion soft 

landing.7,25,26 In ion soft landing, the projectile ion is trapped on the surface. SID becomes a 

dominant process for ion-surface collisions at higher kinetic energies (20-60 eV).27-29 In addition, 

two other processes commonly take place in the same energy range: 1) ion reactive landing, in 

which ions or their fragments formed following the collision are covalently bound to the surface; 

2) reactive scattering, in which projectile ions pick up a chemical group from the surface prior to 

scattering.30-32 Collision energies exceeding 100 eV typically result in ion shattering generating a 

large number of fragment ions.33-35  

 

Figure 1.1 Physical and chemical processes associated with ion-surface collisions at chemically-

relevant energies. Reproduced with permission from Ref [3]. Copyright 2012, American 

Chemical Society. 

1.2.1 Soft Landing of Ions 

Of particular interest to this chapter is the ion soft landing process, which results in 

deposition of intact projectile ions on the surface. In addition to the kinetic energy of the ions 

discussed earlier, the soft landing process is also determined by the structure of the ion and 
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properties of the surface.6,36 Specifically, collisions of ions with harder surfaces facilitate 

fragmentation at relatively low kinetic energies.37,38 At the same time, due to the larger number of 

vibrational degrees of freedom, large ions may remain intact at higher vibrational excitations than 

small ions.39 In addition, when chemical reactions between projectile ions and surfaces take place 

resulting in reactive landing, the reaction efficiency is largely determined by the reactivity of the 

ions and/or the presence of reactive functional groups on surfaces.18,31,40,41 

1.2.2  Charge Retention by Soft-Landed Ions 

The fate of soft-landed ions is determined by both the intrinsic properties of the projectile 

ions and the deposition target. Although neutralization of ions is a dominant process in collisions 

with conductive surfaces, partial or complete retention of ionic charge may occur when ions are 

soft landed onto thin insulating films assembled on top of an underlying conductive surface. In 

particular, organic thin films such as self-assembled monolayers (SAMs)37,42,43 or Langmuir-

Blodgett films44 have been extensively employed for studying soft- and reactive-landing of organic 

ions, organometallic complexes, and biomolecular ions, while thin metal oxide films on top of 

metal surfaces are typically used as substrates for studying bare metal clusters.45 

SAMs are well-organized thin organic films on solid substrates that may be terminated 

with various functional groups, thereby making them ideal targets for examining the physical and 

chemical processes accompanying soft- and reactive-landing of ions. Efficient charge retention by 

soft-landed ions was first discovered using gold surface covered with a fluorinated SAM 

(FSAM).46 Subsequent studies provide a comprehensive picture of the mechanisms of charge 

reduction by soft-landed ions. Neutralization of soft-landed cations is attributed to the interfacial 

electron transfer from a conductive substrate through the insulating layer. In contrast, charge loss 

by protonated molecules (peptides, proteins) on surfaces occurs via the loss of ionizing protons.26  

The following equation may be used to estimate the total accumulated potential, ΔV, 

resulting from the soft landing of charged ions on top of a thin insulating SAM layer: 

∆𝑉 =
𝑍𝑒𝑁𝑖𝑜𝑛𝑠𝑑

𝐴𝜖𝜖0
 

(Equation 1.1) 
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Where Z is the charge state of the ion, e is the elementary charge, Nions is the number of 

ions soft landed on the surface, d is the thickness of the SAM film, A is the area of the deposition 

spot, ε0 is the vacuum permittivity, ε is the permittivity of the SAM. The potential across the SAM 

layer increases with the number and charge density of soft-landed ions and the thickness of the 

insulating layer. The properties of the SAM also have a pronounced effect on the electron tunneling 

rate across the layer. For example, efficient electron tunneling through alkylthiol layers (HSAM) 

and SAMs terminated with carboxyl groups (COOH-SAM) has been observed at very low applied 

potentials. In contrast, due to the presence of a large interfacial dipole on an FSAM surface, 

electron transfer from the conductive Au surface across the insulating SAM layer is quite 

inefficient. Nevertheless, once a sufficient charge is accumulated on the surface generating ~1 V 

potential, electron tunneling through the FSAM becomes quite efficient and the deposited ions are 

neutralized. 

In contrast, stable anions often demonstrate a higher propensity towards charge retention 

on surfaces.47 This is due to the relatively high electron detachment barrier for either partial charge 

reduction or complete neutralization. Recent spectroscopic investigations on multilayered 

deposition of electronically stable dodecaborate and polyoxometalate anions on Au-FSAM surface 

indicate efficient charge retention by anions independent of ion coverages.8 Chemical analysis of 

the soft-landed layer indicates the presence of co-adsorbed hydrocarbon molecules in the layer 

from the instrument background. More surprisingly, the soft-landed layer undergoes an unexpected 

macroscopic self-organization on the surface upon exposure to the laboratory air. These results 

were rationalized as follows:11 electrostatic attraction of the soft-landed anions by the image charge 

from the conductive substrate plays an important role in stabilizing the layer. Destabilization of 

the layer by charge repulsion between adjacent anions in the layer is further mitigated through co-

adsorption of neutral molecules. Destabilization and self-organization of the layer take place upon 

exposure to the laboratory environment as the electrostatic stabilization by the image charge 

dissipates over time. The decay of the stabilizing electrostatic interaction in the layer is 

accompanied by complex chemistry including partial oxidation of neutral molecules and water 

uptake from the environment. 
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1.3 Instrumentation 

1.3.1 Ionization Sources 

Starting from the first system built by Cooks and co-workers in 1977,48 the applications of 

ion soft landing have been tightly linked to the development of custom-designed 

instrumentation.4,7,25,49 In particular, ion soft landing has benefited from the development of 

ionization sources and high transmission ion optics. In particular, a number of ionization 

approaches, such as electron impact ionization,50,51 electrospray ionization (ESI),52-55 magnetron 

sputtering and gas aggregation,56-61 laser desorption ionization (LDI),62-66 are employed to make 

ions ranging from atomic ions, hydrocarbon fragments, peptides, metal oxides, metallic 

nanoparticles, to even polymer beads, protein complexes and virus capsids. Continuous ionization 

sources are usually preferred over pulsed systems due to the ability to produce higher ion fluxes 

with high duty cycles.  

ESI is one of the most widely used ionization techniques in ion soft landing experiments 

due to its ability to generate a broad range of molecular ions and the ease of operation.67,68 By 

applying a high voltage to a liquid containing the analytes of interest, charged droplets are 

produced from the end of an ESI capillary. Ions are subsequently formed when the charged droplets 

are desolvated and transferred into downstream components of the instrument. Recent advances in 

ESI-based soft landing instrumentation focused on the improved transfer of charged droplets into 

the vacuum system and more efficient desolvation of the droplets at the atmospheric interface. 

Heated inlet capillary coupled to electrodynamic ion funnel interface has been used as the frontend 

of ion soft landing instrument to efficiently transfer ESI-generated ions into the higher vacuum 

region.69 It has been shown that enhanced ion current in the nanoampere range can be produced 

by either increased inner diameter9 or precisely shaped heated inlet capillary.70 

Alternatively, a nonthermal magnetron sputtering source combined with gas aggregation 

has been used to generate charged nanoparticles and nanoclusters of different size, composition, 

and structure that are not readily accessible using traditional synthetic approaches. A few recent 

developments enable the production of high-intensity cluster beams.71,72 In particular, the 

sputtering process can be multiplexed with multiple metal targets positioned at controlled locations 

in the same aggregation region.73  
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1.3.2 Mass Analyzers 

Quadrupole mass analyzer is the most widely employed mass analyzer in current 

preparative mass spectrometry systems.74 The quadrupole mass analyzer was first invented by 

Wolfgang Paul and Helmut Steinwedel in 1953.75 It is composed of four parallel rods in an ideally 

hyperbolic geometry. Out-of-phase radio frequency electric potentials are applied to the two pairs 

of rods with a direct current offset voltage applied between one pair of rods and the other. Under 

typical operation mode, only ions of a certain mass-to-charge ratio (m/z) will reach the detector for 

a given ratio of voltages. Quadrupole mass filters used in preparative mass spectrometers transmits 

only one m/z at a time.  

Another mass analyzer widely employed in the nanocluster deposition community is the 

lateral time-of-flight mass analyzer shown in Figure 1.2.76,77 It was first developed at the 

University of Birmingham. The principle for mass selection in this system is to laterally displace 

an ion beam by an orthogonal pulsed acceleration, let it drift for some time, and stop the 

perpendicular movement by an orthogonal pulsed deceleration. Ions of different masses are 

dispersed into parallel beams with different lateral displacements. The mass separation does not 

depend on the kinetic energy of the ion beam. It is particularly advantageous for the size selection 

and deposition of nanoclusters due to its unlimited mass range and has a resolution of m/Δm=20-

50. 

 

Figure 1.2 Schematic drawing of the lateral time-of-flight mas analyzer. Reproduced with 

permission from Ref [78]. Copyright 1999, American Institute of Physics. 

Furthermore, mass-dispersive devices such as sector78 and distance-of-flight mass 

spectrometers79 enable spatial separation and simultaneous deposition of ions of different m/z on 
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a surface, which is beneficial to the throughput of ion soft landing experiments. However, most of 

these ideas are still limited to conceptual developments. 

1.3.3 Ambient Soft Landing 

Ambient soft landing is a simplified ion soft landing technique that has been used for the 

deposition of ions at atmospheric pressure.80,81 By using ambient soft landing technique, certain 

advantages of soft landing of mass-selected ions in vacuum may be reproduced with simpler 

instrumentation and substantially reduced cost. In a typical ambient soft landing system (Figure 

1.3), charged droplet generated using ESI are pneumatically passed through a heated drying tube 

to ensure efficient droplet desolvation. The polarity of ions is then selected using electrostatic 

deflectors, and the desolvated polarity-selected ions are soft landed onto a surface in the open air. 

In contrast to traditional in-vacuum ion soft landing experiments, where ions are selected by their 

mass-to-charge ratio, here the ions to be deposited are selected through the choice of a chemical 

compound that produces mainly one ionic species in a given charge state during ESI. Ambient soft 

landing is a more accessible ion deposition approach that has a number of advantages compared 

to conventional solution-based preparation methods, such as drop casting and spin coating, since 

it eliminates neutral molecules and counterions from the surface. 

 

Figure 1.3 Schematic diagram of the electrospray emitter, drying tube, and electrostatic 

deflectors used for ambient soft landing .Reproduced from Ref [80]. with permission. Copyright 

2011, American Chemical Society. 
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1.4 Surface Characterization Techniques for Soft-Landed Ions 

A variety of surface characterization techniques capable of detecting small amounts of 

materials have been successfully applied in conjunction with ion soft landing experiments to obtain 

an understanding of the properties of soft-landed ions. In particular, low-energy chemical 

sputtering,50,82,83 LDI,84 desorption electrospray ionization (DESI),85 and secondary ion mass 

spectrometry (SIMS)86-90 have been employed either for in situ or ex situ characterizations. For 

example, TOF-SIMS is sensitive enough to detect soft-landed ions down to approximately 0.05% 

surface coverage.87 In addition, in situ SIMS has been employed to study charge reduction kinetics 

of soft-landed ions on different substrates and the reactivity of ions with surfaces and gaseous 

molecules.26,88,91,92 Transmission electron microscopy (TEM), scanning tunneling microscopy 

(STM) enable high spatial resolution imaging of individual molecules, clusters, and their 

assemblies on surfaces.93-95 The binding energy between soft-landed ions and the surface may be 

derived from temperature-programmed desorption (TPD) experiments.17 In situ Raman16,96 and 

infrared spectroscopy have been coupled to soft landing systems for real-time structural 

characterization of ions. Grazing-incidence infrared reflection-absorption spectroscopy (IRRAS) 

have been used to probe the structures of peptides,88 proteins,97 and anionic metal oxide clusters47 

at 1×1012-1013 and higher surface coverages. In addition, the morphology of ionic layers deposited 

on surfaces may be characterized using atomic force microscopy (AFM) and scanning electron 

microscopy (SEM).10,98,99 The morphology and reactivity may also be probed by grazing incidence 

small-angle X-ray scattering (GI-SAXS) and temperature programmed reaction (TPR).15 

Furthermore, the electronic properties of soft-landed ions and clusters have been investigated using 

X-ray photoelectron spectroscopy (XPS),65 ultraviolet photoelectron spectroscopy (UPS),100 and 

scanning tunneling spectroscopy (STS).101  have enabled the structural characterization of soft-

landed layers using NMR and XRD.6 High-coverage deposition is also advantageous for studying 

the electrochemical properties of soft-landed ions. Both ex situ rotating disc electrode 

measurements102,103 and in situ analysis using an ionic-liquid-based solid-state membrane 

electrochemical cell have been used to study the electrochemical properties of interest to 

applications in electrocatalysis, energy storage, and energy production.19 
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 DESIGN AND PERFORMANCE OF A DUAL POLARITY 

INSTRUMENT FOR ION SOFT LANDING 

2.1 Introduction 

Soft landing of mass-selected ions refers to the process of depositing intact polyatomic ions 

onto substrates with precisely controlled composition, charge state, and kinetic energy.1-6 By 

eliminating solvent molecules, impurities, and counterions, ion soft landing provides an 

opportunity to explore the properties of well-defined ionic species on solid and liquid supports, 

which in turn facilitates molecular level understanding of the structure and reactivity of isolated 

ions and their assemblies in the condensed-phase. The ability to control the size, shape, and 

position of the ion beam makes ion soft landing a promising tool for surface modification and 

preparation of functional materials of interest to both fundamental investigations and practical 

applications in chemistry, physics, materials science, and biology.7-10 For example, soft landing of 

mass-selected ions has been used to examine peptide and protein conformations11-14 and redox-

activity15 on surfaces, prepare protein and peptide arrays,16,17 deposit molecular magnets,18 

organometallic complexes19-22 and catalytically active nanoclusters onto surfaces,20,23-27 explore 

covalent immobilization of biomolecules28,29 and modification of polymer films,30 self-assembled 

monolayers (SAMs),31 and carbon-based materials such as graphene32 and carbon nanotubes.33 

Starting from the first system built by Cooks and co-workers in 1977,34 the applications of 

ion soft landing have been tightly linked to the development of custom-designed instrumentation. 

In particular, ion soft landing has benefited from the development of ionization sources and high 

transmission ion optics. Electrospray ionization (ESI) is one of the most widely used approaches 

for continuously generating ions from solution in an ambient environment. Ion currents in the 

nanoampere range  have been obtained by either using a funnel-shaped heated inlet35 or large inner 

diameter inlet combined with a tandem electrodynamic ion funnel system.36 Comparable ions 

currents of charged nanoclusters have been obtained using magnetron sputtering combined with 

gas aggregation.37,38 More recently, substantial improvement to milliamp-scale currents were 

achieved using a Matrix Assembly Cluster Source (MACS), which generates nanoclusters with a 

tunable mean diameter.27,39
  Furthermore, the development of ambient and benchtop ion soft 

landing instruments has significantly advanced the scalability of this technique for applied 
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research.40-43 The development of high-flux ion deposition capabilities has established ion soft 

landing as a promising approach for the rational design of electrical energy storage devices,44 

preparation of catalytic substrates,45,46 and opened up new directions for designing two-

dimensional or multilayered three-dimensional ionic assemlies.47  

High-coverage deposition of ions of one polarity typically examined in these studies, 

revealed a number of interesting physical and chemical phenomena which have not been observed 

at low coverages.47 Specifically, accumulation of ionic species on conductive surfaces produces 

charged layers balanced by the image charge on the surface.47,48 Although cations readily lose their 

charge at relatively high coverages,49,50 stable anions remain charged51 even when more than one 

layer is deposited on the surface. As a result, anion deposition generates charge-imbalanced 

anionic layers stabilized by strong electrostatic binding of the anions to the surface due to the 

presence of the induced image charge.47 Recently, we have demonstrated that such high coverage 

layers are further stabilized by co-adsorption of neutral molecules from the background of the 

vacuum system.47 This process produces liquid-like layers which often undergo spontaneous 

dewetting upon exposure to laboratory air. This self-organization process is controlled by the 

properties of the anions, co-adsorbed neutral molecules, surface, and environmental conditions. 

The final morphology of the resulting layer is mainly determined by the weaker interfacial forces 

as the image charge dissipates over time under ambient conditions. Controlling the degree of 

charge imbalance in the ionic layer potentially determines the final architecture of the ion assembly. 

Furthermore, charge balanced layers which may be prepared by co-depositing positive and 

negative ions, are promising for studying ion-ion interactions on surfaces and enables bottom-up 

design of novel ion-based materials.  

Herein, we describe the design and performance of a first dual-polarity ion soft landing 

instrument, which may be used to generate both charge-balanced and charge-imbalanced layers. 

Employing a dual-polarity high-flux ESI source, we demonstrate the utility of this instrument for 

either sequential layer-by-layer (LBL) deposition of ions of different polarities or almost 

simultaneous deposition of positive and negative ions through fast switching between polarities. 

We demonstrate that fast polarity switching deposition of anions and cations may be used to 

control the structures of these building blocks and tailor their interactions on surfaces. Furthermore, 

we present the first evidence that weakly coordinating anions may be used to protect protonated 
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molecules from losing the ionizing protons to the surface. These findings open up unique 

opportunities for the bottom-up assembly of layered functional materials using ion soft-landing. 

2.2 Experimental Section 

The newly-designed ion soft landing instrument is shown schematically in Figure 2.1. The 

instrument is equipped with a high-transmission dual polarity electrospray (ESI) interface 

(Spectroglyph, LLC) composed of two orthogonal injection ESI sources (1), a tandem RF ion 

funnel system (2, 3), and a bent flatapole ion guide (4). The two ion funnels and the bent flatapole 

ion guide are housed in three differentially pumped aluminum vacuum chambers. All the electrical 

components are powered by a custom-designed Modular Intelligent Power Sources (MIPS) system 

(GAA Custom Engineering, LLC).  

2.2.1 Instrumentation 

2.2.1.1 Dual Polarity ESI Interface. Ions of both polarities were produced by +/- ESI of 

150 µM solutions of selected analytes in methanol. The major ionic species generated using 

negative and positive ESI of the sodium phosphotungstate tribasic hydrate and tris(2,2′-

bipyridyl)dichlororuthenium(II) hexahydrate solutions are PW12O40
3- and Ru(bpy)3

2+, respectively. 

Solutions were filled into separate gas-tight syringes (Hamilton Robotics, Reno, NV) and 

introduced into the ESI source through two fused silica capillaries (Polymicro Technologies, 

Phoenix, AZ, 100 µm ID, 360 µm OD, 1’ length) using two syringe pumps (Cole-Palmer, Vernon 

Hills, IL) at a typical flow rate of 60 µL h-1. Charged microdroplets were produced by applying a 

±3 kV voltage to the syringe needles. 

In the dual polarity ESI interface, charged droplets produced by +/- ESI are transferred into 

the vacuum system through two 100 mm long heated stainless steel inlet tubes (1/16” OD, 0.04” 

ID) mounted on the opposite sides of the first vacuum chamber. The heated inlets are mounted 

orthogonally to the instrument axis with one inlet positioned ~5 mm downstream from another one 

to improve gas dynamics in the chamber. Orthogonal injection of ions has been shown to 

efficiently decouple ion transfer from gas flow dynamics and eliminate neutral molecules 

introduced into the vacuum system through the heated inlet.52 Two cartridge heaters (Omega 

Engineering, Inc., Stamford, CT) and thermocouples maintain the inlets at temperatures in the 
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range of 25-200 ºC which are independently optimized to ensure efficient desolvation of the ESI 

droplets. The vacuum side of the heated capillaries protrude into the first section of the first ion 

funnel by ~1 mm through two cutouts. 

 

Figure 2.1 Schematic drawing of the dual polarity ion soft landing instrument showing the dual 

polarity ESI interface (1), high pressure ion funnel (HPF, 2), low pressure ion funnel (LPF, 3), 

bent flatapole ion guide (4), quadrupole mass filter (5), einzel lens (6) and surface (7). Direct 

current (DC) voltages on the tandem ion funnel system are shown with Roman numerals: I, HPF 

repeller in; II, HPF repeller out; III, HPF funnel in; IV, HPF funnel out; V, LPF funnel in; VI, 

LPF lens; VII, LPF funnel out; VIII, conductance limit. The pressure in each vacuum region is 

marked in red. Typical DC voltages used for transmission of ions of both polarities in the tandem 

ion funnel region are shown in the bottom left table. 

2.2.1.2 Tandem Ion Funnel System. The tandem ion funnel system composed of two 

printed circuit board radio frequency (RF) ion funnels is described in detail elsewhere.36,52,53 

Briefly, a high-pressure ion funnel (HPF) is mounted in a vacuum chamber differentially pumped 

to 10 Torr by a dry-compression multi-stage Roots vacuum pump (ECODRY 65 plus, 32 cubic 

feet per minute (cfm), Leybold GmbH, Cologne, Germany). The HPF is composed of a stainless 

steel repeller plate on top and a stack of 113 ring electrodes. The first 28 electrodes have identical 

inner diameters (ID) of 50.8 mm (2 inches) while the IDs of the following 85 electrodes decrease 

linearly from 50.8 mm to 2.5 mm (0.1 inch). The last plate of the HPF acts as a conductance limit 
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between the first and second vacuum chambers. The total length of the HPF is 5.7”. A low-pressure 

ion funnel (LPF) is mounted in the second vacuum chamber differentially pumped to 0.7 Torr by 

a second ECODRY 65 plus vacuum pump. The LPF is composed of 96 ring electrodes and has a 

total length of 4.3”. The first 24 ring electrodes have the same ID of 25.4 mm (1 inch) while the 

IDs of the following 72 ring electrodes decrease linearly from 25.4 mm to 2.3 mm (0.09 inch). An 

additional square-bracket-shaped electrode (denoted as lens) is inserted between the last two 

electrodes of the LPF.  

Both ion funnels are powered by RF high-Q heads connected to the MIPS system. The 

resonant frequencies are ~ 740 kHz and ~ 860 kHz and peak-to-peak voltages are ~ 270 V and ~ 

135 V for the HPF and LPF, respectively. Separate DC voltages are applied to the entrance and 

exit plates of each ion funnel and axial DC potential gradients are generated using a series of 0.5 

MΩ resistors connected between neighboring electrodes. The DC gradient in the HPF funnel is 

divided into two regions: a repeller region (the first 24 electrodes) and funnel region (the following 

92 electrodes). The voltages applied to the two ESI inlets are slightly lower than the voltage applied 

to the HPF repeller plate, which improves ion transmission. Typical DC voltages used for 

transmission of ions of both polarities are shown in Figure 2.1. 

2.2.1.3 Bent Flatapole. The third vacuum chamber in the ion soft landing system houses 

a bent flatapole ion guide (4) described in detail elsewhere.54,55 The chamber is pumped down to 

10-20 mTorr using a 90 L/s turbomolecular pump (TURBOVAC 90 I, Leybold GmbH, Cologne, 

Germany). The ECODRY 65 plus used for the second vacuum chamber backs the turbomolecular 

pump. The 90° bend of the flatapole rods effectively decouples the ion beam from the molecular 

beam present on the axis of the tandem ion funnel system. The flatapole is powered by a separate 

high-Q head connected to the MIPS system. The RF waveform applied to the flatapole rods has a 

frequency of ~ 1.88 MHz and peak-to-peak voltage of ~ 120 V; a typical DC bias of ±(15-35) V 

is applied to the flatapole rods for transferring positive and negative ions, respectively. Collisional 

cooling of ions in the flatapole RF field produces an ion beam focused to less than 2 mm at the 

flatapole exit.52,56 A stainless steel plate with a 2 mm aperture positioned at the end of the flatapole 

serves as a conductance limit (CL) separating the third and fourth differentially pumped regions 

of the vacuum system. 
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2.2.1.4 Soft Landing Chamber. A modular aluminum 6×6×12 inch rectangular chamber 

(Ideal Vacuum Products, Albuquerque, NM) serves as the fourth differentially pumped vacuum 

region of the new soft landing instrument. The chamber is sealed using vacuum cube plate flanges 

equipped with patterned openings for different types of fittings and configured with multiple 1/4”-

20 threaded holes for mounting custom components inside the vacuum system. The fourth chamber 

is differentially pumped to (3-6) ×10-5 Torr by a 350 L/s turbomolecular pump (TURBOVAC 350 

I, Leybold GmbH, Cologne, Germany) backed by the ECODRY 65 plus used to pump the second 

vacuum chamber.  

2.2.1.5 Quadrupole Mass Filter. A quadrupole mass filter (5) with 9.5 mm rod diameter 

(Extrel CMS, Pittsburgh, PA) is mounted inside the soft landing chamber using custom-built 

aluminum brackets. The entrance plate is placed 2 mm away from the conductance limit. The 

quadrupole mass filter has an operating frequency of 868 kHz and is powered by an RF amplifier 

module controlled by MIPS. MIPS provides both the RF and DC voltages necessary to operate the 

quadrupole in the RF/DC mode. 

An einzel lens (6) was constructed using three cylindrical elements (3/4” ID, 0.75” length) 

and mounted after the exit plate of the quadrupole mass filter for focusing of the ion beam on the 

deposition surface (7). Ion beam characterization was performed using an IonCCD57,58 (OI 

Analytical, Pelham, AL) position sensitive detector mounted at a variable distance from the einzel 

lens. The integration times for detection of anionic and cationic beams are 20 and 5 ms, 

respectively. The shorter integration time used for detecting negative ions is used because of the 

lower saturation limit of the IonCCD towards anions.57 During soft landing experiments, ion 

current on the surface was measured using a picoammeter (RBD Instruments, Bend, OR) operated 

at a typical sampling rate of 300 ms.  

2.2.1.6 Kinetic Energy Distribution Measurement. The kinetic energy distribution 

(KED) of the ions exiting the flatapole was measured using a stainless steel plate mounted 5 mm 

away from the conductance limit. The plate was connected to the picoammeter and biased using 

one of the DC voltages provided by MIPS. This configuration allows us to apply the retarding 

voltage (Vr) to the collector plate while measuring the ion current. A uniform electric field close 

to the plate was created by mounting a stainless steel mesh (part No. 9230T51, McMaster Carr, 
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Elmhurst, IL) ~2 mm in front of the plate. The mesh was kept at 0 V throughout the experiment. 

Ion current detected on the plate was measured as a function of Vr. Each data point was acquired 

by averaging the ion current for 10 s. The integrated retarding potential curve was obtained by 

plotting the ion current as a function of Vr. KED was obtained by taking a first derivative of the 

retarding potential plot.59  

2.2.2 Chemicals 

Tris(2,2′-bipyridyl)dichlororuthenium(II) hexahydrate (Ru(bpy)3Cl2·6H2O, CAS: 50525-

27-4), Neutral Red (C15H17ClN4, CAS: 553-24-2), sodium phosphotungstate tribasic hydrate 

(Na3[PW12O40]· 𝑥 H2O, CAS: 12026-98-1), sodium phosphomolybdate hydrate 

(Na3[PMo12O40]· 𝑥 H2O, CAS: 1313-30-0) and 1H,1H,2H,2H-perfluorodecanethiol (FSAM, 

CF3(CF2)7CH2CH2SH, CAS: 34143-74-3) were purchased from Sigma-Aldrich (St. Louis, MO) 

and were used to demonstrate the instrument performance. 

2.2.3 FSAM Surface Preparation 

An FSAM on a gold surface was prepared as follows: a 10 × 10 mm gold coated silicon 

wafer (100 nm Au layer and 5 nm Ti adhesion layer, Platypus Technologies, Madison, WI) was 

ultrasonically washed in methanol, cleaned by a UV Ozone cleaner and immersed in a glass 

scintillation vial containing a 15 mM solution of FSAM in methanol. The monolayer was allowed 

to assemble for at least 12 h and then ultrasonically washed for 5 min in methanol. The surface 

was subsequently rinsed with methanol, dried under nitrogen and mounted on the sample holder 

in the soft landing chamber.  

2.2.4 Surface Characterization 

Infrared reflection absorption spectroscopy (IRRAS) measurements were performed using 

a Bruker Tensor II FTIR spectrometer (Bruker Optics, Billerica, MA) equipped with a liquid 

nitrogen cooled mercury-cadmium-telluride (MCT) detector. Surfaces were mounted onto an 80° 

reflection unit in the chamber of the spectrometer. IRRAS spectra were acquired at a spectral 

resolution of 4 cm-1 using p-polarized light. Each spectrum was collected by averaging 2000 scans 



 

 

45 

corresponding to a 5-minute acquisition time. The experimental IRRAS plots were processed using 

water subtraction and baseline-correction options of the OPUS software.  

Visible spectroscopy characterization of on the surfaces was performed using a R600-8-

VisNIR reflectance probe connected to a BLK-CXR spectrometer and a SL1 Tungsten-Halogen 

visible-NIR light source (Stellarnet, Tampa, FL). Visible spectrum of a clean Au-FSAM surface 

was used as the reference. The spectra were collected using the SpectraWiz software. 

Visible spectroscopy characterization of solutions was performed using an QP450-1-XSR 

optical fiber patch cords connected to USB2000+UV-VIS spectrometer and a DH-2000-DUV-

TTL Deuterium Halogen light source (Ocean Optics, Largo, FL). Visible spectrum of methanol 

was used as the reference. The spectra were collected using the OceanView software. 

Extraction ESI-MS analysis of the surface was performed by dissolving the deposited 

material with 80 µL methanol and analyzed using Q-Exactive HF-X Hybrid Quadrupole-Orbitrap 

Mass Spectrometer (Thermo Fisher Scientific GmbH, Bremen, Germany). Sample was introduced 

into the MS inlet by direct infusion from a capillary (50 μm ID, 150 μm OD) at a flow rate of ~0.5 

μL/min. Typical mass spectrometer conditions on Q-Exactive were as follows: electrospray 

voltage: +/-3 kV, capillary temperature: 250 ºC, RF funnel level: 100. Mass spectra were acquired 

over 150-2000 m/z at 240000 resolution (m/z 400). 

2.3 Results and Discussion 

2.3.1 Characterizations of Mass-Selected Ion Beams 

The new ion soft landing instrument described in this study enables either LBL or fast 

switching deposition of ions of both polarities, which closely mimics co-deposition. A doubly-

charged cation (Ru(bpy)3
2+) and a triply-charged anion (PW12O40

3-, WPOM3-) were used as 

representative ions to demonstrate the instrument performance. The instrument schematically 

shown in Figure 2.1 is equipped with two ESI interfaces. Each interface can generate either 

positive or negative ions independently. We operate the soft landing instrument in two distinct 

modes. In the first mode, one ESI interface is used to generate positive ions and the other interface 

generates negative ions. In the second mode, both interfaces are used to generate ions of the same 

polarity in order to improve the total ion current. We refer to these two modes of operation as 
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ESI(+/-) and ESI×2, respectively. Typical mass-selected ion currents obtained on surfaces for 

Ru(bpy)3
2+ and WPOM3- in both modes are listed in Table 2.1. The ESI×2 mode improves the ion 

current by ~ 75% for both positive and negative ions. Stable ion currents obtained in this study 

(Figure 2.2) are comparable to previously published data36 and can be further improved using a 

larger ID heated inlet. 

Table 2.1 Typical ion currents of Ru(bpy)3
2+ and WPOM3- obtained on the surface in ESI(+/-) 

and ESI×2 mode. 

 Ru(bpy)3
2+ WPOM3- 

Condition ESI(+/-) ESI×2 ESI(+/-) ESI×2 

Current (nA) +3.1 +5.3 -4.6 -8.2 

 

Figure 2.2 Ion current stabilities of mass-selected Ru(bpy)3
2+ and WPOM3- in ESI×2 or ESI(+/-) 

modes over one hour time period. 

The position and shape of the ion beams of both polarities were characterized using a 

position sensitive IonCCD detector mounted 3 mm away from the einzel lens. The voltages on the 

einzel lens were optimized to obtain the tightest focusing and best overlap between Ru(bpy)3
2+ and 

WPOM3- ion beams. The best voltage combinations of the einzel lens were 0 V/120 V/0 V and 0 
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V/-100 V/0 V for the negative and positive ion beam, respectively. The one-dimensional ion beam 

profiles of Ru(bpy)3
2+ and WPOM3- obtained under the best focusing conditions are shown in 

Figure 2.3. The full widths at half maximum (FWHM) are 1.5 and 2.2 mm for the positive and 

negative ion beam, respectively. The lower signal intensity obtained for the negative ion beam is  

 

Figure 2.3 One-dimensional ion beam profiles of +3.1 nA Ru(bpy)3
2+ and -4.6 nA WPOM3- 

obtained using IonCCD. 

attributed to the lower anion saturation limit of the IonCCD.57 The ion beam profiles shown in 

Figure 2.3 indicate good alignment and co-location of the positive and negative ion beams, which 

is important for both LBL and fast polarity switching experiments.  

2.3.2 Ion Kinetic Energy Distributions (KED) 

Precise control over the kinetic energy of the ions during deposition is an important 

capability of ion soft-landing. Depending on their kinetic energy, ions undergo different processes 

upon collisions with surfaces.1,60,61 Preserving the structural integrity of the soft-landed ions during 

the deposition process is critically important to understanding their intrinsic properties on the 

surface. In this study, we used a retarding potential analysis to determine the KEDs of WPOM3- 

and Ru(bpy)3
2+ ions exiting the collisional flatapole. Previous studies demonstrated that the most 

probable kinetic energy, KEmp, of the ions in comparable soft landing systems is determined by 
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the DC offset applied to the collisional quadrupole. This was attributed to the efficient collisional 

cooling of ions prior to their transfer into the high vacuum region of the instrument. 

 

Figure 2.4 KEDs of Ru(bpy)3
2+ (a) and WPOM3- (b) obtained at different values of the flatapole 

bias. The most probable KE (KEmp) and FWHM and are shown for each curve. 

KEDs of Ru(bpy)3
2+ and WPOM3- acquired at three different values of the flatapole bias 

are shown in Figure 2.4. The difference between the flatapole bias and the voltage applied to the 

conductance limit was kept at +1 and -1 V for anions and cations, respectively. The narrowest 

KEDs for both Ru(bpy)3
2+ and WPOM3- with FWHM of 1.3 and 0.8 eV, respectively were obtained 

at the lowest flatapole bias  of ±14 V. At higher flatapole bias voltages, the KEDs become slightly 

broader. Furthermore, as shown in Figure 2.5, KEDs become broader with larger DC gradients 

between the flatapole bias and the voltage applied to the conductance limit. The broadening of the 
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KED could be attributed to ion-molecule collisions with the background gas during ion beam 

acceleration at the end of the flatapole, which become more important with an increasing in the 

voltage gradient in this region. These results demonstrate that narrow KEDs may be obtained using 

a mild voltage gradient at the exit of the flatapole region. In the soft landing experiments described 

in the following sections the kinetic energy of the ions was controlled by the flatapole bias and the 

voltage difference at the end of the flatapole region was minimized to ensure good transmission 

and a narrow KED. 

 

Figure 2.5 Ion kinetic energy distributions (KEDs) of Ru(bpy)3
2+ (a) and WPOM3- (b) acquired 

at different voltages on the conductance limit (Vcl). The flatapole bias was kept at +14 V/-14 V 

for Ru(bpy)3
2+ and WPOM3-, respectively. The FWHM and most probable kinetic energy (KEmp) 

of each KED plot was shown on the top left corner of each figure. 
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2.3.3 Two Modes of Ion Soft Landing Experiments 

The flexible design of the dual-polarity ion soft-landing instrument described in this study 

enables deposition of positive and negative ions on the same surface using two distinct modes of 

operation. In mode one, ions of each polarity are delivered to the surface in sequential long 

segments of deposition. This results in an LBL assembly of ions with opposite polarity. In mode 

two, relatively short ion bursts of different polarities are produced using fast electronic switching 

between positive and negative ion beams. Mode two mimics ion co-deposition and presents a 

relatively simple alternative to merging two continuous ion beams of opposite polarity in the same 

instrument. The fast polarity switching capability of the instrument was evaluated by depositing 

PMo12O40
3- (MoPOM3-) and Ru(bpy)3

2+ in small alternating deposition segments, which were 

initiated by a custom-designed automated MIPS interface. A plot of the ion current as a function 

of time obtained in four deposition segments of MoPOM3- and Ru(bpy)3
2+ is shown in Figure 

2.6(a). 

The one-dimensional ion beam profiles acquired over the corresponding time period are 

shown as a 3D waterfall plot in Figure 2.6(b). Each of the deposition segments lasts for 16 s and 

the ion current is stable for both ion beams. The length of the deposition segments can be varied 

independently for positive and negative ion beams, which enables control of the number of ions 

delivered to the surface in each segment. This capability is important for preparing layers with 

different amount of charge imbalance. 
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Figure 2.6 KEDs of Ru(bpy)3
2+ (a) and WPOM3- (b) obtained at different values of the flatapole 

bias. The most probable KE (KEmp) and FWHM and are shown for each curve. 

2.3.4 Protecting Soft-Landed Cations Using Weakly-Coordinating Anions 

The first model system was designed to test the hypothesis that weakly coordinating stable 

anions may be used to protect the charge of cations deposited on a surface. Since its initial 

demonstration,62 charge retention by soft-landed ions has attracted considerable attention and been 

examined using self-assembled monolayer (SAM) surfaces.49,63,64 Efficient charge retention by 

certain soft-landed anions has been attributed to the high energy barrier for electron detachment. 

In contrast, soft-landed cations more readily lose their charge on the surface. Specifically, charge 

loss by native cations is attributed to electron tunneling from the surface. Meanwhile, protonated 

molecules lose one or more of the ionizing protons to the surface. Preserving the charge of cations 

on surfaces is important for controlling their structures and reactivity.  
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In this study, we used dianionic chlorinated dodecaborate (B12Cl12
2-) anions to protect 

protonated molecules on a surface. The B12Cl12
2- anions were selected due to their chemical 

stability and extremely weak proton affinity, which is attributed to the strong diprotic acidity of 

the corresponding acid H2B12Cl12.
65,66 In this experiment, we deposited 1×1014 B12Cl12

2- and 

1×1014 protonated Neutral Red (NRH+) on SAMs of 1H,1H,2H,2H-perfluorodecanethiol (FSAM) 

using both LBL and fast polarity switching modes. This corresponds to ~20 monolayer coverage 

for each of the deposited species. LBL was achieved by depositing a layer of 1×1014 B12Cl12
2- 

followed by a layer of 1×1014 NRH+. The deposition time was 3 and 2.25 hours for B12Cl12
2- and 

NRH+ layers, respectively. In contrast, in the fast polarity switching experiment the same overall 

coverage was achieved by alternating between the B12Cl12
2- and NRH+ ion beams in segments of 

10 and 8 s, respectively. The length of the segments was selected to deliver ~1×1011 ions, which 

corresponds to ~1% monolayer coverage, over a 2 mm × 2 mm deposition area. The total coverage 

corresponds to a 1:1 stoichiometry of anions and cations producing a charge imbalanced layer. A 

layer of 1×1014 NRH+ on FSAM surface also was prepared for comparison. The surfaces were 

characterized using visible absorption spectroscopy. 

 

Figure 2.7 (a) Visible absorption spectra of B12Cl12
2-/NRH+ surfaces. Optical images of the 

surfaces are shown on the right: (b) neutral red only, (c) LBL, and (d) fast polarity switching. 

The visible spectra and optical images of the three surfaces are shown in Figure 2.7. The 

optical images demonstrate substantial differences in the visual appearance of the deposited spots. 

Specifically, almost no color was observed for the 1×1014 NRH+ spot. Meanwhile, the LBL spot 
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showed an orange color and the spot obtained using fast switching appeared red. Visible spectra 

obtained for the three surfaces corroborate this observation. Specifically, two absorption bands 

observed in the visible spectrum of the LBL spot correspond to the combination of orange (major 

peak at ~480 nm) and red (minor peak at ~600 nm). In contrast, the major absorption peaks 

observed for the fast polarity switching deposition of B12Cl12
2-/NRH+ appear at ~550 and ~600 nm 

corresponding to the deeper red color. Finally, no substantial absorption of visible light was 

observed for the NRH+ spot. These observations may be compared to the known color of neutral 

red in solution. In particular, neutral red shows a red color in its protonated form and turns yellow 

when the solution is basic (Figure 2.8). A dropcasted sample was also prepared for comparison 

(Figure 2.9). We infer that the deeper red color of the deposition spot  

 

Figure 2.8 (a) Visible spectra  of 1 mM Neutral Red in methanol (red) and in a solution of 10 

mM NaOH in methanol (yellow). Optical images of the solutions are shown on the right: (b) NR 

in methanol, (c) NR in 10 mM NaOH in methanol. 

prepared using fast polarity switching indicates more efficient charge retention by NRH+ ions on 

the surface. Meanwhile, LBL deposition results in less efficient charge retention and neutralization 

of the neutral red is observed in the absence of the protecting anions. Although the mechanism of 

charge retention for systems prepared using multilayer deposition are not well-understood, several 

factors may contribute to the reduced charge retention of the LBL deposition. For example, co-

adsorption of neutral molecules with B12Cl12
2- anions described in our previous study47 may alter  
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Figure 2.9 (a) Visible spectra of  solutions of 1 mM Neutral Red in methanol (red) and in a 

solution of 10 mM NaOH in methanol (yellow) dropcasted onto FSAM surfaces. Optical images 

of the dropcasted spots are shown on the right: (b) NR in methanol, (c) NR in 10 mM NaOH in 

methanol. 

the properties of the anionic protecting layer. Furthermore, multiple layers of NRH+ present in the 

LBL spot may facilitate charge reduction. To the best of our knowledge, this is the first evidence 

of using weakly coordinating stable anions for protecting the ionizing protons of soft-landed 

cations. 

2.3.5 Preparation of Charge-Balanced Ionic Layers 

In another demonstration experiment, we explored the feasibility of bottom-up 

construction of charge-balanced ionic layers using dual polarity ion soft landing. We deposited 

MoPOM3- and Ru(bpy)3
2+ on an FSAM surface using both LBL and fast polarity switching modes. 

We selected MoPOM3- and Ru(bpy)3
2+ as model systems for negative and positive ions due to their 

well-understood charge retention properties on FSAM.51,67 MoPOM3- and Ru(bpy)3
2+ are widely 

used in the fabrication of hybrid electrochemiluminescent nanocomposites by solution-phase 

approaches.68,69 MoPOM3- shows distinct IR bands in the wavenumber region of 1100-800 cm-1 

and the positions of the bands are strongly affected by the charge state of the anion and the presence 

of counter cations.51,70 Herein, we use the position of the terminal Mo=Ot band of MoPOM3- as a 

reporter of the ionic interactions in different multilayered architectures prepared by dual polarity 

ion soft landing.  
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The results of these experiments are summarized in Figure 2.10. Two LBL assemblies of 

MoPOM3- and Ru(bpy)3
2+ ions were prepared in our experiments. These experiments were 

designed to obtain charge-balanced layers. Surface A was prepared using one-segment deposition 

of 1×1014 MoPOM3- anions on FSAM followed by one-segment deposition of 1.5×1014 Ru(bpy)3
2+. 

Surface B was prepared by switching the order of the deposition, i.e., first depositing 1.5×1014 

Ru(bpy)3
2+ cations on FSAM followed by 1×1014 MoPOM3- anions. Surface C was prepared using 

fast polarity switching, in which ion deposition was alternated between positive and negative ions 

to achieve similar total coverage of the ions as that obtained for surfaces A and B by LBL. Each 

of the short deposition segments delivered 1×1011 MoPOM3- followed by 1.5×1011 Ru(bpy)3
2+ to 

the surface. For comparison, we prepared two FSAM surfaces containing the corresponding ions 

of one polarity, i.e., 1×1014 MoPOM3- (Surface D) and 1.5×1014 Ru(bpy)3
2+ (Surface E). 

Ex situ infrared reflection absorption spectroscopy (IRRAS) of the surfaces was performed 

immediately after ion deposition. IRRAS spectra of surfaces A through D acquired with an FSAM 

surface as a background are shown in Figure 2.10. IR bands of MoPOM3- were assigned based on 

our previous study.51 Specifically, the bands at 983 and 1067 cm-1 are assigned to the terminal 

Mo=Ot stretching vibration and asymmetric coupling of P-O and Mo=Ot stretching modes (shown 

as P-O in Figure 2.10), respectively. The two bands at 887 and 827 cm-1 are assigned to the 

vibrational stretching of the two types of bridging oxygen atoms, Mo-Ob2-Mo and Mo-Ob1-Mo, 

respectively. The IR bands of Ru(bpy)3
2+ were assigned based on the literature values.71 
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Figure 2.10 IRRAS spectra of the MoPOM3-/Ru(bpy)3
2+ surfaces prepared by LBL (A and B), 

fast polarity switching (C), MoPOM3- only (D) and Ru(bpy)3
2+ only (E). The cartoon pictures of 

surface A through E are shown in the corresponding figures, illustrating the surfaces were 

prepared in either LBL or fast polarity switching modes. The combination of bands, reproduced 

by Gaussian curve fitting, are shown in each of the figures with color coding. A scale bar 

showing the absorbance is marked on the top left of the figure. 

We observe that the positions of the P-O, Mo-Ob2-Mo and Mo-Ob1-Mo bands remain 

unchanged on all the surfaces containing MoPOM3-. In contrast, the terminal Mo=Ot band shows 

a systematic shift depending on the mode of deposition. It has been demonstrated that the terminal 

Mo=Ot band becomes broader and shifts towards lower wavenumbers when MoPOM3- is soft 

landed onto an NH3
+-terminated SAM as compared to an FSAM.51 This is attributed to the 

attractive electrostatic interactions between the negatively charged MoPOM3- ions and the 

positively charged NH3
+ moieties on the surface, which weaken the M=O bonds. We hypothesize 

that electrostatic interactions play a similar role when anions and cations are co-deposited in our 

soft-landing experiments. Fitting of the terminal Mo=Ot band performed as described in our 

previous study,70 provides additional insights into the observed shifts. The simulated bands are 

shown in Figure 2.10. The terminal Mo=Ot band was successfully reproduced by a combination 

of three Gaussian distributions referred to as blue, green and red band at ~987, 974 and ~960 cm-

1, respectively, consistent with the color coding in Figure 2.6. 

The blue and green bands, which appear in all the spectra may be attributed to the different 

charge states of the MoPOM anions as described in our previous study.51 In that work, the higher 

wavenumber feature (the blue band) was assigned to Mo=Ot band of MoPOM2- produced by 
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charge loss of MoPOM3- in the deposited layer. The green band at lower wavenumbers was 

assigned to the Mo=Ot band of intact MoPOM3- ions. This band is most abundant in the spectrum 

of the surface prepared by fast polarity switching deposition, which indicates better charge 

retention of MoPOM3- on this surface. An additional feature (red band) is observed in the presence 

of Ru(bpy)3
2+ on the surface. This band may be attributed to the electrostatic interactions between 

MoPOM3- and Ru(bpy)3
2+ ions, which may contribute to the observed red-shifting of the band due 

to weakening of the Mo=Ot bond. The largest red shift of this band is observed for the surface 

prepared using fast polarity switching, which indicates stronger electrostatic interactions in this 

system as compared to surfaces prepared by LBL. We propose that fast polarity switching 

deposition of ions on the same surface results in more efficient charge retention and better ionic 

complexation in the layer. 

2.4 Conclusions 

In this study, we present the design and capabilities of a high-flux dual-polarity ion soft 

landing instrument for deposition of mass-selected cations and anions on surfaces. The instrument 

was systematically characterized in terms of the intensity and shape of the ion beam, kinetic energy 

distribution of ions, and the polarity switching capabilities. We demonstrate the ability of LBL or 

fast polarity switching deposition of cations and anions on the same surface with precise control 

over the ionic composition, kinetic energy, beam shape, and total charge deposited on the surface. 

The newly developed fast polarity switching capability enables experiments, which closely 

approximate simultaneous co-deposition of two ions beams of different polarities in a compact and 

relatively inexpensive instrument design. We found that fast polarity switching is the most 

effective approach for protecting soft-landed protonated molecules from neutralization by co-

depositing them with weakly-coordinating anions. Furthermore, we provided spectroscopic 

evidence of the enhanced charge retention by native anions and better ionic complexation with 

cations on surfaces prepared using fast polarity switching compared to LBL. These novel 

capabilities of the newly-designed dual polarity ion soft landing instrument open up intriguing 

opportunities for the rational design and fabrication of ionic assemblies with different degrees of 

charge imbalance, which cannot be achieved using other deposition techniques. 
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 PREPARATIVE MASS SPECTROMETRY USING A 

ROTATING WALL MASS ANALYZER 

3.1 Introduction 

The deposition of well-defined polyatomic species onto surfaces is a powerful approach 

for the precisely-controlled preparation of interfaces for materials design and synthesis.1-4 Mass 

spectrometry (MS) is a powerful preparative tool due to its ability to generate mass- and charge-

selected polyatomic ions in the gas phase and deposit them onto surfaces under controlled 

conditions.5,6 Gentle deposition of ions on surfaces with or without the retention of charge in a 

process referred to as ion soft landing 7-9 helps preserve the structure and, in specific cases, the 

reactivity of the ion.10-17 Furthermore, the ability to control surface coverage, spot size, and pattern 

makes ion soft landing particularly advantageous for the preparation of coatings, thin films, and 

selective doping of materials.18-20 Ion soft landing has been employed to prepare protein and 

peptide arrays,21-23 nanocluster-based catalysts,24-30 electrochemical interfaces,31,32 self-organizing 

layers,33-36 optical37,38 and magnetic thin films.39-41 

A majority of preparative MS instruments utilize quadrupole42-46 and lateral time-of-flight 

analyzers47,48 as mass filtering devices. Despite the significant advances in soft landing 

instrumentation,49-53 mass filtering limits the deposition to one species at a time and requires 

specialized high-voltage electronics. The broader application of preparative MS will benefit from 

the development of simple, low-cost, and compact instruments. Ambient soft landing systems have 

been developed to address this need and improve the scalability of the technique.54-56 However, 

the ability to deposit mass-selected ions in a high-throughput manner is still limited. Furthermore, 

mass-filtering devices traditionally used in soft landing experiments are limited to lower mass ions 

(m/z < 4000), which hinders their application to nanomaterials design and protein structure 

characterization. 

Herein, we address some of these limitations by introducing a straightforward approach for 

mass-selected ion deposition using a rotating wall mass analyzer (RWMA, Figure 1A). RWMA 

enables dispersive deposition of ions with different m/z onto distinct locations on a surface by 

separating them in space. This device has a theoretically unlimited mass range and enables 
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deposition of ions originating from multicomponent mixtures onto substrates in a high-throughput 

manner. We present a systematic study of the RWMA employed specifically for ion soft landing 

experiments using a combination of experiments and simulations. We present a modified analytical 

equation for predicting the deposition radius for a specific m/z and discuss factors that affect the 

separation of multicomponent mixtures. In addition, we have developed a universal mass 

calibration of the RWMA using a series of oligomer ions. Finally, we present a systematic study 

of the factors affecting mass resolution of the RWMA. Although the performance characteristics 

of the RWMA are discussed in the context of hyperthermal ion deposition, the same principles of 

operation can be used for the separation of higher-kinetic energy ions for other types of 

applications. RWMA is well-suited for applied research since it separates ions using low rf voltages 

(≤10 V0-p) and kilohertz frequencies provided by inexpensive waveform generators, making ion 

soft landing accessible to the broader scientific community. Although RWMA has been previously 

employed as a mass analyzer,57,58 it is used as a preparative device for the first time in this study. 

Furthermore, the small size of RWMA is advantageous to the development of miniature 

preparative MS instrumentation. 

3.2 Experimental Section 

3.2.1 Instrumentation 

The RWMA constructed in our laboratory is comprised of a stainless steel cylinder (1.5’’ 

outer diameter, 1” inner diameter, 1” length) segmented lengthwise into eight arc-shaped 

electrodes (Figure 3.1(b)). The length of the RWMA was selected to facilitate the separation of 

hyperthermal ions (≤100 eV). The eight electrodes are connected to eight identical sinusoidal rf 

voltages generated using four dual-channel Rigol DG1022Z arbitrary waveform generators 

(Beaverton, OR). Typically, we use sinusoidal waveforms with a frequency in the range of 5-100 

kHz and ≤10 V0-p amplitude. A constant-strength rotating electric field is constructed by applying 

the rf voltages to the eight electrodes with a 45° phase shift between each waveform (Figure 

3.1(a)).59 The four waveform generators are synchronized to lock the phases of the waveforms 

using the following procedure: first, the function generators are connected through the 10MHz 

in/out ports using BNC cables; next, one of the function generators is designated as the internal 

clock, to which the other three units are synchronized. To construct the rotating field, the frequency 
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and amplitude of each waveform are first selected; then one of the waveforms is designated as the 

reference phase (start phase=0°). The initial phases of the remaining waveforms are adjusted 

accordingly (start phase=45°, 90°, 135°, 180°, 225°, 270°, 315°) by monitoring them on an 

oscilloscope (Figure 3.1(b)). 

The instrument configuration for ion soft landing experiments using the RWMA described 

in our previous study14 is shown in Figure 3.1(b). It is composed of a high-transmission ESI 

interface described elsewhere,14 einzel lens, RWMA, and IonCCD (OI Analytical, Pelham, AL) 

detector/collector surface. Briefly, ions produced using ESI are transferred through the dual ion 

funnel system and subjected to collisional focusing in the bent flatapole. The ion beam is 

subsequently transferred into the high vacuum region (5×10-5 Torr), focused by the einzel lens 

(three 12.7 mm-long cylinders spaced by 0.65 mm gaps), spatially separated using the RWMA, 

and collected on a detector/surface. The rf and dc voltage settings of the high-transmission ESI 

interface used in this study are similar to the ones reported in our previous publication.60 Typical 

rf levels for high-pressure funnel (HPF), low-pressure funnel (LPF) and bent flatapole are ~270 V, 

~135 V and ~400 V, respectively. Typical DC settings for positive and negative ions are: 376/-385 

V (Inlet), 384/-400 V (HPF Repeller In), 333/-355 V (HPF Repeller Out), 332/-354 V (HPF Funnel 

In), 164/-150 V (HPF Funnel Out), 163/-149 V (LPF Funnel In), 28/-28 V (LPF Lens), 32/-32 V 

(LPF Funnel Out), respectively. Typical voltages on the einzel lens are 10/-15/10 V and -10/18/-

10 V for positive and negative ions, respectively, and need to be adjusted according to the flatapole 

bias in a specific experiment to achieve the best focusing. We note that the resonance frequency 

of the bent flatapole ion guide was reduced to 1.17 MHz to improve the transmission of high-m/z 

ions.61 Typical voltages on the einzel lens are 23/2/23 V and -17/3/-17 V for positive and negative 

ions, respectively. IonCCD profiles were obtained using 50 ms integration time.62 
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Figure 3.1 (a) A cross-section view of the RWMA from SIMION simulations showing the 

equipotential lines (red) at θ = 0° and θ = 30°. The black arrows indicate the direction of the 

electric field. The equipotential lines inside the RWMA are evenly spaced indicating that a 

homogeneous rotating field is constructed in the central region of the RWMA. (b) A schematic 

drawing of the ion soft landing instrument composed of a high-transmission ESI interface, an 

einzel lens, the RWMA and an IonCCD/surface. The left bottom corner shows the schematic 

drawing of the RWMA fabricated in our lab, and a diagram showing the phases of the sinusoidal 

rf waveforms applied to the eight electrodes. This panel is adopted from ref. [51] and presented 

here for clarity. (c) Cross-sectional view of the electrode geometry used in SIMION simulations 

including a conductance limit plate, einzel lens, RWMA, and IonCCD/surface. The red, green, 

and blue traces indicate the ion trajectories of 12000 ions of m/z=253.2, m/z=329.2, m/z=470.3, 

respectively, at a kinetic energy of 20 eV. 
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Fitting of the ion beam profiles was carried out in Excel using a sum of Lorentzian 

distributions. The peak positions were first defined, and the peak intensities and widths were 

optimized by minimizing the sum of squares of deviations between the experimental and simulated 

data points to obtain the best-fit curves. For the determination of the FWHM of the peaks, three 
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replicates of ion beam profiles were collected in the experiments to obtain statistically significant 

results. 

Ion trajectories were simulated using SIMION 8.0.4 software package (Scientific 

Instrument Services, Ringoes, NJ). We used the Lua macro to generate the geometry of the 

electrodes and the time-dependent electric field in the potential array. The size of the grid unit in 

the potential array was defined as 0.3175 mm to enhance the smoothness of the electrode surfaces. 

Two electrode geometries were considered. In the first electrode geometry, ion beam was 

generated at the conductance limit, focused by the einzel lens, dispersed by the RWMA and 

deposited on an IonCCD/surface (Figure 3.1(c)). This geometry represents the experimental setup 

used on our study. In the second electrode geometry used to study the intrinsic properties of the 

device, an isolated RMWA was constructed, with two mesh grids positioned at the entrance and 

the exit of the RWMA to terminate the rotating field (Figure 3.1(d)). For each m/z, a group of 

12000 ions was produced with a birth step of 0.01 µs between each ion. The product of the birth 

step and the number of replicate ions should be equal or greater than one rf period to create a full 

ring pattern on the collector plate. Ion beams with different FWHMs were created using a 2D 

Gaussian distribution. Kinetic energy spread of the ion beam was represented by a Gaussian kinetic 

energy distribution of varying width. 

The kinetic energy distribution (KED) of the ions was measured using a stainless steel plate 

mounted 12.7 mm away from the einzel lens. The plate was connected to the picoammeter and 

biased, which allowed us to apply the retarding voltage to the collector plate while measuring the 

ion current. A stainless steel mesh (part No. 9230T51, McMaster Carr, Elmhurst, IL) kept at 0 V 

was mounted ~2 mm in front of the plate to maintain a uniform electric field close to the plate. Ion 

current detected on the plate was measured as a function of the retarding voltage. Each data point 

was acquired by averaging the ion current for 10 s. The integrated retarding potential curve was 

obtained by plotting the ion current as a function of the retarding voltage. KED was obtained by 

taking a first derivative of the retarding potential plot. 

Au144(SC4H9)60 was synthesized by Prof. Flavio Maran’s group at University of Padova, 

Italy, according to a known procedure.63 A solution of Au144(SC4H9)60 used for soft landing 

experiments was prepared by dissolving the powder in toluene/methanol=70%/30% to reach a final 
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concentration of 25 µM. Polyacrylamide (PAM, Mp=2700, MW=3200, Mn=2500) was kindly 

provided by Dr. Fan Pu and Prof. R. Graham Cooks (Department of Chemistry, Purdue University) 

and was used as the calibration standard. The PAM oligomer solution used for ESI was prepared 

by dissolving the powder in 9:1 methanol:H2O (v/v) to a final concentration of 100 µM. 

Poly(dimethylsiloxane), hydride terminated (PDMS, Mn=580) was purchased from Sigma-Aldrich 

(St. Louis, MO). PDMS oligomer solution used for ESI was prepared by dissolving the PDMS in 

methanol/toluene=70%/30% with 10 mM ammonium acetate to a final concentration of 100 µM. 

Solution of ubiquitin from bovine erythrocytes (≥98% purity, Sigma-Aldrich) used for ESI-MS 

were prepared at a concentration of ~0.05 mg·mL-1 in a solvent of 

methanol/H2O/CH3COOH/glycerol=49%/49%/1%/1%. Three organic dyes, 2-[4-

(Dimethylamino)styryl]-1-ethylpyridinium (DASPE+, m/z=253.2), Malachite green (MG+, 

m/z=329.2) and Victoria blue B (VBB+, m/z=470.3) were purchased from Sigma-Aldrich. For the 

soft landing experiments, a solution containing all three dyes at the same concentration (45 µM 

each) was prepared by dissolving the dyes in methanol.  

ESI-MS analyses were performed using an LTQ XL Linear Ion Trap Mass Spectrometer 

(Thermo Fisher Scientific GmbH, Bremen, Germany). Samples were introduced into the inlet by 

direct infusion through a fused silica capillary (50 µm ID, 150 µm OD) at a flow rate of ~0.5 

µL/min. Typical mass spectrometer conditions on the LTQ for the positive and negative ionization 

modes were as follows: electrospray voltage: ±3 kV, capillary temperature: 300 ºC, capillary 

voltage: ±10 V, tube lens: ±20 V. Scan range: 100-2000 m/z. High-resolution mass spectra were 

acquired on an Agilent 6560 IM Q-TOF (Santa Clara, CA, USA) mass spectrometer through direct 

infusion under the following instrument conditions: electrospray voltage: ±4 kV, capillary 

temperature: 325 °C, m/z range: 100-3200. 

3.3 Results and Discussion 

3.3.1 Analytical Expression for the Deposition Radius 

The concept of using a rotating electric field for mass separation was first introduced by 

Clemmons et al., who described the theory and principles of operation of the RWMA as an 

analytical mass spectrometer.59 In contrast, in this contribution, we provide a detailed description 

of the RWMA used exclusively as a mass-dispersive device for ion soft landing experiments. In 
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these experiments, a continuous ion beam with well-defined beam size and kinetic energy 

distribution (KED) is directed into the RWMA along the instrument axis (defined by the central 

axis of the RWMA cylinder, Figure 3.2(a)). Ions of different m/z are radially dispersed by the 

rotating field. After exiting the rotating field region,  

 

Figure 3.2 (a) A schematic diagram of the RWMA and a collector plate used to derive Eq. 1. The 

ion entering the RWMA at (0,0,0) at time t0 along the cylinder’s central axis is radially dispersed 

by the rotating field and exits the RWMA at (x1, y1, z1). The length of this region and time the ion 

spends in this region are denoted as D1 and t1, respectively. Next, the ion travels through the 

field-free region along its velocity vector attained at (x1, y1, z1) and lands onto the collector plate 

at (x2, y2, z2). The length of this region and time the ion spends in this region are denoted as D2 

and t2, respectively. (b) A projection of the collector plate perpendicular to the central axis 

showing the ring deposition pattern formed by a continuous ion beam; r is the radius of the ring. 

ions drift with a constant velocity in the field-free region until they hit the surface. When the 

collector plate is mounted at a specific distance, D2, behind the RWMA, ions of different m/z are 

collected onto distinct ring-shaped areas of different radii (Figure 3.2(b)). The radius of the ring 

depends on the m/z and kinetic energy of the ion, frequency and amplitude of the rotating electric 

field, and distance between the surface and the RWMA. Eq. 1 presents an analytical equation for 

predicting the radius for a specific ion: 

𝑅 = √𝑥2
2 + 𝑦2

2 =
𝑧𝐸

𝑚𝜔2
√2(1 + 𝜔2𝑡1𝑡2 + 𝜔2𝑡2

2)(1 − cos 𝜔𝑡1) + 𝜔𝑡1(𝜔𝑡1 − 2sin 𝜔𝑡1)  

(Equation 3.1) 
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where 

𝑓 =
𝜔

2𝜋
           𝑡1 = 𝐷1√

𝑚

2𝐸𝑘
           𝑡2 = 𝐷2√

𝑚

2𝐸𝑘
  

where m, z, EK are the mass, charge state, and kinetic energy of the ion, E and 𝑓 are the amplitude 

and frequency the rotating field, and D1 and D2 are the lengths of the rotating field and field-free 

region, respectively. A similar expression in polar coordinates was presented by Clemmons et al.59 

 

Figure 3.3 Deposition radius as a function of distance from the RWMA entrance for an ion of 

m/z=253.2, Ek=35 eV/charge with RWMA operating at f=70 kHz, 10 Vp-p. 

It is evident from Eq. 3.1 that the radius of the ring is proportional to the amplitude of the 

rotating field, E. Furthermore, we found that the radius increases linearly with the length of the 

field-free region, D2 (Figure 3.3). It is also clear that there is a strong dependence of the radius on 

m/z, EK and f. In order to better understand this dependence, we show in Figure 3.4 the calculated 

value of the deposition radius as a function of m/z assuming the same kinetic energy per charge 

(35 eV/charge) and the same charge state (±1) for all the m/z. This represents the scenario of 

spreading singly-charged ions generated from oligomer mixtures onto a surface. We observe that 

at 70 kHz and 90 kHz, the radius decreases gradually with increase in m/z in the presented m/z 

range. In contrast, the curves at higher frequencies start to “fold” at higher m/z meaning that, 

beginning from some m/z referred to as the turning point, the radius increases with increase in m/z.  

The turning point is seen to shift towards lower m/z with increase in the frequency of the rotating 

field. Folding of the curve results in an overlap in the radii of different m/z ions and failure of ion 
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separation in the folded m/z range. The calculated radii of m/z = 200, 400, 600, and 800 are 

extracted from the plots in Figure 3.4(a) and reconstructed as simulated mass spectra at different 

frequencies in Figure 3.4(b). We observe that at 70-110 kHz (black, red, and blue spectra), the four 

peaks are properly ordered as the radii decrease with m/z. Furthermore, we find that the peaks of 

the same series of ions are farther separated at 90 kHz than at 70 kHz. This is consistent with the 

larger slope of the r vs. m/z curve at higher frequencies (Figure 3.4(a)), which indicates the 

resolution for separation of ions in a specific m/z range can be improved by adjusting the frequency 

to an optimal value. However, at frequencies above 110 kHz, the order of the rings changes with 

m/z 800 observed at a larger radius than m/z 600 at 130 kHz (green spectrum) and at a larger radius 

than both m/z 600 and m/z 400 at 150 kHz (purple spectrum). Clearly, for this m/z range, the 

RWMA must be operated at a frequency of the rotating field below 110 kHz.  

 

Figure 3.4 (a) Plots of the deposition radius as a function of m/z for singly-charged ions of the 

same Ek (35 eV) and at several frequencies of the rotating field shown in different colors. (b) 

Simulated RWMA mass spectra containing four signals (m/z = 200, 400, 600, and 800) extracted 

from the plots shown in panel (a) at different frequencies shown using the same color coding as 

in panel (a). The heights of the bars in the simulated spectra indicate the m/z. 
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We provide a qualitative explanation for the observed trend. The extent of radial dispersion 

depends on the time the ion spends in the rotating field, which is determined by ion’s m/z and 

kinetic energy. At lower rotating field frequencies, ions in the presented m/z range are ejected from 

the rotating field region within the first rf period. In this case, each m/z is dispersed into a ring with 

a distinct radius, which is inversely proportional to m/z. In contrast, at higher frequencies, higher 

m/z ions that spend longer time in the field are subjected to an additional radial dispersion from 

the second rf period. As a result, some of the radii correspond to more than one m/z, which is 

detrimental to the mass-dispersive ion separation. Similar effect may be achieved by decreasing 

the kinetic energy of the ions. To avoid this folding, for a particular kinetic energy of the ion beam, 

the frequency of the rotating field is selected such that the m/z range of interest leaves the RWMA 

within one rf period.  

3.3.2 Calibration 

Eq. 3.1 is derived assuming that the rotating field is confined within the physical 

dimensions of the RWMA. However, the field strength along the instrument axis extracted from 

SIMION simulations shown in Figure 2.5 displays a penetration of the rotating field into the field-

free region. This indicates that ions exiting the RWMA are still being influenced by the field. As a 

result, the experimentally observed deposition radius deviates from the radius calculated using Eq. 

3.1. To correct for this deviation, we established a calibration procedure using a series of 

polyacrylamide (PAM) oligomers as the calibrants. Negative-mode ESI of PAM (Mn = 1500) 

produces deprotonated oligomer anions spaced by m/z = 71 (Figure 3.6 and Table 3.1).64 The m/z 

values of the PAM oligomers used for the calibration are listed in Table 3.1. In a typical calibration 

procedure, IonCCD is mounted at a desired distance from the RWMA, and the radii of the PAM 

calibrant ions are extracted from the IonCCD profile with the RWMA operating at a desired 

frequency and amplitude. The experimentally determined radii of the oligomers are compared with 

the values predicted by the analytical equation. The initial rotating electric field strength is 

calculated using Eq. 3.1 assuming that the field is confined to the physical dimensions of the 

RWMA (i.e. the field length, D1, equals 25.4 mm). The sum of squares of deviations between the 

calculated and experimentally determined radii is subsequently minimized using the GRG 

Nonlinear algorithm provided by Excel’s Solver with the strength and length of the rotating field 
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being the only adjustable parameters. This calibration procedure is similar to the “Simplex 

Optimization” in time-of-flight mass spectrometry.65 During the optimization, the total distance 

 

Figure 3.5 The rotating electric field strength along the main axis of the RWMA. The location of 

the RWMA relative to the plot is shown in the figure. 

 

Figure 3.6 Negative ESI-MS spectrum of PAM (Mn=1500); m/z of the major oligomers observed 

in the spectrum (I to VIII) are listed in Table 2.1. 

Table 3.1 m/z of the major oligomers observed in the spectrum (I to VIII) in Figure 2.6. 

Peaks m/z 

I 152.0035 

II 223.0401 

III 294.0779 

IV 365.1155 

V 436.1527 

VI 507.1901 

VII 578.2271 

VIII 649.2636 
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(D1 + D2) is kept constant. In the calibration carried out with f=70 kHz, V0–p=10 V, and 

IonCCD at a distance of 50.8 mm from the RWMA, with the PAM anions travelling through the 

RWMA at a kinetic energy of 35 eV/charge, the optimal length of the field was found to be D1=44.1 

mm, which is longer than the length of the RWMA. In addition, the optimized field strength of 

E=705 V/m is lower than the maximum field strength of 740 V/m extracted from the SIMION 

simulation (Figure 3.5). These findings are in agreement with our hypothesis that the penetration 

of the rotating field outside of the RWMA causes the observed deviation between the predicted 

and experimental radii and that the effective field length and field strength must be calibrated to 

obtain accurate peak assignments based on the experimentally-measured radii. 

Next, we generated a calibration curve using Eq. 3.1 and the optimized parameters obtained 

from the calibration procedure. Figure 3.7 shows the calibration curves of the deposition radii, r, 

as a function of m/z at f=70 kHz (solid) and f=50 kHz (dashed) at an ion kinetic energy of 35 

eV/charge. The curves were obtained using the calibrated rotating field strength (E=705 V/m) and 

length (D1=44.1 mm). The radii of the PAM calibrant ions used for the calibration are labeled as 

filled circles in Figure 3.7. The performance of the calibration was examined using different types 

of charged analytes with the same instrument configuration. Specifically, we measured ion beam 

profiles for two multicomponent mixtures using the RWMA with the IonCCD positioned 50.8 mm 

away from the analyzer. The first mixture is composed of organic dyes generating singly-charged 

ions and the second mixture generates singly charged ammonium adducts of PDMS oligomers.66 

The kinetic energy of the ions was 35 eV. The rotating field frequencies employed for dispersion 

of the dyes and the PDMS oligomers were 70 kHz and 50 kHz, respectively. The experimentally 

determined radii are shown in Figure 3.7 and Table 3.2. We observe a ~2% relative error of the 

calculated radii from the experimental values for the PDMS oligomers (Table 3.2). This 

demonstrate that the same calibration parameters can be used for different frequencies of the 

rotating field and for ions of both polarities. 
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Figure 3.7 Plots of the calibrated deposition radii vs m/z at f=70 kHz (solid) and f=50 kHz 

(dashed). The experimental data points are shown for PAM calibrants (filled circles), organic 

dyes (open triangles), and PDMS oligomers (open diamonds). The r values were calculated using 

Eq. 1 using the effective rotating field strength (E) and length of the field (D1) obtained from the 

calibration. 

Table 3.2 m/z of the major oligomers observed in the spectrum (I to VIII) in Figure 2.7. 

 m/z r, experiment (mm) r, calibration (mm) Relative Error 

I 253.17 13.1±0.1 12.9 1.5% 

II 329.20 10.6±0.0 10.4 1.9% 

III 470.26 7.0±0.2 6.5 7.1% 

IV 522.19 12.3±0.1 12.4 0.8% 

V 596.20 11.0±0.1 11.3 2.7% 

VI 670.22 9.9±0.1 10.0 1.0% 

VII 744.24 8.7±0.0 8.9 2.3% 

 

In the field of mass spectrometry, mass calibration is commonly conducted using a 

polynomial curve fitting, in which calibrant ions are selected to cover the m/z range of interest. 

Mass calibration of high m/z species typically requires a series of high m/z calibrant ions. In 

contrast, we find that mass calibration of the RWMA conducted using the low m/z PAM oligomers 

can be used for a much broader m/z range of interest independent of the charge state and kinetic 

energy of the ions. In this experiment, we generated multiply-charged ubiquitin (8.6 kDa) ions 

using ESI of an acidified solution. Figure 3.8(a) shows an LTQ mass spectrum of a 5 µM ubiquitin 

in 49:49:1:1 methanol/H2O/CH3COOH/glycerol (v/v/v/v). We observe a distribution of charge 

states ranging from 7+ to 13+, with 9+ showing the highest abundance.67 The same solution was 
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used to generate an ion beam in the soft landing instrument for the RWMA separation. [We note 

that the ESI interfaces of the LTQ and our custom-designed soft-landing instrument are quite 

different. As a result, the abundances of the individual charge states are likely different on the two 

instruments.] The resulting IonCCD beam profile acquired with the rotating field of f=40 kHz at a 

distance of 50.8 mm from the exit of the RWMA and the kinetic energy of 30 eV/charge is shown 

in Figure 3.8(b). We observe several pairs of peaks symmetrically located around the center of the 

x axis (x=0) corresponding to different charge states of ubiquitin. In particular, four pairs of peaks 

with decreasing radii were assigned to +11, +10, +9, +8 charge states. The experimentally obtained 

radii were subsequently compared with the predicted values using the calibrated parameters listed 

in Table 2.3. We find a good match between the predicted and experimental radii indicating the 

robustness of the calibration procedure and accurate charge state assignments. The relative errors 

of the calibration are ~0.7%. 

Table 3.3 Experimentally-determined radii of the ubiquitin ions and the values predicted using 

calibrated Equation 3.1 along with the corresponding relative errors. 

Charge State m/z r, experiment (mm) r, calibration (mm) Relative Error 
8+ 1070.61 9.3±0.0 9.4 1.1% 

9+ 951.65 10.8±0.1 10.9 0.9% 

10+ 856.48 12.2±0.1 12.2 0.0% 

11+ 778.62 13.4±0.0 13.3 0.7% 
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Figure 3.8 (a) An ESI mass spectrum of 5 µM ubiquitin in 49:49:1:1 

methanol/H2O/CH3COOH/glycerol (v/v/v/v) showing a distribution of charge states ranging 

from 7+ to 13+. (b) An IonCCD profile of ubiquitin ions separated by the RWMA operated at a 

frequency of f=40 kHz. The charge state assignment of each peak is labeled in the profile. 

Based on these results, it is reasonable to conclude that the same calibration parameters 

obtained using PAM oligomers can be readily adapted to other ion mixtures independent of the 

polarity, charge state, kinetic energy of the ions, and the frequency of the rotating field. In addition, 

because the effective field strength and length are independent of m/z, it is reasonable to assume 

that the calibration parameters obtained using low-m/z PAM can be used to predict the radii of high 

m/z ions. Our previously reported results for 33.7 kDa Au144(SC4H9)60 ions are consistent with this 

assertion.60  

3.3.3 Mass Resolution 

 In mass spectrometry, mass resolution is defined as the ratio of m/z and full-width-at-half-

maximum (FWHM) of the peak in a mass spectrum. Similarly, mass resolution of the RWMA is 

determined by the spatial separation of the individual components and is calculated by taking the 

ratio of the deposition radius (r) to the width of the ring (Δr). We estimate mass resolution of this 

device based on the ion beam profile obtained from the IonCCD, in which the ring is detected as 
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a pair of peaks separated by a distance corresponding to the diameter of the ring. The radius of the 

ring is determined from the measured separation distance between the two peaks and the width of 

the ring corresponds to the FWHM of the individual peak.  

 

Figure 3.9 (a) IonCCD profile of a mixture of the three dyes acquired using RWMA operated at 

f=70 kHz, 10 V0–p at different kinetic energies. (b) The FWHMs of the peaks in the profiles 

shown in (a) and the corresponding values of mass resolution (c). 

Mass resolution of the RWMA in its current configuration was experimentally determined 

using a standard mixture containing three organic dyes. Specifically, a beam containing positively-
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charged DASPE+ (m/z 253.2), MG+ (m/z 329.2) and VBB+ (m/z 470.3) was separated using the 

RWMA operated at f=70 kHz, 10 V0–p, with the IonCCD positioned at a distance of 2’’ from the 

device. Typical ion beam profiles acquired at kinetic energies ranging from 20 eV to 50 eV are 

shown in Figure 3.9(a). Three pairs of peaks symmetrically located around the center of each 

profile are assigned to the three singly-charged dyes, with lower m/z corresponding to peaks at 

larger radii. The profiles were subsequently fitted with sums of Lorentzian distributions, from 

which the FWHM values were extracted (Figure 3.10). Figure 3.9(b) and (c) shows the FWHM 

and mass resolution of the peaks of the dyes obtained by averaging the values of FWHM from 

three repeated measurements and from both the left and right side of the profiles. From this 

experiment, we conclude that the upper limit of mass resolution (m/Δm) of ~20 is achievable for 

the RWMA in its current configuration, which is comparable to the mass resolution of mass 

analyzers typically used in nanocluster research (m/Δm=20-50).68  
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Figure 3.10 Experimental IonCCD profiles (black) and simulated profiles (red) using sums of 

best-fit Lorentzian distributions of the beam of the dye mixture at different kinetic energies. 

In addition, we observe that, for all the ions, peak width decreases with an increase in 

kinetic energy. In fact, a similar trend in the beam width was obtained when the rotating field was 

switched off, with a higher energy ion beam showing a narrower profile (data not shown). This is 

attributed to the known difficulty in focusing of lower-energy ion beams. Furthermore, the VBB+ 

peak is slightly broader than peaks of MG+ and DASPE+ at all kinetic energies, while the peak 

widths of MG+ and DASPE+ are similar. 
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Figure 3.11 Kinetic energy distributions of the dyes at 20 eV (a) and 50 eV (b). The black and 

red traces represent the experimental first derivative of the retarding voltage plot and the 

Gaussian-fitted curve, respectively. 

In the following, we carried out a set of SIMION simulations to reproduce the realistic 

experimental conditions. In the electrode geometry, we implemented a conductance limit plate and 

einzel lens in front of the RWMA (Figure 3.1(c)). In each simulation scenario, ion beam containing 

the three dyes was produced at the conductance limit plate and sent through the einzel lens and 

RWMA to the collector plate. The locations of the individual ion splats on the collector plate 

positioned 2’’ away from the RWMA were recorded for 12,000 ions of each m/z. The distances 

between the ion landing locations and the center of the surface were subsequently extracted and 

used to construct histograms (bin width=0.01 mm) of the deposition ring radii. The histograms 

were fitted with Gaussian distributions, and the FWHMs were extracted as the simulated FWHMs 
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of the deposition rings. Due to the physical restrictions of the instrument, we cannot measure the 

width of the beam at the conductance limit. However, the kinetic energy distribution (KED) of the 

beam can be measured using a retarding potential method described in detail in the Experimental 

section. In particular, we measured the KED of the ion beam at a distance of 12.7 mm out of the 

einzel lens where the RWMA is typically positioned. The mean KED and FWHM measured 

experimentally are 18.6 eV and 1.6 eV, respectively, for the flatapole bias of 20 V and 48.1 eV and 

1.8 eV, respectively, for the flatapole bias of 50 V (Figure 3.11). These values were used as the 

initial beam conditions in SIMION simulations. Due to the unknown initial width of the beam at 

the conductance limit, we performed a series of simulations with different initial beam widths 

ranging from 0.5 mm to 2 mm (filled circle distribution) to cover a broad range of possible 

scenarios. For each beam width, we systematically adjusted the voltage on the second element of 

the einzel lens to achieve the best focusing on the surface. Figure 2.12 shows the optimal simulated 

distributions of the deposition radii for beam kinetic energies of 20 eV and 50 eV. The experimental 

ion beam profiles and the corresponding Lorentzian curve fitting results are shown for comparison. 

The best matches between the simulated and experimental beam profiles were obtained using the 

initial beam width of 1 mm and 0.7 mm for beam kinetic energies of 20 eV and 50 eV, respectively. 

The einzel lens voltages providing best focusing in the simulations were 1.2 V/-50 V/1.2 V and 

25.5 V/-25 V/25.5 V for 20 and 50 eV ion beams, which are in close agreement with the 

experimentally obtained voltages of 1.2 V/-40.1 V/1.2 V and 25.5 V/-22.6 V/25.5 V for 20 and 50 

eV ion beams, respectively. At both kinetic energies, the simulated widths of the deposition rings 

are similar for all the m/z.  
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Figure 3.12 Experimental beam profiles (top black trace) and the corresponding profiles 

generated using SIMION simulations (light grey bars) of the three dyes at kinetic energies of 20 

eV (a) and 50 eV (b). Yellow, green, and blue areas/curves on the top/bottom of each panel 

represent Lorentzian profiles obtained from the best fit of the underlying peaks of DASPE+ (m/z 

253.2), MG+ (m/z 329.2) and VBB+ (m/z 470.3), respectively. 

Based on the simulation results discussed above, we conclude that the focusing conditions 

of the einzel lens have a pronounced effect on the mass resolution of the RWMA. However, it is 

not clear from these simulations how the mass resolution is affected by the two important intrinsic 

parameters of the ion beam, the FWHM and KED. In the following, we describe a series of 

SIMION simulations with an isolated RWMA configuration shown in Figure 3.1(d) to understand 

how the rotating field affects the width of the deposition ring. In particular, we generated ion beams 

of DASPE+ (m/z 253.2) of different widths in the source (FWHM of 0.5 mm, 1 mm, 1.5 mm, and 

2 mm along with 0 mm corresponding to a point source) with the KED of FWHM of 0.2 eV, 1 eV 

and 2 eV centered at 20 eV/charge. The results of the simulations are summarized in Figure 3.13. 
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We observe that the width of the deposition ring decreases with decrease in both the beam width 

and FWHM of the KED. However, the observed trend is strongly dependent on the width of the 

KED. In particular, for a relatively narrow KED (FWHM of 0.2 eV and 1 eV), the width of the 

deposition ring shows a near proportional decrease with decrease in the initial beam width. In 

contrast, for a broader KED (FWHM of 2 eV), the extent of decrease in the width of the deposition 

ring is not as pronounced especially when the initial beam is very narrow. These results indicate a 

substantial deterioration of the device performance with an increase in the KED spread. It follows 

that an improvement in mass resolution of the RWMA may be achieved only by narrowing both 

the beam width and KED simultaneously. 

 

Figure 3.13 Simulated FWHM of the deposition ring of DASPE+ (m/z 253.2) with Gaussian-

shaped KEDs of 0.2 eV, 1 eV and 2 eV FWHM centered at 20 eV/charge and various initial 

beam widths (0 mm, 0.5 mm, 1 mm, 1.5 mm and 2 mm). 

Based on the SIMION simulations, we conclude that both the initial width and KED of the 

ion beam have a pronounced effect on mass resolution of the RWMA. Higher mass resolution can 

be obtained using a narrow parallel ion beam with a narrow KED. A narrow ion beam can be 

generated using either two einzel lenses or a collisional multipole with a small conductance limit 

aperture. Meanwhile, the narrow KED can be obtained by minimizing the acceleration gradient at 

the exit of the collisional flatapole in our existing instrument. In addition, it has been demonstrated 

that an ion beam with a narrow KED of ~0.2 eV can be generated by extending the collisional 
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multipole into the high vacuum region69 or by employing an exponential lens70,71 to eliminate the 

kinetic energy spread of the ion beam. 

3.3.4 Deposition of High-m/z Nanoclusters 

The ability of RWMA to separate high-mass ions using low rf amplitudes is demonstrated 

using an atomically-precise Au144(SC4H9)60 cluster (33.7 kDa) as a model system.72 Owing to its 

distinct electrochemical,72 optical,73-75 biological,76 and catalytic properties,77,78 Au144(SR)60 

(Figure 3.14) is one of the most widely studied thiolated gold clusters. Previous studies employed 

ESI-MS to determine the composition of atomically-precise Au144(SR)60 clusters;63,79 structural 

characterization was performed using scanning transmission electron microscopy (STEM),80 

nuclear magnetic resonance,63 single-crystal X-ray diffraction81 along with theoretical 

calculations.63,80,82 In this experiment, we do not attempt to separate this cluster from a mixture but 

rather demonstrate that a specific charge state of the Au144(SR)60 cluster may be deposited onto a 

surface for subsequent structure determination. Furthermore, the high-flux deposition of cluster 

ions reported in this study provides a direct path for the preparation of cluster-based multilayered 

assemblies. 
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Figure 3.14 a) Gold atom arrangement in an atomic structure of Au144(SCH2Ph)60 
81 and the 

IonCCD beam profile showing Au144(SC4H9)60
n+

 (n=1,2,3) separated by RWMA at f=6/7/8/10 

kHz, 10 V0-p when the IonCCD was positioned 1’’ after RWMA. The charge states of 

Au144(SC4H9)60 are labelled on top of the peaks. b) TEM images of Au144(SC4H9)60
+
 deposited 

onto graphene-coated Cu grid acquired at 300 kV acceleration voltage, scale bar: 20 nm. c) An 

expanded view of an area of the TEM image highlighted with the yellow-squared area in panel b) 

containing monodisperse Au144(SC4H9)60
+
 clusters, scale bar: 10 nm. d) A cluster size 

distribution extracted from the TEM image in b). e) A representative HRTEM image of an 

individual Au144(SC4H9)60
+
 cluster acquired at 300 kV acceleration voltage. f) HRTEM image of 

the cluster shown in E) after electron beam irradiation. Scale bar=1 nm. 
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In these experiments, cationic Au144(SC4H9)60 clusters produced by ESI were separated 

using the RWMA operating at f=7 kHz and V0-p=10 V. We obtained almost 1 nA of ion current 

for Au144(SC4H9)60 cluster on a surface positioned after the RWMA. The kinetic energy of the ions  

 

Figure 3.15 Deposition radius of Au144(SC4H9)60
n+ (n=1,2,3) from SIMION simulations, 

analytical expression (equation 10), and experiments at f=70 kHz, V0-p=10 V with the IonCCD 

positioned 1’’ away from RWMA. 

entering the RWMA was 35 eV/charge. IonCCD mounted 1’’ away from the RWMA showed two 

major peaks corresponding to singly-charged Au144(SC4H9)60
+
 ions (m/z=33.7k) (Figure 3.14(a)). 

In addition, we observed minor signals of Au144(SC4H9)60
2+

 (m/z=16.9k) and Au144(SC4H9)60
3+

 

(m/z=11.2k) at larger radii, which agrees with previously reported charge state distribution of 

Au144(SR)60 in ESI-MS.63,79 The results obtained at different frequencies of the rotating field are 

shown in Figure 3.14(a) as well. The experimentally observed radii of Au144(SC4H9)60 cations are 

consistent with the simulated values (Figure 3.15). Furthermore, we show in Figure 3.16 the ability 

to separate the charge state distribution of Apoferritin (480 kDa), a cage-like protein complex 

extensively studied by cryogenic electron microscopy16 and native MS.83 
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Figure 3.16 a) SIMION simulations of the native charge state distribution of Apoferritin (480 

kDa)83 separated by RWMA operating at f=10 kHz, V0-p=10 V. The collecting plate is positioned 

3’’ away from the RWMA. The kinetic energy of the ions is 5 eV/charge. The scale bar in the 

picture is 5 mm. b) Deposition radius of different charge states of Apoferritin extracted from 

SIMION simulations presented in (a). 

We used the same conditions to deposit singly-charged Au144(SC4H9)60
+
 clusters onto a 

graphene-coated TEM copper grid. A specially-designed TEM grid holder was used to position 

the grid within the ring-shaped Au144(SC4H9)60
+
 ion beam (Figure 3.17). To ensure gentle  

 

Figure 3.17 Schematic diagram of the TEM grid holder used for Au144(SC4H9)60 cluster 

deposition. 1: grounded mask with a 3 mm diameter aperture in the center; 2: TEM grid; 3: 

current collector; 4: PEEK adapter connected to a XYZ positioner. 

deposition, the kinetic energy of the cluster was reduced to ~3 eV by biasing the grid. Both TEM 

(Figure 3.14(b) and 6.14(c)) and STEM (Figure 3.18) images confirm that a substantial fraction of 

Au144(SC4H9)60
 
clusters are deposited uniformly as dimensionally intact species with the expected 

diameter of ~1.8 nm.81 The bimodal cluster size distribution (Figure 3.14(d)) indicates that some 
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of the clusters aggregate on the TEM grid as also seen in Figure 3.14(b). The aggregation is likely 

driven by the mobility of the Au144(SC4H9)60 clusters on the TEM grid at room temperature and 

could be either induced by the electron beam or thermal processes on the surface.80 Similar bimodal 

size distribution has been previously reported for Au25(S(CH2)2Ph)18 clusters drop casted onto 

TEM grids.84 

 

Figure 3.18 STEM image of deposited Au144(SC4H9)60
+
 on graphene-coated Cu grid. The average 

cluster diameter is labeled. Scale bar: 10 nm. 

A representative high-resolution TEM (HRTEM) image of an individual Au144(SC4H9)60 

cluster is shown in Figure 3.14(e). The observed cluster core is consistent with the known 

icosahedral structure of Au144(SR)60.
81 However, we cannot rule out possible beam-induced 

rearrangement of the cluster. Indeed, a substantially different face-centered cubic- (fcc-) like gold 

core arrangement was observed for the same cluster after several frame shots (Figure 3.14(f)). 

Additional HRTEM images are shown in Figure 3.19. The observed rearrangement is attributed to 

the acceleration voltage used in the study. It has been shown that radiation damage of 

Au144(SC2H4Ph)60 clusters may be minimized using a lower acceleration voltage of 80 kV.[23] 

Regardless, the apparent low level of background noise in the sample prepared by ion soft landing 

results in the enhanced image contrast observed in HRTEM experiments. The use of RWMA 

substantially expands the range of ion soft landing applications in nanocluster research bringing it 

to the boundary between nanoclusters and nanocrystals. The uniform deposition of Au144(SC4H9)60 

clusters onto TEM grids enabled by this technique is particularly advantageous for their structure 
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determination using low electron-dose HRTEM single-particle reconstruction85 and STEM 

nanobeam electron diffraction.80,86 

 

Figure 3.19 Representative HRTEM images of individual Au144(SC4H9)60
+
 on graphene-coated 

Cu grid showing fcc-like Au core arrangement. Scale bar=1 nm. 

3.3.5 High-Throughput Deposition of Multicomponent Mixtures 

Separation and simultaneous deposition of ions with different m/z by spreading them onto 

a surface based on their m/z is another important attribute of RWMA. This capability facilitates 

high-throughput deposition of species present in multicomponent mixtures, which is of interest to 

the rapid screening of their mass- or size-dependent properties. We note that when mass filtering 

is employed in preparative mass spectrometry experiments focused on separating and screening 

components of mixtures, the experimental throughput is determined by the complexity of the 

mixture. In contrast, mass-dispersive devices such as RWMA enable simultaneous deposition of 

all the components onto distinct locations on a surface determined by their m/z. In addition, mass-

dispersive soft landing of mixtures may be used to prepare physical and chemical gradients on 

surfaces.87,88  

Polymer surfaces with a wettability gradient have been used in biomedical research for 

protein adsorption and cell adhesion.89 In this study, we prepared a wettability gradient by 

spreading hydrophilic polyacrylamide (PAM) oligomers onto a hydrophobic fluorinated self-

assembled monolayer (FSAM) surface. In this experiment, different oligomers are deposited onto 

different rings on the surface. We expect that the hydrophilicity of the surface manifested by a 

decrease in the contact angle will increase with the length of the hydrophilic oligomer. 
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Traditionally, contact angle measurement between a surface and a water droplet is used to evaluate 

the hydrophilicity or hydrophobicity of a surface.  Hydrophilic surfaces are characterized by 

contact angles <90° and hydrophobic surfaces display contact angles >90°. A negative-mode ESI-

MS spectrum of PAM (Mn=1500) shown in Figure 3.6 contains deprotonated oligomer anions 

spaced by 71 m/z.90 A mixture of PAM oligomers was separated using RWMA operated at f=70 

kHz and V0-p=10 V. IonCCD positioned at a distance of 2’’ from the RWMA showed an eagle-

wing-like beam profile composed of multiple rings corresponding to the oligomer series (Figure 

3.20(a)). The prepared surface was analyzed by spatially-resolved nanospray desorption 

electrospray ionization (nano-DESI) MS.91 In this experiment described in detail elsewhere,62 line 

scans were acquired across the deposition area providing information on the spatial localization of 

individual oligomers. The resulting profile of the spatial distribution of the oligomers is shown in 

Figure 3.20(b). The total oligomer signal (black trace in Figure 3.20(b))) is consistent with the 

IonCCD profile (Figure 3.20(a)) confirming the spatial separation of oligomeric species on the 

surface based on their m/z. As expected, the diameter of the ring decreases with an increase in m/z 

of the oligomer. The mass resolution of the RWMA was determined by taking the ratio of the 

deposition radius of an individual component and the FWHM of the peak observed in the nano-

DESI profile. 
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Figure 3.20 (a) IonCCD beam profile of the PAM oligomers with RWMA operating at f=70 kHz, 

V0-p=10 V with the IonCCD positioned 2’’ after RWMA; peaks corresponding to different 

oligomers are marked in the figure. (b) Nano-DESI line scan along the deposition region 

showing extracted ion signals for different oligomers (colored lines) and total ion signal (black 

line). 

The presence of the wettability gradient on the surface containing the PAM oligomers was 

confirmed using contact angle measurements (Figure 3.21(a)). Small water droplets (1 µL) were 

placed on the surface from the edge to the center where PAM oligomers of increased length were 

deposited. We observe that the contact angle of the surface decreases with an increase in the 

oligomer size indicating a gradual increase in the hydrophilicity of the surface. Further evidence 

of the wettability gradient was inferred from nano-DESI experiments. Specifically, we observed 

that the peak width of the nano-DESI profiles of individual oligomers increases with oligomer size 

(Figure 3.22). This broadening of the individual profiles is attributed to an increase in the size of 

the liquid bridge when it is brought in contact with the more hydrophilic part of the surface 

containing larger oligomers. This observation is consistent with the contact angle measurements. 
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Figure 3.21 Contact angles of the (a) hydrophobic FSAM surface covered with hydrophilic PAM 

oligomers and (b) hydrophilic gold surface covered with hydrophobic PDMS oligomers. The x 

coordinate of the plot corresponds to the distance between the point of measurement and the 

edge of the surface. The grey dashed lines are shown to guide the eye. 

 

Figure 3.22 Full-width-at-half-maximum (FWHM) of the nano-DESI profiles of PAM oligomers 

II through VI on the left side (blue bars) and right side (red bars) of the line scan in Figure 2.20. 
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In another experiment, we generated a different wettability gradient by depositing 

hydrophobic polydimethylsiloxane (PDMS) oligomers onto a hydrophilic bare gold surface. We 

anticipate an increase in hydrophobicity from the edge to the center of the surface where longer 

PDMS oligomers were deposited. Positive-mode ESI-MS spectrum of PDMS (Mn=~580) contains 

ammonium adducts of PDMS oligomers separated by 74 m/z (Figure 3.23). Figure 2.24 shows the 

IonCCD beam profile of the mixture of PDMS oligomers separated using RWMA operated at 

frequency of f=50 kHz and amplitude of V0-p=10 V. Figure 3.21(b) shows the contact angles of 

the prepared surface from the edge to the center where longer-chain PDMS oligomers were 

deposited. As expected, deposition of PDMS oligomers of longer chain length results in increased 

hydrophobicity of the surface. 

 

Figure 3.23 A positive mode ESI-MS spectrum of PDMS (Mn=~580); m/z of the major 

oligomers observed in the spectrum (I to XI) are listed in the table. 

 

Figure 3.24 IonCCD beam profile of the PDMS oligomers with RWMA operating at f=50 kHz, 

V0-p=10 V; peaks corresponding to different oligomers are marked in the figure. 
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3.4 Conclusions 

In conclusion, we present the performance of a mass-dispersive device, RWMA, for ion 

soft landing research. Ions of different m/z travelling through the device are separated onto distinct 

rings of different radii on a surface. We present an analytical expression for predicting the 

deposition radius of ions. The separation performance for ions in different range of m/z and kinetic 

energy can be optimized by adjusting the frequency of the rotating electric field. In addition, we 

describe a universal calibration of the device using a series of polyacrylamide ions to obtain a 

reliable prediction of the deposition radii for unknown analytes. Moreover, ion trajectory 

simulations and experiments demonstrate that mass resolution of the device can be improved by 

minimizing the width and kinetic energy spread of the ion beam. The use of RWMA greatly reduces 

the complexity and cost of preparative mass spectrometry instrumentation due to the moderate 

vacuum requirement (<10-3 Torr) and simple electronics. These characteristics of the RWMA make 

it a promising candidate for the development of inexpensive and transportable preparative mass 

spectrometers.92 Such affordable ion deposition systems would facilitate the use of preparative 

mass spectrometry in applications in photonics, memory storage, molecular electronics, catalysis, 

and biology.  
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 IN SITU SPECTROELECTROCHEMISTRY FOR 

UNDERSTANDING STRUCTURAL TRANSFORMATIONS OF 

PRECISELY DEFINED IONS AT ELECTROCHEMICAL INTERFACES 

4.1 Introduction 

Electrode-electrolyte interfaces (EEIs) play a central role in electrochemical processes and 

energy technology.1 The performance of electrochemical systems is strongly affected by the 

kinetics and mechanisms of electron transfer as well as degradation processes occurring at EEIs. 

Understanding the structural changes of electroactive species during electrochemical processes is 

critically important to the development of tailored EEIs with desired properties.2 Several in situ 

and operando characterization approaches have been developed to obtain a better understanding 

of the complex processes occurring at operating EEIs. Nuclear magnetic resonance (NMR) 

spectroscopy,3 second harmonic generation (SHG),4 vibrational spectroscopy,5 and X-ray 

photoelectron spectroscopy (XPS),6,7 have traditionally been used for in situ characterization of 

EEIs. Infrared (IR) spectroelectrochemistry has been developed for in situ probing of processes at 

solid-liquid interfaces.8,9 This approach enables structural characterization of electroactive species 

during electrochemical cycling. In particular, infrared reflection absorption spectroscopy (IRRAS) 

has been widely used in spectroelectrochemistry experiments to study redox active organic 

pigments, ionic liquids, and transition metal clusters.10-13 Most of the in situ approaches to studying 

solid-liquid EEIs rely on specially-fabricated liquid electrochemical cells.14,15 Despite substantial 

progress in this field, in situ characterization of solid state EEIs remains challenging. 

In a recent publication, we reported the development of a new in situ thin-film 

electrochemical cell for characterizing the activity of electroactive species at solid-state EEIs both 

under vacuum conditions and controlled partial pressures of reactive gases.16 The electrochemical 

cell was fabricated on a screen-printed electrode (SPE) using carefully-designed nanoporous ionic 

liquid (IL) membranes (Figure 4.1). This cell mimics many state-of-the-art solid-state 

electrochemical devices used for energy conversion and storage.17 The electroactive species were 

deposited onto the cell using ion soft-landing,18-25 which enables precise control over the 

composition and charge state of the ions along with their kinetic energy and coverage. In this study, 

we expand this approach to enable in situ structural characterization of well-defined electroactive 



 

 

106 

species at solid-state EEIs using IRRAS during electrochemical cycling. Soft-landing has been 

used previously for preparation of electrode surfaces with superior specific capacitance and 

electrochemical stability.26 The ability to prepare interfaces containing well-defined electroactive 

species makes ion soft-landing a powerful approach for obtaining a fundamental understanding of 

interfacial processes and characterization of the intrinsic properties of ions at EEIs. 

 

Figure 4.1 in situ vacuum-compatible electrochemical cell using a nanoporous ionic liquid 

membrane. WE=working electrode, CE=counter electrode, RE=reference electrode. 

Proof-of-principle experiments were performed using well-characterized stable Keggin 

polyoxometalate (POM) anions with unique multielectron redox activity as a model system.27 

Their ability to accommodate 24 excess electrons (e-) each with retention of structural integrity 

was reported previously for PMo12O40
3-, making these anions promising candidates for use in 

rechargeable batteries,28 water electrolyzers,29 electrocatalysts,30 and molecular supercapacitors.31 

In this study, we selected tungsten POM (WPOM) anions (PW12O40
3-) as a model system due to 

their established structural stability32 and well-defined IRRAS bands.33 The stability and rigidity 

of WPOM makes it resilient towards structural transformations during redox processes.34,35 Our 

previous work employed IRRAS to understand charge retention by WPOM anions soft-landed 

onto self-assembled monolayer (SAM) surfaces.33 We demonstrated that the position of the 

terminal W=Ot band shifts systematically with the charge state of the anion.33 Herein, we examined 

for the first time, structures of WPOM anions at operating EEIs. We observed that the WPOM 
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cage undergoes reversible structural changes during redox cycling. Although during the reduction 

process the WPOM cage preserves its structural integrity without substantial expansion, the W=Ot 

band shows a systematic shift to lower wavenumbers. This shift facilitates the identification of 

different charge states of WPOM that are present at the interface at different stages of the 

oxidation/reduction cycle. These results establish a powerful methodology of using an in situ 

spectroelectrochemical cell combined with ion soft-landing for studying structural transformations 

of well-defined electroactive ions at operating solid-state EEIs. 

4.2 Experimental Section 

Sodium phosphotungstate tribasic hydrate (Na3[PW12O40]·xH2O), 1-ethyl-3-

methylimidazolium tetrafluoroborate (EMIMBF4), poly(vinylidene fluoride-co-

hexafluoropropylene) (PVDF-HFP) and anhydrous N,N-dimethylformamide (DMF) were all 

purchased from Sigma-Aldrich (St. Louis, MO) and used as received. The 10 × 10 mm gold coated 

silicon wafers (100 nm Au layer and 5 nm Ti adhesion layer) were purchased from Platypus 

Technologies (Madison, WI). 

The three-electrode IR spectroelectrochemical cell shown in Figure 4.2 was fabricated 

using the following procedure: A gold substrate was used as the working electrode (WE). The 

gold-coated substrate was ultrasonically washed in methanol, placed in an ultraviolet cleaner 

(Boekel Scientific, Feasterville, PA) for 20 min, transferred onto a specially-designed polyether 

ether ketone (PEEK) cell holder with a 11 × 11 mm2 recessed square groove, and affixed to the 

holder using two stainless steel clamps. A Pt counter electrode (CE) and Ag pseudo-reference 

electrode (RE) were wired around the edges of the WE (Figure 3.2). The Pt and Ag wires were 

purchased from Alfa Aesar (Tewksbury, MA). 

An aprotic electrolyte cell membrane containing EMIMBF4 ionic liquid (IL) and PVDF-

HFP copolymer was prepared using the following steps: 2 g of PVDF-HFP was dissolved in 13 

mL of anhydrous DMF and stirred overnight at room temperature to make a homogeneous solution. 

2 mL of EMIMBF4 was subsequently added to the solution and the mixture was continuously 

stirred for 4 hours and stored in a N2-purged glove box. The cell membrane was prepared by 

carefully and evenly casting approximately 20 µL of the solution onto the entire three-electrode 
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assembly and slowly drying the resulting liquid layer in a vacuum oven (Sheldon Manufacturing, 

Cornelius, OR) at room temperature for 24 hours to remove DMF and trace amounts of water. 

 

Figure 4.2 A photographic image of the three-electrode cell assembly and schematic drawing of 

the IR light beam used for IRRAS measurements. WE = working electrode, CE = counter 

electrode, RE = reference electrode. The electrolyte membrane covers all three electrodes. 

Soft-landing experiments were performed using a specially-designed high-flux ion 

deposition instrument described in detail elsewhere.36 The in situ spectroelectrochemical cell was 

mounted on a linear translator and introduced into the vacuum system. The cell holder was 

equipped with a three-pin connector wired to an electrical vacuum feedthrough providing electrical 

connections from the WE, CE, and RE to a potentiostat (Versastat 3, Princeton Applied Research). 

Ions were produced by negative mode electrospray ionization (ESI) of a 150 µM solution of 

Na3[PW12O40] ·xH2O in methanol. Solvent droplets containing WPOM were produced by applying 

a -2.5 kV potential to the ESI emitter and introduced into the vacuum system through a heated 

(150 ºC) stainless-steel inlet to promote desolvation. Ions were subsequently transferred into 

vacuum by a dual ion funnel system,36 mass-selected using a quadrupole mass filter (Extrel 

Pittsburgh, PA), and deposited onto the WE area of the electrochemical cell at a kinetic energy of 

30-35 eV per charge. The ion current was measured at the WE by the potentiostat in zero-resistance 

ammeter mode. A typical ion current of -6.5 nA was achieved for mass-selected deposition of 

PW12O40
3- ions onto the electrochemical cell. The total number of deposited ions was calculated 

by integrating the ion current over time. 
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Prior to soft landing of WPOM, electrochemical impedance spectroscopy (EIS) 

measurements were conducted to examine the different interfacial regions of the electrochemical 

cell maintained in vacuum. EIS was performed by applying a sinusoidal perturbation with an 

amplitude of 10 mV and frequency in the range of 100 KHz to 10 Hz. Cyclic voltammetry (CV) 

measurements were carried out before and after soft-landing of WPOM using the potentiostat. The 

CVs were acquired at scan rates of 0.5 mV s-1 in the range of 0.3 mV to -2.1 mV in triplicates after 

3 × 1015 PW12O40
3- (WPOM) ions were soft-landed onto the cell.  

The spectroscopic performance of the cell was optimized for IRRAS experiments by 

adjusting the position of the cell to maximize the signal amplitude. Grazing-incidence IRRAS 

experiments were performed using a Bruker Vertex 70 FTIR spectrometer (Bruker Optics, 

Billerica, MA) equipped with a liquid nitrogen cooled mercury-cadmium-telluride (MCT) detector. 

The experimental details have been explained elsewhere.37 IRRAS spectra were acquired at 

different potentials applied to the WE at a spectral resolution of 4 cm-1 using p-polarized light. 

Each spectrum was collected by averaging 5000 scans corresponding to a 20-minute acquisition 

time. Fitting of the IRRAS spectra was carried out in Excel using a sum of several Lorentzian 

distributions with peak positions in the range between 1000 cm-1 and 800 cm-1. The experimental 

IRRAS plots were baseline-corrected in an interactive mode. The peak positions were first defined, 

and all the peak widths were constrained at a value of 12 cm-1. The peak intensities and widths 

were optimized by minimizing the sum of squares of deviations between the experimental and 

simulated data points to obtain the best-fit curves. 

4.3 Results and Discussion 

In this study, we developed a solid-state thin-film electrochemical cell that enables in situ 

IRRAS characterization of energized electrochemical interfaces prepared using soft-landing of 

mass- and charge-selected electroactive ions. A photographic image of the cell and a schematic 

drawing of the IR light beam are shown in Figure 4.2. The three-electrode assembly is mounted 

on a specially-designed PEEK holder. We evaluated several cell designs to explore the effect of 

the electrode configuration and membrane preparation on cell performance. A bare gold surface 

(10 × 10 mm) was used as a working electrode (WE). Gold is a suitable substrate for 

spectroelectrochemical measurements since it forms a nearly ideal electrical double layer and has 
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a high conductivity and optical reflectivity.38 The WE was mounted in the middle of the PEEK 

holder. The counter and reference electrodes (CE and RE) were wired as close to the WE as 

possible without direct electrical contact. A Pt wire used as the CE was coiled in loops close to 

three edges of the gold substrate to maximize the area of the CE. A silver wire used as a pseudo 

RE was positioned next to the fourth edge of the gold surface. To accommodate the small incidence 

angle of the incoming IR beam while keeping the three electrodes at a similar height, a shallow 

square groove was machined in the PEEK holder for the WE. A nanoporous electrolyte membrane 

was prepared by casting a solution composed of a conductive copolymer and EMIMBF4 IL on top 

of the three-electrode assembly and allowing it to dry under vacuum. We have previously shown 

that such electrolyte membranes are stable both in vacuum and under controlled partial pressures 

of gases.16 In order to improve the IRRAS sensitivity, the electrolyte membrane thickness was 

minimized by using the least amount possible (20 µL) of the IL cast solution. The solution 

composition was optimized to enable the fabrication of the IL membrane that covered all of the 

electrode surfaces with physical continuity. The thickness of the membrane is estimated to be 

around 10 µm based on the volume of the copolymer and IL. The uniformity of the membrane on 

the WE helps improve the spectroscopic response by eliminating multiple reflections of the IR 

beam from the membrane surface. Preparation of the optimized membrane involved casting of the 

solution in the center of the WE and allowing it to expand and stabilize by itself. This process is 

largely determined by the viscosity of the solution. Casting of lower-viscosity solutions containing 

a higher molar ratio of IL resulted in rapid expansion of the droplet on the surface and formation 

of a non-uniform membrane. Slow spreading of viscous solutions prepared using higher molar 

ratios of copolymer made it difficult to prepare a thin membrane. In addition, the wettability of the 

surface by the IL solution may affect the quality of the membrane. For example, the IL solution 

used in this study could not form a good-quality film on a hydrophobic surface.  
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Figure 4.3 (a) Nyquist plot obtained from the potentiostatic EIS of the in situ 

spectroelectrochemical cell (Frequency range: 100 kHz to 1 Hz, amplitude: 10 mV). Inset: the 

equivalent circuit model used to fit the EIS data, Re - electrolyte resistance, Rct - charge transfer 

resistance, Cdl – double layer capacitance, Rm - porous membrane resistance, Cm - double layer 

capacitance derived at porous membrane, and Zw - Warburg impedance). (b) CV of the blank 

spectroelectrochemical cell before soft landing experiments acquired at scan rate of 50 mV s-1. 

Prior to voltammetry characterization, the different interfacial regions of the cell were 

evaluated using electrochemical impedance spectroscopy (EIS) measurements in vacuum. The 

experimental EIS data were fitted using the EIS spectrum Analyzer software and the equivalent 

circuit model presented in Figure 4.3.39 In this model, the impedance of the Au/IL interface and 

the pores in the IL membrane are considered as separate elements. The experimental Nyquist plot 

and the best fit obtained using the equivalent circuit are shown in Figure 4.3(a). The presence of a 

semicircle in the high-frequency range (100 kHz – 300 Hz) is attributed to the charge transfer 

kinetics due to polarization of the WE and indicates the formation of a well-defined double layer 

at the Au/IL interface. The EIS model shows that the impedance of this range of frequencies is a 

combination of the electrolyte resistance (Re = 64 Ω), charge transfer resistance (Rct  = 5000 Ω) 
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and double layer capacitance (Cdl = 5.8 x 10-6 F). The frequency range between 300 Hz and 2 Hz 

is attributed to the diffusion controlled polarization through the IL layers on the WE. The 

impedance of this region consists of the resistance of the porous membrane (Rm = 1430 Ω), double 

layer capacitance at the porous membrane (Cm = 3.7 x 10-8 F), and Warburg impedance (Zw = 2 x 

104 Ω.s-0.5) , which arises from the limited adsorption of ionic species at the WE. Overall, the EIS 

analysis showed that the presence of a characteristic diffusion controlled region in the cell 

corresponds to compact double-layer structure. This type of interface is representative of 

technologically-relevant solid-state EEIs, in which the limited diffusion of ions in the porous 

electrolyte results in additional diffusional resistance.40-42 Following the EIS experiments, CV 

measurements were performed for several cycles prior to ion deposition (Figure 4.3(b)) and 

showed the interface to be very stable.  

 

Figure 4.4 In situ CV of soft-landed PW12O40
3- anions in the potential range between -2100 and -

100 mV. CV measurements were performed after 3 × 1015 ions were deposited onto the cell. 

Scan rate: 0.5 mV s-1. The reduction portion of the CV curve showing potential regions outlined 

with red dashed lines and labeled with numbers on top along with key electron transfer processes 

examined spectroelectrochemically. The potentials used in the IRRAS measurements are marked 

with blue dots on the CV curve.  
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Table 4.1 Calculated electrochemical parameters in the CV studies of WPOM anions at a scan 

rate of 0.5 mV s-1. The Ep, red and Ep, ox refer to reduction and re-oxidation peak potentials; E1/2, red 

and E1/2, ox refer to reduction and re-oxidation half-wave peak potentials. 

 Reduction Re-oxidation  

Peak # Ep, red, 

mV 

E1/2, red, 

mV 

Δ (E1/2, red-

Ep, red), mV 

Ep, ox, 

mV 

E1/2, ox, 

mV 

Δ (E1/2, ox-

Ep, ox), mV 

Number of electron 

transferred, n 

1 -478 -417 61 -373 -439 66 1 

2 -875 -814 61 -770 -835 65 1 

3 -1430 -1369 61 -1318 -1377 59 1 

4 -1744 -1687 57 -1640 -1696 56 1 

5 -2028 -1988 40 -1913 -1964 51 1 

An in situ CV study of the soft-landed WPOM was performed in vacuum after deposition 

of  3 × 1015 ions onto the WE of the cell. A typical CV plot obtained for the soft-landed PW12O40
3- 

anions at a scan rate of 0.5 mV s-1 is shown in Figure 4.4. Consistent with previous studies,35,43 

five pairs of oxidation/reduction peaks corresponding to multielectron transfer processes were 

observed in the potential range between -2100 and -100 mV. The reduction and re-oxidation peak 

potentials (Ep, red and Ep, ox) and the number of electrons transferred in each process (n) are listed 

in Table 4.1. We observe quasi-reversible behavior of the WPOM anions in terms of 

electrochemical performance, which is attributed to the relatively slow diffusion of the ions in the 

electrolyte membrane. All of the redox peaks show one electron transfer behavior. Thus, the major 

electrochemical reactions taking place at EEIs in the different potential regions may be attributed 

to a stepwise conversion of WPOM anions from one charge state to the next as shown in Figure 

4.4. To facilitate the discussion, we split the reduction potential range into six regions (I–VI) each 

containing a single reduction peak (Figure 4.4). In each of the potential regions, reduced WPOM 

species are produced through conversion of the lower charge state of WPOM present at EEI. 

Previous electrochemical and spectroscopic studies have demonstrated the exceptional 

“electron sponge-like” behavior of Keggin POM anions.27,28,31 According to density functional 

theory (DFT) calculations, PMo12O40
3- can accommodate up to 24 excess electrons to produce a 

super-reduced PMo12O40
27- anion.31 DFT calculations also indicate that similar molecular and 

electronic structural changes to PMo12O40
3- can be expected for PW12O40

3- in the reduction 
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process.31 The structural evolution of reduced POM anions was observed previously using 

operando Mo K-edge extended X-ray absorption fine structure (XAFS) analysis of a MoPOM 

molecular cluster battery.27 During the reduction process, the terminal Mo=O bonds are converted 

into single Mo-O bonds. Meanwhile, the size of the anion does not change to a large extent until 

the Mo-Mo bonds start to form following the transfer of more than 13 electrons. The WPOM 

anions examined in this study are structurally more rigid than MoPOM anions.34 Gas-phase studies 

also indicate that WPOM anions undergo dissociation at higher internal energies than MoPOM.32 

Thus, changes in different types of W-O bond lengths are expected to be less pronounced in 

WPOM compared with MoPOM. However, WPOM anions produce better-quality IRRAS spectra 

in comparison to MoPOM with narrower and more intense absorption bands corresponding to P-

O and W-O bonds.44 Furthermore, we have previously shown similar trends in the positions of 

terminal Mo=Ot and W=Ot bands as a function of the charge state of the POM anion.33  Herein, 

we used IRRAS for in situ characterization of structural transitions in WPOM anions during 

reduction/oxidation processes at different potentials applied to the WE.  

In situ IRRAS spectra acquired at different ion coverages during the WPOM deposition 

are shown in Figure 4.5. These spectra were obtained using the cell without WPOM as a 

background. Several bands in the range between 3000 and 1200 cm-1, which increase in intensity 

during the deposition process, are observed at wavenumbers corresponding to EMIMBF4 

vibrational bands reported in the literature38 and attributed to structural changes in the electrolyte 

membrane resulting from ion soft-landing (Figure 4.5) and electrochemical cycling (Figure 4.6 

and Figure 4.7).38,45 Detailed assignment of these bands is outside of the scope of this chapter. In 

addition, WPOM bands in the range between 1100 and 800 cm-1 are clearly visible at higher ion 

coverages, which confirms that the soft-landed WPOM anions are successfully deposited onto the 

WE.   



 

 

115 

 

Figure 4.5 In situ IR spectra of the electrochemical cell obtained at different ion coverages. The 

IR spectrum of the initial blank cell is used as the baseline. The top spectrum represents the 

WPOM soft-landed on a bare Au surface for comparison.  
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Figure 4.6 IRRAS spectra of in situ spectroelectrochemical cell obtained at different potentials 

during reduction processes indicated on the left side in the range of 3000-700 cm-1.  
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Figure 4.7 IRRAS spectra of in situ spectroelectrochemical cell obtained at different potentials 

during re-oxidation processes indicated on the left side in the range of 3000-700 cm-1.  

Another background IRRAS spectrum was acquired at the end of the ion deposition and 

prior to the in situ IR spectroelectrochemical experiments. The IRRAS baseline was collected with 

0.3 V applied to the WE because no electron transfer process was observed at this potential 

indicating that PW12O40
3- ions are the dominant electroactive species at the EEI. Using this 

background spectrum, IR bands affected by the potentials applied to the WE of the in situ cell were 

observed with high sensitivity and without substantial interference from other bands. To examine 

structural changes of WPOM anions during the oxidation/reduction reactions at EEI, in situ IRRAS 

spectra were acquired at different potentials marked with blue dots in Figure 4.4. In these 

experiments, the cell was held at different potentials that were varied stepwise from -0.3 V to -2.1 

V in intervals of 0.2 V. At each WE potential, the cell was allowed to equilibrate for 10 min and 

the cell current was observed to stabilize at its minimum value (Figure 4.8) which ensures the 

equilibrium state of the EEI during the IRRAS measurements at each potential. 
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Figure 4.8 Chronoamperometry during the spectroelectrochemistry experiments. The 

measurements are shown in consecutive 1800-sec segments (including 600 sec equilibration and 

1200 sec IRRAS measurement time). 

IRRAS spectra acquired at different potentials during the reduction and oxidation processes 

are presented in Figures 4.9(c) and 4.9(d), respectively. Full-range IRRAS spectra obtained during 

the reduction process are shown in Figures 4.6 and 4.7. A spectrum of soft-landed PW12O40
3- on a 

bare gold surface is shown in Figures 4.9(a) for comparison. A spectrum acquired at -2.1 V is 

shown separately in Figures 4.9(b) to illustrate the IR features discussed in detail in the following 

paragraphs. Specifically, band A corresponds to a broad negative feature at 980 cm-1; band B refers 

to the positive feature at 969 cm-1. The negative bands at 904 cm-1, the positive band at 880 cm-1 

and the negative band at 820 cm-1 are referred to as band C, D and E, respectively. During the 

reduction process, no obvious changes in the IRRAS spectra were detected at potentials more 

positive than -0.3 V applied to the WE. As a result, the spectrum obtained at -0.3 V is 

indistinguishable from the background spectrum. However, several positive and negative bands 

appeared at -0.5 V and their positions and intensities continued to evolve at more negative 

potentials. Specifically, band A appeared at -0.5 V and continued growing in intensity at more 

negative potentials. Band B appeared at -0.5 V, became broader and shifted towards lower 

wavenumbers in region II and continued growing in abundance and shifting towards lower 

wavenumbers in regions III through VI. Bands C, D and E appeared at -0.5 V and showed only a 
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slight change in abundance over the entire range of potentials. The observed trend is reversible as 

indicated by the intensities and positions of the bands observed during the oxidation process, in 

which the WE potential was increased from -2.1 to -0.3 V. 

 

Figure 4.9 (a) In situ IRRAS spectrum of WPOM anions soft-landed on a bare gold surface. (b) 

Representative IRRAS spectrum acquired at -2.1 V shown to illustrate new features that appear 

during the spectroelectrochemical measurements. The red dashed line indicates the IR baseline. 

In situ IRRAS spectra obtained at different potentials during the (c) reduction and (d) oxidation 

processes of WPOM. The potential regions I-VI and the corresponding charge states of the 

reduced WPOM species are marked on the right. 
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Comparison of the IRRAS spectra obtained at different potentials with the spectrum of 

PW12O40
3- on neutral gold indicates that the observed bands may be attributed to structural changes 

occurring in WPOM anions at the energized EEIs. The positive peaks in the IR spectra in Figures 

4.9(c) and 4.9(d) can be interpreted as emerging features of the reduced WPOM anions, while the 

negative peaks correspond to absorption bands of PW12O40
3-, which was originally present at the 

EEI and becomes depleted with reduction. These bands disappear as the 3- anions are reduced and 

are observed as negative signals relative to the PW12O40
3- background. 

IR bands of WPOM were assigned based on our previous study of soft-landed PW12O40
3- 

anions1 and are compared with both the experimental IR spectrum of phosphotungstic acid2 and 

the calculated vibrational bands of isolated PW12O40
3- in the gas phase.1,3 Specifically, the bands 

at 990 and 1083 cm-1 are assigned to the terminal W=Ot stretching vibration and asymmetric 

coupling of P-O and W=Ot stretching modes (shown as P-O in Figure 4.9(a)), respectively. 

Meanwhile the two bands at 900 and 835 cm-1 are assigned to the vibrational stretching of two 

types of bridging oxygen atoms, W-Ob2-W and W-Ob1-W, respectively. The P-O and W=Ot 

symmetric coupling motion appears to be a shoulder on the W=Ot stretching band at lower 

wavenumbers (961 cm-1). We note that band positions may be shifted in the 

spectroelectrochemistry experiments described in this study in comparison with gas-phase 

literature values due to interactions of WPOM anions with electrolyte ions (IL ions) at the interface.  

IRRAS spectra obtained using soft-landed PW12O40
3- as a background (Figures 4.9(c) and 

4.9(d)) do not contain a peak around 1083 cm-1 indicating that the P-O band is not affected by the 

redox processes. Bands A (negative) and B (positive) may be attributed to changes in the W=Ot 

vibration. Changes in the position and intensity of these bands will be discussed in detail later. 

Bands C, D and E may be attributed to the evolution of the W-Ob2-W and W-Ob1-W bridging bands 

at different potentials. Specifically, bands C and E may be attributed to either the disappearance 

or shift in position of the W-Ob2-W and W-Ob1-W bands, respectively. Although an intense W-

Ob1-W bridging band at 835 cm-1 is present in the IRRAS spectrum of WPOM soft-landed onto a 

bare gold surface (Figures 4.9(a)), the abundance of band E is low indicating that the W-Ob1-W 

bridging mode does not undergo substantial changes during the reduction process. In contrast,  

similar intensities of bands C (positive) and D (negative) may be ascribed to the same vibrational 

mode, which is shifted towards lower wavenumbers (from 904 cm-1 to 880 cm-1) during the redox 
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process. We propose that the observed change may be attributed to an elongation of the W-Ob2-W 

bridging band with WPOM reduction, which is consistent with the literature XAFS studies 

described earlier.4 Both bridging band peaks appear after the first reduction step and their positions 

do not change substantially over the entire potential range. This observation indicates that after the 

initial structural change at -0.5 V, the bridging bands do not change substantially when WPOM 

accepts additional electrons. This is in agreement with the slight elongation of the bridging bands 

and relatively small change in reduced POM cage size indicated by previous XAFS and DFT 

studies.4,5  

In contrast to the bridging bands, the intensity and position of the W=Ot band is strongly 

affected by the redox processes. Band A that appears at -0.5 V and increases in intensity at more 

negative potentials is assigned as W=Ot vibrations of the soft-landed PW12O40
3- anions. The 

gradual increase in the intensity of band A over the entire reduction potential range indicates an 

incomplete initial conversion of the soft-landed WPOM3- resulting in the observed reduction of 

this ion at more negative potentials. The number of WPOM reduced at the surface is limited by 

the migration of ions in the diffuse layer. The soft-landed PW12O40
3- are distributed throughout the 

bulk of the electrolyte membrane, which limits the rate of their transport to the electrode surface. 

Reduction of the remaining PW12O40
3- anions is most likely driven by the increased potential-

controlled migration of ions at more negative overpotentials and contributes to the observed 

gradual increase in band A.  

In addition, we observed pronounced and reversible changes in both peak positions and 

intensities of band B in the wavenumber range between 969 and 935 cm-1 during the 

reduction/oxidation process. According to the XAFS experiments cited earlier,4 as the cluster is 

reduced to more negative charge states, the terminal W=Ot bond gradually loses its double bond 

character and is converted into a single bond. The observed shift in the position of the W=Ot band 

toward lower wavenumbers in our IRRAS spectra is consistent with this previous assertion. We 

hypothesized that the formation of different charge states of WPOM at different potentials applied 

to the WE is responsible for the observed change in both the position and intensity of the W=Ot 

peak in the wavenumber range between 969 and 935 cm-1.  
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Figure 4.10 (a) Fitted IR spectra obtained during the reduction process in the wavenumber range 

between 1000 to 800 cm-1. Bar graphs showing the intensities of the positive (b) and negative (c) 

bands in the W=Ot region obtained from curve fitting as a function of the potential applied to the 

WE. The potential regions (I-VI) and charge states of the reduced WPOM at each potential are 

marked to facilitate understanding. 
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To test this hypothesis, we fitted the IR spectra obtained at potentials ranging from -0.5 to 

-2.1 V in the reduction process. The spectra were simulated using a sum of several Lorentzian 

distributions with peak positions in the range between 1000 and 800 cm-1, as described in detail in 

the experimental section. Spectra obtained from the best fit of the IRRAS data during the reduction 

process are shown in Figures 4.10(a). A comparison of the experimental and simulated IRRAS 

spectra at each reduction potential is shown in Figures 4.11. We observed moderate changes in the 

intensities of the bridging bands, indicating that they do not undergo substantial evolution during 

the reduction process. In addition, curve fitting provides insights into changes in the W=Ot band 

in the different potential regions observed experimentally. The shape of the W=Ot band was 

adequately reproduced using a sum of two negative peaks at 997 and 980 cm-1 and two positive 

bands: one at 969 cm-1 has a fixed position over the entire potential range, while another one shifts 

towards lower wavenumbers (red shifts) from 958 to 935 cm-1 with increasing WPOM reduction. 

The intensities of the two positive and negative bands as a function of the applied potential 

obtained from curve fitting are shown in Figures 4.10(a) and 4.10(b). In region I, we observe one 

positive growing feature at 969 cm-1. Because the spectra were acquired with PW12O40
3- as a 

background, we propose that this peak corresponds to the W=Ot band of PW12O40
4-. This peak 

gradually decreases in region II and disappears at more negative potentials. We attribute the 

presence of this band in region II to the incomplete conversion of PW12O40
4- into PW12O40

5-. 

Another peak appears in region II at 958 cm-1, which subsequently grows in intensity and shifts to 

947 cm-1 (region III), 942 cm-1 (region IV), 938 cm-1 (region V), and 935 cm-1 (region VI). We 

propose that this red-shifting peak corresponds to PW12O40
5-, PW12O40

6-, PW12O40
7-, PW12O40

8- 

and PW12O40
9- in regions II, III, IV, V, and VI, respectively (summarized in Table 4.2). The shift 

in the position of this peak is attributed to elongation of the W=Ot bond as it converts from a double 

bond to a more single-like bond with increasing reduction of WPOM. The negative peak at 980 

cm-1 grows in intensity in regions I through IV while the negative peak at 997 cm-1 does not show 

a clear trend with the increase in the applied potential. The origin of the 997 cm-1 band cannot be 

determined based on our current results. However, the evolution of the 980 cm-1 feature is 

consistent with our assignment of this band to the PW12O40
3- species. As discussed earlier, the 

increase in abundance of the peak at 980 cm-1 during the reduction process is attributed to the 

incomplete conversion of PW12O40
3-. 

  



 

 

124 

 

Figure 4.11 Experimental and curve-fitted IRRAS spectra at different potentials in the reduction 

process marked on the top left side of each plot. In each plot, experimental spectrum is shown in 

black and the best fit curve is shown in red. The sum of squares in each curve fitting is indicated 

on the top right. 

Table 4.2 IR band assignments to different charge states of reduced WPOM from the 

spectroelectrochemistry experiments in the range of 1000-800 cm-1. 

              IR band  

                 (cm-1) 

Species 

A B C D E 

PW12O40
4- 997 980 969 904 880 820 

PW12O40
5- 997 980 958 904 880 820 

PW12O40
6- 997 980 947 904 880 820 

PW12O40
7- 997 980 942 904 880 820 

PW12O40
8- 997 980 938 904 880 820 

PW12O40
9- 997 980 935 904 880 820 

4.4 Conclusions 

In summary, the observed changes in the IRRAS spectra of WPOM during the redox 

process may be attributed to the presence of the different charge states at the interface. We 

observed an incomplete conversion of WPOM anions in the first two reduction steps. At more 

negative potentials, the conversion efficiency is challenging to estimate because of the substantial 

increase in the abundance of the W=Ot band that obscures the lower charge states potentially 
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present at the interface. The incomplete conversion is attributed to potential-controlled migration 

of ions at more negative overpotentials. These results demonstrate that minor structural changes 

in the reduced WPOM anions may be observed using the spectroelectrochemical approach 

developed in this study in combination with precise control of the electroactive species prepared 

by soft-landing of mass- and charge-selected ion onto a specially-designed electrochemical cell. 
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 GAS PHASE FRAGMENTATION OF HOST-GUEST 

COMPLEXES OF CYCLODEXTRINS AND POLYOXOMETALATES 

5.1 Introduction 

Host-guest supramolecular chemistry refers to the encapsulation of a guest molecule by the 

cavity of a macrocyclic host molecule via non-covalent interactions 1-3. It has been widely 

employed for the design and construction of supramolecular assemblies for applications in 

catalysis 4,5, materials sciences 6,7, and drug delivery 8,9. The hydrophobic effect was originally 

proposed to be a major driving force for the formation of host-guest complexes in the solution 

phase 10,11. The incorporation of a hydrophobic guest into the apolar cavity of a host molecule is a 

thermodynamically favorable process 12. 

Recent studies have demonstrated an unexpected formation of strongly bound complexes, 

in which a chaotropic anion is embedded in a hydrophobic cavity of a macrocyclic host molecule. 

Chaotropic anions are often described as hydrophilic species with a delocalized charge, which 

form complexes with host molecules mainly because of a strong binding of the anion to the host 

molecule 13. The formation and stability of these host-guest complexes have been discussed in the 

context of a chaotropic effect as an alternative driving force for supramolecular assembly in an 

aqueous solution 12,14. The chaotropic effect is explained as follows: encapsulation of a chaotropic 

ion into the binding pocket of a host molecule allows for the recovery of the water structure initially 

disrupted by the ion 15. Despite the entropic penalty resulting from the reorganization of water 

molecules, this process is thermodynamically favorable due to a large negative enthalpy of 

complexation 16. The chaotropic effect becomes particularly pronounced for halogenated 

dodecaborates (B12X12
2-, X = F, Cl, Br, I) and small polyoxometalates (POMs) referred to as 

superchaotropic anions that lie far beyond the classical Hofmeister series 17,18. The strong binding 

between B12X12
2- anions and several host molecules have been observed in the gas phase free of 

solvent environment 19.  

Superchaotropic POM anions 20,21 also have been explored as guest species in host-guest 

supramolecular complexes with macrocyclic host molecules such as pseudorotaxanes 22, 

cucurbit[n]uril 23-25, and calix[4]arene derivatives 26,27. The unique redox properties of POMs make 
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their host-guest complexes particularly attractive building blocks for the design of functional 

supramolecular assemblies 28-30. In particular, host-guest complexes of POMs and cyclodextrins 

(CDs) have been extensively studied. CDs are a class of cyclic oligosaccharides composed of 6, 7, 

and 8 D-glucopyranosyl residues (α-, β-, and γ-CD, respectively) linked by α-1,4 glycosidic bonds 

31. The shape-persistent hydrophobic cavity of a well-defined size enables the wide application of 

CDs as exceptional synthetic receptors in nanotechnology 32,33, catalysis 34,35, and pharmaceutical 

science 36,37.  

The first example of CD-POM host-guest complexes was described by Stoddart and co-

workers 38. Several novel CD-POM host-guest supramolecular hybrid materials have been 

successfully prepared through solution-phase approaches, and the non-covalent interactions of the 

host-guest assemblies have been systematically characterized 39-43. Nuclear magnetic resonance 

(NMR) and single-crystal X-ray diffraction (XRD) analyses have confirmed that hydrogen-

bonding between POM and CD contributes to a majority of supramolecular interactions both in 

solution and in the solid state 38-40. Meanwhile, the intrinsic non-covalent interactions between 

POMs and CDs free of solvent effects are still largely unexplored.  

Mass spectrometry (MS) enables the investigation of structures and stabilities of host-guest 

complexes as isolated species in the gas phase 44-47. Several studies have examined gas-phase 

fragmentation of CD complexes with amino acids 48, peptides 49, nucleobases 50, and 

organometallic compounds 51,52. Of particular interest to this work are gas phase fragmentation 

studies of CD-POM complexes using collision-induced dissociation (CID), which provide 

insights into the intrinsic interactions of POMs and CDs 53,54. Herein, we explore the effect of the 

cavity diameter of the host CD molecule and properties of the guest POM anion on the gas phase 

fragmentation of CD-POM complexes. In particular, we examine CD-POM host-guest 

complexes of two archetypal POM structures, Keggin (PW12O40
3-, W12POM3-) and Lindqvist 

(M6O19
2-, M6POM2-, where M = Mo or W) anions with three types of CDs with different cavity 

diameters, α-, β-, and γ-CD. Aside from proton transfer and direct dissociation pathways, which 

are characteristic of CID of non-covalent complexes, we observe simultaneous loss of multiple 

water molecules from the complex. We attribute this unusual fragmentation pathway to covalent 

bond formation between the CD host and POM fragments induced by proton transfer upon 

collisional activation. Covalent coupling of non-covalent complexes in CID has been previously 
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reported for complexes of crown ethers with amines 55-57. Furthermore, unusual reactivity in the 

gas phase has been observed when the host cavity of cucurbiturils was used as a molecular reaction 

container 58. However, to the best of our knowledge the reactivity observed in this study has not 

been previously reported. The results presented herein open up intriguing opportunities for 

studying proton-induced chemistry of guest anions inside host cavities and covalent modification 

of macrocyclic host molecules. 

5.2 Experimental Sections 

5.2.1 Chemicals 

Sodium phosphotungstate tribasic hydrate (Na3[PW12O40]·xH2O), sodium molybdate 

(Na2MoO4), sodium tungstate dihydrate (Na2WO4·2H2O), tetrabutylammonium bromide (TBA) 

(C16H36BrN), α-cyclodextrin (C36H60O30), β-cyclodextrin (C42H70O35), γ-cyclodextrin (C48H80O40), 

methanol-d4 (CD3OD, 99.8 atom % D), deuterium oxide (D2O, 99 atom % D), and water-18O 

(H2
18O, 97 atom % 18O) were all purchased from Sigma-Aldrich (St. Louis, MO, USA). 

Hydrochloric acid (HCl, 25 wt %) was purchased from Honeywell (Mexico City, Mexico). Ethyl 

ether ((C2H5)2O, anhydrous), water (H2O, HPLC grade), and methanol (CH3OH) were purchased 

from Fisher Scientific (Fair Lawn, NJ, USA). 

5.2.2 Synthesis 

1. Preparation of Keggin [CD + W12POM]3- Host-Guest Complex Solutions: A 1 mM 

stock solution of W12POM3- was prepared by dissolving Na3[PW12O40] in methanol. 1 mM stock 

solutions of α-, β-, and γ-CD were prepared by dissolving CD in 90:10 (v/v) methanol/water 

solution. We found it to be necessary to include water to better solubilize the CDs. The final 

solution for ESI-MS was prepared by combining the Keggin POM and CD stock solutions in a 

1:1 ratio and diluting the mixture with methanol to a final concentration of 10 µM. 

2. One-Pot Synthesis of Lindqvist [CD + M6POM]2- Host-Guest Complexes: Na2[X-CD + 

M6O19] (where M = W or Mo, and X = α, ß, or γ) was synthesized using a one-pot method 

adapted from Cadot, et al 59. Typical synthetic procedure is described here using [Na+]2[γ-CD + 

W6O19]
2- as an example: 0.1 g (0.3 mmol) Na2WO4·2H2O was dissolved in 4 mL of water, 

followed by addition of 0.072 g (0.05 mmol) of γ-CD under stirring. The same 6:1 molar ratio of 
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Na2MO4 and CD was used for the one-pot synthesis with both - and -CD. A total of six of 

these syntheses were performed in order to get a sample of each combination of [X-CD + 

M6O19]
2-. These solutions were diluted with methanol to a concentration of 10 µM for MS 

analysis. We also verified that the same Lindqvist CD-POM complex can be made by mixing 

[(n-C4H9)4N]2[W6O19] and γ-CD directly in methanol in the case of [γ-CD + W6POM]2-. Synthesis 

of [(n-C4H9)4N]2[W6O19] was done by a procedure adapted from Klemperer et al 60. 

5.2.3 MS Experiments 

1. Low-energy CID and HCD Conditions: ESI-MS analyses of the CD-POM complexes 

were performed using LTQ XL Linear Ion Trap Mass Spectrometer and Q-Exactive HF-X 

Hybrid Quadrupole-Orbitrap Mass Spectrometer (Thermo Fisher Scientific GmbH, Bremen, 

Germany). Samples were introduced into the MS inlet by direct infusion from a capillary (50 µm 

ID, 150 µm OD) at a flow rate of ~0.5 µL/min. Typical mass spectrometer conditions on LTQ 

were as follows: electrospray voltage: -3 kV, capillary temperature: 200 ºC, capillary voltage: -

10 V, tube lens: -20 V. Scan range: 100-2000 m/z. In the low-energy CID experiments, 

negatively-charged host-guest complexes were isolated in the linear ion trap and subjected to 

collisions with helium buffer gas. Typical isolation width was 1 m/z. The q value was set at 0.25, 

and the typical activation time was 30 ms. Typical mass spectrometer conditions on Q-Exactive 

were as follows: electrospray voltage: -3 kV, capillary temperature: 250 ºC, RF funnel level: 100. 

Mass spectra were acquired over 150-2000 m/z at 240000 resolution (m/z 400). In Higher-Energy 

Collisional Dissociation (HCD) experiments, ions were mass-selected in quadrupole mass filter 

and subjected to collisions with the background gas in the HCD cell. The isolation width for all 

of the complexes was 0.4 m/z. Collision energies (CE) are reported in the manufacturer-specified 

arbitrary units. 

2. Hydrogen/Deuterium Exchange (HDX) Experiments: The HDX experiments were 

conducted by diluting the solution containing [γ-CD + W6POM]2- with 50:50 (v/v) CD3OD/D2O 

solvent to a final concentration of ~10 µM. The solution was allowed to rest for three hours. All 

ESI-MS and low-energy CID conditions were consistent with those described above. 

3. 18O Exchange Experiments: The 18O-enriched complex, [γ-CD + W6POM]2-, was 

generated using the one-pot synthesis procedure described in the previous section with H2
18O as a 
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solvent. ESI-MS analysis was performed by diluting the solution containing [γ-CD + W6POM]2- 

in 50:50 (v/v) acetonitrile:18H2O to a final concentration of ~10 µM. ESI-MS and low-energy CID 

experiments were performed using the experimental conditions described earlier. 

5.3 Results and Discussion 

The CD-POM host-guest complexes examined in this study are composed of three types 

of CD (α, ß, and γ) and two types of POM (Keggin and Lindqvist, structures are shown in Scheme 

5.1). They were used to generate six different host-guest complexes ([α-CD + W12POM]3-, [ß-CD 

+ W12POM]3-, [γ-CD + W12POM]3-, [α-CD + W6POM]2-, [ß-CD + W6POM]2-, and [γ-CD + 

W6POM]2-. Although this study is mainly focused on W-containing POM anions (W12POM3-, 

W6POM2-), several experiments were performed using Mo6POM2- anion for comparison. Each of 

the anionic complexes was found to be an abundant species in the ESI-MS spectrum (Figure 5.1). 

Although complexes with more than one CD molecule are often produced by ESI-MS 53,54,59, only 

host-guest complexes of 1:1 stoichiometry were examined in this study. 

 

Scheme 5.1 Cyclodextrins (α, ß, and γ-CD) and POM anions (Keggin W12POM3-, Lindqvist 

W6POM2-) used in this study. 
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Figure 5.1 ESI-MS spectra of solutions containing (a) [γ-CD + W12POM]3-  and (b) [γ-CD + 

W6POM]2-. 

5.3.1 ESI-MS of tungsten CD-POM complexes  

Figure 5.1(a) shows a typical ESI-MS spectrum of a solution containing γ-CD and 

W12POM3-. Consistent with the results reported by Cao et al. 54, we observe [γ-CD + W12POM]3- 

and [2γ-CD + W12POM]3- as the major species in the m/z range below 2000 (Figure 5.1(a)). In 

addition to host-guest complexes, the spectrum contains peaks corresponding to W12POM3- and 

HW12POM2- anions. Similar ESI-MS spectra were obtained for complexes of W12POM3- with α- 

and ß-CD (Figure 5.2). In this study, we examine for the first time fragmentation of [α-CD + 

W12POM]3- and [ß-CD + W12POM]3- anions. 

CD-W6POM and CD-Mo6POM complexes were generated using the one-pot synthetic 

procedure reported by Cadot et al 59. In that study, single-crystal X-ray diffraction (XRD) analysis 

was used to confirm that W6O19
2- residing inside the γ-CD cavity has the Lindqvist-type structure 

59. A portion of the ESI-MS spectrum of the resulting solution is shown in Figure 5.1(b). Aside 

from the [γ-CD + W6POM]2- anion, the spectrum contains peaks corresponding to the Cl- adduct 
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of [γ-CD + Cl]- due to the presence of hydrochloric acid in solution, and deprotonated CD, [γ-CD 

- H]-.  

 

Figure 5.2 ESI-MS spectra of solutions containing (a) [α-CD + W12POM]3- and (b) [β-CD + 

W12POM]2-. 

5.3.2 Gas Phase fragmentation Pathways  

We systematically investigated the gas phase fragmentation pathways of anionic CD-

WPOM host-guest complexes using both higher-energy collisional dissociation (HCD) on a QE-

Orbitrap and low-energy CID on an ion trap. For both CD-W12POM and CD-W6POM complexes, 

we observe three major pathways shown in Scheme 5.2: (1) proton transfer from CD to POM, 

which generates peaks corresponding to protonated POM and deprotonated CD in the spectrum; 

(2) direct dissociation of the complex, which generates the original POM anion and undetectable 

neutral CD species; (3) a series of multiple water losses from the complex. The distinctly different 

fragmentation patterns of the CD-POM complexes observed in HCD and low-energy CID provide 

insights into the kinetics of the competing fragmentation pathways, which will be discussed in 

detail in the following sections. 
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Scheme 5.2 Major fragmentation pathways observed for the CD-POM host-guest complexes in 

the gas phase. 

5.3.2.1 MS/MS of W12POM-CD complexes. Fragmentation spectra of CD-W12POM 

complexes obtained under both HCD and low-energy CID conditions are shown in Figure 5.3. We 

observe similar fragmentation patterns for all three types of CDs under the same activation 

conditions and distinctly different fragmentation patterns in HCD and low-energy CID. 

Specifically, HCD spectra of CD-W12POM complexes (Figure 5.3(a)) contain abundant peaks 

corresponding to products of both the proton transfer (pathway 1 in Scheme 5.2) and direct 

dissociation (pathway 2 in Scheme 5.2) pathways. In contrast, pathway 1 generating HW12POM2- 

and [CD - H]- is dominant in low-energy CID spectra (Figure 5.3(b)). We note that the relatively 

low abundance of the [CD - H]- fragment ion in comparison with HW12POM2- fragment is 

attributed both to the lower charge state and to subsequent fragmentation of [CD - H]- (Figure 5.4), 

which reduce the observed signal intensity. Water loss (pathway 3 in Scheme 5.2) appears to be a 

minor process for CD-W12POM complexes in both HCD and low-energy CID experiments. 
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Figure 5.3 (a) HCD (CE = 45) and (b) low-energy CID (CE = 17) spectra of Keggin CD-

W12POM complexes under same conditions. The precursor ion signal in each spectrum is marked 

with an asterisk. 

It is well established that slow collisional excitation in the ion trap favors low-energy 

dissociation pathways, while HCD experiments provide access to entropically favorable higher-

energy dissociation pathways under high-energy conditions 61-63. The observed dominance of 

direct dissociation in HCD spectra and the absence of this pathway in low-energy CID indicate 

that it efficiently competes with proton transfer at higher internal excitations. This observation 

suggests that proton transfer, which is dominant in the low-energy CID spectrum is a low-energy 

channel while direct dissociation of the complex is an entropically favorable process with a higher 

threshold energy than proton transfer.  
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Figure 5.4 (a) CID spectrum of [α-CD + W12POM]3- complex with 10× magnified lower m/z 

region. The fragments observed in the low m/z region is confirmed as the subsequent fragments 

of [CD - H]- by CID spectrum of [CD - H]- (b). 

Figure 5.3 also indicates that the extent of fragmentation of the complex decreases with 

increase in the size of the CD with the [γ-CD + W12POM]3- anion showing the smallest extent of 

fragmentation both in HCD and low-energy CID spectra. This may be attributed to an increase in 

the strength of host-guest interactions between W12POM3- and CD with increase in the cavity 

diameter. Crystal structure of the related [γ-CD + Mo12POM]3- complex indicates that Mo12POM3- 

fits deep inside the larger cavity of γ-CD (9.5 Å) and the complex is stabilized by multiple 

hydrogen-bonding interactions with CD 38. Similar sizes of Mo12POM3- and W12POM3- suggest that 

W12POM3- also fits well into the γ-CD cavity. The cavity diameter of α- and ß-CD are 5.7 Å and 

7.8 Å, respectively, which are smaller in comparison with γ-CD 31. It is reasonable to assume that 

fewer hydrogen-bonding interactions and weaker dispersion forces between POM and smaller CDs 

make the corresponding complexes less stable than the complex of Keggin POM and γ-CD. 

Another possible explanation for the decrease in the extent of fragmentation of the complex with 

increase in the size of CD is that the larger γ-CD-POM complex has a larger number of vibrational 
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degrees of freedom, which results in a decrease in the unimolecular dissociation rate and thereby 

reduces the extent of fragmentation 64. 

The prevalence of proton transfer over other dissociation channels observed in Figure 5.3(b) 

may be attributed to the strong hydrogen bonding interactions between W12POM3- and CD in the 

complex, which facilitate proton transfer from CD to POM. A crystal structure of CD-Mo12POM 

complex indicates the presence of multiple hydrogen bonds between hydroxyl groups of CD and 

oxygen atoms of the POM anion as a major type of non-covalent interactions between POM and 

CD 38. Although the energetics of proton transfer within the complex is not known, it is reasonable 

to assume that proton transfer from CD to W12POM3- is energetically favorable based on the 

substantial difference in the gas-phase basicity of the isolated W12POM3- (374 – 385 kcal/mol) 65 

and the Brønsted acidity of CD (325 – 327 kcal/mol) 66. We propose that upon collisional excitation, 

a proton is abstracted from the proton donor (CD) by the most basic oxygen site of the proton 

acceptor (W12POM3-). It also is reasonable to assume that proton abstraction is inhibited in CID of 

CD-POM complexes containing less basic POM anions, such as Lindqvist anion discussed in the 

next section. Indeed, no proton transfer was observed in CID of a host-guest complex of β-CD 

with another superchaotropic anion, B12F12
2-, with lower gas-phase basicity (322 kcal/mol) 67. 

Instead, the [β-CD + B12F12]
2- complex exhibited loss of a sugar unit, which was attributed to the 

strong binding between β-CD and B12F12
2- in the absence of solvent 19. 

5.3.2.2 MS/MS of CD-W6POM complexes. Gas phase fragmentation pathways of 

Lindqvist CD-W6POM complexes under HCD and low-energy CID conditions are shown in Figure 

5.5(a) and 8.5(b), respectively. Similar to Keggin CD-W12POM complexes, we observe 

comparable fragmentation patterns for CD-W6POM complexes containing different CDs under the 

same collisional activation conditions. However, distinctly different fragmentation patterns are 

observed in HCD and low-energy CID experiments. In contrast with low-energy CID of CD-

W12POM complexes described earlier, proton transfer from CD to W6POM2- (pathway 1 in Scheme 

5.2) is a minor process in CID spectra of CD-W6POM complexes. Instead, HCD spectra of CD-

W6POM complexes contain abundant W6O19
2- peaks corresponding to direct dissociation (pathway 

2 in Scheme 5.2). The observed decrease in the extent of dissociation for different types of CDs is 

similar to that of CD-W12POM complexes, which has been discussed in detail in the previous 

section. The presence of an abundant W6POM2- fragment produced by direct dissociation of [α-
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CD + W6POM]2- in the low-energy CID spectrum is consistent with the relatively weak binding 

between the smaller α-CD cavity and W6POM2- anion. 

 

Figure 5.5 (a) CID spectrum of [α-CD + W12POM]3- complex with 10× magnified lower m/z 

region. The fragments observed in the low m/z region is confirmed as the subsequent fragments 

of [CD - H]- by CID spectrum of [CD - H]- (b). 

Direct dissociation of [α-CD + W6POM]2- is observed in competition with losses of 

multiple water molecules from the complex (pathway 3 in Scheme 5.2), which is the only pathway 

in low-energy CID spectra of [β-CD + W6POM]2- and [γ-CD + W6POM]2- anions (Figure 5.5(b)). 

Water losses also are observed as lower-abundance peaks in HCD spectra of CD-W6POM 

complexes. Figure 5.5(c) shows regions of the low-energy CID spectra of CD-W6POM complexes 

containing the water loss pattern observed as a distribution of peaks spaced by 9 m/z units (z = 2). 

For all three complexes, the most abundant fragment, [CD + W6POM - 6H2O]2-, corresponds to 

the loss of six water molecules. Interestingly, very low signal was obtained for a fragment ion 

corresponding to a single water loss and loss of three water molecules. Similar fragmentation 

patterns were observed in low-energy CID spectra acquired at different excitation voltages (Figure 

5.6) indicating that the observed losses of multiple water molecules are not sequential but rather 
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occur in parallel. Loss of seven water molecules becomes more abundant for the [γ-CD + 

W6POM]2- complex. 

 

Figure 5.6 A region of low-energy CID spectra of [γ-CD + W6POM]2- showing multiple water 

losses at (a) CE = 16, (b) CE = 19, and (c) CE = 22. The precursor ion signal in each spectrum is 

marked with an asterisk. The red ruler on top of the panel shows the corresponding number of 

water losses. 

Further excitation of the fragment ions produced via loss of either single or multiple water 

molecules from [γ-CD + W6POM]2- in an MS3 experiment (Figure 5.7) results in additional losses 

of water molecules. The preference for the overall loss of 6 water molecules is clearly observed in 

the MS3 experiments. MS3 of [γ-CD + W6O19 - 6H2O]2- shows abundant losses of one and two 

water molecules and a minor peak corresponding to three water losses. Despite the preference for 

the loss of six water molecules in the MS2 experiment, an overall loss of up to ten water molecules 

was observed in the MS3 spectra. 
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Figure 5.7 Expanded m/z range of the MS3 spectra showing further multiple water loss peaks 

from the [γ-CD + W6POM]2- complex (CE = 17 eV). The parent peak in each of the MS3 

spectrum isolated from the MS2 of [γ-CD + W6POM]2- is marked with an asterisk. The red ruler 

on top of the panel shows the corresponding number of water losses from the original complex. 

The observed loss of multiple water molecules is not limited to W6POM2-. Low-energy 

CID spectra of CD-Mo6POM complexes shown in Figure 5.8 contain similar multiple water loss 

patterns. However, in contrast with CD-W6POM, CD-Mo6POM complexes predominantly lose 

five water molecules, with a single water loss almost absent in the spectra. In addition, we observed 

an abundant pair of fragments, HMo4O13
- and [CD + Mo2O6 - H - H2O]-, as confirmed by high-

resolution MS experiments. The latter is most likely produced via a loss of one water molecule 
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from the [CD + Mo2O6 - H]- anion. Similarly, HW4O13
- fragment ion is present as a minor peak in 

the spectrum of CD-W6POM. However, the complementary anion undergoes more substantial 

dehydration forming a distribution of [CD + W2O6 - H - xH2O]- (x = 1, 2, 3) fragments with two 

and three water losses as the dominant species (Figure 5.9). This observation is consistent with the 

greater extent of water loss from the CD-W6POM as compared to CD-Mo6POM.  

 

Figure 5.8 (a) Low-energy CID spectra of Lindqvist CD-Mo6POM complexes at CE = 17. The 
precursor ion signal in each spectrum is marked with an asterisk. (b) Expanded m/z range of the 

spectra showing multiple water loss peaks. The red ruler on top of each spectrum shows the 

corresponding number of water losses. 

Simultaneous loss of multiple water molecules is an unusual pathway in low-energy CID. 

We propose that this pathway is initiated by a proton transfer from the CD to the W6POM2- anion. 

Proton transfer is a dominant pathway in dissociation of Keggin CD-W12POM discussed earlier. 

However, for the Keggin CD-W12POM complex, proton transfer is followed by the separation of 

[CD - H]- and HW12POM2-. Comparison of the gas phase basicities of W12POM3- (374 – 385 

kcal/mol) 65 and W6POM2- (335 – 347 kcal/mol) 68 indicates that proton transfer from CD 

(Brønsted acidity: 325 – 327 kcal/mol) 66 to W12POM3- is more exothermic than to W6POM2-, 

which could promote the separation of fragments formed through pathway 1. The absence of the 
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HW6O19
- fragment in the CID spectra of CD-W6POM complexes could be explained by assuming 

that the separation of [CD - H]- and HW6O19
- does not efficiently compete with other dissociation 

pathways.  

 

Figure 5.9 Expanded m/z range of the spectra showing the [CD + W2O6 - H - xH2O]- fragments 

produced from low-energy CID experiments of [α-CD + W6POM]2- (a), [β-CD + W6POM]2- (b), 

and [γ-CD + W6POM]2- (c). 

In order to rationalize simultaneous losses of multiple water molecules from the complex, 

we assume that HW6O19
- or HMo6O19

- formed through the proton transfer step decompose into 

several smaller fragments. We propose that POM fragments formed in this initial step subsequently 

attack the CD cage thereby forming covalent bonds to the host molecule and eliminating multiple 

water molecules. The anionic product of this dissociation pathway is a derivatized CD. MSn 

experiments (data not shown) demonstrate that this species undergoes subsequent loss of several 

water molecules followed by losses of hydrocarbon fragments. However, no losses of W-
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containing neutral molecules were observed in these experiments. These results confirm that POM 

fragments form strong covalent bonds with CD thereby yielding an unusual CD derivative. 

The observed distribution of water losses from the complex may be attributed to the 

presence of multiple pathways for the covalent attachment of metal oxide fragments to the CD. 

Meanwhile, the difference between the preferred number of water losses from the CD-W6POM 

and CD-Mo6POM likely indicates the differences in either the type or reactivity of the fragments 

of HMo6POM- in comparison with HW6POM-. 

The formation of the HMo4O13
- and [CD + Mo2O6 - H - H2O]- pair of fragments could be 

rationalized using the same mechanism. However, in this case only one covalent bond is formed 

between the CD and Mo2O6 fragment releasing one water molecule. In contrast, up to three water 

molecules are released by covalent bond formation between CD and W2O6 fragment, which 

indicates that W2O6 is more reactive than Mo2O6. This finding is in agreement with the more 

efficient water loss from CD-W6POM as compared to CD-Mo6POM. However, this pathway is 

only observed as a minor dissociation channel for CD-W6POM, which is consistent with the higher 

exothermicity of the proton transfer from the CD (Brønsted acidity: 325 – 327 kcal/mol) 66 to 

Mo6POM2- (gas-phase basicity in the range of 342 – 355 kcal/mol) 68 as compared to W6POM2- 

(gas-phase basicity in the range of 335 – 347 kcal/mol) 68. 

5.3.3 Isotopic Labeling Experiments and Statistical Modeling  

5.3.3.1 Hydrogen/Deuterium Exchange. It is reasonable to assume that a majority of 

water losses involve hydroxyl groups of the CD host molecule. In order to obtain additional 

insights into the types of hydrogen and oxygen atoms involved in the process, we carried out H/D 

exchange (HDX) and 18O exchange experiments using [γ-CD + W6POM]2- as a representative 

species. Experimental CID spectra of the complexes were rationalized using statistical simulations. 

HDX experiments were performed by diluting the stock solution of [γ-CD + W6POM]2- 

complex in a deuterated solvent. The extent of HDX was controlled by varying the solvent 

composition. Specifically, a very limited extent of HDX of the hydroxyl groups of γ-CD was 

observed using CD3OD as a solvent. In contrast, more extensive HDX was observed in a 

CD3OD/D2O mixture. γ-CD has 24 labile hydrogens of the hydroxyl groups available for HDX 69. 
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Each of the (α-1,4)-linked α-D-glucopyranose units on the CD structure contains one primary and 

two secondary hydroxyl groups on the outer rim and inner cavity of CD, respectively. The primary 

hydroxyl groups are flexible and often involved in intermolecular hydrogen bonding. Meanwhile, 

the 16 secondary hydroxyl groups on the inner CD surface are connected by intramolecular 

hydrogen bonds, which determine the rigidity of the CD cavity in the condensed phase 69. More 

than sixteen exchanges were previously observed in gas-phase HDX experiments of -CD 

indicating that the exchange is not limited to the primary hydroxyl groups 70. The remaining 

hydrogen atoms in γ-CD on the C-H sites of the glucopyranose units are not exchangeable due to 

their lower acidity.  

In the condensed phase, W6POM2- is deeply embedded into the CD cavity with the eight 

primary hydroxyl groups pointing away from the complex thereby optimizing the interactions with 

solvent molecules in solution or with other complexes in the crystalline phase 59. However, little 

is known about the structure of the [γ-CD + W6POM]2- complex in the gas phase. The HDX 

experiments described herein were designed to probe whether only the secondary or all of the 

hydroxyl groups are involved in the observed water losses. 

 

Figure 5.10 ESI-MS spectrum of a solution of [γ-CD + W6POM]2- in 50:50 (v/v) CD3OD/D2O 

solvent showing the isotopic envelopes of [γ-CD-H]-, [γ-CD + Cl]-, and [γ-CD + W6POM]2- after 

three hours of H/D exchange. 

An ESI-MS spectrum of a solution of [γ-CD + W6POM]2- in 50:50 (v/v) CD3OD/D2O 

solvent analyzed three hours after mixing is shown in Figure 5.10. We observe a series of peaks 

ranging from m/z = 1296 to m/z = 1320 arising from the isotopomers of [γ-CD - H]- produced by 

HDX. The distribution is centered at m/z = 1312 corresponding to 16 exchanged hydrogens (Figure 

5.10). In addition, an isotopic envelope of [γ-CD + W6POM]2- is observed in a range of m/z = 1351 
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- 1365. The center of the isotopic envelope of [γ-CD + W6POM]2- after HDX is shifted to m/z = 

1360 from m/z = 1352 for the original complex corresponding to an average exchange of 16 

hydrogens.  

We systematically examined MS2 of the isotopic peaks of [γ-CD + W6POM]2- from this 

distribution using an isolation window of 1 m/z. The m/z range corresponding to multiple water 

losses in the low-energy CID spectrum of m/z = 1365 from the high m/z side of the isotopic 

distribution is shown in Figure 5.11(a). Each of the features in this region contains a distribution 

of isotopic peaks originating from a combined loss of H2O, HDO, and D2O due to the partial 

exchange of hydrogens with deuterium atoms. 

 

Figure 5.11 Experimental (a) and simulated (b and c) distributions of water losses from m/z = 

1365 isolated from the isotopic pattern of deuterium-exchanged [γ-CD + W6POM]2-. Panel (b) 

shows a simulated spectrum obtained assuming that all of the 24 -OH groups are available for the 

water loss channel; panel (c) shows a simulated spectrum obtained assuming that only 16 -OH 

groups participate in the water loss channel. The red ruler shows the corresponding number of 

water losses. 

The observed isotopic distributions of water losses from partially exchanged [γ-CD + 

W6POM]2- complexes may be rationalized using the following model. We assume that 1) the 

complex has a similar distribution of hydrogen and deuterium atoms as the [γ-CD – H]- detected 

in the ESI-MS spectrum; 2) loss of a single or multiple water molecules is a random single-step 

process. The latter assumption is supported by the non-sequential loss of multiple water molecules 
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discussed earlier. First, we calculate the distribution of deuterium atoms in a selected isotopic peak 

of the complex. Next, we use a hypergeometric distribution to predict the number of deuterium 

atoms incorporated into the water molecules eliminated from this isotopic peak of the complex in 

CID. Finally, we compare the simulated distribution with the experimental CID data. 

In the first step, we calculate all possible combinations of the isotopes of the partially 

exchanged γ-CD and W6POM2- that have an m/z in the +/- 0.5 m/z window selected in the CID 

experiment. This generates a predicted distribution of hydrogen and deuterium atoms in the 

isolated precursor ion. 

In the second step, we calculate the probability of deuterium incorporation into the products 

using a hypergeometric distribution by considering two scenarios: 1) when all of the 24 hydroxyl 

groups participate in the reaction; and 2) only 16 randomly selected hydrogen or deuterium atoms 

can be incorporated into the products. The second scenario represents a situation when only the 

secondary hydroxyl groups participate in the reaction. Knowing the total number of hydrogen and 

deuterium atoms in the pool (N), we calculate the probability of incorporating k deuterium atoms 

into n water losses (n is in the range of 1 - 8). This probability is given by the hypergeometric 

distribution in Eq. 8.1: 

𝐶 (𝑝, 𝑘) =  

𝑝!
𝑘! (𝑝 − 𝑘)!

∙
(𝑁 − 𝑝)!

(2𝑛 − 𝑘)! (𝑁 − 𝑝 − 2𝑛 + 𝑘)!
(𝑁)!

(2𝑛)! (𝑁 − 2𝑛)!

  

(Equation 5.1) 

where p represents the total number of available deuterium atoms in the pool. We note that Eq. 8.1 

is also used to calculate the initial distribution of deuterium atoms in the second scenario described 

earlier, in which we limited the number of available hydrogen or deuterium atoms to 16. The 

calculated distributions of possible neutral losses from m/z =  1365 when either 24 or 16 hydroxyl 

groups participate in the reaction are shown in Figures 8.11(b) and 8.11(c), respectively. We 

observe a similar bell-shaped isotopic pattern for each of the multiple water loss features in both 

of the simulated spectra. However, the simulated distribution in Figure 6c demonstrates a distinct 

shift in the center of m/z in each of the multiple water loss features with respect to the experimental 
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isotopic distribution. The deviation of the center of m/z obtained from the simulation and the 

experimental value increases gradually with an increase in the number of water losses. In contrast, 

the experimental results are in a good agreement with the simulation, in which all of the 24 

hydroxyl groups are assumed to be involved in the water loss channel (Figure 5.11(b)). We 

conclude that all of the 24 hydroxyl groups are involved in the observed water losses. It is unlikely 

that W6POM2- interacts with all the 24 hydroxyl groups prior to collisional excitation. The lack of 

selectivity towards specific types of hydroxyl groups in CD participating in the water loss indicates 

that the initial gas phase structure of the complex may not be the determining factor in the 

mechanism of this fragmentation pathway. 

5.3.3.2 18O Exchange. A similar approach was used to examine fragmentation of 18O-

exchanged [γ-CD + W6POM]2- anions. In these experiments, the complex was generated using the 

one-pot synthesis of in H2
18O. The incorporation of 18O atoms into W6POM2- was confirmed using 

ESI-MS (Figure 5.12). We observe that the isotopic patent of CD remains the same in  H2
16O and 

H2
18O indicating that oxygen atoms of γ-CD do not participate in the 18O exchange. Meanwhile, 

the center of the isotopic distribution of W6POM2- shifts from m/z = 704 to m/z = 722 

corresponding to the incorporation of eighteen 18O atoms into W6POM2-. Similarly, the center of 

the isotopic distribution of [γ-CD + W6POM]2- complex is shifted from m/z = 1352 to m/z = 1370 

confirming the same extent of 18O exchange in the complex. 

 

Figure 5.12 ESI-MS spectrum of a solution of 18O-exchanged [γ-CD + W6POM]2- in 50:50 (v/v) 

acetonitrile/H2
18O solvent showing W6POM2- and [γ-CD + W6POM]2-. 

MS2 spectra of the isotopic peaks of [γ-CD + W6POM]2- from this distribution were 

acquired using an isolation window of 0.5 m/z. Figure 5.13 shows the low-energy CID spectrum 
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of m/z = 1369.5 in the m/z range containing water loss fragments. The most abundant isotopic 

signal in each of the water loss features corresponds to losses of H2
18O molecules, which indicates 

that oxygen atoms of W6POM2- participate in this reaction. 

We rationalize the observed isotopic distribution of multiple water losses from 18O-

exchanged [γ-CD + W6POM]2- using the same statistical modeling described earlier. Three 

scenarios are considered in these simulations: 1) only 19 oxygen atoms of W6POM2- participate in 

the reaction; and 2) 35 oxygen atoms of both W6POM2- and 16 primary hydroxyl groups of γ-CD 

can be incorporated into the reaction product; 3) 43 oxygen atoms of both W6POM2- and all 24 

hydroxyl groups of γ-CD are involved in the process. 

 

Figure 5.13 Experimental (a) and simulated (b, c and d) distributions of water losses from m/z = 

1369.5 isolated from the isotopic pattern of 18O-exchanged [γ-CD + W6POM]2-. (b-d) Simulated 

spectra obtained assuming that different number of oxygen atoms participate in the water loss 

channel: (b) only the oxygen atoms of W6POM2-; (c) a total of 35 oxygen atoms of both 

W6POM2- and 16 secondary hydroxyl groups of γ-CD; (d) a total of 43 oxygen atoms of 

W6POM2- and all 24 hydroxyl groups of γ-CD. The red ruler shows the corresponding number of 

water losses. 

The calculated distributions of possible water losses from m/z = 1369.5 in the above 

described scenarios are shown in Figure 5.13(b), 8.13(c) and 8.13(d), respectively. The simulated 
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water loss spectrum shown in Figure 5.13(b) is in good agreement with the experimental result, 

showing substantial incorporation of 18O into the neutral products. In contrast, simulated water 

loss spectra (Figure 5.13(c) and 8.13(d)) deviate from the experimental spectrum in both the center 

of m/z and shape of the isotopic distribution. These results indicate that oxygen atoms of W6POM2- 

are predominantly incorporated into the water molecules produced in this reaction. 

Based on the results of HDX and O18 exchange experiments, we conclude that the multiple 

water losses in the low-energy CID spectra of CD-M6POM (M= Mo, W) complexes are composed 

of H atoms from the hydroxyl groups of CD and O atoms of M6POM2-. The observed 

fragmentation pathway may be rationalized assuming that the initial proton transfer from CD to 

M6POM2- results in dissociation of HM6POM- producing reactive metal oxide species. These 

species subsequently undergo multiple condensation reactions with the hydroxyl groups of CD 

eliminating water molecules. Dehydration reactions between alcohols and multinuclear transition 

metal oxides in the gas phase resulting in a loss of one water molecule have been previously 

reported71-73. The reaction mechanism involves deprotonation of an alcohol by a metal oxide 

followed by alkoxo ligand substitution resulting in elimination of a water molecule74. Isotopic 

labeling experiments have confirmed that the oxygen atom in the resulting alkylated metal oxide 

product originates from the alcohol, which is consistent with our results71. It has been demonstrated 

that W-containing metal oxides are more reactive towards alcohol dehydration than their Mo-

containing analogs71. The enhanced reactivity of W-containing metal oxides may be used to 

rationalize the more efficient water loss from CD-W6POM as compared to CD-Mo6POM observed 

in this study75. 

5.4 Conclusions 

We report a systematic investigation of the gas phase fragmentation pathways of host-guest 

complexes of CDs (α-, ß-, and γ-CD) and small POMs (Keggin W12POM3-, Lindqvist W6POM2- 

and Mo6POM2-). We observe three major fragmentation pathways under high-energy and low-

energy CID conditions: proton transfer from CD to POM, direct dissociation, and a series of 

multiple water losses from the complex. The major dissociation channel is determined by the 

cavity diameter of the CD, the size of the complex, and gas-phase basicity and structural stability 

of the POM anion. In particular, proton transfer from CD to POM followed by the separation of 
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[CD - H]- and HW12POM2- in CD-W12POM complexes is a major channel observed in the low-

energy CID spectra and attributed to the higher gas-phase basicity and stability of the W12POM3- 

anion. In contrast, direct dissociation is more pronounced in HCD indicating that this is an 

entropically favorable pathway associated with a higher threshold energy than the proton transfer 

channel. An unusual fragmentation pathway observed in low-energy CID experiments of CD-

W6POM and CD-Mo6POM complexes corresponds to multiple water losses from the complex. 

These water losses are found to occur in parallel as competing channels and are attributed to 

covalent coupling of the fragments of Lindqvist POM to CD accompanied by elimination of 

multiple water molecules upon collisional excitation. This covalent bond formation efficiently 

competes with other dissociation channels of the CD-W6POM and CD-Mo6POM host-guest 

complexes in the gas phase. The results presented in this study demonstrate the unique proton-

mediated reactivity of transition metal oxide clusters for covalent modification of the macrocyclic 

host molecule via supramolecular gas-phase ion chemistry. Future experiments will examine the 

properties of the derivatized CD produced in the gas phase by depositing them onto surfaces for 

preparing unconventional condensed-phase materials 76-78. 
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 GAS PHASE REACTIVITY OF [MO6X14]2- (X=CL, BR, I) 

DIANIONS 

6.1 Introduction 

The [Mo6X14]
2‒ (X = halogen) dianions consist of an octahedral Mo6 metal core surrounded 

by eight face-bridging (Xi) and six axial (Xa) halides (Figure 1). Previous studies have shown that 

these clusters exhibit high chemical stability, have long-lived excited electronic states, and can 

undergo facile ground and excited state electron transfer reactions.1-3 Such properties have been 

explored to develop luminescence materials, oxygen sensors, and singlet oxygen sensitisers.4-7 For 

example, being highly emissive in the red-NIR region with high photoluminescence quantum 

yields and long emission lifetimes, [Mo6X14]
2‒ are potentially interesting molecular units applied 

in devices for solar energy conversion and photodynamic therapy.8,9 Additionally, these metal 

clusters have been used as building blocks for the construction of various functional 

supramolecular structures such as nanomaterials and multidimensional molecular assemblies.10-12 

 

Figure 6.1 Geometry of octahedral hexanuclear molybdenum [Mo6X
i
8X

a
6]

2‒ (X = F, Cl, Br, I) 

cluster anions. 

Investigation of the structural and electronic properties of the octahedral 13 metal clusters has 

a long standing history and is of ongoing interest.14-23 Brosset first determined the structure of the 

[Mo6Cl8]
4+ core on the basis of his study of [Mo6Cl8](OH)4

.14H2O and [Mo6Cl8](Cl4
.2H2O).6H2O 
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crystals using X-ray diffraction,24,25 followed by structure determination of other molybdenum 

halide complexes, including their bond lengths and vibrational modes.26-32 The photochemical and 

electrochemical properties of [Mo6X14]
2‒ were studied using absorption spectroscopy, emission 

spectroscopy, and electrochemical measurements in solution or solid state.2,3,33 In addition, ground 

and excited electronic states of [Mo6X14]
2‒ have been also investigated using computational 

chemistry methods.34-37 Molecular orbital calculations showed that the highest occupied molecular 

orbital (HOMO) was formed by the 4d atomic orbitals of the core Mo6 atoms38,39 and emission 

occurred via decay of a triplet state.1,40,41  

The current study aims to enhance the knowledge about the fundamental molecular properties 

of [Mo6X14]
2‒ dianions. To the best of our knowledge, a gas phase reactivity study of these 

compounds without influence of environmental factors has not been reported. In this work, we 

discuss the gas phase ion chemistry of these clusters initiated by low-energy collision-induced 

dissociation (CID). All of these results are discussed in comparison with the closo-dodecaborate 

[B12X12]
2- (X=Cl, Br, I) dianions, which were recently studied using the same experimental and 

theoretical methods.42 Closo-dodecaborates are highly symmetric dianions with the negative 

charge delocalized in the extended molecular framework similar to [Mo6X14]
2‒ which is our focus 

in this study. 

6.2 Experimental Section 

In-source CID and ion trap CID experiments of [Mo6X14]
2‒ (X=Cl, Br, I) were performed 

on a Thermo LTQ XL ion trap mass spectrometer (Thermo Fisher Scientific GmbH, Bremen, 

Germany). Specifically, TBA salt of [Mo6X14]
2‒ (X=Cl, Br, I) was dissolved in acetonitrile at a 

concentration of ~10-5 mol/L for MS analyses. Samples were loaded into a gas-tight syringe 

(Hamilton, Reno, NV, USA), and injected into the MS inlet from a capillary (50 µm ID, 150 µm 

OD) through direct infusion using a syringe pump (KD Scientific, Holliston, MA, USA) at a 

typical flow rate of 0.5 µL/min. For acquisition of spectra without fragmentation of ions, typical 

settings were as follows: electrospray voltage: -3 kV, capillary temperature: 250 ºC, capillary 

voltage: -10 V, tube lens: -20 V, scan range: m/z 100-2000. 

In-source CID experiments were performed by applying an accelerating voltage gradient 

in the intermediate pressure region of the ion trap. DC voltages of the inlet capillary and tube lens 
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were adjusted to -140 V and -240 V, respectively, to generate sufficient amount of in-source 

fragments of [Mo6X14]
2‒. The pressure in the tube lens region was ~2 Torr.43 In the ion-trap CID 

experiments, the fragment ions generated in-source were isolated in the linear ion trap and were 

subjected to collisions with helium buffer gas. An isolation window of one m/z unit was used 

throughout the measurements. A typical activation time of 2000 ms was used to investigate 

reactions of the isolated ions with background gases in the ion trap. 

6.3 Results and Discussion 

Gas phase fragmentation pathways of [Mo6X14]
2‒ (X=Cl, Br and I) anions and the 

reactivities of the corresponding fragment ions towards background gases were systematically 

investigated by collision-induced dissociation (CID) experiments using in-source CID and ion-

trap CID methods. It is well established that in-source fragmentation of ions in the intermediate 

pressure region provides access to higher excitation energies.44 Therefore, it allows the generation 

of smaller fragments, which cannot be formed in lower-energy ion-trap CID.45,46 Instead, ion-trap 

CID experiments enables the isolation and fragmentation of ions of a particular m/z value, which 

allows to determine fragmentation pathways. The composition of the background gases in the ion 

source region and in the ion trap are different, so that different adducts with background gases may 

be observed.  

The ESI-MS spectrum of the TBA salt of [Mo6X14]
2‒ in acetonitrile solution contains 

doubly-charged [Mo6X14]
2‒ as the predominant species in negative mode (Figure 6.2). Excitation 

of these ions resulted in the detection of a large variety of different singly charged ions. 
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Figure 6.2 ESI-MS spectra of TBA salt of [Mo6X14]
2‒ (X=Cl (a), Br (b) and I (c)) in acetonitrile, 

showing the doubly-charged [Mo6X14]
2‒ as the predominant species. 

6.3.1 In-Source Collision-Induced Dissociation 

Figure 6.3 show the in-source CID spectra for all the three [Mo6X14]
2‒ ions under optimized 

conditions (see experimental section). We label these fragments in the following simplified manner 

by using the number of Mo atoms and halogen atoms in brackets separated by a comma. We have 

observed exclusively single-charged fragments. However, distinctively different fragment species 

and reaction products with background gases were detected for X=Cl in comparison with X=Br 

and I. In particular, the in-source CID spectrum of [Mo6Cl14]
2‒ shows fragment ions with one to 

six Mo atoms. Most of the fragments with less than six Mo atoms show adduct formation with a 

single H2O molecule (Figure 6.3(a)). In contrast, in-source CID reaction products for X=Br and I 

showed the general formula [Mo6Xn(O2)y]
‒. In Figure 6.3(b) and 9.3(c) all ions with y=0 are 

denoted as [6,n] and arrows connect the signals of these ions with corresponding y>0 ions. 

Specifically, ions containing one O2 were found for fragments with more halogen ligands (n=10, 

11, 12 for X=Br and n=9, 10, 11 for X=I). Addition of up to two O2 molecules was observed for 

fragments containing less than seven halogen ligands, while three O2 molecules can attach to 

smaller fragments for both X=Br and X=I series. Four O2 units were only observed to be bound to 
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the fragments [Mo6Br2]
‒ ([6,2]) and [Mo6Br3]

‒ ([6,3]). It may be assumed that ions with one and 

multiple O2 are formed from sequential addition of O2 molecules to the corresponding [6,n] ions. 

 

Figure 6.3 In-source CID spectra, showing an overview of molecular fragment ions and their 

reaction products with background gases for a) [Mo6Cl14]
2‒, b) [Mo6Br14]

2‒ and c) [Mo6I14]
2‒. All 

observed fragments are singly charged. Adducts with H2O and O2 are marked with red and blue 

arrows, respectively. Multiple arrows in (b) and (c) indicate the number of O2 added. Fragment 

ions which have not reacted with background gas molecules are marked with a black dotted line 

and their molecular formula is abbreviated by [Number of Mo atoms, Number of halogen atoms]. 

6.3.2 Reaction Pathways Probed by Ion-Trap CID 

To obtain more insights into the nature of fragmentation reactions, we systematically 

investigated the reaction pathways of [MomXn]
‒ fragment ions by their sequential isolation and 

fragmentation in the ion trap. Spectra are shown in Figures 6.4, 6.5, and 6.6. We discuss first the 

fragmentation pathways and then the reactions with residual gases. 
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Figure 6.4 Ion-trap CID mass spectra of [MoxCly]
- clusters: (a) [Mo6Cl13]

- (b) [Mo6Cl12]
- (c) 

[Mo6Cl11]
- (d) [Mo5Cl10]

- (e) [Mo5Cl9]
- (f) [Mo5Cl8]

- (g) [Mo4Cl8]
- (h) [Mo4Cl7]

- (i) [Mo4Cl6]
- (j) 

[Mo3Cl6]
- (k) [Mo3Cl5]

- (l) [Mo2Cl5]
- (m) [Mo2Cl4]

- (n) [Mo2Cl3]
-. Parent ions, generated via in-

source CID, are marked by *. Fragment ions which have not reacted with background gas 

molecules are marked with a blue, dotted line and their molecular formula is abbreviated by 

[Number Mo atoms, Number halogen atoms]. The red arrow indicates the reaction with water 

and green arrow indicates the reaction with O2, while dotted line indicates the corresponding 

adducts.  
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(Figure 6.4 continued) 
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Figure 6.5 Ion-trap CID mass spectra of [MoxBry]
- clusters: (a) [Mo6Br13]

- (b) [Mo6Br12]
- (c) 

[Mo6Br11]
- (d) [Mo6Br10]

- (e) [Mo6Br9]
- (f) [Mo6Br8]

- (g) [Mo6Br7]
- (h) [Mo6Br6]

- (i) [Mo6Br5]
- 

(j) [Mo6Br4]
- (k) [Mo6Br3]

- (l) [Mo6Br2]
-. Parent ions, generated via in-source CID, are marked 

by *. Fragment ions which have not reacted with background gas molecules are marked with a 

blue, dotted line and their molecular formula is abbreviated by [Number Mo atoms, Number 

halogen atoms]. The red arrow indicates the reaction with dioxygen, while dotted line indicates 

the corresponding adducts. Multiple arrows indicate the number of O2 added. 
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Figure 6.6 Ion-trap CID mass spectra of [MoxIy]
- clusters: (a) [Mo6I13]

- (b) [Mo6I12]
- (c) [Mo6I11]

- 

(d) [Mo6I10]
- (e) [Mo6I9]

-. Parent ions, generated via in-source CID, are marked by *. Fragment 

ions which have not reacted with background gas molecules are marked with a blue, dotted line 

and their molecular formula is abbreviated by [Number Mo atoms, Number halogen atoms]. The 

red arrow indicates the reaction with dioxygen, while dotted line indicates the corresponding 

adducts. Multiple arrows indicate the number of O2 added. We note that (a) and (b) are acquired 

under extended mass range on the LTQ-XL instrument. 

6.3.2.1. Fragmentation Pathways. The corresponding fragmentation pathways are 

summarized in Scheme 6.1. Note that Scheme 1 covers only fragmentation and does not include 

product ions which result from reactions with residual gases (H2O and O2). Fragmentation 

pathways leading to the formation of the ions observed in in-source CID are well retraced. 
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Scheme 6.1 Gas-phase fragmentation pathways of [Mo6X14]
2‒ (X=Cl, Br and I) ions by ion-trap 

CID experiments. Molecular formulae of the ions are abbreviated by [Number Mo atoms, 

Number halogen atoms]. Singly charged ions are written black, doubly charged ions red. Arrows 

mark the fragmentation pathways evidenced by ion-trap CID. 

Independent of the halogen, isolation and excitation of [Mo6X14]
2‒ in the ion trap resulted 

in the loss of a X- and the formation of [Mo6X13]
‒ anions, labeled as [6,13] (Figure 6.7). Further 

isolation and excitation of [6,13] ions result in loss of X∙ radicals and formation of singly charged 

[6,12] and [6,11] ions. However, further dissociation was found to be strongly dependent on the 

type of halogen ligand X. For X=Cl, neutral MoCl2 loss were observed for [6,12] and [6,11] 

(Figures 6.4(a) and 6.4(b)). MoCl2 loss is the only fragmentation channel observed in considerable 

abundance for all [5,n] ions (Figure 6.4, d-f) of the [Mo6Cl14]
2‒ series. Meanwhile, a competing 

channel of MoCl neutral loss started to be observed in the dissociation of [4,n] fragments (Figure 

6.4, g-i), and becomes the dominant dissociation channel for [3,n] and [2,n] fragments (Figure 6.4, 

j-n). In addition, an atomic Mo loss was observed in low abundance in the CID of [3,5] and [2,3] 

fragments (Figures 6.4(k) and 6.4(n)). Cl∙ radical loss is a minor dissociation channel observed in 

very low abundance in the ion trap CID spectra of many of the aforementioned fragments. In 

contrast, for X=Br and I, excitation of every [6,n] fragment ion results in X∙ radical loss (Figures 
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6.5 and 6.6). In the case of X=Br, a bare [Mo6]
- cluster (full bromine loss) is observed in low 

abundance. 

 

Figure 6.7 Ion-trap CID mass spectra of [Mo6X14]
2- clusters: (a) [Mo6Cl14]

2- (b) [Mo6Br14]
2- (c) 

[Mo6I14]
2-. Parent ions are marked by *. The red arrows indicate the loss of X-. 

The observed in fragmentation behavior shows some parallels with the one of [B12X12]
2- 

clusters. For X=I successive loss of halogen radicals46-48 was found down to [B12I]
-, similar to 

[Mo6I14]
2-. For X=Cl, a decomposition of the boron unit by loss of BCl3 and BCl units was found, 

similar to the observed MoCl2 and MoCl losses of [Mo6Cl14]
2-.46 While [B12Br12]

2- was showing 

an intermediate position (loss of Br radicals as well as BBr3 and BBr in significant abundance), 

[Mo6Br14]
2- behaves similar to its iodinated neighbor and loses only Br radicals. 

6.3.2.2. Reactivity of Fragment Ions in the Ion Trap. As expected, isolation of some 

smaller fragments of [Mo6Cl14]
2- resulted in the addition of water to these ions. Surprisingly, no 

spontaneous O2 addition could be observed by isolation of any [6,n] fragment of [Mo6Br14]
2- and 

[Mo6I14]
2-, although corresponding ions containing O2 were observed in high intensity using in-

source CID. It is known that O2 is present in the ion trap and was shown to add to radical ions 
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generated in the same instrument.1 Strikingly, if collisional activation condition in the ion trap is 

applied, O2 addition to the resulting fragments was observed. We demonstrate this on a concrete 

example: Isolation of [Mo6I10]
- did not result in any O2 addition, but ion trap CID led to the 

formation of [Mo6I9]
- and [Mo6I9(O2)]

- (Figure 6.6(d)). However, isolation of [Mo6I9]
- formed by 

in-source CID did not result in any O2 addition (Figure 6.6(e)).  

Spontaneous binding of the diradical O2 is usually associated with a localized radical site 

within the ion1-4. Therefore, we hypothesize that localized radical sites are present in the fragments 

produced in-source, which react with O2. Collisional cooling in the ion trap during the isolation 

process may result in structural rearrangement or relaxation into lower electronic states, which 

deactivates the reactive sites. The formation of fragments with multiple O2 molecules attached is 

not necessarily the result of multiple oxygen additions to one particular [6,n] ion. Also, sequential 

X∙ loss followed by O2 additions from ions with larger n can explain the experimental observations. 

Isolation and fragmentation of an O2 containing ion results indeed in the loss of X∙ and not O2, 

confirming this hypothesis (Figure 6.8).  
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Figure 6.8 Examples of isolation of [Mo6In(O2)y]
- adducts in the ion trap: (a) [Mo6I9(O2)]

-, (b) 

[Mo6I8(O2)]
-, (c) [Mo6I8(O2)2]

-. Parent ions are marked by *. The red and blue arrows indicate the 

mass difference between two peaks corresponding to I- loss and O2 addition, respectively. 

Distinct differences are notably when we compare the reactivity of [Mo6X14]
2- fragment 

ions with the reactivity of [B12X12]
2- fragments. While [B12X11]

- ions, formed by loss of one 

negative substituent, exhibit superelectrophilic reactivity and binds H2O, N2 and even noble gases 

within the mass spectrometer,1,2 the corresponding [Mo6X13]
- do not show any remarkable 

reactivity. Reactions with O2 were so far only reported for [B12I11]
2- dianions with a localized 

radical on the free boron binding site, which stayed active if isolated in the ion trap.3 Further 

fragmentation of [B12I11O2]
2- did not result in simple halogen abstraction. In contrast, [Mo6In(O2)y]

- 

can lose further I-radicals, which opens new sites for additional O2 additions. 

6.4 Conclusions 

We have investigated gas phase reactivity of [Mo6X14]
2- ions, with X= halogen. Gas phase 

ion chemistry of [Mo6X14]
2‒ provides access to a large variety of fragment ions with interesting 

reactivity. For X=Cl, a decomposition of the Mo6 unit was observed and the fragments show an 
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affinity to water, while for X=Br and I exclusively halogen losses were found and reaction products 

with multiple O2 molecules were detected. It is interesting to note that also the “turning point” in 

fragmentation behavior (loss of MoXn for small halogens to loss of X-radicals for larger halogens) 

occurs one halogen earlier along the series than for [B12X12]
2- ion, similar to the “turning point” in 

electronic stability. An in depth understanding of the structure, reactivity and electronic properties 

of these gaseous fragment ions may require fast laser spectroscopy, infrared photodissociation 

measurements and high-level computational investigations on excited states. Such studies may be 

motivated by new enhanced ion deposition methods, which may allow to utilize such gaseous ions 

with special properties for the generation of new condensed phase materials on surfaces4-6. 
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APPENDIX I: ANALYTICAL EXPRESSION FOR PREDICTING THE 

DEPOSITION RING USING ROTATING WALL MASS ANALYZER 

Deriving an analytical equation for predicting the radius of the deposition ring using the 

rotating wall mass analyzer (RWMA): 

 

(Schematic diagram of the setup for ion dispersion using RWMA in a Cartesian coordinate 

system.) 

An ion of mass m, charge z, and kinetic energy per charge of EK  enters the RWMA 

(operating at a frequency f) at the origin denoted as (0,0,0) at time t0  and moves along the 

cylinder’s central axis (z axis). The ion’s travel time through the RWMA is denoted as t1. During 

this time, the ion beam is being radially dispersed in the x-y plane. After exiting the RWMA at a 

coordinate denoted as (x1, y1, z1), the ion drifts through the field-free region with the velocity 

vector it attains at the end of the RWMA (vx, vy, vz) and lands onto a grounded target surface at a 

coordinate denoted as (x2, y2, z2). The travel time in the field-free region is denoted as t2. The 

final location of the ion in the x-y plane is determined by the sum of the radial displacement in the 

RWMA and drift motion in the field-free region (equation 1): 
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𝑥2 = 𝑥1 + 𝑣𝑥𝑡2 

y2 = y1 + vyt2  

(1) 

Previous studies have demonstrated that the rotating electric field is homogeneous in a 

large area inside the RWMA.1 We also examined the rotating electric strength using SIMION 

simulations and constructed a contour plot in the x-y plane to show the spatial distribution of the 

field strength (Figure below): 

 

Contour plot of the strength of the rotating electric field in the x-y plane. The black region 

corresponds to the cross section of the RWMA. 

Therefore, it is reasonable to assume that the ion experiences the same rotating electric 

field strength E inside the device when it is dispersed to the off-center locations in the x-y plane.  

The radial velocity when the ion leaves the RWMA is given by equation 2: 
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vx(t) = ∫ ax(t)dt + cx = ∫
zE

m
sin ωt dt + cx = -

zE

mω
cos ωt + cx  

(2) 

Where ω = 2πfω = 2πf. Assuming a parallel beam at the origin (i.e. vx(t = t0) = 0), we 

obtain equation 3: 

cx =
zE

mω
cos ωt0  

(3) 

Therefore, the velocity components of the ion beam along the x and y axes can be described 

using equations 4 and 5: 

vx(t) =
zE

mω
(cos ωt0 -cos ωt)  

(4) 

vy(t) =
zE

mω
(sin ωt- sin ωt0)  

(5) 

The radial displacement inside the RWMA (x1, y1) is given by equations 6 and 7: 

x1 = ∫ vx(t)dt + cx
' = ∫(-

zE

mω
cos ωt + cx)dt + cx

' = -
qE

mω2 sin ωt +
qE

mω
t cos ωt0 + cx

'   

x1 = (-
qE

mω2 sin ωt +
qE

mω
t cos ωt0 + cx

' )|
t0

t0+t1

=
zE

mω2 (sin ωt0 -sin(ωt0 + ωt1) + ωt1 cos ωt0)  

(6) 
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y1 = ∫ vy(t)dt + cy
' = ∫(

zE

mω
sin ωt + cy)dt + cy

' = -
qE

mω2
cos ωt -

qE

mω
t sin ωt0 + cy

'   

y1 = (-
qE

mω2 cos ωt -
qE

mω
t sin ωt0 + cy

' )|
t0

t0+t1

=
zE

mω2 (cos ωt0 -cos(ωt0 + ωt1)-ωt1 sin ωt0)  

(7) 

The landing coordinates of the ion (x2, y2) are given by equations 8 and 9: 

𝑥2 = 𝑥1 + 𝑡2𝑣𝑥

=
𝑧𝐸

𝑚𝜔2
(sin 𝜔𝑡0 − sin(𝜔𝑡0 + 𝜔𝑡1) + 𝜔𝑡1 cos 𝜔𝑡0 + 𝜔𝑡2 cos 𝜔𝑡0

− 𝜔𝑡2cos(𝜔𝑡0 + 𝜔𝑡1)) 

(8) 

𝑦2 = 𝑦1 + 𝑡2𝑣𝑦

=
𝑧𝐸

𝑚𝜔2
(cos 𝜔𝑡0 − cos(𝜔𝑡0 + 𝜔𝑡1) − 𝜔𝑡1 sin 𝜔𝑡0 − 𝜔𝑡2sin 𝜔𝑡0

+ 𝜔𝑡2sin(𝜔𝑡0 + 𝜔𝑡1)) 

(9) 

The distance of the landing location from the center of the surface (0, 0) is given by 

equation 10: 

𝑅 = √𝑥2
2 + 𝑦2

2 =
𝑧𝐸

𝑚𝜔2
√2(1 + 𝜔2𝑡1𝑡2 + 𝜔2𝑡2

2)(1 − cos 𝜔𝑡1) + 𝜔𝑡1(𝜔𝑡1 − 2sin 𝜔𝑡1)  

(10) 

t1 and t2 are not affected by the rotating electric field and are only determined by the initial 

kinetic energy EK, the length of the RWMA (D1) and the drift region (D2): 

t1 = D1√
m

2EK
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t2 = D2√
m

2EK
  

(11) 

As a result, independent of t0, the ion is dispersed to a constant distance from the center of 

the surface. In other words, independent of the starting phase of the rotating electric field, a 

continuous ion beam of a specific m/z and EK will be dispersed onto a ring with a radius R on the 

surface. 

 

 

(1) Clemmons, J.; Herrero, F. Mass spectroscopy using a rotating electric field. Rev. Sci. 

Instrum. 1998, 69, 2285-2291. 
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APPENDIX II: STEP-BY-STEP FOR STATISTICAL MODELING OF 

MULTIPLE WATER ELIMINATION PROCESS OF ISOTOPICALLY-

LABELED [Γ-CD-W6POM]2- COMPLEX 

In order to clarify the statistical modeling for the HDX and 18O exchange experiments, we 

describe herein a stepwise instruction for the simulation we described in the manuscript using CID 

of deuterium-exchanged [γ-CD-W6POM]2- as an example: 

Assumptions: 

1. “The complex has a similar distribution of hydrogen and deuterium atoms as the [γ-CD – H]- 

detected in the ESI-MS spectrum.”  

Based on the observed similar extent of shift in the isotopic envelopes of [γ-CD – H]- and 

[γ-CD-W6POM]2-, it is reasonable to make this assumption. Despite the fact that HDX is a 

reversible process and largely affected by the physical and chemical environment, the statistical 

modeling based on this assumption is adequate enough to simulate the different scenarios we 

consider in the multiple water loss process. 

2. “Loss of a single or multiple water molecules is a random single-step process.”  

This has been discussed in the manuscript. 

Procedures: 

1. Determination of deuterium incorporation distribution in the complex. 

A portion of the hydrogen atoms on the hydroxyl groups of γ-CD (a total of 24) are replaced 

by deuterium (D) atoms in the solution. Each [CD-H]- (C48H79O40) ion generated by electrospray 

ionization of the solution contains a total of 23 hydroxyl H/D atoms, with the possible 

incorporation of 0 to 23 D atoms (denoted as [dx-CD-H]-, x = 0-23). As a result, we observe a 

distribution ranging from m/z = 1296 to m/z = 1320 corresponding to a combination of all [dx-CD-

H]-. [CD-H]- without D incorporation has its own isotopic distribution (modeled by “Molecular 

Weight Calculator” software by Matthew Monroe, Version 6.50). A replacement of one H atom 

by one D atom will result in [d1-CD-H]-, which demonstrates an isotopic distribution shifted by +1 

m/z in comparison with [d0-CD-H]-. As a result, the first isotopic peak of [d1-CD-H]- overlaps with 
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the second isotopic peak of [d0-CD-H]- under the resolution of the ion trap (shown below), which 

increases the complexity of the system. 

 

In order to determine the exact fractional abundances of each [dx-CD-H]-, we extract the 

relative abundances of each peak in the distribution observed in the range of m/z = 1296 to m/z = 

1320 in the experimental spectrum. Each of the peak contains the contribution from several [dx-

CD-H]- isotopomers. In order to deconvolute the contribution of each [dx-CD-H]- in the 

experimental distribution, we carry out a calculation by optimizing the fractional abundances of 

all possible [dx-CD-H]- (n=0-23) until achieving the minimal square deviation from the 

experimental result using an evolutionary algorithm in Excel Solver. The optimized fractional 

abundances of [dx-CD-H]-  is considered as the deuterium incorporation distribution in dx-CD 

inside the host-guest complex in the following simulations. 

2. Reconstruction of isotopic distributions of the complex within the isolation window. 

Each of the [γ-CD-W6POM]2- complex detected in the gas phase is composed of an dx-CD 

(x = 0-23) and an isotopomer of the POM. In the CID experiment, we select an m/z in the +/- 0.5 

m/z window in the isotopic envelope of the CD-POM complex. We carry out a looped filtering of 

possible [dx-CD + POM]  combinations that fall into the selected isolation window, and store the 

corresponding original fractional abundance in the entire distribution (this is obtained by 

multiplication of fractional abundance of dx-CD and POM). The filtered combinations of [dx-CD 
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+ POM] are thus used to reconstruct the isotopic distribution inside the selected isolation window. 

The fractional abundance of each [dx-CD + POM] is obtained by normalization within the isolation 

window. 

3. Generation of isotopic distributions of multiple water loss features by hypergeometric 

distribution. 

In this step, we model the isotopic distributions of n water losses (n=1-8) from a [dx-CD + 

POM] complex. The incorporation of D atoms in the multiple water loss will shift the sum of mass 

of water losses (denoted as M). Based on the assumption that different number of water losses are 

random, one-step, and independent events, it is reasonable to assume that this process behaves 

statistically and can be rationalized using hypergeometric distribution. We first consider scenario 

1 in the HDX section described in the main text that all 24 hydroxyl groups are involved in the 

multiple water loss. The number of H/D atoms in the pool available for one-step drawing is 24 (N). 

A total of n water loss (n = 1-8) involves a random selection of 2n H/D atoms from the pool. 

Assuming the pool is composed of p D atoms and (N - p) H atoms, the probability of getting k D 

atoms in a single draw of 2n atoms is given by: 

𝐶 (𝑝, 𝑘) =  

𝑝!
𝑘! (𝑝 − 𝑘)!

∙
(𝑁 − 𝑝)!

(2𝑛 − 𝑘)! (𝑁 − 𝑝 − 2𝑛 + 𝑘)!
(𝑁)!

(2𝑛)! (𝑁 − 2𝑛)!

  

(1) 

A total of (2n + 1) probabilities can be calculated to generate (2n + 1) sums of mass of 

water loss (M = 9n + 
𝑘

2
). The hypergeometric distribution can also be generated using “hygepdf()” 

function in MATLAB. We would like to bring up an example to facilitate the understanding. In a 

[d3-CD + POM] complex, we have 3 D (p = 3) and 21 H (N - p = 21) available for water loss, when 

we consider six (n = 6) water losses from the complex, a total of 12 (2n = 12) H/D atoms will be 

drawn from the pool (N = 24), which results in 13 combinations of masses. The corresponding 

probabilities and sums of mass of water loss (M) are listed below in the chart:  
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# of D (k) # of H (2n - k) Probability Sum of mass of water loss (M) 

0 12 0.109 54 

1 11 0.391 54.5 

2 10 0.391 55 

3 9 0.109 55.5 

4 8 0 56 

5 7 0 56.5 

6 6 0 57 

7 5 0 57.5 

8 4 0 58 

9 3 0 58.5 

10 2 0 59 

11 1 0 59.5 

12 0 0 60 

In each case, we calculate the m/z of the water loss signal by subtracting M from the m/z of 

[dx-CD + POM]. The resulting fractional abundance of this water loss peak needs to be multiplied 

by the fractional abundance of [dx-CD + POM] calculated in step 2 in the reconstructed distribution.  

In the scenario of only 16 hydroxyl groups are involved, we first consider a one-step 

random selection of 16 atoms from a total available number of 24 to generate a new pool. This 

takes into the consideration that the 16 selected atoms for water loss may be composed of different 

number of D atoms. This step also follows a hypergeometric distribution with a distribution of 0 

to 16 D atom incorporation in the 16 atoms. In this case, 17 combinations of masses will be 

generated by the hypergeometric distribution (incorporation of 0-16 D atoms in a draw of 16). We 

stick to the example we use in the last paragraph ([d3-CD + POM] with 3 D and 21 H in the pool). 

Probabilities of 17 possible new pools are listed:   
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# of D # of H Probability 

0 16 0.028 

1 15 0.221 

2 14 0.474 

3 13 0.277 

4 12 0 

5 11 0 

6 10 0 

7 9 0 

8 8 0 

9 7 0 

10 6 0 

11 5 0 

12 4 0 

13 3 0 

14 2 0 

15 1 0 

16 0 0 

Then we repeat the modeling for n water losses (n=1-8) for each of the [dx-CD + POM] 

complex in the isolation window using the hypergeometric distribution explained at the beginning 

of step 3. We note that 1) the total number of atoms in the new pool is 16 (N = 16); 2) the resulting 

probability distribution needs to be multiplied by the probability of the new pool.  

4. Construction of simulated mass spectrum. 

A list of m/z of the water loss signals and their corresponding fractional abundances will 

be generated after step 3. This is in principle a mass spectrum. This mass list can be reconstructed 

to simulate a mass spectrum acquired on an arbitrary mass spectrometer (of different resolutions). 

This can be achieved by defining different m/z bin width to combine nearby signals. We note that 

only the location and distribution of each water loss feature can be compared to the experimental 
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result. The statistical model we use herein does not consider the probability of the number of 

multiple water loss, since it is directly related to the reaction mechanism statistically irrelevant. 
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