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The objective of this work was to use Fourier transform ion cyclotron

resonance mass spectrometry (FTICR-MS) to determine bond dissociation energies

(BDE's) of important species such as solvated anions and host-guest complexes

using two different techniques: photodetachment and on-resonance collisionally

activated dissociation (CAD).

Photodetachment has been widely used in measuring the electron affinities

of various anions. Since the electron affinities of the halides are well known, this

part of the work has utilized photodetachment to measure the halides' binding

energies with alcohol solvents in the gas phase. An Nd3+:YAG-pumped dye laser

with frequency doubler was used to obtain the uv-visible irradiation needed for this

work. The binding energies of methanol, ethanol, iso- and normal-propanol, and

xiii



acetonitrile with fluoride, chloride, bromide and iodide ions have been measured.

The effect of size and polarizibility of the solvents, and comparisons of the solvation

energies determined in this work to some reported in earlier thermal-equilibrium

studies are discussed.

Collisionally activated dissociation (CAD) processes in mass spectrometry

can provide quantitative bond dissociation energy (BDE) estimates if the interaction

energy is precisely controlled during collisions. This work has concentrated on

improving the accuracy of measuring the thresholds and providing more precise

quantitative measurements of host-guest complex interactions in the gas phase by

accounting for the effects of multiple ion-molecule collisions, internal energy of

precursor ions, thermal spread of energies of the collision gas and the dissociation

lifetime of the intermediates. The use of an electrospray ionization (ESI) source for

soft ionization that produces intact, multiple charged and solvated gas-phase ions

directly from various compounds in solution has been critical for this work. We have

measured the binding energies of hydronium and alkali metal ions to the crown

ethers (12-crown-4,15-crown-5, and 18-crown-6). The effects of metal size, cavity

size and polarizibility of different crown ethers are discussed.
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CHAPTER 1

INTRODUCTION

Fourier Transform Ion Cyclotron Resonance Mass Spectrometry ÍFTICR-MS1

History

In 1950, the first practical ion cyclotron mass spectrometer (Omegatron) was

used for analytical purposes by Sommer, Thomas and Hippie.12 During the 1960's,

a number of research groups exploited the ion cyclotron resonance (ICR) technique,

normally defined as "Pre-FTICR" with conventional features such as solenoidal

magnets, electromagnets, drift cells, ion trapping, double resonance detection,

analog FT and simultaneous excitation and detection. As practiced in the 1960's

the technique had slow scan speed, low resolution and a limited mass range.3 8 In

1974, Comisarow and Marshall9'11 first applied the FT technique to ICR-MS with

frequency chirp excitation, mass analysis in the same region and simultaneous

excitation and detection. This has evolved into the versatile and powerful technique

often referred to as Fourier transform mass spectrometry (FTMS).

In 1980, superconducting magnets began to be used, resulting in improved

performance when compared to electromagnets: ultra-high mass resolution, wide

mass range, high mass measurement accuracy, simultaneous detection of all ions,

1
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ion storage, and many probes of ion structure.12 During the 1980's, a wide variety

of applications13'19 were reported, including MS/MS experiments, laser desorption,

fast atom bombardment (FAB) and high pressure external sources with quadrupole

ion guides, gas chromatography mass spectrometry (GC/MS), external sources

utilizing electrostatic focussing which lower ultimate pressure at the analyzer,

stored waveform inverse Fourier transform (SWIFT) excitation and electrospray

ionization (ESI) sources. Both ESI20 and matrix assisted laser desorption ionization

(MALDI)21 sources began to be used in the early 1990s to increase the range of

masses which can be studied with FTICR mass spectrometers. In 1992, Amster

and Marshall22 demonstrated quadrupolar axialization to improve resolution and

increase sensitivity. In 1993, Smith's group23 developed Time Resolved Ion

Correlation (TRIC) to detect highly-charged individual ions with masses higher than

5,000,000 daltons.

Basic Concepts

Ion cyclotron motion

The ions in a magnetic field undergo circular orbital motion, at a cyclotron

frequency given by,24 27

ü) = qB/m = M/r (1.1)

where q is the ion charge, B is the magnetic field, m is the mass of the ion, v is the

ion velocity and r is the orbit of the cyclotron motion. In a uniform magnetic field (no

electric field), the mass-to-charge ratio, m/q is linearly related to the observed



3

cyclotron frequency, w. The Lorentz force, F, is given by

F ■ q ( V x So) (1.2)

For B0 along the z axis, this force is constrained to the xy-plane (there is no force

along the z-axis), so ions can move freely along that axis unless an electric field is

applied,28,29

(1.3)

where E is the electric field.

Flowever, in order to detect the ions, they must be confined within a finite

volume bounded by conductive electrodes (in a trapping cell). Figure 1.1 is a

schematic drawing of two different ICR trapping cells which are commonly used:

cubic and cylindrical. The cell is centered in a homogeneous magnetic field

generated by a superconducting magnet and contained in a high vacuum chamber.

There are two trapping plates which are perpendicular to the magnetic field (z-axis),

two excite plates (perpendicular to the x-axis) and two detection plates

(perpendicular to the y-axis).

The ions may be formed in the ICR cell (using an internal ionization source)

or outside the magnetic field (with an external ionization source) by a number of

methods, including electron impact (El), chemical ionization (Cl), laser desorption



Figure1.1StandardICRtrappingcells,(a)Cubiccellwithtwotrappingplatesperpendiculartoz-axis,twoexciteplates perpendiculartox-axis,andtwodetectplatesperpendiculartoy-axis.Theionistrappedinsidethecellwithcyclotron motioninthexy-plane,movingalongthez-axis.(b)Cylindricalcell.
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(LD), fast atom bombardment (FAB), electrospray ionization (ESI), and matrix

assisted laser desorption ionization (MALDI). The basic FTICR-MS experiment is

conducted using a series of computer-controlled pulses, as depicted in Figure 1.2.

Initially a quench pulse is applied to the trapping plate(s) to remove all the ions from

the cell prior to starting the next pulse sequence. After ion formation, ions are

trapped in the cell by constraining their z-axis motion (along the magnetic field) by

applying low voltages (0.5 to 5 V typically) to the trapping plates. Either positive or

negative ions can be trapped in the cell by changing the polarity of the voltage

applied to the cell plates.

Ion excitation

Three types of ion excitation are generally used for ion detection, as shown

in Figure 1.3. (1) In impulse excitation,18 an approximation to an ideal delta function

pulse (infinite amplitude, zero width) is applied. This results in a flat excitation

spectrum and should excite all ions equally. The angular cyclotron frequency is of

the order of wcmax = 1/At, where At is the pulse width. (2) With chirp excitation,10 a

radio frequency (r.f.) pulse is applied whose frequency sweeps rapidly over a range

from the lowest to highest frequency desired. The disadvantage of chirp excitation

is the nonuniform excitation of the ions, which becomes pronounced for ions near

the edge of the swept frequency range. The final cyclotron radius is limited to less

than the full dimensions of the cell since ions absorb different amounts of power

during the chirp. This introduces peak height distortion and the frequency chirp

excitation also contributes to z-axis ejection. (3) For stored waveform inverse



Figure1.2StandardpulsesequenceforICRexperiment.
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Figure1.3Ionexcitation.(1)Impulseexcitation:approximatedeltafunctionvstime,Fouriertransformtothefrequency domainsignal(2)Chirpexcitation:anrffrequencysweepvstime,Fouriertransformtothefrequencydomainsignal (3)SWIFT:(a)Thedesiredfrequencyspectrum,(b)InverseFTtogiveatime-domainsignal,(c)Fouriertransformto thefrequencydomainsignal.
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Fourier transform (SWIFT) excitation,24,30'32 the excitation waveform is generated

by taking the desired frequency spectrum (a) (power as a function of frequency) and

performing an inverse FT to give a time-domain signal (b). This waveform is then

generated by a digital frequency synthesizer. The excitation spectrum (c), which

indicates the actual amount of power applied at each frequency, is produced by

Fourier transformation of (b). This excitation spectrum is much more uniform over

the desired frequency band than either impulse or chirp excitation.

Any of these three excitation modes will cause the ions to absorb energy and

be accelerated into larger orbits when the r.f. frequency becomes equal to the ion

cyclotron frequency. It is also necessary to excite a packet of ions of a given mass-

to-charge ratio not only to a larger ICR orbital radius, but to coherent motion in order

to detect them. Figure 1.4 shows how the ions achieve coherence prior to

detection.

Ion detection

The orbiting packet of ions induces a small alternating image current on the

receive plates (perpendicular to the y-axis). The image current is given by,33

where N is number of ions, v is the ion velocity, q is the charge of the ion, and d is

the electrode spacing, i.e. the dimension of the cell as depicted in Figure 1.5. The

ion induces image current alternately on upper and lower plates. To obtain a



Figure1.4(1):(a)Ions'cyclotronmotionpriortoexcitation,(b)Ionsareexcitedtoalargerorbit,(c)Ionsachieve coherenceafterexcitation.(2)Phasecoherency:(a)Twoionsofsamem/z180°outofphase,(b)Thein-phase(initial motionparalleltoelectricfield,E)ionspeedsupandout-of-phaseionslowsdownuntiltheyeventuallyachieve coherentmotion.
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Figure1.5Ionsinduceimagecurrentalternatelyonupperandlowerplates.
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theoretical estimate of the magnitude of the signal produced on the plates by an ion,

the Reciprocity Theorem is applied.35 The cyclotron radius, Rc, is given by,

where E is the excitation electric field, t is the duration of the resonant excitation

pulse, and B is the magnetic field. The Reciprocity Theorem states that the

electrostatic potential created at the position of an ion by 1 volt on the detection

plate is directly proportional to the image current induced on the plate by the ion.

Thus the predicted FTICR signal strengths can be calculated by a numerical

solution of Laplace's equation. The amplitude of the signal per ion only depends on

the ratio between the radius of cyclotron orbit and the distance between the receiver

plates.

All ions in the cell are excited and detected simultaneously as a time-domain

signal. The signal is converted into voltage, amplified, digitized and stored in

computer. The time-domain spectrum is a composed of superimposed sine waves:

in order to recover the frequency domain spectrum, the complex time-domain

spectrum is subjected to a fast Fourier transform (FFT) algorithm.

Signal acquisition

For one thousand ions, the r.f. signal at a preamplifier input is on the order

of a few hundred microvolts. A low - noise electronic design for amplification is

required. There are two types of data acquisition used in our ICR instruments, (a)
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The first produces broadband spectra (all masses). In this mode the signal from a

preamplifier is sampled directly by the analog to digital (A/D) converter at a rate

which must be faster than twice the highest frequency for the lowest mass to be

observed (Nyquist criterion). Spectra are signal-averaged by summing the time-

domain transients from each repetition in the computer's memory before performing

the FT; (b) The second type of data acquisition (heterodyne mode) leads to

narrowband spectra.34'35

As illustrated in Figure 1.6, the heterodyne technique reduces the digitization

rate requirements for ion signals and is used to obtain higher mass resolution over

a narrow mass range. Given a time-domain spectrum consisting of N points, where

N is between 16K and 128K, it is common to zero-fill at least once (add N zeros to

the end of the data set), apodize, and obtain the magnitude-mode FT, where the

magnitude-mode is defined as [(real)2 + (imaginary)2]1'2, with a FFT algorithm. Zero¬

filling has been shown to increase the S/N ratio and increase the displayed

resolution of the spectrum.

Since frequency is a physical quantity which can be precisely measured, the

exact mass of an ion can be determined very accurately in the FT-ICR technique,

since it is directly related to the measured frequency. Typically, low parts-per-million

accuracy can be achieved with an internal mass calibration. A high degree of mass

accuracy can be maintained due to the stable magnetic field. The main features of

FTICR include ultra-high mass resolution, accurate and stable mass calibration,

multiple stages of collisionally activated dissociation (MS/MS), extremely long ion



Figure1.6Heterodynemode:Thesignalmixeswithareferencetogiveasum(higherfrequency)anddifference(lower frequency)signal.Thehigherfrequency(lowmass)signalisthenfiltered.FastFTgivesthelowfrequencysignalwhich
isthedifference.
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storage times (> minute), the ability to study ion/molecule reactions, compatibility

with pulsed or continuous ionization techniques, and ease of carrying out

photodissociation and photoactivation studies. The disadvantages of FTICR are its

limited dynamic range (space charge limits the number of ions which can be trapped

to ca. 106), the fact that data acquisition can take milliseconds to seconds, so

transient or metastable ions can not be studied directly, and the high cost of the

instrument ($300K to $500K).

Applications

Purpose of this Work

Different experimental methods are used in the studies of ion-neutral

complexes. The case of interactions which involve charged species requires

specific techniques for three main reasons: (I) charged species must be selectively

separated from ions of the opposite charge, (ii) they must be stored long enough to

reach a state of thermodynamic equilibrium with their surroundings while avoiding

collisions with the walls of the reaction chamber and (iii) they must be monitored by

highly sensitive methods because of their very low concentrations.

Several reviews have been briefly summarized by Keesee and Castleman

et at.36 37 in a major review of thermodynamic data for ion-molecule reactions in the

gas phase. A number of experimental devices have been applied to the study of

ion-neutral complexes. Among the devices used to generate and study the gas

phase ion complexes similar to those in these experiments are molecular beams,
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drift tubes, and ion traps.38-40 Each device offers its own advantages for different

types of ions. For the study of ion-neutral reactions, ion cyclotron resonance (ICR)

mass spectrometry has been the most extensively applied method. The

advantages offered by ICR mass spectrometry include the ability to generate a large

variety of molecular ions and high sensitivity. The technique of ICR-MS allows one

to generate gas phase ions and trap them for periods of millisecond to several

seconds, sometimes even for hours.

The goal of this work was to apply different FTICR-MS techniques , including

photodetachment and collisionally activated dissociation (CAD), to obtain bond

dissociation energies for solvated anions and host-guest complexes. A secondary

goal was obtaining quantitative measurements of bond dissociation energies

(BDE's) by improving the threshold determination to account for a variety of

systematic effects that would otherwise distort the thermochemistry obtained.

Several methods have been used to measure the bond dissociation energies for

various ion-neutral complexes, including equilibrium measurements in both high

pressure41^13 and ICR44-45 mass spectrometers, photodissociation measurements in

a time-of-flight (TOF) mass spectrometer,46-50 photodetachment measurements in

photoelectron spectroscopy,51-53 collisionally activated dissociation (CAD) in both

quadrupole or octopole-guided ion beam54-57 and ICR58 mass spectrometers. The

measurement of BDE's by FTICR mass spectrometry has not been widely applied

and there is still some uncertainty as to the quality of the measurements. In this

section, some recent experimental studies of BDE measurements using different

types of techniques are briefly discussed.
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A few years ago the development of high pressure mass spectrometry

reached a stage where it could be applied successfully to chemical problems. The

technique and its applications have been summarized by Kebarle.59 An impressive

number of clustering equilibria of the type in eq. 1.6 have been studied,

X Sn - X S^ + S, In Kntrv1= AS/R - AH/(RT) (1.6)

where X represents a central ion, S a solvent molecule, and X Sn and XS^ are two

cluster ions of different stoichiometry. Based on the accessibility of suitable ion

sources, single ion solvation can be studied by mass spectrometry provided

equilibrium is established in such a system.

Photodissociation thresholds can be interpreted as reflecting at least an

upper limit to the thermochemical dissociation threshold. Moseley et al.50 measured

the vibrationally resolved photodissociation spectrum of C03', which was analyzed

to give a reliable limit of 1.85 eV for D(C02-0).

Energy-resolved collision-induced dissociation of metal carbonyl anions

M(CO)n' (M=V, Cr, Mn, and Co) were investigated to determine sequential metal-

carbonyl bond energies by Squire's group.57b They used the model described in the

Methodology Section of this Chapter to obtain fairly accurate BDE's of 30.8 ± 3.5,

40.6 ± 3.5, 40.6± 3.9, and 39.7 ± 3.7 kcal/mol for (CO)5V-CO, (CO)4Cr-CO,

(CO)4Mn'-CO, and (CO)3Co -CO, respectively.

Electron photodetachment spectroscopy is one of the most useful methods
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available for determining the spectroscopic properties of negative ions. This

technique may be used to measure the dependence of the cross section on photon

energy and therefore to determine the photodetachment threshold. Bowen's

group51 has demonstrated the photodetachment of NH4' using photoelectron

spectroscopy (PES). The PES of NH4' resembles that of free hydride, H', except for

being shifted to lower electron kinetic energy due to the stabilization effect of

ammonia solvation. They confirmed that this ion cluster is best described as a H*

ion solvated by NH3, and were able to obtain the solvation energy.

Since the electron affinities of the halides are well known, the threshold for

photodetachment of alcohol solvated halides is directly related to the halides'

solvation energies in the gas phase. Photodetachment processes in the ICR mass

spectrometer provide more accurate quantitative measurement compared to

thermal equilibrium methods if the ions are well thermalized and the ion intensity is

well controlled. A frequency-doubled dye laser pumped by a Nd3+:YAG laser was

used to obtain the UV-near visible output range for this work. Such a laser can

cover a very wide wavelength range with narrow bandwidths.

Collisionally activated dissociation (CAD) processes in mass spectrometry

can provide quantitative bond dissociation energy (BDE) estimates if the interaction

energy is precisely controlled during collisions. One goal of this work was to

improve the accuracy of determining the threshold and provide more precise

quantitative measurement of the BDE of host-guest complexes in gas phase. The

use of an electrospray ionization (ESI) source for soft ionization that produces



24

intact, multiple charged and solvated gas-phase ions directly from various

compounds in solution has been critical for this work. In addition, the ions formed

using ESI carry little internal energy compared to other ionization techniques such

as electron impact (El), laser desorption (LD) and matrix-assisted laser desorption

ionization (MALDI).

Solvated Anions

Living organisms and nonliving matter are affected by interactions with

organic chemicals, which are highly dependent upon how molecular structures

produce site-specific interactions, such as hydrogen bonds. In general, in the life

sciences and in chemistry, the hydrogen-bond (HB) is perhaps the most important

kind of specific molecular interaction between molecular species. Examples include

solubility, bodily transport and docking to active sites. Hydrogen bonding was first

recognized in the physical properties of liquids, and was thought to involve only

fluorine, oxygen or nitrogen atoms bridged by an intervening hydrogen.60 Since

then structural studies have indicated that atoms such as chlorine, bromine and

sulfur can serve as hydrogen bond acceptors,6162 and that hydrogens bonded to

carbon and sulfur can serve as hydrogen bond donors.63 Another significant type

of site-specific noncovalent interaction has been identified as "halogen bonding".63

Therefore, study of alcohol solvated halogen ions through hydrogen bonding has

been an important issue.

Ion solvation has been studied extensively for many years by both theoretical
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methods and experimental techniques. Currently, approaches have reached a high

degree of accuracy and sophistication. Despite this enormous amount of

information, however, no comprehensive and satisfactory theory of ion solvation can

be given, due mainly to the lack of a detailed knowledge of the structure of non¬

simple liquids. The problems occurring in model calculations on ion solvation are

two-fold. Firstly, accurate energy surfaces for ion-molecule complexes are difficult

to obtain. They provide information about the most stable geometries and energies

of interaction. The static energy of a complex, unfortunately, is only one side of the

picture. The shape of potential surfaces for clusters consisting of an ion and many

molecules, in general, indicates high flexibility, since several flat energy minima

separated by low barriers are usually found. Therefore, the dynamics of the

complex is the second important problem for most macroscopic properties at room

temperature.

An alternate and more rigorous treatment of ion solvation is based on the

study of ion-molecule reactions in the gas phase. Relative enthalpies and free

enthalpies of complex formation for solvated ions X'(H20)n with n = 1-6 have been

determined.42 59 The concept of hydrogen bonding (HB) emerged from the study of

self-associated liquids (notably water)63 and its importance in complex biological

systems is paramount.64 The study of hydrogen-bond, HB, interactions in the gas

phase is relevant because it provides direct information on the structure and stability

of these complexes in the absence of the perturbations induced by the solvent.

Most of the solvated ions are easily generated and heavily studied.41-45 59
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These studies have led to an understanding of the stability of hydrogen bonding and

structural variation in these compounds. Such work also provides a better

understanding of the characteristic properties of bulk solution such as ions solvated

with solvent clusters.42,59 Among solvated ions the methanol solvated anions are

difficult to generate and understanding of their properties is still subject to argument.

Also there is still disagreement about the binding energies (BE) of solvated anions

using different measurements.41-45 Therefore, alternate measurements of the BE

using threshold determinations from photodetachment experiments can give more

accurate results. Also, since the ICR ion trap can easily form solvated ions using

either ion-molecule reactions or electrospray ionization (ESI), it becomes possible

to measure BE using photodetachment techniques in the ICR instrument.

The BE measurements of alcohol solvated halides, whose structures are

illustrated in Fig. 1.7, using the photodetachment technique with a FTICR mass

spectrometer are described in Chapter 3.

Flost-guest complexes

Polyether macrocycles have been known for decades.65-67 The discovery that

certain macrocycles can bind alkali metal and alkaline earth cations gave impetus

to the field now known as host-guest chemistry.68 Today, a distinction is made

between the classical ring oligoethers (crown ethers) and monocyclic commands,

oligocyclic spherical cryptands and the acyclic podands with respect to topological

aspects.69 Multidentate monocyclic ligands with any type of donor atoms are called

coronands (crown compounds), while the term crown ether should be reserved for



Figure1.7ThestructuresofCH3OHX‘,X=F,Cl,Br,andI.
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Figure1.8Thestructuresofpolyethermacrocycles.
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cyclic oligoethers exclusively containing oxygen as donor atom (see Figure 1.8).

The ability to form host-guest type complexes with metal ions is one of the

most important properties of crown ethers and related compounds. These

macrocyclic polyethers show a remarkable range of specificity for a wide variety of

cations that depends, in part, on the size of the ether, the type of donor atoms (e.g.

oxygen, nitrogen, sulfur), and the polarity of the solvent.70'72 Since their discovery

by Pedersen73 74 in 1967, crown ethers have generated a tremendous amount of

interest because of their ability to selectively bind guests such as alkali metal ions.

This crown ether/ion specificity can also serve as the basis for many potential

practical applications. For example, 90Sr and 137Cs are the two major generators of

radiation in nuclear waste, and thus complicate disposal efforts. Horowitz, Dietz,

and Fisher75 have used di-tert-butylcyclohexano-18-crown-6 for recovering 90Sr2+

from acidic solutions. A more thorough understanding of cation/crown ether

chemistry can provide the basis for rational design of new ligands useful in

separation of these and other radionuclides from complex waste streams and

hazardous waste storage facilities.

The 3-dimensional structure of a crown ether complex is typified by the

symmetrical coplanar array of the oxygen atoms. These atoms contact the cation

located in the center at an arithmetically calculated interatomic distance as shown

in Figure 1.9. Cations which fit less well spatially are tolerated within certain limits,

e.g. by deformation of the ligand skeleton or by movement of the cation out of the

ring plane. If the cation diameter is much larger, sandwich complexes with 2:1-



Figure1.9Thestructuresofmetal/hydroniumion-crownethercomplexes.
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stoichiometry may form (Fig. 1-9). The degree of stability of crown ether complexes

is represented by the stability constant, K, the equilibrium constant of the

complexation reaction, which is based on a specific solvent.76 Earlier investigations

of cation-binding strengths are based on stability constants for the polyethers and

cations in solution.77 However, it has shown that solvents play an important role in

binding effects. In solution, the order of complexation selectivity, obtained from log

K values, is generally K+ > Rb+ > Cs + > Na + > Li+ in solvents such as water or

methanol.77 In contrast, Na + binds stronger than K + in the gas phase. 78 This

contradiction is due to the fact that the solvation energy of Na+ is much greater than

that of K\ Cation-binding strength has been of great interest to the chemical

community. Enhancing cation-binding selectivity is another matter, and the

selectivity is also influenced by the ring size. The sizes of cations and crown ethers

are listed in Table 1.

Studies of host-guest complexes in the gas phase have permitted better

understanding of the fundamental details of molecular recognition in the absence

of a solvent.78'81 Gas-phase ion-molecule reactions have also been carried out in

order to study the mechanism of ion formation under fast atom bombardment

conditions82 or to determine the relative stabilities of crown ether complexes with

alkali metal cations.83'85

Earlier investigations of crown ether complexes with alkali metal cations

have shown the intrinsic nature of binding interactions and the size selectivity of

complexation in the gas phase.79'81 For predicting future applications,



Table1.1.Sizeofalkali-metalionsandcavitysizeofcrownethers.



SizeofAlkali-MetalIonsandCavitySizeofCrownEthers rL(A)[ref.199]
Na

K

Rb

Cs

rm*(A)[ref198]

1.02

1.38

1.52

1.67

C/rL

12-crown-4

1.2-1.5

0.76

1.02

1.13

1.24

15-crown-5

1.7-2.2

0.52

0.71

0.78

0.86

18-crown-6

2.6-3.2

0.35

0.48

0.52

0.58

rM+-metalionradius;rL-cavitysizeofcrownethers

CO
CD
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measurements of BDE's would provide better understanding for making use of the

ion discrimination properties of crown compounds based on ion-selective membrane

electrodes,86 for the study of physiological ion-transport processes in biological

membranes, for the investigation of receptor and enzyme interactions as well as for

the salt balance and for metabolic processes of the living organism.87

Investigations using CAD to study crown ether complexes with alkali metal

cations have been previously reported.8889 However, quantitative information about

the BDE's of crown ether complexes has only been reported by the Eyler group.89

In the previous study, approximate binding energies of metal/crown ethers formed

using the laser desorption technique were reported. In these studies, we have

carefully measured quantitative BDE's of crown ethers with either hydronium or

metal ions attached, formed from an external electrospray ionization (ESI) source,

using a different approach to determine the dissociation threshold. The details of

the measurements are described in Chapter 4.

Methodology of Determination of Bond Dissociation Energies

Photodetachment

Electron photodetachment from gas phase molecular anions has proved to

be a remarkable tool in the study of both anions and their neutral photoproducts.

A variety of thermochemical and spectroscopic constants can be measured for

systems that would be difficult to study by other methods. Among the techniques
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that have been developed for the study of electron photodetachment are ion beams,

trapped ion cells, and drift tubes.38'40 The advent of tunable laser systems has

increased the precision of measurements made in photodetachment experiments,

allowing for the detection of vibrational and even rotational transitions in some

systems.52 In addition, the wide wavelength range and narrow bandwidth of the

tunable output provide extensive new study areas.

Upon irradiation with light, a molecular anion may either detach an electron

(1.7), dissociate (1.8), or undergo photodetachment followed by dissociation (1.9):

A' + hv-A + e' (1.7)

A' + hv-B' + C (1.8)

A' + hv-B + C + e' (1.9)

Processes (1.7), (1.8), and (1.9) are illustrated in Figure 1.10 (a), (b), and (c),

respectively. In photodetachment spectroscopy, these processes are monitored as

function of the wavelength of the incident light. This can be accomplished by

detecting the decrease in the intensity of precursor ion, A' (processes 1.7, 1.8, and

1.9) or an increase of successor B' for process 1.8 or the detached electrons for all

three processes. The related technique of negative ion photoelectron spectroscopy

analyzes the energy of detached electrons produced by the interaction of a fixed



Figure1.10.Photodetachmentprocess:(a)A'+hv-A+e',(b)A'+hv-B'+C,(c)A"+hv-B+C+e\
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frequency light and an ion beam. Photodetachment spectroscopy has been used

to determine a number of thermochemical and spectroscopic parameters for a

variety of atoms and molecules, including the electron affinity of the neutral

photoproduct, the energies and transition moments of electronically excited states

of anions, spin-orbit splitting in radicals, and vibrational and rotational spacings in

both neutrals and anions. Most anions of organic molecules exhibit only

photodetachment; a number of inorganic anions can also photodissociate upon

irradiation with visible light. Photodetachment experiments are useful in probing

excited states of anions, as well as providing information important in determining

binding strengths.

The use of electron affinities derived from either photodetachment

experiments or literature data to determine bond dissociation energies is applied in

this work. By measuring the depletion of the parent ion as a function of photon

energy, the photodetachment threshold, related directly to the binding strength of

solvated ions, can be determined.

The raw data in a photodetachment experiment are the measurements of the

precursor ion signal with and without laser irradiation. At long wavelengths, the

photon energy is not high enough to detach an electron from the precursor anion

so the intensity of the precursor ion remains unchanged, i.e. the fraction of

photodetachment is zero. When the photon energy is high enough, the intensity of

the precursor ion decreases and the fraction of photodetachment is nonzero,

increasing linearly near threshold. In order to convert these data into a
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photodetachment spectrum, the observed fractional signal decrease must be related

to the photodetachment cross section. The probability of photodetaching an

electron from a negative ion is described by,90

P(A) = 1- — = 1- exp( A x t) (1.10)

Where N is the ion signal with irradiation, N0 is the ion signal without irradiation, t is

the duration of the laser beam pulse, and kp is the rate constant for

photodetachment given by

kp(A) = Jfo(A)-p(A)d\ (1.11)

f is a unitless factor related to geometric overlap between the ion cloud and the

photon beam, o(\) is the cross section for photodetachment in cm2, and p is the

photon flux (a function of wavelength) in photons cnr2 s'1. Assuming a(\) is constant

over the narrow laser bandwidth and t is kept constant, substituting eq 1.11 into eq

1.10, rearranging, and taking logarithms yields an expression for the cross section

in the terms of the quantities measured during a photodetachment experiment:91

N = N0 exp(- o(A) t\f p(A) d\) (1.12)

tJf-p(A)dA
(1.13)
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Photodetachment spectra consist of the wavelength dependence of this cross

section. The geometric factor may be evaluated from the beam diameter, photon

flux, and the size of the ion cloud, if absolute cross sections are needed.92

However, for a given photodetachment spectrum, all parameters in the denominator

of eq 1.13 are constant, if the laser flux is kept constant. Thus, the relative

photodetachment cross-section spectrum, which is sufficient for determination of the

photodetachment threshold, may be obtained by plotting ln(No/N) versus the laser

energy, E (A).

In a well known paper published in 1948, Eugene Wigner derived the form

of the photodetachment cross section for energies near threshold.93 Valid for final

states with two particles whose longest range interaction is the centrifugal barrier,

his result gives the variation of the cross section with energy, but not its absolute

magnitude. The law is given by,

o(E) - (AE)I+1/2 or o(E)~kl+1/2, (1.14)

where o is the cross section, AE is the energy of the departing electron (the energy

above the minimum required for reaction to occur), and k = (2mAE)’/j / h and I are the

linear and orbital angular momenta of the outgoing electron. The essence of the

Wigner derivation is that, at threshold, the dynamics are solely governed by the
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longest range potential interaction between the electron and the neutral atom.

In eq 1.14, the interaction is the centrifugal potential, proportional to 1(1+1 J/r2.

In contrast to photoionization, where the long-range potential falls off as 1/r due to

the Columbic force between electron and cation, the strongest long-range electronic

interaction in atomic photodetachment is a centrifugal force contributed by the

1(1+1 Vr2 term contained in the Schrodinger radial wave equation. Departures from

the law can occur above the threshold, where shorter-range terms in the potential

become important or when forces with the same range as the centrifugal force are

active. Examples of such forces are electron-quadrupole and electron-dipole

interactions, respectively. For atoms, the usual dipole selection rule Al = ±1 applies,

and I in eq 1.14 can be related to the angular momentum of the atomic orbital from

which the electron was detached. The extension of the Wigner result to include

polyatomic anions was accomplished by Reed et al.94 In general, the behavior of

the cross section near threshold for a polyatomic anions is given by,

o(E) = IArEk'*+*[1+0(Ek)], (1.15)

where f is the smallest integer value I for which Ar is not identically zero for

symmetry reasons. To perform the algorithm, one finds the irreducible

representation of the anion's HOMO for the point group of the anion. One then

assigns a value I' based on that irreducible representation. For example, I' = 0 if the

irreducible representation is totally symmetric; I' = 1 if it transforms as x, y, or z; and
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I' = 2 if it is labeled by xy, xz, yz, x2-y2, or z2. The allowed I* values for

photodetachment are then these I' ±1. Since the A" representation transforms as

Z in the Cs point group for alcohol solvated halides, the HOMO has I = 1 and the

selection rule Al = ±1 gives I* = 0. Therefore, from eq 1.15 we obtain,

°(E) « Ek1/2 or In (N0/N) = a(E-ET)y>, (1.16)

The threshold, ET, can be obtained using an iterative procedure in which the

parameters, a (a scaling factor) and ET are optimized, to obtain the best fit to the

photodetachment spectra.

CAD

Energy behavior of reaction cross section

The maximum reaction cross section for an exothermic ion-molecule reaction

has an energy dependence that is determined by the long-range interaction

potential. For polarizable molecules without dipole moments, this is given by the

Langevin-Gioumousis-Stevenson (LGS) expression,95

Olgs(e) = TTe (2a/E),/j, (1.17)

where e is the electron charge, a is the polarizability of the neutral reactant, and E

is the relative kinetic energy of the reactants. Higher order terms in the long range

interaction potential can also be included.96
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For endothermic reactions, microscopic reversibility can be applied to eq 1.17

to yield,97

o(E) = o0(E-Et)*/E, (1.18)

where ET is the reaction endothermicity. The scaling parameter is defined as o0 =

ne (2a)’/j (psgs / p pg p), where p is the reduced mass and g is the electronic

degeneracy of the precursor (p) or successor (s). Although it would be nice if eq

1.18 accurately predicted the energy dependence of all endothermic ion-molecule

reactions, this is not observed experimentally.54'55 57a Indeed, reactions that conform

to eq 1.18 are exception rather than rule, as described later.

Alternate procedures for determining the energy dependence of reactions

include trajectory calculations, statistical theories, and empirical theories. Trajectory

calculations are not generally useful because they require a potential energy

surface, which is rarely available. Statistical theories such as phase space theory

(PST) in which energy and angular momentum are explicitly observed,98 are much

more useful.99'102 Empirical models are the most general means of describing the

energy dependence of reactions, and in this work, we use,

o(E) = o0(E-ET)7Em, (1.19)

where the scaling parameter o0 (with units of area-energy"1") need not be given by
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the expression above. This model includes the model described by eq 1.18 as well

as most other theoretical predictions for endothermic cross sections.103

Unfortunately, even for atom-diatom reactions, there are many theoretical predicted

values of n and m, with no single form that describes the energy dependence of all

reactions.

Although eq 1.19 can adequately represent the kinetic energy dependence

of the reaction cross sections, it does not explicitly include the internal energies of

the ion or neutral reactants. This can be accomplished by modifying eq 1.19 to,

°(E) = Eo0g¡ (E+Er+ErET)n/Em, (1.20)

where the subscripts r and i refer to a rotational and vibrational states; Er or E¡ is the

energy of that state; g, is the statistical population of the ith state; and the sum is

over all states. ET is thus the reaction endothermicity corresponding to 0 K. Eq

1.20 is the model which is used to determine the CAD threshold in Chapter 4.

On-resonance CAD

On-resonance CAD techniques have been demonstrated to measure BDE's

in FTICR mass spectrometry in several groups.89104 105 A short radio frequency (r.f.)

pulse is applied to the excite plates on an ICR cell to increase the translational

energy of a mass-selected precursor ion. The center-of-mass (c.m.) translational

energy imparted to an ion during the excitation in FTICR is given in eq. 1.21
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M
(eV)

(1.21)

8m M+m

where Ecm and E,ab are the energies in the center-of-mass and laboratory frame,

respectively, M is the collision target molecular mass, m is the precursor ionic mass,

t is the r.f. pulse length, Erf is the electric field (which is giving by Vpp Id for an ideal

infinitely long parallel plate cell, where Vpp is the applied r.f. voltage (peak-to-peak))

and d is the plate spacing diameter of the ICR cell. Unfortunately, the measured Erf

for cells of finite dimensions is only a fraction of the ideal value, so it is calculated

using aVpp Id, where a is a geometry factor for the ICR cell (a=0.90 for the Infinity™

cell used in this work).106 The activated ion is then allowed to interact with the

collision gas (Ar or Xe) for a short period of time (CAD delay time). The translational

energy is converted into internal energies such as rotational and vibrational

energies via ion/molecule collisions, allowing dissociation to occur during the CAD

delay time.

- L + T - (ML)" + T->M' + L+ T (1.22)

where M+-L is the ion-ligand complex, T is the collision target gas (Ar), M+ is the ion,

and L is the neutral ligand. After dissociation, the intensities of the fragment ions

are measured. The ratio of the intensity of the product ion to the total ion intensity

is determined. From plots of the intensity ratio (lM7(lM++ lML+)) vs. the center-of-mass
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interaction energy, Ecm (eq 1.21), the threshold for bond dissociation can be

determined using a deconvolution process and eq 1.20.

The CAD process is initiated by ion-molecule interactions which are governed

by long-range attractive potentials. These potentials are sufficiently strong to

overcome small activation barriers. Thus, endothermic ion molecule reactions

should generally proceed if the available energy exceeds the thermodynamic

threshold for product formation.

Doppler broadening

The kinetic energy in the center-of-mass frame defined earlier does not

include the thermal motion of the reactant neutral. These molecules have a

Maxwell-Boltzmann distribution of velocities at the temperature of the ICR cell,

usually 300 K in this work. The effects of this motion are to obscure sharp features

in the true cross sections, especially the threshold for reaction. This so-called

Doppler broadening was first described in detail by Chantry.107 As will be discussed

in chapter 4, this energy distribution and that of the ion are explicitly considered by

using them to convolute a trial function for the energy dependence cross sections

(Eq 1.20 in our studies). Only after this convolution is accomplished is the model

compared to the experimental data. To achieve the best reproduction of the data,

the various parameters in the model (E0 or ET, o0, and n) are allowed to vary and are

optimized by using nonlinear least-squares methods. In this work, the value of m

was set to one, because this model always gave a threshold energy very close to

the average value of all other fits considered in Armentrout's work. This assignment
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is further justified on the basis of a theoretical model for translationally driven

reactions108 and empirically by the ability of this model to accurately measure

thermochemical quantities in this system discussed later in Chapter 4.

Advantages. Disadvantages and Comparisons to Other Techniques

Photodetachment

The BE measurements using thermal-equilibrium methods are relative rather

than absolute values which can be obtained using the photodetachment technique.

All the equilibria measurements are based on the temperature dependence of gas

phase equilibria (n,n-1) observed in a high pressure mass spectrometer ion source.

The equilibrium constants, Kn_1>n, are determined. Then aG0 is calculated from Van't

Hoff plots of equilibrium constants. The BDE's determined from the linear plots

have a certain error due to the uncertainty of the slope and intercept. The accuracy

of the temperature measurement is also unreliable. The photodetachment

technique provides very accurate and straightforward threshold determination due

to the wide wavelength range, high resolution (very narrow bandwidth) and powerful

output of the laser. However, in FTICR experiments, the depletion of the precursor

ion is the only signal which can be monitored directly since the ICR instrument can

not detect neutral products and electron detection is not straightforward. An

alternate way to detect electrons in the ICR cell is use of an electron scavenger for

electron capture, such as CCI4, SF6. Unfortunately, electron scavengers can not be

used with solvated halides. The ion formation involving ion-molecule reactions with
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halide compounds which is described detail in Chapter 3 is excessively complicated

by CCI4 and SF6. On the other hand, photoelectron spectroscopy (PES) can obtain

the same information by measuring the electron kinetic energy at a fixed laser

wavelength.

Photodetachment threshold spectroscopy and photoelectron spectroscopy

have been analyzed to obtain electron affinities and molecular structural

information, and each has its particular strength and weaknesses.

Photodetachment can be utilized to determine electron affinities with an accuracy

limited essentially by the wavelength resolution of the light source, while similar

determinations using photoelectron spectroscopy studies require only that the

wavelength of the intense light source be shorter than the wavelength

corresponding to the photodetachment threshold. As compared to CAD and

thermal-equilibrium techniques, detachment thresholds obtained using

photodetachment are much sharper and can be measured with greater accuracy.

CAD

The use of CAD techniques in FTICR-MS to measure thermodynamic

quantities for a variety of ionic species provides reaction cross section (or rate

constants) over a wide range of kinetic energies. This technique does not require

a laser apparatus and associated laser alignment compared to photodissociation

and PES techniques. CAD is an alternate approach to determining BDE when the

ions of interest do not absorb or absorb little laser energy at near threshold ranges.

However, the accuracy of such information is dependent on the models used to
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analyze the cross sections and on accounting for effects such as the translational

energy distributions of the precursor ion, the internal energies of the precursor ion,

the possibility of multiple collisions and the radiative lifetimes of the intermediates.

One of the powerful aspects of using ion-molecule reactions to study

chemistry is the ease with which the kinetic energy of the ion can be varied over a

very wide range. Although this capability does not see extensive use, it is a very

useful tool for probing the potential energy surfaces of reaction systems and, in

particular, for measuring the heights of barriers to reaction. One application of this

technique to measure thermochemistry of both ionic and neutral species is the

determination of bond dissociation energies.



CHAPTER 2

INSTRUMENTATION

Introduction

The complex electronics instrumentation used in FTICR mass spectrometry

is presented in Figure 2.1 as a simplified block diagram. Essential equipment for

a Fourier transform ion cyclotron resonance mass spectrometer consists of a

superconducting magnet, a high vacuum system, a trapping cell, and a console to

detect ions, store signal and process acquired signal. Ionization sources may be

categorized as internal or external. The internal ionization source is usually located

inside the magnetic field (at the entrance of a trapping cell), produces better signal-

to-noise (S/N) ratio, and does not require a differential pumping set-up to maintain

low base pressure. The external ionization source is located outside the magnetic

field and operates at higher pressures (ca. 10~5 torr for El and MALDI, 760 torr for

ESI and glow discharge (GD)). It requires several stages of differential pumping

before ions enter the trapping cell region and also electrostatic or rf potential lenses

to transfer the ions into the cell. The development of external sources has allowed

the analyzer cell region to remain clean and at low pressure; therefore, the

resolution is improved. Also, since the external source region can be isolated from

the cell region, it is more flexible to switch between different ionization techniques
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Figure2.1.SimplifiedblockdiagramofFTICRmassspectrometer.
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in half an hour or less. This chapter will describe two ICR instruments with internal

and external ionization sources. The cell and ESI design used for this work will also

be described. The experimental configurations will be briefly introduced and then

discussed in detail in the Experimental sections of Chapter 3 and Chapter 4 for both

photodetachment and CAD techniques, respectively.

Nicolet 2 Tesla ICR Instrument

The FT-ICR mass spectrometer used for photodetachment studies (Chapter

3) was equipped with a 2 tesla superconducting magnet, a vacuum system (Figure

2.2) and a Bruker Aspect 3000 console with 512K memory. The vacuum chamber

had 8" flanges on either end, one with three optical windows for transmission of

laser radiation, the other with one window which allowed laser access to the

filament side of the cell. This arrangement permitted easy alignment of the laser

beam.

Figure 2.3 shows the laser set-up for this work. The laser beam was

reflected into the center window of the three window flange by a quartz prism. The

laser was externally triggered from the console. The console sent a TTL trigger

pulse just before the electron beam pulse to an Apple II computer with a John Bell

Co. interface card. Unless triggered, the computer and interface card sent both

"charge" and "fire" commands to the Nd3+:YAG laser so that the flashlamps fired at

a rate of ca. 9 Hz. The computer shifted to an interrupt routine which sent not only



Figure2.2.2teslaICRinstrument(a)2Tmagnet,(b)Inletsource,(c)Threewindowflange,(d)Onewindowflange, (e)ICRcell,(f)Diffusionpump,(g)Iongauge.
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Figure2.3.Laserset-upforphotodetachmentexperiment(1)AppleIImicrocomputercontrols"charge"and"fire" commandsofYAGlaser,(2)ConsolesendsexternalTTLpulsetotriggerthelaser,(3)Powercontrolfromconsole
tothecell;(a)Quartzprism,(b)Laserquartzwindows,(c)ICRcell,(d)2Tmagnet,(e)AppleIIcomputer,(f)Console, (g)Photodiode.
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"charge" and "fire" but also a "Q-switch" pulse which caused the laser to fire when

interrupted by an external trigger pulse. The time from the rising edge of the TTL

trigger pulse to the laser firing, which was monitored by an oscilloscope using a

photodiode, was adjusted to match the FTICR pulse sequence so that the laser

was fired right before ion excitation. The wavelength calibration of the dye laser

was performed using the output of a He:Ne laser by a Continuum field service

engineer immediately before this project was begun. The laser has been used

solely for this research since the calibration was done. The wavelength was

checked using a monochromator (± 0.2 nm) each time when a different dye was

used. The pulse sequence used for this work is depicted in Figure 2.4.

The modified vacuum system, which was pumped by a 700 Us diffusion

pump and a mechanical pump as a forepump, maintained the background pressure

below 10'8 torr. The partial pressures of the three reagents used for the preparation

of the solvated anions were controlled by a pulsed valve and three precision leak

valves on the inlet system; this set up allowed very reliable control of the partial

pressures which is critical for these experiments.

A cylindrical cell (2.45 inches diameter x 3.0 inches length) was used for the

photodetachment experiments (as depicted in Figure 2.5). The fine mesh at the

filament side of trapping plate was replaced with a coarse mesh to increase

transmission of the laser beam and to allow the desired ions to be trapped without

ionization of the metal by the laser beam. Ions were formed by internal electron

impact (El), with electrons produced by a filament located in front of the trapping



Figure2.4.Pulsesequenceforphotodetachmentexperiments.
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Figure 2.5. Cylindrical cell.
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plate. Because the volume of the cylindrical cell is much larger than that of

conventional cubic cells used in our laboratories and elsewhere, space charge

effects are reduced. The trapping potential was kept as low as possible (1.2-1.4 V)

to prevent high velocity ions from being trapped.

Radiation in the 260-350 nm range after frequency doubling was provided by

a tunable dye laser (Quantel TDL 50) with a frequency-doubling accessory. This

dye laser was pumped by 532 nm (second harmonic of YAG fundamental) output

from a Nd3+:YAG laser (Quantel YG 581C), which was synchronized with the mass

spectrometer using laboratory-built interface electronics.109 The wavelength scan

was controlled by commercial software provided with the dye laser. The wavelength

accuracy of this laser system is ±0.5 A, and the resetting stability is ±0.02 A; the

laser linewidth is 0.08 A. Five different dyes (Fluorescein, Rhodamine 590, 610,

and 640, and DCM) were used and the provided wavelength range for each dye is

listed in Table 2.1. The laser output power (ca. 8-15 mJ/pulse) was kept constant

for each photodetachment spectrum.

Bruker 7 Tesla ICR Instrument

All the CAD experiments were performed on a Bruker FTICR mass

spectrometer (Bruker Analytical Systems, Billerica MA) equipped with a Spectrospin

(Fállanden, Switzerland), 7.0 T superconducting magnet, an RF-shimmed infinity™



Table2.1.Laserdyesusedforphotodetachmentexperimentsandtheircorrespondingwavelengthrangebeforeand afterfrequencydoubling.



DyesandtheCorrespondingWavelengthRangeBeforeandAfterFrequencyDoubling Wavelength range

Fluorescein

Rhodamine590
Rhodamine610
Rhodamine640
DCM

Before doubling

520-575nm

550-590nm

581-607nm

567-640nm

620-696nm

After doubling

260-287.5nm
275-295nm

290.5-303.5nm
283.5-320nm
310-348nm



Figure2.6.7TICRinstrument(a)7Tmagnet,(b)Infinity™cell,(c)400L/scryopumps,(d)800L/scryopump,(e) Mechanicalpumps,(f)Capillarycoatedwithplatinumatentranceandexitends,(g)Needle,(h)Syringepump.
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cell with a 2.45 inches diameter, a vacuum system, and an Aspect 3000 console.

The vacuum system consisted of an external ion source, ion transfer optics, and cell

regions which were pumped by 800 I/s (N2), 400 I/s (N2), and 400 I/s (N2)

cryopumps, respectively (Figure 2.6). Ions were formed using an Analytica

(Branford,CT) high-pressure ESI source. The ESI source region was pumped by

two mechanical pumps and a 800 I/s (N2) cryopump to give pressures in the Iow10'5

mbar region. The ions were transferred to the analysis region via a series of

electrostatic lenses, pumped by a 400 I/s (N2) cryopump. The analyzer region was

maintained by another 400 I/s (N2) cryopump in the low 10'10 mbar range, as

indicated by a cold cathode gauge.

Electrospray Ionization (ESH Source Region

Electrospray ionization (ESI) has became as the premiere ionization method

for LC-MS analysis.110 The main reason for its success is the proven ability of ESI

to simultaneously desolvate and ionize fragile polar analytes suspended in a liquid

matrix at atmospheric pressure. This process can then be followed by mass

analysis in the gas phase carried out under vacuum conditions.

The concept of ESI is simple. As an electrical potential is applied to a

conductive needle through which liquid is flowing, a "spray" forms which disperses

the liquid through the formation of a Taylor cone. This dispersion creates tiny liquid

droplets (~ 3 pm in diameter) which are electrically charged. These charged

droplets then quickly evaporate to dryness.111'114 Figure 2.7 shows the ion formation

process in ESI. The work of Iribarne and Thompson is the most accepted



Figure2.7.IonFormationinESI.
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description of the ESI mechanism.115 According to their research, the ion

suspended in solution evaporates into the gas phase when the shrinking droplet

reaches the "Rayleigh limit" where the energy from repulsion of the charge on the

droplet surface exceeds the energy of the surface tension which holds the droplet

together. The resulting "coulombic explosion" tears the droplet apart and produces

even smaller droplets with an ehigher charge-to-mass ratio. It is from these smaller

droplets that ions actually "evaporate" from the liquid phase into the gas phase.

After the charged droplets enter the capillary, the evaporation process is

controlled through the application of electrical fields and a heated "counter-current"

drying gas, which helps to evaporate the droplets. The ESI chamber is surrounded

by a metal screen so that the spray itself can be seen during the ionization process

(Figure 2.8). This region is always maintained at atmospheric pressure. Inside the

spray chamber there are two electrodes, excluding the needle itself which is

normally maintained at ground potential to protect the user from the possibility of

electric shock. The largest of these electrodes is the transparent cylindrical

electrode (V^,), a wire screen which surrounds the bulk of the spray chamber. The

final electrode in the atmospheric region of the source is the capillary (0.5 mm i.d.)

entrance orV^, which is held at ca. 4kV, in order to form charged droplets between

the needle and the capillary. This electrode is fabricated by coating the face and

side of the quartz dielectric capillary with metal (gold or platinum). The exit end is

also coated with metal so that the capillary entrance and exit can be used

independently as electrodes to help guide the ions to and out of the capillary. On



Figure2.8.ESIdesign.
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the vacuum or exit side of the capillary, the ions are transferred through several

skimmers (0.8 and 1.0 mm diameters) and lenses with pumping stages in the ESI

source prior to entering the transfer region. The manipulation of all these voltages

is important as they shape the electric field which causes the electrospray to form

and guide the ions toward the capillary so they may be transported into the vacuum

region of the source.

At the back end of the capillary where the ions emerge, a supersonic

expansion takes place between the capillary exit and the skimmer. The capillary

exit itself acts as a lens (L1) and so has a variable potential. The region between

the capillary exit and first skimmer (L2) is differentially pumped to allow for the

passage of as many ions as possible while reducing the gas pressure as well. After

this skimmer, there is another differential pumping region, where another lens

element, L3, and a second skimmer, L4, are present. The final lens elements were

L5 and L6. This pressure region is "open" and therefore pumped by the pump in the

source region of the mass spectrometer vacuum system. For this reason, L5 and

L6 are visible from the outside of the source. L6 is the last controllable lens before

the mass analyzer optics. Once the ion has been formed, it is transferred from

atmospheric pressure, where the ionization process occurs, to the mass analyzer

which is under vacuum through differential pumping stages.

Introduction of ESI Features

The efficiency of ionization in ESI is greatly affected by the chemistry of the

analyte with its supporting solution. The reason for this is the characteristic relation
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between the analyte in the solution phase and the extracted analyte in the gas

phase when electrospray ionization is used. Electrospray ionization is a very "soft"

ionization technique, so minimal distortion of ionic structures, in both chemical and

physical terms, occurs during the process of analyte ionization and desolvation.

There are a number of important chemical properties of the analyte which

may affect the ion signal observed in ESI process. These include but are not limited

to (1) pKa or pKb116, (2) concentration, (3) solubility, (4) molecular conformation, and

(5) molecular weight. Properties of the supporting solution itself can also have

effects on the ion signal such as electric conductivity, surface tension, presence of

salts, acids and bases, solvent polarity and volatility , and interference from other

ionizable analytes.

gKa or pKb

If a protonated base desorbs from the droplet surface during ionization, the

analytes which have higher pKa's will have higher concentrations of the protonated

forms of the bases, and therefore higher signals in ESI/MS.

Concentration

ESI functions as a concentration sensitive detector when operated within a

reasonable range of sample concentration. The range of concentration over which

a linear response from the MS can be obtained, or linear dynamic range (LDR), is

generally several orders of magnitude.116 At both high and low ends of possible

concentration levels, some deviation from linearity is expected to occur. The

formation of the cluster species is frequently observed in ESI-MS when small
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compounds having finite solubilities are used. The analyte is actually precipitating

out in solution at higher concentrations, thus forming clusters on the original

species. The concentration of sample may actually lead to decreased ion signal in

the MS for the analyte of interest.

Solubility

As solubility decreases, the likelihood of precipitation, and thus the formation

of clusters, in solution increases. As shown above, this may lead to reduced ion

signal. For this reason, it is necessary to consider the solubility of the compound

of interest when choosing solvents and sample concentrations. Generally, ESI-MS

spectra cannot be obtained for very large proteins (especially membrane-bound

types) due to solubility issues. In these and other cases, usually a better solvent

can be used to increase signal.

Molecular conformation

Most evidence concerning ESI leads to the conclusion that the efficiency of

generating protonated ion is related to the pKa, as shown above. Also important is

the accessibility of basic sites which attract the charges. This feature is important

in larger macromolecules, such as proteins, which have tertiary and even

quaternary structural components. In such species, the available basic sites may

be "hidden" from the protons they seek.117 For this reason, it is sometimes

necessary to change the solvent system, by adding dilute acid for example, in order

to change the structure of the protein. In severe cases, the protein may be

subjected to enzymatic or chemical degradation in order to increase ion signal.
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Molecular weight

The possible effect of molecular weight on ionization is the mass

discrimination118 which may occur in both the mass analyzer and the ion optics.

Usually by adjusting the voltage parameters of the ion optics one can observe the

effect of charge states for multiple charged ions.

Solvent properties

High conductivity solutions will not electrospray well under "normal"

conditions since the formation of a Taylor cone is prevented in this case.119

Solutions which are high in conductivity usually have acids, bases or salts added

to them for various reasons. When using these solvents for electrospray, it is

necessary to remove these additives to the sample, as the ion signal and stability

are strongly dependent on the quality of the spray generated and the formation of

the Taylor cone.

In a similar manner, solutions with a high surface tension are also difficult to

use with ESI. It is for this reason that pure water does not electrospray well. This

problem is generally overcome through the addition of an organic modifier, such as

methanol, to the sample solution. The supporting solution is at least 20% in organic

makeup to spray well. The accepted standard for optimum performance is 50%.

Finally, the solvent volatility may also slightly affect the ion signal observed in ESI

for a particular analyte. After a droplet has been formed by ESI, it must evaporate

substantially before the electric field on the droplet surface is high enough to induce

a coulombic explosion and subsequent ion evaporation of the analyte. This rate of
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evaporation will depend on the solvent composition of the droplet. For this reason,

solutions with higher organic content may give higher signal since the droplets

formed will evaporate faster, leaving more time for analyte ionization to occur.

Ion Transfer Region

After formation ions are then accelerated toward the analyzer by a series of

electrostatic lenses (3 kV maximum potential between PL5 and PL 7) as shown in

Figure 2.9. After acceleration the ions pass x,y-deflection, flight tubes (FL1, FL2),

and PL9 at decreasing potential to relative ground prior to entering the cell region.

A set of deflection lenses is used to gate the continuous ion beam, so that ions

enter the analyzer region only during the ion accumulation period. Finally, the ions

are transported into the mass analyzer where their mass is determined. The gate

valve is used to isolate the analyzer region from the ionization source region for

more rapid changes of the ionization source to El, MALDI, or GD.

Ion Analyzer Region

The trapping cell used for CAD work is a rf-shimmed infinity™ cell as shown

in Figure 2.10. At the front of the ICR cell there were two "side-kick" plates with

pulsed low voltages (1-5 V) during the ion formation pulse. Ions entered the cell

with a kinetic energy identical to the first "side-kick" plate potential. After the ions

entered the cell, the voltages on the side-kick plates were dropped to the trapping

potential (0.5 -1 V). To help trap the ions, the second set of side-kick plates (with

two halves) is designed to convert the z-axis translational energy into the xy-plane

cyclotron motion. Once the ions were trapped inside the cell, the CAD experiments

were performed using a pulse sequence illustrated in Figure 2.11.



Figure2.9.Electrostaticlensesintransferregion.
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Figure2.10.Infinity™cellwiththree"side-kick"plates:(a)PVX1,(b)PVX3,(c)PVX4plates,(d)themacorplatewhich
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Figure 2.11. Pulse sequence for CAD experiments.
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CHAPTER 3

DETERMINATION OF BINDING ENERGIES OF SINGLY-SOLVATED HALIDE
IONS USING THE PHOTODETACHMENT TECHNIQUE

Background

Fundamental studies of the thermodynamics of solvation are important for

several reasons. First there is the chemistry of the solvation process itself. A free

molecule or ion becomes surrounded by solvent molecules in the bulk medium.

This results in changes in the interactions between solvent molecules, as well as the

formation of new solute-solvent interactions, including hydrogen bonds in protic

systems. Solvation is often the key factor in relative solubility effects, which are

essential in many types of chemical separations. Also of practical significance is the

role of solvation in chemical reactions. Since many reactions take place in solution,

the solvent often has a pronounced effect on the reaction rate and position of

equilibrium. Although the optimum solvent for a particular application may be

identified by conducting a series of reactions, it would be more expedient to predict

such effects from knowledge of the solvation of the reacting species. However,

because of the accompanying changes in solvent structure and the solvation of

counterions, it is often difficult to obtain meaningful data from measurements of the

88
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bulk materials. It is, therefore, desirable to study the thermodynamic aspects of

solvation, in particular the binding energies of ion-solvent adducts, in the gas phase,

where there is no interference from other species.

The binding of cations and anions to neutral molecules has been investigated

by a variety of mass spectrometric techniques,120'141 and solvated ions such as the

water and alcohol-solvated halides have also been heavily studied.125'141 These

investigations have provided information about the stability of the hydrogen bond

and the effects of structural variations in these compounds. Work involving ions

surrounded by solvent clusters128'133 has also led to a better understanding of the

characteristic properties of bulk solutions.

Ion solvation energies have been measured by several methods as

described in the Introduction section.41'58 Although a large volume of

thermodynamic data is available, there is still considerable disagreement in the

literature about the binding energies (BE) of solvated anions evaluated by different

methods such as equilibrium measurements in HPMS129'134 and ICR-MS.137'141 This

may be attributed to the use of equilibrium methods, which are often highly

uncertain and may not give direct measurements of the binding energies. Kebarle

and coworkers132 have made extensive use of ion-solvent cluster reactions,

represented by eq 1.6. The equilibrium is established in the ion source of a high

pressure mass spectrometer, and the equilibrium constant, K^.,, is determined from

intensity measurements of the two anions. The enthalpy change can be determined

by repeating the measurements at a series of temperatures.129'131138 Another
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equilibrium method44'124'126'137141 is a comparative procedure utilizing data at a single

temperature for a series of bimolecular exchange reactions of general form

S.X-+ S2 - S2X + S1( AG = - RT In K (3.1)

This gives a relative value of the free energy of solvation within the series of

investigated solvent molecules. The enthalpy change is then determined from the

free energy after estimation of the entropy change.

These equilibrium approaches are all prone to large uncertainties. For

example, Hiraoka and Yamabe130 used both a gas-phase solvation reaction (eq 1.6)

and an ab initio MO calculation with a 3-21G basis set to determine the BE of

(CH3OH)F', and obtained results of 23.3 (±10-2.0) and 26.2 kcal/mol, respectively.

Using the bimolecular exchange method (eq 3.1), Larson and McMahon137(a)

obtained 29.6 (±0.5-10) kcal/mol for the BE of the same anion. There is a

difference of at least six kcal/mol in the two experimental results, and neither agrees

with the ab initio calculation.

An alternative method for determining binding energies makes use of a

photodetachment reaction. To a first approximation, the photodetachment process

may be represented by:

+ X + e\ (3.2)

However, as described further under Results and Discussion, consideration of an
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intermediate loosely bound neutral complex may be necessary. The threshold for

photodetachment is obtained by measuring the depletion of SX as a function of

photon energy. This value can be used to calculate the BE of SX', if the electron

affinity (EA) of X is known (either from established values or the photodetachment

threshold of unsolvated X ). Brauman et a/.142"143 have used this method to evaluate

the EA's of several systems including organophosphines and aliphatic oxyl radicals.

Similar measurements of photodissociation reactions (similar process to eq 3.2, but

with the charge remaining on one of the products, presumably X) provide data on

the BE's of solvated cations. For example, Brucat et at.'22 used photodissociation

in a TOF mass spectrometer to obtain the upper limit of the ground-state adiabatic

dissociation energy of (H20)V+. The binding energies of Mg(FI 20) n + (n¿1) were

determined in Fuke’s120 and Duncan's121 groups by the same technique. Johnson

et at.'27 also used time-of flight (TOF) mass analysis to demonstrate the competition

between photodissociation and photodetachment in hydrated electron clusters,

(Fl20)n\ They observed that photodetachment is the only process at high excitation

energies. Flowever as the photon energy decreases, photodissociation begins to

compete with photodetachment.

Ion cyclotron resonance mass spectrometry is especially desirable for

photodetachment studies, because ions may be trapped for extended periods and

subjected to laser irradiation. Thus, it is feasible to form solvated anions by suitable

ion-molecule reactions, and to measure their BE's by the photodetachment process.

This report presents results on a number of alcohol-solvated halide ions, (ROFI)X',
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as well as (CH3CN)Br. Riveros et a/.144'147 have developed methods for producing

these adducts (as shown for specific cases in the Procedure section). These

preparation procedures have been used successfully in our laboratory148 to obtain

IR spectra of solvated halides by IR multiphoton dissociation (IRMPD)

measurements. In this work the binding energies of (ROH)X' and (CH3CN)Br have

been determined by the photodetachment method in the 260-350 nm wavelength

range.

Experimental Procedures and Data Analysis

Chemicals and Ion-Molecule Reactions

All chemicals were commercial products of spectral-grade purity, and were

used without further purification, except for several freeze-pump-thaw cycles. NF3

was purchased from Air Products and Chemicals, Inc., phosgene was obtained from

Matheson, optima-grade methanol was purchased from Fisher Scientific, and the

rest of the samples were obtained from Aldrich.

The solvated halide ions were formed by the methods of Riveros.144147 A

two-step procedure was used to produce the methanol-solvated fluoride and

chloride ions.144146 In the first step the pertinent reagent gas (NF3 for the F' adduct;

phosgene for the Cl‘ adduct) underwent dissociative electron capture of 6-12 volt

electrons (Figures 3.1 and 3.2 for F' and COCI ):



Figure3.1.MassspectrumofF\
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Figure3.2.MassspectrumofCOCI'.
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NF3 + e'-> NF2 + F' (3.3)

COCI2 + e' - COCI' + Cl (3.4)

The anions subsequently reacted with a second reagent gas to form the desired

adduct (Figures 3.3 and 3.4 for (CH3OH)CI' and (CH3OH)F):147

F + HCOOCH3 - (CH3OH)P + CO (3.5)

COCI' + CH3OH - (CH3OH)C|- + CO (3.6)

The neutral carbon monoxide removed some excess energy resulting from

these exoergic reactions, but a relaxation delay of 2.5 to 4 seconds was still

required to allow the (CH3OH)F'or (CH3OH)CI' to approach thermal equilibrium prior

to the photodetachment measurements. For this work the thermalization time was

determined by measuring the photodetachment threshold with increasing delay

times (2-6 seconds), until no significant change was observed. Results of earlier

IR dissociation experiments involving (CH3OH)F' suggested that ca. 100 collisions

between the ions and the bath gas (methyl formate) were required for

thermalization.149'150

The preparation of (CH3OH)l' and the adducts of Br with CH3OH, C2H5OH,

/-C3FI7OH, n-C3H7OH, and CH3CN required an alternate method involving the gas-

phase exchange of (FI20)X' with the desired solvent. Initially, hydroxide ions from



Figure3.3.Massspectrumof(CH3OH)F\m/z=51.
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Figure3.4.Massspectrumof(CH3OH)Cr,m/z=67,69.
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dissociative electron capture by water reacted with bromo- or iodobenzene to

produce the water adducts (Figures 3.5 and 3.6 for OH" and (H20)Br):

H20 + e" - OH" + H (3.7)

OH" + C6H5X - (H20)X- + C6H4 (3.8)

Subsequently, H2OX" was allowed to exchange with the solvent (Figure 3.7 for

(CH3OH)Br):

S + H2OX - SX" + H20 (3.9)

A period of 2 seconds was needed for the final reaction to reach equilibrium.

Because the SX" ions were already thermalized, no further relaxation delay was

required.

For the electron capture reactions of NF3, COCI2l and H20, 12.0, 6.0, and

10.0 volt electrons were used, respectively, and the gas pressures were 4.0-5.0 x

10'8 torr. The total pressure was 8.0 x 10"8 torr for the production of (CH3OH)F" and

(CH3OH)CI\ and 1.5 x 10"7 torr for the iodide and bromide adducts. The higher

pressure in the latter experiments also helped to assure that the I" and Br adducts

were properly thermalized.



Figure3.5.MassspectrumofOH',m/z=17.
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Figure3.6.Massspectrumof(H20)Br,m/z=97,99.
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Figure3.7.Massspectrumof(CH3OH)Br,m/z=111,113.
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Pulse Sequence

As shown in Figure 2.4, after a quench pulse removed all the ions from the

cell, the TTL pulse was sent to externally trigger the laser. A 100-150 ms pulse of

6-12 volt electrons was generated for dissociative capture by the first reagent gas

(eqs 3.3, 3.4, and 3.7). This was followed by a 2.5-4 second delay for the ion-

molecule reactions (eqs 3.5, 3.6, and 3.9), as well as thermal relaxation of the

product solvated ions, as described above. After the delay, a series of single¬

frequency ejections was generated to remove undesired ions. The laser was then

fired, followed by detection of the solvated ions using a standard chirp excitation

sweep. Data were acquired over a broadband frequency range corresponding to

m/z=15 to m/z=1000. One-hundred 32K point time-domain transients were signal-

averaged for all ions except (CH3OH)F' and (CF^OHJCI" (50 transients each). The

absolute intensities of the solvated ions were recorded under the same conditions

with and without blocking the laser beam.

Data Analysis

In a photodetachment experiment the ion signals, both with and without laser

irradiation, are recorded as a function of the laser wavelength. Because the

solvated anion is converted to neutral products, the ion concentration decreases

following the laser pulse. The observed signal ratio, N/N0, where N0 corresponds
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to the unirradiated sample, must be related to the photodetachment cross section,

o(X), which is the ordinate of an absolute photodetachment spectrum.

The probability, P(A), of removing an electron from a negative ion by laser

irradiation is given by equation 1.10.90 The equations, 1.10 and 1.11, yield an

expression for the cross section in terms of the measured quantities:91

InV
o(A)

N / (1.13)

tff-p(A)dA

For a given photodetachment spectrum, all parameters in the denominator of eq

1.13 are constant, if the laser flux is kept constant. Thus, the relative

photodetachment cross-section spectrum, which is sufficient for determination of the

photodetachment threshold, may be obtained by plotting ln(No/N) versus the laser

wavelength. At each wavelength setting the N and N0 measurements were

repeated 4 to 6 times, and the respective mean and standard deviation were

calculated. The standard deviations of the ln(N0/N) values were propagated from

the standard deviations of the data points, and these were used as error bars for the

photodetachment spectra.

At the threshold the cross section for optically detaching an electron depends

only on the long-range interaction between the two product particles. For

polyatomic anions151 with Cs symmetry, the cross-section is directly proportional to

the square root of the energy above the threshold, (E-ET),/2:



111

o(E) « (E-Et)* (3.10)

or In (N0/N) = a(E-ET)% (3.11)

in which a is a constant. To evaluate ET an iterative procedure was used. First, a

plot of ln(N0/N) versus laser energy, E, was prepared, as shown in Figures 3.8,

3.9, 3.10, and 3.11 for (C2H5OH)Br, (CH 3CN)Br \ (CH 3OH)l\ and (CH 3OH)F \

respectively. An approximate ET (ET1), was chosen from the sloping part of the plot,

and the experimental data points (E, ln(N0/N)) were substituted into eq 3.11 to

obtain a series of initial values of a. The mean (a,) and standard deviations of the

points about the mean for the initial values of a were calculated. This procedure

was repeated for decreasing ET’s (at intervals of 0.01 kcal/mol) until the minimum

standard deviation about an was obtained. The reported ET was taken as the ETn

producing this minimum standard deviation.

The curves shown in Figures 3.8 to 3.11 are the fit to the data using the ET

obtained in this manner. For each of these plots a least-squares fit was also made

for the points in the near threshold region, and the threshold was taken as the

energy corresponding to the x-intercept. The results from the least-squares fit were

very close to those of obtained using the iterative procedure described above. The

uncertainty in ET was evaluated from the standard deviations of the least-squares

slope and y-intercept.152



Figure3.8.Photodetachmentspectrumof(C2H5OH)Br:■-experimentaldata;curve-bestfittothethresholdregion
ofphotodetachmenteffectvs.(E-ET)1/2-thearrowpointstotheonsetthreshold.
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Figure3.9.Photodetachmentspectrumof(CH3CN)Br:■-experimentaldata;curve-bestfittothethresholdregion ofphotodetachmenteffectvs.(E-ET)1/2-thearrowpointstotheonsetthreshold.
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Figure3.10.Photodetachmentspectrumof(CH3OH)l':■-experimentaldata;curve-bestfittothethresholdregion ofphotodetachmenteffectvs.(E-ET)1/2-thearrowpointstotheonsetthreshold.
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Figure3.11.Photodetachmentspectrumof(CH3OH)F':■-experimentaldata;curve-bestfittothethresholdregion
ofphotodetachmenteffectvs.(E-ET)1/2-thearrowpointstotheonsetthreshold.
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Results and Discussion

The relative photodetachment spectra for bromide ion solvated with CH3OH,

C2H5OH, /-C3H7OH, n-C 3H 7OH, and CH 3CN are presented in Figure 3.12. As

explained above, a delay period was required to assure that the gas-phase

exchange reactions for the preparation of the Br and I' adducts (eq 3.9) reached

equilibrium and that (CH3OH)F‘ and (CH 3OH)CI' (eqs 3.5 & 3.6) were properly

thermalized. Figures 3.13, 3.14, and 3.15 show photodetachment spectra for

(CH3OH)F', (CH 3OH)CI, and (CH 3OH)Br', respectively, obtained with increasing

delay time. Studies of the bromide systems showed results similar to (CH3OH)CI\

The reaction of fluoride ion with methyl formate (eq 3.5) is very exothermic, and a

delay of about 4 seconds was required for collisional cooling of the (CH3OH)F ions.

The overall shift in the threshold (cf., Figure 3.13) from 272.0 nm to 264.4 nm

corresponds to a cooling of 87.6 K for the (CH3OH)F' complex. Because the newly

formed (CH3OH)CI' ions were less energetic, they reached thermal equilibrium in

about 2.5 seconds. The formation of (CH3OH)Br reqiures high pressure and

achievement of thermal-equilibrium, therefore, the 2.5-second delay was also

sufficient for the exchange reactions (eq 3.9) to reach equilibrium.

By a thermochemical cycle for the photodetachment process (eq 3.2) the

threshold is equal to the sum of the binding energy of the solvent anion complex

and the electron affinity of the halogen, with a small correction as described below.

Thus, the BE's may be calculated from the thresholds and the known EA's154 given



Figure3.12.Photodetachmentspectra:■-(CH3CN)Br;•-(CH3OH)Br;T-(C2H5OH)Br;▲-(i-C3H7OH)Br;X-(n- C3H7OH)Br.
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Figure3.13.Photodetachmentspectraof(CH3OH)F"obtainedusingdifferentthermalizationtimes(t):▲-1=2.34sec.
X-1=3.20sec.;■-1=3.77sec.;X-1=4.31sec.;•-1=6.05sec.
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Figure3.14.Photodetachmentspectraof(CH3OH)Crobtainedusingdifferentthermalizationtimes(t):•-1=2.05sec. A-1=3.20sec.;■-1=4.34sec.
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Figure3.15.Photodetachmentspectraof(CH3OH)Brobtainedusingdifferentthermalizationtimes(t):■-1=2.05sec. A-1=3.77sec.;•-1=4.34sec.



In
(N„/N)

302.0304.0306.0308.0310.0312.0 Wavelength/nm

128



129

in Table 3.1. Table 3.2 presents the thresholds (including a and ET) and binding

energies for all complexes studied in this work. Results of previous investigations

are also included.

This interpretation of the photodetachment threshold assumes that the

vertical transition proceeds to a repulsive state and not to a neutral bound complex.

Excitation to a bound state would result in the reaction,

SX'-V SX + e , (3.12)

instead of eq 3.2. For these solvated anions, it is expected that dissociation to S

plus X (eq 3.2) occurs, as supported by several arguments. Based on Brauman's

experimental and calculated results,91153 the preferred reaction is expected to

depend on the Franck-Condon overlap of the ground state vibrational wavefunction

of the solvated anion with that of the neutral complex at the same geometry.

Considering S to be an alcohol, ROH, interacting with neutral X via the OFI group

(RO-H-X), the position of H between the O and X nuclei depends on the proton

affinities (PA) of RO' and X. If X' has a lower PA than RO', then the FI is closer to

the oxygen (RO'-FT-X), so that the equilibrium internuclear distance for the

interacting neutrals would be similar to that in the solvated ion. Thus, complete

dissociation of ROFI from X is feasible, and a vertical transition may be expected to

follow eq 3.2. On the other hand, if RO' has a lower PA than X', the FI is closer to

X (RO'-FT-X'). The Franck-Condon factor for eq 3.2 would be poor, and the



Table 3.1. Electron affinities (EA) and proton affinities (PA) of species studied in this
work.
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Electron Affinities3 (EA) and Proton Affinities6 (PA) of Species Studied in this Work

Halogen EA/kcal-mol'1
()=/kJ-mol‘1

Anion PA/kcal-mol'1
()=/kJmol'1

F 78.37 (327.8) OH’ 390.8 (1635)
Cl 83.44 (349.0) ch3o- 381.4 (1595)
Br 77.45 (323.9) c2h5o- 377.8 (1580)
I 70.53 (295.0) i-C3H70" 376.0 (1573)

n-C3H70" 376.4 (1574)
t- C3H70‘ 374.9 (1564)

ch2cn- 372.2 (1557)
f- 371.3 (1553)
ci- 333.3 (1394)
Br 323.6 (1353)
I 314.3(1315)

a-Ref. 154
b- Ref. 155



Table 3.2. Photdetachment thresholds (ET) and binding energies (BE's) of solvated
halides.
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Photodetachment Thresholds (ET) and Binding Energies (BE) of Solvated Halides

This work Other experimental results Calculated results

ET/nm BE/kcal-mol'1
(á) ()=/kJ-mol'1

BE/kcal-mol-1
0=/kJ-mol'1

Method3

[Ref.]
BE/kcal-mol'1 Method [Ref.]
0=/kJ-mol'1 (basis set)

(CH3OH) F- 265.1±1.2

(1.71)
29.910.5

(125.112.1)
29.6 (123.8)
30.6 (128.0)
23.3 (97.5)

EX [137]
EQ [140]
EQ [130]

26.2 (109.6) 3-21 G [130]

(CH3OH) Cl- 280.5±1.4
(2.18)

18.810.5

(78.712.1)
16.8 (70.2)
16.3 (68.2)
14.2 (59.4)
17.4 (72.8)

EX [137]
EQ [134]
EQ [131-133]
EQ [130,138]

16.2(67.8) 3-21 G [130]

(CH3OH)Br 309.0±1.3
(1.82)

15.210.4

(63.611.7)
13.9 (58.1) EQ [130] 16.0(66.9) 3-21 G [130]

12.9(54.0) MP4/SDTQ[141]
(CH3OH)|- 337.2±1.6

(1.31)
14.410.4

(60.311.7)
11.3 (47.3)
11.2 (46.8)

EQ [131-133]
EQ [130]

10.8 (45.2) 3-21 G [130]

(C2H5OH)Br 308.811.9

(2.31)
15.410.6

(64.412.5)
14.4 (60.2) EX [141]

(i-C3H7OH)Br 304.413.7
(2.32)

16.611.2

(69.415.0)
14.6 (61.1) EX [141]

(n-C3H7OH)Br 303.811.3
(1.27)

16.810.4

(70.311.7)

(CH3CN)Br 315.313.2

(1.27)
13.410.9

(56.113.8)
12.7 (53.1)
12.9 (54.0)

EX [141]
EQ [138(b)]

11.0(45.9) MP4 [141]

(CH3CN)C|- 15.8 (66.1)
14.0 (58.6)
13.4 (56.0)

EX [137]
EQ [134]
EQ [131-133]

(CH3CN)f" 16.0(66.9) 3-21 G [129]

a. EQ = Gas-phase equilibrium (cf. eq 1.6 in the text)
EX = Bimolecular exchange (cf. eq 3.1 in the text)

á - mean scaling factor (cf. eq 3.11 in the text)
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transition shown in eq 3.12 would be possible. The known PA's155 presented in

Table 3.1 follow the order: CH30 > C2H50' > i-C3H70' ~ n-C3H70' > F' > Cl' > Br >

I'. Since the halides all have lower PA's than the RO it is very likely that

photodetachment occurs to a repulsive state (eq 3.2).

Neumark et a/.156 studied the hydrogen abstraction reactions of halogens with

methanol and ethanol (F + HOR - HF + OR) via photodetachment of ROFIF'

(R=CFI3, C2H5). Their calculated results for the potential energy surfaces are

illustrated in Figure 3.16. The solvated anions are photodetached to the rising

surface of the transition state, and subsequently revert to the dissociated neutrals.

Brauman et a/.91153 also used this model to interpret their photodetachment studies

of (ROH)X' {R=CH3l CgFIsCFI;;, X=F, OCFI3}. According to their ab initio calculations,

the structure of the solvated anion is essentially RO-FI-F, and vertical detachment

yields a neutral complex resembling ROH plus F. Consistent with the work of

Neumark, this species is localized on the rising potential energy surface between

the fully dissociated alcohol + halogen and the transition state.

Presuming this model to be correct, Figure 3.16 shows that the BE calculated

from the photodetachment threshold is higher than the true BE by the amount AE.

Typically these differences are very small and negligible for (CFI3OFI)F'.91/l57

Glauserand Koszykowski157 performed an ab initio calculation using the MP2/6-31G

(d,p) basis set for hydrogen abstraction of fluorine on methanol, and obtained a

barrier height of 1.89 kcal/mol for methyl-group attack and negligible height for

hydroxyl attack. Using these results, the upper limit of the absolute error of the



Figure 3.16. Potential energy curves for alcohol-solvated halide anions and
corresponding neutral species. The lower curve represents the interaction of the
solvent and halide from infinite separation to a stable bound state, a) The upper
solid curve represents the hydrogen abstraction reaction of ROH + X to form RO +
HX. (X = F and Cl). The arrows indicate the thermochemical cycle for the
photodetachment process, including the threshold (Ethresh0|d), electron affinity (EA)
of X, binding energy (BE) of (ROH)X', and the energy difference (AE) between the
reported and actual BE. b) Same as a) with dotted curve to indicate hydrogen
abstraction reaction for X= Br and I.
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CH3OHF' binding energy calculated from the photodetachment threshold is much

less than 0.5 kcal/mol. Thus, the measured BE for (CH3OH)F' is within experimental

error of the values obtained by McMahon's group137140 (Table 3.2), although the

experimental and calculated results of Hiraoka and Yamabe are several kcal/mol

lower.

As Table 3.2 shows, the BE's for the other methanol-solvated halides

obtained using this approach are about 1-3 kcal/mol higher than literature values.

This may be due to greater AE's for these systems, but preliminary calculations

indicate that the magnitude is very small for the alcohol solvates of F and Cl.

Because of the greater polarizabilities of the heavier halogens (Br and I), spin-orbit

coupling with the alcohol is expected. This would lead to a more gradually rising

potential energy surface, as shown by the dashed curve in Figure 3.16, and a

greater value of AE for complexes with these atoms. Measurement of the kinetic

energy of the separating neutrals, ROFI and X, at threshold, or extrapolations from

kinetic energies of photodetached electrons above threshold would allow AE to be

evaluated directly. Lacking such data, an estimation of the minimum height can be

obtained from available thermochemical data158 for neutral hydrogen abstraction

reactions (overall reaction depicted by the upper curve in Figure 3.16a and 3.16b):

Cl + CH3OH - HCI + CH30 AH = 0.8 kcal/mol (3.13)

Br + CH3OH - HBr + CH30 AH = 16.4 kcal/mol (3.14)



138

I + CH3OH - HI + CH30 AH = 32.6 kcal/mol (3.15)

The reaction barrier must be at least as high as the endothermicity of these

reactions. It is probable that the trend of the barrier heights may be similar to the

AH trend, i.e., much larger for Br and I than for F or Cl. It is generally true that, for

very endothermic reactions, the structure of the transition state is similar to that of

the products. However, the relative bond lengths (discussed below) indicate that

the neutral complex is very similar to the reactants. Thus, the complex must be

located very low on the rising surface, and the corresponding AE must be much less

than the overall barrier height. Given this argument, the value of AE’s for Br and I

complexes should be greater than those for Cl complexes, but only by 1-2 kcal/mol.

As explained in the Introduction, there is some uncertainty in the BE values

obtained by equilibrium methods, although error bars are not given by the cited

authors. Examination of their data indicates a random uncertainty of about ±1-2

kcal/mol in the reported BE's. Furthermore, binding energies determined by

equilibrium methods are subject to systematic error in the statistical mechanical

estimation of AS, which is based on the vibrational frequency of the H-X bond in

ROH-X'. As the halide becomes heavier, the vibrational frequency of the ROH-X'

bond decreases. It is possible that the vibrational frequency has not been

estimated correctly by previous authors. This would produce a systematic error in

the entropy change, which would subsequently affect the reported BE.

Results of ab initio calculations support the relative bond length predictions,
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and also provide informative bond angle data. Del Bene159 studied the water

solvates of F' and Cl', HOHF' and HOFICIusing the Flartree-Fock 6-31G(d) and

MP2/6-31+G(2d, 2p) basis sets for the optimized structures and stabilization

energies, respectively. The fluoride complex exhibits a conventional hydrogen-

bonded structure with an essentially linear O-FI-F system, and internuclear

distances of 1.038 Á and 1.379 Á for the O-H and H-F bonds, respectively.

Consistent with the lower proton affinity of Cl", the bond lengths in HOHCI" are 0.961

Á (O-FI) and 2.305 Á (H-CI). Flowever, the bond is bent with an O-H-CI angle of 18.6

degrees. The same trends were observed by Hiroaka and Yamabe130 in their

calculations on (CH3OH)X" complexes. In all cases the H-X bond is longer than the

O-FI bond. The H-X bond length increases in the order F < Cl < Br < I, while the

calculated BE's show the reverse order. In agreement with Del Bene's work, the

hydrogen bond is linear in (CFI3OFI)F" and non-linear in the other methanol solvated

halides. Results by Fliraoka and Mizuse138(a) on CI"(ROFI)n (R= OH, CFI3, C2H5, n-

C3H7, /-C3H7i f-C4FI9) using the ab initio 3-21G and 4-31 G+p (0.07) basis sets also

show that the RO-FI-CI bond is bent in these complexes. For the 3- and 4-carbon

alcohols, this allows the Cl" to interact with both the hydroxyl and methyl hydrogens

to form a "chelate" structure.

The possibility of photodetachment to a bound state for neutral (CFI3CN)Br

must still be addressed. Again, it is presumed that a vertical transition to CFI3CN +

Br is favored by a loose interaction of the bromide ion with CFI3CN. Yamabe and

Fliraoka optimized the geometry for (CFI3CN)F" and (CFI3CN)CI" using the 4-31G+p
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GTO basis set.129 The electronic distribution indicates that CH3CN is described by

H36+-C6'-Cs+=N, rather than CH 3C +=N, with the methyl hydrogens having more

positive character than the center carbon. According to their calculations, the most

stable structure (CH3CN)F‘ has Cs symmetry with the F' bound to one of the three

hydrogens in the methyl group via a linear F-H-C bond with F-H and H-C bond

distances of 1.70 Á and 1.14 Á, respectively. The bond lengths in (CH3CN)Cr are

2.70-3.00 Á and 1.09 Á for the Cl-H and H-C bonds, respectively. Recently, similar

results were obtained by Riveros et a/.,141 who optimized the geometries for solvated

anions at the MP4(SDTQ) level. In (CH3CN)Br the Br is bonded collectively to the

methyl hydrogens, with Br-H and H-C bond distances of 3.27 Á and 1.1 Á,

respectively. Thus, all the calculated results for (CH3CN)X" complexes indicate a

loose interaction of X' with the solvent. The photodetachment process should,

therefore, be similar to the situation depicted in Figure 3.16. The endothermicity of

the hydrogen abstraction reaction of Br with CH3CN:

Br + CH3CN - HBr + CH2CN AH = 4.8 kcal/mol (3.16)

is much less than that for Br + CH3OH (eq 3.14). Considering the very loose

interaction in the neutral (CH3CN)Br complex, the AE is expected to be very small

for this system. This is supported by the close agreement of the BE with previous

results.

Although the threshold data in Table 3.2 were obtained at room temperature,
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these results are also valid at 0 K. As argued above, the photodetachment process

produces a neutral of the same geometry as the initial ion. The occupied vibrational

levels and the energy distribution in the neutral should also correspond to those in

the ion (T= 298 K). This means that the usual temperature correction to the energy

change (using heat capacities calculated from vibrational frequencies) should be

negligible, and the reported thresholds should be the same at either 298 K or 0 K.

Since the halide electron affinities used in the data analysis are zero-kelvin

values,154 the binding energies in Table 3.2 are valid at 0 K. Because the usual

AnRT correction is zero at 0 K, the BE values also represent enthalpy changes at

0 K.

Conclusion

The results in Table 3.2 show that the binding energy trend is I' < Br < Cl'«

F' for the methanol solvates. The BE difference for (CH3OH)F' compared to

(CH3OH)Cr is 11.1 kcal/mol, whereas the (CH3OH)CI'/(CH3OH)Br and (CH3OH)Br

/(CH3OH)l" differences are only 3.7 and 0.6 kcal/mol, respectively. The same order

and approximate differences were found by previous investigators. Referring to

Table 3.1, this is also the trend of the proton affinities of the halide ions. For the

complexes with bromide ion, the BE order is CH3OH < C2H5OH < /'-C3H7OH < n-

C3FI7OH, which is the same as the order of the alkyl-group size, but opposite to the

RO' proton affinity order. Thus, for the alcohol-solvated halides, the overall
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observation is an increase in BE with decreasing RO' proton affinity and increasing

X' proton affinity. As the hydrogen becomes more loosely bound to the alcohol

oxygen, it is more available for bonding to X.

The results of this and previous work on solvated bromide anions, as well as

other studies of chloride complexes, show that complexes of these halides with

acetonitrile have BE's about 1-2 kcal/mol lower than the methanol solvates.

However, calculated results show that the BE for (CH3CN)F' is more than 7 kcal/mol

less than that for (CH3OH)F\ The difference in behavior of F' compared to Cl', Br',

and I' can be understood in terms of the calculated geometries discussed above.

The (CH3OH)CI', (CH3OH)Br, and (CH3OH)l' complexes have nonlinear CH30-H-X

hydrogen bonds, and the results indicate that there is additional interaction of X'

with the methyl hydrogens. However, because of its small size, the F" can not

interact with the methyl group in CH30-H-F', resulting in a linear hydrogen bond. As

stated above, the halide ion bonds via the methyl hydrogens in all the (CH3CN)X'

complexes. Thus the bonding is somewhat similar for the CH3OH and CH 3CN

solvates of Cl' and Br', and this is reflected in the closeness of the BE's of the

(CH3OH)X' and (CH3CN)X' complexes for these halides.

Although the BDE’s of some halide complexes have been measured using

other techniques in different types of mass spectrometers, the photodetachment

technique has not previously been applied to measure BDE’s in ICR mass

spectrometry. This work is the first to apply this technique for the BDE

measurements. The data obtained from this work in general confirm the results of
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previous measurements which utilized entirely different experimental approaches.

Thus, we have shown that the photodetachment technique is a reliable approach

to obtain BDE’s by ICR mass spectrometry. Since electrospray ionization (ESI) can

produce multiple-charged and solvent cluster-attached ions, the BDE’s and/or step¬

wise solvation energetics should also be obtainable with photodetachment

techniques in the ICR instrument.



CHAPTER 4

BOND DISSOCIATION ENERGIES OF ALKALI AND HYDRONIUM CATIONS
BOUND TO CROWN ETHERS DETERMINED BY ON-RESONANCE

COLLISIONALLY-ACTIVATED DISSOCIATION TECHNIQUES

Background

Crown ethers constitute an important group of compounds and are especially

well known for their ability to form complexes with alkali-metal cations, which do not

bind favorably to other common ligands. Previous investigations of alkali-

metal/crown-ether complexes have provided information about the intrinsic nature

of the binding interactions and the size-selectivity of complexation.78'89,160'173 In

solution the order of the complexation equilibrium constants is generally K+ >

Rb+ > Cs+ > Na + > Li+ in solvents such as water or methanol. 166'171 However,

competitive equilibrium studies in the gas phase have indicated that Na+ binds to

crown ethers more strongly than k+.78'89160'161 The stability difference is attributed

to the greater solvation enthalpy of Na+ compared to K+. This behavior

demonstrates the importance of gas-phase studies to determine the fundamental

nature of the ion-molecule interaction in the absence of solvent.

Mass spectrometry (MS) can be used to obtain data on the binding of gas-

phase complexes, if there is a means to add a controlled amount of energy to

dissociate the complex. Photodissociation has been used successfully in several

144
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such studies,120174'175 but it is not feasible, if, as in this investigation, there is no

absorption of the laser radiation near the threshold range of the ions. An alternative

method is collisionally-activated (formerly collisionally-induced) dissociation (CAD

or CID),88104'105'176'184 which can be applied over a wide energy range, and which

does not require laser apparatus and the associated alignment problems.

Several groups have used CAD and Fourier transform ion cyclotron

resonance mass spectrometry (FTICR-MS) for the measurement of bond

dissociation energies (BDE's).88'104'105,176 After formation of the gas-phase ions,

unwanted ionic species are ejected to isolate the precursor ion (alkali-metal or

hydronium/crown-ether complex in this study) with the neutral collision gas (Ar) in

the ICR cell. A short radiofrequency (rf) pulse of voltage Vpp and duration t is then

applied to the excite plates of the cell. This increases the center-of-mass

translational energy, E^,, of the ions according to the relationship given in equation

1.21.

The energetic ion is then allowed to interact with a neutral collision gas (Ar

or Xe) for a delay time, during which an ion/molecule collision converts translational

energy to internal vibrational and rotational modes. If the energy imparted (eq 1.21)

was sufficient, the complex dissociates to the successor ion and the neutral crown

ether, L:

M+-L -► M+ + L (4.1)

The precursor and successor ion intensities are then measured by the usual ICR
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technique. The procedure is repeated with varying rf pulse lengths to determine the

minimum energy for appearance of the successor ions. Unlike chemical processes

in liquids, gas-phase ion/molecule reactions usually do not have activation barriers.

Thus, the threshold for the dissociation process may be attributed entirely to the

BDE, provided that there is proper control of a number of parameters, as described

below.

The CAD method has been used to observe several alkali-metal/crown-ether

complexes,88-89 and in Eyler's group88 approximate bond dissociation energies were

obtained for the 18-crown-6 complexes of K\ Cs+ and Ba+ using laser desorption

(LD) to form the ions. Subsequent ab initio calculations by Thompson et a/.173 using

the RHF/3-21G, 6-31G, and MP2/6-31G basis sets produced results as much as 30

kcal/mol (1.3 eV) higher than the measured values. The discrepancy can be

attributed in part to the LD process, because shot-to-shot instability of the laser

power results in poor control of precursor ion intensities. Another problem was the

pressure of the argon collision gas (1-2 * 10-6 torr), which must be kept low (10 8

torr range) to prevent collisions during excitation, as well as multiple collisions

during the CAD delay time.

In this study the BDE's of complexes of 18-C-6, 15-C-5, and 12-C-4 with Na+,

K+, Rb+, Cs+ and H30+ (Figure 1.9) have been measured by CAD in FTICR-MS,

using electrospray ionization (ESI) to produce the gas-phase ions. This method

affords a very reproducible and direct way to form ion/neutral complexes or/and

solvent attached ion complexes from solution. In addition, compared to other
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ionization methods, such as El, LD, and MALDI, ESI imparts much less internal

energy, which is an important factor in BDE measurements.

The accuracy of BDE's obtained by the CAD technique depends on the

model used to analyze the cross section of the ion/molecule reaction and the

corrections for various systematic effects that may otherwise distort the

thermodynamic data. Both McMahon104 and Eyler88105 have used linear-

extrapolation plots to obtain the observed thresholds, assuming that the cross-

section for dissociation increases linearly with energy above the threshold.

Assuming that the precursor ions were populated at room temperature, and that all

available energy was used for dissociation, the observed thresholds were

interpreted to equal the BDE's with the successor ions produced at zero Kelvin. To

obtain the true thresholds, these values were then deconvoluted with a trial function,

which includes Chantry's107 Doppler-broadening term to account for the thermal

spread of the neutral collision gas. The values were then converted to BDE's at

room temperature by estimating the internal energy of the successor ions and

adding to the 0 K result, (i.e., D298, as shown in Figure 4.1). There are assumptions

and uncertainties in both this type of fitting procedure and the estimation of the

internal energies.

In the present work, a much more careful data analysis was used. The

threshold energies were evaluated using the CRUNCH deconvolution program

developed by Armentrout and coworkers.178'179 This model corrects for the internal

energies of the precursor ions based on calculated frequencies of the normal



Figure4.1.Potentialenergycurveforioncrownethercomplexesandcorrespondingneutralspecies.TheD298 representsthebonddissociationenergyatroomtemperature,theD0representsthebonddissociationenergyatzero Kelvintemperature.
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vibrational modes, the kinetic energy distribution of the precursor ions, the Doppler

broadening mentioned above, and the lifetime of the dissociation process. The

vibrational frequencies for use in the CRUNCH program were obtained using the

HyperChem program for ab initio and ZNDO empirical calculations. All the

calculated vibrational frequencies were scaled to reasonable values by comparing

the calculated and experimental185 results on both cyclohexane and 1,4-dioxane

compounds. The best scaling factor found in this case is {0.89+0.745xsin[(n/2)(f¡-

fm¡ny(fmax-fmin)]}’\ where f¡, fmin, and fmax are the frequencies of the ith mode, minimum

and maximum vibrational frequencies obtained from the HyperChem calculation.

The results are shown in Table 4.1. In addition to ground state vibrational

frequencies which were used to estimate the effect of vibrational energy in

CRUNCH program, the vibrational frequencies of the activated complexes were also

obtained using a single-point calculation, and the normal mode which corresponds

to the metal-crown ether stretch mode was removed from the transition state to

account for the dissociation lifetime, again using the CRUNCH program.

Experimental

Ion Formation

All crown ethers and alkali metal salts were obtained from Fisher Scientific,

Inc., and were used without further purification. Solutions were prepared by



Table 4.1. Vibrational frequencies of cyclohexane and 1,4-dioxane.



Calculated
values

C6Hi2
Scaled
values

Exp.
values185

Calculated

values

c4h8o2
Scaled
values

Exp.
values

245.ob
221.29 248.47 248 221.67 248.62 288

350.76 375.88 383 335.62 364.51 424

456.39 475.33 426 425.80 451.17 435

456.40 475.34 426 518.35 535.84 490

578.27 583.42 523 661.48 659.07 610

929.16 860.8 785 972.33 899.09 837

929.29 860.89 785 1060.59 961.39 853

1049.16 945.99 802 1170.16 1035.65 881

1049.19 946.01 863 1175.89 1039.44 889

1094.78 977.27 863 1359.01 1156.52 1015

1200.45 1047.58 907 1379.96 1169.43 1052
1221.44 1061.21 907 1391.58 1176.55 1086

1302.69 1112.96 1027 1409.73 1187.61 1110
1302.84 1113.06 1027 1471.34 1224.67 1128

1312.33 1119 1030 1491.88 1236.86 1136
1355.75 114 5.95 1057 1509.76 1247.41 1217
1355.90 1146.05 1057 1529.81 1259.17 1256
1441.88 1198.23 1157 1609.93 1305.43 1291
1442.08 1198.35 1157 1667.50 1338.00 1305
1442.15 1198.4 1261 1680.19 1345.11 1335

1450.94 1203.65 1261 1689.54 1350.33 1369
1451.09 1203.74 1266 1848.15 1436.98 1378
1535.38 1253.34 1266 1927.30 1478.97 1397
1541.21 1256.72 1347 2128.73 1582.71 1444

1683.27 1337.36 1347 2290.68 1663.43 1449
1683.31 1337.38 1355 2303.92 1669.95 1457
1702.06 1347.78 1355 2400.81 1717.27 1459
1703.53 1348.59 1383 4742.10 2900.54 2856
1703.59 1348.63 1437 4742.83 2900.98 2856
1816.87 1410.36 1437 4744.38 2901.92 2863
1949.07 1480.27 1443 4745.55 2902.63 2863
1949.29 1480.39 1443 4785.09 2926.66 2968
2190.75 1603.21 1457 4785.46 2926.88 2968
2190.86 1603.27 1457 4789.80 2929.54 2970
2282.09 1648.35 1465 4790.02 2929.67 2970
4750.45 2887.95 2852
4754.47 2890.37 2860

4754.65 2890.48 2863

4759.07 2893.14 2863
4759.28 2893.27 2897

4761.98 2894.89 2897
4781.02 2906.4 2915

4782.29 2907.17 2930
4782.46 2907.28 2930
4788.69 2911.05 2930

4788.91 2911.19 2933
4793.89 2914.21 2933
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dissolving 1.0 mg of each sample in 10 mL of Me0H/H20 (1:1/v:v) for the metal

complexes or 10 mL 1% acetic acid/0.1% HCI in Me0H/H20 (1:1/v:v) for the

hydronium complexes. Samples were injected into the source through a needle at

a flow rate of 1 pL/min from a syringe pump. Referring to Figure 2.6, the

electrospray needle was held at ground potential, and a ca. -4 kV potential was

applied to the platinum coating on the inlet of the quartz capillary (0.5 mm i.d.), in

order to form charged droplets between the needle and the capillary. A potential of

either 75 or 25 volts was applied to the outlet of the capillary, and heated nitrogen

gas (175°C for alkali metal complexes, 25°C for H30+ complexes) was passed

through the capillary to desolvate the charged droplets and form the gas-phase

ions. The ions were then guided by a set of skimmers (0.8 and 1.0 mm diameters)

and lenses in the ESI source, prior to entering the transfer region. The first skimmer

was held at +5V for all experiments. Thus, the kinetic energy of the ions (all singly

charged) passing between the outlet and the skimmer was either 70 or 20 V,

depending on the capillary voltage.

Referring to Figure 2.9, the ions were then accelerated toward the analyzer

by a series of electrostatic lenses (3 kV maximum potential). After acceleration, the

ions passed through a series of deceleration lenses with potentials decreasing step¬

wise to ground. A set of deflection plates was used to gate the continuous ion

beam, so that ions entered the analyzer region only during the ion-accumulation

period (100 ms). The "side-kick" plates, with pulsed low voltages (1-5 V) during the

formation pulse, converted part of the translational energy into cyclotron motion.
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After the ions entered the cell, the voltages on the side-kick plates were dropped

to the trapping potential (0.5-1 V) and ions were then ready to be analyzed.

Pulse Sequence

As shown in Figure 2.11, a quench pulse initiated the experiment by

removing all remaining ions from the ICR cell. As described above, the ions were

formed in the external ESI source, transferred, and collected in the analyzer cell for

100 ms. After a 2-second delay period to allow thermalization by collisions with

background neutrals and radiative relaxation, the precursor ions were isolated using

a combination of chirp-frequency and single-frequency ejection pulses. Then, an

rf pulse with frequency corresponding to the exact m/z of the precursor ion (on-

resonance excitation; cf., eq 1.21) was applied to the excite plates of the ICR cell

to increase the ions' translational energy. The activation pulse width was kept

below 50 ps to ensure that the ions did not undergo any collisions during excitation.

The imparted translational energy was varied by altering the duration of the pulse

over a range of zero to 50 ps at a constant rf amplitude (Vpp in eq 1.21), which was

measured with a Tektronix 2235 oscilloscope (± 3%). The isolated ions were then

allowed to interact with a static pressure (3-5 x 10'8 torr) of Ar gas for a period (10-

30 ms CAD delay time) which permitted the ion/molecule collisions necessary to

convert translational energy into internal energy (Xe collision gas should effect this

convertion more efficiently than Ar). During this time, the precursor ions dissociated
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to the successor ions and neutral crown ether molecules if the activation energy

exceeded the threshold energy. The precursor and successor ions were

subsequently excited and detected simultaneously using broad-band chirp

excitation with a mass-detection range from 21 to 2000 m/z. Fifty 32K-point time-

domain transients were signal-averaged for all ions. For each rf pulse width, the

intensity measurements for both the precursor and successor ions were repeated

five times, and the respective means and standard deviations were calculated.

Data Analysis

Ion Appearance Curve178

The experimental total rate coefficient for fragmentation, ktot, is related to the

measured intensities, lp and ls, of the precursor and successor ions by the

equation,178

'p - VP + z/s) exP( ktot n 0 (4.2)

where n is the number density of the argon collision gas, and t is the effective

reaction time. The rate coefficient for each successor ion, K. is subsequently given

by,
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(4.3)

Since the total ion intensity, ltot= lp + X ls, is constant, the exponential term in eq 4.2

may be expanded in a power series to give

= ks nt (4.4)

Providing that the Ar number density is sufficiently low. For each experiment, n and

t are constants. Thus, ls/ltot is proportional to the rate coefficient, and a plot of ls/llot

versus E cm (from equation 1.21) gives the experimental ion appearance curve as

shown in Figure 4.2 for (18-crown-6)Rb+.

As stated in the Introduction, the CRUNCH program developed by

Armentrout and cowokers178,179 was used to obtain the bond dissociation energies.

The CRUNCH calculates the BDE (plus other parameters) which produces the best

fit to the experimental appearance curve. In addition to ls/ltot and E^ values, the

program requires other input data and fitting procedure which are described in the

following sections.



Figure4.2.Appearancecurveof(18-C-6)Rb+.Thesolidcirclesaretheexperimentaldata(meanoffivemeasurements witherrorbarscorrespondingto±1standarddeviation);thecurveisthebestfittothedatafromtheCRUNCH program.
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Internal Energies

Rotational energy

Because the rotational energy distribution is relatively narrow, the average

rotational energy of the ions (3/2 kT = 0.039 eV for nonlinear ions at 298 K) was

added to the measured threshold in CRUNCH program.

Vibrational energies

The frequencies for all vibrational modes in both the vibrational ground and

excited precursor ions were calculated using the HyperChem program. The

program first optimizes precursor ion geometries using both ZNDO semi-empirical

and ab initio calculations and subsequently uses these geometries for the frequency

calculation. The ground state values are used by CRUNCH to calculate the

vibrational energy which is summed over the vibrational states i having energies E¡

and population g¡ of the precursor at room temperature. In this program, the Beyer-

Swinehart algorithm186 is used to evaluate the density of the ion vibrational states,

and then the relative populations, g¡, are calculated from an appropriate Maxwell-

Boltzmann distribution. The excited state values are needed to correct for the

probability that some ions may not dissociate until after the CAD delay time (RRKM

calculation).
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Trial Function

The trial function accounts for the distribution of Ecm values of the precursor

ion, caused by the random thermal motion of the collision gas molecules. According

to Chantry107, this broadening has an isotropic Maxwellian velocity distribution, given

by:

(4.5)

In eq 4.5 e = E/ykbT and e0= Eo/ykbT, where E and E0 are the relative and nominal

center-of-mass energies of the precursor ions, respectively, y = M/(M+m) where M

is collision target molecular mass, m is the precursor ionic mass as shown in eq

1.21, kb is the Boltzmann constant, and T is the collision gas temperature. As a

result of the energy distribution, the observed appearance curve, oobs(E0), differs

from the true curve, o(E). Chantry has derived the form of the convolution of o(E)

as

oobs (E0) - jA1/2 f(E, E0)a(E)dE (4.6)
0

This equation is used by CRUNCH to calculate the corrected curve.

Considering eq 4.6, at high precursor ion energies, E0» kbT, this distribution

is relatively narrow, with a maximum at E = E0 and a width given approximately by

FWHM=(11.1ykbTE0)1/2 (4.7)
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This was the situation in the threshold region of the experimental data. If the

energies are very low (kbT < E0< 1 eV), the distribution function becomes broad

relative to the center-of-mass ion energy. This corresponds to a breakdown of the

stationary target approximation at energies where the velocities of the Ar gas

molecules are comparable to or larger than the ion velocity. At the lowest ion

energies, there is a thermal distribution of the translational energies, and the

interaction energies are determined primarily by the thermal velocities of the target

molecules.

Deconvolution

The form of the convolution for Doppler broadening (eq. 4.6) is such that the

Langevin-Gioumousis-Stevenson (LGS) cross section187, oLGS(E) is directly

proportional to E'1/2 and is unchanged by the broadening effects. The simplest form

of the model threshold law97 is given by equation 1.19. The threshold energy

determined in this manner corresponds to dissociation of room-temperature (298

K) precursor ions to room-temperature successors, i.e. BDE298 (cf., Fig.4.2), and

does not account for the internal energies of precursor ion and probability of

dissociation after the CAD delay time. To correct for these effects the CRUNCH

program uses the relation178

ks - o0 Igi P(E,E,.,7) (E*Ei*Erof-ET-)n
E (4.8)
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where E is the relative translational energy of the precursor ions, Erot is the rotational

energy (3kT/2 = 0.039 eV), ET is the zero-kelvin BDE (D0 as shown in Figure 4.2),

n is an adjustable parameter, E¡ and g¡ represent the energy and population of the

ith vibrational state, respectively, and P is the probability that metastable ions

formed with initial translational energy, E, and internal energy, E¡+Erot, will dissociate

within the experimental time window (10-30 msec in this case).

The CRUNCH program uses nonlinear least-squares analysis to optimize the

parameters o0, n, and E T to give the best fit to the data without including RRKM

caculations. After obtaining optimized o0, n, and E T, the RRKM calculations were

included. In this manner, we can observe the shift of the threshold with RRKM

calculations. The RRKM calculation lowered the ET by approximately 0.3 to 0.8 eV

(7 to 18 kcal/mol) in this study and the effect is more pronounced for larger

complexes. As the size of complexes increases, the number of vibrational degrees

of freedom increases. Therefore, the dissociation lifetime becomes more important

and dissociation may not be complete within the CAD delay time. Although this

problem is not as severe in ICR experiments (10-30 msec) as it is in ion-beam

experiments (microseconds), in some cases the intermediates may require

milliseconds to several seconds for dissociation.188'190 In the optimization procedure,

the parameters are very sensitive to the fitting of the appearance curve; in other

words, a slight change in the number can cause tremendous distortion to the fitting.

Therefore, the zero-kelvin bond dissociation energy, D0, can be obtained with very

small uncertainty, ± 0.01 to 0.05 eV (± 0.2 to 1.0 kcal/mol) without RRKM
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calculation; the uncertainty is about ±0.1 eV (± 2.3 kcal/mol) when RRKM

calculations were included.

Results

Collision Conditions

In order to control the amount of energy imparted by the rf excitation, the

precursor ions can suffer no collisions during the excitation process. In this work,

rf pulse lengths of 0-50 psec were used. At a total pressure of ca. 3-5 *10'8 mbar

(2-4 xio 8 torr), the average time between ion/molecule collisions (using the

Langevin rate constant191 of 1.24x1 O'9 cm3/s at 300 K) is 2.13 s, which is much

longer than the excitation time. Thus, the average number of collisions in 50 psec

is 2.7x10'6. It is apparent that during the 50 psec excitation time most of ions

undergo no collisions.

It is also essential that each precursor ion collide with only one Ar molecule

within the CAD delay time, to avoid broadening during the conversion of

translational to internal energy. The probability, qn, that an ion will encounter n

molecules during the CAD delay time is approximated by the Poisson distribution192

(4.9)
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where a = nDol represents the average number of target molecules. The ratio of

double to single collisions, qj/q,, is approximately 0.001 with an Ar pressure of 5

x10 8 mbar (3.8 xio8torr) and a 30 msec collision time. In other words, fewer than

0.1 % of the precursor ions should experience multiple collisions with this pressure

and delay time.

To ensure that the single-collision condition was obeyed, the dissociation of

(18-crown-6) Rb+ was studied using different Ar pressures (3.0, 5.5, 7.3, and 9.2 x

10'8 mbar) with a constant CAD delay time of 50 ms and, in a separate series of

experiments, using different CAD delay times (0.05, 0.08, 0.1, and 0.15 s) with the

Ar pressure held at 3.3x1 O'8 mbar. The resulting appearance curves are shown in

Figures 4.3 and 4.4. The curves obtained with pressures of 3.0 and 5.5x 10'8 mbar

and CAD delay times of 0.05 and 0.08 sec are almost identical, and the thresholds

are about the same. With higher pressures and CAD delay times, the thresholds

shifted to lower energy due to multiple collisions. All subsequent appearance

curves were obtained with the pressure and delay times in the acceptable ranges.

Fragmentation Pathways

Table 4.2 presents a compilation of all ions observed in the mass spectra,

both prior to isolation of the precursor ions and subsequent to the CAD process.

Referring to the columns showing the ions present prior to isolation, only the

molecular ions (LM+) were formed by 18-C-6 and 15-C-5 with M+ (M=Na, K, Rb, Cs,



Figure4.3.Appearancecurvesof(18-C-6)Rb+atdifferentpressures(50msCADdelaytime);▼-3.0*10'8torr,■- 5.5x10'8torr,•-7.3x10'8torr,A-9.2x10'8torr.
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Figure4.4.Appearancecurvesof(18-C-6)Rb+atdifferentCADdelaytimes(P=3.3*108torr);•-0.05s,A-0.08 s,■-0.1s,T-0.15s.
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Table 4.2. Ions observed in mass spectra. The capillary potential was 25 V for ions
labelled with an asterisk, 75 V for all other ions; (s) - strong signal, (w) - weak signal.



Ions Observed in Mass Spectra 170

ions formed by ESI prior to isolation isolated precursor
ion

successor ions

(12-C-4)Na* (s),
m/z=199

(12-C-4)2Na+ (w)
m/z=375

(12-crown-4)Na* Na*

(12-C-4)K* (s),
m/z=215

(12-C-4)2K+ (w)
m/z=391

(12-crown-4)K+ K*

(12-C-4)Rb+ (s),
m/z=261, 263,

(12-C-4)2Rb+ (s),
m/z=437, 439, 441

Rb* (w)
m/z=85, 87

(12-crown-4)Rb* Rb*

(12-C-4)Cs+(s),
m/z=309

(12-C-4)2Cs+(s),
m/z=485

Cs* (w)
m/z=133

(12-crown-4)Cs+ Cs+

(12-C-4)H+ (s)‘,
m/z=177

(12-C-4)H* (s)

(12-C-4)2H+(s)\
m/z=353

(12-C-4)2H+ (w)

(12-C-4)2H30+(w)‘
m/z=371

(12-crown-4)H+ (C2H40)nH+
(n=3,2,1)
m/z=133,89,45

(15-C-5)Na+(s),
m/z=243

(15-C-5)2Na+ (w)'
m/z=463

(15-crown-5)Na+ Na+

(15-C-5)K+(s),
m/z=259

(15-C-5)2K+ (w)’
m/z=479

(15-crown-5)K* K*

(15-C-5)Rb+(s),
m/z=305, 307

(15-C-5)2Rb+ (w)'
m/z=525, 527, 529

(15-crown-5)Rb+ Rb+

(15-C-5)Cs+(s),
m/z=353

(15-C-5)2Cs+ (w)"
m/z=573

(15-crown-5)Cs+ Cs+

(15-C-5)H+ (s),
m/z=221

(15-C-5)H30+ (s)'
m/z=239

(15-crown-5)H30+ (15-C-5)H+
(C2H40)nH+
(n=3,2)

(18-C-6)Na+
m/z=287

(18-crown-6)Na+ Na+

(18-C-6)K*
m/z=303

(18-crown-6)K+ K*

(18-C-6)Rb*
m/z=349, 351

(18-crown-6)Rb+ Rb*

(18-C-6)Cs+
m/z=397

(18-crown-6)Cs* Cs+

(18-C-6)IT (s)",
m/z=265

(18-C-6)H30+ (s)*
m/z=283

(18-crown-6)H30* (18-C-6)hT

The capillary potential was 25 V for ions labelled with an asterisk, 75 V for all other ions.
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H) using a voltage difference, AV, between capillary and skimmer, equal to 70 V.

In addition to the simple adduct ions, the sandwich-type complexes (L2M+) were

also observed in complexes of 12-C-4 with M+ at AV=70. With a capillary voltage

of 25 V (AV=20 V), the sandwich-type complexes (L2M+) were observed for both 12-

C-4 and 15-C-5 with M+ as shown in Figures 4.5 and 4.6 for (12-C-4)2H30+, (12-C-

4)2H+ and (12-C-4) 2Rb +, but not for 18-C-6. This behavior indicates that the

stabilities of the L2M+ complexes increase as the size of the crown ether decreases.

As the capillary voltage was increased from 25 to 75 volts (AV from 20 to 70

V), the intensity of sandwich-type complexes decreased and the intensity of the

molecular ions increased, as shown in Figure 4.7 and 4.8 for Fl30+ with 12-crown-4.

This indicates that the binding in the sandwich-type complexes is much weaker than

that in the molecular ions. As the capillary voltage was increased, the more weakly

bound sandwich-type complexes dissociated between the capillary and skimmer as

a result of collision with background neutrals.

The sandwich complexes of 15-C-5 with Na+, K+, FT and Fl30+ and 12-C-4

with K+ were observed in previous work with an internal ESI source and infrared

multiple photon dissociation (IRMPD)160. The (15-C-5)2K+ and (15-C-5) 2Na +

complexes were fragmented to the molecular ions, (15-C-5)K+ and (15-C-5)Na+, by

the laser radiation. This fragmentation behavior is similar to that observed in the

present study.

For the metal-ion complexes, the successor ions of the CAD process were

the bare metals in all cases,



Figure4.5.Massspectrumof(12-C-4)Rb+atAV=20volts.Peakscorrespondingto(12-C-4)Rb+and(12-C-4)2Rb+ions wereobserved.
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Figure4.6.Massspectrumof(15-C-5)H30+atAV=20volts.Peakscorrespondingto(15-C-5)H30+,(15-C-5)2H+,and (15-C-5)2H30+ionswereobserved.
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Figure4.7.Massspectrumof(12-C-4)H30+atAV=20volts.Peakscorrespondingto(12-C-4)H+,(12-C-4)2H+,and(12- C-4)2H30+ionswereobserved.Thepeakintensityof(12-C-4)2H+ishigherthanthatof(12-C-4)H+.
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Figure4.8.Massspectrumof(12-C-4)H30+atAV=70volts.Peakscorrespondingto(12-C-4)H+and(12-C-4)2H+ions wereobserved.Thepeakintensityof(12-C-4)2H+islowerthanthatof(12-C-4)H+.
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M+L-> M+ + L, M= Na, K, Rb and Cs (4.10)

as shown in Figures 4.9 and 4.10 for (12-C-4)Rb+. The (18-C-6)H30 + complex

underwent desolvation and formed (18-C-6)H+ (Figs. 4.11 and 4.12).

(4.11)(18-C-6)H30+ (18-C-6)H+ + H20

as observed in previous IRMPD studies at low laser fluence.160

The (15-C-5)FI30+ underwent desolvation, followed by fragmentation of the

crown ether. At low rf excitation energies, it desolvated into (15-C-5)H+ (Figs. 4.13

and 4.14), but at high energies, desolvation was followed sequentially by

dissociation into (C2FI40)3FI+ and (C2FI40)2H+ fragments (Fig. 4.15). The absolute

intensities plot versus center-of-mass translational energy, Ecm, for (15-C-5)FI30+

complex including precursor, successor, and all the fragment ions is shown in

Figure4.16. The intensity of precursor ion, (15-C-5)FI30+, decays exponentially with

Ecm, the intensity of successor ion, (15-C-5)FT, decreases with Ecm at low

translational energy. At high translational energy, the signal of (15-C-5)FT

decreases as the signal of the fragments increases.

(15-C-5)H30+ -+ (15-C-5)H+ (C2H40)3H+ (4.12)

(C2H40)2H+



Figure4.9.Massspectrumof(12-C-4)Rb+atAV=70volts.Peakcorrespondingto(12-C-4)Rb+ionwasisolatedbefore excitation.
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Figure4.10.Massspectrumof(12-C-4)Rb+afterCADatAV=70volts.ThetwoisotopesofRb+weretheonly successorionsobserved.
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Figure4.11.Massspectrumof(18-C-6)H30+atAV=20volts.Peakcorrespondingto(18-C-6)H30+ionwasisolated beforeexcitation.
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Figure4.12.Massspectrumof(18-C-6)H30+afterCADatAV=20volts.Peakcorrespondingto(18-C-6)H+ionwasthe onlysuccessorionobserved.
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Figure4.13.Massspectrumof(15-C-5)H30+atAV=20volts.Peakcorrespondingto(15-C-5)H30+ionwasisolated beforeexcitation.
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Figure4.14.Massspectrumof(15-C-5)H30+afterCADatlowactivationenergyandAV=20volts.Peakcorresponding
to(15-C-5)H+ionwastheonlysuccessorionobserved.
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Figure4.15.Massspectrumof(15-C-5)H30+afterCADathighactivationenergyandAV=20volts, correspondingto(15-C-5)H\(C2H40)nH+(n=2and3)werethesuccesorionsobserved.
Peaks
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Figure4.16.AbsoluteintensityplotsversusEcmof(15-C-5)H30+,(15-C-5)H+,and(C2H40)nH+(n=2and3).
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The latter two species were the only fragments observed in the IRMPD studies of

(15-C-5)H30+ at high laser fluences. In the case of 12-crown-4, only (12-C-4)H+,

rather than (12-C-4)H30+, was formed during ESI at either high or low applied

capillary voltages. After rf excitation the (12-C-4)H+ underwent fragmentation

completely to (C2H40)3H+ and (C2H40)2H+ (Figure 4.17 and 4.18).

Bond Dissociation Energies

Plots of the relative cross section (ls/ltot) vs. center-of-mass translational

energies and the best fits using eq 4.8 are shown in Figures 4.2, 4.19, 4.20 and

4.21, for (18-C-6)Rb+, (15-C-5)Rb+, (12-C-4)K+, and (12-C-4)Cs+, respectively. The

BDE's determined in this work, as well as values obtained in previous experimental

and theoretical investigations, are presented in Table 4.3.

For all three crown ethers the BDE trend is Na > K > Rb > Cs. The same

stability order was observed in the previous IRMPD work. The results of

calculations on 18-C-6 complexes (with Li+, Na+, K+, Rb+, and Cs+) by Thompson

and coworkers173 showed the same trend, but their values were systematically

higher. For (18-C-6)K+ Wipff et a/.193 reported a calculated BDE of 61.8 kcal/mol for

a D3d structure using an earlier version of the AMBER force field. Later, Dang and

Kollman194 reported a BDE of 57 kcal/mol, also using AMBER. Thompson195 used

the hybrid quantum mechanical/molecular mechanical (QM/MM) molecular

dynamics method to study (18-C-6)K+ and obtained 70.0 kcal/mol vs. 72.0 kcal/mol



Figure4.17.Massspectrumof(12-C-4)H+atAV=70volts.Peakcorrespondingto(12-C-4)H+ionwasisolatedbefore excitation.
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Figure4.18.Massspectrumof(12-C-4)H+afterCADatAV=70volts.Peakscorrespondingto(C2H40)nH+(n=2and 3)wereionsobserved.
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Figure4.19.Appearancecurveof(15-C-5)Rb+.Thesolidcirclesaretheexperimentaldata(meanoffivemeasurements witherrorbarscorrespondingto±1standarddeviation);thecurveisthebestfittothedatafromtheCRUNCH program.
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Figure4.20.Appearancecurveof(12-C-4)K+.Thesolidcirclesaretheexperimentaldata(meanoffivemeasurements witherrorbarscorrespondingto±1standarddeviation);thecurveisthebestfittothedatafromtheCRUNCH program.
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Figure4.21.Appearancecurveof(12-C-4)Cs+.Thesolidcirclesaretheexperimentaldata(meanoffivemeasurements witherrorbarscorrespondingto±1standarddeviation);thecurveisthebestfittothedatafromtheCRUNCH program.
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Table4.3.Bonddissociationenergiesforalkali-metalandhydroniumioncrownethercomplexesincludingpresent work,previouswork,andtheoreticallycalculatedvalues.



BondDissociationEnergiesforAlkali-MetalandHydroniumIonCrownEtherComplexes BDE

Na

K

Rb

Cs

h3o+

12-crown-4

82.1(3.52)
60.6(2.60)
43.2(1.85)
39.9(1.71)

15-crown-5

79.5(3.41)
55.9(2.41)
40.1(1.72)
37.5(1.61)
24.7(1.06)'

Thiswork

18-crown-6

75.1(3.22)
52.2(2.25)
38.5(1.65)
36.1(1.55)
36.4(1.56)'

Previouswork
[ref.88]

18-crown-6

40

32

Calculation

[ref.193]
18-crown-6

71.1

62.3,52.5

[ref.194]
18-crown-6

57.0

[ref.173]
18-crown-6

81.T

68.1a

52.8a

30.4a

[ref.173]
18-crown-6

83.4b

72.0b

59.2C

49.6°

[ref.195] [ref.197]
12-crown-4

70.0®

55.2d

44.6d

66.49

[ref.197]
15-crown-5

77.09

fref.1971
18-crown-6

79.89

Allthevaluesareinkcal/molunitwithuncertainty±2.3kcal/mol(±0.1eV)(excepteVunitinparenthesis),
a-RHF/6-31+G* atD3dsymmetry,b-MP2/6-31+G* atD3dsymmetry,c-MP2/6-31+G'atC3vsymmetry, d-RHF/6-31+G' atC3vsymmetry, e-HybridquantumQM/MMmoleculardynamicsmethod,

f -BDEfortheprocessLH30+ -LH++H20,RRKMcalculationnotincluded, g-aHfortheprocessLH30+ -L+H30+.
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for the ab initio result. In spite of this good agreement between the QM/MM and ab

initio results, he reported that the QM/MM value is likely to be high, since the lower

AM1 OCCO torsion barrier allows for shorter K+-oxygen distances, and hence

stronger electrostatic stabilization, without a sufficiently large torsion barrier penalty.

Thompson also pointed out that both Wipffs and Kollman's results should be

decreased by an additional 2-4 kcal/mol, because of the different geometries used

in the calculations. These arguments predict a BDE range for (18-C-6)K+ of 53-60

kcal/mol, which overlaps the experimental value of 52.2 ± 2.3 kcal/mol obtained in

this work.

Discussion

Previous investigations78'89 of gas-phase crown ether complexes have

indicated that the stabilities depend on the relative sizes of the metal ions and the

crown-ether cavities. However, other factors must also be considered.

The full long-range potential energy interaction, V(r, 0), for the CAD process

is given by:96

V (r,0) - ♦ (3»cos20-1)x[-
Or*2r

92(graJ Qq,
6r4 * 2r3

(4.13)

where r is the distance between the metal ion nucleus and the center of the crown

ether, 0 is the angle between r and the quadrupolar axis of the complex, q is the ion
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charge, a is the polarizability of the neutral, and a, and ax are the parallel and

perpendicular polarities of the complex ion. The first two terms in eq 4.13 give the

charge-dipole (or charge-induced dipole) potential, and the third term is the ion-

quadrupole potential. Since ion-dipole (if the ligand has a dipole moment) and ion-

induced dipole interactions are the major factors which affect the BDE, the BDE is

related to the distance between the metal and the ligand, the charge density of the

metal ion, and the polarizability of the ligand. The size-matching of the metal ion

and the crown-ether is included in the internuclear distance, which is very small for

ions which fit well in the cavity. In their QM/MM molecular dynamics study of

dimethyl ether and 18-C-6 with K\ Thompson et a/.196 found that polarizability

effects are very important. Likewise, Howard's197 Amber MM calculation showed

that polarizabilities are significant in complexes of NH4+ and H30+ with crown ethers.

The results for which highly polarizable atoms or ionic interactions are treated

provide the relative agreement to the experimental values on the calculation of

relative conformation energies and cation complexation enthalpies.

The sizes of the metal ions198 and crown ether cavities199 are given in Table

1.1. For all three crown ethers the BDE trend is Na+ > K+ > Rb+ > Cs+. The BDE

difference is most pronounced for Na+ compared to K+, with decreasing differences

for successive metal ions. The BDE trend correlates with the inverse of the M+ radii,

or, correspondingly with the charge density of the metal ion.

Previous investigators78 79 83'85161 have proposed that the major factor affecting

the stability of the crown ether complexes is the rM7rL ratio (cf., Table 1.1, rM+ is the
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size of metal ions, rL is cavity size of the crown ethers). Indeed, for Na+, K+, Rb+,

and Cs+the BDE order is 12-C-4 > 15-C-5 > 18-C-6 when RRKM corrections are

included, which follows the rM7rL order. However, for complexes with similar rM+/rL

((12-C-4)Na+ and (15-C-5)K+; (15-C-5)Na+ and (18-C-6)K+ have approximately the

same size ratio, 0.76 and 0.71; 0.52 and 0.48, respectively), the BDE's are much

greater for Na+ compared to K+. Thus, the charge density on the metal ion appears

to be an important effect, as shown above.

Another criterion has been the closeness of the rM7rL ratio to unity,78-79'83-85'161

i.e. a matching of ionic radius and the crown cavity radius. However, the data only

partially support that argument. For rM7rL significantly greater than one (12-C-4

with Rb+ and Cs+) the BDE's are quite low, especially for Cs+. For these complexes

the metal ion must sit above the cavity, thus increasing the M+-L internuclear

distance. Otherwise, having a rM7rL ratio close to one does not seem to favor a

large BDE. The ratio for (12-C-4)K+ is essentially equal to one, but the BDE is

considerably less than that for the Na+ complex. Likewise, the BDE's for 15-C-5 and

18-C-6 complexes decreases as the rM7rL values increase towards one.

Bowers et a/.161 measured collision cross sections for complexes of this

ligand with Li+, Na+, K+, and Cs+ by gas-phase ion chromatography (IC), and used

the experimental results to calculate gas-phase conformations by the Amber MM

procedure. The theoretical results indicated that all alkali metal ions are centered

on the axis of the crown cavity. However, only for K+ is the complex quasi-planar.

The small Li+ ion induces substantial distortion in the crown ether in order to better
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coordinate with the partially charged oxygen atoms. When complexed to Na+ (or

Li+) the ligand adopts a cup-like structure to bring oxygens closer to the metal ion,

and the cation is cradled by the ligand. The Cs+ ion is too large for the crown cavity

and is forced out of plane. In (18-C-6)K+ the metal ion is coplanar with the ligand

and is exposed to the environment above and below the ring plane. The results

showed that the Li+ complex is most compact, which reflects relatively high charge

density on Li+. In solution, Li+ is essentially fully solvated by the crown ethers; it

benefits only in a minor way from further solvation, even though it has the largest

solvation energy of any alkali ions. The same holds to a lesser extent for Na+.

Hence, these two systems have the weakest BDE in solution. In contrast, K+ and

Cs+ are exposed and can benefit from solvation. Theory193'196 suggests that water

as a solvent displaces the K+ ion an average of 0.25 Á from crown center, resulting

in coordination with two water molecules in the first solvation shell. However, the

K+ ion is still primarily solvated by the crown in competition with water as a solvent

because K+ is bound much more strongly to small ethers than to H20 due to the

contribution of larger dispersion forces for the ethers.202'203 Similar reasoning

applies for the remaining alkali ions. Alkali ions strongly prefer association with

small ethers over association with water in gas phase. Theory indicates that

solvating a K+ complex in H20 has very little effect on the KVcrown structure.

The BDE's for (15-C-5)H30+ and (18-C-6)H30+ correspond to loss of neutral

water, i.e. the solvation energies for these complexes. Brodbelt’s group89 has

reported CID experiments on ammonium/crown ethers. In their work, the (18-
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crown-6)NH4+ complex fragmented into the protonated crown ether by the loss of

NH3 which is analogous to the loss of H20 in our case. Izatt et al.200 showed that

H30+ can form a very stable complex with 18-crown-6, but not with 15-crown-5, in

agreement with the higher BDE for H30718-crown-6.

Attempts to measure the LH+ binding energies were unsuccessful, but the

observations indicate that H+ must be bound much more strongly than M+. The (18-

C-6)H30+ dissociated to (18-C-6)H+, which did not dissociate further. The (15-C-

5)H30+ complex underwent desolvation followed by fragmentation of the crown

ether with the H+ remaining attached to the fragments ((C2H40)nH+). Only the

protonated complex was formed by 12-C-4, which also fragmented with the H+

attached. Because no simple dissociation to L and H+ occurred and fragmentation

occurred without loss of H+, it may be concluded that H+ binds very strongly to the

crown ethers. The fragmentation trend indicates that the protonation strength

increases as the size of the crown ether decreases.

As shown in Table 4.3, the solvation energies of the hydronium ion

complexes are much smaller than the BDE's of metal ion complexes, especially for

(15-C-5)H30+. Loss of H20 from the hydronium/crown ethers indicates that the H+

is bound strongly to the crown ether cavity, with a much weaker solvation of the

entire complex.

Fragmentation also suggests that H307crown ethers have different structures

than MVcrown ethers. Studies of the protonation of crown ethers in condensed

phases have been performed by Jagur-Grodzinski and co-workers.201 The results
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indicated that the proton coordinates to only two oxygens in the crown ether. The

protonation of polyethers, glymes and crown ethers in the gas phase has been

studied by Kebarle,40who observed that the protonated base, BH+, reacts with water

to form (BH+)H20. He interpreted the behavior of H+ with the crown ether as

analogous to H7(H20)n complexation, in which a cluster of H20's surrounds the

proton. According to Kebarle, the proton coordinates to two oxygens in the crown

ether (two strong hydrogen bonds), and an H20 molecule contributes to the

stabilization of the complex via its permanent dipole and more weakly through its

polarizability (one partial hydrogen bond).

Based on the calculations of Kollman192 et al., the complexation enthalpies

including polarizability of H30+ with crown ethers are about 20 kcal/mol higher than

the values obtained without including polarizability. They found one strong and two

weaker hydrogen bonds in this complex with C4 symmetry. Calculated results on

the H30+ complex do not agree with experimental values.43,202 They suspected the

experimental values corresponded to the complex H20 H+-ether and not

H30+-ether. Further calculations203 using single point 6-31G’ basis sets based on

the H20 H+-etherstructure were found to be in better agreement with experimental

values. Hence, it is most likely that the H30+ complex is essentially H20 H+-ether

and not H30+ ether.
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Conclusion

For 12-crown-4, 15-crown-5, and 18-crown-6 the trend of the alkali-metal

BDE's is Na+ > K+ > Rb+ > Cs +. The BDE's for Na\ K +, Rb+ and Cs+ complexes

follow the order 12-C-4 > 15-C-5 > 18-C-6. The charge density on the metal ion is

a major factor in the observed trends. For the crown ether complexes with H30+,

loss of H20 and ion fragmentation were observed instead of dissociation of H30+.

Although the BDE's for LFT complexes could not be measured, the observations

indicate that H+ binds very strongly. The solvation energies for (15-C-5)H+ and (18-

C-6)H+ are much smaller than the metal ion BDE's, indicating that H+ is bound

strongly to the crown ether cavity, with weak solvation of the entire complex.

This investigation has shown that CAD with FTICR-MS can be used

effectively for measurements of bond dissociation energies. Quantitative results

can be obtained if experimental conditions are properly controlled, and the data

analysis accounts for systematic errors due to the internal energy and kinetic energy

distribution of precursor ion, thermal spread of the collision argon gas and the

lifetime of dissociation.

Although the CAD technique has been widely applied to measure BDE’s in

several groups using different types of instruments, such as guided-ion beam and

quadrupole mass spectrometers, this study represents the first time it has been

applied in an ICR mass spectrometer. Different models have been applied to obtain

quantitative BDE’s using different instruments; we have successfully applied the
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CRUNCH model, which is a more thoughtful and accurate fitting procedure to obtain

BDE’s for the first time in ICR mass spectrometry. Therefore, this technique can be

extensively utilized by ICR researches in the future to obtain BDE's for a variety of

compounds.



CHAPTER 5

CONCLUSION

Photodetachment was first used to measure the binding energies of

(CH3OH)X- (X = F, Cl, Br, I), (CH 3CN)Br, and (ROH)Br' (R= CH3, C2H5, /-C3H 7, n-

C3H 7), in a Fourier transform ion cyclotron resonance (FT-ICR) mass spectrometer.

The methanol complexes of F and Cl ' were prepared by sequential ion-molecule

reactions, while equilibrium solvent exchange was used for preparation of the Br

and I' complexes. The photodetachment process was observed over the

wavelength range of 260-350 nm using a tunable dye laser with a frequency¬

doubling accessory. The laser can be tuned over a wide wavelength range, and

allows an accurate threshold to be determined due to its very narrow bandwidth.

Assuming that the photodetachment process leads to complete dissociation

to the neutral solvent plus halogen atom, the binding energies were calculated by

subtracting the known electron affinities of halogens from the measured

photodetachment thresholds. The binding energy values obtained for (CH3OH)F',

(CH3OH)C|-, (CH3OH)Br, (CH3OH)l’, (C2H5OH)Br, (/-C3H7OH)Br\ (n-C3H7OH)Br\

and (CH3CN)Br are 30.2, 18.9, 15.2, 14.6, 15.7, 16.6, 17.0, and 13.5 kcal/mol,

respectively.
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Based on previously-published theoretical potential surfaces for the neutral

halogen-solvent system, the reported BE's may be high. For (CH3OH)F' and

(CH3OH)C|- the error should be only about 0.5 kcal/mol of the upper limit, but it may

be 1-2 kcal/mol for the Br and I' complexes due to the higher endothermicity for

neutral hydrogen abstraction compared to F' and Br complexes. Examination of

previously reported data indicates a random uncertainty of about ±1-2 kcal/mol in

the reported BE's. Furthermore, binding energies determined by equilibrium

methods are subject to systematic error in the statistical mechanical estimation of

AS, which is based on the vibrational frequency of the H-X bond in ROFI-X'. As the

halide becomes heavier, the vibrational frequency of the ROFI-X' bond decreases.

It is possible that the vibrational frequency has not been estimated correctly by

previous authors. This would produce a systematic error in the entropy change,

which would subsequently affect the reported BE. For the alcohol-solvated halides,

the overall observation is an increase in binding energy with decreasing RO proton

affinity (CFI30 > C2H50' > i-C3H70‘ ~ n-C3FI70') and increasing X' proton affinity (

I > Br> C|-> F ).

This is the first study which has obtained BDE's using photodetachment in

ICR mass spectrometry. The ability to form solvated halides, to trap ions for long

periods of time, and to successfully measure BE's using the photodetachment

technique in FTICR-MS has shown that photodetachment of these complexes is a

reliable approach to determining binding energies. With these advantages and

success, photodetachment techniques can be extensively applied for quantitative
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measurements such as electron affinities (EA's) and bond dissociation energies

(BDE's) of molecular/solvated anions and/or van der Waals forces of weakly bound

cluster anions formed by either ESI and/or ion-molecule reactions.

On-resonance CAD has been applied to obtain BDE's of alkali-metal ions

with crown ethers using appropriate threshold fit model. The use of an electrospray

ionization (ESI) source for soft ionization that produces intact, multiple charged and

solvated gas-phase ions directly from various compounds in solution has been

critical for this work. In addition, the ions formed using ESI carry little internal

energy compared to the other ionization techniques such as electron impact (El),

laser desorption (LD) and matrix-assisted laser desorption ionization (MALDI).

The bond dissociation energy trend is Cs+ < Rb+ < K + < Na + for all three

crown ethers. The BDE's for Na+ and K+ follow the same trend as the rM7rL ratios

(12-C-4 > 15-C-5 > 18-C-6), an indication that the size effect plays a major role in

the binding of these complexes. However, this cannot be the only factor. For

similar ratios ((12-C-4)Na+, (15-C-5)K+, (15-C-5)Na+, and (18-C-6)K+ are 0.76,

0.71, 0.52, and 0.48, respectively) the K+ complexes have much lower BDE's. It is

expected that the charge density of the metal ion is important in these cases. As

the size of the crown ether increases, the BDE’s trend decreases for all metal ions.

The different dissociation pathways for metal and hydronium ion complexes

indicate that the hydronium ion complexes have different structure than the metal

complexes. Loss of water indicates that the hydronium ion complexes have the

structures of protonated crown ether complexes which is solvated with water. The
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BDE's for (15-C-5)H30+ and (18-C-6)H30+ correspond to loss of neutral water, i.e.

the solvation energies for these complexes. Loss of H20 and fragmentation from

the hydronium/crown ethers indicates that the H+ is bound strongly to the crown

ether cavity, with a much weaker solvation of the entire complex. The observations

of higher BDE of (18-C-6)H30+ than (15-C-5)H30+ and the fragmentation of crown

ethers with proton attached to it for (15-C-5)H30+, but not for (18-C-6)H30+, indicate

that the proton bonds to 15-C-5 stronger than 18-C-6.

As mentioned in the Conclusions of Chapters 3 and 4, this is the first study

which has applied these two techniques to obtaining reliable BDE's using ICR mass

spectrometry. The ability to obtain quantitative measurements of bond dissociation

energies of metal and hydronium ions with crown ethers by improving threshold

determinations to account for a variety of systematic effects that would otherwise

distort the thermochemistry was demonstrated. Improvements in the accuracy of

measuring the thresholds and providing more precise quantitative measurements

in the gas phase by accounting for the effects of multiple ion-molecule collisions,

internal energy of precursor ions, kinetic energy distribution of precursor ions and

dissociation lifetime have also been achieved for the first time. The CRUNCH

program allows one to choose several options for different application purposes.

For example, one can select an appropriate fitting model, such as a simple fitting

model described in equations 1.18 and 1.19, without reactant's internal energies

and RRKM calculation, complicated model with reactant's internal energies summed

over all the vibrational states or/and RRKM calculations (eq 1.20). Also one can
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select different types of Doppler broadening functions, such as Tiernan or Chantry

functions with or without ion energy distribution. With these abilities, the on-

resonance CAD technique can be comprehensively utilized to measure BDE's of

many types of ions, such as organic, inorganic, organometallic and

neutrals/solvents attached ions in our laboratory. The RRKM calculations in

CRUNCH also give other information such as dissociation rate constant (k),

probability (l-exp(-kt)), sum of states and density of states, which can be used for

the investigation of slow unimolecular reactions.
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