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Chapter One

IR-VUV Photoionization Spectroscopy

1.1 Introduction

Vibrational spectroscopy provides one of the most definitive means of identifying the
molecular species. The structures of hydrogen-bonded clusters and their intermolecular
interactions may be readily studied with. vibrational spectroscopy; because the stretching
vibrational frequencies of N—H and O—H groups sensitively reflect the local intermolecular
interactions due to microsolvation:*=® Recently, vibrational spectroscopy has also been used
to derive information on the dynamics of molecular recognition.* °

Various vibrational spectroscopic techniques have been developed and used to study
unstable molecules and clusters in the gas phase. The IR spectroscopy of clusters studied with
direct IR absorption methods have been carried out using a Fourier-transform infrared (FTIR)

" a diode laser absorption spectrometer,® and a cavity ring-down laser

spectrometry, '
absorption spectrometer.® Since clusters are usually generated with a distribution of sizes,
without mass selection or a mass-specific measurement, observed vibrational spectra typically
suffer from severe overlap among various clusters. Measurements performed direct IR
absorption techniques with such techniques intrinsically lack size-selectivity, and thus are
only applicable to small-sized clusters of which spectra have less overlap. Therefore, a

methodology with size-selectivity is essentially important for IR spectral study of clusters.

The IR spectral studies of free radicals, that are typically highly reactive and short-lived,
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also face similar problems. Since the radical of interest is generated typically from photolysis
of a precursor that has a structure similar to the radical, the IR absorption spectrum of the
radical obtained with direct IR absorption methods, such as matrix isolation X and
time-resolved FTIR spectroscopy,** are often overlapped with the IR spectra of the precursor
molecule or byproducts, making assignments challenging. Moreover, FTIR cannot be easily
applied to jet-cooled radicals due to its low number density. A spectral technique with mass
selection is highly desirable for IR spectrum of free radicals.

The photoionization technique with mass spectrometry is sensitive and the observed
spectrum is mass-selective. IR spectra of mass selected species may be recorded using

IR-depletion resonant two-photon ionization (IR-R2PI)*2™*

that was first demonstrated by
Page, Shen, and Lee for the benzene monomer and dimer.*? In this method, IR light is used to
excite the vibrational modes of the ground state neutral molecule. The ions are prepared by the
absorption of two UV photons involving a 1+1 resonance-enhanced mechanism. IR transitions
are detected by monitoring the-depletion-of.the -two-photon ionization signal while scanning
the IR frequency. Numerous systems involving-aromatic rings have been investigated with
this method because the aromatic moiety often gives a bound intermediate electronic state in
the UV region which is usually long-lived and well characterized.> 7% 18 20-22 Thjg

technique has also been applied to solvated clusters®*™

and hydrogen-bonded molecular
assemblies® 2% for the measurement of the IR spectrum in the N-H and O-H stretching
regions. The highly reliable information on geometrical structures of clusters or molecular
assemblies in their neutral ground state were obtained by recording their IR spectra and
combining this with their quantum chemical calculations. Recent studies show the importance
of X—H ...z (X=N, O) hydrogen bonding interactions in molecular recognition.*®?' Despite

wide applications of this method, the IR-R2P1 technique is limited only to some selected types

of molecules because a long-lived intermediate electronic state accessible via UV excitation is
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required. Molecules and their clusters such as alkyl halides, alcohols, amines, and ketones have
dissociative electronic states in the UV region are unsuitable for this technique.
The ionization energies of a large number of molecules and their clusters are typically in

27" and

the vacuum-ultraviolet (VUV) region.?® The developments of VUV lasers ®~
synchrotron VUV light®® # have induced revolutionary progress on molecular dynamics and
VUV spectroscopy.®*** Unlike R2PI, direct VUV photon ionization eliminates the need of a
suitable chromophore for electronic transition in UV or visible region to an intermediate state,
making it applicable to most molecules. The VUV light source together with the tunable IR
laser also allows the development of new methodology to investigate the vibrational spectrum

of selected molecules. Recently, a combination of IR excitation and VUV photoionization

with mass detection has been employed to investigate the vibrational spectrum of size-selected

34-38 39-42 43-45

neutral molecules, clusters, and cations, as discussed in recent review articles.*®

47

Although the frequency of VUV light from synchrotron radiation is easy to tune in full
range, VUV lasers have narrower optical bandwidths. Moreover, the mismatch of the repetition
rates of a typical IR laser (in the range of 1-10 kHz) and the pseudo-continuum VUV
synchrotron radiation (in the MHz range) is an inefficient combination for IR-VUV study.®* %
As a result, the IR-VUV scheme using repetition rate matching IR and VUV lasers is
considerably important.

In this thesis work, we employed the vacuum-ultraviolet-ionization detected-infrared
predissociation and infrared-vacuum-ultraviolet-photoionization techniques to study the

vibrational spectrum of size-selected neutral clusters and free radicals. A brief survey of the

development of these techniques is given below.
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A. 1.2 Vacuum-Ultraviolet-lonization Detected-Infrared Predissociation

Spectroscopy (VUV-ID-IRPDS)

Mikami and his coworkers have shown that the VUV-ID-IRPDS detection scheme is a
sensitive technique for IR spectroscopy of size-selected neutral clusters, as demonstrated in
their studies of ammonia clusters and formamide (FA)-water clusters.®® *° The excitation
scheme of VUV-ID-IRPDS is shown in Figure 1-1(a). In this scheme, VUV photon energy is
set to be higher than the ionization threshold of the cluster under investigation to cause soft
ionization typically without extensive fragmentation. The tunable IR light pulse is introduced
prior to the VUV light pulse to dissociate the clusters. When the frequency of IR light
matches the vibrational transition of the cluster; the vibrational dissociation induces
depopulation of certain neutral ‘clusters, which results to variations in ion signals in the TOF
spectra. The IR spectra of clusters are obtained by tuning the IR laser wavelength and probing
the intensities of ion signals induced by the VUV light and detected with TOF mass
spectrometry. Bernstein and his coworkers termed this spectroscopic method as NRIFD-IR
(nonresonant ionization and fragmentation detected infrared) spectroscopy,** but Mikami and
his coworkers termed it as VUV-ID-IRPDS. They have employed this technique to
investigate IR spectra of neutral clusters of various protic solvent molecules such as alcohols
and organic acids by monitoring the changes in signal intensities of their fragment ions

4549, %0 However, because the predissociation

generated in the ionization process.*
mechanism might be complicated and the observed action spectrum does not necessarily
reflect the IR spectrum, careful processing of the observed spectra is necessary to derive
reliable IR spectra of each cluster, as demonstrated for methanol clusters.*?

This ion-depletion method is suitable for IR spectroscopy of weakly bond clusters but

unsuitable for neutral molecules and clusters which do not dissociate upon vibrational
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excitation.

1.3 IR-VUV Photoionization Spectroscopy (IR-VUV-PI)

The two color IR-VUV photoionization detection scheme was first developed by Ng and
his coworkers.”* They have performed the IR-VUV-PI technique for IR spectra of neutral
molecules such as trichloroethane, ammonia, and propyne.”*>* Figure 1-1(b) shows the
excitation scheme, in which the VUV photon energy is set to be slightly less than the ionization
threshold of the species of interest and the IR laser frequency is tuned to excite the
rovibrational levels of the molecules. When the IR frequency matches an IR transition, the
molecule of interest is ionized with the 1+1. IR-VUV photoionization scheme, hence, the
enhanced intensity of the ion"signal_may be observed. The IR-VUV-photoionization
(IR-VUV-PI) spectrum is obtained by scanning the frequency of the IR light while probing the
enhanced intensity of the ion signal ‘upon additional IR irradiation. This excitation scheme
provides a good measure of the IR spectra_for-the neutral molecules, radicals, and clusters
which do not dissociate by vibrational excitation. Since the ion background due to direct
photoionization is negligible in the IR-VUV-PI measurement, the nearly ‘background-free’
feature results in a high sensitivity for IR-VUV-PI measurements. Ng and coworkers have also
developed a spectral method of using the IR-VUV scheme with the pulsed field
ionization-photoelectron technique (PFI-PE). The vibrational levels of neutral and cationic
molecules and the state-selected and state-to-state photoionization cross sections of several
polyatomic molecules are obtained by IR-VUV-PIE and IR-VUV-PFI-PE measurements.*”
51-57

Technically, the lifetime of the excited intermediate state should be long enough to make

two-color photoionization measurements. The IR-VUV photoionization scheme involves first



IR-VUV Photoionization Spectroscopy

preparing the neutral molecule in an excited rovibrational state with the IR excitation prior to
VUV photoionization. The radiative lifetimes of most vibrationally excited states are expected
to be longer than 1 us, while the intramolecular vibrational energy redistribution (IVR)
lifetimes are expected to be shorter than 1 ns. However, it is well known that the IVR lifetime is
generally long for many small molecules and longer than 0.1 us for low lying rovibrational
states due to lower density of states. The advantage of having a long lifetime for rovibrationally
excited states makes the 1+1 IR-VUV photoionization feasible.

IR-VUV photoionization technique has a significant advantage over the IR-R2PI scheme,
which essentially needs a well-characterized and long-lived intermediate electronic state, and
thus the technique is generally applicable to all molecules. The IR-VUV-PI technique also has
some unique advantages over other_spectral. techniques.*® First, it can yield a larger
Franck—Condon factor (FCF) for.the formation of the ion of interest. Since the photoionization
process usually begins with a*molecule in its ground vibrational state, the intensity of the
photoion signal observed in photoion spectrum-and the-intensity of an excited ion vibrational
band observed in the photoelectron spectrum-are proportional to the FCF between the ground
state of the neutral and the excited vibrational state of the ion. The FCF is negligible if the
removal of the photoelectron only has a small effect on the bonding property of the atoms
comprising the vibrational motion. On the contrary, the FCF is significant appreciable if the
ejection of a photoelectron would strongly perturb the vibrational motion. However, excited
vibrational states of ions which are difficult to be excited directly by single-photon VUV
ionization due to small FCF may be examined using a two-color IR-VUV photoionization
scheme. By preparing the neutral molecule in a suitable vibrational state using IR laser prior to
ionizing molecule with VUV ionization, the photoionization transition might be shifted to a
region which gives a larger FCF for the formation of the excited state of ions of interest. Second,

the IR-VUV-PI technique can yield accurate ionization energy through reduction of the hot
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bands effect. In determination of the ionization energy of a molecule, the thermal excitations of
rotational and low-frequency vibrational modes usually interfere the measurements and limit
the precision of measured IE values. The (1+1) IR-VUV photoionization is a double resonance
technique which produces additional state selectivity. For some cases, the double resonance
made by obtaining a specific rovibrational state by IR excitation prior to VUV photoionization
might be an ideal method to eliminate the hot band problem in IE measurements. Moreover,
when the geometries of the neutral molecule and its ion are similar, the FCF for producing the
ground state ion might be small, resulting in difficulties in obtaining a reliable IE value from the
photoion spectrum. This problem may become less severe by increasing the FCF for the
formation of the ground state ion using the IR-VUYV photoionization scheme. Thus, this method
will enhance the accuracy in the measurements of IE. Furthermore, the (1+1) IR-VUV scheme
is governed by optical selection .rules that might be-different from those for single-photon
photoionization and IR-R2PI schemes which are governed by the selection rules of one and
three photons excitations, respectively. Some vibrational-states of ions that cannot be examined
by single-photon photoionization ~and IR-R2Pl may be studied with the IR-VUV

photoionization method.

By using the broadly tunable infrared optical parametric oscillator laser and vacuum
ultraviolet laser systems we employs VUV-ID-IRPD and IR-VUV-PI techniques to obtain IR
spectra of methanol clusters and CHs3S radical, respectively. Chapter 2 describes the
experimental setups. Chapter 3 presents the VUV-ID-IRPD study of methanol clusters.
Chapter 4 reports IR spectrum of mass-selected CHsS radicals in the range 2790-3270 cm ™,

investigated with IR-VUV photoionization method.
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Figure 1-1  Two excitation schemes for IR-VUV ionization. (a) VUV-ionization detected-IR
predissociation spectroscopy (VUV-ID-IRPDS). (b) IR-VUV photoionization spectroscopy

(IR-VUV-PI).
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Chapter Two

IR-VUV Photoionization Experiments

2.1 Introduction

My experiments involving IR-ID-IRPD and IR-VUV Pl for vibrational spectral

investigation of size-selected neutral clusters and molecules are described herein.

B. 211 VVUV-lonization Detected- IR Predissociation (VUV-ID-IRPD)

The excitation scheme for VUV-ID-IRPDS-is described in Figure 1-1(a). According to
this scheme, with the energy of VUV photons set slightly greater than the threshold for
ionization of the cluster of interest, the neutral cluster might be softly ionized without
fragmentation, IR depletion of ion signal which is correlated to the cluster of interest occurs
when the cluster absorb IR light.

The arrangement of equipment for this experiment is illustrated in Figure 2-1. In my
experiments, | used VUV laser light at wavelength 118 nm. The produced cluster ions were
detected with a linear time-of-flight (TOF) mass spectrometer. If the photoionization
efficiencies of pertinent clusters of varied size were similar, the observed distribution of the
signal from ions of the parent mass channel might have represented the relative population of
the neutral parent clusters. The pulse of tunable IR light was introduced several hundred ns to

several us before the VUV light pulse to predissociate the clusters. Figure 2-1(a) depicts the

12
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alignment of IR and UV laser beams at the position of the ionization region. When the
frequency of IR light matched that of a vibrational transition of a cluster, the vibrational
predissociation induced a depopulation of neutral clusters; in a varied intensity of the ion
signal that was induced with VUV light. On monitoring the intensity of each ion signal while
scanning the wavenumber of the IR laser, | recorded the variation of the relative population of
each ion, called the action spectrum. On processing the action spectra according to
photoionization efficiencies and the mechanism of the production and loss of each cluster, |

obtained the IR spectrum of a size-selected cluster.

2.1.2 IR-VUV Photoionization (IR-VUV PI)

The excitation scheme to generate IR-VUV-Pl-spectra is described in Figure 1-1(b).
According to this excitation scheme, the VUV photon energy was set less than the ionization
threshold of the molecule, and the frequency-of the tunable IR laser was tuned to excite the
vibrational bands of the molecules.. The._molecule cation of interest was formed only if it
absorbed both IR and VUV radiation with the 1+1 IR-VUV photoionization.

The experiment of IR-VUV-PI in Figure 2-2 is similar to that of VUV-ID-IRPDS, except
that the coherent VUV light is generated through resonance-enhanced four-wave
difference-frequency mixing in a cell containing gaseous Kr and Ar, to obtain the tunable
VUV light. The tunable IR light pulse was introduced 30—100 ns before the VUV light pulse
The IR-VUV-PI signal was governed mostly by the Franck-Condon factors of the
vibrationally excited states and the transition dipolar moment of the excited vibrational modes
of the molecules. On monitoring the ion signal while scanning the frequency of the IR laser, |
hence recorded the IR absorption spectrum of a neutral molecule via (1+1) IR-VUV

multiphoton ionization.

13
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2.2 The Basic Concepts and Details of Construction of Experiments

The photoionization apparatus depicted in Figure 2-1 and Figure 2-2 consisted of a pulsed
VUV laser, a pulsed IR laser, a photolysis laser, a pulsed molecular-beam source and a
time-of-flight (TOF) mass spectrometer to detect ions. In the following sections, the basic
concepts and details of construction of the VUV laser, the OPO/OPA IR laser, the TOF mass

spectrometer, and the system for data acquisition are introduced.

2.2.1 Light Sources
Coherent VUV Laser Radiation

2.2.1.1 VUV Radiation at 118 nm From Nonresonant Third-Harmonic Generation

(1) Theory

Theories and experiments of third-harmonic generation in noble gases are described
elsewhere.’™ In summary, when an incident beam is focused into a cell containing a nonlinear

medium for frequency conversion, a third-harmonic beam is generated collinearly. Figure 2-3(a)
illustrates a schematic diagram for third-harmonic generation, such that @ =, =0, =®
and @, =o, +®, +w;, =3w. When a Gaussian beam of frequency o with intensity less
than 10" W cm™ is focused into an atomic medium, the power PR, of the generated

third-harmonic output is expressed as

Ruv o N2|79| PEF (bAk) (1)

14
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in which N is the number density of the nonlinear medium, P, is the power of an
incident beam, 7@ is the third-order susceptibility induced with an intense field in a

medium through a nonlinear optical effect, and F(bAK) is the geometric
phase-matching factor that is a function of a product of the confocal parameter b and the
wavevector mismatch Ak. In Eq. (1), ® that governs the efficiency of frequency

conversion with a given pump intensity is expressed as

ﬂ z :uga/uab/ubcﬂcg
h® 4 (coag —a)Xa)bg — 20 )@y —3a))

7((3) (@ =3w) = (2)

in which 4 denotes an electric-dipole matrix element for the transition between an

electronically excited state ‘i’ and electronic ground state ‘j’,

i) <|J). ,is the complex
transition frequency given by ‘@, =Q; +ilj; inwhich Q, is the frequency difference
between unperturbed states ‘i.and ‘J?, I, is the damping parameter and « is the frequency

of incident light. Under a tightly ‘focused-condition, phase-matching factor F(bAk) is

defined as!

F (bAk) = 72 (bAK)? exp(bAk /2)  (Ak <0)

3
=0 (Ak >0) ®
2m, — 2m, ] )
In Eq. (3), Ak =k;, -3k, = 2 — 7 =, and b is the confocal parameter, defined as
3w (2]
b=2m. /A =2mw¢n/A, (4)

in which w, = f4 is the radius of the beam waist, f isthe focal length, w; is the spot
0 ﬂVVl 1

size onthe lens, A isthe wave length in the nonlinear medium, n is the index of refraction and

A, is the vacuum wavelength. Under a tightly focused condition, b << length L of the gas cell;

15
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I.e., the entire focal region is contained within the cell. According to Eq. (3), F(bAk) is
non-zero only when Ak is negative, i.e., the refractive index at the third harmonic wavelength
is less than one third the refractive index at the fundamental frequency. This third harmonic
generation scheme is hence applicable only when the condition Ak <0 for negative
dispersion is satisfied. Negative dispersion is also essential to compensate for the phase slip that
occurs between fundamental and harmonic beams at the focal point. Because regions of
negative dispersion occur on the small-wavelength side of resonant spectral lines, the negative
dispersion is obtained on allowing the third-harmonic frequency to be greater than, but near, the
frequency of a transition; third-harmonic generation is therefore possible only in specific
intervals of wave length for a given gas. In this work, the 5p-5d transition of Xe at 119.2 nm is
the dominant transition.

To generate intense VUV .light, P

!

F(bAk) and N must be optimized at a given

wavelength. ‘1(3)‘2, determined by the wavenumber of incident laser light and the gas to

generate the third harmonic, is essentially a constant. The dependence of power and number
density on y® has been demonstrated by Kung® and Shi et al.” The upper limit of P,
determined by the an irradiance of a monochromatic light is approximately 10" W cm™ at the
focal point.® According to Eq. (3), function F(bAk) is a maximum when bAk =—-4. In a
fixed optical system, confocal parameter b is fixed; F(bAk) becomes optimized on adjusting
Ak . Because Ak is the product of the wavevector mismatch per atom and the number density
of the gas, the optimized condition can be achieved on adjusting the pressure of the non-linear
medium or by adding a positively dispersive buffer gas in some proportion to a negatively
dispersive third-harmonic medium. Optimization of Ak through adjustment of the pressure of
the third-harmonic gas is easier; the efficiency of conversion is small, but, when a positively

dispersive gas is used to adjust Ak , N increases, whereas the positively dispersive gas
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compensates the excess negative dispersion. Even though this method is more complicated, it

has the advantage that both F(bAk) and N are optimized.

For third-harmonic generation with Xe, conversion efficiencies ~ 10~°~10"° providing an
intense coherent VUV output are typically obtained with a commercial ns pulsed dye laser
having peak power 0.1-4 MW.® The VUV energy does not increase with monotonically
increasing pressure of Xe and power of UV light. At increased Xe pressure, the absorption by
dimers (Xe, and XeAr) begins to diminish the effective VUV power. As the laser power or the
confocal parameter is increased, breakdown might occur, which could greatly diminish or
eliminate the VUV power.

Table 2-1 summarizes the optimum pressures and conversion efficiencies for
third-harmonic generation at several wavelengths in the range 118-129 nm with ns laser
pulses.* For example, to obtain the greatest efficiency of energy conversion for the generation
of radiation at 118.2 nm in a mixture of Xe (negatively dispersive gas) and Ar (positively
dispersive gas) with input light at 354.7 nm, the Ar pressure was adjusted to achieve the
phase-matching condition nxe(®) + Na(®) = Nxe(3w) + na(3w). Figure 2-4 shows the
dependence of VUV output power on the pressure of Ar in an unfocused geometry.® The
pressure of Xe was fixed at 71 Torr. The maximum third harmonic power was obtained at a

ratio Ar ;: Xe =10.25:1.

(2) Experiment

The experimental apparatus used to generate VUV at 118 nm is shown in Figure 2-1. The
output of a Nd:YAG laser (Spectra Physics, GCR-230, 10 Hz, ~25 mJ pulse™) at 355 nm was
focused onto a gas cell containing a mixture of Xe and Ar (1:10) to yield radiation at 118 nm.

The pressure of the mixture was adjusted, to about 80 Torr to attain the maximum power of
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VUV radiation. The gas cell was attached directly to the ion-source chamber of the
time-of-flight mass spectrometer. The UV beam (wavelength 355 nm) was aligned with two
S1UV prisms and two dichroic mirrors, and focused into the frequency-conversion cell with a
S1UV lens (f = 50 cm). The frequency-conversion cell is cylindrical and composed of a
stainless steel pipe of length 300 mm, diameter 38.1 mm and wall thickness 1.65 mm. The front
of the frequency-conversion cell was equipped with a SIUV entrance window. A convex lens
(MgF,, f = 150 mm) was mounted at the end of the gas cell to separate the UV (355 nm) and
VUV (118 nm) light according to the difference in the refraction index n of the lens; n (118 nm)
~1.679 and n (355 nm) = 1.380.1° To minimize the multiphoton ionization effects due to the
intense beam at 355 nm, the UV and VUV beams were separated ~5 mm horizontally in the
ionization region. After passing the photoionization region, the intensity of the VUV beam was
measured with a photoelectric detector (copper) for spectrum normalization; the VUV photons
struck the surface of the copper plate, creating photoelectrons, which were collected with a

surrounding electrode, thus generating a current:

2.2.1.2 Tunable VUV Radiation Generated With Resonant Four-Wave Mixing

(1) Theory

Tunable coherent light in the VUV wavelength region, between 200 and 70 nm, is
generated with two-photon resonance four-wave sum- or difference-frequency mixing, with

11715 and metal vapor (Sr, Mg, Hg).**~ *8

various gas media such as noble gases (Ne, Ar, Kr, Xe)
In review articles Hilbig et al.'°, Jamroz and Stoicheff'” and Yamanouchi and Tsuchiya®
presented a comprehensive overview of four-wave sum and difference techniques. In the

resonant four-wave mixing process schematically illustrated in Figure 2-3(b), the interaction
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of two intense laser beams with the nonlinear medium gives rise to the generation of light
with higher or lower frequencies when focused into the nonlinear medium. For two-photon
resonant four-wave sum- and difference-frequency mixing is the wavenumber of laser light

locked to the two-photon resonance level of the nonlinear medium and @, is the second
tunable laser light, which is varied to attain frequency tunability such that @, =20, t,,
o, . According to Eg. (1), when one of the following conditions @ = w,, (one-photon

resonance), or 2w = a,, (two-photon resonance), or 3w = @, (three-photon resonance) is

satisfied, the denominators of the Eq. (1) tend to be zero so that the value of the susceptibility
becomes enhanced. Resonance four-wave mixing is known to improve the efficiency of VUV
generation by a factor 10°~10" relative to those of THG.* In the Kr cell, with 4p-5p[5/2, 2]
transition at 212.6 nm, efficiencies 10-* have been achieved for input power of a few hundred
kilowatts.”*

According to conditions that the ‘fundamental linearly polarized beams at o, and o,

are the lowest order Gaussian modes that propagate concentrically along axis z with identical
waist locations and identical confocal beam parameters, the driving power of the generated

VUV light is given by

F (bAk) (5)

2
Riov NZ‘Z(S)‘ PP
in which P, and P_,are the power of incident laser beams at wavenumbers @, and o,,
respectively, Ak is the wavevector mismatch, defined as Ak =Kk, —(2k, +k,) or

Ak =k, —(2k, —k,) for a sum or difference frequency scheme, respectively. In the tight

focusing limit in which b is much less than length L of a cell, b/L=0; the entire focal region is

contained within the cell, i.e.b < f <L —Db. For the sum frequency scheme, in the case f/L=0.5,

the phase-matching factor F, (bAk) is given by?
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F.. (bAK) = 7% (bAk)2 exp(bAk /2)  (Ak <0) ;
-0 (Ak >0) ©)

For a difference-frequency scheme, in the tight focusing limit and when

k'=Kk,,, —Ak =k"=2k, +k,, the phase-matching factor F, (bAk) is given by

Fair (DAK) = 7 exp(—b|Ak|) (7)
Figure 2-5 shows plots of phase-matching factors F(bAk) as a function of bAk for b/L =0
and 0.1, f/L =0.5, in the sum- and difference-frequency schemes. According to Eq. (6), the

four-wave sum frequency mixing has a limited tunability for the VUV radiation because of

narrow phase-matching conditions; the maximum of F__(bAk) occurs at bAk =-4 as

shown in Figure 2-5(a). The four-wave difference mixing can be generated for both negative
and positive dispersion as shown in_Figure 2-5(b); the maximum of F, . (bAk) occurs at
Ak = 0. Difference-frequency mixing hence provides the most efficient tunable VUV output;
the intensity is maximized at the phase-matched condition, but the phase slip due to focusing
might be compensated to some extent by-the-wave-vector mismatch Ak introduced by the

dispersion of the nonlinear medium at frequencies mi, @, and wyyy. The optimum value of

Ak, Ak, is defined as the value that cancels the total phase slip that occurs in the

generation region. In the tight-focusing condition, Ak, is given by

—2.2/b, for2m, + @, > @y,

AkOPT = { (8)

0, for 2m, — 0, —> o,
The maximum conditions for phase-matching factors under tight-focusing conditions are

bAKypr =—2.2 for the sum- frequency scheme, and bAk,.; =0 for the difference-frequency

scheme. Parameter bAk is adjusted to bAk,,; on modifying b or Ak. The value of b is

directly altered on varying the tightness of the focus, and b/L must remain less than 0.1 to
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match the requirement of the tight-focusing condition. Optimization through adjustment of b
is valid only if the nonlinear medium can tolerate the great power density caused by tight
focusing. The value of Ak is controlled on varying the pressure of the gas or on adding a
positively dispersive buffer gas (such as Ar) into the cell> %, Optimizing Ak by adding a
buffer is considered to be an easier method to attain bAK.

Figure 2-6 shows diagrams of the energy levels of relevant atomic non-linear media such
as Hg, Kr, Xe, Ar to generate coherent VUV light. The wavelength regions in the sum- and
difference-frequency schemes are also shown. Figure 2-7 shows the broad tunability of the
VUV light in the range 127-180 nm generated with difference-frequency conversion in Kr, in

which @, (at 216.6 nm) is resonant with Kr two-photon transition 4p-5p [5/2, 2], @, is in

the range 219-737 nm produced with various laser.dyes (Ref. 14). The VUV output power is
plotted in arbitrary units. For ease of recording, the pressure of the Kr gas was adjusted for
optimum VUV output; the tuning curves are not displayed on the same scale. There are
several significant dips in the VUV output power in-some tuning curves; these dips occur

when o, coincides with an autoionizing Rydberg state enhancing the two-photon resonant
four-wave mixing.” For use of the 4p—5p [1/2, 0] two-photon resonance at 212.55 nm (@, ),

and with gaseous Ar added for phase-matching, the greatest efficiency 0.05 of conversion was
achieved.?® The optimum phase matching occurs for pressure ratio Pa/Px; = 3.0. The
measured enhancement factor, which is the ratio of the optimum intensity obtainable with the

phase-matched mixture to the optimum intensity obtained with Kr alone, is 100.

(2) Experiment

Figure 2-8 shows a schematic diagram of the experiment to generate tunable VUV light,
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with resonance-enhanced four-wave difference-frequency mixing (@, =20, —®,) in a Kr
gas cell for transition Kr 4P°® (*Sg) — 4P°(3P%2)5P (°[1/2]o) at 94,092.86 cm ™ (= 2w, ).2* Agas
cell containing Kr and Ar in a mixture (1:3 at total pressure 50 Torr) was used to generate VUV
light. UV frequency o, was fixed at 47,046.43 cm™ (= 212.556 nm) to match the two-photon
resonance of Kr 4P—5P transition. Light at this wavelength 212.556 nm (horizontally polarized)
was generated from vertically polarized output at 425.112 nm of a dye laser (Scanmate,
Lambda Physik, bandwidth = 0.70 cm™) passing a p-barium borate crystal (BBO, type 1,
Castech, crystal no: 2-43203-0001), creating frequency doubling. The dye laser was pumped
with vertical polarized output of a Nd:YAG laser (GCR-230, Spectra Physics, 125 mJ, 355 nm,
10 Hz). The BBO crystal was mounted on a motorized rotary stage (SGSP-60YAW, Sigma
Koki) to facilitate the angle adjustment. The- BBO crystal was placed approximately 2.5 m from
the output port of the dye laser so that the beam diverged and smoothed to diminish the
maximum intensity to become less than the damage threshold of the BBO crystal. This process
allows us to maximize the energy into the crystal (beam size about 3 x 3 mm?) and to maximize
the output energy. The range of angle adjustment is small for BBO at a specific wavelength.
Table 2-2 lists data for the BBO crystal. A prism (Pellin-Broca) was placed after the BBO
crystal to separate the UV and fundamental beams, and was set near the Brewster angle for UV
light to diminish the reflection losses. The visible wavenumber @, in the range
12,820-33,333 cm™* (~300-780 nm) was generated with a second dye laser (Scanmate 2E,
Lambda Physik, bandwidth = 0.19 cm™) that was pumped with the same Nd:YAG laser of
output at third harmonic 355 nm or second harmonic 532 nm. The visible light passed a
telescope (+250 mm, —100 mm) according to the alignment of two S1UV prisms to expand the
beam size to 5 x 5 mm?®. A half-wave plate placed behind the telescope served to rotate the

polarization of @, from vertical to horizontal. The visible light was aligned to merge with the
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UV beam via a dichroic mirror (CVI, LWP-45-R210-TP308-PW-1025-UV) and a high
reflection mirror. Both UV and visible beams were focused into a gas cell containing Kr and Ar
in a mixture (1:3 at total pressure 50 Torr) with a lens (MgF,, f = 200 mm) mounted on a 3D
stage (with micrometer). The VUV wavenumber was tuned by scanning the wavenumber of

w, . The resulting VUV (@, =20, -, ) light, in the range 60,759-81,272 cm™

(~7.53-10.08 eV), was separated from the UV and visible fundamental light with a convex lens
(MgF,, f = 150 mm); this lens, mounted at the end of the gas cell, has refractive indices n
(125-150 nm) = 1.588-1.484, n (212.6 nm) = 1.410, and n (350-500 nm) = 1.393-1.381.%°
Because the MgF, lens are only transparent for the wavelength greater than 115 nm (wave
number < 87000 cm™), VUV generated through resonance-enhanced sum-frequency mixing
was blocked.

An optical delay line, consisting of two quartz prisms placed between the dye laser and the
BBO crystal, served to adjust the timing between beams of wavenumbers @, and o, to
ensure their overlap at the same time.

The wavelength of the dye lasers was calibrated with a wavemeter (WA5500, Burleigh,
190-680 nm, accuracy= 0.2 cm ™) and two optogalvanic cells (OG); the VUV wavelength was
thereby calibrated. To ensure that the UV frequency was fixed at 47,046.43 cm™, a homemade
Kr optogalvanic cell was used to confirm the wavenumber of @,. The change in the electric
conductivity of a discharge plasma produced on illuminating the discharge with the radiation
that is resonant with an atomic or molecular transition in the discharge. When the wavelength
of the incident laser and the absorption are perfectly resonant, the maximum optogalvanic
signal is obtained. Because the absorption wavelength is known, observing the obtained
optogalvanic signal enables the measurement of the absolute wavelength of the incident laser
with great precision. Figure 2-9 shows a scheme for construction of the optogalvanic cell and its

operating circuit. The core of the galvatron was a pair (¢6 x 6 mm) of cylindrical Cu
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electrodes placed at the center of a glass cylinder ($25 x 120 mm) that was sealed with two
CaF, windows and contained gaseous Kr (pressure approximately 3 Torr). A 150-V discharge
across the galvatron electrodes produced satisfactorily cool, dense and stationary plasma. A
laser beam was coincidentally directed along the axis of the discharge region. A ballast
resistor (40 kQ) not only prevented uncontrolled growth of current after the discharge was
struck but also provided a simple method of measuring the discharge current. The voltage
decrease across the ballast resistor was fed to the oscilloscope through a capacitor (0.047 uF
at 1 kV). The AC component of the voltage decrease passed the capacitor, while the large DC
component of the voltage decrease was isolated. A Fe-Ne optogalvanic cell (Hamamatsu
Photonics) served to calibrate the wavelength of beam with wavenumber @,. The accuracy of
the calibration is estimated to be better than'0.2.cm™ for the fundamental outputs of the dye
lasers. The estimated accuracy for the VUV radiation is better than 1 cm™. Figure 2-10(a)
shows an example of the optogalvanic spectrum recorded when the wavelength of the dye
laser was scanned from 510.3 to-514.2 nm with-a step size 0.025 nm. The absorption maxima
were fitted with a Gaussian function to locate the center of peaks. Figure 2-10(b) shows a
stick diagram of the vacuum wavelengths of intense transitions for lines of atomic Ne and
Fe.”® Figure 2-11 shows the wavelength shifts of the fundamental output (,beam) of the dye
laser measured simultaneously with an optogalvanic cell and a wavemeter. The wavelength

shift is 1.786 + 0.018 nm.

2.2.1.3 IR Optical Parametric Oscillator/Amplifier (OPO/OPA) Laser System

The IR radiation used in the two-photon IR-VUV experiment was generated with a
KTP/KTA-OPO/OPA system (Laser Vision). The IR-OPO/OPA system is a multi-stage

nonlinear device designed to convert the output of a Nd: YAG laser system at a fixed-frequency
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into a laser tunable to radiation in the mid-infrared range. The tunable IR output from the use of
a single set of nonlinear crystals spanned from 712 to 880 nm, and from 1.35 to 5.0 um.

Figure 2-12 shows the layout of the IR-OPO/OPA system. The OPO/OPA system was
pumped with an injection-seeded Nd: YAG laser (PL8000, Continuun, 10 Hz). The output (1064
nm, ~400 mJ, pulse width 8 ns, horizontally polarized) of the Nd:YAG laser was divided into
two separate beam lines with a beamsplitter. The frequency of one beam was doubled in a KTP
crystal to provide the pump light (532 nm, vertically polarized) for the OPO, while the second
beam was directed through a delay before recombination with the idler output from the OPO
stage. The combined beams were then directed into an OPA stage pumped at 1064 nm for
difference-frequency mixing. A half-wave plate in a rotation stage before the harmonic
generator (KTP crystal) enabled a continuous variation of the efficiency of conversion; the
intensity of light generated at 532 ' nm bhecame thereby adjustable. A reflector at 532 nm
following the doubling crystal removed the residual light at 1064 nm and directed the light at
532 nm to the OPO. The OPO-stage consists-of-a grating (1800 grooves/mm, near grazing
incidence) and a tuning mirror in combination,-a reflector, two angle-tuned KTP crystals (the
second to compensate the displacement of the beam), a prism, an aluminium mirror and an end
mirror. The 532-nm beam was coupled into the cavity through a reflector located between the
KTP crystals and the prism; this beam passed the crystals twice with reflection at the end mirror
of the cavity.

The OPO stage has two configurations for operation in the broad and the narrow band
modes. In the broad-band configuration, the tuning mirror was blocked and an aluminum
mirror reflected light off the prism back towards the crystal. The prism with a high reflection
index was set at an angle of 20 degrees respect to the incidence beam. Since the broad-band
configuration has no frequency-selection optics, the output bandwidth is approximately 1.5

cm™ (FWHM). In the narrow-band configuration, the aluminum mirror is blocked, and a
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combination of grating and tuning mirror and prism beam expansion are used to reduce the
output bandwidth to roughly 0.2 cm™ (FWHM). The grating was placed at a grazing incidence
angle of 5 degrees. The tuning mirror, which was mounted on a rotation stage, was set to reflect
the first order diffraction of the resonated signal wave. The end mirror of the OPO transmitted
most of the idler and a portion of the signal generated by the first pass of the pump at 532 nm
through the crystals. This output passed first through a variable half-wave plate waveplate to
rotate the polarization of the idler from vertical to the horizontal as required by the OPA stage.
Asilicon polarizer transmitted the idler wave and reflected the signal wave present in the OPO
output. A 1064-nm high reflector following the silicon polarizer combined the idler from the
oscillator with the 1064-nm pump beam for amplification and difference frequency generation
in the KTA OPA crystals. Behind the  OPA stage is a dichroic mirror, which allows the
co-propagating signal and idler waves to pass through the dichroic mirror while the residual
1064 nm pump beam is removed. A Brewster plate polarizer placed behind the dichroic mirror
was used to isolate either vertically polarized-idler (2.1-5 um) or the horizontally polarized
signal wave (1.35-2.1 um) from the OPA-output. Figure 2-13 shows a plotted graph comparing
the output power of the OPO/OPA system in 2000-8000 cm ™ and the output power of a Raman
shifter system in 2000-10000 cm™. Signal wave from OPO output was aligned using two Al
mirrors into a wavemeter (Burleigh WA4500, 400-110 nm, accuracy = +0.02 cm ™ at 700 nm)
for wavelength calibration. Etalon B inside the wavemeter has parallel mirrors, with 5.01 mm
spacing, which produces concentric circular interference fringes when illuminated with a
diverging monochromatic light. A linear CCD array placed at the vertical center of the fringe
was used to detect the fringe pattern. Figure 2-14 shows the spectrum of etalon B with NIR
output at 12293 cm™* from OPO cavity. The spectrum was taken when the seeder of pumping
YAG laser was turned on.

A home-made photoacoustic cell is filled with a reference gas, such as CH,4, C;H,, and
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H.0, and is sealed with CaF, window on both sides. A microphone (Hosiden, KUC1223) was
need as detector. The photoacoustic cell was used to calibrate the frequency of IR output from
OPA stage in the range of 2900-3700 cm™; the spectrum was synchronized with frequency
scanning of OPO/OPA system. Photoacoustic spectroscopy has been widely used as a highly
sensitive technique for trace gas measurement. The theory of photoacoustic effect in gases has
been described in the previous paper.?® The physical processes occurring after optical
excitation of molecules by IR laser can be divided into three steps. First, the molecule absorbs
photons via rovibrational transitions, and then the molecule in the excited state was
deactivated by collisional relaxation, in which the energy is transformed into translational
energy, and then releases local heat. Second, the acoustic wave is generated due to localized
transient heating and expansion. Finally, the.acoustic signal is detected in the photoacoustic
cell with a microphone. Figure 2-15(a) shows a scheme diagram for setup used to record the
photoacoustic spectrum. A little portion of the IR laser radiation was extracted with a sapphire
window to the photoacoustic cell. The photoacoustic signal was amplified and filtered with a
voltage amplifier (Stanford research, SR560). The input signal was AC coupled and the filter
frequency was set in the range of 10-100 K Hz. The output signal is fed into a Standford
Research SR250 gated integrator (gate width ~2 us, sensitivity 10 mV), and the gated signal
obtained by the boxcar integrator was then fed into a personal computer through SR 245
interface. By scanning the frequency of IR laser and monitoring the increase of photoacoustic
signal, photoacoustic spectrum of reference gases was obtained. By comparing the IR
spectrum taken from FTIR with photoacoustic spectrum, the wavelength of OPO/OPA system
can be calibrated. Figure 2-15(b) shows FTIR spectrum (resolution = 0.5 cm™) and
photoacoustic spectrum (broadband mode, resolution = 1.5 cm™) of CH, (2900-3200 cm™),
C,H, (3200-3350 cm™), and H,O (3500-3700 cm™). The photoacoustic spectrum wasn’t

normalized by IR intensity.
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In the front of the CaF, entrance window of vacuum chamber, a parabolic silver-coated
mirror (f = 20 cm) was used to introduce and focus the tunable IR laser beam into the
molecular beam upstream from its intersection with the VUV beam. The intensity of the IR
laser varies with wavelength; in the spectral range of 2700-3700 cm™ the energy is typically
1-5 mJ before entering the ionization chamber and the fluence at the ionization region is about

1-5mJ mm=.

2.2.1.4 Photolysis Laser

The free radicals were produced on photolysis of the precursor molecule either with a
KrF or ArF excimer laser (EX100H, Gam Laser) at 248 or 193 nm. The output energy of
excimer laser is 100 mJ pulse™ at 248-nm and 60.mJ pulse ™ at 193 nm. The photolysis beam
was loosely focused with a SIUV lens (f = 30 cm) to a-point about 2 mm downstream from
the orifice of the nozzle. Typically, 50 mJ pulse=" of laser energy with a beam size ~2 x 4 mm?

was employed.

2.2.2 Time-of-Flight (TOF) Spectrometer

The IR-VUV photoionization apparatus is equipped with a TOF mass spectrometer for ion
detector. Figure 2-16 shows a TOF setup of the apparatus, which consists of a supersonic jet
system, a time of flight tube, and a MCP detector. Following is going to describe details for

each component.

2.2.2.1  Supersonic Jet System
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The supersonic molecular beam technique®” has been widely used in photoelectron, laser
induced fluorescence (LIF), resonance-enhanced multiphoton ionization (REMPI), and
photofragment yield measurements to cool the neutral gaseous sample to reduce the thermal
rotational and vibrational temperatures.”® The use of a skimmed molecular beam generated by
a pulsed supersonic expansion brings two main advantages: First, it permits an efficient
cooling of the translational, vibrational, and rotational motion of the molecules and hence
ensures that only the lowest rotational levels of the vibronic state are populated. Second, the
short duration time of the gas pulses (~200 us or 30 us) enables great reducing the gas load in
the chamber, thus the pumping requirements, without reducing the gas density at the place of
the detection.

In our system, the molecular beam source chamber and photoionization chamber are
divided by a metal shield in the time-of-flight (TOF) spectrometer (R. M. Jordan Company).
Both source chamber and photoionization chamber are evacuated by turbo molecular pumps
(STP-600, Seiki Seiko, and “\/-551, Varian);-the pressure of the source chamber and
photoionization chamber are 1.2x10™"-and 8x10~% Torr, respectively, without gas input and
1.0x107® and 7x10™" Torr, respectively, under typical operating conditions.

The probe gas sample was introduced into the photoionization chamber using a pulsed
supersonic expansion through a solenoid valve (General Valve Series 9 or Evan Lavie valve,?
nozzle orifice diameter of 0.5 mm or 1 mm, operated at 10 Hz). Generally, pulse duration of
General Valve and Evan Lavie valve was 200 us and 30 ps, respectively, at stagnation pressure
of 3 atm. Low temperature molecular beam were formed during the adiabatic expansion
through the nozzle. The pulsed molecular beam was further collimated by a skimmer before
entering the photoionization chamber. The orifice diameter of the skimmer (Beam Dynamics,
Model 1) is 1 mm and the pulsed valve is located about 20 mm in front of skimmer. The

jet-cooled beam passes through a skimmer to enter the ionization region of the TOF mass
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spectrometer, which was 13 cm downstream from the skimmer.

2.2.2.2 Linear Time-of-Flight Tube (TOF)

The linear time of flight tube is a perpendicular setup commonly employed in mass
spectrometry and molecular spectroscopy. This configuration has the advantage of having
almost no Doppler shift and minimized effects of initial molecular beam velocity. The total
length of the TOF tube is about 100 cm. Three electrodes are installed at the center of the
ionization region where photoionization occurs. These three electrodes were used to provide
Kinetic energy to ions to be extracted and accelerated into TOF tube before being detected with
a MCP detector. The three electrodes, from bottom to top, are repeller plate, extraction grid, and
ground grid; they were separated by a distance of+1 cm. The voltages applied on these

electrodes are Va1, Vap, and-zero, respectively. Typically, a DC field ~ 200 V cm™

(VAl B VAZ)
lcm

(=

) is maintained between the repeller plate (V1) and extraction grid (Va2). Two

sets of steering plates (X, Y) installed inside TOF tube were used to correct the flight path of
ions. Moreover, a cold trap surrounding the flight tube filled with liquid nitrogen was used to
freeze the residual sample molecules in the flight tube to reduce the interference from

background signal.

2.2.2.3 Microchannel Plate (MCP) Detector Assembly

A MCP detector assembly was placed on the top of a linear TOF tube for ion detection.

This assembly comprises of seven components: Four electrode plates, two MCP plates, and an
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anode pad, as shown in the inset of Figure 2-16. The bottom plate is a ground potential input
grid, which has zero voltage as the field-free voltage to ensure field-free over the flight length
and to eliminate possible ion beam divergence before entering the accelerating plate. The
second plate is the hollow electrode plate, with a potential (Vp; = 0-2300 V, typically at —1450
V) to provide kinetic energy for ions and suppress electrons to enter the MCP. The voltage
applied on the third and fourth plates (both are hollow) are 54.5 % and 9.1 % of Vp;,
respectively. Electrons generated by MCP hit the anode pad and then create an electric current.
A double-stage 18 mm chevron microchannel plate (MCP, Burle Electro-Optics) was used in
this experiment setup. This MCP has an output impedance of 50 Q and provides high gain

(1x10” with Vp; at —2400V) with sub-nanosecond rise time.

2.2.24 The Total Flight Time

When molecules were ionized, the 1ons were extracted and accelerated by the electric field
between the repel plate (Va1) and the extraction grid (V a2) and between the extraction grid and

the ground grid (GND). lons with an equal charge would have the same kinetic energy, which

1 1
E myVv, = E m,Vv,, )

in which m is the mass, v is the velocity, and indeces 1, 2 indicate two ions with the same
charge. After flying through the field-free tube, ions with different m/z values would have

different arrival time to MCP. The flight time t for a singlly charged ion with mass m and kinetic
energy KE (:%mvz) to fly over the field-free tube with length L is given by t=L,/m/(2KE) .

The flight time is proportional to the square of the mass. The mass m can be determined by

measuring the time of flight when the energy of ion is set to a fixed value. The total flight time
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is given by the flight time in regions of dy, d», L and dg4, shown in Figure 2-16, that is, t =t; + t,
+ t3+ . The following analysis gives the definition of each period.*

The flight time t; indicates the period that the ion travels from the ionization point the
extraction grid. The flight distance is s (:%atz), in which a is the acceleration. Because the

distance between repel plate (Va1) and extraction grid (Va2) is d;, and the voltage difference

between them is Vp (= Va1 — Vay), the electric field is V,/di. For an ion with charge q, the

electric field is ?. Hence, ? = % ,and, a = %. The flight time t, can be derived from
1 1

the following equation,

1
_ 2_s __ (2smdq)2 1/2 sdq 1/2
b= a ( Vpq ) (2m) (V q) ' (10)
. . 8 N 2sVpq 1/2
Consequently, the velocity of ion at extraction-gridis v, = (W) .
1

The flight time t; indicates the period that the ion-travels from the extraction grid to the

ground grid (GND) with a distance. d,."Because of conservation of momentum, q—t2 =

m(v, —vy), in which v, is the veloeity of ion-at ground grid. v, may be derived by the

conservation of kinetic energy, as expressed in the following,

KE=q-Z—f-s+q-VA2=%mV§ (12)

1/2
in which v, = (%" (32 + VA2)> . The flight time t, is given by

t= ()" () (e va) - (22)] (12)

The time t3 required by the ion of mass m to fly over a field-free tube with length L, is

expressed as
tb=—=1L-[2 (E + VAZ)]_UZ. (13)

The flight time t, is the period that the ion travels from the ground grid of the MCP

32



IR-VUV Photoionization Experiments
detector to the first MCP with a distance of ds. The voltage difference between them is

U;=0.545 Vp;. The velocity of ion at the first MCP is v3, which can be derived by the

assumption of the conservation of Kkinetic energy, %mvg =q -Z—‘:-s +q-Va+q-Uq,

1/2 ]
Vg = [%(Q'Z_]:'S+Q'VA2+CI'U1)] . Because of the conservation of momentum,

q %t4 = m(vs — v,), the flight time t, is expressed as
4

_ md, (212 1/2 1/2
te =22 (2) 7 [(K + quoV2 - K72, (14)
inwhich, K =q-=2-s+q -V, (15)
1

For example, in this experiment setup, with d; =d, =1cm, L =1m, ds = 2.9 cm, the
flight time t for CH3SH with m/z = 48 appears at 14.0 us, when Va1, Va2, and Vp; were set at

1700, 1500, and 1450 V, respectively.

2.2.3 Data Acquisition

The output signal from the MCP was amplified with a fast amplifier (EG&G ORTEC,
Model 9306, bandwidth 1 GHz, rise time of 350 ps and a non-inverting gain of 100) before
feeding the signal into a digitizer. The input of this amplifier is ac-coupled with a 50 Q input
impedance and is protected to a maximum of + 1 V. The ac-coupled output signal provided a
linear output range from 0 to —1.75 V and a maximum output of -2 V into a 50-Q load. The
TOF mass spectrum was recorded with a 14-bit digitizer (GaGe Instruments, Model CS8327,
100 MS/s) and was also displayed on a digital oscilloscope. The signals from the photoacoustic
cell and the power sensor were recorded with two boxcar gated integrators (SR250, Standford
Research). The gated signal obtained by both boxcar integrators were sent to a personal

computer through a SR 245 interface.
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During the experiment, an 8-channel digital pulse generator (Berkeley Necleonics
Corporation, model BNC 575) was used to control the timing of various optical and
mechanical components of the apparatus, such as opening the pulse valve, firing lasers, and
triggering boxcar integrators and the GaGe board. A typical timing sequence in an IR-VUV
photoionization measurement is shown in Figure 2-17. The flash lamp of the Nd:YAG laser
which was used to generate 355-nm beam was fired ~41 us before the pulsed valve. The delay
between IR and UV lights was typically set at 200 to 3000 ns for VUV-ID-IRPDS
experiments and at 10 to 100 ns for IR-VUV-PI experiments.

A program for data acquisition and instrument control were written in Labview (National

Instruments) language.
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Table 2-1 Optimum pressures and conversion efficiencies for third-harmonic generation.
(From Ref. 4)

Single medium mixture with argon
Wavelength ) - .
(nm) medium Pressure R(.elz'itlve % Pressure RE'Bli.itlve
(Torr) efficiency medium (Torr) efficiency
118.2 Xe 2.2 5.7 8.0 178.0 100.0
121.5 Kr 14.0 1.0 28.0 350.0 9.3
122.8 Kr 3.0 1.1 8.0 100.0 2.2
122.9 Kr 2.5 0.4 6.0 100.0 2.4
123.2 Kr 1.0 0.7 4.0 34.0 0.7
127.1 Xe 25.0 7.9 50.0 84.0 13.2
127.6 Xe 14.0 6.1 25.0 152.0 21.4
128.2 Xe 55 3.1 12.0 257.0 32.3
128.9 Xe 2.0 0.6 4.0 200.0 9.6
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Table 2-2 Data sheet for type 1 BBO crystal used for doubling the 425.112 nm light.

Dimension Tolerance

Surface Quality

Flatness

Wavefront Disortion

Parallelism

Perpendicularity

Clear Aperture

Chamfer width

Chip

Items Parameter
Dimension 5x5x9 mm®
Coating S1,S2:antireflection coating at 425/212.5

AW(+0.1, -0.1), AH(+0.1, -0.1), AT(+0.5, -0.1) (mm)
10/5 Scratch/Dig

A /18 at 633 nm

A6 at 633 nm

=207

=5

=90%

<0.2 mm x 450

<0.1 mm
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Figure 2-1  (a) A schematic diagram of the experimental apparatus of VUV-ID-IRPDS using

118 nm light as the VUV source. (b) Picture of the alignment of IR and UV laser beams at the

position of ionization region. The distance between two beams is about 3 mm, when the delay

time between IR and VUV lights was set to be 30 ns. (c) The intensity of VUV light measured

with a copper photoelectric detector.

37



IR-VUV Photoionization Experiments

(a)
7
Ag mirror
NA:-YAG laser || ROPOoPA | IR )
system U
CaF,
2" F=500 mm
Dye laser 6{ pump
(visible) ® 212.56 nm MgF,
y & 1" £=150 mm
BBO ‘ Gauge
crystal |::| @ %1
355 nm f! —
AN v [ o
MgF>
y 1" F=200 mm +150V
_| Dye laser | 7 T i
) el Kr/Ar=1/3 [% scope
425 nm [Ar=
Kr=6 torr ~10 torr "
@
8
6 (b) scope Tek JL ar L M Pos: 30005
§ Opto-galvanic signal
e} BTG S O
P

8gqn} 401

turbo
pump

turbo pump

Power mete

M 10035
10--08 2205

B f d

parabolic mirror
Ag coating
(=20 cm)

Figure 2-2  (a) The schematic diagram of the experimental apparatus of IR-VUV-PI using a

tunable VUV light. (b) The observed optogalvanic signal. When the frequency of UV light is

resonant with the two-photon Kr transition, maximum optogalvanic signal is obtained.
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Figure 2-3 Schematic diagrams of (a) a nonresonant third harmonic generation process at

the fundamental laser frequency o, where @ =w,=o,=0 and @, =3w and (b) a

four-level system indicating the relevant energy levels for both four-wave sum frequency at

20, + o, and four-wave difference mixing at 2c,—wm,. The real levels are labeled |a), |b),
lc), and |g), I. P. = ionization potential and imaginary levels are present as solid line and

dashed line, respectively. Real levels are labeled |a), |b), [c), and |g). I. P. = ionization

potential.
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Figure 2-4  The 118.2-nm output power as a function of the pressure of added Ar in the

tripling cell. The input 354.7-nm beam is in unfocused geometry. (From Ref. 9)
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Derivative

Figure 2-5 The phase-matching factors versus Fi bAk in the case of tight focusing, for b/L=0
and f/L=0.5. (a) Fsum(bAK) versus bAk. The upper trace is the derivative of Fgmn(bAK). (b)
Fairr(bAK) versus bAk. Fgm(bAK) and Fgir(bAk) are the phase-matching factor in sum- and

difference-frequency schemes.
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Figure 2-6 Energy level diagrams of relevant atomic levels of nonlinear media of Hg, Xe,
Kr, and Ar for the generation of coherent VUV light via two-photon resonance four-wave sum
and difference frequency mixing. The wavelength regions are indicated in nm. I.P. denotes the

ionization limit of a non-linear medium.
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Figure 2-7 Wavelength dependence of the power of the VUV light produced by the
difference frequency conversion (ovuv = 201 — ®2) In Kr. o; is fixed at 216.6 nm which is
resonant with the two-photon Kr transition 4p-5p [5/2, 2]. (a) oz is in the range 540737 nm
produced by the fundamental output of the following laser dyes: a, Fluorescine 27; b,
Rhodamine 6G; ¢, Rhodamine 610; d, Rhodamine 620; e, Rhodamine 640; f, Sulforhodamine;
g, DCM; and h, Pyridin 1. (b) o, is in the range 416-550 nm produced by the fundamental
output of the following laser dyes: i, Stilbene 420; j, Coumarin 440; k, Coumarin 460; I,
Coumarin 480; m, Coumarin 500. (c) w; is in the range 272—360 nm produced by the second
harmonic generation of with the same laser dyes as listed in (a). The VUV power is plotted in
arbitrary units. The tuning curves are not displayed on the same scale. (From Ref. 14)
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Figure 2-9 A schematic diagram for measurements of the optogalvanic spectra.
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Figure 2-13  Output energy of the IR OPO/OPA system and the H, Raman shifter system in

our lab.
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Figure 2-15 (@) A schematic diagram for measurements of a photoacoustic spectrum. B.S. is
a 50:50 beam splitter. (b) FTIR spectrum (resolution = 0.5 cm™) and photoacoustic spectrum
(broadband mode, resolution = 1.5 cm™) of CH4 (2900-3200 cm™), C,H, (3200-3350 cm™),

and H,0 (3500-3700 cm ™). The photoacoustic spectrum wasn’t normalized with IR intensity.
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Chapter Three

Infrared absorption of methanol clusters (CH30H), with n =
2—6 recorded with a time-of-flight mass spectrometer using

IR depletion and VUV ionization

3.1 Introduction

Methanol is the simplest stable organic molecule having a hydrogen bond to form clusters.
The investigations of hydrogen bonding in methanol clusters have attracted much attention;
reviews on the infrared (IR) spectra and hydrogen-bond dynamics of methanol clusters are
available.™ ? Vibrational spectra_provide an important means to analyze the structures of
hydrogen-bonded clusters and their intermolecular interactions; the vibrational wavenumbers
associated with the OH-stretching mode reflect sensitively the local intermolecular
interactions due to microsolvation.*

Numerous experiments of vibrational spectra of methanol clusters in the gaseous phase
were performed to derive information about the structures and dynamics of intermolecular

interactions. Direct IR absorption using a Fourier-transform infrared (FTIR) spectrometer®® or

10 12

a cavity-ring down laser absorption spectrometer, ° microwave spectra, and

7, 13

spontaneous Raman spectra of methanol clusters in supersonic jet expansion and IR

absorption spectra of methanol clusters isolated in inert-gas matrices™**’

are reported. Because
clusters are typically generated with a distribution of sizes, without mass selection or a

mass-specific measurement, spectra of larger clusters typically suffer from severe overlap
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among various clusters.

Based on conventional IR photodissociation experiments, '8

several techniques were
employed to provide mass selectivity. Huisken et al. and Buck et al. measured vibrational
predissociation spectra in the OH-stretching region of (CH3;OH), for n < 9 with a
molecular-beam depletion method; in order to implement size selection they scattered the
cluster beam with a beam of gaseous helium before ionizing the cluster beam with electron
impact.*>® Zwier group recorded IR spectra of benzene-(CH3;OH), clusters with n = 1-6 in
the OH- stretching® and with n = 1-5 in the CH-stretching®’ regions by tuning the IR laser
while using resonant enhanced multi-photon ionization (REMPI), in which the excitation of a
suitable electronic state of a size-selected species is achieved at a specific wavelength, to detect

the clusters. This method is applicable to molecules having an electronic state in the UV or

visible region for REMPI (e.g. benzene) and is unsuitable for (CH3OH), clusters. Similarly, the

3, 28-30 31-34

IR-UV double-resonance and stimulated ‘Raman-UV techniques are difficult to
apply for methanol clusters because ‘the clusters of interest must have a chromophore in the
UV or visible region for measurements of an electronic transition to detect the population
transfer due to vibrational excitation.

The ionization energies of a large number of molecules and their clusters are typically in
the vacuum-ultraviolet (VUV) region. Unlike REMPI, direct VUV ionization requires no
intermediate state to absorb in the UV and visible region. Furthermore, VUV ionization with
its photon energy near the ionization threshold of the cluster under investigation typically
causes soft ionization without extensive fragmentation. >’ A combination of vibrational
excitation and VUV photoionization with mass detection enables measurements of vibrational

spectra of size-selected neutral clusters, as discussed in a recent review.*® Ng and coworkers

employed IR-VUV photoionization  spectroscopy and IR-VUV pulsed field
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ionization-photoelectron spectra to investigate the vibrational spectra of neutral molecules and
cations.>*™* Predissociation with IR laser emission might also result in variation of the

44, 45

population of the ion signal induced by VUV light, which Bernstein et al. termed

nonresonant ionization and fragmentation detected infrared spectroscopy (NRIFD-IR) and
applied to clusters of alcohols and organic acids.**™*°

Bernstein and coworkers employed the VUV-ID-IRPDS method to investigate the IR
spectra of jet-cooled (CH3OH), with n < 8 in regions 2500-4500 cm ™ and 5000—7500 cm .4
*8 Their results demonstrate that the methanol dimer has IR absorption features corresponding
to free and bonded OH-stretching modes, whereas clusters with n > 3 display only features of
hydrogen bonded OH stretch, indicating that clusters with n > 3 have a cyclic structure. As this
cyclic binding network do not involve directly the CH-stretching modes, the spectra in the
CH-stretching region do not alter much-with cluster size of modes, but the spectra that these
authors reported reflect only the alteration of intensity of protonated methanol clusters ions
upon IR laser irradiation at various wavenumbers; not the absorption spectra of (CH3;OH);,.

We applied VUV photoionization and a time-of-flight (TOF) mass spectrometer to detect
methanol clusters, and employed IR laser radiation, tuned through the 2650—-3750 cm™ region,
to photodissociate methanol clusters in a pulsed supersonic jet. By careful processing of action
spectra according to photoionization efficiencies and the production and loss mechanism of

each cluster, we derived IR spectra for the size-selected cluster.

3.2 Experiments

The principles of IR-VUV photoionization and the experimental setup of the 118 nm VUV
laser/linear TOF mass spectrometer are similar to those reported previously.*® ¢ *® A gaseous

mixture of methanol and helium was supersonically expanded into a vacuum chamber through
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a pulsed valve (Parker, General Valve Series 9 or Evan Lavie valve). Methanol clusters were
formed during the adiabatic expansion through the nozzle. After passing through a skimmer
(Beam Dynamics, Model 1, 1.0 mm diameter) the jet-cooled beam was introduced into the
ionization region of the TOF mass spectrometer, which was 15 cm downstream from the
nozzle. The pressures in the source and ionization chambers were 8x10™ and 7x10~" Torr,
respectively, under typical operating conditions. Neutral clusters in a supersonic jet, softly
ionized with little fragmentation by laser light at 118 nm, are detected with a linear TOF mass
spectrometer. By monitoring the variation in intensity of each cluster ion while scanning the
wavenumber of the IR laser, introduced before the VUV laser pulse, we derived the action
spectra for each size-selected cluster.

The VUV laser emission at 118 nm. serves as the ionization source. This emission was
generated by frequency-tripling the 355 -nm-output-of a Nd:YAG laser (Spectra Physics,
GCR-230, 10 Hz, ~21 mJ pulse~")'in a gas cell containing a mixture of Xe and Ar (1:10 at 80
Torr), which was attached directly to the ion source chamber of the time-of-flight mass system.
Aconvex MgF; lens (f = 15 cm) was mounted at-the end of the gas cell to separate UV (355 nm)
and VUV (118 nm) light through the difference in refraction index n of the lens, n (118 nm) =
1.679 and n (355 nm) = 1.380.>* *! To minimize the multiphoton effects due to the intense 355
nm beam, the UV and VUV beams were spatially separated by ~5 mm in the horizontal plane
near the ionization region.

The product ions were extracted perpendicularly with potential at 200 V and accelerated
into a field-free tube of length 1 m. The accelerator and repeller plates of the ion optics were
biased at 1500 V and 1700 V, respectively. lons were subsequently detected with an 18 mm
Chevron microchannel plate (MCP, Burle Electro-Optics). After amplification of the signal
with a fast amplifier (EG&G ORTEC, Model 9306, bandwidth 1GHz), the TOF mass

spectrum was recorded with a 14-bit digitizer (GaGe Instruments, Model CS8327, 100MS/s)
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and also displayed on a digital oscilloscope. The tunable IR laser emission, generated from an
OPOJ/OPA system (Laser Vision, resolution 1.8 cm™ with the broadband mode) pumped by the
1064 nm output of an injection-seeded Nd:YAG laser (Continuum, Powerlite 8000, 10 Hz, 360
mJ pulse™), was introduced into the ionization region and focused in a region of the molecular
beam upstream from its intersection with the VUV beam. The distance between IR and VUV
beam is typically 200 um. The time delay between IR and VUV is about 200 ns. The intensity
of the IR laser varies with wavelength; in the spectral range of 2700-3700 cm™* the energy
before entering the ionization chamber typically increases from 1 mJ at 2700 cm™ to 4 mJ at
3200 cm™, then decreases slightly to 3.5 mJ near 3500 cm™. The fluence at the ionization
region is about 1-4 mJ mm~2 after mild focusing. In this paper, we use the average value, 2.5
mJ mm™2 in this case, to indicate the fluence of the IR beam. For studies of power dependence,
the average fluence varies from 1.0 to 4.0 mJ. mm 2

The variation in intensity of each ion signal was monitored as the IR laser emission was
tuned through the range 2650-3750 cm™. The ‘energy of IR light was measured
simultaneously as its frequency was tuned; observed action spectra were normalized with the
variation in intensity of the IR laser. The wavelength of IR light was calibrated with the

photoacoustic spectra of a reference gas (CH,4, C2H,, or H,0) recorded simultaneously.

3.3 Computational Details

Vibrational frequencies for small methanol clusters (CH3;OH), (n = 1-3) have been

computed using density functional theory (DFT) with the B3LYP exchange-correlation

52,
l.

functiona % Determination of anharmonic frequencies have been performed using

second-order vibrational pertubation theory (VPT2)>* and a full cubic and semidiagonal quartic

55, 56

force field obtained from numerical differentiation of analytical Hessian matrices as
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implemented in the GAUSSIAN 09 quantum chemistry package.®’ The equilibrium geometries
for all the species studied here have been optimized with very tight convergence criteria.
Atomic natural orbitals (ANO1) basis sets of Alml6f et al.,*® contracted as (8s6p4d)/[4s2p1d]
for hydrogen and (13s8p6d4f)/[4s3p2d1f] for carbon and oxygen, has been adopted for the

present work.

3.4 Results and Discussion

3.4.1 TOF Mass Spectrum of Methanol Clusters

Atypical TOF mass spectrum of methanol clusters induced by VUV ionization at 118 nm
(10.5 eV) is shown in Figure 3-1(a); assignments of mass peaks according to ratio of mass to
charge are also indicated. Protonated methanol clusters (CHzOH),H" (n = 1-5) and dimeric ion
(CH3OH)," were observed. These protonated cluster ions are known to be generated from rapid
proton-transfer reactions of an ionized molecule®

(CH30H), + hv— (CH30H), * + & — (CH30H),-1H" + CH30 + ¢~ (1)
The ionization energy (IE) of CH3OH and (CH3OH),, and the appearance energies of
(CH30H)n_1H" from (CH30H), (n = 2—6) reported by Kostko et al. are 10.8, 9.8, 10.2, 10.1, 9.8,
9.8, 9.6 eV, respectively.®® At 118 nm (10.5 eV), CHsOH cannot be ionized, whereas
production of protonated cluster ions (CH3OH),_1H" (n = 2-6) are energetically accessible.
The observation of (CHsOH)," is also consistent with previous reports.*® Possible fragments
from these species are unobserved at m/z = 15 (CH3"), 29 (CHO"), or 31 (CH;0*/CH,0OH").
Multiphoton processes involving 118 nm + 355 nm photons that cause the formation of
CH3OH" or its fragment ions are clearly negligible in our experiments. The (CH3OH) 3" ion

was observed following photoionization at 118 nm in a previous report when He served as a
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carrier gas,®* but was unobserved in our experiment. Cations corresponding to clusters
(CH3OH)," (n > 4) were unobserved, likely due to the instability of the ionized clusters and the
efficient proton transfer that occurs upon photoionization. When Ar served as a carrier gas,
(CH3;0H);" was also observed from ionization of methanol clusters adsorbed on the surface of
large Ar clusters.®? (CH3sOH)," (n < 7) were observed from ionization of Ar,(CH3OH)y, the
formation of these species is attributed to an indirect ionization of neutral heteroclusters via
Penning ionization.®

Shi et al.®* employed 118 nm VUV laser to ionize methanol clusters seeded in a He jet and
detected daughter fragment ions produced from evaporative loss of methanol cluster ions in the
acceleration region and the field-free drift tube; for the latter case the transit period of the
daughter ions is greater than that of the parent ion. Using a similar experimental technique, Fu
et al. demonstrated that the fraction of fragmentation of the parent ion (CHzOH),H" (2<n<7)
in the acceleration region is less than 8 %.% In our experiments, we found no evidence for
further fragmentation of parent protonated ions upon ionization at 118 nm; the detected
distribution of protonated cluster ions is-hence correlated with the distribution of neutral
clusters.

Figure 3-1(b) shows the TOF spectrum observed upon irradiating a beam of methanol
clusters with the IR beam at 2950 cm™ 200 ns before irradiation of the VUV beam at 118 nm.
All clusters (CH3OH), are expected to absorb infrared light at 2950 cm™. Differences between
traces (a) and (b) of Figure 3-1 indicate that the intensities of mass peaks (CH3OH)," and
(CH30H)H" (n = 1-5) in trace (a) decrease substantially, whereas signals due to (CHs;OH)"
with m/z = 32 and (CH30)*/CH,OH" with m/z = 31 appear. The decrease in intensity of
protonated methanol cluster ions with size n—1 indicates the destruction of the corresponding
methanol clusters with size n induced by IR photodissociation before ionization. The

significant increase in intensity of (CH3OH)" is due to the IR-VUV (1+1) ionization of
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methanol monomer. In this case, methanol monomer is excited to vibrationally excited levels of
the ground electronic state on absorbing an IR photon before being ionized by subsequent
absorption of an VUV photon; the total energy of the IR + VUV photons, ~10.86 eV, exceeds
the IE of CH;OH, 10.8 + 0.1 eV.”

Figure 3-1(c) shows the TOF spectrum observed upon irradiating a beam of methanol
clusters with the IR laser beam at 3150 cm™* 200 ns before irradiation of the VUV beam at 118
nm. Only clusters (CHsOH), with n > 4 are expected to absorb infrared light at 3150 cm™.
Differences between traces (a) and (c¢) of Figure 3-1 indicates that the intensities of
(CH30H)H" (n > 3) in trace (a) decreases, that of (CH3OH),H" increases due to increased
number of (CH3OH); produced from dissociation of (CH3OH)4, whereas that of (CH;OH)H"
remains nearly constant.

On application of the IR excitation, we observed-no additional daughter ion peak in the
TOF spectrum, perhaps because no substantial energy was deposited into the remaining neutral
clusters after predissociation induced by the IR light. The variation in concentration of neutral
(CH30H), clusters upon IR irradiation might-hence be directly monitored through the variation

in intensity of the (CH3;OH),_1H" signal.

3.4.2 Action Spectra as The IR Laser Is Turned

The initial TOF spectrum in the absence of IR irradiation in one set of experiment is shown
in Figure 3-2(a) to indicate the initial distribution of clusters. In this TOF spectrum we control
the stagnation pressure so that the largest protonated methanol cluster observed is (CH3sOH),H".
On monitoring the intensity of each ion signal while scanning the wavelength of the IR laser,
we recorded the variation of the relative population of each protonated methanol cluster

(CH30OH),H" (n = 2-4), (CH30H),", and CH3OH" as a function of IR wavenumber. For
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(CH30H)," and (CH30H),H" (n = 2—4) the observed signal was divided by the ion-signal level
recorded with no IR excitation and then diminished by 1 to yield the fraction of variation;
these spectra are indicated as A(CH3OH)," and A[(CH3OH),H"] and are shown in Figure 3-2(b)
with ordinates indicating the fraction of variation; the negative signal indicates a decrease
whereas the positive signal indicates an increase in population of these clusters when IR laser
irradiation was employed. For CH3OH, only the variation in intensity was plotted because the
original signal was negligibly small in the absence of IR irradiation. These action spectra were
recorded for various experimental conditions having a varied distribution of methanol clusters.

The signal of CH3OH" shown in Figure 3-2 appears only when both IR and VUV laser
irradiation was present, indicating that this signal is produced via IR-VUV (1+1) ionization of
CH3OH. The observed action spectrum in Figure 3-2 is expected to represent the IR spectrum
of CH3;OH, if we assume that the ionization-efficiencies for these vibrationally excited states are
nearly identical at 118 nm. The ‘features near 2845 cm ' are assigned as the symmetric
CH-stretching band (v3). The remaining complicated, unresolved features in the region
2900-3000 cm™* consist of several overtone bands (2v4 at 2958 cm ™ and 2vs at 2916 cm ™), the
asymmetric CH-stretching bands (v, at 2995 and 3006 cm™ for E and A; symmetry and ve at
2952 and 2967 cm™ for E and A, symmetry), and combination bands (e.g. v4 + vs at 2933
Cm_l).GS’ 66

Action spectra obtained from monitoring of (CH3OH)s;H™ and (CH;OH)4H™ show only
negative features in the 2700-3650 cm™ region, indicating a net decrease in concentration of
(CH30H), and (CH3OH)s upon IR irradiation. In contrast, the spectrum of (CH3OH),H" shows
variation in concentration both ways; the efficiencies of formation of (CH3;OH); from
dissociation of (CH3OH), and destruction of (CH3OH)3 depends on the wavenumber of IR
irradiation. Both (CH3OH)H™ and (CH30H)," are produced from (CH3OH),; the intensities of

both signals are expected to correlate with the population change of (CH3OH),. The action
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spectra obtained from monitoring of (CH;OH)H" and (CH3OH),", shown in Figure 3-2, have
similar characteristic features for the CH-stretching region, but small differences in the
OH-stretching region, 3400—3550 cm ™, exist. According to Martrenchard et al.%” and to Tsai et
al.%, the yield of (CH3OH)," is much smaller than that of (CH;OH)H" at 10.5 eV. Martrenchard
et al. showed that, in their threshold photoelectron photoion coincidence (TPEPICO)
experiments, no (CH3OH)H" was observed below 10.1 eV; as soon as the (CH3OH)H"
appeared at 10.2 eV, the (CHsOH)," peak decreased. One possible reason for the small
discrepancy in the OH-stretching region of the action spectra obtained from monitoring of
(CH30OH)H" and (CH30H)," is that the yield of (CH3OH)," relative to (CH3OH)H" decreases

as the total excitation energy increases.

3.4.3 IR Spectra of (CH30H),

As no daughter ion was-observed, ion fragmentation is negligible; the intensity of
(CH30H),_1H" thus correlats with the concentration of (CH3;OH),. Upon IR irradiation,
dissociation of (CH3OH), to smaller clusters occurred; the variation of the concentration of
(CH3OH), led to the variation of the intensity of (CH3OH),_;H". We derived IR spectra of
methanol clusters (CH3OH), from the action spectra by considering the dissociation
mechanism and photoionization efficiencies.

A simplified scheme for dissociation and ionization of methanol clusters is shown in
Figure 3-3. On absorption of an IR photon, methanol clusters (CH3OH), lose one methanol to
become (CH30H),_1. Through employing an IR laser emission with small energy (< 8 mJ),
multiphoton processes is expected to be unimportant. Following reaction (1), upon ionization at
118 nm, the ionized clusters (CH3OH)," undergo proton transfer to eject CH3O and become

protonated cluster ion (CHsOH),_1H" with one less unit of methanol; some (CH3OH)," survives.
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As discussed previously, CH3OH does not ionize at 118 nm, but vibrationally excited CH3;OH,
produced upon absorption of an IR photon, might ionize. Because the size of methanol clusters
under investigation is small, the propagated error due to multiple dissociation steps is small.
The energies of the most stable structures for each cluster computed by Buck et al.*® were
used to derive the dissociation energy of clusters (CH3OH),, n = 2—6, to form (CH3OH),_; and
CH3O0H; the dissociation energies are 0.278, 0.416, 0.674, 0.567, 0.532 eV, respectively, for n
= 2-6. According to the binding energies predicted by Hagemeister et al,”® the dissociation
energies for n = 2-5 are 0.209, 0.426, 0.543, 0.382 eV, respectively. These reported
dissociation energies deviate by ~30 %. The internal energy of (CH3OH), in a supersonic jet
increases with n; values 0.223, 0.236, 0.311, 0.465, 0.647 eV for n = 6-10 were derived from
soft x-ray experiments.”* The IR photons with wavenumbers 2800-3600 cm™ have energies
0.35-0.45 eV. Hence, with original internal energy and absorption of one photon of this IR
light causes photodissociation-of (CH3OH), to yield one methanol and (CH3OH),;, but
unlikely to eliminate two or more methanol.
According to the scheme in Figure 3-3; we derived the IR spectrum of each methanol
cluster by assuming that the size of the cluster only reduces by 1 upon absorption of the IR

1.5 we assume that the

photon. Based on the PIE spectra of (CH3OH), reported by Kostko et a
efficiency for formation of (CH3;OH),H" (n = 2-5) at 10.5 eV are the same because the
employed energy of 10.5 eV is much greater than the threshold of the PIE spectra. However, for
formation of (CH;OH)H", because the PIE spectrum shows a small step from 10.2 to 10.8 eV
before the efficiency increases rapidly with energy, we assume a smaller efficiency o relative to
those for (CH3OH),H" (n = 2-5). Similarly, for formation of (CH3OH),", an even smaller
efficiency f is assumed.

As shown in Figure 3-2, the largest cluster ion in the TOF spectrum is (CH3OH);H",

indicating that in that experiment the largest cluster detectable in the supersonic jet was
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(CH3OH)s. The decrease in intensity of (CH3OH)4H" upon IR irradiation is due to only the
dissociation of (CH3OH)s. The negative of the recorded action spectrum of (CH3OH)4H" thus
represents the IR absorption spectrum of (CH3;OH)s. The variation in concentration of
(CH30H),_1H" (n = 2-5) upon IR irradiation depends on the loss due to its dissociation and on
the production of (CH3z0H),_sH" (n = 2-5) due to dissociation of (CHsOH), (n = 3-5). We use
the observed initial peak height a, of (CH3OH),_1H" (n = 3-5) signals in the TOF spectrum
recorded in the absence of IR irradiation to derive relative initial concentrations ¢, of (CH3;0H),
(n = 3-5); as/c3 = as/c4 = as/cs. For (CH30H),, because of its low efficiency in ionization at 10.5
eV discussed previously, the peak height a, of (CH3OH)H" is represented by aca(as/cs) and the
peak height a,' of (CH30H)," by Bc2(as/cs), in which o and B are the efficiency for formation of
(CH3OH)H" and (CH30H),", respectively.

The absorption spectra, A[(CH3OH),], for each clusters are derived according to the

following equations:

A[(CH30H)s] = ~A[(CH3OH)HT, (2)
A[(CH30H),] = —(A[(CH30H)3H"] “A[(CH30H)s] x as/as), (3)
A[(CH30H)3] = ~(A[(CH30H),H"] ~A[(CH30H),] x a4/as), (4)
A[(CH30H),] = «(A[(CH3OH)H'] —A[(CH30H)3] x aas/ay), (5)

or, alternatively, when the action spectrum of (CH3OH); is used,

A[(CH30H).] = ~(A[(CH30H),"] ~A[(CH30H)3] * Bas/a,), (6)
in which A[(CH3;0H),H"] are action spectra showing fractional variations in intensity, a', a—as
are peak intensities of (CH3OH),", (CH3OH),H" (n = 1-4) signals in the TOF spectrum
recorded in the absence of IR irradiation, respectively, and o and  are fitting parameters that
reflect the ionization efficiency. The absorption spectra of (CH3OH), (n = 2-5) were derived

directly according to equations (2)—(4), as shown in Figure 3-4. As we expect no absorption of
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(CH30H), in the region 3100-3400 cm™, we varied o and B in equation (5) and (6),
respectively, to obtain the best fit that shows a flat baseline the region 3100-3400 cm ™. For the
set of data presented in Figure 3-2, we employed o = 0.4 and B = 0.055 to yield two similar
spectra of (CH3OH),, as shown in Figure 3-4. The spectrum of CH3OH was obtained by
directly monitoring (CH3OH)".

In the PIE spectra of (CH3OH), reported by Kostko et al,®® observed ion intensity ratio of
(CH30H);H" to (CH30OH)H" is about 2.16 at an ionization potential of 12.0 eV, whereas the
ratio increases to 4.37 at an ionization potential of 10.5 eV. Assuming that the ionization
efficiency of both (CH30H)3 and (CH3OH), clusters at 12.0 eV are similar because the energy
IS much greater than the ionization threshold, we can estimate the ionization efficiency for
formation of (CH3OH)H" relative to.that of (CH3OH),H" to be 0.4-9. This value is in
satisfactory agreement with the value-of o = 0.40 employed in the analysis described in the
preceding paragraph.

We performed several sets_of experiments-using  various conditions (type of nozzle,
concentration, and stagnation pressure)-andobtained similar spectra for each specific
methanol cluster. We also performed power dependence studies and some resultant spectra for
(CH30H)4 and (CH30H)s are shown in Figure 3-5. In this set of experiment, a mixture of
CH3;OH/He = (3/100) at a stagnation pressure of 1670 Torr and a Evan Lavie valve were
employed so that the dominant cluster is (CH3OH)4, with relatively small proportion of
(CH30H),, n > 5. As the average fluence was increased from 2.5 to 4.0 mJ mm™2, the FWHM
(full width at half maximum) of the broad OH-stretching band increased from 190 to 224 cm™
for (CH3OH), and from 271 to 307 cm™ for (CH3OH)s. Similarly, the FWHM of the v3 band
near 2830 cm™ increased from 34 to 38 cm™* for (CH3;OH), and from 33 to 44 cm™ for
(CH3OH)s. Further decrease of the average fluence to 1 mJ mm™ resulted in poor

signal-to-noise ratio, but the FWHM of the vs band remained ~34 cm™, whereas the FWHM
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of the OH-stretching band decreased to 144 cm™. The power broadening in the CH-stretching
region is less severe and becomes nearly negligible for average fluence less than 2.5 mJ mm™
because the energy employed in this region are 2—3 times smaller than that employed in the
OH-stretching region.

One would expect that the spectrum of (CH3OH), derived from this set of experiment
shown in Figure 3-5 is reliable because of little contamination from absorption of higher
clusters. This spectrum is similar to that shown in Figure 3-4, indicating the validity of our
model. For comparison, a spectrum of (CH3OH)g is also listed in Figure 3-4. This spectrum
was obtained from another set of experiment in which a mixture of CH3;OH/He = (1/100) at a
stagnation pressure of 800 Torr was employed so that (CH3OH)s was the largest cluster
detectable in the supersonic jet, Spectra of (CH3OH),, n < 5, obtained from this set of

experiment are also similar to those shown in Figure 3-4.

3.4.4 Spectral Assignments and-Comparisons

The OH-stretching region of methanol clusters is well studied. In our experiment the
feature in this region shifts from 3683 cm™ for CH3;OH to 3675 and 3576 cm ™ for (CHzOH)y;
broad features with maxima near 3473 cm™ for (CH3OH)s, 3300 cm™ for (CH3;OH),, 3240
cm™ for (CH30H)s, and 3210 cm™ for (CH3OH)s were observed. Our experimental results in

6,9, 21,22, 25

general agree with those in previous experimental reports and quantum-chemical

computations;® & 70 72775

some representative results are listed in Table 3-1.
For (CH30H),, the two features of OH-stretching near 3675 and 3576 cm™ correspond to
proton acceptor (PA) and proton donor (PD). Observed wavenumber of PD is consistent with

those reported in other experiments, but that of PA is about 9 cm™ smaller than that reported

previously.” #* % Previously reported values are close to that of the monomer, likely the
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observation was interfered by absorption of the monomer. The voy of PA and PD were
red-shifted by 8 cm™' and 107 cm™" from that of monomer, respectively, in agreement with
shifts of -8 cm™ and —144 cm™* for conformer A of (CH3;OH), from the band at 3664 cm™ of
CHsOH in a N, matrix.'” Observed shifts are also in satisfactory agreements with the
theoretical anharmonic vibrational wavenumbers of —26 and —146 by Buck et al,*® and —11
and —146 cm ™ as predicted with the B3LYP/VPT2 and an ANO1 basis set in this work.

For (CH30H)3, the OH-stretching band becomes much broader with a maximum near
3473 cm™. The anharmonic vibrational wavenumbers 3482, 3511, and 3519 cm™* predicted by
Buck et al.® and the values 3345, 3408, and 3422 cm™ predicted in this work are all within the
broad contour of this experimentally observed band. The absence of absorption near the free
OH-stretching region ~3670 cm™ for (CHsOH),, n = 3-6 is consistent with reported

computation results that indicate the most stable structure of (CH3OH),, n > 3 to be cyclic. > *®

69.70.73.76. 77 The increased redshifts and width of OH-stretching fundamentals as n increases

74, 78—80

might indicate that the cooperative  effect iS' enhanced as the size of the cluster

increases,®*

even though we cannot positively eliminate the possible contribution of power
broadening in our experiments.

The CH-stretching region of methanol clusters between 2800 and 3050 cm™ is little
studied because of the severe overlap of bands of each cluster. Hu et al. reported action spectra
of protonated methanol clusters (CHsOH),_1H" in the region 2500-3800 cm™ (Figure 3 of Ref.
48) and treated them as IR absorption spectra of (CH3OH),. The absorption spectra derived in
the present work are significantly different from the corresponding action spectra, especially
for (CH30H), and (CH30OH)s. Although most main features identified by Hu et al. are within
16 cm ™ of our results, our results are expected to be more reliable because the mechanisms for

loss and production of each cluster have been taken into account in our work; the results of Hu

et al. are likely contaminated by those of higher clusters. The observed vibrational
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wavenumbers in the CH-stretching region are compared in Table 3-2 with representative
computational values reported in the literature.

For (CH3OH), in the region 2850-3050 cm ', each band of CH3;OH splits into two
components corresponding to PD and PA, consistent with those reported for (CH3OH); isolated
in solid Ar or N2."> *® Assuming that the splitting between PA and PD in the CH-stretching
region is small, we tentatively assign features at 2849 (PA) and 2823 (PD) cm ™" as v, 2954 (PA)
and 2934 (PD) cm™ as ve, 3006 (PA) and 2984 (PD) cm™ as v», and the broad feature with
maximal intensity near 2920 cm™ as unresolved combination and overtone bands of v, + vs,
2vy, and 2vs. These values are consistent with results of (CH3OH), isolated in solid Ny;
features near 2828.1, 2945.4, and 2987.3 cm™ are assigned as vs, vo, and v, of the PD,
respectively, and those near 2853.9, 2970.7,-and 3012.2 cm™* are assigned as the corresponding
modes of the PA of (CHsOH),.*° [The splitting between PA and PD for these three
CH-stretching modes (vs, ve, and v,) are 22,21, and 22 ¢m™ in our experiments, in agreement
with corresponding values of 25.8, 25.3; and 24:9-cm  reported for (CH3OH), in solid Na.

As shown in Table 3-2, the presented B3LYP/ANO1 harmonic vibrational frequencies of
(CH30H), and (CH3OH); are in good correspondence with the previous results of M6 et al.,”
revealing the largest discrepancy of only 4 cm™' in the CH stretching region. No anharmonic
results are available in previous literature. Although the predicted splitting for vs, vg, and v, of
PA and PD (126, 59, and 40 cm™, respectively) of (CH3;OH), are significantly different from
our observed values, if we ignore the original assignments based on small splitting of PA and
PD the predicted wavenumbers of these six lines are in satisfactory agreement with our
experimental values. If we assume a good correspondence of experimental results to the
anharmonic calculations, we might assign 2955 (PA) and 2765 (PD) cm™* as vs, 2934 (PA) and
2838 (PD) cm™ as v, 3006 (PA) and 2984 (PD) cm™ as v». Large anharmonic corrections and

significantly altered v,, v, and vg splitting pattern for the dimer indicates that anharmonicity
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constitutes an important factor to assign properly the observed vibrational spectra of methanol
clusters.

In contrast to (CH3OH),, bands in (CH3OH); become narrower and the splitting
diminishes. We assign features at 2837, 2954 and 2987 cm™ to vs, vo and v, of (CH3OH)s. This
spectral observation is consistent with a prediction that the cyclic conformer is the most stable
and is the major contributor of the observed spectrum. In a cyclic conformer, each CH3OH unit
is both PD and PA. The B3LYP/VPT2/ANOL calculations of the anharmonic vibrational
wavenumbers for vs, ve and v, of (CH3OH)s also indicate splitting of only 17, 3, and 5 cm™,
with the central lines at 2842, 2918, and 2970 cm ™, respectively, which is consistent with our
observation.

Spectra of (CH30H),, 4 < n <6 are similar to.that of (CH3OH)3 except that the band widths
increase with n, also supporting that the-most stable form of these clusters is cyclic. Features
shifted slightly from 2837 to 2834 to 2830 cm™" for v and from 2987 to 2985 to 2983 cm ™ for
vo; bands of vg become overlapped with other-combination and overtone bands. The increased
width might be partly due to the increased number of vibrational modes with slightly different
wavenumbers, and partly due to the increased number of low-wavenumber vibrational modes
that contribute to the combination and overtone bands.

Theoretical analysis by Mandado et al.”® on the charge densities of the dimer and the
trimer according to the AIM theory indicates that the methyl groups also play a significant role

in the stabilization of these clusters. Gruenloh et al.?’

showed also that CH-stretching vibrations
of the methyl groups in clusters C¢Hg-(CH30H), (n = 1-5) shift toward the red as n increases
due to the H-bonding arrangement for each methanol in the cluster.

Although the CH-stretching modes of methanol are not involved directly in the

hydrogen-bonding of the cluster, our observation of significant variations in action spectra in

this region indicates that the excitation energy of these modes flows rapidly into the interaction
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network of H-bonding through energy redistribution and might result in cluster dissociation.

3.5 Conclusion

We investigated IR absorption in the 2700-3700 cm™ region of size-selected methanol
clusters, (CH3OH), with n <6, in a pulsed supersonic jet with the IR-VUV ionization TOF mass
technique. The observed signals of (CH3OH),H" correlate with concentrations of (CH3OH),.
Through careful processing of observed action spectra based on the mechanism for production
and loss of each cluster due to predissociation, we derived a set of IR spectra of size-selected
methanol clusters consistent under diverse experimental conditions. The spectra in the
OH-stretching region are consistent with previous reports, except that the wavenumber of the
proton donor of (CHsOH), is clearly identified at 3675.cm™. The spectra in the CH-stretching
region are new. For (CHsOH), in the region 2800—3050 cm*, each absorption feature of
CH3OH splits into two components that correspond.to PD and PA, indicating that methanol
dimer has a preferred open-chain structure. In-cantrast, for (CH3OH)s, the splitting diminishes
and the bands become narrower, indicating a preferred cyclic structure as predicted by theory.
For (CH30OH), with n > 4, the spectral pattern remains similar to those of (CH3OH); but the
band widths are greater, supporting that the most stable structures are also cyclic as predicted
theoretically. Although the CH-stretching modes are not directly involved in the hydrogen
bonding of the cluster, the fact that absorption in the CH region also results in dissociation of

clusters indicates that energy redistribution is rapid.
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Table 3-1 Comparison of experimental IR absorption wavenumbers (in cm™) in the
OH-stretching region with theoretical results.

(CH30H), Experiments

IR-VUV IR-VUV  Cavity He FITR

n grou
group /TOF? JTOF®  Ringdown scattering absorption

3683 3684 — — 3686
PA’ 3675 3679 3683.8 3684.1 —
PD* 3576 3576 3574.4 3574.4 3575

3° 3473 3515 3503.7 3503.4 3502
3494.6 3495
3473.2 3471.8 3474
3467.1 3469
3432.1 3433.6 3434
3413
4 3300 3339 32785 3293
5 3240 3302
reference  this work 48 9 21, 22 6

® From our derived absorption spectra. For n = 3-5, maxima of unresolved bands are listed. °
Peaks observed in action spectra of protonated methanol clusters (CH3OH),_1H"; see text.
Anharmonic approximation using a perturbation method. ¢ PA: proton acceptor, PD: proton
donor. ®Bands near 3469 and 3474 cm™* are assigned to the OH-stretching mode; other bands
are attributed to sum, difference, or hot bands involving the OH-stretching and two umbrella
modes of methyl group. See Ref. 7.
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Theory
harmonic anharmonic
B3LYP B3LYP Cluster B3LYP
B3LYP/ ANO1 .

/6-31+G*  /6-3111+G(d,p) PES® /VPT2/ANO1
3763 3846 3839 3682 3666
3759 3843 3834 3656 3655
3613 3691 3680 3536 3520
3535 3612 3597 3479 3422
3521 3600 3587 3511 3408
3465 3546 3527 3482 3355

3429, 3392 3418
3392, 3301 3401
3405 3379
3348 3368
3392 3353
3338 3346
3259 3320
70 72 this work 69 this work
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Table 3-2 Comparison of experimental IR absorption wavenumbers (in cm™) in the
CH-stretching region with theoretical results.

Experiments

(CH;OH),  IR-VUV/TOF IR-VUV/TOF®
V3 Vo V2 V3 Vo V2
1 2845 2956 3007 2837 2956 3010

2 PA° 2849 2955 3006

PD® 2823 29347 2984

3 2837 2954 2987 2832 2954 2995
4 2834 2951 2985 2839 2951 2996
5 2830 2945 - 29832838 2945 2995
reference this work 48

% From our derived absorption spectra. ® Peaks observed in action spectra of protonated
methanol clusters (CHsOH),_1H*. ¢ PA: proton acceptor. PD: proton donor. % Assignments are
tentative; see text.
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Theory
harmonic anharmonic

B3LYP/6-311G(d,p) B3LYP/ANO1 B3LYP/VPT2/ANO1

V3 Vg V2 V3 Vg \Z V3 Vg V2
2992 3036 3109 2891 2917 2972
3011 3069 3128 3013 3068 3125 2940 2935 2997
2973 3013 3091 2977 3015 3090 2814 2876 2957
2999 3050 3107 3002 3051 3105 2849 2921 2970
2995 3046 3106 2999 3047 3105 2842 2918 2970
2994 3044 3104 2997 3046 3102 2832 2918 2965

72 this.work this work
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Figure 3-1 Time-of-flight mass spectra of a jet-cooled methanol cluster beam produced from
a mixture of CH3;OH/He = (1/100) at a stagnation pressure of 850 Torr. (a) ionization at 118
nm; (b) IR irradiation at 2950 cm™ applied 200 ns before ionization at 118 nm; (c) IR
irradiation at 3150 cm™* applied 200 ns prior to ionization at 118 nm. The m/z values for

(CH30H),H" and (CH30H)," are indicated.
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(a) TOF spectrum
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Figure 3-2 Time-of-flight mass spectra (a) and action spectra (b) of a jet-cooled methanol
cluster beam produced from a mixture of CH3OH/He = (5/1000) at a stagnation pressure of
800 Torr. The action spectra were recorded on monitoring the fractional variations in intensity

of each mass channel as the wavelength of the IR laser was scanned.
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Figure 3-3 Reaction and ionization scheme of methanol clusters.
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Figure 3-4 Infrared spectra of (CH3OH), for n =1-5 derived from action spectra shown in
Figure 3-2 according to the dissociation and ionization mechanisms described in text. M
indicates CH3OH. The spectrum of Mg was obtained in a separate experiment in which

(CH30H)g has a higher concentration.
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(a) TOF spectrum
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Figure 3-5 Time-of-flight mass spectra (a) of a jet-cooled methanol cluster beam, produced

from a mixture of CH3OH/He = (3/100) at a stagnation pressure of 1670 Torr, and IR spectra

(b) of (CH30H), and (CH30H)s obtained with the fluence of IR radiation at 4 and 2.5 mJ

mm™.
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Chapter Four

Infrared spectrum of mass-selected CH3S radical
investigated with infrared + vacuum ultraviolet

photoionization

4.1 Introduction

Oxidation of naturally occurring organic sulfur compounds such as dimethyl sulfide
(CH3SCHeg), dimethyl disulfide (CH3SSCHs),-and methanethiol (CH3SH) plays an important
role in acid precipitation and climate modification’ >.’/As the methylthio (or thiomethoxy, CH3S)
radical is one of the key reactive intermediates in reactions relevant to modeling the
atmospheric sulfur cycle,*® unambiguous analysis of its spectra is important for monitoring
the radical both in laboratories and in the atmosphere so as to understand its chemistry.

The ground electronic state X 2E of CHsS is subject to a Jahn-Teller distortion and
spin-orbit coupling, which significantly influence the spectral and structural properties of CH3S.
%712 The energy of state X 2Ey; is reported to be 256—264 cm™ greater than that of state X *Esy».
10-17 several quantum-chemical calculations have predicted energies, geometries, and

vibrational wave numbers of the X E and/or A ?A; states of CH3S.2¥2° Spectral investigations

13 ! fs&]ﬁf»i’*;%?}éﬁﬂ—l& 26, 27

on gaseous CH3S, including laser-induced fluorescence (LIF), electronic

28-30 1

absorption and emission,® microwave spectra,® photofragment yield,* four-wave

mixing,** ** fluorescence depletion,* and electron photodetachment of the CH,S ™, *¢ 7 37 %8
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are extensive.

The first electronically excited state A 2A; of CH3S correlates with CH3 (X 2Ax") + S (*D),
but is crossed by three repulsive surfaces (*A;, *E, and ?A,) that correlate with the CHs (X 2A")
+ S (°P) asymptote. These curve crossings induce various channels of predissociation in CH3S
(A %A,). Asignificant decrease in radiative lifetime was observed for vibrational levels of the A
state ~800 cm™ above the A « X origin.*> % *° pushkarsky et al.* applied the fluorescence
depletion technique to extend measurements of excited levels ~1490 cm™ above the A « X
origin and reported that the predissociation of CHsS (A 2A;) was mode-selective, with C-S
stretch (v3) a promoting mode. Bise et al. recorded photofragment yield spectra of CH3S that
was produced on laser photodetachment of a mass-selected beam of CH3S™;*® they extended
observation of vibronic bands of the ‘A'«— X system to ~5240 cm™* above the origin and
associated all features with vibrational progressions involving v, and vs. Experiments using
degenerate four-wave mixing®® and two-color resonant four-wave mixing® further
characterized states involving the CHg symmetric stretching (vi) mode and confirmed the
pronounced vz mode specificity for predissaciation based on measurements of individual line
widths. Experiments using photofragment translational spectroscopy showed that the H + H,CS
product channel takes place for two vibronic levels of CH3S (A 2A;), 2'3* and 2'3% the
dissociation mechanism is consistent with internal conversion of CH3S (A ?A;) to CH3S (X °E)
followed by unimolecular dissociation.*.

With Cs, symmetry, the ground electronic state CH3S (X %E) has three vibrational modes
(vi—v3) of a; symmetry and three degenerate vibrational modes (v4—vg) of e symmetry that is
Jahn-Teller active. The normal modes of CHsS, calculated with Hartree-Fock method, are
depicted in Figure 4-1. The a; modes are described approximately as the CH; symmetric
stretching (v1), the CH3 umbrella motion (v;), and the C-S stretching (vs) modes. The

degenerate modes are the CH3 asymmetric stretching (vs4), the CH3 deformation (vs), and the
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HCS deformation (vs) modes. While the true normal modes of each state of the molecule are
linear combinations of these internal coordinate motions, the description with the internal
coordinate is still useful to visualize the motion of the vibrational modes of the molecule. The
Jahn-Teller interaction is expected to lift the degeneracy of modes v4—ves of X °E, with splitting
largest for ve.

Some vibrational wavenumbers of state X °E were derived from dispersed fluorescence
1315 and photoelectron spectra.'® X" Among those observations, only v, = 1313-1316 cm ' and
v3 =727+ 3 cm ' (ref.13, 15) were accurately determined; other vibrational assignments were
tentative and showed large deviations in wavenumbers. For example, values of v, = 2774
cm ™ and v, = 2706 cm™ derived previously from dispersed fluorescence™ are much smaller
than corresponding values of CH3O.and those predicted for CH3S with quantum-chemical
calculations.* 12 #* 2 Schwartz et al:-recorded a photoelectron spectrum of CH3S™ at 364 nm
and reported that v3 = 725 + 15-¢m ™ and v1 = 2960 +30-cm".'" Bahou and Lee*" reported the
infrared (IR) spectrum of CH3S, produced on ultraviolet photolysis of three precursors isolated
in solid p-H,, and assigned features at 724.2 (vs), 2898.4 (vs), 1440.0 (vs), 1056 and 771.1 cm™
(ve), consistent with those predicted with a spin-vibronic Hamiltonian accounting for the
anharmonic effects and the Jahn-Teller effects to the quartic term by Marenich and Boggs.*? No
IR spectrum of gaseous CH3S has been reported.

Because the radical of interest is generated typically from photolysis of a precursor which
has a structure similar to the radical, its IR spectrum is often overlapped with the IR spectrum of
the precursor or by-products. A spectral technique with mass selection is hence highly desirable
for IR spectrum of free radicals free from interference of precursors. Vacuum ultraviolet (VUV)
ionization with its photon energy slightly above the ionization threshold of the species of
interest typically induces soft ionization without fragmentation. A combination of vibrational

excitation and VUV photoionization with mass detection has been exploited to investigate the
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vibrational spectra of size-selected neutral molecules and clusters, as discussed in a recent
review.** Dissociation of a specific cluster with IR laser light decreases the concentration of
this cluster which consequently depletes the corresponding ion signal upon ionization of the
clusters with VUV light. The IR spectra of the cluster may be obtained by tuning the IR laser
wavelength while monitoring the intensities of ion signals. Likely the dissociation also
increases the concentration of smaller clusters, hence careful processing of the action spectra
is necessary to derive reliable IR spectra of each cluster, as demonstrated for methanol
clusters.*® This ion-depletion method is unsuitable for IR spectra of free radicals because
typically the free radicals do not dissociate upon irradiation of IR light.

Using a similar experimental setup, Ng and coworkers employed (1 + 1) IR-VUV
photoionization (IR-VUV-PI) to investigate the vibrational spectrum of neutral molecules and
cations.**® The VUV photon enérgy wasset to be slightly less than the ionization threshold
of the species of interest and the enhancement in intensity of the ion signal upon additional IR
irradiation was monitored while scanning-the frequency of IR light. The method using
IR-VUV-PI has been applied to stable molecules; but not to free radicals.

In the present work, we applied the IR-VUV-PI method to obtain the IR spectrum, in the
range 2780-3270 cm™*, of CH;S radical produced on photolysis of CH3SH at 248 nm. With
the advantage of the mass selectivity, the IR spectrum of CH3S radical shows absorption
bands with no interference from parent or byproducts. Our results provide direct evidence for

the assignments of v; and v4 modes of gaseous CH3S.

4.2 Experiments

The apparatus used to perform single-photon VUV and IR-VUV photoionization

spectroscopy are described in chapter two. Briefly, a pulsed supersonic jet was introduced
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into the photoionization region of a time-of-flight (TOF) mass spectrometer. The ionization
was achieved either with a single VUV photon or a combination of IR and VUV photons.

In the photoionization efficiency (PIE) measurements, the ion signals were monitored as
the frequency of the VUV photon was tuned. In the IR-VUV-PI experiments, the ion signals
were monitored as the frequency of the IR laser was tuned while keeping the frequency of the
VUV light fixed at a value slightly smaller than the ionization threshold of the species of
interest. In the present experiments, the wavenumber of the IR laser was tuned through the
range 26503750 cm™* while the wavelength of the VUV laser was maintained at 134.84 nm
(9.1952 eV, 74,165 cm™?), ~223 cm™ below the ionization threshold of CHsS (X 2Eyy). The
VUV laser pulse was delayed 30—100 ns with respect to the IR laser pulse. The energy of the
IR light was measured concurrently as its'\wavenumber was tuned; the observed raw spectra
were normalized with the intensity of the IR laser.

The tunable VUV laser light was generated through resonant four-wave mixing (ovuy =
21 — ) in a Kr gas cell using UV light at frequency w; corresponding to 47,046.43 cm™
(212.556 nm) to achieve the two-photon: transition of Kr 4p°(*So) — 4p°(*P%,)5p(3[1/2]o) at
94,092.86 cm™ 1 and tunable visible light at frequency w, corresponding to the range
20,408-17,241 cm™* (490-580 nm). Both UV and visible beams were focused into the gas cell
containing a mixture of Kr and Ar (1:3 at 50 Torr) with a MgF; lens (f = 20 cm). The resulting
VUV light in the range 73,685-76,852 cm* (9.136-9.528 eV) was separated from the UV and
visible beams through a convex MgF; lens (f = 15 cm) before being introduced into the center
of the ionization region. The UV light was generated from the second-harmonic output of a
dye laser (Scanmate, Lambda Physik, bandwidth 0.7 cm™) and the visible light was produced
from a second dye laser (Scanmate 2E, Lambda Physik, bandwidth 0.19 cm™). Both dye lasers
were pumped by the 355-nm output of a Nd:YAG laser (Spectra Physics, PRO-270, 230 mJ

pulse™, 10 Hz).
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The tunable IR laser emission was generated with an optical parametric
oscillator/amplifier (OPO/OPA) system (LaserVision, 8 mJ pulse™, resolution 1.6 cm', with a
grating cavity) that was pumped with an Nd:YAG laser (Continuum, Powerlite 8000, 1064 nm,
440 mJ pulse™*, 10 Hz, unseeded). The IR beam was focused onto the ionization region in a
direction counter-propagating with the VUV beam.

A pulsed jet of 1 % CH3SH seeded in Ne was produced on supersonic expansion through
a pulsed valve (Even-Lavie valve, 10 Hz) with a total stagnation pressure of 3.5 atm. The
output of the KrF excimer laser at 248 nm was mildly focused to intersect the CH3SH jet ~2
mm from the nozzle tip to generate CHsS radicals. The gaseous jet was skimmed with a
conical skimmer before being introduced into the photoionization region of the TOF mass
spectrometer. The ionization region is located ~15 cm from the nozzle tip.

CHjsS radicals were ionized-in the-ionization region to form CH3S", which were extracted
perpendicularly with a potential of 200 V and accelerated into a field-free tube of length 1 m.
The accelerator and repeller plates of the ion optics were biased at 1500 V and 1700 V,
respectively. lons were subsequently detected with a microchannel plate (MCP, Burle
Electro-Optics, 18 mm). After passing a preamplifier (EG&G ORTEC, Model 9306,
bandwidth 1 GHz), the signal was recorded with a 14-bit digitizer (GaGe Instruments, Model
CS8327, 100 MS/s) and also displayed on a digital oscilloscope.

The frequency of the dye laser was calibrated simultaneously with a wavemeter (WA
5500, Burleigh, 190-680 nm) and with a FeNe optogalvanic cell (Hamamatsu Photonics); the
accuracy of wavenumber measurements is ~0.2 cm™. Concurrently with experiments, the
frequency of the IR light was calibrated with the spectra of suitable reference gases (CH4, C,H>)
recorded with a photoacoustic cell; the accuracy of wavenumber measurements is ~1.6 cm™,
mainly limited by the spectral width of the IR laser.

CH3SH (99.5 %) and Ne (99.995 %, Scientific Gas Products) were used without further
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purification.

4.3 Results and Discussion

4.3.1 Photoionization Efficiency (PIE) Spectra of CH3S

Fission of the S—H bond is the dominant primary process following direct excitation of
CH3SH to state 1'A" with light at 248 nm (40,322 cm ™). The energy to dissociate the S—H bond,
obtained on analysis of translational energy of photofragments, is Do°(CH3S—H) = 30,250 +
100 cm™*.>2 The absorption cross section of CH3SH at 248 nm is 3.5x10™*° cm® molecule™ at
296 K.>* At 248 nm, most CHsS fragments-are formed in their ground vibrational state, with a
small fraction in state v = 1; the concentration ratio of CH3S (X 2E3/2) to CH3S (X 2E1/2) was
estimated to be ~2:1.%

CH3S radicals were softly . ionized without fragmentation upon irradiation with VUV
light near 133 nm. The PIE spectra after normalization with the incident VUV photon
intensity are shown in Figure 4-1. A series of steps appear in Figure 4-1(a) that shows a PIE
spectrum in region 9.14-9.38 eV (73,719-75,655 cm™) recorded with a scan step of 4 cm™.
The small step at 9.165 eV (73,920 cm™) is ascribed to ionization from the vibrationally
excited (v3 = 1) level of CH3S (X *Ezp).>*  The following two step-like features are assigned
to ionization transitions CH3S (X Ex2) — CH3S™ (X *A,) and CH3S (X 2Ezpn) — CHaS™ (X
3A,). Figure 4-1(b) and (c) are high-resolution PI spectra recorded with a scan step of 1 cm™
in regions 9.2440-9.2635 eV (74,558-74,715 cm™) and 9.218-9.234 eV (74,348-74,477
cm™), respectively. The ionization thresholds from states °Ei, and “Es, of CHsS are

determined as 9.2230 + 0.0004 eV (74388 + 3 cm™) and 9.2546 + 0.0004 eV (74643 + 3
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cm™), respectively, from the intersections of two fitted lines. To determine the adiabatic
ionization energies (1E) from states *Ey;, and 2Es,, we fitted the first-order derivatives of the
spectra with Gaussian functions, as shown in the insets in Figure 4-1(b) and (c), to yield line
centers at 9.2255 + 0.0004 eV (74,408 + 3 cm ™) and 9.2570 + 0.0004 eV (74663 + 3 cm ™),
respectively; these energies are indicated with arrows in the figures. The errors in fitting and
wavelength calibration are estimated to be 2 and 1 cm™, respectively. In a separate
experiment we employed the same method to evaluate the IE of CH3SH, the PIE spectrum
and the first-order derivative spectra fitted with Gaussian function are shown in Figure 4-3.
We derived an adiabatic IE of 9.4464 + 0.0005 eV (76,190 + 4 cm™™) for CH3SH in agreement
with the literature value of 9.446 + 0.010 eV (76,187+ 81 cm™).>> Figure 4-2(a) shows a Pl
spectrum recorded with a scan step ofi4'em™ in the region 9.300-9.460 eV (75,010—76,300
cm™). Two series of step-like features are assigned to ionization transitions CHsS (X 2Exj) —
CH3S* (X *Az, v3 = 1, 2) and CH3S (X %Esp) — CH3S' (X *Ay, v3 = 1, 2). The thresholds of the
steps for CH3S (X ?Ej, 2Eap,) = CHsS™ (X *A3, va'=1) are 9.314 + 0.0005 eV (75,122 + 4
cm™) and 9.345 + 0.0005 eV (75,373 + 4 em™), respectively. The fitted maxima of the first
derivatives of the spectra lie at 9.3168 + 0.005 eV (75,145 + 4 cm™) and 9.3479 + 0.0005 eV
(75,396 + 4 cm™), respectively.

The adiabatic ionization energy of CH3S was predicted to be 9.25 eV with the G2
method.?? Several authors reported the ionization energy (IE) of CH5S.°"®° Experimental
values reported in recent years agree among themselves, **"® but small discrepancies exist.
The adiabatic IE of 9.2570 + 0.0004 eV (74,663 + 3 cm™) for CH3sS(X *Esp) determined in
this work agrees with the value 9.262 + 0.005 eV (74,705 + 40 cm™) determined according to
the half-rise point of the step by Ruscic and Berkowitz®® who employed VUV photoionization

and mass detection on CH3S radicals prepared from reactions of F atoms with CH3SH in a gas
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cell. The IE of 9.2649 + 0.001 eV (74,726 + 8 cm™) for CHsS (X Es,) obtained on
comparison of simulated spectra with observed photoelectron spectra by Hsu and Ng® in the
two-photon pulsed field ionization experiments is 63 cm™ greater than our value, beyond
listed errors. The discrepancy might be partly because the energy reported by Hsu and Ng
corresponds to the lowest possible transition. However, two most intense peaks reported by
them lie at 74,710 and 74,734 cm™, only separated by —16 and 8 cm™ from the reported IE.
Likely some discrepancy is due to calibration errors.

The spin-orbit splitting of CH3S (X “E) determined according to the energy difference
between the IE of states “Es, and “Eyp is 255 + 3 cm™, which agrees with previous
experimental values of 255.5' and 259.1" from fluorescence experiments and 257 + 5 cm™
from threshold photoelectron experiments®. The/C—S stretching (vs) wavenumber of CH3S (X
2E3/2) determined from the interval between ionization transitions CHsS (X 2Eqp, V = 0) »
CH3S* (X 3A;) and CH3S (X 2Ezp, v3 = 1) = CHiST (X °A) is 723 + 4 cm™, which agrees
with 727 + 5 cm™ observed in dispersed fluorescence™ and 724.4 cm™ observed in the IR
spectrum of CH3S in a p-H, matrix.** The wavenumber for the C—S stretching (vs) mode of
CHsS™ determined from the interval between ionization transitions CH3S (X 2E3/2) — CH5S"
(X *A, v = 0) and CH3S (X %Ez;) — CH3S™ (X °Az, v3 = 1) is 733 + 3 cm ™, which agrees with
700 + 60 cm™ determined in the VUV photoionization experiments®® and 733 + 5 cm™

determined from the threshold photoelectron experiments.™

4.3.2 Time-of-flight mass spectrum

Figure 4-4(a) shows the time-of-flight (TOF) spectrum recorded on VUV ionization of

the CH3SH supersonic jet at 134.84 nm (9.195 eV or 74,165cm™). At this wavelength,
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CH3SH cannot be ionized because the IE of CH3SH, 9.4464 + 0.0005 eV (76190 + 4 cm™), is
much greater than the VUV photon energy. The intense line at m/z = 96 is due to (CH3SH),";
weaker features (not shown) at m/z 144, 192, and 240 are due to (CH3SH)," (n = 3-5). A small
signal with m/z = 94 (denoted DMDS") is due to CH3SSCH3" impurity. The small CH3zSH*
signal might result from the fragmentation of (CH3SH)," (2 < n < 5) in the acceleration region.
Figure 4-4(b) was recorded on irradiation of CH3SH with IR light at 2905 cm™ and VUV
light at 134.84 nm. Because the wavenumber of the IR light did not match any vibrational
transition of CH3SH in the supersonic jet, even if the combined energy exceeds the IE of
CH3SH, the TOF spectrum remains unaltered from that of Figure 4-4(b). Figure 4-4(c) shows
the TOF spectrum recorded on ionization at 9.18 eV of CH3SH in the supersonic jet that was
irradiated at 248 nm before ionization.” Asmall CHsS" signal at m/z = 47 appeared,
presumably due to ionization of CH3S-(X *E4y) from Vibrationally excited states. Figure 4-4(d)
shows the TOF spectrum of the:248-nm irradiated jet of CH3;SH induced by both IR (2905 cm™)
and VUV (74,165 cm™) radiation. The CHsS* was enhanced significantly because of resonant
IR absorption of CH3S with total energy ~9.556 eV of the IR + VUV photons exceeding the

IE of CH3S.

4.3.3 IR-VUV spectrum of CH3S

Figure 4-5(a) shows the IR-VUV photoionization spectrum of CH3S obtained on
monitoring the increase in intensity of the CH3S™ signal while scanning the wavenumber of
the IR light in regions 2790-3000 and 3200-3270 cm™; the spectrum was obtained on
averaging 7 spectra recorded under similar experimental conditions. The enhanced signal of
CH,S™ was due to (1+1) IR-VUV ionization of CH3S when the wavenumber of the IR light

matched that of a vibrational transition of CH3sS (X E). The IR spectrum in Figure 4-5(a)
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exhibits one intense band near 2904 cm™ and three weaker features near 2819, 2978, and
3241 cm™. Table 4-1 compares the wavenumbers of IR bands observed in this work with
those observed for CH3S in a p-H, matrix ** and the wavenumbers of vibrational transitions of
CH3S (X %Esp and *Eyp) predicted by Marenich and Boggs.'? Two features at 2898.4 and
3210.0 cm™ were reported for absorption of CHsS isolated in solid p-H, in this region;* they
are consistent with observed bands in this work, with matrix shifts -6 and —31 cm™,
respectively. A weak band near 2813.0 cm™ tentatively assigned to CH5S isolated in solid
p-H; is also consistent with our observation of a band near 2819 cm™. The band near 2978
cm™ observed in this work is new because this region was severely interfered by intense
absorption of precursors (CH3SH, CH3SCH3, CH3SSCH3) and byproduct H,CS in the matrix.
The mass selection in this work successfully-eliminated this problem of interference.

Marenich and Boggs performed extensive computations on the vibrational energy levels of
CH3S using a spin-vibronic Hamiltonian including up to quartic Jahn-Teller terms and
accounting for all important anharmonic effects:**2 The features below 2300 cm™ that were
observed in the p-H, matrix agree with'wavenumbers of transitions of CH3S (X 2Es,) predicted
by Marenich and Boggs,*? as compared in Table 4-1 of Ref. 41. For the C—H stretching modes,
the predicted frequencies for transitions 1'(e), 4'(as), and 4'(e) of CH3S (X *Esp) are 2938,
3022, and 3026 cm ™ and 1'(e*), 4'(ay), and 4*(e*) of CH3S (X *Ey) are 2942, 3023, and 3030
cm™. In this notation n", n indicates vibrational mode v, involved in the transition from the
ground vibrational state and the superscript v indicates the vibrational quantum number of the
upper state; the symmetry of the spin-vibronic levels is indicated in parentheses. For the
non-degenerate (Symmetry a,) vibrational modes of states CH3S (X *Esj2) and CH3S (X %Eq),
the spin-vibronic symmetry is indicated as e and e*, respectively.

The intense feature at 2898.4 cm™ observed in solid p-H, is clearly associated with the v,

mode of CHsS if one considers the theoretical prediction that this mode carries the most
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intensity in C—H stretching. Quantum-chemically predicted harmonic vibrational wavenumbers
on the C—H stretching modes are typically greater than experimental values by 3-5 % because
of the large anharmonicity involved. When we scaled the three bands 1%, 4}(a), and 4*(e)
predicted by theory with a factor of 2898.4/3022 = 0.959, we derived line positions at 2818,
2898, and 2902 cm™ for CH3S (X ?Esp) and 2821, 2899, and 2906 cm ™ for CH3S (X “Eyp).
These lines are indicated as sticks in Figure 4-5 (b), in which the statures of sticks are
proportional to the predicted IR intensities and lines of CHsS (X °Ey,) are half as intense as the
corresponding lines of CHsS (X 2Esp) to reflect the reported relative populations upon
photolysis of CH3SH at 248 nm. °%° We are unable to distinguish these small differences (1-4
cm‘l) in vibrational wavenumbers between states Ez, and %Ey,; these differences might
increase slightly the width of each observed band. The wavenumber for the v, mode after
scaling, 2818-2821 cm™*, is nearly identical to the peak-position of the observed band at 2819
cm ™. This agreement supports:the assignment of the band near 2819 cm™ to the v, mode of
CHsS.

The bands near 2978 and 3241 cm ™ are consistent with bands near 2960 + 30 and 3225 +
30 cm™ reported by Schwartz et al. from their photoelectron spectra of CH3S™; these bands
were assigned to transitions to the v, = 1 levels of CH3S (X 2E4p and 2E1/2).17 These bands are
beyond the range (2402 cm™) predicted by Marenich and Boggs*? for the overtone and
combination transitions of CH3S. We tentatively assigned these two features near 2978 and
3241 cm™ as transitions 3'5%6'(e) and 3'5%6(a). For simplicity, we only discuss the transitions
of CH3S (X 2Esp,) for these two features.

The wavenumber of the band near 2978 cm™ is 748-733 cm™ larger than the two 5'6*(e)
transitions predicted at 2230 and 2245 cm™ by Marenich and Boggs, with these separations

near the vibrational wavenumber 742 cm™ predicted for vs; of CHsS. Similarly, the
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wavenumber of this band is 1438 cm™ larger than the 3'6%(a;) transition predicted at 1540
cm™*; the separation is near vibrational wavenumbers 1436 and 1463 cm ™ predicted for 5%(a;)
and 5%(e). An assignment of 3'5'6%(e) for this band hence seems reasonable. Other possible
assignments, such as 2167 or 567, show less satisfactory agreement. The expected two closely
spaced components of 3'5'6%(e) based on those of 5'6%(e) transitions predicted at 2230 and
2245 cm™ might also explain the larger width with multiple peaks observed for this feature
near 2962 and 2978 cm ™.

The wavenumber of the band near 3241 cm™ is 10651040 cm™ larger than the 3'5(a;)
and 3'5'(e) transitions predicted at 2176 and 2201 cm™, with these separations near the
vibrational wavenumber 1105 cm™ predicted for the 6'(e) transition of CHsS. Similarly, the
wavenumber of this band is 1366 cm > larger than the 3'6'(e) transition predicted at 1844
cm™%; the separation is near vibrational wavenumbers 1436 and 1463 cm™ predicted for 5(ay)
and 5'(e). An assignment of this band to another component of 3'5'6* (likely in symmetry a)
hence seems reasonable, but an alternative assignment 23'6'(e) cannot be positively excluded
because 2" is predicted to be 1358 cm ™, only 78 cm™ smaller than 5'(a,).

Using the SPECVIEW program,® we compared the rotational contour observed for the
v1 band with those simulated with rotational parameters A" = 5.67943 and B" = 0.44958

derived from the fluorescence spectrum™® and A/A" = 0.9901 and B'/B" = 1.001 derived from

the B3LYP/cc-pVTZ calculations. The spectrum simulated with Jna= 30, T = 25 K, and a
Gaussian line shape with full width 1.6 cm™ at half maximum agrees satisfactorily with
experimental observation.

The enhancement of CHsS™ ion signals upon IR irradiation on the v; and v, modes of
CH3S is smaller than one expects. This might be due to a smaller ionization yield for the

vibrationally excited state of CH3S. In our ionization scheme, vibrationally excited CH3S can
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only be ionize into CHsS™ in its ground vibrational state because of the smaller energy of the
VUV photons employed. One would expect that the Franck-Condon factors for transitions
from states involving excited v; and v4 modes of CHsS to CH3S™ in its ground vibrational
state be smaller than that for transitions from the ground vibrational state of CHsS to the
ground vibrational state of CH3S™ because the C—H bond lengths of CHsS and CH3S™ are
similar. The major difference in structures of CH3S and CH3S" is the C-S bond length;
therefore one might expect significant enhancements in ion signal of CH3S™ from excitation of
the v; mode of CH5S. This might explain why the features near 2978 and 3241 cm™, assigned
to transitions 3'5'6"(e) and 3'5'6(a), were observed with intensities only slightly smaller than

those of features near 2819 and 2904 cm™* assigned as transitions 1* and 4, respectively.

4.4 Conclusion

Analysis of the photoionization efficiency spectra of CH3S provides a refined value of
the adiabatic ionization energies 9.2570 + 0.0004 eV (74,663 + 3 cm™) for CH3S (X *Esp)
and 9.2255 + 0.0004 eV (74,408 + 3 cm™) for CH3S (X 2Eys), with spin-orbit splitting of
255 + 4 cm™* in agreement with previous reports.

In the IR-VUV-PI measurement, mass-selected absorption bands of CH3S near 2819
and 2904 cm™ were observed and assigned as transitions 1* and 4' from the ground
vibrational state, respectively, based on comparison with transition wavenumbers predicted
by Marenich and Boggs'? with a spin-vibronic Hamiltonian accounting for the anharmonic

effects and Jahn-Teller effects to the quartic term and those observed for CH3S in solid p-H,.
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*! The additional features near 2978 and 3241 cm™" are consistent with bands near 2960 +
30 and 3225 + 30 cm™ observed in the photoelectron spectrum of CH3S™;'' these bands
were previously assigned to transitions to the v, states of CHsS (X ?Es,) and CH3S (X *Eqy),
respectively. We tentatively assigned these features near 2978 and 3241 cm™ to transitions
3'5'6%(e) and 3'5%6%(a) from the ground vibrational state of CH3S based on vibrational
wavenumbers predicted for the corresponding lower states of CH3S by Marenich and
Boggs.*

Observed features are in agreement with lines at 2898.4 and 3210.0 cm™* observed for
CH3sS isolated in a p-H, matrix. Clear identification of additional bands near 2819 and 2978
cm™ demonstrates the advantage of the IR-UV-PI method with mass-selective detection to
obtain IR spectrum of free radicals free from interference by their precursors or byproducts.
Though technically demanding, the IR-UV-P1 technique is expected to be developed into a

powerful tool for spectral studies of free radicals in the infrared region.
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Table 4-1 Vibrational wavenumbers (in cm™) of CHS observed experimentally and

predicted quantum-chemically.

Transition calculations p-H, IR-VUV-PI
X 2E3/2 X 2E1/2 matrix
1t 2938 2942 2813.0? 2819
4Y(ay) 3022 3023 2898.4 2904"
4(e) 3026 3030 2904"
3'5'6%(e) 2962°
2978°
3'5'6%(a)? 3210.0 3241
Reference 12 4 This work

% Tentative assignments.
> Overlapped bands.
¢ Multiple components.
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Figure 4-1 Normal modes of the "CHsS" radicals. The a; modes are described
approximately as the CH3 symmetric stretching (v1), the CH3; umbrella motion (v;), and the
C-S stretching (v3) modes. The degenerate e modes are the CH3 asymmetric stretching (va),

the CH3; deformation (vs), and the HCS deformation (vg) modes.
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Figure 4-2 Photoionization efficiency spectra-of CHs3S (a) in region 9.14-9.38 eV
(73,719-75,655 cm™) recorded with scan step 4 cm™, (b) in region 9.2440-9.2635 eV
(74,558-74,715 cm™) with scan step 1 cm™, (c) in region 9.218-9.234 eV (74,348-74,477
cm™) with scan step 1 cm™, and (d) in region 9.30-9.46 eV (75,010-76,300 cm™) with
scan step 4 cm ™. The insets are first-order derivative spectra fitted with Gaussian functions.
The energies of the maxima thus derived are indicated with thick blue arrows. The threshold

energies are indicated with thin black arrows.
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Figure 4-3 (a) Photoionization efficiency spectra of CH3SH in region 9.415-9.482 eV, and

(b) its first-order derivative spectra fitted with Gaussian function.
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Figure 4-4 Time-of-flight spectra of a supersonic jet of Ne containing 1 % CH3SH. (a)
ionization with VUV light at 134.84 nm (9.195 eV, 74,165cm ™), (b) ionization with VUV
light at 134.84 nm and IR light at 2905 cm™ applied 200 ns before VUV light, (c) the jet
was irradiated with light at 248 nm before ionization with VUV light at 134.84 nm, and (d)
the jet was irradiated with light at 248 nm before ionization with VUV light at 134.84 nm

and IR light at 2905 cm ™ applied 200 ns before VUV light. DMDS" indicate CH3SSCH5".
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Figure 4-5 Comparison of IR spectra in regions 2790-3020 and 3200-3270 cm™
observed in IR-VUV photoionization experiments with the stick spectrum predicted
quantum-chemically. (a) The change in intensity of the CHsS" signal was monitored while
the wavenumber of the IR laser was tuned; the wavelength of the VUV laser was
maintained at 134.84 nm. (b) Stick diagram of transition wavenumbers predicted in Ref. 12;
the wavenumbers are scaled by 0.959 and the statures reflect predicted relative IR
intensities. Vibrational transitions from CH3S (X 2E3/2) are indicated in red and those from
CH3S (X ®Eyp) are in blue, with half stature to reflect likely population relative to CH3S (X

?Esp,) upon photolysis of CH3SH at 248 nm.
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Vibrational Stark Spectral Studies of DMANB Doped in a PMMA Film

Chapter Five

Vibrational Stark Spectral Studies of DMANB Doped in a

PMMA Film

5.1 Introduction

4-(dimethylamino)benzonitrile (DMABN) known to exhibit a dual fluorescence behavior

in a polar solvent," 2

is also a model.compound of a system of electronic donor and acceptor
that undergoes an intramolecular charge transfer (ICT) from a locally excited (LE) state to an
ICT state following photo-excitation.® Two possible structures of the ICT state of DMABN
are depicted in Figure 5-1(a). In-the twisted intramolecular charge transfer (TICT) model, the
ICT state is formed by twisting the’dimethylamino group from being planar into being
perpendicular to the benzene plane. The planar intramolecular charge transfer (PICT) model
suggests a quinoidal planar resonance structure for the ICT state. Figure 5-1(b) shows a
scheme illustrating the processes and states in the photophysics of DMABN involving a
twisted intramolecular charge transfer mechanism. In this mechanism, a DMABN molecule is
excited to a locally excited state, and gives a TICT state in polar environment by twisting the
dimethylamino group. The dual fluorescence of DMABN in a polar solvent is explained as an
overlap of fluorescence bands due to the LE and TICT states. A mechanism for planar
intramolecular charge transfer is expected to involve a smaller gap of energy between two

singlet excited states for the ICT reaction. Both the TICT and PICT have been applied to

explain the dual fluorescence behavior of DMABN;*™ this topic is subject to much debate.
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Ohta et al. measured the electric-field-induced change in electronic absorption, fluorescence,
and phosphorescence spectra of DMABN doped in PMMA.°> Though DMABN was confined
in a rigid medium, which prevents a large amplitude conformational change, the ICT process
is still possible when the PICT model is applicable. These authors examined the effects of the
electric field on LE and ICT states. The accelerated ICT and decreased quantum yield of
phosphorescence of DMABN subjected to a large external electric field indicated an enhanced
photoinduced intramolecular charge transfer due to the electric field. The alteration of
molecular polarizability (Ao and electric dipole moment (Ap) between LE/CT states and the
ground state were obtained.

Stark spectra imply the difference in spectra of a sample induced with an external electric
field. These spectra are analyzed to obtain the dependence upon electric field of energy levels
of the excited state and transition dipoles of the associated transition. Electronic Stark spectra
exhibit the effect of a field on-an electronic transition,-providing unique information on the
differences in electric dipole moment and molecular polarizability between the ground state and
the excited state.’

The vibrational Stark effect (VSE)’ describes the changes in the infrared spectrum due to
an electric field. As vibrational modes have widely varying Stark effects, this phenomenon is
useful to separate a vibrational band from overlapping bands. One might elucidate the
structures of polyatomic molecules in condensed phases using VSE. Vibrational Stark spectra,
also called IR electro-absorption spectra,® are also useful in the study of the physics of
molecular vibrations, including the anharmonicity of vibrational modes and chemical bonds
perturbed with an electric field.” *° This means is sensitive means to probe to external electric
field in a locally structured system."! Vibrational Stark spectra provide information about the
electric properties of molecules in liquids that are otherwise difficult to access.” ** With a

knowledge of the sensitivity of a vibrational frequency to an electric field — i.e. the Stark tuning
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rate, the VSE serves to measure the variation of the electric field at a specific site of a protein,
which results from mutations of amino acids in proteins or conformational alterations.** *> The
quantitative information about an electric field effect derived form the measured Stark shifts
may be directly comparable with the results of electrostatics calculations.

The difference in spectra due to Stark effect typically involves small signals. For example,
absorption of the C=N stretching mode of acetonitrile only differ by 0.25 % at the wavenumber
of absorption maximum (2213 cm™) under an applied field of 1 MV cm™.” Other samples have
an even smaller Stark effect that leads to smaller difference in signals. Since a sample
commonly breaks electrically at less than 1 MV cm™, which limits the maximal applicable
voltage, and thus consequently limits the size of the signal. Hence, it is necessary to achieve
low noise levels of detection. Andrew and Boxer-.compared the noise level in FT-IR difference
measurements using DC-field detection, AC-field detection and step-scan detection methods.*®
They demonstrated that measuring vibrational Stark spectra in the IR region on an FT-IR using
a DC-field method in a rapid-scan mode yields a performance superior to that with either the
synchronized AC-field detection or the step-scan methods. The small noise is achieved on
averaging many data points over many scans and on multiplexing.

I constructed a system for infrared electroabsorption system that is capable of measuring
infrared absorption induced with an electric field with a detectivity as small as 4 x 10°® in the
mid-infrared region (900-4500 cm™) using a DC electric field and an IR interferometer in its
normal rapid-scan mode. In the present work, | investigated the effect of external electric field
on IR absorption spectra of 4-(N,N-dimethylamino) benzonitrile (DMABN) in a film of
poly(methyl methactylate) (PMMA) near 295 K. The electric-field-induced change in each
vibrational line is reproduced with a superposition of the IR absorption spectrum, and its first
and second derivatives, indicating that the electric dipole moments and the molecular

polarizabilities of the upper and lower states of DMABN differ from those of PMMA. |
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evaluated the difference of dipole moments, A, of the C=N stretching mode of DMABN and
of the C=0 stretching mode of PMMA. Both the positive transition polarizabilities of these two

vibrational modes and effect on orientation induced by the electric field contribute

significantly to the Stark line shape.

5.2 Theory

5.2.1 Effect of Electric Field on Absorption Spectra

A vibrational stark spectrum, AA, is the variation of an IR spectrum under the influence

of an applied electric field:

AA= A(F£0) — A(F=0) €y
The effects of an electric field.on a molecular vibration arise from the interaction of the
electric field with the difference in‘ dipole . moment of the vibration and in molecular
polarizability between the ground state and an excited state; those properties are expected to

cause a small frequency shift in the absorption spectrum. The frequency shift of a molecular

transition, Av (in cm™), due to an external electric field, F , is given by

Av =—i(Aﬁ~ F+F-Aax-F2)
hc (2)

in which h is the Planck constant and c is the speed of light. Az and A« are the
differences in dipole moment of the vibration and in molecular polarizability, respectively,

between the ground state (g) and an excited state (e); i.e., A=pu,—u, and Aa=a, -a,.

The sign of Ao is typically, but not invariable, greater in the excited state than in the ground

state. The two terms in Eq. (2) are also known as the linear and quadratic Stark effects,
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respectively.
For an isotropic and immobilized sample, the application of an electric field produces

line broadening due to the change in dipole moment, in which Azis oriented parallel or

antiparallel to the electric field and the transition energy is shifted to greater or lesser energy;
and the Stark spectrum has the shape of a second derivative of the absorption spectrum. This
condition is illustrated in Figure 5-2 for a symmetric Gaussian line. If the change in molecular
polarizability is significant, the presence of electric field produces a line shift, so that the
Stark spectrum has the shape of the first derivative of an absorption spectrum, as shown in
Figure 5-2. All these effects might occur simultaneously, the Stark spectrum, AA(v), may be
expressed as a sum of the zeroth, first, and second derivatives of the absorption spectrum

Av):*®

M) = (fF)Z{a- ) oy AL dz[g\gv(v)]}
v v

, (3)
in which f is a correction factor for the local field, Fis the externally applied field, and a’, b,

and c¢” are coefficients of the zeroth, first and second derivatives. The factor a” depends on the

transition polarizability and hyperpolarizability that reflects the influence of the electric field

on the transition moment, M : M (If): M +A-F+F-B-F, in which A and B are tensors for
the transition polarizability and transition hyperpolarizability, respectively. Coefficient a’

hence yields the alteration of absorption intensity. The coefficient b” and ¢’ are expressed in

these forms:

_Ax 12+ (Aay, —Aa)(3cos® y—1)/10
hc ) 4)

bl

[5 +(3cos® &£ —1)(3cos” y —1)]
30h*c? (5)

)

c'=(Ad)?
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in which Aa denotes the trace of A« , Aaz(%jTr(Aa). Aa, is the diagonal

component of with respect to the direction of the transition moment, i.e.,
- - -2
Aa,, :(M -Aa-M)/‘M‘ . x s the experimental angle between the direction of F and the

electric vector of the probing light. & is the molecule-fixed angle between the direction of Az

and M . The magnitudes of Az and & are obtainable from Stark spectra recorded at multiple
values of y that are fitted to a sum of the derivatives of the absorption spectrum. At a magic

angle, y = 54.7°, at which 3cos® y—1=0, the coefficients b” and ¢’ become simplified as

oA

2hc | and (6)
Y

6h%c? . @)

According to these equations, the value of magnitudes of Az and Aa can be directly
obtained, to be shown in next section. For one-dimensional vibrational modes such as C=N
and C=0 stretching modes, the angle between the transition moment and Az is approximate

0 (=&).” With experimental angle y set to 90°, the magnitude of Az is extracted directly

from the coefficient of the second derivative (3cos® £ —1=2, 3cos’ y—1=-1),as

IAu| = (ton?cze). ®)

Because the sample experiences an internal electric field that depends on the dielectric
properties of the environment, the correction factor f for the local field has to be used to
correct for the difference between the externally applied field and the internal field. This
correction can be modeled in various ways, a simpler approach uses the Lorentz field

correction for the internal field, i.e. f= (e + 2) /3, in which ¢ is the dielectric constant of the
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material."” However, f is inaccurate with this simple model, the reported values of [Az| and

A& gre thus in units of Debye/f and A ®/f, respectively, in order to take the uncertainties in f
into account.

It is worth notingthat the Stark effect theory™® is based on several simplified assumptions:

(1) Forindividual molecules subjected to the electric field, the absorption band of a given
electronic transition only shifts in the frequency, but does not change its shape. The change of
the band shape is the result of the ensemble average over the molecules experiencing different
Stark shifts.

(2) The angular distribution of molecules without the external field is isotropic.

(3) The field perturbations to the individual transitions are small compared to their line
widths and intensities, that is, the absorption features are much broader than the Stark shift.

(4) The applied field is not_strong enough to induce orientational realignment, i.e.,

KT <<1

5.2.2 Derive Values of [A4| and Aa

The Stark spectrum fitted with Eq. (3) gives the fitting coefficients: Ast, Bsir, and Cgy.

B, =b'(fF) ( -1 )

cm™

)

at the magic angle, y = 54.7°,
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AG = 2hc-b'= -2 (cm).(6.626x10* 1.5 (2.998x10° m-s*)

(fF

)
g 7 ( ull jz .3-m-(cm*)-(19.86x10°%°)

B, °°
=-357.—"_A /
(Fvalue)2 f i

in which

(10)

2 6 03 03
[ﬂj Jm-(em?)=10" C-m2. vt =10 100 10°f A =8.99x10% A .
MV 4re,

Che = C"( fF )2 )

(cm*f (1D
at a magic angle,

Ci (Cm_l )2

(Ff 2 (12)

|Ay|:\/§-hc-‘(/g(cml)

_ @(ﬂj (cm™)-(6.626x10°%.3.5)- (2.998%10° m-s* )

(f I:value) MV

3 Cu .(19.86x10%?)(C-m)

( f I:vallue)

010335 D
_O.lost(Fvalue) %

in which J = C V, 1 D (Debye) = 3.336x10*° C m.

|A,u|2 =6h%c’-

For C=N and C=0 stretching modes, with the assumption of one-dimensional motion,

the angle between the transition moment and Az is approximate 0° (=&).” With » = 90°,

Cie 1 Cie
|Au|=/5-he- ‘(/;(cm‘ )=0.133-K‘/:) %

The data analysis of Stark spectra is described in appendix A.
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5.3 Material and Methods

531 Sample Preparation

4-(N, N-dimethylamino) benzonitrile (DMABN, Aldrich), poly(methyl methacrylate)
(PMMA, MW=75,000, Aldrich), and solvent toluene (Aldrich) was used without further
purification. Figure 5-3 shows the chemical structure of DMABN and PMMA. Sample
preparation for DMABN doped in a PMMA film is described in the following procedures.

First, 250 mg of PMMA was dissolved in 5 ml of toluene before being heated at 40 C and

stirred for 8 hr to ensure PMMA was fully dissolved. In, a separate solution, 183 mg of
DMABN was dissolved in 5 ml of toluene, followed by adding into the PMMA solution to
prepare a solution containing ‘50 mol % of DMABN in PMMA. The solution was then
sonicated for 1 hr to ensure DMABN was well dispersed. The first electrode film was made
by vacuum vapor deposition of Nickel (Ni) on CaF; plate (30 mm in diameter, 1.5 mm in
thickness) with a deposition rate of 0.5 A '/s. The thickness of the electrode is about 80 A. A
small amount of solution was casted on the Ni surface of the CaF, plate and was spin coated
with a spin speed of 500 rpm for 10 s and 2000 rpm for 60 s, followed by baking at 323 K
for 30 min, and dried at room temperature under N, for 12 hr. The thickness of the polymer
film was typically 0.5 um. Subsequently, a SiO; layer (thickness ~100 nm) was deposited on
the polymer film by the electron-beam deposition technique, followed by evaporation of the
top Ni electrode (thickness ~150 A ). Finally, make cables with silver paste at the edge of Ni
films. Figure 5-4 shows a schematic of the structure of the sample. The thicknesses of Ni,
SiO,, and polymer films were measured by a thin film thickness microscope (MP100-M,
Mission Peak Optics)."® The first layer of Nickel typically has a resistance of about 300 Q

across the surface on the CaF, plate, whereas the second layer of Nickel has a resistance of
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about 1 kQ due to roughness of the polymer layer.

5.3.2 Rapid Scan FTIR

The field-induced changes in IR absorption spectra were recorded on an interferometer (a
Bruker VERTEX 80v, mirror scan velocity = 20 kHz, HgCdTe detector, cooled with liquid
N.. Figure 5-5(a) shows a schematic of the experiment apparatus. By feeding the external
TTL pulses from the trigger interface module (E525/Z, Bruker) into the pulse generator (DG
535, Stanford Research) as a trigger, the external voltage cycle that comprises of rectangular
waves of positive, zero, and negative voltage is generated by the DG535, followed by
amplifying through a high voltage amplifier (HA-800); the output voltage was synchronized
with the scan of the interferometer. A-sequence of commands to control the timing of the
measurement is described in the appendix B. We alternatively applying positive and negative
voltages in turn to the sample is useful-both to avoid an accumulation of charge in the sample
and also to prevent sample poling. The'CaF, plate, was placed in the sample holder, was put
in the sample chamber where IR light passes through the center of the CaF, plate. The sample
holder was set on a rotatory stage that served to vary the angle between the direction of the
applied electric field and the electric vector of the excitation light. The size of beam spot on the
CaF, plate was in the range of 2 to 6 mm. Two layers of the Ni film transmitted 5-10 % of
incident light throughout the mid IR region. The nickel electrodes were connected to the
voltage amplifier.

The Stark spectra were measured by applying the DC method and recording the spectra
with the FTIR in its normal rapid-scan mode with resolution 1 cm™ (the greatest resolution of
FTIR is 0.08 cm™). Figure 5-5(b) shows the time chart for data collecting. Using the DC

method, ten rapid scans were made with the field off, then 10 scans with a positive voltage
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applied to the sample, and then a negative voltage applied to the sample. Each pulse of
applied voltage has a duration of about 10 s. Alternative interferogram scans of the cycle with
and without applied field were repeated at least 200 times, i.e., 200 loops. At the end, the
interferograms with field-on and off were averaged and Fourier transformed. The Stark
spectrum was obtained by taking the logarithm of the field-on and field-off spectra as

according to the following equation,

Iog( |V=o J — |Og Iba\ckground x I\/:o — Iog(Ibackgroundj_Iog(lbackgroundj (9)
IV:V IV:V I background IV:V IV:O

= Ay~ A, =AA

All measurements were performed near 298 K under evacuated conditions. For all
samples, the spectra were recorded for at least two different applied fields. In all experiments, |
used an unpolarized infrared source. The electric field was applied typically at the normal
incidence (y = 90°) and the magic angle (y = 54.7°) relative to the direction of electric field of
the infrared light. To obtain a Stark spectrum with adeguate ratio of signal- to- noise, | applied
the electric field to the sample parallel (x-=-90°) to the IR beam so that unpolarized light was

applicable.

5.4 Results and Discussion

Figure 5-6 shows the IR absorption spectrum and vibrational Stark spectrum of PMMA
in the region1100-3250 cm ™. The IR spectrum was normalized with the absorption maximum.
The IR spectrum of PMMA is studied. The observed IR spectrum is similar to that in previous
reports.”>% The IR spectrum show a sharp and intense line at 1732 cm™*, which is assigned

to be the C=0 asymmetric stretching mode. The broad features in the region 2800 to 3050
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cm ! are associated with C—H stretching modes. The CH, bending and wagging modes are
found in the range 1300-1500 cm . The broad line ranging from 1050-1260 cm ™ is assigned
to the C-O-C (ester bond) stretching vibration, skeletal stretching coupled with internal C-H
deformation.?? As shown in the vibrational Stark spectrum (with x = 90°) in Figure 5-6(b), the
C=0 stretching mode exhibits the largest magnitude of the field-induced change and gives a
shape similar to the first derivative of the absorption spectrum. Figure 5-7 shows the
amplitude of the VSE of the C=0 stretching mode as a function of strength of the applied
electric field. The shape of the vibrational Stark spectrum remains unchanged with the field in
the range 0.75-1.25 MV cm™’. Moreover, the intensity (peak height) of Stark signal with
applied field at 0.75 and 0.875 MV cm ™ were observed to be proportional to the square of the
strength of the applied electric field as expected.>However, the Stark signal at 1.25 MV cm™
is leveling off, this might be due to sample degradation. Figure 5-8 shows the vibrational
Stark spectrum of PMMA in-the range 1000-1475-cm™ at three applied fields. The
field-induced signal increases with increasing strength of electric field, the intensity of Stark
signals at 1147 and 1239 cm™ (marked * in Figure 5-8(a)) were observed to be proportional to
the square of the strength of the applied electric field. The complex band structure from
various vibrational modes in this region makes the analysis difficult.

Figure 5-9 shows the IR absorption spectrum and vibrational Stark spectrum (with y =
90°) of DMABN doped in a PMMA film in the region 10503300 cm™. Relative with Figure
5-6(a), the IR spectrum in Figure 5-9(a) shows additional lines at 2213, 1609, 1526, and 1370
cm™!, ascribable to C=N stretching, phenyl C=C stretching (vs.), phenyl C=C stretching (v1ga),
and phenyl-N stretching modes, respectively.” These vibrational lines indicate characteristic
field dependence on the strength of electric field as shown in Figure 5-9(b). The shape of the

vibrational Stark spectrum of the C=N stretching band is similar to that of the first derivative
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of the absorption spectrum, whereas the zeroth and second derivative components are
dominant for the phenyl C=C stretching and the phenyl-N stretching modes. It is worth noting
that, although the C=N stretching and the phenyl C=C stretching modes have only small
absorbance, both them have significant field-induced signal in Stark spectrum. This effect
demonstrates the advantage of the VSE to observe weak absorption from buried lines. Figure
5-10(a) shows the vibrational Stark spectra, under magic angle condition, collected with 200
and 700 loops. The amplitude of the Stark signals in the spectrum taken with 700 loops is
only half that in in the spectrum taken with 200 loops. Figure 5-10(b) shows the residual
spectrum obtained on subtracting the spectrum for 200 loops with that for 700 loops that
doubled. The shape of the vibrational Stark spectrum temporally invariant implies that the
decreased signal might be due to the degradation of the Ni electrode films after protracted
measurement. That the transmittance of the infrared light increases after the measurement
indicates also that some Ni film-might be vaporized because of the applied voltage. The noise
amplitude in the spectrum recorded with 700 loops.is half that in the spectrum recorded with
200 loops. This ratio of signal-to-noise is hence similar for the two spectra. Figure 5-11
compares the vibrational Stark spectra recorded under the condition of normal incidence and
the magic angle. Although the two spectra cannot be quantitatively compared, the Stark
signals with the angular ( y ) dependence can still enable qualitative observations.

Figure 5-12 shows the vibrational Stark spectrum and contributions of each component
(zeroth, first, second derivatives) of PMMA for the C=0 stretching mode under the condition
of normal incidence. Figure 5-13 shows vibrational Stark spectrum and contributions of each
component for DMABN doped in a PMMA film in the C=N stretching region under the
condition of normal incidence. These lines are satisfactorily reproduced with a linear

combination of the absorption spectrum and its first and second derivatives. The |A,u| values
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of the C=0 stretching and C=N stretching modes are evaluated to be 0.016 + 0.003 and 0.012

+ 0.005 D/f, respectively. The magnitude of |A07 | for C=0 stretching and C=N stretching

modes are evaluated to be 0.19 + 0.004 and 2.33 + 0.02 A%/, respectively.

As C=0 stretching and C=N stretching vibrations may be regarded as one-dimensional
motion systems, the corrections for the Stark signal with various angle y angles are insensitive
to the one-dimensional systems for small rotation angles and unpolarized light.” According to
the measurements of y-dependence by Boxer et al., with an assumption of the maximum
possible & angle of 90 ° and the maximum sample rotation angle y of 20 °, the correction in
factor ¢’ is derived to be 13 %, contributing to a 7 % error in the calculation of the magnitude of

" Figure 5-14 and Figure 5-15 showssthe.vibrational Stark spectrum and the simulated

AJi .
spectrum of DMABN doped in PMMA for the C=0 stretching and the C=N stretching modes

with experimental angle y = 54.7° The |Ay| values of the C=0O stretching and C=N

stretching are evaluated to be "0.013°+ 0.001 and 0.013 + 0.004 DI/f, respectively. The

magnitude of |A07 | for the C=0 stretching and the C=N stretching modes are evaluated to be

0.099 + 0.001 and 0.730 + 0.001 A %, respectively. The evaluated [Ax| values from the VSE

spectra measured at the condition of magic angle are close to those values from the VSE

spectra measured at the condition of normal incidence angle. However, for the C=0 stretching

and the C=N stretching modes, the evaluated |A07| values measured at the condition of

magic angle are 52 % and 31 % of those measured at the condition of normal incidence angle,
respectively.

Since the zeroth derivative term in Eq. (3) is ascribed to the change in absorption intensity
arising from the deviation of the transition dipole from the isotropic distribution due to

alignment and orientation of the molecules along the field direction.?> When the zeroth
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component in the normal incident case is much larger than that in the magic angle case,
indicates that the field-induced orientational effect is not negligible.”® As the Stark spectra in

the C=0 stretching and the C=N stretching regions have a major contribution from the first
derivative term, these vibrations are considered to have a significant large |A§| value, which

might result from the field-induced orientation of the dopant molecule and of the polar groups
in the polymer matrix. Chowdhury et al.?” found that the PMMA samples dried for 24 h at
room temperature have a first-derivative contribution that is about ten times larger than that of
the samples heated at 150 °C for 5 min. Consequently, the measured polarizability change
(Aa) obtained for unheated sample was about ten times larger than that for heated sample.

The measured A& for a glued PMMA and a heated PMMA are 564 and 60 A®, respectively.
Heating effect on [Az| is negligible small: This. result shows that unheated PMMA has less

rigidity, which leads to the dominance of the field-induced dipolar orientation effect. In our
results, the large first-derivative contribution observed in the vibrational spectrum of PMMA,
especially for the C=0 stretching and the-C-O-C stretching modes, is thus explained as an
effect of orientation induced by the electric field.

In the present work, DMABN molecules are regarded as being randomly distributed in a
PMMA film. As the glass transition temperature of PMMA (387 K) is much above room
temperature, the transitional and rotational motions on DMABN in PMMA are expected to be
restricted, but the degree of restriction in PMMA might depend on the concentration of
DMABN and on the interaction between DMABN and PMMA, which is not well studied.

Chowdhury et al.?” found that the measured values of A& and Az for a doped-dye

molecule (Coumarin 153) varied with the temperature of the polymer matrix. Their results
show that decreasing the temperature of the polymer matrix leads to a significant decrease in

the measured Aa and a slight increase in the measured Az . For example, the measured
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A& of Coumarin 153 doped in a PE matrix at 298 and 77 K are 374 and 26 A®, respectively,

and the measured Az are 4.4 and 5.3 D, respectively. Temperature effect on [Az]| is less

significant than that on |A07|. The values for Aa of a dye molecule in polyvinyl chloride

(PVC) and in organic glasses at 77 K show a minimum because of a diminished effect of
orientation induced by the field. The electro-absorption spectrum of DMABN doped in
PMMA film in the region 25,000—-40,000 cm™* recorded by Yoshizawa et al.> shows a shape

of the first derivative of the absorption spectrum, indicating that the field-induced orientation

effect on a DMABN molecule is significant. The measured |[Az| and |[A&| of the C=N
stretching mode are compared in Table 5-1 with values reported in Ref. 7. The magnitudes of
|AZ| and |Aa| for the C=N stretching mode of aromatic nitriles were reported to be in the
range of 0.1 to 0.5 D/f and 0.02:t0:0.9 A%f. In‘the present work, the measured |A@| for the
C =N stretching mode is significantly larger than the values obtained for aromatic nitriles in
the organic glasses at 77 K,” and the'measured '|[Az| for C=N stretching mode is slightly

smaller than the values obtained for aromatic nitriles in organic glasses at 77 K, both
conditions are explained in terms of a thermal motion that induces the orientation in the

presence of F.

5.5 Conclusion

A system for vibrational Stark spectroscopy that is capable of detection of relative
changes induced with electric field with great sensitivity as small as 4 x 107 in the

mid-infrared region has been implemented. The spectra were measured by using a DC electric
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field and recording with a FTIR in its normal rapid-scan mode. With this system, the effect of
external electric field on IR absorption spectra of 4-(N,N-dimethylamino) benzonitrile
(DMABN) in a film of poly(methyl methactylate) (PMMA) have been investigated. The
difference in the dipole moment A, for the C=0 stretching mode at 1732 cm™ of PMMA and
for the C=N stretching mode at 2213 cm™ of DMABN are determined to be 0.016 and 0.012
D/f, respectively, and the difference in the molecular polarizabilities |Aqaf, are determined to be
0.19 and 2.33 A%/f, respectively. Moreover, the large changes in polarizability of the C=0
stretching and the C-O-C stretching modes of PMMA might indicate the presence of F affect
significantly the molecular orientation on side chains. The effect on orientation induced by
electric field might further induce a dielectric polarizability that yields large polarizability
change. As the Stark signal is sensitive to the malecular motion, even for molecule doped in a
polymer at a temperature below.its glass-transition temperature. It is thus necessary to apply a

cryostat with immersion of a sample in liquid nitrogen®® to perform a quantitative evaluation

of [A@| ang |AZ| for moleculesiinarigid cage.
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Table 5-1 Comparison of vibrational Stark effect data of the C=N stretching mode with

literature values.

compound v (em™) |Az| (D) Aa| (A%
DMABN?® 2213 0.012 £ 0.005 2.33+0.02
benzonitrile® 2227.8 0.0361 0.65
1,2-dicyanobenzene® 2235.3 0.0263 0.60
1,3-dicyanobenzene® 2236.3 0.0330 0.71
1,4-dicyanobenzene (A) " 2231.7 0.0196 0.89
1,4-dicyanobenzene (S)° 2243.7 0.0125 0.43
2-Cl-benzonitrile” 2232.1 0.0306 0.35
3-Cl-benzonitrile” 22327 0.0318 0.23
4-Cl-benzonitrile” 2230.6 0.0348 0.26
4-methoxybenzonitrile® 22235 0.0497 0.02

& This work. 4-(N,N-dimethylamino) benzonitrile doped in a PMMA film. Spectrum was

measured at 298 K.

® From Table 2 in Ref. 7. Compounds were dissolved in 2-MeTHF solvent, at 74 K.
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Figure 5-1 (a) Two possible mechanisms of intramolecular charge transfer process. The
structures of twisted intramolecular charge transfer (TICT) state and the planar
intramolecular charge transfer (PICT) state are shown. (b) Schematic illustration of the
processes and states involved in the photophysics of DMABN according to the mechanism

of twisted intramolecular charge transfer.
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Figure 5-2  Schematic illustration of effects of an applied electric field on the shape of an
absorption line. (a) Molecules of which " Az~ (shown here for Az >0) is oriented parallel
or antiparallel to the electric field F have their transition energy shifted to smaller or greater
energy, respectively. The consequence for the absorption spectrum (solid and dashed lines
denote the spectrum without and with an applied electric field) is shown on the right: some
orientational subpopulations are shifted to smaller energy, some to greater energy, and some
remain the same, resulting in a broadened band. The Stark spectrum has a second derivative
line shape as shown. (b) The applied field induces a dipole moment that is typically in the
direction of the applied field, regardless of the orientation of the molecule. The absorption
energy shifts towards smaller or greater energy dependingon Aa >0or Aa <0, and a line

in the Stark spectrum has a positive or negative first-derivative shape.
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Figure 5-3  Chemical structures of PMMA and DMABN.
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Figure 5-4  Schematic illustration of the device. (a) The side view. (b) The top view.
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Figure 5-5 (a) Experimental setup for vibrational Stark spectroscopy. BS, FM, and MM
represent the KBr beamsplitter, fixed mirror, and moving mirror, respectively. (b) Timing

chart for the measurement using the DC electric field method in rapid-scan mode.
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Figure 5-6 (a) IR absorption spectrum and (b) vibrational Stark spectrum of PMMA (y =

90°). The applied electric field is 0.875 MV cm™.
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Figure 5-7 (a) Vibrational Stark spectrum of PMMA in the C=0 stretching region at three
applied fields (3 = 90°), F = 0.75, 0.875, and 1.25 MV cm ™. (b) The peak height of Stark

signal as a function of the square of the applied electric field.
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Figure 5-8 (a) Vibrational Stark spectrum of PMMA in the C-O-C and C-C stretching

region at three applied field (x = 90°), F = 0.75, 0.875, and 1.25 MV cm™. (b) The peak
height of Stark signals at 1147 and 1239 cm™ (marked * in (a)) as a function of the square

of the applied electric field.
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Figure 5-9 (a) IR absorption spectrum and (b) vibrational Stark spectrum of DMABN
doped in a PMMA film (x = 90°). DMABN:PMMA=1:2. The applied electric field is 1.0

MV cm™.

137



Vibrational Stark Spectral Studies of DMANB Doped in a PMMA Film

1200 1400 1600 1800 2000 2200
LA BN S L LB B AL AL A I AL B A N L E

3.0x10*(a) - 200l00ps 5
25x10%4 ———700loops 8
G
Z
4 Il
Ep=1.2 MV cm’
y= 54.7°
-5 1 1 1 1 | 1 1 1 |
9 4.0x10 1(b)
5 2.0x10° 1
2 O~OjMMW\\J\M”WWWMMWMMWWWWWW
° 200
1200 1400 1600 1800 2000 2200
wavenumber / cm”
Figure 5-10 (a) Vibrational Stark spectra, under the condition of the magic angle,

collected with 200 and 700 loops. The applied electric field is 1.2 MV cm™. (b) The

residual spectrum obtained on subtracting the spectrum for 200 loops from the twice

spectrum for 700 loops.
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Figure 5-11 Vibrational Stark spectra of DMABN doped in a PMMA film. (a) x = 90° and

(b) 5 = 54.7°. The applied electric field is 1.2 MV cm™.
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Figure 5-12 (a) Comparison of vibrational Stark spectrum (field on minus field off) and
simulated spectrum of PMMA for the C=0 stretching mode (x = 90°). The applied electric
field is 1.0 MV cm™. The red circles represent the data; solid line represents a fit. (b)
Absorption spectrum of PMMA. (c) Solid, dot, and dashed dot lines are contributions of the

zeroth-, first- and second- derivatives.
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Figure 5-13 (a) Comparison of vibrational Stark spectrum and simulated spectrum of
DMABN for the C=N stretching mode (3 = 90°). The applied electric field is 1.0 MV cm™.
The red circles represent the data; solid line represents a fit. (b) Absorption spectrum of
DMABN. (c) Solid, dot, and dashed dot lines are contributions of the zeroth-, first- and

second- derivatives.
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Figure 5-14 (a) Comparison of-vibrational Stark spectrum and simulated spectrum of
PMMA for the C=0 stretching mode (y = 54.7°). The applied electric field is 1.4 MV cm™.
The red circles represent the data; solid line represents a fit. (b) Absorption spectrum of
PMMA. (c) Solid, dot, and dashed dot lines are contributions of the zeroth-, first- and

second- derivatives.
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Figure 5-15 (a) Comparison of vibrational Stark spectrum and simulated spectrum of

DMABN for the C=N stretching mode (yx = 90°). The applied electric field is 1.4 MV cm™.

The red circles represent the data; solid line represents a fit. (b) Absorption spectrum of

PMMA. (c) Solid, dot, and dashed dot lines are contributions of the zeroth-, first- and

second- derivatives.
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Appendix A

For the absorption spectrum did not have overlapping bands, the numerical derivatives of
the measured absorption spectrum were used to fit the VSE data, providing separate fit

coefficients for each band according to the following equation.

AA(v) = ( fF)Z{a' ALY+ [A;V(V)] ey [A(v(v)]}

v dv®
We apply the multiple linear regression to study the relationship between the zeroth-,
first-, and second- derivatives of absorption spectrum and the VSE spectrum by using a model

of the following form. y =B, + A, X, 4 By X, +C 4, X5, in Which ;) is the constant term, Ay,
Brit, and Cyi are the fitting coefficients, 'y is the VSE spectrum AA(v), and X, = A(v),

dlave] | d[Awn)]

X, =v———2 Xy =v— L,

dv dv?
We use Origin program to perform-multiple linear regression to obtain the fitting
coefficients. Parameters are estimated using a weighted least-square method. Figure A-1 and

Figure A-2 show the results of fitting for C=0O stretching modes of PMMA and C=N

stretching modes of DMABN at the condition of normal incidence and magic angle.
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Figure A-1 Comparison of the VSE spectrum and the simulated spectrum of DMABN
doped in a PMMA film for the (a) C=0 and (b) C=N stretching modes. (y = 90°). The
applied electric field is 1.2 MV cm™.
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Figure A-2 Comparison of the VSE spectrum and the simulated spectrum of DMABN
doped in a PMMA film for the (a) C=0 and (b) C=N stretching modes. (y = 54.7°). The

applied electric field is 1.4 MV cm™.
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Appendix B
Rapid Scan Method

1. Asequence of timing commands for a rapid scan measurement is given as follows,

Start loop 200
Set output high 1
Wait 20
Set output low 1
Wait 500
Set output high 3
Wait 20
Set output low 3
Set buffer 2
Measure 10
Set output high 3
Wait 20
Set output low 3
Wait 500
Set output high 3
Wait 20
Set output low 3
Set buffer 3
Measure 10
Set output high 3
Wait 20
Set output low 3
Wait 1500

End loop
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2. The explanation of each command is given in the following table.

Command Explanation

The start of a loop. All commands enclosed between
Start Loop n the commands Start Loop and End Loop will be

repeated n times.

End Loop The end of a loop.

This command causes the spectrometer to send a high
. voltage trigger signal to the external trigger box

Set Output “High* .
E525/Z and sets the voltage to +5V at the specific

trigger signal line.

This command sets the voltage to 0V at the specific
Set Output “Low* ] ) )
trigger signal line.

Delays the execution of the subsequent command by

Wait (ms) 7 o

the specified period (in milliseconds).
Set Buffer Specifies the. memory area that is to be accessed.
Measure N Scans Starts the measurement with N scans.

3. The external trigger box (E525/Z).with is used as a trigger device for rapid scan

experiments.

@ DO0 DO1 DO2 DO3 @
DIO DI DI2 DI3
+5V ADI ADOO ADO1
@ 25mA )
\¥

The following table shows the assignments of the trigger signal lines to the BNC

connectors at the external trigger box.

Trigger signal line address BNC connector at the external trigger box

1 DO0
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2 DO1
DO2
DO3

4. The timing setting of pulse generator DG 535 is given as follows,
A=Tp+95S
B=A+95S
C=B+0S
D=D+0.3S

DG 535 was triggered by the output signal from DOO connector of the E525/Z.
5. The following timing chart shows the timing of output signals from DOOQ and DO2

connectors of the E525/Z, of output voltage from DG535.pulse generator, and of FTIR

measurements.

500 J 1* loop ” 2" loop

ooz L

FTIR
10 10 10 10
scans scans scans scans
+V To To
) |
DG535 ov
-V
9.5s 9.5 0.3s 9.5s 9.55 0.3s
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