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Abstract

Photochemical Hole Burning of Trans-isobacteriochlorin
in an n-Octane Matrix
and
Resonance Raman Spectroscopy of Mass Selected
Metal Clusters in an Argon Matrix
by
Benjamin L. Davis

Adviser: Professor John R. Lombardi

The scientific findings that compose this dissertation are
divided into two projects. The first deals with the excitation and
photochemical hole burning spectroscopy of  trans-
isobacteriochlorin in an n-octane Shpol’skii matrix at ~ 4.2 K.
Principles governing photochemical hole burning spectroscopy
will be introduced along with a fully detailed account of the
redesigning and computer automation of the experimental

apparatus. The excitation and photochemical hole burning spectra
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-
for trans isobacteriochlorin in an n-octane matrix, along with the
Stark effect spectra, will be presented and discussed.

The second project presents the resonance Raman
spectroscopy of mass selected molybdenum dimer and trimer,
aluminum dimer, and chromium timer isolated in argon matrices.
For each metal cluster a Resonance Raman spectrtum will be
presented and discussed. The resonance Raman spectra of these
small metal clusters will give insight into the nature of the
chemical bonding of the metal molecule under study as well its
geometry. A detailed description on the CCNY Metal Clusters
Beam will be given in this section. Experimentation in these two
distinct fields proved to be a daunting task that produced very

interesting results.
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Photochemical Hole Burning

Chapter 1
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1.1 Introduction

Spectroscopy deals with the concerns of how light changes the
natural motions of matter. When light, be it from the sun, a laser, or
some sort of lamp, interacts with a molecule, it can be absorbed,
scattered, or emitted. When the energy difference between the natural
motion (ground state vibration) and a higher energy motion (excited
state vibration) is resonant with an incident photon, electrons that are
in the ground state will be promoted to the excited state. This action
can be measured in the form of an absorption or emission spectrum,
which gives the probability of electronic transition between the
ground and excited state as a function of the radiant frequency v. A
molecule in the gas phase, experiencing resonant light, will give a
spectrum yielding one sharp optical transition, called the purely
electronic zero phonon line (PEL) (Fig. 1).! As stated above, the
frequency of this spectral line represents the energy difference
between the ground and excited state divided by Planck’s constant:?

Eq. 1.1 v=(E (S1) - E (So))/h
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Fig. 1.1 Purely electronic zero phonon line of a molecule in gas
phase.

PEL

l-‘hom

frequency

The width of the PEL is called the homogenous line width, 'hom,
which yields information about the relaxation process of the excited
state.> The width of this line is determined by optical dephasing
interactions that are identical for all molecules under study. When

the molecule is in a host matrix, I'hom is defined by the following

equation:
Eq. 1.2 Thon=(@T2)" =QnaTy)" + @T*)",

where T; is the excited state lifetime and T,* is the pure non-radiative

relaxation time due to thermally induced fluctuations of the electronic
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transition energy.’ The second term of the equation is a function of
lattice vibration scattering and electron and nuclear spin fluctuations.

Guest molecules that are doped into perfect crystal
environments, where guest molecules experience identical local
environments (Fig. 1.2a), give optical spectra (I'tom) that is similar to
Fig. 1.1 but is slightly broadened due to guest host interactions (Fig.
1.2b)

Fig. 1.2 Four guest molecules in a perfect crystal environment
experiencing identical local surroundings (a), which gives a ZPL

transition (b).
zero phonon line
a = b
(I /\/rhom
= I
|
Frequency

The broadening of I'pem in the perfect crystal matrix is due to
vibrational mixing between the guest molecule and the matrix.
Vibrations due to the matrix are called phonons. This interaction

causes the electronic transition of the guest molecule to be
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inhomogeneously broadened (I'mn), and gives a spectrum distorting
the PEL with a phonon side-band (Fig 1.3). The zero phonon line
(ZPL) transition shown in Fig 1.2 is the PEL transition for the four
molecules in the matrix with minimal broadening due to phonon
interactions. Resolving the ZPL with minor phonon mixing is
common for molecules doped in a prefect crystal environment at
cryogenic temperatures,® but at room temperature (kT ~ 300 cm™)
there is enough thermal energy to excite phonons of the host matrix.'?
Fig. 1.3 Depiction of phonon/PEL interaction as a function of

temperature. Note that as temperature (T) approaches zero,
phonon/PEL interactions decrease and only appear as a slight side

band.
T=0
Tl >0
PEL
PEL Ty, > T,

PSB PSB

;IJ\/\

phonon side band

Energy —»

The temperature dependence for guest/phonon mixing is shown in
Fig. 1.3. Note that phonon side bands reduce significantly at
temperatures below 20 K.

Molecules that are doped into an imperfect crystal will

experience slightly different surroundings (Fig. 1.4a). This matrix
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effect will cause the ground and excited state energy to vary randomly
from molecule to molecule. This random fluctuation also shifts the
transition energy of the molecuies, giving a distribution of optical
transitions for the embedded sample (Fig. 1.4b).

Fig. 1.4 Guest molecules imbedded in an imperfect crystal. Each

experiences a different local environment (a), which results in a
distribution of homogeneously broadened transition energies (b).

1.2 Photochemical Hole Burning

Molecules doped in non-crystalline solids yield a distribution of
transitions energies that are typically inhomogeneously broadened.
When this occurs, I'nem cannot be readily obtained by normal
spectroscopy.” One method for probing I'hom in an inhomogeneously
broadened spectrum is by saturation spectroscopy. A guest molecule
embedded in a host matrix can be probed by radiation of a fixed

frequency resonant with the ZPL transition.” Radiant saturation of the

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



7

system causes resonant molecules to appear as a “hole” or dip in the
subsequent absorption or emission spectrum. This saturation method
is called photochemical hole burning.

Probing the ZPL by hole burning as a function of different
parameters (such as time, temperature, and microenvironments) gives
information on the relaxation dynamics of the absorbing molecule as
well as guest host interactions. The line width of the bumed hole,
denoted as T'hoe, gives insight on the energy of the optically pure
transition, and Iy, for the sample molecule. Ihole In the
inhomogeneously broadened spectrum can be due to a photochemical
process, i.e. phototautomerism in porphryins, where intramolecular
chemistry is reversible.® or by an irreversible photo-dissociation of the
sample molecule.” In any event, there is a shift in the natural
electronic transition energy transition of the sample molecule (Fig.
1.5). Also note that the photoproduct absorption band is
characteristically well separated from the original absorption band.
For amorphous hosts, such as glasses, non-photochemical hole
burning can occur under the same probing conditions, but the
resulting dip in the spectrum is due to a slight structural

rearrangement of the local environment of the guest molecule.?
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Fig. 1.5 Schematic of PEL transition of gas phase molecule (a) and
the shifting of the ZPL transitions after hole burning (b).
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Fig. 1.6 depicts a guest molecule with I'yom doped in a host
matrix, thereby causing inhomogeneous broadening of the
homogenous line width. Saturating the system with radiation from a
narrow lined laser of fixed frequency v, will cause a hole to be burned
in the resulting spectrum. The hole in the spectrum (denoted as I'hoe)
is due to photo-degradation or the formation of a photo-derivative of
the sample molecule, which absorbs at a different frequency.

The observation of the spectral hole occurs when scanning the
burned spectrum with lower intensity laser light in the absorption
region of the sample molecule. The width of 'y, will be a function of
the width of the exciting laser (I't). 'nole represents an inverse of I'nom
for the guest molecule. To probe an inhomogeneously broadened I'iom
via photochemical hole burning, PHB, I, the line width of the
exciting laser must be less than I'on. At cryogenic temperatures the
burned spectral holes are stable, and holes burned and probed at the
same temperature gives the relationship of Thoe = 2 hom.~

Photochemical hole burning is used in this work to probe I'hom
for trans-isobacteriochlorin (H;iBC) in an n-octane matrix. The
spectral information obtained gives insight into the lattice orientations

for the molecule as it inhabits different sites. Photochemical hole
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burning is also used for the application of optical data storage. By
doping a polymer or a glass substrate, being divided into pixels or bit
spaces, with a photoactive material that undergoes hole burning, a
spectral hole can be burned into the substrate.® The burned substrate
can be used to store bits of information in the form of 1 and 0 or
holographic images. A substrate of this sort can be read by more than
one color of light due to the varying transition energies of the doped
photoactive chromophores, thereby vastly increasing the amount of

information that can be stored.
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Fig. 1.6 Spectrum of inhomogeneously broadened I'yom Of guest
molecule being probed by PHB (a), and the resulting dip in spectrum
after saturating I',o, With radiant vg.

hole burning frequency

Yo
Frequency

resulting hole
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Frequency
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2.1 Introduction
Initial experimentation concerning hole burning involved the
design of an automated spectrophotometer that met the requirement of
simultaneously generating and obtaining an excitation spectrum for a
molecule in real time under cryogenic conditions. Generation of
excitation spectra is done by a series of instrumental components,
which include pulsed lasers, fiber optics, focussing lenses, and a
photomultiplier tube. As spectral data is generated by these
components, the signal is obtained and interpreted via a computer
hardware/software (LabView 4.1/NI-DAQ 5.0) interface. The signal
acquired by the computer is subsequently plotted in a chart-like
program. The computer hardware/software interface is also used to
automate specific instrumental components. The following sections
of this chapter will detail the instrumentation and computer
bardware/software used for garnering hole burning and excitation

spectra.

2. 2 Experimental Apparatus

Fig. 2.1 1s a picture and block diagram of the experimental

apparatus. The excitation source consists of a Molectron UV 14
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Pulsed Nitrogen Laser, which subsequently pumps a Molectron DL I
Series Tuneable Dye Laser. The scanning rate and direction for the
diffraction grating housed in the dye laser is controlled by a
Molectron DL 245 Scan Grating Control. The average power of the
pulsed nitrogen laser is approximately > 180 mW. The output from
the dye laser is reduced in intensity by 107 by optical density filters,
so as not to photo-degrade the sample under study. A single-mode
quartz fiber optic, obtained from Newport Inc., carries the dye laser

light to the remote sample cell holder.
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Fig. 2.1 Picture of hole burning apparatus (above) and an overhead
view block diagram of the device (below).
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pulsed nitrogen laser scanning dye laser stngepuc |
h e
( phototube TEX680
connector
boerd
(*) teflon cell holder
liquid helium
containing dewar __
e HP
o Pewvilien
liquid He
et ] #7320

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



17

A molecule under study is isolated in a teflon sample cell
holder, which is designefd to function as a mobile sample compartment
(Fig 2.2). The teflon holder contains the output of the quartz fiber
optic, focussing and collimating lenses, a high reflectivity muirror, a
quartz sample cell, and a fluorescence collimating fiber optic bundle.
The cell holder is typically placed in liquid nitrogen or helium dewars,
so that remote cryogenic spectroscopy can be performed. The holder
focuses the dye laser radiation from the quartz fiber optic with a
focussing lens, which has a diameter of 6 mm and an effective focal
length of 24 mm, onto a high reflective front silver surfaced mirror,
angled at 45° from incident. The exciting light from the high
reflective mirror is then directed to the sample quartz cell (with a
volume of 1.48 cm?), which is placed at an angle of 90° to the incident
laser excitation. The area of the quartz cell that experiences the
exciting laser radiation is approximately 6.28 mm”.  Sample

molecules in resonance with the dye laser radiation in or near the

exciting area, will subsequently fluorescence.
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Fig. 2.2 Picture of the teflon cell holder (above) and overhead view
block diagram of the cell (below).
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An optical lens with a diameter of 11 mm and an effective focal
length of 12 mm collimates the resulting fluorescence.  The
collimated light is carried to the detection system by a fiber optic
bundle. Fluorescence from the fiber optic bundle is passed through an
approximately 600 to 615 nm high pass filter. Using the high pass
filter ensures the detection system, in the effective filtering region,
only detects fluorescence due to excited sample molecules and not
from the exciting source laser. The sample fluorescence is detected
by a Hamamatsu 1-P28 side on photomultiplier tube (powered at ~ -
900 V), which has a working range from 185 to 650 nm (peak A =
340 nm). The detection system, meaning the fiber optic bundle, the
high pass filter, and the phototube, are housed in a light-tight metal
box. Fluorescence from the sample strikes the phototube, thereby
generating a current that is proportional to the detected amount of
light. The signal from the phototube, in the form of a negative
current, is acquired by an external piccoammeter (Kiethly model
#485), where it is converted to a DC voltage. Once this is done,
voltages from the piccoammeter are garnered in real time and plotted
as a function of the exciting wavelengths, which generates an

excitation spectrum.
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To apply an external electric filed to a molecule isolated in the
quartz cell, a Stark cell can be inserted into the teflon holder. By
placing two copper wires into the housing of the teflon holder and
connecting the wires to the positive and negative

Fig. 2.3 Schematic of Stark Cell used to exert an external electric
filed across frozen molecules.

o O

negetive lead of the positive lead of the high
high voltage power — voltage power supply
supply - ~ . quartz
sample cell
| |
compression spring
i SnO coated
quartz slide
copper plate
“u" shaped teflan
spacer
\

leads of a Glassman 5 kV power supply, and also to electrodes
inserted into the quartz sample cell, an external electric filed is
generated across the system (Fig 2.3). The positive lead wire is
connected to a thin quartz slide, with dimensions 0.88 cm x 1.01 cm
and 25 cm thick, coated on one side with tin oxide, with a resistance
of > 30 Q’s (Fig. 3). The negative lead (ground) wire is connected to

a copper plate, with dimensions 0.89 cm x 0.89 cm and 0.5 cm thick.
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A teflon spacer separates the two electrodes with a thickness of 0.127
cm. The spacer is “u” shaped to allow the exciting light from the dye
laser to fully irradiate the area of the sample between the electrodes of
the Stark celi. The electrodes separated by the spacer are compressed
by a spring. Typical electric field strengths for Stark/hole burning

experiments range from 9 to 11.8 kVem™.

2. 3 LabView 4.1/NI-DAQ 5.0 Computer Interface

The hole burning apparatus shown in Figure 2.1 is automated
by PC software/hardware control. Parameters from the
software/hardware controls the repetition rate of the Molectron UV-14
N, Laser, the scanning speed and direction of the Molectron DL 245
Scan Grating Control, and acquisition, graphing, and storing of
voltages from the Kiethly #485 piccoammeter in spectrum form. The
software/hardware systems used to drive these events are LabView
4.1, NI-DAQ 5.0, an AT-MIO-16E-10 interface card, and a TBX-68
I/O connection board. All interfacing components were purchased
from National Instruments. The following sections will detail each of
the interfacing components and the parameters used to generate and

acquire hole burning excitation spectra.
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LabView 4.1 is a graphical data acquisition program that has
the basic concept of transforming a real instrument into a software
based instrument, thereby increasing the versatility of available
hardware. The LabView 4.1 is installed on a Hewlett Packard
Pavilion 7320 computer with an Intel Pentium processor, using
Windows 95 as the operating system. LabView 4.1 allows the user to
create front panels that mimic panels of real instruments. A typical
LabView 4.1 front panel used in the hole burning experiment is shown
in Figure 2.4. This front panel consists of a waveform chart, a
boolean stop switch, a file path indicator, and a series of parameters
that perform specific tasks during the experiment.

The LabView 4.1 front panel parameters are instructions for an
underlying block diagram that executes the desired functions (bottom
Figure 2.4). This block diagram is for the front panel of Figure 4. It
consists of a series of icons, wires, and virtual instrument programs
(VI), which are ready to use programs that can perform a myriad of

tasks.
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Fig. 2.4 LabView front panel (above) and cormresponding block
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The VIs are located in an expansive DAQ library of LabView 4.1
software. To manipulate the LabView front panel, one only needs a
decent working knowledge of the many block diagram icons and the
functions of the VIs. The basic task of the block diagram illustrated in
Figure 2.4, is to generate two out going square pulses and acquire, and
graph, an analog voltage with in a specific time frame. The VIs titled
PULSE TRAIN are used to generate the square pulses for this
program. The values for the square pulses generated from the PULSE
TRAIN VIs are designated on the front panel by frequency and duty
cycle parameters. For data acquisition, the VI titled AI C-SCAN is
used to acquire a continuous analog voltage. While AI C-SCAN
acquires the analog voltage, the program simultaneously shuttles data
to an array index where the VI p, MEAN takes the average of the
values in the index and then displays the values in graph, “spectrum,”
form.

An AT-MIO-16E-10 interface board facilitates the ability of
LabView 4.1 to generate pulses and receive an analog voltage. This
interface board has a 12-bit ADC and DAC with 16 analog inputs,
voltage outputs, eight and 32 lines of TTL-compatible digital I/O.

The AT-MIO-16E-10 also features two 24-bit counter/timers for
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timing I/O. The LabView 4.1 software and the interface board do not
communicate directly, but information is passed from LabView to the
AT-MIO-16E-10 interface board via the driver software National
Instruments Data Acquisition 5.0 (NI-DAQ). The NI-DAQ 5.0
software includes sophisticated techniques for processing data that is
stored while new data is acquired.

The outgoing pulses generated by LabView 4.1/AT-MIO-16E-
10 interface components, which control the N, laser, the Scan Grating
Control, and the analog signal being acquired from the piccoammeter,
are physically passed through a TBX-68 I/O Connector Board. The
AT-MIO-16E-10 board connects directly into the SCIX port of the
TBX-68 (Fig 2.5). Pin assignments for different functions of the
TBX-68 are also shown in Figure 2.5. When the LabView front panel
is in run mode, the square pulses generated by the interface board are
sent to pins 2 and 40. Connected to these pins are coaxial cables
leading to the external outs of the N, laser and the Grating Scan
Control. Connection pin 68 is the designated slot to receive analog

voltages from the piccoammeter by a coaxial cable.
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Fig. 2.5 Picture of TBX/68 I-O Connector board (above) and

diagram of pin assignments for pins 13-47 (below).
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The normal experimental parameters employed to externally
trigger the N, pulse laser at 20 pulse/sec are a 20 Hz frequency with a
duty cycle value of 0.001. The frequency and duty cycle parameters
of the front panel shapes out going square pulses, TTL pulses ranging
from O to £ 5 V which controlling the repetition rate of the N, laser
and the rate at which the dye laser is scanned, by specifying ratios
between the pulse phase and the delay phase of the square pulse.
Parameters for externally controlling the Molectron DL 245 Scan
Grating control scans the grating of the dye laser at a rate of ~ 0.826
cm'/sec. The waveform chart acquisition parameters control the rate
and quantity of the data acquired. A separate LabView 4.1 program
determines the direction of scanning by sending an analog + 5 V
signal to the up/down input of the Molectron DL 245 Scan Grating
control. The signal limits parameter controls the upper and lower
limits of the voltages that are acquired from the piccoammeter. The
device parameter gives the address (port) of the AT-MIO-16E-10
interface board in the HP Pavilion 7320. Counter 1 and counter 2 are
designators for the interface card and the I/O connection board for the

outgoing square pulses.
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Excitation, Hole-Burning, and Stark Spectroscopy of Free Base
Isobacteriochlorin in an n-Octane Matrix at Liquid Helium

Temperatures

Chapter 3
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3.1 Introduction
Free base isobacteriochlorin (H;iBC) is an isomeric form of
bacteriochlorin. In the latter molecule, two pyrrole rings with reduced
exterior double bonds are opposite each other, but H,iBC consists of
two pyrrole rings with reduced double bonds that are adjacent to one
another. At room and cryogenic temperatures, H>iBC exists in two
stable tautomeric forms, cis and trans (Fig. 3.1).!

Fig. 3.1 Trans-isobacteriochlorin. Note that the inner protons can
mhabit two positions.

\-/b/KH L\-/ \0/’1\;/ ‘ 4
/ \ / W

The trans form of H,iBC readily undergoes photochemical hole
burning by a 90° rotation of the inner protons of the molecule.” When
a dilute solution of H,iBC in n-octane is slowly grown into a single
crystal, the excitation spectrum of the system displays several peaks

belonging to a single site (A).2 When H,iBC is rapidly cooled in an n-
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octane Shpol’skii matrix, as with our experiment, the subsequent
excitation spectrum yields a different group of lines assigned to a
second type of site (B). A and B sites for H,iBC in the n-octane
Shpol’skii matrix appear in the 0-0 optical transition region for this
molecule (580 nm region).!

The observation of both types of sites in our excitation
spectrum for H,iBC in a n-octane Shpol’skii matrix is in keeping with
experimental results obtained by S. Voelker et al.>*” and G. Jansen et
al.® Their experiments documented that porphyrin type molecules can
inhabit two sites when rapidly cooled in certain n-paraffins. Note
that, Jansen et al.° observed a photophysical change of site B in the
fluorescence spectrum of palladium porphin in a heptane single
crystal. During the course of their experiment, they observed the
gradual formation of new spectral lines associated with site B, which
they denote as site B’. It was unknown to them at the time whether or
not these lines were formed by a thermally activated process, or
whether they were created due to the absorption of light.

In this work, we examine changes in the excitation spectrum of
H,1BC in an n-octane Shpol’skii matrix by way of photochemical hole

burning and the Stark effect. In our excitation spectrum, each site (A
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and B) consists of four intense spectral lines. The hole burning
spectra for H,iBC gives evidence that site A in the n-octane single
crystal’ is identical to site A in the n-octane Shpol’skii matrix. For
H,iBC in the n-octane single crystal only site A persists. It is only
upon rapid cooling of the H,iBC/n-octane matrix that site B forms.
Lines representing site B in the Shpol’skii system are also
examined by photochemical hole burning. When specific peaks of
site B are illuminated with strong laser radiation, four new lines form
in the subsequent excitation spectrum. Upon burning the initial
excitation lines of site B and forming the four new lines, we further
observe that burning in spectral lines of site B increases the intensities
of certain spectral lines attributed to site A. The H,iBC Shpol’skii
system is also subjected to an external electric field while scanning
the excitation source. From the Stark effect we observe minimal
broadening for spectral lines in site A, but site B exhibits a lowering
of intensities of the four new lines. We examine the implications of
photochemical hole burning and Stark spectra of sites A and B for the

orientations of H,iBC in the n-octane matrix.
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3.2 Experimental

Free base isobacteriochlorin (H,iBC) was synthesized using the
methods of Egorova et al.” A dilute solution (~10° M) of H,iBC in n-
octane is rapidly cooled in a liquid nitrogen bath, while contained in a
square quartz cell, and quickly transferred into a tank of liquid helium.
The excitation spectrum of trans-H,iBC is garnered using a Molectron
DL II tunable dye laser (with a bandwidth 0.30 cm™ and an average
laser power of < 180 mW), which is pumped by a Molectron UV 14
nitrogen laser. The dye laser emission is focused onto a quartz fiber
optic strand obtained from Newport Inc., which transports the
excitation radiant to the sample. During scanning, the laser emission
from the Molectron DL II dye laser is reduced by ~ 107 of the full
laser power via optical density filters, to prevent the photo bleaching
of the trans-isobacteriochlorin sample. For photochemical hole
burning, the optical density filters are removed for 60 to 120 seconds
while the dye laser is fixed at the maximum of the spectral line of
interest. The irradiated sample area is ~ 6.38 mm?.

Fluorescence from the excited trans-H,iBC is collimated by a

quartz lens and focused onto a fiber optic bundle. The H,iBC
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fluorescence is the passed through an ~ 600 nm high pass filter, which
is detected by a Hamamatsu 1P28 side-on photomultiplier tube. After
which, the data is collected in real time by LabView 4.1 software.

A Stark cell is constructed for application of an external electric
field to the system. The Stark cell consists of a thin quartz slide, ~
0.25 cm thick, coated on one side with tin oxide, which is optically
transparent for collection of fluorescence. The effective area of
irradiation in the Stark cell is ~ 5.25 mm®. The electric field is
generated by a Glassman high voltage power supply, where the

maximum voltage output is 5 kV.

3.3 Results

The excitation spectrum of trans-H,iBC in an n-octane
Shpol’skii matrix at 4.2 K is shown in Fig. 3.2. The excitation
spectrum displays two sets of spectral peaks labeled site A and B.
Both sites are examined by photochemical hole burning to obtain a
better understanding of how the guest H,iBC molecules orient in the

host n-octane Shpol’skii matrix.
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Fig. 3.2 Excitation spectrum of trans-H,iBC in an n-octane matrix
before (a) and after (b) burning line b2.
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The excitation spectrum of site A displays four intense spectral
peaks in the spectral range of ~ 17,300 cm™ to 17,200 cm™ (Figure
3.2a). In the direction of increasing wavenumbers, these four peaks

are labeled al, a2, a3, and a4-5. The maxima of these peaks are given

in Table 3.1.
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Table 3.1. Spectral peak positions of site A

Spectral Peaks Frequency (cm™)
al 17,224
a2 17,259
a3 17,275
a4-5 17,284

From the frequencies at which the four spectral peaks reside in
our excitation spectrum, it is assumed that these peaks are analogous
to the five spectral peaks acquired by Johnson et al. for trans-H,;iBC
in the single crystal form of n-octane.> The only discrepancy is that
the fourth and fifth peaks of the previous work were partially
resolved. These lines in our excitation spectrum are, most likely,
unresolved due to an increase in inhomogenous broadening brought
on by greater guest host interactions in the Shpol’skii lattice.

Upon illuminating spectral peak al, spectral peak a4-5
increases in intensity and vice versa. Molecules that are in resonance
with the hole burning frequency appear in the subsequent excitation
spectrum as a dip in the al spectral line. The hole in spectral line al
is roughly the same as the bandwidth of the dye laser, ~ 0.3 cm™,

which is possible since the width of spectral peak al is ~ 7.3 cm™.
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The hole created in spectral line al is “filled in” when the burning
procedure is performed at the peak of the a4-5 spectral line. This
reversible relationship is also exhibited between spectral lines a4-5
and a3. The spectral lines of site B are unaffected when probing site
A by photochemical hole burning. Due to the coincidence of the
spectral positions and separation distance of the photochemically
paired lines and the hole burning patterns exhibited for site A, we
believe that our site A of H,iBC in the n-octane Shpol’skii matrix is
identical to that of site A in the n-octane single crystal acquired by
Johnson et al.*

Because the environment of the molecules in site A is
symmetric, Johnson et al.® argued that there would be distinct spectral
lines for the two trans tautomers. They also reasoned that the
photochemically paired lines were due to specific molecular
orientations of H,1BC in the crystal lattice. Spectral peak a2 does not
show any visible effects from the photochemical hole burning process.
The inability to burn spectral peak a2 was also observed by Johnson et
al. for this molecule in the single crystal.? They raised the possibility
that spectral peak a2 displays no hole bumning features due to the

coincidence of several spectral lines caused by a totally symmetric
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environment experienced by the guest molecule in the host lattice.?
Because of the previous hole burning results of site A for H>iBC in
the single crystal, our experimentation will focus on H,iBC molecules
in site B and their unique relationship to H,iBC molecules in site A.

Site B of the excitation spectrum of trans-H,1BC initially
displays four spectral peaks, which do not appear in the single crystal
spectrum. In the directicn of increasing wavenumbers the spectral
lines are designated b2, b3, b7, and b8, in the spectral range of ~
17,475 cm™ to 17,330 cm™ (Figure 3.2a). The wavenumbers at which
these peaks appear are given in Table 3.2.

Table 3.2. Spectral positions of site B. b* lines appear after burning
unstarred lines.

Spectral lines Frequency (cm™)
bl1* 17,360
b2 17,374
b3 17,390
b4* 17,397
b5* 17,411
b6* 17,445
b7 17,460
b8 17,485
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The spectral lines of site B are probed via photochemical hole burning
in an identical manner to the hole burning process used to probe site
A. Fixing the dye laser emission at ~ 17,374 cm™, peak b2, and
exposing the sample to the full laser power for sixty seconds, yields
an excitation spectrum that contains four new lines (Figure 3.2b).
Bumning any of the spectral lines of site B forms the new spectral
lines, but they display greater intensity when formed by burning at
line b2. In the direction of increasing wavenumbers the four new
spectral lines are designated bl*, b4* b5*, and b6*. Note that,
spectral line b8 appears weakly in the initial excitation spectrum but
increases upon the formation of the b* spectral lines, which causes
this line to shift in spectral position.

The formation of the b* lines for HiBC in an n-octane
Shpol’skii matrix is a similar phenomenon detected by Jansen et al.®
While studying the Zeeman shifts of excited palladium porphin in a
heptane single crystal, they initially detected two sites in their single
crystal system, site A and B. During the course of their
experimentation, they observed the gradual formation of new spectral
peaks associated with site B. They assigned the new lines as

belonging to a different site, B’, that is coplanar to site B, and the
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formation of the lines is due to an in plane rotation of over 20° of the
trapped molecule. It was unknown to them at the time whether or not
these new line were formed via a thermally activated process, or were
created by the absorption of light.°

Photochemical hole burning experiments on the newly formed
lines of site B display photochemical relationships that seem, on first
inspection, chaotic. Burning at the maximum of any unstarred
spectral line, meaning line b2, b3, b7, or b8, readily forms the four
new lines of site B. Forming the new lines burning line b2, we
observe a spectral hole in line b2 as well as an overall decrease in
mtensity of all unstarred lines in site B. This phenomenon was also
observed for the new lines of site B as well. By this we mean burning
any starred spectral line in site B will decrease the intensity of all
starred lines but will increase the intensity of all unstarred lines in site
B.

Once all starred lines are formed by hole burning, certain
spectral lines of site B could photochemically interconvert with
spectral lines of site A. This is shown in Figures 3.3 (a) and (b). In

Figure 3(a), spectral lines al, a3 and b8 are photochemically burned.
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Fig 3.3 Resulting excitation spectrum after burning spectral peaks al,
a3, and b8 (a) and after burning peak b1*
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This is evident by the spectral dips in spectral lines al and a3 and of
the burning down of line b8. Figure 3(b) illustrates the “filling” in of

these holes after burning spectral line bl1*. The spectral lines that

have this unique ability are given in Table 3.3.
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Table 3.3. Summary of hole burning relationships for lines of site A

and B.
Peaks burned in site B Lines that increased in intensity in
site A
bl*, ba* al, a4-5
b2, b7 al’ a3, a4_5

Site B is further examined by applying an external electric
(Stark) field across the H,iBC/Shpol’skii system while scanning the
dye laser. The result of the Stark effect is an overall reduction in
intensity of all starred lines in site B with a concomitant increase in
intensity of unstarred lines. Surprisingly, line b8 also decreases in
intensity upon experiencing the external electric field, which leads to
ambiguities as to whether this spectral line is truly a b or b* line. The
reduction in intensity of the starred lines only occurs while the electric
field is active with the dye laser scanning. Note that after the
formation of the starred lines, Stark experiments are performed with
no further hole burning in site B. The spectral lines of site A only

exhibit minimal Stark broadening.
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The spectra indicating the lowering of the overall intensity for the
starred lines while experiencing the external electric field are shown

in Figures 3.4(a) and (b).

Fig. 3.4 B site excitation spectrum in absence of applied external
electric field (a) and B site excitation spectrum obtained while
applying an external electric field of 11.8 kV/cm (b).
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Figure 3.4(a) is a truncated version of site B from the entire excitation
spectrum. Figure 3.4(b) is the same truncated spectrum experiencing

an electric field of 11.8 kV/cm. Upon comparison, Figure 3.4(b)
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displays a drop in spectral intensity for all starred lines in site B. A

minimum electric field of 7.87 kV/cm is needed to initiate this effect.

3.4 Discussion

Due to molecular similarities in H;iBC and porphyrin, we
discuss the orientation of H»iBC in an n-octane matrix with respect to
porphyrin. In a Monte Carlo calculation of porphins embedded in an
n-octane matrix, Koehler® presented evidence that in site A the guest
porphin displaces two host n-octane molecules, and the plane of the
molecule is positioned in the b-c plane of the crystal (Fig. 3.5). Site B
involves displacement of three n-octane molecules , with the

molecular plane positioned in the crystal a-c plane (Fig. 3.5).
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Fig. 3.5 Diagram of H;iBC in site A (above) and site B
(below). The n-octane crystal is shown in the b-c plane perpendicular
to crystal axis a. The c axis is horizontal. The HiBC molecule is
shown in the x-y plane perpendicular to the molecular z-axis. In site
B, the n-octane molecule is shown in the a-c plane perpendicular to
crystal axis b.

——0—0—9 o0
. .. NE ¥
m{ ; Y JH
e Ta —
/ c
aeanenalibe S o
\‘/\/\/
*——=0—p——0—0—0—¢g
—o—0 o o oo

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



45

In each of these sites there are four likely minimum orientations
of the molecule corresponding to successive rotations by 90° about the
z (out of plane) axis. In site A, the appearance of only five lines, one
(@2) which does not burn, can be explained if one orientation is
sufficiently symmetric that two orientations are identical, resulting in
the coincidence of four lines. In site B, the fact that only four lines
appear initially indicates that either only two of the orientations are
occupied on cooling, with both phototautomers present, or that all four
orientations are occupied with only one phototautomer in each
orientation. The latter would most likely result in pair-wise burning
patterns. However, we observe that burning in any of the initial four
Iimes results in four new lines. This can be explained only if
molecules can be photophysically rotated in plane by 90° upon
burning. This indicates that only two orientations, with both
phototautomers, are initially occupied, and that burning causes
tranformation among all eight possible configurations.

Koehler’s® analysis was based on crystallographic data for n-
octane obtained by Mathisen et al.” at 90 K. Using these results alone,
it is difficult to explain our results upon buming site B. However,

recent findings Neumann et al.'’, via neutron diffraction studies,
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confirm the n-octane structure obtained by Mathisen et al. for
temperatures greater than 55 K, but below this temperature they
observed a phase change for the crystal lattice that led to a doubling of
the (longitudinal) b axis of the unit cell.'’ The existence of this phase
change provides a reasonable explanation for our results. Since the
unit cell is doubled along the crystal b axis below 55 K, the molecular
environment is somewhat of lower symmetry than above 55 K,
allowing for more distinct orientational sites. Furthermore, on
burning at these laser powers, some local heating is inevitable,
resulting in possible elevation of the local temperature above the
phase transition.. This would allow rotation of molecules and most
likely reorientation of molecules in site B, which would lead to
transformation among the configurations.

The phase change for n-octane, prompted by localized heating
during excitation, also explains the ability to burn from lines in site B
to lines in site A. During excitation, localized heating causes a
softening of the n-octane lattice. The relaxed environment allows for
molecules in site B to photophysically transform into lines of site A,

even with the sites being perpendicular in the n-octane lattice.
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4.1 Introduction

In previous years there has been confusion as to the quantum
designation of the ground state of Al,. This was due to the various
electronic configurations available for the ground state via 6o, on, or
nt chemical bonding. Sound evidence was presented by Cai, Dzugan,
and Bondybey', via fluorescence studies of laser vaporized aluminum,
and Fu, Lemire, Bishea, and Morse’, via resonant two photon
1onization of jet cooled aluminum dimers, that the ground state for Al,
is of °IT, symmetry. Cai et al. also reported a ground state frequency
of 284.2 cm™ for aluminum dimer.

In this paper we present the resonance Raman spectrum of
aluminum dimers in an argon matrix. Exciting with various lines of
the visible, and near infrared spectral regions, we obtain a
fundamental at 292.3 (5) cm™. This is accompanied by a progression
of lines up to 1149 (1) cm™. The spectroscopic constants for the
aluminum dimer were obtained by extrapolating successive
differences of band centers of the resonance Raman spectrum of the

dimer. This leads to a ground state vibration of ®e = 295.7 (5) cm’,

with an anharmonicity of ®wex. = 1.68 (5) cm™. Our results are in
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agreement with the work of Cai et al. and Fu et al. and we add

confirmation that the ground state of Al, is 1,

4.2 Experimental

The resonance Raman spectrum of Al, was acquired using the
CCNY Metal Cluster Deposition Source (Fig 4.1). The design of this
apparatus has been discussed in detail in other publications™* but will
be mentioned briefly here for the resonance Raman experimentation
of Al,, An argon ion beam of 10 mA (at 25 eV) sputters a water
cooled aluminum metal target, purchased from Alfa Aesar at 99.9%
(REO). A series of einzel lenses collect the sputtered aluminum
cluster ions from the metal sputtering region. A Wien filter mass
selects the focussed aluminum cluster ions. Any neutral aluminum
atoms produced during the sputtering process that pass through the
mass selector are removed via a 10° bend in the path following the
Wien filter. A second set of einzel lenses focus the mass selected
aluminum dimer cations into the deposition region, which are then
codeposited with electrons, for neutralization, onto a CaF, substrate.
A cryostat pumps the deposition region to cool the surface of the

substrate to ~ 16 K. To prevent degradation of the aluminum dimers
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Fig. 4.1 Picture of the CCNY Metal Clusters Beam (above) and
overhead schematic of the apparatus (below).
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upon impact with the CaF, substrate, Al, clusters are slowed to ~ 15
eV to ensure a soft landing on the substrate. The current under hard
landing conditions was measured at 60 nA. The Al,/Ar matrix had a
growth rate of ~ 6um/h. The argon:metal ratio was ~ 10*:1. A
resonance Raman spectrum was recorded after a six hour deposition at
a current of ~ 50 nA for Al,.

The resonance Raman spectroscopy was carried out in situ on
the matrix sample. An .absorption spectrum, in the form of a
“scattering depletion spectrum” (SDS) was also obtained. The “SDS”
absorption is a ratio between scattered light from the edge and center,
where most of the sample is deposited. The scattered light is collected
at a 90° angle from the incident radiation. The absorption spectrum
was recorded after a six hour deposition at a current of ~ 50 nA for
Al,. No obvious absorption band could be assigned to Al,.

The wvisible lines of a Spectra Physics 2045 argon ion laser,
laser lines from a Coherent model CR599 dye laser, employing the
dyes R6G, R110, and DCM, and near IR lines from a Lexel model
479 titanium sapphire laser were used to observe resonance Raman
features of the mass selected aluminum dimers. The 327.0 cm™ line

of the CaF, substrate was used to calibrate all Raman shifts. The
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Raman excitation profile for Al, was generated by stepping the dye
laser in increments of ~ 4 nm and observing the varying intensities of
the Raman spectrum. The detection system for the metal cluster beam
consists of a Spex 1877E 0.6m Triplemate Spectrometer coupled with

a liquid nitrogen cooled CCD system (Spectrum One and CCD30).

4.3 Results

The resonance Raman spectrum of Al, in an argon matrix is
shown in Fig. 4.2. These bands are observed by probing the Al/Ar
matrix with excitation frequencies that range from 620 to 760 nm. At
an exciting wavelength of 660 nm, a total of nine bands were
observed for the dimer ranging from 278 cm” to 1149 (1) cm™.
Through temperature annealing of the resonance Raman spectrum Al,
from 16 K to 38 K, it was concluded that the 278 and the 285 (5) cm™
lines are side bands associated with the 292.3 cm™ line arising from
site effects of the Ar matrix. We assign the 292.3 (5) cm™ line to the
ground state vibration for aluminum dimer. This Raman line gives a
progression up to 1149 cm™. Significant resonant Raman

enhancements of the 292.3 cm™ line, in a spectral range of 660 nm to
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Fig. 4.2 Resonance Raman spectrum of Al, in argon matrices excited

at 660 nm.
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730 nm ( Fig. 4.3), further confirms our designation of this line as the
ground vibration. This band corresponds to the absorption observed
by Douglas, Hauge, and Margrave® at 699 nm. Taking successive
differences of band centers in the spectrum, we obtain, using a least
squares fit, ®. = 295.7 (5) cm™ and ®ex. = 1.68 (8) cm™.

Fig. 4.3 Resonance Raman excitation profile of line 292.3 and 285.5
cm’. Note that the 292.3 cm’ line shows significant resonant

enhancement
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4.4 Discussion
In earlier work on Al,, there were ambiguities as to the
designation of the ground state for aluminum dimer. The confusion
for this assignment is due to the several electronic configurations Al,
can attain by placing two 3p electrons in either a o, or m, bonding
orbital. With this, there are three reasonable designations for the
ground state of Al,, 2 'Y," state from the o, configuration, a *IT, from
the o,'m,' configuration, and a ’y., from the m,” configuration.’
Previous gas phase work on Al, by Ginter et al’, using
vaporization of aluminum metal in a graphite tube resistance furnace,
gave rotational spectra that displayed a 7:5 ratio of alternating
intensities of the spectral branches. This pattern is characteristic of a
homonuclear diatomic molecule with a nuclear spin of I = 5/2. With
their spectral observations and through interpretation of the rotational
bands, Ginter et al. reasoned that the only allowable electronic
transitions for Al, were of the *T, « *%; and °Z," « 3Z," type’
Douglas et al.’, in their observation and spectral interpretation of
absorption characteristics of Al, isolated in a krypton matrix,

designated the ground state symmetry for aluminum dimer as a 12;.
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Not until the work of Cai, Dzugan and Bondebey' and Fu,
Lemire, Bishea, and Morse’® was this problem resolved. Using
fluorescence studies of laser vaporized aluminum, in a spectral range
of 27,000 to 29,000 cm™, Cai et al.' observed vibronic bands in the
form of triplets with unequal intensities and a constant spacing of ~ 32
cm™. They observed a ground state vibration of 2842 cm™. The
unequal intensities observed in the triplet bands were attributed to
thermal populations of the spin-orbit components in the lower state.'
Their experimental observations were taken as evidence for °IT, as the
ground state.

Through resonant two-photon ionization (R2PI) of jet cooled
Al, molecules, Fu et al.? also concluded that the ground state was
unequivocally of °IT, symmetry. Their R2PI rotational spectrum
lacked the 7:5 intensity alternation of the spectral bands common for a
'Y « 'S homonuclear diatomic transition with nuclear spin I = 5/2.
This led to their reasoning that the Al, electronic transition was of the
Q' =0 « Q" =0 type, therefore eliminating the 'S," as the ground
state.” The 3Zg' state was eliminated as a possibility for the ground
state due to their observation of multiplet splittings of the upper states

of the E, E”, F’, and F band systems of their rotational spectra.2
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Resolvable A doublets were observed, which imply the originating
state has a triplet or higher multiplicity.> Of the three symmetries,
'Y’ )1, and *Y,, only the °I1, state fulfills this requirement. They
obtained . = 285.8 cm™ for the ground state.

Since our observations are made at 16 K, the electronic
transitions must originate from the ground state. We take our value of
®e to display a reasonable matrix shift from the gas phase result
obtained for the °IT, state (as opposed to the value of 350 cm™ for the
3% state).’ Our results therefore add confirmation to the assignment

of the °IT, as the ground state.
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5.1 Introduction

There has been considerable interest in molybdenum
compounds due in part to their importance in environmental systems,
the human body, catalysis, and other areas.' It is therefore of interest
to consider molybdenum in its bare metal cluster form. Molybdenum
dimer, Mo,, is noted for having one of the strongest metal-metal
bonds with a likely bond order greater than four,” and it would be
worth while to examine whether this strong bonding extends to the
trimer.

For Mo,, much spectroscopic interest has been centered on
characterization of its optical properties. Efremov et al. detected
vibrational and rotational frequencies due to Mo, produced via flash
photolysis of crystallized molybdenum hexacarbonly.* They probed
the gaseous Mo, molecules observing three optical transitions which
they designated system A, system B, and system C. They found
vibrational fundamentals in each of the states involved, from which
they obtained the lowest state fundamental as ®. =477 cm™.*

Pellin et al., via pulsed laser probing of Mo, in an argon matrix,
observed fluorescence in the spectral range of ~ 724-850 nm when

exciting at various wavelengths ranging from 498-543 nm.’ Their
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fluorescence spectra yielded two sets of nearly identical progressions
that are slightly shifted in spectral range from one another. These
were attributed to the existence of two sites in the argon matrix into
which Mo, can be incorporated.s Because of this, they termed the
emission as red and blue emission. From their fluorescence results,
Pellin et al. determined the vibrational frequency of a low lying state,
presumed to be the ground state, with ©. = 473 cm™” for the red
emission and ®. = 477 cm’ for the blue emission.’ This was
confirmed by observation of a single Raman line at 475 cm’™ m a
narrow spectral range.®

It was also observed by J.B. Hopkins et al. that Mo, displayed
an electronic state with ®. - 449 cm™ via pulsed laser vaporization of
the metal and forming ultra cold mass selected metal clusters by
resonant two photon ionization spectra.” The vibrational frequencies
for several electronic states of Mo, obtained by Efremov et al.,* Pellin
et al.,’ and J.B. Hopkins et al.” were predicted in calculations by
Bursten et al.® via multiconfigurational SCF with configuration
interaction. No previous spectroscopic work has been carried out for

M03 .
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In this work we present the resonance Raman spectra, the
absorption (scattering depletion) spectra, and the Raman and
fluorescence excitation profiles of the mass selected metal clusters of
molybdenum dimer and trimer. We observe the resonance Raman
spectra of Mo, in the excitation region of ~ 451-461 nm and at
exciting lines of 488 nm, 496.5 nm, and 501.7 nm. The Raman
spectrum of Mo, displays three fundamentals at 394.5 (12) cm™, 446.0
(81) cm™, and 473.3 (15) cm™. The 394.5 cm™ peak is the most
intense and includes a series of three overtones up to 1552 cm™.
Fluorescence from Mo, was observed exciting in the region 440-685
nm. The fluorescence in this region is the same as that obtained by
Pellin et al.’ Both blue and red fluorescence of Mo, due to matrix
effects, are observed in our spectrum. We also extended the region of
excitation consisting of weak fluorescence peaks to ~ 560-680 nm.

There has been no previous resonance Raman work on
molybdenum trimers. The absorption (SDS) spectrum of Mos
displays a broad band extending from ~ 575-625 nm, with an
absorbance maximum around ~ 600nm. We excited near the

abzorbance mavimum and abserved four resonance Raman lines
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(5) cm™, 2362 (8) cm™, 386.8 (12) cm™ and 4469 (7) cm™. We
assign the 386.8 cm™ peak as the ground state fundamental of the
symmetric stretch v;(a;). The lines at 236.5 and 224.5 cm™ are
attributed to the antisymmetric stretch v,(b;) and the bend vsi(a;)
respectively. The line observed at 4469 cm™ is assigned as an

overtone to the antisymmetric stretch.

5.2 Experimental

The insttumentation for the CCNY Metal Cluster Deposition
Source has been described in detail in previous publications®’ but will
be briefly detailed in this experimental section. A 10 mA argon ion
beam (at 25 keV) sputters a water cooled molybdenum metal target,
purchased from Alfa Aesar at 99.9% purity. Molybdenum cluster
ions are collected from the metal sputtering region by a series of
einzel lenses. Ions are then mass selected via a Wien filter. The path
following the Wien filter is bent by 10° to remove any neutral
molybdenum atoms produced during the sputtering process.

Mass selected molybdenum cluster ions are then focused by an
einzel lens into the deposition region where Mo,', or Mos', is co-

deposited with argon gas and electrons for neutralization onto a CaF,
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substrate. All this is done while the CaF, substrate is at a temperature
of ~ 16 K. Before depositing the Mo,, or Mos, onto our substrate, the
mass selected ions were slowed to 10 eV for Mo, and to 24 eV for
Mo; by a Faraday cage surrounding the cooled CaF, plate. This is
done to produce soft landing conditions for the mass selected sample.
The currents for hard landing conditions (Vg = 300 V) were
measured for Mo," to be 150 nA and 35 nA for Mos* The
argon/Mo,(Mos) matrix was grown at ~ 6um/h with an Ar : metal
ratio of ~ 10*:1. Upon comparison of atomic molybdenum excitation
features with those of Mo, and Mos;, with molybdenum atoms
deposited under the same conditions, the fragmentation ratio for Mo,
is estimated to be ~ 3% and for Mo; < 1%.

The matrix samples were probed in situ via absorption and
Raman spectroscopy. The absorption spectrum for both Mo, and Mos
were obtained via a scattering depletion spectrum (SDS). With SDS,
a ratio between scattered light from the center of the substrate, where
most of the sample has been deposited, and scattered light from the
edge of the substrate are collected at a 90° angle to the incident. For
these experiments, the absorption (SDS) spectrum was recorded after

a six hour deposition of ~ 600 nA for Mo, and ~ 170 nA for Mos. The

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



66

matrix sample was also probed via temperature annealing. The
temperature of the sample matrix was raised slowly from 16 K to 38
K and then lowered back to 16 K. Subsequent Raman spectra were
taken when the system returned to 16 K. Annealing temperatures
were controlled with a Scientific Instrument Series 5500 Temperature
Controller.

Raman experiments were carried out using the visible lines of a
Spectra Physics 2045 argon ion laser, which pumped a Coherent
model CR599 dye laser employing the dyes R6G, Stilbene 3, R110,
and DCM. All Raman shifts were calibrated using the 327.0 cm™ line
of the CaF, substrate. Observing the Raman spectra of Mo, while
tuning the dye laser in small increments in various absorption regions
for the dimer generated the fluorescence and Raman excitation
profiles for Mo,. This method was also used to generate the Raman
excitation profile for Mo;. The detection system for our cluster
deposition source consists of a Spex 1877E 0.6m Triplemate
Spectrometer coupled with a liquid nitrogen cooled CCD system
(Spectrum One and CCD30). The information from the CCD is
interpreted and displayed by DM3000R software interfaced to a

computer.
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5.3 Results and Discussion: Mo,

The resonance Raman spectrum of an ~ 600 nA-h sample of
Mo, in an argon matrix is shown in Figure 5.1. The Raman spectrum
gives three Raman fundamentals at 394.5 cm™, 445.0 cm™, and 473.3
cm™ and three overtones of 394.5 cm™ at 783.0 (52) cm™ and 1167.0
(49) cm™ and 1552 cm™”. Normally only a single fundamental is
observed for a diatomic molecule unless tied to an origin of a low
lying electronic state.'®!! Surprisingly, we observe several lines with
the same origin (i.e. the Rayliegh line). Note, however, that two of
these fundamentals (445 and 473 cm™) were previously observed in
emission and absorption studies.*” The 394.5 cm™ Raman shift is by
far the most intense Raman peak of the three vibrational fundamentals
observed in the Raman spectrum of Mo,. Pellin et al.® observed only
one line at 475 cm™ in a Raman spectrum exciting with several argon
ion laser lines. However, the large number of atoms in their sample
produces considerable interference from fluorescence, which most
likely prevents possible observation of the lower frequency lines.
With the mass selection provided in our experiment, this spectral

interference is not a problem.
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Fig. 5.1 Resonance Raman spectrum of Mo, in argon matrices excited
at 4579 nm. The inset shows the significant Raman enhancement of
the 394.5 cm™ line.
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The Raman excitation profile of Mo, is shown as an inset of
Figure 1. One weak absorption region is centered at ~ 457 nm, and
the other region is near ~ 500 nm. In the region above 500 nm,
fluorescence begins to obscure our Raman excitation profile. Note
that the 395 cm™ Raman shift shows a peak at ~ 457 nm and rises in
intensity as it approaches the ~ 500 nm region while the profiles
arising from the other two lines remain relatively flat. This latter is in
agreement with the observation of Pellin et al.’ for the intensity
variation of the 475 cm™ line. It is most likely that the 394.5 cm™ line
is resonantly enhanced, while the other two are from normal Raman
scattering.

We also observe fluorescence from Mo, in the exciting region
of ~ 520 nm. This fluorescence for Mo is identical with that which
was observed previously by Pellin et al.> We observe, as did they, the
red and blue fluorescence shift of the spectral peaks due to the ability
of the dimer to be incorporated into two different sites in the argon
matrix. - We also extended the region of fluorescence excitation for
Moz mto the region between 556 nm to 725 nm (Fig. 5.2). This region
displays the same red and blue emission due to site effects of Mo, that

were observed in the fluorescence region at ~ 520 nm.
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Fig. 5.2 Fluorescence excitation profile of Mo, in argon matrices.
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However the fluorescence excitation profile of Mo, reveals several
new optical transitions, marked B, at 16,698 (0-0) cm™, 17,049 (0-1)
cm, and 17,397 (0-2) cm™ for the red site emission, with and average
spacing of ~ 350 cm™. For the blue site emission these transitions are
observed, marked A, at 15,444 (0-0) cm™, 15,744 (0-1) cm™, and
16,123 (0-2) cm™, with and average spacing of ~ 340 cm™. The
intensity observed here is much weaker than that observed near 500
nm and therefore presumed to represent nominally forbidden
transitions. Upon annealing to 38 K, the blue site fluorescence
decreases in intensity while the red site fluorescence increases in
intensity. This indicates that the red site is indeed the most stable.

Our observation of the three different fundamentals in the
Raman spectrum implies that we are observing spectra in three
distinct states and leads us to ask the question, which corresponds to
the ground state? Clearly all three can not, and at these temperatures
our experiment can only be explained if two of these states are
populated by some optical pumping mechanism. From vibrational
analysis of the observed emission of Mo,, Efremov et al.* obtained w.

=477.1 cm™ for the lowest state, which they designated, X(‘Z;"). For

the excited states they found @, = 443.4 cm™ A('Z,), ®. =412.0 cm’
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B('IL,), and ®. = 408.0 cm™ C('Z,).* Agreement of AG", . 5 values
for the B and C systems indicates that they both have a common lower
state.*  Furthermore, they reasoned that since the absorption
frequencies of the A and C systems correspond to bands observed in
an argon matrix,* which implies that the lower state in each of these
systems must be the ground state.

However, our observation that the 394.5 cm™ line is resonantly
enhanced in the region near 500 nm (inset of Fig. 5.1), while the lines
at 446.0 cm” and 473.3 cm’ apparently are not, calls this into
question. The observed resonance enhancement of the 395.4 cm™ line
implies either that it is the vibrational frequency of the ground state,
or both the ground state (presumably with ®. = 473 cm™) and the
electronic state with . = 394.5 cm™ both have optical transitions near
500 nm.

Further evidence comes from the observation of the power
dependence of the ratio of intensities of the 394.5 cm™ line to that of
the 473 cm™ line (Fig 5.3). This is shown in Figure 3 over a laser
power range of 25-100 mW. Although the point obtained at the
lowest power is relatively unreliable, the trend is clear. As the power

is increased, the relative population of the state associated with the
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Fig15.3 Laser power dependence ratio of Raman lines 395 and 473
cm .

24

Intensity Ratio of 395 cm ™' 1473 em*!
S
§
®

164

¥ T Y T ¥ T M T

20 40 60 80 100
Laser Power (mW)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



74

394.5 cm™ line decreases with respect to that of population of the state
corresponding with the 473 cm™ line. A similar trend is observed
with the ratio of the 394.5 cm™ to that of the 446 cm™ line. This
implies that optical pumping tends to populate the states with
frequencies of 446 cm™ and 473 cm™.

These results raise the possibility that all the previous
experiments may not be observing the ground state but instead states
mvolving a manifold with a metastable lowest level. Efremov’s
experiments involve production of Mo, by flash photolysis, which
could easily lead to population of a metastable level. In fact, their
maximum intensity was obtained only after a 60 us delay. The long
lived emission observed by Pellin et al.’ and Heimbrook et al.'? (> 2
ms) indicates only an emission from a different manifold to a lower
state. Note, as pointed out by Simard et al."’, the lowest energy
separated atomic limit ("S; + ’Ss) gives rise to 7 Hunds case (a) states

(of £ symmetry with spin degeneraciesof 1,3, 5, ....... 13) or 28 case

(c) states. All calculations agree that the ground state must be a 12;.
There have been several calculations of the ground state
frequency. Atha, Hiller, and Guest’, using single determintal doubly

excited CI treatment, indicate . = 388 cm™. Bursten, Cotton, and
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Hall® use a multiconfigurational calculation with 3,212 spin adapted
configurations. The two calculations differ by the number of bond
centered functions and give @. = 392 cm™ and 475 cm™ respectively.
Despite their observation that increasing the number of configurations
tends to decrease ®., they choose the higher number as correct since
that was more in agreement with the experiments known to them ( i.e.
Efremov’s). Their lower number, however, is closer to our observed
line at 394.5 cm™.

We feel that the evidence presented here raises the possibility
the XIZ,;+ ground state of Mo, has a vibrational frequency of 394.5
cm’, as observed in our Raman experiments. Also note that it is
possible for the states with frequencies of 446 cm™ and 473 cm™ to
represent levels in other manifolds that are metastable with respect to
the ground state. If correct, our value of k. = 4.48 mdyne/A, though
still very high, indicates a considerably lower bond order for Mo, than
had previously been considered, ke = 6.43 mdyne/A (for ®. =477 cm™
Y. Clearly additional experiments are needed to arrive at a definite

assignment for molybdenum dimer.
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5.4 Results and Discussion: Mo3

The absorption spectrum of an ~ 220 nA-h sample of Mos in an
argon matrix is shown as a “SDS” spectrum in the inset of Figure 5.5.
Note, that the Raman excitation profile for Mos, also shown in the
inset of Figure 5.5, mirrors that of the absorption “SDS” spectrum and
confirms its assignment to the trimer. The absorption of Mo; displays
a broad band in the region of ~ 575 to 625 nm. The maximum for
this absorption is in the region of ~ 600 nm. We excited at 590 nm
and observed resonance Raman lines for Mos at 224.5 (5) cm™, 236.2
(8) cm™, 386.8 (12) cm™, and 446.9 (7) cm™ (Figure 5.5). We assign
the band 386.8 cm™ to the totally symmetric stretch v(a;) of triatomic
molybdenum (C,,). The vibrations at 236.2 and 225.5 cm™ may be
assigned to the v,(b;) antisymmetric stretch and the vs;(a;) bend
respectively. The band observed at ®. = 446.9 cm™ is assigned as an

overtone 2v,(a;).
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Fig. 5.6 Resonance Raman spectrum of Mo; in argon matrices
excited at 590 nm. Shown as an inset is the absorption (SDS)
spectrum and the Raman enhancement profile of line 224.5 cm™.
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In a recent density functional study of small Mo clusters Pis
Diez'® predicted that the ground state of Mos; will be an equilateral
triangle with a 3A'2 state arising from & la’? 12,2 le” 22’} 32’2 1’
2e" configuration. The vibrational frequencies for this state are 271
cm’ (¢)) and 446 cm’ (a,'), bothh somewhat larger than the
assignments in this study. It might be tempting to assign our observed
line at 446.9 cm™ to the symmetric stretch in agreement with the
calculation, but then it would be impmssible to assign the remaining
three lines to a trimer, since only three fundamentals are expected.

The symmetric stretch force constant obtained in the vibrational
assignment is k. = 2.87 mdyne/A. As suggested by Ozin and
Macintosh, the force constant for the tritmer should be ~ 1/2 that of the
dimer (k. = 4.48 mdyne/A)for an equilarteral triangle, and ~ 2/3 that of
the dimer for linear geometry. Our observed force constant lies
between those two limits, consistent witch our C,, geometry. Using the
central force approximation we obtain an apex angle of 83.7° for the

C,v geometry of the trimer.
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6.1 Introduction

This work is an extension of our previous studies on transition
metal trimers'. Cr is of special interest due to the great disparity
between the relatively close d-orbitals and the diffuse nature of the s
orbital. The ground state configuration of Cr atom is 3d°4s’, which
provides ample opportunity for multiple bonding, and increasing
sophistication of our ability to carry out accurate calculations on these
species encourages us to obtain accurate spectroscopic properties.

Transition metal clusters present experimental problems in that
it is often difficult to obtain a sample of a particularly chosen cluster,
free of contamination from other clusters of nearby nuclearity.
Spectroscopic studies of such samples often lead to uncertainty as to
the exact nature of the observed species. We have solved this problem
by construction of our mass-selection apparatus, which has provided
unambiguous spectroscopic results.

In this work we obtain the absorption, and resonance
Raman spectrum of mass-selected chromium trimers. The Raman
spectrum consists of five lines, four of which form a progression that

can be assigned to the symmetric stretch normal mode vibration. The
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remaining line can be assigned to the degenerate bend of an

equilateral triangle (Ds3y).

6.2 Experimental

Previous publications have described in great detail the
instrumental setup of the CCNY metal cluster beam.>” In this section
we present a brief description of the experimental parameters
employed by the apparatus for the formation, mass selection,
deposition, and subsequent in situ resonance Raman spectroscopy of
chromium trimers in an argon matrix. Chromium cluster cations are
formed wvia argon ion plasma bombardment (at ~ 10 mA and
accelerated at 25 keV) of a water-cooled chromium metal target (at
300 V) purchased from Goodfellow at 99.7% purity. A series of einzel
lenses collect the chromium cluster ions from the sputtering region
and focus the ions into the mass selection apparatus. Chromium
trimers are then mass selected by a Wien filter. Most neutral
chromium atoms produced during the sputtering process that traverse
the Wien filter are lost to the system via a 10° bend of the path

following mass selection.
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Another set of einzel lenses focus the mass selected chromium
trimer cations into the deposition region, where they are co-deposited
with argon and electrons, for neutralization, onto a CaF, substrate.
The Cri3/Ar matrix is formed under cryogenic conditions (~16 K).
Before actual deposition of Cr; onto the CaF, substrate, the trimers are
slowed to ~ 10 eV, with respect to the potential across the metal
target, by a Faraday cage encompassing the cooled CaF, substrate.
This is done to ensure a soft landing of the mass selected sample onto
the CaF, substrate. The current under hard landing conditions was
measured to be 40 nA.

The chromium trimers were probed in situ via resonance
Raman and absorption spectroscopy. The absorption spectrum for Cr;
is obtained using scattering depletion spectrum (SDS). SDS is an
absorption measuring technique in which a ratio between scattered
light from the center of the CaF, substrate, where a majority of the
sample is deposited, and scattered light from the edge of the substrate
is obtained 90° from the incident radiation. The absorption spectrum
(SDS) of chromium trimer in an argon matrix was acquired after a

five hour deposition of the molecule at an average current of 24 nA,
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giving a total concentration of ~ 120 nA-h. As a check on our results,
we separately deposited Cr, with a total concentration of 100 nA-h.

Although a distinct SDS spectrum of Cr, wvas obtained, no
Raman intensity was observed. Consequently, we cosuld not estimate
the fragmentation ratio of Cr; to Cr; in the usual fashion. Crude
estimates from the SDS spectra give a maximum fra;gmentation ratio
of 10%.

Resonance Raman experiments were performeel employing the
visible lines of a Spectra Physics 2045 argon ion lasem, as well as dye
lasers utilizing R6G (spectral range ~ 575 to 622 mm), and DCM
(spectral range ~ 630 to 685 nm) dyes. All Raman lines were detected
with a Spex 1877E 0.6m Triplemate Spectrometer coupled to a liquid
nitrogen cooled CCD (Spectrum One and CCD30). A1l collected data
was interpreted and displayed by DM3000OR software interfaced with

a computer.

6.3 Results

The resonance Raman spectrum of chromiumn trimer (Cr3)
isolated in an argon matrix at ~ 16 K is shown im Fig6.1. All
observed Raman frequencies were averaged over a maximum of 25

spectra in an exciting range of ~ 460 to 685 nm and are calibrated
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with respect to the 327 cm™ Raman shift of the CaF, substrate. At an
excitation wavelength of 476.5 nm, the isolated Cr; displays five
distinct Raman lines. The observed frequencies of these lines are
302.0 (87), 400.0 (7), 766.1 (8), 1,100.8 (10), and 1,438.7 (16) cm™.
No other lines were observed down to 100 cm™. The Raman line
located at 400.0 cm™ is the most intense of all the observable bands in
our spectrum and we attribute the three Raman lines at higher

Fig. 6.1 Resonance Raman spectrum of Cr; in argon matrices excited
at 476.5 nm.
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frequencies, up to 1,438.7 cm™, as a spectral progression in the 400.0
cm” frequency. We assign the 400.0 cm™ line to the totally
symmetric stretch vi(a’;) of chromium trimer.

Taking successive differences of Raman band centers and
employing a least squares fit (we have left out the line at 1,438.7 cm™
from this analysis, due to low signal-to-noise ratios), we obtain a
ground state harmonic frequency of . = 432.2 (16) cm™ with ®ex. =
16.3 (37) cm™. The other Raman line, observed at 302.0 cm™, is
assigned to the degenerate bending motion v,(e’) of the triatomic
metal cluster. The frequency ratio of the two fundamentals 432/302 =
1.43 is sufficiently close to V2 to indicate that the symmetry of
chromium trimer is Ds,. A summary of our assignment for this
spectrum is given in Table 6.1, and values for all spectroscopic
constants for this system, namely the ground state vibration for Cr;
(0e), the anharmonicity (wex.), the force constant (k.), and the
atomization energy (D.”) are given in Table 6.2. Note that, as in the
dimer, the force constant for the trimer (1.91 mdyne/A) is rather large,
suggesting considerable involvement of d-electrons in the bonding.
However, the energy of atomization (0.36 eV) is quite low. Such

considerations led Casey and Leopold® to suggest that the potential
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governing nuclear motions in the dimer deviates considerably from
that of a Morse curve. It is likely that such considerations hold for the

trimer as well.

Table 6.1 Summary of observed frequencies for Cr clusters from various
laboratories as compared to resonance Raman frequencies obtained via the CCNY

metal clusters beam.
Frequencies (cm™) and Frequencies (cm™) and
assignments for cluster assignments for mass selected
matrix® Cr3 (this work).
123
145
155 A(0-0)
226
302.0 v2(e)
308 n®
396 w® 400.0 vi (a1)
439
550 A(0-1)
~620°
~770° 2n @ 766.1 2w
~919° A(0-2)
~1100° 3@ 1101.0 3v;
~1410° 4y, @ 1439.0 4v,

a) See reference 6 and 9. Superscripts (2) and (3) denotes dimer and trimer.
b) Estimated from published spectra in reference 6.

Table 6.2. Spectroscopic constants obtained from Cr; resonance
Raman spectra.

we(cm’)  @Xe(cm')  De(eV) (mdykﬁe/A)

432.2 (16) 16.3 (4) 0.36 1.90
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We also observe an absorption spectrum for Cr; in the form of a
scattering depletion spectrum, as shown in Fig 6.2. The absorption of
Cr; displays noticeable absorption bands in an exciting region of ~
400 to 685 nm. The positions of these absorption bands are given in
the figure. Plotted parallel with the SDS spectrum for chromium
trimer are the resonance Raman excitation profiles of the 400.0 and
302.0 cm™ lines. The excitation profiles show significant resonance
Raman enhancement of the 400.0 cm™ line in the absorption region of
~ 461 and 477 nm. We were unable to probe the absorption region
between ~ 525 to 575 nm due to the unavailability of dyes in this
region. The 302.0 cm™ line, v,(e’) vibration, shows relatively strong
resonant enhancement at ~ 604 and 647 nm. This indicates the
existence of strong vibronic coupling in the excited state of these two
optical transitions.” This conclusion is also likely for the 477 nm
transition.

Upon deposition of Cr, we found no Raman transitions despite
an intensive search across the excitation region. We take this to mean
that there is little or no resonance enhancement of the dimer lines. A
portion of the absorption (SDS) spectrum is shown for Cr, in Fig. 6.2.

Note there 1s overlap of dimer and trimer absorption in the region of
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Fig. 6.2 Absorption (SDS) spectrum of Cr; in argon matrices. The
SDS spectrum of Cr; is also displayed as a miniature.
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450 to 500 nm, but that the spectra are clearly distinct. There is no

measurable intensity for Cr, at longer wavelengths.

6.4 Discussion

Using resonance Raman spectroscopy, DiLella et al.® examined
a mixture of chromium metal clusters. These molecules were formed
by sublimation and subsequent condensation with Ar, Kr, and Xe onto
a polished aluminum surface (~ 12 K). Upon excitation at 514.5 nm,
Dilella et al. observed 13 spectral lines that we have listed in Table
6.1 along with our results. They found two major progressions that
began with fundamentals located in their spectrum at 308 and 396 cm’
'® One progression (396 cm™) may be characterized by vibrational
constants ®. = 427.5 cm™ and ©.x. = 15.75 cm™ and was assigned to
the dimer, and the other, based on a line at 308 cm™, gave vibrational
constants ®. = 313 cm’ and wx. = 2 cm'® Since this latter
progression (along with lines at 226 cm™ and 123 cm™) increased in
mtensity simultaneously upon illuminating a more metal rich portion
of the sample, they assigned these lines to the trimer. In addition, a
progression with an origin at 155 cm™ was assigned (in a later work)

to an excited state (A) of the dimer.®
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Through pulsed YAG laser vaporization of chromium metal,
Bondybey and English’ observed fluorescence excitation spectrum for
Cr,. Based upon their interpretation of the high resolution spectrum,
they were certainly viewing emission due to Crp, ie. alternate
rotational lines were missing from the spectrum, and only the P and R
branches were present. From their observed gas phase emission
spectrum, Bondybey and English derived AG» = 452.34 cm™ and a
ground state vibrational frequency for the dimer to be ®. ~ 470 cm™.
Our inability to observe resonance Raman intensity in Cr, is also
consistent with their observation that there is practically no change in
bond length (0.004 A) in the X to A transition. This would imply
extremely small Frank-Condon factors in the resonance Raman
spectrum.

The above value for . was confirmed in the negative ion
photoelectron spectroscopy of Casey and Leopold.® Their extensive
study resulted in the conclusion that the ground state of Cr, has a
potential curve that deviates strongly from a Morse potential. In order
to explain the observed vibrational spectrum, they had to assume a
“shelf” like addition to the curve and required terms up to order (v +

4)° to obtain an adequate fit. Their value of ®. = 474.3 cm™ is in
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excellent agreement with that of Bondybey and English and in marked
contrast with that of DiLella et al.° In a subsequent paper, Moskovits,
Limm, and Mejean9 revisited the spectrum of Cr; and concluded that
the discrepancy between the gas phase results and their matrix
isolation results (®. = 425 cm™) are due to an unusually large matrix
shift. Usually matrix effects shift observed vibrational frequencies by
1-2 %, so that a shift of almost 10 % must be considered quite large.

Our results presented here clear up this discrepancy. With the
advantages provided by mass selection we have shown that, in an
argon matrix, Cr; has no resonance enhancement. The observation by
DiLella et al © of a progression based on 396 cm™ and attributed to the
dimer is nearly identical to the lines observed in our trimer spectrum
(Table 6.1). We recommend that our assignment of the 400.0 cm™
progression as the totally symmetric stretch of chromium ftrimer is
indeed the correct assignment for this progression. It is likely that the
dimer was not observed by Dil ella et al_, since we see no resonance
enhancement in our mass-selected dimer deposit.

Despite this conclusion, we should note that the analysis of
DiLella et al. was strengthened by a careful isotope effect calculation

(including the effects of mass on w.x.) of the high resolution spectrum
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they attributed to the dimer. A similar analysis for the (Dj;) trimer
failed to fit their observed spectrum. We have been unable to confirm
their results since we do not observe these isotopic lines in our
spectrum. It is possible that matrix site effects, which were persistent
despite their attempts to anneal the sample, complicated their isotopic
lines. This explanation requires a rather remarkable coincidence.
Despite this discrepancy, we feel that the mass-selection afforded in
our experiments remains strong evidence that we are in fact observing
the trimer spectrum.

It should be noted that the line we observe at 302.0 cm’,
assigned to the e’ vibration, is not the same as that observed by
DiLella et al.’ at 308 cm™. The latter is considerably more intense
relative to the 396 cm™in their spectrum. Our observed Raman line at
302.0 cm™ is quite weak, with respect to the 400.0 cm™ line, and has a
very different excitation profile (see Fig. 6.2).

In a far IR study of matrix isolated Crs, Ozin and Mitchell'
observed over fifteen distinct lines in the range 95 to 325 cm™. They
attributed these lines to numerous sites with distinct angular
geometries. Since the totally symmetric vibration was not observed in

their experiments, they had no independent measure of the stretching
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force constant, and assumed £ = 1.00 mdyne/A, far lower than we
observe here (Table 3). However, our degenerate bending vibration
falls within their range of observation. We only see evidence for one
site. Because our Crs/Ar matrix is grown at a much slower rate than
that of Ozin and Mitchell’®, most likely our samples had sufficient
time to attain the most stable configuration.

In a recent work, Alex, Green, Millam, Villalta and Leopold"
examined the negative ion photoelectron spectroscopy of mass-
selected Cr;. They observed wvibrational spacings in the lowest
transition of 480(15) cm™ and 130(15) cm™, which differ considerably
from the results observed here. Most likely they are observing
transitions to a different state than we are, since the geometry derived
from these frequencies can not be D3y, and the force constants should
also be quite different.

Derouault and Dalibart'? carried out experiments involving
acquisition of UV-visible absorption spectra, Raman scattering
spectra, and luminescence spectra of highly concentrated chromium
fragments vapourized from a tungsten basket and cooled to 12 K in an
argon matrix. Using factor analysis methods on the acquired data they

resolved the spectra into seven absorption profiles labeled N1 to N7.
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Derouault and Dalibart assigned absorption spectra N2, N3, and N4,
which gave absorption bands in the 330 nm range, to Cr atoms in
different argon sites.'> Absorption profile N1 was assigned to an
excited state of Cr, and absorption spectrum N7 was attributed to Cr,.
They made this assignment based on previous absorption profiles
obtained by Klotzbticher and Ozin'® on chromium dimers and trimers
in argon matrices. Klotzbucher and Ozin observed low energy optical
absorptions for Cr; at 460/469 nm and for Cr; at 477 nm.

Comparing our absorption (SDS) profiles for both chromium
dimer and trimer to Derouault and Dalibart’s absorption spectra N5
(assigned Cr3), N6 (assigned Cr,-Cr), and N7 (assigned Cr,), there are
clear similarities. We observe the 469 nm absorption band for Cr; in
our absorption (SDS) spectrum, which they observe in their N6
(assigned Cr,-Cr) absorption spectrum. The 477 nm absorption band
that is observed for both chromium dimer and trimer in our
absorption (SDS) spectrum is similar to Derouault and Dalibart’s N7
(assigned Cr;) absorption spectrum. It is therefore likely that the 477
nm absorption as initially observed and attributed to Cr; by
Klotzbucher and Ozin is correct.”> This would imply the assignment

of spectrum N7 to chromium trimer instead of chromium dimer. This
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1s also consistent with our reassignment of the Raman spectrum of
Dilella et al.® This line of reasoning would also imply spectra N5 and
N6 to a chromium molecule of higher nuclearity, possibly Cry, and
chromium dimer with a small mixture of the atom respectively.

Clearly, if the above analysis is correct, the lines at 123, 226,
and 308 cm™ assigned by DiLella et al.’, to the trimer of chromium,
must be some other species. Since these Raman lines appear in
regions of their chromium sample more rich in metal, it is likely that
these lines are due to chromium clusters of higher nuclearity. The
most likely candidate is the tetramer, Cry. If the tetramer is a
tetrahedron we expect three distinct fundamentals v;(a;), v»(t), and
vi(e), which should have the frequency ratios of 2:V2:1 respectively.’
However, vi/v, =308/226 = 1.38 and v,/v; = 308/126 = 2.46, and thus
the tetramer must deviate significantly from a tetrahedral structure. A
square planar structure can also be eliminated since all the frequencies
should be nearly equal. Another symmetric possibility is a planar
rhombus (D,,). For such a structure, there should be six distinct
fundamentals. Two are of A, symmetry and should be observed in
resonance Raman spectroscopy, while those of By, Bys, and Bj,

symmetry should be Raman active.
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Assuming all bonds have an equal force constant, the frequency
ratios for vi(Ap): va(Ap): vi(Big) should be 3> / V2 / 1, (ie.
1.73/1.41/1), still considerably different from the observed ratios.
Either there is a considerable difference between the rhomboidal
diagonal bond force constant and the edge bond force constant, or
other possible geometries must be considered. Examining the ratios
observed, we might guess that the correct geometry lies somewhere
between a rhombus and tetrahedron. We can envision, for example, a
planar thombus in which one atom bends out of plane dihedrally in
C,, symmetry until it reaches an apex on top of the remaining three
atoms forming a tetrahedron. Normal mode calculations indicate that
the vibrational frequencies should vary monotonically between these
two limits but, as of now, there is insufficient data observed to obtain
a complete analysis. In the two limits, however it is possible to
calculate bond stretching force constants assuming the totally
symmetric stretch is at 308 cm’’. For a tetrahedron we obtain k. =
1.29 mdyne/A. For a rthombus (assuming all bonds with equal force
constant) k™ = 097 mdyne/A. Using the rules of Ozin and
McIntosh', as mentioned above, we can predict the expected force

constants. For a tetrahedral cluster, Cr4 (TJ), we expect k&P = 1/3 k.2
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= 1.15 mdyne/A. For a planar rthombus, Cr; (D), we expect k. =
1/3 k& (1.15 mdyne/A) for the diagonal bond and k. = 2/5 k? =
1.38 mdyne/A for the edge bonds.

We see once again that neither the rhomboidal nor the
tetrahedral geometry is likely, but that some intermediate (C,,)
geometry may be correct. Note, however, that the predicted force
constants and the observed force constants are sufﬁciently close in
magnitude to lend support for the assignment of these lines to the
tetramer. The only other set of metal clusters for which so much
information is known about the small cluster force constants is

tantalum’.
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