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Abstract

Layered metal sulfides MoS;, and WS, exhibit highly anisotropic surface chemistry.
Adsorption of molecules is stronger on the atomic layer edges than on atomic
planes. The edges are catalytically active in the petroleum hydrodesulfurization,
while the layer planes are inert. Dispersing MoS, and WS, on the nhanometer
scale can also lead to the onset of photocatalytic properties due to the bandgap
tuning by quantum confinement. In this work, we aim at determining how the
adsorption on surface sites is altered for the nanoparticles compared to the bulk
sulfides (micron-sized particles). A comparative study of the MoS; and WS,
nanoparticles and bulk materials is done by attempting the adsorption of small
molecules (N, CO, acetone, and acetonitrile) to probe the surface sites. MoS,
and WS, nanoparticles were synthesized by thermal decomposition of the metal
hexacarbonyls in presence of sulfur in high-boiling solvents. The size range is
5-30 nm from Transmission Electron Microscopy. Transmission Infrared
Spectroscopy was used to monitor the spectra of the probe molecules. A
dedicated experimental setup has been constructed that consists of a
high-vacuum chamber with a base pressure of 5107 Torr. At the lowest
achievable temperature of the sample (-145°C), N, CO, and acetone were found
to not adsorb strongly enough to be retained in vacuum on these materials.
Acetonitrile was found to adsorb on these materials at -145°C and to desorb

between -90°C and -50°C. The nanomaterial samples adsorbed significantly



more acetonitrile than the corresponding bulk sulfides, as judged by the infrared
signals intensity. Qualitatively, adsorbed acetonitrile species on nanodispersed
and bulk sulfides are the same. It s likely that most of the adsorbed acetonitrile
observed is physisorbed as ice or adsorbed on the sulfur-terminated terraces. At
the final stages of desorprtion, distinctly different adsorbed species are seen
whose C=N stretching IR bands are shifted to higher frequencies. Itis likely that
these minority species are at monolayer or submonolayer coverages. The exact

nature of the species requires further studies.
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Chapter 1. Introduction

Molybdenum(lV) sulfide and tungsten(lV) sulfide are industrially and
technologically important materials. They are currently used in industry as solid

lubricants and petroleum hydrodesulfurization catalysts.'®> Potentially, they might

17-20

also be employed as lithium ion anodes in batteries and as photocatalysts.

MoS, and WS, have layered crystal structures that resemble that of graphite. In
each layer, a hexagonally packed layer of metal atoms is sandwiched between two
layers of sulfur atoms (see Fig. 1). The adhesion between sulfur-terminated
layers is relatively weak and the layers can slide with respect to each other; which

is the key reason why MoS, and WS, are used in industry as solid lubricants.

Terraces
® € o o o o ¢ o o

® ®©® ®O® ® O o Edges
e @ o ¢ o ® o o o

Fig. 1. Atomic arrangement of MoS, or WS,. Side View across the atomic layers. Big
circles designate metal atoms, small circles designate sulfur atoms.



In the approximation of an ionic bond, the sulfur atoms achieve closed shell
electron configuration by withdrawing valence electrons from the metal. Hence,
sulfur terminated surfaces render MoS, and WS, chemically inert. The Mo*" or
W*" ion retains two valence electrons on the d-subshell, such that both highest
occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO) are located on metal ions. The materials behave as narrow band

semiconductors at a bandgap of 1.2 eV for MoS; and 1.3 eV for WS,.1%#

The stacking of MoS, and WS, layers produces two distinct types of surface
termination, the flat sulfur terminated terraces and truncated layer edges. The
two sites have very different structures. The terrace sites present closely packed

layers of sulfur ions. The edge sites are different in two aspects:

(1) The S atoms that are located on these edge sites are mobile; this

creates less steric hindrance for coordination to the metal atoms

(2) The d-orbitals of the metal atoms are partially exposed on the edge
sites; this protrusion outward of the metal electronic states gives the edge

sites the ability to strongly adsorb various molecules.

Edge sites are the predominant adsorption sites for CO,” Pyridine,?
benzothiophene,® and thiophene.’®  Edge sites thus dominate the MoS,
reactivity in hydrodesulfurization of petroleum.’® The catalytic transformations

occur exclusively at the edges; whereas, the terraces are catalytically inert.

Several theoretical studies focused on the adsorption properties of edges versus



terraces on MoS,. In the papers by Huang and Zeng,® it was shown that CO
preferentially adsorbs on the edge sites, whether sulfur terminated or sulfur

depleted (see Table 1).

Table 1. Adsorption strength of CO on MoS, layers in various configurations.

Adsorption mode Schematic Eads(eV)
Bridge-Mo(Mo-edge)°® 0 2.24
C
o./o\. 0e®,o
0909,
Top-Mo (Mo-edge)® o 2.05
C
o.o‘o.o
09,9,
Bridge-S(S-edge)® 0 79
/\ ®
090,00,
0909,
Sulfur terminated Edge™ 1.20
e o o0 o0 o
@0 O® @®co
e o 0 0 o
Sulfur terminated Terrace (1)* 0 0.49
® O .C e ¢ © o o o
Sulfur terminatedTerrace 2)” | 0o @ © ® ® ® ® ® | 048
@000 © © o 0 o
Sulfur terminatedTerrace (3)™ 0.24

For the sulfur depleted edges, i.e Mo-terminated edges, CO adsorption was
stronger, as would be expected. In the case where two adjacent Mo atoms were
exposed, a bridged form of CO was predicted that is even more strongly bound to
the surface. It should also be noted that bridge-S (S-edge) sites were sometimes

more favorable than the sulfur terminated terrace. This could be due to one of



many factors, but most likely is the sulfur atoms on the terrace are extremely rigid
and it is highly unlikely for a molecule to wedge itself in between the atoms. The
steric hindrance is far too great; therefore, it is more likely for the CO to bind to the
sulfurs before it would have the chance to bind with the Mo atoms on the terrace.
The sulfur terminated terraces were shown to be the least reactive; the farther

away from the edge, the lower the binding strength of CO.

Infrared spectra of CO adsorbed on MoS, were experimentally recorded by Mague
etal.” The authors concluded that CO can physisorb on the terrace giving rise to

an adsorption band at 2134 cm™. (See Fig. 2)

Side View Top View
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Fig. 2. IR spectrum of evacuated MoS, after adsorption of CO (9 Torr) at 77K (1), and after
subsequent evacuation at about 100K for 5s (2), 15s (3), 30s (4) and 60s (5). Spectrum of
the sample before adsorption is subtracted. From ref. 7.



When heat is introduced to the system, the peak at 2134 cm™ decreases at a much
higher rate than absorbances of CO molecules that were adsorbed on the on the
edge sites. In addition, this frequency is very close to the gas phase frequency of
V(C=0)gas = 2143 cm™ which confirms physisorption due to the weak interactions
between the molecules and their rapid desorbtion. Infrared bands at 2086 cm™
and 2070 cm™ were assigned to CO adsorbed on the edges. As seen from
annealing experiments, edge sites are stronger in the adsorption of molecules in

the system.

Another spectroscopic study of CO adsorption on MoS, was done by Lelias.'*
The significant difference was that MoS, was supported on Al,O3, generated by
sulfidation of a Mo/Al,O3 catalyst (Fig. 3). In the infrared spectra, adsorption bands
at 2112 cm™ were assigned to CO adsorbed on corner sites and adsorption bands
at 2070 cm™ were assigned to edge sites. Adsorption bands observed at 2190
and 2156 cm™ were the result of CO adsorbed onto the Al,Oz; support.
Increasing the adsorbed CO, the authors noticed that band at 2112 cm™ was
populated first, followed by 2070 cm™. From this, it was concluded that corners
were stronger adsorption sites then edges. In both studies the band assigned to

2070 cm™ were edge sites.



2200 2150 2100 2050 C C
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Fig. 3. IR spectra of CO adsorbed (100K) on sulfide Mo/Al,O; catalyst (8.7 wt % Mo).
Spectra a-i: doses of 20, 60, 130, 230, 390, 650, 1170, 1960, and 3000 pumol of CO per gram of
catalyst. Spectrum j: 133 Pa of CO at equilibrium. From ref 14,

The studies reviewed above are the only studies dealing with IR spectroscopy of
adsorbed molecules on MoS; or related materials. However the available data
point to the special adsorption properties of the edge (and corner) sites on the
layered transition metal sulfides. Due to these properties, edge sites dominate

catalysis in thermal catalytic reactions.

MoS, and WS, are promising materials for the use in photocatalysis, in particular
the photooxidative degradation of various organic species. In this process, an
electron is promoted from the MoS, HOMO energy level into the LUMO energy
level. A positively charged hole is left behind. This electron or the hole can
migrate and/or transfer into an empty or occupied orbital of an adsorbed molecule

to initiate a photochemical reaction via bond dissociations, rearrangements, etc.



There are already photocatylsts being used currently such as TiO,, but it was
anticipated that MoS; would be more efficient due to its smaller band gap. The
band gap for TiO; is rather large at 3 eV and this limits its efficiency under normal
light conditions, because only blue, violet, and ultraviolet segments of the solar
spectrum are harvested. The band gap of bulk MoS; is 1.2 eV.** Normally,
photogenerated electrons and holes separated by 1.2 eV of energy do not posses
enough redox power to transfer to extraneous molecules. However, this band
gap can be tuned by dispersing the material into nanopatrticles. As the size of a
nanoparticle decreases, the band gap increases: the higher the electron
excitation and the lower the hole energy allowing for reactions to occur. At some
point, the redox potentials of the photogenerated electrons and holes enable the
charge transfer into adsorbates. Thus, MoS, and WS, nanoparticles start
exhibiting photocatalytic activity when their size decreases to 10nm or below.?*?*
Notably, this onset of photocatalysis with increasing bandgap also calls for a more
energetic light source. However, in practice, the bandgaps of the MoS, and WS,

nanomaterials are well below that of TiO, rendering them potentially more efficient

than TiOs.

Due to the special properties of the MoS, and WS, nanoparticles, there is a
substantial interest in understanding the behavior of adsorption sites on their
surfaces. In particular, it is important to understand how the properties of the edge
and terrace sites are modified once the material is dispersed on the nanometer

scale. The traditional view of the terrace sites as chemically irrelevant may no



longer be valid. In photocatalysis, there is a possibility that the terraces can

facilitate chemical transformations.

One of the approaches to studying adsorption sites is the use of small probe
molecules. The fundamental concept is that the spectroscopic signatures of
these molecules will be sensitive to the nature of the site where the molecule
adsorbs. To simplify the interpretation of the spectra, relatively small molecules
that are chosen. The vibrational frequency must be sufficiently sensitive to the
binding mode of the molecule; therefore, molecules containing multiple bonds at
the terminal atom are often used, e.g. CO. For example, when CO is coordinated
to metal atoms, it forms a o-bond between its lone pair on carbon and an empty
d-orbital on the metal atom. There is also back-donation from other d-orbitals of the
metal, which transfers electron density onto the n* anti-bonding molecular orbital of
CO. The combination of the two processes destabilizes the C=0 bond and thus

lowers the bond order and the vibrational frequency of CO.

The studies mentioned above employed CO as a probe molecule. One can
envision other possible candidates, such as N,, acetone, or acetonitrile, each of
which can coordinate to metal atoms through lone pairs. The change in the N=N,
C=N, or C=0 vibrational frequency can be detected. Using these molecules, one
can probe the surface properties of the MoS, and WS, bulk and nano materials.
The comparative study should reveal the similarities and differences in the surface
properties. The ability to distinguish between the edge-and terrace-bound

species becomes informative. If the conditions are favorable, one might observe



two distinct signatures: one for adsorption on edge sites and one for adsorption on
the terrace site. There are various experiments that can then be performed:
(1) Sequential population of surface sites by varying the amount of the
adsorbate introduced to MoS, and WS,. These experiments might provide
the quantitative information on the population distribution between the edge
and terrace sites. If the surface species are in equilibrium with each other,
one would expect the edge sites to be populated first.
(2) Sequential depopulation of surface sites by thermal annealing of the
material with probe molecules pre-adsorbed on it. When temperature is
increased, the terrace sites should depopulate first while the edge sites
should retain adsorbates to higher temperatures due to their stronger

interaction with them as discussed above.

The goals of this study are:

1. Construction of the experimental instrumentation for infrared
spectroscopic studies of adsorption of molecules on solid surfaces.

2. Infrared spectroscopic study of adsorption of small molecules on
atomically layered metal sulfides MoS, and WS,, which compares the
behavior of bulk materials and nanoparticles. The hypothesis is that
the bulk materials and nanomaterials should exhibit some similarities

and some differences in the surface properties.



Chapter 2. Preparation of Samples

Bulk MoS, and WS, were purchased from Sigma-Aldrich. Molybdenum(IV)
sulfide (CAS 1317-33-5) and tungsten(IV) sulfide (CAS 12138-09-9) had a purity of
99% each and the average patrticle size less than 2 micrometers. Transmission
electron micrographs of bulk MoS, are shown in Fig. 4. WS, had similar

appearance (not shown).

Fig. 4. Transmission electron micrograph of bulk MoS, at two different magnifications

These MoS, and WS, powders were ultrasonically agitated in cyclohexane to
create a suspension and later deposited onto a heated sample holder to drive the

solvent away and end up with dry powder.

Synthesis of MoS, and WS, nanoparticles was performed according to a
procedure modified from that of Duphil et al.'®* The appropriate metal

hexacarbonyl and elemental sulfur in molar ratio of 1:2 were used as reagents. The



reaction flask was purged with argon to remove all oxygen. Decalin (solvent for
reaction) was placed in the reaction flask, and then sulfur was dissolved in decalin.
The flask was purged with argon and heated until boiling to remove remaining
gases for 20-30 min. The mixture was cooled to room temperature and the
corresponding metal hexacarbonyl was carefully added through the flask neck
against the argon purged flow. The mixture was brought to the temperature of
140°C and stirred at this temperature for 24 hours in the case of MoS; or for 96
hours in the case of WS, (due to the slower rate of the reaction).”* MoS; formed
a brownish black precipitate while the WS, precipitate was more brown in color.
The mixture was cooled and the precipitate was purified by four cycles of
centrifugation and washing with cyclohexane. The reaction reportedly proceeds

in two stages.™

Mo(CO)s — Mo +6CO (Slow)
Mo +2S — MoS; (Fast)
Transmission electron micrographs of the resulting nanomaterials (Fig. 5) show

that the particle size range is 5-30nm.
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Fig. 5. Transmission electron micrographs of MoS, nanoparticles (left pane) and WS,
nanoparticles (right pane)

The MoS, and WS, nanoparticles in cyclohexane suspensions were deposited

onto the sample holder.

According to Mague et al.,” MoS, clusters experience surface oxidation and
hydroxylation upon exposure to the atmosphere. Oxides form more readily under
heating at or above temperatures of 350°C.

2 MoS; +9 0, — 2 MoO3 + 4 SO3

This oxidation usually occurs on the edges of the cluster as opposed to the
terraces, which are more sterically protected by the sulfur atoms. In order to
obtain MoS; (or WSy) in its pure form without oxygenated species or any other
adsorbed molecules, the material must be heated in a reducing, sulfur-rich
atmosphere. Heating samples to approximately 673K in H,S - H, mixtures led to
the replacement of the O atoms or any other adsorbates with S atoms to create a

surface fully terminated by S atoms. IR spectra (see Fig. 6) show air-contacted

12



MoS; (spectrum 1, note IR features of various adsorbates), MoS, after heating to
673K (spectrum 2; notice the persistent peak at around 1000 cm™ which is due to
the Mo=0 vibration of the adsorbed oxygen), and spectrum 3 of pure MoS; treated
with H,-H,S. The last spectrum is featureless which indicates the removal of

adsorbed species. All spectra show a sloped baseline due to the scattering of

light.

e o o o
(Treated withH,-H,S) <— @ @ @
Pure MoS, o o o o * #
oo o0

e

Air contacted MoS, < ©® @ @

1/ o & o o

@673KMOSZ e © o o

\ooﬂ
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Absorbance
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T
2500 2000 1500 1000
Wavenumbers (cm-t)

Fig. 6. IR spectrium of air-contacted MoS, pellet (1), after evacuation at 673K (2) and after
treating in H,-H»S mixture (3). From ref. 7.

In view of these findings, the samples used for this study were heated in a ration of

H,-H,S atmosphere upon insertion into the vacuum chamber.

13



Chapter 3. Construction of the Experimental

Instrumentation

3.1 Vacuum Chamber and Sample Mount

The instrument used for the following experiments is used under high vacuum to
ensure sample purity. The samples that are in the system must remain pure and
cannot be exposed to various gases (for example O,) that could contaminate the
sample. Secondly, gases that can absorb in the IR spectra must be removed so

the spectra can be as free of any gas phase contribution.

The apparatus consists of stainless steel elements connected to each other via
Conflat® flanges, which use deformable copper gaskets to create vacuum seals.
In the center of the apparatus, there is a stainless steel chamber that has four main
faces with two KBr salt plate windows and two quartz windows attached (see Fig.
7). The quartz windows are needed to view the sample and to deliver visible or
UV light if necessary. The quartz windows are placed opposite one another.
The other two sides of the chamber house two salt plate windows, which are
needed for the IR beam from the IR spectrometer to penetrate through the
samples and be received at an external detector (to be discussed below). These
windows are differentially pumped, because KBr plates cannot be welded to metal.

Instead they are compressed against the metal ports using Viton rubber o-rings,



which are inherently subject to gas diffusion. To minimize the gas diffusion into

the chamber the small space between the o-rings is evacuated with a designated

vacuum pump.
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Fig. 7. Top view and side view of the high vacuum chamber

The samples are housed in the center of the chamber on a fine tungsten grid. The

MoS, and WS, nanoparticles and bulk powders are deposited on the grid from

liquid suspensions. During the deposition, the grid is resistively heated to drive the

solvent away and leave the dry powders on the grid. Once on the grid, the sulfide

materials can be exposed to various adsorbates under controlled clean conditions.
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As seen in Fig. 8, there are five segments to this tungsten grid, the top section
covered with MoS; bulk, followed by MoS, nanoparticles. A blank area on the
tungsten grid acts as a control. The final two sections consist of WS,

nanoparticles and WS bulk.

Power leads
Thermocouple connector

Thermocouple wire

MoS, bulk

MoS, nanoparticles

WS, nanoparticles

e WS, bulk

e |

Fig. 8. Sample grid with mounted on the cold finger. The deposited powdered samples
are indicated.

The grid is held by clamps made of oxygen-free high conductivity copper. The
clamps are attached to the copper leads at the end of the power/thermocouple
feedthrough. The feedthrough is mounted at the end of the metal tube and can

serve as a cold finger if filled with a refrigerant liquid. The copper leads serve as a
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heat sink for the sample. They also serve to deliver electric current for resistive

heating of the sample grid.

A 0.003” chromel-alumel thermocouple is spot welded onto the top of the tungsten
grid and is connected to the feedthrough via short 0.010” chromel and alumel
wires. On the other side of the feedthrough, the thermocouple extension wire is
attached to a voltmeter for accurate readings of temperature of the grid itself. The
10 gauge copper wire is attached to the feedthrough to extend the power leads
and connect to the power supply. These wires and connection points are

insulated with Teflon. Teflon insulation was chosen for its chemical resistance

The grid can be resistively heated to temperatures in excess of 400° C if no coolant
is used. The maximum current allowed by the feedthrough is 30 A. If this
maximum is exceeded, the feedthrough ceramic can crack leading to a large leak
into the chamber. In our experiments the current was occasionally increased to
32 A, but no higher. The resistive heating leads to the desorption of adsorbates
from the sample to clean the surface. Careful heating can also be used to
investigate thermal stability of adsorbates on the surface. The power supply used

for heating is Sorensen Xantrex XG20-42 with 20 V and 42 A maximum output.

The metal tube, under which the feedthough with the sample is mounted, forms a
cold finger dewar that can be filled with various refrigerant liquids. These provide
the sample cooling. This cooling allows for easier and stronger adsorption of the
adsorbates, yielding maximum spectral sensitivity. The refrigerating mixtures

used are listed in Table 2. The heat transfer occurs from the sample grid to the
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clamps to the copper leads to the cooling liquid. Because of this extended
pathway and thermal radiation from the chamber walls, the temperature of the
sample is never as low as the temperature of the cooling liquid in the dewar. The
cooling mixture used not only limited the minimum achievable temperature of the
sample (base temperature), but also the maximum temperature that can be safely
reached by resistive heating. Since the heating of the grid could only go to 32 A,

to get to higher temperatures different media had to be used.

Table 2. Cooling mixtures and achieved sample temperatures.

Temperature of the | Lowest Achievable
Mixture (°C) Sample Temperature (°C)
Liguid Nitrogen -196 -145
Acetone/Dry Ice mixture -78 -58
n-pentane/liquid N, -131 -120

The cold finger with the sample grid can be raised and lowered using a
bellows-sealed Z-translator (see Fig. 9). This allows for scanning of various
regions on the tungsten grid and allows for several materials to be loaded on a
single grid for experimentation (see Fig. 8). During the installation of the new
sample, one must ensure there is no electrical contact when the sample is moved

up and down.
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Fig. 9. Side view of chamber showing flow of gas from chamber to pumping station and
various components.

The chamber is evacuated by a high vacuum pumping station. Fig. 9 shows the
flow of gas from the chamber to the high vacuum pump. The pumping station can

be isolated from the system by a butterfly valve.
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The chamber has a high vacuum gauge attached as discussed in section 3.3. As
seen in Fig. 9, the chamber sits upon an elbow which contains a face-seal nipple,
which is the point of attachment for the high vacuum gauge. The elbow leads to a

cross piece with two valves and a hose that connects to the pumping station.

The two large valves on the vacuum system serve two different purposes. The
upper valve can isolate the chamber from the pump, which can allow the build up
of ambient pressure of a particular gas in the chamber to facilitate the adsorption
process. The lower valve allows any outgassing of the system to be analyzed
with a quadrupole mass spectrometer (QMS). The valve isolates the QMS from

the system until needed.

The Stanford Research Scientific RGA 200 spectrometer has a few different uses.

(2) It can be used to leak check the gaskets and connections with helium.

(2) The QMS can be used to determine the composition of gases currently

present in the chamber.

(3) It can be used to determine what molecules are being desorbed from the

samples

The gas is admitted into the chamber via a small port on the top of the chamber at
approximately a 45°, which allows even distribution of the gas to all regions of the
sample holder grid. Originally, the gas admission port was located at the small

nipple attachment on the elbow connecting the chamber. This geometry created
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experimental complications. The gas would be admitted into the chamber from
below and move upward to be frozen around the cryogen filled dewar. Since the
dewar is the coldest region of the vacuum system, the adsorbed gas would be
permanently trapped there until it completely thawed. This would lead to little to
no adsorption on the samples, monitored by the IR spectra. To address this
problem, the geometry of the system was changed. The gas admission port was
relocated onto the main body of the chamber so that the sample grid is in line of
sight of the incoming gas. Therefore, the first surface encountered by the
molecules would be the samples, where the molecules would be trapped. This

solution proved effective as seen in the results in Chapter 4.

The chamber had to be supported vertically by a scaffolding. This scaffolding
must be able to support the weight of the chamber and be able to raise and lower
the chamber if necessary. The chamber is supported in the scaffolding by clamps
at three points forming a triangle for stability. These clamps (Fig. 10) prevent
tilting from the vertical in both directions. Only three clamps were chosen in order

to limit the amount of strain exerted on the vacuum system.
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Clamp width 5"
Clamp height 3.5”
Hole diameter ;5

16-17"

36"
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Fig. 10. Design of the scaffolding for the vacuum system support.

At the bottom of the scaffolding, there are three adjustable legs used to raise and
lower the entire vacuum system, to achieve the necessary alignment with the
optical bench. The scaffolding is externally supported by resting on a crossbeam
that is bolted between two tables that support the weight and avoid tipping. The
scaffolding is able to be moved in and out from the optical bench in order to

occasionally manipulate the system, i.e. change sample grid, trouble shoot, etc.
3.2 Gas Delivery Line
In order to admit gas, a line separate from the vacuum system, was required. The

gas line consists of commercially available parts as well as some custom made
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pieces. These are terminated with Swaglok VCR® face-seals that use deformable
copper gaskets to provide leak proof connections. These parts include: fourteen
bellows-sealed Nupro® valves, two MKS 901P Piezo / micro Pirani pressure
transducers [1x10° to 1000Torr], oil free pumping station consisting of turbo pump

and peristaltic (7.5L/s), and various attached gases used for experimentation.

This gas line is evacuated with a designated pumping station separately from the
chamber for easy loading of gases at various sustainable pressures. It can also
be separated into two independent sections with a valve to serve two independent
users with vacuum systems. There are also two Nupro® valves (part #
SS-4VW-B51) that separate each half of the gas line from the pump (see Fig. 11).
These valves can be used to pump down the lines between different gases or to
adjust the gas line pressure to a needed value. The gas line is separated from the
vacuum chamber by a single valve. This valve allows for gas to be admitted into

the chamber. After the admission, one can reload the gas line or evacuate it.
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Fig. 11. Gas delivery line side view

The source of a gas is usually a gas cylinder with a regulator. This can be either a
full size gas tank (T-cylinder) clamped to a table or a miniature lecture bottle

attached with electrical conduit clamps (see Fig. 12).

Volatile liquids can also be used to admit vapors into the chamber using a flange
terminated glass vial filled with the liquid (see Fig. 12). The gas source is
connected to a line through one of eight connection ports. Each port consists of
two Nupro® valves in series (see Fig. 11). This allows for loading of a smaller
portion of gas into the line, so that gases are not wasted and the pumping system

is not overloaded.
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Pumping station Lecture bottle  Glass vial with liquid

Fig. 12. Side view of gas line showing the various components.

The gas line scaffolding was designed for the gas line to be suspended in close
proximity to the chamber for ease of delivery. The scaffolding had to be built
simultaneously with the gas line assembly, so that attachment could be exact.
Each VCR connection had to be tightened, which shortens the line by a few
millimeters. As the line was built, the aluminum scaffolding pieces were attached
around it to support the current construction. The parts being connected tend to
twist with respect to each other. To keep them aligned, the valves had to be
attached with bolts to a rigid support with drilled holes. These holes drilled along
the scaffolding were elongated to accommodate the longitudinal shortening. Due

to the difficulty of predicting this shortening, the support pieces had to be machined
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one at a time as the assembly proceeded.
3.3 Vacuum Production and Measurement

The system contains three separate pumping stations.

1. The chamber is evacuated by a Pfeiffer high vacuum pumping station TSU
071E, in which the 60 L/s turbomolecular pump is backed by a dry
diaphragm pump. This brings the chamber to a base pressure of
approximately 5x107 Torr.

2. The gas line pumping station is an Alcatel Drytel 31 which can reach
pressures in excess of 5x10™ and pumps at a rate of 7.5L/s.

3. The pump for the differential pumping of the salt plate windows BOC
Edwards Model E2M1.5. The pump creates a rough vacuum of <10 Torr
in between the rubber O-rings around the KBr salt windows. This minimizes

the atmospheric leaks into the chamber through the window seals.

There are three gauges attached to the system: one of which is attached to the
chamber itself (at the elbow connected to the chamber) and two are attached to the

gas line.

The MKS I-Mag cold cathode gauge can read pressures from 1x102 to 1x10™*
Torr within the chamber. The gauge contains two unheated electrodes, a cathode
and an anode. At high voltage (about 2kV) sustains cold discharge between the

electrodes. Due to a specially arranged magnetic field, electrons are driven in
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long spiral trajectories, increasing the probability of collisional ionization of gas
molecules. The resulting pressure-dependent ionic current is automatically

converted to pressure.

The two gauges connected to the gas line are MKS series 901P MicroPirani/Piezo
loadlock vacuum transducers. This combination allows pressure measurements
from 1x107 to 1000 Torr. Piezoelectric sensors provide readings in the 0.1-1000
Torr range. The Micro-Pirani sensor, normally used in the 1x10™ to 10 Torr
range, measures thermal conductivity in a small cavity using a silicon chip sensor.
These combination gauges are used to determine gas pressure in lines to

accurately introduce a certain amount of gas into the chamber.

The QMS was used to determine the composition of gas in the chamber once
pumped down. The main residual gas components included water vapor,
hydrogen, nitrogen/carbon monoxide, acetone, and oxygen (see Fig. 13). These
were to be expected: H; is ubiquitous in steel vacuum system due to hydrogen
diffusion from steel, atmospheric gases will still be seen in the chamber in small
amounts due to inevitable leaks, and acetone was seen as a residue from cleaning
of gaskets and metal parts. Since oil free pumping stations were used, there is no
contamination of the vacuum with oil vapors as evidenced by the absence of
characteristic clusters of mass peaks up to 200 amu (above 65 amu region not

shown in figure).
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Fig. 13. Gas composition of chamber at 5x10"Torr as seen on the gas phase mass
spectrum.

After construction of the system and the pumping down of the system, each
connection was leak checked with helium. Many of the leaks in Conflat®
connections were due to previous annealing of gaskets. This annealing, though
making copper gaskets softer and easier to tighten, caused the connections to
leak and additional tightening caused leaks to increase. Ultimately, all of the
annealed gaskets were replaced with un-annealed gaskets. Some VCR
connections had slight leaks, usually due to minute scratches on the face seals.
The scratched VCR flanges were repolished using jewelry grade 8000 grit 3M

WetorDry® Tri-M-Ite® polishing paper from RioGrande.com. In case of a

28



persisting leak, the problem was fixed by additional sealing with Celvaseal® high
vacuum leak sealant. This silicone based sealant was sprayed after the VCR
connection was tightened. After curing for several hours, the leaks were sealed
acceptably. Once all connections were leak checked and considered acceptable
the system was baked overnight at approximately 150°C. This would eliminate
any contaminants stuck to the surfaces of the system, such as acetone from
cleaning, water vapor, etc. Once baked the system was ready for

experimentation.

3.4. Infrared Optical Bench

Bruker Tensor 27 Fourier Transform Infrared Spectrometer (FTIR) was used for
transmission infrared spectroscopic experiments described here. An external IR
optical bench was designed to alternatively serve two users with vacuum
chambers (one at a time). IR beam from the spectrometer is sent to one or the
other chamber containing a sample and directed to an external detector. As seen
in Fig. 14 the external bench has a series of mirrors that direct this light and focus
it centrally on the samples mounted on the cold finger. These gold coated mirrors
were mounted on optical components from Melles Griott, Newport, and Edmund
Optics. These optical components provided translation in x, y, and z directions as
well as tilting in two directions. All optical components were attached to a bread

board with tapped holes.
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Fig. 14. Top view and schematic of optical bench. Shows path taken by IR beam from IR
spectrometer to external detector.

The beam first travels out of the IR spectrometer to a right angle mirror, which can
be moved horizontally on the optical rail in order to determine which chamber

receives the IR beam. The beam then goes to a parabolic right angle mirror which
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focuses the beam on the sample grid. After the focal point, the beam diverges until
the next parabolic mirror collimates it and sends it to another right angle reflector
that directs it to the final collector parabolic mirror. This final mirror focuses the
light on the wide band HgCdTe crystal inside the external detector (Infrared
associates Inc., model D315/6). This liquid nitrogen cooled detector has a
spectral range of 400-4000 cm™. The detector is connected to the infrared
spectrometer with a long cord. The spectrometer is interfaced with a computer for

spectral processing.

The bench is physically split into two compartments, one on each side of the
vacuum chambers (Fig. 15). To keep away any atmospheric gases from the
infrared pathway, the two compartments are encased in Plexiglas boxes. Plexiglas
makes it convenient to observe the configuration of optical components. The sides
facing the chambers are machined from aluminum, so the boxes can be in the
proximity of heated chambers during bake-outs. The circular cut-outs in the
aluminum walls face the KBr windows on the vacuum chamber. To keep the
atmosphere away, flexible rubber sleeves are stretched from the KBr windows to
the Plexiglas boxes. These sleeves are usually made from laboratory gloves by

cutting off the half with fingers.
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Fig. 15. Overall arrangement of the experimental setup.

The mirrors were initially aligned using a HeNe laser. Final alignment was done by
maximizing the intensity of the IR beam on the detector. The two right angle
reflectors that send the beam to one or the other vacuum chamber can be moved
horizontally using the metal rods protruding through the walls of the boxes. In order
to switch the IR beam from one chamber to the other, one needs to simultaneously
push (or pull) both metal rods from one to the other extreme position. The

reflectors slide on their optical rails until they reach delimiters tightened to the ralils.

The Plexiglas boxes have barbed fittings so that they could be purged with an inert

gas, which in our case was nitrogen. There is a release valve on each box that
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allows for excess nitrogen to escape during initial high purge rates. This purging
allows for any IR active material (i.e. CO, and water vapor) to be removed from the
optical path, thus ensuring that the IR spectrum corresponds to the material in the
chamber. The purging protocol was to first admit nitrogen for 15 min. at a rate of
500 L/hr with both release valves open on the two boxes for rapid purging. After
10 minutes the first box’s valve was closed and this caused all excess nitrogen to
flow over to the second box and out the release valve. After additional five
minutes, both valves were shut and the purge rate was decreased to
approximately 150 L/hr. This allowed for slight excess pressure of nitrogen to
build up and to be push through any leaks in any of the boxes, thus not allowing
atmospheric gases into the boxes. Once purged, the IR spectrometer could then

be turned on and become ready to scan.

Even with the nitrogen purging, the residual levels of water and carbon dioxide in
the optical path drift over time within the same day. Accordingly, uncompensated
bands of CO, and H,O appear in the spectra upon subtracting reference scans.
The original intent was to admit ambient atmosphere into the boxes, record the
CO;, and H,O spectra, and manually subtract them from each experimental
spectrum using a variable subtraction coefficient. In practice, slight variations in
the spectral positions and relative intensities of the rotational bands lead to
unsatisfactory subtractions. The alternative approach was to use an atmospheric
correction routine in the spectrometer software (OPUS, version 6.5, by Bruker

Optics). The software is efficient in removing the sharp ro-vibratational bands of
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water vapor at 1300-2070 and 3400-4000 cm™. Yet the CO, signals at 2290-2390
cm™ are usually incompletely removed as visible in the IR spectra shown in

Chapter 4.

A broad peak above 3000 cm™ was found to be water ice buildup on the detector.
The external detector dewar has a slight leak in the plug and this leak allowed for
water vapor to enter. Upon cooling the detector with liquid nitrogen, this water
vapor would freeze and show up in scans, and would increase the longer the
detector was cooled. To remove this ice and to restore vacuum, the detector
dewar was occasionally pumped and re-plugged. This removed the water vapor,
and the ice feature in the spectra disappeared. The feature eventually will return
and can easily be recognized in the spectra. It is noticeable on the scale of IR
absorption bands of various adsorbates. However, its overall intensity is small
(<0.015 absorbance units) and this feature does not overlap with any other infrared

features of interest here.

Unless noted otherwise, all of the IR spectra shown here were recorded by

accumulating 400 scans at 4 cm™ resolution.
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Chapter 4. Results and Discussion

4.1 Goal

Infrared spectroscopic study of adsorption of small molecules on atomically
layered metal sulfides MoS, and WS, is described, which compares the behavior
of bulk materials and nanoparticles. The hypothesis is that the bulk materials and

nanomaterials should exhibit some differences in the surface properties.

4.2 Preparation

As discussed in Chapter 2, the sample holder tungsten grid was prepared by
adding four sections of MoS; and WS, nano and bulk particles. The tungsten grid
was then attached to the cold finger and installed into the chamber. Once the
materials were loaded into the chamber, the chamber was pumped down to
approximately 6x10° Torr. Once the pressure became stable, the system
(including gas line) was baked at >100°C for 12 hours. The system was baked
using 0.5” and 1” wide fiberglass heating tapes. Aluminum foil was used on top of
the heating tapes as an additional wrap for better thermal insulation. The tapes,
using a voltmeter, were tested for their resistance. Tapes with similar resistance

were connected to a power strip, which was connected to a Variac transformer.



This was done for uniform heating of the entire system, otherwise desorbed
molecules would tend to collect onto cooler surfaces as opposed to being
evacuated by the pumping station. The heating tape was wrapped around joints
and conduits of the system, and three thermocouples were attached in three points
on the chamber and gas lines. When a final pressure of approximately 5x10°’

Torr was achieved, it was considered acceptable to proceed with experiments.

After the bake-out, any contamination on the sample reoccurring on a daily basis
(hydrocarbons, oxygen species, or any other adsorbates) was removed by flash
heating of the sample. The tungsten grid was heated to >200°C. Once a
temperature of >200°C was reached, the gas line was loaded with a mixture of H,S
(9.12 Torr in half of gas line) and H» (90 Torr in other half of gas line) gas to replace
any oxygen species bound to the metal atoms with sulfur because of previous
findings.” Once this gas was admitted it was allowed to remain under ambient
pressure in the chamber for 55 minutes at a constant temperature of >200°C.
The chamber was then pumped overnight and returned to a base pressure of

approximately 5x107 Torr.

With vacuum system and the samples being free from major contaminants, we
attempted to use several different low molecular weight compounds to determine
an appropriate probe molecule that could be seen on IR spectra as an adsorbate

on the surfaces of MoS, and WS..
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4.3. N, as a Probe Molecule.

The first trial was done to see if nitrogen gas would adsorb on the surface. Nitrogen
has some advantages and disadvantages as a candidate for adsorption studies.
The molecule is fairly inert and rarely forms coordination compounds. It is IR
inactive due to its symmetry; however, when attached end-on to another atom, it
loses its symmetry and one would expect to observe it in the IR spectra. For
example, N=N stretching vibration at 2177 cm™ was observed in the Cr°
coordination complex.?® It is not expected to form coordination complexes with
Mo or W, thus the chamber is pressurized with a significant amount of N, to

facilitate the adsorption process.

The trial began with the cooling of the sample grid holder using liquid nitrogen to
produce a base temperature of -145°C. Once this temperature was reached in
approximately 30 minutes, the grid was briefly heated to >200°C. This would help
remove any contaminates from the surface of the MoS, or WS, that might have
accumulated. The grid was then re-cooled to -145°C. This lower temperature
allows for molecules to adsorb on the surface forming a stronger interaction with
the Mo atoms or S atoms. Once cooled, a background spectrum of the uncoated
tungsten grid (middle of grid as seen above in Fig. 8 was obtained to eliminate
signals due to the grid from subsequent scans. Then three regions were
scanned: MoS, nanoparticles (hereafter “MoS, nano”), MoS, bulk, and the
uncoated tungsten grid. In the first trial, 1.04 Torr of nitrogen was loaded into the

gas line and admitted into the chamber creating an ambient pressure in the

37



chamber of 3.30x102 Torr. After admission of the gas, the chamber stayed under
ambient pressure for 10-15 seconds, then the N, gas was quickly pumped away
and the three regions were re-scanned. The result of these scans showed no

adsorption on the surface of either MoS, nanoparticles or bulk.

The experiment was subsequently modified. Instead of pumping away N after

adsorption, the gas was allowed to stay in the IR chamber during the scans.

The scans in N, compared to the original scans, also showed no evidence of

nitrogen adsorbed asymmetrically to the surface of any of the samples.

The original hypothesis was that a high concentration of N, gas would statistically
favor the situation where an appreciable amount of chemisorbed N is dynamically
maintained under pressure. After testing, no chemisorbtion was seen. It is
possible that weakly physisorbed species might exist on the samples. However, in
the physisorbed state, their structure and symmetry are probably not sufficiently
perturbed to induce noticeable IR absorption. It is also likely that the base
temperature of -145°C on the samples is not low enough to retain adsorbed N,

molecules on the samples.

4.4. CO as a Probe Molecule.

The next molecule to be used for as a probe molecule was CO. Unlike N, carbon

monoxide contains a dipole moment; therefore, CO is IR active. The lone pair
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electrons on the carbon are able to interact with the molybdenum atoms, for
example in coordination complexes. Once the Mo atoms and the CO lone pairs
interact forming a o-bond, the Mo back donates electrons to the anti-bonding
n*-orbitals of the CO molecule, which weakens the C=0 bond and decreases its
vibrational frequency, as can be detected by IR. The same procedure used in N,

gas experiments was applied.

The gas line was loaded with 1.08 Torr of CO gas and admitted into the chamber to
a pressure of 7.2x102 Torr for approximately 10-15 seconds. The CO was then
immediately pumped away. The same materials were scanned, MoS, nano,
MoS; bulk, and the uncoated tungsten grid. The results were similar: there were
no IR peaks in the 2070-2100cm™ region indicates the CO adsorption onto the

materials.

After this experiment, the amount of CO was increased to 1.4x10™* Torr (2.16 Torr
in the gas line), and then to 3.0x10 Torr (4.33 Torr in the gas line). The results
were the same. There were no peaks corresponding with the peaks of adsorbed

CO.

Therefore, it can be concluded that more than likely CO did not adsorb on the
surface of the materials. According to previous reports, CO chemisorbs on
various MoS, materials; the vibrational frequency of CO is approximately
2070-2100 cm™ according to Lelias** and Mague.” The absence of chemisorbed

CO in our spectra is likely the result of relatively high base temperature of the
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sample, 128 K (-145°C). In the studies of Lelias'® and Mague,” the sample
temperature was 77 K or 100 K. This shows that CO is not a suitable probe
molecule for MoS, under the conditions in our apparatus. Adsorption studies
under ambient pressure of CO are not feasible spectroscopically, because CO is

IR active in the gas phase, and it dominates the IR spectrum in the relevant region.

4 5. Acetone as a Probe Molecule

Since CO did not adsorb strongly enough at the temperatures accessible, a less
volatile compound needed to be used. The next probe molecule to be tested was
acetone, with its C=0 stretching vibrational frequency appearing at 1700-1750

cm™.

The procedure was the same as previously noted, with the regions of MoS, nano,
MoS; bulk, and W grid being scanned. The acetone was prepared by attaching a
vacuum sealed vial (Fig. 12) and degassed using freeze-pump-thaw. The acetone
was then loaded into the gas line and admitted into the chamber. The sample

temperature was -145°C, as in previous experiments.

In the first set of scans, the acetone ambient pressure was 3.6x102 Torr (by
expansion of 1.02 Torr from the gas line), it was isolated in the chamber for 10-15
seconds, and then immediately pumped away. The three scans were then taken

and compared. These scans showed no adsorption on the materials as the MoS;
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nano and bulk spectra taken before the addition of the gas were identical to that

after the gas was admitted.

Subsequently, the pressure of acetone was increased to 5.7x10% and 3.8x10"
Torr (by expansion of 1.97 Torr and 10.6 Torr from the gas line, respectively) and
the above procedure was repeated. The results of these tests were the same as

in the previous test, no adsorbed acetone was detected (Fig. 16).
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Fig. 16. IR spectra of Mo0S, nanoparticles after exPosure to acetone followed by
evacuation (two lower spectra) and in presence of 3.8x10™ Torr of acetone vapor (two upper
spectra) at 128K.

To make sure the gas was in fact reaching the chamber, a test was conducted
where the gas was admitted into a warm chamber (room temperature of 23°C).
The cold finger was not filled with the refrigerant to avoid the condensation of

acetone in that region. The uncoated section of the tungsten grid was scanned
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before and after the acetone admission. The subtracted spectrum showing the
acetone vapor features proved that acetone was in fact being admitted into the
chamber (see Fig. 17). This means that acetone did not adsorb on the MoS.

samples.

The next test with acetone was to admit the gas into the chamber and allow it to be
isolated in the chamber with the MoS; and then scan with an ambient pressure of
3.7x10™ Torr. These results showed no conclusive evidence of adsorption of
acetone on the surface of the MoS; nano/bulk materials as seen in Fig. 16, two
upper spectra. Note that each spectrum in Fig. 16 has the contribution from the
uncoated tungsten grid subtracted from it. This automatically removes the
contribution of gaseous acetone, which is why gaseous acetone features are

absent in these spectra.
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Fig. 17. IR spectrum of the acetone vapor in chamber.
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4.6 Acetonitrile as a Probe Molecule

Acetonitrile was the next candidate probe molecule because it is even less volatile
than acetone. Acetonitrile can bind to metal atom forming coordination
compounds. The vibrational frequency of the C=N stretch is sensitive to the nature

of this coordination bond. The spectrum of liquid acetonitrile is shown in Fig. 18.
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Z
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Bending

0

Fig. 18. Liquid acetonitrile IR spectra. From ref 15.

Acetonitrile, upon loading into the glass vial, was purified by several
freeze-pump-thaw cycles as described for acetone. By admitting acetonitrile to the

warm chamber, observing the spectrum of gaseous acetonitrile, and comparing it
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to the standard spectrum shown in Fig. 18, we confirmed that acetonitrile indeed

reaches the chamber from the glass vial with the liquid.

At the exploratory stage, the acetonitrile gas was loaded into the gas line at 6.93
Torr and admitted into the chamber to an ambient pressure of 8.84x10™" Torr. The
first scans were done with acetonitrile isolated in the chamber at an ambient
pressure of 8.84x10™" Torr. The results were much more pronounced as
adsorption peaks appeared at various locations. There were peaks in the 2150
cm™ which is a clear indication of the stretching frequency of the C=N bond.
There were also peaks found at 2995 cm™ in the hydrocarbon region of the
spectra. These peaks show that possible adsorption occurred on MoS; and WS,

nano and bulk.

Acetonitrile was found to adsorb on the samples as well as on the uncoated
tungsten grid. For example, the spectra of acetonitrile on MoS, nano show
undulated minimum-maximum features (see Fig. 19). On the uncoated tungsten
grid, the acetonitrile adsorption yields a negative absorption peak of unclear

nature.
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Fig. 19. Negative feature associated with the interaction of acetonitrile on tungsten grid.

Since the tungsten grid is present under any MoS, or WS, powdered sample, this
contribution could be removed. Therefore, each spectrum was processed using

the formula (for example with MoS,):

Abs[(MoS,+Acetonitrile) — MoS;] — Abs[(Grid+acetonitrile) — Grid]

= Final derived spectrum

After such processing, the negative adsorption contribution from the uncoated grid
did not completely subtract in the case of MoS;, nano or bulk. One reason for this
could be that the MoS, samples and the uncoated grid are physically located at a

different height with a difference of 1-2 cm in between. This might position them
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slightly differently with respect to the incoming stream of molecules admitted to the
chamber. This would create unequal coverage of acetonitrile on different parts of
the sample holder. The hypothesis was tested by raising or lowering MoS; nano
in the vacuum chamber before adsorbing acetonitrile. In this experiment 5.55Torr
of gas was loaded into the gas line, admitted into the chamber to create 1.91x10*
Torr, and immediately pumped away. The IR spectrum was recorded. The
sample was subsequently flashed (to remove adsorbed acetonitrile), repositioned
for admittance, and re-scanned. In Fig. 20 it can be seen that position of the grid
does affect adsorption on the various sections of the grid. The negative wing of

the IR feature varies as the sample position is changed for admittance of the gas.
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Fig. 20. MoS, nano positioning experiment. (a) located at 0 cm on the bellows-sealed Z
translator (b) 30 cm (c) 50 cm

Therefore, when removing the contribution from the uncoated grid, one should

46



remember that the uncoated section and the sample are located in different parts

of the chamber and can experience different exposure to the gas.

Since the contribution from the tungsten grid varies and it is difficult to
guantitatively predict, a weighting variable must be added to the equation above,

this variable will be referred to as variable ‘X’.

[(MoS,+Acetonitrile) — MoS;] — X[(Grid+acetonitrile) — Grid] = Final spectrum

Where X is the empirical factor that allows for manual compensation. All of the
MoS; nano and MoS; bulk spectra shown below have been processed in this way.

Sometimes, the procedure did not yield satisfactory results.

It is worth mentioning that for WS, nano and WS, bulk, the negative features
perfectly subtracted in a one-to-one ratio, so there was no need to adjust the

variable coefficient X during the procedure.

To remove any major slope in the IR spectra, a baseline correction routine was
used that is available in the OPUS software that operates the spectrometer. An
example of the spectral appearance before and after the baseline correction is

shown in Fig. 21.
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Fig. 21. Baseline correction as done by OPUS software

In the sequential adsorption experiments, the materials kept at -145°C were

exposed to increasing amounts of acetonitrile.

The tungsten grid was flashed to >200°C, and then cooled to -145°C with liquid
nitrogen in the cold finger, which took about 30 min. The samples were flashed
again to -60°C and cooled. Once the grid temperature reached -145°C, all five
sections on grid were scanned (MoS, nano and bulk, WS, nano and bulk, and
uncoated grid) to have as reference spectra to subtract later. Then acetonitrile
was loaded into the gas line at 2.75 Torr and admitted into the chamber until
pressure stabilized at approximately 4.9x10% Torr in 10-15 seconds, then
immediately evacuated. The IR spectra were then acquired on all sample zones.
In a similar way, the samples were exposed to 2.2x10Torr (gas line loaded to

1.39Torr), 1.1x10Torr (gas line 0.69Torr), and 6.2x10Torr (gas line 0.35Torr).

The results are shown in Fig. 22 (MoS; nano) , Fig. 23 (MoS; bulk), Fig. 24(WS,

nano), Fig. 25 (WS, bulk). The spectra showed adsorption on all four samples.
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As the exposure to acetonitrile decreased, the IR band at ~2250 cm™ decreased
accordingly. More intense peaks were found on the MoS; nano and WS, nano.
(The exception is spectrum (a) in Fig. 22. Here the absorption peak seems to be
erroneously attenuated during the empirical background subtraction described
above.) Overall, MoS; and WS, nanoparticles exhibit more abundant adsorption
of acetonitrile than bulk materials do. For example, after the exposure to 2.2x107?
Torr or 1.1x10 Torr acetonitrile, the nanomaterials exhibit a peak at ~2250 cm™
and the bulk materials do not, within the noise level. This is likely due to the

higher surface area for attachment of molecules on the nanopatrticles.
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Fig. 22. IR spectra of MoS, nano exposed to acetonitrile for 10-15 seconds at an ambient
pressure of (a) 4.9x107 Torr (b) 2.2x107 Torr (c) 1.1x10” Torr (d) 6.2x10° Torr admitted into
the chamber. Peak located at 2249cm™.
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Fig. 23. IR spectra of MoS, bulk exposed to acetonitrile for 10-15 seconds at an ambient
pressure of (a) 4.9x107” Torr (b) 2.2x107 Torr (c) 1.1x107 Torr (d) 6.2x10° Torr admitted into
the chamber. Peak located at 2249cm™.
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Fig. 24. IR spectra of WS, nano exposed to acetonitrile for 10-15 seconds at an ambient
pressure of (a) 4.9x107 Torr (b) 2.2x107 Torr (c) 1.1x10 Torr (d) 6.2x10° Torr admitted into
the chamber. Peak located at 2249cm ™.
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Fig. 25. IR spectra of WS, bulk exposed to acetonitrile for 10-15 seconds at an ambient
pressure of (a) 4.9x107 Torr (b) 2.2x107 Torr (c) 1.1x10 Torr (d) 6.2x10° Torr admitted into
the chamber. Peak located at 2249cm™.

It must be admitted though that the absolute intensity of the infrared signals also
depends on how much adsorbed material is present in the optical path and on how
uniformly it is distributed across the light beam. Both factors are difficult to control
when depositing solid materials by evaporation from liquid suspensions. In order
to unequivocally claim that the nanomaterials adsorb probe molecules sufficiently
stronger and are more abundant, one needs to compare the samples of equal

mass density across the light beam (e.g. in pellets).

The next series of experiments involved the thermal desorption experiments. The
five regions on the sample grid were exposed to the maximum amount of

acetonitrile, 1x10™" Torr in the chamber (5.88 Torr in gas line). After 10-15
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seconds, the gas was evacuated and the five regions were scanned with the IR
spectrometer. Once scanned, the temperature was increased from the -145°C to
-135°C and allowed to cool back to -145°C and new IR scans were repeated. The
protocol was continued by annealing the samples to -125 °C,-115 °C,-100 °C,-90
°C,-80°C,-70°C,-60°C,-50 °C,-40 °C,-30 °C and cooling down every time to -145°C
before recording IR spectra. The results are shown in Fig. 26-33.  The spectra at
-125°C and -115°C are not shown because there are no spectral changes between

-145°C and -100°C. This shows that no desorption occurs below -100°C.

The spectra on MoS; nano and MoS; bulk show incomplete subtraction of the
negative absorption feature. The background subtraction routine was not
completely successful. We can only see with certainty that the amplitude of this

spectral undulation correlates with the amount of acetonitrile on the surface.
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Fig. 26. IR spectra of acetonitrile on MoS, nano after annealing to (a) -145°C, (b) -100°C,
(c) -90°C, (d) -80°C, (e) -70°C, (f) -60°C, (g) -50°C, (h) -40°C, (i) -30°C.
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Fig. 27. IR spectra of acetonitrile on MoS, nano after annealing to (a) -145°C, (b) -100°C,

(c) -90°C, (d) -80°C, (e) -70°C, (f) -60°C, (g) -50°C, (h) -40°C, (i) -30°C. Hydrocarbon region
with peak at 2995cm™.
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Fig. 28. IR spectra of acetonitrile on MoS, bulk after annealing to (a) -145°C, (b) -100°C,
(c) -90°C, (d) -80°C, (e) -70°C, (f) -60°C, (g) -50°C, (h) -40°C, (i) -30°C.
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Fig. 29. IR spectra of acetonitrile on MoS, bulk after annealing to (a) -145°C, (b) -100°C,

(c) -90°C, (d) -80°C, (e) -70°C, (f) -60°C, (g) -50°C, (h) -40°C, (i) -30°C. Hydrocarbon region
with peak at 3000cm™.
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Fig. 30. IR spectra of acetonitrile on WS, nano after annealing to (a) -145°C, (b) -100°C,
(c) —90°Cl, (d) -80°C, (e) -70°C, (f) -60°C, (g) -50°C, (h) -40°C. Peaks at 2294cm™, 2250cm™, and
2200cm™.
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Fig. 31. IR spectra of acetonitrile on WS, nano after annealing to (a) -145°C, (b) -100°C,

(c) -90°C, (d) -80°C, (e) -70°C, (f) -60°C, (g) -50°C, (h) -40°C. Hydrocarbon region, with peaks
at 3000 and 2939cm™
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Fig. 32. IR spectra of acetonitrile on WS, bulk after annealing to (a) -145°C, (b) -100°C,
(c) -90°C, (d) -80°C, (e) -70°C, (f) -60°C, (g) -50°C, (h) -40°C, (i) -30°C. Hydrocarbon region
with single peak at 2995cm™.
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Fig. 33. IR spectra of acetonitrile on WS, bulk after annealing to (a) -145°C, (b) -100°C,
(c) -90°C, (d) -80°C, (e) -70°C, (f) -60°C, (g) -50°C, (h) -40°C, (i) -30°C. Hydrocarbon region
with single peak at 2995cm™.
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Desorbtion occurs most dramatically between -90 and -80°C and acetonitrile is
completely desorbed by -40°C. This is confirmed by disappearance of the IR
bands the 2250 cm™ and 2294 cm™ bands as well as the bands in the C-H

stretching region at 2900-3000 cm™.

It can be seen that nanosized particles adsorb acetronitrile stronger then bulk
sized particles. For example, the 2250 cm™ and 2294 cm™ bands of acetonitrile
are still observed on both nanomaterials at -50°C. On WS, by -50°C, only the
2250 cm™ is observed. On MoS;, neither of the bands is reliably observed by

-50°C.

The question arises if the adsorbed species visible in these spectra are due to
chemisorbed acetonitrile directly on the solid surface or physisorbed as multilayer
ice. Since the 2250 cm™ and 2294 cm™ bands are the most intense features in
the spectrum, it is informative to compare them to the standard spectrum of pure
acetonitrile’® . Figure Fig. 34 compares the 2000-3000 cm™ region on both
spectra. On can see that the bands are strongly correlated. Careful comparison

with the data from NIST?® is summarized in Table 3for selected IR bands.

Table 3. Comparison of selected IR bands of acetonitrile on WS, nano to the standard IR
spectrum of liquid acetonitrile from Ref. 25.

Acetonitrile on WS, nano Acetonitrile liquid (NIST)?°
2250 cm™* 2259 cm?
2294 cm™ 2298 cm™
2413 cm™* 2415 cm?
2630 cm™ 2635 cm™
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Fig. 34. Comparison of IR spectrum of acetonitrile on WS, nano to the standard IR
spectrum of liquid acetonitrile from Ref. 15.

Given our spectral resolution of 4 cm™, these IR bands seem to be almost identical
to each other, except for the band at 2250 cm™ that appears to be shifted
downward by about 9cm™. The data from coordination compounds of acetonitrile
in the Mo® complexes show that the downshift in the frequency upon end-on
coordination to the metal atom is 3-63 cm™ with most values being a few tens of

cm™.?” Therefore, it is likely that the species observed in most of the spectra are
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acetonitrile molecules physisorbed as ice or adsorbed on the sulfur-terminated

terraces, which would not perturb the internal bonding significantly.

At -60°C, at the last stages of the thermal desorption from WS, bulk and WS,
nano, one might notice a shift of the 2250 cm™ feature. For WS; bulk (Fig. 32), it is
easy to notice, and the band shifts to 2253 cm™. For WS, nano (Fig. 30), itis less
obvious. The magnified version of the spectrum (Fig. 35) shows the shift to 2252
cm™. The shiftis below our spectral resolution but it can be detected because the
peak position can be interpolated from the peak shape using the software. It is

unclear what this shift represents. However, the new position of the band likely

belongs to acetonitrile adsorbed on the minority surface sites.
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Fig. 35. IR spectra of acetonitrile on WS, nano after annealing to (a) -145°C, (b) -100°C,
(c) -90°C, (d) -80°C, (e) -70°C, (f) -60°C, (@) -50°C, (h) -40°C.
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There are two possibilities envisioned:

(1) The minority species is acetonitrile adsorbed on the edges of the atomic
sheets; whereas, the majority species is acetonitrile weakly adsorbed on
the sheet terraces in a single layer or multilayer.

(2) The minority species is acetonitrile adsorbed on both the edges and the
terraces of the atomic sheets; whereas, the majority species is acetonitrile

physisorbed in a multilayer.

It is unfortunate that the IR spectra of acetonitrile on the MoS, samples are
complicated by the negative absorption features. The comparison with MoS, could
have been informative. Further studies are needed to definitively assign the
spectral features observed and discussed here. However, the fine spectral
changes at the last stages of the acetonitrile desorption from WS indicate that we

truly observe surface species at the monolayer or submonolayer amounts.
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Conclusions

(1) Experimental setup for infrared spectroscopic studies of adsorption of
molecules on solid surfaces was constructed. High vacuum was sustained
at a pressure of 5x107 Torr. Very low intensity infrared signals from
adsorbed species can be measured due to low noise level (in the

2000-2600cm™ region optical noise is 5107 abs. units)

(2) Adsorption of small probe molecules was studied on MoS, and WS,

nanoparticles and bulk materials.

(3) At the lowest achievable temperature of the sample (-145°C) N, CO, and
acetone were found to not adsorb strongly enough to be retained in vacuum
on these materials. No significant absorption was detected even under

ambient pressure of up to 3.8x10 Torr.

(4) Acetonitrile was found to adsorb on these materials at -145°C strongly
enough and desorb in vacuum at -90°C...-50°C. For either MoS, or WS,
the infrared signatures of adsorbed acetonitrile on the bulk and nano

materials are identical.

(5) Itis likely that most of the adsorbed acetonitrile observed is physisorbed as

ice or adsorbed on the sulfur-terminated terraces.

(6) At the final stages of desorprtion, distinctly different adsorbed species are

seen whose C=N stretching IR bands are shifted to higher frequencies. It



is likely that these minority species are at monolayer or submonolayer

coverages. The exact nature of the species requires further studies.
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