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ABSTRACT

THERMAL AND PHOTOCHEMICAL REACTIONS OF
FORMALDEHYDE ADSORBED ON Cu(100)

By

TODD ROBERT BRYDEN

Thin films of polymers are promising candidates for a wide variety of
technological applications including corrosion protection, chemical sensing media and
photonic materials. Polymeric materials are attractive due to the potential of combining
high chemical, mechanical, and thermal stability with the ability for synthetically
tailoring electronic or optical properties. Current methods for producing polymeric thin
films (Langmuir-Blodgett (LB) and self-assembled monolayers(SAM)) have provided
few details of the polymerization reaction mechanism and thermal decomposition of the
film. Additionally, many monomer systems are amenable to neither LB and SAM
techniques nor direct adsorption due to the high reactivity of many surfaces. The use of a
co-adsorbate to block reaction on these surfaces has the potential for controlled thin film
deposition through photon and/or electron initiated polymerization.

Adsorption of formaldehyde (H,CO) on Cu(100) at 85 K formed an overlayer of
poly(oxymethylene) (POM). For coverages up to 1.06 (10.22)x10"* H,CO
molecules/cm® (6=0.69), formaldehyde polymerized to form a monolayer of disordered
POM arranged with the chain directions parallel to the surface plane. Formaldehyde
formed POM with differing chain lengths; the long (o) and short (B) chain species. These

depolymerized to give two features in temperature-programmed desorption at



approximately 207 and 219 K, respectively. The presence of two POM species has not
been observed previously in studies of HCO adsorption on metal surfaces.

The complex desorption kinetics observed for the o and B POM species were
successfully modeled using equations based on the ratio of the average number of
monomers unzipped from the chain per initiation event to the length of the polymer
chain. Vibrational features were observed for the short chain (B) species at ~ 290, ~ 1020
and ~ 1120 cm’' that can be assigned to the v(Cu-O), v(C-O) and p(CH3) modes of
oxygen and methoxy endgroups, respectively. Pre-adsorbed methanol increases the
proportion of short chain POM species by increasing the probability of termination for
the B species. Lower thermal stability for adsorbed POM was observed compared to bulk
POM and is believed to be related to the stability of the surface bound oxygen endgroup.

Saturating the Cu(100) surface with carbon monoxide (CO) inhibited the thermal
polymerization of HyCO on Cu(100). Formaldehyde weakly adsorbed on CO/Cu(100),
desorbing at 104 K, corresponding to a desorption energy of 18.2 (30.8) kJ/mol.
Irradiation of the H,CO/CO/Cu(100) surface caused the molecularly adsorbed H,CO to
polymerize forming (POM). Irradiation also caused the formation of ethylene glycol.
Vibrational features observed after irradiation at 870 and 3365 cm™ were assigned to
v(CC) and v(OH) modes, respectively, of ethylene glycol indicating that it was formed
promptly upon irradiation. The presence of ethylene glycol was confirmed by studying
its adsorption on clean and oxygen-covered Cu(100). The formation of ethylene glycol

was likely governed by geometric constraints present with the formaldehyde overlayer.
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INTRODUCTION

1.1 Polymer Thin Films

The desire to create unique surfaces with specific chemical or physical properties
has focussed attention on monolayers and multilayers of organic molecules or polymers.
Through innovative synthetic design, polymeric materials can combine high chemical,
mechanical and thermal stability with tailored adhesion, wettability, tribological,
electronic or optical properties. Hence, macromolecular thin films are promising
candidates for a wide range of technological applications including corrosion
protection!-2 and chemical sensing media.3

Ordered polymer films with crystalline character are especially important for
technological applications since they generally possess superior optical and electronic
properties compared to their amorphous counterparts. Device performance is strongly
dependent on defects and grain boundaries. In particular, interest in photonic
materials,#5 field-effect transistors®.7 and light-emitting diodes® has focussed a great deal
of effort on the development of techniques for producing crystalline, macromolecular thin
films on solid surfaces. The polymer thin film may be deposited onto a solid surface
either pre-formed, or as a monomer adlayer followed by subsequent in situ
polymerization. Methods investigated to date include the deposition and polymerization
of unsaturated Langmuir-Blodgett (LB) films%!0 and, more recently, self-assembled
monolayers (SAMs).!1-16 In these cases, the physical structure of the polymer film is
known to be influenced by the atomic arrangement of the underlying solid substrate. For

example, deposition of poly(oxymethylene) (POM), -(CH,-O),-, from solution onto



cleaved alkali halide single-crystals generates extended polymer chains aligned with
specific substrate crystal directions.!” The preferred directions appear to strongly
correlate with minimal lattice mismatch between the macromolecular chain and surface
unit cells.

While polymerization reactions are believed to be important in some catalytic
carbon-carbon coupling reactions, !8 there are relatively few fundamental studies of small
molecule polymerization reactions on surfaces. There is some precedent for thermal
polymerization of H,CO to POM on. several metal surfaces: O/Ag(110),!9 Ni(110),20
Pt(111),21 Pd(111),22 O/Rh(111),23 O/Pd(111),24 NiO(100)25 and Cu(110).26 Thermal
polymerization of acetaldehyde on O/Ag(111) has also been observed.2’” These
polymerization reactions, along with catalytic coupling reactions, are generally thought to
be controlled by the relative rates of diffusion of the adsorbed monomer, initiator species

and/or growing polymer chain.28

1.2 Topochemical Reactions

In contrast to the reactions described above, where surface diffusion largely
controls the rate of the reaction, solid-state, “diffusionless” polymerization reactions have
been observed. These reactions are termed topochemical because the structure of the
products can be directly related to the geometric arrangement of the reactants.29
Topochemical reactions are selective, rapid and steroespecific.30 If the product crystal
structure can be predicted from the monomer structure, such crystalline monomer to
crystalline polymer transformations are considered to be topotactic in nature.29 For both

topochemical and topotactic reactions, a minimal amount of nuclear motion is observed



and empirical rules have been developed from experimental and theoretical

investigations: reactive centers must be < 4 A apart and unsaturated moieties must be

nearly parallel.29.31

While the ideas of topochemical reactions may only be applicable in solid
materials, it has been shown that a solid surface can exert a high degree of control over
the polymerization and subsequent deposition of a polymer thin film. In such epitaxial
polymerizations, structural information is conferred upon the first adsorbed polymer layer
by the substrate and, in some cases, polymer morphologies are observed that are

otherwise unobtainable from solution polymerization followed by crystallization.32-35

1.3 Surface Topochemical Reactions

We hope to use the substrate to order the monomer intentionally prior to
polymerization. If the structure of the adsorbed monolayer matches closely with that of
the polymer unit cell, the probability of a topochemical reaction occurring increases. We
have chosen a system where a favorable packing geometry exists, as will be discussed
below. Many small molecules are known to form well-ordered monolayers with high
symmetry on transition metal surfaces increasing the possibility of parallel double
bonds.!8 Additionally, the nearest-neighbor distance of most of the transition metals is <
4 Aj36 satisfying another of the rules for topochemical reactions. This is shown
schematically in Figure 1.1 where the monomeric units are arranged on a lattice. Upon
initiation, the monomer units are allowed free rotation and are oriented for reaction to

form the polymer lattice.
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Figure 1.1 Schematic representation of a topochemical reaction on a solid lattice.

In terms of topochemical reactions, there are several differences between an
adsorbed monolayer and a crystalline solid that will affect the polymerization reaction.
Diffusion of adsorbates on metal surfaces is typically fast (at least 2 orders of magnitude
greater than liquid diffusion coefficients) making the overlayer dynamic and less robust
than the crystalline phase.37 The fast diffusion could disrupt the monomer order prior to
polymerization, which will lessen the chance for topochemical reaction. Also, due to
interadsorbate and adsorbate-substrate interactions, unique monolayer structures may be
formed that may increase or decrease the probability of a topochemical reaction. For
example, bulk crystalline trioxane has been observed to photopolymerize topochemically
however the structure observed for monolayer trioxane adsorbed on Cu(l111) (~ 15 A
separation between molecules)38 would probably preclude such a reaction from occurring
based on the empirical rules.

Mechanistic factors will also affect the polymerization reaction on a surface.
Successful creation of initiators and chain propagation along a specific direction in
accordance with the structure of the overlayer will be crucial to formation of the polymer.

The surface polymerization could suffer similar problems to solution polymerizations:



inhibition of initiation and premature termination and/or chain transfer reactions.
However, the rapid addition of monomers in a topotactic polymerization may be much
faster than termination events. Indeed, in solid-state polymerization reactions, monomer
addition may occur on a time scale as short as 10™"? 5.3940 Even in the topochemical
polymerization of crystalline formaldehyde to crystalline poly(oxymethylene), where the
monomer moves a large distance (~ 0.5 A), the addition of monomer was found to occur
every 107 s at 80 K.40 This is faster than the rate seen for solution-phase free radical
polymerization where addition occurs on the time scale of 102-10* s at room
temperature.*!

Using the surface to align reactants was first shown for 2H,S — H,+2HS42 and
2HX — H,+X; (X=Cl and Br)*3 on LiF(001) where photochemical product energies and
yields were markedly different than those seen in the gas-phase. The photochemistry of
HX is thought to occur through an aligned HX dimer where the close proximity of the
two HX molecules is afforded by adsorption on the LiF surface. Also, the photooxidation
of CO on Pt(779) occurs by dissociation of co-adsorbed O, at step-edges, which are
aligned to oxidize CO adsorbed at step-edges preferentially.#4 The chemistry need not be
photon driven. The observed probability of non-terminal addition of deuterium atoms to
1-butene adsorbed on Cu(100) was found to be greater (~ 5X more) than that seen in the
gas-phase and was ascribed to a steric effect based on the adsorption geometry of the
molecule.45

For most of the systems which have been investigated to date, little is known
about the adsorbed monolayer structure prior to polymerization, the polymer morphology

or the details of the reaction mechanism. Moreover, the correlation between the atomic



arrangement of the substrate and polymer has not been studied systematically. We are
interested in elucidating the polymerization initiation, propagation and termination
mechanisms operative for ordered monolayers of unsaturated small molecules, and the
influence of the surface on the polymer film order, chain length, conformation and
stability. Ultimately, control of some or all of these processes may enable the design of
high-quality crystalline polymer thin films. To our knowledge, the possibility of
controlling polymerization through the use of a surface acting as a reaction "template"”

(topotactic reaction) has not been investigated.

1.4 Influence of Co-adsorbate

In addition to studying polymerization reactions on clean surfaces, co-adsorbed
species offer the potential to control both the chain length and endgroups of the resulting
polymer. In solution polymerizations, chain transfer agents are used to control the
molecular weight distribution of a polymerization and determine the endgroup.4! On a
surface, the co-adsorbate may participate in the reaction through initiation and/or
termination events; in either case, the endgroup identity may be determined by the co-
adsorbate. Endgroup stability of a polymer adsorbed on a surface is known to have a
large impact on the thermal stability of the polymer. For example, bulk polyimide made
from pyromellitic dianhydride (PMDA) and oxydianiline (ODA) is stable at temperatures

up to 500 °C.46.47 However, polyimide films made from reactive adsorption of PMDA

and ODA on Cu(110) decompose at ~ 280 °C.48:49 The thermal stability of the film is

limited by the reactivity of the carboxylate endgroups bound to the surface, but the



decomposition pathway and the influence of the substrate on the endgroup stability have
not been correlated.

A co-adsorbate may also be used to control reactivity of the substrate with respect
to the monomer. Direct adsorption of the monomer is a simple alternative to LB and
SAM methods. However some metal substrates are too reactive to form the polymer thin
film through direct adsorption. For example, formation of POM films from H,CO is not
possible through LB and SAM methods and direct adsorption of H;CO on Fe(100) causes
decomposition, and not polymerization, of the adsorbed H,CO.50

Carbon monoxide is an obvious choice for use as the co-adsorbate to control the
reactivity of the substrate because it forms a well-ordered monolayer on Cu(100) at 85
K5! and is only weakly chemisorbed, desorbing molecularly at ~ 180 K.52 Co-adsorbed
carbon monoxide (CO) is known to influence the chemistry observed on surfaces. For
example, co-adsorbed CO has been found to increase the stability of ethylidyne on
Ru(001),33 decrease the stability of the methyl hydrogen atoms of toluene on Ru(001),54
perturb the decomposition pathway of methylamine on Ru(001)35 and promote the

decomposition of saturated hydrocarbons on Ni(755).56

1.5 Proposed System

The system chosen for study is the adsorption of formaldehyde on Cu(100).
Formaldehyde is an ideal molecule for studying polymerization reactions due to its low
activation energy for polymerization (~ 12 kJ/mol) and the fact the reaction can be self-
initiated without the use of an initiator species. Also, the gas, solution and solid-state

reactions of formaldehyde have been studied extensively.39:40,57,58



Gaseous H,CO has a S| « Sy (t* « n) band origin at 3.49 eV>7 and can
dissociate, upon UV irradiation, via two channels: H,CO — H, + CO (molecular) and
H,CO — H’ + HCO® (radical). The molecular channel has its threshold at 3.52 eV.
Polymerization is not expected to be initiated by the molecular photoproducts. The
radical channel, whose threshold is at 3.73 eV, may initiate the polymerization through
reaction of the radical species with molecular H,CO.

Formaldehyde can be polymerized to form POM via cationic, anionic and free
radical routes.58 Poly(oxymethylene) can also be formed through ring opening of the
cyclic trimer (1,3,5-trioxane) and tetramer (1,3,5,7-tetraoxane) of H,CO. Both
orthorhombic (0-POM) and trigonal (t-POM) crystal structures have been observed for
POM in which the POM chains form helices.59 In t-POM, the helical conformation is
designated D(10m9) while the o-POM conformation is D( 7).60 The crystal structure of o-

POM is shown in Figure 1.2. For t-POM, only one chain per unit cell is present.

b=7.65A
AN N\

a=477A

3., ., 0%
®5n| |60

Figure 1.2 Crystal structure of orthorhombic POM (o-POM). Filled circles are
methylene (CH>) units.

c=356A



The unit cell parameters of the Cu(100) surface match well with those of
crystalline 0o-POM. The ¢ dimension of the polymer unit cell (3.56 A) is only about 1 %
smaller than the bulk copper unit cell (a,=3.61 A),36 and the b dimension (7.65 A) is
about 6 % larger than 2a,. This is shown schematically in Figure 1.3 where the b-c plane
is projected onto the Cu(100) surface plane. The close match of unit cells increases the
probability for a topochemical reaction.

The helical conformation observed in the solid-state may not be observed on the
Cu(100) surface due to the strong adsorbate-surface interactions. The nearest-neighbor
distance for copper (2.55 A) matches closely with that of the oxygen-oxygen repeat
distance (2.49 A) for POM in a planar zigzag conformation. This confonnaﬁon has not
been observed experimentally due to dipole-dipole repulsion of the neighboring C-O-C
units. The helical conformation has been calculated to be ~ 7 kJ/mol lower in energy than

the planar zigzag structure.6!

c=356A=~a,

b=7.66 A = 2a,

Figure 1.3 Projection of the 0-POM b-c plane onto Cu(100).



It has been shown that in the solid-state photochemistry of formaldehyde, a high
degree of order prior to irradiation is essential for long chain growth of POM.
Formaldehyde has been observed to undergo photopolymerization (y-rays) in the solid-
state down to temperatures as low as ~ 4 K producing high molecular weight, crystalline
polymer.39:40. In contrast, no POM was detected after irradiation of amorphous films of
H,CO at 10 and 77 K and, only after doping with Cl, were oligomers formed (~ 6

monomer units).62.63

1.6 Reaction of Formaldehyde with Metal Surfaces

As was mentioned previously, the adsorption of H;CO on metal surfaces has been
investigated. Non-dissociative adsorption has been observed on clean Ag(110),19.64
Ag(111),65 Au(110)56 and Zn(0001)67 at temperatures below 100 K. Reactive adsorption
of formaldehyde was found to occur on O/Ag(110),19:64 Ni(110),20 O/Zn(0001),57
Ru(001),68 Rh(111),23 Fe(100),50 Pt(111),2! and Pd(111)22 with H,, CO and POM being
formed. When POM has been observed, it has been speculated the interaction of H,CO
with surface-bound oxygen forms either a formyl species(HCO)%8 or a dioxymethylene
(H2CO,)%4 species which then participates in the polymerization process. The oxygen
probably arises due to dissociation of the HCO upon adsorption. Oxygen has the ability
to act as a nucleophile as well as create Lewis acid sites in its immediate vicinity.64.69
Both can initiate the polymerization of formaldehyde.5®  Also, partial thermal
polymerization was observed on Cu(110) at 90 K but the effect of adsorbed oxygen was

not addressed.26
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There has been one investigation on the photopolymerization of formaldehyde
adsorbed on a metal surface. Dai et al. polymerized formaldehyde adsorbed on Ag(111)
using nanosecond pulses of 355 nm radiation.65.70.71 Formation of POM was observed at
80 K for coverages from 0.1 to 1 monolayer (ML) of adsorbed H>CO. In the absence of
irradiation, no polymerization was observed. Also, no polymerization was observed upon
exposure to 532 nm radiation suggesting a non-thermal initiation mechanism.’0 Below
60 K, no polymerization occurred after irradiation, presumably due to reduced diffusion
of H,CO or initiator species. However, polymerization did occur after these irradiated
samples were annealed to higher temperatures.”! This is indicative of a diffusion-limited
process and not a topochemical reaction.

Recent results by Dai et al. have shown laser-induced polymerization of
formaldehyde on Ag(111) occurs through photoexcited electrons generated within the
substrate.”2.73 Substrate sub-vacuum electrons have been observed to initiate chemistry
of adsorbates as well as stimulate desorption.”4-77 This is represented schematically in
Figure 1.4a where photons (hv<work function) are absorbed by the substrate creating hot
electrons. These electrons can tunnel to empty states of the molecular adsorbate,
inducing chemistry. In Figure 1.4a, the placement of the lowest unoccupied molecular
orbital (LUMO) of H,CO is somewhat arbitrary as it is not generally known, a priori,
how the orbitals of the adsorbate line up with the surface. If photon energies greater than
the work function are used, free photoelectrons may attach to the LUMO of H,CO and
also induce chemistry. This is shown in Figure 1.4b. However, for the
photopolymerization of H,CO on Ag(111), the photon energies used were less than the

work function.
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If sub-vacuum electrons can initiate polymerization, then electrons from the
vacuum side should initiate polymerization as well. Dai er al. have found this to be
true.’8 Low energy ( 0-20 eV ) electrons were used to irradiate the sample, at 80 K, with
polymerization occurring at all electron energies. The substrate sub-vacuum and vacuum
side electrons are thought to attach to H,CO forming an unstable negative ion state. This
negative ion dissociates into CH; and O on Ag(111) which is in contrast to H;CO" gas
phase dissociation into H and HCO.”® Either CH, or O may be responsible for the
polymerization. In light of the thermal polymerization observed on oxygen covered
surfaces, oxygen is more likely to initiate the polymerization.

The work performed by Dai’s group indicates polymerization of formaldehyde on
Ag(111) is strongly temperature dependent. Topochemical polymerization reactions are
not diffusion-limited processes and thus Dai’s work should not be considered
topochemical in nature. Also, neither the ordering of the monolayer, with respect to the
substrate, nor the resulting polymer conformation was investigated. Information
regarding both will be important for realizing some of the goals of the work described in

this dissertation.

1.7 Outline of Thesis

The first step in the work described within this thesis was to study the adsorption
of formaldehyde on Cu(100) at cryogenic temperatures (< 85 K). This is discussed in
Chapter 3. We have shown that at 85 K, H,CO spontaneously polymerizes to form a

saturated monolayer of POM.52 The POM depolymerizes, forming molecular

formaldehyde which desorbs promptly, between 190 and 220 K. A small amount of H; is
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observed to desorb from the surface and is believed to arise from H,CO dissociating on
the clean Cu(100) substrate. A clean surface is obtained after heating to 300 K.

Two different POM species are formed from the thermal polymerization of H,CO
on Cu(100) at 85 K.7 This is the subject of Chapter 4. Two separate chain lengths are
produced in the polymerization and the depolymerization kinetics have been modeled
using standard depolymerization kinetic equations. The differences between the ratio of
degree of polymerization and the average number of monomer units depolymerized at
each initiation step separate the long and short chain POM species. Also, we have used
co-adsorbed methanol to preferentially form the shorter species and confirm the identity
of the endgroups.

Chapter 5 describes the use of a co-adsorbate, carbon monoxide, to control the
reactivity of the Cu(100) with respect to formaldehyde adsorption.80 A saturation
coverage of CO inhibits the thermal polymerization of HCO on Cu(100) at 85 K. Upon
irradiation with UV photons, molecularly adsorbed H,CO reacts to form POM and
ethylene glycol, which has not been observed previously in the photochemistry of
adsorbed formaldehyde. The CO desorbs prior to POM depolymerization offering the
possibility for forming patterned polymer films through photopolymerization, followed

by desorption of monomer (from the unirradiated areas) and the CO spacer layer.
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Chapter 2 Experimental

Ultrahigh Vacuum Chamber (UHV). The experiments to be described were
conducted in two connected stainless steel ultrahigh vacuum chambers. Each chamber
was separately pumped by a 270 L/s ion pump. The first chamber, spherical in shape,
was equipped with a 1-200 amu quadrupole mass spectrometer (QMS) (VG Masstorr 200
DX), an ion gun for noble gas ion sputtering (Phi 04-161 gun, 20-005F controller) and a
molecular leak valve (Varian 9515106). This chamber was also equipped with a dual
anode X-ray source (VG 3EXR2) and hemispherical electron energy analyzer (VG
CLAM2) for X-ray photoelectron spectroscopy (XPS). The pressure was measured by a
nude ion gauge. After being baked for ~ 48 hours at ~ 120 °C, the base pressure was
typically 2x10™'° Torr. The other chamber was double p-metal shielded and housed a
high resolution electron energy loss spectrometer (EELS) (LK Technologies LK3000).
The p-metal shielding is necessary to reduce the stray magnetic fields present within the
chamber to < 35 mG.!

The sample was mounted at the end of a long-travel (500 mm) manipulator
capable of x, y, z, and 6 motion (Thermionics 910438NW) which was connected to the
spherical chamber. The sample mount was constructed in-house and is shown in Figure
2.1. The mount was connected in vacuum to the threaded end of the manipulator through
a Macor block. Macor is a machinable ceramic material that provided both thermal and
electrical isolation for the sample mount. Additional thermal and electrical isolation was
provided by the cryobreaks (ISI 9611004). The sample was held to the molybdenum

sample block by two tungsten clips which provided good thermal and
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mechanical contact to the mount. The Mo mount was secured to the copper liquid
nitrogen (LN;) reservoir via a threaded molybdenum rod and nut. The sample
temperature was monitored using an E-type thermocouple placed between one of the
clips and the front face of the sample. To ensure fast response and low thermal load on
the sample, the thermocouple junction was kept as small as possible (OMEGA
Engineering, 0.13 mm diameter). The sample could be cooled to 85 K by drawing LN,
through the reservoir using a small diaphragm pump. The sample was heated indirectly
by using a tungsten filament (Alfa Aesar, 0.25 mm diameter). The heater filament was
wound (25 turns each side) around a small diameter rod and inserted into alumina tubes

(Kimball Physics Al,03-TU-C-500) prior to being inserted into the heater filament holes



in the mount. In this fashion, the sample could be heated to > 800 K. All cryogen and
electrical lines in vacuum were covered in braided silica sheathing and connections were
made via a 2.75 in. multiport flange (MDC MMF275-5-133) attached to the manipulator.
Also, the entire mount could be electrically biased via a copper wire attached to the
mount.

Sample Preparation. The Cu(100) sample (Monocrystal, Inc. > 99.99995 %
purity) was cleaned by cycles of argon ion sputtering and annealing. The sample was
heated to 680 K, at which time argon was admitted into the chamber to a pressure of
5x107 torr. The ion pumps were turned off and a gate valve opened to pump the
chamber via a turbomolecular pump (Varian V-80) connected to a gas manifold system.
The sputtering was begun with the following conditions: 1000 eV, 15 mA emission, ~ 25
MA current onto the sample mount. The sample mount geometry prevented a measure of
ion current directly onto the sample. Sputtering continued for 15 minutes, at which time
the ion gun was turned off and the sample was allowed to anneal at 680 K for 10 minutes
prior to cooling to ~ 300 K for analysis. During the post-sputter anneal, the ion pumps
were turned on when the pressure was < 1x10® torr. The sample was considered clean
when XPS and EELS showed no contamination present.

Generation of Formaldehyde and Dosing. Gas-phase H,CO (D,CO) was
prepared by pyrolysis of paraformaldehyde (Aldrich, 95%) or paraformaldehyde-d;
(Aldrich, 99% atom) using a previously described method.2 Two Nupro stainless steel
in-line gas filters (SS-4F-7), with the sintered filter elements removed, were packed with
~ 2 g paraformaldehyde and ~ 3 g of dried MgSO,4. Both materials were constrained

within the filters with glass wool that had been deactivated with trimethychlorosilane.
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The filter assembly was attached to the gas line between the molecular leak valve and the
gas manifold by a T-connector. The leak valve, gas lines, and the manifold were heated
to ~ 100 °C to prevent condensation of the H;CO which was generated, along with water,
by heating the filter assembly to ~ 60 °C, via heating tape. The water was trapped by the
MgSOy4 prior to introduction into the vacuum chamber. Residual gas analysis of the
vapor introduced into the chamber indicated ~ 6 % H,O contamination. Removal of the
drying agent, MgSO,, reduced the water content of the gas to ~ 3%. No effect on the
chemistry of H,CO on Cu(100) by the water was observed.

The majority of experiments were performed by cooling the sample to T < 85 K
and backfilling the UHV chamber with H,CO for a predetermined time (background
dosing). Exposures of H,CO are quoted in langmuirs (1 langmuir = 1 L = 10 Torr « 5)
and are uncorrected for ion gauge sensitivity. Directed dosing was accomplished by
dosing through a 1/8"™ in. O.D. stainless steel tube connected to the molecular leak valve
(the gasket assembly within the leak valve was threaded for 8-32 and the tube was
soldered to a 8-32 bolt that had been drilled through). The sample was moved away from
the end of the doser and dosing was performed by opening the leak valve, while
monitoring the most abundant fragment by the QMS, until a constant pressure was
achieved. The base pressure, as monitored by the ion gauge, rose by only ~ 2x10™'° Torr.
Once the QMS signal stabilized, the sample was moved under the doser for a
predetermined time. The doser-sample distance was ~ 4 mm. Based on background
dosing experiments involving H,CO, enhancement factors of ~ 300 were calculated for

directed dosing using the stainless steel tube.
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Preparation of O/Cu(100). Oxygen-covered Cu(100) surfaces were prepared by
dosing dioxygen (AGA, UHP grade) through the 1/8" in. O.D. stainless steel tube onto
the Cu(100) at 300 K. The oxygen coverage as a function of dosing time is shown in
Figure 2.2. A dose time of 300 s was used to prepare a coverage of 0.1 ML as indicated
by XPS analysis. At this coverage, oxygen forms a disordered overlayer with the oxygen
atoms in 4-fold hollow sites as determined by photoelectron diffraction.3 A single loss
was observed in EEL spectra at 335 cm’! (corresponding to v(Cu-O)) which matches
closely with previous investigations of O/Cu(100) where a loss was observed at 340 cm’
for a coverage of 0.11 ML.4

X-ray photoelectron spectroscopy (XPS). The surface chemical composition was
determined by XPS. All XP spectra were collected using the Al Ko X-ray line
(hv=1486.6 eV) operated at 300 W (15 kV, 20 mA) and an analyzer pass energy of 100
eV. Photoelectrons were collected at a take-off angle of 75° from the surface normal to
maximize surface sensitivity. Spectra were referenced to the Cu (2p,,,) peak from clean
Cu(100) at 932.7 eV.5 Typically, photoemission data (Cu (2p), O (Is) and C (Is)
regions) were acquired in less than 2 minutes. In order to calculate the C(1s) and O(l1s)
XPS atomic sensitivity factors for our instrument, single point calibration experiments
were performed using a saturation exposure of CO (Matheson, 99.99 %) on the clean
Cu(100) surface. This system is known to form a saturated monolayer coverage of 0.57
ML (0.57 CO molecules per Cu atom) at 85 K.6 Measurement of the C (1s):Cu (2pss)
XPS peak intensity ratio for a CO-saturated monolayer "allowed us to calculate an

absolute carbon atom concentration for any measured C (1s):Cu (2ps3/2)
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or O(1s):Cu (2p32) XPS ratio. This method was used to determine the absolute number
of H,CO molecules for a given exposure.

Electron Energy Loss Spectroscopy (EELS). The clean and adsorbate-covered

surface was characterized by high resolution electron energy loss spectroscopy (EELS).
In a typical EELS experiment, a monoenergetic beam of electrons is scattered off a
surface. The majority of electrons scatter elastically, but, a small fraction interact with
the surface-adsorbate system and lose quanta of energy corresponding to vibrations of the
system.!.7 For the experiments described here, the dominant interaction was assumed to
be dipolar. In this scattering mechanism, the electron scatters inelastically from the long-
range dipole field produced by the adsorbate. This interaction changes the momentum
minimally and, as such, the electrons that have lost energy are detected very close to the
elastic peak (specular direction).

Electron energy loss spectra were acquired in the specular scattering geometry
(0i=04=55°) with a primary electron beam energy of 6.1 eV. The elastically scattered
beam from the clean Cu(100) surface was typically 24-32 cm™ (3-4 meV) full width at
half maximum (FWHM). Under these conditions, currents onto the Cu sample were

approximately 300 pA and count rates from the clean Cu(100) surface were >10° Hz.
From the adsorbate-covered surface, the FWHM ranged from 32-64 cm™ (4-8 meV) with
count rates of 10*-10° Hz.

Temperature-Programmed Desorption (TPD). The adsorbate-covered surface was

characterized by TPD. During TPD experiments, the adsorbate-covered surface was
heated  a linear rate (4.2 or 5.7 K-s™") and the desorbing molecules characterized by

Mmass Spectrometry. The surface was positioned such that the surface normal was in
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direct line-of-sight of the QMS. Molecules were transmitted to the mass spectrometer
through a 2 mm diameter aperture in a stainless steel shroud enclosing the ionizer. The
shroud ensured the majority of desorbing species originated from the surface and not the
sample mount. While heating, a —70 V potential was applied to the sample to prevent
electrons from the mass spectrometer ionizer inducing adsorbate chemistry.

The rate of desorption for an adsorbate is equal to the rate of change of coverage

(0) with respect to temperature (T) and can described by the Polyani-Wigner equation

Rate of desorption = 49 _vo exp| — E, (2.1)
aT B kT

where Vv is the preexponential, n is the order of desorption, P is the heating rate and E, is
the energy of desorption. For zero-order desorption (n=0), Arrhenius plots of In(rate)

versus T yield values for Eq and v. Redhead8 showed that for a first-order process Eg

can be estimated from the peak desorption temperature (Tp,) using equation (2.2)
E, =RT, [ln( V;'“ J- 3.46] 2.2)

and assuming a value for v (usually 10" s). Equation (2.2) has been found to vary by

only ~ 2 % when v falls between 10® and 10" 5.9 These two analyses represent only a
few of the procedures cited in the literature.9-!1

Photochemistry. The adsorbate-covered surface was exposed to unpolarized
ultraviolet (UV) radiation from a medium-pressure Hg arc lamp (Oriel 6286) operated at
350 W. The lamp was equipped with an aqueous visible/infrared filter (~ 1 M NiSO,)

which transmitted photon energies in the range 5.4-3.9 eV (230-320 nm). The UV/Vis
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Figure 2.3 Ultraviolet/Visible spectrum of ~ 1 M NiSO, (aq) solution used as a filter for
the medium-pressure Hg arc lamp.

28



spectrum of a ~ 1 M NiSO;4 solution is shown in Figure 2.3. The UV light was
introduced into the UHV chamber through a fused quartz window. The angle of
incidence of light was 45° with respect to the surface normal. Irradiation of the chamber
and sample mount was minimized through the use of an aperture affixed to the window
and irradiation of the sample with a power of ~9 mWcm™ resulted in a temperature rise

of ~ 2 K. All irradiations were performed at T < 85 K.
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Chapter 3 Adsorption and Polymerization of Formaldehyde on Cu(100)

Abstract

The adsorption of formaldehyde (H,CO) on clean Cu(100) at 85 K has been studied using
electron energy loss spectroscopy (EELS), X-ray photoelectron spectroscopy (XPS), and
temperature programmed desorption (TPD). For coverages up to 1.06 (#0.22)x10"
H,CO molecules/cm?, formaldehyde spontaneously polymerized to form a monolayer of
disordered poly(oxymethylene) (POM), arranged with the chain directions parallel to the
surface plane. Thermal decomposition/desorption of the polymer monolayer occurred by
two routes, producing peaks in temperature programmed desorption (TPD) at
approximately 200 K and 215 K. These features were produced by molecular H;CO
generated via depolymerization of the polymer. The 200 K and 215 K features displayed
apparent zero- and first-order desorption Kinetics, corresponding to estimated activation
energies for depolymerization of 75 (£ 10) and 53.9 (£ 0.5) kJ/mol, respectively. The
presence of two polymer desorption peaks is attributed to chain conformational
differences present within the monolayer, and has not been previously observed in studies
of formaldehyde adsorption on metal surfaces. Large exposures of HCO on this surface
formed multilayers of molecular formaldehyde on top of the first polymer layer. The

second layer desorbed at 105 K and subsequent layers at ~100 K.
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3.1 Introduction

Compared to Langmuir-Blodgett (LB)!+2 and self-assembled monolayer (SAM)3-8
techniques, direct adsorption of monomer followed by polymerization, either thermally or
through initiation with photons or electrons, offers a simple, rapid and solvent-less route
to the formation of polymer thin films. However, for most of the systems which have
been investigated to date, little is known about the adsorbed monolayer structure prior to
polymerization, the polymer morphology or the details of the reaction mechanism.
Elucidation of the polymerization initiation, propagation and termination mechanisms
operative for ordered monolayers of unsaturated small molecules, and the influence of
surface electronic and crystallographic structure on the polymer film order, chain length,
conformation and direction(s) in relation to specific crystal directions may ultimately
enable the design of high-quality crystalline polymer thin films.

There have been relatively few fundamental studies of small molecule
polymerization reactions on surfaces even though this type of reaction plays a large role
in Fischer-Tropsch catalysis.?-10 While the adsorption of formaldehyde on Cu(100) has
not been investigated (the foc.us of this chapter), there is some precedent for thermal
polymerization of H,CO to poly(oxymethylene) (POM) on several metal surfaces:
O/Ag(110),!11 Ni(110),12 Pt(111),!3 Pd(111),!4 O/Rh(111),!5 O/Pd(111),16 NiO(100)!7
and Cu(110).18 Thermal polymerization of acetaldehyde on O/Ag(111) has also been
observed.19 In addition to thermal polymerization, ultraviolet photons or low-energy
electrons have been shown to initiate polymerization of other small molecules adsorbed at

metal substrates: TCNQ,20 dinitrobenzene,2! thiophene,22.23 formaldehyde24.25 and

styrene.26
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3.2 Results and Discussion
Temperature Programmed Desorption (TPD). The adsorption of formaldehyde

on Cu(100) was studied by TPD. Figure 3.1 shows a series of m=29 (HCO") TPD spectra
for increasing exposures of H,CO (for clarity, not all exposures shown). At 0.2 L H,CO
exposure, desorption peaks of approximately equal intensity were observed at 197 K and
212 K. With increasing exposure of H>CO, both peaks increased in intensity. However,
the 197 K peak shifted to higher peak desorption temperatures, but the 212 K peak
remained at approximately the same peak desorption temperature. The total area of these
two peaks, as a function of exposure, is shown in the inset of Figure 3.1. The area
increases linearly up to an exposure of approximately 0.9 L and then reaches a constant
value. Separate fits of the increasing and constant regions intersected at 0.87 (30.14) L,
which can be related to coverage, as discussed below.

For a 1.1 L H,CO exposure, the two desorption features merged into a broad peak
at approximately 205 K, and a new peak was observed at 105 K. For exposures >2.2 L,
an additional peak at 100 K grew in that did not saturate with increasing exposure. Based
on previous investigations,!8 the 105 K and 100 K features are associated with desorption
of molecular H,CO from the second and subsequent monolayers, respectively. The
feature observed at 84 K is attributed to desorption from the heating filament and the
large, broad background observed between 100 K and 180 K is attributed to desorption
from the sample mount.2’

Figure 3.2 shows TPD spectra for a 1.0 L H,CO exposure on Cu(100) measured at

masses corresponding to hydrogen (m=2, H,"), water (m=18, H,0"), carbon monoxide
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Figure 3.1 Mass 29 thermal desorption spectra for increasing doses of H;CO on Cu(100).
All exposures were made at 85 K. The inset shows the total integrated area for the
features between 190 and 230 K as a function of exposure. Exposures are: a) 0.2 L, b)
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(m=28, CO"), formyl (m=29, HCO®), formaldehyde (m=30, H,CO") and 13C-
formaldehyde (m=31, H,!3CO"). Each spectrum constituted a separate 1.0 L exposure.

For masses 28, 29, 30 and 31, the relative abundances for each ion (20:100:48:1.3)
between 190 K and 230 K were similar to those obtained from the mass spectrum of
H,CO(g) (24:100:58:1.1).28 This confirms that the identity of the species desorbing
between 190 K and 230 K is molecular formaldehyde. We believe molecular H,CO is
generated as a result of depolymerization of a surface-bound polymer as will be discussed
in detail below.

For m=28, three desorption peaks were observed. The two highest temperature
peaks (approximately 200 K and 215 K) can be identified as fragment ions of molecular
H,CO, as described above. However, the 174 K peak was not observed at m=29, 30 or
31 and thus, is inconsistent with fragmentation of H,CO. The similarity of the desorption
temperature of this peak with that of a CO-exposed Cu(100) surface (data not shown)
leads us to conclude that this feature is due to desorption of molecular CO. The m=2
spectrum displays a peak at 178 K and a shoulder at ~200 K. The shoulder likely
corresponds with cracking of the H,CO and is associated with comparable peaks
observed at m=29, 30 and 31. However, the peak at 178 K cannot be attributed to H,CO
cracking. This feature was likely due to recombinative desorption of adsorbed H atoms,
which are known to adsorb on copper surfaces at 85 K.29-31

For the m=18 TPD spectrum, peaks are observed at 197 K and 224 K, which are
associated with desorption of water coadsorbed with the formaldehyde during the gas

exposure. A scan of 1-100 amu during desorption showed no other desorbing species.
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Electron Energy Loss Spectroscopy (EELS). Figure 3.3 shows a series of EEL
spectra for increasing exposures of H;CO on the 85 K Cu(100) surface. Immediately
upon adsorption of H,CO on this surface, the EELS elastic beam intensity falls by more
than two orders of magnitude (from >10° Hz to ~10* Hz), indicative of a significantly
disordered adlayer. Table 3.1 summarizes the EELS results together with IR data
obtained from gas-phase H,CO32, solid H,CO33 and the polymer, POM.34 Excellent
agreement is obtained between our EELS data for the 0.5 L H,CO-dosed Cu(100) surface
and the IR data for solid poly(oxymethylene). The losses at 338 cm™ and 2060 cm™ can
be assigned to v(Cu-CO) and v(C=0) for adsorbed CO. Importantly, the carbonyl loss
due to v(C=0) for H,CO is not observed, suggesting no molecular H,CO is present on the
surface up to about 1.2 L. However, the possibility of H,CO adsorbed with the molecular
axis parallel with the surface cannot be excluded. The only mode that would be active for
dipole scattering in this geometry would be the out-of-plane deformation (B, character)
which has an associated dipole moment oriented perpendicular to the surface. This mode
should appear at ~1167 cm’, which is an area of the spectrum that is dominated by
polymer loss features.

The presence of 1,3,5-trioxane, the cyclic trimer of H,CO, was eliminated based
on EELS data taken for the adsorption of trioxane on Cu(100) at 85 K. Figure 3.4 is the
comparison of EEL spectra of a 0.5 L exposure of HyCO (Figure 3.4a) with that of a 0.7 L

exposure of trioxane (Figure 3.4b). Trioxane has been found to have complex adsorption
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Figure 3.3 EEL spectra for increasing exposures of HCO on Cu(100) at 85 K. The
sample was flashed to 300 K between exposures.
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Figure 3.4 EEL spectra of a) 0.5 L exposure of H,CO on Cu(100) and b) 0.7 L exposure
of trioxane on Cu(100). Both spectra were acquired at 85 K.
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behavior on Cu(111) with monolayer coverage occurring at ~ 0.02 ML and multilayers
forming after saturation of the monolayer.35 The EEL spectrum shown in Figure 3.4b
likely corresponds to a multilayer coverage of trioxane on Cu(100) although absolute
coverage was not calculated. The losses observed match well to those found for bulk

crystalline trioxane as seen in Table 3.2 Also, the observation of losses corresponding

Table 3.2 Assignments of the vibrational bands (in cm™) observed by EELS for 0.7 L
exposure of trioxane on Cu(100) at 85 K. Also shown is IR data for solid trioxane.

Assignment Symmetry® Trioxane 0.7 L Trioxane / Cu(100)
Solid36

v(M-CO) 321
&COC) A 469 470
&OCO) E 521 526
vs(COC)/r(CH;) Ai/E 951/918 946
v4(COC) E 1067 1049
va(COC) E 1152 1165
r(CH,) Ay 1222 1215
t(CHy) E 1313 1288
w(CH) E 1419 1392
&HCH) E 1483 1472
v(C=0) 2059
vs(CH) E 2877 2853
Vas(CH) E 3031 3003

a) bulk symmetry, Cj,

to E modes in bulk trioxane (C;, symmetry) rules out an overlayer structure with the C;
axis parallel with the surface normal. Importantly, the loss observed at 645 cm™ in Figure
3.4a, assigned to 8 OCO), most closely matches the reported value for POM at 630 cm™.
In the IR spectrum of solid 1,3,5-trioxane, this mode is split into two bands at 744 cm’'
and 521 cm™. For the EEL spectrum shown in Figure 3.4b, the 744 cm™ loss was

undetected due to its inherently low intensity.36
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On increasing the H,CO exposure to 2.4 L (Figure 3.3c), some recovery of the
elastic beam intensity was noted (approximately an order of magnitude), indicating that

the second layer is somewhat more ordered than the first (polymer) layer. The appearance

of an intense loss at 141 cm™ has been previously observed for H;CO on a number of

surfaces and has been attributed to lattice (phonon) modes of crystalline H,CO(s).11-
13,1837,38 At 2.4 L exposure, the loss at 1483 cm’™ significantly increased in intensity
and a new loss at 1719 cm™ appeared. These losses are attributed to molecular H,CO and
agree with IR data taken on crystalline H,CO films at 80 K.32 The losses at 1184 cm’

and 1240 cm™ also gained intensity and are assigned to the out-of-plane and in-plane

bending modes of H,CO respectively. The v(C-H) region showed three distinct losses
which can be assigned to v{(C-H) and v,(C-H) of H,CO and to a Fermi resonance

between v,+Vvs and v,. This Fermi resonance has previously been observed in the IR

spectrum of crystalline H,CO.32.33  The loss due to adsorbed CO, v(C=0), has red-

shifted to 2020 cm™ and gained intensity relative to 1.2 L, but the loss due to v(Cu-CO)
was still not detected at ~340 cm’'. We assume the modest red-shifting of the v(C=0)

mode is due to intermolecular coupling between adsorbed H,CO polymer and CO.
At the largest H,CO exposure studied, 21 L, the losses due to molecularly adsorbed

multilayer H,CO were observed clearly. The lattice mode has gained intensity and blue-
shifted by 87 cm-! to 228 cm’ relative to the 2.4 L exposure. A loss at 423 cm’ appeared
and is tentatively assigned to an overtone of the 228 cm’ lattice mode. The peak at 943

cm", for which there is no corresponding mode in molecular H,CO, is
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assigned to the v{(OCO) mode of polymer formed during acquisition of the EELS
spectrum.  Previous studies of H,CO adsorption on Ag(l111) have shown that
polymerization of molecular formaldehyde can be initiated by low-energy electrons and
that even exposure to the low fluxes of electrons encountered in EELS can initiate
polymerization of multilayers of H,CO.25.39

Figure 3.5 shows a series of EELS spectra taken as a function of annealing
temperature for a 6.3 L exposure (multilayer) of H,CO on Cu(100). The surface was
dosed at 85 K, momentarily heated to the indicated temperature and immediately cooled to

85 K prior to data acquisition. Figure 3.5a shows the “as exposed” spectrum taken

immediately after 6.3 L of H,CO on the 85 K Cu(100) surface. As expected, it displayed

losses characteristic of both molecular H,CO and POM. In particular, the v(C=0) of

H,CO at 1720 cm’' and the vi(OCO) of POM at 950 cm’' are observed. The V(C=O) loss

due to adsorbed CO at 2011 cm™, is observed but it is significantly red-shifted relative to
CO adsorption on the bare Cu(100) surface.40 However, at this exposure, the loss due to v
(Cu-CO) at ~340 cm’’ was not observed.

Figure 3.5b shows the EELS spectrum obtained after annealing the 6.3 L exposed
surface to 120 K. In contrast to the unannealed (85 K) spectrum (Figure 3.5a), the loss

due to v(C=0) of multilayer H,CO was not observed and the losses due to POM were

narrower and more intense (in particular the losses assigned to v(OCO) of POM), even
though the full width at half-maximum (FWHM) of the elastic peaks for the two spectra

were similar. We attribute this observation to increased ordering of the POM induced by
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Figure 3.5 EEL spectra as a function of annealing temperature for a 6.3 L exposure of
H,CO on Cu(100). The “as dosed” spectrum is shown in a) while b) and c) were annealed
to the indicated temperature. All spectra were recorded at 85 K. The shoulder at ~ 200
cm’' on the elastic peak is the lattice mode associated with the spectrum shown in a). This
peak is absent in b) and c).
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heating to 120 K. The v(C=O0) loss at 2007 cm’ has lost intensity and the loss due to

v(Cu-CO) was not observed.

Annealing the sample to 300 K, as shown in Figure 3.5c, resulted in complete
decomposition/desorption of the polymer as evidenced by the absence of any losses due to
POM. The only losses observed are due to CO readsorbed during cooling of the sample
following annealing.

X-ray Photoelectron Spectroscopy (XPS). The adsorption of H,CO was also
studied using XPS. Figure 3.6 shows the C (1Is) and O (1s) regions for increasing
exposures of HCO on Cu(100) surface at 85 K. At low exposures (<1 L), a peak is
observed in the C (1s) spectrum at a binding energy (BE) of 288.2 eV. With increasing
exposure, this peak shifted to higher binding energy (288.8 eV for 5.4 L H,CO). Indeed,
our measured C (1s) binding energy for the adsorbed polymer is similar to that measured
by Pireaux et al.4! for bulk poly(oxymethylene) of 287.8 eV, suggesting that the polymer-
surface interaction is weak. Similar behavior was observed for the O (1s) region; a peak
was observed initially at 533.1 eV at 0.1 L which shifted to 533.8 eV at 5.4 L. These
XPS binding energies are attributed to POM at <1 L exposure and, at higher exposures, to
a mixture of POM and molecular H,CO.

As mentioned above, absolute coverages of formaldehyde on Cu(100) were
obtained using XPS by standardization with a known adsorbate system. Figure 3.7
displays the calculated coverage as a function of exposure for the adsorption of H,CO on
Cu(100) at 85 K. From the inset of Figure 3.1, TPD data indicate saturation of the
polymer desorption features occurred at 0.87 L. Using the standardized XPS intensity

ratios calculated above, this exposure corresponds to an absolute coverage of 0.69 (+0.14)
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Figure 3.7 Calculated coverage as a function of exposure for the adsorption of H;CO on

Cu(100) at 85 K based on XPS C(1s) peak areas. Equation of linear fit is y=0.898*x-
0.082.
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ML (0.69 formaldehyde molecules per surface atom) or equivalent to 1.06 (10.22) x1013

formaldehyde molecules/cm2.

Depolymerization Energetics. The adsorption and reactions of formaldehyde on
the Cu(100) surface described here can be compared with previous studies of
formaldehyde on clean group IB metals. On Au(110)42 and Ag(111),24 formaldehyde
adsorbs non-reactively and desorbs as molecular H,CO at approximately 160 K and 110
K, respectively. In the case of Ag(111), UV or low energy electron irradiation induces
polymerization, with depolymerization occurring at 210 K producing molecular H,CO.

In contrast, on the 90 K Cu(110) surface, H,CO was found to adsorb reactively to
form POM.!8 Desorption peaks were observed at 110 K and 225 K and attributed to
multilayer H,CO desorption and decomposition of the polymer, respectively.
Interestingly, the depolymerization temperatures noted in our work for Cu(100) are
similar to the polymer formed spontaneously on the copper (110) surface and through
photopolymerization on the silver (111) surface (~200-230 K), implying that the polymer
produced is similar in these cases.

In contrast to the previous studies of H;CO adsorption on Cu(110) and Ag(111),
in which a single peak due to depolymerization was observed in TPD spectra, we observe
two distinct peaks. These features originate from POM. The most likely explanation for
the appearance of two depolymerization features in our TPD data for Cu(100) is a
difference in depolymerization kinetics and/or energetics. Expansion of the temperature
region in which the depolymerization features are observed (180-240 K) (shown in Figure
3.8) reveals that the lower temperature peaks share a common leading edge and a shift to

a higher peak desorption temperature with increasing H,CO exposure. For a true
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Figure 3.8 Enlarged view of the polymer features from the TPD spectra shown in fig. 1.
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to1.1L.
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desorption process, these are the characteristics of zero-order desorption kinetics.43
However, for the experiments presented here the measured desorption rate of
formaldehyde is not reflective of the desorption kinetics associated with molecular H,CO,
but rather with decomposition of the polymer to produce molecular HCO which
promptly desorbs. Hence, the zero-order desorption kinetics observed are representative
of the poly(oxymethylene) depolymerization mechanism. Thus, standard TPD data
analyses yield activation energies that are relevant to the rate of depolymerization. The
higher temperature TPD feature shows a constant peak desorption temperature, which is
indicative of a first-order desorption process.

We can estimate the activation energy and pre-exponential factors for
depolymerization by subjecting the zero-order desorption feature to a leading edge
analysis#3 (plots of In(rate) vs. T™') while the activation energy for the first-order feature
was calculated by the Redhead method assuming a pre-exponential of 10'* s'44 These
analyses yielded activation energies of 75 (+10) and 53.9 (30.5) kJ/mol for the zero- and
first-order desorption features, respectively. These depolymerization energies fall within
the broad range of 42-113 kJ/mol quoted for POM from various bulk studies.4> The
difference in activation energy is less important than the observation of two different
kinetic orders for depolymerization and will be discussed in detail in Chapter 4.

The most reasonable explanation for the appearance of multiple desorption peaks
for polymer decomposition is the presence of different polymer species that depolymerize
by a similar pathway. The possibility of a single polymer species decomposing via two

competing pathways can be immediately discounted because such a situation would be
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expected to produce a single desorption feature; the fastest and/or lowest barrier process
will always dominate.

Possible Polymer Species. An obvious choice for two different polymer species
would be polymer adsorbed at distinct sites such as terrace sites versus defect or step-
edge sites. The appearance of two desorption peaks in the monolayer TPD data (Figure
3.1) of approximately equal intensity implies that the surface concentrations of defects
and/or edge sites would be approximately equal to the concentration of terrace sites. We
estimate the density of step-edges for a Cu(100) surface cut to within 0.5° (supplier’s
specification) at ~1 %. Furthermore, excellent surface order is suggested by the high
EELS elastic peak intensity (>106 Hz) of the clean Cu(100) surface, and <20 % loss in
instrumental resolution relative to the "straight-through" geometry. For these reasons, we
believe defect sites and/or step-edges are not responsible for the two polymer desorption
peaks.

It is possible conformational differences could give rise to the two polymer TPD
peaks. In the crystalline state POM forms helices belonging to either the D(10m9) or
D(r) point group in the trigonal (t-POM) and orthorhombic (0-POM) crystal structures,

respectively.46:47 Both point groups are isomorphous with D, and have an associated

dynamic dipole oriented parallel (A;) or perpendicular (E) to the helical chain axis.34
This is shown in Figure 3.9a for orthorhombic POM. Adsorption of these helices with
the primary rotation axis (z-axis in Figure 3.9a) parallel to a surface would reduce the
symmetry to C;. As a consequence of the metal-surface selection rule, the original A,
modes, polarized within the surface plane, would be strictly screened and thus

unobservable for dipole scattering in EELS. The E modes would still have some
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Figure 3.9 Comparison of symmetry for a) orthorhombic (helical) and b) planar POM.
The Cartessian coordinates (x,y,z) and representations (A3, E, By, A,) for a) correspond to

the helix in free space while for b) the substrate is considered. The filled circles are
methylene units (CH>).
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component of their dipoles oriented perpendicular to the surface depending on rotational
orientation. Thus, for dipole scattering, the observed features in our EELS spectra must
originate from what were E modes of the polymer. Similar arguments have been made
for the thermal polymerization of acetaldehyde adsorbed on O/Ag(111).19

Another chain conformation the polymer could adopt is a planar zigzag bound to
the surface through the O atoms (the planar conformation has never been observed
experimentally in the solid) as shown in Figure 3.9b. Assuming the C,, symmetry of the
planar conformation is retained upon adsorption, the v,,(OCO) mode should be (strictly)
screened in this conformation but observable for helical conformations. While the
coexistence of the helical and planar forms cannot be ruled out on the basis of our EELS
data, the observation of v,((OCO) does eliminate the possibility that only the zigzag form
was present on the surface. We expect the vibrational frequencies for the planar and
helical conformations of the surface-bound POM to be very similar and therefore
indistinguishable by EELS. Small morphology-dependent frequency shifts have been
observed between orthorhombic POM and trigonal POM.48 The largest difference
observed by this study was 37 cm’' between the 0-POM (596 cm'!) and t-POM (633 cm-
1) (OCO) mode. The vibrational frequency of the § OCO) mode observed in our EELS
data (631 cm-!) implies that the crystal habit present on the Cu(100) surface is trigonal.
Interestingly, we have preliminary evidence that this mode red shifts to approximately
599 cm! upon annealing the polymer monolayer to 190 K, perhaps suggesting a
transformation to the orthorhombic form (data not shown).

The surface density of formaldehyde molecules in the polymer monolayer,

provides additional insight into the conformation of POM on the Cu(100) surface. It will
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be recalled that the calculated density, based on standardized XPS measurements, was
1.06x10"° cm®. For crystalline orthorhombic poly(oxymethylene), there are two possible
planes that can be projected onto the surface to produce chain directions parallel to the
surface plane (saturation of the polymer TPD features discounts polymer chain growth
perpendicular to the surface plane). The bc plane has a calculated average monomer
density of 7.35x10"* cm, while the ac plane has a calculated average monomer density
of 1.18x10" cm™. For trigonal poly(oxymethylene), the ac plane has an average
monomer density of 1.16x10"> cm® Thus, it can be seen the ac plane of both 0-POM
and t-POM produce surface monomer densities close to that calculated by the
standardized XPS data for saturation of the polymer layer. Although agreement between
these surface densities is good, and suggests that the polymer monolayer covers the
surface completely, it should be stressed that we have already inferred that the layer is
probably highly disordered and should not be considered crystalline.

The existence of a decomposition route that does not produce molecular H,CO is
evident by the desorption of CO and H, prior to the depolymerization of POM. A
common origin for these two species is indicated by the coincident desorption
temperatures. Leading edge analysis of these second order desorption peaks yielded an

OIS:H

activation energy of 49 (18) kJ/mol and a pre-exponential factor of 1x1 molecules

Lem?s'. The ratio of desorption in the Hp+CO versus HyCO channels showed a

maximum at ~ 0.04 at 0.66 ML (95 % of saturation of the polymer monolayer). The
intensity ratio for the m=28 peak at 178 K and the m=2 peak at 177 K, corrected for
ionization probability and fragmentation, is approximately 1.15, very close to the

expected decomposition ratio for a species containing equal proportions of Hp and CO.
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We have already mentioned the possibility of the existence of H,CO species bound to the
surface with the molecular axis parallel to the surface plane; this adsorption geometry
may give rise to the H, and CO desorption products observed at 178 K in TPD.
Therefore, the observation of H, and CO desorption at 177 K must be due to
decomposition of a third, as yet unidentified, species. This species may arise at step edge
or defect site as these would be expected to more reactive than terrace sites on the

Cu(100) surface.

3.3 Conclusions

The adsorption of formaldehyde (H>CO) on the Cu(100) surface has been studied.
At 85 K, H,CO polymerizes spontaneously to form a monolayer of poly(oxymethylene)
(POM) up to a saturation coverage of 0.69 ML (1.06x10" cm™). This surface density
suggests that the POM chain directions are parallel to the surface plane. No molecularly
adsorbed H,CO was observed in EEL spectra prior to saturation. Further exposure of the
polymer-covered Cu(100) surface resulted in multilayers of H,CO, with EELS loss
features characteristic of crystalline H,CO. These multilayers are susceptible to
polymerization by the low-energy electron beam during EELS data acquisition.

Temperature-programmed desorption spectra indicate there is one decomposition
route available to the adsorbed polymer species: decomposition to molecular HyCO. The
route producing H,CO is observed as two desorption features at approximately 200 and
215 K which show zero- and first-order depolymerization kinetics respectively. The
observation of two orders can be possibly explained by the presence of two types of

polymer existing in different conformations. We believe differences due to adsorption at
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defect and/or step edges do not account for the appearance of two desorption features for
route (ii). The observation of CO and H; desorption indicates a third species is present
that is probably due to dissociation of H,CO at step edges and defect sites. Electron
energy loss spectroscopy data indicate no other species besides an adsorbed polymer first
layer and molecular H,CO multilayers on top of the polymer layer, are present on the 85

K Cu(100) surface.
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Chapter 4 Evidence for Two Chain Length Distributions in the Thermal
Polymerization of Formaldehyde on Cu(100)

Abstract

The polymer species formed from the spontaneous polymerization of formaldehyde
(H2CO) on clean Cu(100) at 85 K were studied using electron energy loss spectroscopy
(EELS) and temperature-programmed desorption (TPD).  Formaldehyde forms
poly(oxymethylene) (POM) with differing chain lengths; the long (ct) and short (B) chain
species depolymerize to give two features in TPD at approximately 207 and 219 K,
respectively. The complex desorption kinetics observed for the a-POM species were
successfully modeled using equations based on the ratio of the average number of
monomers unzipped from the chain per initiation event to the length of the polymer
chain. Losses were observed in EEL spectra of the short chain species at ~ 290, ~ 1020
and ~ 1120 cm’ that can be assigned to the v(Cu-O), v(C-O) and p(CH3) modes of
oxygen and methoxy endgroups, respectively. Pre-adsorbed methanol increases the
proportion of short chain POM species by increasing the probability of termination for
the P species. Lower thermal stability for adsorbed POM was observed compared to bulk

POM and is believed to be related to the stability of the surface bound oxygen endgroup.
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4.1 Introduction

In Chapter 3, investigations of the spontaneous polymerization of formaldehyde
(H2CO) on clean Cu(100) at 85 K were reported.! The formation of two types of
poly(oxymethylene) (POM, -(CH;O),-) was observed by temperature-programmed
desorption (TPD) as two separate features corresponding to the depolymerization of the
POM to produce H,CO(g). The lower temperature feature (~ 209 K) exhibited apparent
zero-order desorption/depolymerization kinetics while the higher temperature feature (~
220 K) exhibited first-order desorption/depolymerization kinetics.2 We ascribed the two
depolymerization routes to conformational differences between the two adsorbed species.
In contrast, bulk POM is known to be stable up to at least 350 K depending on the degree
of polymerization and type of endgroups.3

The lower stability of the film is believed to be related to the endgroups of the
polymer and has been observed previously. For example, bulk polyimide made from
pyromellitic dianhydride (PMDA) and oxydianiline (ODA) is stable at temperatures up to
500 °C.4> However, polyimide films made from reactive adsorption of PMDA and ODA
on Cu(110) decompose at ~ 280 °C.6.7 The thermal stability of the film was shown to be
limited by the reactivity of the carboxylate endgroups bound to the surface, but the
decomposition pathway and the influence of the substrate on the endgroup stability has
not been thoroughly studied.

In other studies on the thermal polymerization of H,CO on Cu(110), a single
depolymerization feature was observed at 225 K.8 Additionally, POM formed through

the photopolymerization of H,CO adsorbed on Ag(111) depolymerized at 210 K.9
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Unfortunately, no studies were performed to determine the kinetics of depolymerization
on either surface. Regardless, the similarity of depolymerization temperatures observed
for these two surfaces and the Cu(100) surface suggests the POM species formed on each
surface are similar.

While Chapter 3 dealt with identifying the products formed from the adsorption of
H,CO on Cu(100) at 85 K, the present chapter addresses the origin of the observed
depolymerization processes and the nature of the endgroups of the POM polymer. The
reduced thermal stability of the POM film formed is also considered. The reaction of
adsorbed methanol (CH3OH) with H;CO on Cu(100) at 85 K was used to probe the
reaction mechanisms of the polymerization process and help in the identification of the

POM endgroups.

4.2 Results and Discussion

Isolation of POM species. The adsorption of H,CO on clean Cu(100) at 85 K
resulted in the formation of two POM species. Temperature-programmed desorption was
used to investigate whether the two types of POM observed to form on the Cu(100)
surface could be isolated through annealing. Figure 4.1 shows m=29 (HCO") TPD
spectra over the temperature range where depolymerization of POM occurs. Figure 4.1a
shows TPD data obtained from a POM-saturated Cu(100) surface (1 ML, equivalent to a
fractional coverage, 6, of 0.69 H,CO molecules/Cu atom).! Two features were visible:

the a-POM species with a peak desorption temperature of ~ 207 K and the B-POM

species at ~ 219 K.2 Figure 4.1b shows the TPD data obtained after one monolayer of
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Figure 4.1 Mass 29 (HCO") TPD spectra for (a) 1 ML H,CO on Cu(100), (b) 1 ML
H,CO after annealing to 209 K and cooling to 85 K prior to TPD and (c) 1 ML H,CO
annealed to 209 K and dosed with H,CO to re-saturate the surface. A constant linear
background was subtracted from each spectrum.
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POM was briefly annealed (2-3 seconds) to 209 K and then cooled to 85 K prior to the
TPD experiment. Annealing to this temperature, the approximate peak desorption
temperature for the o species, resulted in the complete loss of the o species. Due to the
similarity of peak desorption temperatures for the o and  POM, annealing also resulted
in the loss of ~ 11% of the B species (based on fits discussed below). Additionally, a
TPD spectrum identical to Figure 4.1b was produced if the B species-covered surface was
allowed to remain at 85 K for up to 10 minutes.

Figure 4.1c shows the TPD data obtained after a monolayer of POM was annealed
to 209 K, cooled to 85 K, and then exposed to H>CO to re-saturate the surface with POM.
The data appear qualitatively similar to that shown in Figure 4.1a. The TPD results of
Figure 4.1 suggest immediately that the o species can be depopulated and repopulated by
an annealing and re-dosing procedure and the P species does not convert to the o species
during the TPD experiment. Importantly, the higher temperature P species can be
isolated through annealing.

Depolymerization kinetics. Equations can be derived to model the kinetics of the
depolymerization process for a monodisperse polymer. For bulk POM, there are two
limiting cases for depolymerization initiated at chain ends.3:10.11 1In the first case, once
initiated, the POM chain fully depolymerizes to monomer and is first-order with respect
to the mass of the polymer, W (proportional to coverage in our experiments). The rate of
monomer (M) evolution, with respect to time (t), is equal to the rate of radical (R)
production

M _, dR)

- 4.1
dt dt @.1)



where Z is multiple of the degree of polymerization, Dp (Z=bDp where b=1 for a
monodisperse sample). The rate of radical formation is

R =k;[n] 4.2)
dt

where k; is the rate constant for terminal initiation and [n] is the concentration of polymer

chains. Combining equations (4.1) and (4.2), and using equation (4.3)

A%
[n]= (4.3)
M, Dp
where My, is the molecular weight of the monomeric unit, results in equation (4.4)
L—‘M =k, w 4.4)
dt M

The equation can be transformed into the rate of monomer evolution with respect to
temperature (T) by use of the heating rate B (dT/dt), resulting in equation (4.5).

M _ W
dT  'BM_

(4.5)

The rate of monomer evolution is independent of Dp if the kinetic chain length KL
(number of monomer units “unzipped” per initiation event) is equal to the degree of
polymerization Dp (chain length).

In the second case, following initiation, unimolecular termination competes with
depolymerization and only a small number of monomers are unzipped prior to
termination (KL < Dp). The rate of monomer evolution, as a function of time, can be
related to the radical concentration by

dM
T k4[R] (4.6)
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where ky is the rate constant of depolymerization. The rate of radical production is
dependent on the rate of initiation, k;, and the rate of termination, k, such that

IR —k,l-k,[R]. 4.7)
dt

Assuming steady state conditions for equation (4.7), using equation (4.3) and the heating
rate, equation (4.6) becomes

dM _ kkW
dT Bk M_Dp’

(4.8)

If the number of chains remains constant throughout the depolymerization
(number of chains = W/Dp), this process is zero-order with respect to the mass of
polymer. This condition would be met only during the initial stages of depolymerization
as short sections of each chain are removed and both W and Dp decrease at the same rate.
However, following prolonged depolymerization, the kinetic chain length (KL= kyk,)
eventually becomes comparable to Dp. At this stage, the total number of chains on the
surface begins to decrease, the ratio W/Dp is no longer constant, equation (4.8) becomes
first-order with respect to the mass of polymer and thus is identical to equation (4.5).
Consequently, depolymerization should initially exhibit zero-order behavior (as described
by equation (4.8)) but become first-order (as described by equation (4.5)) during the later
stages of depolymerization. The temperature at which the apparent order changes will
depend on the kinetic chain length and initial degree of polymerization and occurs when
KL=Dp.

Equations (4.5) and (4.8) were used to fit TPD data both as a function of heating

rate and increasing coverage. Both coverage and heating rate data were fit to increase the
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Figure 4.2 Mass 29 (HCO") TPD spectra for a 1 ML coverage of H,CO on Cu(100)
exposed at 85 K as a function of heating rate (B). The heating rates were (a) 1.5 Ks™, (b)
3.8 Ks', (c) 5.6 Ks ' and (d) 8.7 Ks™'. The solid line (—) is the raw data, the dotted lines

(---) are the fits to equations (4.5) and (4.8) and the dashed line (----) is the sum of the
fits.

67



" b) 6=0.3ML

L] [ LS L 4 L v ' L L L LJ l—r L4 L4 L l L L L] L ' L] L] L] L]

HCO" (m=29) intensity (arb. units)

B 0=0.1 ML

L) L4 l L LS L L] l L L] L L l L] L] L] L l L L] L L l L] L] La Ll

190 200 210 220 230 240
Temperature (K)

Figure 4.3 Mass 29 (HCO") TPD spectra for increasing coverages (8) of H,CO on
Cu(100) exposed at 85 K. The coverages were (a) 0.1 ML, (b) 0.3 ML and (c) 0.6 ML.

The solid line (—) is the raw data, the dotted lines (---) are the fits to equations (4.5) and
(4.8) and the dashed line (----) is the sum of the fits.
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reliability of the fit parameters. Equation (4.5) alone produced a satisfactory fit to the
higher temperature 3-POM peak as shown in Figures 4.2 and 4.3. Since common leading
edges were observed for the a-POM species as a function of coverage, equation (4.8) was
used to fit the TPD data for a-POM. However, such an approach failed to accurately
reproduce the majority of the o peak shape, particularly near the peak maximum. As
such, a combination of equation (4.5) and (4.8) was used to fit the a-POM species and
values for k; and KL/Dp determined. The rate constant k; was assumed to be of an
Arrhenius form and preexponential and energetic terms extracted from the coverage and
heating rate fits. Similar values cannot be determined uniquely for kg and k;, only the
ratio KL/Dp, assumed to be temperature independent in our model. The effect of varying
KL/Dp is illustrated in the simulated TPD spectra of Figure 4.4. When KL/Dp21 the rate
of monomer evolution follows first-order kinetics and when KL/Dp<<1 the kinetics
approach zero-order. At intermediate values (approximately 0.1<KL/Dp<1), the shapes
of the leading and trailing edges are sensitive to the ratio KL/Dp.

Figure 4.2 shows TPD data for a saturation coverage of POM on Cu(100)
collected at different heating rates along with the individual fits to the a- and B-POM
TPD peaks and the sum of the fits. For both species, the maximum depolymerization rate
shifted to higher temperature and the separation between the features decreased as the
heating rate increased. Figure 4.3 shows TPD data as a function of increasing initial
coverage along with the individual fits as described above. For both Figures 4.2 and 4.3,
the TPD data can be modeled reasonably accurately. Discrepancies between the fit

and experimental data could arise from the effects of polydispersity present in the o and
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B species, variations in KL with temperature or non-infinite pumping efficiency for
H,CO. The fit parameters are summarized in Table 4.1.

The preexponential and energetic terms for the a-POM species represent values
for the ratio k;xkg/k, whereas the terms for B-POM are for k; only. The ratio KL/Dp was
varied to improve the accuracy of the fit, especially in the leading edge of the o-peak.
For the data shown in Figure 4.2, a constant value of KL/Dp=0.7 was found to best fit the
data for the a-peak. In contrast, KL/Dp for the coverage dependant data shown in Figure
4.3 decreased from 1.0 (strict first order) at 0.1 ML to 0.8 at 0.6 ML. This immediately
implies the degree of polymerization for the o-peak increased as a function of coverage
and the number of chains (W/Dp) does not change up to the saturation coverage. A fixed
number of chains could arise during polymerization initiated at a small number of surface

sites such as defects or step edges.

Table 4.1 Results of the fits to equations (4.5) and
(4.8) for the data shown in Figures 4.2 and 4.3.

o-POM B-POM
E (kJ/mol) 91 (£2)° 60.1 (£0.7)
v 9 (x1)x10* 9 (¢ 1) x10"

a) Average values from Figures 4.2 and 4.3.
Errors represent 16.

The results of the fits also suggest that, if the same depolymerization mechanisms
are operative for both - and B-POM, the o-species must be associated with long chain

POM molecules (since KL<Dp) while the B-species is associated with short chain POM
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Figure 4.5 Electron energy loss spectra of (a) 1 ML H,CO on Cu(100) exposed at 85 K
and (b) 1 ML H,CO annealed to 209 K and dosed with HCO to re-saturate the surface.
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molecules (KL/Dp21).

Vibrational analysis. The EEL spectra of the POM layer formed from the
exposure of H,CO at 85 K and that formed through the annealing (209 K) and re-dosing
procedure were compared. Figure 4.5a shows the spectrum of the POM formed through
exposure of H,CO at 85 K. All features can be attributed to POM and closely match with
both IR data from solid POM!2.13 and EELS data from POM formed on Cu(110)8 and
Ag(111).9 Adventitious carbon monoxide (CO) was responsible for the loss observed at
2050 cm™! (v(C=0)). Figure 4.5b shows the EEL spectrum formed through the process
described for Figure 4.1c: saturation of the surface with POM, annealing to 209 K to
remove the o species, and re-dosing H,CO to 1 ML total coverage. Within our
experimental resolution and signal-to-noise ratio (S/N), the spectrum appears to be
identical to that shown in Figure 4.5a. The EELS data are consistent with the conclusion
that the o and B layers formed through the two different procedures (dosing H,CO at 85
K versus annealing and re-dosing) are identical.

Electron energy loss spectroscopy was used to investigate the B species further.
Figure 4.6 shows EEL spectra for separate monolayer coverages of POM prepared at 85
K followed by brief annealing to the temperature indicated. Figure 4.6a shows the EEL
spectrum for a POM layer that has been annealed to 140 K. All loss features, except
those at 800, 1020, and 1120 cm’, can be assigned to POM or adsorbed CO. Results for
Figure 4.6a are summarized in Table 4.2, along with IR data for solid POM. All EEL
spectra for monolayer POM acquired for annealing temperatures between 85-190 K were

similar to that shown in Figure 4.6a. In contrast, Figure 4.6b shows the spectrum
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Figure 4.6 Electron energy loss spectra of 1 ML H,CO on Cu(100) exposed at 85 K and
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obtained after annealing to 194 K. The losses attributable to POM between 600 and 1500
cm’ decreased slightly in intensity while the losses at 800 and 1020 cm' remained
approximately unchanged. Also, the S/N has increased in Figure 4.6b suggesting a
modest increase in order for the annealed surface.

After heating to 209 K to fully remove the a species, the spectrum shown in
Figure 4.6c was obtained. Based on TPD data shown Figure 4.1, this spectrum should be

entirely due to the B species at a fractional coverage of ~ 0.4. A new loss appeared at 280

cm’', which was tentatively assigned to v(Cu-O) based on EELS studies of O/Cu(100).14
The detection of this mode was enhanced by the large S/N increase observed after
annealing to 209 K, implying the B species was more ordered than the mixture the two
species. While the losses were less intense, all modes except the strong losses at 800,
1020 and 1120 cm’', were attributable to POM. The v(CH) region showed two resolved
losses at approximately 2850 and 2965 cm™.

Annealing above 209 K resulted in the decrease of all mode intensities. Figure
4.6d shows the EEL spectrum obtained after annealing to 300 K. Complete
depolymerization of both adsorbed polymer species occurred and a clean surface was
recovered. The observed losses at 345 and 2087 cm™' were due to CO re-adsorbed during
sample cooling to 85 K.

Electron energy loss spectroscopy, combined with the annealing studies, was also
used to investigate the adsorption of formaldehyde-d, (D,CO) to determine the origin of
the losses at 800, 1020, and 1120 cm™. Figure 4.7 shows the adsorption of 1 ML of

H2CO (D,CO) at 85 K (mixture of a and P species). All observed losses, except those
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Figure 4.7 Electron energy loss spectra of (a) 1 ML H,CO and (b) 1 ML D,CO followed
by a brief anneal to 140 K.
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previously mentioned, can be assigned to POM (POM-d;). The losses for Figure 4.7 are
summarized in Table 4.2. The vibrational frequencies obtained following D,CO
adsorption (shown in Figure 4.7b) match well with IR data for solid POM- d, and the
expected isotope shifts were observed.!2.13 Importantly, the losses at 800 and 1020 cm'
(Figure 4.7a) were observed to shift to 760 and 945 cm™ upon isotopic substitution,
corresponding to isotopic shifts (vV(POM-h;)/ v(POM-d;)) of 1.07 and 1.08, respectively.
These ratios are indicative of normal modes involving primarily carbon-oxygen motion in
POM, although unambiguous assignment is difficult due to the large intramolecular
coupling of modes observed for solid POM.

The identification of the loss for POM-h; observed at 1120 cm™ is hampered by
the coincident loss observed for POM-d; at 1150 cm, assigned to v,(OCO). If the loss
at 1120 cm™ for POM-h;, involved pure carbon-hydrogen motion, isotopic substitution
would shift this mode, assuming an isotopic ratio of 1.4, to ~ 816 cm™. For POM-d,, this
region is dominated by a strong loss at 825 cm™ (v{(OCO)) thus obscuring the loss if
present.

Figure 4.8 shows EEL spectra of 1 ML of H,CO (D,CO) annealed to 209 K to
fully remove the a species and isolate the B species. The results for Figure 4.8 are
summarized in Table 4.2. Figure 4.8a is similar to that shown in Figure 4.6c. Upon
annealing to 209 K, POM-d, shows similar behavior to that seen for POM-h,. Namely,
the losses attributable to POM-d. decreased in intensity while the losses at 750 and 980
cm’! (800 and 1020 cm’! in POM-h;) remained relatively constant. As with POM-h,, the

S/N increased upon annealing and the expected isotope shifts were observed. The broad
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loss observed at 860 cm’! probably arises from overlap of two losses: vs(OCO) of POM-
d, and the loss at ~ 816 cm’* (red-shifted from 1120 cm™ for POM-h,), as was previously
discussed. A loss at 271 cm™ was tentatively assigned to v(Cu-O). The isotope shift of
1.08 observed upon deuteration suggests the loss is neither primarily derived from
hydrogen (deuterium)-carbon motion nor strictly v(Cu-O) for an isolated oxygen atom. It
probably arises from isotopic substitution on an atom adjacent to an oxygen atom bound
to the surface. The origin of this loss as well as the other unassigned losses at 800, 1020
and 1120 cm™ will be discussed below.

A possible conformation of the B-POM species can be proposed based on the
EELS data in Figure 4.8. The observation of the v,(OCO) mode for both POM-h; and
POM-d;, coupled with the surface selection rule, eliminates the planar zigzag
conformation for the B-POM species. The most probable conformation is helical, as
observed in bulk POM, and as proposed for poly(acetaldehyde) on O/Ag(111).15.16

Endgroup identification. The EEL spectrum shown in Figure 4.8a corresponds to
the B species. If the chains are short enough, as suggested by the TPD fits, the
concentration of endgroups for the B species may be sufficiently large to be visible in
EELS spectra. Endgroups might be responsible for losses at 290, 800, 1020, and 1120
cm’ for the B species which cannot be ascribed to bulk POM.

Likely endgroups for POM on Cu(100) include -OH, -OCH3;, and -O-Cu. The
identity of the endgroups can be elucidated by comparison of the vibrational spectra of
small molecules containing these functionalities adsorbed on Cu(100). For example, for

monolayer methanol adsorbed on clean Cu(100), losses are observed at 610-810, 1020,
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1130, 1450, 2850, 2945 and 3290 cm’' that can be assigned to 8(OH), v(CO), p(CHs),
&(CH;), v(CH) and v(OH), respectively.17.18 Methoxide shows a similar spectrum,
except for the lack of modes due to the hydroxyl group, and an additional loss at 295 cm'
that can be attributed to v(Cu-0O).17-19 The losses at 280, 1020 and 1120 cm’, for our
POM-h; (o and B), closely match with v(Cu-O), v(CO) and p(CHj;), respectively of
adsorbed methanol or methoxide. Unfortunately, while all expected modes for
methanol/methoxide are observed in our EELS data, they are either poorly resolved or
overlap with features due to the POM backbone modes. Definitive assignment of the
endgroups is also hampered by the poor S/N seen for the mixed POM overlayer.

Upon annealing to 209 K to remove the o species, the losses due to the POM
backbone lose intensity. This observation is consistent with the loss of longer POM
chains while the shorter chains, having fewer monomer units per chain, show less intense
POM losses relative to those of the endgroups. The losses at 1020 and 1120 cm’, for the
adsorbed POM-h, shown in Figure 4.8a, do not shift with annealing. While consistent
with the v(Cu-O) of an isolated methoxide species, the mode at 280 cm’! (B species) is,
instead, assigned to a POM species bound to the surface through a terminal oxygen atom.
Deuteration shifts this loss to 271 cm™ indicating it is not an isolated oxygen atom but is
likely due to the attachment of an O atom to an adjacent CH; (CD;) group within the
POM chain.

For POM-d, shown in Figure 4.8b, the loss assigned to v{(OCO) at 860 cm’! is
probably comprised of two losses: the v{(OCO) of POM- d, and the p(CDj3), accounting

for the apparent broadening. Based on the observed isotope shifts and the close match of

81




the losses with those of a methoxide species, we conclude the B species is short chain
length POM with one end bound to the surface through an oxygen atom and the other end
terminated with a methoxide group, written as -O,-(CH,0),-CH3, where O, is the oxygen
atom of the POM chain bound to the surface. The number of monomer units involved in
the oo and P species is unknown and under further investigation. The mechanism of
formation of the B species will be discussed below.

The loss observed at 800 cm™, for POM-h; shown in Figures 4.7a and 4.8a, is
more difficult to assign. Comparing the frequency with reasonable candidates, it matches
best with the 8(OCO) mode of adsorbed formate observed at 758 and 780 cm’! on
Cu(100)20:21 and Cu(110),22.23 respectively. Two characteristic losses for adsorbed
formate/formic acid have been observed at ~ 1360 and ~ 1070 cm’' that can be assigned
to v{(0C0)20.21 and m(CH),23 respectively. Although we observed losses at similar
frequencies, the shifts upon deuteration do not match those expected for formate. The
origin of 800 cm™' loss could arise either from the bending motion, 8 O,CO), or a 150 cm’
! red-shifted v(0,CO) mode of solid POM-h; caused by anchoring one of the oxygen
atoms to the surface.

The presence of isolated formate, methoxide and methanol on the Cu(100) surface
can be eliminated by comparing the adsorption and desorption behavior of formic acid
and methanol. Methanol exposed to clean Cu(100) has been found to adsorb molecularly
and desorb at 179 K.!7.18 Methoxide is formed following methanol exposure to
preoxidized Cu(100) at ~ 120 K and is stable up to 400 K.!7 Likewise, formic acid

adsorbed on Cu(100) deprotonates to form formate. This formate species decomposes to
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CO, and H, at 420 K.20.21 In the present work, a clean surface was generated upon
annealing to 300 K indicating no isolated methoxide or formate species were formed.
Thus, isolated methoxide, methanol and formate can be eliminated as the cause of the
losses observed at 290, 800, 1020 and 1120 cm™ for the data shown in Figure 4.8a.
Reaction of CH;0H and H,CO. Since formaldehyde is known to react with

methanol to form compounds of the type, CH;30-(CH,0),-H,3 and our EELS data is
generally consistent with such a species, the reaction of H;CO with CH3OH adsorbed on
Cu(100) was investigated. Figure 4.9 shows TPD data obtained following the reaction of
H,CO with CH30H on Cu(100) at 85 K. Figure 4.9a displays the TPD data obtained
before and after exposing a POM-covered surface to CH;OH. Upon exposure to CH;0H,
little change in the TPD was observed. In contrast, when H,CO was exposed to a surface
pre-covered with methanol, a dramatic change was observed in the TPD data as shown in
Figure 4.9b. The proportion of the o species decreased while the B species increased. In
both cases, neither a change in peak position nor width was evident. These data suggest
that the POM-covered surface is non-reactive towards CH3;OH but the presence of pre-
adsorbed CH30H during H,CO exposure appears to decrease the formation of long chain
POM species (o). It is possible that CH;OH is controlling the preferential formation of
the B species indirectly, for example by site blocking. However, since no CH;QH was
observed to desorb from the surface after the exposure sequence shown in Figure 4.9b,
we discount this indirect role. Most likely, CH3;OH terminates the polymerization to
form increased quantities of short chain POM species of the type -O,-(CH,0),-CH3, as

previously discussed.
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Electron energy loss spectroscopy was used to confirm that CH;OH was incorporated
into the B-POM species. Figure 4.10a shows the EELS spectrum of 0.2 L CH3OH (~
0.15 of saturation) adsorbed on Cu(100) at 85 K. The position and intensities of the
observed losses match well with previous investigations for molecularly adsorbed
methanol.17.18 Exposing this CH;OH-covered surface to 0.4 ML H,CO results in the
spectrum shown in Figure 4.10b. New losses are evident that can be assigned to POM
and the resulting spectrum is similar to that shown in Figure 4.5a. Importantly, losses
due to 8(OH) are absent indicating CH3;0H has been deprotonated, although the detection
of v(OH) is hampered by its small dipole scattering cross section.24 Also, the losses at
290, 1020 and 1120 cm’', discussed previously, are evident in Figure 4.10b confirming
these losses arise from the methoxide endgroup of the POM species.

Annealing the overlayer shown in Figure 4.10b to 209 K results in the EEL
spectrum in Figure 4.10c. Again, the data appear similar to that seen for POM formed in
the absence of CH3OH (Figure 4.5a). The loss at 800 cm’! was still observed, along with
those due to the methoxide endgroup and POM. Interestingly, the losses due to p(CHs)
(from the endgroup) and r(CH,) (from POM) are more intense than those seen in Figure
8a. Additionally, the loss due to v(Cu-O,) at the chain end, observed at ~ 300 cm’, is
also more intense. This is consistent with an increased number of chains, and thus chain
ends, due to CH3OH reacting with the growing chain and effectively terminating the
polymerization.

A reaction scheme for the formation of the P species can be proposed based on

the similarities of the species formed with and without CH;OH during the adsorption and
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polymerization of HCO. The most likely initiation reaction is that the copper surface
acts as a weak Lewis acid towards the oxygen of H,CO upon adsorption.25 Solution
phase H,CO is known to polymerize in the presence of Lewis acids,3 and many oxygen
containing molecules (alcohols,!7 ethers,26 acetaldehyde,2’ and formic acid20.22.23) are
known to interact with copper surfaces through the oxygen lone pairs. We speculate that
for H,CO on Cu(100), propagation proceeds by reaction of H;CO molecules with an
activated carbon atom adjacent to the surface bound oxygen. The growing chain is
expected to have a lower mobility on the surface than the monomer: H,CO has been
calculated to have a small binding energy of ~0.1 eV on Cu(111) and hence will be
highly mobile at 85 K.28 The polymerization likely terminates by abstracting a hydrogen
atom from the surface, known to adsorb on copper surfaces at 85 K.29-31 This series of

reactions can be written as

H>CO(g) + Cu — Cu-O-C*H; 4.9)
CU-O-C*Hz +nCH,0 —» CU-O-CHz(OCHz)n.l-OC*Hz (4. 10)
Cl.l-O-CHz(OCHz)n-rOC*Hz + Ha - CU-O-CH2(OCH2),,-1-OCH3 (4. 1 l)

where C* is the growing chain end. The initiation and termination reactions are
consistent with the EELS losses observed at 290, 1020 and 1120 cm'' that are assigned to
v(Cu-0), v(CO) and p(CH3), respectively.

The reactions occurring when CH30H is present during polymerization are

similar to those shown above. The initiation and propagation steps shown in (4.9) and
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(4.10) are identical but, instead of termination by a hydrogen atom, nucleophilic attack by
CH;30H on the growing chain end occurs, followed by loss of a proton to the surface.
This terminates the polymerization and forms the methoxy endgroup. This reaction can

be written as

Cu-0O-CH3(OCH3;),.;-OC*H; + CH30H, — Cu-O-CH,(OCH,),-OCH;3 + H, (4.12)

The reactions that lead to the longer chain species (o species) are unknown at this
time. A full description is limited by the poor S/N observed when both species are
present and the inability to isolate the o species from the . While the o species contains
~ 1/3 of the H,CO molecules present within the POM overlayer (at 1 ML total coverage),
it is possible few chains of the longer species exist, thus lowering the likelihood that the

losses from the endgroups would be observed in EELS.

4.3 Conclusions

Formaldehyde polymerizes spontaneously on the 85 K Cu(100) surface forming
long chain (o) and shorter chain (B) poly(oxymethylene) (POM) species. Equations
describing the kinetics of depolymerization suggest the number of chains of the o species
is constant for increasing coverage and determined at low coverages by a fixed number of
surface initiation sites. However, the equations alone cannot explain the presence of two
species based solely on differences in Dp; for equal number of monomer units, the longer

chain species should depolymerize at a higher temperature. As discussed in Chapter 3,
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conformational differences are most likely the cause of the two depolymerization features
observed in TPD.

Upon annealing to 209 K to fully depolymerize and remove the o species, losses
are observed attributable to the endgroups of the helical B species. Losses observed at
1020 and 1120 cm™ can be assigned to v(CO) and p(CH3), respectively, of a methoxy
endgroup while a loss at 290 cm™ is indicative of the end of the POM chain bound
directly to the surface through an oxygen atom. This species can be written as -O,-
(CH;0),-CHs. A loss at 800 cm’! is believed to arise from a mode associated with the
surface-bound oxygen. Compared to bulk POM, the lower thermal stability observed for
monolayer §-POM on Cu(100) most likely results from the chain being bound to the
surface through the oxygen atom, resulting in a lower barrier to initiation of
depolymerization. Methoxide endgroups are known to increase thermal stability in
POM.3 The weakening of the POM backbone due to interaction with the surface and its
influence on the thermal depolymerization is minimal, based on the similarities of the
vibrational frequencies for the adsorbed and bulk POM.

Pre-adsorbed methanol was found to terminate the polymerization and favor the
formation of the B-POM species. The thermal stability and EEL spectra of the POM
overlayer formed upon reaction with CH;OH was similar to that of B-POM formed
through the direct adsorption of H,CO. However, the losses due to the endgroups were
more intense than the POM layer formed by H,CO adsorption alone, indicating the P
species formed were shorter than those formed through the direct adsorption process.

The ability to preferentially form a specific chain length polymer with a specific
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endgroup may open the possibility to control both thin film order and morphology and

tailor thermal stability based on the interaction of the endgroup with the surface.
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Chapter 5 Photochemistry of Formaldehyde Adsorbed on CO-saturated
Cu(100)

Abstract
The photochemistry of formaldehyde (H,CO) adsorbed on CO-saturated Cu(100) at 85 K
was studied using electron energy loss spectroscopy (EELS) and temperature-
programmed desorption (TPD). Formaldehyde was weakly adsorbed on CO/Cu(100) and
desorbed at 104 K, corresponding to a desorption energy of 18.2 (+0.8) kJ/mol.
Irradiation of the H,CO/CO/Cu(100) surface caused the molecularly adsorbed H,CO to
polymerize, forming poly(oxymethylene) (POM). Irradiation also caused the formation
of ethylene glycol (CH,OH),. Losses observed at 870 and 3365 cm", after UV
irradiation, were assigned to v(CC) and v(OH) modes, respectively, of (CH,OH),
indicating ethylene glycol was formed promptly upon irradiation. The presence of
(CH,0OH); was confirmed by studying the adsorption of (CH,OH), on clean and oxygen-
covered Cu(100). The formation of ethylene glycol was likely governed by geometric

constraints present within the formaldehyde overlayer.
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5.1 Introduction

Formaldehyde polymerizes spontaneously to form poly(oxymethylene) (POM), -
(H2CO),-, upon adsorption on a variety of clean and oxygenated surfaces: O/Ag(110),!
Ni(110),2 Pt(111),3 Pd(111), O/Rh(111),5 O/Pd(111),6 NiO(100),” Cu(110)8 and
Cu(100).9 Although the polymer has been positively identified through a variety of
techniques, in most cases little is known about the precise initiation, propagation or
termination mechanisms that lead to the polymer. The morphology, crystallinity,
conformation and chain length of the polymer produced are similarly poorly
characterized. Recently, formaldehyde molecularly adsorbed on Ag(111) has been
polymerized to POM using photons and electrons, offering the potential for precise
temporal and spatial control of creation and deposition of polymer monolayers.10.11
Such control also increases the prospects for understanding surface polymerization
reactions at a more fundamental level.

We recently reported the facile thermal polymerization of formaldehyde on
Cu(100) at 85 K.9 The film appeared to be composed of two different types of polymer
chain with different conformation and/or chain length as inferred from vibrational
spectroscopy and thermal desorption/depolymerization measurements.!2 We turn our
attention here to the photopolymerization of formaldehyde and the nature of the
polymeric film produced. In this case we use carbon monoxide as a spacer layer to
prevent direct interaction of the formaldehyde with the Cu(100) surface and thereby
inhibit spontaneous polymerization.

Co-adsorbed carbon monoxide (CO) is known to influence the chemistry

observed on surfaces. For example, co-adsorbed CO has been found to increase the
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stability of ethylidyne on Ru(001),!3 decrease the stability of the methyl hydrogen atoms
of toluene on Ru(001),!4 perturb the decomposition pathway of methylamine on
Ru(001)!5 and promote the decomposition of saturated hydrocarbons on Ni(755).16
Carbon monoxide is weakly chemisorbed on Cu(100), desorbing molecularly at ~ 180
K9 This desorption temperature is some 20-40 K lower than the decomposition
temperature of the POM polymer but about 80 K higher than the desorption temperature
of the formaldehyde monomer on CO/Cu(100). Such a situation offers the possibility for
forming patterned polymer films through photopolymerization, followed by desorption of
monomer (from the unirradiated areas) and the CO spacer layer. In this way, it may be
possible to selectively deposit intact polymer onto specific regions of the Cu surface in a

controlled fashion.

5.2 Results and Discussion

Photochemistry of H,CO/CO/Cu(100). The adsorption and photochemistry of
formaldehyde (H,CO) on CO-saturated Cu(100) (CO/Cu(100)) was investigated using
temperature-programmed desorption. At 85 K, H,CO adsorbs molecularly and desorbs
as a single peak at 104 K as shown in Figure 5.1a (0 min.). This feature does not saturate
with increasing coverage and spectra for increasing coverages have coincident leading
edges (data not shown), suggestive of zero-order desorption. An Arrhenius plot of
In(rate) vs. T! indicated a desorption energy of 18.2 (+0.8) kJ/mol, confirming H,CO is

physisorbed on CO/Cu(100). This desorption energy compares favorably to that seen
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saturated Cu(100) as a function of UV irradiation time. D,CO was used to reduce
coincident mass fragment interferences.
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for H,CO physisorbed on Ag(111) of 25 kJ/mol.!10 Importantly, no desorption features
were observed between 200-240 K where the polymer, formed through the thermal
polymerization on the clean Cu(100) surface, was found to depolymerize.® This
immediately suggests the CO-saturated surface is inert towards thermal polymerization at
85 K and the CO inhibits the polymerization possibly through a site-blocking mechanism.
No other species were observed to desorb from the unirradiated surface except for the CO
monolayer, which desorbs at ~ 180 K for a saturation coverage.

Figure 5.1 also shows TPD spectra for a 1.1 ML H;CO on CO/Cu(100) as a
function of irradiation time. Irradiating the overlayer for S minutes caused a decrease in
the molecularly adsorbed H,CO intensity as observed in Figure 5.1a for m=30 (H,CO").
Continued irradiation caused this feature to decrease further. The peak desorption
temperature was constant and the peak broadened slightly for increasing irradiation times.
New features were observed for m=30 after 5 minutes irradiation at ~220 and ~ 235 K as
shown in Figure 5.1b. These two features increase in intensity, as a function of
irradiation time, and merge into a large peak centered at ~ 230 K with a small shoulder at
~ 240 K. Measurement of other fragments associated with H,CO (HCO* and H,"*CO")
resulted in identical TPD spectra for the features at 104 K and between 220-250 K and
whose intensity ratios reflected that of the mass spectral fragmentation pattern for gas-
phase H,CO.!7 This confirms the features observed at 104 and between 220-250 K are
due to molecular H,CO. Importantly, comparison of pre- and post-irradiation TPD
spectra for CO (m=28), indicated no change in the desorption temperature or the

coverage of the saturated CO layer.
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Molecular formaldehyde has been observed to desorb ~ 205 and ~ 220 K due to
the depolymerization of poly(oxymethylene) (POM) formed from the thermal reaction on
clean Cu(100).° The desorption temperatures observed following irradiation in the
current work were similar to those observed for the depolymerization of POM formed
through the photopolymerization of H,CO on Ag(111).10 This suggest the features
observed between 220-250 K for m=30, as shown in Figure 5.1b, are due to the
depolymerization of POM formed upon photopolymerization of H,CO adsorbed on
CO/Cu(100). The presence of POM will be confirmed using EELS data as discussed
below. The slight shift to higher depolymerization temperatures, observed in Figure 5.1b,
could be related to changes in chain length or endgroup stability and is currently under
investigation.

A desorption feature was observed for m=31 at 350 K that did not show any
corresponding intensity at m=29 or 30 (data not shown). This feature is inconsistent with
molecular H,CO. To remove interference from coincident mass fragments and help in
the identification of this peak, the adsorption and photochemistry of D,CO on
CO/Cu(100) was investigated. Identical TPD data to H,CO were obtained for D,CO for
the features at 104 K and between 220-250 K after irradiation. The peak observed at 350
K for m=31 (H,CO) was detected at m=34 for D,CO, as shown in Figure 5.1b, indicating
the fragment contains at least 3 protons.

A number of small molecules can be eliminated as the source of the 350 K
desorption feature. The lack of intensity for m=29 excludes adsorbed alkoxides as the

source of the 350 K feature. These species are known to desorb at temperatures > 350 K

on Cu(100),!8 however, at these temperatures, alkoxides undergo B-hydride elimination
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to produce the corresponding aldehydes, all of which show m=29 as the most abundant
mass fragment in their mass spectrum.!” Also, the lack of intensity at m=60, coupled
with lack of intensity at m=29, eliminates the simplest dialdehyde, ethanedial (CDO),, as
the source of the feature at 350 K.

The most likely species that gives rise to the feature at 350 K is ethylene glycol.
This is consistent with previous experiments on the adsorption of ethylene glycol on
O/Cu(110)!9 and O/Ag(110)20 where desorption features were observed at 390 and 365
K, respectively. In contrast to the present work, ethylene glycol was observed to undergo
B-hydride elimination to produce ethanedial on both O/Cu(110) and O/Ag(110). It is
possible, without surface oxygen present, molecular desorption is favored over ethanedial
generation for the ethylene glycol produced in the irradiation of H,CO adsorbed on
CO/Cu(100). The presence of ethylene glycol will be confirmed by the EELS data
discussed below.

The amount of ethylene glycol formed saturates after 15 minutes of irradiation, as
shown in Figure 5.1b, and was calculated using both TPD and XPS data. Initially, 1.1
ML of H,CO was adsorbed on CO/Cu(100). After 15 minutes of irradiation, ~ 80 % of
the original 1.1 ML H,;CO desorbed as monomer (0.45 ML) or formed polymer (0.43
ML), leaving ~ 20 % unaccounted for H,CO. The lack of knowledge regarding the
electron impact ionization cross-section of ethylene glycol prevented quantification using
TPD. However, XPS analysis of a sample that had been irradiated for 15 minutes and
then annealed to 270 K to remove monomer, polymer and CO, revealed a coverage of

0.17 ML of carbon, consistent with the remaining 20 %.
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Figure 5.2 Electron energy loss spectra for a 1.1 ML coverage of H,CO on CO-saturated
Cu(100) for (a) O minutes irradiation at 85 K, (b) 15 minutes irradiation at 85 K, (c) 15
minutes irradiation followed by an anneal to 270 K and (d) 15 minutes irradiation
followed by an anneal to 450 K. Each spectrum constituted a separate 1.1 ML coverage
of H,CO. The data were acquired at 85 K.



The adsorption and photochemistry of H,CO on CO/Cu(100) was investigated
using EELS. Figures 5.2a and 5.2b show EEL spectra for 1.1 ML H,CO adsorbed on
CO/Cu(100) after 0 and 15 minute irradiation. Figure 5.2a shows 1.1 ML H,CO on
CO/Cu(100) prior to irradiation. The losses observed at 350 and 2080 cm’ are due to
v(Cu-CO) and v(CO), respectively, of the adsorbed CO and are observed at these
approximate energies for all the spectra shown in Figure 5.2. The other losses were
assigned to molecular H,CO and match well with IR data for crystalline formaldehyde.2!
The frequencies are only slightly shifted from the solid-phase data confirming H,CO was
weakly adsorbed on the CO/Cu(100) surface. The observation of lattice modes at 200
and 230 cm™’ suggests the adsorbed H,CO was well ordered. Also, the observation of all
the modes of molecular H,CO indicates the molecule was adsorbed with the C-O bond
axis tilted from the surface normal. This geometry would render the B, (v4, vs) and B,
(ve¢) modes within the C,, point group, to which H,CO belongs, visible according to the
surface selection rule.22 The data from Figure 5.2a is summarized in Table 5.1.

After 15 minutes of UV irradiation, the spectrum shown in Figure 5.2b was
obtained. New modes appeared at 600, 950, 1120, 1480 and 2930 cm’ that can be
assigned to the polymer, POM, and match well with both the IR data for solid POM23
and POM formed through the photopolymerization of H,CO adsorbed on Ag(111).10
The data from Figure 5.2b is summarized in Table 5.1. The observation of the mode at
600 cm™ is characteristic of the  OCO) mode of POM and eliminates trioxane (cyclic
trimer of H,CO) as a photoproduct. The corresponding mode for trioxane is split into

two bands which appear at 744 and 521 cm™ .24

101




PAA[OSal J0U = Ju
0OD%H pazuawiijodoloyd woiy INOJ (B

0LEE (HO)A

066T 966T (FA “SA+TA)

w0E6T wSE6L 6L6T (HD)™A

w0E6T wSE6T 6162 (HO)°A

068¢ (*A)988C (HO)™A

078¢ ('A)1€82 (HO)*A

0807 0807 (0=D)A

0zZLI CEMITILL (0=D)A

08v1 1134 ost1 ILY] (tA)06Y 1 (HOH)Q

234! (CHO)M

0Szl1 (SA)1STI dg

OL11 (OA)L9T 1 doog

0zl OlIl1 1601 (0D0)™A

056 ov6 €6 (0D0)*A
0L8

009 009 0£9 (0D0)R

(0)23 0S¢ (0D-WA

0e? pouws d13e|

0ce pouw Io1m3e|

"I uIw G "L unu ¢zP!I0S 1zP'I0S
(00)ND/0D/0D*H  (001)ND/OD/0D%H w01 (111)3V/NOd NOd ODH wuowugissy

"(111)3V uo INOJ 10} e1ep STAH Yim 3uofe INOJ Pue QD?H PYOS J0j elep Y] 3Ie UmMOYs 0S|y "UONEIPeLIl A() SAINUIW G| pue
0 1915% (001)nD paleInies-Q) U0 OJH JO 5eA0d T [ B J0j PIAISSqO (| WD Ul) SpUBQ [BUONIBIQIA 3Y) JO SUSWUSISSY ' J[qe

102



Interestingly, the losses due to molecular H,CO, in particular the loss at ~1720
cm’! for v(C=0), were not observed even though, based on TPD measurements, it makes
up ~ 40 % of the overlayer after 15 minutes of irradiation. The most probable
explanation for the absence of these modes is a change of orientation, rendering the
modes inactive according to the surface selection rule, coupled with the reduced signal-
to-noise (S/N) observed in Figure 5.2b. The absence of the strong phonon losses seen in
Figure 5.2a indicates the H,CO present after irradiation was no longer well ordered.

The spectrum in Figure 5.2b appears qualitatively different than that seen for the
thermal polymerization of H,CO on clean Cu(100).9 The losses observed in the thermal
polymerization at 1220 (1(CH)), 1390 (w(CH)), and 1470 (&(HCH)) cm’' are much
more intense than those seen for the present work. As seen in Figure 5.2b, losses at 1220
and 1390 cm’! were not detected. Additionally, the loss observed at 1030 cm’! for the
thermally polymerized POM was also absent. This loss has previously been identified as
a mode (V(CO)) due to an endgroup of the POM chain.12 The differences in intensity
could be due to orientation effects and/or chain length dependence (the absence of the
endgroup mode in the present work implies longer chains).

There are two losses in Figure 5.2b that cannot be assigned to POM. The small
shoulder observed at 870 cm’ is in the correct range for a mode due to v(C-C) while the
broad loss centered at 3365 cm™ is probably due to V(OH). Adsorbed water could give
rise to the loss at 3365 cm™', however, this loss was not detected prior to irradiation as
shown in Figure 5.2a. More likely, these two loses were due to the feature observed to

desorb at 350 K in the TPD data that was tentatively assigned to ethylene glycol.
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Annealing the overlayer shown in Figure 5.2b to 270 K resulted in the spectrum
shown in Figure 5.2c. This temperature was high enough to desorb the monomeric H,CO
(104 K), CO (180 K) and the POM (220-250 K) with the remaining losses due to the
feature observed to desorb at 350 K. The broad loss at 890 cm™ matches well to that seen
in Figure 5.2b suggesting the species desorbing at 350 K was formed upon irradiation and
not during the temperature ramp for the TPD experiment. Another loss was observed at
1070 cm™ which most likely corresponded to a mode involving carbon-oxygen motion.
The v(OH) mode at 3365 cm’! was lost upon annealing and no v(CH) modes were
detected. The spectrum in Figure 5.2c matches well with that observed for deprotonated
ethylene glycol on O/Ag(110) where losses were observed at 890 and 1090 cm’
corresponding to v(CC) and v(CO), respectively.20 Therefore, based on TPD and EELS
data, the species observed to desorb at 350 K was identified as ethylene glycol.

Annealing the sample to 450 K resulted in the spectrum shown in Figure 5.2d.
All losses due to molecular H;CO, POM and ethylene glycol were absent; the species
formed during irradiation had desorbed. The observed losses were due to CO re-
adsorbed during sample cooling.

Ethylene glycol on Cu(100) and O/Cu(100). The adsorption of ethylene glycol
(CH,0H); on clean and oxygen-covered Cu(100) was studied using TPD. Figure 5.3
shows m=31 (CH,OH") spectra for three exposures of (CH,OH); on clean Cu(100). A
single desorption feature was observed at 237 K for a 0.1 L exposure. For increasing
exposures, this peak grew in intensity and the peak desorption temperature remained
unchanged. Above 0.1 L, a new feature was observed at 220 K that neither saturated nor

shifted with increasing exposures. Measurement of other mass fragments of ethylene
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Figure 5.3 Temperature-programmed desorption spectra for m=31 (CH,OH") following
exposures of 0.1 L, 0.2 L and 0.5 L of ethylene glycol (CH,OH), on clean Cu(100). The
inset is the TPD spectrum obtained for a 0.5 L exposure on a Cu(100) pre-covered with
0.1 ML oxygen showing a new feature desorbing at 347 K.
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glycol confirmed (CH,OH), adsorbed and desorbed molecularly. The features at 220 and
237 K are assigned to multi- and monolayer states, respectively. These temperatures
match well with those seen for (CH,OH), adsorption on clean Ag(110) where multi- and
monolayer states were found to desorb at 205 and 225 K, respectively.20 Molecularly
adsorbed (CH,OH), was found to desorb at ~ 220 K from the Cu(110) surface,!9
consistent with the current results. Assuming first-order kinetics for the state at 237 K on
Cu(100) and a preexponential factor of 10" s, a desorption energy of 59 kJ/mol was
estimated. This value compares favorably to the 60 kJ/mol desorption energy found for
the monolayer state on Ag(110).20

The inset of Figure 5.3 shows the m=31 TPD spectrum of a 0.5 L exposure of
(CH,0H); on a Cu(100) surface pre-covered with 0.1 ML oxygen. The desorption of the
multi- and monolayer states were unaffected by the oxygen. A new feature was observed
at 347 K which corresponds to desorption of (CH,OH), that had reacted with the
adsorbed oxygen forming a dialkoxide species. It is known that alcohols, including
ethylene glycol, adsorb molecularly on oxygen-covered copper and silver surfaces at
temperatures < 120 K.18-20 Heating the sample above ~ 200 K causes the alcohols to
deprotonate by reaction with the adsorbed oxygen, desorbing as water and forming a
surface-bound alkoxide species. These species are stable to temperatures 2 350 K where
they desorb molecularly in competition with production of the corresponding aldehyde.

The result shown in the inset of Figure 5.3, showing desorption at 347 K, is
consistent with previous experiments on O/Cu(110)!9 and O/Ag(110)20 where this
dialkoxide state was found to desorb at 395 and 365 K, respectively. Importantly, the

temperature observed for the desorbing dialkoxide species matches closely with that for
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Figure 5.4 Electron energy loss spectra for (a) 0.1 L exposure of ethylene glycol
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the feature observed to desorb at 350 K after 15 minutes of UV irradiation of 1.1 ML on
CO/Cu(100), supporting the identification of this species as ethylene glycol.

The adsorption of (CH,OH); on clean and O/Cu(100) was also studied using
EELS. Figure 5.4a shows the EEL spectrum of a 0.1 L exposure (CH,OH), on clean
Cu(100) at 85 K. This exposure only populated the monolayer state as seen in Figure 5.3.
The losses observed match well with liquid-phase IR data2> for (CH,OH), and that
observed for (CH,OH), adsorbed on clean Ag(110).20 The loss observed at 2060 cm'’!
was due to adsorbed CO. The results of Figure 5.4 are summarized in Table 5.2.
Noticeably absent from the monolayer spectrum was the loss due to v,(CO). This
indicates the (CH,OH), was most likely bound to the surface via both oxygen atoms in a
bidentate configuration with the O-H bonds parallel with the surface and the C-O bonds
perpendicular to the surface. This geometry would have the effect of rendering inactive
the v,(CO) mode as well as increasing the intensity of the mode due to T(OH). Similar
arguments have been made for the monolayer spectrum of (CH,OH), adsorbed on clean
Ag(110).20

Annealing a 0.5 L dose of (CH,OH), on a Cu(100) surface pre-covered with 0.1
ML of oxygen to 270 K resulted in the spectrum shown in Figure 5.4b. At this
temperature the multi- and monolayer states have desorbed and a fraction of the total
adsorbed (CH,OH), has been deprotonated through reaction with the oxygen. X-ray
photoelectron spectroscopic analysis indicates a coverage of 0.1 ML of (CH,OH),
remaining. The losses due to T1(OH) and v(OH) at 700 and 3320 cm’, respectively were

absent in Figure 5.4b confirming deprotonation via reaction with the adsorbed oxygen.
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The losses remaining at 1090 and 2880 cm’ can be assigned to v(CO) and v(CH) modes,
respectively, of the adsorbed alkoxide. The loss at 880 cm was comprised of two
modes, V(CC) and p(CH;). This assignment matches well with that for the alkoxide on
O/Ag(110) where the corresponding modes were observed at 890, 1090 and 2860 cm’',
respectively.20 In contrast to the work on O/Ag(110), the losses due to w(CH;) (1340
cm’') and (HCH) (1450 cm™) were not positively identified on the O/Cu(100) surface
although there appears to be a weak, broad loss in that range. This is probably due to the
lower surface coverage used in the present work, which resulted in a lower S/N. Again,
the absence of the v,(CO) mode indicates the alkoxide species was bound to the surface
through the oxygen atoms in an upright configuration.

The results of Figure 5.4b can be compared with the EEL spectrum obtained for
the species observed to desorb at 350 K after 15 minutes of UV irradiation of 1.1 ML
H,CO on CO/Cu(100). Figure 5.5a shows the spectrum of the species formed upon
irradiation and is identical to that shown in Figure 5.2c. Figure 5.5b shows the EEL
spectrum of the alkoxide species formed through the adsorption of (CH,OH), on
O/Cu(100). Excellent agreement was observed between the spectra. The losses due to
v(CC)+p(CH;) and v4(CO) were observed at 880 and 1090 cm’!, respectively for the
adsorbed alkoxide and at 890 and 1070 cm’ for the species produced during the
irradiation as shown in Figure 5.5a. These spectra confirm the species observed in Figure
5.5a as ethylene glycol.

The same experiments shown in Figure 5.5 were repeated with the deuterated
species: D,CO on CO/Cu(100) and (CD,OH); on O/Cu(100). The spectra obtained are

shown in Figure 5.6. For the irradiation and subsequent annealing of D,CO on
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CO/Cu(100), as shown in Figure 5.6a, losses were observed at 800, 970, 1070, and 1180
cm’! that can be assigned, through comparison with Figure 5.6b, to v(CC), w(CH,),
Vsas(CO) and S(HCH), respectively. Excellent agreement was again observed between
the spectra. The results of Figure 5.5 and 5.6 are summarized in Table 5.2 along with
liquid IR data of (CH,OH), and (CH,OH), adsorbed on O/Ag(110).

From the above TPD and EELS data, the results of the adsorption and
photochemistry of H,CO adsorbed on CO/Cu(100) can be now summarized.
Formaldehyde physisorbed on the CO-saturated surface at 85 K desorbs molecularly at
104 K. Upon UV irradiation, POM was formed that was observed to depolymerize, and
desorb as H,CO, between 220 and 250 K. A second photoproduct was observed to
desorb at 350 K that was identified as ethylene glycol. The formation of both POM and
(CH,OH); will be discussed below.

Formation of POM. The polymerization of H,CO could proceed via three
photoexcitation mechanisms. A thermal mechanism is discounted based on the
observation of an insignificant 2 K temperature rise upon irradiation. Gaseous H,CO has
a S; « So (M* « n) band origin at 3.49 eV26 which is unlikely to be perturbed upon
physisorption on CO/Cu(100). Ultraviolet irradiation, in the wavelength range used here,
can dissociate H,CO via two channels: HCO — H, + CO (molecular) and H,CO — H +
HCO (radical). The molecular channel has its threshold at 3.52 eV.26 However,
polymerization is not expected to be initiated by the molecular photoproducts and no H,,
which is not known to adsorb on Cu(100) at 85 K, was observed to evolve upon
irradiation. The radical channel, whose threshold is at 3.73 eV,26 may initiate the

polymerization through reaction of the radical species with molecular H,CO. However,
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for experiments performed on amorphous H;CO films deposited on Csl, no
polymerization occurred upon irradiation with 4.0 eV photons.2” For both channels,
dissociation is expected to compete with electronic relaxation which is known to occur on
metal surfaces on a time scale of ~ 10™"* — 10" 5.28 The effect of the CO spacer layer
will be to decrease the relaxation rate.

The most probable excitation mechanism leading to POM is that proposed for
H,CO photopolymerization on Ag(111).10.29,30 In this mechanism, absorption of the UV
irradiation by the substrate produces hot electrons, which then populate the ©* state of
H,CO, forming H,CO'". This radical anion then dissociates into products that can initiate
the polymerization. In the gas-phase, H,CO" dissociates into H + HCO3! while on
Ag(111), H,CO" was observed to dissociate into CH, and 0.29 The dissociation products
on CO/Cu(100) are not yet known. In contrast to the work on Ag(111), where
subvacuum electrons were produced upon irradiation, the photon energies used in the
current work will produce both subvacuum and free photoelectrons. The work function
of a CO-saturated Cu(100) surface was found to be 4.39 eV32 and the majority of
intensity from the lamp used in this work (~ 80 %) occurs between 5.5 and 4.9 eV,
indicating most of the electrons produced will be free, low enérgy photoelectrons.

Formation of Ethylene Glycol. The formation of ethylene glycol can be explained
based on the well known photochemistry of carbonyl compounds.33:34 These molecules
are known to be excellent hydrogen atom abstractors in their singlet !(nn*) and triplet
3(nﬂ?*) electronically excited states, with the majority of chemistry occurring on the triplet
surface. Formaldehyde, in its triplet state, can be thought of a biradical which abstracts a

proton from another molecule to form a hydroxymethylene radical “CH,OH.
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For the UV irradiation of H,CO on CO/Cu(100), excited formaldehyde, CH,O’
abstracts a proton from a neighboring H,CO forming "“CH,OH and "HCO. The formyl
radical can then initiate the polymerization of H,CO to form POM. The
hydroxymethylene radical can react in two ways: "CH,OH could couple to another
*CH,0H, forming ethylene glycol (CH,OH), directly or it could react with another CH,O
to form *OCH,CH,OH. This radical species could then abstract a hydrogen from another
H,CO to form (CH,OH), and another formyl radical.

The saturation of the formation of ethylene glycol after 15 minutes of irradiation
may be due to geometric constraints. Ab initio results on hydrogen abstraction from
methane by formaldehyde indicates only approach of the hydrogen within the molecular
plane of H,CO results in reaction and an upper limit on the barrier was estimated to be ~

77 kJ/mol.35:36 This barrier was strongly dependent on Oy,co-Ccn, separation with the

distance equal to 2.53 A at the transition state.35 Once ethylene glycol is formed and
POM polymerization initiated by the formyl radicals, the remaining electronically excited
H,CO may be in an unfavorable geometric position within the overlayer to abstract
further hydrogens from either H,CO, POM or ethylene glycol. Unfortunately, the
structure of the physisorbed HCO on CO/Cu(100) is unknown at this time. However,
the structure of crystalline formaldehyde does have pairs of H,CO molecules that are
oriented correctly for H-atom abstraction to occur.37

The formation of ethylene glycol through the reaction of electronically excited
formaldehyde has not been observed in studies of solid phase H,COZ27:38 nor in the
photopolymerization of H,CO on Ag(111).10 The presence of the CO spacer layer could

influence the photochemistry by lengthening the lifetime of the excited formaldehyde
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(H,CO") by moving it away from the metallic surface or through the formation of a

unique formaldehyde overlayer geometry that is favorable to the hydrogen abstraction

reaction.

5.3 Conclusions
The presence of a saturation coverage of CO on Cu(100) inhibited the thermal
polymerization of HCO which formed a weakly adsorbed overlayer on CO/Cu(100).
Upon 30 minutes of UV irradiation, H,CO formed POM (40 %) and ethylene glycol (20
o). The photopolymerized POM depolymerized at higher temperatures than those
observed for POM formed from the thermal polymerization on clean Cu(100), suggesting
a longer chain length or more thermally stable endgroup. Additionally, no losses due to
emndgroups were observed in EEL spectra taken after irradiation. The initiation of
Polymerization likely occurs via the radical anion HCO™ formed from electron capture of
Photoelectrons generated from irradiation of the CO/Cu(100) surface. The use of CO to
block the thermal polymerization of H,CO on Cu(100) and subsequent
Photopolymerization shows the potential for controlling polymer thin film formation for
reactive monomer-substrate combinations by use of a co-adsorbate. The polymer film
Can be formed in a “controlled” fashion using photons and can then be deposited on the
Substrate after annealing to remove the co-adsorbate.
The formation of ethylene glycol from the irradiation of H,CO adsorbed on
C O/Cu(100) has not been observed previously in studies of solid phase H,CO nor in the
photopolymerization of H,CO on surfaces. The formation likely occurs via electronically

€Xcited H,CO which abstracts a proton from a neighboring H;CO molecule forming a
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hydroxymethylene radical *CH,OH which then reacts with other ‘CH,OH radicals or

H,CO ultimately forming (CH,OH),. The saturation of formation of ethylene glycol

likely results from geometric constraints present within the overlayer.
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Chapter 6 Conclusions and Future Work

6.1 Thermal Reactions and Control of Stability
The work described in Chapter 3 has shown that at 85 K, H,CO spontaneously
polymerizes to form a monolayer of poly(oxymethylene) (POM) up to a saturation
coverage of 0.69 ML (1.06x10"° cm™). This surface density suggests that the POM chain
directions are parallel to the surface plane and is consistent with the known crystal
structures of POM.! However, the POM overlayer is probably not highly ordered.
Temperature-programmed desorption spectra indicate there is only one
decomposition route available to the adsorbed polymer species: depolymerization to
molecular H,CO. The route producing H,CO is observed as two desorption features at
approximately 200 and 215 K which show apparent zero- and first-order
depolymerization kinetics, respectively. This behavior has neither been observed for
H>CO adsorption Cu(110)2 nor for the POM produced in the photopolymerization of
H>CO on Ag(111).3-6 We believe differences due to adsorption at defect and/or step
edges do not account for the appearance of two depolymerization features. The
observation of CO and H, desorption indicates H,CO is probably dissociating at step
edges and defect sites upon adsorption. Electron energy loss spectroscopy data indicate
NO other species besides an adsorbed polymer first layer and molecular H,CO multilayers
On top of the polymer layer, are present on the 85 K Cu(100) surface.
The observation of two features for the depolymerization of POM on Cu(100) can
be Ascribed to the formation of long chain (o) and short chain (B) poly(oxymethylene)

(POM) species as described in Chapter 4. Equations describing the kinetics of

120

'..



<A
£

T

Ly

1

?

C

Ov



depolymerization suggest the number of chains of the o species is constant for increasing
coverage and determined at low coverages by a fixed number of surface initiation sites.
Future experiments should include increasing the number of defect sites, which may
increase the proportion of &-POM species produced upon adsorption of H,CO if initiated
at these sites. Chapter 4 has demonstrated that equations describing the bulk
depolymerization process can be used to model the TPD spectra which should be
applicable to future surface polymerization studies where multiple depolymerization
processes are observed

Upon removal of the a species by annealing, losses are observed attributable to

the endgroups of the helical B species. Losses can be assigned to v(Cu-O), v(CO) and
P (CHj3) of the end of the POM chain bound directly to the surface through an oxygen
atom and to a methoxy endgroup. This species can be written as -O,-(CH,0),-CHj3.
Compared to bulk POM, the lower thermal stability observed for monolayer f-POM on
Cu(100) most likely results from the chain being bound to the surface through the oxygen
atom, resulting in a lower barrier to initiation of depolymerization. We believe, due to
simuilarities in depolymerization temperature and product (molecular HCO), the a-POM
Species likely has similar endgoups to B-POM.

Pre-adsorbed methanol was found to terminate the polymerization and favor the
formation of the B-POM species. The thermal stability and EEL spectra of the POM
Overlayer formed upon reaction with CH;OH were similar to that of POM formed
thr Ough the direct adsorption of H,CO. However, the losses due to the endgroups were

MOre jntense than in the POM layer formed by H,CO adsorption alone, indicating the

s - . .
Pecie 5 formed were shorter than those formed through the direct adsorption process.
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The experiments with the co-adsorbed methanol and D,CO also lend support to
the directly bound oxygen controlling the thermal stability of the POM species. For bulk
POM, methoxy termination is known to be more stable than the hydroxy endgroup.”
This indicates the oxygen bound end is likely responsible for the ~ 100 K lower stability
observed for POM on Cu(100) as compared to bulk POM.

The ability to preferentially form a specific chain length polymer with a specific
endgroup may open the possibility to control both thin film order and morphology and
tailor thermal stability based on the interaction of the endgroup with the surface.

Transforming the oxygen bound end into a methoxy terminus should increase the thermal

stability dramatically. Poly(oxymethylene) dimethyl ethers are known to be stable to

temperatures > 470 K, some 100 K higher than the dihydroxy terminated
paraformaldehyde.” A potentially simple way to form a methoxy endgroup from the
surface bound oxygen is through the reaction with methyl radicals (CH3"). The methyl
radicals can be generated photochemically from co-adsorbed CH;Br8 or dosed from the
gas phase as CHs’, produced from the pyrolysis of azomethane.® Methyl radicals are
known to be highly mobile, even at 85 K, on Cu(111)!0 and thus could react with the
OX ygen bound to the surface forming a methoxy endgroup. However, the CH;" may also
destroy the POM backbone chain through hydrogen abstraction reactions. As in the

methanol experiments, the order of adsorption may influence the products greatly.

Acetoxy-terminated bulk POM is also known to be more thermally stable than the

hydr ©Oxy-terminated form.” On the Cu(100) surface, acetoxy endgroups may be formed
by Pre-adsorbing acetic acid prior to adsorption of H,CO. In a similar fashion to the

forll]atjon of methoxy endgroups with pre-adsorbed methanol, described in Chapter 4,
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acetoxy endgroups would thus be formed. In this case, as acetic acid is more acidic than
methanol, the initiation and termination mechanisms for polymerization may be different
and both endgroups may now be acetoxy. Further experiments with co-adsorbates may

allow for a full elucidation of the propagation and termination events during the surface

polymerization process.

6.2 Photochemical Reactions
UV and X-ray Photons. The presence of a saturation coverage of CO on Cu(100)

inhibited the thermal polymerization of H,CO which formed a weakly adsorbed overlayer

on CO/Cu(100). Upon irradiation for 30 minutes with UV photons, H,CO formed POM
(40 %) and ethylene glycol (20 %). The photopolymerized POM depolymerized at
higher temperatures than those observed for POM formed from the thermal
polymerization on clean Cu(100). Additionally, no losses due to endgroups were
observed in EEL spectra taken after irradiation, consistent with longer chains. The
initiation of polymerization likely occurs via the radical anion H,CO  formed from
electron capture of photoelectrons generated from irradiation of the CO/Cu(100) surface.
X-ray irradiation also caused polymerization of H,CO adsorbed on CO/Cu(100),
further supporting a substrate mediated process. Figure 6.1 shows TPD spectra
displ aying the effect of irradiating 1.1 ML of H,CO on CO/Cu(100) with X-ray photons
(Av=1486.6 eV, A=0.8 nm). Figure 6.1a shows the m=29 (HCO") TPD prior to
irradiation and is identical to Figure 5.1a-b (0 min.). A single feature at 104 K is

Observed corresponding to molecularly adsorbed H,CO. Figure 6.1b shows irradiation of

the O Verlayer for 84 s
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Fi ‘gul‘e 6.1 Mass=29 (HCO") TPD spectra showing the effect of X-ray irradiation on 1.1
H2CO on CO/Cu(100). Irradiation times were a) 0, b) 84 and c) 130 seconds. The

Ii(Vl). Ay wavelength was the Al Ka (hv=1486.6 eV) line and operated at 300 W (20 mA, 15
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causes the feature at 104 K to decrease while a new feature is observed at 228 K that can
be identified as H,CO arising from the depolymerization of POM formed upon
irradiation. Further irradiation causes a further decrease in the feature at 104 K, an
increase in the H,CO due to POM depolymerization and a shift to higher peak
depolymerization maximum (233 K), as shown in Figure 6.1c. The large number of
secondary electrons produced from the substrate upon X-ray irradiation!! likely initiates
the polymerization via the radical anion channel, although more work is necessary to
elucidate the mechanisms of polymerization. The ability to form a polymer thin film
using X-ray photons is advantageous in the field of lithography where feature sizes of <
100 nm are needed.!2-14

New Co-adsorbates. While the use of CO is convenient, its desorption
temperature (~ 180 K) prevents a determination of the “true” thermal stability of the
POM formed in the irradiation of H,CO adsorbed on CO/Cu(100) because, after the CO
has desorbed, the POM then can interact with the substrate, lowering the
depolymerization temperature as was discussed in Chapter 4. A more suitable co-
adsorbate would be one that is stable on Cu(100) above the bulk POM depolymerization
temperature of ~ 370 K. An excellent candidate for this is CH30(ad) formed from the
reaction of methanol on a oxygen covered Cu(100) surface. This species forms a c(2x2)

Owerlayer (Bcn,0=0.5) similar to the CO/Cu(100) overlayer and is stable up to 400 K at

Which temperature B-hydride elimination occurs and H,CO desorbs.15:16 In this fashion,
the stability of the POM may be deconvoluted from its interaction with the substrate. The

CI‘I;:,O covered Cu(100) surface may also be prepared from methyl nitrite (CH3;ONO),

<liminating the need for the oxygen precoverage.!’
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Figure 6.2 Mass=30 (H,CO") TPD spectra for the UV irradiation of 1.1 ML H,CO
Adsorbed on a surface that had been pre-covered with a saturation of poly(oxymethylene)
(0.69 ML) for a) 0 minutes and b) 15 minutes UV irradiation.
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Preliminary work has been done using another co-adsorbate system.
Formaldehyde molecularly adsorbed on a POM saturated Cu(100) surface does
polymerize upon UV irradiation. Figure 6.2 displays TPD spectra (a) prior to and (b)
after 15 minutes of UV irradiation of a 1.1 ML coverage of molecularly adsorbed H,CO
on a POM saturated Cu(100) surface. There are three features observed prior to
irradiation which can ascribed to desorption of physisorbed H,CO (105 K) and H,CO
arising from depolymerization of the o and B-POM species at ~ 210 and ~ 215 K,
respectively. Fifteen minutes of UV irradiation causes both the physisorbed H,CO and
©ot-POM species to decrease and a new feature to appear at 234 K. The feature at 234 K is
consistent with a new POM species and is similar to that observed for the
photopolymerization of HCO on CO/Cu(100), shown in Figure 5.1b, where a feature is
observed at 235 K. The explanation for the decrease in a-POM species, while little
change in the B-POM species was observed, is still under investigation. However, the
results shown in Figure 6.2b do suggest other co-adsorbate systems can be used to

Produce a more thermally stable POM thin film.
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Appendix A Mass Spectra

Prior to use in experiments, the molecules studied in this thesis were first
analyzed for purity. This was accomplished by opening the molecular leak valve to
introduce some of the gas-phase molecules into the UHV chamber. The mass spectrum
was acquired after a steady state pressure (as measured by the ion gauge) was achieved
within the chamber. Typical operating condition of the mass spectrometer were 1-50

amu mass range, 10 amu/s scan rate, and 1.7 kV electron multiplier voltage.

130



3.0

25 b)H,CO

i -9
o0 L Pchamber ~1x10" Torr
1.5 H

a) Background
P . ~2x10" Torr

chamb

2.0

Partial Pressure (Torr) x10™"°
wo

|
o}
0.5-
OOM,W“ATJ,LZA

0 10 20 30 40 50
m/z (amu)

Figure A.1 Mass spectra of a) background vacuum prior to introduction of H,CO and b)
after a pressure of ~ 1x10 Torr of H,CO was achieved within the chamber.
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Figure A.2 Mass spectra of a) background vacuum prior to introduction of D,CO and b)
aftter a pressure of ~ 1x10°® Torr of D,CO was achieved within the chamber.
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Figure A.3 Mass spectra of a) background vacuum prior to introduction of trioxane
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chamber.
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Figure A.4 Mass spectra of a) background vacuum prior to introduction of ethylene
glycol ((CH,OH),) and b) after a pressure of ~ 1x10™ Torr of ethylene glycol was
achieved within the chamber.
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Appendix B Calculation of Electron Impact Ionization Cross-Sections

To calculate the purity of a compound accurately, based on the mass spectra
presented in Appendix A, and quantitate surface species from TPD spectra, the electron
impact (EI) ionization cross-section (Og;) needs to be known. While the experimental G,
is known for a few of the compounds of interest (H,O, H, and CO),!:2 the o, for H,CO
is unknown to this author. However, binary-encounter-Bethe (BEB) theory has been
shown to predict (within 10-15%) the og; for small molecules using molecular orbital
constants easily obtained from standard ab initio electronic structure programs such as
GAMESS.2.3

The BEB theory combines the Mott description for hard electron-electron
collisions with that of the dipole interaction theory that accounts for electron interaction
at high incident electron energies. The theory provide a simple, analytic expression for
the og; per molecular orbital (MO) and the total Og; is then a sum over all MOs. Three
orbital constants are needed: the binding energy B, the orbital kinetic energy U and the

electron occupation number N. The expression, as a function of incident electron energy

T, is:
Oy = S l—n(—t)I——lT+l—-l——ln—(t) (B.1)
t+u+l 2 t t t+1
where
T
t=— B.2
B (B.2)
U
- B.3
u B (B.3)
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with 29=0.5292 A and R=13.61 eV.

The orbital constants were calculated at the minimized geometry at the Hartree-
Fock level with a 6-31G* basis set using the GAMESS4 code. The orbital constants for
H,0O and H,CO are summarized in Table B.1 and the o as a function of T is shown in
Figure B.1. The og and orbital constants for HO have been previously calculated and
are compared to those calculated for this work as a measure of the error. The variation
arises due to differences in basis set used (6-311G vs. 6-31G*) and the use of the
experimental ionization energy for the HOMO of water in the previous work.2 All
quantitation is done using calculated Of; to eliminate large discrepancies that may arise

between experimental and calculated values.
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Table B.1 Molecular orbital constants calculated at the Hartree-Fock level of theory with
a 6-31G* basis set. These constants were used to evaluate the electron impact ionization

cross-section.

H,0?
Molecular Orbital Binding Energy (eV) Kinetic Energy (eV)
2a, 36.46 70.14
1b, 19.12 47.78
3a, 15.47 58.73
1b, 13.52 61.89
H,0°
Molecular Orbital Binding Energy (eV) Kinetic Energy (eV)
2a, 36.88 70.71
1b; 19.83 48.36
3a, 15.57 59.52
1b; 12.61 6191
H,CO
Molecular Orbital Binding Energy (eV) Kinetic Energy (eV)
3a, 38.56 73.68
4a, 23.59 44.02
1b, 18.95 36.77
Sa, 17.74 61.17
1b, 14.69 47.46
2b, 11.83 54.58
a) this work
b) Reference 2
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Electron impact ionization cross-section (Og) as a function of incident
electron energy for H,CO and H,O and a comparison to previous work done for water
showing the small error introduced by using a smaller basis set.

138




B.1 References

¢)) Beran, J.; Kevan, L. J. Phys. Chem. 1969, 73, 3866.

?) Hwang, W.; Kim, Y.; Rudd, M. J. Chem. Phys. 1996, 104, 2956.

(3) Kim, Y.; Rudd, M. Phys. Rev. A. 1994, 50, 3954.

@) Schmidt, M. W.; Baldridge, K. K.; Boatz, J. A.; Elbert, S. T.; Gordon, M. S.;
Jensen, J. H.; Koseki, S.; Matsunaga, N.; Nguyen, K. A.; Su, S. J; Windus, T. L,;

Dupuis, M.; Montgomery, J. A. J. Comput. Chem. 1993, 14, 1347.

139




Appendix C Electron Energy Loss Spectrometer and Operating Voltages

Shown in Figure C.1 is a schematic of the ELS3000 electron energy loss
spectrometer manufactured by LK Technologies, Inc. The operating voltages for the
individual segments are shown in Table C.1. These voltages were used as initial
parameters prior to tuning the spectrometer in the “straight through” geometry. The
resolution obtained using these voltages was 3.2 meV (26 cm™) full width half maximum

(FWHM) and provided ~ 70 pA of current detected at the channeltron cone.
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Table C.1 Operating voltages for the ELS3000 electron energy loss spectrometer.

Setting Setting
Cathode Monochromator
Filament, V 3.22 Ml 2.639
Filament, A 1.90 MI1-slit -0.31
Beam, E -6.09 MIl-cover -3.56
Emission Optics AM 1-cover 0.16
R -2.71 M2 0.638
Al 46.22 M2-slit 0.12
AAl -3.54 M2-cover -0.16
A2 0.70 AM2-cover 0.03
AA2 1.60 M2-exit 0.49
A3 0.10
AA3 0.56
Lenses Analyzers
Bl 0.78 ANI1 0.572
AB1 0.04 AN1-slit 0.46
B2 3.05 ANIl-cover -0.43
B3 2.98 AAN 1-cover 0.14
B4 0.67 AN2 0.576
AB4 0.11 AN2-slit 0.35
AN2-cover 043
Miscelaneous AAN2-cover -0.01
Shield 0.0
Sample 0.003
Ch-slit 1.00
Ch-cone 0.51
Scan 0.001
Scan-step 341
Offset 0.001
B3 ramp 1.0
B4 ramp 1.0
C.S. ramp 1.0

141




Electron
multiplier (Ch) Lenses (B1-B2)

\@ /S"‘i:\ / Moo
NS R\

Analyzers
(AN1-AN2) Lenses (B3-B4)

Pre-monochromator (M1) /‘

Emission optics
R, Al-A3)

Figure C.1 Schematic of the ELS3000 electron energy loss spectrometer.
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