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Abstract

The hybrid CBS-QB3 electronic structure approach is used to calculate the reaction energetics for decomposition reactions of

radicals formed from UV radiation of the polymer poly(methyl methacrylate) (PMMA). Relative to the photon created radical spe-

cies, the decarboxylation reaction to form CO2 is exothermic whereas the reaction to form CO is endothermic. For degradation of

the polymer in low-Earth orbit (LEO) conditions, the synergy of the reaction with O(3P) atoms is considered. The addition of O

atoms to all of the radicals is exothermic, leading in many cases to the formation of a stable molecule and another radical species.

� 2005 Elsevier B.V. All rights reserved.
1. Introduction

Irradiation of polymeric materials by ultraviolet

(UV) laser light initiates chemical reactions that change

the fundamental character of the material. For indus-

trial applications such as boring cylindrical holes in a
highly integrated, multilayer printed circuit board

[1,2], drilling holes for ink jet nozzles [3], stripping poly-

mer coatings of optical fibers [4], and, most notably,

laser in situ keratomileusis, or LASIK [5], the removal

of material is a desirable consequence of the radiation.

In contrast, materials exposed to UV light in low-Earth

orbit (LEO) conditions experience degradation. Under

LEO conditions, ground state oxygen atoms have high
relative collision energies of approximately 5 eV with

material surfaces that cause an additive effect to produce

further degradation [6]. The essential chemistry of the

interaction of UV light with polymeric and biological

materials is that the photon energy can be sufficient to

break chemical bonds [7]. Subsequently, the material

decomposes into smaller molecules and gaseous prod-

ucts which can readily vaporize, collect under the
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surface, and force the removal of larger pieces of the

substrate. Although the photochemistry of the specific

materials is often known and the gaseous products can

be measured, the microscopic details of the chemistry

and physics from the photon created radicals to the final

measured products are not well understood.
Understanding the overall process of material re-

moval due to UV radiation requires a complex model

that incorporates the heterogeneity of the system as well

as the energetics of the material. Our group has been

simulating UV effects on materials by developing a mod-

el that follows the spirit of a kinetic Monte Carlo

(KMC) method where the thermodynamics (activation

and reaction energies) are utilized for a reaction in the
system, and incorporates the dynamics of the particles

through the classical equations of motion [8]. Although

reaction energetics have been calculated for some photo-

products [9], more information is needed about the reac-

tion barriers and energies of radical decomposition to

implement our model.

In order to study of the effect of UV radiation, the

polymer poly(methyl methacrylate), or PMMA, has
been selected due to its use in commercial applications,

such as in pulsed laser deposition [10] and as a satellite

material [11]. When a UV photon interacts with
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PMMA, several chemical reactions are possible as

shown in Fig. 1a [12]. For the Norrish Type II process,

a bond in the main chain is cleaved which leads to the

appearance of smaller polymer chains and monomer

units, MMA. The cleavage of the ester side chain (either

Norrish Type I or ester elimination) gives other possible
products such as carbon dioxide, carbon monoxide,

methyl formate, and methane, as well as leading to cross

linking of the polymers. At short wavelengths (157 and

193 nm), the Norrish Type II reaction dominates, and

the main product yields are MMA monomers and lower

molecular weight PMMA chains [13,14]. With a wave-

length of 248 nm, the Norrish Type I reaction dominates

and products such as C2, CO, CO2, methanol, methyl
formate, and the MMA monomer are detected in the

ablation plume [15,16]. Using 260 and 266 nm radiation,

the ablation plume yields MMA, CO2, CO, methyl for-

mate, as well as MMA minus the methyl formate or

methyl groups [17]. With 308 nm radiation, MMA di-

mers are observed [18]. Under LEO conditions, oxygen

atoms can also interact with PMMA radical material

to form C@O bonds as well as epoxide rings [19,20].
Fig. 1. Structure of compounds used in the simulations. (a) Photo-

chemistry of PMMA, (b) methyl acetate, (c) ethylene dimer radical

(R = H) or 2-propenal dimer radical (R = CHO), (d) ethanal (R = H)

radical or propanal (R = CH3) radical, (e) propanal (R = H) radical or

isobutanal (R = CH3) radical. In the models, C atoms are grey, O

atoms red, H atoms white and R groups turquoise.
In the present work using high-level electronic struc-

ture calculations, we investigate the reaction pathways

for the decomposition of the bond cleavage products

of PMMA as shown in Fig. 1a as well as the interac-

tion of oxygen atoms with the radical species. The

objective is to obtain reasonable estimates of the reac-
tion barriers and energies for use in studies of ablation

and degradation of PMMA. Previous calculations by

Stoliarov et al. [9] have yielded total reaction energetics

of the decomposition of several model compounds

based on PMMA, including several alkanes and carbo-

nyls, into smaller molecular weight compounds and

CO2. To complete the description of the interaction

of the various wavelengths of light and oxygen with
PMMA, we need to calculate the reaction barriers to

form various products and calculate the reaction ener-

gies to produce oxygenated molecules and gaseous CO.

We acknowledge that the polymer sample is a much

more complex and heterogeneous environment than

the gas phase reactions under investigation. In addi-

tion, we ignore the details of the initial photon absorp-

tion event, assuming that the bond cleavage event will
occur, and, therefore, the starting points for consider-

ation are the resulting radical species. An exquisite

investigation of the Norrish Type I bond cleavage of

gas phase acetone demonstrates the intricacies involved

after the photon absorption [21]. Below, we discuss the

computational model, the results of the electronic

structure calculations, a brief speculation of the ramifi-

cations of these results on the material degradation
processes, and the utilization of the results for molecular

dynamics studies.
2. Computational details

The objective of these investigations is to obtain real-

istic values of reaction barriers of radical reactions of
relevance to UV irradiated and oxygen bombarded

PMMA. The processes of interest include elimination

of CO and CO2 (decarboxylation) from the radicals

formed from the Norrish Type I and ester elimination

reactions; unzipping of homopolymers due to the

Norrish Type II bond cleavage; and reaction of O atoms

with the Norrish products. Previous electronic structure

investigations of PMMA used the hybrid CBS-QB3 ap-
proach to calculate reaction enthalpies [9]. The mean

absolute deviation of energies calculated with the CBS-

QB3 method are within 4.2 kJ mol�1 of the experimental

energies [22]. This level of agreement is deemed sufficient

given that the ultimate system of interest is a solid poly-

mer with a very heterogeneous environment. Thus, the

CBS-QB3 hybrid method as implemented in the

GAUSSIAN 03 quantum chemistry program [23] is used
to obtain the reaction barriers and energies. As discussed

below, density functional theory (DFT) calculations
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are used to estimate the effect of delocalization through

the side chain on the unzipping reaction. Complete ac-

tive space self-consistent field (CASSCF) calculations

have been utilized to study the reactive surface of the

decarboxylation reactions in which the initial radical

contains a delocalized p system. In each case, the transi-
tion states are verified by the presence of imaginary

vibrational frequencies and intrinsic reaction coordinate

(IRC) analyses.

Model compounds that retain the key chemistry of

PMMA are utilized in the electronic structure calcula-

tions. The Norrish Type I and ester elimination reac-

tions are modeled with methyl acetate (Fig. 1b) which

has the essential bond functionality of a MMA mono-
mer. The hybrid CBS-QB3 method is used for this calcu-

lation. In the case of the Norrish Type IA bond

cleavage, the resulting radical has a delocalized p system

over the O–C–O functional group. Since the resulting

product of CO2 has orthogonal p bonds, a multi-config-

uration reference state is needed. We use the CASSCF

calculation that considers the nine electrons and nine

orbitals, CAS(9,9), involved in the decarboxylation reac-
tion with a diffuse 6-311+G(d,p) basis set. The Norrish

Type II and unzipping reactions are modeled with

dimers of the homopolymer polyethylene (Fig. 1c). The

reaction energetics are calculated with both the density

functional B3LYP/6-311+G(d,p) and the CBS-QB3

method. In order to determine the possible effects of a

delocalized p bond including the side chain in MMA,

the unzipping of a 2-propenal dimer radical was calcu-
lated at the B3LYP/6-311+G(d,p) level of theory. Reac-

tions between an oxygen atom and the products of the

Norrish Type I cleavage are modeled with the radicals
Fig. 2. Reaction energetics. (a) Methyl acetate, CH3COOCH3, decompositio

of a C–C bond in a polyethylene dimer (blue and green reaction paths) and 2

energy of the methyl acetate molecule. For discussion purposes, the energies
resulting from the photon interaction with methyl ace-

tate and O(3P) at the CBS-QB3 and, in the case of the

decarboxylation reactions from a delocalized p system,

the CASSCF levels of theory. Similarly the interaction

of atomic oxygen (3P) with the products of the Norrish

Type II cleavage are modeled with ethanal, propanal,
and isobutanal radicals using the CBS-QB3 approach

(Fig. 1d and e).
3. Results and discussion

3.1. Norrish type I and ester elimination reactions

The results of the various gas phase Norrish Type I

and ester elimination reactions of methyl acetate (struc-

ture 1) at the CBS-QB3 and the CASSCF levels of the-

ory to yield CO2, CO, �OCH3, and
�CH3 at 298 K are

given in Fig. 2a. The initial bond cleavage energetics

to form structures 2, 3, and 4 are similar with structure

2 being resonance stabilized by the delocalized p system.

Relative to the radical species, the formation of CO2 is
exothermic with barriers of 50 and 57 kJ mol�1 whereas

the formation of CO is endothermic with barriers of

94 and 68 kJ mol�1.

Our calculation of the enthalpy change of the decar-

boxylation reaction from structure 3 to structure 9 is the

same as the previous calculation by Stoliarov et al. [9].

Since we used the CASSCF level of theory, the decar-

boxylation reaction from structure 2 to structure 9 dif-
fers by 10 kJ mol�1 from that reported by Stoliarov

et al. [9] (�72 kJ mol�1), who utilized the CBS-QB3

method for the calculation of reaction enthalpy.
n at the CBS-QB3 and CASSCF levels of theory (298 K). (b) Cleavage

-propenal dimer (orange reaction path). All energies are relative to the

of several common UV laser wavelengths are denoted.
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the CBS-QB3 and CASSCF levels of theory (298 K).
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3.2. Norrish type II and unzipping reactions

The results of the unzipping reactions of a polyethyl-

ene dimer radical (structures 14, 15) to produce an ethyl

radical and an ethylene molecule at the CBS-QB3 and

DFT levels of theory are given in Fig. 2b. In addition,
energetics calculated with DFT for the unzipping of a

2-propenal dimer radical (structure 13) to form a 2-pro-

penal radical and 2-propenal are shown. Each reaction

is calculated relative to starting structures 11 and 12,

where a C–C bond must be cleaved in order to form

the radical dimers. All three results are qualitatively sim-

ilar. The overall reaction is endothermic and all reac-

tions are activated relative to the cleaved structures 13,
14 and 15. Comparing the effect of delocalization of

the p system into the side chain, the reaction barriers

differ by 15 kJ mol�1. The lower energy for the forma-

tion of 2-propenal and 2-propenal radical is due to the

delocalized p system that occurs across the C@C–C@O

bonds, allowing it to be more stable than ethylene. The

unzipping reaction of the polyethylene dimer radical

calculated with the CBS-QB3 method (15! 21) is
6 kJ mol�1 more endothermic than the same reaction

calculated with DFT (14! 20). The major difference

in the two levels of theory is the bond dissociation

reaction (structure 12 to structure 14 or 15).

3.3. Oxygen and norrish type reactions

Oxygen interactions with each of the products of the
Norrish Type I and ester elimination radicals (structures

22–26) of the model compound methyl acetate calcu-

lated with the CBS-QB3 and CASSCF methods are pre-

sented in Fig. 3. In each case, the O atom binds to the

radical in an exothermic reaction. Addition of oxygen

to structure 24 to yield structure 29 corresponds to addi-

tion to a radical on a C atom to form methoxy radical.

Addition of oxygen to structures 22 and 23 leads the
Fig. 4. Energetics of oxygen reactions with Norrish Type II radicals. (a) etha

QB3 level of theory (298 K), (b) propanal radical (blue path) or isobutanal
metastable structures 27 and 28 with subsequent loss

of CO2 releasing a total of 450–500 kJ mol�1. Produc-

tion of O2 occurs from the addition of the O atom to

structures 25 and 26 with the release of 60–150 kJ mol�1.
The pathways to produce O2 vs. CO2, however, proceed

through intermediate structures which are lower in en-

ergy than the resulting compounds.

The energetics of the interaction of oxygen with

model Norrish Type II products are shown in Fig. 4.

In the first case, the bond cleavage reaction occurs at

the C atom adjacent to the side chain and the model

compounds are an ethanal radical (39) and a propanal
radical (structure 38), as shown in Fig. 4a. In the second

case, the bond cleavage is not at the adjacent C atom,

and the model compounds are a propanal radical (47)

and an isobutanal radical (46) as shown in Fig. 4b. In

both cases, the reactions are exothermic by 200–

300 kJ mol�1. There are, however, intermediate struc-

tures (40, 41, 48 and 49) that are lower in energy than

the final products.
nal radical (blue path) and propanal radical (orange path) at the CBS-

radical (orange path) at the CBS-QB3 level of theory (298 K).
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3.4. UV irradiation

In order to assess the importance of the heights of

the reaction barriers, the photon energies for several

commonly used lasers are shown in Fig. 2. The mecha-

nism of the photon energy deposition is unknown,
and thus the discussion below is based completely on

energetics. The discussion also ignores the absorptiv-

ity of the material at each wavelength. At the shorter

wavelengths of 157 nm (762 kJ mol�1) and 193 nm

(620 kJ mol�1), sufficient energy is available to sur-

mount the reaction barriers to yield the eventual prod-

ucts of CO2, CO, �CH3, and
�OCH3. The energy barrier,

approximately 62 kJ mol�1 for the unzipping of com-
pounds 13, 14, and 15, could also be surmounted at

these shorter wavelengths. At the wavelengths of

248 nm (482 kJ mol�1) and 260 nm (460 kJ mol�1), the

amount of energy supplied by the UV light can over-

come the reaction barriers to form CO2, but it is

approximately 12–34 kJ mol�1 less than that necessary

to form CO. The compulsory energy, though, can be

supplied from other exothermic reactions that are
occurring during the irradiation event, or supplied from

the energy transfer during molecular collisions. Since

the decomposition reactions do not have sufficient en-

ergy from the photon, the radical species should exist

for some time and have the potential to abstract an

H atom to form the observed products of methanol

and methyl formate. For the wavelength of 308 nm

(388 kJ mol�1), there is insufficient energy to overcome
the reaction barriers to form CO, CO2,

�OCH3, or
�CH3

or to unzip the chain to form the experimentally deter-

mined MMA monomer products.

3.5. O bombardment

The direct reactions of 5 eV O(3P) atoms with small

hydrocarbon chains has been investigated by Schatz
and co-workers [24–26] using an ab initio dynamics

methodology. They find that the energetic O atom can

abstract H atoms to form OH, directly cleave bonds

to form methoxy (�OCH3) plus another radical as well

as form a ketone with two free H atoms. These reactions

form, in general, radical species. Similarly, the UV pho-

tons create radical species and the issue is what happens

next. The calculations presented in Fig. 3 represent sce-
narios of the O atom reaction with the radical remain-

ing on the polymer chain and/or the fragment side

chain. Reactions 24–29, 23–28 and 26–31 represent O

addition reactions on the polymer side of the bond

cleavage, which subsequently are followed by the loss

of CO2 (reactions 28–35) and loss of O2 (reactions

31–37). In two out of the three scenarios, the polymer

is etched when a small gas molecule is formed. Reac-
tions 24–29, 22–27 and 25–30 represent O addition reac-

tions on the fragment side of the bond cleavage, which
subsequently are followed by the loss of CO2 (reactions

27–34) and loss of O2 (reactions 30–36). In two out of

the three scenarios, a stable gas molecule is formed.

The penetration depth of the 5 eV O atom probably

does not extend much beyond the first one or two lay-

ers, thus two-thirds of the O atom absorption events
to a radical site will lead to formation of a small mole-

cule, such as O2 or CO2, that is positioned to desorb

from the surface. In Fig. 4, the elimination of each R

group could either represent the removal of the H atom

or methyl radical from the polymer chain, or represent

the removal of a full valence molecule and the radical

R group could correspond to the rest of the polymer

chain. The newly formed molecules have one to four
C or O atoms from the original polymer, thus one inci-

dent O atom has the potential to remove several times

its mass. The energy released from the reaction could

then be harnessed to initiate further reactions in the

polymeric material. In addition, the O atom has

�5 eV of kinetic energy, which provides more energy

for chemical reaction pathways.
4. Conclusions

The ramifications of the calculated reaction ener-

getics on the materials processes are complex and are

intertwined with the specific conditions. In laser abla-

tion, the photons irradiate the sample in a relatively short

period of time, at most on the order of nanoseconds. As
reactions proceed, heterogeneities in the material tem-

perature, pressure and concentration can arise. On the

other hand in LEO conditions, the time between the

arrival of individual photons and O atoms is on the order

of seconds. In order to assess the relative importance of

these various reactions under different conditions, they

will be incorporated into molecular dynamics (MD) sim-

ulations used previously to model the complex phenom-
enon of laser ablation of molecular solids [27–30]. The

specifics of the reaction barriers and overall energetics

will be implemented through the coarse grained chemical

reaction model (CGCRM) [8].
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Appendix A. Supplementary data

Table S1, the quantitative energy changes associated

with each of the reactions and Cartesian coordinates

for the optimized stationary points are given. Supple-

mentary data associated with this article can be found,
in the online version, at doi:10.1016/j.cplett.2005.02.124.
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