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At low pressures, cationic and radical cationic poly-

merizations may proceed in the gas phase through

elimination reactions. In the same systems at high pressure, however, the ionic intermediates may be stabilized, and addi-
tion without elimination may occur. In isolated van der Waals clusters of monomer molecules, sequential polymerization
with several condensation steps can occur on a time scale of a few microseconds following the ionization of the gas-phase
cluster. The cluster reactions, which bridge gas-phase and condensed-phase chemistry, allow examination of the effects of
controlled states of aggregation.

This Account describes several examples of gas-phase and duster polymerization studies where the most significant results
can be summarized as follows: (1) The carbocation polymerization of isobutene shows slower rates with increasing poly-
merization steps resulting from entropy barriers, which could explain the need for low temperatures for the efficient prop-
agation of high molecular weight polymers. (2) Radical cation polymerization of propene can be initiated by partial charge
transfer from an ionized aromatic molecule such as benzene coupled with covalent condensation of the associated pro-
pene molecules. This novel mechanism leads exclusively to the formation of propene oligomer ions and avoids other com-
petitive products. (3) Structural information on the oligomers formed by gas-phase polymerization can be obtained using
the mass-selected ion mobility technique where the measured collision cross-sections of the selected oligomer ions and col-
lision-induced dissociation can provide fairly accurate structural identifications. The identification of the structures of the dimers
and trimers formed in the gas-phase thermal polymerization of styrene confirms that the polymerization proceeds accord-
ing to the Mayo mechanism. Similarly, the ion mobility technique has been utilized to confirm the formation of benzene cat-
ions by intracluster polymerization following the ionization of acetylene clusters. Finally, it has been shown that polymerization
of styrene vapor on the surface of activated nanoparticles can lead to the incorporation of a variety of metal and metal oxide
nanoparticles within polystyrene films.

The ability to probe the reactivity and structure of the small growing oligomers in the gas phase can provide funda-
mental insight into mechanisms of polymerization that are difficult to obtain from condensed-phase studies. These exper-
iments are also important for understanding the growth mechanisms of complex organics in flames, combustion processes,
interstellar clouds, and solar nebula where gas-phase reactions, cluster polymerization, and surface catalysis on dust nano-
particles represent the major synthetic pathways. This research can lead to the discovery of novel initiation mechanisms and
reaction pathways with applications in the synthesis of oligomers and nanocomposites with unique and improved properties.
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1. Introduction

Most of the current knowledge of polymerization reactions
and polymer properties comes from experiments dealing with
bulk liquids or solutions.'~* This is because these are the pre-
ferred media for many industrial and laboratory polymeriza-
tion processes. However, a number of important phenomena,
unique structures, and novel properties may exist for gas-
phase and cluster polymerization.>~*® In this regime, the struc-
ture of the growing polymer may change dramatically and the
rate coefficient may vary significantly upon the addition of a
single monomer molecule. These changes would be reflected
in the properties of the oligomers. Gas phase and cluster stud-
ies can provide unique opportunities to quantitatively study
the effects of solvents, charge transfer, and inhibitors on the
mechanisms of polymerization. The combination of structural
information on the growing oligomers and on bulk polymers
can provide detailed understanding of the structure—property
relationship in polymer systems.

From a practical point of view, gas-phase and cluster
polymerization can lead to the synthesis of defect-free, uni-
form thin polymeric films of controlled morphology and tai-
lored compositions for many technological applications such
as protective coatings and electrical insulators. For example,
the polymeric species could be deposited from the gas phase
in a size-selected manner on metal or semiconductor surfaces.
Furthermore, gas-phase polymerization can be coupled with
the vapor phase synthesis of metal and semiconductor nano-
particles to generate novel hybrid materials, which combine
several properties such as strength, elasticity, electrical con-
ductivity and improved electro-optic performance.

The ion chemistry of olefin, diolefin, alkyne, and conju-
gated molecules plays an important role in the gas-phase
polymerization process.>*97>2 These monomers can be
induced to oligomerize or polymerize through bimolecular
ion—molecule reactions in the gas phase.*°~>2 The reactions
can be initiated by an appropriate cation or radical cation,
which can transfer the charge to the selected monomer mol-
ecule. In the gas phase at low pressures, cationic polymeriza-
tion may proceed via elimination reactions.>*°~>2 However, in
the same systems at high pressure, the ionic intermediates
may be stabilized and addition without elimination may occur.
In isolated van der Waals (vdW) clusters of monomer mole-
cules, both elimination and addition polymerization can take
place resulting in a product ion distribution that reflects the
stability of the polymeric ions and the Kinetics of the
reaction.®~'""'371> The competition between the condensa-
tion reactions leading to the growth of the oligomer ion and
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monomer evaporation resulting in depletion of the monomer
concentration in the cluster can control the ultimate size that
the oligomer ion can reach in the cluster.

Intracluster ionic polymerization was first demonstrated
in our laboratory®® and is currently becoming an active
area of research. Several groups have developed laser and
mass spectrometric methods to study anionic, cationic,
and metal ion-induced intracluster  polymeriza-
tion.8"1 1,13-15,20-25,29,31,34-37,40—-42,44,46 Other groups have
developed novel approaches to determine the gas-phase con-
formations of a variety of oligomers and polymers including
biopolymers, synthetic polymers, metal ion cationized poly-
mers, and photoluminescence-conjugated polymers.>3~¢! Our
group has focused on studying the early stages of cationic and
radical cation polymerization within clusters of a variety of
unsaturated organic molecules.®/1°18,22725,28,29,34,41,42,44,46
In this Account, we describe several examples of gas-phase
and cluster polymerization studies with special emphasis on
understanding the reaction mechanisms, the structural iden-
tification of oligomers formed in the early stages of polymer-
ization and the incorporation of nanoparticles within polymeric
materials formed by gas-phase processes.

2. Gas-Phase Polymerization of Olefin
Radical Cations

Isobutene is one of the few monomers known to be polym-
erized exclusively by cationic mechanisms.* Although it is gen-
erally accepted that high molecular weight polyisobutylene is
formed through the propagation of the t-butyl cation (t-C,Hg"),
the exact nature of the mechanism and the contributions from
the reactions of the radical cation C,Hg** have never been
clearly elucidated from the condensed-phase studies.'*

Carbocation vs Radical Cation Polymerization. Gas-
phase reactions of isobutene after ionization follow two typi-
cal paths, radical ion chemistry (of C,Hg" and its products, eq
1) and carbocation chemistry of (t--C,Hs™ and its products,
eq 2).2*

C,Hg™ + CHg — +-C,Hy ™ + C,H, (1)

CHg ™+ CHg — CgH o™ (2)

High-pressure mass spectrometry (HPMS) results showed
that the dimer is a covalent adduct with a dissociation energy
>132 kJ/mol, which is significantly larger than typical bind-
ing energies of noncovalent ion—molecule complexes.?*
Through charge transfer bracketing, the dimer was identified
as the ion generated from a branched octene with an ioniza-



tion energy (IE) of 8.55 &+ 0.15 eV. The most likely structure
of the dimer cation is (CH;),CHCHCHCH(CH5),**, which could
be produced by sterically favorable tail-to-tail addition of the
C,Hg™" ion to the isobutene molecule. This structure can be
formed by two hydrogen shifts in the initially formed conden-
sation product (CH5),C"CH,CH,C*(CHs), in which both the
ionic and radical sites are stabilized on tertiary carbons.

In the carbocation branch, the addition reaction (eq 3) for
n =1, was found to be reversible at 230—400 K, with AH® =
—95.8 kJ/mol and AS° = —136.8 J/(mol K).?*

t_C4H9+(C4H8)n71 +CHg — C4H9+(C4H8)n (3)

Of particular interest is the second polymerization step, n
= 2 in reaction 3, which showed an unusually large thermo-
chemical change, with AH® = —101.3 kJ/mol and AS° =
—203.7 J/(mol K).2* The large entropy change is characteris-
tic of sterically hindered reactions.” Parallel to the thermo-
chemistry, the Kinetics of the second step also showed an
anomaly. While the reaction efficiency of the first step was
near unity, the second step was slower by orders of magni-
tude, with a reaction efficiency of 0.005 and with a large neg-
ative temperature coefficient of T~'°. The third and fourth
steps are still slower but with smaller temperature coefficients.
Slower rates and large negative temperature coefficients of the
second polymerization step are characteristic of reactions
about sterically hindered centers and result from entropy bar-
riers due to the freezing of internal rotors in the transition
state.>?*

A remarkable consistency with the gas-phase kinetics and
thermochemistry data is observed in the clusters’ study.>> We
generated clusters in a supersonic beam expansion of
isobutene or of benzene/isobutene mixtures, followed by elec-
tron impact or multiphoton ionization.?> In both the pure and
mixed clusters, species containing the isobutene dimer cat-
ion (CgH,¢"") are enhanced, suggesting a stable covalent
adduct, consistent with the gas-phase results. The cluster
results indicate that the formation of the dimer cation is more
favorable than that of the carbocation under the cold beam
conditions.?® Also, the decrease of the t-C,H," condensation
channel with increasing cluster size, where energy dissipated
to the cluster modes becomes more efficient, is consistent with
the gas-phase temperature dependence of the isobutene ion
chemistry.

Initiation of Radical Cation Polymerization by Coupled
Charge Transfer—Covalent Condensation. In the benzene/
isobutene system, we observed that fast thermoneutral charge
transfer from the aromatic to the olefin initiates polymeriza-
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tion.*2> This occurs because the IE of benzene is higher than
that of isobutylene (IE = 9.239 eV);?* therefore, direct charge
transfer from benzene™ to isobutylene generates the C,Hg™
ion, which then undergoes the competitive proton transfer or
the dimerization reactions to generate the +C,H," and
CgHq6 " ions, respectively. We wondered about a system
where charge transfer to the olefin monomer would be pro-
hibitively endothermic but would lead to a dimer with lower
ionization energy than the aromatic. Could the two olefin mol-
ecules act as a charge receptor to form a product with a low
IE, leading to an overall exothermic reaction?384>

In the benzene cation/propene system, the aromatic initi-
ator (CgHg) has an IE between the reactant’'s monomer (CsHg)
and its covalent dimer (CgH;5), that is, IE(CsHg) > IE(CgHg) >
IE(CgH;5).3® Therefore, direct charge transfer from CgHg ™ to
C5Hg is not observed due to the large endothermicity of 0.48
eV, and only the adduct CgHg™ (C5Hg) is formed. However,
coupled reactions of charge transfer with covalent condensa-
tion involving the CgHg** ion and two CsHg molecules are
observed according to the overall process:

CeHg ™+ 2C3Hg — CgH 5, ™ + CHg (4)

Reaction 4 represents an initiation mechanism for the gas-
phase polymerization of propene since it results in the forma-
tion of the dimer radical cation (CgH;>""), which can
sequentially add several propene molecules. At higher con-
centrations of propene, the reaction products are the propene
oligomers (C5Hg),"* with n = 2—7 and the adduct series
CeHg"(C5Hg),, with n < 6. Figure 1a displays the time pro-
files corresponding to the sequential generation of the
(CsHg), ™ series with n up to 5 (denoted as P, P; P,, and Ps).
Figure 1b shows the normalized time profiles corresponding
to the disappearance of the CgHg ' ion signal (B), and the
appearance of the two parallel channels CgHg"*(C5Hg),, With
m=1-3 (ZBP,,)), and the (C3Hg), ™" series with n = 2—6 (ZP,).
The significance of the coupled charge transfer/covalent con-
densation reactions is that the overall process leads exclu-
sively to the formation of condensation products (CsHg),"* and
avoids other competitive channels in the ion—molecule reac-
tions of propene.?®

The basic mechanism of charge transfer coupled with cova-
lent condensation has been confirmed by using both the
selected ion flow tube (SIFT) and the mass-selected ion mobil-
ity (MSIM) techniques.>®*° The results suggest that a similar
mechanism may actually be operative in solution. Since ben-
zene and toluene are often used as polymerization solvents,
this may open the possibility for a “solvent as initiator
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FIGURE 1. (a) Raw ion time profiles (P, P5, P,, and P5 represent
(C3Hg),** series with n up to 5) and (b) normalized time profiles due
to reactant (benzene™*, B) and products (P, with n = 2—6 and BP,,
with n = 1-3) in the benzene™*/propene.

approach”, which would eliminate the need for chemical ini-
tiators or additives.

3. Structures of Thermally Polymerized
Styrene Oligomers

The mechanism of the self-initiated polymerization (or ther-
mal polymerization) of styrene in bulk liquids or solutions has
been a challenging subject of research since the early days of
polymer chemistry.' 2 The Mayo mechanism (Figure 2) is the
most generally accepted mechanism for the spontaneous
polymerization of styrene.®37°> It proceeds via Diels—Alder
dimerization to produce the transient dimer 1, which reacts
with styrene to generate radicals I and II. These radicals start
the styrene propagation, couple to form trimer 3, and dispro-
portionate to form dimer 2-a and styrene. The addition of sty-
rene to radical I produces a dimer, which can be terminated
by chain transfer to form 2=b, or add further styrene mole-
cules to form polymers. A recent theoretical study supports
polymerization via 1 but shows that 1 is formed by a step-
wise, not a concerted, reaction.®®

We applied the MSIM technique to gain new insights on
the mechanism of gas-phase thermal polymerization of sty-
rene.*? The MSIM technique has been developed by Bowers
and Jarrold to provide structural information on a variety of
clusters including carbon, metal, and mixed metal carbon clus-
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ters, as well as polymers, host—guest pairs, and biological
molecules in the gas phase.>*®! Structural information on the
ionized clusters and oligomers are obtained by measuring the
average collision cross-section (@) of the mass-selected ion
with an inert buffer gas such as helium.®”%® Theoretical cal-
culations of possible structural candidates of the mass-selected
ion are then used to compute angle-averaged Q’s at differ-
ent temperatures for comparison with the measured ones. Fur-
thermore, collisional-induced dissociation (CID) of the mass-
selected ions provides further support for the structures
obtained from the mobility measurements.*?

In the experiments to study the gas-phase thermal polym-
erization of styrene (see Figure 3a), the styrene—helium vapor
mixture is heated to well-defined temperatures (350—370 K)
in order to generate oligomers in the vapor phase by ther-
mal initiation. The vapor mixture is then expanded into vacu-
um through a supersonic pulsed nozzle thus resulting in an
adiabatic cooling of the vapor and quenching of the polym-
erization process. The clusters (oligomers + monomers) are
then ionized by EI, mass-selected through a quadrupole mass
filter, and injected into a drift cell containing helium buffer gas.
Both the ionization and ion injection processes lead to exten-
sive evaporation of the nonreacted styrene monomers, thus
leaving only the thermalized bare oligomer ions to travel
through the drift cell. Figure 3b displays an example of the
mass spectrum of the styrene oligomer ions obtained after
traveling through the drift cell containing 1.2 Torr of He buffer
gas. For the mobility measurements, ions exiting the cell are
mass-analyzed and collected as a function of time yielding the
arrival time distributions (ATDs) from which the mobilities and
Q’s in helium are determined.**°7:68

The ATDs of the styrene dimer cation are shown in Figure
4. The significant broadening of the ATDs observed at higher
temperatures suggests that different styrene dimers are
present. The mobility measurements of the dimer yield aver-
age Q'sof 108 + 3,92 + 3,and 90 + 4 A% at 125, 303, and
453 K, respectively.*? Using DFT calculations at the B3LYP/6-
31G™ level, we obtained lowest energy structures of several
styrene dimer radical cation isomers (12 most likely isomers
were considered including the styrene ion—molecule head-
to-tail and head-to-head parallel structures, cis- and trans-1,2
diphenylcyclobutanes, 1-methyl, 3-phenylindane, and struc-
tures 2-a and 2-b).*? The DFT lowest energy structure of the
dimer cation (structure D-a corresponding to the neutral 2-a)
results in an average Q of 107 A% at 125 K. The DFT second
and third lowest energy structures (D=b and D-c, respectively)
result in average Q’s of 90.3 A% at 303 K and 90 AZ at 453
K, respectively. It is clear that the dimer structures D-a, D-b,
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FIGURE 3. (a) Schematic diagram of the experimental approach used to study the gas-phase thermal polymerization of styrene using the

mass-selected ion mobility technique and (b) mass spectrum of styrene oligomer ions, (CgHg),,", obtained following their travel through the

drift cell containing 1.2 Torr He.

and D~-c (Figure 5) provide Q's in excellent agreement with the
experimental values at the temperatures of 125, 303, and
453 K, respectively. By variation of the relative abundances of
structures D=-a, D-b, and D-c, excellent fits to the measured
ATDs can be obtained at different temperatures as shown in
Figure 4.2

The neutral dimers corresponding to the cations D-a and
D-c can be formed by the radical reactions as shown in the

Mayo’s mechanism while the dimer cation D-b is formed by
a cationic mechanism. In fact, previous work identified the
dimer cation D-b as the covalent dimer formed in the gas-
phase and intracluster reactions of styrene radical cation with
its neutral molecule.>® Therefore, the dimer D-b could be
formed in our experiment following the El ionization of the
neutral styrene clusters generated by the beam expansion.
Further evidence supporting structures D-a and D-c comes
Vol. 41, No. 07
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FIGURE 4. Arrival time distributions (ATDs) of mass-selected
styrene dimer ion obtained at two temperatures (O) and theoretical
fits (—) of the ATDs using the three structures D-a, D-b, and D-c
shown in Figure 5.
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FIGURE 5. Structures used to reproduce the measured ATDs of the
styrene dimer ion.
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FIGURE 6. ATD of the styrene trimer cation at 304 K and the

calculated lowest energy structure T providing excellent fit (—) to
the measured ATD (O).

from the CID results. The mass-selected dimer ion shows frag-
mentation by the loss of a CgHg unit consistent with struc-
ture D=-a. In addition, the observed loss of a CH; group is
consistent with isomer D=c. Thus, the correlations between cal-
culated and experimental ATD values and the CID results
allow us to determine that gas-phase thermal polymerization
of styrene results in dimers 2-a and 2-b, consistent with an
initiation process that proceeds according to Mayo mecha-
nism (Figure 2).

Figure 6 displays the measured ATD of the mass-selected
styrene trimer cation at 304 K and the calculated trimer struc-
ture T (corresponding to the neutral 3 in Figure 2). The exper-
788 = ACCOUNTS OF CHEMICAL RESEARCH = 783-792
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FIGURE 7. Mass spectrum of El ionized acetylene clusters.

imental Q for the trimer (118 + 4 A? is in excellent
agreement with the calculated Q of structure T (119 A2).42 It
is interesting that the structure of the gas-phase trimer T is
identical to the structure of the trimer isolated by HPLC from
the thermal polymerization of styrene in solution and charac-
terized by NMR.®* The observation of the abundant trimer T
(Figure 3Db) is consistent with the recent theoretical predictions,
which indicate that the barrier to the formation of 3 is lower
than the barrier to generate the two benzylic monoradicals I
and I1.°° The ion mobility results provide direct evidence for
the trimer formation by recombination of the initially formed
initiating radicals I and 1.2

The similarity between the initiation mechanism of the
thermal polymerization of styrene in the gas phase and in
bulk liquid or solution is remarkable and implies that the struc-
tures of the early oligomers in the gas phase are relevant to
the understanding of the polymerization mechanisms in con-
densed phases. This is a significant result because it allows oli-
gomer structures generated by different initiation mechanisms
to be quickly and reliably determined using the ion mobility
approach.

4. Polymerization of lonized Acetylene
Clusters

It has been postulated that benzene is the “missing link”
between simple carbon molecules and the complex molecules
made of hundreds of carbon atoms that could be responsi-
ble for the unidentified infrared bands.®®”° We used a com-
bination of MSIM, CID, hydration energy measurements, and
theoretical calculations to provide the most conclusive evi-
dence for the formation of benzene ions from ionized acety-
lene clusters.*648

Figure 7 displays a typical mass spectrum obtained by El
ionization of neutral acetylene clusters formed by supersonic
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beam expansion. The distribution of the cluster ions formed
reveals some striking features corresponding to the enhanced
intensities (magic numbers) for the (C5H,),* with n = 3, 14,
22,29, 35, and 46.

The strong magic number at n = 3 is consistent with the
formation of a stable CgHg™ ion in an exothermic process that
can lead to extensive evaporation of neutral acetylene mole-
cules from the cluster as indicated by the depletion of the ion
signal corresponding to n = 4—10. The stability of the
(C,H,)5™ fon is demonstrated in Figure 8. No fragmentation is
observed when injection energy of 13 eV is used, and very lit-
tle fragmentation occurs when using an injection energy of 33
eV. At an injection energy of 62 eV, the observed fragments
from the (C5H,);™ ion are CgHs ', CgH, ™+, C4H, ™, CHs™, CHL ™,
and CsH5™ corresponding to m/z of 77, 76, 52, 51, 50, and
39, respectively. These fragments are identical to the major
fragment ions resulting from the unimolecular decomposi-
tion of the benzene ion.*®

The measured reduced mobility of the (C,H,)5™ ion is
11.54 £ 0.3 cm? V' s~ similar to the value measured for
the benzene cation (11.43 + 0.4 cm? V™' s71).4667 The cor-
responding Q’s at 300 K for the (C,H,);* and the benzene
jons are 47.4 + 1.4 and 47.9 + 1.4 A%, respectively. To com-
pare with the linear isomers and other possible structures of
the CgHg " ions, Q's for 17 C4Hg" isomers were calculated
using the trajectory method.*® Figure 9 displays the Q val-
ues calculated for the CqHg™ isomers and their relative total
energies (with the energy of the benzene ion, the most sta-
ble CsHg " isomer, taken as zero). The CgHg" isomers can be
grouped into three distinct categories identified as covalent
cyclic, covalent linear, and branched and noncovalent
ion—molecule isomers. The ions in the second and third
groups, including all the acyclic isomers, have Q values sub-
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stantially larger than the measured values for the (C,H,);* and
benzene cations. In the first group, other cyclic isomers such
as fulvene, 3,4-dimethylenecyclobutene, and benzvalene have
Q values similar to those measured for the (C;H);* and ben-
zene cations within experimental uncertainty. However, there
are major differences in the CID spectra of the benzene cat-
ion and these cyclic isomers.*® Therefore, among the cyclic
isomers that have collision cross-sections similar to those mea-
sured for the (C,H,);* (Figure 9), only the benzene cation
exhibits a fragmentation pattern (including the characteristic
C5H;™ fragment) similar to that measured for the (C,H,)5 ™ ion.

Clearly, the combination of ion mobility and fragmenta-
tion data provides conclusive evidence that the (C,H,)5 ™" ion
formed from the ionization of large neutral acetylene clus-
ters has indeed the structure of the benzene cation.

We are currently studying polymerization reactions in ion-
ized binary clusters of acetylene, cyanoacetylene, and HCN.
These intracluster polymerization reactions are expected to
provide novel efficient mechanisms for the build-up of poly-
cyclic aromatic hydrocarbon (PAH) ions and heterocyclics.
These polymerization reactions can play important roles in the
solar nebula and in interstellar chemistry.®7°

5. Polymerization of Gas-Phase Monomers
on Nanoparticle Surfaces

We have recently introduced a novel approach to polymer-
ize olefin vapors on the surfaces of metallic and semiconduc-
tor nanoparticles.*” In this approach (see Figure 10), a free
radical initiator such as 2,2'-azobisisobutyronitrile (AIBN) is dis-
solved in a volatile solvent such as acetone. Selected nano-
particles, prepared separately using the laser vaporization
controlled condensation (LVCC) method,”" are sonicated in the
initiator solution for an appropriate time. The solution is
placed on a glass substrate where the solvent is gently evap-
orated, thus resulting in the formation of initiator-coated nano-
particles. The substrate is then heated (90 °C) inside a vacuum
chamber where an olefin vapor such as styrene is admitted at
a controlled flow rate. The olefin vapor is then polymerized by
the activated initiator on the nanoparticle surfaces, and the
resulting polymers encapsulate the nanoparticles by forming
a polymer coating on the surface.

Figure 11 displays TEM and SEM images of the polymer-
containing nanoparticles and illustrates the dispersive nature
of the nanoparticles embedded in the polystyrene matrix.

We are currently exploring the capabilities of this method
in preparing different polymers and copolymers from olefin
vapors on the surfaces of selected nanoparticles, nanorods,
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nanoparticles, respectively.

and nanowires characterized by unique electronic, photolu-
minescent, and magnetic properties. This approach also pro-
vides structural and mechanistic information on the early
stages of catalyzed gas-phase polymerization through the ion
mobility measurements of the gas-phase oligomers. This infor-
mation can be used to correlate the gas-phase structural prop-
erties with the bulk properties and performance of the
polymer nanocomposites.
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6. Conclusion and Outlook

The gas-phase and cluster polymerization approach provides
fundamental insights into the mechanisms of polymerization
reactions that are difficult to obtain from condensed-phase
studies. This approach extends the capabilities of the state-of-
the-art physical chemistry techniques to a multidisciplinary
area that has remained relatively unexplored: polymerization



in the gas phase, in clusters, and on nanopatrticle surfaces.
These studies can isolate individual steps in polymerization
chains and address representative classes of reactions. The
reactions can be characterized in depth, including their over-
all thermochemistry, potential energy surfaces, energy bar-
riers, and steric/entropic bottlenecks. The structures of the
small growing oligomers can be probed and correlated to the
polymerization mechanisms. The overall goal is to develop a
molecular level understanding of how specific aspects of the
polymerization process (initiation, copolymerization, termina-
tion, etc.) can be controlled. The detailed knowledge of the gas-
phase and cluster polymerization mechanisms and structures
is important for the rational design and synthesis of controlled
nanostructures involving nanoparticle/polymer composites
and films. These materials could have unforeseen contribu-
tions to chemical and biological sensors, light-emitting devices,
and drug delivery.
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