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The mechanism of the self-initiated polymerization (or thermal Scheme 1

polymerization) of styrene in bulk liquid or solution has been a O/E 1,3 H shift
challenging subject of research since the early days of polymer \/O —_— = @

chemistry:2 This is a phenomenon of not only fundamental inquiry 1 e Ph
but also of great economical interest related to the industrial o o, ph-CHCH, 2-a
production of polystyrene and many of its secondary products.

The gas phase thermal polymerization of styrene has been Ph cH

CH\
i P Nchy }
demonstrated more than 15 years ago using an elegant approach
based on nucleation from the vapor pha$eJnfortunately, the - L+ p»E/ \m ﬁﬁ/\
Ph Ph Ph Ph
H

nucleation approach provides dectinformation on the initiation

Ph ]
mechanism or on the structures of the growing oligomers. This / 2-b
information is still unavailable since it cannot be accurately obtained 3 I polymer
from the analysis of the condensed (deposited) polymer products
from the gas phase. The mobility measurements can provide structural information

In this communication, we present direct evidence for the On the ionized oligomers on the basis of th@r which depends
thermally self-initiated polymerization of styrene in the gas phase On the geometric shapes of the idfi$: Theoretical calculations
and confirm that the dimers and trimers formed in the gas phase Of Possible structural candidates of the mass-selected oligomer ions
have indeed structures similar to those proposed by the Mayo a'€ then used to compute angle-avera@eat different temperatures
mechanisn$-—8 (using the trajectory methot)for comparison with the measured

The Mayo mechanism (Scheme 1) is the most generally accepted®"€S: The agreement between the measured and calc@atéd
mechanism for the spontaneous polymerization of styehét the candidate structures provides reliable assignments of the

proceeds via DielsAlder dimerization to produce the transient stru‘ctlljres of the oligomers. Furthermqre, coII.isionaI-inlduced dis-
dimer 1, which reacts with styrene to generate radidatnd Il . saociation (CID) of the mass-se_lected oligomer ions provides further
These radicals start the styrene propagation, couple to form trimer SUPPO't for the_structurgs obtained from _the_ mobility measu_rements.
3, and disproportionate to form dim2raand styrene. The addition That the oligomer ions represent |qn|z§d _neutral oligomers
of styrene to radical produces a dimer that can be terminated by formeq by vapor ph"?‘se thgrmal polymgrlzatlon Is supported by the
chain transfer to form2-b or that can add additional styrene fo_llowmg con5|dera.1t|ons:. (i) the same ions are observed (although
molecules to form polymers. A recent theoretical study SUpports with much weaker intensity) by directly ionizing the heated styrene

lvmerization vial but shows tha is formed b eOWi vapor (with no beam expansion), thus eliminating the possibility
polymerizatio » DUt Shows thatl IS formed by a SIepwise, forming styrene clusters. (ii) The appearance of larger oligomer
not a concerted, reactioh.

ions depends on the temperature and the duration of heating of the
The approach utilized in the present work is based on online P P g

Iveis of th h i b | qi abil styrene vapor. (iii) CID experiments of the mass-selected oligomer
analysis of t '€ gas phase oligomers by mass-se ectta_‘ 1on mEbIltY. jong show elimination of specific molecular fragments (end groups)
In the experiments, a styrenbelium vapor mixture is heated to

X ; similar to typical polymer fragmentatiod,thus confirming the
well-defined temperatures (35370 K), thus allowing the estab- o a1ent nature of the oligomer ions. (iv) Thermal dissociation
lishment of a distribution of oligomers grown in the vapor phase

NS > ; ‘ experiments at temperatures as high as 470 K do not show the
by thermal self-initiation. The vapor mixture is then expanded into nica| fragmentation by monomer evaporation expected from
vacuum through a supersonic pulsed nozzle, thus resulting in anmolecular cluster ion

adiabatic cooling of the vapor and quenching of the polymerization  pET calculations [B3LYP/6-31G*¥ were used to obtain the
process. The clusters (oligomefsmonomers) are then ionized by |owest energy structures of several styrene dimer radical cation
El, mass-selected through a quadrupole mass filter, and injectedisomers (12 most likely isomers were considered) including the
into a drift cell containing helium buffer gas at a pressu?g ¢f styrene ion-molecule head-to-tail and head-to-head parallel struc-
1.5-3 Torr for the measurement of ion mobility. Both the ionization  tures, cis- andtrans-1,2-diphenylcyclobutanes, 1-methyl, 3-phen-
and ion injection processes lead to extensive evaporation of theynndane, and structuresaand2-b (see Supporting Information).
nonreacted styrene monomers, thus leaving only the thermalized Figure 1 displays the ATDs of the styrene dimer cation obtained
bare oligomer ions to travel through the drift cell under a uniform  following the injection of the mass-selected dimer ions into the
electric field of 1.5-3 V/cm. lons exiting the cell are mass-analyzed  drift cell containing 1.5 Torr helium. No multiple peaks in the ATDs
and collected as a function of time, yielding the arrival time appear, but significant broadening at higher temperatures indicates
distributions (ATDs) as a function &V from which the mobilities that different styrene dimers with structures that have close cross
and the collision cross sectionQ) in helium are determinetf. sections are present. The mobility measurements yield avéage
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Figure 2. ATD of the styrene trimer cation at 304 K and the calculated
lowest energy structuré.
is identical to the structure of the trimer isolated by HPLC from
the thermal polymerization of styrene in solution and characterized
by NMR.78 The observation of the abundant trimieis consistent
with the recent theoretical predictions that indicate that the barrier
to the formation of3 is lower than the barrier to generate the two
Figure 1. ATDs of the styrene dimer cation at (a) 303 K and (b) 453 K. henzylic monoradicalsandll .2 Our results provide direct evidence
of 108 &+ 3, 92+ 3, and 90+ 4 A2 at 125, 303, and 453 K, for the trimer formation by recombination of the initially formed
respectively. The DFT lowest energy structure calculated for the initiating radicalsl and Il . However, the present results do not
dimer cation (structur®-a corresponding to the neutr2ia) results provide information on whether the formation dfproceeds via
in an average? of 107 A2 at 125 K. The DFT second and third  the stepwise diradical or the concerted+42] cyclization?
lowest energy structure®¢b andD-c, respectively) result in an Finally, the similarity between the initiation mechanism of the
averageQ of 90.3 A2 at 303 K and 90 Aat 453 K, respectively. thermal polymerization of styrene in the gas phase and in bulk liquid
It is clear that the dimer structuré-a, D-b, andD-c provide Q or solution is remarkable arichpliesthat the structures of the early
in excellent agreement with the experimental values at the tem- oligomers in the gas phase are relevant to the understanding of the
peratures of 125, 303, and 453 K, respectively. However, none of polymerization mechanisms in condensed phases. This is a very
these structures alone is capable of reproducing the measured ATDsignificant result because it allows oligomer structures generated
at these temperatures. By varying the relative abundances ofby different initiation mechanisms to be quickly and reliably
structuresD-a, D-b, andD-c, we can obtain excellent fits to the  determined using ion mobility methods. This approach provides a

measured ATDs at different temperatures, as shown in Figure 1.new and general way to study thermally and possibly photochemi-
cally initiated gas phase reactions and to identify the structures of
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j- o 'y r the early products.
1 } 2o 4. f - w’“f:‘d\ In summary, we present here direct evidence for the thermal self-
¥ 1 o f‘ e e Sy O % initiated polymerization of styrene in the gas phase and establish
,\qu" “"r'/H" Lo that the initiation process proceeds via essentially the same
D D-b Dic mechanism (the Mayo mechanism) as in condensed phase polym-

erization. Furthermore, we provide structural identifications of the
dimers and trimers formed in the gas phase.
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While the neutral dimer-a and 2-b (corresponding to the
cationsD-a and D-c, respectively) can be formed by the radical
reactions as shown in the Mayo’s mechanism, the dimer cBtibn
is formed by a cationic mechanism. In fact, previous work identified
the dimer catiorD-b as the covalent dimer formed in the gas phase
and intracluster reactions of styrene radical cation with its neutral
moleculet* Therefore, the dimeD-b could be formed in our
experiment following the El ionization of the neutral styrene clusters
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