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Initiation of the radical cation polymerization of propene has been observed following the selective ionization
of benzene in the gas phase by resonance two-photon ionizdttigh-pressure mass spectrometry (R2PI
HPMS) and by selected ion flow tube (SIFT) techniques. In this system, the aromatic initigittz) (2s an
ionization potential (IP) between those of the reactant’s monomgtsf@nd its covalent dimer (1), i.e,

IP(CsHe) > IP(CsHg) > IP(CsH12). Therefore, direct charge transfer frorsHg'™ to C3Hg is not observed due

to the large endothermicity of 0.48 eV, and only the addyktsC(CsHg) is formed. However, coupled reactions

of charge transfer with covalent condensation are observed according to the overall pgbtess-QCsHe

— CgHiz™ + CeHe, which results in the formation of a hexene product ioghiz*. The formation of this

ion can make the overall process of charge transfer and covalent condensation significantly exothermic. At
higher concentrations of propene, the reaction products are the propene oligogh&)s (Qvith n = 2—7

and the adduct seriessist(CsHg), with n < 6. The significance of the coupled reactions is that the overall
process leads exclusively to the formation of the condensation prodstf)(C and avoids other competitive
channels in the ion/molecule reactions of propene. Gas-phase nominal second-order rate coefficients for the
overall reaction into both channels are in the range ef)lx 10 '?cm?® s *. The rate coefficients into both
channels, especially for the formation of theHg+ dimer, have large negative temperature dependencies.
Consistent with the gas-phase results, the intracluster reactiongHef*(oroduced selectively by R2PI of

mixed benzene/propene clusters also do not form the monomenridgTt@ut form higher propene clusters
(CsHe)r*t that contain at least thegH;>" hexene ion. The similarity of the reaction mechanisms in the gas
phase and in preformed clusters suggests that the mechanism may also apply in the condensed phase in
common aromatic solvents such as benzene and toluene.

I. Introduction In the gas phase, charge-transfer reactions usually proceed
efficiently when exothermic (or exergonic), and are slow or
unobservable when significantly endothermic (or endergonic).
However, we observed recently a novel subclass of these
reactions in a system of an ionized aromatic (toluergs€
CHgz*) and a neutral olefin (isobutenieC;Hg) that has a higher
ionization potential (IP) than the aromatic molectl€éIn this

The study of gas-phase polymerization is an important area
of research from both fundamental and practical points of View.
Detailed understanding of the early stages of polymerization,
exploring new initiation methods, and investigating different
termination mechanisms and the role of the solvent in chain
trantsfgrt.and t?rm'n‘?t'ﬁn reac?ons .aret' amtong the p?SS'bIecase charge transfer to a single olefin molecule would be
contributions of gas-p afe po yn;ner_|za lon to h asic p(I) YMET o ndothermic by 0.42 eV. With an energy barrier at least as large,
science. From a practical point of view, gas-phase POYMEri- 16 rate coeficient would He: kession Xp(-AHFIRT) ~ 10

L ynthesis of defect-free, uniform thin o s1, and the reaction would be unobservable. Indeed, in
polyme_rlc films of controlle_d morphology and tallor_ed COMPOSi- 4o reaction system of EsCHs+ and i-C4Hs, the formation
tions W|th_excellent_ elgctrlcal and optical properties f(_)r many s i-C,Hg" was not observed. However, at sufficiently high
technological applications such as protective coatings and partial pressures of-CsHg, e observed an overall process

i i 76 - i i . . . . - .
eIchr|caI insulators: Furthermore, gas phase polymerization yielding the covalent dimer ion ¢Bl;¢™ according to reaction
eliminates the need for distillation, drying, and solvent recovery 1

and, therefore, the operating costs and the environmental™

problems associated with these processes. Thus, it is not - ) -

surprising that the interest in studying gas-phase and cluster CeHsCHg™™ + 2(i-C,Hg) — CgHyg ™ + CeHsCH; - (1)

polymerization has increased significantly over the past

decade€ 2 The overall reaction consisting of charge transfer and covalent
Gas-phase polymerization can be initiated by ionizing radia- bond formation is exothermic by 17.5 kcal/mol and was

tion, pulse radiolysis, metal cations and dications, and organo- observed to proceed faster by a factor of ttan predicted for

metallic initiators’”42 Charge-transfer (or electron-transfer) the simple endothermic charge-transfer reactfdPressure and

reactions represent other initiation mechanisms, where radicalconcentration effects suggested that the reaction proceeds

cations or anions are capable of starting the propagation processthrough a reactive intermediatecomplex, (GHsCHz**)i-C4Hs.
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The partial positive charge transferred to the olefin in the selected pressures via an adjustable needle valve. The ion source
complex activates it for nucleophilic attack by a second olefin pressure is monitored with a 0.810 Torr capacitance ma-
molecule, leading to covalent condensation. nometer coupled with the gas inlet tube. The laser beam is
It is desirable to extend these studies to other systems toslightly focused within the center of the cell using a quartz
confirm and generalize the new mechanism. Of particular spherical lensf(= 60 cm,d = 2.54 cm). The laser output At
interest is the application of these reactions in developing novel = 258.9 nm, 106-300uJ, At = 15 ns, and a 15 Hz repetition
initiation methods for the gas-phase polymerization of olefin rate is generated by a XeCl excimer-pumped dye laser (Lambda
monomers.4? For these purposes, we shall investigate the Physik LPX 101 and FL-3002). Coumarin 503 (Exciton) dye
reaction analogous to reaction 1 in an even more simple systemlaser output passes throughfeBaB,O, crystal (CSK) cut at

of reactants, i.e., reaction 2. 52° to generate continuously tunable frequency-doubled output
of 1078 s pulses. The spatially filtered ultraviolet radiation passes
C6H6-+ + 2CH— C6H12.+ + CgHg 2) through the high-pressure cell, and the focusing is adjusted to

minimize three-photon processes (i.e., unimolecular fragmenta-
tion) and still provides sufficient ion current (photon power
density ~10° W/cn¥). The reactant and product ions escape
through a precision pinhole (20@m, Melles Griot) and are
analyzed with a quadrupole mass filter. The quadrupole mass
filter (Extrel C-50, equipped with 3/8 in. diameter rods and with
a resolution better than 1 amu, fwhm) is mounted coaxially onto
the ion exit hole. The distance from the ion exit hole to the
C50 lens stack is 2 cm. The ion current from the electron
that it leads exclusively to the formation of condensation mul.tiplier is amplified and recorded with a 350 MHz digital
products (GHg)x"™ and avoids other competitive channels in oscilloscope (Lecr‘?y 9450).
the ion/molecule reactions of propene. For example, the The SIFT experiments used the apparatus and methods
reactions of GHe+ with neutral GHg involve several channels described previousl‘ill.v'62 The measurements were performed
starting with the formation of the 48l7%, CsH;*, and GHg"* at 294+ 3 K at a helium buffer gas pressure of 130.01
ions and their association products. Although several groups TorT- The flow zone had an effective reaction length of 71.1
have investigated the ion/molecule reactions of progérfd, cm. The mean bulk gas velocity was 4783 cm.s
the formation of higher order condensation products-H'™ Benzene/propene binary clusters were generated by pulsed
with n > 2 in the gas phase has not been reported. Interestingly,adiabatic expansion in a supersonic cluster beam appara-
intracluster polymerization leading to covalently bonded mo- tus!911.2830The essential elements of the apparatus are jet and
lecular ions has been proposed to explain the ion distribution beam chambers coupled to a time-of-flight (TOF) mass spec-
resulting from the electron impact ionization of propene trometer. During operation, a vapor mixture of£% benzene
clusterst3371n the present paper, we provide evidence for the and 5-10% propene (Aldrich, 99.9% purity) in He (ultrahigh
formation of higher order propene ionss);*" by sequential purity, Spectra Gases, 99.99%) at a pressure-e4 atm is
gas-phase polymerization of propene following the generation expanded through a conical nozzle (506 diameter) in pulses
of the propene dimer cation §He),"*. of 200—300us duration at repetition rates o0 Hz. The jet

To establish the mechanistic features of the initiation process, is skimmed and passed into a high-vacuum chamber, which is
selective ionization of the aromatic component is necessary tomaintained at 8< 1078to 2 x 1077 Torr. The collimated cluster
avoid direct ionization of the olefin monomer. For this reason, beam passes into the ionization region of the TOF mass
we use resonant two-photon ionization coupled with high- spectrometer, where it intersects a laser pulse from a frequency-
pressure mass spectrometry (R2PAPMS)5° where the mode doubled dye laser. Our TOF mass spectrometer is based on the
of ionization is selective for the aromatic component. Further- Wiley—McLaren three-grid space-focusing desf§ithe cluster
more, to eliminate any problems that could arise from the ions are electrostatically accelerated in a two-stage acceleration
presence of the neutral aromatic, it is desirable to demonstrateregion (306-400 V/cm), travel a field-free region<110 cm
the reaction unequivocally by a tandem method where the ion in length), and are then accelerated to a two-stage microchannel-
is generated separately and then injected into a mixture plate detector. The TOF spectrum is recorded by digitizing the
containing only the olefin without the neutral aromatic. This amplified current output of the detector by a 350 MHz digitizer
would avoid possible kinetic and mechanistic complications due (LeCroy 9450) and averaged over 560000 pulses.
to the formation of the aromatic dimer cations. For these reasons,
we employ the selective ion flow tube (SIFT) technique to study
the same reactiott. The observation of the initiation process
by two independent gas-phase techniques and also in clusters 1 |5n chemistry of Propene. The ion/molecule chemistry
prowd_es further_support for _the proposed mechanism anq of propene has been studied extensively by FER57in a
establishes a solid ground to investigate analogous systems iNgndem mass spectromeféf® and by photoionization
the condensed phase. HPMS5258 At low pressures the reaction ofs™+ with CsHs
yielded GHg'" (43%), GH7* (24%), GHo' (20%), and GH,*
(13%) with an overall rate coefficient of 7.4 10719 cn?®

The mass spectrometric studies were performed using thes 1.48:49.5557At higher pressures (0.25 Torr), the dimer cation
R2PI-HPMS apparatus that was developed recefif{Briefly, was observed, although not at a very significant yfél@he
the HPMS ion source is a cubic aluminum block with a volume covalent nature of the dimer has been suggested on the basis of
of about 2 crf, fitted with quartz windows through which the  the proposed structures by Futut{ICHzCH,CHCH*CH,CHs)
laser beam enters and exits. Gas mixtures are prepaed L and Peer§) who proposed a distonic-type structure (=H
glass flask heated t8100°C and admitted to the ion source at CHCHZCHZCH+CH3). Concerning the reactivity of the dimer,

This reaction represents an initiation mechanism for the gas-
phase polymerization of propene since it results in the formation
of the dimer radical cation, which can sequentially add several
propene molecules. In this case, the IP of the aromatic initiator
benzene (9.25 eV) is significantly lower than that of the propene
molecule (9.73 eV), and thus direct charge transfer freisC
to propene is even more endothermic than in the toluene radical
cation/isobutene systefd.The significance of this process is

Ill. Results and Discussion

Il. Experimental Section
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Figure 1. Mass spectrum of 10% propene in Ar obtained with MPI at <
248 nm at a source pressure of 0.247 Téir=€ 7.9 x 10' cm3). E Ycn, C.H.*
© 9" "8
it has been suggested that the-trhnsfer reaction between % 24 %
CeH12" and GHg (producing GHio and GHg) occurs only e
when GHiz+ has a cyclic structurez When GHi>" has an 5 200 w00 500
olefinic structure, a condensation process occurs to produce Time (us)
CoH1g™, and higher order products may be expeéadowever,
these species were not observed in previous studies since the %
reactions were examined mostly under low-pressure conditions. 5
Before examining the benzene/propene system, we investi- ﬁ
gated the ion chemistry of propene in Ar carrier gas under the 2
HPMS conditions. The mixture was ionized by nonresonant é
multiphoton ionization (MPI) using a KrF excimer laser at 248 0 200 400 600
nm, which resulted in generating ArAr2+, CsHe' ", and other Time (us)

fragm_ent ions. Figure 1 displays th_e mass spectrum ObserVedFigure 2. Time profiles of the major ions produced in the propene
following the MPI of 10% propene in Ar at a source pressure gystem, in the absence of benzene, V(sHg) = 0.123 Torr N =

of 0.25 Torr, and Figure 2 displays the time profiles of the 3.9 x 10 cm3) andP(Ar) = 0.877 Torr N = 2.8 x 10'6 cm™) at
resulting ions. The major products observed can be classified298 K.
into four groups as shown in parts-d of Figure 2. The first

group includes the ;7 (m/z 55) ion and its adducts with 1 Art CJH,(C,Hy)*
further propene molecules;B:3t (m/'z 97) and GHigt (m/z o 301 *(n=123) "
139). The second group contains theHg" and GHs™ ions % |
and their adducts with propenegdy™ and GH11™ respectively). £
The third and fourth groups include the molecular iofHg* 3 201
and its proton-transfer product to propengH&'), along with =
their higher adducts with propene. The product ionsi€, g 101
C4H7", and GHg* can also be produced from the bimolecular S | 3 0712
C3Hg""/C3Hg reactions (3), which were observed by Futrell et 0 \IcaHe* 7 . (C,H,).* (n=2.4)
ale4e 100 200 300 400 500 600 700
CH, + GHS Time (us)
/ Figure 3. Normalized time profiles of the major ions produced in the
propene system following MPI at 248 nm in a mixture of 12.3% propene
GH™ + GHe — > [CH,"T ———> CH + GCH 3 in Ar at a source pressure of 1 Torr amd= 298 K.
\ The data shown in Figures-B indicate that the primary ions
CHs + CH formed by the MPI of the propene/Ar mixture are similar to

N o _ those previously observed by electron impact (EI)-tER57
In addition to the products shown in Figure 2, at higher ang photoionizatioRHPMS5258 However, under the high-

concentrations of propene, further reactions with propene could pressure conditions employed in our experimentsTorr),

lead to larger ions such ass7(CsHe)a" (n = 3) and GH7- the formation of higher adducts of the primary ions is
(CaHe)n* (n = 2). Figure 3 displays the normalized ion sjgnificantly enhanced, which leads to complicated sequences
intensities of the major ion sequences observed following the of product ions.

MPI of a propene/Ar mixture obtained under the same experi- 2. Benzene/Propene System lonized by MPI at 248 nm.
mental conditions as the data shown in Figure 2. It is clear that We extended the HPMS experiments of propene by using a
the observed total ion yield of the propene condensation channelsimilar mixture but also adding benzene to the reaction mixture,
(CsHg)'™ is very low [~6% for (GHe)"™ and 2% for while still ionizing the Ar carrier gas. In this case, Aand
(CgHe)z"]. This result is also consistent with the previous studies some GHg*™ are generated initially, but transfer the charge
of the ion/molecule reactions of propetfe? rapidly to generate §g"*, which becomes the initiator of the
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Figure 4. Normalized time profiles withP(CsHs) = 0.000 068 Torr £ 30 v/"""’ £ (C,H,),* ©
(N=2.19x 102 cm3), P(CsHg) = 0.01 Torr N = 3.2 x 10%cm3), 2 [n=2.7]
andP(Ar) = 0.39 Torr N = 1.25 x 10'6 cm™3) at 298 K. Normalized =
intensities of consecutive products from the primary ioB&CEHe- § 40
(CaHe)n*)] = [CeHe(CsHe)™" + CeHg(CsHe)2*] and [Z((CsHe)n™)] = T CeHe I CgHq(C3Hg),
[(CsHe)* + (CaHe)s™ + (CsHe)a* + (CaHe)s™] have been summed g M\?A [n=1-3]
to show the distribution into the primary channels. 2 14
further reactions. Figure 4 displays the normalized ion intensities so00 18000
of the reactant and product ions of the propene/Ar/benzene Time (us)

system. Evidently the 81+ monomer ion is formed by charge  Figure 5. Normalized time profiles in the benzene/propene system at
transfer from Ar and not from GHg'*. This is consistent with different propene concentrations: @)CsHs) = 0.000 12 Torr Nl =
the endothermicity of 0.48 eV for the charge transfer gfgE" 3.72 x 10'2 cm3), P(CsHg) = 0.0015 Torr N = 4.89 x 10 cm9),

to propene, which would yield a rate coefficientiof Keopision P(Ar) = 0.79 Torr N = 2.52x 10% cm™); (b) P(CsHe) = 0.000 29
exp(—AH?/RT) = 9.7 x 10718 cm® s, slower by orders of T°ff3)(NPTA9)-22 X 102 o ()\I PC:Hg) = 0.01 Torgr) (\ﬁ s(g - %ol

. . cm?), r = 1. orr N = 3.25 x cm™); (C eMle) —
magnitude than the observable limit. On the other hand, the 0.000 32 Torr Kl = 1.01 x 10° cm3), P(CaHe) = 1.38 Torr [ =

condensation channel leading to the formation of theHen"* 4.42 x 10 cm %), no argon.

series withn = 2—5 is clearly dominant (80% of all the product

ions) as shown in Figure 4. The other major product observed g , 33 cm3, respectively. As the concentrations of propene
is the GHe(CsHg)n™ series withn = 1-2. In addition, the i, 10 a5 further, the condensation channgHgh* with n =
b.e.”ze”e dimer cation 656)2'+ is formed and becomes sig- . 2—6 becomes the major product while the adduct channel
nificant at lower concentrations of propene. From the compari- CHe(CaHe)n With n = 1—3 is the minor channel as shown in
son of the data displayed in Figures 3 and 4, it appears that theFigure 5h fornN(CGHe) =9 x 102 cm 2 andN(CzHe) = 1 x
ionization of the benzene/propene mixture results in the forma- 10% cmr 3. It is also clear that the decay of the benzene ion
tion Of. hlgher propene oI|g.omers ﬁ@n’* and a significant intensity becomes faster as the concentration of propene
re_ductlon In the_ product 'fns. typically obs_erved ffo”_‘ the increases. Figure 5c shows the normalized ion intensities
bimolecular reactions of £B1s™ with CsHg according to reaction  gyained for the highest concentration of propene used in this

3. ) - )
. study in the absence of AN(CsHg) = 4 x 10 cm™3). In this
3. R2PI of the Benzene/Propene SYSte“"? these experi- case, the (6Hg),"" channel contains up to seven molecules of
ments, the R2PI of benzene was obtained via figérénsition propene while the g4s*(CsHe)n channel hasn = 1-3. It
at = 258.9 nm. The two-photon process generatgldeC should be noted that the data presented in Figure 5 are used to

ions with excess energy oiO_.SZ ev, ’.““C.h '9W?f than the illustrate the range of the propene additions in both reaction
excess energy required for ring opening in ionized benzene, opanneis under variable concentrations of benzene and propene.
3'5_.5'0 eV>We also note that the two-phgton energy of 9.58 For the calculations of the rate coefficient and the product ratio,
eV is lower than the IP of §ls (9.73 eV):* Therefore, the = g giematic studies of the effects of propene and Ar concentra-
CeHe™" ion is generated with small internal energy, and direct yonq \yere performed as indicated in Table 1 and discussed in
charge transfer from an excitedgt@™)* is also not likely under the next section.

T e o oane osing e 8150 ObSeve  seconday produc chamel coresponding
R2PI of benzene at different concentrations of benzene and'©, 2 ransfer from @Hi™ to form GiHag™, in analogy with

; reaction 5, that we observed previously in the toluéhe
p[)openedAt \{ﬁryngrc(%ncHe)ntrztéontofA;\)rot;r)]ene, the otnlyt_prod:cjct isobutene systerf. However, in the benzendpropene R2PI
observed is the g (CsHg) adduct. As the concentration o : o+ ’ :
propene increases, the condensation channgld@* starts to experiment, GHag™ was always a minor product;7%.
open in addition to the adduct channel as shown in Figure 5a, - -
where (GHg)n'™ with n = 2—4 and GHgt(CsHg)n with n = CeHiz  + CsHg— CgHyp ™ + C3Hg (4)
1—-2 are the major product channels at benzene and propene “ -
number densities d¥i(CsHg) = 4 x 102 cm3 andN(CzHg) = CgHyg +i-CHg— CgHy 7 +i-C4Hy g )
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TABLE 1: Nominal Second-Order Rate Coefficients for the Reactio of C¢Hg* with C3Hg To Produce GH12 " and

CeHe(CsHe)*t P
expt no. [Arp [C3Hg]? T(K) ko® S((CsHe)n™)IZ(CsHe(C3Hg)n )4 method

1 2.5x 106 1.9x 10% 301 2.8 0.4 R2PtHPMS
2 2.5x 106 3.9x 1013 301 2.7 0.8

3 2.5x 106 9.8 x 1013 301 2.8 1.8

4 2.5x 106 1.9x 10 301 3.1 2.1

5 1.6x 10 4.0x 101 301 2.8 1.0

6 2.3x 106 4.0x 103 301 3.1 1.0

7 2.9x 106 4.0x 101 301 3.5 1.0

8 2.6 x 106 1.4x 10 302 2.F 1.6

9 2.6x 106 1.4 x 10 342 1.3 0.7

10 2.5x 10 8.9 x 103 302 2.7 2.8 248 nm MPI
11f 1.2 x 10t6f 294 1.2 0.4-15 SIFT

a2 Number density in molecules cf) benzene number density 3x7 102 cm™3 in experiments +4 and 4.5x 10 cm 2 in experiments 57.
b Subsequent products in each channel are sumténits of 1012 cm? s~2. Error estimate from replicate measuremen9%. 4 Product distribution
ratio into the primary channels, calculated by summing consecutive higher products in each chanergge results of two studies, atds] =
9.9 x 10" (in eq 8) and 1.9x 10 (in eq 9) molecules cnt. fIn He carrier gas, SIFT experimentsError estimatest0.3 x 1072 cm? s

4. Reaction Kinetics from the R2PI Experiments. The
normalized ion intensities obtained from the R2PIPMS

the product ratio appears to be independent of the carrier gas
concentration [Ar] as shown in Table 1 (experiments/. This

experiments are used to calculate rate coefficients as follows.occurs although the third-body [Ar] that could collisionally
The pseudo-first-order rate coefficient for the overall reaction stabilize an excited complex to produceHg"(CsHe) is in
of CeHg"™ to products is calculated from the decay of the reactant excess by factors of 2601000 over the reactant §8g] that

on:

k' = —d In [CgH ]/dt (6)

produces @Hi>*. This is unusual in competitive association/
transfer kinetics where the adduct channel usually increases
relative to the transfer product with increasing the third-body
pressure. Another point of interest can be shown from the limited

The corresponding nominal second-order rate coefficient for temperature study of the reaction rate. With increasing temper-
the overall reaction is calculated using the number density of ature, the rate of the reaction into both channels decreases

the reactant [gHg], as

k? = k/[C5Hq] (7)

The nominal second-order rate coefficients for the two
channels are calculated from the product distributions as

k?((CHe)w ) = KAZ((CaHe)y NIE((CHg) ) +
S(CeHg (CiH) )] (8)
|‘fz(C6H6.+(CsHe)n) = kfz[E(CGH6.+(C3H6)n)/
(Z((CsHg),™) + Z(CeHg ™ (CH)NT (9)

Rate coefficient measurements were repeate@ #mes and
were reproducible withint30%. Several measurements were

carried out using different concentrations of benzene at fixed . .
g reaction component. The lines forgks™ and GHe™"(CsHe)

propene and Ar concentrations. The overall rate coefficient di

not show any dependence on the benzene concentration withirl

the experimental error{30%).

From the results presented in Table 1, it is clear that the
overall coupled charge-transfer/condensation process leading

from GsHe'™ to CsH1™ proceeds orders of magnitude faster
than expected for direct endothermic charge transfed &
+0.48 eV) from GHg"" to produce the monomer ionzBe"*
(observed nominal second-order rate coefficidmts (1—3) x
102 cm? st vs expected < Kyoliision €XP(—AH/RT) ~ 10718
cm?® s71). This is consistent with the fact that the monomer ion
CsHg™ and its reaction products withz:Bg are not observed,
and the dimer ion gH;" appears to be formed directly. It is

also clear that, at low concentration of propene, the dimer

CeH12" and the adduct g (C3He) are formed in parallel,
and in comparable yields, as observed clearly in Figure 5a.
The results shown in Table 1 (experiments4) also indicate
that the product rati&((CsHe)n")/Z(CsHg"" (C3Hg)n) increases

sharply, and the product rat®((CsHe)n")/=(CsHe""(CsHe)n)
decreases as shown in Table 1 (experiments 8 and 9).

5. SIFT Results.In these experiments, the;ids"* ion was
generated in a low-pressure ion source by 40 eV electron impact
ionization of a 3-5% mixture of GHg with He. The ions were
injected into the flow tube, into which propene was also
admitted. The decay of the;8¢"* ions showed a fast component
and a slow component. The slow component showed chemistry
consistent with the R2PIHPMS observations. The fast com-
ponent, which was a minor channeH3%), showed a different
chemistry, suggesting that it may correspond togBldC" ion
in an isolated electronically excited state formed by the 40 eV
electron impact ionization. In fact, the fragment iongig"™ and
CsH4™ generated from the benzene ion are known to occur from
an excited state that lies2 eV above the ground state of the
benzene ioR>67

Figure 6 displays the ion intensities corresponding to the slow

epresent a fit of the experimental data with the solution of the
system of differential equations for sequential reactions. Other
lines are drawn for clarity.

The first step observed is reaction 10, followed by reaction
11, which shows three-way branching.

CcsHe.+ + CHg— C6H6.+(C3H6) (10)
CeHs " (CaHg) + CiHg — CgHy, ™ 4+ [CeHgl  (45%)  (11a)

—CgHs ' (CHe), (25%)  (11b)

- C(sHlo.Jr +[CeHe Hyl  (30%)
(11c)

Of the product ions, (§He)s"" (not shown in Figure 6) was

with increasing propene concentration as expected. However,observed at very high propene flows, formed in a slow reaction
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Figure 6. SIFT data for the reaction of st with C3Hg at 294+ 3 Figure 7. SIFT data for the reaction of g™ with CsHs (fast
K using He as a buffer gas at a total pressure of @&3501 Torr. The component). The conditions are the same as for the slow part (Figure

lines for GHe* and (GHe)(CsHe) ™ represent a fit of the experimental ~ 6). The slow contributions in high flow parts of the monitored ions
data with the solution of differential equations appropriate for the were subtracted. The modified experimental data, obtained by this
observed sequential reactions. All other lines are drawn for clarity.  method, were fitted with the solution of differential equations appropri-
ate for the observed sequential reactions.
with a nominal second-order rate coefficientkok 5 x 10714
cmé s L, SCHEME 1
In the fast decay component, slow reactions contributed only CHg
at high propene flows, and the slow reaction contributions were CgHg™* + CHg = [CeHg " (CsHe)* —— CgHy ' + CeHg
subtracted. The modified experimental plots obtained by this
method were fitted with the solution of a system of differential Ar C.H '+(C H
; ; ; ; 6! 16 sHe)
equations for the sequential reactions. The results are shown in

Figure 7. The first step (reaction 12) proceeds with a rate o . . . .
coefficientk = (4.8+ 1.3) x 1012 ¢cné st as measured from The stabilization efficiency of a relatively large atomic species

the fast GHe" ion decay and the E«*+ product ion increase.  SUch as Ar is expected to be 6:1. Accordingly, for example
e y & p in the first experiment in Table 1, the((CsHg)n"")/Z(CeHe' -

o - ot (CsHg)n) product ratio should be in the range 0.6@101. The
CeHe ™ + CgHg = CrHg™ + CH, (12) actual observed ratio is larger by a factor of4m0 than
expected and is independent of [Ar] (experiments5n Table
1). These results are not consistent with Scheme 1. We therefore
suggest the mechanism shown in Scheme 2.

CHg™ + CiHg— CyH;5" + H (13)  scHEME 2

The second step (reaction 13) proceeds with a rate coefficient
k=(1.74+05)x 10%cms™%

Further propene addition steps to formsd;g" with nominal - - Ar
second-order rate coefficients lof= (3.9 + 1.5) x 1012 cn¥ CeHg + CiHg=[CeHg  (C3He)* =
s 1 and subsequently {gHos" with k = (1.2 + 0.8) x 10712 . CaHs .
cm?sland Q9E|31+ W?{[h k<5x 1014 cﬁn3 s1 Were)z observed [CeHs +(C3H6)] — GeHp, T+ CeHs
at high propene flows according to reactions 14 and 15.
- CcsHsceJ"f+
C10H13+ + CgHg — C13H19+ (14)
Here the excited complex Ele""(CsHe)]* is first stabilized
CiHyo + CoHg— CiHos (15) collisionally to the thermalizedr complex GHe(CsHe)
stabilized by ion-induced dipole forces. This complex reacts
The different chemistry of this ¢Elg"" component suggests  further with GHsg, in competition with unimolecular rearrange-
that it may be an excited ion formed in the 40 eV ionization. ment to a probably covalently bonded adduct, propylbenzene
6. Reaction MechanismThe kinetic trends observed in the cation GHsCsH7*. This is known to occur in several similar
current system are similar to those observed in the tokliéne systems such as benzefbutadiene and (styreng).88-72The
isobutene system, and they suggest a similar mecha#isirst, rearrangement is pseudo-first-order, possibly at high-pressure
direct charge transfer fromeBg™ to CsHg can be ruled out on  limiting kinetics. It is easy to see that, qualitatively, the
the basis of the results discussed above. Another possiblemechanism justifies all of the observations discussed above.
mechanism would be analogous to other ion/molecule competi- Specifically, the product rati@((CsHeg)n"")/Z(CeHe"t (CsHeg)n)
tive transfer/association reactions as outlined in Scheme 1. is independent of [Ar] but increases with 4] as observed.
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e cT-| HC—CH& & CH—CH sgggestgd_by_Pee’?%.The impo_rtant feature_ of structurd
TS 2 3 2T 2 T distinguishing it from structur#l is that there is no net H-atom
CIH H H shift if CoH, is to be eliminated. In addition, the formation of
CH an C4Hg"™ requires breaking only one-€C bond, compared to
H 'c/ \CH structurel which would require breaking two -©C bonds for
z : . the loss of GH4. However, for the loss of an ethyl radicakHG®,
M HC SH. structurdll is more favorable thahl . StructurdV is suggested
CH by Heni$! on the basis of the criteria that no significant
. + clH, rearrangement of the parent ions occurs in the complex
Hsc_(l:—CHz_CHz_CI:_CHs +/ formation, addition occurs at either end of the double bond,
H H H_c\ and fragmentation involving more than one bond is not
iy CH, favorable.
) In the present MPtHPMS experiment involving propene/

Ar mixtures in the absence of benzene, th#1£" ions have
Figure 8. Possible structures of thesi:* ion. no significant yield while the observed intensity oftG* is
o o ) about 48% of the total ion yield as shown in Figure 3. Therefore,

Significantly, the overall rate coefficients obtained from the gtrycturell appears to be more consistent with our data.
decay of the benzer_le ion for similar reaction compositions and We note that, in the benzene/propene experiments, the IP of
source pressures in both the R.ZPI and th? 248 nm MPI the GHi2 molecule corresponding to the product iogHz"+
experiments are remarkably consistent (experl_ments 3 and 1Omust be <9.25 eV otherwise the reaction complex would
in Table 1). Therefore, the _sm_all _concentratn_)n _(_)jH@* dissociate to yield gHg™ primarily. This rules out cyclic
produced from nonresonance ionization had no significant eﬁectC Hyst, as the IP of c-@Hy, is 9.86 eV43 Also, on the basis
on the coupled reactions involved in the overall process (2). o1z 12 ' ; y

Within the limited pressure range available, the overall rate
coefficient seems to increase with [Ar] as expected (Table 1,
experiments 57). However, we note that the rate coefficient
measurements are relatively inaccurate in the present system
because of the slow kinetics. In the faster and more accurately
measured toluene/isobutene system, the rate coefficient showe ajority of the GH»* fons produced in both the HPMS and

the exp.ecteiﬁ pretssure f?.eper:deﬁ‘c\i\le a(;lsp :\hoteF:lzﬁ;fMtgat SIFT experiments may have a linear structure, although a cyclic
comparing the rate coetlicient measured in the form may also be present under the conditions of the SIFT

vs the SIFT measurement at lower pressure and with the less ; ; .
i ) experiment. Energetically, the most favored product is the most
efficient, He third body shows the expected trend. b 9 y b

T ._stable GHizt isomer, which corresponds to the neutral
The temperature dependence of the product distribution ratio molecule (CH),C—=C(CHs), with the lowestAH? of 174 kcall

Ishowstthat thét((C3H§|)_’;;_+)/ E(Ceg)ie‘*(cio,l-_le))(:a;iolincreasets_ att_ mol.”® With this product, reaction 2 is exothermic by 48.7 kcal/
Ower temperatures. this can be explained by arger actvation o) This product can form with only hydrogen shifts from the
energy for the unimolecular rearrangement o§HE™(CsHe)] reactants, without requiring skeletal rearrangement.

to CeHsCsH7*™, while its exothermic bimolecular reaction with The ob,servation of higher order additions on the-g™

CsHg to give GHi»™ may have a smaller, or negligible . . . . .
aéti\?ationgenergy 12 y ' ghgiote, dimer in the benzene/propene experiments, including up to seven
Although the two-point temperature study in Table 1 cannot molecules of propene W'th no pronounced. magic number,
define the functional form of temperature coefficients, the suggests that no cychzaﬂon' takgs place during the growth of
temperature dependence of several types of ion/moleculethe. (GHg)n ions. This r_esu_lt IS dlffe_rent from the ob_servatlon

of intracluster polymerization reactions, where magic numbers

reactions is of the fornk = aT". Calculation of the partial re often observed and interpreted as due to the formation of
rate coefficients for the two channels (eqs 8 and 9) leads to the2'® '€ Obse e330a37 erpreted as due fo the formation o
cyclic stable iong3:30.

temperature coefficients of the nominal second-order rate

of the work of Ausloos et al., the cyclicel;12+ could undergo

a H-transfer reaction with ¢Hg to produce a cyclic ion,

CgHigt, and GHg.5253In fact, only minor product gHi¢* ions

(7%) were observed in this R2PHPMS experiment contrary

to the SIFT experiment, where thekio'" ions constitute about
0% of the product ions. Therefore, it is expected that the

coefficients K[(CsHe)>"] = aT-%° and K[CeHe"(CsHe)] = 8. Benzene/Propene Binary Clustersrigure 9 displays the
aT-24, Extrapolating from the 302 K valuek](CsHe)>**] and mass spectrum obtained by the R2RI = 259.60 'nm) of .
K[CeHe™+(CsHg)] will reach the collision rate of 16 cm? s1 benzene/propene clusters generated by supersonic expansion.

at 148 and 18 K, respectively. These trends suggest that reactiodVOte that the absorption of the mixed clusters is red-shifted from
2 and, in general, Scheme 2 may lead to efficient reactions atthe & resonance of benzene at 258.90 nm. This is expected on

low planetary atmospheric and interstellar temperatures. For the basis of the predominan_tdispersion force interaction betw_ee_n
example, ionized aromatics are assumed to be present inbenzene and propene, which leads to the observed red shift in

interstellar environment®:7 Several polymerizable molecules  the &' transition of benzene.

can accumulate on the ionized molecular surface until a coupled At 259.60 nm, the sum of the two-photon energies is 9.57
charge-transfer/polymerization process becomes energeticallyeV, which is less than the IP of propene, 9.73 eV, as we noted
possible. The reaction may involve more than two monomer above. Consequently, nosEs* is observed in the mass
molecules. For example, we made spectroscopic observationsspectrum and only higher clusters ofst@)n"* with n > 2 are

in the p-xylene*/isobutene system which suggested isobutene produced by the R2PI. Similar results were obtained by
dimer formation with the participation of several isobutene nonresonant MPI using the 248 and 193 nm photons. At lower

molecules in a clusteP;38 laser fluency, the power dependence of tRel&" ion intensity

7. Structures of the Product lons.Four possible structures  indicates that the ions are formed via a two-photon absorption
of CgHi»™ are shown in Figure 8. Structurdsand Il are process.
proposed by Abramson and Futréif*°A different linear form An interesting feature in the benzene/propene clusters is the

(1) of a distonic type based on the structure of 3-hexene is observation of a magic number within the stG),"" series
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Figure 9. Mass spectrum of propene/benzene mixed clustetddjE
(CsHeg)m taken at 259.60 nm. Preexpansion mixture: 16.5% propene
and 0.0083% benzene in helium at a total pressure of 1300 Torr.

corresponding ta = 3. This feature also persists in the presence
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results, where benzene cations formed by El are injected into a
flow tube containing a propene/He gas mixture. The gas-phase
results are also consistent with the reactions observed following
the R2PI of the clusters. In all of these studies, the main
observation is coupled reactions of dimer formation and charge
transfer followed by sequential reactions to produce propene
oligomer ions (GHe)+ with n = 2—7. The observed kinetic
trends in the gas phase, especially the pressure effects, are best
reproduced by a mechanism through a collisionally stabilized
noncovalent intermediate complexsH*t(CsHg), in which the
propene molecule is “adsorbed” on the ionized benzene surface,
and assumes a charge density by interaction with the aromatic
ion. Upon collision with another propene molecule, in the
resulting GHg""(2CsHg) complex, one olefin molecule can carry
sufficient charge density to activate it for nucleophilic attack
by the second propene molecule, resulting in covalent condensa-
tion. Formation of a hexene molecule with a lower IP than
benzene will then result in full charge transfer, leading to the
observed product ion.

The present mechanism avoids the formation of the olefin

of benzene molecules in the cluster, and therefore, the samemonomer ions and their reaction products, suggesting a useful

magic number fom = 3 is observed in the mixed clusters
(CsHg)n(CeHe)m for all the values ofm observed under our
experimental conditions (up tm = 10). A similar result was
reported for the electron impact ionization of neat propene
clusters and was attributed to the formation of a cycligHg:"",
which can serve as an energy trap by making further reactions
energetically unfavorabl€:3” This energy trap would be ef-
fective in low-temperature clusters formed by the evaporation
of monomers. Similar behavior has been observed in the El
ionization of isobutene clusters under low El enerdfeghe
observation of enhanced intensity for the trimer ionHg)s*™

has been explained in terms of cyclization of the radical cation
CizHzst to form a stable and less reactive isomer, which can
interrupt the pattern of successive addition reactions.

The observation of the magic numbrer 3 within the mixed
clusters (GHe)n(CeHe)m suggests that the cyclic ¢Hg)s*™
interacts favorably with the benzene molecules. This may be
due to structural similarity, which makes4s)s"* an efficient
substitute for GHe't in the (GHe)n' ™ cluster series. The magic
number feature also implies that#ds)s** is the core ion within
the (GHe)m(CsHe)n'™ series, which indicates that the cyclic
(CsHg)s has an IP lower than that of benzene clusters and,
therefore, the charge resides on thesHg)s moiety. It is
important to point out that the observation of a magic number
corresponding to the formation of a cyclic propene trimer within

the clusters is different from the gas-phase results, where higher

propene oligomers were observed with no evidence of the
formation of stable cyclic structures which could interrupt the
sequential addition reactions. This difference may be attributed
to the different efficiencies of cluster evaporation and gas-phase
collisional stabilization. In addition, the lower temperature of
the cluster ions+80 K) as compared to the gas phase could
result in different isomeric forms of the propene oligomers. It
is expected that, under the low-temperature cluster condition,
cyclization of the radical cations may take place and, therefore,
gives rise to the observation of the magic numbers.

IV. Summary and Implications for Polymerization

In this paper, we presented a detailed study of the coupled

photoinitiation method for pure products. In the present system
we observed the exclusive formation of (propgneith n =

2—7. In contrast, ion/molecule reactions betweesH£€" and
CgHe produce GH7™, C4H7T, CsHg'™, and GHg™ that can further
polymerize?*~5° We noted the similarity of the reaction mech-
anism in the gas phase and in preformed clugfety32.38|t
would be interesting to explore the application of this mechanism
in the condensed phase using common aromatic solvents such
as benzene and toluene. The solvent photoinitiation mechanism
may lead to a Solvent as initiator approachto eliminate
chemical initiators, with beneficial economic and environmental
results.
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