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Abstract: The potential energy surface (PES) for the phenyl + propyne reaction, which might contribute
to the growth of polycyclic aromatic hydrocarbons (PAHs) under a wide variety of reaction conditions, is
described. The PES was characterized at the B3LYP-DFT/6-31G(d) and B3LYP-DFT/6-311+G(d,p) levels
of theory. The energies of the entrance transition states, a direct hydrogen-transfer channel and two addition
reactions leading to chemically activated CoHy' intermediates, were also evaluated at the QCISD(T)/
6-311G(d,p) and CCSD(T)/6-311G(d,p) levels of theory. An extensive set of unimolecular reactions was
examined for these activated CgHo' intermediates, comprising 70 equilibrium structures and over 150
transition states, and product formation channels leading to substituted acetylenes and allenes such as
PhCCH, PhCCCHjs, and PhCHCCH, were identified. The lowest energy pathway leads to indene, a prototype
PAH molecule containing a five-membered ring. The title reaction thus is an example of possible direct
formation of a PAH containing a five-membered ring, necessary to explain formation of nonplanar PAH
structures, from an aromatic radical unit and an unsaturated hydrocarbon bearing an odd number of carbons.
Extensive Supporting Information is available.

I. Introduction compoundg? such as alcohols and ethers. The formation of
these biologically relevant molecules in space in turn has
implications for new theoriés of biogenesis, which are based
on the accretion of extraterrestrial prebiotic organic matter on
earth: currently about 40000 tons appear to be accumulated
annually?

A detailed and complete understanding of the formation of
PAH molecules requires systematic research to elucidate the
basic elementary chemical reactions underlying the PAH growth
processes. Chemical reaction netwédrRsnodeling the forma-
fion of PAHs in extraterrestrial environments suggest that
ybenzene, phenyl radicals, and/or possibly cycibi{radicals
are crucial reaction intermediates. Likewise, in combustion
systems it is generally accepted that formation of PAHs and
*To whom correspondence should be addressed. E-mail: Luc. SOOt particles starts from an aromatic speéfes: benzene

The reactions of phenyl radicals with unsaturated hydrocar-
bons have been proposed to be important for the formation of
polycyclic aromatic hydrocarbons (PAHs) in a number of
environments, ranging from the circumstellar envelopes of
carbon-rich stars and the interstellar mediufrto combustion
processe4® PAHs and the related soot formation have been
key issues in combustion chemistry for decades. The mecha-
nisms of formation of complex, carbon-bearing molecules in
the interstellar medium have also become an important topic
recently, as some authors argue that about 20% of the cosmicall
available carbon is present as PA#S.Photochemical reac-
tions of these PAHSs on ice particles yield important organic
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PAH growth, the model beginning with a phenyl radical, or less effective in the rigid, unsubstituted acetylene. Hence,
proposed by Frenklach et &P,currently seems to be the most the rate of reaction for phenyl withs84 should amount to a
favorable synthetic route, in both combustion and interstellar few tenths of that with acetylene. Likewise, the concentrations
chemistry. This model proposes a sequential addition of of CsHs and GH, are roughly 3 orders of magnitude below
acetylene molecules, ,8,, to the phenyl radical to form  those of acetylene, but as the reaction with phenyl are barrierless
naphthalene-like PAH species. Surprisingly, no PAH-growth radical-radical/carbene reactions, rate coefficients close to the
models seem to include the reactions of phenyl radicals with collision limit are expected§10-1°cm?®s™), i.e., about 2 orders
molecules bearing an odd number of carbons, despite theof magnitude higher than for Pk C;H,. Again, this leads to
importance of GHx species compared to acetylene in the a sizable contribution of §Hy species in the phenyl consump-
formation of the first aromatic ring, and the observation that tion; the total reaction flux with gHy isomers sums to only
CsHx molecules are among the most abundant organic molecules2—5 times below that with acetylene. In the very low temper-
observed in the interstellar mediwi$12* In contrast to the ature regime found inside dark interstellar clouds, the nonzero
Frenklach mechanisA® which leads mainly to planar, naph-  activation barrier of the Pk C,H; reaction leads to negligible
thalene-like PAHs consisting of (substituted) six-membered reaction rates, even for the very long reaction times available
rings, addition of odd-numberedig, species to phenyl radicals in space. Here, the fast, barrierless radigadical/carbene
could directly yield PAHs incorporating five-membered rings. reaction of Pht C3Hy (x = 1—3) will easily outrun the reaction
These five-membered rings are necessary to explain formationwith acetylene. The abundance ofH; species is comparable

of nonplanar PAH structures, such as the fullerenes observedto those of other observed potential reaction partners for
in large quantities in soot deposffsTo our knowledge, no  phenyf2-34 (excluding H and K, which are present in very high
specific PAH molecules have yet been identified in space. Our relative abundances and have a distinct role in aromatics
understanding of PAH formation in the different reaction formatior?®), such that GHx molecules can be an important
conditions could benefit from examining the impact of reactions coreactant. Insufficient data are available for estimates pertaining
of aromatic units with molecules bearing an odd number of to the very high temperature regim& §& 4000 K, very low

carbons. pressures) in the outflow of carbon stars close to the photo-
sphere. The stability of acetylene might result in higfH&
concentrations compared to that ofHz; on the other hand,
T 2GH, the rate coefficients of the P# CsHy reactions seem to be
nN N . .
o larger PAH's higher at these temperatu@ssuch that these latter reactions

©i> cannot be excluded a priori.
@. +C3Hy < T 4 ‘From the above, it_ is clear that reactions of aromatic units
with molecules bearing an odd number of carbons can be
Ph-substituted acetylenes/allenes important reaction pathways. However, a crucial drawback of

. ion th d be add dis wheth all current chemical models is the lack of well-defined input
An important question that needs to be addressed is whet ®lyata, be it from experimental or theoretical sources. Although

this class of reactions can contribute to PAH growth; i.e., can rate coefficients between 1 and 1024 cn? s-1 have been

it c;mpetle I:YAI\t: the prr‘]enytj ﬁcinfe(;‘e :jeatt):tlc;]ng used tl)n the 1 easured for phenyl radical reactions with olefins and alkynes
traditiona -growth models? Indeed, both in combustion 5, temperatures up to 1100 K, and entrance barriers were

systems and_ in dark interstellar CIO.UdS’ acetylene is ofte_n Presenlietermined to be 2543 kJ mol, the reaction products of most

in comparatively high concentrations. In flant&s?8 typical complex phenyl reactions are purely speculatd® This
CaHa concgntratlons are only_g few percent of the acetylene jpsance of detailed information also holds true for the title
concentration. However, trqn_snmn-state theory calculatfoiis reaction, phenyH propyne. This reaction was not proposed
at 1500 K predict rate coefficients for the BhCaH, (propyne, earlier as a possible source of PAH precursors, but it is a suitable

allene) reaction that are about an order of magnitude hIgherrepresenta'[ive of the class of reactions of aromatic units with

13 —1) 31
than that for acetylene (8 10~ . cm®s™), d_ue to the effect molecules bearing an odd number of carbons; one of our reasons
of the degrees of freedom for internal rotation that are absentfor choosing propyne as the firstsl8, coreactant was its
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potential energy surface (PES) of the reaction of phenyl radicalsrelative energy of the transition states (numbering 127 TSs) drops
(CeHs) with propyne (GH,), showing that the energetically most slightly by 4.1 kJ mot* due to the larger basis set, also with a scatter
favorable reaction channel leads to indene and that this reaction®f 5.5 kJ mof™. Most of the scatter is due to high-energy isomers and
channel is accessible to all chemically activated intermediates TSS that tend to be less important in kinetic consider_a_tions. The rela_tive
formed initially, even at very low temperatures. Subsequent energies of the geparated prodqgts are more sensitive to the basis set
paperd®will focus on the rate constants and product distribu- used, due to basis set superposition errors (BSSESs); fortunately, these

. f . hich d his PES by th ical higher uncertainties do not influence kinetic calculations, since the rate
tions of reactions which proceed over this y theoretical- of product formation is determined by the characteristics of the

kinetic analyses. These latter papers will concern not only the gissociation TSs. Due to the computational expense, we decided not
reaction of phenyl radicals with propyne, but also thpse of to perform IRC calculations on all transition-state structures. We did
phenyl+ allene and cyclopropene, and PhCH C;H,, which visualize all the transition-state geometries and the movement corre-
all proceed over this §y potential energy surface. Given the sponding to the reaction mode (i.e., the vibrational mode with an
complexity of the reaction surface, and the very wide range of imaginary frequency). In nearly all cases, this allowed us to clearly
reaction conditions that need to be Considered, it is to be identify which minima the transition state connects; for some TSs we
expected that the predicted products and rate coefficients will performed additional calculation_s (partial_geom_etry optimizations) to
depend strongly on the specific reaction conditions. In this paper, verify that a.\(ve!l-behaved reaction path is available between the TS
we limit ourselves to discussing the most important pathways, and the egumbrlum geometry of the_n_a:_;\ctant/p_roduc_t.

. e . s . The heights of the barriers for the initial reaction with respect to the
identifying interesting competitions between reaction channels

L2 Y . T energy of phenyl- CsH, have an impact both on the predicted absolute
while indicating the expected changes in the relative importance yate coefficient and on the relative importance of the different en-

of these competing -Channels upon varying the temperature andyance channels. Higher level single-point QCISD(T)/6-311G(d,p) and
pressure, and looking for the most likely product channels. ccsp(T)/6-311G(d,p) calculations on the B3LYP-DFT/6-31G(d) and
Results for specific reaction conditions can be found in the B3LYP/6-31H-G(d,p) geometries were therefore performed to pursue

papers discussing the final RRKM-ME calculations in deaif. reliable estimates of these barrier heighitSor the open-shell radicals
a spin unrestricted reference was used, UHF-QCISD(T) and UHF-
Il. Methodology CCSD(T) as implemented in Gaussian“&s well as the partially

The geometries of the reactants, products, various intermediates, andPPN restricted formallsm derived by Knowles et‘@for the _coupled
transition states of importance in the title reaction were optimized using ¢lUSter approach, i.e., RHF-RCCSD(T)The latter computations were

the hybrid density functional B3LYP-DFT method, i.e., Becke’s three- performed Wit_h the MOLPRO systt_am of prograffisthe Hartr_ee

parameter nonlocal exchange functidabmbined with the nonlocal Fock core orbitals were kept frozen in all correlated computations. The
correlation functional of Lee, Yang, and P&tThese computations energetic results are listed in Table 2, including ZPE-corrected relative
were performed using the Ge;ussianl quantum chemical proframe energies, using the harmonic wavenumbers obtained at both the B3LYP/

to the extreme complexity of the potential energy surface, we restricted 8-31C(d) and B3LYP/6-31£G(d,p) levels of theory. These results
ourselves to the investigation of 75 minima and 157 transition structures cONfirm that tsrad:lf htpropyne is the entrance channel with the lowest
(TSs). These stationary points were selected on the basis of theoretical-bamer’ 14 kJ mot’; the second addition channel tsra@rt-propyne

kinetic RRKM-Master equation (RRKM-ME) calculatioAswhich has a barrier about 5 kJ mél;ﬁigger in energy (19 kJ mot). For hy-
were performed in tandem with the quantum chemical calculations: drogen transfers, DFT is kno#* to underestimate the barrier heights

each time a new relevant intermediate was found, its unimolecular PY UP t0 15 k mot’; the CCSD(T) and QCISD(T) results of approxi-
reactions were also characterized and inserted into the RRKM-ME M2tely 21 kJ mot® will be used for kinetic calculations. We also
calculations; any subsequent reactions of the products of these newAtempted G2(B3LYP/MP2) and G2(B3LYP/MP2/CC) calculations, but
reactions were only examined in detail if they themselves were also these suffered from severe spin contamination problems in the UHF-
formed with a sufficiently large probability. This approach enabled us MP2 calculations §**2[up to 1.56), making these calculations less
to identify the reaction channels that contribute significantly, and to "eliable even though they agree with the results in Table 2 withis 3
ignore reactions of intermediates that do not affect the product formation kJ mol™. .

appreciably. The goal was to recover over 99% of the product formation;  S€Veral of the structures characterized have one or more degrees of
i.e., less than 1% of the reaction flux passes through unexplored partsfreedom for. internal r_otatlon, which lead to different cgnformers. F.or
of the PES. The considered temperatures in these RRKM-ME calcula- future kinetic ca_lculatlons, the degrees of f_reedom for internal rotation
tions were 26-4000 K, with pressures from 10to 1¢ Pa. These wide V\{ould be des'cnb_ed better as (h|ndered)_ |nternal_r0tors, especially in
ranges ensure that all relevant reaction conditions, i.e., from the cold VieW Of the high internal energy of the intermediates. We therefore
low-pressure conditions inside dark stellar clouds, over high-pressure °Pt€d not to characterize all rotamers of each isomer; rather, we
combustion systems, to very high temperature conditions in the outflow 'dentified the harmonic vibrational modes in the quantum chemical
of carbon stars, are considered and can be adequately described in thf€auency analysis corresponding to such internal rotations, and wil

later RRKM calculationg?* (45) Pople, J. A.; Head-Gordon M.; RaghavachariJKChem. Physl987, 87,
The geometry optimizations were first performed using the 6-31G(d) 5968. _ _ _
basis set. The harmonic vibrational frequencies, evaluated analytically, (*6) ;gggvllelsz, %1%6?2?&35:{1)& Wermer, HaJChem. Physl993 99, 5219;
identified all stationary points as minima or transition states. The (47) Watts, J. D.; Gauss, J.; Bartlett, R.JJ.Chem. Phys1993 98, 8718.
imizati i (48) MOLPRO is a package of ab initio programs written by H.-J. Werner and
geometry Optlmlza.ltlon was thgn repeatt_ed for most s_tryctures using the P. J. Knowles, with contributions from Amos, R. D.; Bernhardsson, A.;
6-311+G(d,p) basis set. Relative energies for the minima and TSs are Berning, A.; Celani, P.; Cooper, D. L.; Deegan, M. J. O.; Dobbyn, A. J.;
listed in Table 1. The convergence of the B3LYP-DFT results with I\E/ICi?\lerth FI H&émgelMC.;tl)-!etéekGi\:AKoron\?\} TM Llndf'\l/i Ré: Ll\llqylgly A. VX.;
. . . . cNicholas, S. J.; Manby, F. R.; Meyer, W.; Mura, M. E.; Nicklass, A.;
respect to the basis set is quite goqd, as the average difference between Palmieri, P.- Pitzer, R.. Rauhut, G.. SthuM.: Stoll., H.: Stone. A, J.:
the 6-31G(d) and 6-31G(d,p) relative energies for the 68 character- Tarroni, R., and Thorsteinsson, T., version 2000.1.
ized intermediates is 5.8 kJ mél As can be expected, the average (49) 623”588452-2%-?1(038”25"951 C. A; Gill, P. M. W.; Pople, JChem. Phys.
(50) Durant, J. LChem. Phys. Lettl996 256, 595.

(42) Becke, A. DJ. Chem. Phys1992 97, 9173. (51) Lynch, B. J.; Truhlar, D. GJ. Phys. Chem. 2001, 105, 2936.

(43) Lee, A.; Yang, W.; Parr, R. Ghys. Re. B 1988 37, 785. (52) Basch, H.; Hoz, SJ. Phys. Cheml1997, 101, 4416.

(44) Gaussian 98, revision A.5: Frisch, M. J., et al., Gaussian Inc., Pittsburgh, (53) Nguyen, M. T.; Creve, S.; Vanquickenborne, L.J5Chem. Phys1996
PA, 1998. 105, 1922.
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Table 1. ZPE-Corrected Relative Energies Relative to That of Indan-1-yl (RAD23) for the [CgHg] Potential Energy Surface?

Erel Ere\ Erel Ere\
compd kJ mol~%) compd (kJ mol™Y) compd kJ mol~%) compd (kJ mol™Y)
phenyl+ propyne 281.9 RAD47 359.3 tsfpropyne benzené-2-propynyl 293.9 tsrad18rad59 325.1
phenyl+ allene 274.6 RAD48 479.6 tsrad®h+-propyne 299.0 tsrad18rad60syn 305.4
Ph+ cyclo-GH, 384.4 RAD49 460.6 tsradPhCCCH+H 284.0 tsrad18rad60anti 308.0
benzenet 2-propynyl 199.4 RAD50 251.7 tsradRBhCHCCH-+H 281.5 tsrad19PhcycGH,4 393.4
PhCHCCH+ H 276.2 RAD51 237.0 tsradlrad2 141.3 tsrad198hcycGH;-A+H 385.2
PhCCCH +H 269.9 RAD52 3115 tsradlrad5 321.2 tsrad198hcycGH;-B+H 400.9
(elimination ofsynH)
PhCCH+ CH;s 225.9 RAD47 359.3 tsradlrad9 297.8 tsrad18rad59 325.1
PhcycGH3-A+H 364.7 RAD53 197.5 tsradPhCCCH+H 284.2 tsrad19syrPhcycGHs-B+H 405.2
(elimination ofanti-H)
PhcycGH3-B+H 386.8 RAD54 290.4 tsradPhCHCCH-+H 280.9 tsrad19antPhcycGH;-A+H 385.2
PhCHCCH+ H 311.0 RAD55 277.2 tsrad2rad8 291.3 tsrad19dticycGHz-B+H 400.9
(elimination ofsynH)
PhC(CH3)C + H 491.1 RAD56 398.4 tsrad2rad10 242.8 tsrad194attcycGH; B+H 405.2
(elimination ofanti-H)
PhC(H)G + CH;s 452.% RAD57 474.3 tsrad2rad27 269.4 tsrad19synanti 185.2
C;H; + PhCH, 201.8 RAD59 309.3 tsrad2rad31 249.2 tsrad2fH,+PhCH, 258.3
PAH1+H 374.8 RADG60syn 154.7 tsradBhCCH+-CH;s 283.2 tsrad20PhCH,CCH+H 326.4
indene+ H (PAH2 + H) 175.5 RADG60anti 189.8 tsrad3rad4 167.6 tsrad20rad21 216.7
PAH3+H 315.8 RAD61 364.8 tsrad3rad13 252.2 tsrad21rad22 219.0
PAH4+ H 649.2 RADG62 230.6 tsrad3rad14 278.6 tsrad21rad24 231.7
PAH7 + H 297.5 RADG63 5152  tsrad3rad3l 251.8 tsradZ@denetH 185.2
PAH8+ H 445.4 RADG64 352.8 tsrad4Ph+propyne 310.1 tsrad22rad23 191.7
PAH9+H 264.1 RAD66 307.5 tsrad4rad5 371.7 tsrad@@enet-H 175.5
PAH10+ CH3 331.5 RAD67 307.5 tsrad4rad6 302.0 tsrad?BH9+H 266.9
PAH11+ H 292.5 RAD68syn 236.5 tsradBhCCCH+H 276.6 tsrad23rad35 262.4
PAH12+ H 437.5 RADG68anti 216.0 tsradBPhCCHt-CH; 253.9 tsrad23rad36 163.7
PAH14+ H 386.2 RAD70 289.4 tsrad5rad8 297.6 tsrad23rad65 361.4
RAD1 132.0 tsrad5rad10 336.3 tsradPAH7+H 314.6
RAD2 122.8 tsrad5rad12 339.7 tsrad24rad25 335.1
RAD3 153.4 tsrad6Ph+allene 301.9 tsrad24rad26 323.9
RAD4 155.9 tsrad6rad7 223.6 tsrad24rad28 305.7
RAD5 100.3 tsrad6rad13 218.2 tsrad24rad45 195.4
RAD6 51.7 tsrad6rad29 208.3 tsradPAH7+H 320.6
RAD7 125.0 tsrad6rad33 237.6 tsradPAH8+H_syn 443.8
RADS8 17.9 tsrad7ZPhcycGHs-A+H 369.P tsrad25 PAHS8+H_anti 4478
RAD9 34.8 tsrad7rad19 343.9 tsrad25rad33 385.3
RAD10 1445 tsrad8PhCHCCH-+H 284.9 tsrad25rad34 376.2
RAD11 148.6 tsrad8rad9 66.5 tsrad25rad40syn 435.8
RAD12 150.6 tsrad8rad19 235.9 tsrad25rad40anti 441.7
RAD13 153.9 tsrad8rad20 304.4 tsrad25rad68syn 418.4
RAD14 212.1 tsrad8rad21 314.6 tsrad25rad68anti 418.4
RAD15 83.9 tsrad9PhCHCCH+H 284.9 tsrad25rad70 364.3
RAD16 344.4 tsrad9rad1l 295.5 tsrad2BAH1+H 379.7
RAD17 461.6 tsrad9rad12 177.3 tsrad2BAH10+CHz 354.4
RAD18 118.9 tsrad9rad15 177.0 tsrad26rad27 370.3
RAD19syn 180.4 tsrad9rad19 232.4 tsrad26rad28 313.2
RAD19anti 183.1 tsrad9rad21 314.9 tsrad26rad37 311.4
RAD20 168.4 tsrad10rad26 272.6 tsrad26rad38 338.6
RAD21 173.1 tsrad1IPh+allene 2914 tsrad26rad61 411.6
RAD22 42.3 tsrad1IPhCHCCH+H 289.8 tsrad27PAH1+H 383.2
RAD23 (indan-1-yl) 0.0 tsrad1PhCHCCH+H 317.0 tsrad27PAH8+H 4428
RAD24 164.0 tsrad11lrad20 349.7 tsrad27rad40anti 431.7
RAD25 2158 tsradllrad21 247.8 tsrad27rad40syn 431.5
RAD26 130.6 tsrad1lrad25 276.5 tsrad27rad41 382.7
RAD27 209.4 tsrad11lrad29 235.1 tsrad27rad43 350.8
RAD28 114.2 tsrad12rad26 298.3 tsradP@H1+H 375.4
RAD29 208.4 tsrad13rad28 271.5 tsradP@H7+H 299.3
RAD30 68.6 tsrad14PAH1+H 384.5 tsrad28rad39 300.5
RAD31 242.9 tsradl4rad27 392.7 tsrad28rad64 400.1
RAD32 815 tsrad14rad28 366.2 tsrad29rad49 486.9
RAD33 190.9 tsrad14rad33 553.4 tsradB@enetH 187.6
RAD34 179.5 tsrad14rad42 381.5 tsrad31rad48 498.2
RAD35 186.8 tsrad14rad62 354.6 tsradBAH7+H 315.3
RAD36 66.0 tsradl5ndenetH 194.5 tsrad33rad53 397.4
RAD37 320.2 tsrad15rad18 278.6 tsrad33rad54 350.4
RAD38 251.4 tsrad15rad35syn 310.6 tsrad33rad55 365.8
RAD39 236.5 tsrad15rad35anti 315.0 tsrad33rad56 415.2
RAD40anti 307.4 tsrad15rad67 311.8 tsrad36rad38 268.3
RADA40syn 303.9 tsradléhdenetH 203.4 tsrad36rad45 71.9
RAD41 245.2 tsrad18AH3+H 328.7 tsrad36rad47 373.6
RAD42 247.7 tsrad18rad20 221.5 tsrad36rad51 354.5
RAD43 230.0 tsrad18rad22 223.8 tsrad36rad52 342.1
RAD44 500.1 tsrad18rad30 272.1 tsrad39rad45 347.4
RAD45 59.8 tsrad18rad35syn 318.9 tsrad45rad46 286.5
RAD46 218.2 tsrad18rad35anti 327.4 tsrad45rad47 371.7

aSee Figures 1 and 2 for labeling, and the Supporting Information for absolute energetic data and more infdr@atotated using the B3LYP-

DFT/6-31G(d) energy.
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Table 2. Energies (hartrees) of the Entrance Transition States at Different Levels of Theory (Single-Point Calculations on B3LYP-DFT
Geometries)?

B3LYP-DFT/ 6-31G(d)" B3LYP-DFT/ 6-31G(d) B3LYP-DFT/ 6-311+G(d,p)’
UQCISD(T)/ 6-311G(d,p)° UCCSD(T)/6 -311G(d,p)° RCCSD(T)/6 -311G(d,p)°
structure energy Ee energy Eel energy Ee
phenyl+ propyne —347.32673 0.0 —347.32577 0.0 —347.32826 0.0
tsrad1 Ph+propyne —347.32207 13.3 —347.32072 14.3 —347.32300 145
tsrad4 Ph+propyne —347.32026 18.4 —347.31879 19.7 —347.32131 19.4
TS H abstractioh —347.31494 20.5 —347.31374 21.1 —347.31626 21.4

aE. are the ZPE-corrected relative energies (kJHolsing the vibrational wavenumbers obtained at the same level of theory as the geometry optimization.
b Geometry and ZPE Single-point method? Phenyl+ propyne— benzenet 2-propynyl.

treat these modes with a more appropriate model for describing hinderedMaster equation calculatiotfperformed at a very wide range
internal rotors. _ o _ of temperatures and pressures served to identify the intermedi-

Some of the dissociation pathways (e.g., tsrad&Benet-H) do not ates through which the reactive flux is negligibly small. These
have an exit barrier and therefore cannot be described by conventionaliytermediates are frozen, as indicated by ar tn Figure 1,
tre|1n3|t|on-stt§te mOdelslm ﬂ']re tlx(lmel“c Ca'g“'a“f?”s- Ra_tht_er, trl“:se tba”"tand no effort was done to investigate further reactions of these
erless reactions (see also Ta € ) need a microvariationa’ reatment, oo giates. The aim was to predict 99% of the product
in which the energy-dependent internal-states-minimum bottleneck for . . .

formation correctly; i.e., only 1% of the reactive flux ends up

reaction is found on the basis of an optimization using the complete "~ ) o .
description of the molecular properties, i.e., rovibrational data and the @S ‘frozen intermediate”. Note that the current selection of frozen

potential energy profile along the reaction coordinate. Similar to earlier intermediates is only valid for the phenyl propyne reaction;
work on barrierless reactiofi$5s this can be done by a number of if @ different entry point into the [¢Hg] PES is taken, it may
constrained optimizations at varying-€1 bond lengths, followed by be necessary to take the reactions of some of the currently frozen
a frequency analysis on each point, which obviously is computationally intermediates into account. It should be stressed that this paper
very demanding. Fortunately, all but one of the barrierless exit channels does not involve a detailed, quantitative account of the reaction
are quite high in energy and therefore probably carry a negligible kinetics of this reaction; the RRKM-ME results given here can
reaction flux. For these TSs we optimized only one point along the pa \1sed to provide some qualitative insight into the complex
reaction coordinate, for a-€H bond length between 2.0 and 2.5 A mechanism, identifying the most important reactions, intermedi-
(see the Supporting Information), and used the corresponding data to . .

ates, and products, which are discussed below, and to ensure

calculate the rate constants. The energy-specific rate coefficients hat th hemical ch . fficientl
obtained in this manner alwajoverestimate the rate coefficients that that the quantum chemical characterization spans a sufficiently

would be obtained in a complete microvariational treatment to identify 1argeé part of the PES to allow later quantitative theoretical-

the true bottleneck for reaction; hence, if the reaction flux is negligible Kinetic calculations for all relevant reaction conditions.

using this one-point approximation, it should be even more soinafull  Occasionally, the B3LYP/6-31G(d) calculations showed that

microvariational treatment. For tsrad28denetH, which carries a some transition states were much too high in energy to compete,

signifi_cant re_action flux, we did perform const_rained geometry opti- o that the product of a reaction was too high in energy for the

mizations at intervals of 0.1 A along the reaction cqordlnate, up 10 @ Tgtg he competitive; in these cases (indicated by dashed arrows

C—H bond length of 4 A, and calculated the frequencies for each point, in Figure 1) no further calculations were done on the reaction

projecting out the reaction coordinate mode to avoid mixing with the . . o

vibrational modes. path. We include our rationalization for each of these structures
in the Supporting Information.

1. Results and Discussion A. Initial Reaction of Phenyl with Propyne. Three pathways
The ZPE-corrected relative energies of the reactants, products@'® accessible for the initial reaction of phenyl with propyne:
intermediates, and transition states relevant for the phenyl two addition reactions on the carbons on either side of the triple
propyne reaction are listed in Table 1. The reaction scheme isPond, and a hydrogen transfer from propyne to phenyl. The H
depicted in Figure 1, while a simplified version of the PES transfer of a methyl hydrogen proceeds over a barrier of 21 kJ
showing only the reaction pathways leading to the most Mol * (average of the ZPE-corrected QCISD(T) and CCSD(T)
important products is shown in Figure 2. The complete set of 'esults in Table 2), forming 2-propynyl and benzene with a

quantum chemical data may be found in the Supporting reaction exogrgmty of 82.5 kJ midl. Hydrogen abstraction of.
Information, including the Lewis structure representations of the acetylenic hydrogen can be neglected under all reaction
all intermediates; the most importangtG isomers and reaction ~ conditions: 1-propynyl (CCCh} is 181 kJ mof* less stable
pathways are depicted in Figure 2. The intermediates are labelednan 2-propynyk* such that this reaction is strongly endoergic
as RADX, with x an ordinal number, while the transition states Y about 100 kJ mof and therefore not competitive. Addition
are named after the two minima connectedxytsonnects of phenyl to thg outer acetylenic carbon in propyne, Ieading to
intermediatex with intermediate/produgt Dissociated reaction ~ radical RADL, is the most favorable route energetically, with a
products containing a bicyclic structure are labeled as RAH barrier of 14 kJ moal (Table 2). Note that isomerization
with x an ordinal number, irrespective of whether the bicyclic Petween RAD1 and RAD2 (th&- and E-conformers of the
structure is actually aromatic. As already mentioned, only the initial adduct) via tsrad1rad2 always is a rapid process due to

kinetically important part of the PES was characterized. RRKM- the excess internal energy available in the adduct imparted by
the reaction exoergicity and to the low isomerization barrier

(54) Vereecken, L.; Pierloot, K.; Peeters,JJ.Chem. Phys1998 108 1068. (less than 20 kJ mot). The ratio RAD1/RAD2 will therefore

(55) Vereecken, L.; Peeters,J.Phys. Chem. A999 103 5523. ; ; libri i

(56) Holbrook, K.; Pilling, M.; Robertson, $Inimolecular Reaction2nd ed.; a'WaYS gO. to a microcanonical equ"'t_’”um' So that ex_phc_lt
Wiley: New York; 1996. consideration of the conformer formed in the initial reaction is
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: TS is t00 high (see Supporting information)

raaction sequence for indena+H formation {See Figurs 2)

Barrierless reaction path
Pathway not i

€3 Pathway not characterized

€34 Pathways to other structures not included here

«——> Reaction proceeding over regular TS
Imerpgaiate Frozen intermediate

€=> Main
G
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Figure 1. Reaction scheme for the phenyl propyne reaction.
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Figure 2. Selected reactions of the activated intermediates in the pherylopyne reaction, showing formation of indereH, as well as the most
important other dissociation channels to PhCGEGHH, PhCHCCH + H, and PhCCHt CHjs. The reactions in this scheme are not sufficient for accurate
kinetic analysis of the phenyt propyne reaction. The energies are the ZPE-corrected B3LYP-DFT/6Q3(d,p) data, except for the entrance channels,
which are based on Table 2.

not needed. Addition to the central carbon of propyne via of the product distribution of this reaction. As most of the side

tsrad4 Ph+propyne has a slightly higher entrance barrier of 19 channels leave the activated molecules no egress, they must

kJ moi™t, similar in height to the hydrogen abstraction. Again, return to the main channel by one pathway or another. These

the Z- andE-conformers of the adduct, RAD4 and RAD3, can side steps affect the lifetime of the intermediate and the number

quickly interconvert through tsrad3rad4. of times it passes through an isomeric state that allows disso-
The relative barrier heights for the three entrance channelsciation through a low-lying exit channel.

suggest that tsradPh+propyne will be the most favorable The first interesting isomerization is the RAB2 RAD31

transition state at lower temperatures. At higher temperatures,< RAD3 sequence, a phenyl shift which allows interconversion

the other two channels will increase in importance, but since of the initial adducts formed in the two addition channels.

the difference in energy with the lowest TS is fairly small, less

than 10 kJ mol?, the relative rigidity of the transition states Ph ﬁ[ u CHs
will also affect the temperature at which the other entrance C=C ~— =
channels become competitive with tsra@h+-propyne. Tun- Hooom C Ph
neling could be an important contributor to the H-transfer H’C:C‘Cm
reaction rates at low to intermediate temperatures. RAD2 RAD31 RAD3
More exotic reaction channels, such ag2$ike Ph/H sub-
stitution reactions leading directly to Ph@ECH + H, all Because of the delocalization of the free electron over the
have much higher barriers to reaction, and need not be benzene ring, the transition states are fairly low in energy, about
considered. 30 kJ mot? below the competing dissociation channels. At
B. Unimolecular Reactions of the Activated Intermediates. higher temperatures, where the initial adducts have a substantial

Preliminary RRKM-ME calculatior® show that, especially at ~ amount of internal energy, reaction over the tight isomerization
lower temperatures, most, if not all, of the activated adducts transition states must compete with the dissociation channels,
leave the direct route from initial adduct to product at some which involve higher energy but looser transition states. This
point during their lifetime and venture into the less important will be discussed later. A hydrogen or methyl shift connecting
parts of the PES, only to return to the main reaction channels RAD1/RAD2 and RAD3/RAD4 through RADS (see Figure 1)
later. Due to the complexity of the reaction surface, not all of is energetically much more difficult than the phenyl shift, even
these isomerization pathways can be discussed in detail, so wghough intermediate RADS5 itself is quite stable, lying 30 kJ
will focus here mainly on the most important product formation mol~* below RAD1.

pathways. These main pathways are shown in the simplified

PES, as depicted in Figure 2. These are only the most important PhiczchHsHPhJ@chH} -~ ,‘c:c\’CH3
channels; consideration of the full PES is necessary to properly H H H  Phn
describe the quantitative temperature and pressure dependence RAD1 RAD5 RAD4
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Most of this stability of RADS is due to the delocalization

of the unpaired electron in the conjugated system spanning the

benzener-system and the radical p-orbital of the unsubstituted
carbon; this requires a perpendicular orientation of the phenyl
group with respect to the double bond. Such delocalization is
absent in the transition states for H or for £€bhift, which

penalizes these TSs energetically and renders them of little

importance kinetically compared to the phenyl shift: the highest
transition state in the sequence RAB% RAD5 < RAD4,
tsrad4rad5, is about 120 kJ mélabove the highest transition
state when going over RAD31.

There are a number of dissociation transition states starting

from the initial adducts RAD1, RAD2, RAD3, and RAD4, all
about 20 kJ moi' below the entrance transition states (see

Figure 2). These lead to substituted acetylenes or allenes:

PhCCCH + H, PhCHCCH + H, and PhCCH+ CHs. The
dissociation transition states are fairly loose, and will be the

main exit channels at higher temperatures. At low temperatures,

9 o 8R Ay B8

however, the adducts have less internal energy, and reactio
through the tighter but energetically more favorable isomeriza-
tion transition states will be competitive.

H CH3 .
H CH c=C’ H CHz
=€ e TN o=
Ph @ H Ph
RAD3 RAD13 RAD6

Formation of RAD13 from RAD3 is the most important of

2 CH2

C—C
Hy H

3-8-8-

RAD21 RAD22  RAD23 Indene

Once RAD21 is formed, the reaction proceeds mainly by
facile ring closure to RAD22 followed either by direct dissocia-
tion into indene+ H or by isomerization to RAD23 and
subsequent dissociation into indere H. The exit channel
leading to indene is accessible to all chemically activated
intermedates formed in the initial reaction, as all isomerization
TSs and the dissociation transition state are below the energy
level of the reactants P# CH3;CCH. About a quarter of the
intermediates follow a side channel RAD2t RAD24 <
RAD45 < RAD36 < RAD23 (see Figure 2) but still dissociate

to indene+ H.

I
H

RAD21 RAD24 RAD45 RAD36 RAD23 Indene

Dissociation of the planar RAD23 (indan-1-yl), the most
stable GHy intermediate characterized, to the aromatic indene
+ H product proceeds without exit barrier; the evolution of
energy, moments of inertia, and vibrational wavenumbers along
the reaction coordinate was obtained as outlined in the Meth-

these competing isomerization channels, tsrad3rad13 is aboubdology Section. The detailed numerical results and some graph-

as high as those in the RAD2 RAD31 < RAD3 sequence,
followed by isomerization of RAD13 to the low-lying RAD6
intermediate, which is strongly stabilized by allyl-type reso-
nance. Direct isomerization of RAD4 to RADG is less likely
due to the high barrier, with tsrad4rad6 similar in energy to the

ical representations may be found in the Supporting Information.
C. Additional Reaction Channels.A large number of the
pathways depicted in Figure 1 carry only a small percentage of
the reaction flux of the phenyt propyne reaction; therefore,
these are less important in describing the reaction. However,

entrance transition states. There are also a large number of sidghe PES characterized here will also be used in the theoretical-

channels, leading to bicyclic [4.2.0] structures such as RAD14,
RAD27, RAD33, ..., but the hydrogen elimination exit channels

from these intermediates lead to nonaromatic or even antiaro-

matic [4.2.0] bicyclic structures (H PAH1, PAH8, PAH10,
PAH12, ...) that therefore are energetically not accessible.
(Nearly) all intermediates that venture into this part of the PES
will return to the isomeric forms of the main reaction sequence
outlined above. The RAD6> RAD29 < RAD11 reaction
sequence, essentially a phenyl shift, followed by a hydrogen
shift to RAD21, is crucial for the low-temperature product
distribution of the pheny- propyne reaction, since it is among
the most energy demanding steps in the formation of indene
H (see Figure 2).

. o .
L H e Q CH>
H

H\

C=C

L= C H .C—C

H Ph Hr(-C, B 4
H CH

RAD6 RAD29 RAD11 RAD21

The rate-limiting step for this sequence, transition state
tsradl1lrad21, is 51 kJ mdlbelow the entrance transition state
tsrad1l Ph+propyne. Note that both RAD6 and RAD11 can
dissociate into phenyt allene, though the high exit barriers
make these less important exit channels.
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kinetic study of other reactions proceeding over the-H{ PES,

e.g., phenyh- allene, phenyit cyclo-GHa, and PhCH+ CoHo,
where it is possible that reaction channels less important in the
phenyl+ propyne reaction become accessible.

The reaction of phenyl with cyclopropene will form the
RAD19 intermediate initially (both syn- and anti-conformers
were characterized). This should break the three-membered ring
easily since the barrier to form the resonance-stabilized RAD8
and RAD9 intermediates is only 60 kJ mél Formation of
substituted cyclopropenes from RAD19 through barrierless
reactions cannot compete with the ring opening. The barrier
for interconversion of theZ- and E-conformers RAD9 and
RADS is only 30-50 kJ mot, such that explicit consideration
of the syn- or anti-forms in the preceding reactions is of less
importance due to rapid instatement of a microcanonical
equilibrium. The energy released by the breaking of the three-
membered ring permits rapid ring closure to RAD15, a bicyclic
[4.3.0] structure that can subsequently dissociate to indene
H. Some isomerization to other bicyclic [4.3.0] structures might
occur, but all low-energy pathways ultimately lead to dissocia-
tion and indenet H as the reaction products.

The PhCH + C,H; reaction leads to RAD20, which can
either undergo an H shift leading to RAD11 or RAD21
(intermediates that were discussed earlier) or undergo ring
closure to RAD18. The most likely dissociation channel for all
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of these intermediates is the formation of indehéd, even if energetically accessible to all initially formedidy intermedi-
some isomerization to othergBy isomers occurs prior to  ates, phenyh CsHy is potentially a direct source of bicyclic
dissociation. hydrocarbons at all temperatures. Other possible products of

this reaction are substituted acetylenes and allenes, and stabilized
CyHg radicals at higher pressures. The exact product distribution
Three reaction channels have been identified for the phenyl will obviously depend on temperature and pressure, but each
+ propyne reaction: two addition reactions, one on each of of these compounds is interesting in its own respect in the
the two acetylenic carbons, and a hydrogen abstraction leadingcontext of PAH growth, as the reactive, unsaturated tail con-
directly to benzenet 2-propynyl (propargyl). The reaction of  nected to the phenyl group allows for facile subsequent addition
phenyl radicals with propyne proceeds over a complex PES, reactions, possibly followed by ring closure. The (possible)
which has been characterized here at the B3LYP-DFT level of presence of aliphatic hydrogens, which have weaker bonds than
theory for application in future theoretical-kinetic studfesn olefinic hydrogens, can facilitate similar further reactions
the reaction rate and the product distribution. Higher level initiated by H abstraction.
quantum chemical computations have been performed on the From this, we conclude that the addition of aromatic radical
entrance transition states and the reactants to allow for a moreynits to unsaturated, nonacetylene hydrocarbons has the potential
reliable prediCtiOﬂ of the absolute rate coefficient of phehyl to be an important channel for PAH growth’ Supp|ementing the
propyne. Reaction channels leading to substituted acetylenesate of PAH growth through the traditional, acetylene-based
and allenes, including PhCCH, PhCCg&Hind PhCHCCHh reaction mechanisms. The addition of the aromatic radicals to
have also been characterized. The lowest energy pathway,nsaturated molecules bearing an odd number of carbons could
however, leads to the aromatic bicyclic indene, a prototype PAH |ead to the direct formation of polycyclic hydrocarbons contain-
molecule Containing a five-membered ring. The formation of |ng five-membered rings' The potentia] energy surface as
indene starting from RAD1 as formed in the energetically most calculated for the phenyt propyne reaction indicates that the
favorable entrance channel requires a sequence of at least 1§athways leading to interesting reaction products can be very
isomerizations. The highest reaction barrier in this sequence iSComp|eXl even if they are energetically the most favorable,
60 kJ mot? below the lowest entrance barrier, such that this making the Study of these reactions a true Cha”enge_
pathway is accessible to all initially formed chemically activated
intermediates, even at the lowest temperatures. Acknowledgment. J.P. and L.V. thank the Fund for Scientific
While the importance of the pheny#t propyne and similar Research Flanders (FWO-Vlaanderen) and the KULeuven
reactions on PAH formation can only be assessed after theResearch Council (PDM and BOF Fund) for continuing support.
theoretical-kinetic calculations on rate coefficients and product H.F.B. thanks the Fonds der Chemischen Industrie for a Liebig
distributions have been completed, and these results have beefréllowship and Professor W. Sander for encouragement. The
incorporated into modeling studies, some important observationswork at the University of Georgia was supported by the U.S.
can already be made. The barrier to reaction for phenyl radicals Department of Energy Combustion and SciDAC research pro-
+ propyne is of a height comparable to that for other alkenes grams. The U.S. Department of Energy provided support in
and alkynes, such as acetylene, so it is expected that the ratéithens and at the Deutsche Forschungsgemeinschaft at Erlan-
coefficients of these reactions will be of similar order of géen.
magnitude. In combustion systems, acetylene is often present
in quite high concentrations, but contributions from a number
of unsaturated species with an odd number of carbons could
sum to a significant additional PAH-growth channel. For the
interstellar medium, where 88, species are among the most
abundant organic molecules observed, reactions of pheny!

IV. Conclusions

Supporting Information Available: Additional notes on the
quantum chemical calculations, including the treatment of the
barrierless reaction channels, Lewis structure representations for
the intermediates, and the complete set of DFT energies, point
jgroups, Cartesian coordinates, rotational constants, vibrational
wavenumbers, and ZPE corrections. This material is available

radicals with unsaturatedsB (x = 1-3) species similar to free of charge via the Internet at http://pubs.acs.org. It can also
the title reaction might outrun PAH-growth processes involving pe downloaded from the author's Web site (http://arrhenius.

acetylene, especially at very low temperatures where the reaction . .
t.y P y Y P chem.kuleuven.ac.be) or obtained directly from the author.
barriers for coreactants such as acetylene and propyne lead to

very slow reaction rates. As the formation of indeheH is JA017018+
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