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Theoretical and Experimental Studies of the Reaction of OH with Isoprene
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The structure and energetics for the reaction of ®k$oprene— adduct have been examined using ab initio
molecular orbital methods. The structure of each-H&dprene adduct was optimized using Becke’s three-
parameter hybrid method employing the LYP correction functional (B3LYP) with the 6-31G** basis set, and
using Mgller-Plesset correlation energy correction truncated at second-order (MP2) with both the 6-31G**
and the 6-311G** basis sets. Single-point energy calculations using fourth-order MRlésset perturbation
theory including single, double, triple, and quadruple excitations, as well as spin projection (PMP4(SDTQ))
with the 6-311G** basis set, were carried at these optimized geometries. The single-point energy was further
corrected with zero-point energy (ZPE) to assess the stability of thei€iprene adducts. At the PMP4-
(SDTQ)/6-311G**//IMP2/6-311G*+ AZPE level of theory addition of OH to the 1 and 4 carbons of isoprene
produces adducts which are 37.9 and 35.4 kcal f@kspectively) more stable than the OH and isoprene
reactants, while addition of OH to the 2 and 3 carbons results in adducts which are 25.6 and 24.2 Kcal mol
more stable than the reactants. Experimental detection of the products from the i®©dprene reaction

using a discharge-flow system coupled with a mass spectrometer shows evidence for the production of all
four possible adducts. These results suggest that each adduct is formed with nonnegligible yields, allowing
each to participate in subsequent steps in the OH-initiated oxidation of isoprene.

Introduction HOCH,C(CH,)CH=CH,+ O, + M —

The mechanism of the OH-initiated oxidation of isoprene (2- HOCH,C(G,)(CH;)CH=CH, + M (1b)
methyl-1,3-butadiene) has received a substantial amount of
attention in atmospheric chemistry2® Isoprene is one of the HOCH,C(O,)(CHy)CH=CH, + NO —
dominant hydrocarbons emitted into the atmosphere by vegeta- HOCH,C(O)(CH;)CH=CH, + NO, (2)
tion, and can contribute to urban and regional production of
ozone in the troposphere because of its high reactivity with the HOCH,C(O)(CH,;)CH=CH, —

hydroxyl r_adiqal (OH). A detail_ed knowlt_edg_e of the mecr_lanism CH,OH + CH,C(O)CH=CH, (3a)

of the oxidation of isoprene is essential in order to simulate

accurately urban and regional air quality. CH,OH + O, —~ HCHO + HO, (3b)
The OH-initiated oxidation of isoprene emissions in the

atmosphere proceeds primarily through addition of OH to the HO, + NO— OH + NO, 4)

carbon-carbon double bonds, leading to the production of four

hydroxyalkyl radicals (Figure 1). Addition of OH to the 1 or 4 NO, + hy — 0O+ NO (5a)

carbon of isoprene results in the formation of allylic radicals

with the unpaired electron delocalized over two radical centers. O0+0,+M—0O;+M (5b)

Each of these radicals leads to the formation of two different ) ) )

peroxy radicals depending on the position of theaddition. Reactions of each peroxy radical with NO and Iiely

As a result, the OH-initiated oxidation of isoprene leads to the "€Sults in the production of methyl vinyl ketone from OH
formation of six different peroxy radicals. Under polluted 2ddition to the 1 and 2 carbon of isoprene, methacrolein from
conditions characterized by high NO concentrations, these ©H addition to the 3 and 4 position, and carbonyl production

peroxy radicals are assumed to quickly react with NO to form from addition to the 1 and 4 positions (Figure'#)it has been
hydroperoxy radicals (H§), NO, ozone, and subsequent assumed that OH favors addition to the trisubstituted bond in

oxidation products (reactions—5 for example): isoprene (position 1 and 2p4 while there is experimental
evidence from the OH+ methyl vinyl ketone reaction that
_ _ . suggests that OH addition to the terminal (1 and 4) carbons is
OH + CH,;=C(CHCH=CH, + M favored 70% of the timé.
HOCH,C(CH;)CH=CH, + M (1a) There have been several experimental measurements of the
kinetics and mechanism of the OH-initiated oxidation of
* E-mail: psteven@indianaedu. Fax (812) 8557802. isoprene. These include absofutand relativé®**rate constant
*E-mail: zli@atmos.uiuc.edu. Fax: (217) 244-4393. measurements of the OHt isoprene reaction, and product
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Figure 1. Schematic mechanism of the OH-initiated oxidation of
isoprene.

studies of the oxidation mechanism in the presence of RG°

The product studies have identified and quantified the primary
products of the OH-initiated oxidation of isoprene to be methyl
vinyl ketone, methacrolein, and formaldehyde, with yields of
approximately 0.32 and 0.23 for methyl vinyl ketone and
methacrolein, respectively.However, there is still uncertainty
associated with the overall mechanism of the OH-initiated
oxidation of isoprene, as approximately 40% of the total carbon
oxidized in the mechanism has not been quantified, although
organic nitrates and hydroxycarbonyls have been identified in
recent studie$’18.20|n addition, recent ambient measurements
of methacrolein and methyl vinyl ketone in the remote tropo-
sphere were much lower than predicted, suggesting either a mor
efficient loss process for these molecules or a less efficient
formation processt

Despite the substantial and growing experimental database

on the OH-initiated oxidation of isoprene, there have been few
theoretical studies of this and other GHalkene reactions with
the exception of the reactions of OH with ethylene and
propene??231t is important to characterize the species from the
initial step of the isoprene oxidation in order to better understand
the subsequent oxidation process of isoprene in the atmospher

individual hydroxyalkyl radical adducts formed from the OH
+ isoprene reaction. The primary goal of this paper is to
examine the relative stability of each Glisoprene adduct to

determine theoretically the product channels that are the most

energetically stable. These theoretical results are used in

unimolecular rate theory to predict the rate constant for the OH
+ isoprene reaction at the low-pressure limit and compared to
experimental detection of the products from the @ksoprene
reaction.

Computational Methods

The computations were conducted using the HyperChem
and Gaussian 98 prograrffanitial geometry optimizations for
the species involved in the Ot isoprene— adduct reaction
were performed at the Hartre€&ock (HF) level of theory using

€
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basis set and using second-order MgHBtesset perturbation
theory (MP2) in conjunction with both the 6-31G** and
6-311G** basis sets. Frequencies for both reactants and products
were calculated at B3LYP/6-31G** level of theory. Single-point
energy calculations at the MP2/6-311G** optimized geometries
were calculated using fourth-order MghePlesset perturbation
theory including single, double, triple, and quadruple excitations,
and with spin projection (PMP4SDTQ) in conjunction with the
6-311G** basis set.

Experimental Methods

The products of the OH- isoprene reaction were measured
and identified at a pressure of-10 Torr using a discharge
flow system coupled with a mass spectrometer (DF/MS). The
details of the experimental system are described elsevifere.
OH radicals were produced using theHH,O reaction from a
microwave discharge of trace i helium through a movable
injector. OH radicals were detected using resonance fluorescence
techniques. Isoprene (Aldrich, 99%) was degassed by several
freeze-pump—thaw cycles before use and was detected with
the mass spectrometerrate = 68. The absolute concentration
of isoprene detected by the mass spectrometer was calibrated
by introducing measured flows of a known dilute isoprene
mixture into the flow system. The dilute mixtures were prepared
by vacuum distilling known aliquots of isoprene into a bulb
and then diluting with helium. Concentrations of isoprene and
products were measured by the mass spectrometer by continuous
sampling at the downstream end of the flow tube through a
two-stage differentially pumped beam inlet system.

Results and Discussion

Ab Initio Calculations . Figure 2 summarizes the optimized
geometry calculated at both the MP2/6-31G** and MP2/
6-311G** levels of theory for each of the Hsoprene adducts.
The geometry optimized at B3LYP/6-31G** level of theory for
each adduct is consistent with that optimized at MP2/6-31G**
level of theory with a difference of less than 1% in all bond
lengths and bond angles. The calculateebond lengths for
isoprene are in excellent agreement with experimentally deter-
mined values (E&C 1.340 A, CG-C 1.463 A, C-Cretny 1.512
A).27 Although there are two configurations (cis and trans) for
the isoprene molecule, the trans isomer is more stable than the
cis isomer?” Hence the OH addition to the trans isoprene has
been the primary focus of the present investigation. To check

. S ; &hat the trans structure of the carbon backbone of the adducts
This paper presents the results of ab initio calculations on the

was the most energetically stable isomer, we optimized a cis
configuration of adduct 2. It was found that at the MP2/
6-311G** level of theory, the cis configuration was only 1.5
kcal mol® less stable than the corresponding trans structure,
suggesting that the difference between the cis and trans forms
of the adducts is relatively small.

Addition of OH to any of the four positions does not
substantially affect the trans structure of the isoprene carbon
backbone (the CCC bond angles) or the structure of the methyl
group. However, comparing the structures of the adducts to
isoprene shows that addition of OH to each site changes the
C—C bonding characteristics of the system. Addition of OH to
the 1 carbon of isoprene (adduct 1) leads to a lengthening of
the C—C bond between carbons 1 and 2 by 0.151 A relative to
isoprene, reflecting an increasedcharacter of the €C bond
as electron density in thEl bond is transferred to the-€O

the 6-31G** basis set. The geometry of each adduct was furtherbond. A similar lengthening of the-©C bond between carbons

optimized using Becke’s three-parameter hybrid method em-
ploying the LYP correction functional (B3LYP) with 6-31G**

1 and 2 (0.150 A) is also predicted upon addition of OH to the
2 carbon of isoprene (adduct 2). Addition of OH to the number
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Figure 2. Optimized geometries at the MP2/6-31G** level of theory for isoprene and theibtiprene adducts.-©C and C-O bond lengths are
in angstroms, and €C—C angles are in degrees. Values in parentheses are computed at the MP2/6-311G** level of theory.

3 and number 4 carbon results in a lengthening of theCC adduct 2 (1.336 A), and between carbons 1 and 2 in adduct 3
bond between carbons 3 and 4 by 0.144 and 0.146 A, (1.341 A), are comparable to the corresponding bonds in
respectively. This again reflects the increasedharacter of isoprene (1.348 and 1.345 A respectively), reflecting significant
the bond resulting from the transfer of electron density from IT bonding character for these<C bonds. This suggests that
the IT bond to the newly formed €0 bond. the bonding characteristics of the terminal carbon pair in adducts

The C-C single bond between carbon 2 and 3 in isoprene 2 and 3 not involved in the OH addition is not significantly
(1.467 A) is lengthened by 0.047 and 0.052 A, respectively, affected upon adduct formation, and that the unpaired electron
upon OH addition in adducts 2 and 3. However, the length of in adducts 2 and 3 is localized on the terminal carbon adjacent
the terminal C-C double bond between carbons 3 and 4 in to the point of addition.
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TABLE 1: Total Energy (in hartrees) and Spin Eigenvalues for the OH + Isoprene — Adduct Reaction
species HF/6-31** MP2/6-3** MP2/6-311G**  MP4(SDT®) PMP4(SDTQ) S(MP2) B3LYP/6-31G** (B3LYP)

OH —75.38833 —75.534 38 —75.591 40 —75.607 14 —75.607 96 0.755 —75.72175 0.752
isoprene  —193.97092 —194.68363 —194.81663 —194.90466 —194.904 66 0 —195.322 54 0

adductl —269.40951 —270.27792 —270.46750 —270.56899 —270.579 09 0.945 —271.120 27 0.778
adduct2 —269.38065 —270.26613 —270.45666 —270.55599 —270.557 25 0.763 —271.091 67 0.754
adduct3 —269.38249 —270.26452 —270.45487 —270.55392 —270.55518 0.750 —271.092 35 0.754
adduct4 —269.40645 —270.27333 —270.46294 —270.56459 —270.57494 0.952 —271.11595 0.780

a Single-point calculation with 6-311G** basis set using the geometry optimized at MP2/6-311G** level.

TABLE 2: Calculated Frequencies (cnt!) and Zero-Point Energy at the B3LYP/6-31G** Level of Theory for the OH +
Isoprene — Adduct Reactior?

ZPE
species frequencies (c) experiment (cm?)? (kcal moft)
OH 3694 3735 5.3
isoprene 3249, 3242, 3167, 3157, 3150, 3133, 3097, 3092, 3020, 2988, 2978, 2956, 71.4

3092, 3039, 1720, 1670, 1516, 1495, 2928, 2910, 1638, 1603, 1466, 1425,
1471, 1443, 1423, 1339, 1332, 1095, 1422, 1414, 1388, 1303, 1291, 1069,
1076, 1035, 1016, 968, 930, 923, 796, 1034, 1012, 990, 953, 903, 891, 780,
789, 645, 535, 429, 408, 278, 206, 164 755, 622, 523, 412, 401, 288, 199, 153
adduct 1 3797, 3262, 3171, 3132, 3132, 3091, 80.5

3048, 3014, 2999, 1542, 1514, 1508,
1503, 1469, 1428, 1411, 1390, 1349,
1255, 1238, 1190, 1061, 1040, 1030%,
993, 979, 933, 786, 782, 605, 550, 459,
392, 342, 292, 277, 191, 101, 70
adduct 2 3788, 3271, 3250, 3166, 3159, 3146, 3138, 79.1
3134, 3051, 1723, 1504, 1496, 1462, 1444,
1402, 1336, 1321, 1256, 1201, 1047, 1041~
1030, 990, 959, 954, 890, 741, 703, 579, 528,
435, 417, 379, 320, 302, 287, 248, 126, 117
adduct 3 3807, 3922, 3228, 3175, 3146, 3134, 3101, 3042, 79.2
2938, 1724, 1511, 1486, 1461, 1459, 1415, 1391,
1320, 1292, 1241, 1115*, 1075, 1063, 1027, 970,
932, 893, 801, 749, 585, 561, 461, 421, 363, 350,
265, 226, 173, 105, 77
adduct 4 3801, 3255, 3164, 3158, 3132, 3102, 3046, 3036, 80.4
3004, 1536, 1515, 1511, 1498, 1476, 1433, 1409,
1388, 1356, 1279, 1192, 1144, 1060, 1046*, 1033,
1001, 927, 840, 796, 743, 569, 517, 492, 466, 376,
353, 237, 145, 135, 58

a An asterisk ) indicates vibration with identifiable CO stretching componérExperimental values from refs 27 and 28.

Unlike adducts 2 and 3, the-cC bond length between carbon  either geometry or frequencies of adducts 1 and 4 since these
2 and 3 for adducts 1 and 4 (1.382 and 1.385 A respectively) parameters are found to be consistent with that calculated at
is shorter than that in isoprene, reflecting significBinbonding B3LYP/6-31G** level of theory, in which the values & are
character. In addition, the-&C double bond between carbons 0.778 and 0.780, respectively. The valueSbtalculated after
3 and 4 in adduct 1 (1.378 A) and between carbons 1 and 2 inspin projection for adducts 1 and 4 were 0.757 and 0.758,
adduct 4 (1.376 A) are slightly larger than the corresponding suggesting that spin contamination of these wave functions is
bonds in isoprene, but similar to the bond length between essentially removed after the spin projection.
carbons 2 and 3 of both adducts. These bond lengths are between Frequencies for all reactants and adducts were computed at
the typical bond lengths for & bond and al bond and are both MP2/6-311G** and B3LYP/6-31G** levels of theory.
consistent with significanfl bonding character between the While there was no substantial difference in the calculated
terminal three carbons in adducts 1 and 4. This strongly suggestsrequencies at these levels of theory, it was found that the
that the unpaired electron resulting from addition of OH to the frequencies computed at B3LYP/6-31G** level of theory are
terminal carbons is indeed delocalized in a resonance structurein better agreement with the available experimental values for
between the three terminal carbons, consistent with the allylic both OH and isoprene. Thus, we choose to use frequencies
nature of these radicals. calculated at the B3LYP/6-31G** level for zero-point energy

The total energy along with the spin eigenvalue®) ( (ZPE) computation. Table 2 lists the calculated vibrational
associated with the optimized geometries for OH, isoprene, andfrequencies and zero-point energy at the B3LYP/6-31G** level
each HO-isoprene adduct is listed in Table 1. Contamination of theory for OH, isoprene, and each adduct. The absence of
of the unrestricted Hartred=ock wave function from higher  any imaginary frequencies confirms that the optimized geometry
spin states is minimal for OH and adducts 2 and 3, as the for each adduct is a local minimum on the potential energy
expected value fof for each of these species is close to the surface. At this level of theory, the calculated frequencies for
exact value of 0.750 for a pure doublet. However, the calculated OH and isoprene are within 10% of the experimental vatié%.
values of% for adducts 1 and 4 (0.945 and 0.952, respectively)  Our calculated results show that the vibrations within each
at the MP2 level of theory show significant spin contamination. HO—isoprene adduct are highly coupled with each other. This
The spin contamination does not seem to significantly affect makes frequency assignments of the individual modes difficult.
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TABLE 3: Relative Energetics (in kcal mol~) of the OH +
Isoprene — Adduct Reaction

level of theory adductl adduct2 adduct3 adduct4
HF/6-31G** -315 —-13.4 —14.6 —29.6
MP2/6-31G** —37.6 —30.2 —29.2 —34.7
MP2/6-311G** -37.3 -30.5 —29.4 —34.3
MP4(SDTQ}¥ —35.9 —27.7 —26.4 —-33.1
PMP4(SDTQ) —41.7 —28.0 —26.7 —39.1
B3LYP/6-31G** —47.7 —29.7 —30.2 —45.0
AZPE 3.8 2.4 2.5 3.7
PMP4 wAZPE -37.9 —25.6 —24.2 —35.4

a Single-point calculation with 6-311G** basis set using the geometry
optimized at MP2/6-311G** level.

The vibration with a dominant €0 stretching component in
each adduct is identified and labeled in Table 2. TheCC
stretching frequency of the HE&soprene adducts are predicted
to be 1036-1115 cn1?, a frequency range comparable to the
typical C—O stretching for alcohol compounds such as
CH3OH (1034 cn! for CH3OH).2° Note that this vibrational
mode is highly coupled to other motions in each adduct, which
explains why the OHt isoprene reaction has reached its high-
pressure limit at pressures as low as 2 Tarhe highly coupled
nature of these vibrations allows the critical energy resulting
from the OH addition to be easily distributed across a number
of vibrational modes of the adduct, which quickly stablilizes
the energized adduct without many third-body collisions. Finally,

it can be seen from Table 2 that the ZPE for each adduct is

very similar.

Table 3 lists the relative energetics computed at each level

of theory for the OH+ isoprene reaction. Although calculations
at both B3LYP and the PMP4(SDTQ)/6-311G**//MP2/
6-311G** levels predict a exothermic process for the addition
of OH to isoprene, we choose to use the PMP4(SDTQ)/
6-311G**//MP2/6-311G** result for the best estimate of the
thermodynamic properties of the OH isoprene system since
the B3LYP method uses semiempirical coefficielit#t the
PMP4(SDTQ)/6-311G**/[MP2/6-311G**+ AZPE level of

theory, adduct 1 is predicted to be the most stable among the

four OH—isoprene complexes examined, with a calculated
stability of —37.9 kcal mot! relative to the reactants. Adduct
4 is slightly less stable than adduct-235.4 kcal mot?), while
adducts 2 and 3+25.6 and —24.2 kcal mot?) are ap-
proximately 13 kcal mol* less stable than adduct 1. This order
of stability (adducts 1, 4, 2, 3) is not dependent on the level of
theories applied in this study except at the HF and the B3LYP
level, where the relative stabilities of adducts 2 and 3 are
reversed. This implies that electron correlation is important in
determining the absolute stability of the H@&oprene adducts.
Spin projection is also important in evaluating the stability of

J. Phys. Chem. A, Vol. 104, No. 25, 2008993

and addition to the 2 position is more stable than addition to
the 3 position.

Calculation of the Low-Pressure Limiting Rate Constant.
To test whether the calculated stability of the adducts is
consistent with experimental measurements, the results of these
calculations were used to estimate the low-pressure limiting rate
constants for the OH- isoprene— adducts reaction. At the
low-pressure limit, the overall rate constant is limited by the
rate of intermolecular energy transfer, which is dependent on
the relative stability of the adductsThe theoretical results were
used in simplified equations based on RRKM theory to estimate
the second-order rate constant for the unimolecular dissociation
of the OH-isoprene adduct;3* and the resulting rate
constants were then used to estimate the reverse third-order
association rate constant through the equilibrium constant for
the OH + isoprene reaction, assuming that the barrier to
formation of the adducts is negligible. This is not an unreason-
able assumption based on the observed negative temperature
dependence of the rate constant for this reaidrAb initio
calculations of the transition state for the GHoropene reaction
also reveal a negligible barrier for OH additi&tiThe resulting
estimated OHt- isoprene association rate constants were then
compared to recent experimental measurements of the pressure
and temperatue dependence of the @Hsoprene reaction at
the low-pressure limit.

The strong collision dissociation rate constant at the low-
pressure limit can be expressed?a%

c _ P(EO)RT

_Eo)

s = Z 7~ exp—==|FcF F 6

iss LJ Qvib F(RT E aanrot corr ( )
where Z,; is the Lennard-Jones collision frequengyEo) is

the density of states at the critical ener&y, Quip is the
vibrational partition function, anBlg, Fann, andFo are correction
terms for the energy dependence of the density of states,
anharmonicity, and rotatioRo iS @ correction factor to account
for coupling between the various degrees of freedom, and is
assumed to be unity, which neglects the coupling between
various vibrational and rotational degrees of freed8IR is

the ideal gas constant afdis the temperature in kelvin. The
strong collision association rate constant can then be obtained
from the calculated equilibrium constant:

C
iss
Keg

Koo = (7)

The strong collision association rate constant represents an upper
limit to the observed rate constant and is multiplied by a
collisional deactivation efficiencg. to obtain the weak collision

each complex, especially for adducts 1 and 4 due to a high levelrate constant.*c, which can be compared to experiméh#4

of spin contamination involved in their wave functions. Our

The second-order rate of dissociation of the -G@kbprene

best predicted energetic order of the both reactants and adductaidducts at low pressure will depend on the rate of energization

for the OH+ isoprene reaction is summarized in Table 3.

The relative stability of the adducts is not surprising consider-
ing the ability of adducts 1 and 4 to delocalize the electron

of the adducts above the dissociation threshiid,For these
calculations, the relative stabilization energy of each adduct was
used forky, as the barrier to dissociation is probably negligible.

density associated with the unpaired electron resulting from the Z.; was calculated following Tré€ and is given by

radical addition. This delocalization is evident from the
bonding character of thes€C, and G—C3 bond lengths in
adduct 1, and the £C, and G—C3 bond lengths in adduct 4.
Thus, the increased stability of adducts 1 and 4 relative to

adducts 2 and 3 is due to allylic resonance of the unpaired
electron. Steric effects due to the methyl group do not seem to

affect the relative stability of each adduct, as addition of OH to
the 1 position is more stable than addition to the 4 position,

Z,,=8.09x 10 "®cm®* molecule*s * x
T

20 g mol Y [0am\? -
Ve e i o

where Q37 is the collision integral, which is approximated
by32
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the more stable adducts 1 and 4, as the lower stability of adducts
2 and 3 lead to much larger dissociation rate constants, and
therefore smaller association rate constants. As a result, the
overall yield of each adduct at the low-pressure limit is predicted
to be approximately 72% for adduct 1 and 28% for adduct 4,
with adducts 2 and 3 contributing less than 1% to the overall
yield. Assuming that these results also reflect the adduct yield
at atmospheric pressure and that addition favors the radical that
is the most stable, the calculated stabilities are consistent with
the measured product yields for this reactl®ms adducts 1
and 4 lead to the production of methyl vinyl ketone and
methacrolein in the OH-initiated oxidation of isoprene (reaction
paths a and e in Figure 1). The higher stability of adducts 1
and 4 also suggests the potential for significant carbonyl

calculated using the B3LYP/6-31G** vibrational frequencies production through reaction paths b and fin Figure 1, which is

; . ) 1248
(Table 2). The correction ternks, Fann andF o were calculated consistent with experimental obsgrvaudﬁ.é. .
following Troe®233and Patrick and GoldeH. The equilibrium Our calculated results are consistent with the assumed yields
constantkeq for the reaction was calculated based on spectro- of 59%, 5%, 5%, and 319% for adducts 4 used in the model
scopic data derived from the MP2/6-311G** optimized geom- of Jenkin et al. based on sFructmacnwty r_elatlonshlpé:
etries and B3LYP/6-31G** frequencies for the adducts and the These results are also consistent with experimental studies of
OH + isoprene reactants. The weak-collision association rate 1€ OH+ methyl vinyl ketone reaction, which suggests that
constantk™ was obtained by multiplying the strong-collision OH_preferentlaIIy adds to the terminal carbo_n (adducts 1 and 4
associatioric rate constarkS, (from eq 7), by a collisional for isoprenef. However, these results are in contrast to the
deactivation efficiencyf; wﬁicch is derived t;y comparison with preferential reactivity pre dictions for the O_H|sqprene reaction
experiment © based on empirical evidence from OH diolefins reactions,

. which predicts that OH should preferentially add to the
The values for each parameter in eq 6 were calculgted for trisubstituted double bond (adducts 1 and 2) over the unsub-
each adduct in order to compare the calculakdd, with

recent experimental measurements of the pressure dependen Slitued double bond (adducts 3 and’4)n the basis of this,

of the O);—[|)+Iiso rene reaztio?P These ex perimeuntal rtfsults aulson and Seinfeld assumed yields of 35%, 24%, 16% and
N prene ’ . P . 24% for adducts %4, respectively, in their mechanism of the
indicate that the OH+ isoprene reaction does not display low-

pressure limiting behavior at temperatures below 343 K. As a OH-initiated oxidation of isoprene.
result, the low-pressure limiting rate constant was calculated However, the calculated results at low pressure may not be
from 343 to 423 K, where the OHt isoprene reaction displays appllpable to the over_all yield of eacr_\ a_dduct under a_tm_ospherlc
falloff behavior at pressures between 2 and 6 Torr. The detailed cOnditions. At the high-pressure limit, the association rate
results for each adduct are summarized in Tabte 4nd the constant is no longer limited by intermolecular energy transfer,
overall results for all four adducts are summarized in Table 8. Putinstead is limited by intramolecular proces¥ess a result,
In these tables, the individual parameters are calculated usingth€ rate constant and adduct yield for the ®liboprene reaction
the calculated stabilization energy for each adduct at the PMp4/Will depend on the structures and energetics of the transition
6-311G*//MP2/6-311G**+ AZPE level of theory (Table 3). state_s Ieadm_g_ to formation of eac_h adduct, rather than the
As can be seen from Table 8, the predicted values for the relatlvg stability of the f_;ldduct. Given t_hf_;tt the _barrler_ to
overall termolecular rate constant for the OH isoprene formation of the adducts is prqbably negligible, it is pos_S|_bIe
reaction, which is the sum of the rate constant for formation of that the overall rates of formation of each adduct are similar,
each adduct, are in reasonable agreement with the experimenta®S the differences between the structure and energetics of the
values over this temperature range when the calculated stabilizaindividual transition states may be negligible, similar to that
tion energies of each adduct are used for the critical energy found for the transition states of the OHpropene reactiofy.
with a collisional deactivation efficiency of 0.0005. This As a result, although these theoretical calculations are
empirically derived collisional deactivation efficiency is smaller generally consistent with present assumptions of the product
than typical values of 0:20.5, and is probably due to incorrectly  yields of the OH addition to isoprene, they do not rule out the
assuming thaf.,r, the correction factor to account for coupling  possibility that adducts 2 and 3 can contribute significantly to
between the various degrees of freedom, is equal to &hitg. the formation of methyl vinyl ketone, methacrolein, and other
discussed above, the calculation of the vibrational frequenciesoxidation products through reaction paths ¢ and d in Figufe 1.
shows that these modes for the ©ldoprene adducts are highly ~ Assuming that the overall rate of formation of each adduct is
coupled to each other. If a typical collisional deactivation approximately equal, the ability of adducts 2 and 3 to contribute
efficiency (3c) of 0.1 is used in this calculation, a stabilization to the product distribution of the OH-initiated oxidation of
energy of approximately 29 kcal/mol for adducts 1 and 4 and isoprene depends on the unimolecular dissociation lifetime of
15 kcal/mol for adducts 2 and 3 for the critical enefgyis each adduct relative to reaction with, @nder atmospheric
required to bring the calculated termolecular rate constants into conditions. The unimolecular dissociation lifetime of each adduct
agreement with experiment. The results of these calculationswas estimated using the equilibrium constants calculated as
suggest that the theoretical stabilization energies of the adductsabove at 300 K, and the measured rate constant for the-rOH
are in reasonable agreement with experiment to within 10 kcal/ isoprene reaction at the high-pressure limit and 300 K (overall
mol. This is a conservative estimate of the error associated withrate at 1x 1071° cm® molecule s71).7-3% Assuming that the
the ab initio calculations. barrier to formation of each individual adduct is negligible and
At the low-pressure limit of the reaction, the reactivity of that all four adducts contribute equally to the overall forward
the OH + isoprene system is dominated by the formation of rate constant at the high-pressure limit, this calculation results

Q22 ~ [0.697+ 0.5185 |og(ﬂ)] )
Eam

In these expressionsgyw is the reduced mass of the adduct and
the collision partnergay is the Lennard-Jones collision diameter
given by @a + om)/2, andéaw is the Lennard-Jones well depth
given by Ean&mm)?S. For these calculations, the collision partner
was assumed to be nitrogen, with= 3.8 A andé/k = 71.4 K.
The Lennard-Jones parameters for the adducts 6.3 A and
&/lk = 384 K) were estimated using the method of Chung et
al336 pased on the critical temperature and volume for
isoprene?®

The density of states at the critical energyEo), was
calculated using the WhitterRabinovitch approximatiof,38
and the vibrational partition functiorg);,) for each adduct was
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TABLE 4: Contributing Factors to the Calculation of the Strong Collision Dissociation and Recombination Rate Constants for
the OH + Isoprene — Adduct 1 Reaction Using the ab Initio Calculated Stabilization Energy of—37.9 kcal mof!

ZLJ kzc Keq ka

ISS ec
T (K) (cmPmol~is™Y) p(Eo) Quib Fe; Fann Frot (cmPmolts™?) (mol cm3) (cmf mol=2s7%)
343 4.4x 10710 8.7 x 10° 118.7 1.3;1.1;5.6 5.2 1072 3.7x 10 1.4x102%
363 4.5%x 10710 166.9 1.4;1.1;5.2 8.%x 1072 8.2x 17 1.0x 1072
383 4.6x 10710 235.1 1.4;1.1;4.9 9.2 1072 1.3x 10* 7.1x 10
403 4.6x 10710 331.3 1.4;1.1;4.6 7.9 1071 1.6x 1C° 5.0x 107
423 4.7x 10710 467.3 1.4;1.1;4.3 5.% 10718 15x 10° 3.6x 107

TABLE 5: Contributing Factors to the Calculation of the Strong Collision Dissociation and Recombination Rate Constants for
the OH + Isoprene — Adduct 2 Reaction Using the ab Initio Calculated Stabilization Energy of—25.6 kcal moi!

Z, ::ss KECI kfgc
T(K) (cmPmol~ts™) p(Eo) Quib Fe; Fant Frot (cm®molts™?) (mol cm3) (cmfmol=2s7?)
343 4.4x 10710 2.5x 107 73.8 1.4;1.1;4.6 1.4 10716 49x 10 2.9x 10
363 4.5x 10710 105.9 15;1.1;41 8.6 10716 3.9 x 101 2.0x 10726
383 4.6x 1071 152.3 1.5;1.1;3.9 3.6 1071 2.5x 10 1.4x 10726
403 4.6x 10710 219.3 1.5;1.1; 3.6 14 10% 1.3x 10%? 1.0x 102
423 4.7x 10710 316.1 1.6;1.1,34 4.4 1071 6.0 x 10%2 7.4x10%

TABLE 6: Contributing Factors to the Calculation of the Strong Collision Dissociation and Recombination Rate Constants for
the OH + Isoprene — Adduct 3 Reaction Using the Ab Initio Calculated Stabilization Energy of —24.2 kcal mol®

Z, kzicss K‘?q kfgc
T(K) (cmPmol~ts™) p(Eo) Quib Fe; Fant Frot (cm®*molts™?) (mol cm3) (cmfmol=2s™1)
343 4.4%x 10710 2.7 x 107 166.6 1.4;1.1,4.4 5.2 10716 1.6x 10% 3.3x 107%
363 4.5x 10710 241.5 15;1.1,4.1 2.6 1015 1.1x 101 2.3x 10
383 4.6x 10710 350.2 1.5;1.1;3.8 1.%x 10+ 6.4 x 10 1.6x 10726
403 4.6x 10710 507.9 1.5;1.1; 3.6 3.6 101 3.1x 10% 1.2x10°%
423 4.7x 10710 736.8 1.6;1.1;,34 1.% 10 2.3 x 108 8.5x 107%

TABLE 7: Contributing Factors to the Calculation of the Strong Collision Dissociation and Recombination Rate Constants for
the OH + Isoprene — Adduct 4 Reaction Using the ab Initio Calculated Stabilization Energy of—35.4 kcal moi?!

2, K3 K K

. e
T (K) (cmPmol~ts™) p(Eo) Quib Fe; Fann Frot (cm? mcl)?El s (mol cn3) (cmP mc?lc*2 s
343 4.4x 10710 3.2x 10 125.2 1.3;11;54 6.% 1072 1.3x 1¢° 5.4x 107
363 4.5%x 10710 175.9 1.4;1.1;5.0 8.% 107% 2.3x 10¢ 3.8x 107
383 4.6x 10710 247.7 1.4;1.1;4.7 8.2 1071 3.1x 10 2.7x 107
403 4.6x 10710 349.1 1.4;1.1;4.4 6.6 10718 3.1x 10° 19x 102
423 4.7x 10710 492.5 1.4;11;4.2 3.5 10°Y 2.6 x 107 14x 10
TABLE 8: Calculated Overall Recombination Rate - products of the OH+ isoprene reaction were measured and
Constants for the OH + Isoprene Reaction Using ab Initio identified at a pressure of-110 Torr using the DF/MS tech-

Stabilization Energies nique. It has been shown experimentally that the-©lsoprene

Kied@b initio) (3 = 0.0005) Kexi? reaction has reached its high-pressure limit in this pressure

T (K) (cmPmol?s™) (cmPmol?s™) regime?39 thus these experiments should be applicable to
343 9.7x 1077 1.1x 102 atmospheric conditions for this reaction. Approximately9
363 6.9x 1(TZ 6.7 x 1(TZ 102 cm~2 of OH radicals were added through a movable injector
253 AT T and reacted with approximately 2:2 103 cm™3 of isoprene
423 55y 1027 375 10-27 added to the reactor through a side-arm port. The reaction time

) was adjusted by moving the position of the movable injector
“ Experimental values from ref 39. so that the OH radicals were completely titrated, reducing the

in estimated unimolecular dissociation lifetimes of approxi- Ob,SGr"ed isoprene signal aie = 68 b_y nearly a factor of 2.
mately 3x 102 and 6x 101 s at 300 K for adducts 1 and 4, W|th the mass spectrometer op_err_jltlng at 40 eV of el_ectron
respectively, and 1800 and 400 s at 300 K for adducts 2 and 3,Impact energy and 3 mA of emission current, strong signals
respectively, using the ab initio calculated stabilization energies dU€ to the products of the O isoprene reaction were observed
(Keg= 1.2 x 102 2.2 x 107, 9.6 x 107, 6.9 x 10-1 cm 2 for at m/_ez 85, 71, 58, 54, 43, 41, 31, and 14. These _S|gnals were
adducts 4, respectively). These lifetimes are considerably confirmed to be due to the products of the GHisoprene
longer than the collisional lifetime of each adduct withuder ~ eaction, as the intensity of each signal decreased when the
tropospheric conditions (approximately110-7 s), suggesting ~ Microwave discharge, the,For the HO was turned off. The
that the stability of all four adducts allows each to participate Signal atm/e 85 corresponds to the parent ion of the HO
in subsequent steps in the OH-initiated oxidation of isoprene. iSoprene adduct, while the remaining signals were assigned to
As a result, the overall yield of adducts 2 and 3 at atmospheric daughter peaks due to fragmentation of each of the individual
pressure and their contribution to the overall mechanism of adducts and unreacted isoprene.
isoprene oxidation may be greater than that predicted at the low- The signals atwe = 71 andm/e = 14 correspond to the
pressure limit. daughter fragments resulting from either breaking the C,
Experimental Detection of the OH + Isoprene Adducts. bond in adduct 3 or the £ C; bond in adduct 2. The signal at
To verify the predicted yields of the OHsoprene adducts, the  m/e = 58 corresponds to the daughter fragment resulting from
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cleavage at the £-C3 bond in adduct 1 or adduct 2. The signals calculations based on RRKM theory that are in reasonable
atm/e = 54 andm/e = 31 correspond to the fragment resulting agreement with experiment values between 343 and 423 K.
from breaking the €&-C; bond in adduct 1 or the ££C, bond Although these theoretical results suggest that the adducts
in adduct 4, while the signals atVe = 43 andm/e = 41 resulting from addition of OH to the terminal carbons of isoprene
correspond to breaking the,€Csz bond in adducts 3 or 4.  should dominate the product distribution for this reaction,
Residual signals atVe = 54, 41, and 14 after the microwave consistent with the observed product distribution for the OH-
discharge was turned off correspond to daughter fragmentsinitiated oxidation of isoprene under high N@onditions,
resulting from the breaking of the,€C; bond and the €-C, measurements of the products of the @Hsoprene reaction
bond of isoprene. using DF/MS techniques show evidence for the production of
The fragmentation signal at'e = 71 is unique to adducts 2  all four adducts. These experimental results suggest that each
and 3, while the signal atVe = 31 is unique to adducts 1 and  adduct is formed with nonnegligible yields at the high-pressure
4. Thus, although these experiments do not provide any limit of the OH + isoprene reaction. These results also suggest
quantitative data on the relative yield of each adduct, there is that the stability of each adduct relative to the reactants results
evidence for the formation of all four adducts under these in unimolecular dissociation lifetimes that are long enough for
experimental conditions, suggesting that the rates of formation each adduct to participate in subsequent steps in the OH-initiated
of adducts 2 and 3 are nonnegligible at the high-pressure limit oxidation of isoprene. These experimental results are consistent
of the reaction. This implies that although the theoretical results with the calculated stability of all four OHisoprene adducts
suggest that adducts 1 and 4 should be the dominant productsind may imply that the high stability of all four adducts leads
formed from the OH+ isoprene reaction due to their higher to a product distribution for the OH- isoprene— adduct
stability and longer lifetimes, the rates of formation of each reaction at the high-pressure limit that may be statistically based
adduct are not limited by intermolecular energy transfer, and rather than determined by the relative energetics of the individual
thus are not dependent on the relative stabilization energy of adducts. Further calculations of the properties of the transition
each adduct. Instead, the rates of formation of each adduct arestates for the OHt- isoprene reaction are needed to confirm
limited by intramolecular processes that are dependent on thethese results.
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