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HCF(X!A") radicals were produced by laser photolysis of CHFBI213 nm and were electronically excited

from the ground state to A" (030) at 492.7 nm with a dye laser pumped by a Nd:YAG laser. With the
analysis of the lifetime of the time-resolved total fluorescence signals collected in the reaction cell where the
total pressure was fixed to be 14.0 Torr, the quenching data of H@F(by alkane and alcohol molecules

at room temperature were derived from variation of pseudo-first-order rate constant with different quencher
pressures. It is found that the quenching rate constants are close to the collision rate constéhtsnf10
molecule® s7%), indicating the long-range attractive forces between the collision partners play an important
role in the entrance channel of quenching process. Several kinetic models were applied to analyze the
mechanism of the quenching process. The complex formation cross sections are calculated with the collision
complex model. Correlations of the quenching rate constant for the removal of the HCH(#tate with
ionization potential of the quenching partners show that the insertion reactive mechanism is probably the
dominant reaction channel, which is analogous to the behaviors of other three-atom carbenes in corresponding
electronic states.

Introduction dynamics of the ground state with atomic species (N, H1T,

Carbenes have been studied extensively for many years and”orga”{‘;rl‘;‘;[fcu'es (NO, NON:O, O, and @ ),*4+#% and
the interest in this group of molecules has continued unabatedalkenesf' ’ ) -
to date due to their importance in synthetic organic chemistry, N this work, the quenching processes of HCHK)by
interstellar chemistry, pharmaceuticals, and combustion alkane and alcohol molecqles are presented. The_ quenching rate
processed:3 The interest in, and application of these molecules constants and cross sections have been experimentally deter-
originates from their electronic structure. The two nonbonding Mined at room temperaturd & 293 K).
valence electrons on the carbon may be either paired in the same
orbital in the “carbene” structure (the ground state of HCF, Experimental Section
HCCI, HCBr, CF, CFCI, CFBr, CCJ, CCIBr, and CBj), or in ) .
two different orbitals, the “biradical” structure (the ground state 1 he pulsed laser photolysis/laser-induced fluorescence (LP-
of CH, and CHI, and the electronically excited states of LIF) experiments were performed in a stainless steel flow
carbenes). Their chemical properties are vastly different for each "€actor, WP'CP is similar to those described in detail
configuration. Although both Kinds of species are very reactive, Previously>*>* Briefly, HCF radicals were generated from the
carbenes are more stable and retain stereospecificity in organid?hetolysis of CHFBr with the softly focused 213 nm irradiation
reactions, whereas the biradicals are extremely reactive and ddf & frequency-quintupled Nd:YAG laser (New wave, repetition
not retain stereospecificity. rate of' 10 Hz). A 50 cm focal Iength quartz lens chused the

Carbenes usually behave as strong electrophites] their beam into the center of the reaction cell. _After a time delay,
singlet species undergo direct insertion reactions into single € ground-state HCF(R') was electronically excited to
bond£:5-9 and addition to multiple bond% 12 by collision with A'A"(030)at 492.7 nm using a dye laser beam (Sirah) pumped
various molecules. A considerable number of empirical methods by Nd:YAG laser (Spectra physics, GCR-170, repetition rate
and ab initio molecular orbital calculations have been performed ©f 10 Hz). The excitation laser and the photolysis laser beams
to explain both inserticd 26 and cycloaddition reactior&.2!As overlapped in the reaction cell collinearly in a counters

the smallest carbene with a singlet ground state, HCF is expectedP’oPagating way. Also, the typical output pulse energies of them

to serve as a convenient model for understanding the spectros!V€"e 2 and 3mJ, respectively. To minimize scattering light, the

copy, photochemistry, and reactivity of larger analogues, such laser beams were passed through a set of special light baffles.
as HCCI. HCBr, Ck. CFCI, CFBr, CC}, CCIBr, and CB;. The quoresqer_me signals of thﬂe excited HCF were c.ollectt.ed by
Since Merer and TraWreported the first rotationally resolved & Photomultiplier (GDBS6, Beijing) through a cutoff filter with
absorption spectra of HCF between 430 and 600 nm in the flashVavelength longer than 550 nm and inputted into a digital
photolysis of CHFBj in 1966, there have been numerous storage oscilloscope (TDS380, Tektronix) or a transient digitizer

investigations on the spectroscopy of HEE? and the reaction and averaged with a computer data acquisition system over 512
laser shots. A multichannel digital delay generator (Stanford

* To whom correspondence should be addressed. ¥8B-551-3607736/ ~ Research DGS535) controlled the time delay between the
3607865. Fax:+86-551-3602969. E-mail: cxchen@ustc.edu.cn. photolysis laser and the excitation dye laser beam.

10.1021/jp050402z CCC: $30.25 © 2005 American Chemical Society
Published on Web 05/19/2005



4990 J. Phys. Chem. A, Vol. 109, No. 23, 2005

AA"(030)—A'(000)

304

AA"(020)—A'(000)

LIF intensity/a.u.

19200 19600 20000 20400 20800

wavelength number/cm’

Figure 1. LIF excitation spectrum of HCF obtained at 25 delay
after 213 nm photolysis of CHFBunder the pressure of 14.0 Torr at
293 K.

In a typical experiment, the premixed gas sample containing
CHFBr, molecule as the HCF radical precursor and the
guenchers mixed with Ar were supplied from different reservoirs
and controlled by an individually calibrated mass flow controller
(DO7-7A/3M, Beijing) and slowly passed through the reaction
cell. In the reaction cell, the typical concentration of CHEBr
was about 6.0« 103 molecule cm3, whereas the concentrations
of alkane and alcohol molecules varied in the range from 1.0
x 10" molecule cni® up to 3.0 x 10 molecule cm?®. The
total pressure in the chamber was about 14.0 Torr. The HCF
radicals generated from the photolysis of the precursor are
vibrationally and rotationally hot. The Ar buffer gas in the
reaction mixture serves not only to relax the nascent quantum
state distributions of the HCF radicals but also to slow the
diffusion of molecules out of the detection region.

Materials. In this work, methane (Nanjing gas, 99.9%),
ethane (Nanjing gas, 99.99%), propane (Nanjing gas, 99.9%),
n-butane (Nanjing gas, 99.9%);pentane (Tianjin;>99.9%),
n-hexane (Tianjin,>99.9%), n-heptane (Shanghat; 99.5%),
n-octane (Shanghaki97.5%), methanol (Jiangsw; 99.5%),
ethanol (Shanghak 99.5%),n-propanol (Shanghak 99.0%),
n-butanol (Shanghak 99.5%), and CHFBr(Aldrich Chemical
Co., 98.0%). All of the samples were purified by repeated
freeze-pump—thaw cycles in liquid nitrogen. Ar (Nanjing gas,
99.999%) was used from cylinder without further purifica-
tion.

Results

A portion of the LIF excitation spectrum of HCF excited at
25 us delay after the photolysis of CHFBIn the presence of
14.0 Torr argon at room temperature in the range of 19100
20680 cmtis depicted in Figure 1. The 28 delay was chosen
to minimize the effects of the scattered light and allow the
thermalization of the sample. The position and structure of the
spectrum agrees well with the previous wad&36and can be
assigned to be the K structure otA&’(030)— XA'(000) and
AIA"(020) — XA'(000) transitions of the HCF transient.

The excitation dye laser, operating with Coumarin 503 at
492.70 nm (20 296.3 cm), was used to pump the Q subband
of AIA"(03°0) — X!A'(00°0)transition for the kinetic studly.
The observed time-resolved fluorescence signal of HER(A
quenched by-CgH14 is illustrated in Figure 2a. The nature of
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Figure 2. Typical total time-resolved fluorescence decay signal of
HCF(AA") excited at 492.70 nm quenched byHz, (a) and its
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semilogarithmic plot (b).W) experimental data and-{ fitting result.
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Figure 3. Plot of the pseudo-first-order rate constditfor the
guenching of HCF(AA") as a function of the concentration oG 4.

05 00

exponential decay phenomenon. The experimentally monitored
decay curve was fitted to

| =1,exp=kt) Q)
wherek' is the pseudo-first-order rate coefficient. The values
of k' at different partial pressures of quencher were derived from
the similar plots to those illustrated in Figure 2. In the
experiments, there are background gases (including argon,
CHFBr,, and some other photolysis fragments) beside the
qguencher. Therefore, the pseudo-first-order rate coeffidient
should be expressed as

K =KJQl + Y KIM] + Kk 2)

wherek, represents the quenching rate constant including the
chemical reaction of HCF(#\'")with the quencher(denoted as
Q) and the transition of AA"(030) to other state caused by
collision with Q, k; is the collision quenching constant of HCF-
(ATA") by the background gases, aydepresents the Einstein
spontaneous emission coefficient ofA'. In the present work,

the background gases and total pressure were constant in all
experiments, so the first-order rate coefficient is proportional
to the concentration of the added quenchers. The slope coef-
ficient is the quenching rate constdqtand the intercept is the
sum of the quenching rate constants by various background
gases and Einstein spontaneous emission coeffigieag shown

the exponential decays is demonstrated by the semilogarithmicin Figure 3.

plots in Figure 2b where the solid line is the result of linear

The measured quenching rate coefficients are converted to

least-squares fitting corresponding to more than a 100 ns delaythe effective quenching cross sectiansby the relation

from the maximum point to reduce the disturbance caused
mainly by laser scattering light. This plot clearly shows a single

0= k0] (3)
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TABLE 1: Quenching Rate Constantsky and Cross Sections and the quenchers through the energy transfer in different

oy (l)f HICF(AlA”) R%d_icabh_by Sonkwe Aékane and Alcohol degrees of freedom form products by chemical reaction or
Molecules Measured in This Work at 293 K dissociate back to the collision partners themselves. The scheme
quencher k{10 %cm®*molec? s? 04/10"2nn? of the process can be expressed as following:
CHa <0.23 <44 K Kal
CoHs 0.77+0.12 12.4+£ 1.9 i P Ay — O <% ~
CsHs 1.4440.16 21.6+24 HCF(A) +Q kg [HCF(A) — QI HCF(X) +Q ®)
n-Cy4H1o 1.9240.10 27.4£ 15
N-CeH14 3.40+ 0.27 75.1+ 6.0 k2
n-CeHaz 2.51+ 0.30 35.0+ 4.2 products ®)
2:26314 gg;i 8'% gigi gi The effective attractive potential in the collision process could
n-C;Hiz 451+ 019 601+ 2.5 be expressed using the most favorable orientation mettdd as
CHsOH 2.91+0.11 46.4+ 1.8 ,
CoHsOH 3.78+0.42 56.3+ 6.2 v B G G G G
n-CsH,OH 4.95+ 0.41 70.7+ 5.9 eff — 5
n-C4H,OH 6.06+ 0.40 84.3+ 5.6 R’ R R R R

where the averaged relative kinetic velocity is

[@= (8K Tlmu)™? )

In the equation abovek is the Boltzmann constant, is the E is the initial kinetic energy at infinite separatiob,is the

absolute temperature, apds the reduced mass of the collision  impact parameter, aridis the distance between the centers of
partners. A summary of the observed quenching rate coefficientsthe masses of the quenched species and the quenche€,The
and cross sections are listed in Table 1. The data in Table 1 arecoefficients represent the attractive terms due to multiple

quoted with 2 experimental estimates for the uncertainty. interactions corresponding to dipeldipole, dipole-quadrupole,
. _ dipole—induced dipole, and dispersion forces, respectively. The
Discussion expressions for these are given in refs 63 and 66. In a collision

It can be seen in Table 1 that the quenching rate constants of2t & particular kinetic enerdy, there exists an impact parameter
HCF(AIA") by alcohol and alkane molecules increase steadily bp at which the maximum of the_effectlve potential is Just.e_qual
with the number of &H bond contained in these molecules, © E: and only forb < by the collision complex between collision
whereas the quenching of HCF") by alcohol is much more partners can t_)e f_orrr_1ed. So the cross section for complex
effective than that by the corresponding alkane molecules. This formation at this kinetic energy can be calculated by
result is very similar to those of NCO, HCCI, and G@lhich , 2
have been investigated in our lat57 ei(E) = 70" (E)

The quenching process of the excited state radical is very
complicated, involving not only physical quenching but also
chemical reaction. Although we could not obtain the precise

Thus, the thermally averaged complex formation cross section
at temperaturd is

mechanism just from the collision removal rate constants of 1 e, E
HCF(AA"), we may achieve some reasonable conclusions by Te = (12 2]; oe(E) E ex;{— k_T) dE
qualitative analysis. There have been a number of attempts to (kT)

correlate the observed rate constants for collision induced The quenching cross sectian observed in the experiments

electronic quenching of small molecules with the involved jnclydes the outcome (5) and (6); thus, it is equal to that of
molecular parameters. Strong electron transfer from HCF to the complex formation times a probabilify, viz., oq = P e

guencher described by the harpooning mechat#i8htannot
occur in the present case because of the large negative electron whereP = kgl + kg2 )
affinity of the fully saturated hydrocarbons. Selwyn and k_; + kal + ko2
Steinfeld® derived a nonresonant energy transfer model which
correlates the quenching cross section with reduced mpass, The values for the dipole moments, quadrupole moments,
the Lennard-Jones collision radiu®, the ionization potential, Q, polarizabilities,a, and ionization potentials, IP, of HCF-
IP, and polarizabilitya of the quenching moleculeos O (ATA") and collision partners required for the calculation are
uYA(IP)qoqR 3. With the model, Thayer and Yard/@further given in Table 2 together with the calculated cross-sections for
induced the influence of and the permanent dipole moments. complex formation and the probabili§y at 293 K. The values
However, this model cannot account for the quenching data of of the appropriate molecular parameters were taken from various
our experiment according to our calculation. literature sources (see Table 2) and those of HGK(A were

The measured quenching cross sections of HEA(A by computed by CASSCF(8,8,nreeR)/6-31H+G** with Gauss-
alkanes and alcohols are very large and have the same magnitudin 98 packad€ which can give a good description of the
as those proposed by hard sphere collision model, indicating excited-state HCF(BA").
that the long-range attractive forces between HGA(A and As is shown in Table 2, the dipole moment of alcohol
the collision partners might have important role in the entrance molecule is usually much larger than that of the corresponding
channel of the quenching processes. In the collision complex alkane, so that the long-range attractive forces between HCF-
model proposed in refs 6265, the collision partners will form  (AA") and alcohols are much stronger than those between
an excited-state complex first resulting from the long-range HCF(A'A") and alkanes. According to the collision complex
multipole attractive forces. During the residence time, the model, the formation cross sections of the complex of HCF-
complex dissociates to the electronic ground-state HE&(X (ATA") with alcohols would be much larger than those of
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TABLE 2: Calculated Collision Complex Formation Cross Sectionss of HCF(AA") with Quenchers and Parameters Used in
the Calculations (@ in 10724 cm?® and Q in 1026 esu cn?) at 293 K

calc.oer (1072nmd)

quencher u(D)?2 od QP P2 (eV) 0q (1072 nnY) max® P aved P

CHa 0.00 2.59 0.00 12.63 4.4 74.4 0.06 70.1 0.06
CoHs 0.00 4.47 0.65 11.52 12.4 93.3 0.13 83.5 0.15
CsHs 0.08 6.37 1.50 10.94 21.6 113.3 0.19 94.2 0.23
n-CsH1o 0.03 8.20 2.00 10.53 27.4 1211 0.23 102.3 0.27
n-CsHiz 0.10 9.99 2.60 10.28 35.0 134.2 0.26 109.5 0.32
N-CeH14 0.05 11.9 3.00 10.13 43.5 139.7 0.31 115.9 0.38
n-C/Hie 0.10 13.7 3.50 9.93 51.9 149.3 0.35 121.5 0.43
n-CgH1g 0.08 15.¢ 3.9¢ 9.8C¢ 60.0 155.6 0.39 127.5 0.47
CH;OH 1.70 3.29 0.50 10.84 46.4 180.4 0.26 100.4 0.46
C,HsOH 1.69 5.11 1.65 10.49 56.3 192.3 0.29 107.8 0.52
n-CsH,OH 1.68 6.74 2.40 10.22 70.7 200.1 0.35 113.7 0.62
n-C4HyOH 1.66 8.88 3.00 9.99 84.3 207.2 0.41 120.3 0.70
HCF(A) 1.08 3.00 0.88 7.53

aReference 68° Reference 6% Calculated using the most favorable orientation metl@@hlculated using the averaged orientation method.
¢ Estimated following refs 38 and 69 and other analogous moletGlemputed with Gaussian 98 at CASSCF(8,8,nea®){6-31H+G** level.
9 Reference 70.

® p-alcohols(C -C))
o n-alkanes(C -C,)

alkanes, Therefore, it can be seen the alcohols are much effective

for the quenching of HCF(BA") than the alkanes. Table 2 also

shows that the probabilitieR for alcohols are generally larger

than that for alkanes and they both increase steadily with

increasing number of €H bonds contained in these molecules.
For the quenching process of the electronically excited radical

HCF(AIA"), the total available energy of the collision complex

is mainly contributed by the energy of HCF{A'") because it

is much greater than that of the alkane or alcohol molecule.

Therefore, it can be considered that the total available energies

of the complexes are similar. During the residence time of the 3 4 6 8 10 12 14 16 18 20

complex, the energy will be redistributed among the various The number of C-H bonds

internal freedom degrees. When the complex dissociates to formFigure 4. Dependence of the experimental rate constantdor

physical quenching products, the electronic to vibrational energy gyenching of HCF(AA"") by alkane and alcohol molecules on the

transfer will occur between the electronic state of HC/AA) number of G-H bonds contained in the quenchers.

and some certain kinds of vibrational modes of the quencher.

-10 R
k /10" em®molec’s”

q
i

Generally, the appropriate vibrational modes for energy transfer 00

will grow up steadily with the increasing number of the-8 9.3 " n-alcohols(C,-C,)
bonds contained in the analogous molecules. For a given total ‘\'\.\nln-alkanes(g-cs)
energy, it can be expected that the rate constghtwill be -9.61

bigger for a larger molecule than that for an analogous smaller o 98]

one.

As has been mentioned above, many studies have shown the
singlet excited-state carbenes undergo bond insertion or addition
reaction in the quenching proces3ég2! If this is the case,
then it does not exhibit marked variations with the type of bond
or substitute groups involved. Our results establish that substitute
groups and steric factors do not affect removal rate constants
of HCF(AIA") in the presence of alkanes and alcohols, which
is consistent with the addition or insertion mechanism. As is
plotted in Figure 5, the quenching rate constants of HGA(A
by alkanes and alcohols increase almost linearly with the number
of C—H bonds contained in the analogous molecules, and theresemilogarithmic plots of quenching rate constants of HGA(A
are no remarkable variations with the type of 8 bonds. In to the ionization potentials of the quenchers are shown in Figure
present work, the quenchers are all fully saturated hydrocarbons;4. The ionization potentials of the analogy molecules decrease
therefore, only bond insertion reaction can possibly occur.  with the increasing number of C atom contained in these

If the reactive species is known to react with a series of molecules, whereas the reaction rate constants increase with the
organic compounds via similar mechanistic pathway, it may be decrease of the ionization potential. These data have good
expected that there will exist relationships between the structurallinearity for analogous molecules and strongly support the
and physical properties of the molecule and its reactivity. Many insertion mechanism for these processes.
experimental studies indicate a general trend in the reactivity = Since the total available energy of the complexes are similar,
of radical molecule. For H-abstraction reactions, the rate it can be expected that the rate constantwill decrease with
constants mainly correlate with bond dissociation energy, and the increasing attractive forces between the collision partners
for addition and insertion reactions, the rate constants correlatein the complexes. The attractive forces between alkanes and
with the ionization potential of these compouréis’® The HCF(AIA") increase with the increasing number of C atoms.

96 104 112 120 128
lonization Potential (eV)
Figure 5. Dependence of the experimental queching rate constants of

HCF(A'A") by alkanes and alcohols on the ionization potential of these
molecules.
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Also, there is the same trend for the alcohols, although they

are larger than those for alkanes. 8@ should decrease with

J. Phys. Chem. A, Vol. 109, No. 23, 200893

(24) Patel, R. |.; Stewart, G. W.; Casleton, K.; Gole, J. G.; Lombardi,

J. R.Chem. Phys198Q 52, 461-468.

(25) Ashfold, M. N. R.; Castano, F.; Hancock, G.; Ketley, G.@hem.

the increasing number of C atoms contained in the alkane andppys ‘| ett198q 73, 421-424.

alcohol molecules.
According to eq 7, the rate constants and the possibilRies

would exhibit the behavior as shown in Tables 1 and 2,

(26) Kakimoto, M.; Saito, S.; Hirota, El. Mol. Spectrosc1981, 88,

300-310.

(27) Butcher, R. J.; Saito, S.; Hirota, &£.Chem. Physl984 80, 4000-

respectively. Based on all above analysis, we consider that the (25';) Suzuki, T.; Saito, S.; Hirota, EEan. J. Phys1984 62, 1328.

quenching of HCF(AA") by alkanes and alcohols are likely to

form collision complexes due to the long-range attractive forces

(29) Suzuki, T.; Hirota, EJ. Chem. Phys1986 85, 5541-5546.
(30) Suzuki, T.; Hirota, EJ. Chem. Phys1988 88, 6778-6784.
(31) Murray, K.; Leopold, D.; Miller, T.; Lineberger, W. Chem. Phys.

between the collision partners, and then it dissociates t0 ;988 89 5442 5453

quenching products via -EV energy transfer and insertion
chemical reaction.

Conclusion
In this work, the quenching rate constants of HCHA) by

alkane and alcohol molecules were measured by using the LP-

(32) Qui, Y.; Zhou, S.; Shi, XChem. Phys. Lettl987, 136, 93—96.

(33) Ibuki, T.; Hiraya, A.; Shobatake, K.; Matsumi, Y.; Kawasaki, M.
J. Chem. Phys199Q 92, 4277-4282.

(34) Irikura, K.; Hudgens, J.; Johnson, R., l0. Chem. Phys1995
103 1303-1308.

(35) Schmidt, T. W.; Bacskay, G. B.; Kable, S. Bhem. Phys. Lett.
1998 292, 80-86.

(36) Schmidt, T. W.; Bacskay, G. B.; Kable, S. H.Chem. Physl999

LIF experiments. These rate constants increase almost linearly110, 11277-11285.

with the increase of the number of-& bonds contained in

the analogous molecules. By analyzing the experimental results

(37) Fan, H. Y.; lonescu, |.; Annesley, C.; Reid, S. @hem. Phys.
Lett. 2003 378 548-552.
(38) Fan, H. Y.; lonescu, I.; Annesley, C.; Cummins, J.; Bowers, M.

with the collision complex model, the attractive forces between Xin, J.; Reid, S. AJ. Phys. Chem. 2004 108 3732-3738.

the collision partners were demonstrated to play an important

role in the formation of complexes between HCH&) and
the quenchers and the quenching process may inclucé E

energy transfer in the collision complex and chemical reaction

via insertion mechanism.
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