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A total of 100 trajectories for the photodissociation, O — CH, + CO, on the $potential surface have

been calculated using the direct ab initio molecular dynamics method at the RMP2(full)/cc-pVDZ level of
theory. The energy distributions for the relative translational energy, the CO internal energy, andsthe CH
internal energy were calculated to be 28, 20, and 51%, respectively. It was predicted that the product CO is
highly rotationally excited but vibrationally almost not excited; on average, the rotational and vibrational
quantum numbers were 68.2 and 0.15, respectively, which qualitatively agrees with the recent observation of
Gherman et al.J. Chem. Phys2001, 114, 6128.)

1. Introduction has been revealed that formaldehyde excited to th&teie is
likely to undergo rapid IC to vibrationally excited levels of. S

At a high photolysis energy the radical formation channel (H
+ HCO) is accessible, but below the threshold of this channel,
photodissociation leads to the formation of a hydrogen molecule

decay to § with a fluorescence emission or undergo photo- and carbon monoxide ¢gH- CO). In particular, the latter channel

dissociation. Photodissociation of aldehydes is indirect becausehas .beef‘ exten§|vely studied in a series .Of Eexperi et
- . - detailed information on the product state distributions has been
the C-O bond still remains strong after theari-transition.

Several photodissociation channels of aldehydes in rusae accumulated. Therefore, this molecular formation channel has

are possible. One of the channels goes through the intersystenpeen a typical test case for classma}l trajectory stuitfies.

crossing (ISC) between, &nd the lowest triplet state (fand A lot of experimental and theoreticalwork has also been

the other the internal conversion (IC) from; $o highly done for photodissociation of acetaldehyde, because this has

vibrationally excited states ofySIt has been established that been considered a key molecule in understanding the photo-

the T; potential energy surface correlates to the radical products chemistry of larger carbonyl compounds. It was observed that,

with a small reaction barrier and the grounglsBrface to both ~ at a low vibrational level, acetaldehyde in the s$ate decays

the radical and molecular products with considerably higher mainly to a highly vibrationally excited level ofoSvia IC

barriers. between $and S. For excitation wavelengths shorter than 317
Photodissociation of formaldehyde has attracted both experi- "M, however, the dissociation channel to thesCH HCO

mentat and theoreticdlinterest for more than two decades. It radicals via ISC betweem @&nd T, opens; this radical channel
has been shown to be the major dissociation process of

* Corresponding author. Tel.:+81-77-471-3400. Fax+81-77-471-  acetaldehyde photolysis in the UV region. A number of laser-
3316. E-mail: kurosaki@apr.jaeri.go.jp. induced fluorescence (LIF) studies have strongly supported this
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It is widely known that aldehydes such as formaldehyde and
acetaldehyde are, in the ultraviolet (UV) region, excited to the
singlet state (§ from the ground singlet state {Shrough an
n-* transition! Electronically excited aldehydes in the Sate
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TABLE 1: Harmonic Vibrational Frequencies for the RMP2(full)/cc-pVDZ Geometries

sym frequency/cmt ZPE/hartree
CH:CHO Cs 171 (&) 504 (d) 779 (&) 908 (d) 1133 (&) 0.05611
1137 (3) 1376 (3) 1433 (3) 1461 (3) 1476 (&)
1802 (3) 2949 (3) 3090 (&) 3185 (8) 3226 (3)
CHa Ta 1339 (b) 1339 (b) 1339 (b) 1568 () 1568 (e) 0.04552
3092 (a) 3245 () 3245 (b) 3245 ()
CO Cou 2117 o) 0.00482
TS Cs 1798i (d) 139 (&) 261 (3) 505 (&) 535 (d) 0.04929
752 () 933 (&) 1070 (3) 1427 (&) 1432 (3)
1845 (3) 3059 (8) 3194 (3) 3215 (&) 3266 (3)

radical decay channel; the fluorescence was found to disappear~"BLE 2: Total Energies for the RMP2(full)/cc-pvDZ

" S Geometries (hartree
for excitation wavelengths shorter than 317 nm, indicating the ( )

opening of the radical channel through I1SC. RMP2(full)/ RMPA(SDTQfull)/ RQCISD(T full)/
At a sufficiently high energy, the rates of IC and ISC become state _cc-pVDZ cc-pvTZ cc-pvTZ
comparable because of the increase in density of states. CH:CHO iA' —153.39351  —153.63483 —153.63165
Recently, Gherman et &f?,using the vacuum UV LIF method, gg“ 1’;& __lig%igg?s’ _Eig'iggg _Eig'iggg:;
have examined the molecular ¢H CO channel of acetalde- g I —153.25253  —153.49792 ~153.49227

hyde photodissociation at a wavelength of 248 nm. They have

measured the vibrational and rotational state distributions of the photolysis energy 248 nthand the theoretical barrier height
product CO molecule; as a result, the CO was found to be highly g1 1 kcal mot? that has most recently been calculated at the
rotationally excited, but no vibrationally excited CO was B3LYP/cc-pVTZ(-f) level4" Zero-point energies (ZPES) were
detected. The rotational temperature was estimated to be about,jqeq to the remaining vibrational modes, the initial phases of
1300 K. They have also carried out ab initio calculations at the \yhich were selected randomly. The rotational temperature was
density functional theory level for the GAHO— CHs + CO g1 10 0 K. A total of 100 trajectories were integrated with the
reaction on the surface. It was predicted that the reaction is step size of 0.25 ant@ bohr using the analytical Hessirat
exoergic by 1.7 kcal mof and the barrier height is 81.1 kcal e RMP2(full)/cc-pVDZ level of theory. For each trajectory,
mol™. The vector of the imaginary vibrational mode for the integration of 180 steps were done when the distance between
transition state (TS) strongly suggested that the rotationally hot i, products Cliand CO was~6 A. The total energy was
and vibrationally cold CO is produced, which is consistent with ¢onserved to 16 hartree. The average time for the trajectories
their experimental observation. In addition, they have obtained ;1< g0 fs. The trajectory calculations were carried out using

the RRKM rate constark(E) for this unimolecular dissociation  tne code implemented in the GAUSSIAN 98 program package.
using the calculated data.

In the present work, we theoretically investigate the,GH 3. Results and Discussion
CO channel of acetaldehyde photodissociation, using the clas-

; ; P A. Geometry and Energetics.In Tables 1 and 2 are given
sical trajectory method. Here, we employ the ab initio direct NAC AR .
molecular dynamics technique that is now becoming practical the harmonic vibrational frequencies at the RMP2(full)/cc-pVDZ

as a result of the rapid progress in computer technology. 5&%4&”8_'_3?”'It)(l)éil_p\e/r_};rg;z F?ééTgD(Rl'hgljﬁl(gé”;))/\(/ﬁzp?gz

els for species in the GJCHO — CH, + CO reaction on the
S potential energy surface. In Table 3 are compared the
Geometries of stationary points for the g8HO — CH, + calculated and experimental values for the relative energies of
CO reaction on the SSpotential energy surface were fully this reaction. It is seen that the barrier height calculated at the
optimized at the all-electron restricted second-order Mgller  RMP2(full)/cc-pVDZ level in the present work is comparable
Plesset perturbation (RMP2(fulf)jevel with the correlation- with the barrier heights obtained at the RMP4(SDTQ,full)/cc-
consistent polarized valence doulil€ec-pVDZ) basis set of  pVTZ and RQCISD(T,full)/cc-pVTZ levels and with those
Dunning’ Harmonic vibrational frequencies were computed obtained using other high-level ab initio meth§és. Although
analytically and the optimized geometries were characterizedthe exothermicity predicted at the RMP2(full)/cc-pVDZ level
as minima or saddle points of the potential energy surface. in the present work is slightly larger than the &1G25¢
Single-point energies were calculated using the all-electron B3LYP*" RMP4, and RQCISD values and experiment, one
restricted fourth-order MP method including single, double, thinks that the agreement is still good when one considers the
triple, and quadruple electron excitations (RMP4(SDTQ,fill)) employed inexpensive method and basis set. We therefore
and using the all-electron restricted quadratic configuration conclude that the ab initioc MO method, RMP2(full)/cc-pVDZ,
interaction method including single and double substitutions and employed for the direct trajectory calculations is energetically
perturbative triple substitutions (RQCISD(T,ful)Yhe intrinsic quite reliable.
reaction coordinate (IR&)was calculated at the RMP2(full)/ In Figure 1 are shown the optimized geometries for the
cc-pVDZ level of theory, and it was confirmed that the reactant, reactant CHCHO and TS at the RMP2(full)/cc-pVDZ level.
TS, and products are connected with one another through aThe vector of the imaginary vibrational mode is depicted in
single reaction pathway. These ab initio molecular orbital the TS geometry. Both the geometries have been predicted to
calculations were performed using the GAUSSIAN 98 program haveCs symmetry and were confirmed to be at a minimum and
packagél saddle point on the potential energy surface, respectively, with
Trajectories were started at the TS in the direction of the the harmonic vibrational analyses presented in Table 1. We have
imaginary vibrational mode with the kinetic energy of 34.2 kcal found that the present RMP2(full)/cc-pVDZ geometries for
mol~1. This energy corresponds to the difference between the CH;CHO and the TS are comparable with those obtained with

2. Methods of Calculation
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TABLE 3: Relative Energies Estimated by Theory and Experiment (kcal mot™?)

method CHCHO TS CH+ CO ref
CISD+SCC/3-21G//HF/3-21G 0.0 84.6 (888) —10.9 (7.3) 5a
Gl 0.0 83.1(86.3) —6.8 5b
G2 0.0 82.9(87.1) -5.9 5¢c
B3LYP/cc-pVTZ(-f)//B3LYP/6-31G** 0.0 81.1(85.3) +1.7) 4n
RMP2(full)/cc-pVDZ/IRMP2(full)/cc-pVDZ 0.0 84.2 (88.5) —10.1 -6.5) present work
RMP4(SDTQ,full)/cc-pVTZ//RMP2(full)/cc-pVDZ 0.0 81.6 (85.9) —7.3(-3.6) present work
RQCISD(T,full)/cc-pVTZ/IRMP2(full)/cc-pVDZ 0.0 83.2 (87.5) —6.2 (—2.6) present work
experiment 0.0 —-35 14
2|n parentheses are given the values without the ZPE correétReaction enthalpy at 298 K.
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90_' TS N
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Figure 1. Optimized geometries for GJ@HO and the TS at the
RMP2(full)/cc-pVDZ level of theory. In the TS geometry is shown
the vector of the imaginary vibrational mode. Bond lengths and angles
are given in A and degree, respectively.

other high-level ab initio metho@s%t:cand experiment3 We
have also found that the TS imaginary frequency, 1798i'cm
and its vector calculated in the present work agree well with
the B3LYP/6-31G** result” The vector strongly suggests that
the product CO is rotationally hot and vibrationally cold and
one of the CH bonds of the product ¢l$ vibrationally hot,
which will be discussed below.

Figure 2 shows the potential energy profile along the IRC
for the CHBCHO — CH,4 + CO reaction; the TS is & = 0,
and the reactant GYEHO and products CkH CO correspond
to thes < 0 ands > 0 regions, respectively, and the zero point
of the potential energy is set to the total energy of;CHO. It

s / amu"*bohr

Figure 2. Potential energy profile along the IRC for the gHHO —
CH,4 + CO reaction.

vibrational levels and potential features around and after the
TS are considered more important to the dynamics.

B. A Sample Trajectory. In this subsection, one of the
trajectories is arbitrarily chosen as a sample and its character-
istics are discussed. Figures 3a and 3b show changes in potential
energy and geometrical parameters, respectively, as a function
of time. Note that the zero point of the potential energy is set
to the total energy of the TS. It is seen that the potential energy
decreases to- —80 kcal moftin the first 15 fs and, after that,
it regularly changes between80 and—20 kcal mot™. It is
interesting that the narrow and wide peaks are seen to alternately
repeat. It is clear from Figure 3b that this behavior of the
potential energy is mostly ascribed to the remarkable change
in the GH; bond length. Note that the numbering for the atoms
is denoted in the TS geometry in Figure 1. It is readily expected
from the vector of the imaginary vibration of the TS given in
Figure 1 that the @11 bond is highly vibrationally excited in
the product region. The maximum length of theHg bond is
~1.7 A and the minimum length is0.8 A. It is seen that when
the GH; bond takes the maxima, the potential energy is at the
tops of wide peaks, and when the bond takes the minima, it is
at the tops of narrow peaks. This is because the equilibrium

is interesting to note that the potential energy does not convergeC;H; bond length is~1.1 A and, consequently, it takes longer
to zero in the reactant region, indicating that the IRC connects time for the bond to change from the equilibrium value, reach
with another CHCHO that is higher in energy than the one the maximum, and return to the equilibrium, than for it to change
calculated in the present study. This €HHO is rotated around in the reverse direction, reach the minimum, and return to the
the CC axis by 60from the present one displayed in Figure 1, equilibrium.

and is a TS between conformers. Therefore the reactant The GC,O angle is seen to change from 226 0° in ~40
CH3CHO should rotate around the CC axis when thesCHO fs, indicating that the product CO is rotationally excited and it
— CH,4 + CO reaction occurs. Although the effect of this IRC takes~120 fs for the CO to rotate 360The GO bond exhibits
character on the reaction dynamics is of considerable interest,almost no change, indicating that the product CO is vibrationally
this is not directly relevant to the present photodissociation not excited. The @, bond shows a monotonic increase and
reaction, because the reactant{CHO must be in quite high reache 6 A in ~75 fs.
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Figure 3. Changes in (a) potential energy and (b) geometrical Figure 5. Internal energy distributions for the products: (a) CO; (b)
parameters as a function of time. CHa,.

R T S L L average is 36.9 kcal mol. At the starting point of the
trajectories, kinetic energy of35 kcal mol! was added to
the reaction coordinate. Since the reverse barrier height with
the ZPE correction was calculated to 685 kcal moi? at the
— RMP2(full)/cc-pVDZ level (see Table 3), the available energy
for the total system at the exit region4s130 kcal mot?. In
short, one can state that 28% of the available energy transfers
to the relative translational energy and the rest to the internal
energies of Chland CO. Figure 5 displays the distribution of
the product internal energy: (a) CO and (b) £Hhe CO
internal energy exhibits a sharp distribution and the population
is the largest around 2530 kcal mot?, while the CHj internal
energy has a wide distribution and the population is large in
the region 85-110 kcal mot?. The averages of the CO and
] CH, internal energies are 28.8 and 94.4 kcal mioBubtracting
04010 P s M A S A A the ZPEs of CO and CKone obtains the average energies to
' _ . be 25.8 and 65.8 kcal mol, which are 20 and 51% of the
Relative translational energy / kcal mol available energy. The reason ¢has larger internal energy and
Figure 4. Relative translational energy distribution of the products broader energy distribution than CO is that £has larger
CH, and CO. degrees of freedom and the vector of the reaction coordinate at
the TS will cause a highly excited vibrational motion of a CH
C. Energy and State Distributions and Vector Correlation. bond of the CH product. It is noted that the present result for
Figure 4 shows the distribution of the relative translational the product energy distributions is in contrast to the theoreti-
energy of the products CHand CO for the calculated 100 caPii and experimentd? results for the HCO — H, + CO
trajectories. The population of the relative translational energy reaction. The average ratio of the relative translational energy
is seen to be the largest around-3® kcal mof!, and its to the total available energy was calculated to~b&0% by

0.3 1 L

0.2 | -

Population

0.1 -
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Sung and Kimd and~70% by Li et al¥l and was measured to T S
be ~65% by Ho et al2° these values are significantly larger (@)

than the present prediction for the gEHO photodissociation. 0.3 L
This is probably because the;EBO system has much smaller
degrees of freedom and the vector of the reaction coordinate at
the TS is mainly composed of the relative translation gaHd

CoO.

The distributions of the CO rotational and vibrational quantum
numbers are shown in Figure 6, parts a and b, respectively. In
obtaining the quantum numbers, we assumed that the coupling
between rotation and vibration is negligible. As expected from
the vector of the imaginary mode at the TS and the analysis of
the sample trajectory, the CO product is highly rotationally hot
and vibrationally cold. The distribution of the CO rotational
guantum number is seen to be the largest around7B0and
its average is 68.2. It has been predicted that 85% of the CO
vibrational quantum number is 0. These computational results
qualitatively agree with the observation of Gherman €&t that
no vibrationally excited CO was detected and the rotational
temperature was 130f 90 K. In the present work. we have
predicted that 15% of the product CO is in the first vibrationally
excited state and found that the rotational temperature could
not be determined. This is probably because the chosen initial
condition is somewhat artificial; the excess energy at the TS
was given only to the reaction coordinate. Other reasons may
be that the trajectories were run in a very short time, +80
fs, and that the total number of the trajectories was not sufficient,
i.e., 100.

It is also of interest to compare with the computational
results'i for the HLCO — H, + CO reaction. The calculated
product state distributions for this reaction and the;CHO
— CH4 + CO reaction are qualitatively quite similar. It was
predicted that the product CO for the®O photodissociation 00 . i . '
is vibrationally cold and rotationally hot; the average of the 0 1 2 3
vibrational quantum number is0.1 and that of the rotational CO Vibrational Quantum Number
quantum number is-453 On the other hand the productH  Figyre 6. Product CO state distributions: (a) rotational quantum
was calculated to be vibrationally hot and rotationally cold; the number; (b) vibrational quantum number.
average of the vibrational quantum numberi$.2, and that
of the rotational quantum number is onh3.3 These data are
comparable with experimeAtd The H, vibrational excitation
corresponds to the CH vibrational excitation in the produci CH
in the CHCHO photodissociation. It seems that the calculated freedom. Figure 8 depicts the vector correlations betwieamd
average CO rotational quantum number, 68.2, for the@HD the orbjtal angular momentum vector of the products (a)
photodissociation is about one and a half times larger than that 3. andL : (b) Joy, andL. It is seen in Figure 8a that the angle
for H,CO. Note that, in the present calculations, kinetic energy petweenleo andL has a sharp distribution near F8@neaning
of ~35 keal mof* was added to the reaction coordinate and that the product CO tends to rotate in the reverse direction of
the total available energy 5130 kcal mof™, while in the HCO  the orbital motion of the products. In Figure 8b is seen a broader
calculationd kinetic energy of 5 kcal mof was added to the  gistribution in the angle betweelty, andL around 0. This
reaction coordinate, thus the available energy is about 100 kcalingicates that the product GHends to rotate in the same
mol™. It is obvious that the average CO rotational quantum grection as the orbital motion, but the tendency is not so strong.
number strongly depends on the total available energy. ASsum-rigyre 9 shows the vector correlation betwdes andJcy,; it
ing that the percentage of energy partitioning does not sensitively s seen that the distribution is rather broad, but it is concen-
depend on the total available energy, we will predict the average trated around 180 This means that the products ¢ahd CO
CO rotational quantum number to be0 if we add kinetic  tend to rotate in the reverse direction, which is expected from

energy of 5 kcal mol* instead of 35 kcal mof-to the reaction  the vector of the imaginary frequency of the TS shown in Figure
coordinate at the TS in the trajectory calculations. This means 1

0.2 -

Population

0.1 o

Ao

0.0

T M T M T T T M T M T

0 65 70 75 80 85
CO Rotational Quantum Number

40 90

1.0 1 Il 1 1
(b)

Population

0.4 L

tends to keep orthogonal ¥@,. A broader distribution has been
predicted in the angle betwedpn, andvye, as shown in Figure
7b, which is probably because GHhas larger degrees of

that the rotational state of the product CO from thesCHO
is more highly excited than that of the CO from theG®
photodissociation.

In the present trajectory calculations the excess energy of
~35 kcal mol! at the TS was distributed only to the reaction
coordinate. This is actually an artificial way of modeling the

Figure 7 shows the vector correlations between the productsunimolecular dissociation that begins with the S S IC,

rotational angular momentum vectatsand the relative trans-
lational vectonve: (a) Jco andvyel; (b) Jen, andviel. It is seen

in Figure 7a that the angle betwedpo and v, has a sharp
distribution around 99 indicating that the CO rotational axis

because the excess energy at the TS is expected to impartially
flow into all vibrational modes including the reaction coordinate.
An improved simulation can be done by using the micro-
canonical ensemble for the initial condition. The improved
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Figure 7. Vector correlations between the products rotational angular
momentum vectord and the relative translational vectag: (a) Jco
— Vrel; (b) JCH4 — Vrel.

trajectory calculations would predict the CO rotational and

vibrational state distributions that agree better with experiment,
as mentioned above. We do not think, however, that the error
due to the artifact in the initial condition is quite serious, because
the reverse barrier height is very high and the molecule will

gain another95 kcal moi! during dissociation.

4. Conclusion

In this study, using the direct ab initio molecular dynamics
method, we have calculated a total of 100 trajectories for the
photodissociation, Cs€HO — CH, + CO, on the gpotential
surface. The employed ab initio level was RMP2(full)/cc-pVDZ,
which was confirmed to be sufficiently reliable for describing
the reaction dynamics by comparing with results obtained at
higher levels of theory and with experiment. Analysis of a

sample trajectory revealed that the change in the potential energy

of the total system is almost ascribed to a CH bond vibration
in the product CHl It was calculated that the energy distributions
for the relative translational energy, the CO internal energy,
and the CH internal energy are 28, 20, and 51%, respectively.
The high percentage of the GHnternal energy may be
explained by the large degree of freedom of CGithd by the
fact that the vector of the reaction coordinate at the TS will
cause a highly excited vibrational motion of a CH bond of,CH

It was predicted that the product CO is highly rotationally

Kurosaki and Yokoyama
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excited but vibrationally almost not excited; on average, the
rotational and vibrational quantum numbers were 68.2 and 0.15,
respectively, which qualitatively agrees with experiment. The
vector correlation between the products rotational angular
momentum vectors showed that the products, @kl CO tend

to rotate in the reverse direction, which is expected from the
vector of the imaginary frequency of the TS.
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To better simulate the actual dissociation dynamics, the initial 1.-C. J. Chem. Physl996 105, 4597. (k) Gejo, T.; Bitto, H.; Huber, J. R.

conditions should be more properly set up. The improve

trajectory calculations would predict the product energy and state

d Chem. Phys. Lettl996 261, 443. (I) Lee, S.-H.; Chen, |.-CChem. Phys.

1997 220 175. (m) Leu, G.-H.; Huang, C.-L.; Lee, S.-H.; Lee, Y.-C.; Chen,
I.-C.J. ChemPhys.1998 109, 9340. (n) Gherman, B. F.; Friesner, R. A,;

distributions that agree better with experiment. Such calculations Wong, T.-H.; Min, Z.; Bersohn, R]. Chem Phys.2001, 114, 6128.

are now underway in our laboratory.
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