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Table 1. Energetics (kcal/mol) iavolved in gas phase reactions of CHy = CHR with CHyO~ and CH40- ‘H,0

(ecallmole) CH,=CHCN CH,=CHCHO CH,=CHNO,
Reaction | A4H° aG® aG* AH° aG® G- aH° aG° aG
1 -5.6 -7.2 35 -12.7 -13.6 6.7 -2786 -28.6 49
2 -37.3 -27.2 56 -39.6 ~-28.7 4.1 -63.2 -52.2 5.2
3 -19.7 -20.9 12.1 -26.4 -26.8 10.9 -47.9 -48.7 7.9
18 6.1 5.6 53 -1.1 -0.7 94 -15.9 -15.7 34
28 -208 -16.6 5.3 -23.2 -18.5 5.0 -46.7 -41.8 4.8

AH° = AH,(P) — 4H,(R} ; AG® =AG,(P) - AG,(R} ; AG*=AG,(TS) - 4G,(RC).

but subsequently rotate out-of-plane to form tetrahedral com-
plexes in addition reactions (2 and 3).

(2) The reactions of substituted ethylenes (CH,=CHR)
with a bare methoxide are all exothermic, the exothermicity
being the greatest in the g-addition reaction.

(3) Although the g-addition (reaction 2) is the most ex-
othermic process, the excess energy is carried by the adduct
alone so that it becomes extremely unstable.

(4) The solvate water removes part of the excess energy
in the g-addition of monosolvated methoxide to render the
reaction product.

(5} The hydride transfer (3) is the most unfavorable pro-
cess due to the highest energy barrier.

(6) The a-H' abstraction of acrylonitrile becomes en-
dothermic by hydrating the methoxide ion so that the gas
phase reaction will not be cbserved.
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The temperature dependence of the vibrational relaxation of NO(=2) by NO(v =0) has been investigated over the tempera-
ture range 100-3000K. We have assumed that the deexcitation of NO(2) by NO(0) undergoes vibration-to-vibration (VV)
energy exchange with the transfer of the energy mismatch AE through rotation {R) and translation{T). The relaxation rate
constants are calculated by solving the time-dependent Schrddinger equation. The sum of V-V.T, and V-V,R contributions
shows very weak temperature dependence and is in reasonable agreement with observed data over the temperature range

300-3000K.

introduction
The vibrational relaxation of NO has been studied by a

tPresent address, Korea Advanced Energy Research Institute,
Choon-nam 300-31.

variety of techniques. Most of these studies have involv-
ed the measurements of the relaxation rate constant of
NO(v=1)1+ by a variety of collision partners. However, a
few investigators have studied the self-relaxation of
NO(v =2).158 In this paper, we have considered e rate con-
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stants, &, for deactivation of NO(v=2) by NO.

NO (0=2)+N0(v=0)—k—e’2N0 fv=1)-28em™' (1)

There have been no reported measurements of the tempera-
ture dependence of £,. The rate constants was measured on-
ly at the room temperature and at very high temperature.
Futhermore, the scatter of , is large. Glinzer’ measured k,
behind shock-heated NO and found k, to be 2x10-12cm3
molecule-!s-! independent of temperature from 2000 to
3000K. Stephenson! used an infrared-laser-induced up-
pumping technique to measure &, which is about
3x10-12cm3molecule-1s-1, Macdonald and Sopchyshyn8
measured %, over the range 220-470K by UV absorption
spectrophotometry and their results are about a factor of two
smaller than those of Stephenson. No results for the decay of
NO(V =2) are reported below 293K, Thus, if these results are
combined, &, is almost independent of temperature from 300
to 3000K.

One particular thing about NO is that it can form a dimer,
and the NO dimer has a dissociation energy of 1.6kcal/mole?
giving intermolecular interaction which is stronger than
those due to purely dispersive van der Waals interactions be-
tween the ordinary molecules and being of the same order of
magnitude as those for the hydrogen halide dimers. Thaus, in
order to describe the NO-NO collision adequately, it is neces-
sary to have a collision model which takes into account the
presence of strong attractive forces.1 Near room tempera-
ture, the attractive forces can cause the colliding molecules
to stay close to each other for a sufficiently long time, which
then, in turn, provides ample time for the molecules to relax.,

In process (1), there can be two possible pathways for the
supply of the energy mismatch!!; one is the transfer of AE
by local translation, which is confined to the vicinity of the
equilibrium separation, and the other is by rotation. These
two energy transfer pathways of the V-V step can be classifi-
ed as V-V, T and V-V,R mechanism, respectively. In this
paper, we shall show the calculation of the deactivation rate
constant k, over 100-3000K introducing both pathways.

V-V,T Energy Transfer

In near-resonant VV energy exchange processes, the ma-
jor portion of vibrational energy is rapidly redistributed
among vibrational modes of the colliding molecules. Then,
the energy mismatch AE is transfered to or supplied by
other modes such as translation or rotation. In the collision of
two NO molecules, due to the strong attraction, the transla-
tional motion is confined to the region where the attraction is
strong. This motion, which may be referred to as “local
translation,” is quite efficient in transferring AE, but the dir-
ect contribution of rotation to the transfer of AE, is not im-
portant at lower temperatures.!1a.® When temperature in-
creases, however, this energy transfer mechanism becomes
less important. 1@k We now have to recognize the direct
participation of the rotational motion in transferring AE.
Therefore, the V-V energy process can be described in terms
of both V-V, T and V-V,R mechanisms; the former is of major
importance at lower temperatures, while the participation of
the V-V R pathway becomes important relative to the former
at higher temperatures.

For the collision of two nitric-exide molecules, the poten-
tial energy of the interaction is assumed to be 2 Morse type
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composed of four atom-atom interactions. We shall denote
the relative separation between molecules 1 and 2 by 7, the
counterclockwise angle between the molecular axis of 1 and »
by 6,and that of 2and 7 by 6,. The four atom-atom distan-
ces are defined by representing molecules 1 and 2 by N0
and N,-0y) as follows: we express the distance between Ny,
and N{z) by 71 between Nu} and 0(2) by 7y between 0(1) and
N, by 73, and between Oy, and O by 7,. For the relative se-
paration which is significantly larger than the equilibrium
bond length d, these atom-atomdistances may be approximat-

re=r=7y (d+x)cosd ty,,(d+x,)cos8,

roo=r+7y,{d+=x,)cost t7..(d+x,)coss, @

ed as where x; is the vibrational amplitude of the ith molecule,
7i=mg/ (ny+mg) and 7,=mpfmy + my), m’s being the
atomic masses. The overall potential energy can then be ex-
pressed in the form

Ulrary 1 r) =42 U () (3)

where Ulr) = D{expl(r,—)a) -2expl(r;~r)/2a]}, D and a being
potential constants. Here #;'s are the equilibrium values of 7’s,
and they can be obtained from Eq. (2) by setting x, =x,0,
9, =81, and 8,=08,,. It is important to notice the introduction of
the factor % in Eq. (3). The introduction is made because the
overall interaction energy is constructed through the
molecular field which is characterized by D and a. If 8,=0,,
and ;= 6,,, the additive potential would become four times
the center of mass interaction

Ulr)=Dlexp((r.—7r)/a) —2expl{r.—7r}/2al},

where 7, is the equilibrium value of r. This indicates that at
other orientation angles the additive model of atom-atom in-
teractions will lead to the potential which is effectively four
times the “true” interaction energy. Therefore, to obtaine
U(r) which describes the relative motion, we need to intro-
duce the factor +-in Eq.(3). Of course, if ali 7,'s were assumed
independently from each other with a; and D,, the factor
should not appear in the potential.®> We assume that the
N-N, N-0, and the 0-O interactions are identical.

On the other hand, in V-V, T mechanism the effect of dir-
ect participation of the rotational motion will not be included :
instead, we shall use an orientation-averaged interaction po-
tential to include the effect of molecular rotations on the VV
processes. Then the orientation-averaged potential is!3

(}(f, x,, xz)=%£”£xu(f. 8., 8, LI xz)
siné, sin#,d@,d4, {4)

where, because #,=7{r,1,, 8,8, as shown by Eq.(2), the
overall potential can be represented by Ulr,r,7,7)=U
(7,2, 8, 6,). Performing integrations, the interaction poten-
tial describing the relative separation can then be written in
the form

- * _ *_ P

Uy =D*(exp (Z57) ~2exp (“5=1)), (5)

*_ 4 [Siﬂh (Q[/Z) /Q[ +Si.n}l {Q:./z} /Qz] ¢

whete, DT =D ohQu7R, Tsin@,/0,)7

and Q, ,~y, , d/a, and r}is the new equilibrium value of r after
rotation-averaging. The energy representing the coupling of
two vibrational modes is
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U, ~=D* [fexp(it’—f) —geXp(jo 12 (6)
where
/= [costh (1-1anh@,/Q,) +coshQ, (1-tankQ,/Q,) )4

Sil“th;/Q, +5inhQ2/Qs

cosh{Q,/2) (1~2tanh {Q,/2)/Q,)
+cosh {W,/2) (1-2tank (&,/2) /Q,)

sink (Q,/2) /Q, +sink (Q,/2)/Q,

Equation (5), which describes the relative motion of colliding
molecules, is a simple form of the Morse potential function
with the well depth now reduced to D° due to the averaging
effect of molecular orientations. We express &, in terms of
boson operators {a] a) as xx,=(4/2M ) * (B/2Muu)t
(a] +a,Xaj+a,), where M; and w, are the reduced mass and
the angular frequency of molecule ¢, respectively. Equation
{6) can then be written as T, (r,x), 1)) = Fir¥a] +a,Xa;]+a).
On the other hand, the relative motion of two individual
molecules in the loosely bound complex is local translation,
which is restricted to the vicinity of »,. An approximate form
of the interaction potential describing this motion can_be
derived as T{r)=-D"+ D'[(r,-1)/2a]%+...., i.e., we can fit [(r)
to the quadratic form 4-x (,-)?%, X being D /2«"’ From the
equatlon of motion written in the form t =(x/2) f * (E-Hx
(r;-r#1* dr, we obtain the trajectory as r(t)are-Za?E/D“)f
cos[D' /2u)¥ (¢/a)), where p is the reduced mass of the colli-
sion system and 7, is the root of E-% X(r,-n)?=0. This equa-
tion is an oscillatory function of time describing a snarled tra-
jectory of the back-and-forth type motion for local translation
in the neighborhood of r,” for long-lived collisions. Thus, F(»)
can now be expressed as a time-dependent function F(t):
D*% —r(t)
2" MM, 0, a )

*_
-sexp("*zii“ﬂ

1%

S=Z{s[

Fi)=

)12 [fexD(

For 2,0~1,1 V-V transition, the energy exchange probability
expression can be obtained in the form!

P (E) =25in’G cos’G 3 G=1" [F(t)exp (idwt)dt

{7)
where E is the initial collision energy and the energy mis-
match AE=#Aw is (Ey+ EQ~E, + Ey), and ;s are given by
Blon = Ep~E) and By = E,-E,, the energy levels E, being deri-
ved from spectroscopic measurements. In terms of F{#) given
above, we obtain

oe *
ﬁ“‘f F(t)exp(iAwt)dl= D

23: (M1M4w1(!)3}+
¢2
(2xal D*)+ 1 X 1 ];1 (cosng-tisinng)

exp(2 ('5,) ¥ cosg Jdg — 2%:]4:3 (cos ng+i sinng)
exp[(ﬁg‘—) +cosgldgl. (8)

From the translational trajectory, the period of local transla-
tion is T =27a(2u/ D)% . In the time interval of -3T to T,
local translation undergoes one period of the back-and-forth
motion transferring AE, so we replace the integration limits
($,,9,) by (-%T,37), which correspond to {-x, ) in the inte-
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gration. The result is

e : _ D*
87 [P e aundi= gopr oy
(2ra ()% ) X (1, (22) - g1, (2)) ©)

where 2=(E/D?)? and the order of the Bessel functions ap-
pearing in the last bracket is 7 =dwa(2u/D) * - Note that the
integrals containing sinz¢ vanish. To obtain the thermal-
average probability, we shall replace the collision energy in
Eq.(9) by the symmetrized energy {[E(1-*/r% -#aul)?
+[E(1-021rD) ¥ } 2 where b is the impact parameter and
is a constant distance in the most important region of energy
exchange. With the introduction of the energy symmetriza-
tion and impact parameter, we define the average of P}}
(E,b) over Eand b as

_ l ™*® D+ B1aw1 3t
~—=ry ) 2 e[ EPY} (E, b)

) atel

exp (- E/kT)dE. (10)
V-V,R Energy Transfer

As the molecule NO{2) deexcites to NO(1), the gquantum
v, = E)-E,, is released, and it is taken up by NO(0) in its up-
ward change to NO(1}. In the latter change, however, the
energy needed is Aoy =E\~E,, which is larger than % be-
cause of the vibrational anharmonicity. We expect rotation-
to-vibration energy conversion within the same molecule
(molecule 2) balancing the energy difference between these
two quanta, ze, AF, to be more efficient over the energy
conversion between the rotation of molecule 1 and the vibra-
tion of molecule 2. We thus construct the coupling potential
which represents the interaction between the §,-averaged
oscillator (molecule 1) and the rovibrator (molecule 2); the
coupling potential then has the functional dependence of
U 12(!, &3, x,,%,). From the ¢, average of Eq.(3) at r=7,, we ob-
tainto@

Iy - % 2 Ql
Ul 8= D h+ Ty smhs) P

2Q,
T Gsink{(Q,/2) H(y, /1) sink (Q,/2)) exp (= Q,cos8,/2)}

=4 exp(—Q.cosG,)—B’exp(—%cos&,] 11

it should be noted that when Eq.(11) is further averaged over
8, without imposing the restriction that r=7;, the result of
course reduces to Eq.(5) obtained above for the V-V,T pro-
cess. Similarly, the coupling potential at » =7, is!%®

[_’rlz (8., %1, %3} = —D** (‘%) ey exp(—Q,cos8,;)

- Q,cos8,)

- ¢rexpl— %‘cosﬁ;)i Xecost#,x, %, (12)

where,
W L Qa
Do*m {B_D) [Smh? + (}'./J’g}smﬁ 2 ]
Q, [SinhQ1+(71/7:)5inth]z
_ (cosh@, +coshQ,)
$17 TsinhQ, + (7,/72) sinhQy)
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1
N Q, [5ka1+ (7:/72) Siﬂ}'Qz]

) QJ Qz
(cosh 5 +cosh > )

¢2=_"{
R RRCHPARTE SE

2
Qu sk P+ (7, /1) sinh 1)

¢

The trajectory g,{t} may be determined from the rotational
equation of motion written in the form

s () (B,-To(oi* (13)
where E, is the initial rotational collision energy and [ is the
moment of inertia. The approximation =y, which we intro-
duced above to write /{4, represents the situation that the
relative motion is “‘frozen’ at 7, which we think is respon-
sible when there is a strong attractive interaction between
the collision partners. An integration of Eq.(13) for U8,
given by Eq.(11) has been shown elsewhere with the
resuku.ls.

a, 21) |

exp{"—‘Q1COS!9 )=7'Cp s (14)

Here,
pmihyy g TEHD o
2 i=o ' (1+1¢) Eé’”'

4, 2B 8+8)
N7 24 1+a)

3B'*8+6B' &
1+a

2 Qe

@ TI6A’F

(B’ *+ )

M.
T LA (l+a)’

9 4
a= 5o ( 3Q.)

A= Ql uQ*“‘

34 72
&= Q‘ (1t 17Q}
From Eqs. (12) and (14), with the contour integration

f“exp (idwt) di=
e (t=i7)"

we find
Ti"wa(t)exp(iAcut)
-£5

JA'E,

2r{idw)Aw]T (n))exp(-Awrt),

dt- 2;:71835,4&?0:1’1)**
MM, 0.0,) A

fexp (- dwr) (15)

21) Qo A

In this case an appropriate form of the thermal average
V-V,R probability is

Py (T)= kD) f, “PLIE,) exp (- E,/kT)dE, (16)

where the E,_ dependence of the probability is replaced by the
symmetrized energy ((E,+ %)) ¥ +E, ¥ )2 If the effect

Jongbaik Ree et al,

Table 1. The caiculated values of the V-V,T, V-V,R and the
overall rate constants for NO(v= 2} + NO(v=0)>2NO(v= 1)

Temp. V-V.,T V-V.R V-V.T+V-V,R
100 6.24(-13p 7.87(-16) 6.25(-13)
200 6.4%(-13) 1.44(-14) 6.63(-13)
300 5.20(-13) 4.94(-14) 5.69(-13)
400 4.11(-13) 1.01{~13) 5.12(-13)
500 3.32(~-13) 1.58(-13) 4,89%(-13)
700 2.30(-13} 2.81{-13) 5.11(-13)

1000 1.50(-13) 5.02(-13) 6.51(-13)
1500 8.83(-14) 9.11{-13) 9.95%(-13)
2000 5.98(-14) 1.2%-12) 1.35(-12)
3000 3.39(-14) 1.93(-12} 1.96(-12)

@ This means 6.24 x 10-13cm?molecule-1s-1,

of translational motion is introduced, the probability would
appear also as a function of E and b. In this case, additional
integrations over E and b will have to be introduced, but the
effect of translational motion is not expected to be important
in the present V-V R step.

Calculation and Discussion

The potential constants used to calculate energy ex-
change probabilities are D=1.6 kcal/mol, a=0.19A.% The
spectroscopic lr:onstant:a16 ©,=1904.405, zx,=14.187, and
wy,=2.4x107 all in cm™!, are used to determine energy
level spacings and the value of the energy mismatch AE. The
equilibrium bond distance 4 is 1.15077A. Once the energy
exchange probabilities are known, the rate constants can be
obtained from the gas kinetics as follows,!?

k=ZP(T)

=4, 5708 X102 **( T

—)}"3P(T) cm?/molecule-sec
# (17)

where Z is the collision number, »"is the collision diameter in
A, and ¢t is the reduced mass in amu; we take 7°=3.47A.

In Table 1, the calculated values of the V-V, T, V-V,R and
the overall rate constants (i.e., V-V, T + V-V ,R) are shown as
a function of temperature. In this collision system, the endo-
thermic energy mismatch 4E is 28 cm*! and the local transla-
tional motion can be effective in supplying this energy in the
presence of strong attraction. The V-V,T reaction rate con-
stant calculated at 300K is 5.2 x 10~13 cm?® molecule™sL. But
when the temperature increases to 1000K, V-V,T rate cons-
tant decreases to 1.49x10°3 cm® molecule-sl. When
T'=2000 and 3000K, the V-V, T rate constants are 5.98 x
107" and 3.39 x 10-!¢ cm®molecule s, respectively. There-
fore, the V-V, T rate constant show considerable decrease as
the temperature increases. On the other hand, the contribu-
tion of the rotational motion to the V-V R rate constants
show opposite trend, and they are, for example, 1.29 x 10712
and 1.93x10*2 ¢cm®molecules! at T=2000 and 3000K,
respectively, which are much larger than the corresponding
values of the V-V, T mechanism. We may therefore state that
in the present collision system, the deexcitation of NO(2},
over the range of 100-3000K, occurs through the V-V mech-
anism with the energy mismatch being supplied by rotation
or transiation and that the overall deexcitation rate constant
can be expressed as the sum of V-V, T and V-V,R contribu-
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Figusre 1. The temperature dependence of the vibrational energy
transfer rate constant for NO{v=2)+NO(v=0)-52NO(v=1). The
solid curve is calculated in this study. The dashed curve is obtained
by SSH theory. Experimental data are taken from:CRef. 1; aARef. 6;
®Ref. 7; ORef. 8.

tion.

The overall rate constants are plotted in Fig. 1 as a func-
tion of T over the range of 100-3000K. As the temperature
increases the rate constant decreases. But the decrement is
very weak and the rate constant decreases only slightly;
from 100 to 500K it decreases from 6.25x10°1 to
4.89 x 10 3%m%moleculele?, As the temperature continues
to increase, however, the role of molecular attraction be-
comes less important. Furthermore, local translation, which
is effective in causing V-V energy transfer at iower tempera-
tures, is no longer the dominant motion. Whereas contribu-
tion of the rotational motion to the V-V process becomes
more important relative to the translation, The rate constant
thus increases with rising temperature. It increases slowly
with rising temperature above 500K. From 500 to 3000K,
the rate constant increases from 4.89x10°1 to 1.96 x
10~2cm3molecule!s™!: That is, it increases at most by a fac-
tor of about 4.

In Fig. 1, there are also plotted the observed data and the
result from other theoretical approach. The agreement bet-
ween our calculated rate constants (the sum of V-V,T and
V-V,R) and the observed ones is reasonable over the range of
2000-3000K, but up to 1000K our results are samlt by a fac-
tor of 3-6. However, our results show a very weak tempera-
ture dependence for %, over ther range of 100-3000K, in
agreement with experiment. Whereas the results obtained
by SSH theory!® agree with the observed values at room tem-
perature, but they become too large at high temperatures.
Futhermore, these results show considerably strong tem-
perature dependence over the range of 100-3000K.
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Finally, the self-relaxation rate constant, %, for CO, N,
and O, is an order of magnitude smaller than the correspon-
ding self-relaxation rate constant for NO'®, All four mole-
cules have very similar vibrational frequencies, moments of
inertia and reduced masses. This particularity of NO is due
to the formation of dimer. Therefore, we suggest that the
same mechanism of our approach is responsible when the
colliding molecules form dimer, that is, when they have a
strong attraction.
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