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요 약. HF와 DF 혼합계내에서 일어나는 다음 두 진동-진동 에너지 이동 반응의 속도상수GU) 
를 〃 = 2〜5에 대해 300〜800K 온도 범위에서 이론적으로 계산하였다.

HP(0=?z)+DF(”=0) —> HF(^=n—1) +DF(v = l) 4-JE (a) 

DFS=/z)+HF食=0) —> DF(0=^—1)+HF(0=1)+，E (b)

이용한 충돌모형은 수소결합에너지를 분자간 상호작용의 주죽으로 삼는 loosely-held, non-rigid 

dimer model 이었고, 계산법으로는 반고전적 방법을 사용하였다. 계산 결과 반응 (a)에 대한 속도 

상수가 반응 (b)에 대한 속도상수 보다 훨씬 더 커서 HF-DF 혼합계 내에서는 진동에너지가 HF 에 

서 DF 로 이 동함이, 또한 반응 (a) 에 대한 속도 상수는 온도가 높아질 수록 감소하고, 진동 양자수 

가 커 질 수록 증가하는 반면 에, 반응 (b) 에 대 한 속도 상수는 온도 의 존성 과 양자수 의 존성 에 있어 서 

대체로 이와 반대의 경향을 보임을 밝혔으며, 이 계산 결과는 주로 에너지 차 /E의 부호와 크기로 

써 설명될 수 있음을 보였다.

ABSTRACT. The rate constants for the following vibration-to-vibration energy exchange reac
tions have been calculated theoretically for the temperature range from 300 to 800 K and for 

n=2 to 5.

HF侦=?i)+DF(0=O) —> HF(v—n —1) 4-DF(v=l) + JE (a)
DF(v=n) +HF(f=0) —우 DF(^=n—1)-rHF(v=l) + JE (b)

In calculation the loosely-held, non-rigid dimer collision model and semiclassical method have 
been employed. The results show that the rate constants for the processes (a) are much greater 
than those for the processes (b). Also, it is found that the rate constants for the processes (a) 

increase with decieasin흥 temperature and with increasing quantum number, while those for the 
processes (b) show the opposite tendencies. These findings are explained in terms of the sign and 

magnitude of the energy mismatch, AE.
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1. INTRODUCTION

Recently, there has been tremendous interest 

in excitation and deexcitation mechanism of 
the vibrationally excited HF and DF molecules 

in conjunction with HF chemical laser. The 
vibrational deactivation from the upper vibra

tional energy levels of HF or DF by the ground 
state molecules plays a key role in the building 
디p or depletion of the excited species. Infrared 
laser fluorescence te사miques have also proven 

to be an invaluable tool in many highly 
detailed, state-specific vibrational relaxation 

measurements8.

In the vibration-to-vibration energy transfer 

processes it has been recognized that the strong 
attractive intermolecular force such as hydrogen 
bond increases the relaxation rate9. In hydro

gen fluoride molecules the hydrogen bond ener

gy is about 6 kcal/mole,1CH，12 thus dominating 
all other types of interaction. In this case the 
vibrational energy transfer can take place quite 
efficiently through the formation of loosely held 
dimers, at least at lower temperature. In the 

near equilibrium configuration the molecules in 
the dimer undergo the back-and-forth transla

tional motion. This motion is responsible for 
removing or supplying the energy mismatch 
ZE. This model was first proposed by Shin13 
and applied tp HF(u=?z)+HF9=0)i3이4 anj 

DF (0=〃) + DF (v—0) 板에6 SyStems with great 
success.

In the past few years, the vibration-to-vib

ration energy transfer processes between hyd

rogen halide molecules differing only by isotopic 

substitution have attracted many workers. For 
example, the vibration-to-vibration energy tran

sfer between H35C1+H37C1 systems was studied 
both experimentally17,18 and theoretically19. 
One of the main reasons why these processes 
are important is that they can be used in 
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isotope seperation using laser photo사】emical 
schemes20. They also provide a very useful 

mean to test the theoretical models.
Recently, laser-induced vibrational fluoresc

ence experiments for the following vibration- 
to-vibration energy transfer processes were 
carried out；

HF (v~n) +DF(^=0)—>
HF(z»—n—1) +DF(v —1) + JE (a)

DF (v—n) +HF(0=O)—>
DF(0 = 〃一 1) -f-HF (q = 1) +ZE (b)

and the results show that the vibrational energy 
exchange probabilities for the process (b) are 

negligible compared with those for the process 
(a) and that the vibrational energy transfer in 
the HF-DF mixture system occurs primarily 

via the process (a) 21.

In this study we wish to examine the above 
processes theoretically by calculating the vib
rational energy exchange probabilities and rate 
constants. Furthermore, we wish to find out 
the effect of temperature, vibrational quantum 
number and energy mismatch on the energy 

exchange probabilities and rate constants, too.

2. COLLISION MODEL AND ENERGY 
EXCHANGE PROBABILITY

Since the theoretical results obtained from 
loosely-held, non-rigid dimer model were 
shown to be in excellent agreement with the ex
perimental results for HF(〃=?z) +HF(u=0)—> 
HF(初=〃一 1)+HF(0=1)+4E" and DF(d=&) 

+DF (0=0)—느 DF l)+DF(v = l)+J£16,

we also apply this model to the processes (a) 
and (b). The collision model is the same as the 
one depicted in Fig. 1 of Ref. 13 except the 
fact that one of the HF molecules is now rep
laced with a DF molecule. Then, the inter
molecular interaction energy is assumed to be of 
the Morse type,
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kT+\^E\

U(r) =Z)"exp( ,以]4)— 2exp(/方즈-)] (1)

where DQ is the hydrogen bond energy, the 
distance between D of DF and F of HF and a 
the usual potential range parameter. The subs
cript e denotes the equilibrium configuration.

The derivation of the temperature dependent 
vibration-to-vibration energy exchange probab
ility is also described in Ref. 13. From the 
result given for HF(” =，z)+HF(0=O)——>HF 
(”=戎一1)+HF(0 = 1) processes14 we obtain, 
with slight modifications to account for the fact 

that one of the molecules is now DF rather 
than HF, the energy exchange probability for 
mixture system, i. e., for process (a) and (b), 
as follows.

為詰 " (7) 니 Qi -1, 從+끼 (夜 + 釦)

(aj + «2) 两, 此〉I/壺嚟碧)2^쯔招 

4"芸피

expW/^T) 一(Z)o*+&T+ 」^L)] (2)

Here, n is the vibrational quantum number, p 
is the reduced mass of the collision system, o) 
and M are vibrational frequency in radians per 

second and reduced mass of the molecule, res
pectively, B(s) is the beta function with the 

argument 5= (_^Ea/ft) (2/z/Z)o)1/2, 히id and 
qF are mass ratios defined as 奴=”引(〃用+也f) 
and 如=所击(沉d+??Zf), respectively. Two 

angles 0le and 02e are the equilibrium angles 
that DF and HF molecular axes make with the 

line connecting the centers of the mass of the 
two molecules, respectively. Z)°*is  the effective 

hydrogen bond energy which is somewhat less 
than Do due to hindered rotational and back- 
and-forth translation motion of m시ecules about 
the equilibrium dimer configuration13. The sub

scripts 1 and 2 refer to DF and HF molecule, 
respectively. The operators a+ and a are the- 
usual phonon creation and annihilation opera
tors, respectively. 22

Once the energy exchange probabilities are 
known, the corresponding rate constants can be 

obtained from the kinetic theory of gases. For 

the processes (a) which are exothermic the rate 
constants become simply

kvz~ZP^^T)
=4. 74X10lor* 2(Tz/)-1/2P(T)

atm-1sec~1 (3)

where Z is the collision number assuming the 
ideal gas behavior, r*  is the collision diameter 
in A, and is the reduced mass of the col

lision system in atomic mass unit. To obtain, 
the rate constants for the processes (b) which 
are endothermic, however, we must multiply 
the Boltzmann factor exp (— \ AE\ /kT) to sa

tisfy the principle of detailed balance23. This' is 
because the energy exchange probability, Eq. 

(2), is that for the processes taking place in. 
the exothermic direction.

The rate constants can be expressed in cm3 
mole-*1 sec'1 by multiplying RT to Eq.(3). 
Finally by introducing r*=2.  79A 24 and “후= 

10. 249, one obtains

辰m=9. 46X1012T1/2P(T)cm3mole-1sec-1 (4)

3. CALCULATION

Even though the collision trajectory is obta

ined classically, the diatomic molecules HF and. 
DF are treated as quantum mechanical anhar- 
monic oscillator. According to the first order 
perturbation theory, the vibrational wave func
tion of anharmonic oscillator with potential 
energy 卩(%) =^-MQ)2(x-Xe)2+a(Z-Xe)3can be
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given as25

如=如+ &§2 (我+2)(戎+3)]1”

如+3 + 9(n + l)3/V«+l 一 9&3/2如T 

— 33—1)3—2) 丁/2如財 (5)

where % is the internuclear distance, are 
the vibrational wave function of the harmonic 
oscillator, n is the vibrational quantum num
ber, and K is a constant given as (a/Ato) (A/ 
Ma))3/2. The anharmonicity constant a can be 
obtained from the expansion of the experimental 
Morse potential for HF and DF, V(%) =De (1 — 
exp[—/e)])2 and found to be as —Deb3. 
In calculating the matrix element in Eq. (2) 
the anharmonic oscillator wave functions given 
in Eq.(5) have been used.

The vibrational energy levels of HF and DF 

have been obtained by use of the following 
formula26,27

Ez = a” @ + (戎 + *j  +皿3七(〃 + 专)(6)

The necessary spectroscopic constants and the 
calculated energy levels are shown in Table 1.

Other constants apart from the atomic mass 
and universal constants required for calcula
tion are as follows: Qm=0°,也=65° 11-24-28-291 
D()=6kcal mole"110,30,31, a〃(DF) =5. 65X 1014s-1, 
<。2(도IF) —7. 80X 1014s-15 Z)e=141kcalFioleT, 
b~2. 232A-1 32,33 and tz=O. 2A

Since the loosely-held, non-rigid dimer 
model is not expected to give good results at 
high temperatures, the numerical calculation is 
limited to the lower temperature range 300〜 
800K.

4. RESULTS AND DISCUSSION

General Behavior. The calculated rate 
constants for processes (a) and (b) with the 
vibrational quantum number n from 2 to 5 are 

presented in Figs. 1, 2, and 3. For compari
son, the rate constants for following process

HF(n=w) + HF(0) 一>

HF(0 = H) +HFS=1) 4-JE (c)

are also shown in Fig. 4.
First of all, from Figs. 1 to 3, one can 

easily see that the rate constants for the proc
ess (a) are much greater than those for the pro

cess (b). This result is in agreement with the 
experimental and three-demensional trajectory

Table 1. Vibrational energy levels o£ HF and DF*

HF(XLZ나) DF(XLZ+)

Spectroscopic constants26'27
4138. 52 2998. 25

eg 90. 069 45.71

l心 0. 980 —
Vibrational energy levels

t>=0 2047 1488
V = 1 6008 4395
v=2 9799 7210
v=3 13423 9934
v=4 16890 12566
v=5 20200 15108

♦All units are in cm-1.

HF (v=n) +DF (u=0) >HF (y=n—l) +DF (0 = 1)&

Table 2. Factors affecting the V-V transition 
probability

Process Matrix Beta function。 AEa

2 + 0——1 + 1 1.771 6. 940 884cm-1
3+0一->2+1 2. 762 2. 487 717cm-1
4+0一->3+1 4. 441 1. 011 560cm-1
5+0一t4+1 7. 210 0. 611 403cm-1

DF(r=?z)+HF(0=O)——»DF(히=笈一 1)+HF(0=1)。

2+0一f 1 + 1 1. 715 5. 650 1146cm-1
3+0一—2+1 2. 538 6. 917 1238cm-1
4+0—>3+1 3. 856 10. 820 1329cm-1
5+0一->4+1 5. 970 27. 32 1419cm-1

aabsolute values；6exothermic process； rendothermic 
process.
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30。 40。 500 600 700 800

T(K)

Fig, 1. Rate constants for HF (n) + DF (0)—> 
HF(R — 1)+DF(1) for n=2 and 3.

10

俨

成。 50。 600 700 8()1)

T(K)

Fig. 2. Rate constants for HF (n) + DF (0)---->
HF(ra—1) H-DF(1) for n=4 and 5,

300 400 500 600 700 8M

T(K)

Fig. 3. Rate constants for DF (n) + HF (0)——> 
DF(n—1) -t-HF(l) for 耸=2 to 5.

result21. This fact can be explained in terms 
of the energy mismatch AE shown in Table 2. 

As can be seen from Table 2, the processes (a) 
are exothermic reactions, while the processes 
(b) are endothermic ones requiring a large 
amount of energy. Therefore, the processes (b) 
are much harder to occur than the processes 
(a). As a result, in HF and DF mixture, the 
vibrational energy transfers mainly from HF to 
DF, not from DF to HF.

Temperature Dependence. The rate constants 

for the processes (a), therefore the energy 

exchange probabilities too, show quite strong 
negative temperature dependence; that is, they 
decrease as temperature increases. Physically, 
this is typical of the systems in which the 
attractive intera간ion plays a significant role. 
We can also expect this behavior from the 
probability expression, Eq. (2). The only 
term which contains temperature dependence is 
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Table 3. Temperautre averaging and energy 
metrization term*.

*A11 units are in erg.

the one in the last square bracket resulting 
from the temperature averaging and energy 
symmetrization process35. As shown in Table 

3, this term decreases as the temperature 

increases and it more than compensates for the 
slightly positive temperature dependence, i. e., 
fl”, in Eq. (4).

On the other hand, the rate constants for the 

processes (b) exhibit slightly positive depen
dence. This might look surprising at first thou
ght. However, if we recollect that the processes 
(b) are endothermic and that we have to mul
tiply the Boltzmann factor exp(— \ AE\ /kT) to 
the probability to obtain the rate constant, it 

is not hard to understand either. As can be 
seen from Table 3 the probabilities themselves 
for the processes (b) also decrease. However, 

when they are combined with Boltzmann factor 
and T1/2 term in Eq.(4), both of which tend 
to increase the rate constants with increasing 
temperature, the rate constants show positive 
temperature dependence.

It may be noted here that the rate constants 
for the processes (c) which are also endothermic 
still show slightly negative T dependence as 
evidenced by Fig. 4. In this case, however,

HF (0=力)+DF (p=0) —>HF (0=推一 1) +DF (v—1)

Process 300K 500K 800K

2+0—>1 + 1 
3+0—>2+1 
4+0一一>3+1 
5+0—>4+1

2. 60X10T1
2. 26X10"11 
1.93X10-11
1. 61X1"

3. 43X10T2
3. 05X10"12
2. 67X10"12
2. 30X10-12

1. 04X10T2
9. 32X10"13
8. 29X1073
7. 28X10"13

DF (y=n) +HF (v=0)——>DF(f—n—1) + HF (0=1) 

2+0—>1H-1 
3丄 0―>2+1 
4+0—>3+1
5 + 0—>4-M

3.13X10"11
3. 31X10-11
3. 49X10 네 

3.66X10-11

4. 05X10T2
4. 25X1"
4. 46X1"
4. 65X10-12

1. 20X10-12 
1. 26 XW12 
L 32X10니2 

L 37X1022

응
E

、E

io11

300 400 500 600 70C 80C-

T(K)

Fig. 4. Rate constants for HF (?i) + HF (0) ——a 
HF (n —1) H-HF(l). (Adapted form the results by Shin、 
and Kim14).

the magnitudes of endothermicity are quite 
smaller than those of the correponding processes 
(b). For the processes(c), \^E\rs are only 173, 
340, 503, and 669 cm-1 for n~2, 3, 4 and 5, 
respectively. Therefore, the Boltzmann factors, 
have less pronounced rate increasing effect as 
the temperature increases and the resulting 
rate constants for the processes (c) show slightly 
negative temperature dependence.

The reaction DF(p =)z)+DF(d=0)-tDF(” = 

n — 1) +DF(1) + JE also exhibits negative tem
perature dependence in its v—v rate constants16. 
The same argument for HF + HF system can 
also be applied to DF+DF system since the 
|』E|'s are also very small for DF + DF system. 
They are 91, 182, 269, and 354cm-1 for n=2, 

3, 4, and 5, respectively.
Quantum Number Dependence. Finally, 

we consider the variation of the rate constants 
with the vibrational quantum number n. For 
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the processes (a) they tend to increase with 
%, while for the processes (b) roughly the 
opposite is true. This behavior is in agreement 
with three-demensional trajectory sim니ation 
results21. This can be understood with the 
aid of the probability expression, Eq.(2). Apart 
from constant factors, the energy exchange 

probabilities vary in such a manner that Pec 
(matrix element)2 (Beta function)^2 (tempera

ture averaging and energy symmetrization 
term). For the processes (b) we should consider 
the effect of the Boltzmann factor in addition 
to the three terms just mentioned.

From Table 3, one can see that the tempera
ture averaging and energy symmetrization 
term tends to decrease for the processes (a) and 
increase for the processes (b) with increasing 

thus showing opposite trend with the pro

bability and rate constant. The variation of this 
term with n, however, is not too large to 
cause significant change in the rate constants. 
The minimum and maximum variation with 
n is only 1.1 and 1.6, respectively. So this 

term plays only a minor role.

The matrix element increases with n for all 
cases, thus showing the same trend with rate 
constants for the processes (a) and opposite trend 
for processes (b). Since, this term enters into the 
probability equation as second power, it has 

geater effect on variation of the rate constants 
with n.

The Beta function decreases with n for the 
processes (a) and, increases for the processes (b). 
Since the probability depends on negative 
second power of the Beta function, however, 
the overall effect of this term agrees with the 
variation of the rate constants for both processes 

(a) and (b). When one examines the relative 
magnitude of the various terms in Table 2, one 
<an easily see that the most influential term in 
determining the variation of rate constants with 

n is this Beta function term. The origin of the 
Beta function in Eq.(2) is from the collision 

trajectory integral and it represents the effec
tiveness of the back-and-forth translational 
motion in removing or supplying the enei•용y 
mismatch AE. It is well known that this effe
ctiveness decreases as the energy mismatch AE 

becomes larger. From Table 2, one can see that 
the Beta function becomes larger as the mag

nitude of energy mismatch AE becomes larger 

and it clearly demonstrates the above mentioned 
fact.

In summary, for the processes (a) both the 

matrix element and Beta function terms tend 
to increase the rate constants with increasing 
n, and they greatly overshadow the minor 
decreasing effect of the energy symmetrization 

term, thus producing a pronounced quantum 
number dependence in the rate constants.

For the processes (b), the matrix element and 
the energy symmetrization term tend to increase 
and the Beta function term decrease the rate 

constants with n. For this case, however, we 
사】ould consider the Boltzmann factor too. Since 

becomes larger with increasing n, this 
factor decreases the rate constants when n be
comes larger. Overall, the interplay of these 

four terms determines the variation of rate con
stants with n, and one can see from Fig. 3 
that the rate constants decrease with n except 
when n=2. It is interesting to note that similar 
exception also occurs for the processes (c).
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