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Background 

The measurement and understanding of the rates at which energy is transferred in 

intermolecular collisions are problems of long-standing interest in chemical physics. Such 

processes play a crucial role in many environments: for example, in atmospheric chemistry, 

especially at high altitudes, in gas lasers, in combustion and in the chemistry of deep space, 

especially in the characterisation of dense interstellar clouds. 

Gas-phase collisional energy transfer is an area in which the Reporter's group has been 

active for many years. In the past few years, it has been one of several groups world-wide to 

apply time-resolved double resonance techniques to examine the details of energy transfer at the 

state-to-state level; e.g. in HCN,1 C2H2
2-4 and NO.5"7 In Birmingham, these experiments have 

employed a tunable infrared (IR) laser to promote simple molecules to selected rovibrational 

states by direct infrared absorption and a tunable ultraviolet (UV) laser to study the subsequent 

fate of this sub-set of excited molecules as they return to thermodynamic equilibrium with the 

thermal bath. In general, double resonance methods can be applied to study both rotational and 

vibrational energy transfer. Since these two processes usually occur with quite different 

collisional efficiencies, equilibration over rotational levels within the excited vibrational state is 

usually complete before significant vibrational relaxation occurs. Consequently, by appropriate 

choice of the pressure of the sample and the delays between the pulses from the IR pump and 

UV probe lasers, the rates of both rotational and vibrational relaxation can be measured. 

Our first uses of the infrared-ultraviolet double resonance (IRUVDR) technique1" 

preceded, and was the basis for, the application to AFOSR for support of a novel programme 

of experiments. At that time it was recognised that a shortcoming of the standard IRUVDR 

method, and indeed of any other method that has been employed to investigate energy transfer 

in molecular collisions, is that one can only access rotational levels that have an appreciable 

thermal population in the vibronic ground state of the molecule. At the heart of our project was 

the proposal to apply the IRUVDR method to radicals which had just been formed in high 

rotational levels by a process of photodissociation. It was anticipated that such experiments 

would provide data that were not only a new and demanding test of theory but that they would 

also be valuable in understanding the dynamics of processes occurring in the upper atmosphere 

where both OH8 and NO9 are observed in high states of rotational and vibrational excitation. 

Our first approach to AFOSR described a rather broad set of experiments in collisional 

energy transfer.   Subsequently, the proposal focused on energy transfer between levels in 

OH(X2n). The intention was to generate OH radicals in a broad distribution of rovibrational 

levels by pulsed laser photolysis of a suitable precursor such as HN03 or H202.  Pulses from 
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an optical parametric oscillator (OPO) were then to be used to promote OH radicals from high 

rotational levels in the (v = 0) ground vibrational level to high /levels in the (v = 1) or (v = 2) 

levels.  A frequency-doubled dye laser would be used to observe the kinetic behaviuour of 

these molecules using laser-induced fluorescence (LIF) on lines in the A2Z+-X2n electronic 

band system of OH. 

It was recognised that such experiments were very demanding and, in particular, required 

improvements in our LiNb03-based OPO. In the event such improvements have not been 

forthcoming. This has greatly restricted our ability to perform three laser experiments: i.e. one 

for photolysis, one for ER pumping, and one for UV probing. Consequently, although we 

have performed very successful experiments on relaxation from highly excited levels of NO, 

determining rate coefficients both for total relaxation from levels as high as J = 40.5 and for 

state-to-state energy transfer from the same levels of excitation, we have not yet obtained data 

for OH(X2n). For these experients on NO, and those planned on OH, we currently depend on 

obtaining lasers from the EPSRC Laser Loan Pool located at the Rutherford-Appleton 
Laboratory. 

Despite the fact that we have not yet determined rates of energy transfer in collisions 

involving OH(X2II), we have had several notable successes in our work on energy transfer 

over the past three years.10"16 Following a brief description of the experimental methods which 
have been employed, this work is summarised below under three headings: 

• rotational and vibrational energy transfer within and from Fermi resonance 
states in C2H;10'12 

• rate coefficients for rotational and vibrational energy transfer in collisions 

of NO(X2II) with He, Ar, N2 and NO at temperatures down to 7 K;13AS 

total and state-to-state  relaxation from high rotational levels   (J < 40.5)   of 

NO(X2TI) in collisions with He, Ar and N2.
16 



Experimental Methods 

Our general experimental method employs two tunable pulsed lasers. Pulses of IR 

radiation have been provided by one of two sources. The first is an optical parametric 

oscillator (OPO) in which tunable IR radiation is generated in a LiNb03 crystal pumped by the 

fundamental 1.064 u,m output of a Nd: YAG laser.  This device provides radiation between ca 

1.4 and 3.5 \im. in pulses of ca. 10 ns duration, an energy between 0.1 and 1.0 mJ, and a 

linewidth of ca. 0.25 cm'1. It has been employed in the experiments described below in 

Section m(a) on energy transfer in acetylene, C2H2(X
1Eg

+). Unfortuantely, the pulse-to-pulse 

stability from the OPO is poor. 

For the experiments at ultra-low temperature (see Section 111(b)) and on high rotational 

states of NO (Section 111(c)), we were able to replace the OPO by a pulsed laser in which IR 

wavelengths were generated by difference frequency mixing the output of a Nd: YAG pumped 

dye laser with the fundamental wavelength of the pump laser. This source generated pulses of 

similar length to the OPO but much higher spectral brightness (5 mJ in ca. 0.1 cm"1) and far 

superior pulse-to-pulse stability. It was used to excite NO(X2n) from v = 0 to v = 3 {ca. 5544 

cm"1) in experiments at low temperature, and from v = 0 to v = 2 {ca. 3724 cm"1) in 
experiments on NO in high rotational levels. 

The evolution of the excited state population which was prepared using the IR pump laser 

was observed by performing LEF measurements using a frequency-doubled dye laser. In the 

course of this work, two different dye lasers have been used. In the room temperature 
experiments on acetylene and those on high rotational state of NO, the UV probe radiation was 
provided by frequency-doubling the output of a dye laser pumped by an excimer laser 

operating on XeCl at 308 nm. In the measurements of NO relaxation at ultra-low temperatures, 

the probe laser was also a frequency-doubled dye laser which, in this case, was pumped by a 

Nd: YAG laser operated at 355 nm. 

Two kinds of experiments have been performed. In the first, referred to here as kinetic 

measurements, the frequencies of the IR pump and UV probe lasers were fixed, and the 
intensity of the LIF signal was measured as the time delay between the pulses provided by 

these two lasers was systematically varied. These experiments measured the evolution of 
population in a single rovibrational level, usually that which was populated directly by IR 
absorption. In the second type of experiment, which was spectroscopic in character, the delay 

between the two laser pulses was set to a particular value, usually corresponding to a fraction 

of the average time between collisions, and the frequency of the UV probe laser was scanned. 



The resultant spectrum could be analysed to determine populations in those levels populated in 

single collisions from the initially excited level. State-to-state rate coeffcients for rotationally 

inelastic collisions could then be derived from these populations. 

The previous paragraphs describe the generic experiment. These methods have been 

implemented in three different environments to provide information about a number of different 

inelastic processes. Experiments on C2H2 have been performed in a simple room temperature 

cell. The ER. pump laser excited molecules to a rotational level in a component state of one or 

other of two low-lying Fermi doublets in the X'Zg
+ electronic ground state, either (3/2,4,5,) 

or (3,4,72,425,). LIF measurements were carried out via excitation to rovibrational levels in the 

Äl\ electronic state.   The experiments on inelastic collisions involving NO(X2II) in high 

rotational states were also carried out in a simple cell at room temperature. However, in these 

experiments, NO was prepared in a non-Boltmann distribution over internal energy states by 

photolysing N02 at 355 nm, using the frequency-tripled output of a Nd:YAG laser, and then 

some molecules were immediately promoted from a high rotational level in v = 0 to a high 
rotational level in v = 2 using the frequency-difference laser source as the IR pump. 

The experiments on rotational and vibrational energy transfer in collisions involving 

NO(X2n) at ultra-low temperatures were carried out in a CRESU (Cinetique de Reaction en 

Ecoulement Supersonique Uniforme) apparatus.17 In this apparatus, which is only one of two 
of its kind world-wide, a supersonic flow of cold, relatively dense gas is formed by expansion 

through a convergent-divergent Laval nozzle. Before the work which is described here, this 
equipment and its French cousin18 had only been used to measure the rate coefficients for 

elementary reactions of radicals (CN, OH and CH) with neutral molecules. In the present 
work, the double resonance method was implemented in the manner described above to 
provide information about energy transfer from and between rotational levels within the 

vibronic state NO(X2n, Q = 3/2, v = 3) in collisions with He. Ar and N2, and about vibrational 

self-relaxation from this vibrational state in NO-NO collisions. 

The lasers were controlled and the LIF signals gathered and processed using standard 

methods which are described in our papers on this and previous work.1"7,10"16 



Results and Discussion 

(a) Rotational   and  Vibrational   Energy   Transfer   within   and from   Fermi 

Resonance States in C2H2
10"12 

In its spectroscopic and dynamical properties C2H2 serves as a valuable bridge between 

diatomic molelcules, with their well-separated vibrational levels and low rates of vibrational 

relaxation, and polyatomic molecules, with their high density of vibrational states and generally 

facile relaxation.   We have exploited the IRUVDR method to examine both vibrational and 

rotational relaxation in this molecule.   The vibrational levels in the A£g
+ electronic ground 

state are strongly mixed as a result of Fermi resonance. This mixing sets in at relatively low 

levels of excitation and we have examined the collisional behaviour of C2H2 molecules 

promoted to rovibrational states of both the (3I/214151)
a and the {2>X4J2XA25^ Fermi dyads in 

kinetic experiments. One result of the strongly mixed character of these states is to bestow on 

them both IR and UV strength; the IR activity arising from the 13,) or 13,4,) zero order states, 

whilst the presence of 12,) and 14,) excitation improves the Franck-Condon factors to the 

Ä'A,, excited electronic state which is strongly trans-bent and has a longer CC bond than the 

ground state. 

We have examined vibrational relaxation of C2H2 in samples of pure C2H2 and in C2H, 
diluted in N2 and H2. IR radiation from the OPO excited molecules of C2H2 to a component 

vibrational state of one of the Fermi dyads, and the UV probe laser was used to observe the 
evolution of population either in that state or in the other component state of the same Fermi 

dyad in kinetic experiments. Rate coefficients have been determined for two kinds of 
processes: (a) vibration-to-vibration (V-V) transfer between the two component states of the 

same Fermi dyad induced by C2H2, N2 and H2, and (b) vibrational relaxation from the coupled 
pair of Fermi dyad states in collisions with the same gases. Table 1 gives the rate coefficients 

for intradyad V-V transfer and for vibrational relaxation from the coupled states of the two 

dyads which have been obtained in the present work. 

In addition, populations have been observed in the (4,5.), (4,5,) and (42) states of C2H2 

during relaxation from the (3,4,/2,425,) dyad and rate constants for self-relaxation from the 

a The notation is adopted whereby 3, denotes one quantum of excitation in the v3 normal mode. Thus 
(3,72,4,5,) denotes the Fermi dyad in which the principal contributions to the vibrational eigenstates are from 
the normal mode wavefunctions describing the zero order 3, fundamental and the 2,4,5, combination states. 



Table 1    Rate coefficients and collisional probabilities (P)a for intradyad transfer between (kid) and vibrational 

relaxation from (kvr) the (3!72,4,51) and (3141/2,4251) Fermi dyads in C:H:. 

fcid/cm3 molecule"1 s"1 &rr/cm3 molecule"1 s"1 

(3,72,4,5,) (3,4,72,4,5,) (3,72,4,5,) (3,4,72,4,5,) 

C,H,       (2.1±0.2)bxl0-'° (3.2 ± 0.6) x 10" (1.0 ± 0.1) x 1010 (6.9 ± 0.6) x 10" 

0.43 0.065 0.20 0.14 

H, (8.6 ± 1.0) x Iff" (1.4 +0.1) x 1012 (1.2±0.2)xl0"n (1.6 ± 0.1) x 10" 

0.12                            0.0019                           0.017 0.022 

N,         (2.6 ± 0.8) x 10"             (9±4)xl0!3             (1.9 ± 0.6) x 10""          (7.3 ± 1.6) x 10"" 

 0.070            0.002 0.005 0.0020 

a referred to the following rate coefficients for collisions subject to a Lennard-Jones potential: C2H2-C2H2:   16.0 

Torr"1 us"1 (= 4.91 x 10"10 cm3 molecule1 s"1);   C2H2-H2:   23.5 Torr1 .us"1 (= 7.21 x 1010 cm3 molecule"1 s"1); 

C2H2-N2: 12.2 Torr"1 lis"1 (= 3.74 x 1010 cm3 molecule"1 s"1). 
b errors are cited at the 2a level including only random errors. 

first two of these states have been derived: fcvr(425,) = (7.9 ± 3.2) x 10"n cm3 molecule"1 s'1 

and^„(2,4,) = (2.9±0.6) x 10'11 cm3 molecule1 s\ 

The observed rates of intradyad V-V transfer have been examined in terms of the transition 
matrix element in which the wavefunctions of the two component states of the Fermi dyad are 

expressed as sums and differences of the zero order wavefunctions for j 3i> and |21415I>. 

Given the rapidity of this process, at least in C2H2-C2H2 collisions, it is concluded that the two 

diagonal terms in the matrix element, i.e. <3i | vi 3^ and <214J511 V| 214151>, must have very 

different values. On the basis of a number of arguments, not least the magnitude of the cross- 

sections for transfer, it is tentatively concluded that it may be the long-range attractive part of 

the potential between the collision partners which induces transfer. The rapid self-relaxation of 
C2H2 from each pair of coupled dyad states almost certainly occurs by intermolecular V-V 
exchange, although it appears as if no single process is dominant, rather a number of V-V 

channels contribute to the overall relaxation process. 



We have also examined rotational relaxation of C2H, in samples of pure C2H2 and in C2H2 

diluted in He, Ar and H2. One purpose of these experiments was to determine state-to-state 

rate coefficients for rotational energy transfer in collisions with the noble gases, in order to 

compare the experimental results with those of (a) simple classical calculations treating the 

collision partners as 'hard objects', and (b) quantum scattering calculations on ab initio 

potential energy surfaces. Pulses of tunable IR radiation from the OPO excited molecules of 

C2H2 to the /; = 10 level of the lower component state (It) of the (31/214151)n Fermi dyad in the 

X!Zg
+ electronic ground state and tunable UV radiation was used to record laser-induced 

spectra at short delays. 

In this way, state-to-state rate coefficients for transfer from Jx to J{ were determined for two 

kinds of processes: (a) rotational energy transfer (RET) induced by collisions with C2H2, Ar, 

He and H2 from /, = 10 to other levels (J{ = 2-8,12-20) within the same component (II) of the 

(3/2,4,5,) Fermi dyad, and (b) intradyad transfer in C:H, - C2H2 collisions to specific levels 
(Jf = 2-14,18) in the other component (I) of this Fermi dyad. Transfer from II to I is found to 

account for ca. 16% of the total relaxation from (II, Jt= 10). The distribution of state-to-state 

rate coefficients for RET becomes broader as the mass of the collision partner increases. 

Absolute values of the state-to-state rate coefficients are determined by scaling the results to the 

previously determined rate coefficients for rotational relaxation by the same collision partner. 

The experimental results for C2H2-He and C2H2-H2 collisions are in quite good agreement with 
the results of calculations using a simple classical model and 'hard' interactions to describe the 

intermolecular forces. The results with Ar as the collision partner are less well reproduced, 
probably because of the neglect of the larger intermolecular attraction in this case. The 

experimental data are, however, in excellent agreement with the results of quantum scattering 
calculations performed on an ab initio surface. 

(b)Rate Coefficients for Rotational and Vibrational Energy Transfer in 

Collisions of NO(X2TI) with He, Ar, N2 and NO at Temperatures down 

to 7 K "■" 

Implementing the IRUVDR method in the supercold environment provided by the CRESU 

apparatus, we have obtained very extensive results on the rotational and vibrational relaxation 

of NO at temperatures down to 7 K Rate coefficients of two kinds have been measured for 

rotational energy transfer in collisions between NO and He, Ar and N2: (a) rate coefficients for 

total removal from specific states of NO(X2ni/2; v = 3: J = 0.5, 3.5 or 6.5) and (b) state-to- 

state rate coefficients for rotational energy transfer from these levels to specific final rotational 

states.  Using different Laval nozzles, results have been obtained for three different collision 



partners and at several different temperatures: for He as collision partner, 295, 149, 63, 27, 15 

and 7 K; for Ar, 139, 53, 44 and 27 K; and for N2, 86 and 47 K. 

The thermally averaged cross-sections for total removal of NO from levels J = 0.5, 3.5 or 

6.5 in collisions with He are displayed in Fig. 1. These thermally averaged cross-sections for 

all collision partners show remarkably little variation, either with temperature or with initial 

rotational state. 

Fig. 1. Thermally averaged cross-sections for 

total removal of NO from X2ni/2; v = 3; J = 0.5, 

3.5 and 6.5 in collisions with He: The filled circles 

show the results of the present experiments; the 

open circles the data of Islam et al.,7 and the squares 

joined by the dashed lines the results of the 

theoretical calculations. 
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We have also determined a very large array of state-to-state rate coefficients for energy 

transfer from J - 0.5, 3.5 or 6.5 with He, Ar and N2 at the temperatures specified above. Fig. 

2 shows some representative data with He as the collision partner. The variation of state-to- 

state rate coefficients with A7 shows three general features: (i) a decrease with increasing A7; 

(ii) a propensity to favour even AJ transitions over odd A7 changes; and (iii) at lower 

temperatures, decreases in J are increasingly favoured over increases in J and the distribution 

of rate coefficients against A/ becomes narrower. 



Fig. 2. State-to-state rate coefficients for rotational energy transfer in: (a) NO-He collisions at 15 K, and 

(b) NO-He collisions at 149 K. The filled circles show the experimental results, the open circles joined by 

dotted lines the results of the theoretical calculations. 
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The experimental rate coefficients for total and state-to-state rotational energy transfer in 

collisions with He and Ar are compared in Figs. 1 and 2 with the results of close coupled and 

coupled states calculations (performed by Dr M. Yang and Professor M.H. Alexander) based 

on potential energy surfaces determined within the coupled electron pair approximation (CEPA) 

with a large atomic orbital basis set. The agreement between theory and experiment of both the 
total and the state-to-state rate coefficients is excellent over the complete range of temperatures 

covered in the experiments. 

The results of these experiments and calculations on rotational energy transfer in NO(X2Il) 

have been the subject of two publications.1315 They represent the first such measurements at 
ultra-low temperatures and the most extensive and satisfactory comparison between 

experimental and theoretical results of this kind that have been obtained up to the present time. 



We have also applied the IRUVDR technique in the CRESU apparatus to study the 

vibrational self-relaxation of NO(X2n, v = 3); i.e. 

NO(v = 3) + NO(v = 0)   -»  NO(v < 3) + NO 

at temperatures between 58 K and 7 K.,4 Vibrational relaxation is found to be quite rapid and, 

as Fig. 3 shows, the rate coefficients are found to increase steeply as the temperature is 

lowered. The endothermicity of single quantum vibrational-vibrational (V-V) energy exchange 

(AE / he = 55.9 cm"1) means that this process must become slow at the low temperatures of our 

experiments and cannot be responsible for the observed rates. 

Fig. 3. Rate coefficients for self-relaxation 

of NO(v = 3), compared with earlier data at 

higher temperatures (see ref. 14 for other work 

cited). The dashed line is a prediction of the rate 

coefficient based solely on V-V exchange. 
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It is proposed that the fast relaxation which is observed must be due to vibrational- 
translational (V-T) energy transfer which is efficient because of the transient formation of 

(NO)2 energised collision complexes in which intramolecular vibrational relaxation occurs at 
rates competitive with re-dissociation of the dimer to NO(v = 3) + NO(v = 0). This is a 

particularly interesting example of collisional relaxation being facilitated by the presence of 

strong attractive forces between the collision partners so that relatively long-lived collision 
complexes form. This subject has recently been reviewed by the Reporter.19 

(c) Total and State-to-State Relaxation from High Rotational Levels 

(J < 40.5) of NO(X2II) in Collisions with He, Ar and N2
U 

A major objective in our programme in molecular energy transfer is to determine rate 
coefficients for total and for state-to-state energy transfer from high rotational levels.   As 

10 



indicated earlier, we have devised a novel method whereby a species (in the present work, NO) 

is formed with a broad distribution over rotational levels by photodissociation of a suitable 

precursor. Before this non-Boltzmann distribution can relax, the IR pump laser is fired and 

promotes some sub-set of these molecules from a high rotational level in the ground vibrational 

state to an excited vibrational state and a level which is essentially unpopulated by the 

photolytic process. This procedure can be represented by the following equations: 

laser 1: 
laser 2: 
laser 3: 

N02 + hv(k = 355nm)  =  NO(v,J) + O 
NO(v = 0,7)   + hv (1 = 2.59 \im)  =  NO(v = 2,7+l) 
NO(v = 2,7+1)+ h v (k = 247 nm)   =   NO*(A2Z+ v, J) 

Fig. 4 shows some kinetic traces of LIF signal versus time which reflect the variation of 

population in NO(X2II; Q = 3/2; v = 2; J =40.5) in mixtures of 10% NO in He.  In Fig. 4, the 

first-order rate coefficients from experiments of this kind are plotted against the pressure of 

helium. The gradient yields the rate coefficients for total removal of NO from the specified 

level in collisions with He. 

Fig.   4   Variation of LIF signals with time from 

NO(X2n; Q. = 3/2;v = 2, J = 40.5) 
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Fig. 5 First-order rate constants for relaxation of 

NO(X2ri; Q = 3/2;v = 2, / = 40.5) plotted against the 

conentration of helium 

Rate coefficients have been measured for both total and state-to-state energy transfer from 

four rotational level in X2IT; Q. = 3/2;v = 2: Jx = 7.5,20.5, 31.5 and 40.5. Experiments of the 

kind which have just been described, in which NO is formed by photolysis of N02 have been 

carried out for the last two of these levels; conventional IRUVDR experiments have been 
carried out on the first three of the levels. Rate coefficients for total removal from these four 

levels in collisions with Ar, He and N2 are shown in Fig. 6. 

Fig. 6 Rate coefficients for total removal of NO 

from X2IT; Q = 3/2;v = 2; J as a function of 

rotational level J 
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In the case of each collision partner, the rate coefficients show a relatively small but 

significant decrease with the value of the rotational quantum number.20 This observation is line 

with what has been seen in line-broadening parameters, providing another piece of evidence for 

the correlation between these two phenomena. The least strong variation is found for helium as 

collision partner. This may be associated with the fact that the average velocity for NO-He 

collisions is a factor of 2.2 greater than in NO-Ar collisions and 2.0 greater than in those 

between NO and N2. As a consequence, collisions of the last two kinds are appreciably less 

'sudden' and they appreciate a more rotationally averaged potential, since the rotational period 

of the molecule in high / levels is comparable to the characteristic time of the collision. 

In addition we have measured state-to-state rate coefficients for all combinations of initial 

rotational level (7; = 7.5, 20.5, 31.5 and 40.5) and collision partner (He, Ar and N2). 
Examples of the results are shown in Fig. 7. 

Fig. 7 State-to-state rate coefficients for 

energy transfer from J{ = 7.5, 20.5 and 31.5 in 

NO(X2ri; n =3/2; v = 2)in collisions with He.. 
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The state-to state rate coefficients for rotational energy transfer show a clear propensity to be 

dominated by smaller A7 changes as Jt increase. This is accentuated for the highest value of Jx 

studied in the present work; i.e. J{ = 40.5. For this initial level, for which state-to-state data are 

not shown, remarkably over 80% of the transfer occurs to J = 39.5. These recent experimental 
results will be compared with the results of ab initio calculations in the near future. 

Future Research 

Our future research in the area of molecular energy transfer will have three interrelated 

strands, based on the work which has been summarised in this report. First, to understand 

further the factors which control vibrational energy transfer in polyatomic molecules where the 

vibrational states, even at low levels of excitation, can be expressed as mixtures of zero order 

normal mode states, we shall perform measurements on isotopomers of C2H2, initially C2HD. 

Because the energies associated with the normal mode states, as well as the nature of the 

vibrations, change appreciably from C2H2 to C2HD, the strength of any Fermi resonances is 
altered considerably. Thus, in C2HD the highest fundamental vibration, the C-H stretch, is a 

relatively pure normal mode. Using double resonance and/or laser-induced vibrational 
fluorescence methods, we shall measure rate coefficients for relaxation from this level in 
collisions with both C2H2 and the noble gases. 

The second project will be to extend our low temperature measurements on rotational 
energy transfer to molecules of more direct astrophysical interest than NO. Such rate 

coefficients are required to interpret measurements of the observed line intensities from 
astrophysical sources, especially dense interstellar clouds. These observations are employed to 

derive the temperature and molecular abundances in such clouds and are therefore an essential 
component in understanding the chemistry and physics in these vast regions of the interstellar 
medium. 

Finally, and of most relevance to the original objectives of the proposal to AFOSR, we 

shall continue our work on high rotational levels of diatomic species. Our measurements on 

NO are complete. During the period of future loans of the frequency-difference IR laser, we 

shall extend our experiments to OH and CN. These are somewhat more demanding than those 

on NO. Since OH and CN are inherently unstable, it makes it more difficult to carry out the 
necessary preliminary spectroscopic experiments. Nevertheless, there is every reason to 

suppose that measurements of rate coefficients for total and state-to-state rotational energy 

transfer in collisions of OH and CN with inert collision partners are possible. In addition, we 

intend to examine the kinetics of CN radicals with molecules, such as C2H2, with which the 

1 



radicals undergo rapid reaction. In these instances, it should be possible to determine the 

relative rates of reaction and energy transfer for individual 7, and to determine rate coefficients 

for reaction for different initial rotational levels. 
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Abstract 

Infrared-ultraviolet double resonance (IRUVDR) experiments have been implemented in the super-cold environment 
provided by a CRESU (Cinetique de Reaction en Ecoulement Supersonique Uniforme) apparatus. This method has enabled 
us to measure rate coefficients for the vibrational self-relaxation of NO(X 2II; v = 3), i.e. NO(y = 3) + NO -»NO(y < 3) + 
NO. Using different Laval nozzles, results have been obtained at six different temperatures between 85 and 7 K. The rate 
coefficients increase strongly as the temperature is lowered. The endothermicity of single quantum vibrational-vibrational 
(V-V) energy exchange (AE/hc = 55.9 cm-1) means that the rate of this process must decrease markedly at the lowest 
temperatures of our experiments. Therefore, the high relaxation rates which are observed must be due to vibrational-transla- 
tional (V-T) energy transfer. It is proposed that this process is efficient because of the transient formation of (NO)2 collision 
complexes in which intramolecular vibrational energy transfer occurs at rates competitive with re-dissociation of the dimer 
to NO(y = 3) and NO(u = 0). © 1997 Elsevier Science B.V. 

1. Introduction 

The collisionally-induced relaxation of NO from 
excited vibrational levels of its X2I1 electronic 
ground state has been a subject of interest for many 
years. With most molecular collision partners, the 
dominant relaxation mechanism is single quantum 
vibrational-vibrational (V-V) energy exchange. This 
is also true for self-relaxation of NO vibrational 
levels above v = 1 [1-8], when the V-V process can 
be represented by the equation: 

NO( v) + NO( v = 0) -»NO( v - 1) + NO( v = 1) 

(1) 

When relaxation is dominated by V-V energy ex- 
change, NO appears to behave as a "normal", non- 
hydride, diatomic molecule; that is, there is no clear 

evidence that its rate of relaxation is affected by the 
fact that the electronic ground state is 2II rather than 
'2. Thus the rates of processes represented by Eq. 
(1) are similar to those for self-relaxation of CO 
from high vibrational levels [9-11]. 

The situation is different for self-relaxation of 
NO(i> = 1) which must occur by vibrational-transla- 
tional (V-T) energy transfer. At room temperature, 
this process 

NO( v = 1) + NO( v = 0) -» 2NO( v = 0) (2) 

is much faster [12-16] than the corresponding pro- 
cesses for C<Xv = 1) [17,18]. At 300 K, the rate 
constant for Eq. (2) is k(v = 1) = 7.7 X 10-14 cm3 

molecule-1 s-1 [12-16], a result which compares 
with k(v= 1)< 10"20 cm3 molecule-1 s-1 for the 
corresponding self-relaxation process in CO [17,18]. 

0009-2614/97/$17.00 © 1997 Elsevier Science B.V. All rights reserved. 
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Moreover, the temperature dependence of k(v= 1) 
is quite different in the two cases. For CO, the rate 
constant for self-relaxation above room temperature 
shows a strong positive dependence on temperature, 
approximately in accord with the predictions of SSH 
(Schwartz, Slawsky and Herzfeld) theory [19,20], 
whereas for NO the variation of k(v - 1) shows a 
shallow minimum at around room temperature [14]. 

The unusually rapid V-T relaxation of NO(J; = 1) 
has attracted considerable theoretical attention. The 
early experimental observations led to the proposal 
by Nikitin [21] that V-T relaxation occurs by an 
electronically non-adiabatic mechanism. That is, dur- 
ing collisions, the system undergoes a transition 
between different vibronic states at geometries where 
the energy splitting between different electronic po- 
tential energy surfaces matches the separation of the 
(v = 1) and (v = 0) vibrational levels. An alternative 
possibility in the case of NO-NO collisions is that 
relaxation is facilitated by the nature of the lowest 
potential energy surface. It is known that NO can 
form (NO)2 dimcrs which arc held together by a 
bond that is weak (Z>0 = 8.5 kJ mol"1 E 710 cm"' 
[22-25]), but which is stronger and more directional 
than van der Waals attraction, and it has been sug- 
gested [22-27] that this attraction, like that between 
species that can form hydrogen bonds, might acceler- 
ate energy transfer. 

Weak intermolecular attractions are likely to exert 
their greatest effect on collisional processes at low 
temperatures, when the average kinetic energy is 
much less than the well-depth on the intermolecular 
potential. The lowest temperature at which self-re- 
laxation in NO had been investigated before the 
present work was 77 K, in the experiments per- 
formed in cryogenically cooled cells on the relax- 
ation of NO(<J = 2) and NO(v = 3) by Islam et al. 
[6,7], Earlier, Stephenson [12,13] had measured the 
rate of self-relaxation of NO(f = 1) at 100 K. In the 
present paper, rate constants for vibrational self-re- 
laxation of NO((; = 3) are reported at temperatures 
down to 7 K. These data have been obtained by 
implementing the IRUVDR (Infrared-Ultraviolet 
Double Resonance) technique in a CRESU (Cinc"- 
tique de Reaction en Ecoulemcnt Supcrsonique Uni- 
forme) apparatus [28,29], We have previously re- 
ported the results of such experiments yielding total 
and state-to-state rate coefficients for rotational en- 

ergy transfer in collisions between NO and He at 
temperatures down to 15 K [29]. 

2. Experimental method 

Our experiments make use of a CRESU apparatus 
which has recently been established in Birmingham, 
and, in other respects, they are similar to those that 
have been performed previously in our laboratory to 
measure total and state-to-state rate coefficients for 
rotational energy transfer in collisions between NO 
and He [6,7,29]. Pulses of tuneable infrared radiation 
at ca. 1.8 u.m were provided by difference frequency 
mixing. An injection-seeded Nd:YAG laser (Con- 
tinuum Powerlite 8010) provided frequency-doubled 
pump radiation at 532 nm for a dye laser (Con- 
tinuum ND6000) operating at ca. 670 nm on a 
mixture of DCM and LD700 dyes (Exciton) in 
mcthanol. The dye laser beam was then combined 
with residual narrow band 1064 nm radiation from 
the injection-seeded Nd:YAG laser in a LiNb03 

crystal mounted within an autotracking unit (Con- 
tinuum), to give the difference frequency radiation at 
ca. 1.8 jim. Typically, pulse energies of 5 mJ and 
spectral bandwidths of 0.1 cm"1 were achieved, 
though it is estimated that only ca. 1-2 mJ reached 
the experiment. The IR frequency was initially cho- 
sen by reference to signals from a photoacoustic cell 
filled with 10 Torr NO, though once the technique 
had been established, double-resonance LIF was used 
to tune the IR. The population in the v «= 3 level of 
the X2IT)/2 state was observed by exciting LIF in 
the (0,3) band of the (A2I+-X2I1) system using 
the frequency-doubled output of a second dye laser 
(LAS LDL205) pumped by the frequency-tripled 
output of another Nd:YAG laser (Spcctron SL805), 
and operating on Coumarin 500 laser dye (Exciton) 
in mcthanol. The two laser beams were combined 
and co-propagated through the gas reservoir and 
nozzle in the CRESU apparatus and along the axis of 
the supersonic flow downstream from the nozzle. 

The Birmingham CRESU apparatus closely re- 
sembles the one in Rennes which has been used to 
measure rate constants for elementary neutral-neu- 
tral reactions and which has been described fully 
elsewhere [28]. The six nozzles used in the present 
work were characterised by impact-pressure mca 
surcments which yielded temperatures of 85, 52, 45 
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27, 15 and 7 K. In some cases, these temperatures 
were confirmed by recording LIF spectra of NO at a 
time delay of 5 JJLS which was long enough to allow 
complete equilibration of the rotational state distribu- 
tion but short enough for vibrational relaxation to be 
prevented. To achieve 7 K, the gas reservoir and the 
nozzle itself were cooled by liquid N2. 

The IR-pump laser in our experiments causes 
initial excitation to a single rotational level in the 
v = 3 vibrational level of the lower spin-orbit com- 
ponent (ß = 1/2) of the 2n electronic ground state 
of NO. Our previous experiments [29] and those of 
Islam et al. [6,7] on rotational energy transfer 
demonstrated that, as a result of collisions between 
NO and the carrier gas, rotational and spin-orbit 
relaxation would be complete within ca. 2 |xs in all 
the gas flows used in the present work. On the other 
hand, helium, argon and nitrogen are all inefficient at 
inducing vibrational relaxation [12,13]. Conse- 
quently, the rate coefficient for self-relaxation of 
NO(D = 3) at each temperature could be determined 
by performing a series of experiments on gas flows 
which contained different concentrations of NO. For 
each gas mixture (the mole fraction of NO was, in all 
cases, < 2%), the first-order decay of LIF signal 
from NO(u = 3) was measured as the time delay 
between the IR-pump laser and the UV-probe laser 
was varied systematically. In the case of experiments 
at 7 K, the amount of NO included in the gas 
mixture was limited to 0.1% by the requirement not 
to exceed the vapour pressure of NO at 77 K (81 
mTorr) in the liquid N2 cooled gas reservoir prior to 
expansion through the Laval nozzle. 

3. Results 

Typical traces of LIF signal plotted versus the 
time delay between pulses from the pump and probe 
lasers are displayed in Fig. 1. It is evident that the 
signals did not in all cases fully return to their 
pre-trigger value during the time it took for the 
supersonic gas flow to travel the distance from the 
exit of the Laval nozzle to the downstream observa- 
tion point [28]. The values of the pseudo-first-order 
decay coefficients that could be obtained were lim- 
ited (a) by the magnitude of the second-order rate 
coefficient for self-relaxation and (b) by the amount 
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Fig. 1. Traces showing the variation of LIF signal with time delay 
AT between the IR-pump and UV-probe lasers at 7 K and 52 K, 
with the concentration of NO indicated. The results of non-linear 
least square fits to a single exponential decay are also shown. 

of NO that can be included in the gas flow. In 
experiments at 7 K, where the gas was pre-cooled by 
liquid N2 prior to expansion through the Laval noz- 
zle, the NO concentration was restricted by its vapour 
pressure at 77 K (see above). In the other experi- 
ments, the amount of NO was kept below 2% of the 
total gas to maintain the integrity and uniformity of 
the supersonic gas flow. 

A non-linear least-squares algorithm was em- 
ployed to fit each trace of LIF intensity versus time 
delay to a single exponential decay, yielding 
pseudo-first-order rate coefficients, klst, for vibra- 
tional relaxation. Fitting was started after a delay of 
5 |xs to ensure complete rotational and spin-orbit 
relaxation, and the baseline was fixed using points 
recorded with "negative" time delays (probe before 
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Ml 
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Fig. 2. Variation of first-order rate coefficients, tllt, for self-re- 
laxation of NCXe = 3) with concentration of NO, [NO], at 7 K, 27 
K and 85 K. 

pump), necessitated by the restricted scan times aris- 
ing in some cases from the finite duration of the 
uniform supersonic flow. The set of first-order rate 
coefficients obtained at a given temperature was then 
plotted against the concentration of NO present in 
the flowing gas mixture as shown in Fig. 2. The 
gradients of the lines gave the second-order rate 
coefficients (k) for self-relaxation of NOO; = 3) 
which are listed in Table 1. The intercepts obtained 
from these plots were consistent with the rate esti- 
mated for diffusion out of the volume illuminated by 
both the pump and the probe lasers. The linear 
dependence of *lsl versus [NO] in all cases demon- 
strates the absence of any stable (NO)2 dimcr forma- 
tion under these conditions. The last column of Table 

Table 1 
Rate coefficients, k, and thermally-averaged cross-sections, S, for 
vibrational self-relaxation of NOG> ■= 3) in the temperature range 
T = 7-85 K. The nature of the carrier gas, M, and its total density 
arc also indicated for each measurement 

T [M] M k <s> 
00 (1016 

molecule cm-3) 
(10-|2cmJ 

molecule"1 s"1) 
(A2) 

7 19.2 He 25.8 ±1.8 26.0 ±0.2" 
15 5.05 He 13.6 ±0.6 9.35 ±0.40 
27 4.53 He 7.6 ±0.8 3.87 ±0.42 
45 2.92 Ar 6.4 ±0.7 2.55 ±0.26 
52 5.36 Ar 6.1 ±0.6 2.27 ±0.24 
85 1.69 N2 3.9 ±0.5 1.12±0.15 

"All errors quoted are  ± to- statistical error where t is the 
appropriate value of Student's /-distribution for the 95% point. 

1 lists the thermally averaged cross-section for vibra- 
tional self-relaxation calculated by dividing the sec- 
ond-order rate coefficient by the mean relative speed 
in NO-NO collisions at that temperature. 

4. Discussion 

The rate coefficients for vibrational self-relaxation 
of NO(i; = 3) which have been obtained in the pre- 
sent work at very low temperatures arc compared in 
Fig. 3 with those from previous studies conducted at 
and above 77 K. Where they overlap with the result 
of Islam et al [6,7] at 77 K, the present results arc ca. 
80% higher. The reason for this discrepancy is un- 
known, although we note that the rate coefficient 
measured at 295 K by Islam et al. is also somewhat 
lower than other recently measured values [4,5,8]. 

Below 77 K, where the present results arc quite 
unique, the rate coefficients for vibrational self-re- 
laxation of NO((» «= 3) are large and show a strong 
negative temperature dependence. The relatively 
rapid self-relaxation of NOG' > 1) at 7"^ 77 K has 
been ascribed to near-resonant V-V energy ex- 
change [4-7]. However, because of vibrational an- 
harmonicity, this process, which is represented by 
Eq. (1) with v=3, is endothermic by 55.9 cm-1, 
which corresponds to a value of A E/kB (where kB 

is the Boltzmann constant) of 80 K. Consequently, 

in 
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Fig. 3. Variation of rate coefficients for self-relaxation of NO(r - 
3) with temperature presented on a log-log plot, showing results 
from the present work, and for comparison, results from Islam et 
al. [6,7], Wysong [4,5] and Dodd et al. [8]. The dashed line is a 
prediction of the rate coefficient based solely on (V-V) exchange, 
as described in the text. 
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the rate of V-V energy exchange between NO(i> = 3) 
and NO(y = 0) must decrease sharply through the 
temperature range covered by our experiments. The 
dashed line in Fig. 3 is a rough estimate of its rate 
constant, based on the assumption that the rate con- 
stant for the reverse exothermic process, i.e. V-V 
energy exchange between NO(z; = 2) and NOO = 1), 
is invariant with temperature and equal to the aver- 
age of the values determined at room temperature by 
Wysong [4,5], Islam et al. [6,7] and Dodd et al. [8]. 
Stephenson [13] finds a value for the rate coefficient 
for relaxation of NO(z; = 1) by NO (which can only 
occur by V-T transfer) at room temperature which is 
ca. 40 times less than this average value for NO(;; = 
3) relaxation by NO. While a small increase in V-T 
energy transfer rate would be expected in passing 
from NO(y = 1) to NOCf = 3), most of the relax- 
ation rate for NO(i> = 3) at room temperature must 
therefore be as a result of V-V transfer. However, it 
is clear from Fig. 3 that V-V energy exchange 
cannot be responsible for the rapidly accelerating 
rate of self-relaxation of NO(i> = 3) which we ob- 
serve as the temperature is lowered towards 0 K. 

If V-V energy exchange is excluded, then the 
observed rates of relaxation must correspond to those 
for V-T energy transfer and it seems certain that the 
rapidity of this process must be associated with the 
relatively strong attractive forces which lead to for- 
mation of (N0)2 dimers at low temperatures [22-25]. 
At 7 K, the lowest temperature of our experiments, 
D0/kBT [22-25] is equal to ca. 150, and it seems 
likely that transient collision complexes can form in 
collisions between NO(z; = 3) and NOCK = 0), with 
lifetimes with respect to re-dissociation that are long 
enough for intramolecular vibrational relaxation, and 
hence vibrational predissociation,  to occur.  This 
mechanism for facile, collisionally-induced, vibra- 
tional relaxation has previously been invoked [30,31] 
to explain the rapid rates found for relaxation of one 
radical species by another (e.g. NO(u = 1) by radical 
atoms [32,33] and OH(v = 1) by NO and N02 [34]). 
Unfortunately, and contrary to the situation for radi- 
cal-radical systems [30,31], there have been no mea- 
surements of the pressure-dependent rates of associa- 
tion of two NO molecules to form (NO)2. It is 
therefore impossible to compare the present results 
with rate coefficients for association to the dimer in 
the limit of high pressure. 

The phenomenon of vibrational predissociation of 
(NO)2 dimers has been investigated in a series of 
elegant experiments by Casassa et al. [22-25]. They 
created dimers in free jet expansions of NO and 
excited them to various vibrationally excited states 
using tuneable infrared radiation. The rates of vibra- 
tional predissociation were found to depend quite 
strongly on which vibration was excited. Thus, the 
dimer with one quantum in the symmetric NO stretch 
mode was found to have a mean lifetime of 880 ps, 
whereas for the dimer with one quantum in the 
anti-symmetric NO stretch vibration the lifetime with 
respect to vibrational predissociation is only 39 ps 
[24]. It is not clear which value provides the better 
estimate of the rate of intramolecular energy transfer 
in (NO)2 complexes formed at low temperatures 
from association of NO(u = 3) with NO(u = 0). 

Casassa et al. [24,25] have discussed the mecha- 
nism for vibrational predissociation of (NO)2 dimers 
in some detail. They pointed out that eight electronic 
potential energy surfaces, four singlets and four 
triplets, correlate with NO(X2IIn) + NO(X2nß) 
and they discussed whether the mechanism for disso- 
ciation of a dimer which is excited vibrationally in 
one or both of the monomer units involves intra- 
molecular vibrational energy transfer within the 'A' 
electronic ground state or an electronically non- 
adiabatic mechanism in which the dimer dissociates 
via an electronically excited state. Unfortunately, 
although the electronic and geometric structure of 
the (NO)2 'A ground state are well-characterised, 
little is known about the excited states. 

Since the spin-orbit splitting in the electronic 
ground state of NO is 121 cm-1, corresponding to 
(A£s_0/fcB) = 174 K, in our experiments at temper- 
atures <, 85 K only the lower ß= 1/2 spin-orbit 
component is appreciably populated, reducing to two 
(one singlet and one triplet) the number of surfaces 
which can be accessed adiabatically. If one assumes 
that only one quarter of NO + NO collisions occur 
on the 'A potential energy surface and that only 
these collisions cause vibrational relaxation, then our 
values of kKla% correspond to thermally averaged 
cross-sections for relaxation on this surface of 33 A 
at 15 K and 103 A2 at 7 K. 

To examine whether these cross-sections corre- 
spond to relaxation in every collision on the 'A 
ground electronic surface, we compare them with the 
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cross-sections, <S>U, determined for capture on an 
orientation-averaged Lennard-Joncs potential. Then, 
according to a simple two-body model, <5>u >= 
ir0-£ß(2'2>", where ß(22)* is the collision integral 
[35]. With values of the Lennard-Joncs parameters 
of au = 3.49 A and eu/kB •= 117 K, the values of 
<5)u are ca. 200 A2 at 15 K and 260 A2 at 7 K. It 
therefore appears that, even at the lowest tempera- 
tures of our experiments, vibrational relaxation may 
not occur in every collision on the lowest (NO)2 

potential in which capture occurs, but that re-dissoci- 
ation of the complexes to NO(D = 3) + NO{I; = 0) 

prior to vibrational predissociation may occur in a 
fraction of these collisions. 

5. Summary 

Implementing an infrared-ultraviolet double reso- 
nance technique within the extremely cold environ- 
ment provided by expansion through a Laval nozzle 
in a CRESU apparatus, rate coefficients have been 
measured for the vibrational relaxation of NO(i> = 3) 
in collisions with NO(^ = 0) at six temperatures 
between 85 and 7 K. The rate coefficients show a 
marked negative dependence on temperature, reach- 
ing a value at 7 K which suggests a collisional 
deactivation efficiency approaching unity. It is 
pointed out that the observed relaxation must be the 
result of V-T energy transfer, since V-V energy 
exchange is too endothermic to occur at the rates 
which are observed experimentally at the lowest 
temperatures. It is further proposed that V-T energy 
transfer is facilitated by the transient formation of 
(NO)2 complexes which last long enough for vibra- 
tional predissociation within the complexes to com- 
pete with re-dissociation to NO(D = 3) + NO(i> = 0). 
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