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Reactions of excited mercury atoms have been under 
investigation for well over half a century. Only quite 
recently, however, have particular systems of excited 
complex formation been examined in depth; there now 
exist several examples for which the fine structure of 
the kinetics and spectroscopy is revealed in delightful 
detail. The main object here is to overview what has 
been achieved in this more recent phase; in addition, 
tables of rate coefficients are included so that it may 
be of value as a source of reference. 

The material is presented in three parts, first some 
brief comments on the relaxation of the various atomic 
states, secondly the formation and luminescence due 
to mercury dimers and trimers, and finally the forma- 
tion of excited complexes of mercury atoms with other 
species. 

The style is to define what the author considers to 
be the status quo in thii subject, without belaboring the 
historic evolution which can be traced from references 
in the cited publications. 

I .  77w Excited Atoms 

Some energy levels of the excited mercury atom are 
shown in Figure 1. Because of spin-orbit coupling in 
the heavy atom, L and S are not good quantum num- 
bers. The J selection rules hold for optical transitions, 
A J  = 0 * 1 (0 0), and also the Laporte rule; even 
states combine only with odd. 

Four states--'P,, sP,, 3P1, and 3Po-arise from the 
6s6p configuration. Because of the J rules, only lines 
from 'PI and 3P, to the ground 'So state occur in the 
spectrum; the spontaneous emission rates's2 are re- 
spectively 7.7 X 10" s-' and 8.33 X lo6 s-'; in absorption 
the 'PI& line is S f o l d  stronger than the Pl-'So l i e .  
The To and 3P2 states are both metastable. The elec- 
tronic wave function of Hg(3Po) changes sign when re- 
flected in a plane through the nucleus; consequently 
collision complexes with an inert gas atom have the 0' 
representation, and emission to the ground O+ states 
is therefore forbidden because of the + +-rule. Thus 
collisionally induced emission from Hg(Po) hy the inert 
gases is not observed. However, HgPP,) can undergo 
induced emission due to collisions of inert gases.3 

None of the states with the 6s6p configuration un- 
dergo significant collisional deactivation by the inert 
gases, with the exception of Xe? 

Traditionally, deactivation of HgPP,) has been 
studied using CW excitation with 2537A radiation from 
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a resonance lamp; rate coefficients relative to the atomic 
emission rate are then derived by observing the atten- 
uation of the intensity on addition of quenching gas.' 

Hg('S0) + h~(2537A) - Hg(3Pi) 

h 
Hd3P,) + Q - removal of Hg(3P,) 

Such a scheme leads to 
Io/I = 1 + kJQl/kr 

where Io is the intensity of the 2537A fluorescence, and 
I that in the presence of added quenching gas Q. Thus 
plots of Io/I vs. [Q] yield k,, because k, is known. Some 
values recommended in ref 5a are listed in Table I. 
More recent data may be found in ref 5b. 

Measurement of quenching rates is complicated be- 
cause of imprisonment of the resonance radiation; i t  is 
necessary to use very small pressures of Hg, and to 
extrapolate to zero [Hg]. I t  is further complicated be- 
cause the imprisoned lifetime is a function of the 
preawm of added gas due to pressure broadening. Such 
changes in the effective lifetime of 3P, are illustrated 
by the results of Figure 2. 

A dired measurement of the shortened lifetime of TI 
due to collisional removal has been reported, in which 
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generated with a second mercury lamp. The extent of 
spin-orbit relaxation depends on the competitive rate 
of reactions causing deactivation to 'So. 

The data of ref 9 in Table I were obtained using a 
multielectrode, transverse discharge, resonance flash 
lamp, of the type shown in Figure 3. Through the outer 
jacket of the lamp are sealed 20 electrode pairs, supplied 
from a common distributor. The inner reaction vessel 
lies along the vessel axis and absorbs resonance radia- 
tion generated in the outer annulus. Much of our re- 
search on excited mercury intermediates has been 
conducted with these devices, which for absorption 
measurements are about 1 m in length, and about 30 
cm for emission work; the lamps are usually repetitively 
pulsed with signal averaging. The same techniques have 
been applied to reactions photosensitized by Cd and 
Xe.lo 

The Hg,N2 system is specially important and forms 
the basis for many applications. When excited with 
short duration pulses of 2537 i% radiation, an afterglow 
emission from 3P1 is observed with a mean lifetime of 
-250 ps with 700 torr of N2 (300 K). There is negligible 
deactivation of 3P0 to the 'So mercury ground state by 
N2. 

Hg(3P1) + N2 lM3PO) + N2 

Hg(3Pl) -?. Hg(lSo) + hu 
Because the 3P1 is several orders of magnitude shorter 
lived than the delayed fluorescence, steady state can be 
assumed. 

(k, + k'W21)[3pil = krT3P0l[N2I 
Therefore, 

Sin  9 lets Triplets 

Figure 1. Energy levels of atomic mercury. 
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Figure 2. Variation of the effective emission rate of Hg(63P,) 
with nitrogen pressure. [Hg] = 0.18 mtorr 0 ;  [Hg] = 1.52 mtorr 
X. 

TABLE I. Rate Coefficients for Deactivation of Hg(3Pl) 
and Hg(3Po), and Quantum Yields for Hgt3P0) Formation 
(300 K) 

quenching coefficient, 
cm3 molecule-' s-l 03P1 - 3P" 

~ 

3P1 
N2 4.3 x 10-l2 
H2 4.8 X 
0 2  3.0 X 
co 9.3 x 10-1' 
NO 5.5 x 10-1° 
NH, 8.4 X lo-" 
C2H6 2.5 X 
C 0 2  4.6 X IO-" 

3p0 ref 8 ref 9 

5.37 x lo-" <0.03 
1.81 X lo-'' <0.1 
1.03 X lo-" 0.88 0.9 
2.5 X lo-'' <o. 1 

1.05 0.64 
8.9 X lo-'' 0.64 0.67 

1.0 1.0 

4.4 x 10-13 <O.OI -0.02 

the system was excited with very short pulses of 
radiation-10 ns-from a specially designed lamp.7 
Such a method, which gives the quenching rate directly, 
avoids uncertainties due to imprisonment. 

Before proceeding to the more complex problems of 
molecule formation, we note that collisional relaxation 
of 3P1 may occur directly to the ground lS0 state, or else 
populate the 3P0 state; the energy difference between 
3P, and 3P0 is 1767 cm-l. Quantum yields for metastable 
atom formation in the quenching of 3P1 are given in 
Table 1. Those of ref 8 were derived by using CW 
excitation of gas mixtures, and monitoring the station- 
ary 3P0 concentrations by reversal of the 73S1-63P0 line 

d In t3P0] kfk'TN2] - 7-1 = - - 
dt kf + k W 2 l  

where 7 is the mean lifetime of the luminescence. Using 
the value of k'listed in Table I, and obtaining k" by 
calculating the [3Po]/ [3Pl] equilibrium constant (1.87 
X lo3 at 297 K), 7 = 2.4 X lo4 s is obtained with N2 at 
600 torr. The lifetime of the luminescence progressively 
increases as the pressure is reduced to -50 torr, but 
a t  lower pressures decreases again due to wall loss of 
3P,,. Extremely high levels of purity are required, and 
it is normal to continuously circulate the gases through 
a purifying system. 

The Hg,N2 system is richly rewarding when applied 
to determine the properties of 3P0, i.e., relaxation, at- 
tachment, and dimer formation. Its special importance 
results from a negligibly small rate of deactivation of 
3P0 to 'So in collision with N2, so that a reservoir of 
metastable atoms is generated at relatively high con- 
centration. Associated with the delayed 2537-i% 
fluorescence is a pressure broadened wing, due to N2 
collisions with the excited atoms, which can be moni- 
tored well into the visible region. This pressure 
broadened emission is due to the Hg(3P1), N2 collision 
complex; any emission from the Hg(3Po), N2 complex 
is too weak to detect. The electronic absorption spec- 
trum of the Hg('S0), N2 van der Waals molecule to the 
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Figure 3. A multielectrode resonance flash lamp. 

TABLE 11. Proposed Structures for Intermediate Collision 
Complexes of Ag('P) 

bond type structure symmetry 
H, T H-H-Hz C,.. 

Figure 4. Dependence of the decay rate of Hg(fiaP0) on the partial 
pressure of added gas. Hg = 2 x 10.' torr. fiOO torr, N,; m, H,: 
0, co,; e, NO 

Hg(P1), N, complex has been recorded in a supersonic 
free jet, and also its predissociation to 3P0 plus Nz has 
been demonstrated."' 

If a gas, Q, is added which will deactivate 3P0 to the 
ground state with a rate coefficient k,, the mean lifetime 
of the delayed fluorescence is reduced. 

Examples of application are shown in Figure 4 for Q = 
Hz, CO, and NO. Some coefficients obtained from such 
experiments are included in Table I. Subsequently, two 
other groups have made similar measurements and the 
results are in broad agreement."bJz 

Efficient electronic quenching occurs when there are 
potential energy surfaces connecting the initial and fiial 
states in the classically accessible energy region; a strong 
attractive interaction of the excited atom and the 
quenching molecule causes the potential energy surface 
to converge with that of a lower electronic state. The 

I I 

Ci, ,Jx HgCo C.. 
H2O ,s Hd% c, 
NHs L7 HSNHg C3" 

interaction may be of two kinds, either donation of u 
electrons from the quencher to the vacant 6s orbital of 
the excited atom, or donation of the 6p electron to the 
quenching molecule which then acts as a a acceptor. 
Molecules such as H,S, PH,, NO, and CO can simul- 
taneously act in both capacities, and the bonding should 
be particularly strong? A few structures for equilibrium 
conformations of intermediate collision complexes, d e  
rived from these considerations, are listed in Table 11. 

Reaction of both 3P1 and 3P0 with H, produces sub- 
stantial yields of HgH, @ = 0.67 and 1.0, respectively. 
Curiously, in the reactions with HD the product is 
predominantly HgD. The attack of the Hg(3P) is pre- 
sumably sideways on, to form the structure with C,, 
symmetry of Table n, ejection of the light H atom from 
the complex is favored because of the smaller momen- 
tum req~irement. '~ 

Little is known concerning collisional relaxation of 
HgPP,). The mercury laser14 operates on the 7%' - 
@P2 line; Nz at  10 torr is sufficient to depopulate the 
lower level'" and maintain population inversion, in- 
dicating that the coefficient for 3P, relaxation by N2 is 
-lo-" cm3 molecule-' s-l, much larger than for 3P1. It 
may be significant that the reaction 

Hg('P2) + N,(u = 0) -+ HgPPJ + N ~ ( u  = 2) 

is closely resonant, A E  = 2 cm-I. The 3P, does not 
undergo any significant relaxation to the lower spin- 
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orbit states in collision with 1S0.25 It is efficiently re- 
laxed to 3P1 by H20  vapor.3 

Relative cross sections for the 3P2 - 3P1 relaxation 
by H2, D,, N2, NO, and CHI have been measured with 
crossed molecular beam te~hnique5 . l~~ 

Collisional relaxation of Hg(lP1) has been pioneered 
using cw excitation, by studying both the attenuation 
of the intensity of the IP1 - 'So resonance line at 1849.5 
A on addition of quenching gases and also the associ- 
ated emission at 2537 A due to the collisionally induced 
lP1 - 3P1 transition.1618 

It has recently been discovered that, because the 
1849A line is 36-fold stronger than the 2537 A line, by 
using very low Hg pressures in a resonance flash lamp 
and experimental cell, a t  least 90% of excitation can 
be achieved at  1849 A.3 Collisional population of 3P1 
from 'PI could then be time resolved. It is found that 
deactivation of 'P, by N2 populates the 3P1 level di- 
rectly. Only 10% generates N2A3Z,+, which can be 
identified by the rate at which it retransfers energy back 
to Hg('So) to excite the 3P states. The results indicate 
that the half pressure for quenching of 'PI by N2 is -40 
Torr, corresponding to a coefficient of 5 X cm3 
molecule-ls-l. 

These experiments bring into perspective the possi- 
bility of laser action on the 2537-A resonance line, by 
pumping at  1849 A. The half pressure for the 3P1 - 
3P0 transition, induced by N2, is 59 torr. Extremely 
small Hg pressures are required, with N, at -40 torr. 
Because of the 3-fold degeneracy of the upper state, the 
[3Pl]/[1So] ratio must exceed 3 for lasting action to be 
achieved. 

Callear 

I I .  Dimers and Trimers 

The green emission of mercury vapor, the so called 
4850-A band, has been the subject of many kinetic and 
spectroscopic investigations, going back well over half 
a century. Recently there has been considerable prog- 
ress in identifying the reactions which occur when Hg 
vapor absorbs radiation, and results in the formation 
of excited dimers. Model  calculation^'^^^ indicate that 
the first excited term of Hg, is 311g; the Og* components 
have very nearly the same energy and should comprise 
the first excited states of the dimer, as shown sche- 
matically in Figure 5. The electric dipole transition 
from these electronically excited states to the 0,' ground ' 

state is forbidden, so that the AOg* are expected to be 
optically metastable and hence long lived. 

Studies of the decay of the luminescence, following 
pulsed laser excitation of pure Hg vapor at 2650 A, have 
suggested that the carrier of the persistent green 
emission is an Hg3* trimer, in equilibrium with excited 
dimers with high mercury den~ i t i e s .~ l -~~  The radiative 

Hg2* + Hg Hg3* 

lifetime of the trimer has been estimated to be -17 ps.  
From excited mercury vapor, emission is also ob- 

served in the ultraviolet-the 3350-A band-and the 
upper state of the system has for a long time been 
identified with the DIU dimer, for which an electric 
dipole transition to the ground state is allowed. This 
assignment would now appear to be well established; 
vibrational relaxation of the D1, state has been inves- 
tigated from the time variation of the fluorescence 
spectrum following direct optical excitation.,l 
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Figure 5. Schematic potential energy diagram for the first few 
excited states of the mercury dimer. 

Our contribution has been directed at  the spectro- 
scopic detection of the transient intermediates by ab- 
sorption spectroscopy, measurement of the rate coef- 
ficients for the termolecular formation of both dimers 
and trimers, identification of the reservoir states of the 
ultraviolet emission and the kinetics of their collisional 
relaxation, and finally determination of the fractions 
of atomic combination events leading to gerade and 
ungerade dimer states. The last problem may be un- 
derstood by inspection of Figure 5; combination of 3P0 
with a ground state atom can occur adiabatically into 
either the A0 - or C0,- dimer state. 

To record t i e  spectra of the intermediates, the clas- 
sical white-flash photolysis technique was employed: 
many entirely new features were d i s c ~ v e r e d . ~ ~ ~ ~ ~  The 
initiating flash reached its maximum 5 p s  after trig- 
gering, and had effectively terminated after a delay of 
12 pus. The lamp and reaction vessel had a length of 1 
m, and could be heated to 1000 K. The gases and Hg 
vapor were continuously purified by circulation. 

Initially light is absorbed in continua which lie pre- 
dominantly to the long wavelength of the 1849-A and 
2537-A resonance lines. The continua are transitions 
from ground state van der Waals dimers to  ungerade 
upper electronic states. 

In Figure 6 ,  absorption spectra are compared in an 
Hg,Ar mixture to those in an Hg,N, mixture. In both 
sets of spectra, several Rydberg transitions from excited 
mercury dimers may be seen, all of which exhibit ex- 
tensive vibrational structure. 

There are, however, several major differences between 
the results with Ar and N2 added to the Hg vapor. In 
Ar, strong absorption is observed from each of the 3P 
states, while in N2 only transitions from 3P0 are strong. 
The N,, of course, induces transitions between the at- 
omic states, and the relative populations are in equi- 
librium at the flash termination. The Ar results show 
that collision of 3p1 and 3P2 with ground state Hg atoms 
is remarkably ineffective at causing intramultiplet re- 
laxation, even though the various diatomic states be- 
longing to different limits merge and cross during col- 
lision. The decay rates of the excited atoms are rep- 
resented diagramatically in Figure 7. 

Some 15 band systems of excited mercury dimers 
were identified and analyzed; only one of these had 
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Figure 6. Comparison of transient spectra in mixtures of Hg vapor with Ar (upper set) and N2 (lower set). Delay times on the right. 
[Hg] = 110 torr; [Ar] = [NJ = 200 torr (550 K). 

Figure 7. Time variation of transient spectra (560 K): a,b,e, and 
e;lHgl=110Torr;[Ar]=200torr;d[Hg]=110torr;[N,~=200 
torr. 

previously been observed in emission and analyzed?6 
Nearly all the strong systems are due to transitions of 
Hg, AO,*, which constitutes the reservoir to fuel the 
persistent green emission. It was considered a signifi- 
cant advance to see these reservoir states, the existence 
of which had long been suspected in some form, but 
never before observed directly. 
An enlargement of the 4200-A system is shown in 

Figure 8. The bands are doubled, with a splitting of 

I I/ 
7 6 5  

4 2 0 2  11. hih 113206 

Figure 8. Absorption spectrum of the 4200-A system of the 
mercury dimer, and a partial vibrational analysis. 

15.5 cn-' in the u"= 0 progression. The same feature 
is found in three of the other dimer systems, and ap- 
parently corresponds to the energy difference between 
the O,+ and 0; components. The two members of each 
band pair uniformly have about the same intensity or 
Franck-Condon factor. The splitting decreases with 
increasing u", and the two potential energy curves must 
cross a t  an energy of e 10s cn-'; therefore the 0,' com- 
ponent has to be the first excited state of the mercury 
dimer. The vibrational frequency is 143 cm-'. The 
upper Rydberg states all have vibrational frequencies 
of -120 cm-', which must correspond closely to that 
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Figure 9. Effect of [HgJ and temperature on the mercury trimer 
band intensity. (A) [Hg] = 24 torr, flash energy 500 J (560 K); 
(B) [Hg] = 75 torr, flash energy 280 J (560 K); (C) [Hgl = 230 
torr, flash energy 1620 J (773 K); (D) [Hgl = 90 torr, flash energy 
1620 J (550 K). 

of the ground electronic state of the Hg,+ positive ion. 
Some of the weaker band systems increase in inten- 

sity relative to those from A0 * with increasing tem- 
perature; A system at  4514 k has been tentatively 
assigned to the B1, carrier; by measuring the variation 
of relative intensity with temperature, the difference 
of electronic energy between the AO,* and B1, states 
has been estimated to be 1.1700 cm-'. Other electronic 
systems have been tentatively assigned to the CO; 
carrier. With the high mercury pressures that are re- 
quired for the white flash experiments, the excited 
dimer states are in mutual equilibrium. 

Considering again the time-resolved spectra of Figure 
6, next to be discussed is the nature of the very strong 
continuous absorption, in the region of the 2967-A at- 
omic line, which is observed in Nz, Hg mixtures. It has 
been shown that the ratio of the concentration of the 
carrier of these diffuse bands to the concentration of 
dimers is proportional to [Hg], and independent of the 
delay time.25 Conditions were adjusted so that ap- 
proximately the same dimer concentrations were at- 
tained, varying both flash energy and [Hg]. Also, the 
diffuse spectra are weakened relative to the dimer 

2752.8 i 31 31 .6 1 

bands by increase of temperature due to changes of the 
equilibrium constant. These effects of both concen- 
tration and temperature are illustrated in Figure 9. 
The continuous band can be unequivocally assigned to 
an excited mercury trimer; from the kinetic data 
presented later, evidently it is the carrier of the green 
emission. The trimer exhibits other regions of diffuse 
absorption, and the full spectrum is shown in Figure 
10. 

and 32:. 
Of these, the 0,' state and the two 1, states can decay 
by emission to the ground state. There are no model 
calculations for the trimer. The O,+ component is ex- 
pected to be the carrier of the green band. 

The dimers and trimers coexist close to equilibrium 
with high [Hg] and with added N,. From a quantita- 

The first excited terms of linear Hg, are 

Hg, AO,* + Hg('S0) + Hg, AO,* 

Hg, AOu+ - 3Hg('So) + hu (green band) 
tive study of the relative dimer and trimer band in- 
tensities over a range of temperatures, the energy re- 
quired to dissociate an atom from the trimer has been 
shown to be 0.57 (f.03) eV.25 

Considering again the absorption spectra of Figure 
6, i t  is most remarkable that with added Ar the trimer 
band at  3000 A is quite weak, but a diffuse feature not 
observed in Nz occurs a t  a shorter wavelength! With 
higher [Hg], the trimer bands observed in Nz, Hg 
mixtures do appear slowly in the Ar, Hg system, pos- 
sibly indicating that the shorter wavelength carrier is 
slowly converted to the first excited states of the trimer 
by collision with Hg('So). We do not have sufficient 
kinetic data concerning this diffuse band to be able to 
make an assignment. 

The final aspect of the spectra of Figure 6 to be 
briefly considered is the appearance of the 2480-A group 

4W6.6 1 
I I I 

3 

L: 

.* 
0. L 

n P 

Figure 
Wavelewth 1 1 

10. Electronic spectra of the mercury trimer. Delay time increasing from top to bottom. [Hgl = 120 torr (550 K). 
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b 
Frequency/ 10' cm-1 

Figure 11. Emission spectrum in the afterglow following pulsed 
excitation at 2537 A. Left hand scale green only. [N,] = 760 torr, 
[Hg] = 0.18 mtorr (298 K). 

of bands, which is strong with Ar, Hg mixtures but 
usually comparatively weak with added Nz. These 
bands are well-known in emission from discharges, but 
had not previously been detected in absorption. In the 
old l i t e ra t~re , ,~  the system is assigned to a transition 
of the Hgz+ positive ion. At  first, it was difficult to 
accept that a molecular ion could be generated at suf- 
ficiently high concentration in a flash photolysis ex- 
periment to give rise to such a strong absorption. 
However, after a long and not very conclusive study it 
is considered that Hgz+ probably is the carrier; the 
species can be produced by Hornbeck-Molnar ioniza- 
tion of high-energy states of the neutral atom in colli- 
sion with a ground-state atom. 

Hg* + Hg('So) - Hg2+ + e- 

These comments complete a description of the results 
from the white-flash photolysis of Hg vapor. The for- 
mation of a reservoir of metastable dimers, in equilib- 
rium with trimers in an excess of added N,, is revealed 
by these experiments. Some of the other discoveries 
have not been fully analyzed, and will require applica- 
tion of other techniques. 

To measure the rate coefficients for the elementary 
steps, the resonance flash method has been employed, 
with a transverse discharge multielectrode lamp sur- 
rounding a coaxial reaction vessel. To achieve the re- 
quired Hg pressures, the gases were first passed through 
a heater containing liquid mercury, and then through 
a glass spiral contained in a thermostat to condense out 
the excess. By replacing the thermostat with a cold 
trap, the mercury vapor could be removed in a few 
minutes and the level of background emission recorded. 
The gases were continuously circulated and repurified. 
The exciting flash of 2537-A resonance radiation de- 
cayed to one half of the maximum intensity after 1.5 
ps, and was of neglibly short duration compared with 
that of the excited intermediates. 

We first consider a comparatively simple experiment 
in which a high pressure of N2 is maintained; Nz rapidly 
interconverts the gerade and ungerade dimer states 
which therefore attain mutual equilibrium. 

The luminescence is very persistent, and the signal 
to noise ratio is high even after 10-ms delay. A spec- 
trum recorded after a fixed time delay in the late aft- 
erglow is shown in Figure 11. In addition to the 
well-known green band (trimer) and UV band (1, di- 
mer), an intermediate violet band was discovered.= By 
measuring the intensities of the new feature relative to 
the green and UV bands, it has been concluded that it 

(b) , /-- 
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Figure 12. Time evolution of luminescence following pulsed 
excitation at  2537 A. (a) Descending short-lived trace delayed 
2537 A emission; initially rising trace green emission. (b) Full 
trace rise green intensity. Dashed curve calculated [Hg, O,']. (c) 
Full trace violet emission. Dashed curves wing of 2537 A line, 
and the residue found by subtraction. 

results from collisionally induced emission from the 
AOg' dimer to the ground state. At  short delay times 
both the UV and violet bands are swamped by the 
pressure-broadened 2537-A delayed fluorescence. 

Some time profiles of the green and violet compo- 
nents at 304 K are shown in Figure 12. It is convenient 
to state the reaction mechanism at  this stage. 

Hg('S0) + hv (2537 A) - Hg(,P1) 

Hg(,P1) + Nz + Hg(,Po) + N2 

Hg(,Po) + Hg(lSo) + M A Hg, AO/ + M 

Hg, D1, -!?+ 2Hg(lSo) + hv (UV) 

Hg, AOgf + Nz -% 2Hg(lSo) + N,+ hv (violet) 

Hg, AO,* - zero pressure loss rate 

Hg, AOP + Hg(lSo) + M 2 Hg, AO," + M 

k4 

k 

k 4  

Hg, AO,' 2 3Hg('So) + hv (green) 

Reaction 1 produces both gerade and ungerade dimer 
states; however, since Nz rapidly maintains equilibrium 
between these states: the details need not concern us 
at  this stage of the discussion. 

Considering Figure 12a, the descending trace is the 
delayed 2537-A fluorescence resulting from excitation 
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Figure 13. First-order decay coefficients of the green emission 
in the late afterglow (304 K). (a) N2 in torr: 750 0; 610 0; 465 
A; 345 A; 230 0; 97 .. (b) Hg in mtorr: 1.0 0; 1.0 V; 0.0 V. 

of 3P0 to 3P1 by N2 collisions. The initially rising trace 
is the time profile of the green emission; because the 
radiative lifetime of the trimer is short compared with 
the duration of the afterglow, the profile of the green 
emission is a measure of the relative concentration of 
the Hg, AO,* reservoir states, produced by reaction 5. 
With these conditions only -2% of the 3P0 combine 
to form dimers, the great excess decaying by the delayed 
2537-A fluorescence. 

The initiating pulse of resonance radiation is of 
negligibly short duration in these experiments. Because 
both the formation and the loss of Hg, AO,* are pseu- 
do-first-order, the full time profile should approximate 
to a double exponential function: 

[exp (-4 - exp (-Pt)l/(P - 4 
Here p corresponds to the 3P0 decay rate and a to the 
metastable dimer decay rate. In Figure 12b, however, 
it may be noted that there is an inflection on the rise 
of the green band due to the finite radiative lifetime of 
the trimer, which is computed to be -2 X low6 s, de- 
rived from the experiments using laser excitation of Hg 
vapor a t  high densities.23 

Figure 12c shows the time profile in the violet region. 
The emission is again a double exponential, but in this 
case with unequal coefficients because the emission in 
this region is a superposition of the violet band shown 
in Figure 11 and the N2 pressure broadened wing of the 
2537-A line. The residue found by subtraction of the 
resonance wing has a time profile indistinguishable from 
that of the green emission. In the intermediate and late 
afterglow, the relative intensities of the three bands are 
time independent, the green being predominant. 

These comments complete a description of the nature 
of the delayed emissions, and their dependence on time. 
In the late afterglow when the 3P0 concentration is 
small, the decay of the emission is indistinguishable 
from a single exponential term.6 The corresponding 
rates have been measured in N2, Hg mixtures at 304 K, 

TABLE 111. Rate Coefficients for the  Mercury Dimer and 
Trimer Systemss3' 

k , ,  cms molecule-2 
M 303 K 353 K 

Hg(3Po) + Hg('So) + M 4 Hg2* + M 
Ar 0.97 (f0.08) 0.95 (i0.06) 
Ne 0.39 (f0.06) 0.33 (i0.06) 
He 0.31 (i0.07) 0.22 (i0.06) 
NZ 1.56 (10.15) 1.22 (i0.12) 

ki'/kl' = 0.124 (f0.014) (303 K) 

Hg, D1, k 2Hg('So) + hu (ultraviolet)" 
k2 = 1.5 x lo6 s-l with AE(l,-O,*) = 0.33 eV (303 K) 
k z Q ~ l u / Q ~ o u -  = 1.23 (f0.03) x lo4 s-' (303 K) 
k P Q ~ I , / Q ~ O , -  = 2.15 (f0.02) X lo4 sd (343 K) 

Hg, AO,' + N2 !% 2Hg('So) + Nz + hu (violet)" 
k3 = 2.9 (*0.03) X 

Hg, AO,' 4 Zero Pressure Loss Rate 
k4 E 85 s-' 

cm3 molecule-' s-' (298 and 333 K) 

Hg, AO,' + Hg('So) + M h Hg3* + M 
k5(M = N,) = 1.95 (f0.16) X 
k5(M = N,) = 1.49 (f0.03) X 
k5(M = N2) = 1.26 (f0.05) X 
k, (M = Ar) = 1.36 (i0.1) X 

Hg3* + M h Hg, AO,' + Hg('So) + M 
k_, /k6  (M = N,) = 4.7 (fO.l) X 
k- , /k6  ( M  = N,) = 4.8 (f0.15) X 
k- , /k6  (M = Ar) = 3.3 (i0.3) X 

cme molecule-2 s-' (304 K) 
cms molecule-2 s-l (333 K) 
cm6 molecule-2 s-' (363 K) 

cm6 molecule-2 s-' (304 K) 

cm3 molecule-' (304 K) 

cm3 molecule-' (304 K) 
cm3 molecule-' (333 K) 

Hg, AO,+ 4 3Hg('So) + hu (green)a 

Hg, C0; + M k, Hg, AO; + M 

k ,  in units of cm3 molecule-' s-'. All data 303 K. 
k,Hg = 1.66 (i.1) X 
k7& k7Ne d k7He = 6.7 (i1.0) X 
k , / k _ ,  = 4.9 X lo3 

Approximate short wavelength thresholds: green, 2.9 eV; vio- 

k6 E 5 X lo4 S" (303 K)  

k7N2 = 2.95 (f.2) X 

let, 3.6 eV; ultraviolet, 4.0 eV. 

333 K, and 363 K. Some results for 304 K are shown 
in Figure 13. In (a) it may be noted that the decay of 
the dimer reservoir states is proportional to [Hg] for all 
[N,], and increases with [N,]; these rates correspond 
to termolecular attachment of Hg('So) to Hg, AOg* with 
N2 as third body, forming excited trimers by reaction 
5. In 13b, the same data are displayed as a function of 
[N,], and nonlinear behavior is found; the latter feature 
is due to reverse dissociation of trimer back to the Hg2 
A0 ' reservoir state. 

h s o  in 13b is included a set of points for [Hg] ex- 
trapolated to zero; there appears to be a zero mercury 
decay component of the reservoir states amounting to 
-85s-l, which is apparent at all temperatures. This 
minor component may be due, at least in part, to in- 
ternal conversion of Hg, AO,' to the dimer ground state. 
Some rate coefficients derived from these data are listed 
in Table 111. 

It is the combination of the spectroscopic data of 
Figures 6, 9, and 10, revealing the existence of an ex- 
cited trimer in this system, with the kinetic data which 
shows that the Hg2 AO,' decays by termolecular at- 
tachment of a third Hg atom, that establishes that the 
green carrier is a bound, excited trimer. The intensity 
of the green band relative to the UV emission does, of 
course, increase with increasing [Hg]. 
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filled 5240A); A, 750 torr AI, 0.35 torr NP; 0,400 torr AI, 0.71 
torr N,. 

Attention was next directed at the measurement of 
rate coefficients for dimer formation from 3Pp In Nz 
with pressures sufficiently high to prevent wall loss of 
3P0, the dominant mode of decay is via reexcitation to 
3P, and delayed 2537-A fluorescence; only a very small 
fraction of 3P0 combines with So, so that this step does 
not significantly affect the kinetics. However, if the N, 
is kept very small, -1.0 Torr, to limit the rate of 
reexcitation to 3P,, and with comparatively high pres- 
sures of added Ar to chaperon dimer formation and 
avoid 3P0 wall loss, the dimerisation rates can be mea- 
sured directly.% 

Results for Po decay with these conditions are shown 
in Figure 14, obtained, of course, by using the resonance 
flash technique. The zero mercury pressure intercepts 
correspond to reexcitation and emission of 3P,. The 
most accurate measure of the relative 3P0 concentration 
was achieved by monitoring the decay of the UV 
emission from Hg, Dl,, discussed later. The mea- 
surements yield the total coefficient for combination 
of 3P0 with a ground-state Hg atom into both gerade 
and ungerade dimer states; data for Ar, Ne, and He as 
third bodies are included in Table 111. There are no 
other systematic measurements of these coefficients. 

With regard to the formation of excited dimers in 
mercury vapour, the most important rate coefficient is 
that with N, as third body. This coefficient was mea- 
sured relative to that for Ar using a cw technique. In 
essence, the ratio is found by first observing the in- 
tensity of the green band in an Hg, Nz mixture, and 
then studying the enhancement caused by addition of 
Ar. In practice i t  is complicated because of a drop in 
the [3Po] on addition of Ar, and because of the zero 
pressure loss rate of Hg, AO,'. An accurate analysis was 
eventually developed and the derived coefficients are 
listed in Table 111. 

These measurements brought us to within striking 
distance of the heart of the mechanism of the persistent 
mercury luminescence, which is the relative roles of the 
gerade and ungerade dimers states, as shown in Figure 
5. We have demonstrated previously that in high 
pressures of N, the relative intensities of the various 
emission bands are time invariant; the N, collisionally 
interrelaxes various dimer states which rapidly attain 

Figure 15. Time variation of ultraviolet and green emission 
following pulsed excitation at 2537 A. The fast rising traces 
correspond to the UV component, which decays with the meta- 
stable atoms. The rise of the green intensity reflects the accu- 
mulation in the Hg, A0 reservoir (304 K). [Hg] = 2.4 mtorr, 
INz] = 10 torr, [AI] = &il torr. 

relative equilibrium populations. However, in experi- 
ments with small pressures of N,, with an excess of Ar 
to produce dimers, the green and UV time profiles are 
quite different;30 evidently Ar collisions do not effi- 
ciently interconvert the D1, and AO,* dimer states. 

Differences in the green and UV time profiles3' are 
shown in Figure 15, with INz] a t  10 torr and [Ar] a t  600 
torr. The slowly rising trace is the green emission, the 
rise corresponding to the decay of 3P0, and the decay 
to the rate of trimer formation from Hg, AO,': The 
shorter lived trace corresponds to the UV emission. 
Ultraviolet reservoir states are formed and removed by 
pseudo-firsborder processes in these experiments. The 
corresponding integrated rate equation is again a double 
exponential function, 

(exp(-4 - exp(-tW)/(@ - 4 
where the coefficients correspond to formation and loss 
rates. However, because the UV reservoir states are 
short lived compared to 3P0, it is the removal rate of 
which shapes the decay of the UV band! This is subject 
to a minor qualification conceming the initial rise of the 
green band which exhibits an inflexion due to the finite 
lifetime of the trimer, and also because of delayed re- 
lease of excited dimers from higher states into the AO,' 
reservoir. 
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Figure 16. Variation of the decay rate of the ultraviolet reservoir 
on [N,] (303 K). 0, [Hg] = 2.4 mtorr; A, [Hg] = 1.2 mtorr. 

Because the rate of 3P0 decay can be measured ac- 
curately, the decay rates of the ultraviolet reservoir can 
be extracted from the UV profile either by computer 
fitting or simply solving for the intensity maximum. 
Various sets of data were therby derived, for example, 
the results shown in Figure 16. 

The emission rate of the D1, dimer23 is believed to 
be -lo6 s-l; evidently, therefore, the observed time 
constant of a - lo4 s for the species generating the UV 
emission indicates that there is a metastable reservoir 
from which the emitting state is populated by collisional 
processes. The results, for example, those of Figure 16, 
are not significantly affected if the pressure of Ar is 
varied in the range 300 to 700 torr. It must follow that 
with these high pressures of Ar the D1, dimer is in 
equilibrium with its reservoir states, and that Ar does 
not significantly deactivate the UV reservoir. Extrap- 
olated to zero [Hg] and [N2], the effective decay rate 
of the UV reservoir is 1.23 (f.03) X lo4 s-l at 303 K. 
This is equivalent to k2Qlu/Qreser, where k2  is the 
emission rate of the D1, dimer, and the Q are partition 
functions. 

In the experiments with excess N2 described in an 
earlier subsection, 

k2Q1,/Q0,' = 2.3 (k.25) s-l 

was derived at  303 K. This measurement is made by 
comparing the extent of emission from D1, dimers with 
the known rate of formation of trimers from Hg2 AOg*. 
Thus, 

Qreser/QOg* = 2(k.27) X (at 303 K) 

The relative energies of the dimer states given in 
Figure 5 are expected to be reliable to within 0.03 eV. 
The corresponding ratio of the partition functions for 
C0,- to AO,* is 

Q~JQ~; -2 x 10-4 

at 303 K, being a good match with that measured ex- 
perimentally for the ratio of the partition function of 
the reservoir state to that of Hg, A0 *. Although the 
point is obviously not proven, the lifetime of the UV 

0 200 LOO 600 800 
Pressure o f  N,/Torr 

Figure 17. Variation of the quantum yield of the green emission 
relative to the t o t d  rate of dimer formation (ref 29). The full 
lines are calculated using the coefficients of Table 111. 0, [Hg] 
= 2.0 mtorr; 0, [Hg] = 0.76 mtorr. 

emission is consistent with C0,- being the sole reservoir 
state. 

With this hypothesis, the mechanism is tentatively 
completed as follows. 

Hg2 COu- + M p 
3 / 

Hg( Po) + Hg('So) + M 

Hgz A0,' t M 

Hg2 CO; + Ar + Hg, D1, + Ar 

M + Hg, C0,- ?+ Hg, AOF + M 

Some measured k7 are listed in Table 111. Evidently 
collision with Hg(lSo) very efficiently interconverts the 
dimer states, the reactions proceding through an in- 
termediate excited trimer. (This is in curious contrast 
to the 3P atomic states which do not interconvert in 
collision with ISo.) 

The most recent episode in understanding the be- 
havior of excited Hg vapor has been to measure the 
quantum yield of the 3350-A UV emission relative to 
the formation of excited dimers by reaction 1. 

If the quantum yield, CP4, of the green band, in various 
pressures of N2, is examined as a function of partial 
pressures, it is found that, relative to the rate of for- 
mation of excited dimers, CP, tends to a limiting maxi- 
mum at high pressures;% this maximum corresponds to 
unit quantum yield, and there is negligible deactivation 
of either AO,' dimers or trimers by N P .  The effects of 
pressure arise because of nonradiative decay of AOg* 
dimers by reaction 4; with [N,] 3 100 torr, the fraction, 
F, which decays the green emission is given by 

F' = 1 + k4/k,tHgl[Ml f k&/W5[Hgl 

This expression is compared to experiment in Figure 
17, where the experimental method was to use cw ex- 
citation of Nz, Hg mixtures. 

The relative UV and green intensities , Iuv and Ig ,  
were integrated over the spectral profiles for various gas 
compositions, again using a cw technique. The spectral 
sensitivity of the detector was calibrated with light from 
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a tungsten ribbon lamp. Quantum yields of the UV 
emission were then computed using, 

Some data so derived are shown in Figure 18. It may 
be noted that aUv decreases with increasing [Hg] and 
[N2], because both Hg and N2 deactivate CO; dimers 
to the AOB* reservoir of the green band. 

The quantum yields for formation of the C0,- dimer, 
relative to the total rate of formation of dimers by re- 
action 1, have been evaluated for each of the experi- 

mental points of Figure 18, by calculating from the rate 
cofficients of Table I11 the fraction of CO; dimers which 
result in W emission under each set of conditions. The 
results of this analysis are shown in Figure 19. Thus 

@uvo = kl'/(kuu + klg) = 0.124 (f0.014) 

is found. 
The quantum yield of the UV emission is small even 

when extrapolated to zero pressure; approximately one 
combination occurs into a vibrationally relaxed C0,- 
state per six or seven into the relaxed A0 * reservoir. 

To interpret this aspect, we first consijer the con- 
sequences that the potential energy curves of the CO; 
and AO; dimer states are nearly coincident at long and 
intermediate range as shown in Figure 5. A 3P0 atom 
can combine with a ground state atom adiabatically into 
either state. Because the Hg atoms have a much greater 
mass then those of the chaperon, only a small frac ion 
of the total binding energy is removed, so that the initial 
phase of reaction 1 is to produce vibrationally excited 
dimers, with equal probability into each of the states. 
Because of the near coincidence of the large r turning 
points at intermediate range, the gerade and ungerade 
states will be mixed by subsequent relaxing collisions 
which perturb the electronic center of symmetry. A t  
intermediate range, where the potential energy curves 
are beginning to diverge, the exothermic relaxation from 
the C0,- to the lower A0,- state starts to become 
"irreversible" when the energy difference is of the order 
of kT; the excitation then drains down disproportion- 
ately into the relaxed AO; reservoir. Further divergence 
at lower energies ultimately closes the route because the 
associated large changes of the reduced momentum 
have a low probability. Considering vibrationally re- 
laxed dimers, only one in four originally born with the 
CO; representation survives the succession of subse- 
quent collisions which remove the excess vibrational 
energy. 

V 
V 

V 
0 

0 
0 0 

1 2 
Mercury p res su re /mTor r  

Figure 19. Quantum yield of the UV band relative to the total formation of excited dimers, when extrapolated to zero [Hg] and [N,] 
(303 K). 
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The rate coefficients for the termolecular combination 
of 3P0 with ground state Hg atoms are larger than those 
for two ground-state halogen atoms by a factor of about 
10. Presumably the high rates are found because Hg- 
(3P0), Hg(lSo) correlates with just two states, both of 
which are bound and participate in the combination 
reactions: formation of ground state halogen molecules 
has to compete with 15 other substates which correlate 
with repulsive or only weakly bound states. 

These comments complete a description of the status 
quo in respect of mercury dimers and trimers. 

The model calculations for the dimer have 
been of great value in both rationalizing the results and 
also as a predictive guide. Even so, more precise in- 
formation concerning the excited states is sorely needed 
to test the arguments applied to identify the ultraviolet 
reservoir, and also to aid the assignment of dimer “hot” 

Calculations of the energies of the dimer states, using 
configurational interaction procedures for the valence 
electrons and ab initio effective potentials for the core, 
indicate that the CO; state may not be If 
these calculations prove to be realistic, the ultraviolet 
reservoir state would have to be redefined to be the B1, 
excited dimer. 

Our conclusions are broadly in agreement with high 
temperature and high Hg density experiments de- 
scribed in ref 21-23, in so far as close comparison can 
be made; considering both contributions together, 
identification of the green carrier with an excited 
mercury trimer is now quite compelling and soundly 
established. 

Theoretical guidance on the states of the mercury 
trimer would also be of great value; the diffuse ab- 
sorption band observed in flashed Hg,Ar mixtures could 
conceivably result from attachment of Hg to Hg2 AO,*, 
producing higher states of the trimer. 

Callear 

adequately defined; these are complexes of 3P0 with 
NH3, tert-butylamine, diethylamine, and H20. Widely 
different behavior and variety are found even within 
this small group. 

The following general mechanism will be applied. 

(i) 

Hg X*+ -?., Hg(’So) + X + hv (ii) 

HgX*+ - nonradiative decay (iii) 

k 
Hg(3Po) + X 2 HgX*+ 

k-1 

k3 

ki 
HgX*+ + M - HgX* + M 

HgX* - Hg(lSo) + X + hv 
(iv) 

(VI 

The star superscript indicates electronic excitation, and 
the cross additional vibrational excitation. With NH3 
and H20, redissociation of HgX*+ to Hg(3Po) plus X is 
its predominant fate. With the amines, the redissoci- 
ation reaction has a negligible role; the greater density 
of vibrational states of the higher molecular weight 
complexes causes kl to be relatively small; with low 
amine pressures reaction iii becomes dominant, re- 
sulting in very low quantum yields for delayed emission, 
and removal of 3P0 via a bimolecular reaction. It is only 
in the NH3 system that the removal of 3P0 has been 
shown to occur by termolecular kinetics, which pre- 
dominates at high pressures when reaction iv becomes 
the major channel for removal of HgX*+. 

We first give a summary of the research involving the 
Hg, NH3 system. If mixtures of Hg vapor and NH3 are 
excited with the 2537-A resonance radiation, a very 
strong luminescence occurs in the ultraviolet at 3500 
A; the quantum yield is -0.7 in NH3 alone, but in- 
creases to N 1.0 if an excess of N2 is present. Although 
the emission was first observed many years ag0,40p41 the 
nature of its origin was only revealed comparatively 
recently when time-resolved techniques become avail- 
able. Thus, with a phase-shift method,33 the emission 
was shown to result from interaction of 3P0 with NH3, 
this was confirmed with the resonance flash method,34 
and it was further demonstrated that the removal of 3P0 
occurs with both bimolecular and termolecular reac- 
tions; the radiative lifetime of the complex has been 
reported to be -1.8 ps.36838945 

With low NH3 pressures, <0.5 Torr, the mean lifetime 
of 3P0 is greater than that of the HgNH3* stabilized 
complex. With an initiating light flash of negligibly 
short duration, the time variation of the luminescence 
from the complex should approximate to a double ex- 
ponential, the lifetime of the complex shaping the rise, 
and that of the 3P0 the decay. Indistinguishable mean 
lifetimes, 7, for the 3P0 decay and the sensitized lu- 
minescence decay have been d e m ~ n s t r a t e d . ~ ~  

Also, in the intermediate and low pressure regimes, 
the HgNH3*+ can be taken to be in equilibrium with 
free 3P0 at low pressures, and the reciprocal mean 
lifetime of both 3P0 and the HgNH3* intensity, I ,  are 
given by 

T-l = - 

k5 

HgX* + X + M + HgX2* + M 

= - - -  - d ln [3P01 d In I 
dt dt 

k l  
k-1 
-[NH,I [k, + k3 k4[N21] 

I I I .  Affachmenf of Exclfed Mercury Atoms lo 
Other Molecules 

The Hg(3Po) metastable mercury atoms will attach 
other molecules to form excited complexes which emit 
in the ultraviolet and visible spectral regions. 

Several conditions have to be met; first, the bonding 
energy between 3P0 and a ligand X has to be >> ItT; 
secondly, the collision complex has to be sufficiently 
long lived to allow for termolecular stabilization, i.e., 
removal of the excess vibrational energy; and thirdly, 
the potential energy surface of the stabilized complex 
must not cross that of the ground electronic state in the 
thermally accessible region. Some extreme examples 
would be atomic helium which is not significantly bound 
to the excited atom, H2S for which the collision complex 
too rapidly fragments to give H plus SH, and CO which 
apparently is too strongly bound and crosses over to the 
ground electronic state.32c The 3P0 plus CO complex, 
having the structure listed in Table I1 has the 0- rep- 
resentation, and formally the electric dipole transition 
to the ground state is forbidden; it should be weakly 
allowed, however, by rotation. 

Conditions for the formation of stabilized complexes 
can be met for NH,, amines, H20,  alcohols and eth- 
e r ~ . ~ ~ - ~ ~  A survey of the earlier work is given in ref 38. 

At present, only four systems have subsequently been 
worked through in detail, with the spectra and kinetics 
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Figure 20. Relaxation of Hg(q0) by NHB with various [Nz]. [Hg] 
= 1.4 mtorr (300 K). 
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Figure 21. Relaxation of Hg(3Po) by ND3 with various [N,]. [Hg] 
= 1.4 mtorr (300 K). 

provided [N,] >> [NH,]. These quantities can there- 
fore be derived from the appropriate In plots. 

Data for NH3 and ND3 are given in Figures 20 and 
21; the dependence of the decay rate on both [NH,] and 
[N,] is well illustrated. From similar plots of T - ~  against 
[N,], the termolecular and bimolecular rate coefficients 
can be derived4,, the former reliably and accurately. We 
define k,, = klk4/k-l. 

The radiative lifetime of the stabilized complex can 
be measured using [NH,] 3 20 torr; the ,Po is then 
much shorter lived than the complex, the radiative 
lifetime of which then determines the decay profile of 
the lumine~cence.~, 

Measurements in NH3 without added N2 yield the 
most reliable value for the bimolecular component of 
the decay, ltbi = kl(k2+k3)/k-1, even though the system 
is complicated because of wall loss of ,Po. The recip- 
rocal relaxation time is then given by4, 

7-l = Da2 + kbi[NH3] + k,,,[NHJ2 

Here D is the 3P0 diffusivity, and ua = 2.41, where u 
is the reaction vessel radius. The 2.41 is the first root 
of the zeroth order Bessel function. 

In Figure 22, r-'[NH,]-l is plotted vs. [NH,], shown 
by the filled points in the diagram. Subtraction of the 
Da2/[NH3] term gives the open points; the latter ex- 
trapolate back to give kbi = 1.1 ( k 2 )  X cm3 mol- 
ecule-l d, and k,3H3 = 2.6 (f.3) t 10-30 cm6 molecule-2 
s-l (293 K). 

00' 
Concentmtiun of NH, / - 

Figure 22. Variation of [7NH3]-l with [NH,]: 0 experimental 
points; 0 after correction for wall loss. 

TABLE IV. Termolecular Rate Coefficients for Formation 
of Excited Mercury Ammonia Complexes (cms molecule-2 
R-11 

rate coef ref 
NH, System 

1030k,,NH3 2.3 (f0.2) 44 
2.1 (10.2) 42 
2.6 (k0.3) 43 

1031k,,~2 2.1 (f0.2) 42 
1.88 (f0.02) 9 

103lk,p 0.97 (f0.15) 43 

ND3 System 
1030k,,ND3 3.41 (60.20) 42 
103~k,,N1 4.7 (f0.4) 42 

Reported values of k,, are listed in Table IV. Rate 
coefficients for the ND, system are significantly higher 
than for NH3 by approximately 2-fold. This presuma- 
bly implies that kl is smaller for the HgND3*+ complex, 
which may possibly be accounted for by a greater den- 
sity of vibrational states in the deuteriated entity. 

A minor disagreement still exits with regard to the 
decay rate of the stabilized complex with various [NH3]; 
one group reports little variation4, at up to 750 torr; the 
other gives a factor to two decrease of the HgNH3* 
lifetime when the [NH,] is increased from 18 torr to 70 
torr.45 

The spectrum of the mercury ammonia luminescence 
is pressure dependent. An effect of increasing the 
[NH,] can easily be seen by eye, exciting an Hg, NH3 
mixture with light from a CW resonance lamp. With 
[NH,] at 10 torr, only faint violet emission is evident. 
The violet intensity increases with increasing [NH,] and 
appears blue at  1 atm. If the vessel is then warmed to 
increase the [Hg], the color of the luminescence turns 
to a bright apple green. The latter is referred to as the 
mercury ammonia green emission. 

With [NH,] in the range lo-, torr to 10 torr, with an 
excess of added N2 or other inert gas, the diffuse 
emission band corresponds to the stabilized HgNH3* 
monomer, shown in Figure 23, with an intensity max- 
imum at 3450A. It is also demonstrated in Figure 23 
that if the [NH,] is reduced below 1.0 torr, without 
added inert gas, the spectrum undergoes a violet shift, 
with a threshold close to 2650 A, corresponding to the 
full excitation energy of ,Po. 

The spectrum at  0.3 torr, shown in Figure 23, was 
originally supposed to be close to that of the HgNH3*+ 
unstabilized monomer, because bimolecular removal of 
3P0 is predominant at this pres~ure.4~ However, it turns 
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Figure 23. Ultraviolet emission of the excited mercury ammonia 
complex (295 K). 0 [NH,] = 20 torr. Each of the following with 
0.3 torr NH,. A [N2] = 600 torr; [C2H,] = 600 torr; 0 [CF,] 
= 600 torr; v [Ar] = 600 torr; 0 no added gas. 

2500 3 000 3500 4000 
WaveIengthlA 

Figure 24. Variation of the emission spectrum of the excited 
mercury ammonia complex with [NH,] in the low-pmure re . 
displaced for clarity of presentation. [NH,] in torr as follows: 
(a) 0.25, (b) 0.127, (c) 0.08. 

out that the emission quantum yield of the unstabilized 
monomer is small, -0.06, and it was subsequently re- 
ported that the spectrum continues to undergo a violet 
shift if the [NH,] is reduced below 0.3 torr.46 It was 
concluded, furthermore, that in this low-pressure regime 
the luminescence is comprised of the superposition of 
two diffuse bands; one component is the stabilized 
monomer spectrum of Figure 23; the other is a band of 
similar Gaussian profile and width, but violet shifted 
with a maximum at 3000 A. The upper electronic state 
of the short wavelength member was assigned to one 
of the electronic representations belonging to the 
,P1,NH3 asymptote.46 

These observations of the low-pressure spectrum were 
largely confirmed with the resonance flash method.43 
Examples of spectra down to 0.08 torr are given in 
Figure 24, and the resolved individual components in 
Figure 25, similar to those of ref 46. By time resolving 

Spectra have been scaled to a common amplitude a t  3460 r and 

2500 3000 3500 400( 
Wavelength / 

Figure 25. Representation of the low pressure mercury ammonia 
emission in terms of two components. “a” Upper state correlating 
with ,Po. “b” Upper state correlating with ,P1. The “a” spectrum 
is similar to that of the stabilized complex. 

each of the diffuse bands, and from a variety of other 
kinetic aspects, it was concluded that the 3000-A mem- 
ber arises solely from interaction of 3P0 with NH,, and 
that there is negligible emission due to direct interaction 
of ,P1 with NH3.43 Other experiments, adding inert gas 
to reduce loss of ,Po to the walls, addition of scavengers 
to remove selectivity the long lived ,Po, further estab- 
lished this mechanism47 which is now generally ac- 
~ e p t e d . ~ ~  

The stabilized HgNH3* correlates with the ,Po,NH3 
asymptote, and has the A2 representation; the electric 
dipole transition to the ground Al state is forbidden; 
it is, however, weakly allowed because of vibronic in- 
teractions. There are two states, A, and E, which 
correlate with the ,P,,NH3 asymptote; electric dipole 
transitions to the ground ‘So,NH3 state are both al- 
lowed. In the unstabilized 3Po,NH3 complex there is 
sufficient excess energy to populate the states which 
correlate with the ,P1 asymptote, and they become 
statistically partitioned: 

HgNH,(A,) HgNH3(Ai,E) 
Because of the greater density of vibrational states 
accessible to the A2 level, it must carry the major 
fraction of the excitation; but since the emission rates 
of the Al, E states are greater, their role in the radiative 
decay of HgNH3*+ is about the same as that of the 
lower states. 

The orders of magnitude of the various processes 
have been estimated47 as follows: 

2.5 X 

2.5 X lolo 
3P0 + NH, -‘ HgNH3*+ 

1.1 x 107 
HgNH3*+ - total spontaneous decay 

I x 105 
HgNH3*+ - ‘So + NH3 + hv 

(units cm3 molecule-’s-’ or s-l). At  sufficiently elevated 
temperatures a significant thermal population of the 
higher states should cause the 3000-A band to appear 
even at  high pressures. Presumably chemical decom- 
position of the NH3 is responsible for the major part 
of the spontaneous decay of HgNH3*+. 

As the [NH,] is raised above 10 torr in this system, 
the luminescence starts to  undergo a red shift; these 
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Figure 26. Observed spectra of the mercury ammonia emission, 
and their synthesis from individual profiles (295 K). [NH,] in 
torr as follows: 0,0.3; 0, 20; +, 200; A, 937; X, 5656. Full lines 
synthesized profiles. 

TABLE V. Dissociation Constants for Mercury Ammonia 
Complexes and Estimates of the Total Binding Energy4g 

dissociation const, binding energy, 
species temp, K molecule cm-3 kJ mol-' 

Hg(NH3)2* 295 6.2 (k6) X 10l8 76 
Hg(NH3)2* 404 7.5 w . 5 )  x 1019 76 
Hg(NH3)3* 295 5.05 (f.7) x 1019 86 
Hg(NH&r* 295 9.1 ( i i .8 )  x 1019 
Hg(NH3)5* 295 -2.2 X lo2' 
Hg(NHJ* 50 

spectral changes are due to attachment of additional 
molecules of NH, to HgNH3*. Some sets of spectra, 
obtained with a cw techniq~e?~ are given in Figure 26, 
all normalized to a common area. An initial inspection 
of these data shows that with [NH,] a t  937 torr there 
is very little emission from the HgNH3* monomer; with 
5656 torr the complex giving rise to the violet wing of 
the band with [NH,] a t  937 torr is no longer present. 

The various cluster species, Hg(NH3),*, are in 
equilibrium in this system; each attachment causes a 
red shift, including a shift of the short wavelength 
threshold. Thus, for example, in the NH, pressure 
region up to 100 torr where the emitters are principally 
the monomer and dimer, analysis of the intensity just 
above the monomer threshold, as a function of [NH,], 
gives the fraction of the emission due to the monomer 
which can then be subtracted. By such repetitive and 
iterative procedures, profiles of dimer, trimer and tet- 
ramer have been defined, as well as the dissociation 
constants which determine the relative concentration. 
The individual spectra are shown in Figure 27, and the 
equilibrium constants in Table V. The lines drawn 
through the experimental points of Figure 26 are syn- 
thesized spectra using the individual spectra of Figure 
27, and the dissociation constants in Table V. Suc- 
cessful analysis as described is possibly only if extremely 
accurate experimental profiles are obtained. 

At 404 K, the pressure variation of the spectra was 
examined at  up to 2 atm pressure; the effects of clus- 
tering are much less marked at  the elevated tempera- 
ture, and only monomer, dimer, and unstabilised 
emissions were observed.49 No kinetic data have been 
derived above 300 K. 

Recently, photoinduced association of lSo,NH3 van 
der Waals molecules into the HgNH3A2 state has been 
demonstrated, exciting gas mixtures with dye laser ra- 
diation in the 2600-2680-A region.50 Electronic ab- 

n C , A ~  a 
k 160 
P 120 
C 
c 
c 80 
0 

i - LO 
a" 

O ' I '  I '  I '  1 ' 1 ' 1 '  I '  I ' i ' l ' l  
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Energy (cm-1 x 

Figure 27. Emission spectra of Hg(NHJn* complexes: (a) 0.3 
torr spectrum, (b) stabilized monomer, (c) dimer, (d) trimer, (e) 
tetramer, (f) higher members. 

sorption spectra of the Hg(NH3),* complexes have also 
been observed recently.51 

We complete the section on the mercury ammonia 
luminescence with some brief comments on the green 
emission. It is known to arise in some way via mercury 
dimer formation from the stabilized HgNH3*:49 

HgNH3* + Hg('So) - Hg, AO,' + NH3 

The intensity increases with increasing [Hg], and if 
examined superficially might seem to be due to Hg3* 
emission. The system has been examined at  780 K, 
with high [Hg] den~ities.~, The mercury was excited 
using as the source XeI radiation, one band of which 
overlaps the 2537-A line. The spectrum emitted by the 
excited gas was shown to be similar to the Hg3* green 
emission in wavelength and profile, but distinctly 
narrower; substitution of ND3 caused a small red shift. 
It was concluded that the carrier is Hg,NH3*, with a 
measured lifetime of 3.8 ps, 

However, examination of this green emission at  am- 
bient temperature with the resonance flash method 
indicates a higher level of ~ o m p l e x i t y , ~ ~  with two em- 
itting species, one peaking at -4730 A, and the other 
being very similar in profile and wavelength to the Hg3* 
emission. The carrier of the former is possibly 
Hg2NH3*, because it increases in intensity, relative to 
the long wavelength band, with increasing NH, and 
decreasing [Hg]. The rate of the decay of the emission 
increases with both [Hg] and [NH,], but not linearly. 
With [NH,] = 1.2 torr and [Hg] = 2 X lo-, torr, the 
mean lifetime of the emission is lo4 s, decreasing to 0.6 
X s with [NH,] = 10 torr with the same [Hg]; in 
each case N2 was added at 500 torr. The emitter of the 
long wavelength member could conceivably be 
Hg3NH3*. However, the kinetics of the rise and decay 
of the mercury ammonia green emission are complex 
and have not yet been analyzed. 

These comments conclude the description of the 
mercury ammonia system, which has several remarkable 
and unique features. 

We now turn our attention to the excited mercury 
water luminescence, which provides a simple contrast 
to the complex ammonia system. Quenching of ,P1 by 
H20 produces ,Po with unit quantum yield. With 
pulsed excitation, a delayed luminescence can be ob- 
served with the profile shown in Figure 28.54 It may 
be noted that the diffuse spectrum is unaffected by 
variation of both [H,O] and added gas pressure. The 
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Figure 28. Ultraviolet emission in the Hg(3Po) H20 system (383 
K). All pressures in torr: 0 [HZO] = 90, [N,] = 325; A [ I3201  
= 250, [Nz] = 725; V [HSO] = 275, [NJ = 325; 0 [HZO] = 600, 
[N,] = 325. 

TABLE VI. Experimental Data for the Mercury 
Photosensitized Luminescence of Water VaoorM 

~~ 

k,, cm3 k2, cm3 
temp, K quantum yield molecule-' s-l molecule-' s-' 

293 0.28 (f0.05) 1.5 (f0.2) X 3.9 (1.0) X 
314 0.25 (f0.5) 1.4 (f0.25) X 4.1 (1.5) X 
349 0.18 (f0.6) 1.31 (f0.2) X 8.0 (3.0) X 

band is at a much shorter wavelength than that of 
HgNH3*, and the violet wavelength threshold extends 
back to 2650 A, or slightly below, corresponding to the 
,Po excitation energy. Addition to the system of trace 
quantities of O2 greatly reduces the luminescence whilst 
only slightly decreasing the 2537-A emission intensity; 
evidently the band shown in Figure 28 is due to a 
3Po,H20 complex. The same conclusion had previously 
been indicated with the phase shift m e t h ~ d . ~ ~ ~ ~ ~  

However, the intensity of the luminescence in the 
merculy water system is proportional to [3Po][H201, and 
independent of the total pressure.54 This was estab- 
lished by observing relative intensities in mixed H2- 
0,NH3 systems; increase of the total pressure increased 
the HgNH3* intensity relative to that of HgH20*. 
From similar experiments, the quantum yields of the 
HgH20* emission were also recorded and are listed in 
Table VI. 

The HgH20* emission band has a maximum at 2850 
A, well separated from the threshold (-0.33 eV). 
However, the observation of a distinct maximum to the 
red of the threshold does not establish that the 3Po,H20 
interaction is attractive. At large separation the 
emission rate is, of course, zero, and the shape of the 
emission band will depend on the difference between 
the potential energy functions of the excited and ground 
states where the transition moment begins to be 
switched on by the H20:Po interaction. The complex 
with C2" symmetry has the A2 representation, and 
emission to the ground Al state is only weakly allowed 
because of vibronic interactions. The radiative lifetime 
is expected to be much longer than that of the HgNH3* 
species, because the bonding of ,Po to H20 is much 
weaker. A lifetime of the complex with high [H20] has 
been derived from phase shift measurements;& however, 
the meaning of these experiments has been questioned 
because removal of 3P0 by H20  shows bimolecular ki- 
netics with those  condition^.^^ 

The interaction potential of ,Po with H20  obviously 
is attractive at  long range, but with a well depth only 
of the order of kT at  ambient temperature. Even if 

there is a termolecular component of the kinetics 
leading to weakly bound complexes, the associated re- 
laxation time would be too short to observe with the 
resonance flash method because of the fast redissocia- 
tion step: 

Hg(3Po) + H20 + M * HgH20* + M 

The reciprocal relaxation time for the establishment of 
equilibrium is the sum of the rates of the forward and 
backward steps; the latter would be expected to occur 
at about the gas kinetic collision rate. For the stabilized 
HgNH3* complex, collisional redissociation to ,Po plus 
NH, does not significantly compete with spontaneous 
emission at ambient temperature, because the entity 
is too strongly bound. 

In the ,Po,H20 system, therefore, the HgH20* very 
rapidly attains a statistical population relative to sep- 
arated ,Po plus H20, and the decay of the excitation is 
first order in [H,O] and unaffected by adding excess 
Ar or N2. 

The kinetics of removal of 3P0 can be expressed in 
terms of two bimolecular steps: 

k l  
Hg(3Po) + H20 -+ Hg('S0) + H20+ hv 

k2 

Some values of kl and k2 are listed in Table VI. 
The gross difference in behavior of the mercury am- 

monia and mercury water systems can be rationalized 
in terms of the ionization potentials of the ligands, 
which are respectively 10.15 eV and 12.6 eV. Water is 
less able to donate electrons to the vacant s orbital of 
the excited Hg atom. 

The phase shift experiments provided general guid- 
ance with regard to the classes of substance which give 
rise to mercury photosensitized luminescence.M Thus 
it is shown that excited complexes of the primary 
amines with ,Po can be stabilized, and emit in a similar 
spectral region to HgNH3*. Secondary and tertiary 
amines are shown to give comparatively very small or 
zero quantum yields of luminescence due to complex- 
ation with ,Po. 

With the resonance flash method, a single primary 
amine, tert-butylamine (C(CH3),NH2), has been exam- 
ined in Considering the general, basic mech- 
anism, 

Hg(3Po) + H20 - radiationless decay 

k 

k-i 
Hg(3Po) + A e HgA*+ (A = amine) 

HgA*+ - nonradiative decay 

the mercury tert-butylamine differs from the NH3 
system in that k3 >> Ll, so that removal of 3P0 by the 
amine is found to be bimolecular, to within the error 
limits. 

Some emission spectra with high total pressures and 
with CW excitation are shown in Figure 29. In an 
excess of N2 the profile of the emission is not signifi- 
cantly affected when the amine pressure is varied be- 
tween lo4 torr and l torr. This spectrum is due to the 
HgA*-stabilized monomer, curve "a" of Figure 29, and 
is similar to that of HgNH,* but slightly red shifted, 
with a violet threshold at 3100 A. With increasing 
amine pressure, however, a massive shift to the red 

k, 
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Figure 29. Variation of spectral profiles with pressure of tert- 
butylamine. (a) Stabilized monomer (h) dimer. Profiles “b”, “c”, 
“d”, “e”, “f“, and “g” correspond to amine pressure of 17,28,46, 
73,120, and 189 torr, respectively. The inset illustrata a tentative 
analysis of the dimer spectrum into 2 bands. 

occurs, a strong visible emission being easily detectable 
by eye. 

The spectra of Figure 29 have been normalized to a 
common area, and when presented in this manner the 
profiles have an isosbestic common point of intersection. 
This is characteristic of the superposiiton of just two 
basic functions, which when normalized to a common 
area have the same amplitude at  the isosbestic fre- 
quency. One function is the emission spectrum of the 
stabilized monomer, and the other that of the HgA2* 
stabilized dimer. The addition of excess N2 does not 
affect the spectra, and evidently monomer and dimer 
coexist in equilibrium: 

With pulsed excitation they exhibit the same time 
variation. 

Mathematical analysis of the spectra of Figure 29, to 
obtain the dimer spectrum, is straightforward (below 
23 000 cm-l there is no overlap) and is shown as profile 
h. It encompasses a wide frequency range, almost a 
factor of two, and its radiative decay must have access 
to two electronic systems, giving rise to two maxima. 
A tentative analysis of the dimer band into two Gaus- 
sian functions with maxima at 3810 A and 4560 A is 
shown in the inset to Figure 29. Presumably the upper 
state of the long wavelength member formally correlates 
with the 3P1,A asymptote; the geometry of its equilib- 
rium conformation has a high potential energy in the 
electronic ground state. This is illustrated schematically 
in Figure 30. 

With low amine and total pressures, the spectrum 
shows a violet shift due to emission from the unsta- 
bilised monomer, HgA*+; spectral profiles are given in 
Figure 31. The set of normalized spectra are again 
isosbestic, one component corresponding to the stabi- 
lized complex, and the other to the unstabilized, shown 
by function “e”. The ratio of the intensity of the sta- 
bilized to the unstabilized spectrum is constant on the 
low frequency side, to within the error limits; this in- 
dicates that the broad unstabilized feature is a super- 
position of the profile similar to that of the stabilized 
monomer, with another band, the upper state of which 
correlates with VI. A tentative analysis along these 
lines is included in the inset to Figure 31. The obser- 

HgA* -+ A * HgA2* 

I 
r Gig - A2)  

Figure 30. Schematic potential energy diagram of the excited 
mercury tert-butylamine dimer. 

31 36 52 2L 26 28 30 32 
Frequency I lO’cm-’ 

Figure 31. Violet shift of the luminescence with low pressures 
of tert-butylamine. (a) Stabilized monomer; (e) unstabilized 
monomer. In “b“, “c”, and “d” the amine preasures are 0.15,0.061, 
and 0.03 torr, respectively. The inset shows a tentative analysis 
of the unstabilized spectrum into 2 bands. 

vation of emission from the unstabilized monomer is 
similar to the ammonia system, though the latter 
spectrum exhibits two maxima (Figure 24): the HgA*+ 
has sufficient energy to access higher electronic states. 

The oscilloscope traces of Figure 32 illustrate the 
kinetic investigations of the spectral assignments. The 
first aspect concerns the low-pressure emission. With 
5 torr of amine the relaxation times for both 3P, and 
3P0 are small compared with the flash duration; there- 
fore the unstabilized component should follow the flash 
profile, whilst that of the stabilized component should 
be delayed because of its finite radiative lifetime. These 
points are demonstrated in “a” and “b”. In “a” the 
spectrometer is set at 3060 A and in “b” at 3550 A. The 
radiative lifetime of the stabilized monomer is found 
to be 2.1 ps. 

If the high frequency component of the low-pressure 
emission is due to complexation of 3P0 with the amine, 
then at very low pressure it should be delayed relative 
to the exciting flash. This is shown to be the case in 
“c” of Figure 32, observing emission at 3060 A with 0.2 
torr of amine, plus 30 torr of N2 to induce the 3Pl_,0 
relaxation. In “d” the spectrometer was set at 3550A, 
the stabilized monomer region; the decay time is in- 
distinguishable from trace “c”. 

The experiments illustrated in “e” and “f“ demon- 
strate that the relaxation times of the stabilized mo- 
nomer and dimer are indistinguishable. The rate 
coefficient for bimolecular removal of 3P0 by tert-bu- 
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TABLE VII. Kinetic Data for the Hg* tert-Butylamine 
System (295 K) 

emmission quantum yield 1.0 (+0.1) 
The Stabilized Monomer 

emmission rate 

spontaneous decay rate 

4.8 (+0.3) x 105 8-1 

The Unstahilized Monomer 
-2 x 10'8 s-' 
2.6 X lo6 s-' spontaneous emission rate 

quantum yield -0.38 

bimolecular rate coefficient 
termolecular rate not detected 

because the HgA* has a much higher emission quantum 
yield than the unstabilized complex, the phenomenor. 
of collisionally induced enhancement of the lumines- 
cence intensity is found. 

The k., is relatively small for the tert-butylamine 
unstabilized complex because the large molecule has a 
high density of states a t  that energy. The k, for tert- 
butylamine is higher than that for the NH, system 
because channels for chemical decomposition are more 
exothermic. 

In an attempt to broaden further the scope for mo- 
lecular attachment to the excited mercury atom, we 
have considered the possibility of preparing the excited 
complexes by ligand exchange with HgNH,*, viz., 

HgNH3* + X - HgX* + NH, 

Thereby the energy of the nascent HgX*+ is reduced, 
to render less accessible channels leading to chemical 
decomposition. The general scheme has been demon- 
strated for the diethylamine ligand?' 

The secondary amine, a t  various pressures, was irra- 
diated with 2537 cw radiation in the presence of Hg 
vapour at 293 K, no luminescence was detected, in ac- 
cord with a previous report.s6 

Preliminary experiments were conducted with NH, 
pressures of - 1 atm, to attach the 3P0 to the NH, in 
-lo4 s; the amine can then be added up to 100 torr 
without catastrophic loss of excited atoms because of 
their direct removal by the amine. Addition of amine 
to the NH, induces a massive shift of the spectrum into 
the visible region, shown in Figure 33. The sets of 
normalized spectra are isosbestic, corresponding to the 
superposition of just two basic functions. The two 
carriers are the stabilized Hg(Et+NH)* monomer and 
the Hg(Et+NH)2* dimer. 

The monomer spectrum, with a maximum at 3700 A, 
has a similar Gaussian profile to those of the ammonia- 
and tert-butylamine stabilized complexes. The emis- 
sion spectrum of the Hg(EhNH)z* dimer, Figure 34, 
however, lies much further to the red than any of the 
spectra discussed previously; it is believed to represent 
the superposition of emission from two electronic states, 
i.e., from a system with two potential minima, as found 
also for the tert-butylamine complex. However, for 
Hg(Et2NH)z* the long wavelength component of the 
dimer emission, with a maximum at 5140 A, predomi- 
nates. 

The sequential NH, attachment and subsequent lig- 
and exchange was time resolved, as shown in Figure 35. 
At  3200 A, below the short wavelength threshold of the 
Hg(Et,NH)* band, the emission due to Hg(NH3)* is 
prompt and decays rapidly; a t  4080 A, above the Hg- 

Formation of 3P, from 3P, 

Removal of 3P, 
4.0 (k5) X lo-'' cm3 molecule-' s-' 

I I 
Figure 32. Time-resolved profiles of the Hg(:'P,,] krt-butylamine 
emission with various pressures and wavelengths (295 K). Each 
of the smooth short traces is the flash profik. Top left, 5 torr 
amine. 3060 A, 10 ps full scale; top right, 5 torr amine, 3550 A, 
10 us full scale; middle left, t o n  amine, 3060 A, 20 ps full 
d e ;  middle right. IO-* torr amine, 3550 A, 20 full d e ;  bottom 
left, 10 torr amine, 3550 A, 10 ps full scale; bottom right, 10 torr 
amine, 4500 A, 10 ,ts full scale. 

tylamine was recorded at  4.0 (+.5) X cm3 mole- 
cule-'~-' a t  295 K. 

Although the addition of AI or Nz does not affect the 
time behavior of the Hg photosensitized luminescence 
of tert-butylamine, both gases enhance the intensity 
because they increase the quantum yield of formation 
of the stabilized complex. The half-pressure for sta- 
bilization by AI is 47 (*7) torr, whilst that of the parent 
is13.8 (*1.4) torr. Results for this system are listed in 
Table VII. 

The origin of the main differences between the am- 
monia and tert-butylamine kinetic systems can be un- 
derstood quite simply by examining the k., and k3 
values, and their ratios: 

,Po + NH, - HgNH3*+ - 10" 8.1 2 x IO' 6' 

spontaneous decay 
3 x 107 8-1 2 x 1@ 8 

,Po + A - HgA*+ - 
spontaneous decay 

For the NH, system, k., /k,  is large and the kinetics 
exhibit a termolecular component for ,Po removal. The 
k _ , / k ,  is very small for the tert-butylamine case, and 
hence there is negligible termolecular removal of 3P0; 
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Figure 33. Excited mercury diethylamine spectra with [NH,] = 590 torr (295 K). Pressures in torr. A, 4.2 amine; W, 20 amine; A, 
44 amine; 0, 68 amine; 0, 117 amine; .-., zero amine. 
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Figure 34. Emission spectrum of the Hg(EhNH)2* complex: 0, 
590 torr NH,; 0, 250 torr NHB. 

1 I --- ~~ __ 
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Timelps  

Figure 35. Time resolution of the ligand exchange reaction (295 
K). Amine pressure 0.08 torr, [NH,] at 10 torr, 780 torr Nz. - - -, 
flash profile at 2537 A. 0, Hg[NH3)* profile recorded at 3200 
A. 0, Hg(Et2NH)* profile at 4080 A. 

(NH3)* long wavelength threshold, emission due to 
Hg(Et2NH)* decays comparatively slowly. The rate 
coefficient for ligand exchange 

is shown to be 2 X 10-lo cm3 molecule-' s-l (293 K). The 
equilibrium constant of the above reaction is -40, and 
clearly the EkNH complex is the more strongly bound. 
The lifetime of the stabilized monomer is 1.1 X lo4 s. 

With small partial pressures of Et2NH in an excess 
of N2, a very weak emission due to attachment to 3P0 

Hg(NH3)* + EhNH - Hg(EhNH)* + NH3 

TABLE VIII. Dissociation Energies (cm-') and 
Equilibrium Nuclear Separations (A) of Rare Gas Mercury 
Complexes" 

HgNe HgAr HgKr 

3.87 4.01 4.07 

3.12 3.38 3.52 

4.57 4.66 4.57 

42 131 168 

105 349 517 

13 61 90 

X'O+ {E; 
~ 3 0 +  {i: 
~ 3 1  {E: 

was finally observed in the afterglow following pulsed 
excitation; the emission quantum yield is 0.003 with 
[N,] = 400 torr. From these data the rate of sponta- 
neous, radiationless decay has been estimated: 

Hg(Et2NH)*+ - spontaneous decay 

The scheme for preparation of Hg(Et2N)* by ligand 
exchange greatly increases the emission yield because 
the nascent complex prepared by displacement of am- 
monia has less excess vibrational energy and therefore 
a comparatively small nonradiative decay rate: the 
energy of the excited atom is reduced stepwise. 

Similar experiment with small pressures of tri- 
methylamine, in excess NH3, have demonstrated that 
the former will also attach to 3P0 by ligand exchange, 
again causing a large red shift of the emission spectrum. 
This system has not been worked through in detail. 

Excited complexes of 3P0 with the aliphatic alcohols 
emit broad bands in the ultraviolet r e g i ~ n . ~ ~ ? ~ ~ ,  with 
2850 < Am, < 3100 A. The alcohols are less strongly 
bound than the amines, and there is no evidence for 
termolecular removal of 3P0 in these systems. The re- 
laxation times for establishment of the equilibria, 

10" 8-1 

3P0 + ROH + M Hg(ROH)* + M 

are expected to be very short because the rate coeffi- 
cient for the dissociation step will be large. There is 
evidence for clustering attachment of CH30H to 3P0.58 

The aliphatic ethers also luminescence in the pres- 
ence of excited mercury atoms, in the same wavelength 
region as the a l ~ o h o l s . ~ ~ * ~ ~  With the monoethers, for 
example, diethyl ether, the intensity is extremely weak. 
For the diethers such as dioxane, and higher polyethers 
like trimethyl phosphate, the luminescence is of com- 
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Figure 36. Dye laser excitation of the HgArA30+ and HgArB31 
states, respectively, to the red and blue of the resonance line. 
Reproduced with permission from ref 60. Copyright 1984, Am- 
erican Institute of Physics. 

parable intensity to the alcohols. The crown ethers, for 
example 12-crown-4, appear to attach strongly. How- 
ever, none of the alcohol or ether systems has been 
examined in detail. 

Recently there has been considerable progress in 
understanding the structure of complexes of 3P1 with 
the rare gases.60 The van der Waals ground-state 
molecules, Hg-RG, were prepared in a supersonic jet 
and fluorescence spectra close to the 2537-A line were 
excited with light from a pulsed dye laser. The laser 
excited two electronic systems, A30+ - X'O+. and B31 - X'O', both upper states belonging of course to the 
3P1-RG asymptote. (The usual convention in these 
Hund's case "c" states is to include the spin multiplicity 
in the representation, which we follow to avoid conflict.) 
Because of the cooling accompanying the nozzle ex- 
pansion, the vibrational structures of the two systems 
are beautifully revealed, for Ne, Ar, and Kr complexes. 
The derived dissociation energies and equilibrium nu- 
clear separations are listed in Table VIII. The Hg-Ar 
spectrum is shown in Figure 36. 

The results of Table VI11 show that in collision with 
a rare gas atom, the three wave functions of 3P1 give rise 
to two molecular states; each of the A30+ states is more 
strongly bound than the van der Waals states, with 
smaller equilibrium nuclear separations. On the con- 
trary, the B31 states are even less strongly bound than 
the ground states, with larger nuclear separations. A 
qualitative explanation of these differnces can be seen 
using the orbital approximation, as follows. 

Very simply, the basic characteristic is that occupancy 
of the pu orbital of the mercury atom gives rise to re- 
pulsion of a rare gas atom at intermediate range. Thus 
the Hg-RG complexes are more strongly bound than 
the ground electronic state only if the atomic wave 
functions have zero pa occupancy. Of the nine wave 
functions of a 3P state, just three fulfil this condition; 
these are the J = 1, M j  = 0 state and the J = 2, M J  = 
f 2  states. The former combine with a rare gas atom 
to form the A30+ states listed in Table VIII. In the J 
= 1, MJ = f l  states the pa and pa orbitals are occupied 
with equal probability, and repulsion of the rare gas 
atom occurs at intermediate range; the corresponding 
degenerate B31 states are less strongly bound than the 
van der Waals states as shown in Table VIII, with large 
equilibrium nuclear separations. The results of Figure 

8 constitute a substantial advance in this field, and also 
point the way ahead with regard to structure evaluation 
of the larger mercury complexes. 

The Hg-Xe complexes of 3P1 have not yet been 
studied with the molecular beam technique. However, 
they have been studied in thermal systems. Emission 
from HgXe A30+ is quite strong when HgXe mixtures 
are excited a t  2537 A in a thermal system at ambient 
temperature. The A - X system is continuous with 
these conditions, having a maximum intensity at 2650 
A, well separated from the exciting line. From studies 
of the temperature variation of the spectral profile, the 
A state dissociation energy has been shown to be - 1400 
cm-', with an equilibrium nuclear separation of 3.1 
A.61,62 It is much more strongly bound than the other 
rare gas 3P1 complexes. Emission from the HgXe B31 
state has not been observed;61 the B - X system 
probably has the appearance of a linelike feature close 
to the 2537-A transition. 

Attachment of the 3P2 state of mercury to xenon has 
been described re~ent ly .~  The 3P2 can be prepared in 
xenon by exciting the 'P, state, which undergoes some 
degree of collisional deactivation: 

'P, + Xe - 3P2 + Xe 

rate coefficient = 4 x cm3 molecule-' s-l 

The 3P2 does not undergo any significant deactivation 
to the lower J states in collision with xenon, and mean 
lifetimes of up to 600 ps have been observed with [Xe] 
= 760 torr. 

When 3P2 is prepared in xenon, two emission bands 
occur. One is a sharp feature, full width at  half max- 
imum -446 cm-l, the upper state of which has been 
assigned as HgXeDll; the corresponding atomic states 
are J = 2, M J  = f l  for which the pu and pa  orbitals 
are equally occupied: hence the complex is repulsive 
at  intermediate range. The centroid of the emission is 
blue shifted from the 3P2 - 'So forbidden line at  2270 
A, because the ground state is slightly more strongly 
bound than the upper state over the range of nuclear 
separations encompassed by the turning points of bi- 
molecular collisions. The feature is narrow because 
both upper state and lower state potential energies vary 
little within this range of nuclear separation. 

The other emission band which is observed in the 
3P2,Xe system is a broad feature which results from the 
formation of the bound HgXe C32 complex, the corre- 
sponding atomic states being J = 2, MJ = f 2  with zero 
pu occupancy. The equilibrium constant for the reac- 
tion, 

3P2 + Xe = HgXe C32 

has been recorded as 1.09 ( f l O . l )  X cm3 molecule-l 
s-l at 293 K; correspondingly, with [Xe] at 760 torr some 
73% of the 3P2 is attached to Xe. The C32 dissociation 
energy is -1700 cm-'. However, from an analysis of 
the kinetics it has been shown that the carrier of the 
broad band is not HgXe C32 itself, but an HgXe2(32,) 
triatomic species; in a bent conformation, one compo- 
nent of the latter has B symmetry and can radiate to 
the A, ground electronic state. 

Outstandingly interesting molecular beam experi- 
ments on the excited Hg,N2 and Hg,H2 systems have 
also been described recently. For the Hg,N2 system,lla 
fluorescence was observed from an electronically excited 
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complex when the van der Waals molecule, cooled by 
nozzle expansion, was excited both to the blue and to 
the red of the 2537-A line. The upper state of the 
complex, excited to the red, is expected to correlate with 
the J = 1, MJ = 0 state of the free atom. For the RG 
complexes these states have 30+ symmetry. The HgNz 
complexes should have CaV symmetry (see Table II), in 
which case the complex has A ,  symmetry. 

The upper states excited to the blue of the resonance 
line correlate with J = 1, MJ = fl and have B sym- 
metry. The lifetime of these states was recorded as 100 
ns, close to the radiative lifetime of 3P1. The emission 
from the excited A, state exhibits beautifully resolved 
vibrational structure, indicative of both stretching and 
bending modes. It is also demonstrated that the life- 
time of the complex decreases with increasing vibra- 
tional and rotational energy. By using a second laser 
to pump 3P0 to 73s1, the former was shown to be the 
reaction product. 

HgN,*(A,) - 3P0 + Nz 

When the HgHz van der Waals complex was laser- 
excited close to the 2537-A line, no fluorescence was 
detected; in this case the decomposition of the complex 
must occur much more rapidly than its spontaneous 
emission rate. The formation of rotationally hot HgH 
was detected by use of a second tunable laser.63 

These comments complete an overview of the spec- 
troscopy and kinetics of molecular attachment to 
Hg6~6p(~P) .  The ability of the excited atom to form 
stable clusters with large organic entities is unique 
within molecular science. Specially intriguing has been 
to discover that whilst the mono-amine complexes emit 
a single band of Gaussian profile in the ultraviolet, 
addition of a second ligand gives rise to an emission 
band in the visible spectrum, in addition to an ultra- 
violet component slightly red shifted from that of the 
monomer. High-resolution spectra will eventually re- 
veal what the equilibrium structures are at the potential 
minima, and how the ligands are oriented relative to 
each other. 

Registry No. Hg, 7439-97-6; Hg,, 12596-25-7; Hg,, 11062-37-6. 
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