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The reactions of N (A 3Z;} ) with Hgl,, Cdl,, Znl,, Pbl,, CdBr,, and ZnBr; have been investigated in a flowing afterglow reactor
at 300 K. The total quenching rate constants are in the range of 5 10~'° cm3 s~'. The Hgl; and Cdl, reactions gave moderately
strong Hgl (B-X) and CdI(B-X) emission with branching fractions for Hgl(B) and CdI(B) formation of 0.1-0.2. The branching
fraction for ZnI(B) formation from Znl, was much less than from CdI, and the emission from the Pbl,, CdBr, and ZnBr, reac-
tions was insignificant. The trend of reduced branching ratio for the lighter dihalides of Cd resembles the results found for N,(A)
with mercury dihalides. The Hgl (B-X) spectrum from N,(A)+Hgl, was fitted with a truncatéd Boltzmann vibrational distri-
bution corresponding to (fv) =0.44. The Cdl(B) and CdI(X) pot¢ntials were developed in order to simulate the CdI(B-X)
spectrum. A truncated Boltzmann vibrational distribution of CdI(B, v’ ) levels with (/> =0.28 was inferred. A revision for w’,

of ZnI(B) is suggested.

1. Introduction

Dissociative reactions of group IIb metal dihal-
ides, MX,, are of interest because electronically ex-
cited states of the monohalides can be formed, and
these are useful visible light sources [1-7]. Further-
more, the systems are sufficiently simple to be of in-
terest for comparison with theoretical models [6-12].
In this work we have studied the dissociative excita-
tion-transfer reactions of Hgl,, Pbl,, CdX, and ZnX,
(X=BrandI) with N,(A3X} ) in a flow reactor:

N.(A)+MX,
- MX(B)+X(?P3/, 0r 2P, ) + N1 (X) , (1a)
- M+2X(2P|/2 or 2P3/2)+N2(X) N (lb)

—+MX(X)+X(2P,/20r2P3/2)+N2(X) . (lc)

The N, (A, v =0 and 1) molecules can provide 6.17
and 6.35 eV of energy, but the more favorable
Franck-Condon pathways for N,(X, »”) formation
correspond to x5 eV. The total quenching rate con-
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stant, kg, corresponds to the sum of the rate con-
stants for the three possible channels in (1). The
branching fractions for MX(B) formation, N'yx(s),
are of primary interest. The first excited state,
MX(A), is dissociative and this exit channel is the
same as (1b). Although the spectroscopy of the B-X
transitions of Cdl and Znl are not well established,
both systems have been shown to be laser systems un-
der photodissociative (193 nm) and discharge exci-
tation of Cdl, and Znl, [4,13,14]. The HgX (B-X)
transitions are established laser systems [15,16].
Fig. 1 shows a general correlation diagram, based
on calculations for HgBr, [9], that illustrates the ex-
pected dissociation pattern for the MX3 states that
lie within the energy range of N,(A). Photolysis in
the second absorption band giving HgX,(1'X} ) can
lead to relatively high quantum yields for HgX (B)
[1]. Fluorescence polarization measurements from
HgBr(B-X) show that HgBr,(1'X} ) is indeed the
precursor state, even though the stable geometry of
the excited state is bent [10,11]. The HgX,(1'X} )
state moves to higher energy in the X=I, Br, Cl se-
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Fig. 1. Dissociation pathways for MX, according to the calcu-
lated results [9] for HgBr,. The 6 low excited states arise from
promotion of an electron from the 2, 1x, or 20, orbitals to the
4o, empty orbital, which is essentially the Hg(6s) orbital. The
next 6 excited states correspond to promotion of an electron from
the 2, to the 2r, orbital; these states presumably are above the
energy provided by N,(A). The calculated energies of the 'I1,
and '} states have been increased to match the positions of the
HgBr, absorption bands. The positions of the CdI(X and B) states
have been added for reference.

ries. If the N,(A) excitation-transfer reaction gives
the triplet states lying immediately above the
HgX,(1'E}) state, dissociation to HgX (B) can oc-
cur via intersystem crossing to the A !X} state. The
‘lower energy triplet states do not directly correlate to
HgX (B). If the triplet state energies resemble those
for the singlet states, the increase in energy for X=Cl
explains why I'y,ci(s) Was negligible for HgCl, and
CH,HgCl reacting with N, (A ), whereas I'yy,p,(5y Was
~0.2 for the corresponding bromine compounds
[7.8]. The absorption spectrum of Cdl, resembles
that for HgBr, [1], which implies that the excited
states of Cdl, should have an energy pattern resem-
bling those shown in fig. 1. In the work to be pre-
sented, we found that the I'yx ) Were about 0.15 for

Hgl, and Cdl,, approximately 0.01 for Znl,, and neg-
ligible for CdBr, and ZnBr,. This is consistent with
the expectation that the A'E} and nearby triplet
states of CdBr, and ZnBr, are higher in energy than
for Znl, and CdI,. Fig. 1 is an oversimplification,
since the stable geometry for the first six HgBr, ex-
cited states are bent and spin-orbit effects have not
been included. One demonstration of the actual com-
plexity is that photolysis of Hgl, or CdlI, in the first
absorption band ('I1, state) gives significant amounts
of Hgl(X) or CAI(X)+1(?P5,, and 2P, ;;) rather than
the predicted (1b) channel [11,12]. Since the PbI(A,
B) yield was negligible, the excited states of Pbl,,
which do not fit the scheme of fig. 1, will not be
discussed.

The CdX, and ZnX, compounds have lower vapor
pressure than the HgX, compounds and vaporiza-
tion from a heated crucible inside a flow reactor is
necessary to study reaction (1), whereas the HgBr,
and HgCl, vapor could be entrained in a flow of Ar
that was passed through a heated glass reservoir [7].
Since a calibrated flow reactor for study of high-tem-
perature reagents was in operation in the Grenoble
Laboratory [17,18], experiments were done to re-
cord the spectra from Hgl,, Cdl, and Znl, and to
measure the branching fractions. The emissions from
the ZnBr,, CdBr, and Pbl, reactions, unfortunately,
were too weak to study. Furthermore, CdBr, and
ZnBr, were found to be so hygroscopic that the total
quenching rate constant measurements were not re-
producible. The experiments with Hgl, complete the
HgX, series [7,8] and also provide a reference for
Cdl, and Znl,.

The Hgl(B-X) spectrum was simulated using es-
tablished HgI(B and X) potentials to assign the
Hgl(B) vibrational distribution. Combining known
information about the CdI(B and X) states with
interpretations from our spectra, we were able to im-
prove the CdI(B and X) potentials. The ZnI(B-X)
spectrum also was used to discuss the Znl(B and X)
potentials. After obtaining the improved potentials,
a spectral simulation was done to establish the
CdI(B) vibrational distribution. Based upon the
HgI(B) and CdI(B) vibrational distributions and the
Ivicsy values, the dissociation dynamics for the
Hgl5 and CdI$ states formed by reaction (1a) seem
to resemble the previously discussed HgBr3 case
[2,8].
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Table 1

Summary of thermochemistry (eV)
Compound D,+D, D(MX-X) D(M-X) T.(MX(B))
Hgl, 2.96% 2.60% 0.36*» 2.98®
CdI, 4.04% 2499 1.559,1.40% 2.86°
CdBr, 5.30 3.0¢ 2.30
Znl, 44719 £3.19,24® ~2.0™ ~3.1
ZnBr, 5.81% _
Pbl, 4,349 2.359 2.009 2.5 »

») From AH? data for MX,, M and X [19-22]. ™ From ref. [26].

<) From ref, [24], which is consistent with translational energy measurements in ref. [11].
4 From the Morse relationship D, = w,./4w, X, using @, and w.x, derived from vibrational structures of the C-X, D-X and E-X bands

of CdlI, see text for the values.
) This work, see table 2.

) Vendeneyev et al. suggest that D;~ D,, but the trend for the other molecules suggests D,> D, and these values were estimated by

comparison to the trend for CdI,.
8} Assigned from the A, from our spectrum. ) From ref. [3].

D From ref. {25]. ¥ From ref. [22], for the PbI(A-X) transition.

The thermochemistry [19-26], see table 1, for the
CdX, and ZnX; compounds is not well documented,
although the sum of the dissociation energies should
be reliable since the AH2(MX;) values are known
[19-21]. The product translational energy measure-
ments {11] from photolysis (300 nm) of CdI, seem
to agree with the D(I-CdI) from the older thermo-
chemical data [23], and the individual bond ener-
gies are known best for Hgl, [21,26], Cdl, [11,23],
and Pbl; [25]. There may be large uncertainties in
the individual bond energies for Znl,, CdBr,, and
ZnBr,. According to the estimates in table 1, the
D(X-MX) values are comparable to those for HgX,:
however, the D(X-M) values are larger than for the
analogous HgX molecules. The sum of D(MX-X)
and T, which is the minimum energy required for
reaction (1), is larger than 5 eV, except for Pbl,. Thus,
nearly all of the available energy is required to gen-
erate MX (B) molecules by reaction (1a).

2. Experimental techniques

The experiments were done in a flowing afterglow
reactor in which the MX, salts (Ventron or Prolabo)
were vaporized from a small heated alumina crucible
located inside the flow reactor. The temperature in
the reaction zone was close to 300 K, since the Ar
flow was not pre-heated. The apparatus, which uti-
lized a weak dc discharge to produce metastable Ar

atoms, has been described in detail [17]. The reac-
tion of Ar (3P, ,) atoms with N, was used to generate
N,(A) in the absence of N atoms {27]. The
N,(C?3I1,) molecules produced by the excitation-
transfer reaction with Ar(3P,,) give N,(B3II,) by
radiative cascade and, finally, N,(A) in a second ra-
diative step. The N, flow was added to the Ar flow
immediately after the discharge. Typical operating
conditions were =~ 1 Torr with =~20% N, for a flow
velocity of 20 m s—!. Although the N,(A-X) emis-
sion was not directly observed in this work, the N, (A,
v’ =1) concentration for these operating conditions
contributes about 30% to the total N,(A) concentra-
tion and the N, (A, v’ > 2) concentration is negligible
[28]. The MX, flow rates were determined from the
weight loss from the crucible for a given time period
of operation. The MX, concentration then were de-
termined from the flow rate of the salt, the total
Ar+N, flow rate and the total pressure. Difficulties
were encountered for the MBr, compounds because
their hygroscopic nature prevented accurate weight
measurements under atmospheric conditions. Relia-
ble spectra for known [ MX, ] were obtained only with
Hglz, Cdlz and anz.

The spectral region of principal interest was from
350 to 800 nm for the HgI(B), CdX(B) and ZnX (B)
emissions. However, it also was necessary to observe
the NO(A-X) emission in the 210-300 nm region
for monitoring the [N,(A)] and for comparison to
the MI(B-X) intensities. A-1 m monochromator
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(HR 1000 J-Y) fitted with a holographic grating and
a Hamamatsu (R-955) photomultiplier tube was used
to compare the visible and ultraviolet emission in-
tensities. The wavelength response of the detection
system was calibrated with standard deuterium and
tungsten filament lamps, as well as branching ratios
from atomic lines and molecular bands [18]. The
Hgl(B-X), CdI(B-X) and ZnI(B-X) spectra pre-
sented in figs. 2~4 were recorded with a 0.25 m Jar-
rel-Ash monochromator with gratings blazed at 300
and 600 nm and equipped with a 700-pixel intensi-
fied diode-array multichannel detector (Spectros-
copy Instruments). The spectral resolution of the
system was around 0.4 nm. These spectra were ob-
tained at low Ar pressure, ~ 0.2 Torr, in order to avoid
vibrational relaxation. The higher-resolution Hgl (B~
X)) spectrum was obtained with the 1 m monochro-
mator and the diode-array detector (spectral resolu-
tion of 0.1 nm).

The total quenching rate constants, as well as the
MI(B) product formation rate constants, were mea-
sured by reference to the reaction with NO, which has
unit branching fractions for NO(A ) formation,

N,(A)+NO-N(X)+NO(A2E™*) . (2)

The rate constant for this reaction has been carefully
measured and a value of 0.66 +0.10x 10'° cm?® mol-
ecule s—! has been recommended with no significant
difference for either N,(A, v'=0 or 1) [29]. The

Hgl(B—X)

385 395 405 415 425 435 445 455
WAVELENGTH (nm)
Fig. 2. Emission spectra of Hgl (B-X) fr(_)m N.(A)+Hgl; at 0.2
Torr. (a) Low-resolution spectrum, (b) higher-resolution spec-

trum. The spectra have been corrected for wavelength response
of the detection system.

CdI(B-X)

500 520 540 560 580 600 620 640 660 680 700
WAVELENGTH (nm)

Fig. 3. Emission spectrum, plot (A), of CdI(B-X) from
N2(A)+CdI; at 0.2 Torr pressure. The spectrum has been cor-
rected for wavelength response of the detection system. A Cd line
is observed at 5085.8 A. The simulated spectrum for a truncated
3000 K vibrational distributions is shown in plot (C), see text
for further details about the calculation. The 0-v* bands are in-
dicated in the bottom panel,-plot (C). The favored transitions
from v’ =0 are to the v” =43 and 44 levels.

ZnI(B- X)

4-70 180 510 530 550 570 590 810 6
WAVELENGTH (nm)

Fig. 4. Emission spectrum of Znl(B~X) from N,(A)+Zn], at
0.2 Torr. The spectrum has been corrected for wavelength re-
sponse of the detection system. Two Zn lines are observed at
4810.5and 4722.2 A,

product formation rate constants from (1a) were ob-
tained by comparing the MI(B-X) intensity to the
NO(A-X) intensity from reaction (2) for the first-
order concentration regime with the same [N,(A)]
and known [NO] and [MI;],
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In fact, the MI(B-X) and NO(A-X) intensities were
recorded by simultaneously flowing NO and MI,,
since the two emission spectra do not interfere. The
intensity terms in eq. (3) are integrated intensities
that were corrected for wavelength response. The
lifetimes for both NO(A) and MX(B) are very short
and no consideration need be given for quenching.
One experimental difficulty was the loss of transmis-
sion through the windows to the NO(A-X) emission
because of a slight deposition of a MX, film. This film
could be removed from the windows by cleaning with
water.

The total quenching rate constants for MI, was
measured by monitoring the decay of N,(A) versus
distance for a known [MI,] flow rate. A small NO
flow, d,, was added to serve as tracer of [N,(A)] and
the monochromator was moved along the flow reac-
tor to monitor the decay rate of N,(A). The distance
for the decay measurements was 8 cm. The slope of
the log[N,(A)] versus distance (or time) plot is the
sum of kg, [MI; ] + kno [NO] g, - In order to avoid the
need to calibrate the conversion of distance to time,
the same experiment was done without MI, and with
enough NO added, i.e. [NO]4, to obtain the same
decay plot. The flow rates of NO and M1, can be used
to obtain Ky, , since kno is known. Visual inspection
of the mixing for NO and MX,, which were added to
the flow via approximately point sources, showed that
the mixing for MI, was slow because of the smaller
diffusion coefficient. Therefore, a factor of 1.3 was
included to approximately correct for the slower
mixing by MX, relative to NO.

3. Experimental results
3.1. Reactions with Hgl,, Cdl, and Znl,

Evaporation of Hgl,, Cdl, or Znl, into the N,(A)
flow gave a blue flame from Hgl (B~X ) and red flames
from the CdI(B-X) and Znl(B-X) transitions.
Representative spectra are shown in figs. 2-4. The
maxima in the spectra near 445, 660 and 605 nm
identify the Hgl(B-X), CdI(B-X), and ZnI(B-X)
transition, respectively [26,3,4]. If the N, flow was

stopped, the blue or red emissions disappeared and
were replaced by the Cd and Zn atomic emission from
reaction with Ar(°P,,) atoms {17,19]. The appear-
ance of the spectra in figs. 2—4 is rather typical of the
spectra associated with low vibrational levels of
MX(B) [2,6-8], and they resemble the HgBr(B-X)
spectra from photolysis (193 nm) or from the N,(A)
excitation-transfer reaction with HgBr,. The regular,
but rather extended, structured features in figs. 2-4
result from overlapping vibrational bands from sev-
eral low v/ levels (including transition from the dif-
ferent isotopic molecules) to a common range of high
v" levels. Higher-resolution spectra reveal finer fea-
tures of the Hgl spectrum (see fig. 2), but the higher-
resolution CdI and Znl emission spectra were iden-
tical with the spectra shown in figs. 3 and 4. The
Hgl (B-X) spectrum of fig. 2 will be simulated in sec-
tion 4 to obtain the Hgl (B) vibrational distribution.
After improving the potentials for CdI(X) and
CdI(B), the vibrational distribution of CdI(B) also
was estimated from simulation of the CdI(B-X)
spectrum in fig. 3. The Znl(B) and ZnI(X) poten-
tials are discussed, but the Znl(B-X) spectrum was
not simulated.

The absence of Cd(*P,;) and Hg(?P,) emission
from the N, (A) +Cdl,, Znl; and Hgl, systems is sig-
nificant. Excitation transfers from N, (A) to Cd and
Hg (and probably Zn) are fast reactions {28], and
the absence of these emissions imply that reaction
(1b) is not very important for CdI,, Znl, and Hgl,.

The rate constant for MI(B) formation was mea-
sured for M=Cd, Hg and Zn by comparison to the
NO(A) formation in reaction (2). Two independent
comparisons of the relative intensities gave
kcarsy = (0.78 £0.20) kno, or (0.52+0.15) x10-1°
cm? S_l; kn'[(gr) = (2.0i02)kN0 or ( 1.3 i0.3) X
10"° Cl‘n3 s—! and an[(B) = (0.08 + 0.03)kN0 or
(0.053+£0.02) 10~ cm?® s~!. The MI, total
quenching rate constants also were measured relative
to kyo as described in section 2. The results of three
independent determinations gave kcg,=(7.6%
2)kno or (5.011.5)%107'° ¢cm3 molecule~! s—!;
therefore I'cyq s is 0.10. These experiments with Hgl,
gave kyg, = (1513)kno or (10£2.5)%10-!° cm?
s~!; therefore I'ug(s) =0.13. Experiments with Znl,
gave kzn, = (7.6 £ 2)kno or (5.011.5)x10-°cm?
s” l, giVing Fan(B) =0.01.
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3.2. Reactions with CdBr,, ZnBr, and Pbl,

Evaporation of CdBr, or ZnBr, into the N, (A) flow
gave very weak emissions in the 500-830 nm region.
The intensities were more than one order of magni-
tude smaller than from Znl,. The weak nature of the
emission plus the declining response of the optical
detection system prevented us from obtaining useful
spectra, although the emissions surely are the
CdBr(B-X) and the ZnBr(B-X) transitions [30].
Since the fluorescence was weak, no attempt was
made to measure product formation rate constants.
One feature of interest from CdBr, was the observa-
tion of the Cd(°P, ) resonance line at 326.1 nm. This
probably arises from the secondary reaction between
the Cd formed by (1b) and N, (A). This implies that
channel (1b) is more important for CdBr, than for
Cdl,. Quenching rate constant measurements were
attempted for CdBr, and ZnBr,, but accurate weight
loss measurements from the crucible were not possi-
ble because of the hygroscopic nature of the mate-
rials, However, quenching of N, (A) readily occurred
upon vaporization of CdBr, and ZnBr, and the
quenching rate constant must be in the range of 2~
5% 10~'° cm® s—!. The quenching rate constant for
Pbl, was measured and kpy,=(2.7%1)kno oOF
(1.81£0.7) X 10~ ¢m? s—!, Emission from PbI(A-
X)) at ~487 nm could not be observed.

4. Discussion
4.1. Interactions of NJ(A) and MX,: I'yx values

Previous studies of HgCl, and HgBr, [5-8] and
the present work provide an overview of the
N, (A) +MX, reactions. Due to the difficulty of re-
liably measuring the MX, flows, the uncertainties in
the kg, values are possibly as large as + 50%. The rate
constant for HgCl, was the smallest, 0.3 107! cm?
s=1, and that for Hgl, was the largest, 10X 10~'°cm3
s~!. The other values tend to be between 1.5 and
5.0%10-° ¢cm? s~ . The total 300 K rate constants
evidently are large, 1-10x10-'° cm? s—!, as would
be expected for metallic compounds containing hal-
ogens. The rate constants for HgX, increase with the
atomic number of the halogen. This trend, which also
has been found for quenching of N,(A) by other ho-

mologous series [31,32], correlates with the increas-
ing number of accessible acceptor states in the re-
agent. The lower-energy MX, triplet states shown in
fig. 1 probably are the favored acceptor states. Since
these triplet states do not correlate to MX(B), the
branching fraction for I'yx s, is not large.

In our previous study, kno =10%x10"!! cm? s~!
was used [7] for the reference reaction. Thus, the
branching ratios reported in that work need to be re-
duced by a factor of 0.66 for comparison with the val-
ues here and I'ygp (s, becomes 0.11, which is very
similar to the branching ratios from Hgl, and Cdl,.
Chang and Burnham [5] reported a rather large
Kkigne(ny value of 1X 107! cm? s—'. However, they
used the Xe(°P,) + NF; reaction as a reference reac-
tion rather than reaction (2). Recent work [33] has
resulted in a reduction of Ik g from Xr(°P,) + NF,
by a factor of ~4 and the former discrepancy in
I'ygpr sy from HgBr, [5,7] is now largely resolved in
favor of the lower value. We conclude that the Iy (a)
values for Hgl,, Cdl, and HgBr, are between 0.10 and
0.15 and the N, (A, v' =0, 1) reactions at 300 K do
not efficiently generate MX (B). The efficiency is even
less for Znl,, ZnBr,, CdBr, and Pbl,. The
v (MX(B) ) values for Hgl and Cdl, which are pre-
sented in section 4.2, are in the 0.25-0.45 range.
These are similar to the average vibrational energy
reported for HgBr(B). Thus, the dissociation dy-
namics are evidently quite similar. These average
values are based upon the total available energy from
N, (A, v’ =0). Since the HgX3 or CdI% molecules may
not acquire all of the energy, the dissociation of
MX3 efficiently converts excess energy into vibra-
tional energy of MX(B). The simulations for Hgl (B~
X) given in section 4.2 suggest that the rotational

“distribution is not highly excited. Due to the uncer-
tain amount of energy transferred to the MX3% mole-
cules, we made no effort to infer limits to bond en-
ergy from the short wavelength limits of the spectra.

The MX3 states that lead to MX (B) probably are
the triplet states shown as being above the 'I} state
on fig. 1. The stable geometries are bent and the
bending vibration may facilitate interaction with the
X state, followed by dissociation to MX (B). Other
possibilities for MX (B) formation are direct excita-
tion to 'Z} or formation of high vibrational states of
the lower triplet states. The low I'yx(n) values appear
to be a consequence of the energy constraint pro-



N. Sadeghi et al. / N+ dihalide excitation transfer reactions 255

vided by the N,(A) molecule. The best cases are the
MI, molecules, which have the lowest-energy excited
states and probably the largest coupling factors be-
tween the triplet MI3 states and the 1 !X} potential,
which correlates to MI(B). '

The excitation-transfer reactions of HgCl, and
HgBr, with Xe (°P,, 8.3 €V) are very efficient sources
of HgX(B) molecules with Ijx(sy=0.9. The
(v (HgX))> is ~0.4 {34], which is slightly higher
than for the N,(A) reactions. The reaction of
Xe (°P,) with Hgl, has not been studied, but by anal-
ogy to HgBr,, efficient Hgl(B) formation would be
expected. On the other hand, the reaction between
Xe(?P,) and CdI, results in complete dissociation
with formation of Cd* [17]. The Xe(®P;)+HgX,
reactions have been discussed in terms of a charge
transfer intermediate, Xe*; HgX5 , which evolves to
HgX (B). A different mechanism apparently exists for
the interaction between Xe(°P;) and CdI,. The
Kr(3P,, 10.5 eV) reaction with HgCl, and HgBr, gave
both HgX (B) and Hg(P, ) emission. A comprehen-
sive study of these MX, systems with various excited
states of Xe would be worthwhile.

4.2. Simulation of Hgl(B-X) spectra from
Hgl,+ N,A4)

The envelope of the HgI(B2X* X 2Z*) spec-
trum from the reaction of Hgl, with N,(A) resem-
bles that from Hg(3P,) +1,, see fig. 9 of ref. [26].
However, the spectrum in fig. 2 has a narrow oscilla-
tory structure that is superimposed on the broad en-
velope. In both cases, the spectrum may be associ-
ated with the nascent vibrational distribution because
the lifetimes of the Hgl(B, v’ ) levels are in the 20—
100 ns [26] range and the spectra were acquired at
0.2 Torr.

Simulation of the HgI(B-X) spectrum was
straightforward because the potentials and the tran-
sition dipole moment function are known [26]. The
low-energy portions of these potentials are based on
an analysis of the bound-bound emission bands from
low v levels [35]. Morse-type extensions were used
to extend the potentials to higher energies for small
internuclear distances. A Morse-type extension also
was used for HgI(X) at higher energy and larger dis-
tance, but a truncated Rittner extension was used at
larger distance for the Hgl(B) state. The rotational

constants are based on the ab initio R, values. These
potentials were satisfactory for fitting the Hgl (B-X)
emission spectra from reactions of Hg(°*P,) with sev-
eral RI molecules [26]. Fig. 5 shows the calculated
emission from selected v’ levels for the potential cor-
responding to J=0. The band origins for v" =0-55
are indicated in order to show the range of the bound-
bound transitions. Emission from v’ <10 is com-
pletely bound-bound; the bound-free component in-
creases for the higher v’ levels. The spectra in fig. 5
are plots of Franck—Condon densities versus wave-
length. They were calculated using standard com-
puter programs, which we have implemented on IBM-
PC compatible computers, for the following
assumptions.

(1) The continuum levels in Hgl(X) were calcu-
lated at 50 cm~! intervals for transitions correspond-
ingtoJ' =J"=0.

(2) The Franck-Condon factors for the bound-
bound transitions were converted to Franck-Con-
don densities by dividing by 50 cm~!, which is the
sampling interval for the continuum levels.

(3) The calculated bound-bound and bound-free
“lines” were convoluted with a Gaussian lineshape
(fwhm=50 cm~!) in order to approximately ac-
count for the rotational envelope.

Fig. 6 shows the result from a weighted co-addition
of the calculated spectra from v’ =0-40;

1(1')=(Z I(v’,v)l’:'P(v’))/ 2 P(). (4)

Since N, (A, v=0) provides up to 6.17 eV of energy
and formation of Hgl(B) requires 5.5 eV, the maxi-
mum energy available for vibrational excitation of
HgI(B) was set as ~0.67 eV or 5400 cm~!. There-
fore, the populations in levels with G(v')> 5400
cm~! were set to zero. The steady-state distribution
between G(v')=0 and 5400 cm~' was taken as
Boltzmann with a temperature of 8000 K. An equally
good fit can be obtained using a linear surprisal dis-
tribution  P(v)=(1-£)*2exp—A,fv) with
Ay=—1.0, 4 =GV )/Epnax, Emax=5400 cm~'. The
{fv(Hgl) > value for the distribution of fig. 6 is 0.44.
There is good overall agreement between the synthe-
sized spectra calculated for the /=0 potentials and
the experimental Hgl (B-X) spectrum.

We investigated further the sharp oscillatory struc-
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v'=36

v'=27
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R PTTITIVTR ¢ 6 o0 o o e ol D i s o o

WAVENUMBER, cm ™!

Fig. 5. Simulated spectra from selected Hgl(B, v’ ) levels based on Zhang et al.’s potentials and transition dipole function. The tick marks
underneath each spectrum indicate the band origins for the (v” =0~55) progression. Transitions on the red side of the v"-55 band are
bound-free. Continuum levels were sampled at 50 cm~' intervals. All “lines” were convoluted with a Gaussian lineshape (fwhm =50

cm™!),

HgI(B-X)

—— Experimental spectrum

—— Simulated spectrum

INTENSITY (a.u.)

N 4 n
' T U T

22000 24000 26000
WAVENUMBER, cm ™}

—

Fig. 6. Comparison of simulated Hgl(B-X) spectra with a truncated 8000 K Boltzmann vibrational distribution (J=0, —-~) with the
experimental spectrum (——). The main discrepancies are attributed to the scattered light from the N(C, v'=0-B, v"=4) and
N,(C, v' =0-+B, v’ =3) bands, which are near 23022 and 24634 cm~', respectively.
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ture in the spectrum shown in fig. 6 by examining the
effects of rotation. Strictly speaking, centering the ro-
tational envelopes at the band origin (J' =J" =0) is
hardly valid. For a thermal distribution of states, the
peaks of the hypothetical Q-branch (#;) are shifted
from the band origin (v,) by

vo—vo=0.5kT(1-B,./B,)-0.25(B, -B,.) . (5)

Thus, the assumption is valid only for v'-v” bands
for which B,  ~ B, and the good agreement between
the synthesized and experimental spectra in fig. 6
suggests that B, ~ B, for the strongly favored v'-v”
bands. Fig. 7 compares calculated spectra from just
v' =0 using three different treatments for the rota-
tional states:

(a) J'=J"=0 (convoluted with a Gaussian line-
shape, fwhm=50cm™!).

(b) J'=J" =84 (convoluted with Gaussian line-
shape, fwhm=50cm—!).

(c) The true P and R branch lines with a 300 K
distribution for N,.

For the latter, the P and R branch lines were cal-
culated (for each 0-v” band) as:

VO=yp, . +F (J)=F"(J+1), (6a)
W=y, . +F ()-F"(J-1), (6b)
_ SJ’ NJ' 3 " 2
IJ'—-J” - 2‘,r+1 ZNJ‘ v <0|”Iv > ’ (6c)
Sk=J, ST=J+1, (6d)
F(J)=B,J(J+1), (6e)
h 2
B,= 81t2uc<v|1/R |v) . (6f)

The spectrum was calculated at 2 cm ~! intervals and
the rotational lines were convoluted with a Gaussian
lineshape (fwhm=10cm™"!). The comparison in fig.
7 shows that the J=0 calculation matches the true
result better than the calculation with J=84, which
is the mean rotational state at 300 K.

Fig. 8 shows an approximate deconvolution of the
HgI(B-X) spectrum into is bound-bound and
bound-free components. Trace (A) is the synthe-
sized spectrum shown in fig. 6, trace (B) is the
bound-free contribution, trace (C) is the high-reso-

22700

WAVENUMBER (cm 1Y)

Fig. 7. Calculated bound-bound emission spectrum from HgI(B, v" =0) for three treatments of the rotational envelopes: (——) 300 K
distribution of rotational states with Hénl-London factors for the line intensities for a 2£+-?Z* transition with 2 cm—! sampling and 10
cm~' fwhm Gaussian line shape. (—-—) J' =0 with each band centered at the Q branch origin for 10 cm—! sampling and 50 cm~! fwhm
Gaussian line shape, ( —--—) J' =84, which is the mean J for a 300 K distribution, with each band centered at the Q branch origin for

10 cm~! sampling with 50 cm~! fwhm line shape.
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VD A NI
M

22100 22900 23700 24500 25300
WAVENUMBER (cm ™)
Fig. 8. Calculations illustrating the bound-bound and bound—free
contributions to the Hgl (B-X) spectrum for a 8000 K truncated
Boltzmann distribution. (A) total simulated spectrum based upon
J=0 potentials, (B) the bound-free contribution to (A), (C)
the total experimenta) high-resolution spectrum from fig. 2, (D)
the product of (C) and (B)/(A), i.e. the bound-free part of the
experimental spectrum. The lower panel compares the rescaled
experimental bound-bound spectra (C)-(D) and the calculated
bound-bound spectrum for the full 300 K rotational distribution.

lution spectrum shown in fig. 2b, trace (D) is the
bound-free component of the experimental spec-
trum which was obtained by multiplying trace (C)
by the ratio of trace (B) to trace (A). Subtracting
trace (D) from trace (C) yields the bound-bound
component of the experimental spectrum, which is
compared with the simulated bound-bound spec-
trum in the bottom panel using a 300 K thermal dis-
tribution of J' levels for v =0-50, v"'=0-47,
T,is=8000 K, Gpax (" )=5400 cm~'. The calcula-
tion was carried out in the same manner as described
for v =0 in eq. (6). The agreement between the ex-

perimental and simulated bound-bound spectrum is
quite good, which establishes confidence in the po-
tentials for Hgl. Furthermore, the experimental
HgI(B) rotational distribution from N,(A)+ Hgl,
appears to be nearly 300 K Boltzmann.

These calculations indicate that the sharp oscilla-
tory structure in the Hgl(B-X) spectrum also should
have been observed from a Hgl (B) distribution with
a higher (fy/>, such as that from Hg*+1I,, if the rota-
tional distribution was 300 K Boltzmann. The ab-
sence of structure in the spectrum from Hg*+1, in-
dicates a much broader HgI(B) rotational
distribution.

4.3. Simulation of CdI(B-X) from NA)+ Cdl,

Spectroscopic information about the CdI(B and X)
states is meager. The w/ value has been assigned [30]
as 179 cm —! and D(CdI) has been estimated at 1.4
eV from the vibrational structures of the C-X, D-X,
and E-X, transitions [35] and as 1.55 eV from ther-
modynamic data [11,24], see table 1. The rotational
constants are unknown. Even less is known about the
CdI(B) state. Greene and Eden estimated w{ as 110
cm™! based on the spacings of the oscillations in the
emission spectrum for a relaxed CdI(B) vibrational
distribution [35]. Our initial attempt to construct
potential curves for the CdI(B and X) states was
based on the following additional assumptions:

(1) The CdI(B) potential correlates with the
ground state ions at the dissociation limit and should
be well represented by a Rittner-type potential,
V(R)=T.+D,+bexp(—pR)— % - % . (7a)
The dissociation limit, D_, is above the CdI(X) dis-
sociation limit, D7, by EA(I)+IP(Cd)=—-3.29+
8.99 eV. Since D! is ~1.55 eV, 7.+ D, for CdI(B),
relative to the CdI(X) minimum, is constrained to

T.+D.=EA(I)+IP(Cd)+D
=7.1¢eV (or57300cm~"'). (7b)

Since the polarizability of I~ is, at least, twice that of
Hg* (estimated [26]) and Cd* should be less polar-
izable than Hg*, the C, is determined by the polar-
izability of I~ and we used a value similar to HgI(B)
(6x10% cm~" A*%). The value for C, is 1.1614x 10°
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cm~! A. The parameters b and 8 were determined
from the assumed w? (110 cm~') and R, (initially
set at 3.3 A, the same value as for HgI(B)):

= keR$+2C RI+20C,
T CRY+4CR, °

__GRI+4C,
" RBexp(—pR)’

The force constant, k,, was calculated from k.=
0.02971 1w 4.

(2) By analogy with Hgl(B-X), we first assumed
that the maximum in the Franck-Condon density
from CdI(B, v’ =0) contributes to the intensity of the
main band (but as will be seen below, this is not the
case for CdI). Since the experimental spectrum peaks
at 15160 cm™!, initially Vx(R=R.) was set to be
below v’ =0 by this energy,

(8a)

(8b)

[G(v=0)+T.(B)]-V(R.)=15160cm~!. (9)

This was done by using a Morse function to represent
CdI(X),

V(R)=DZ{1-exp[-B(R—R?)]}?, (10)

with DZ =1.55 ¢V (or 12500 cm—!) and R set by
using Greene and Eden’s estimate of 2.4 eV for T,.(B).
The Morse parameter § was calculated using f=
(k2/2D2)'? with k2 =0.029711(w%)u for w?=
179 cm !,

(3) Since there was no information about the tran-
sition dipole, we assumed the same form as used for
Hgl(B-X) [26],

u(R)a exp[—2.2773(R—B)"/E] , (11)

where B, n, and E are adjustable parameters. Ini-
tially, the maximum for the transition dipole, B, was
set at R.+0.12 A with n=2 and E=1.5 for R<B,
and E=1.8 for R> B. These choices are the same as
those for Hgl(B-X).

The calculation with the above parameters failed
to yield a good simulation of the CdI(B-X) spec-
trum. However, by examination of the calculated
spectra from individual ¢’ levels and comparison with
the oscillatory structure of the experimental spec-
trum, the potentials and transition dipole function
were improved by trial and error. We will not present
the sequence of the changes; rather the final results

are summarized and the constants for the final B and
X potentials, see fig. 9, defined with respect to the
minimum of the CdI(X) potential are given in table
2. The main change, relative to the starting assump-
tions, was shifting R_ relative to R7 . We also did some
calculations for D(CdI(X))=1.4 eV and a good fit
to the spectrum could be obtained. However, we de-
cided in favor of the thermochemical D(CdI) value
and developed the X state potential accordingly. As
shown in fig. 9, D(CdI) > D(Hgl) leading to a much
smaller R;(Cdl). Therefore, the CdI(B-X) spec-
trum has a higher contribution of bound-bound
transitions for the same E,, than does Hgl (B-X).
The simulated and experimental spectra are com-
pared in figs. 3 and 10. The vibrational distribution
is a truncated 3000 K Boltzmann and the maximum
energy available for vibrational excitation was taken
as 6700 cm~—'. The mean fraction of vibrational en-
ergy is {fv(Cdl) > =0.28. The deconvolution of the
CdI(B-X) spectrum into the bound-bound and
bound—free contributions is shown in fig. 10. The
most highly favored transitions from ¢’ =0 are to the
v" =43 and 44 levels, which are to the blue side of the

o He' (°5)
=1 +1('s)
8 /
T /cat®s)
8 /(s
=18 —
Q /
1 v
- O
8|
E g
= -
=] . #(R) CAIB-X)  y(lg)41(Pp)

1 2 3 4 5 6
R (Angstrom)

Fig. 9. The CdI(B and X) potentials and transition dipole func-
tion used for the simulation of the CdI(B-X) spectra shown in
figs. 3 and 10. The Hgl(B and X) potentials also are shown for
reference. The CdI{B-X) transition dipole is shown as the dashed
line.
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Table 2
Constants for the CdI(X and B) potentials *

Va(R)=a+bexp(—pR)—-C,/R-C,/R*

a=T.+D,=58483 cm~*, T,=23042 cm !, D, =35441 cm ~!, b=4.612384 X 105 cm ~!, $=2.02171649 A,
Cy=1.1614x10°cm~' A, C,=6.0x10°cm ' A4, R, =2944 A, w.=110cm !

Vx(R)=Dg{1-exp[—B(R—R:]}?

RZ=2.058*D?=12500cm "', $=1.50896 A~!, w? =179 cm~"

*) The Vg (R) potential should be used with caution for energy levels above 5000 cm™'; the repulsive wall probably is too soft.

main band, as shown in plot (C) of fig. 3.

The oscillations in the CdI(B-X) spectrum are
more pronounced than for Hgl(B-X). These fea-
tures are very sensitive to the choice for R, —R”, i.e.
they correlate with the spacings of the v” levels in the
Franck-Condon region. By coincidence, the energy

15000 16000 17000 16000 19000
WAVENUMBER (cm™})

Fig. 10. Deconvolution of the experimental CdI(B-X ) spectrum
into bound-bound and bound-free contributions using the same
procedure described in fig. 8 for Hgl (B-X).

separations between the favored lower levels
(v” =40-50) for transitions from the low v’ levels are
~ 110 cm~', which is similar to w/ thus giving rise
to the pronounced structure in the spectrum. After
the values of R, — R and T, were established (from
fitting the oscillations ), R was selected to satisfy the
limit from eq. (7) within the uncertainty of the D?
value.

The initial assumptions about the transition dipole
proved to be adequate, although a better fit was ob-
tained using a sharper gradient for R<B and E was
reduced to 0.4 for R < B. The simulated spectrum was
insensitive to values of E between 1 and 10 for R<B.
Smaller E values at R> B tended to enhance the
depths of the oscillations. A more definitive deter-
mination of the transition dipole function would re-
quire either selective excitation of certain CdI(B, v’ )
levels (see, for example, LeRoy’s [ 36] simulation of
the NaK (d-a) spectrum) or generation of CdI(B)
with different (Ey(CdI(B))) from various reac-
tions as was done for HgCI(B) by Zhang et al. [26].

4.4. An estimate for w, of Znl(B)

The spectroscopic constants for ZnI(B) and
Znl(X) are less reliable than for CdI(B) and
CdI(X). The current information about ZnI(X) is
derived from the vibrational structure in the C-X,
D-X, and E-X transitions. The w_ of ZnI(X) is as-
signed as 223.4 cm ~!, but estimates of the dissocia-
tion energy vary from 11000 to 19000 cm . The only
spectroscopic information available for Znl(B) is the
estimate by Greene and Eden [13] of @ ~83 cm™—!,
which was based on the separation of the bands in a
relaxed ZnI(B-X) emission spectrum and upon
analogy to CdI(B), then estimated to have @, =74
cm~', and w.(ZnCl(B))=185cm~'. The rotational
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constants for both states are unknown.

Simulating the ZnI(B-X) spectrum is not impos-
sible, but many trial-and-error iterations would be re-
quired and the results, at best, would still be highly
speculative until some of the constants are indepen-
dently established. Thus, we will only present a new
estimate for w.(ZnI(B) ), which should serve as an
aid for future work on the Znl (B-X) transition. Ta-
ble 3 shows a comparison of reduced mass and w,
values for several ionic metal halides. The force-con-
stant comparisons were based on the relationship
w.oc (k/p)'’2.

The following two observations can be made.

(1) The MCI/MI force constant ratio, (ka/ki)'/?,
tends to be ~1.25. If (kanl(B)/kzn[(B))I/Z is 1.25 and
if w, for ZnCl(B) is 185 cm~!, then w, for ZnI(B)
should be 108 cm—!.

(2) The trends in properties of the lowest ionic
state of the Zn, Cd and Hg iodides (the B state)
should follow those of Ca, Sr, and Ba. The (kcu(x)/
kseacx))'/? and (kcarcxy/kearcx))'/? ratios are both
~1.05. Using this force constant relation with
w,(CdI(B))=110 cm~! gives w.(Znl(B))=135
cm~! and for w,(HgI(B))=110 cm™! it gives

@(Znl(B))=155cm™".

The conflict between the prediction for
w.(Znl(B)) from (1) and (2) suggests that
w.(ZnCl(B)) is too low.

According to observation (1), if the (kugcin)/
kugi(s) )'/? ratio is 1.25~1.15 and, if the currently ac-
cepted w.=(HgCl(B))=192 cm~' is correct,
w.(HgI(B)) should be 95-103 cm~-'. A lower
w.(Hgl(B)) would be consistent with the observa-
tion, lower part of table 3, that the row V and row VI
metal halides tend to have a (k,/k,)"/? ratio of 1.02.
With this ratio and w.=110 cm~' for CdI(B)
w.(Hgl(B)) should be ~95 cm—!. Therefore, a con-
sistent set of w, values would appear to be 140, 110,
and 98 cm~! for ZnI(B), CdI(B), and HgI(B), re-
spectively. However, the currently accepted . =110
cm~! of Hgl (B), which is based on standard spectro-
scopic analysis of the bound-bound Hgl (B-X ) spec-
trum [35] seems unlikely to be in error. These qual-
itative arguments must be regarded with caution. But,
they do suggest that w.(ZnI(B) ) is 140+ 10cm™".

We made an attempt to calculate the ZnI(B-X)
spectrum by using Rittner and Morse potentials for
the B and X states with R, =2.76 A and RZ =1.64 A

Table 3
Comparison of @, and force constants for some ionic states *
0/, (/)2 (ki /ky)'72
CaCl(X) Cal(X) (1.54) 1.27 1.21
SrCl(X) SrI(X) 1.74 1.38 1.26
BaCl(X) Bal(X) 1.84 1.46 1.26
NaCl(X) Nal(X) 1.42 1.18 1.20
KCI(X) KI(X) (1.51) 1.27 1.19
RbCI(X) RbI(X) (1.65) 1.43 1.15
CsCl(X) CsI(X) 1.74 1.52 1.15
HgCIl(B) Hgl(B) ¥ 1.73 1.62 1.07
ZnCl(B) Zni(B) © 1.719 1.259
Cal(X) Srl(X) (1.37) 1.31 1.05
Cal(X) Bal(X) (1.56) 1.47 1.06
RbI(X) CsI(X) (1.16) 1.13 1.03
SrI(X) Bal(X) (1.14) 1.13 1.01
RbBr(X) CsBr(X) (1.13) 1.10 1.03
SrBr(X) BaBr(X) 1.12 1.10 1.02
RbCI(X) CsCI(X) 1.09 1.057 1.03
SrC1(X) BaCl(X) 1.08 1.057 1.02

*) Unless otherwise indicated, the constants were obtained from Rosen [30]. Numbers in parenthesis were based on constants from

Huber and Herzberg [30].
) The HgC1(B) and Hgl(B) c, values are from ref. [26].
) The w, of ZnI(B) as estimated in this work.
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and the constants mentioned above. The choice for
R? followed from the expected 7. value and the
choice for R, which was based upon analogy to Cdl.
This approach failed because the Rittner potential was
not well behaved for vibrational levels above v’ = 10.
The attractive C,/R* term appeared to be too large
for the # and b values given by eq. (8).

5. Conclusions

The Hgl(B-X) and CdI(B-X) emission spectra
from the N, (A ) +Hgl, and Cdl, reactions have been
simulated. The published spectroscopic constants for
Hgl(B, X) were found to be satisfactory, but im-
proved potentials were required for CdI(B and X).
Truncated Rittner and Morse parameterization for
the B and X state potentials, respectively, proved to
be adequate for simulating the CdI(B-X) spectrum.
Independent assignment of some of the spectro-
scopic constants are needed before this approach can
be successful for simulating the ZnI(B-X) spectra.
The dissociative—excitation reactions of Hgl, and
CdI3 with N,(A) give high-temperature Hgl(B) and
CdI(B) vibrational distributions. The 300 K
quenching rate constants for N,(A) by the metallic
dihalide compounds are near to the gas kinetic limit.
However, the branching fractions for MX(B) for-
mation are generally small because of preferred for-
mation of MX3 states that do not dissociate to
MX(B).
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