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Chemiluminescent reactions of ground and metastable states 
of the group IV A elements with halogens 

J. H. Wang8
), B. S. Cheong, and J. M. Parson 

Department o/Chemistry, The Ohio State University, Columbus, Ohio 43210 

(Received 25 April 1989; accepted 26 May 1989) 

Earlier work on chemiluminescent beam-gas reactions ofthe ground states e P ) of Si Ge and 
Sn with F2 ~nd of both ground and metastable states eD, IS) ofSn with C12, ~rz, and Iz is 
extended to mclude reactio~s of?oth ground and metastable states ofSi, Ge, and Sn with F2• 
Clz• Brz• 12, and ICI. Chemtlummescent products of metal halides and/or dihalides were 
observed in all of these reactions, although attempts to observe that in the similar reactions of 
Pb were unsuccessful. In ICI reactions with Si, Ge, and Sn, both monochloride and dichloride 
~mission o~curs, ~onfirming the previously proposed mechanism for creating dihalide emission 
m Sn reactions with Br 2 and 12 via a monohalide intermediate. 

I. INTRODUCTION 

The gas-phase chemiluminescent (CL) reactions of 
group IV A elements provide an interesting example of reac­
tions of atoms with relatively high ionization potentials with 
a p2 valence electronic configuration, which may be com­
pared to those well-studied CL reactions of group II A ele­
ments l which have lower ionization potentials and an 1- va­
lence electronic configuration. Most such studies involving 
the ground states of group IV A elements and F2 have been 
carried out in flame and flow experiments,2-6 where the CL 
products SiF, GeF, and SnF were observed. In order to study 
the dynamics of these CL reactions. they were carried out in 
a molecular beam apparatus in this laboratory7 along with 
the reactions of metastable Sn with F 2 . S 

Although the reactions of the ground states of the IV A 
elements with F2 to form monofluorides are sufficiently ex­
othermic to populate the electronically excited CL states, it 
is not the case for other halogens or mixed halogens like ICI. 
For example, no CL was observed in the reaction of ground 
state Sn with Clz. However, the reaction of metastable Sn 
with Cl2 to form an electronically excited SnCI is energeti­
cally allowed and, indeed, the CL product in this reaction 
was observed s. 

On the other hand, CL was observed in the reactions of 
the ground state ofSn, e.g., with Br2 and Iz,9 where the CL 
products were determined to be dihalides rather than mono­
halides which are energetically forbidden as mentioned ear­
lier and a two-step reaction mechanism was proposed.9 

In the present study, reactions of ground and metastable 
states ofSi, Ge, and Sn with F2, C12, Br2, 12, and ICI to form 
monohalides and/or dihalides are reported. Also, an at­
tempt has been made to study the reactions of Pb with these 
halogens, but no measurable CL was observed. 

II. EXPERIMENTAL 

The method and procedure utilizing a beam-gas ar­
rangement in this study are similar to those used in the pre­
vious studies. 7-10 

aJ Present address: Department of Chemistry, The University of Toronto, 
80 St. George Street, Toronto, Canada M5S tAl. 

Briefly, the metals were vaporized in a high temperature 
beam source in a molecular beam apparatus. Typical source 
temperatures were 1750. 1850, and 2000 K for Sn, Ge, and 
Si, respectively. The metal vapors were collimated upon en­
tering a separately pumped chamber filled with halogens. 
The pressure of the halogen was typically about 10- 4 Torr, 
and was measured with a capacitance manometer. 

Most metal atoms entering the reaction chamber were 
thermally populated in the ground states. However, substan­
tial amounts of the metastable states of Pb, Sn, and Ge, for 
example, can be and were generated by an electric discharge 
in front of the metal oven orifice with a typical discharge 
current of 50-100 mA at 150-250 V. Efforts to produce a 
discharge in a Si beam were unsuccessful. The metastable 
states produced in the discharge are mostly a combination of 
both IS and I D states having the p2 valence electronic config­
uration. However, it was determined in the case of Sn that 
the ID state is the major contributor to the CL product for 
the following two possible reasonss: (a) the population of 
the IS state is only about I % of that of I D; and (b) the cross 
section for the CL reaction of Cl2 with the IS state is smaller 
than that ofthe ID state. 

Chemiluminescence from the products was viewed at 
90° to the beam through a 3/4 meter Spex monochromator 
with a spectral band pass of 3 nm followed by an RCA 
C31034 photomultiplier tube. The monochromator was 
controlled by a microcomputer and scanned to obtain the 
emission spectra, which were corrected later for spectral re­
sponse using calibrated deuterium and quartz-halogen 
lamps. 

All the chemicals were used directly from the suppliers 
without further purification. 

III. RESULTS AND DISCUSSION 

The chemiIuminescent reactions of F2 with ground­
state group IV A elements7.9 and with metastable Sns have 
been studied previously. In this paper, we report extensions 
to metastable Ge reactions, as well as reactions of ground­
state group IV A elements (Si, Ge, and Sn) with Cl2 , Br 2' Iz, 
and ICI. 

2834 J. Chem. Phys. 91 (5), 1 September 1989 0021-9606/89/172834-06$02.10 © 1989 American Institute of Physics 
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A.Tin 

No significant amount of CL was detected in the reac­
tion of Clz with ground state Sn, which was known to react 
with Brz and 12 to form the corresponding tin dihalides.9 It 
was observed in this study that ground state Sn reacts with 
ICI to form a chemiluminescent product. Shown in Fig. 1 is 
the CL emission spectrum of the aforementioned reaction, 
which has two noted spectral peaks around 350 and 425 nm. 
The ICI pressure dependence study at the wavelengths of 
both maxima shows that the reaction is second order in ICI, 
which suggests9 that dihalide is the CL product formed in a 
two-step mechanism involving a vibrationally excited tin 
monohalide intermediate. In order to identify the CL prod­
uct, the three possible dihalides were considered. This spec­
trum is obviously different from that of the CL reaction ofSn 
with 12,9 which therefore essentially rules out the possibility 
of Snl2 formation. Another possible dihalide product is, of 
course, the mixed halide, i.e., SnlCI. If, in the two-step 
mechanism, the choice of abstracting I or CI from ICI by Sn 
in the first step or by Snl/SnCI in the second step is random, 
it is expected that 25% ofthe products would be Snl2 with 
emission in the vicinity of 550 nm.9 The fact that no emission 
was observed in that region, therefore, not only rules out 
Snl2 as a product but also suggests that a random choice of! 
or CI in the reaction is unlikely. Hence, we can also rule out 
the possibility of SnlCI as a CL reaction product. On the 
other hand, the emission of SnCl2 at 322 and 450 nm has 
been assigned to IBI_IAI and 3B I _ tA I transitions,ll.12 re­
spectively. It is then reasonable to attribute the observed CL 
primarily to the emission from the 3Bt and IBI states of 
SnCI2. This is also consistent with the fact that the produc­
tion of SnCl2 is the most favorable path, energetically, 
among all three possibilities. 

When the electric discharge was turned on, metastable 
states of Sn, mostly SneD), were generated in the metal 
beam. While the added population of more energetic meta­
stable states of Sn apparently did not affect the CL emission 
spectra for the reactions with Br2 and 12 , it did make big 
differences for the reactions with F 2' C12, and I CI. In the 
reaction ofSneD) with F 2, the product spectrum was simi­
lar to the spectrum of Sn e P) reaction product, but the in-

.~ 
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G) .. 
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.2: a; 
Gi 
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300 400 500 600 

Wavelength (nm) 

FIG. 1. CL of ground state Sn with ICI at 0.35 mTorr. The peaks are as­
signed from shorter wavelength to emission of'D, and 3D, states ofSnCl,. 

tensity was greatly enhanced.8 For Sn( ID) with C12 , the CL 
reaction to form the SnCI A I e~) state is energetically al­
lowed, and emission observed in the spectral region between 
370 and 570 nm was assigned to formation of that state. In 
the present study, the improved detection sensitivity allowed 
the spectral scan for the reaction with Cl2 to be extended to 
300 and 750 nm, as shown in Fig. 2. While there is no doubt 
that emission with wavelength longer than 500 nm is mostly 
due to the A I e~) state as evidenced by the vibrational struc­
ture in the spectrum, it is uncertain, though, whether the 
weak emission in the region of 350 nm is due to the ACZa) 
state, 13 which is not energetically accessible in the reaction of 
Sn( ID) with C12. Rather, this weak emission should prob­
ably be interpreted as the minor production of SnCl2 (IBI ) 
in a two-step mechanism. Because the ICI bond is weaker 
than the Cl2 bond, formation of SnCI in the A (2 a) state in a 
single collision is energetically allowed in the reaction of 
SneD) with ICI based on do = 98 kcal mol- I for SnCl14 

and the availability of twice the average thermal energy of 
5.2 kcal mol- I in the reactants. Indeed, the A state of SnCI 
was observed in the reaction with ICI in addition to emission 
from both IBI and 3BI states of SnCl2 as shown in Fig. 3. 
More specifically, the two sharp peaks in the spectrum can 
be attributed to the transitions A 2 as/2 -X 21T3/2 and 
A 2a3/2-x 21TI /2.

t5 It is, therefore, reasonable to conclude 
that, in the reaction of metastable Sn with ICI, both SnCI and 
SnCl2 can be readily formed, uncharacteristic of the reac­
tions with other halogens. 

B. Germanium 

As for Sn, the cross section for the reaction of ground 
state Ge with Cl2 to form electronically excited products 
seems to be quite small, since no CL was observed. Likewise, 
its reactions with Br2 , 12 , and ICI did produce CL products. 
Figures 4-6 are the CL emission spectra for the aforemen­
tioned three reactions. The CL was determined to be second 
order in Br2 , 12 , and ICI in the pressure dependence studies 
and, therefore, it is believed that the major CL products are 
the corresponding germanium dihalides. In the case of Br 2 
and 12 , to the best of our knowledge, no emission from 
GeBr2 or Gel2 in this spectral region has been reported be-
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FIG. 2. CL of discharged Sn with CI, at 0.3 mTorr. The longer wavelength 
structured region is assigned to SnCI (A ' 'l; + ) emission. The shorter wave­
length peak may include SnCI, 3D, emission. 
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300 400 500 600 700 

Wavelength (nm) 

FIG. 3. CL of discharged Sn with ICI at 0.4 mTorr. Note the structure due 
to SnCI which was absent in Fig. 1. The sharp peaks are assigned from 
shorter wavelength toA 2A 3/2-X

2
1T1I2 and A 2As/2-X21T3/2 transitions, and 

the longer wavelength structure to A ' 2l + -X 21T• 

fore. However, it is believed that the CL observed in the 
present study is due to 3 B I states of the dihalides for the 
following three reasons. First, the reactions are second order 
in the halogens, which suggests9 that the products are not 
likely to be monohalides, but dihalides formed in the two­
step abstraction mechanism. Second, the emission spectra 
are broad and quasicontinuous with no characteristic di­
atomic vibrational structures and the spectra are not in the 
region of known emission of the monohalides. 13 Third, their 
spectral shifts from the known spectrum of GeCl2 11,16 show 
the same trend as observed in the Sn series. (See Table I). 

By the same arguments given earlier in the discussion of 
Sn, the CL observed in the reaction of ground state Ge with 
ICI can be attributed to the formation of the 3BI and IBI 

states of GeCI2, which is consistent with the available spec­
troscopic data. II ,16 

When the Ge metastables, mostly in the ID state, are 
produced in the metal beam by an electric discharge, no sig­
nificant change in the CL emission spectra was observed for 
the reactions with Br2 and 12, However, changes were ob­
vious in the case of F 2' C12, and I CI, as shown in Figs. 7-9, 
respectively. 

~ 
'iii 
c 
! 
.5 
..J o 
g! 
'i 
Cii a: 

For F2, the emission due to the A e~ + ) state of GeF 

360 485 610 

Wavelength (nm) 

FIG. 4. CL of ground state Ge with Br2 at 0.37 mTorr. The major peak is 
assigned to GeBr2 (,B,) emission. The minor peak at short wavelength 

may be due to the 'B, state. 
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..J 
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> 
ii 
"i a: 

450 550 650 

Wavelength (nm) 

FIG. 5. CLofground state Ge with 12 atO.3 mTorr. The peaks are assigned 

from shorter wavelength to emission of 'B I and 3 B, states of Gel2 . 

was enhanced and extended to slightly higher frequency 
than with reaction ofGe(3p) alone, Also, weak emission was 
observed from the Be~ + ) state. Both ofthese changes are 
understandable given the extra energy of the I D state. At­
tenuation of the I D state by H2 was used in the same manner 
as for Sn8 to show that the enhanced CL reaction is assigna­
ble to it. Just as for Sn, the ID state and the CL emission are 
more strongly attenuated by H2 than is the 3 PJ or IS state. 
The absolute value for the CL cross section of the I D state 
with F2 was not obtainable because of uncertainty in the ID 
population, but estimates of the I D to 3 P ratio indicate that 
the I D CL cross section is larger by a factor of - 50, which is 
similar to the 85 X enhancement in the analogous Sn pro­
cess. 

For C12, formation of the GeCI A e~ + ) state13 appears 
to be responsible for most of the CL emission. This is consis­
tent with the reaction being first order in C12 • For ICI, the 
most striking features in the CL emission spectra are the 
sharp peaks in the spectral region of previously reported 
emission of GeCI from the A 'ea) state to the Xe1T) 
state, 13,(7 In addition to them, the broad band emission from 
GeCl2 is also present as in the ground state Ge reaction. It is 
not surprising at all, of course, since more of the Ge atoms in 
the beam are in the ground state even with the electric dis-

>--'iii 
c 
ell -.5 
..J 
0 
ell 
> 
i 
Cii a: 

300 425 550 

Wavelength (nm) 

FIG. 6. CL of ground state Ge with ICI at 0.9 mTorr. The two major peaks 
are assigned from shorter wavelength to emission of 'B, and 'B, states of 

GeC12 • 

J. Chem. Phys., Vol. 91, No.5, 1 September 1989 
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TABLE I. Electronic transitions of selected group IV A dihalides. 

Molecule 3B1-
1A1(nm) Ref. IBI_IAI (nm) Ref. 

SnCI, 449 12 322 II 
SnBr, 435 9 365 22 
Snl, 550 9 

GeCI, 441 16 322 II 
GeBr, 480 this work 
Gel, 600 this work 
SiCI, 437 II 330 18,19,20 
SiBr, 362 21 
Sil2 490 this work 

charge.8 Again, as in the case of Sn, only the reaction of 
metastable Ge with leI produces both monohalide and diha­
lide emission. Based on d6 = 101.5 kcal mol-I for GeCI13 

the A I state is just accessible in the reaction of Ge ( I D) with 
ICI if twice the average thermal energy of 6.0 kcal mol- I in 
the reactants is available, but is not energetically accessible 
in the reaction with CI2 . 

c. Silicon 

Unlike Sn and Ge, ground state Si does react with Cl2 to 
produce CL products. Figure lOis the emission spectrum for 
this reaction. It was determined in a pressure dependence 
study that the reaction is second order in Cl2 and, therefore, 
the CL product is believed to be SiCI2. Furthermore, the IBI 

state of SiCl2 has been found to have an emission peak 
around 330 nm 18-20 and, indeed, that was what we observed 
in this reaction. Thus, the singlet SiCl2 is a major product of 
this reaction, although there is no reason to exclude the tnp­
let state as another product since the lifetime of the triplet 
state ofSiCl2 may be long enough to prevent its observation 
in the - 10- 5 s that it spends in the observation region. 

Like Sn and Ge, CL from the reactions of Si with Br2 
and 12, as shown in Figs. 11 and 12, are consistent with the 
similar conclusion that the formation of silicon dihalides are 

~ 
til 
C 
$ 
.E 
-I o 
~ 
~ 
'ii 
a: 

260 380 500 

Wavelength (nm) 

FIG. 7. CL of discharged Ge with F, atO.36 mTorr. TheA 2:2; + -x '1Ttran­
sition of GeF observed at longer wavelength is shifted to slightly shorter 
wavelength than displayed in Ref. 7 for the reaction of ground state Ge with 
F,. The shorter wavelength structure is due partly to theB ':2; + -X'1Ttran­
sition and partly to Ge transitions in the discharge region. 

350 475 600 

Wavelength (nm) 

FIG. 8. CL of discharged Ge with CI2 at 0.2 mTorr. The structure is attrib­
utable to GeCI (A 'I + ) emission. 

~ 
", 
c 
!l 
.E 
-I o 
~ 
~ 
'ii 
a: 

300 400 500 600 

Wavelength (nm) 

FIG. 9. CL of discharged Ge with ICI at 0.9 mTorr. Note the structure due 
to GeCl which was absent in Fig. 6. The sharp peaks are assigned from 
shorter wavelength to A ' 2.1.3/2 -X 217'1/, and A ' 2.1.5/2 -X '17'3/2 transitions, 
and the longer wavelength structure to A 2:2; + -X '17'. 
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FIG. 10. CL of ground state Si with CI, at 0.3 mTorr. The peak is assigned 
to SiCl, (' B 1 ) emission. 
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300 425 550 

Wavelength (nm) 

FIG. 11. CL of ground state Si with Br2 at 0.35 mTorr. The shorter wave­
length peak is assigned to SiBr 2 (' B, ) emission. The longer wavelength 
peak may be due to SiBr2 (3B, ). 

primarily responsible for the observed CL. While only the 
3B IA .. b dfi 1 - 1 transltlon was 0 serve or SnBr 2' Sn12' GeBr 2 , 
and Ge12, in the case of SiBr 2 and Si12, the 1 B I _I A I transi­
tion was observed, but not the 3 B 1 _lA 1 transition. The 1 B 1 _I 

A 1 transition has been reported previously for SiBr2 but not 
for Sil2. However, by analogy to the Sn and Ge series, the 
emission from Sil2 can be safely assigned to the IBI state 
(see Table I). Although a transition for the monohalide Snl 
is known to appear around 472 nm,23 the fact that there is not 
enough energy to produce the excited state of Sil in a single 
collision and the observation that the reaction is second or­
der in 12 rule out the possibility that the emission was due' to 
Sil. 

Again, for the reaction ofSi with ICI, only the IBl state 
of the dihalide was produced, which is believed to be SiCl2 

for the same reason as in the case of Sn and Ge. In addition, 
the transition has been reported before to be in the same 
spectral region of 330 nm as observed in the present study, 
which is shown in Fig. 13(a). This spectrum was taken at 
relatively high ICI pressure, namely, 5X 10- 4 Torr, where 
only the emission of the dihalide appeared. However, an­
other spectrum taken at PICl = 1 X 10- 4 Torr [Fig. 13(b)] 
shows additional sharp features in the 390 nm region sugges­
tive of possible diatomic transitions. The possibility that the 
sharp features were quenched at higher pressures by colli­
sional relaxation was explored by taking the CL emission 

460 535 610 

Wavelength (nm) 

FIG. 12. CL of ground state Si with 12 at 0.2 mTorr. The major peak is 
assigned to SiI2 eB,) emission. 

a 

>--'in 
c 
Q) -..E 

..J 
0 
Q) 

> b :;: 
CI:I 
Q; 
a:: 

370 450 

Wavelength (nm) 

FIG. 13. CL of ground stateSi with IClat (a) 0.5 mTorr and (b) 0.1 mTorr. 
The major peak is assigned to SiCl2 ('B,) emission. Note the increased 
structure in the lower pressure spectrum which is attributable to 
SiCI (A 2~ + ) emission, which may be collisionally quenched in the higher 
pressure spectrum. 

spectrum in the presence of N 2' A spectrum taken at PICl 

= lX1O- 4 TorrandPN , =4XlO- 4 Torrwasidenticalto 
that taken with ICI only with PICl = 1 X 10 - 4 Torr. There­
fore, the CL product with emission at about 390 nm is most 
likely quenched at higher ICI pressure by reaction to form 
SiCl2 • Thus, we seem to have identified a system undergoing 
the two-step abstraction mechanism in which direct obser­
vation of the intermediate monohalide is possible. 

IV. CONCLUSIONS 

Group IV A elements react with halogens to produce a 
variety of CL states, dictated largely by the available energy. 
Monohalide emission from a single-step abstraction can be 
produced or enhanced by employing the 1 D atomic states in 
the more exothermic reactions with F2 , ICI, and C12 • Diha­
lide emission following a two-step abstraction occurs with all 
of the halogens except F2 • The tendency for ICI to give more 
monochloride, as well as dichloride, emission than Cl2 can 
be attributed to the greater exoergicity of both abstraction 
reactions. Finally, the lowest excited triplet and singlet 
states of the Ge and Sn dihalides are readily observable, but 
apparently the radiative lifetimes of the triplet Si dihalides 
are too long for observation in our apparatus. 
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