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Chemilummescent reactions mvolving copper and halogen molecules are sho\r.n to result from the bunolecular reactJon 
of metastable Cut2D) wth Q2, Brz, and I2 under smgIe%o&non condlfioons. The colhsionencrgy dependence of the reactmns 
is described by a bard-sphere model wrth zero threshold energy. Cross sections For these reacttons are compared with that for 
chem~umIaescent rsacUon of Cu(*S) with Fz. 

1. Introduction 

The chemdummescent (CL) emission from reactmns 
of copper with the halogen molecules has been stu&ed 
under multlpIe~o~isron and S~ngIe~oI~slan ~ondrtions 
fl4]_ The chemshmunescent reactron viith fiuorine 
has been shown m a molecular beam study to proceed 
by reactlon of the ground state of the copper atom to 
populnre due&y several excded states of CuF [4 J . Thus 
any reaction of F, \ilth Cu excited states will hkely be 
overshadowed by the chemilummescence resulting from 
reaction with the much more abundant Cu ground state. 

Chenuluminescence from reaction of Cu with Cl, 
and Br, m a heat pipe oven was reported by CapeIIe et 
al. [I], and spectra resultmg fram the reactrons of Cu 
v&h Cl, and Br2 were presented by Rosenwaks f2] _ 
Both spectra were taken m the pressure regon of 10 
Ton: so that energy transfer may be important for the 
excitation of the electromc states. The photon yields 
from the reactions of Cu with Ci, and Br, were seen 
to be very low, <O.lB, when compared wzth that of the 
CIJ + F, reactton, approximately 0.3%_ 

Results from molecular beam e&penmen& are pre- 
sented here on the beam-gas and beam-spray reaction 
of copper atoms and halogen molecules. We show that 
the electromcally excited states of CuX (X= Cl, Br, I) 
anse from reaction ofmetastabIe Cu(‘D) rather than 
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Cl12 wivith the halogen mole&e. Tune-of-flight experi- 
ments are presented which yield informatlon on the 
energy dependence of the cross section for formation 
of the electronically excited states of CuX. 

2. Experiments 

The mo~ecuI~r beam and light detection systems 
have been described previously [5,6] _ For the copper 
beam source, a tantalum oven with an alumina crucible 
was heated by a tungsten mesh radiator. For the spectral 
scans of Cu +X2, temperatures of 1770-1840 K were 
used. Cl, was used directly from a cylinder (Matheson, 
purity 99.5%), and leaked into the co&ion chamber 
via a needle valve. Br2 and I2 were leaked into rhe cham- 
ber from a thermostatted flask rn~nt~ed at 298 and 
350 K, respectively. h was removed by pumping on 
the flask m a dry Ice-acetone bath. The halogens were 
trapped on a liquid-rutrogen-cooled surface between the 
Affuslon pump and the mechanical pump. Absolute 
collision-chamber pressures were determmed with a ca- 
pacltance manometer. 

The CL spectra from beam-gas reactions were taken 
using pulse countmg techniques as described previously 
[S], and the data were automatically entered into a pro- 
grammable calculator for time normalization and sub- 
tractron of the background. Later, the data were eor- 
rected for the spectra3 response of the detection system. 
The CuCl CL spectrum was taken at 1 .O nm spectral 
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bandwdth, and the CuBr and CuI spectra at 1.5 nm 
spectral bandwidth_ X, pressures were in the range 
2.5-3.5 X lOA Torr, which was expected to grve 
negligrble secondary collision effects on the spectra. 

The time-of-flight apparatus incorporated a minor 
modification to the previously described apparatus to 
ahow a longer Bight path for the metal beam. Drrectly 
in front of the oven cooling jacket, a time-of-tbgbt 
(TOF) imtiation wheel wrth 6 equally spaced 2 mm 
slots was used to provrde metal beam pulses. The wheel 
was located at a drstance of 11.7 cm from the collision 
center, and rotated at 300 Hz by an asynchronous 
motor to grve pulses of beam particIes of duration 
1.5 ~.ls fwhm. The chermhuninescent signal at the col- 
hsion center was viewed at a distance of 8.9 cm by a 
photomultrplier tube (EMI 9816B) with a 520.0 run 
cut-off falter in front to mimnuze detectron of oven 
hght. The signal from the photomultipher was ampli- 
tied by a current ampIif?er (Keithley 427) which served 
as the mput to a 100 charme signal enhancement instru- 
ment (Honeywell SA142) used with a delay of 5 PS per 
channel. The initiation pulse for the mstrument was 
provrded by means of a photomultipher tube positioned 
inside the chamber so as to vrew the light from the oven 
through the slots in the TOF wheel. The experiment 
was run untd sufficrent sgnal/noise was achieved (typi- 
sally $ -2 h). The TOF spectrum in the signal enhancer 
was then transferred to the programmable calculator 
for plottmg and storage. 

For the time-of-flight expenments, the copper oven 
was operated at a temperature of 1800 K, yielding a 
copper pressure of 0.3 Torr. Under our experimental 
conditions, the Knudsen number for the copper oven 
otice was calculated to be approximately 3, making 
the beam close to effusive. We have also run other 
TOF scans of the Cu + Br, reactron at other metal 
beam pressures in the range 0.2-0.5 Torr which are 
identical to the 0.3 Torr result within experimental 
uncertainties. If the metal atom beam velocity distn- 
butron deviated significantly from the ideai maxwehian 
form, then we wouId have expected a major change in 
shape of the TOF spectrum as the pressure was altered. 
For these experiments, a 0.8 X 3.1 mm slit for the halo- 
gen at 298 K was posrtioned 1.25 cm from the collision 
center. The pressure behind this sht was monitored 
during the experiments and maintained in the range 
O-6-0.8 Torr for X = Cl, Br and 0.2-0.6 Torr for 12. 
llus corresponds to an effective scattering gas pressure 

of 2.0-2.6 X 10 4 Tot-r for Cl, and BrZ and O-6-2.0 
X lO+ Torr for 12. 

3. Variation of signal with reactant pressuRs 

The CL s~gnaI at a peak in the spectrum was meas- 
ured as a function of X2 pressure. For Xa pressures 
less than 1 .O X lOA Torr, the signal increased IfnearLy 
with X2 pressure. These results are consistent with a 
reaction first order in X2 with rqligiile attenuation 
of the Cu beam in the 4.6 cm of travel before the cot& 
sion center. 

The CL signal from the reaction was also studied 
as a function of the Cu oven temperature to determine 
the metal beam reactant. The beam exists in several 
energetically exerted states, the Cu(*D5i2) at 11203 
cm-t, Cu(12D3,2)at 13245 cm -* [7] and the ground 
state of the duner. The relative abundances of these 
species are CII(~D~,~) 4.2 X 10d, CU(~D~~~) 2.8 X 
lOa, and Cu7 1 ..S X 10m2 [S] . Fig. 1 displays a loga- 
nthmic plot of z-a times the CL intensity versus ci, 

5s 57 59 61 63 6i 
I/T x 10~ 

Fig. 1. Logarithmic plots of Tc,, times CL intensity versus T& 
for Cl2 (squares), Br2 (triangles). and 12 (circles) reactions. The 
smooth curves are predictions based upan reaction ofCu(%), 
---.CU(~D,,.& -;andCu2, ---- _ 
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wluch should be approximately linear with slope related 
to the enthalpy ofvaponza~on of the metal and the 
actwatlon energy for the CL reaction [9]. Fig. 1 displays 
the expected temperature dependence of this plot if 
ground-state Cu(IS), metastable CU(~D,,~), or ground- 
state Cu2 IS exclusively the reactant with no activation 
energy. It 1s seen that the experimental points lie close 
to the temperature dependence expected for reaction of 
the Cu metastable or Cu2 species. Deviations at the lugh 
temperature ends of the graphs may be due to beam 
attenuation. Reaction of Cu2 to give CL via CuZ + X2 
+ CuX + CuX is energetically allowed [lo,1 11, and 
thus we cannot say whether Cu(2D) or Cu2 is the reac- 
tant species based on the CL spectra alone. The TOF 
spectra presented below serve to rule out reaction of 
Cu, based on its longer flight time to the colhsion cen- 
ter. If ground-state CU(~S) were the reactant then an ac- 
tlvation energy of 28 kcal/mole is mlcated in all three 
cases. Such a high value can be ruled out on the basis 
of the TOF spectra. Thus, we can conclude that the CL 
s due to bimolecular reaction of the halogen with Cu CD) 
rather than one of the other species in the beam. 

4. CL spectra 

The CL spectra for the reactlons of CU(~D) and XZ 
(X = Cl, Br. I) are presented in fig. 2. In the Cl2 reac- 
tion. the pro-ent peaks in the spectrum are due to 
the I Ad < 3 sequences of the A.B,C-X transitions 
previously characterized by others under lugh resolu- 
tion [lo]. Some of the transltions with u’= 0, 1, and 
2 for the D state are also apparent. and u’= 0 and 1 for 
the Estate. For the Cu + Br, reactlon, the major peaks 
m the spectrum are due to tb CuBr A-X sequences, 
while the minor peaks are due to the B-X Au = -1, 0, 

1,2 sequences. In the case of Cu + I-, we observe the 
A,B,D-X transitions. No extensive iimulatlons of the 
spectra have been performed because of the low reso- 
lutlon of the spectral scans, and the lack of rotatlonal 
constants for many of the states involved. 

One may be tempted to extract lower bounds on 
CuX bond strengths from the hghest vlbrational states 
which are apparent m the spectra m fig 2. We have 
found, though, by slmulatlon of the CuCl D and E 
state spectrum, using a pnor form for energy &sposal 
and averagmg over the reactant energy, that the highest 
state expected IS not well defined due to the spread of 
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F= 2 CL spectra corrected for detector response for the reac- 
tion ~th (a) Clz, (b) Brz, and (c) 12. 

uutial translatlonal energy and uncertamty as to the 
relative Importance of Cu(2D5,2) and CupD3,2). On 
the basis of the average energy avarIable to the reactants 
and previous determmations of bond strengths [lo], 
formation of CuCl SfaEes as h+ as D, u’= 2, and CuBr 

states as high as B, u’= 1, are expected d CIJ(‘D~,~) is 
the reactant. Thus, these C&l, CuBr bond strengths 
are consistent with our spectra. For CuI there 1s much 
greater uncertainty m the bond strength. Gaydon’s [ 1 l] 
recommended value of 16 100 cm-l prelcts no chenu- 
luminescence. However, a value of 24200 cm-t based 
on a linear Barge-Sponer extrapolation [l l] is consistent 
\wth our experiments in predicting states as lugh as D, 
v’=3. 

5. TOF spectra 

The TOF spectra for the CL products from copper 
reaction mth Cl, and Br2 are presented in fig. 3. Peaks 
at short delay times are due to oven light, and serve to 
establish the zero pomt for the time scale. The cross 
sectlon for formation of the excited CuCl or CuBr prod- 
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FIN. 3. TOF spectra for the reactions ~17th (a) Cl2 and (b) Brz. 
The smooth curves are predxtrons based upon hard-sphere mter- 
action tvlth Eo = 0, -; hard-sphere interactions wth Eo = 
0.2 kcalfmol, - - - -; and long-range Y6 potential, ---. 

uct from the dimer reaction can be estimated as less 
than 0.003 times the Cu(2D) cross section on the basis 
of the kxtown dirner population and the f&ure to ob- 

serve a peak at the flight tnne for the dimer in the TOF 
spectrum. 

The TOF spectra can also be used to gam some infor- 
mation about the transiationai energy dependence of 
the cross sectrons for forming CL products. Because 
of several experimental broadening effects on the TOF 
spectra, we chose to srmrdate the TOF spectra usmg 
variable forms for the cross section, rather than to at- 
tempt to extract the cross section directly. In the 
emulations, averaging was carried out over the TOF 
pulse shape, the velocity distribution of the halogen 
beam, and the response function of the amplifier. 
Averaging effects due to uncertainty m the detection 
site were neghgibIe. Compa~son IS made in fig. 3 with 
simulations based on two forms of the cross section u 
as a functron of collision energy E: 

(1) hard-sphere interaction with a threshold energy 
Eo, u = C(1 - Eo/E); and 

(2) Iong-range + potential governing the centrifugal 
barner location, o = CE d3 - 

The fust form with E. = 0 gave the best fit for the 
Cl, and Br2. Fig. 3 shows the sensitivity of the TOF 
drstrrbutions to E. by comparing the cases E. = 0 and 
E. = 0.2 k&mole. The hitter gives curves which are 
much too sharp. The E -U3 form for cr, on the other 
hand, gives curves which are too broad. A more complti- 
cated form for the cross section (121 involving both a 

threshold and a fall off with E for large E could also be 
fit to the experimental points, but no significant irnprove- 
ment over the best fits shown in fig. 3 was attained_ 
We have also measured TOF spectra for the CL reactions 
wrth F2 and i2 and found the results, though somewhat 
noisier, to be consistent with reaction of monomeric 
Cu with negligrble threshold energy. 

6. Relative cross sections for CL reactions 

Relative cross sections for totai production of&L 
products were obtained for the Cu f X2 reactions for 
X = F, Cl, Br and I by comparing light emission observed 
wrth the PM tube located in the collision chamber, The 
relative number of photons emitted was obtained by 
correcting the emission for the va@ng response of the 
PM tube (S-20) over the CL spectra shown in fig. 2 and 
ref. [4]. Product states with radiative lifetimes >lOAs, 
such as the a 3ZZ state of CuF, should not be considered 
as included in these relative cross sections sincz they 

will most likely exit the region viewed before radiztig, 
Results for the cross sections, which are corrected for 
the relative number densities of the species which give 
the CL, are given in table 1, based on reaction of 
C!u(%) in the case of the F, reaction and reaction of 
CU(~D~,~) for the other three halogens. Uncertainties 
due to cahbration errors are estimated at 550% 

Table 1 
Relatwe cross sections for reaction of Co + X2 

Reactants 

W’S& + F2 
W2D,,) + Q2 
W’D,,) + Brz 
fi(2Dwd + La 

Relative Average a%kim 
cross section energy ~wI/mo~ 

1.0 2.54 
7.6 3.25 

17.3 4.08 
0.6 4.47 
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7. Discussion Acknowledgement 

Exammatton of the CL spectra reveals that at the 
resolution used ~n~~du~ band heads are not observed. 
It wiB not be possrble to resolve the bands without 
much better resolutron because of the closeness of the 
vlbrattonal ongins wuhin many of the sequences, and 
the hrgh CuX rotattonal excitation. Prehmmary attempts 
to nmulate the shapes of the sequences observed tn the 
CuCl spectrum reveal that energy disposal mto vibra- 
tronat and electronic modes does not drffer dramattcally 
from expectations based on the simple prior mode1 for 
energy parttttoning [ 131. This model prevrously gave 
acceptable fits to the observed CuF vrbrational-energy 
distnbutrons [4] _ Further spectral srmulatron efforts 
must awart the av~ab~ty of rotations constants for 
many of the eacrted states observed. 

Support of the National Science Foundatron 1s 
gratefully acknowledged. We would like to thank Dr. 
K. Liu for assistance with some of the experiments. 
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