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The role of a catalyst in the isotopically excited laser 
photochemistry 

c. T. Lina) and T. D. Z. Atvars 

Instituto de Qu[mica and Instituto de F[sica "Gleb Wataghin". Universidade Estadual de Campinas. 
13100. Campinas. SP. Brazil 
(Received 12 August 1977) 

Laser photochemistry of BC1)/H2 using catalysis was carried out experimentally. The 10.55 IJ-m radiation 
from a high power (G W Icm2

) TEA CO2 pulse laser was used to selectively excite the llBC1) molecules. 
Using Ti catalyst the reaction products analyzed were lOBllBH2Cl •• IIBllBH2Cl •• and HCl, whereas those 
were IOBIIBCI •• IIBIIBCI., and HCl when Pb metal powder was employed, i.e., IOBI~H2Cl. and 
IOBlOBCl. molecules were not generated in our experiment. Moreover, it was found that the IOBCl) 
concentration in the unreacted BCl) gas increased from 20% to 37% after 360 laser pulses. but the 
isotopic enrichment was not obtained for the reaction products. The mechanisms for the observed catalytic 
laser photochemistry are proposed. 

I. INTRODUCTION 

Thermal chemistry of BCI/Hz in the presence of a 
catalyst was foundl,z to produce various compound mix
tures such as ~H6' ~H5Cl, BHClz, etc. On the con
trary, Rockwood and Hudson3 reported that laser photo
chemistry of BCl3 and Hz is characterized by a non
thermal reaction yielding exclusively pure BHClz. Re
cently, a high efficiency laser photochemical isotopic 
enrichment of boron was achieved by Lin et al. 4 using 
a mixture of BCl/Hz/Ti, where Ti metal powder func
tions as a catalyst. However, the exact mechanism for 
the effect of a catalyst in the laser photochemistry was 
not yet established. 

In this paper we extended the study further using Ti 
(a strong hydrogen chemisorption metal) as well as Pb 
(a weak hydrogen chemisorption metal-physical adsorp
tion) as catalysts. Moreover, it is known3 that the 
multiphoton dissociation of BCl3 molecules depends 
strongly on the laser power density used; we thus chose 
to employ a focused C~ laser beam (GW/cmZ) in the 
present experiment instead of an unfocused laser beam 
(MW / cmZ) which was used in our earlier work. 4 Em
phasis is given on the detailed analysis of the catalytic 
laser photochemical products. The experimental impli
cations are twofold: (1) The specific hydrogen chemi
sorption on the Ti metal surface permits us to generate 
for the first time a new class of halogenated diboranes 
BzHzCl4; (2) a catalyst can speed up the photochemical 
reaction rate and, at the same time, decrease the prob
ability of energy transfer processes between isotopes. 
This allows us to perform the laser isotope separation 
of boron using a relatively high sample pressure which 
is very important for a large scale production of iso
topes. 

II. EXPERIMENTAL 

BCla and Hz used were the Matheson gas products, and 
Ti and Pb metal powders were obtained from the British 
Drug House Ltd. and the Carlo Erba do Brasil, 
S. A., respectively. The chemicals were used with-
out further purification because no other impurities were 
detected except that small quantities of HCI molecules 

alTo whom correspondence should be addressed. 

were found to contaminate the BCl3 sample. The experi
mental systems such as the specifications of sample cell 
and of vacuum line were essentially the same as de
scribed previously. 4-8 

Static mixtures of BCl3 (13 mm Hg), Hz (25 mm Hg), 
and - 1 g Ti (or Pb were irradiated at room temperature 
using a COz TEA pulse laser of Molectron Corporation, 
model T250. The pulse laser was operated with a repe
tition rate of 3 Hz by a trigger generator. A SD 20 grat
ing sine drive was used to isolate the 10. 55 ~m radiation 
[P(16) line of the 00°1-10°0 transition] of the COz laser 
which was employed to selectively excite the 113 mode of 
IIBCl3 molecules. The laser frequency was calibrated 
by a COz spectrum analyzer of Optical Engineering Inc. , 
model 16-A. The laser beam was focused into the cen
ter of the reaction cell using a GaAs len (j = 5 cm). To 
minimize the laser heating effect the focal spot was ad
justed to "near" but not "on" the metal surface. The 
laser peak power at the focal point is -GW / cm2 • 

The catalytic laser photochemical reaction products 
were then analyzed by a Finnigan model 1015C quad
rupole mass spectrometer. A standard computer pro
gram was used to simulate the isotopic mass spectral 
pattern for the parent molecules as well as for the frag
mented molecules. The spectral assignment was con
firmed by the perfect agreement between the computed 
and the observed mass spectrum. 

III. RESULTS 

A. General observations 

Pure BCI3 , 9,10 mixtures of BCI/HzSII,IZ and mixtures 
of BCI3/Hz 3,13,14 were shown to give chemiluminescence 
when the systems were subjected to an intense ir laser 
radiation. Evidently, the observed visible lumines
cences were found to originate from the excited mole
cules or radicals through a radiative deactivation pro
cess. In our experiment we noticed that the surface of 
the metal powder was shivering upon the laser pulse but 
no visible fluorescence was seen. In fact, we should 
have observed the chemiluminescence since the sample 
pressure and the laser power density we used were simi
lar to those reported previously. 9-14 Our negative ob
servations in fluorescence might indicate that the cata-
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lyst has indeed speeded up the laser photochemical reac
tion rate in which the excited molecules or radicals 
readily reacted to form the stable ground state com
pounds before they had a chance to deactivate and give 
emission. 

B. Spectral assignments 

Figure 1 shows the observed (top) and computed (bot
tom) mass spectra for the laser photochemistry of BCl3 
and H2 using Ti (right) and Pb (left) as catalysts. The 
spectrum is normalized with respect to the largest prod
uct H35CI (mle = 36). The spectral intensities for peaks 
after m Ie = 50 are amplified by 20. 

1. System BCI3 /H 2 /Ti 

Mass spectrum for the system BCI~/H2/Ti consists 
peaks at m/e 2 =H2 ; rn/e 35 and 37 =s5CI and 37Cl, re
spectively; m Ie 36 and 38 = H35CI and HS7 CI, respective
ly; mle 94-98 (group I), m/e 128-133 (group II), and 
mle 163-170 (group III). Each group is made of an iso
topically distributed spectral pattern. If one compares 
the spectral groups I, II, and III, one notices that the 
difference among them is m/ e = 35, which corresponds 
to a difference in one chlorine atom. Clearly, if one 
can correctly assign the spectral peaks for group III, 
then the assignments for the groups I and II would be
come trivial. One recognizes that the mass spectrum 
of group III constitutes an isotopically distributed con
tour of both boron and chlorine isotopes. Masses m Ie 
= 163-170 can be attributed to either BzCl4 or BzHzCI4 • 

If the B2Cl4 molecules are assigned, we should observe 
an intense peak at mass mle = 162 which originates from 
the molecule llB2

35C14 • However, no spectral peak at 
mle = 162 appeared, instead, we observed an intense 

Pb I 
> 50 x 20 OSS ERVED 

II 

III, IIII 

CO MP UTED 

II 11 
o 50 100 1500 

peak at mle = 164, indicating that the B2H2Cl4 molecule 
is the right assignment for the spectra of group III. 

Two assignments are possible for the spectra of groups 
II and I: (1) One can assign them as the fragmentation of 
B2H2C14 , i. e., group II= B2H2Cl3 and group 1= BzH2Cl2; 
(2) they can be assigned as independent reaction products. 
i. e., B2HsCl3 and B2H4Cl2 correspond to group II and I, 
respectively. If the second assignment is forwarded, 
then we should see an intense mass spectral peak at 
mass mle 130 = llB2H3

35CIs for the group II and at mass 
mle 96 = llBzH4 35Cl2 for the group 1. The fact that we 
observed intense peaks at mass m Ie = 129 and m i e = 94 
for group II and I, respectively, indicates that the mass 
spectra of groups II and I are the fragmentations of the 
molecules B2H2C14 • The appearance of the chlorine atom 
in the mass spectrum at masses 111 Ie = 35 and 37 is a 
further support for our assignment. 

The left-hand side spectrum of Fig. 1 contains masses 
mle 2, 35-38,80-85, and 115-120. The mle=2 is 
clearly due to the H2 molecules, and mle 35 and 37 can 
be assigned to the atoms 35CI and 37CI, respectively. 
The 111 Ie = 36 and 38 should correspond to the molecules 
H 35CI and H 37 CI, respectively. The bunch of spectra at 
masses mle 115-120 are no doubt originated from the 
unreacted BCIs molecules. The spectral group at mas
ses mle = 80-85 can be attributed to either BCl2 or 
BHCl2. If the molecule BHCl2 is assigned, one should 
observe an intense peak at m Ie = 82 which would corres
pond to llBH s5C12. However, an intense mass spectral 
peak is found to appear at mass m Ie = 81 which is the 
11 B 35Cl2 radical. 

50 

Ti 
>50 x 20 

IJ 

.IiJ 
100 

I~ .I 

I,' 

150 

FIG. 1. Top: the observed mass spectra for the catalytic laser photochemistry of Bela (13 torr) and H2 (25 torr) after 360 laser 
pulses using Ti (right) and Pb (left) as catalysts. Bottom: the corresponding computer simulated mass spectra using the natural 
abundance of boron and chlorine. 
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TABLE 1. Observed and computed isotopic ratio of boron for 
the catalytic laser photochemical products of BCl3/H2• 

Relative intensity"-

Compounds m/e (lOB: 11 B) Observed Simulated 

B 35Cl3 115: 116 1: 1.5 1 :4.3 

B 35Cl2 37Cl 117: 118 1: 2. 0 1 :4.2 

B 35Cl37Cl2 119: 120 1: 2.0 1 :4.6 

B 35Cl2 80: 81 1: 3. 8 1 :4.3 

B 35Cl37Cl 82: 83 1: 4. 0 1: 4. 3 

B 11BH2 35Cl4 163: 164 1: 2. 6 1: 2. 6 

B llBH2 35Cl3 37Cl 165: 166 1: 1. 8 1: 2.1 

B llBH2 35Cl2 37Cl2 167: 168 1: 2. 0 1: 2.2 

B llBH2 35Cl37Cl3 169: 170 1: 1.5 1: 2. 0 

B llBH2 35Cl3 128: 129 1: 2.5 1: 2.3 

B 11 BH2 35Cl2 37 CI 130: 131 1: 2.4 1: 2.2 

B llBH2 35Cl37Cl2 132: 133 1: 1. 6 1: 2. 2 

B llBH2 35Cl37CI 95: 96 1:3 1: 2. 3 

B llBH2 37Cl2 97 :·98 1: 1. 8 1:2.0 

aEstimated accuracy± 0.2. 

A question immediately arises whether the appearance 
of BC lz radicals is due to the fragmentations of the un
reacted gas BCl3 or the reaction products BzCI4 • The 
mass spectra of boron trichloride and diboron tetra
chloride were studied by Dibeler and Walken. 15 They 
found that the bond dissociation energy for BClz-CI is 
4.78 eV, whereas that for BClz-BClz is only 3.80 eV. 
Moreover, they indicated that the principal peaks for 
the mass spectrum of ~C14 molecules were BClz and 
the spectral intensity of lBC13 > lBC1Z was observed in the 
mass spectrum of pure BCI3 • In our experiment the re
corded mass spectrum for the system BCI3/Hz/Pb gives 
the intensity ratio of lBCIZ : lBCla = 3 : 1. The results sug
gest that the observed group spectra at m/e = 80-85 are 
indeed the fragmentations of the catalytic laser photo
chemical reaction product BzCI 4 • 

C. Isotopic enrichment of boron 

In the spectral assignment we have noticed that the 
BCl3 gas was completely used up in the mixtures of 13 
torr BCla, 25 torr Hz, and - 1 g Ti after 360 laser 
pulses. In order to know the isotopic enrichment of 

boron for BCl3 in this system we carried out an experi
ment using a shorter irradiation time. We found that 
the observed isotopically distributed mass spectral pat
tern for the unreacted BCl3 gas of the BCI3/Hz/Ti sys
tem after 180 laser pulses is essentially the same as 
that observed for the system BCI/H2/Pb after 360 laser 
pulses. Therefore, we will only show the isotopic en
richment of boron for the later case. 

Table I gives the experimentally observed and com
puter calculated 10B/I1B for the compounds BCI3, BCl2, 
BzH2CI4 • B2H2C13• and B2H2C12. The computed values 

are carried out according to the natural abundance of 
boron. The results show that the intensity ratio of 
It0BCI3 : lUBCla is observed as 1 : 1. 8, whereas that of 
the computed value is 1: 4.4. This means that the loBCl3 
concentration of the unreacted BCl3 gas has increased 
from 20~o (the 10BCl3 concentration of our initial sample) 
to 3790. i. e., we have doubled the IOBCl3 concentration 
in our experiment. In the case of reaction products the 
experimentally observed values of hOB: lUB are 1 : 3.9, 
1: 2.0, 1: 2.2, and 1: 2.4, respectively, for the mole
cules BCI2, B2H2C14 , B2H2C1 3 , and ~H2Clz' 

The corresponding computer simulated values for the 
molecules above are 1: 4.3, 1: 2.2, 1: 2.2, and 1: 2.2, 
respectively. The perfect agreement between the ob
served and computed isotopic ratio of boron for the cata
lytic laser photochemical products of BCI/H2 suggests 
the following facts: (1) The boron isotopic enrichment 
was not observed for the reaction products; (2) the spec
tral assignment of m/e 163-170 and 80-85 to the mole
cules B2H2Cl4 and BCI2, respectively, is further con
firmed; (3) the radicals BzH2Cl 3 and B2H2Cl2 are indeed 
the fragmentations of BzH2Cl4 molecules. It is worth
while to mention that when one sums up the unreacted 
gases and the reaction products one finds that the ob
served natural abundance of boron is different from that 
of the computed. This indicates that one of the boron 
isotopes (liB in our case) is absorbed on or even diffused 
into the metal catalyst. The identification of the metal 
catalyst using the ESC A technique is now in progress. 

IV. MECHANISMS 

We know that the reaction products for the catalytic 
laser photochemistry of BCI3/H2/Ti and BCI/HiPb 
were identified as B2H2Cl4 and B2C14, respectively. How
ever, Rockwood and Hudson3 indicated that the BHCl2 
is the only product for the CO:! laser photochemistry of 
BCl3 and Hz. The difference between our experiments 
and those of the Rockwood et ai. 3 can be seen as follows: 
(1) B2H2Cl4 and B2Cl4 molecules are readily generated on 
the surface of the metal catalysts; (2) the production of 
BHClz may require a higher concentration mixture of 
BCl3 and H2. It was found3 that a 1 : 1 ratio of BCl3 to H2 
at a total pressure of 40 torr (which is similar to our 
sample mixtures) can produce 3 torr of HBCl2 after 180 
laser pulses. In addition, the reaction products of 
B2H2Cl4 and B2Cl4 were not detected in our catalysis 
free system. These results eliminate the second pos
sible explanation. 

By comparing the top- right and the bottom- right mass 
spectra of Fig. lone sees that the mass peaks of m/e 
162, 127, and 92 were not observed experimentally. 
This indicates that the possible boron isotopic combina
tions for the reaction products of the BCI/H2/Ti system 
are lOB llBH2Cl4 and 11B I1BHzCl4, i. e., lOB IOBH2Cl

4 
was 

not produced. Although the products lOB uBCl4 and 
11B I1BCl4 were not seen directly in the mass spectrum 
of the BCI3/H2/Pb system, we believe that the observed 
10BCl2 radical is due to the fragmentation of 10B 11 BCl4 
but not of lOB IOBCI4 • Furthermore, the isotopic en
richment of boron is only observed for the unreacted 
BCl3 gas but not for the reaction products. Thus, one 
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can draw the following conclusions: (1) Laser excitation 
step of lIBC13 to give llBCla radical is selective but the 
following reaction step of lIBC12 radical with molecules 
BC13 and H2 is not; (2) the formation of BaHaC14 and B2C14 
through a combination of two lIBC12 radicals did not oc
cur. 

It is known16 that the adsorption of H2 on the metal sur
face of Ti is a chemisorption process, whereas that on 
the Pb metal surface is a physical adsorption. Since· 
chemisorption is essentially a chemical reaction, the 
strength of adsorption (or the heat of adsorption - ilH.) 
for the adsorption of hydrogen on Ti may be sufficient 
to dissociate the H-H bond into two adsorbed hydrogen 
atoms (or hydrogen ions). The chemisorption of a hydro
gen molecule on the Ti catalyst can be represented as 

H2 + 2 Ti - 2H- Ti 

- H'-Ti and H-- Ti. (1) 

On the other hand, the potential energy curve for the 
process of physical adsorption is characterized by a 
shallow minimum. This means that the heat of physical 
adsorption (or the hydrogen molecule on the Pb metal 
surface is small, i. e., the physically adsorbed hydro
gen is readily desorbed. The representation of a mole
cule of hydrogen physically adsorbed on a Pb surface is 

(2) 

From the discussions above the mechanisms for the 
laser photochemistry of BCl3 and Ha on the Pb metal sur
face may be proposed as follows: 

11 BC13 + hv (10.55 J..I.m) - llBCla + Cl, (3) 

11 BCla + Ha' .·2 Pb- 11BCl2· . ·2 Pb + H2, (4) 

llBC12· ·.2 Pb- 10,llBCla- 10.11B11 BCl4 + Cl, (5) 

2CI+H2-2HCl. (6) 

Reaction (3) is a selective multiple photon dissociation 
of llBCl3 to give lI BC12 radicals. When the kinetically 
energized llBCl2 radical approaches the Pb metal sur
face the kinetic energy carried by the radical would pre
sumably be enough to desorbe the H2 as shown in reac
tion (4). Reaction (5) shows that the isotopically selec
tive I1 BCl2 radicals react nonselectively with BCl3 mole
cules which give the nonselective reaction products. 

The possible reaction mechanisms for the case of 
BCI3/H2/Ti are also initiated by the reaction (3) fol
lowed by the processes 

Cl'B11 H- T' (7) 
lIBCl H T' ( W T') - - 1, 2 + - 1 or - 1 - C( 

Cl, 
lo· l1 BC13+H-Ti (or H+-Ti)- Cl_B10 •11 _H+_Ti, (8) 

Cl/ 

The Cl radical will then react with H2 and produce HCl 
following the reaction (6). One can see that the kinetic 
energy of 11BC12 is not large enough to break the H- Ti 
bond. Instead of a desorptibn of H2 (H atom), a Lewis 
acid-base reaction occurs on the Ti surface for the 
species lI BC1 2, lOBC13, and lIBC13 as shown in Reactions 
(7) and (8). The exact configuration for the formation 
of bridge compounds lOB 11BH2Cl4 and 11B 11BH2C14 is not 
known, Presumably, the characteristic metal surface 
of Ti allows a transition state of Reaction (9) to form. 

V. REMARKS 

We have illustrated that catalysis can make the laser 
photochemistry go fast and allow one to generate a new 
class of compounds which was impossible to produce by 
a thermal reaction or by a catalysis free photochemical 
process, The effect of a catalyst on the laser photo
chemistry should depend not only on the different hetero
geneous catalysts used but also on the state of a catalyst 
prepared such as the metal size, and face, etc. A 
throughly understanding of the effect is certainly very 
important in the field of laser photochemical industrial
ization. 17 

Up to the present time the high efficiency laser isotope 
separations were all achieved18 under very low sample 
pressure, in an order of 0,5-2 torr. This is due to the 
fact that the energy transfer processes through collision
al channel become faster at higher sample pressure. 
The fast energy transfer from one isotope to the other 
results in a loss of the isotopic selectivity and limits 
the production of isotopes still in the laboratory scale. 
On the contrary, we have doubled the lOBCl3 concentra
tion for a sample mixture of 1: 2 ratio of BCl3 to H2 at 
a total pressure of 38 torr after 180 laser pulses. 
Clearly, this is because the effect of catalysis speeds 
up the chemical reaction rate and also relatively de
creases the energy transfer rate. At this point we 
would like to mention that the same technique is ap
plicable for the other light elements as well as for the 
heavy elements 235U and 238U. 19 
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