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Constants and the Y = 2 / v  = 1 Ratio from CI + HBr + HCI(v) + Br 
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The CI2/HBr chain reaction is reinvestigated by using real time state-selected observations of Av = -1 chemiluminescence 
from the HCI(v) products following pulsed laser photolysis of C1,. These state-selected observations are analyzed with a 
more complete kinetic treatment to obtain room temperature rate constants for the chain propagation steps and the vibrational 
deactivation of HCI(v= 1,2) by HBr. The chain propagation rate constants are kR1 = (1.02 f 0.15) X lo-" and kR2 = (1.1 
f 0.4) X cm3 molecule-' s-I, respectively, for CI + HBr h b  HCI(v) + Br and Br + C12 hu BrCl + CI. Rate constants 
for vibrational deactivation of HCl(v=l) and HCl(u=2) by HBr are kvl = (1.06 f 0.16) X and kV2 = (2.09 f 0.50) 
X cm3 molecule-' s-'. Relative intensity measurements of the HC1 v = 2 - 1 and 1 - 0 vibrational fluorescence are 
used to obtain an HCI(v) product branching ratio, Nvi2/Nu=l = 0.40 f 0.06. The kinetic analysis indicates that broad-band 
observations of infrared chemiluminescence may lead to erroneous rate constant determinations because of vibrational cascade, 
whereas the detection of individual vibrational states leads to correct results. 

I. Introduction 
The C1 + HBr - HCl(v12) + Br reaction has been investi- 

gated in a number of infrared chemiluminescence and 
classical kinetics measurementsI0J1 to obtain both the rate vi- 
brational branching fractions and rate constant. Arrested re- 
laxation experiments by Maylotte, Polanyi, and Woodall' provided 
the first HCI(v=2)/HCI(v=l) product branching ratio of 0.4. 
Later, Bergquist et aL2 reported a branching ratio of 0.12 in a 
fast flow tube study, and Zwier et aL3 obtained a value of 0.1 1 
from time-resolved infrared chemiluminescence observations in 
a laser-initiated reaction study. More recently Wickramaaratchi 
and S e t ~ e r , ~  using the fast flow technique with higher spectral 
resolution, measured a branching ratio of 0.37. Since the fast 
flow tube  measurement^^,^ agree regarding the HCl(v) distribution 
from C1 + HI, it is difficult to reconcile their difference for the 
Cl + HBr branching ratio. A detailed balancing calculation of 
Macdonald and Moore5 places a limit on the branching ratio of 
10.07. There is no compelling reason to suspect errors in any 
of the experimental results. 

The C1 + HBr reaction rate constant has also been studied 
extensively. Moore and determined the rate constant 
and a non-Arrhenius temperature dependence from time-resolved 
infrared fluorescence measurements following the pulsed laser 
photolysis of CI2. Using a similar technique Nesbitt and Leoneg 
obtained the rate constants for the C1 + HBr reaction and the 
subsequent slower Br + C12 reaction in their initial study of the 
C12/HBr chain reaction system. The results of these investigations 
are all in good agreement, with a generally accepted value6 of (8.4 
f 0.5) X cm3 molecule-' s-' for C1 + HBr at  room tem- 
perature. These experiments were conducted with various 
broad-band interference filters so that the observations are a 
weighted average of HC1 u = 1 - 0 and u = 2 - 1 vibrational 
fluorescence. Rubin and Persky lo  reported a slightly higher rate 
constant for CI + HBr, 1.06 X lo-'' cm3 molecule-' s-', determined 
by a competitive method using mass spectrometry. They also 
observed an Arrhenius temperature dependence for this reaction 
over the range 222-504 K. Most recently, Lamb et al." reported 
a very different rate constant of 3.4 X cm3 molecule-l s-I 
using a very low pressure reactor, a value which falls far out of 
the range of the large body of data. 

Several recent ~ t u d i e s ~ ~ ' ~ - ' ~  have emphasized the need for 
making vibrationally state-selected observations in infrared 
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chemiluminescence (IRCL) experiments when a distribution of 
product vibrational states occurs. The reason for this concern is 
that the vibrational deactivation rates for higher v levels can 
become competitive with the reaction rates for some chemical 
systems. In such systems the rise time of the product vibrational 
chemiluminescence may contain contributions from both the re- 
action of interest and the vibrational cascading process. Conse- 
quently, reaction rates extracted from rise time measurements 
based upon detection of multiple vibrational states may lead to 
erroneous results in some instances. 

In this paper we report the results of a reinvestigation of the 
C12/HBr chain reaction system. This study was undertaken in 
an attempt to reconcile the large discrepancy in the previous 
branching ratio measurements for the reaction of C1 atoms with 
HBr. In addition, the results provide a new determination of the 
C1+ HBr rate constant. Real time state-selected measurements 
of HCl(v= 1) and (v=2) are recorded after pulsed laser initiation 
of the chain reaction in gas mixtures of C12 and HBr diluted in 
argon. The observations are analyzed according to detailed so- 
lutions of the multiple state kinetics. The rate constant obtained 
for C1 + HBr is in good agreement with the value of Rubin and 
Persky,Io and the analysis indicates that the earlier IRCL reaction 
rate  measurement^^-^ are 20-30% low due to the influence of 
vibrational cascading. The much smaller rate constant result of 
Lamb, Kondo, and Benson" cannot be reconciled. The branching 
ratio (v = 2/v = 1) reported here (0.40) is in excellent agreement 
with the -0.4 values obtained by arrested relaxation' and the 
flow tube experiment of Wickramaaratchi and S e t ~ e r . ~  Expla- 
nations for the lower literature values are discussed. There is still 
difficulty in reconciling this larger value of the branching ratio 
with the detailed balancing calculation using Macdonald and 
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Moore’s5 rate constant for the reverse reaction of Br + HCl(u=2). 
The C12/HBr chain reaction is one of the best documented cases 
to date of the influence of vibrational cascade deactivation upon 
reaction rate determinations. These results provide clear evidence 
that state-selected observations coupled with the proper kinetic 
analysis are crucial in the determination of reliable rate constants 
from real time vibrational chemiluminescence experiments. 

11. Experimental Section 
The experimental apparatus is essentially the same as that used 

in previous chain reaction  investigation^.'^ It consists of a flow 
cell in which C12 and HBr are diluted in a flow of argon (linear 
flow velocity = 15-80 cm s-I) and irradiated with a pulsed ul- 
traviolet laser to initiate the reactions. State-selected, real time 
infrared fluorescence from HCl(v=I) and ( ~ 2 )  is detected with 
a fast infrared detector. The signals are digitized and signal 
averaged for 500-5000 laser pulses. The intensity vs. time curves 
are digitized and stored on floppy disks for subsequent computer 
analysis, and they are also plotted for manual data analysis. 

Ultraviolet pulses a t  355 nm (4-35 mJ, 5 ns) from the third 
harmonic of a Q-switched Nd:YAG laser generate C1 atoms at 
time = 0. The density can be varied over a wide range, 5 X IO” 
cm-3 5 [Cl], I 5 X I O l 3  ~ m - ~ ;  the atoms are produced in a 
I-2.5-cm-diameter volume. Pseudo-first-order conditions are 
ensured by keeping [HBr]/[CI], > 30. The S/N values of the 
peak intensities are at least 20:l after signal averaging and >40:1 
for data used in the branching ratio measurements. 

The Pyrex flow cell (4 cm diameter X 40 cm long) is uniformly 
coated with a halocarbon wax to minimize wall-catalyzed reactions 
of C12 + HBr. The CI2 and HBr reagents are added through 
separate nozzle inlets to the argon flow upstream of the photolysis 
region. Gas flow rates are adjusted with fine monel or stainless 
steel needle valves and measured by calibrated electronic flow 
meters. Reactant pressures are calculated from their partial flow 
rates and the total gas pressure, which is measured with a ca- 
pacitance manometer. Linear flow velocities range from 15 to 
80 cm s-’ and the laser repetition rate is adjusted from 2 to 10 
Hz to allow the reactants to be replenished between laser pulses. 

A key ingredient in the measurement of the D = 2/v = 1 
branching ratio of the HCI(u) product and the accurate deter- 
mination of the absolute rate coefficients is to separate the ro- 
tationally relaxed u = 2 4 1 and u = 1 - 0 emission with 
appropriate spectral filters. The time-dependent algebraic ex- 
pressions for [HCI(u=2)] and [HCI(u=I)] developed in the next 
section are then used to analyze these state-selected observations. 
Three types of spectral filters are used to provide vibrational state 
specificity in these experiments. The most important of these is 
a cold gas filter containing 25 kPa of HC1 (1 Pa = 7.5 X 
Torr) in a I-cm optical path. One measurement is made with 
the HC1 frozen in a cold finger by liquid nitrogen. This first 
observation is the sum of the u = 2 - 1 and 1 - 0 emission 
signals. A second observation is made with the cold finger at room 
temperature so that the 1 - 0 emission is absorbed, but the 2 - 1 fluorescence is transmitted. After normalization for the laser 
energy between the two observations, the digitized data files are 
subtracted to obtain the 1 -+ 0 emission signal. A broad-band 
interference filter (50% T points a t  3210 and 2480 cm-’; 10% T 
points a t  3260 and 2400 cm-’) is used to restrict the spectral 
observation in the general region of the HCl emission. The third 
filter is a cold gas filter containing 27 kPa of HBr in a 5.1-cm 
path, used to remove the HBr 1 - 0 fluorescence that occurs by 
vibrational energy transfer from the HCl(u) species. 

The ratio of HC1 2 - 1 and 1 - 0 emission intensity, 
I(2-+l)/Z(l-O), is converted into a ratio of the L‘ = 2 and u = 
1 populations, [HC1(~=2)]/[HCl(u=l)]. This is accomplished 
with a knowledge of the relative detection efficiency of the filtered 
InSb detector. The 77 K photovoltaic detector (1.48-cm2 active 
surface area) exhibits a flat response per photon over the spectral 
range of the HCI 2 - 1 and 1 - 0 emission. If a Boltzmann 
distribution of population is assumed among the rotational levels, 
the emission intensity from a vibrational level, c’, that is recorded 
by the detector, is given by 

where T, is the frequency-dependent filter transmittance, IR$$I 
is the transition moment for a particular v r J -  vrr ,Jrr  transition, 
and 

N,,(J? a B , ( J ’ +  J” + 1) exp[-B,Jr(J’ + l ) / k T ]  

The calculations are performed using the molecular constants of 
Rank et al.Is and the corrected transition moments given in ref 
4. The T, values of the broad-band filter are obtained from a 
transmission spectrum taken with a spectrometer. The result is 
given by 

[HCl(u=2)] I(2-1) 
[HCl(u=I)] I( 1-0) 

= 0.625- 

The value, 0.625, is very near to the ratio of the Einstein coef- 
f i c i e n t ~ , ~  A,, /A, ,  = 0.582, which indicates that the filter trans- 
mission is relatively flat over the region of interest. 

All gases are handled in a conventional glass vacuum line with 
<1.3 X Pa background pressure. Argon (99.999%) is used 
directly from a gas cylinder, while the C12 (99.5%) is vacuum 
distilled at a slush bath temperature corresponding to approxi- 
mately 1 kPa vapor pressure. The middle fractions from the 
distillations are stored in 12-L Pyrex bulbs and the C12 is pumped 
on for 1 to I O  minutes while being held at 147 K (I-propanol slush) 
to remove possible C 0 2  impurity. These samples are thoroughly 
degassed before each use, and during the experiments their vapor 
pressure is maintained at -30 kPa over the liquid to ensure 
constant backing pressures. The needle valves require infrequent 
adjustment during the course of several experiments to maintain 
a constant gas flow. C12 is used without distillation (99.9%) when 
high flow rates are required. These samples are degassed several 
times at 77 K and then at  147 K for C 0 2  removal. 

The HBr used in this study is prepared by passing an ap- 
proximately 2:l mixture of H2 (99.999%):Br2 (99.8%) at - 1-10 
kPa through a 12-mm quartz tube heated to -600 “ C  in a tube 
furnace. The HBr product is collected together with a small 
amount of unreacted Br2 in a 77 K cold finger. Repeated vacuum 
distillations are used to remove the Br, impurity. Preliminary 
results using commercially available HBr yielded a slower rise 
time for the 1 - 0 emission than for the 2 - 1 emission. Concern 
that this indicated a potential impurity, possibly HI, prompted 
this synthesis of HBr from high-purity H2 and Br2. Both HBr 
samples gave the same results. As will be shown below the slower 
1 - 0 rise time was subsequently determined to be a result of 
vibrational cascading from the u = 2 level. 

111. Kinetic Analysis 
A. Rnte Coefficients. The following reactions and vibrational 

energy transfer processes are included in the two-state ( u  = 1 and 
1; = 2) kinetic analysis developed in this section: 

355 nm, 5 ns 
(initiation) C1, - 2C1 

kR,  
CI + HBr - HCl(ui2)  + Br, = -65.0 kJ mol-’ 

(R1) 
kP.2 

Br + CI, - BrCl + C1, = +24.1 kJ mol-’ (R2) 

HCI(u=l) + HBr(u=O) - kV, 

HCI(u=O) + HBr(u=l) + 327 cm-’ (3.9 kJ mol-’) (Vl)  

kV2 
HCI(u=2) + HBr(u=O) - 

HCI(u=I) + HBr(u=l) + 223 cm-’ (2.7 kJ mol-’) (V2) 

Reactions R1 and R2 constitute the chain reaction with a rapid 

(1 5 )  Rank, D. H.; Rao, B. S.; Wiggins, T. A.  J .  Mol. Spectrosc. 1965, 17, 
122. 
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first step followed by a much slower regeneration of the C1 atoms. 
Termination reactions, such as recombination of the chain carriers, 
Br and CI, are omitted because of the small concentrations of these 
species and the short time scale of the experimental observations. 
The HCl(u) species deactivate almost exclusively by one-quantum 
vibrational energy transfer to HBr(u=0).I6 Deactivation of 
HCl(u) by Ar, Cl,, C1, and Br is not important due to the small 
rate constants with Ar and Clz and the small concentrations of 
Br and C1 atoms. 

The appropriate differential equation is solved under pseudo- 
first-order conditions, [HBr] >> [Cl] and [Cl,] >> [Br], to yield 

where [Cl], is the initial C1 atom concentration at  time = 0 
produced by the photolysis laser. This expression indicates that 
[Cl] decays to a steady-state value, [Cl],,, given by the second 
term of eq 1. The decay rate of C1 atoms is given by the sum 
of the two chain propagation rates. 

The expressions for [HCl(u=2)] can be obtained for two distinct 
experimental conditions, set by the concentration of [Cl,] relative 
to [HBr]. One simplification is achieved for kR1 [HBr] >> kRZ[Cl2]. 
At the highest [Cl,] used in this study, kRl [HBr] is a t  least two 
orders of magnitude greater than kR2[C12]. Thus using eq 1 and 
making approximations allowed in this case, we can find for the 
HCl(u=2) product: 

[HCl(u=2)] = [HCl(~=2)]~(exp(-k~~[HBr]t) - 

where 

exp(-kRl [HBrIt)] + [HCl(u=2)],,( 1 - exp(-kv2[HBr]t)) (2) 

(3) 

(4) 

and a is the fraction of [Cl], that yields the HCl(u=2) product. 
The kinetic behavior of [HCl(u=2)] described by eq 2 is dis- 

played in the experimental data of Figure 1. Upon generation 
of [Cl], a t  time = 0, HCl(u=2) is produced in reaction R1, and 
the 2 - 1 emission signal rises quickly with an exponential time 
constant, T,,, = (kR1[HBr] + kR2[cl2])-l (kR1[HBr])-l. After 
a few intervals of the time duration, 7rise, the concentration of [Cl] 
approaches [Cl],, and the rate of HCl(u=2) production decreases 
to the linear term akR,[HBr] [Cl],,. Vibrational deactivation of 
HCl(u=2), primarily by V-V transfer to HBr, leads to an ex- 
ponential decay of the u = 2 signal with time constant, T~~ = 
(kV2[HBr])-'. The signal intensity drops to a nonzero steady-state 
level, I , ,  proportional to [HCl(u=2)],,. This small, steady-state 
signal, which is only readily observed at  relatively high [Cl,], is 
the signpost of the slow chain propagation step that converts Br 
atoms back into C1 atoms. The exponential decay of HCl(v=2), 
when extrapolated back to time = 0, yields a signal intensity, Io 
a [HCl(u=2)],. The rate coefficients, kRI  and kV2, are obtained 
directly from the real time signal rise and decay, respectively, while 
kR2 is determined from the ratio, Z,,/10.9914 

Experiments with the highest concentrations of [Cl,], described 
by eq 2-4, are used primarily for kRZ determination, where a 
measurable I ,  must be generated. Most of the other experiments 
considered here are carried out with ten- to twentyfold lower [Cl,], 
where, in addition to the previous kRl[HBr] >> kR2[C12] condition, 
the relationships kv2[HBr] > kvl [HBr] >> kR2[C12] also apply.I6 
This allows for an even greater simplification of eq 2 
[HCI(v=2)] N 

[ HCl(u=2)] ,{exp(-kvZ [ HBr] t )  - exp(-kRl [ HBr] t ) )  ( 5 )  

(16) Leone, S. R. J .  Phys. Chem. ReJ Data 1982, 11, 953. 
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Time (msec) 
Figure 1. Time-resolved infrared fluorescence from HCI(u=2) produced 
in reaction R1. The signal is described by eq 4 where I ,  [HCI(u=2)], 
and I,, [HCl(u=2)],,. 

where [HCl(v=2)l0 is still given by eq 3. Here the steady-state 
signal indicative of reaction R2 is negligible and is no longer 
observable a t  lower chlorine concentrations. The values of kR1 
and kV2 are still determined from the signal rise and decay times, 
but the chain behavior is suppressed so that the v = 2 / u  = 1 
product branching ratio is more easily determined. 

In the absence of the chain reaction the HCl(u=l-0) signal 
is proportional to 

[HCl(u=l)] N [HC1(u=1)I0 (exp(-kvIIHBr]t) - 
exp(-kRl[HBr]t)] + [HCl(u=l)],(exp(-kvl [HBrIt) - 

exp(-kvz[HBrI 01 (6)  

where 

[ H C ~ ( U = I ) ] ~  [ - kR1[C110 ][ /3 - -a] kv2 (7) 
kR1 - kVl kR1 - kV2 

and /3 is the fraction of [Cl], that yields HCl(u=l). The first term 
in eq 6 is much like eq 5;  however, the expression for [HCl(u=l)], 
has an additional term containing a, the branching fraction into 
u = 2, which is introduced by vibrational cascading. The second 
term in eq 6 is due to the V-V production of HCI(o=l) described 
by reaction V2. According to eq 6, with kRI  > kV2 > kvl, an 
additional signal in HCI(u= 1) rises with the same time constant 
with which [HCI(v=2)] decays, T ~ ~ ,  adding a third time com- 
ponent to the 1 - 0 signal. The relative influence of this term 
on the overall kinetic behavior of [HCl(u= 1 J ) ]  is dependent on 
the branching ratio into u = 2. In the limit, CY - 0, the HCI(o= 1) 
population is described by the first term in eq 6, and in this limit 
the rise time is simply related to kR1 by T , ~ ~ ~  N (kR1 [HBr])-'. If 
CY # 0 the rising intensity of the 1 - 0 emission is not single 
exponential, and an analysis that assumes a single risetime may 
lead to erroneous determinations of kR1. The seriousness of the 
error increases with increasing ratio of CY/@. The complication 
of the vibrational cascading leads to the conclusion that kRl can 
be best determined from the state-selected observations of the 2 - 1 emission. An examination of eq 6 reveals that extrapolation 
of the exponential decay to time = 0 is proportional to the sum, 
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Figure 2. Calculated HCI u = 1 - 0 emission curves obtained by using 
eq 1 1. The inset time scale has been expanded fivefold, and the intensity 
scale has been compressed by a factor of two in order to show the early 
time detail of the signals. A visual inspection reveals that there are at 
least three time components to the upper curve. The lower curve gives 
no visible hint of a third time component although it is present. The 
parameters for the lower curve were chosen to approximate the HCI(u= 1) 
signal in the CI + HBr reaction. 

[HCl(u=l)], + [HCl(u=l)],. The value of kvl is determined 
directly from the measured signal decay time, T~~ r (k,,[HBr])-I. 

[HCl(u=l)] 

Equation 6 can be restated as 

( A  + B) exp(-t/rvl) - A exp(-t/Tvz) - 
exp(-t/TRl) (9)  

by equating A with [HCl(u=l)], and B with [HCI(u=l)],. In 
certain limits, it might be possible to identify the three time 
components of eq 9 in the experiment. However, in our case the 
experimental observations appear to be a single exponential rise 
followed by a single decay. Two extremes are illustrated in Figure 
2 with computer-generated 1 - 0 emission signals calculated by 
using eq 9. The upper trace is calculated for TV1:TVZ:TRI = 100:20:1 
and A / B  = 1.37 (corresponding to a branching ratio, CY/@, = 1). 
Here, the time constants are considerably different, and A / B  is 
large enough so that two components in the rise time are easily 
identified. The lower trace of Figure 2 also obeys eq 9, with 
T v ~ : T v ~ : T R ~  = 100:52:11 and A / B  = 0.77 (corresponding to CY/@ 
0.3. This curve appears to rise smoothly with a single exponential 
time constant, and even if curves of this type are subjected to fitting 
procedures to obtain three time constants, the results may not be 
reliable. A significant error occurs if this curve is fit to the 
difference of two exponentials by taking the “rise time” to be T~~ 

(Le. neglecting vibrational cascading and considering only the first 
term in eq 6). It is possible to obtain respectable correlation 
coefficients from such a fit, and although the value found for T ~ ,  

is quite good, “T,,,,” is about twice as large as the true T R I  in this 
example. In the following section we will show that this effect 
upon “ T , ~ , ~ ” ,  while devastating to obtain kRl, provides a means to 
measure the u = 2:u = 1 product branching ratio reliably. 

The preceding example and discussion illustrates the potential 
problems in attempting to extract kRI from rise time observations 
where vibrational cascading may interfere. It is more rigorous 
to obtain k R I  from state-selected observations on the highest 
product vibrational level, which is produced only by reaction. 
Previous investigations of reaction R1 have been accomplished 
with broad-band fluorescence detection of both excited levels and 
by fitting the signals as a simple difference of two exponential 
 term^.^-^ In reality, the observations consist of the sum of one 
signal obeying eq 5 plus one signal described by eq 6, with a 
weighting factor determined by the branching ratio, the sponta- 
neous emission coefficients, and the optical filter characteristics. 
This problem has led to rate constant determinations that are 
20-30% too low in previous reports. 

B. Branching Ratio. Measurements of the state-selected u = 
2 - 1 and u = 1 - 0 emission signals, after normalization for 
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4 
Figure 3. Apparent reaction rate constants obtained from calculated 1 
-+ 0 emission curves. The curves were calculated for various values of 
a / @  by using eq 11 with kR1 = 10.0, kV2 = 2.1, and kvl  = 1.1 (X  IO-’* 
cm3 molecule-I s-’). Rise times were obtained by the same treatment 
used for the experimental observations, and the “apparent kRln is r,,,[I 
divided by the value of [HBr] used in the calculation. “Apparent kRln  
values from experimental 1 - 0 observations are used with this plot to 
provide an estimate for a /@.  The arrows indicate the limiting values at 
low and high values of a/@. 

laser energy, are analyzed with the kinetics equations to obtain 
a/@, the u = 2:u = 1 product branching ratio of reaction R1. Two 
very different approaches may be used to obtain CY/@ from the 
experimental observations. The more obvious method involves 
measurement of the relative intensities of the u = 2 and u = 1 
fluorescence signals, taking account of the vibrational cascade, 
and conversion of the intensity ratio to the population ratio using 
the relationship for the filter and radiative factors given earlier 

[HCl(u=2)] 42-1) 
[HCI(u= l ) ]  I( 1-0) 

= 0.625- 

A less obvious method to determine CY/@ involves the effect of the 
branching ratio and vibrational cascading upon the rise time of 
the 1 - 0 signal. The details of this latter estimate are presented 
first, followed by a discussion of the more rigorous method based 
upon eq 10. 

In the discussion of the rate coefficients above, we presented 
a calculated 1 - 0 emission signal for the case CY/@ = 0.3. When 
this signal is analyzed as if it were a single potential rise, the “rise 
time” is about twice as long as the real T R I .  Similar 1 - 0 signals 
can be generated by using eq 6 with different values of CY/@. Figure 
3 displays the relationship between the apparent kRI  from the 1 - 0 “rise times” and the branching ratio. Because these signals 
really have two time components in the rise, a simple fitting 
procedure will yield a “rise time” that is sensitive to the specific 
time region used in the analysis. If similar time regions are used 
for the simulated signals and for the experimental 1 - 0 ob- 
servations, Figure 3 can be used to obtain an estimate of the 
branching ratio. A unique aspect of this method is that only u 
= 1 - 0 state-selected observations are required. There is no 
need to know the relative HCI(u=2) and HCI(u=l) detection 
efficiencies. However, all the rate constants, kRI ,  kvl ,  and kvz, 
must be separately determined in different limits. 

The intensity ratio method uses eq 10, in which eq 5 and 6 are 
substituted for the numerator and denominator, respectively. In 
general, experimentally determined values for kRl ,  kV2, and kvl 
can be used to evaluate the left-hand side of eq 10 at specific times, 
t ,  at which the intensity ratio has been measured. Since the entire 
emission waveforms are experimentally obtained, I(2-1) and 
1(1-0) can be taken at any respective times t 2  and t l  without a 
restriction that t l  = t2 .  Thus peak intensities, which can be 
determined with minimal uncertainty at times ti > t2 ,  may be used 
to determine the branching ratio. 

The intensity ratio can also be determined in two limiting cases. 
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TABLE I: Rate Coefficients in the Clz + HBr Chain Reaction System 
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expt no." PHB? pa26 PA? kRIC kRZd kvzC kVIC apparent kRlCSe 
1 8-43 25 630 9.5 2.61 1.15 5.4 (0.32) 
2 8-3 1 25 600 9.7 2.16 
3 5-32 15 710 11.0 1.95 
4 7-37 15 710 9.8 1.96 1.01 5.7 (0.28) 
5 4-25 12 630 11.3 2.07 1.01 4.9 (0.41) 
6 8-43 264 660 10.5 1.1 1.99 
7 7-43 287 620 9.4 1.86 

av f 2 6  10.2 * 1.5 1.1 f 0.48 2.09 * 0.50 1.06 f 0.16 

"Experiments consist of 7-17 measurements of 1 -, 0 and/or 2 -, 1 signals over a range of HBr pressures. bPascal (1 Pa = 7.5 X lo3 Torr). 
c10-12 cm3 molecule-I s-l. d10-'5 cm3 molecule-' s-l. CFrom 1 -+ 0 observations (values in parentheses are estimates of a/@ from Figure 3). 
fStandard deviations of the individual determinations are less than the quoted standard deviation about the mean. Estimated standard deviation. 

In one, the intensities are obtained by back-extrapolating the signal 
decays to t = 0 and used with the expression: 

[HC1(~=2)]o P(2-1) 

[ H C l ( ~ = l ) ] o  + [HCI(U=~)] ,  P( 1-0) = 0.625- (11) 

It is also possible to measure the intensity ratio in the earliest part 
of the signal rises near t = 0 where vibrational deactivation is not 
yet important. In this case the branching ratio is given by 

a Z(2-1) 
- = 0.625- P I( 1 +O) 

where a simplification of eq 10 is made by using the approxi- 
mation, e-&' 1 - kt.  The results obtained by using each of these 
approaches will be compared in the next section. 

IV. Results and Discussion 
A .  Rate Coefficients from HCl(u=2) Observations. The 

state-selected HCI(u=2) observations provide the best opportunity 
to measure kR1. Under conditions of high [Cl,], the 2 - 1 
emission obeys eq 2 and kR2 may also be obtained. Figure 1 
presents a typical 2 - 1 emission signal viewed through both the 
HCI and HBr cold gas filters and the interference bandpass filter. 
The steady-state intensity, Z, [HCI(u=2)],, is obtained at  t >> 
rv2 = (kV2[HBr])-l to minimize any contribution from the first 
term of eq 2. The decaying signal intensity (before Z, is reached) 
is subjected to a semilog least-squares fit in order to obtain rV2 
and Zo a [HCI(u=2)],. The difference between the back-ex- 
trapolated decay and the signal rise is subjected to a semilog fit 
to obtain rl,=. Three quantities are obtained from an analysis of 
the 2 - 1 emission observations with high [Cl,]: 7 ~ 2 ,  rrlse, and 
the ratio, (Zss/Zo). At lower [Cl,] the slow chain behavior is 
suppressed, and (Zss/Zo) - 0; however, rv2 and rrise are still ob- 
tained by the semilog fitting procedures described. 

In a typical experiment [Cl,] and [Ar] are held approximately 
constant while emission signals are collected at  varying HBr 
pressures. The measured time constants for the rise and decay 
of the 2 -.+ 1 emission are related to the rate constants by rIIse 
N (kRIIHBr])-' and rv2 N (kv2[HBr])-', respectively. Plots of 
rV2-' and T ~ ~ ~ ; '  vs. [HBr] yield the respective rate constants kV2 
and kR1 from the slopes of linear least-squares fits of the data. 
Plots of representative data are displayed in Figures 4 and 5 for 
one experiment a t  low [Cl,]. The values of kRI and kV2 obtained 
from these plots are listed in Table I along with results from six 
other experiments. 

The average value (f2u) of kRI from Table I is (1.02 f 0.15) 
X lo-" cm3 molecule-' s-I. This is -20% higher than the result 
of Mei and Moore6 and should be considered as more accurate 
since the interference due to vibrational cascading is not present 
in the 2 - 1 observations. The recent flow tube result of Rubin 
and Persky,Io kR1 = 1.06 X lo-" cm3 molecule-' s-', is based upon 
a competitive rate technique using C2H6 as the reference reactant 
and mass spectrometric measurements of the HBr and C2H6 
removal. Their value is also free from vibrational cascading 
interference, and it is in excellent agreement with our determi- 
nation. Lamb et ai. report a value of kR1 = 3.4 x lo-', cm3 
molecule-' s-l in a recent investigation using an improved very 
low pressure reactor (VLPR)." Considering the good agreement 
of previous IRCL results,69 the improved understanding provided 

0 2 4 6 8 
[HBr] IO15 molecule cm-3 

Figure 4. State-selected vibrational deactivation rates vs. [HBr]. The 
slope of the least-squares fit gives the rate constant for vibrational re- 
laxation of HCI(u) by HBr. 

0 2 4 6 8 
[HBr] 1014 molecule cm-3 

Figure 5. Reaction rate for (RI) vs. [HBr] from HCI 2 - 1 rise time 
measurements. kRI is the slope of the line through the u = 2 data. Data 
for u = 1 were obtained as described in the text. Vibrational cascading 
slows the "rise time" for the 1 -, 0 signal, thereby providing a novel 
method by which to measure the HCI(u=2)/HCI(u= 1) branching ratio, 
but yielding an incorrect determination of kRI.  

by the present state-selected study, and the confirmation of the 
competitive rate results,I0 it would seem that the VLPR result 
has significantly underestimated kRI .  The VLPR experiment is 
performed under conditions far from pseudo-first-order and does 
not consider the effects of back reaction Br + HCl(u=2) + HBr 
+ C1; however, this would only seem to increase the observed rate 
of C1 removal as Br and HCI(u=2) are formed. Thus there is no 
way to reconcile the VLPR results. 

Rubin and Perskylo found that kRl (  T )  obeys the Arrhenius 
expression, while Mei and Moore6 observed a distinct curvature 
in their Arrhenius plot, and Lamb et found no T dependence 



3548 The Journal of Physical Chemistry, Vol. 91, No. 13, 1987 Dolson and Leone 

.03 
Is, 
b 
- I .02 

Figure 6. Plot of steady-state intensity ratio data from 2 -+ 1 observa- 
tions at high [Cl,] (see Figure 1 for example). According to eq 13 the 
slope of the line is kR2. The different symbols represent results from two 
separate sets of experiments. 

over a smaller range of temperatures. The disagreement between 
the results of ref 6 and I O  may be due, in part, to an undetected 
vibrational cascading interference in the IRCL study, reasoned 
as follows.6 Quasi-classical trajectory calculations predict an 
increase in a/@ with T.” Figure 3 indicates that, as alp increases, 
the apparent kR1 is reduced (for the 1 - 0 component to the 
signal) due to the increasing contribution of vibrational cascading. 
The net effect upon the experimental observations depends upon 
the values of kR1 and the increase in a/@, and upon the interference 
filter used. Consequently, we can only suggest that the true kR1( 0 
behavior may have been obscured by vibrational cascading in the 
broad-band IRCL observatiom6 This effect may be more severe 
in the CI + H I  reaction, which populates HCI up to u = 4. 

Vibrational relaxation of HCI(u=2) is almost entirely due to 
process V2, as discussed in the kinetic analysis section. Results 
from plots such as in Figure 5 are summarized in Table I for all 
seven experiments. The average value for kV2 is (2.09 f 0.50) 
X cm3 molecule-] s-I and is in agreement with the only other 
measured value,Is (2.9 f 0.4) X 10-l2, a t  the f 2 a  uncertainty 
limits of each value. 

While the temporal behavior of the 2 - 1 emission is governed 
primarily by kR1 and kv2, the Zss/Zo intensity ratio provides a 
measurement of kR2. The slow propagation reaction R2 that 
regenerates CI atoms was previously studied in this group,9 but 
without vibrational state-selective observations because the 
HCI(v=2) population was thought to be In the present study, 
the value of kR2 is determined from the HC1 u = 2 - 1 obser- 
vations in order to avoid complications from vibrational cascading. 
Equations 3 and 4 are combined to yield 

zss/zO kR2[C121(7V2 - Trise) (13) 
In two sets of experiments [Cl,] was increased by ten- to twen- 
tyfold over the lower [Cl,] experiments in order to generate 
measurable Z,, levels. A plot of the intensity ratio vs. [C12](~v2 
- for these two sets of experiments appears in Figure 6. A 
linear fit of the data yields kR2 = (1.1 f 0.4) X cm3 mol- 
ecule-’ s-’ as the slope, where the uncertainty is estimated from 
both the scatter and the errors in Tv2 and T , ~ ~ ~ .  This value is in 
general agreement with the previous mea~urement ,~ (2.4 =k 0.4) 
X cm3 molecule-l s-l, although there is no simple reason why 
the results should differ. Thermodynamic data for reaction R2 
yields AG = 21.9 f 1.3 kJ/mol at 298 K.I9 When the measured 
rate constant for the reverse reaction C1 + BrCl - Br + C12 is 
used,*O (1.45 A 0.2) X 10-l’ cm3 molecule-’ s-I, the detailed 

(17) Brown, J .  C.; Bass, H. E.; Thompson, D. L. J .  Phys. Chem. 1977,8/, 

(18) Dasch, C. J.; Moore, C. B. J .  Chem. Phys. 1980, 72,  41 17. 
(19) JANAF Thermochemical Tables, 2nd ed.; National Bureau of 

Standards: Washington, DC, 1971; NSRD-NBS No. 37. 
(20) Clyne, M. A. A,; Cruse, H. W. J .  Chem. SOC., Faraday Trans. 2 

1972, 68, 1377. 
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Figure 7. 2 - 1 and 1 - 0 emission from HCI(u) in (Rl). The 1 - 
0 signal is obtained by subtracting the 2 - 1 curve from the total 
emission curve as described in the text. The 2 - 1 curve has been shifted 
by 40 ps for this presentation. These curves are the result of 5000 laser 
shots using the HC1 cold gas filter (2 - 1)  and 5000 shots without the 
HC1 filter (2 - 1 and 1 - 0). Branching ratio data are obtained from 
emission curves of this quality. 

balancing prediction for kRZ is (2.2Z.t) X cm3 molecule-1 
s-’, where the uncertainty is obtained from the uncertainty in AG. 
This prediction is in reasonable agreement with our value of k R 2 .  

B.  Rate Coefficients from HCf(u=l) Observations. Signals 
from HCI u = 2 - 1 and v = 1 - 0 are displayed in Figure 7 
for low [Cl,] where the slow chain behavior is suppressed. Both 
curves have been obtained by using the same experimental con- 
ditions and are displayed on the same scale. The lower 2 - 1 
curve has been shifted by 40 I.LS so that overlap at early times is 
avoided. The upper curve in this figure is the 1 - 0 emission 
signal obtained by the subtraction technique discussed above. 
Although the v = 1 - 0 curve appears to be a simple difference 
of two exponential terms, this appearance is deceptive, since it 
actually contains the three terms of eq 9. The two time constants 
in the rising portion of this signal are not separable by our semilog 
fitting procedures. Unsuccessful attempts were made to subject 
the 1 - 0 emission curves to a nonlinear least-squares fitting 
procedure using eq 9. Consequently, the only reliable rate constant 
information that can be obtained from the HCI 1 - 0 observations 
is for 7 V 1 .  

In order to avoid cascading interference in the measurement 
of T ~ ’ ,  the semilog fitting procedure is made at a time, t ,  I 5rV2. 
This requirement forces the T~~ fit to occur in a region of low 
intensity. The experimentally determined T~~ values are plotted 
as 7 V l - I  vs. [HBr] in Figure 4, and kvl  is obtained from the slope 
of the best linear fit. The results of the three measurements of 
kvl are listed in Table I, and the average value is kvl  = (1.06 f 
0.16) X cm3 molecule-’ s-’. This value is in excellent 
agreement with the range of literature values,I6 (1.0-1.2) X 10-l2 
cm3 molecule-] s-I. 

Rise times were also obtained from HCl 13 = 1 - 0 curves in 
the same manner in which the T,,,, values were obtained from the 
2 - 1 curves. These values provide “time constants” that are 
useless for obtaining kR1; however, the apparent kRl  generated 
by this procedure is useful in estimating the u = 2/13 = 1 branching 
ratio of reaction R1. A plot of these data is also included in Figure 
5 along with the reliable data from the 13 = 2 observations. The 
apparent value of kRl is in large error from these data. The greater 
scatter in these u = 1 ‘ ‘ T , ~ ~ ~ ’ ’  data is likely to be due to the errors 
associated with fitting a single exponential, which does not cor- 
rectly describe the 1 - 0 emission. However, similar plots of other 
1 - 0 experimental data can have a very good appearance, 
yielding good correlation coefficients, r2 > 0.99. Thus, one cannot 
rely completely upon the quality of fitting to indicate unsound 
interpretations of the kinetic data. The “apparent kR1” values 
determined in three experiments are listed in Table I .  

C. HCI(v=Z)/HCl(v=l) Branching Ratio. The “apparent kR1” 
values obtained from HC1 1 - 0 “rise time” measurements provide 
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a novel method by which the branching ratio, a/@ = [HCl(u=- 
Z)]/[HCl(u=l)], can be estimated. This method, presented in 
section III.B, is based on the fact that the contribution of vi- 
brational cascading to the 1 - 0 "rise time" increases with a/@. 
Consequently, the "apparent kRl", obtained from an analysis of 
the rise as a single exponential, decreases as a/@ increases. This 
relationship is summarized quantitatively in Figure 3. The three 
"apparent kRI" values of Table I, in conjunction with Figure 3, 
yield ,an average value of a/P = 0.34. 

Measurements of [HCl(u=2)] / [HCl(u= l)] from intensity ratios 
lead to a more direct determination of a/@. Such measurements 
require that both the 2 - 1 and total emission amplitudes be 
obtained under the same experimental conditions. The 1 - 0 
signal is obtained by the subtraction technique discussed earlier. 
The results presented here are from experiment 5 (Table I), which 
consisted of 13 measurements over a range of HBr concentrations. 
In order to improve the signal-to-noise, 5000 laser pulses were 
averaged to obtain each state-selected emission signal. Figure 
7 presents a typical set of emission signals from this experiment. 

Intensity values, 1(2-1) and I( l-O), are obtained from these 
signals and treated according to the discussion in section 1II.B 
to obtain the branching ratio, a/@. Branching ratio values de- 
termined from peak intensities are obtained by using the exper- 
imentally determined time constants in eq 5 and 6. The result 
from these measurements is a/@ = 0.36 f 0.04 (2a). Selected 
emission signals were also subjected to a more thorough exami- 
nation to determine intensity ratios a t  various points before and 
after the peak intensities. The branching ratios are in very good 
agreement except a t  very long times where the signal intensities 
are lower. We believe that these measurements provide an ac- 
curate value of a/@. 

At early times in the rising portion of the signal the approxi- 
mation, e-k[HBr]r 1 - k[HBr]t, is valid. Under this approxi- 
mation the branching ratio is given simply by eq 12 from the 
intensity ratio adjusted by the relative detection sensitivity. These 
intensity ratios a t  early times ([HBrIt = (3-6) X 1O'O molecule 
cm-3 s) yield branching ratio values from 0.40 to 0.47 with an 
average value of a/@ = 0.44 f 0.05 (2a). Calculations suggest 
that for a/@ = 0.4 this method underestimates the branching ratio 
by no more than 10% when [HBrIt < 9 X 1OIo molecule cm-3 s, 
even though the approximation is extremely poor for e-kRIIHBr]f 

Attempts to obtain a/@ from back-extrapolated intensities to 
t = 0 yielded scattered results that were not useful. We believe 
that this may be due in part to the long extrapolation required 
in the 1 - 0 decay, which must be fit only at  very long time to 
remove the 7 R l  and 7v2 components. It is this last (worst) method 
which was assumed in previous measurements. 

The average [HCl(u=2)] / [HCl(u= l ) ]  branching ratio obtained 
from the intensity ratios by the two methods (26 measurements) 
is a/@ = 0.40 f 0.06 (2a). This value is supported by the estimate, 
a/@ = 0.34, from the analysis of the 1 - 0 "rise time" mea- 
surements. Excellent agreement is noted with the results of 
Maylotte et al.' (0.4) and Wickramaaratchi and Setser4 (0.37), 
but the values determined by Zwier et aL3 (0.11 f 0.05) and by 
Berquist et aL4 (0.12) are significantly lower. 

We believe that the low value obtained by Zwier et aL3 arises 
from a combination of two factors: 

(1) Ignoring the contribution to the 1 - 0 emission signal from 
vibrational cascading overestimates the initial population of 
HCI(u=l) and significantly reduces the value of a/@ obtained 
from the extrapolated intensities a t  t = 0. An evaluation using 
eq 7 and 8 for a/@ = 0.4 shows that [HCl(u=l)],, N 

(2) The narrow band dielectric interference filter used in the 
observations gives a blue shift a t  incidence angles other than 
normal.2' This effect decreases the relative detection sensitivity 
of HCl(u=2). 

The rate constant for (Rl )  along with the HCI(u) product state 
distribution can be used with the principle of microscopic re- 

1 - k ~ i [ H B r ] t .  

[ HCI(U= 1 )] 0. 

(21) Baker, M. L.; Yen,  v. L. Appl.  Opt. 1967, 6, 1343. 
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versibility to calculate rate constants for the reverse reactions of 
Br with HCl(u), which can be compared with experimental de- 
t e r m i n a t i o n ~ . ~ , ~ ~ - ~ ~  The relative population of HCI(u=O) from 
( R l )  is not determined directly in IRCL experiments; however, 
laser emission observed on the 1 - 0 transition of HCl from (Rl)  
sets the limits, 0 I [HCl(u=O)]/[HCl(u=l)] i 1, and 
[HCI(U=I)]/[HCI(U=O)] is given as 1.5 * 0.3 by ref 26. Using 
this value and a/@ = 0.4, we calculate the u=O:u= 1 :u=2 distri- 
bution of HCl(u) from ( R l )  to be 0.32:0.49:0.19. The detailed 
rate constant for HCl(u=2) production then is 1.9 X 10-l2 cm3 
molecule-' s-', and the detailed balancing calculation5 yields 
k(Br+HCl(u=2)) = 5.6 X cm3 molecule-] s-l. This value 
is two to three times higher than the measured total deactivation 
rate constants of HCl(u=2) by Br atoms.5*22-25 The principle of 
microscopic reversibility does not give agreement in this system, 
where kR1,  a/@, and k(Br+HCl(u=2)) are all apparently well- 
known. This apparent failure may mean that the details of the 
rotational and translational energy distributions, which have not 
been considered, may be important in this reaction. 

V. Conclusions and Summary 
In this work, we have demonstrated the utility of the laser- 

initiated chemical chain reaction technique in providing accurate 
rate coefficients for the propagation reactions and vibrational 
relaxation processes in the C12 + HBr system. We have also 
demonstrated the need for careful state-selected observations and 
the application of appropriate multiple state kinetic analyses in 
determining vibrational state distributions of chemiluminescent 
products. 

The rate coefficients for the chain propagation steps in this 
system differ by nearly a factor of lo4, yet both are accurately 
obtained from state-selected observations of the HCl(u=2) 
fluorescence. The value obtained for kR1 is -20-30% higher than 
has been previously determined from IRCL  measurement^.^^ The 
earlier studies underestimated kR1 due to the influence of vibra- 
tional cascading on the "rise time" of the combined fluorescence 
from HCl(u=l) and HCl(u=2). The rate constant for the slow 
propagation step is obtained from the HCl(u=2) intensity mea- 
surements at high [Cl,]. The previously determined value of kR2 
is brought into better agreement with the present value when a 
correction due to vibrational cascading is applied. 

This work serves as a warning concerning the insidious behavior 
of vibrational cascading in IRCL observations. In view of the 
differences in the temperature dependence of kRl observed by Mei 
and Moore6 and by Rubin and Persky,Io a reinvestigation of the 
C1 + H I  reaction rate over a range of temperatures would be 
welcome. 

Although kvl measured here agrees well with previous mea- 
surements,15 the only other measurementI8 of kV2 is -40% larger 
than our value. A u" dependence has been observed for the 
deactivation rate constants of other hydrogen h a l i d e ~ . ' ~ * ' ~ % ~ '  With 
only two points, the available data suggest that k, scales as u" 
where n = 1.2 f 0.3 for the deactivation of HCl(u) by HBr. 
Measurements of k ,  for u I 2 would be helpful in determining 
n more accurately. Such measurements would be useful in arriving 
at an understanding of the reasons for this u" dependence and the 
roles played by V-V and V-T,R processes.28 

The present investigation should eliminate the confusion con- 
cerning the HCl(u=2)/HCI(u=l) branching ratio in (Rl) ;  how- 
ever, the lack of agreement with the principle of microscopic 
reversibility is not solved. Since the rate constants for both di- 
rections of ( R l )  are now apparently well established and a l@ is 

(22) Leone, S. R.; Macdonald, R. G.; Moore, C. B. J .  Chem. Phys. 1975, 

(23) Arnold, D.; Wolfrum, J. Ber. Bunsen-Ges. Phys. Chem. 1976,80, 892. 
(24) Douglas, D. J.; Polanyi, J. C.; Sloan, J. J. J .  Chem. Phys. 1973, 59, 

(25) Douglas, D. J.; Polanyi, J. C.; Sloan, J. J. Chem. Phys. 1976, 13, 15. 
(26) Bittenson, S. N. Ph.D. Thesis, University of Wisconsin-Madison, 

(27) Bott, J. F. J .  Chem. Phys. 1979, 70, 4123. 
(28) Coltrin, M. E.; Marcus, R. A. J .  Chem. Phys. 1980, 73, 2179. 1980, 

63, 4735. 

6679. 

1977. 

73, 4390. 
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known, more attention should be focused on the rotational and 
translational energy distributions in attempting to reconcile the 
detailed balancing calculations. 

The present study and other  report^^*'^-'^ have shown that 
simultaneous chemiluminescence observations from multiple vi- 
brational states can lead to errors in the measurements of rate 
constants and product yields. Some of these errors, while quite 
subtle, can be large. These results argue strongly for the ap- 

J. Phys. Chem. 1987, 91, 3550-3555 

plication of selected single state observations and analyses in IRCL 
measurements. 
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Photocatalytic Activity of TIO, Powders Suspended in Aqueous Sllver Nitrate Solution. 
Correlation with pH-Dependent Surface Structures 

Bunsho Ohtani,* Yoshitaka Okugawa, Sei-ichi Nishimoto, and Tsutomu Kagiya 

Department of Hydrocarbon Chemistry, Faculty of Engineering, Kyoto University, Sakyo- ku, Kyoto 606, Japan 
(Received: July 18, 1986) 

Photocatalytic (kex > 300 nm) activity of anatase and rutile Ti02 powders suspended in AgNO, solution was investigated 
at room temperature under Ar. The initial rate of the photocatalytic reaction producing O2 and Ag metal strongly depended 
upon the pH of suspension, Le., it decreased with decreasing pH, becoming negligible at pH <2 with anatase and pH <5  
with rutile, respectively. The amount of Ag' adsorbed on the Ti02 surfaces in the dark decreased with decreasing pH from 
8 to 2. The pH dependence of TiO, activity was attributed predominantly to the Ag' adsorption; the initial rates of the 
photocatalytic reactions by both anatase and rutile TiO, were in proportion to the amount of surface-adsorbed Ag'. The 
characterization of surface hydroxyl groups on the Ti02 powders by means of potentiometric titration of the aqueous suspensions 
revealed that decreasing the pH causes the protonation of neutral hydroxyl groups into positively charged ones, which inhibits 
the Ag' adsorption. 

Introduction 
A common feature of the photocatalytic reaction by suspended 

semiconductor powders in aqueous solutions' is the remarkable 
pH dependence of the reaction rate. Such pH-dependent pho- 
tocatalytic activities of TiO,/Pt have been demonstrated for 
dehydrogenation of alcohols: decomposition of carboxylic acids,, 
carbohydrate: and hydr~xylamine,~ molecular weight increase 
or decrease of poly(ethylene oxide): oxidation of aromatic com- 
pounds,' and N-alkylation of amines.* Although the charac- 
terization of the pH-dependent photocatalytic action of semi- 
conductor suspensions seems to be quite important, there are few 
satisfactory studies because of the complexity of photocatalytic 
systems. 

We have previously demonstrated photocatalytic 0, evolution 
and Ag metal deposition by metal-unloaded Ti02 suspended in 
aqueous silver salt  solution^.^ In the present work, the pH de- 

(1) For a review see: Bard, A. J. J .  Phys. Chem. 1982, 86, 172. 
(2) (a) Kawai, T.; Sakata, T. Chem. Lett. 1981, 81. (b) Nishimoto, S.; 
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Ed. 1985, 23, 141. (d) Nishimoto, S.; Ohtani, B.; Kagiya, T. J .  Chem. Sac., 
Faraday Trans. I 1985, 81, 2467. (e) Nishimoto, S.; Ohtani, B.; Shirai, H.; 
Kagiya, T. J. Chem. Sac., Perkin Trqns. 2 1986, 661. 
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pendence of reaction rate in this simple photocatalytic system was 
studied with simultaneous characterization of the amount of 
adsorbed Ag+ and hydroxyl groups on the TiO, surface. The role 
of the surface-adsorbed Ag+ as an electron scavenger in the en- 
hancement of water oxidation is discussed. 

Experimental Section 
Anatase and rutile TiO, powders were supplied from Merck 

and Wako Pure Chemicals (Osaka, Japan, practical grade), re- 
spectively, and used without further activation. The specific 
surface area of these powders was evaluated from nitrogen ad- 
sorption at -196 OC based on the BET equation. The other 
materials were used as received. Water was passed through 
ion-exchange resin and distilled before use; the purity was checked 
by the conductivity of <0.2 pS cm-I. 

The finely ground TiO, powder (250 mg) was suspended in 2.00 
X 10-3-l.00 X lo-, mol dm-3 AgNO, aqueous solution (5.0 cm3, 
containing 9 X 1 O-, mol dm-3 KNO,) in a glass tube (1 8 mm in 
diameter and 180 mm in length, transparent for the light of 
wavelength >300 nm). The pH of the suspension was adjusted 
by adding 1.00 X 10-I mol dm-3 NaOH or HNO, (<0.15 cm3). 
The suspension was sonicated for 5 min, purged with Ar for >30 
min, and then sealed off with a rubber stopper. Irradiation was 
performed with a 400-W high-pressure mercury arc at 27 f 2 
OC. The TiO, suspension was magnetically stirred throughout 
the irradiation. Product analyses were performed as described 
e l~ewhere .~  Quantum efficiency was conveniently estimated by 
using a Blak-Ray 5-221 ultraviolet meter on the assumption that 
the incident light consists of photons at  365 nm. 

The amount of Ag' adsorbed on the TiO, surface in the dark, 
under conditions similar to the photocatalytic reaction, was de- 

(9) Nishimoto, s.; Ohtani, B.; Kajiwara, H.; Kagiya, T. J. Chem. SOC., 
Faraday Trans. I 1983, 79, 2685. 
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