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Pulse Radiolysis of Nitrobenzene in Aqueous Solutions Containing Colloidal Platinum 
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The pulse radiolysis of nitrobenzene (NB) in aqueous solutions containing 2-propanol in the presence of colloidal Pt has 
been studied. The NB- anion decays away by a single first-order process. The rate of decay is also first order in colloidial 
platinum (Ptc). The rate depends on the pH of the solutions. At relatively high pHs, hydrogen reduces NB and this reaction 
is mediated by the Ptc. Irreversible redox processes which produce nitrosobenzene and phenylhydroxylamine also take place, 
competing effectively with hydrogen formation. 

Introduction 
Nitrobenzene (NB) was found to be an efficient electron ac- 

ceptor in photochemical redox systems where negatively charged 
photosensitizers such as tetrakis(su1phonatophenyl)porphyrin' and 
its Zn complex2 are involved. N B  has a standard redox potential 
Eo(NB/NB-) = -0.486 V vs. NHE3 in water, and hence is capable 
of reducing water to H2. A system consisting of the NB- anion 
radical is therefore of potential value in photochemical conversion 
and storage of solar light. In this contribution we report studies 
on the reactions of the NB- radical ion in the presence of colloidal 
platinum using the pulse radiolysis technique. This system was 
chosen since under similar conditions methylviologen (MV*+), 
which is a well-studied electron acceptor in photochemical systems4 
and possesses a similar redox potential (-0.446 vs. NHE)5, has 
been found to react with Ptc6 and yield H26 by a hydride mech- 
anism.6h 

Experimental Section 
Materials. All reagents were of analytical grade. 2-Propanol 

(J. T. Baker) and acetone (J. T. Baker) were used as received. 
Nitrobenzene (BDH) was purified by vacuum distillation before 
use. Buffers consisted of 0.005 M standard buffer solutions7 
containing CH,COONa, CH3COOH, KH2P04, Na2HP04,  
Na2B407, HC104, and NaOH. The preparation of the Pt colloids 
has been desdcribed The size of the colloid particles 
prepared by this method is 50 f 5 A;6h thus the actual concen- 
tration of Ptc is about 4000 times smaller than the formal platinum 
concentration.6h This was confirmed by kinetic measurements 
of the decay of methylviologen in the presence of Ptc. As pre- 
viously reported6h there are small quantitative variations in the 
results of different batches due to deviation in particle size. To 
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enable a comparison of results, batch identification numbers are 
stated whenever appropriate. 

Unless otherwise stated, all solutions were deaerated by bubbling 
high-purity H e  (Matheson). The temperature was maintained 
at  21 f 2 OC. 

Apparatus. UV-visible spectra were recorded on a Bausch & 
Lomb Model Spectronics 2000 spectrophotometer. Pulse radiolysis 
experiments were carried out on a Varian 77 15 linear accelerator 
with pulse duration varying from 0.5 to 1.5 ps with 200-mA 
current of 5 MeV. The total concentration of radicals ranged from 
9.6 X to 3.0 X 1O-j M. Dosimetry was measured using the 
initial absorption of NB- at 3 13 nm (e = 2930 M-' bl). Irradiation 
cells were of high-purity silica and were 0.5 or 1.0 cm long with 
one or three light passes. An Xe-Hg lamp was used as the 
analytical light source and the Hg lines at 303, 313, 335, and 365 
nm were used as detection wavelengths. Appropriate filters were 
used to cut off light under 300 nm. A Hilger and Watts grating 
double monochromator with a IP28 photomultiplier was employed. 
The signal was transferred via a Biomation 3100 and an ana- 
log-to-digital convertor to a Nova 1200 minicomputer. H2 
measurements were carried out with a Varian aerograph Model 
90P gas chromatography equipped with a Gow-Mack TC detector. 
High-purity Ar (3.6 L/min) was used as the gas carrier. The 
column, in. wide and 6 ft long, was filled with molecular sieve 
5 A. Solutions in which hydrogen measurements were taken were 
used in pennicyline type vials crimped with a rubber seal. 

Results 

irradiated, processes 1-8 predominantly take place.8-i 
When a solution containing 0.2 M 2-propanol and N B  is pulse 

This 

(1) H 2 0  -- H, OH, ea;, H2, H202,  H+, OH- 

G = (0.6), (2.7), (2.7), (0.45), (0.75), (3.5), (0.8) 

H + CHjCHOHCH3 -+ H2 + CHjCOHCH3 

OH + CH3CHOHCH3 - H2O + CHjCOHCH3 
(2) 

(3) 

(4) e- + N B  -+ NB- 

k4 = 3.0 X 1O'O M-' s-l (ref 9) 

CH3COHCH3 + NB - NB- + CH,COCH3 + H+ (5) 
k5 = (1.6-3.0) X lo9 M-'s-I (ref 11) 

NB- + NB- - products 

NB- + H+ e NBH 

K7 = 1.6 X lo3 M-I (ref 11) 

( 6 )  

(7)  

k6 = (1.0 f 0.1) X lo3 M-l s-l ( r ef 11, 12) 

NB- + NBH - products (8) 

k8 = (1.7 f 0.9) X lo9 M-'s-I (ref 12) 

(8) M. S. Matheson and L. M. Dorfman, "Pulse Radiolysis", The MIT 
Press, Cambridge, MA, 1969, and references cited therein. 
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Figure 1. The decay of NB- in the presence of and absence of Pt: (a) 
4 X lo4 M NB, 0.2 M 2-propanol, pH 8.Q, 1-cm light pass; (b) 4 X lo4 
M NB, 0.2 M 2-propanol, 4 X M [Pt], batch 2812, pH 8.0, 1-cm 
light pass; (c) same conditions as in b but with 4 X lo4 M Pt. 

reaction scheme predicts that the NB- will decay away by a 
second-order, pH-dependent rate law with an apparent reaction 
rate constant k,, = ksK7[H+] + k6. Due to the pH dependence 
of the decay of NB- most of this work was carried out a t  pH 8.0, 
where the decay rate is near its limiting value.10J2 Figure 1 shows 
that upon addition of colloidal Pt, the lifetime of NB- is shortened 
and a nearly first-order rate law in NB- is observed. The rate 
of decay of NB- was found to be dependent on the Ptc concen- 
tration at  well as on the pH, but not on the N B  concentration. 
These effects will be discussed below. Some residual absorption 
remained after all the NB- had decayed away. This is attributed 
to changes in light scattering by the colloidal particles as a result 
of small changes in their size. A similar result has been reported 
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Figure 2. Effect of Pt concentration on the decay of NB-: hdct = 3 13 
nm, 1 . 5 - ~  pulse, 1-cm light pass, 4 X lo4 M NB, 0.2 M 2-propanol, pH 
8.0. The first-order rate constant plotted against [Ptc]. (A) 1.5-ps pulse, 
313 nm, batch 2712; (A) 0.5-ps pulse, 313, nm, batch 2712; (0)  1.5-ps 
pulse, 365 nm, batch 2712; (0) 1.5-ps pulse, 313 nm, batch 2806. 

for the Ptc-methylviologen system.6g*h 

Effect of Ptc Concentration 
to 8 

X M (formal Pt concentration). At relatively high [Ptc], 
the decay of NB- is strictly first order. At the lowest Ptc con- 
centrations, deviations from first-order rate law are observed: the 
rate becomes slower as the reaction proceeds. The effect of [Ptc] 
on the pseudo-first-order rate constant for NB- decay (best fits 
up to 90% reaction) showed a linear dependence on [Ptc], as can 
be seen in Figure 2. The results of experiments such as described 
in Figure 2 yield k9 = (4.7 f 1) X lo3 (batch no. 2712) or (2.7 
f 0.8) X lo3 M-I s-l (batch no. 2806). 

The Ptc concentration was varied in the range 4 X 

NB- + Ptc - products (9) 

In view of the large effect of the size of the colloids on the actual 
Ptc concentration we consider these two values as being in 
agreement. It should be noted that since the radiation-induced 
radicals are produced homogeneously in the solution the effects 
observed here are due to NB- which is produces in the bulk. 

Effect of pH 
The pH of the solution was varied in the range 6.1-13 keeping 

constant both [NB] and the formal [Ptc] a t  4 X lo4 M, at  ionic 
strength 0.05 M. Typical time profiles are shown in Figure 3. 
The results are summarized in Table I. In both acidic and slightly 
alkaline pHs, a single nearly first-order process is observed by 
which NB-decays away. However, when the pH is above 11, an 
additional process involving a buildup of the absorbance is observed 
prior to the decay of the NB- absorption (Figure 3c). In order 
to check the nature of the species responsible for this additional 
absorbance, we compared the absorbance 20 ms after the pulse 
(D,) to the absorbance at the maximal buildup (DM). The results 
at four different wavelengths are presented in Table 11. The ratio 
D M / D ,  is unaffected by wavelength. Thus we conclude that the 
building up process produced additional NB-. As will be discussed 
later, this process is attributed to an equilibration reaction of NB 
with Ptc which was preloaded by molecular hydrogen, similarly 
to the process observed at  high pHs in the MV2+-Ptc system.6h 

In Table I and Figure 4 we present the effect of pH on the rate 
of NB- decay. The plot of the log k9 vs. pH yields a straight line 
with a slope of (-0.5 f O.l), meaning a linear dependence of k9 
on [H+I1l2. 

Varying NB Concentrations. The NB concentration was varied 
from 4 X M at formal 4 X lo4 M Ptc (batch 
2006) a t  pH 8.0. The results of the highest and lowest concen- 
trations used are shown in Figure 5.  No [NB] effect was observed 
either on the initial absorption or on the decay rate of NB-. This 
result is in contrast to our finding in the MV2+/Ptc system6h where 
MV2+ inhibited the decay of MV'. 

to 8 X 
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Ti me 
Figure 3. pH dependence of the decay of NB- in the presence of Ptc: 4 
X lo4 M NB, 4 X lo4 M [Pt], 1.5-ps pulse, X = 313 nm. (a) pH 6.1, 
Pt batch 0105; (b) pH 9.0, Pt batch 0404; (c) pH 12, Pt batch 0404. 

Bubbling H2. H2 was bubbled through a solution containing 
4 X M N B  at  p H  12. Upon the addition of small concen- 
trations of Ptc, and only then, a yellow color immediately appeared. 
The absorption spectrum of this yellow species is shown in Figure 
6. It disappears within a few minutes. Removing the hydrogen 
by bubbling with H e  did not significantly affect the rate of the 
fading of this color. The color did not appear a t  pH G9. After 
the color has faded, it reappears only upon addition of NB, but 
not upon addition of Ptc. 

Semiquantitative Measurements of H2. Solutions containing 
4 X lo-" M N B  and 0.2 M 2-propanol were given 30 pulses each 
of 1.5-ps duration, a t  a rate of 400 pulses/s. Hydrogen was 
measured and its relative concentration is reported in Table 111. 
When Ptc was present, no hydrogen was observed either in the 
presence or in the absence of NB. In the absence of NB, acetone 
was added to the solution in order to scavenge the hydrated 
electrons. Acetone is reduced by eaq- to give the same radical 
species that are produced by reactions 2 and 3. In the absence 
of Ptc, the G for H2 is expected to be l.O.s Indeed, a relatively 
large amount of H2 was detected under such conditions, both in 
the presence and in the absence of NB. 

Finally, when H2 was injected into a solution containing Ptc 
only (buffered at  pH 4), a significant part of the H2 disappeared. 

The Journal of Physical Chemistry, Vol. 89, No. 21, 1985 4543 
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Figure 4. The effect of pH on the decay rate constant: (0, 0)  Pt batches 
0404 and 2006; (A) Pt batches 0901 and 0105. 
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Figure 5. Effect of NB concentration: (a) 4 X lo4 M NB, 4 X lo4 M 
Pt, pH 8.0, 1.5 ps, 365 nm, 1-cm light pass; (b) 8 X lo-' M NB. 

These results will be discussed in the following. 

Discussion 
Comparison of the NB--Ptc and the MV2+-Ptc systems6 shows 
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TABLE I: Effect of p H  on the Decay of NB- in the Presence of Ptc' 

kd 
PH Dme D d  D,dg kbul 1.5 0.5 log kd, 1.5 

6.1" 0.070 0.060 0.007 19 21 1.28 
8 . 0 b  0.062 0.056 0.007 9.7 9.4 
8.2c 
8.7d 
9.0d 
9.0' 
9.6d 
9.8' 

10.06 
10.75d 
11.0d 
1 1 .4d 
1 1.4' 
12.06 
13.0" 

0.092 
0.064 
0.070 
0.096 
0.071 
0.099 
0.068 
0.057 
0.070 
0.077 
0.095 
0.082 
0.059 

0.093 0.010 
0.010 
0.005 

0.088 0.010 
0.01 1 

0.072 0.012 

0.015 
0.009 

0.090 <0.010 
0.101 

0.070 

3.114.2 
4.7 
2.9 i 0.3 

3.4 
3.4 
2.9 
0.8 
1.7 
0.5 
1.3 
0.5 
1.8 

. .  

3.7 
4.5 
3.6 
0.8 
2.6 
0.7 
1 .a 
0.6 
2.1 

0.3 

0.2 

0.53 
0.53 
0.46 

-0. I O  
+0.23 
-0.30 

0.11 
-0.30 

0.26 
-0.52 

-0.70 

"Batch 0105. bBatch 2006. cBatch 0901. dBatch 0404. eOptical densities ( D )  measured at  the end of reaction 5. foptical density at the 
beginning of the decay process taken on a slow time scale. Dod > D, at the relatively high pHs due to conversion of molecular Hz  to NB-. At low 
pHs, D ,  is sometimes smaller than D,; we attribute this to small traces of 0 2 .  #Residual absorption after the decay occurred. 'First-order rate 
constant of buildup process (whenever observed). ' [NB] = 4 X M, [PtC] = 4 X lo4 M (formal); Adct = 313 nm, pulse duration 0.5 and 1.5 ps;  
1.0-cm light pass. jRate  constant (first order) of decay at two pulse intensities (1.5- and 0 . 5 - ~ s  pulse durations). 

TABLE 11: Comparison between Absorbances at the End of Process 
5 (D, )  and at Maximum Buildup (D,)" 

A, nm D ,  Dod DodlD, 
303 0.101 f 2% 0.109 i 3% 1.08 f 5% 
313 0.061 f 7% 0.070 f 3% 1.15 i 10% 
335 0.009 i 15% 0.012 i 10% 1.33 i 25% 
365 0.007 f 20% 0.008 i 20% 1.14 i 40% 

O[NB] = 4 X lo4 M, [Pt] = 4 X M (formal concentration) 
batch 0105; pH 13, 1.5-ps pulse, 3-cm light pass. 

TABLE III: Results of Cas Chromatography Measurement for H2 
expt 2PrOH" Acetone" NB" Pt" pHb H,< 
1 
1A 
2 
2A 
3 
3A 
4 
4A 
5d 
5Ad 

+ 
+ 
+ 
+ + 
+ 
+ + 
- 
- 

+ - 6.1 42 
+ + 6.1 0 

- 6.1 31 
+ 6.1 0 + - 4.0 96 

+ + 4 0  0 
- 4.0 48 
+ 4.0 0 
- 4.0 387 
+ 4.0 176 

- 

- 

- 
- 
- 

- 

"The concentrations used are  as follows: 2-propanol, 0.2 M; ace- 
tone, 0.2 M; NB, 2 X M; Pt, 4 X lo4 M batch 0905. When a 
component is present a + sign is indicated, otherwise -. bBuffers were 
0.0036 M acetate buffer' for pH 4.0, 0.0040 M phosphate buffer' for 
pH 6.1. measured by GC, arbitrary units. "In these experiments, 
0.20 mL of HI was injected into 5 cm3 of gaseous phase equilibrated 
with solutions containing only the above 15 cm3 of buffer with Ptc 
added. 

several differences. In the MV2+-Ptc system an equilibrium 
between MV+, MV2+, loaded Ptc, H+, and H2 is established.6h 
Above pH 7, significant amounts of MV+ exist in the equilibrium 
mixture. Moreover, a t  pHs above 10, the MV+ concentration at  
equilibrium exceeds the initial [MV'] produced by the pulse due 
to additional, Ptc-catalyzed, reduction of MVZ+ ions by the mo- 
lecular H2 (produced in processes l and 2. Comparison of the 
redox potentials of NB/NB- (-0.486)3 and MV2+/MV+ (-0.446)5 
suggests that if similar processes take place in the two systems, 
the same effects will be observed in the Ptc/NB system, shifted 
by +1.3 pH units as compared to the Ptc-MV2+ system. This 
is because the redox potential of Ptc changes by 0.03 V with every 
pH unit as can be seen from However, in contrast to the 

RT 
2F 

E(Ptc) = Eo(Ptc) - - In l / [ H + ]  

E(PtC) = -0.082 - 0.03pH ( 1 Ob) 

3.0 1 1 1  I .O 

0.9 

0.8 

0.7 i 0.6 
d 6 1.5- 

1.2 

0.9 

0.6 

0.3 

- 

- 

- 

- 

- 
310 350 390 430 

Xnm 
Figure 6. Effect of H2 bubbling: (a) spectrum of 2 X lo-) M N B  at  pH 
12; (b) spectrum of 2 X M Ptc at pH 12; (c) 
spectrum of b immediately after H, bubbling; (d) spectrum of b 2 min 
later; (e) spectrum as in d after 3 min. (1) For (a) to (c), use the 
left-hand scale; for (d) and (e), use the right-hand scale. (2) Peaks are 
seen at 398, 414, and 430 nm and shoulders at 370, 380, and 442 nm. 

M N B  + 4 X 

Ptc-MV2+ system, the NB- decays away to zero over the entire 
pH range investigated. 

As expected, by analogy with the Ptc-MV2+ system, at pHs 
> 1 1.4 additional NB- is produced through the reduction of N B  
by H2 and equilibrium is first established between loaded Ptc, NB, 
HZ, H+, and NB-. This is followed by a complete decay of the 
NB-. At the lower pHs, no equilibrium is observed for NB- and 
only the decay process is observed. In addition, several differences 
are observed in the kinetics. NB- reacts with Ptc much slower 
than MV'. The rate constant is pH dependent and first order 
with respect to [Ptc], while no such pH dependence is observed 
in the MVZf sys tedh  and an order higher than one with respect 

(13) W. H. Smith and A. J. Bard, J .  Am. Chem. SOC., 97, 5203 (1975). 
and references cited therein. 
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TABLE I V  Comparison of Observed and Theoretical Rate Constants 
of the Decay of NB- 

kdc 
d PH Kab' fab' kabC ksxpt 

6.00 6080 0.39 9.7 X lo7 9.7 20 f 1 
7.00 
8.00 
8.20 
8.70 
9.00 
9.60 
9.80 

10.00 
10.75 
1 1 .oo 
1 1.49 
12.00 

1890 
590 
476 
265 
183 
92.5 
73.2 
57.0 
24.1 
17.8 
11.2 
5.5 

0.49 6.1 X lo7 6.1 
0.60 3.8 X lo' 3.8 

0.68 2.7 X lo' 2.7 
0.73 2.3 X lo7 2.3 
0.77 1.7 X lo7 1.7 
0.79 1.5 X lo7 1.5 
0.82 1.4 X lo7 1.4 
0.88 9.2 X lo6 0.9 
0.90 8.0 X lo6 0.8 
0.93 6.5 X lo6 0.6 
0.96 4.6 X lo6 0.5 

0.62 3.4 x 107 3.4 
5.5 f 2 
3.5 * 0.2 
4.0 * 0.5 
1.8 f 1 
2.1 f 0.5 
0.6 f 0.1 
1.5 f 0.3 
0.55 * 0.05 
2.0 f 0.2 
0.3 
0.2 

Kab is calculated as by using the value of Eo(NB-/NB) = 
0.4863 and Eop ,  according to eq 10. bDetermined from eq 12. 
'Calculated from eq 11. dExpected first-order rate constant calculated 
kab[Ptc], where the Ptc concentration is estimated to be lo-' M. Since 
the formal concentration of Pt is 4 X lo-" M and the value of 4000 is 
the estimated correction factor (see Experimental Section). e The val- 
ues of kd are averages taken from Table I. 

to [Ptc] is obtained: Moreover, varying the N B  concentrations 
had no effect on the rate of NB- decay, again in contrast with 
the decay of MV+ where increasing the MV2+ decreased both the 
rate and the fraction of MV' which decayed away.6h 

The differences between the MV2'-Ptc and the NB-Ptc systems 
are due to several reasons: 

(a) NB-, unlike MV', can be further reduced under our con- 
ditions. Stable two-, and four-, and six-electron reduction products 
of N B  are  known:10-16 nitrosobenzene (NOB), phenyl- 
hydroxylamine (PHA), and aniline. Under our conditions, PHA 
is expected to be the predominant final product. This conclusion 
is based on the redox potentials of the species involved. Polaro- 
graphic measurementsI6 show that PHA is more easily produced, 
upon reduction of NB, as compared with NOB. On the other 
hand, further reduction to aniline is not feasible because of its 
too negative redox potential.I6 in contrast to NB- the redox po- 
tential of the loaded Ptc under our conditions is not sufficiently 
negative to reduce MV+ to MVO. This means that MV' is only 
capable of loading Ptc while NB- can also unload Ptc. Conse- 
quently, NB- decays to zero concentration by a Ptc-catalyzed 
disproportionation to form N B  and PHA, while MV' remains 
as such in equilibrium with loaded Ptc. This also explains the 
yellow color of the intermediate observed in the H2 bubbling 
experiments (Figure 6). We suggest that the spectrum is of the 
recently reported NOB-,I5 since neither NB-lo,ll (which is ruled 
out also for lifetime reasons), nor NOBI7 or PHAI8 possess an 
absorbance in that region. 

(b) NB- reacted with Ptc much slower than did MV'. This 
may be due to, a t  least in part, the negative charge which the Ptc 
possesses even before any loading took place.6h The negative 
charge of the colloidal particles repelled the NB- but attracted 
the MV+; therefore the difference in rates of reaction in these two 
systems is not surprising. 

(c) In the Nb-Ptc system we found that the decay rate of NB- 
is proportional to [H'] to the power of 0.5 f 0.1. No similar 
dependence was observed in the MV2+-Ptc system.6h As men- 
tioned above, NB- reacts with Ptc relatively slowly, far below the 
diffusion-controlled rate. The Marcus theorylg predicts that the 
rate of an electron-transfer reaction will vary with the redox 

(14) G. Pezzatini, and R. Guidelli, J. Elecrroanal. Chem., 102, 205 (1979). 
(15) C. Nishihara and M. Kaise, J.  Electroanal. Chem., 149, 287 (1983), 

(16) I. M. Kolthoff and J. J. Lingane, 'Polarography", Vol. 11, 4th ed, 

(17) 'Beilstein Handbuch der Organischer Chemie", Vol. E. IV 5 ,  p 703 

(18) Reference 17, Vol. E 111 15, p 5 (system no. 1932). 
(19) R. A. Marcus, Discuss. Faraday Soc., 29,21 (1960); J. Phys. Chem., 

and references cited therein. 

Interscience, New York, 1965, p 7489. 

(system no. 465). 

67, 853 (1963). 
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potential of the system involved according to 

kab (kaakbbKadab)1/2 

where fab is defined by 

Kab is the equilbrium constant for the redox system and is related 
to its redox potential. The values of k ,  and kbb  are the exchange 
rate constants for each of the reacting redox systems, respectively. 
They were taken as 2 X lo5 M-' s-l for NB-/NB,20 and assumed 
to be 2 X lo7 M-I for the Ptc system. 2 is the collision 
frequency, taken here as 10". On the basis of eq lo2' and 11, 
the rate constant for the loading reaction of Ptc by NB-, kab, can 
be shown to depend linearly on [H+]1/2, in agreement with the 
experimental data. Table IV presents a comparison between the 
experimental and calculated values of kab. This dependency on 
[H+]'/* is not observed in the MV2+-Ptc system, probably because 
in that case the reaction of MV' with "naked" Ptc is diffusion 
controlled. 

(d) Another difference between NB-Ptc and MV2+-Ptc is the 
order of the decay of the reduced species with respect to the [Ptc]. 
In acid solutions the decay of MV' is second order in [Ptc] . The 
order is >1 at  near neutral pHs. This has been previously ex- 
plained by assuming that only "naked" colloidal particles were 
active6h toward the MV'. This means that the stabilizer was 
assumed to prevent the MV' from reaching the Ptc. The "naked" 
colloid was suggested to be formed as a result of a two-particle 
collision, leading to second-order dependence of the MV+ decay 
on Ptc at the acidic pHs when loading is the rate-determining step. 
In the near-neutral and basic solutions, the order in Ptc was less 
than 2 because of a significant contribution of the back-reaction 
which is first order in Ptc.6h We suggest that the first-order 
dependence on Ptc a t  all pHs studied when NB- reacts is due to 
the smaller size of NB- as compared with MV+. This enables 
the NB- to penetrate through the stabilizer molecules and reach 
the Ptc, so no bimolecular collision of the colloids is required. 

Conclusions 
NB- (as well as MV') can be obtained photochemically by 

electron transfer from an appropriate photosensitizer to NB. As 
in the case of MV', it possesses a sufficiently negative redox 
potential to enable the reduction of water to hydrogen. Both MV+ 
and NB- are able to load the Pt colloidal particles with reducing 
equivalents (in the form of hydride6h). In the MV' case, further 
reduction of the viologen is not possible under our conditions and 
hence only water can be reduced. In the NB- case, no water is 
reduced because of the reduction of NB- to phenylhydroxylamine. 
From the thermodynamical point of view, there is not much 
difference between these two processes, as far as photochemical 
energy storage is concerned. The NB system seems t o  be irre- 

(20) D. Meyerstein, J. Rabani, M. S. Matheson, and D. Meisel, J .  Phys. 
Chem., 82, 1879 (1978). 

(21) We are aware that the Marcus theory can be applied to an elementary 
process only. Our phenomenological treatment still calls for a rigorous 
analysis based on a detailed mechanism of the loading process. 

The Marcus theory is invoked in order to suggest that the [H+I1l2 depen- 
dency, although not a priori anticipated, does not disagree with the observa- 
tions made in the various Ptc-reductant systems. For example, we may assume 
that the loading process involves a relatively slow electron transfer step from 
NB- to the platinum colloid particle, which is loaded with a 2:l electrons to 
protons PtcH,"-, followed by fast protonation and additional electron 
transfer from another NB' radical ion. An [H+]'/* dependence of the loading 
rate constant can be calculated by using eq 10 and 

(14) 

if in addition we assume that AG* = AG, namely, that practically no activation 
barrier exists for the back-reaction of NB with PtcH.("+IF. (A'is the collision 
frequency, AG* is the free energy of activation). 

An alternative way to rationalize the [H+]'/2 dependency is to consider the 
Pt colloidal particles as microelectrodes and assume that the protonation of 
the loaded Ptc is the predominant factor determining the metal-solution 
potential difference. (R. A. Marcus, private communication.) 

K = A'~-AG'/RT 
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versibly reduced. This may have an advantage if energy storage 
is concerned because it prevents the back oxidation reaction by 
oxygen, if simultaneously generated in the same reacting cell. 
Hydrogen quickly loads the Ptc particles and its reaction with O2 
is expected to be efficiently catalyzed by Ptc, while the four- 
electron NB reduction product, PHA, once produced, may be 
stable in the presence of both Ptc and 02. 

J. Phys. Chem. 1985, 89, 4546-4549 
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Two modifications of pyridine have been identified when the liquid is solidified at 10 kbar in a diamond anvil cell at 300 
K. The effect of pressure on the Raman spectra of these modifications is reported. The one modification is crystalline and 
characterized by narrow and well-defined lattice modes and undergoes a phase transition at 20 kbar, while the other has 
fewer and much broader lattice vibrations. The Raman spectra of none of these modifications are in agreement with the 
space group reported for solid pyridine obtained by cooling the liquid at atmospheric pressures. The pressure dependence 
of the Raman bands of the crystalline phase indicates that it possibly corresponds to the monoclinic phase I1 in planar, aromatic 
molecules such as benzene, while the other modification possibly resembles the glassy phase observed in infrared experiments. 
The internal modes of solid pyridine in all the phases closely resemble those of the liquid. 

Introduction 
Numerous experimental and theoretical studies on the vibra- 

tional spectra of pyridine and deuterated pyridines have appeared 
in the literature.'-" These studies dealt mainly with the liquid 
and vapor phases of pyridine, although some studies on the vi- 
brational spectra of the solid phase were published.8,18 Two 
crystalline modifications of pyridine have been characterized by 
X-ray methods.19 These modifications (Dih and D:,,) do not show 
great differences and the conditions for the conversion of the one 
into the other were not established. A glassy state of pyridine 
was obtained when the vapor was deposited onto a cold CsI 
window; it changed to a crystalline state upon warming and in 
solid pyridine-d, a phase transition was observed that could not 
be detected in pyridine itself.* A subsequent crystal structure 
analysis of single crystals of pyridine revealed that it has an 
unexpectedly complicated crystal structure with 16 molecules per 
unit cell? Compared to the polymorphism of solid benzene which 
has been carefully ~ t u d i e d ~ l - ~ ~  very little is known about the 

(1) Turkevich, J.; Stevenson, P. C. J .  Chem. Phys. 1943, 11, 328. 
(2) Kline, C. H.; Turkevich, J. J .  Chem. Phys. 1944, 12, 300. 
(3) Corrsin, L.; Fax, B. J.; Lord, R. C. J. Chem. Phys. 1953, 21, 1170. 
(4) Wilmshurst, J .  K.; Bernstein, H. J. Can J.  Chem. 1957, 35, 1183. 
(5) Long, D. A.; Murfin, F. S.; Thomas, E. L. Trans. Faraday SOC. 1963, 

(6) Zerbi, G.; Crawford, Jr., B.; Overend, J. J .  Chem. Phys. 1963.38. 127. 
(7) Inn-, K. K.; Byme, J. P.; Ross, I. G. J.  Mol. Spectrosc. 1%7, 22, 125. 
(8) Castellucci, E.; Sbrana, G.; Verderame, F. D. J .  Chem. Phys. 1969, 

(9) Suzuki, S.; Orville-Thomas, W. J. J. Mol. Struct., 1977, 37, 321. 
(IO) Kakiuti, Y.; Akiyama, M.; Saito, N.; Saito, H. J .  Mol. Spectrosc. 

(11) Mochizuki, Y.; Kaya, K.; Ito, M. J .  Chem. Phys. 1978, 69. 935. 
(12) HarsBnyi, L.; Kilar, F. J. Mol. Struct. 1980, 65, 141. 
(13) Stidham, H. D.; DiLella, D. P. J.  Raman Spectrosc. 1979, 8, 180. 
(14) DiLella, D. P.; Stidham, H. D. J .  Raman Spectrosc. 1980, 9, 90. 
(15) DiLella, D. P. J .  Raman Spectrosc. 9, 1980, 9, 239. 
(16) Stidham, H. D.; DiLella, D. P. J .  Raman Spectrosc. 1980, 9, 247. 
(17) Pongor, G.; Pulay, P.; Fogarasi, G.; Boggs, J. E. J .  Am. Chem. SOC. 

(18) Loisel, J.; Lorenzelli, V .  J .  Mol. Struct. 1967, I, 157. 
(19) Biswas, S. G. Indian J .  Phys. 1958, 32, 13. 
(20) Mootz, D.; Wussow, H. G. J .  Chem. Phys. 1981, 75, 1517. 

59, 12. 

51, 3762. 

1976, 61, 164. 

1984, 106, 2765. 

corresponding behavior of solid pyridine, particularly at high 
pressures. 

Experimental Section 
Details regarding the equipment used have already been pub- 

l i ~ h e d . ~ ~  The hole in the Inconel gasket in the diamond anvil cell 
was loaded with a purified sample of pyridine and a ruby chip. 
The pyridine was purified by refluxing over KOH for at least 24 
h and then fractionally distilled. The pressure conditions prevailing 
inside the cell were monitored according to the R1 and R2 lines 
of the ruby to determine whether there were hydrostatic conditions 
inside the cell. The spectral resolution of the bands reported is 
approximately 3 cm-'. 

Results 
Upon compression of the liquid pyridine sample, solidification 

occurs at - 10 kbar in both pyridine and pyridine-d,. The full 
spectra of the solid samples are summarized in Tables I and 11; 
the lattice modes of pyridine are shown in Figure 1 and these 
results are summarized in Table 111. 

The Raman spectra of solid pyridine and pyridine-d, do not 
display a multiplicity of bands and closely resemble the corre- 
sponding ones in the liquid phase, excepting of course the oc- 
currence of lattice modes and a general upward shift in most of 
the internal modes of the solid samples. In a very limited number 
of Raman bands in solid pyridine-d, either a splitting of bands 
occurred (e.g., u I  at 971 and 978 cm-l at 11 kbar) or asymmetries 
developed (e.g., v l 2  at  1006 and 1015 cm-I a t  11 kbar). The 
Raman spectrum of solid pyridine recorded at low temperatures 
a t  ambient pressures also did not show a multiplicity of bands,8 
in direct contrast to the infrared spectra reported in the same study. 
Since relatively simple spectra of solid pyridine and pyridine-d, 
were obtained the assignment of the internal modes could be done 

(21) Akella, J.; Kennedy, G. C. J .  Chem. Phys. 1971, 55, 793. 
(22) Ellenson, W. D.; Nicol, M. J. Chem. Phys. 1974, 61, 1380. 
(23) Adams, D. M.; Appleby, R. J. Chem. SOC., Faraday Trans. 2 ,  1977, 

(24) Heyns, A. M.; Clark, J. B. J. Raman Spectrosc. 1983, 14 ,  342. 
73, 1896. 

0022-3654/85/2089-4546$01.50/0 0 1985 American Chemical Society 


