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I. Photochemistry of Phosphine as Studied by FTIR Spectroscopy

The identification by infrared spectroscopy of PHj in the atmosphere
of the planet Jupiter [1] has led to speculation about the role of its
photochemistry in that atmosphere, and particulaﬂy to the possibility that
the well known red color of Jupiter’s Great Red Spot (GRS) might be caused
by solid elemental 1;ed phosphorus [2]. While the GRS was first sighted
from earth about three .centuries ago, hypotheses about the chemical origin
of its color have largely been confined to the past several decades. Among
the suggestions for this reddish color are: polysulfide chains, S, from
the photolysis of H,S [3}; the accumulation of organic materials containing
C, N and S [4,5]; unsaturated nitrile polymers [6]; and solid elemental
phosphorus [2]. Laboratory photolyses of pure PHS are known to lead
directly to the formation of elemental red phosphorus [7,8]. Our initial
laboratory experiments directed toward the photolysis of PH, in mixtures
with possible H atom scavengers such as C;H, or C4H, appeared to prevent
the formation of red phosphorus [9). However, more recent experiments in
this laboratory have indeed found red phosphorus under similar conditions,
and we have therefore carried out extensive experiments with FTIﬁ
techniques.

The photolysis mechanism proposed by Melville [7] and then later by
Norrish and Oldershaw [8] for the formation of red phosphorus included the

five steps of reactions (1) to (5). These same reactions form the

mechanistic basis for the proposal that red phosphorus can be formed by




photolysis of phosphine in the Jovian atmocsphere [2].

PHy + hv ——p PH, + H (D
PH, + PH, — PH . PH, 2)
PH + PH et P, + H, (3)
P, + P + M e Pigg + M €))
P @ —e Py (red) (5)

This mechanism is now known to be incomplete because diphosphine,
P,H,, has been identified as the initial stable photoproquct from PH,
[10,11}. The formation of this product presumably involves reaction (6),
and the mechanism maly also }include the attack of H atoms on phosphine by
(7). If PoH, is the intermediate in the Jovian atmosphere,
PH, + .P_Hz + M ——————e P,H, + M (6)
H + PH; g Hy + PH, (7)
then it might be expected to condense to a solid at the {ow atmospheric
| temperatures-above the upper clouds in Jupiter and thus be protected
against further destruction. Without further reaction of P,H,, the
reaction mechanism would no longer lead to P, (s)» and elemental red
phosphorus would no longer be a satisfactory explanation for the color of
the GRS.
The photochémzstry of PHj has been considcred in models of the
atmosphere of Saturn and mixed with NH; in the atmosphere of Jupiter
[12,13]. Unless P,H, is removed by condensation, the models indicate that
red phosphorus could be formed in potentially large quantities. These
models also predict the formation of observable amounts of organophosphorus

compounds. Noy et al. have pointed out [14] that the photolysis of PHj in

the presence of H, does not lead to the formation of red phosphorus in the




laboratory, but rather to a yellow product.

We have therefore carried out a series of laboratory photolysis
experiments to clarify some of the aspects of the phosphine system. One of
the first steps in this investigation has been the measurement of the FTIR
spectrum of pure P,H, The FTIR absorption spectrum of gaseous PH; is
shown in Figure la, while that of P;H, -- prepared by the reaction of H,0
with calcium phosphide [15] -- is shown in Figure 1b. The formation of
P,H, in substantial yield in the photolysis of PHy at 184.9 nm or 214 nm
has been confirmed by monitoring its absorption in the region 700-900 cm-L.

The variation in yield for P,H, vs. exposure time to photolysis wés
studied to determine the time for maximum yield, with the results shown in
Figure 2. The maximum in concentration has several contributory factors:
The accumlation of P, on the cell window; the instability of P,H,; and the
susceptibility of P,H, to secondary photolysis, or to attack by free
radical species such as H, PH,, ctvc. The FTIR spectrum of PH3 photolyzed
for 30 sec with 184.9 nm light is shown in Figure 3a. The spectrum in
Figure 3b is the difference spectrum for the same mixture, after
subtraction of the spectrum of pure PHg. A comparison on a different scale
is shown in Figure 4 of the difference spectrum representing P,H, (b) with
the authentic material (a).

The effects of addition of C,H,, C,H, or NH during the photolysis of
PH, have also been examined. None of these additives showed any
significant scavenging effect on the formation of P,H, One implication of
these results is that such scavenging is unlikely in the Jovian atmosphere

as well, so that the formation of P,H, there must be considered further.

No detectable formation was observed for N,H, CH3PH, or C3HsPH,; no
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Fig. 1 (a) the FT-IR absorption spectrum of gaseous PH3

(50 torr) and

(b) the FT-IR absorption spectrum of an authentic PgHyg
(1.66 torr) which was prepared by the reaction of
water on calcium phosphide (light path length of the

cell for IR is 145.7 mm)




~~
foe
“  0.072
[~}
e
0.060
="
., 0048
[+ 5
St :
~ 0036 '
o ?
@ .
S ooz
u
o
o 0.012
[« 3

Exposure time (min)v

Figure 2. The effect of variation in exposure time on the yield of P, H,

from the photolysis of PH, (50 tgrr) at 214 nm by using the
cross-shaped cylindrical Cell. One direction used for photo-
irradiation, the other for measurements of UV-Vis absorption.
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spectrum was observed which might be assigned to the as yet unknown
molecule PH,;NH,. Fbrmation of N,H, is expected from the photolysis of NH,,
but its ldss by adsorption on the walls of glass or quartz is documented
[16]. The measured yields of PFZH4 formed is these photolytic experiments
are summarized in Table 1. '

The solid products formed on the cell surface during the
photoirradiation of these gaseous mixtures were usually yellow in color.
The material was, however, not yellow phosphorus because it was not soluble
. in CS,, ether or ethanol, nor did it self-ignite when exposed to air. Mass
spectrometry suggests a polymeric material containing both P and CHj, .
groups. The UV-visible absorption spectra of elemential phosphorus
produced by photoirradiating PHg at 184.9 nm is shown in Figure 5. The
corresponding spectra of solid products formed in the irradiation of -PI-I3-
C;H,; mixture and PH;-NH; mixture are shown in Figures 6 and 7 respectively.
In general, these spectra show similar absorption patterns. As seen in
Figure 6, the product from PH;-C,H, mixture irradiation shows different
absorption spectra d:pending upon the method of irradiation -- through the
window of the cell or through the cylindrical walls of the cell. The solid
product formed in the irradiation of PH3;-NHg mixture appeared "redder” than
that from PHg4 alone.

The products formed in the photolysis of gaseous P,H, at 184.9 nm or
214 nm are PH,, H, and polymeric phosphorus. the UV-visible absorption
spectra of the solid product formed in the irradiation of solid P,H, at 78
K are éhown in Figure 8. Although th.e solid product when éollec’ted
appeared yellowish white, red coloration was observable on the cell

surface, suggesting the possibility that it might have a role in the color
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Table 1 Yields of P2Ha in photoliysis of PH3

PH3, added gases, light irrad. Yields of P2H4 Yields of P2Hq
Torr____Torr soyrce*) time,sec by FT-IR, Torrd) by UV, Torre)

5.00 Hg 30 Q4 0.130 0.18

5.00 NHy 2.00 Hg 30 OL NN OLN )] 0.17  0.08"
5.00 NH3 5.00 Hg 30 Qd) Q4N 0.18 0.09»
20.0 Hg 30 o

20.0 Hy 647 Hg 30 0.22 0.27

50.0 Hg 30 0.36 0.33  0.32™
50.0 NH3 2.00 Hg 30 od

50.0 NHz 5.00  Hg 30 o4 0.30f) . 0.30

50.0  NH3 200 Hg 30 —¢) =)

50.0 CoHz 2.00 Hg 30 —¢)  0.32") 0.38  0.31M
50.0  C2Hz 100 Hg 30 0.529)

50.0  CoHe 2.00 Mg 30 0.39 0.40  0.33M)°
30,0 N3 3.00 Zn 1200 —e)

50.0 Zn 1200 —e)

50.0 CoHs 2.00 In 1200 —e)

500 In 1200 o

500 CoHe 2.00 ZIn 1200 Qe

a) Hg: The low pressure mercury lamp (184.9nm) and the ce!! which was shown in Fig.l were
used.
In: The zinc lamp (214nm) and the cross-shaped cylindrical cell with two KBr windows
and two Suprasil windows were used. '

b) The pressure of P2Hq4 was determined by the baseline method on (R absorvance
at 791.2cm-t.

c) The pressure of P2l was determined by the UV absorvance of the photolysate at 245mm.

d) Open circles mean that P2H4 was observed, however, yields of P2Hs could not be
determined because of the interruption by IR absorvance of added gas or too small
amount of PzH4.

e) P2Hs was not observed in IR spectra.

f) In case there are overlaping between the absorptions of the added gases and P2Hs,
the P2H4 was measured after the separation. ,

g) This yield of P2Hsa might not be correct, because the yellowish white photoproduct
was apt to be formed and it was assumed that the UV absorvance at 245nm was not due
to the presence of P2Hs. _ ’

h) There is no need to separate, however, the separations were carried out in order to
compare with the results of FT-IR. The decrease of 20% in average on the quantity
of P2He was observed by the separation. '
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Fig. 5 The UV-Vis absorbance spectra of the elemental phosphorus
produced by photoirradiating at 184.9nm for 30 min (uncorrected
for surface reflection)

(a) 10 Torr PH3, {(b) 50 Torr PH3

Absorbance

200 4C0 500 ¢00nm
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Fig. 6 The UV-Vis absorbance spectra of the solid photolysis
product of 50 torr Phg amd 100 Torr CgHg mixture.
Photoirradiations were carried out at 184.9nm for 30 min.
(uncorrected for surface relection)

(a) The cylindrical cell is photoirradiated through the
one window :

(b) The cylindrical cell is photoirradiated through its
cylindrical wall.
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Fig. 7. The UV-Vis absorbance spectra of the solid photolysis
- product at 184.9 nm for 10 min. The cylindrical cell
is photoirradiated through the one window.
(uncorrected for surface reflection)
(a) 10 torr PH3 alone '
{b) The mixturé of 10 torr PH3 and 100 torr NH3
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Fig. 8. The UV-Vis absorbance spectra of the product formed by
photolysis of solid PgH4.
(a) (solid line) 0.3 mg, or (b) (broken line) 0.06 mg
of P,H, was condensed on the quartz plate at 78 K and
photgi radiated with 214 nm zinc lamp.
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of the GRS in Jupiter. Further investigations are needed for a complete
understanding of the photochemistry of gascdus or solid P,H, and to

determine any role that PHg or P,H, might have for the color of the GRS.
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II. Photolytic Studies with Radioactive Tracers

The HO initiated oxidation of CS, in the presence of O, or
air has been studied using 1C labelled *CS, in order to acquire
additional information about mechanism of the photochemical
reactions of CS, under atmospheric conditions. Earlier studies
accomplished in this laboratory on the reaction of HO with *CS,
indicated that in the absence of O,, the bimolecular reaction of
CS, with HO has a rate constant 3x10-5 cm® molecule-! s-! at
- 295 K, consistent with the findings of other research laboratories
using different experimental techniques [1-3]. Two of the reported
studies on the oxidation of CS, by HO in the presence of O, have
indicated rapid removal of CS, with the formation of OCS and SO,
as products, thus identifying a tropospheric sink for CS, and |
source for tropospheric OCS and SO, [4,5]. The mechanism which
has been proposed for this oxidatioh process involves the formation
of a CS,0H adduct which either dissociated back to the reactants
or reacted with O, to form the observed products:

CS, + HO + M CS,0H + M (1)

CS,0H + O, Products (2)
The details of the mechanism of conversion of CS, to OCS and SO,
are not well elucidated. ' _

Our recent experiments have involved the use of “C labeled
*CS, to examine the reaction of CS, with HO in the presence of
0, in a static photolytic system and radio gas chromatographic
measurements of both “C-product yields and "'csz removal. A

rapid removal of *CS, with rates increasing with O, concentration




was observed in these experiments consistent with the findings of
Jones et al. [4] and of Barnes et al. [5]. However, the products
spectrum observed in our experiments differs from those of earlier
studies. We observed that the reaction of “CS, with HO in the
presence of O, produces not only OuCS, but also “CO in yields
comparable to that of O“CS and minor yields of “CQO,. In these
experiinents we confined our measurements to *CO, in yields
comparable to that of O*CS and minor yields of “CO,. In these
experiments we confined our méasurements to “C-product yields
and did not measure SO, forniation quantitatively. Additional
eperiments with 33S-labelled CS, will allow measurements of both
OC3S and S0, by radio gas chromatography and will be useful
for better understanding of the CS, oxidative process in the
atmosphere. | |

In our recent experiments, mixtures of *CS,, C,H,, H,0,, O,
and N, at a total pressure of one atmosphere were irradiated at
302 nm. The photolytic decompositio'n of H,0, served as the
source of HO radicals. The loss of C.H, through reaction with HO
served as a standard for monitoring the HO fluxes in these

irradiations. The “C product yields and the loss of 14C.S; were

determined by radio gas chromatography of the photolytic mixture.

The effect of irradiation time on the product yields is shown in
Figure 1. Linear increase in yield was observed for all three
products O“CS.,%O, and “CO, for irradiation periods up to two

hours. The loss of C;H, measured by its thermal conductivity

response was also linear with irradiation time as shown in Figure 1.

The ratios of the percent product yield to the percent C,H, loss in
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short irradiations (less than two hours) in these experiments

repfesent an effective rate constant for *C product formation

relative to the rate constant for removal of C;H, reaction with

HO. Using the known value of the rate constant (1.2x10-2 cms®

molecule-!) for the HO + CzHareaction, these ratios could then

be converted into "effective” rate constants for O+CS, “CO, and

14CO, formation. In samples containing 172 torr of O, and one

atmosphere total pressuré, these effective rate constants at 295 K

were determined to be (1.4240.41)x10-12, (0.9020.12)x10x "%, 26+0 12;:10-12 )
ew”’  molecule-t s-! respectively for 01*C 14CO and *CO, formation.

The effect of O, concentration on product yields in the
irradiation at 302 nm of mixtures of *CS,-C;H,——H,0,-0,-N, at
a total pressure of one atmosphere is shown in Figure 2. In the
range of O, concentrations used in these experiments (0-248 torr,
the relative yield ratio %0:4CS/%C,H; loss, increased continuously
with [0,] as shown in Figure 2. The corresponding ratios for 4CO
and “CO, also indicated increases with [0,] as shown in Figure 2.

- The corresponding ratios for 14CO and CO, also indicated increases
with [O,] but remained constant for [0,]>100 torr. From the

- measured relative loss of 1“CS, vs C,H,. the effective rate
constants (k) for the removal of CS, were determined at
various [0,] using the known rate constant or the HO + C;H,
reaction. As shown in Figure 3, these effective removal rates
increased with [0,]. The values of k_, reported by Barnes et al.
and by Jones et al. are also shown in Figure 3. Our values of k_,

are in agreement with those of Barnes et al., but are approximately

2.5 times higher than those reported by Jones et al. Additionally,
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both the earlier studies reported one to one equivalence of CS,

loss to the yields of OCS and SO,, while in our experiments the
0CS formation accounts for only about half the fraction of (S,
removed, as can be seen from the effective rate constants for
0Ou1CS formation shown in Figure 3. The observation of only low
yields of the three products O+CS, “CO and “CO, in irradiated
mixtures containirig no H,0,, the source of HO radicals, and the
enhanced, [0,] dependent yields observed for all three products
when both H,0, and O, are present in the irradiation mixtures,
leads us to believe that routes for formation of all three products
exist in the HO + CS, 4 O, system. The dependence of k., on
[0,] can be accounted for by the proposed reactions (1) and (2);
but the mechanism by which the CS,0H adduct is converted to the
observed products is unclear. Further studies are needed for a
better understanding of this complex mechanism and we propose to

continue our studies on this system using *S labeled CS,.
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