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ABSTRACT: Phosphine (PH;) is a highly reactive and toxic gas. Prior experimental  101950K 1800K 1650K _ 15Q0K
investigations of PH; pyrolysis reactions have included only low-temperature measurements. T
This study reports the first shock-tube measurements of PH; pyrolysis using a new PH; laser
absorption technique near 4.56 ym. Experiments were conducted in mixtures of 0.5% PH;/
Ar behind reflected shock waves at temperatures of 1460—2013 K and pressures of ~1.3 and
~0.5 atm. The PH; time histories displayed two-stage behavior similar to that previously
observed for NH; decomposition, suggesting by analogy that the rate constant for PH; + M
2 PH, + H + M (R1) could be determined. A simple three-step mechanism was assembled
for data analysis. In a detailed kinetic analysis of the first-stage PH; decomposition, values of
k, o were obtained and best described by (in cm®mol™"s™") k; o = 7.78 X 10'7 exp(—80,400/  * 0% ok  o0b0 064 058
RT), with units of cal, mol, K, s, and cm®. Agreement between the 1.3 and 0.5 atm data
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confirmed that the measured k;, was in the low-pressure limit. Agreement of the
experimental k; ; with ab initio estimates resolved the question of the main pathway of PH; decomposition: it proceeds as PH; 2

PH, + H instead of PH; 2 PH + H,.

1. INTRODUCTION

Phosphine (PHj;) is a toxic' and pyrophoric” gas that is used as a
phosphorus source in the semiconductor industry”* and as a
fumigant in the agricultural industry.' A recent focus on
phosphorous chemistry has arisen out of an interest in
organophosphorus compounds (OPCs), which can serve as
both fire suppressants” and surrogates for chemical weapons of
mass destruction such as Sarin.® Although PHj is not an OPC, its
small size and correspondingly simple chemistry may make it
suitable as a foundation for more-complex phosphorous
chemistry and as a precursor for various phosphorus-containing
intermediates.

The pyrolysis kinetics of PH; have received only a handful of
studies. The title reaction, PH; 2 PH, + H, has been studied
theoretically via RRKM calculations by Buchan and Jasinski’
and by Cardelino et al.* However, no experimental data appear
to exist on this reaction, and even the pathway by which PH;
decomposition proceeds was still unclear in the opinion of
Buchan and Jasinski (see Section 4.1). The secondary reaction in
the PH; pyrolysis system, PH; + H 2 PH, + H,, has been
studied theoretically via various direct dynamics ab initio
methods by Yu et al.” The reaction PH; + H 2 PH, + H, has
also been studied in several experimental works.*”'" Lee et al.
measured H atom levels during flash photolysis of PH;/He
mixtures from 209 to 495 K.” Aleksandrov et al. measured H and
P atoms during a flow-discharge experiment involving H, and
PH, in He at room temperature.” Finally, Arthur and Cooper
measured H atoms during flash photolysis of PH;/H,/Hg
mixtures from 293 to 472 K.'® The results of these three
experimental studies are all in good agreement. However, these
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experiments were performed only at low temperatures (209—
495 K).

To rectify the lack of experimental data on the title reaction
and on high-temperature PH; pyrolysis, this study provides the
first measurement of the PH; decomposition rate constant, k; o,
and the first high-temperature experimental data involving PH,.
Described first is the experiment, including the development of a
new PHj laser absorption diagnostic. Experimental PH; profiles
are then provided, followed by the method used to extract the
decomposition rate constant. Comparisons to previous
theoretical studies of PH; decomposition are made, and
conclusions concerning future directions of PH; mechanism
development are drawn.

2. EXPERIMENT

2.1. Shock Tube. A single-diaphragm shock tube was used
for all experiments. The 10.8 cm-square driven section was 4.0 m
long, while the 7.6 cm-diameter driver was 2.0 m long.
Polycarbonate diaphragms (0.127 mm in thickness) were
burst using He as the driver gas for the 1.3 atm experiments
and a mixture of He and air for the 0.5 atm experiments.
Mechanical and turbomolecular pumps achieved ultimate
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driven-section pressures of ~10™® atm before each experiment. oo ' : ‘ ‘
Four piezoelectric pressure transducers along the last 1.4 m of 20.961 R i
the driven section measured the incident shock wave velocity, v,. £ 0ga || 27O el absorption at Ts and s ]
The linear attenuation of v, was extrapolated to the endwall and g Y= 945% absorption at T, and P
used with known initial conditions (T, and P,) to calculate the = 0881 )
temperature (T) and pressure (P;) behind the reflected shock 0844 . i i I(a) 1
wave (RSW) using the 1D normal shock relations. Estimated £ 154 1
uncertainties in TS and Pq are +0.8 and +1.0%, res.pectivel?f. Tg (1)2 | Reflected shock wave

PH; was supplied by Praxair as a 0.5% PH;/Ar mixture with a 2 o 1 incktent shock wave )]
relative PH; uncertainty of +2%. Stated purity levels were < ; : , .

. & 0 500 1000 1500 2000

99.9997% for PH; and 99.9999% for Ar. The PH;/Ar mixture Time (us)

was filled directly into the driven section prior to each
experiment. Since NHj is known to adsorb onto stainless
steel, it was suspected that PH; may experience a similar
phenomenon. To prevent this adsorption, a two-stage filling/
Vacuuming passivation method similar to that of Mathieu and
Petersen' ' was utilized, although this was likely unnecessary as it
appears PH; does not strongly adsorb onto stainless steel.'* Due
to the highly dangerous nature of PHj; enhanced safety
precautions were taken while handling PHj;: (i) a negative-
pressure cabinet was used to store the PH;/Ar bottle, (ii) PH,
detectors were stationed throughout the laboratory, and (iii) gas
lines were filled with PH;/Ar to only slightly above atmospheric
pressure to minimize the risk of PH; leaks while still preventing
air infiltration.

A thin layer of red powder accumulated near the shock-tube
endwall after repeated PH; pyrolysis experiments. Chemical
equilibrium calculations were performed using thermodynamic
data from Burcat and Ruscic'® for Ar, H, H,, P, P,, PH, PH,,
PH,, P,H, P,H,, and P,H,. These calculations indicated that the
stable products of PH;/Ar mixtures at high temperatures were
predominantly P,, H,, and Ar. Thus, the red powder was almost
certainly red phosphorus. Additionally, the chemical equilibrium
calculations indicated the equilibrium PH; mole fraction was ~1
X 107% which confirmed the experimentally observed
disappearance of PHj at higher temperatures where the shock-
tube test time was sufficiently long to fully observe this
disappearance (Section 3.1).

2.2. Laser Diagnostic. A quantum cascade laser (Alpes
Lasers) generated narrow-linewidth (~5 X 107° cm™") light near
2193 cm™'. A beam splitter directed incident (I;) and
transmitted (I,) portions of the beam onto either of two InSb,
200 kHz-bandwidth photodetectors (Teledyne Judson J10D);
time histories were accordingly postprocessed with a 200 kHz-
cutoff digital filter. The I, beam traversed two CaF, shock-tube
window ports located 1 cm from the endwall. Irises and
bandpass filters were successfully employed to eliminate
broadband emission interference: an experiment with the laser
turned off revealed no broadband emission being captured by
the I, detector during pyrolysis of 0.5% PH;/Ar at the high-
temperature end of this study. A flip mirror directed the laser
into a wavemeter (Bristol 671B-MIR) to monitor the laser
frequency. For more details on the laser hardware, see Mulvihill
etal."”

Representative experimental results are shown in Figure 1 in
the form of a laser transmission trace (Figure 1a) and a sidewall
pressure trace (Figure 1b). The sidewall pressure trace was taken
from the piezoelectric transducer in the same plane as the CaF,
windows. In Figure 1la, PH; absorption can be observed before
and after the incident shock wave since PHj is absorbed at this
wavelength at room temperature. (The identical transmission
levels before the incident shock wave and after the RSW are
merely fortuitous; Section 3.3 shows a case where this agreement
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Figure 1. Representative (a) laser transmission and (b) sidewall
pressure traces in a mixture of 0.5% PH;/Ar at 1719 K, 1.37 atm. The
laser transmission is defined as I;/I,. The laser frequency was fixed at
2192.771 cm™" for this experiment. The value of k, for this experiment

was calculated to be 0.377 cm™'-atm™.

does not occur.) Following the passage of the RSW, PH,
absorption begins to decrease as the PH; decomposes. During
all PH; pyrolysis experiments, the laser frequency was fixed at
2192.771 + 0.001 cm™' (see Section 2.3 for more on the
determination of this frequency).

The Beer—Lambert law, I,/I; = exp ( — k,PX,;,,L), was utilized
to process the experimental I;/I, time histories. The pressure P
was P, while L was 10.8 cm. The initial PH; concentration
(0.5%) was used as the mole fraction of the absorbing species,
Xpy along with the measured initial absorption behind the RSW
(e.g., 2.76% in Figure 1a) to derive the absorption coefficient, k,,
which was held constant when processing the experimental
transmission profiles via the Beer—Lambert law to obtain PH,
time histories. Although k, is a function of T and P; (see Figure
S14 in the Supporting Information), the PH; time histories were
self-calibrating due to the known initial concentration of PH;.

2.3. Spectroscopic Characterization of PH;. PH,
exhibits strong absorption in the 4—5 ym range due to the v,
20y, v, v, + vy, and 2v, bands."> This region is the strongest
region of PH; absorption in the IR. The selected wavelength
(2192.77 ecm™") is one of the strongest transitions in this region
at high temperatures (1500—2000 K) and was chosen due to the
tuning range of the available quantum cascade laser. Room-
temperature, scanned-wavelength measurements of PH; were
performed near 2192 cm™' by modulating the laser injection
current at 100 Hz to achieve a scanning range of ~1 cm™. A
50.8-mm, solid germanium etalon with a free spectral range of
0.024 cm™' monitored relative changes in the laser frequency,
while the wavemeter ascertained the absolute frequency.
Experimental and calculated room-temperature spectra are
shown in Figure 2a,b, respectively.

In Figure 2, the line positions of the HITRAN2016 database
and of the data are observed to typically have discrepancies of
about +0.01 cm™!, which is near the standard error of +0.009
cm ™! reported by the measurements'> that HITRAN2016 cites.
However, HITRAN2016 incorrectly predicts the frequency of
the strong line observed experimentally at 2192.771 cm™' by
nearly 0.1 cm™". HITRAN2016 identifies the strong transition at
2192.6737 cm™ as the 15,, « 16,5 line in the 0010 < 0000
band but labels the symmetry species as “A” even though it
should be either “A+” or “A—" (alternatively, “A,” or “A,”)."®
This ambiguity in labeling may be related to the error in line
position predicted by HITRAN2016. Despite this error in the
HITRAN2016 prediction, the strong transition at 2192.771
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Figure 2. (a) Measured and (b) predicted room-temperature spectra of PH; near 2192 cm™". The experimental data comprise two overlapping scans.
Predictions were calculated using line positions, line strengths, and partition functions from the HITRAN2016 database'® and assumed a PH;—Ar
broadening coefficient of 0.045 cm™"-atm™, which is the average value from Dhib et al.'” for NH;—Ar broadening in the v, band.

cm ™ is still suitable for use in the fixed-wavelength experiments,
as discussed later.

As an additional confirmation that the experimentally
observed transition at 2192.771 cm™' was the same as that
predicted by HITRAN2016 at 2192.6737 cm™’, the room-
temperature line strength of this transition was assessed using
the experimental data in Figure 2. A best-fit Voigt profile to the
Figure 2 data for the transition at 2192.771 cm ™ yielded a line
strength of 0.117 cm *atm™'. In comparison, the HI-
TRAN2016 line strength at 296 K for the transition at
2192.6737 cm™! is 0.1133 cm >atm™". The close agreement
(3.2%) between the two line strengths strongly suggests that the
two transitions are the same and that the HITRAN2016 line
position is simply incorrect.

To investigate the high-temperature spectra of the strong PH;
transition near 2192.771 cm™, scanned-wavelength tests were
performed behind the RSW. Due to the limited test time
available behind the RSW, the laser injection current was
modulated at a higher speed (2 kHz) for these RSW
experiments; a smaller scan range (~0.5 cm™') was obtained
due to the higher modulation frequency. Relatively cold
temperatures were chosen for these RSW experiments to reduce
PH; decomposition during the scan time. Sample results from a
scanned-wavelength measurement behind the RSW are shown
in Figure 3. Compared to the data shown in Figure 2, the high-
temperature and high-pressure data in Figure 3 demonstrate (i)
weaker absorption features (on a per-column-density basis) due
to the redistribution of molecules to higher energy levels at the
higher temperature, (ii) more absorption features due to the
population of higher energy levels at the higher temperature, and
(iii) broader absorption features due to stronger collisional
broadening at the higher pressure. Also shown in Figure 3 is a

0.5% PH,/Ar
L=10.8cm

Fixed-wavelength
64 experiment (1171 K, 1.63 atm) |

Fractional absorption (%)

Scanned-wavelength
experiment (1170 K, 1.62 atm)

0 T T T T
2192.6 2192.7 2192.8 2192.9 2193.0
Frequency (cm™)

Figure 3. High-temperature PH; spectra near 2192.7 cm™" obtained
during a scanned-wavelength experiment behind the RSW. The open
circle denotes a fixed-wavelength experiment at nearly identical test
conditions.

single, fixed-wavelength experiment at nearly the same T's and P
as the scanned-wavelength experiment wherein the laser
frequency was fixed at 2192.771 cm™'. The peak absorption
for this fixed-wavelength experiment (8.05%) was obtained
immediately behind the RSW (cf. the value of 2.76% in Figure
1a). The excellent agreement between the fixed- and scanned-
wavelength measurements in Figure 3 supports the accuracy of
both techniques. Since HITRAN2016 only contains air-
broadening coefficients for PHj, it is difficult to directly compare
the predictions of HITRAN2016 with the k, data shown in
Figure S14. However, by employing the assumption of a
constant Ar-to-air broadening coefficient and considering the
fixed-wavelength k, data shown in Figure S14, the authors
roughly estimate an Ar-to-air broadening coefficient ratio of 0.4
for the strong PHj transition at 2192.771 cm ™.

The goal of the brief spectroscopic characterization illustrated
in Figures 2 and 3 was not to fully characterize the PHj;
absorption spectrum in this region; such a task goes beyond
the scope of this work. Instead, the goal of the spectroscopic
characterization was to identify a frequency at which to fix the
laser to obtain the maximum possible fractional absorption by
PH, for the PH; pyrolysis experiments. Based on Figures 2 and
3, the laser frequency was fixed at the center (2192.771 + 0.001
cm™") of the strong transition in Figures 2 and 3 for all pyrolysis
experiments herein. The minimum resolvable fractional
absorption was ~0.07%, yielding a PH; detection limit of
~110 ppm.

3. RESULTS

3.1. PH; Time Histories. Representative PH, time histories
across a range of temperatures at a pressure of ~1.3 atm are
shown in Figure 4. Each profile exhibited a first stage of PH;
decomposition, lasting S0—100 ys, followed by a second stage of

5000 0.5% PH,/Ar |
. ~1.3 atm
g
g 4000
s
5 3000 4
ol
®
° 2000 4
€
T 1000+
T 1000

07 T T -
0 500 1000 1500

Time (us)

Figure 4. PH; decomposition profiles in 0.5% PH;/Ar at various
temperatures and an average pressure of 1.3 atm.
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faster PH; decomposition for the remainder of the experiment
(the timescale in Figure 4 makes the two-stage behavior difficult
to ascertain; see Sections 3.3 and 4.4 for further examples of the
two-stage decomposition). The two-stage behavior was most
evident at intermediate temperatures, becoming more difficult
to discern at the temperature extrema of the present study. The
difficulty in discerning the two-stage behavior at low temper-
atures was due to reduced PH; decomposition during the
experimental time frame; at high temperatures, this difficulty was
due to the fact that the first-stage decomposition lasted for nearly
the entire period of decomposition of PH;, as has been similarly
observed for NH; *° It was initially suspected that the two-stage
behavior was due to long vibrational relaxation times of the
shock-heated PH;. However, this suspicion was disproved in
three ways: (i) low-temperature (~1200 K) experiments, where
vibrational relaxation times should be relatively larger, in PH;/
Ar showed nearly instantaneous (ie. less than the ~4 us
obfuscation time caused by the RSW) vibrational relaxation; (ii)
a high-temperature experiment in PH,/Ar with 10% He (which
accelerates vibrational relaxation) added to the mixture showed
identical PH; decomposition behavior to the experiments
without He; and (iii) the nitrogen analog to PH;, NH;, is
known to have extremely short (<0.1 us) vibrational relaxation
times at the conditions of this study.'® Based on these three
arguments, vibrational relaxation was determined to be of no
concern in the present experiments and not responsible for the
observed two-stage PH; decomposition.

To aid future modelers in studying the PH; pyrolysis system, a
total of 13 PH; time histories have been provided in the
Supporting Information at pressures of ~1.3 and ~ 0.5 atm.

3.2. Three-Step Pyrolysis Mechanism. To model and
interpret the first stage of the experimental PH; decomposition
data, a three-step reaction mechanism was assembled containing
the following reactions:

PH,+ M =PH, + H+ M (R1)
PH, + H = PH, + H, (R2)
H,+M=H+H+M. (R3)

The choice of these reactions was guided by analogy to NH;
decomposition; see the following paragraph. The Arrhenius
parameters used to describe R1—R3 are given in Table 1. The
thermochemical data for Ar, H, H,, PH,, and PH; were taken
from Burcat and Ruscic.'” Separate text files containing both the
reaction set and the thermochemical data are provided in the
Supporting Information to this paper.

Table 1. Three-Step Mechanism Used for Data Reduction®

E, (cal/

no. reaction A n mol) reference

1 PH;+M=2PH,+ 7.78x 10" 0 80,400 this
H+M study”

2 PHy+H=zZPH,+ 291X 10° 2271 —200 7¢
H,

3 H,+M=z2H+ 458X 10"  —1.400 104,400 199
H+M

%k given as k = AT"exp (—E,/RT). Units are cal, mol, K, s, cm®
These are the final, best-fit Arthenius parameters. k, o was adjusted to
best fit each individual experiment; see Section 3.3. “Best-fit to the
CVT/SCT calculations of Yu et al.;7 see Figure S. 9Uses the enhanced
H, collider efficiency of 2.50 suggested by Tsang and Hampson."
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The selection of R1, R2, and R3 should now be addressed. In
Section 3.1, two-stage decomposition behavior in the exper-
imental PHj time histories was mentioned (see Sections 3.3 and
4.4 for more examples). This two-stage behavior guided the
selection of the R1 and R2: similar two-stage decomposition was
previously observed during NH; pyrolysis experiments by
Holzrichter and Wagner.”* Holzrichter and Wagner utilized the
slope of the first ~200 ps of their NH; decomposition profiles to
derive the rate constant, k,, of

NH; + M = NH, + H + M. (R4)

However, Davidson et al.*' later demonstrated that neglecting
the reaction

NH, + H = NH, + H, (RS)

in the analysis of NH; pyrolysis data, as Holzrichter and Wagner
did, can lead to misinterpretations of k,,. When Davidson et al.
accounted for ks in the determination of k,, reinterpreted k,
data from several groups coalesced to within 15% of one another.
Therefore, given the resemblance of the PH; decomposition
time histories obtained in this study to NH; time histories
obtained in previous studies (e.g., ref 20), it seemed reasonable
to model the first-stage decomposition of PH; using the
phosphorous analogs of R4 and RS, that is, R1 and R2,
respectively. The reaction R3 was included in the three-step
mechanism for completeness; see Section 4.3 for more on this.
Since R1 represents the low-pressure limit of unimolecular PH,
decomposition, the corresponding rate constant will be referred
to as k; , (see Section 4.2 for more on k, o and the high-pressure
limit rate constant, k; ).

The rate constant for R2 was taken from Yu et al,” who
calculated k, using transition state theory (TST) and canonical
variational TST both with (CVT/SCT) and without (CVT) a
tunneling correction. The CVT/SCT results were selected here
as they most closely matched the low-temperature (200—500 K)
experimental data of Lee et al.” and Arthur and Cooper."” A
three-parameter Arrhenius equation for k, was fit to the CVT/
SCT results from Yu et al. (see the solid line in Figure S) and is
provided in Table 1.

3.3. Extraction of k;, Data. A kinetic analysis was
performed in CHEMKIN PRO (closed homogeneous batch
reactor, constant U—V) to match predictions of the three-step
mechanism to experimental first-stage decomposition data by
varying k;,. Using this method, a best-fit value of k;, was
determined for each individual PH; pyrolysis experiment; an

1600 K 1100 K 600K 500K
o TST
—~ o CVT
Tw 14 4 o a CVT/SCT g
,T' ° ——Fit to CVT/SCT
5
€
o«
£
3]
=134
N
x
2
g a
PH, +H < PH, + H,
12 T T T
0.5 1.0 1.5 2.0

1000/T, (K™")

Figure S. Arrhenius plot of k,. Symbols represent theoretical
predictions from Yu et al,” and the solid line represents three-
parameter Arrhenius fit to the CVT/SCT predictions from Yu et al.
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example is shown in Figure 6. An Arrhenius plot of the extracted 10-1950K 1800K _ 1650K 1500 K
k, o values is shown in Figure 7. The 1.3 and 0.5 atm datasets are T:; Theory, PHy + M <> PH + H, + M
shown in Figure 7 and agree with each other within the scatter of T 1
the data. Using the k,, data in Figure 7, a two-parameter g
Arrhenius expression for k; ( was fit to the experimental data and E ]
is given by k, o = 7.78 X 10" exp(—80,400/RT), with units of cal, < ]
mol, K, s, and cm?®. _\(3

The previous NH; decomposition study by Holzrichter and i _ ]

20 . D o Experiment, 1.3 atm ~

Wagner™ noted that the two-stage behavior became more 2 .| & Experiment 05 am ~.]
difficult to discern at higher temperatures. Our results show — _EES”“ PH. + M o5 PH. + H+ M
similar trends; the hottest experiments shown in the Supporting 4 o IR

Information demonstrate that the first-stage decomposition lasts
for nearly the entire period of PH; decomposition. In discerning
the inflection point where the first stage ended and the second
stage began (e.g,, ~5S us in Figure 6), it was useful to take the
natural logarithm of the PH; mole fraction; a clear change in the
slope of In(Xpy;,) marked the inflection point; see Figure 6b for

an example of this change in slope. However, it should be
emphasized that a first-order analysis was not used to extract k; o;
the three-step mechanism discussed in the preceding paragraphs
was instead used.

4. DISCUSSION

4.1. Comparison with Theoretical Studies. There are
only two previous studies of Rl: the theoretical studies of
Buchan and Jasinski® and Cardelino et al.* Both studies utilized
RRKM theory to calculate the high-pressure-limit rate constant,

T T T

H . T T .
5000, : 3-step mech. [+

' ! 5000+ _, wibest-it k1
’CE: 4000 ! i §
= 4000 -
< 3000, ! n
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S e _ -
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Figure 6. (a) PH, time history at 1805 K, 1.30 atm in 0.5% PH,/Ar.
The inset of panel (a) shows zoomed-in portion of the early experiment
where the two-stage behavior is evident. (b) Natural logarithm of the
normalized PH; mole fraction for the same experiment as shown in
panel (a). The inset of panel (b) shows zoomed-in portion of the early
experiment. The thick solid line represents prediction of the three-step
mechanism using the best-fit k; , for this experiment, 8.52 X 107 cm®:
mol~":s™". Dotted lines represent mechanism predictions with +50%
variations in k; ;. The fitting was only conducted up to the end of the
first-stage decomposition, which is highlighted by the vertical arrow and
is marked by a change of slope in panel (b).
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1000/T, (K™
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Figure 7. Arrhenius plot of ko Symbols represent individual
experimental values of the current study. The solid line represents
the current study’s best-fit Arrhenius expression to the experimental
data, k; ;= 7.78 X 10" exp(—80,400/RT), with units of cal, mol, K, s,
and cm’. The dash-dot line represents theoretical predictions for k; ,
from Buchan and Jasinski.’ The dotted line represents theoretical
predictions for the alternate pathway PH; + M 2 PH + H, + M from
Buchan and Jasinski.”

k) oy of PH; unimolecular decomposition. The low-pressure-
limit rate constant, k; o, was not explicitly provided by Buchan
and Jasinski and had to be extracted. Using the fall-off curves
shown in their Figure 1 for 700, 900, and 1100 K in conjunction
with their value of k, ., expressions for k; ;, were extracted and
are provided in Table 2. The parameters for k; o, from Buchan
and Jasinski are also included in Table 2. The Cardelino et al.
values are not included in Table 2 since units and definitions
were not clearly specified in their Table 3.

Buchan and Jasinski® considered two possible reaction paths
for PH; decomposition: PHy 2 PH, + H (pathway 1) and PH,
2 PH + H, (pathway 2). They concluded the more-important
pathway was unclear and left the matter up for discussion.
However, two new pieces of evidence now support pathway 1.
First, Buchan and Jasinski’s predicted k, , of pathway 2 is ~200
and ~10 times higher than the experimental k; ; at the low- and
high-temperature ends of this study; similarly, their predicted E,
for pathway 2 is ~32 kcal/mol lower than the experimental E, of
this study (see the dotted line in Figure 7). The fact that the data
analysis assumed pathway 1 did not significantly bias the
measured k;o; at most, a factor-of-two increase in the
experimental k;, would have been obtained if pathway 2 had
instead been assumed in the three-step mechanism. On the
other hand, Buchan and Jasinski’s calculated k, , for pathway 1 is
only ~4 times less than the experimental k;, and their
calculated E, for pathway 1 is within 2 kcal/mol of the
experimental E, (see the dash-dot line in Figure 7). In summary,
our measured k; 4 is in much better agreement with Buchan and
Jasinski’s pathway 1 calculations than with their pathway 2
calculations. Second, the later study by Cardelino et al?
considered only pathway 1, lending further support to the idea
that PH; 2 PH, + H is the preferred channel for PH;
decomposition. Physically, the simultaneous removal of two H
atoms to form H,, as required by pathway 2, seems unlikely, and
the loss of a single H atom (i.e, pathway 1) seems more
plausible.

In extracting k,  from Buchan and Jasinski,” their eq 10 was
used to correct their fall-off curves to an Ar bath gas to align with
the experimental conditions of this study. The PHj collisional
cross-section was taken from Svehla.*” Including this Ar bath gas
correction, their k,, expression is ~4 times lower than the
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Table 2. Arrhenius Parameters of k, ., and k, ; via Two
Different Pathways According to RRKM Calculations by
Buchan and Jasinski®®

ko ko
A E, (cal/ A E, (cal/
reaction (s n mol)  (ecmPmol™s7))  n mol)
PH; 2 PH,+ S5S50X 0 82,500 1.00 x 107 0 78367
H (pathway 10"
1)
PH; 2 PH + 1.51135 0 53,100 2.76 X 10" 0 48,960
10

H, (pathway
2)

“Pathway 2 is not valid; see text. The k; , expressions given here are
for M = Ar and were not explicitly stated by Buchan and Jasinski but
rather extracted from their Figure 1. k is given as k = AT"exp (—E,/
RT).

experimental k;, determined in this study (see Figure 7).
Buchan and Jasinski recommended a value of 0.1 for the collider
efficiency, 4, of Ar relative to toluene. The extracted expression
for k, 4 is directly proportional to A: if A = 0.2 were used instead,
the theoretical k, ; from Buchan and Jasinski increases by a factor
of two.

4.2, Pressure Dependence of PH; Decomposition. In
comparing against the k;, predictions from Buchan and
Jasinski,® it was assumed that the present experimental
conditions were within the low-pressure limit of PH,
decomposition. Based on the agreement of our 1.3 and 0.5
atm experimental data, the present data did indeed assess the
low-pressure limit.

Beside the fact that the current study was in the low-pressure
limit, little else can be said about the pressure dependence of
PH; decomposition. Neither Buchan and Jasinski® nor
Cardelino et al.* seem to have addressed the fall-off behavior;
their k, ,,; discussions or plots employed simple Lindemann fits.
Based on the Buchan and Jasinski calculations using a
Lindemann fit, the predicted fall-off pressure, P,/,, was ~400
atm at the conditions of this study, which is in general accord
with the fact that the present study was in the low-pressure limit.
Further work is needed on the fall-off behavior of PH;
decomposition.

4.3. Uncertainty in k;o. Uncertainty in the Arrhenius
expression for k; , arises primarily from noise in the first-stage
decomposition, particularly at lower temperatures. This
uncertainty is illustrated by the dotted lines in Figure 6.
Estimated fitting uncertainties are factors of 1.5 and 2 at the
high- and low-temperature ends of this study, respectively. The
other primary uncertainty source is T (+0.8%), although this is
included as an x-axis uncertainty in Figure 7.

The k;, uncertainty introduced by uncertainty in k, is
negligible. The inclusion of R2 in the three-step mechanism was
quite necessary as excluding R2 entirely from the data analysis
yielded k,  values that were consistently double those shown in
Figure 7. This apparent doubling of k, ; in the absence of R2 is in
accord with the relative magnitudes of k;, and k,: at the
conditions of the present study, k, is 4—7 orders of magnitude
larger than k; 5. Therefore, each H atom that is produced by R1 is
immediately consumed by R2 along with a PH; molecule; R2
thereby provides another pathway for PH; consumption.
Consequently, if R2 were excluded from the mechanism, then
k; o would need to be twice as large to model the experimentally
observed disappearance of PH;. However, due to the orders-of-
magnitude differences in k; , and k,, the best-fit k; , was quite
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insensitive to changes in k,: factor-of-three variations in k,
caused only ~0.2% changes in the best-fit values of k, , for the
hottest and coldest experiments in this study. Note that the
preceding comments only pertain to the first-stage decom-
position of PH; wherein k; ; was determined.

The k; , uncertainty introduced by uncertainty in k; is also
negligible. Indeed, the inclusion of R3 in the three-step
mechanism was found to have no effect on the best-fit k, o; it
was included in the analysis merely for the sake of completeness
and could have been excluded with no ill effects.

4.4. Second-Stage PH; Decomposition. The three-step
mechanism shown in Table 1 is only capable of modeling the
first-stage PH; decomposition. For example, the three-step
mechanism can accurately predict only the first ~60 ps of the
experiment in Figure 8; past this inflection point, other reactions
become more important (Figure 6 and its inset demonstrate
similar behavior). Additionally, Figure 8 demonstrates that
removing R2 from the three-step mechanism yields decom-
position profiles that are too slow.

As mentioned previously, the two-stage PH; decomposition
behavior noted in Figure 8 has been previously observed for
NH; decomposition. Therefore, to tentatively identify key
reactions for modeling the second-stage decomposition of PHj;,
simulations of NH; decomposition were performed using the
mechanism of Zhang et al.”® Similar conditions to the present
study were simulated (0.5% NH,/Ar, 1 atm, 2000—2800 K).
Higher temperatures were required for the simulations of NH;
decomposition because the rate constant for NH; decom-
position, ky g, is ~3 orders of magnitude smaller than that for k, ,
at 1500—2500 K.

As expected, the simulated NH; profiles exhibited two-stage
behavior similar to the experimental PH; profiles obtained
herein. A sensitivity analysis based on the NH; concentration
was conducted. Throughout the simulation time (2 ms), NH; +
M 2 NH, + H + M (R4) remained the most sensitive reaction.
However, upon reaching second-stage consumption of NHj, the
second-most sensitive reaction became NH, + NH 2 N,H, +
H. The reactions NH+ H2 N+ H,and NH+ N2 N, + H
were also important during the second-stage decomposition. It
may be assumed that the analogous phosphorous reactions
would play key roles in explaining the second-stage decom-
position of PHj; future experimental or theoretical attention
given to PH; pyrolysis may benefit from focusing on these three
reactions.

T T T T T
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’g\ ~~~~~~~~~~~~~~~~~~~~
o 4000 |
c
k<]
5 30004
@
= Beginning of
% 2000 2"-stage decomposition
€
E 1000 - - - - 2-step mech. (without PH,+H & PH,+H,) 1

—— 3-step mech.

—— Experiment

0 T T T T T
0 100 200 300 400 500
Time (us)

Figure 8. Experimental and modeled PH; decomposition at 1733 K,
1.32 atm in 0.5% PH;/Ar. The thick solid line represents the
mechanism of Table 1, and the dash-dot-dot line represents the
mechanism of Table 1 with R2 removed.
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The analogy to NH; decomposition was employed due to the
dearth of rate constant data in the PH; system. As more
knowledge on rate constants in the PH; decomposition system
becomes available, an improved analysis of the most sensitive
reactions during the second-stage decomposition may be

possible.

5. CONCLUSIONS

A novel PHj, laser absorption diagnostic near 2193 cm™ was
developed and characterized. PH; time histories were acquired
in PH;/Ar mixtures behind reflected shock waves from 1460 to
2013 Kat ~1.3 and ~0.5 atm. Using a three-step mechanism, k; ,
was extracted for each individual experiment by inspecting the
first-stage PH; decomposition. An Arrhenius expression was fit
to the k; , data. Agreement between the 1.3 and 0.5 atm data
indicated the experimentally derived k, , was indeed in the low-
pressure limit. Agreement with the theoretical estimates of k;
by Buchan and Jasinski’ confirmed the PH; decomposition
pathway PH; 2 PH, + H instead of the alternate pathway PH,
2 PH + H,.

The three-step mechanism was only able to describe the first-
stage decomposition of PHj, and further work is needed to
improve the pyrolysis mechanism. The newly acquired data,
provided in the Supporting Information, will facilitate such
future improvements. By analogy to kinetics calculations of NH;
pyrolysis, likely reactions that merit future attention are PH, +
PH=2PH,+H PH+H=P+H,and PH+P 2P, + H.
Investigation of these reactions will aid in the modeling of PH;
oxidation, with applications to further understanding of OPC
chemistry.
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