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ABSTRACT: A yellow solid material [P,H,] has been obtained in the reaction of phosphine (PH;) and
nitric oxide (NO) at room temperature, and characterized by thermogravimetric analysis mass
spectrometry (TGA-MS) and attenuated total reflection Fourier transform infrared (ATR-FTIR), along
with the previous scanning electron microscope (SEM) and X-ray fluorescence spectroscopy (XRF). In
this work using Complete Basis Set (CBS-QB3) methods, a plausible mechanism has been investigated
for the phosphine polymerization in the presence of nitric oxide (NO). Theoretical explorations with the
ab initio method suggest: a) instead of the monomer, the nitric oxide dimer acts as an initial oxidant, b)
the resulting phosphine oxides (H,P=0 < H;P*O") in the gas phase draw each other via strong dipolar
interactions between the P-O groups, c¢) consequently an auto-catalyzed polymerization occurs among
the phosphine oxides, forming P-P chemical bonds and losing water. The possible structures of
polyhydride phosphorus polymer were discussed. In the calculations, a series of cluster models were

computed to simulate the polymerization.

KEYWORDS: phosphine, nitric oxide, polyhydride phosphorus polymer.

BRIEFS: Mechanism(s) of the P-P chemical bond formation in the polymerization reaction of
phosphine and nitric oxide, PH; + NO — [P.H,] + H,O + N,O, were investigated theoretically and

experimentally.



INTRODUCTION:

Allotropic carbons and hydrocarbon polymers, such as diamond, graphite, fullerenes, carbon
nano-tubes, polyacetylene, polyethylene, and polystyrene, have drawn scientists’ attention for centuries
due to their rich structural diversity and their multiple applications in modern industries. Similarly,
elemental phosphorus has long been known to possess a wide variety of allotropic forms and organic
structures that can be functionalized."* For example, simply controlled defect formation in certain
allotropic phosphorus materials can change the chemical reactivity of hydrolysis.’

However, the synthesis of compounds containing P-P bonds has proven to be much more
challenging than the synthesis of their carbon cousins. Thus, the formation of P-P bonds by means of
conventional chemical syntheses using organic phosphine monomers®'' requires carefully tuning the
reaction conditions to harness formation of P-P compounds. Otherwise, undesired products, such as
oxyacids and phosphorus oxides, will be obtained.>* '

Chemically stable P-P compounds remain elusive. Under ambient conditions, most small
phosphorus and hydro-phosphorus (phosphorus hydride) molecules (P, and P,H,) rapidly hydrolyze into
their corresponding phosphines (R,PH) and oxyacids (R,POH) and are further oxidized by oxygen at
room temperature. On the other hand, some allotropic forms of phosphorus such as black and red
phosphorus [P,] hardly degrade in air and water.

Nitric oxide oxidizes organic phosphines to produce their corresponding phosphine oxides
(R;P=0, R = phenyl, halogen) and nitrous oxide (N,O) in a stoichiometirc manner."””'® When nitric
oxide reacts with phosphine (PH,) at room temperature, the formation of a yellow amorphous powder
(not H;P=0) on the surface of the reaction container is observed. Interestingly, similar to the case of the
black/red phosphorus, the solid material is rather stable in air and water, and insoluble in most solvents,
including water, acetone, and hydrocarbons (CH,Cl, and CHCL,).'"* " Initial studies reported in the
literature indicated that the yellow material was mainly “phosphorus”, containing H;PO, and H;PO,."® A

more recent study based on X-ray fluorescence (XRF) measurements has not found considerable



amounts of oxygen or nitrogen on the solid material surface.'” As discussed in detail later in this article,
measurements performed in the present study combining thermo-gravimetric analysis and mass
spectrometry (TGA-MS) indicate that a large amount of reduced phosphorus in the form of PH; and P,
(as much as 80 % m/m phosphorus) is released from the solid material when the temperature is
increased to 873 K in a helium atmosphere. The ratio of the weight loss at the low temperature regime
of 373 K to 673 K (mainly PH,) to the corresponding weight loss at the high temperature regime 673 K
to 873 K (mainly P,) indicates a ratio of phosphorus to hydrogen in the solid material of about 1:1.1 (see
details in the experimental section below), concluding that the material is a novel composite of
phosphorus and hydrogen. Our results provide solid experimental evidence supporting the conclusion
that the air/water-stable material formed in the reaction of PH; and NO is a polyhydride phosphorus
polymer [P H ] (x = y). This conclusion is in excellent agreement with previous proposals in favor of
the existence of hydro-phosphorus [P.H,] polymers, although these compounds have never been
systematically prepared and characterized.'®

A very important issue regarding the formation of polyhydride phosphorus polymers in the
yellow solid material is related to the energetics and mechanism governing the reaction between PH,
and NO. In previous studies, the NO monomer was thought to react with phosphine in a consecutive
manner.'* '° These conclusions are in stark contrast with recent kinetics and theoretical studies that have
suggested that the nitric oxide dimer (NO), is a more effective oxidant than NO.* '* " In this work, we
use highly correlated ab initio electronic structure calculations in order to shed some light on the
mechanism for the reaction between NO and PH,. As further discussed in the text, the results show how

PH, converts to the stable P-P polyphosphine material via phosphine oxide, as illustrated in Scheme 1.

Scheme 1. The proposed mechanism for the formation of phosphine polymer
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THEORETICAL BACKGROUND:

Phosphorus-containing systems remain a major challenge for theoretical calculations due to their
complicated electronic structure. For example, it has been debated for a long time whether the nature of
P-O bond in phosphorus oxide is a covalent double (P=0) or an ionic (P*-O") bond.* In pioneering
work, Bocker and collaborators' applied a simple theoretical model to determine and classify the
structures of a series of covalent phosphorus networks. Major advances in computational algorithms
combined with the advent of more powerful computer hardware has allowed scientists to apply ab initio
electronic structure calculations to investigate chemical reactions of phosphorous materials such as PH,

2 as well as to estimate

oxidation,” predict the stability of phosphorus endohedral cage molecules,’
binding energies and physiochemical properties of small phosphorus molecules.”” Recent studies have
shown that density functional theory (DFT) is capable of predicting the correct geometry of phosphorus-
containing compounds® while wrongly estimating the relative energies of some of the isomers.”
Wesolowski et al. have computed the relative energies and conversion barriers of phosphinous acid
(H,POH) to the oxide isomer (H,PO), evaluating the performance of a series of theoretical
methodologies.”” While numerous theoretical methods exhibit rather large errors (10 to 240 kJ/mol) in
their predicted relative energies,”” the CBS-QB3 model,”” a variant of the Complete Basis Set (CBS)
method originally proposed by Peterson, has been found to produce results with significantly smaller
errors (approx. 2.4 kJ/mol; see ref. 29). In the CBS-QB3 method, geometry optimizations, harmonic
vibrational frequencies and zero-point energies (ZPE) are computed with the hybrid exchange-
correlation DFT functional B3LYP.”*' Using this geometry, the energetics are further computed using
a series of single point calculations involving second- and fourth-order Mgller-Plesset perturbation

theory (MP2 and MP4)* and Quadratic Configuration Interaction in the space of single, double and

triple electron excitations QCISD(T)*. The resulting energy is also corrected by an empirical term that



depends on the absolute overlap integral (|S|ii = f @’ @’ dr) and a spin term that depends on the

expectation value of the spin (<S*>).”
Given that CBS-QB3 provides a good compromise between accuracy and computational speed,
we adopt this method to compute structures and energies corresponding to all stationary points

considered in this work.

RESULTS AND DISCUSSION:

Oxidation of phosphine: Figure 1 shows a schematic diagram of the energy profile corresponding to
the lowest energy reaction path governing the reaction between PH; and NO leading to the formation of
H,PO, the species expected to participate in the phosphine polymerization reaction. The optimized
structures of the reactants, intermediates, transition states and products involved in this reaction are
depicted in Figure 2. Table 1 lists the reaction enthalpies and barriers corresponding to the reaction PH,
+ NO — H,PO as well as the energetics of the oxidation of some phosphine derivatives by NO and N,O
for comparison purposes. The geometries of the species listed in Table 1 and not shown in Figure 2 are
provided in the Supporting Information. In a previous communication, we reported the results of our
DFT calculations on the dimerization of nitric oxide and its reactions with nucleophiles.”” The CBS-
QB3 calculations performed in this study predict a higher barrier (111 kJ/mol vs 82 kJ/mol) and a more

exothermic reaction (319 kJ/mol vs 264 kJ/mol) when compared to out previous DFT results."
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Figure 1. Diagram of the lowest-energy pathway to phosphine oxide (CBS-QB3, in the gas phase).

Figure 2. Computed geometries of the reactants, intermediates, transition states, and products for the

phosphine oxidation (CBS-QB3, distances in A).

As shown in Figure 1, transition structure 4 (see Fig. 2) corresponding to the (4+1) pericyclic

reaction of the NO dimer and PH; constitutes the thermochemical bottleneck for the overall oxidation



process. As observed in Figure 2, our calculations predict that the phosphorous atom in 4 exhibits a
square-pyramidal coordination. Similar to the (4+41) cheletropic reaction between sulfur dioxide and
butadiene, the lone pair of the phosphine moiety (SO, in the case of SO, + butadiene) and a & bond of
the NO dimer (butadiene in the case of SO, + butadiene) are converted into two o bonds, leading to a
dioxadiazaphosphole (S in Fig. 2) in which the phosphorus atom exhibits a trigonal-bipyramidal
coordination and forms two asymmetric P-O bonds with lengths of about 1.656 A (equatorial P-O bond)
and 1.836 A (axial P-O bond) respectively. As shown in Figure 1, the resulting adduct (5) undergoes a
retro-[1,3] dipolar cyclo-addition reaction, where the axial P-O bond as well as the longer (and weaker)
N-O bond are broken, leading to the formation of phosphine oxide, H;PO, and nitrous oxide, N,O,
(structures 7 and 8 in Figure 2). The reaction was found to be exothermic by approximately 168 kJ/mol,
and to proceed through a transition structure (6) that keeps the trigonal-bipyramidal geometry of the
phosphorus atom, exhibiting a barrier of 22 kJ/mol. Despite our extensive search, we were not able to
locate the alternative transition state that leads to phosphadioxirane'>** and N,.

Side reactions of nitric oxide and nitrous oxide: Table 1 lists the energetics corresponding to the
side reactions of nitric oxide and nitrous oxide with a series of phosphorus oxyacids. The reactions of
the nitric oxide dimer with the oxyacids (reactions c - e) are predicted to be more exothermic and exhibit
lower reaction barriers than the corresponding reactions between nitrous oxide and the same oxyacids
(reactions g - i). These results lead to the conclusion that the reactions between the dimer (NO), and the
oxyacids PH; (OH),, (m = 1-3) are more thermochemically favorable than those with N,O, due to the
fact that the donation of an oxygen atom from the N,O moiety to a three-coordinated phosphorus atom
(particularly to PH,) is a very inefficient process kinetically and is not nearly as exothermic as the other
processes. The results of our calculations are in good agreement with experimental observations
reported by Ford’s'* and Odom’s'® groups, who measured a quantitative yield of 89% to 95% in the
reaction between nitrous oxide (N,0O) with triphenylphosphine (PPh,)", and no reaction at all of PH, and

N,O at room temperature'®. According to our findings, it is quite possible that the net production of N
2 p g g q p p 2



(54%) observed by Odom and Zozulin'® in the reaction of PH, and NO might be the result of reactions
between N,O and downstream products like hypophosphorous acid [H,P(=0)OH, H,PO,], rather than

PH, itself.
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Table 1. Reaction energies and activation barriers (in kJ/mol) for the oxidations of phosphine and its
derivatives, with the CBS-QB3 method, in the gas phase, at 298 K. (Uncertainty of the CBS-QB3

results is 2.4 kJ/mol for the testing set™)

Reaction: AH AH"
a. | 2 NO — (NO), -3.5 0.0
b. | PH; + (NO), — H,PO + N,O -315.6 | 114.5

c. | PH,OH + (NO), = H;PO, + N,O | -411.8 | 86.1

d. | PH(OH), + (NO), — H;PO; + N,O | -457.8 | 69.1

¢. | P(OH), + (NO), > H,PO, + N,O | -463.7 | 74.4

i. | P(OH), + N,O — H,PO, + N, “438.3 | 148.0

Isomerization between H,PO and H,POH: Given that the yellow powder observed on the surface of
the reaction container in the oxidation of PH; by NO (see Introduction section above) can be formed in
the presence of excess nitric oxide (PH;:NO = 1:16),' it is somehow puzzling to see the lack of
formation of phosphoric acid (H;PO,) or other reduced oxyacids, especially in view of the

thermochemical results obtained in the present work that indicate the feasibility of the formation of
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H,PO, / H,PO, (reactions a - e in Table 1). One possible explanation is that four-coordinated
phosphines, such as H;PO and H,P(=O)OH, can only react with nitric oxide (or nitrous oxide) via a two-
step mechanism involving a 1,2-hydrogen transfer that leads to the formation of the corresponding
three-coordinated phosphine derivatives H,POH and HP(OH),. Although these species can readily react
with NO and N,O to form H;PO,, the overall process is expected to be slow given the unfavorable
energetics (small exothermicity and/or large barriers) of the 1,2-hydrogen transfer step.

The gas-phase equilibrium between phosphine oxide and phosphinous acid remains an open
question. Calculations using highly correlated ab initio levels of theory predict a small relative energetic
difference between the two species in the gas phase (less than +8 kJ/mol). This result does not seem to
be affected by the relative stabilities of the cis- and trans- conformations of phosphinous acid (trans/cis
separation is approx. 0.6 kJ/mol).”” The gas phase unimolecular isomerization of H,PO to H,POH has
been found to exhibit a fairly large reaction barrier (240 kJ/mol calculated at the CCSD(T)/cc-pVTZ
level of theory), indicating that this reaction is not feasible in the gas phase.” ** These results are in
disagreement with conclusions based on indirect experimental evidence supporting the establishment of
the equilibrium between the oxide and acid forms.*>*

In this work, two possible isomerization pathways have been investigated using the CBS-QB3
method as before: (1) the unimolecular, concerted gas-phase isomerization of H;PO, and (2) the paired,

stepwise gas-phase isomerization of H;PO. The optimized structures of the species involved in these

reactions are shown in Figure 3, while the corresponding reaction energy profiles are shown in Figure 4.
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Figure 3. Optimized structures of phosphinous acid, the transition states for unimolecular and paired

isomerizations, and the phosphine oxide dimers.
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Figure 4. Reaction energy profile of the two isomerization pathways between H,PO and H,POH

(CBS-QB3, in the gas phase)
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As shown in Figure 4, although the concerted gas-phase isomerization of the oxide to the acid
form is slightly endothermic (AH = 8 kJ/mol) it exhibits a large reaction barrier (AH* = 260 kJ/mol)
indicating that this path is not feasible. The large barrier predicted by our calculations is likely the result
of the geometric constraint of the 3-m-r proton transfer with an <H-P-O angle of 57° and the anti-
aromatic 4-electron nature of the cyclic transition state (10, Figure 3).

Figure 4 also shows that the paired isomerization reaction consists of a two-step process where
two phosphine oxide moieties attract each other in an exothermic manner (AH = -43 kJ/mol), via dipolar
interaction, forming the corresponding dimer, [H;PO], (12 in Figure 3). This dimerization reaction is
then followed by a “double hydrogen transfer” path where one hydrogen atom bonded to the
phosphorous atom on one of the H,PO moieties is transferred to the oxygen atom of the other H;PO
moiety, forming a H,POH---H,POH complex, that further dissociates affording two H,POH molecules
(Fig. 4b). The transition structure for this process (11) is shown in Figure 3. As observed in Figure 4,
the “double hydrogen transfer” path is endothermic (AH,,, = 30 kJ/mol) with an intrinsic barrier of 137
kJ/mol, indicating that the net reaction 2H,PO — 2H,POH is overall endothermic (AH = 16 kJ/mol)
with a net reaction barrier of 94 kJ/mol. The CBS-QB3 calculations performed in this work suggest that
the gas-phase isomerization H;,PO — H,POH is more likely to happen via a stepwise mechanism
involving the dimerization of H;PO. The gas-phase isomerization of the oxide to the acid form is
slightly less endothermic, compared to the calculated isomerization energy of 40 kJ/mol obtained by
Wesolowski et al. in aqueous solution.”

Condensation of phosphine oxide: Although organic phosphine oxides (R;PO, R=Aryl and Alkyl)
are stable and commercially available as well, H;PO has only been detected by IR spectroscopy in a
very dilute concentration in an argon matrix.”**® Not much work has been dedicated to the
characterization and elucidation of possible mechanisms governing the condensation reactions (for
instance in concentrated solutions) of H;PO leading to the formation of P-P compounds. A concerted

condensation mechanism converting phosphine oxides directly into P-P compounds are highly unlikely
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given that the four-coordinated phosphorus species is relatively inert. It would seem that any
condensation process would have to start with an intermolecular proton transfer that leads to a three-
coordinated phosphorus atom such as phosphinous acid (H,POH) in the case of H;PO.

We have performed CBS-QB3 calculations in order to probe for possible condensation
mechanisms involving phosphinous acid, including non-catalytic and auto-catalytic reactions. The
computed reaction energy profiles as well as the optimized structures of some of the species involved in
the reactions are shown in Figures 5 and 6 respectively. Other structures discussed and not shown in

Figure 6 are shown in the Supporting Information.
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Figure 5. Computed reaction channels towards phosphine ether, acid, and oxide.
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Figure 6. Optimized structures of phosphine ether, acid, and oxide forms and transition states, with the

CBS-QB3 method. (distances in A)

As shown in Figure 5(a), the reaction between two H;PO molecules leading to the formation of
two molecules of H,POH is endothermic by 15.9 kJ/mol. The same figure shows that the non-catalyzed
condensation between two H,POH molecules can proceed through two different pathways: one leading
to the formation of diphosphine ether (13 in Figure 6) and another leading to the formation
hydroxydiphosphine (14 in Figure 6). The CBS-QB3 calculations predict that the first pathway is
slightly endothermic by 3.6 kJ/mol while the second is predicted to be exothermic by 10.2 kJ/mol. The
same calculations indicate that the barriers (with respect to reactants) for both pathways are predicted to
be 183 kJ/mol and 242 kJ/mol respectively. These relatively high barriers likely result from the poor
orientation of proton transfers in the transition states (16 and 17), which as observed in Figure 6, are

16



characterized by <O-P-O and <O-P-P angles of 66° and 71° respectively. Given that the pathway
affording the desired P-P compound hydroxydiphosphine (14) is exothermic and exhibits a significantly
lower barrier, it would seem reasonably to conclude that this pathway is more favorable from a
thermochemical pint of view than the reaction leading to H,POPH,,.

Figure 5(b) depicts the energy profile of the reaction involving three H,PO molecules (auto-
catalytic reaction). The initial step in the reaction involves the 1,2-hydrogen transfer in two of the PH,0
that further react with the remaining PH,O species to form a molecular complex (formed by two
phosphinous acids and one phosphine oxide) which lies approx. 34 kJ/mol below reactants. This
complex undergoes a condensation process that leads to the formation of the hydrated P-P complex
H,0--H,POH-OPH,PH, via transition structure (18). As observed in Figure 5(b), this step is exothermic
with a heat of reaction of -42 kJ/mol and an intrinsic reaction barrier of 104 kJ/mol. The final step in the
reaction involves the dehydration of the complex H,O--H,POH-OPH,PH, to produce the P-P compound
OPH,-PH, and phosphine oxide.

Given the larger exothermicity, and the considerably lower overall barrier as compared to the
two non-catalytic pathways previously discussed, it is reasonable to conclude that the condensation of
H,PO is mainly dominated by the catalytic pathway. Regardless of which proton migrates, the two non-
catalyzed condensations with relatively high reaction barriers are unlikely to occur at room temperature,
probably due to strong 4-electron repulsions between the P atoms that occur when the two species
H,POH approach each other in the vicinity of the transition state. The relatively low reaction barrier
obtained for the P-P bond formation in the catalyzed condensation (Figure 5(b)) is likely to be
connected to the relatively large <O-P-P angle in the transition structure 18 (<O-P-P = 158°) which
favors the alignment of the p orbitals between the P atoms of the H,POH moieties and also minimizes
steric repulsions in the incipient ring (see Figure 6). We have also probed a possible pathway where a
water molecule could catalyze the condensation reaction via transition structure (19) (Figure 6). The

results of our calculations indicate that water seems to be a poorer catalyst, exhibiting a considerably
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larger reaction barrier (138 kJ/mol vs 71 kJ/mol for the auto-catalyzed condensation).

Following the lowest-energy P-P formation pathway shown in Figure 5(b), the nascent
phosphine oxide OPH,PH, can further react with another H;PO molecule to add an additional PH, unit
in the next cycle of the condensation. This auto-catalyzed polymerization can propagate along a reacting

network similar to the one shown in Scheme 2, which leads to the formation of P.H, polymers.

Scheme 2. Diagram of the auto-catalyzed polymerization of phosphine oxides

H-(PH),-PH,0 + H3PO HsPO

n— n+1 . -H,0
o) P

H-(PH)p44-PHZ0 H,POH

HsPO can be R,HPO. (R: -P,H.)

Possible structures of the polyhydride phosphorus polymer: In principle, structures such as cycles,
linear coils, branched networks, or dendrimers could be formed from the auto-catalyzed polymerization
discussed above. In particular, two of the hydrogen atoms in H;PO could be replaced with R (R: -P H,)
to control the size and shape of the resulting polymer. Scheme 3 below shows some possible structures
with a phosphorus-to-hydrogen ratio close to 1:1 (which was the P/H ratio determined experimentally in

the yellow powder with below TGA-MS measurements).
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Scheme 3. Possible structures of the polyhydride phosphorus polymer
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To determine the most likely structure for the polyhydride phosphorus polymer obtained in the
experiment, we calculated energies for linear and dendrimeric structures of P,H, and P, H,,, using the
B3LYP/CBSB7 method. (Given the large size of both systems, they are not computationally tractable at
the CCSD(T) or CBS-QB3 levels of theory). In the case of P,H,, the “first-generation phosphine
dendrimer” structure was found to be lower in energy than the linear form by 5.2 kJ/mol. When zero-
point energy corrections are included, this difference drops slightly to 5.0 kJ/mol. In addition, the results
indicate that the “second-generation phosphine dendrimer”, P, H,,, is significantly more stable (by 19
kJ/mol) than its corresponding linear isomer. Note that the energy difference per phosphorus atom
between the linear and dendrimeric structure increases as the size of the molecule increases. This is
consistent with experimental observations that branched phosphanes generally have higher relative

abundance than the corresponding linear isomers. **

TGA-MS analysis: The TGA-MS analysis of the yellow material was conducted from room
temperature to 1473 K in a helium atmosphere. The results are plotted in Figure 7. The material is
thermo-stable under 373 K, and then starts to decompose at the high temperature. The mass peaks at m/z
= 124, 93, 62, 34, 33, 31, and 2 are signals of fragments of P,", P;*, P,", PH,", PH,", P*, and H,",
respectively. In the temperature range of 373 K to 573 K, a considerable amount of PH,", PH,*, P*, and
H," (H-rich species) were detected, with a total weight loss of about 20%. Another 30% weight loss
occurs at above 673 K, predominantly in the form of P,. The remaining 50% in weight is likely to be an

impurity such as dust (Si0O,), heat-resistant phosphorus pentaoxide P,O;s (part of the oxide, ~10% in
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weight, can sublime in a form of P,0O,, molecule at the high temperature, = 1273 K), or both. The low-
temperature decomposition at 473 K, which seems to have two stages in the MS spectra, may derive
from a linear -PH-PH-PH-structure, and the relatively high-temperature decomposition to tetrahedral
phosphorus P, at 673 K from the branching structure of P(P<);. Any pendant P=O groups in the polymer
and phosphorus oxyacids impurity would likely be left in the form of P,Os at the high temperature. The

TGA-MS data support our structural analysis of the phosphine polymer.
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Figure 7. TGA-MS analysis of the phosphine polymer under helium atmosphere, with a heating rate

20 K/min.

ATR-FTIR spectra: The primary IR spectra for the phosphine polymer and for phosphoric acid were

presented by Flora et al. '’ In this work, Attenuated Total Reflectance Fourier Transform Infrared (ATR-
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FTIR) spectra were repeated for the crude sample and the isolated solid yellow residue, as shown in

Figure 8.
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Figure 8. Attenuated Total Reflectance Fourier Transform Infrared Spectrometry of residual material

deposited during a phosphine fumigation (dashed line) and isolated yellow solid material (solid line).

It is likely that the surface of the non-treated sample was covered by phosphorus oxyacids
formed in the oxidation, since the absorptions of the dashed line in Figure 8 were highly similar to that
of H;PO,,"” except for absorptions between (1500 to 1710) cm™ that are probably caused by impurity of
acetone, methanol, and water solvents used in the experimental treatments.***

It is also possible that the material surface itself was slowly oxidized in air to phosphorus
oxyacids, while the clean surface was stable at least for a few weeks and XRF didn’t detect a substantial
amount of oxygen on the clean surface. Besides a small amount of the P=O groups left behind after the
polymerization, additional P=O could be formed by later oxidation of a polyhydride phosphorus
polymer, [PH] + [Oxidant] — [P=0] + H,0.

In the literature, the IR absorptions of P=0O groups have been reported to be very strong in the

range of (1050 to 1450) cm ™', dependent on the phosphorus substitutions.* The calculated spectra for
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small phosphorus molecules in the gas phase are consistent with the previously reported data, within an
error of 30 cm™, as shown in Table 2. Compared to the frequency for the P=O group in H,PO, the -PH,
substitution on the phosphorus causes a red-shift of about (34 to 63) cm™, while the -OH substitution in
the oxyacids causes a blue-shift of about (26 to 53) cm™ due to the difference in electronegativity

between phosphorus and oxygen.

Table 2. Comparison of the gas-phase vibrational frequencies of phosphine oxides, computed with the

B3LYP/CBSB7 method and experimentally available data.

Computed Exp.
H,PO 1266 (P=0) 2386 (P-H) 1240 (P=0)
OP(PH,), 1203 (P=0) 2390 (P-H)
OP(OH), 1319 (P=0)
OPH(PH,), 1209 (P=0)
OPH(OH), 1309 (P=0) 2537 (P-H) 1299 (P=0) 2487 (P-H)
OPH,PH, 1232
OPH,(OH) 1292
P, H, 2260 (P-H)

Since the P=0O groups in the condensed phase take part in the formation of hydrogen bonds, the
P=0 stretching absorption of phosphoric acid red-shifts to (1100 to 1300) cm ™ in both the spectra (solid
and dashed lines), severely overlapping the possible absorption band of H-P-H bending vibrations.
Hydrogen bond formation within the polymer and phosphoric acid complicates the determination of the
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phosphorus substitution effects. Owing to electronegative phosphine substitutions, the absorptions for
H-O-P bending and P-O stretching both red-shift by (50 to 100) cm ' compared to the values for

1

phosphoric acid (about 1000 cm ™ and 900 cm ', respectively).

In the ATR-FTIR spectrum of the yellow materials cleaned by solvents (the solid line in Figure
8), a new absorption at 2261 ¢cm "' is observed, which is the typical signal for the stretching vibration
modes of H-P in the polyhydride phosphorus polymer [P H,]. As shown in Table 2, the calculated P-H

vibration of P,,H, is located at 2260 cm "'. In addition, new absorptions at (870, 670, and 550) cm™ (see

Supporting Information) are likely to be the result of multiple bending vibration modes of H-P-P.

CONCLUSIONS:

We have investigated the phosphine polymerization initiated by nitric oxide oxidation
experimentally and theoretically. Based on these results we suggest the following plausible mechanism
for the formation of the polyhydride phosphorus polymer [P,H,]: a) oxidation of phosphine PH, by nitric
oxide leads to the formation of phosphine oxide H;PO; b) competing with continued oxidation to
phosphorus oxyacids, phosphine oxide aggregation via dipole-dipole interactions; ¢) with the auto-
catalytic reaction, the phosphine oxides chemically link together via P-P bond and loss of side product
water. The overall barriers for the polymerization are about (111 to 113) kJ/mol.

The proposed mechanism is consistent with the following experimental results: a) XRF cannot
detect substantial oxygen on the isolated yellow materials, b) TGA-MS shows that the elemental ratio of
phosphorus and hydrogen is close to 1:1, ¢) ATR-FTIR shows that a remarkable amount of phosphorus
oxyacids cover the crude yellow material surface, d) an important absorption in ATR-FTIR of the
isolated solid portion corresponds to the new P-H stretching vibration on the P-P skeleton, and e) in the
previous *'P NMR by Odom et al. the original sample (‘“phosphorus-containing H;PO, and H;PO,”) may
be the crude materials from PH; plus NO either.

Among the possible polyhydride phosphorus polymer structures, we suggested that the
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dendrimer is the most likely structure: a) the core portion of the polymer has a stable skeleton like red
and black phosphorus, inert to air and water, b) -PH, terminating ends on the dendrimer are relatively
more sensitive to environment and could be slowly oxidized to oxyacids and thereby peeled down, and
c) the pyrolysis of the materials shows the weak bonding -PH, ends are dropped at a relatively low
temperature (< 673 K).

Water effects on the polymerization are multiple and complicated in each stage: a) at the
oxidation step, water helps to decrease the isomerization barrier between the oxide and acid form,
accelerating the deep oxidation toward the phosphorus oxyacids; however, the acid form is less favored
in aqueous solution. b) at the condensation step, water catalyzes the reaction less efficiently than
phosphine oxide does; furthermore, as a product of the condensation, increasing water amount will
inhibit the polymerization. Overall, water may promote the formation of phosphorus oxyacids, but
unlikely to serve the polymerization.

The multiple reaction channels computed in Figure 5 can explain the unexpected stability of the
P-P materials. First of all, the P-P bond formation is thermodynamically favored with respect to H;PO.
Once all monomer (H;PO) is consumed, the resulting P-P compounds are relatively stable in water — the
reverse reaction of hydrolysis has a barrier of 170 kJ/mol, higher than the polymerization by 60 kJ/mol.
Thus, the polyhydride phosphorus polymer [P.H,] could be a stable source of PH; at 473 K and P, at
673 K. The detailed structures and potential technological applications of the polymer are still to be

fully elucidated.

COMPUTATIONAL SECTION:

Methodology: To explore how the phosphine polymerization occurs, a series of model calculations
were conducted to mimic the oxidation, precipitation, and condensation processes. Optimized
geometries of reactants, products, transition states, and reaction intermediates were obtained with the

DFT level of theory, using the B3LYP* functional and the CBSB7 basis set in GAUSSIAN 03 (G03).*
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This is a robust calculation method for a variety of organic reactions, although energetics with this
method are disputed for the 2"'-row atoms, e.g. sulfur and phosphorus.*

EXPERIMENTAL SECTION:

Sample preparation: Polymerization is detailed in a previous publication.'”” In summary, the
polyhydride phosphorus polymer was generated in conjunction with phosphorus oxyacids at ambient
conditions in 0.2 m’ (8 ft’) Plexiglas chambers. These chambers contained approximately 6 kg of a
fresh reconstituted tobacco packed in semi-permeable containers (e.g., cardboard boxes). An aluminum
dish containing 0.8 gram of magnesium phosphide (Magtoxin, Degesch, USA) was added to these
chambers releasing approximately 1200 ppm PH; within about 3 hours. Yellow deposition was noted
after 24 hours of exposure. The residues were also generated by the addition of 2.4% nitric oxide (NO)
in nitrogen gas (BOC Gases, Richmond, VA) to empty cardboard boxes or boxes containing flue-cured
tobacco in the presence of approximately 1200 ppm PH;. NO was added in three 1-minute increments
at a 1 L/min flow rate.

The yellow residue formed in the above reaction was rinsed from the 0.2 m’ chamber with
methanol. 50 mL aliquots were dispensed into centrifuge tubes and centrifuged for 2 minutes at 2000
rpm. Methanol was decanted and the yellow solid was twice rinsed with water, centrifuged and water
decanted. Samples were then rinsed twice with acetone followed by centrifugation and removal of
acetone. The solid yellow material was dried under a stream of nitrogen gas.

Infrared spectroscopy: Fourier Transform Infrared Spectroscopy (FT-IR) analysis was conducted
using a Thermo Nicolet (Madison, WI) Nexus 670 ESP equipped with an Attenuated Total Reflectance
(ATR) unit, Smith Detection (Raleigh, NC) single bounce Durascope™ with a diamond crystal.
Samples were collected using 64 scans, 4 cm™ resolution, and Happ-Genzal apodization.

TGA-MS: 10 mg of yellow powder was put into the sample pan of a Netzsch STA409 Skimmer
thermogravimetric analyzer with an electron-impact quadrupole mass selective detector. Using helium

as carrier gas, the mass signals were collected at m/z = 2, 31, 33, 34, 62, 93, and 124 from room
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temperature to 1473 K, with a temperature-increase rate of 20 K/min.
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