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s ABSTRACT: A comparison between the high-pressure (0.8 GPa) photoinduced reactivity of black
6 and red phosphorus at ambient temperature in the presence of ammonia has been conducted in
7 diamond anvil cells (DACs), using spectroscopy (IR and Raman) and X-ray diffraction (XRD).
8 Reactivity has been triggered exploiting the two-photon absorption of near-UV radiation by
9 ammonia. The infrared characterization showed a very complex reactivity in the case of red
10 phosphorus, proceeding to a much higher extent with respect to the black allotrope. Furthermore,
Raman spectra showed the formation of molecular hydrogen and phosphine besides three different
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12 solid products. Whereas one of them is air sensitive, the other two are recoverable at ambient
13 conditions. IR, Raman, and XRD data for the obtained products have been compared to those acquired on known H,P N,
14 compounds: for one of the two stable products, a fair matching was found with the XRD pattern and the IR spectrum of
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P;N;(NH, )4 (NHj;), 5, whereas for the other one only the functional groups actually involved in the structure could be evinced from

16 accurate Raman mapping of the sample, with no further information about composition or stoichiometry. High density conditions in
17 combination with near-UV laser irradiation were thus proved to be effective in the formation of two stable reaction products
18 featuring new P—N functionalities, both recoverable at ambient pressure. For the first time, a cyclic triphosphazene has been
19 synthesized through the reaction of red phosphorus and ammonia triggered by UV light under moderate high-pressure conditions,

20 possibly opening new perspectives about this topic.

Bl INTRODUCTION

22 Three main allotropes of phosphorus exist at ambient pressure,
23 roughly identified by their colors:" white phosphorus (P,ice),
24 black phosphorus (Py,.), and red phosphorus (P,.4), of which
25 several forms with different morphology, ranging from
26 amorphous to crystalline (gray, violet, or brown), are known
2w (I-V).2

28 P e made of tetrahedral-shaped molecular P, units, is the
20 most widely used allotrope of phosphorus, despite its
30 instability, high reactivity, flammability, and toxicity. On the
31 other hand, P4 is a polymeric amorphous solid, much more
32 stable and less toxic than P,: despite the fact that using P, 4
33 would be preferable over P, in both industrial and research
34 chemistry, this allotrope has found few technological
35 applications over the years mainly in the matches industry or
36 as a flame retardant additive for a large variety of plastic
37 materials.” At ambient temperature and pressures above 6.6
38 GPa*"° or at temperature above 1000 K and pressures of about
39 1 GPa,” an interconversion of P,q to Py, is reported to occur.
40 The phase diagram of phosphorus is well-known at ambient T
41 up to pressures of 340 GPa.**~'" Py is thermodynamically
42 the most stable allotrope of the element.' It was first
43 synthesized by Bridgman at 1.20 GPa and 473 K in 1914."
44 Py, is a layered, crystalline solid with orthorhombic structure
45 (A17, space group Cmca, Z = 8) and stable at room
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temperature from ambient pressure to about 4.5 GPa."” Pplack 46
is actually attracting great interest in the scientific community 47
due to the extraordinary properties of its monolayer, called 4s
phosphorene (in analogy with the graphite—graphene 49
system).'* Upon compression above 4.5 GPa, Py transforms so
into a second layered structure (rhombohedral A7, space group s1
R3m, Z = 2)."¥'° A7 is stable up to about 10.5 GPa, where s
recently a layered pseudosimple cubic structure (p-sc) has s3
been demonstrated to exist instead of the previously reported, s4
nonlayered simple cubic one (sc, space group Pn3m, Z = 1), ss
thus extending the pressure range where layered phases of s6
Py can be stabilized up to about 30 GPa.'*'” Above this s7
threshold, the sc phase forms and extends up to about 107 ss
GPa.'® 59

As the high-pressure reactivity is concerned, the photo- 6o
activated chemistry of P, 4 has been studied in the presence of 61
H,0" and EtOH with interesting results, particularly ¢
regarding the formation of molecular hydrogen. Being well- 63
known that high density conditions, together with electronic 64
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photoexcitation, are able to trigger a chemical reactivity in
diverse molecular systems, an interesting task is represented by
the investigation of the structural effects, in terms of
amorphous versus layered structure, on the high-pressure
chemistry of phosphorus. Within this framework, it is natural
to focus on the high-pressure photoinduced reactivity of
polymeric amorphous P, 4 and layered crystalline Py, in the
presence of a simple reactive N-bearing molecule-like ammonia
(NH,), with the purpose of fostering the N-functionalization
of phosphorus and the synthesis of new P- and N-containing
compounds.

NH; has a very well-known high-pressure behavior and
phase diagram,”** and its electronic structure is quite similar
to that of H,O. Photoinduced reactivity can be triggered by
exploiting the quasi-dissociative character of the first excited
electronic state of NH,,>* > which shows a very weak
dissociation barrier that can be overcome by the two-photon
(TP) absorption of near-UV radiation (4 = 350 nm), resulting
in the formation of a H atom and NH, excited fragment,
following™’

NH, + hv — H + NH,(X(*B,))

In more detail, from the ground electronic state X('A,’), the
system can reach the first excited state A('A,”) (the required
energy, 216.7 nm, is largely exceeded via the TP absorption of
350 nm wavelength). A('A,") is a predissociative state with a
weakly bonded planar trigonal structure that, depending on the
vibrational excitation, could evolve in a bond cleavage with the
production of H(*S) and NH, fragments, the latter in both its
excited A(?A,) or ground state X(*B,).”****°

Previous literature studies have shown how this low-lying
electronic excited state can be exploited to induce the chemical
functionalization of a solid substrate, with the formation of new
N-bearing functionalities.”®”” The idea behind this study is to
generate highly reactive fragments under high density
conditions provided by pressure, where the reduced molecular
distances make the time scale for the recombination process of
the photoactivated species and for the effective intermolecular
collisions comparable, possibly resulting in a nitrogen
functionalization of phosphorus. Within this picture, a
comparison between the high-pressure photoinduced reactivity
of P,.4/NH; and Py, /NH; mixtures is mandatory to explore
the reactive properties of the different structures of phosphorus
and to probe the stability of the layered crystal structure with
respect to the amorphous nonlayered one. Moreover, the
scientific community is currently looking with great attention
at hydrides of light elements for their properties as high-
pressure superconductors’’>> and high hydrogen content
materials for energy storage purposes.”” The synthesis and
subsequent characterization of the high-pressure behavior of
novel hydrides obtained from elemental phosphorus using
ammonia as the source of both N and H could have profound
implications in these extremely active research fields.

B EXPERIMENTAL SECTION

A membrane diamond anvil cell (mDAC) equipped with Ila-
type diamonds was employed to pressurize the samples. The
samples were enclosed by a stainless steel gasket with initial
diameter and thickness of about 150 and 50 pm, respectively.
Amorphous P, 4 powder (from Aldrich, 99.99+% purity) was
first loaded in the gasket hole, which was then filled with NH.
The black phosphorus sample was prepared by pressurizing

P,.; at ambient temperature above 6.6 GPa.*”° Gaseous NH,
was condensed directly between the diamonds, into the gasket
hole, by means of the spray-loading technique.” The pressure
was measured by the ruby fluorescence method.***” Reactivity
was triggered by focusing the UV multiline emission (~350
nm) of an Ar ion laser onto the sample with a power of 500
mW in successive irradiations of variable durations (from 1 h
to a maximum of 1S h per irradiation). Raman spectra were
measured in back scattering geometry by focusing a few mW of
the 647.1 nm line of a Kr ion laser onto the sample through a
long working distance 20X Mitutoyo micro-objective providing
a beam spot diameter of 2—3 ym. The high spatial resolution
of the Raman equipment, together with the complete
automation of the DAC stage (remotely controlled), was
allowed to perform grid acquisitions on the sample (Raman
mappings): in this procedure, a certain number of Raman
acquisitions can be performed at definite positions on a square
mesh of desired dimensions. The unpolarized scattered light
was dispersed by a single-stage monochromator (Acton/
SpectraPro 2500i), equipped with holographic super notch
filters, and detected by a CCD detector (Princeton Instru-
ments Spec-10:100BR). The typical resulting instrumental
resolution was 0.6 cm™" with the employed wavelen§th. More
details on the Raman setup can be found elsewhere.”® Raman
data were analyzed using Fityk software.”” FTIR absorption
measurements were performed using a Bruker-IFS 120 HR
spectrometer suitably modified for high-pressure and high=-
temperature experiments,*® with an instrumental resolution of
1 cm™'. The powder X-ray diffraction patterns (PXRD) were
acquired at an ESRF ID27 high-pressure dedicated beamline,*'
using a monochromatic radiation (wavelength 4 = 0.3738 A)
with beam spot size diameter of 5 ym, that allows a sufficiently
accurate spatial mapping of the sample, and a MAR CCD165
detector. The typical acquisition time was 20 s with a total
oscillation of 10 degrees. The detector tilt and sample to
detector distance were determined by a CeO, standard. The
raw images were processed using DIOPTAS software,” and
the PXRD patterns were analyzed using GSAS-II software.*’

Bl RESULTS AND DISCUSSION

After loading, the samples were compressed to 0.8 GPa and
irradiated. At this pressure NH; is fluid, thus assuring a higher
mobility for the photogenerated species and at the same time
providing sufficient high density conditions. As mentioned in
the Experimental Section, to study the Py, /NH; mixture a
sample loaded with pristine P, was compressed above 6.6
GPa to induce the conversion of P4 to Py, The successful
formation of Py, was confirmed by the Raman spectra.4_6
The samples were then decompressed to 0.8 GPa before the
irradiation. No traces of reactivity with NH; were observed
under pure compression in the FTIR and Raman spectra.
Reactivity was photoinduced in both mixtures, although to a
very different extent. On the P, /NH; mixture, seven
irradiations were performed at 0.8 GPa and ambient
temperature with 500 mW of UV light (4 ~ 350 nm) for a
total of 67 h. On the P,.4/NH; mixture, five irradiations of the
same laser power in the same p,T conditions were performed,
for a total of 59 h. Figures 1 and 2 report the FTIR spectra
acquired during the experiments on Py, /NH; and P,.4/NH;
mixtures, respectively. On top of the spectra, microscope
photographs of the Py.,/NH; and P,4/NH; samples at
successive stages of transformation are shown. For the P4/
NH; mixture, the product of the photoinduced reaction has
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Figure 1. Top: microscope photographs of the Py, 4/NH; sample at
0.8 GPa before (left) and after (right) the photoinduced reaction. (a)
and (b) labels refer to the points where starting and reacted sample
were characterized by Raman spectroscopy (see text). Bottom:
sequence of the FTIR spectra acquired during the photoinduced
reaction between Py,y and NH; from bottom to top: before
irradiation (black); after first irradiation, 1 h (blue); after second
irradiation, 2 h (green); after third irradiation, 7 h (pink); after fourth
irradiation, 14 h (light cyan); after fifth irradiation, 14 h (violet); after
sixth irradiation, 14 h (orange); and after seventh irradiation, 15 h
(red). All the irradiations were performed at 0.8 GPa using S00 mW
of the 350 nm line, for a total of 67 h. Yellow-green shaded areas
highlight the frequency regions where new absorption bands
appeared. The normal vibrational modes of NH; and their
combination modes are also marked. The spectra were vertically
shifted for the sake of clarity, and therefore their absorbance units
have to be intended as relative. The wavenumber axis break excludes
the region where the saturating absorption of the diamond anvils
occurs.

186 been recovered at ambient conditions and an FTIR spectrum
187 acquired (green trace in Figure 2).

188 The dark areas of the samples in the optical images of
189 Figures 1 and 2, acquired before irradiation, correspond to the
190 starting Py, or P4 and the surrounding, transparent areas to
191 bulk NH;. The dark and transparent areas were previously
192 characterized by Raman spectroscopy, and the spectra were
193 found to be in perfect agreement with those reported in the
194 literature for NH,,**™* P_,,* and P, .."* Upon successive
195 irradiations, the visual aspect of the samples progressively
196 changed. After the last one, small bubbles and an extended
197 grainy region appeared in the Py, /NH; sample, thus
198 suggesting the occurrence of some reactivity in the regions
199 where Py, was in contact with NH; (see Figure 1). On the
200 other hand, far more dramatic changes could be observed in
201 the P,4/NH; sample: big bubbles appeared in the bulk; the
202 transparent NH; region and a large portion of the starting P, 4
203 became noticeably consumed; and the grainy, eroded portions

N
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Figure 2. Top: microscope photographs of the P,.4/NH; sample at
0.8 GPa before (left) and after (middle) the irradiations and after
releasing pressure (right). (a) and (b) labels refer to the points where
pristine and reacted sample were characterized by Raman spectros-
copy (see text). Bottom: sequence of the FTIR spectra acquired
during the photoinduced reaction between P4 and NHj;, from
bottom to top: before irradiation (black); after first irradiation, S h
(blue); after second irradiation, 14 h (green); after third irradiation,
14 h (orange); after fourth irradiation, 15 h (cyan); after fifth
irradiation, 11 h (red); and recovered sample after releasing pressure
(dark green). All the irradiations were performed at 0.8 GPa using
500 mW of the 350 nm line, for a total of 59 h. Cyan shaded areas
highlight the frequency regions where new absorption bands
appeared. The normal vibrational modes of NH; and their
combination modes are also marked. Spectra were vertically shifted
for the sake of clarity, and therefore their absorbance units have to be
intended as relative. The wavenumber axis break excludes the region
where the saturating absorption of the diamond anvils occurs.

of the sample, where solid products were found, were retained 204
after releasing pressure (right image in Figure 2) and then 20s
further spectroscopically and structurally characterized. 206

Infrared Spectroscopy. FTIR spectroscopy was used to 207
monitor the evolution of the reactions and the formation of 208
products. The initial FTIR spectra for both mixtures (Figure 1 209
and 2) were dominated by the saturated bands related to the 210
fundamental modes of NH;:* ™" 1,(A,) at about 1058 cm™, 211
v4(E) at 1630 cm™, and the overlapping v,(A;) and v4(E) 212
modes at ~3307 cm™'. At higher frequency, the combination 213
modes v, + 5 at 4470 cm™! and v; + v, at S003 cm™' were 214
found. No IR bands related to Py, or P4 were visible in the 215
mid infrared spectrum. For both Py,4/NH; and P,.4/NHj; 216
mixtures, upon irradiations we observed the appearance of new 217
absorption bands, highlighted by the shaded areas in Figures 1 218
and 2. In Py,q/NH;, immediately after the first irradiation 219
(500 mW, 1 h, blue trace in Figure 1), the appearance of a 220
shoulder on the high-frequency side of v, absorption of NH; 221

can be appreciated. This band, centered at about 1200 cm™!, 222
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which intensified upon further irradiations, could be assigned
to stretching vibrations suggestin§ the formation of new
chemical bonds involving P and N,* like other spectroscopic
signatures appeared during the irradiations as a broad
absorption in the 850—1000 cm™" region on the low-frequency
side of the v, band of ammonia. The two broad bands at 1500
and 1550 cm™ were assigned to the bending modes of newly
formed N—H in P—NH, groups.

In the P, 4/NH; sample, a more complex and higher
reactivity was observed with respect to that found in Pyj4/
NH; (Figure 2): the spectra showed the appearance of a
shoulder on the high-frequency side of the v,(A,) band of NH,
at about 1200 cm™), a broad band between 700 and 950 cm™,
two bands centered at 1500 and 1550 cm™!, and another broad
one centered at 2345 cm™!. The bands at 700—950, 1200,
1500, and 1550 cm™' can be assigned to P—N stretching
modes and P—NH, bending mode, whereas the absorption
band appearing at 2345 cm™' can be assigned to stretching
modes of P—H groups.

The comparison of the FTIR spectra before and after the
irradiations (black and red traces in Figures 1 and 2) allows us
to estimate the consumption of NH; by the ratio of the
integrated absorption of the v, + v; and v; + v, combination
modes and, consequently, the extent of the reaction. The
consumption of NH; with respect to its starting amount was
21% in the case of P, /NH; and 72% in the case of P4/
NHj;, indicating a remarkably higher reactivity of the P .4/NHj;
mixture with respect to the Py,4/NH; one. This is likely
related to the different structural properties of crystalline Py,
and amorphous P4 Particularly, the larger surface area in
P,q" offers a higher density of reactive sites compared to
Py where in addition NH; cannot penetrate between the
layers.

The product of the P,4/NH; reaction was recovered at
ambient pressure and an FTIR spectrum acquired under
vacuum, before any exposure to air (Figure 2, dark green
trace). On opening the cell, the saturating absorption bands of
unreacted NH; disappeared, and the remaining absorption
bands of the solid product could be clearly identified: two
asymmetric broad peaks at 985 and 1200 cm™}, a doublet at
1453 and 1556 cm™!, the P—H stretching peak at 2345 cm™,
and a broad absorption in the region from 2600 to 3500 cm™
related to N—H stretching modes.

Raman Spectroscopy and Raman Mapping. Raman
spectroscopy provides useful indications about the nature of
the reaction products. In the case of Pp,/NH;, the lower
reactivity is reflected in minor modifications of the Raman
spectra. Figure 3 reports the Raman spectra acquired before
and after irradiations in the a and b points of the sample (see
microscope photographs therein) in two different spectral
ranges. In the left panel, the Raman-active modes of Py, are
visible (point a, black trace): By, at 191.6 cm™! and B, at
226.6 cm™! modes, the two A, modes (363.4 and 459.3 cm™ 1),
and finally the B,, mode (431.6 cm™").*** Upon irradiation
(point a, red tracei minor changes were observed between 190
and 400 cm™'. On bulk NH; (point b), besides the diffuse
scattering typical of fluid ammonia, a broad doublet with peak
frequencies at 675 and 710 cm™' appeared upon irradiation,
together with two broader and weaker bands at 575 and 824
cm™". This is the spectral range where the bands due to P—H
bending modes are expected. In the right panel of Figure 3,
showing the spectral range between 2000 and 2700 cm™}, the
characteristic sharp Raman band related to P—H stretching of
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Figure 3. Raman spectra of the Py, /NH; sample before and after
the irradiations. Top: microscope photographs of the Py,./NH;
sample at 0.8 GPa before (left) and after (right) the photoinduced
reaction. Bottom left: Raman spectra in the low-frequency range
acquired on Py (a) and on bulk NH; (b) before (black traces) and
after (red and blue traces) irradiations. Bottom right: Raman spectra
in the 2000—2700 cm™" frequency range, acquired on Py (a) and
on bulk NH; (b), before (black traces) and after (red and blue traces)
irradiations. Asterisks refer to Raman peaks from the diamond anvils.
Spectra were vertically shifted for the sake of clarity.

phosphine (PH,) was found at 2325.1 cm™" on both points a
and b of the sample. In this region of the sample, however, the
phosphine P—H stretching band is superimposed to a much
broader and intense Raman band, centered at about 2366
cm™, likely due to the stretching mode of new different P—H
groups. No other significant features can be appreciated in
Raman spectra of the Py, /NH; mixtures.

In the P.4/NH; sample, instead, a much more complex
chemical reactivity occurred. The high spatial resolution of the
Raman setup allowed us to investigate three different regions
of the sample: a solid region (starting P,.4 and grainy product),
a transparent fluid region (bulk NH;), and several bubbles.
Figures 4 and S show the Raman spectra collected in these
different regions of the sample.

Figure 4 reports the Raman spectra acquired in three
different spectral ranges on bubbles (point b in the central

298 f4fS
299
300
301

microscope photo). The four intense rotational bands of 302

molecular hydrogen (Sy(0) at 357.5 cm™, Sp(1) at 590 cm™,
So(2) at 818.1 cm™), and Sy(3) at 1038.6 cm™')>*** and the
H—H stretching band at 4167 cm™" attested for the production
of H, during the photoinduced reaction of P,y and NH;. As in
the case of Py, but to a larger extent, Raman spectra also
confirmed the formation of PH;, indicated by the intense band
centered at 2328 cm™. Both H, and PH; were known to form
in analogous experiments on P, 4/H,O mixtures and, to a less
extent, P,.;/EtOH mixtures.'”*’

More intriguing and complementary information can be
gained looking at the dark areas of the sample where P 4
transformed into other solid products upon irradiation. To
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Figure 4. Top: microscope photographs of the P.4/NH; sample at
0.8 GPa before (left) and after (center) irradiations and after releasing
pressure (right). Bottom: selected frequency regions of the Raman
spectra acquired on the bubbles visible in the central photo (point b)
after P,.4/NH; irradiation at 0.8 GPa, showing the rotational bands of
molecular H, (left) and the vibrational stretching bands of phosphine
PH, (center) and molecular H, (right).

induced under the same p,T and laser irradiation conditions.
Three very different Raman profiles, possibly related to three
different solid products, hereafter indicated as Product 1,
Product 2, and Product 3 (see colored points on the grids
overimposed to the optical photographs of the sample in

318
319
320
321
322

Figures S and 6), emerged from accurate Raman mapping of 323 6

the sample area, performed at 0.6 GPa and at ambient
conditions in three different spectral ranges (Figure 6). The
right panel in Figure S shows the Raman spectra of the three
different products together with the Raman spectra of P,.;* and
Py (acquired at the beginning of the experiments) in the
200—1200 cm™" spectral window.

The red trace refers to the spectrum of Product 1 at 0.6 GPa,
featuring a band at 224 cm™, a doublet at 281 and 297 cm ™,
the most intense peak at 337 cm™, other less intense peaks at
380 and 409 cm™!, and finally, a doublet at 453 and 471 cm™".
Product 2 (blue trace in Figure S) has a completely different
spectrum, resembling that of a molecular crystal: a broad,
weak, and structured profile between 200 and 400 cm™, likely
due to lattice modes, and two strong and sharp bands at 545
and 725 cm™, ascribable to internal modes. Both products 1
and 2 were recovered at ambient conditions. Finally, Product 3
(green traces) shows a broad doublet at 670—725 cm™" at 0.6
GPa, but on releasing pressure and opening the cell its
spectrum dramatically changes, indicating its transformation to
H,PO; (upper trace in Figure 5)." In any case, no matching
was found between the Raman spectra of the three products
and those of P4 or Py,

The complete Raman mapping, performed in three different
spectral ranges to cover the whole spectrum between 200 and
3500 cm™, is reported in Figure 6 and allows us to correlate

324
328
326
327
328
329
330
331

339
340
341
342
343
344
34S
346
347
348

the various products with the presence of different functional 349
groups, shedding light on their composition. The comparison 3s0
of the maps indicates that Product 3 is distributed at the edges 351

315 perform a deeper spectroscopic and structural characterization
316 of the products, a second sample was prepared (see
317 microscope photographs in Figure S), and the reactivity was
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Figure 5. Left: microphotographs of the sample acquired after irradiation of the P,.;/NH; mixture at 0.6 GPa (bottom) and of the recovered
sample at ambient conditions (top). The superimposed red grids correspond to the acquisition points of the Raman mappings, consisting of a 16 X
16 matrix with S um spatial resolution (for each point of the grid three spectral regions were sampled, see Figure 6). Right: selected significant
Raman spectra of the solid products (red, blue, and green traces) acquired during the mapping in the 200—1200 cm™ frequency range at 0.6 GPa,
compared with Raman spectra of Py,q and P,.4 at ambient conditions (black traces). The upper trace refers to the Raman spectrum of Product 3
after releasing pressure. The colors of the Raman spectra correspond to the colors of the points in the maps, as indicated by the legend below the
microscope images: Product 1 is highlighted in red, Product 2 in blue, and Product 3 in green. Unreacted P4 is indicated by yellow squares.
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Figure 6. Microphotographs of the sample acquired after irradiation of the P,.q/NH; mixture at 0.6 GPa (left column) and of the recovered sample
at ambient pressure (center column), with the superimposition of red grids corresponding to the acquisition points of the Raman mapping in three
spectral regions, together with a selection of Raman spectra (right column) for each spectral region (200—1200 cm™" bottom, 2000—2800 cm ™"
middle, 2800—3500 cm™ top). The colors of the Raman spectra correspond to the colors of the points in the maps, as indicated by the legend
below the microscope images: Product 1 is highlighted in red, Product 2 in blue, and Product 3 in green. Unreacted P4 is indicated by yellow
squares. The spectra, normalized to the most intense band, are vertically translated for the sake of clarity. Asterisks in the spectra of the middle right
panel refer to Raman peaks from the diamond anvils.

352 of the solid region, where a grainy solid is visible: the edges of 200—1200 cm™' region, the higher-frequency spectral ranges 360
353 the solid portion of the sample were the first part to deteriorate give very interesting hints about the actual compositions of 361
354 in contact with the atmospheric moisture, and Product 3 Product 1 and Product 2 (Figure 6). 362
355 rapidly turned into H;PO; (from green circles to green squares At 0.6 GPa, the Raman spectra acquired between 2000 and 363
356 in the maps)."” The solid portion of the sample seems equally 2800 cm™"' revealed the presence of phosphine everywhere in 364
357 divided in three parts, one with a major presence of Product 1 the sample (not reported on the maps). In some points, 365
358 (red), one prevalently containing Product 2 (blue), and the corresponding to the regions of the sample where products 2 366
359 other one mostly made of unreacted P,4 (yellow). Besides the and 3 were found (Figure 6, middle right panel, blue and green 367
F https://dx.doi.org/10.1021/acs.jpcc.9b11462
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368 traces), the narrow P—H stretching band of phosphine was
369 present together with a broader band centered at about 2360
370 cm™, assigned to the stretching of other P—H bonds. Once the
371 DAC was opened, the broad P—H stretching band disappeared
372 everywhere in the sample except where H;PO; can be found,
373 suggesting it to be likely related to the air-sensitive Product 3.
374 Interestingly, a clear correspondence in the spatial distribution
37s of the N—H band in the spectral range between 2800 and 3500
376 cm™! with the spatial distribution of Product 2 (blue points
377 and traces in Figure 6) emerging from the Raman mappings in
378 the 200—1200 cm™" and 2000—2800 cm™" spectral ranges is
379 observed, indicating that Product 2 features N—H function-
380 alities. To summarize, Product 3 was identified as an
381 amorphous, air-sensitive product characterized by the presence
382 of P—H functionalities, which could not be recovered at
383 ambient conditions due to its decomposition to H;PO; in
384 contact with atmospheric moisture.'” Products 1 and 2 exhibit
385 Raman bands in the 200—1200 cm™ frequency region,
386 markedly different from those of Py,q and P,y and likely
387 due to the presence of chemical bonds involving both P and N.
388 In particular, Product 2 shows two narrow bands at 545 and
389 725 cm™' and a weaker band centered at 355 cm™' and
390 contained N—H functionalities in the 2850—3500 cm™'
391 frequency range. The presence of both phonon and internal
392 modes suggests Product 2 to be a molecular solid. Finally,
393 Product 1 exhibits a complex and detailed Raman spectrum
394 with narrow bands in the low-frequency region. Neither P—H
39s nor N—H Raman bands were found in Product 1 which could
396 be roughly identified as a covalent solid of P,N, composition.
397 Both products 1 and 2 were recovered at ambient conditions.
398 To improve the assignment of the reaction products, the
399 Raman spectra of Products 1 and 2 were compared with those
400 of several different P.N, and H,P N, systems reported in the
401 literature, like phosphorus nitride imides (general formula
402 HP,N,, featuring only P—N and N—H bonds) and phosphorus
403 nitrides (general formula PxNy). Figure 7 reports the Raman

°3
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Figure 7. Comparison between the Raman spectra of Product 1 (red
trace) and Product 2 (blue trace) with the spectra of several different
compounds of general formulas H,P N, and P,N, in the low-
frequency region at ambient conditions. The spectra were vertically
shifted for the sake of clarity and normalized to their most intense

peak.

spectra of the products of P,4/NH; reaction together with 404
those of partially crystalline P;N; (a mixture of amorphous and 405
a phases of this compound),”* " B-HP,N,,’ and three 406
different allotropes of HPN,: crystalline a-HPN,,°" f-HPN,,*” 407
and amorphous a-HPN,.®" Product 1 shows a low-frequency 408
spectral region closely similar to P;Ns,” consistent with the 409
absence of Raman bands related to P—H and N-—H 410
functionalities (see Raman maps, Figures S and 6). 411

X-ray Diffraction Results. Due to the structured profiles 412
featuring sharp bands in the low-frequency region, it is 413
reasonable to consider Product 1 and Product 2 as crystalline. 414
Additional information for their identification can be gained by 415
XRD analysis. A synchrotron PXRD mapping was performed 416
on the solid portion of the sample at 0.6 GPa and at ambient 417
conditions. Figure 8 reports a typical diffraction image from 4181

Ambient P

Intensity (a.u.)

0.6 GPa

] ) L
1) buLJuu' JL_M»JU [T S
e S

0 2 4 6 8 10 12 14 16 18
26 (degree)

Figure 8. Left: XRD mapping of the solid products obtained after the
irradiation of the P,4/NH; sample at 0.6 GPa (bottom) and
recovered after releasing pressure (top). The map consists of an 8 X
10 matrix with 10 pm spatial resolution (red grids). The red solid
circles indicate the points on the grid where a diffraction pattern from
the sample was detected. Right: a typical XRD pattern of the solid
product at ambient pressure acquired in one of the red solid circles
and the related diffraction image showing spot reflections instead of
diffuse rings (the scattering from the gasket at 20 ~ 10.5° and
secondary scattering from the diffracted beam are also appreciable).
The patterns were measured at the ESRF-ID27 High-Pressure
dedicated beamline, with X-ray wavelength A = 0.3738 A.

the sample and the related integrated pattern acquired at 419
ambient pressure. The two optical images with the super- 420
imposed grids graphically summarize the results of the two 421
XRD mappings. The diffraction images consist of spotty 422
patterns, indicating that the recovered solid product was made 423
up of single-crystalline domains of similar dimensions. The 424
integrated peak intensities varied across the sample, likely due 425
to the different orientations of the crystalline domains. The 426
PXRD patterns were acquired at 0.6 GPa and at ambient 427
pressure over a 100 X 80 ym” mesh with a spacing of 10 um, 428
for a total of 80 patterns (20 s each). Only one XRD pattern 429
was found, corresponding to a single phase of a single- 430
crystalline, nonoriented product, with a spatial distribution 431
nicely superimposed with the points where, according to the 432
Raman mapping, mainly product 2 was identified. In the 433
following XRD data analysis, we summed all the 80 diffraction 434
patterns of a mesh at a given pressure to average the different 435
orientations of the crystallites and to attempt to reproduce a 436
powder pattern. 437

Assignment of Product 2 as P3N3;(NH,)¢"(NH3)g 5. The 438
summed XRD patterns of our product, reported in Figure 9, 439 ®
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Figure 9. Bottom Left: Comparison among the XRD integrated patterns of the recovered products from the high-pressure photoinduced reactivity
of P..s/NHj; at 0.6 GPa (dark cyan trace) and at ambient conditions (blue trace) with the XRD pattern of P;N;(NH,)s(NH;),s (red trace),
generated from the CIF file by Jacobs et al.® according to the X-ray wavelength used in our experiment (4 = 0.3738 A) and normalized to the most
intense peak. The CIF file of P;N;(NH,), (NH;), s was deposited in 1991 by Jacobs et al.®® on the Cambridge Crystallographic Data Centre
(CCDC), with deposition number 1282091, and the diffraction peaks are indexed according to these structural data. The patterns of the P,.q/NH;
product have been obtained by adding the 80 patterns acquired on the grid matrix of Figure 8 for each pressure and then by normalizing them to
the most intense peak (excluding the gasket reflection at 10.5 degrees, not shown in this picture). The two series of bars refer to the hk! reflections
for Product 2 after Pawley fit (blue) and for the P;N;(NH, )4 (NH;)os phaseé"’(red). Top Left: example of the Pawley fit (red dotted profile)
performed on summed XRD patterns from Product 2 at ambient pressure (blue) together with the difference plot (green). Right: (a) the structure
of the cyclic unit of P;N;(NH, ), where pink, violet, and blue spheres, respectively, represent H, P, and N atoms; (b) and (c) two different
projections of the crystalline unit cell of the P;Nj rings together with the intercalated NH; molecules (all the H atoms are omitted for the sake of
clarity) along b (b) and a axes (c). These images were elaborated using the VESTA software,** starting from the CIF file provided by Jacobs and
coauthors.™

present a remarkable similarity to that of hexamminecyclo- ambient pressure with those of P;N;(NH, )4 (NH;), s obtained

—

triphosphazene hemiammonia. This is a crystalline molecular
solid of chemical formula P;N;(NH,)s (NH;)os, previously
obtained only from white phosphorus in the presence of NH,
through a disproportion reaction at about 0.5 GPa and
temperatures above 523 K, together with PH; as a
byproduct,”® according to the following equation:

2P, + 9.5NH, — P,N;(NH,),-(NH,), s + SPH,

447 As described by Jacobs and coauthors,”® each P;N;(NH,)¢

(NH;)os unit contains a six-membered ring, a cyclic
P;N;(NH, )4 subunit made up of alternating P and N atoms
in chain conformation: two —NH, groups are attached to every
P atom in the ring (Figure 9). NH; molecules are intercalated
between the rings, with these being arranged in pairs held by
hydrogen bonds. P;N;(NH,)s(NH;), crystallizes in space
group Pbca (no. 61) with 8 formula units per unit cell and
lattice parameters a = 11.395 A, b = 12.935 A, and ¢ = 12.834

456 A, corresponding to a cell volume of V = 1891.69 A’. The sums

of the diffraction patterns from Product 2 both at 0.6 GPa and
at ambient pressure were analyzed through a Pawley fit with
background subtraction using Chebyschev polynomial func-
tions. The results, showing that our experimental diffraction
pattern can be indexed by the unit cell of P;N;(NH,)s
(NH,)os as reported by Jacobs,’® are presented in Figure 9
together with the expected and refined 26 positions of the hkl
reflections. Figure 9 reports the results of the fit for the
ambient pressure pattern of Product 2 (the results for the 0.6
GPa pattern were totally similar). We observed a very good
match of the refined hkl reflections of the recovered product at

by the Jacobs structure in the same pressure conditions. Our
refined lattice parameters a = 11.4277(22) A, b = 12.9977(24)
A, and ¢ = 12.8879(18) A and the resulting unit cell volume V
=1912.3(5) A® are in good agreement with the literature ones,
provided by Jacobs®® and reported above in the text. In
conclusion, considering that the diffraction pattern for the
product was found in a good superimposition with the same
region where Product 2 was identified by means of Raman
spectra, it is reasonable to assign Product 2 as P;N;(NH,)s
(NH;)o5-

A further confirmation for the assignment of Product 2
comes from the vibrational spectra. Figure 10 reports the FTIR
spectra of the products of the P, 4/NH; reaction acquired in
this study before and after releasing pressure together with the
ambient pressure IR spectrum of P;N;(NH,)4 (NH;), 5, taken
and adapted from the paper of Jacobs et al,”” where a
complete assignment of the spectrum is reported.

Several absorption bands observed in the reaction product
mixture of our experiment showed remarkable agreement with
the absorption spectrum of P;N3(NH,) (NH;),s: in partic-
ular, the bands at 930 cm™! and at about 1170 cm™}, related to
P—N groups; a peak at 1575 cm™’, assigned to N—H bending
modes; and, finally, the weak, large peak at 2600 cm™" and the
region of the N—H stretching above 3000 cm™!, that strictly
reminded the spectra of P,4/NH; reaction products. As
reported by Allcock,” the two bands at about 930 and 1170
ecm™! are characteristic of cyclic phosphazenes. Despite the
huge debate about the actual presence of formal P=N double
bonds in cyclic phosphazenes, which stimulated different
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Figure 10. Comparison between the IR absorption spectra of the
reaction product of the P,;/NH; mixture and the IR spectrum of
P;N5(NH, )¢ (NH; )5 From top to bottom: IR spectrum of the
product from P,4/NH; after the fifth irradiation (cyan trace); IR
spectrum of the product from P,4/NH; recovered at ambient
pressure and temperature (orange trace); digitized IR spectrum of
P;N;(NH, )4 (NHj;) o5 in KBr (from ref 63, black trace). The spectra
were vertically shifted for the sake of clarity, and therefore their
absorbance units have to be intended as relative. The wavenumber
axis break excludes the region where the saturating absorption of the
diamond anvils occurs.

498 papers from both the experimental’®®” and the theoretical

499 point of view’* to opt for different assignments of these
500 vibrational bands, a discussion about the nature of P—N bonds
so1 in these compounds lies beyond the purposes of this
502 manuscript: following the textbook by Allcock, the 930 cm™
503 band can be assigned to symmetric P=N—P stretching modes
so+ and while the 1170 cm™ band to antisymmetric stretching
sos modes or the degenerate ring-stretching mode of P—N—P
506 groups.”® Furthermore, in addition to the bands due to
507 P3N (NH, )4 (NHj;), 5, the IR spectrum of our product mixture
so8 featured also bands related to P—H functionalities in Product 3
509 (for example, the weak band at about 2345 cm™). Indeed our
sio FTIR spectra probed the whole sample area and contained
s11 contributions from all the products. It is thus not possible to
s12 exclude that some of the same spectral signatures correlated to
513 P;N;(NH,) 4 (NH;), 5, identified with Product 2, could at the
514 same time contain contributions due to analogous function-
s1s alities eventually present also in Product 1, whose actual
s16 stoichiometry remains unknown.

517 In conclusion, as Product 1 is concerned, the presence of
s18 only low-frequency bands in its Raman spectrum suggests its
519 assignment to a covalent and nonmolecular extended solid
520 product of general formula (PxNy). As Product 2 is concerned,
521 its Raman spectrum, not matching with that of any other
s22 known H,P )N, compound, features a very different profile,
523 with low-frequency phonons and distinct high-frequency bands
s24 consistent with the internal modes of molecular vibrations,
525 indicating structural differences with respect to Product 1. The
526 XRD patterns of the product mixture that were mainly spatially
527 located in the same region of the sample where the Raman
528 spectra of Product 2 were observed were found to be in fair
529 agreement with the XRD pattern of crystalline P;N;(NH,)4

— =

—

(NH;)s- This assignment was also supported by the s3o
comparison of the FTIR spectrum of the reaction products 531
with that of P;N3(NH,)s(NH;),s. Unfortunately, no Raman s32
spectrum for P;N3(NH,)s (NH;), s has been reported in the 533
literature so far, making a comparison of the Raman profiles s34
not possible at this stage. To the best of our knowledge, the s3s
ones reported in this work are the first Raman spectra s36
published in the literature for P;N;(NH,)s(NH;)s. Further s37
experimental and theoretical efforts should be devoted to s38
better characterize Product 1 (P,N,). 539

B CONCLUSIONS 540

A comparison between the high-pressure photoinduced s41
reactivity of amorphous P,y and crystalline Py in the s4
presence of NH; has been established, with the purpose of 543
correlating the structural and reactive properties of these two s44
allotropes. The products have been characterized by means of s4s
FTIR and Raman spectroscopy and synchrotron X-ray s46
diffraction. 547

A higher reactivity was observed in the case of P 4 compared 348
to Ppq, possibly suggesting the persistence of the layered s49
structure and thus opening new routes for the edge sso
functionalization of phosphorene layers before further ssi
exfoliation. Like in the case of H,0’"™"* and EtOH,”” " ss5
optical pumping of the excited electronic states of NH; by two- ss3
photon absorption of near-UV light under mild pressure ss4
conditions (accessible to the current industrial technology) sss
was able to activate chemical reactivity and to induce the ss6
transformation of the starting P,4/NH; sample into a ss7
heterogeneous mixture of products where fluid bubbles and ss8
three solids, indicated as Products 1, 2, and 3, have been ss9
identified. Micro-Raman spectroscopy revealed that the fluid seo
bubbles mainly contain H, and PHj. Product 3, amorphous s61
and containing P—H functionalities, was found to be unstable s62
if exposed to atmospheric moisture, readily transforming into s63
mainly H;PO;. Product 1 and Product 2 are solid materials s64
recoverable at ambient conditions. Product 1 is a novel s6s
previously unreported covalent solid material with PN, s66
composition. No further stoichiometric indications could be s¢7
evinced from our data, and it was not even possible to rule out ses
that Products 1 and 3 could somewhat be intermediate in the s69
synthesis of Product 2. Product 2 contains P—N and N—H s70
bonds and can be identified as P3N;(NH,)s(NH;)ps, a s7
crystalline molecular compound previously obtained only by s72
the disproportion reaction of white phosphorus in the presence 573
of NH; at low pressure.”® To the best of our knowledge, this 574
work represents the first report about the synthesis of such s7s
cyclic phosphazenes obtained at room temperature and 0.8 576
GPa only using UV light as a reaction trigger and starting from s77
elemental red phosphorus and ammonia, according to the 578
following equation: 579

A=~350 nm

14P_, + 19NH, ——— 2P,N,(NH, ). (NH
red 3 25°C,08 GPa 3 3( 2)6 ( 3)0.5

+ 8PH, + H,

The results of this study confirmed the incorporation of the N- s80
bearing fragments originating from the high-pressure photo- ss1
dissociation of NH;, which acted here as both a reactant and a ss2
photoactivator.”” 583

Moreover, the conversion of P4 into P3N3(NH, )4 (NH;),s, 584
H, and PHj; in the total absence of solvents, catalysts, and sss
radical initiators under mild pressure conditions accessible to sss
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sg7 current industrial techniques could represent an appealing
sss chemical process potentially combining the synthesis of
589 cyclophosphazenes, which have a large variety of possible
s90 applications as cores for polymers or dendrimers or also as
591 starting substrates for supramolecular chemistry and nano-
592 structured materials, with the synthesis of H,, molecular
593 hydrogen being one of most interesting and promising energy
594 vectors.
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