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The solid state photolysis of sodium, silver and thallium hyponitrite (M2N2O2, M = Na, Ag, Tl) salts and a
binuclear complex of cobalt bridged by hyponitrite ([Co(NH3)5-N(O)-NO-Co(NH3)5]4+) were studied by irradi-
ation with visible and UV light in the electronic absorption region. The UV–visible spectra for free hyponitrite ion
and binuclear complex of cobalt were interpreted in terms of Density Functional Theory calculations in order to
explain photolysis behavior.
The photolysis of each compound depends selectively on the irradiation wavelength. Irradiation with
340–460 nm light and with the 488 nm laser line generates photolysis only in silver and thallium
hyponitrite salts, while 253.7 nm light photolyzed all the studied compounds.
Infrared spectroscopywas used to follow the photolysis process and to identify the generated products. Remark-
ably, gaseous N2Owas detected after photolysis in the infrared spectra of sodium, silver, and thalliumhyponitrite
KBr pellets. The spectra for [Co(NH3)5-N(O)-NO-Co(NH3)5]

4+ suggest that one cobalt ion remains bonded toN2O
from which the generation of a [(NH3)5CoNNO]+3 complex is inferred. Density Functional Theory (DFT) based
calculations confirm the stability of this last complex and provide the theoretical data which are used in the in-
terpretation of the electronic spectra of the hyponitrite ion and the cobalt binuclear complex and thus in the elu-
cidation of their photolysis behavior.
Carbonate ion is also detected after photolysis in all studied compounds, presumably due to the reaction of atmo-
spheric CO2 with the microcrystal surface reaction products. Kinetic measurements for the photolysis of the
binuclear complex suggest a first order law for the intensity decay of the hyponitrite IR bands and for the inten-
sity increase in the N2O generation. Predicted and experimental data are in very good agreement.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

Photochemistry of compounds related to NO and other biochemical-
ly and environmentally relevant nitrogen-oxygen species is of consider-
able current interest [1,2].

Hyponitrite ion, related structurally with NO, plays also a relevant
biological role as intermediate species in the denitrification process in
which the nitrous oxide is a product [3]. Specifically, the reduction of
nitric oxide to nitrous oxide by NO reductase would be produced
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).
through a hyponitrite intermediary where the N2O2
2− is bonded be-

tween two ferric iron centers [4,5].
The chemistry of the hyponitrite ion has been reviewed by Bonner et

al. [6]. The hyponitrite ion and its conjugate acids are in equilibrium in
aqueous solution; depending on the pH, all these species undergo de-
composition [7]. In the photolysis of an aqueous suspension of silver
hyponitrite, NOwas generated as a consequence of light irradiation [8].

Nitrous oxide (N2O) may be considered a derivative of the
hyponitrite ion because the hyponitrous acid (HONNOH) decomposes
in aqueous solutions (pH 4–14) into N2O [7]. Nitrous oxide has been
used in anesthetic practices for more than 150 years, and considered a
major advance in anesthetics. However, the nitrous oxide administra-
tion is not without risk that may include hematologic, neurologic, myo-
cardial, and immunologic effects [9].
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The hyponitrous acid presents the trans (HON = NOH) configura-
tion shown in Scheme 1a. Sodium hyponitrite show a cis [10] or trans
[11] configuration, but in both cases the hyponitrite ion bonds via the
oxygen (Scheme 1b). Cis and trans hyponitrites are geometrical iso-
mers, with a rather large interconversion barrier (about 60 kcal/mol).

The hyponitrite ion may bond to a transition metallic centre in a
number of ways. cis-Hyponitrite may coordinate a metal (Ni, Pt)
through oxygen acting as a bidentate ligand in a pseudo-square config-
uration [12]. In a binuclear heme Fe\\Cu complex the trans-hyponitrite
ion bridges two metal centers coordinated by the nitrogen atom [13].

Nan Xu et al. [14] reported a binuclear iron porphyrin bridged by
hyponitrite ion bonded by oxygen. In the binuclear cation studied in
this work the hyponitrite bridge is coordinated in an asymmetric way
(\\N(O)NO\\), being one cobalt nucleus bonded by oxygen and the
other by nitrogen (see Scheme 1c) [15,16].

In the present work the sodium, silver and thallium hyponitrite salts
and a binuclear complex of cobalt bridged by hyponitrite (μ-hyponitrite
bis[pentaamminecobalt(III)]4+) were studied by irradiation with light
of different wavelengths. The compounds were photolyzed in the solid
state to avoid the hyponitrite decomposition, possible side reactions
and complex equilibria in aqueous solution. Quantum chemical calcula-
tions were also carried out to support experimental results.
2. Materials and Methods

2.1. Synthesis of the Studied Compounds

2.1.1. [(NH3)5CoN(O)NOCo(NH3)5]
4+ (14/15N)

This cationwas preparedwith different anions (Br−, NO3
− andNO3

− -
Br−) according to the method reported in reference 15.
2.1.2. Ag2N2O2

1.5 ml of AgNO3 0.245 M was dropped under stirring on 3 ml of
Na2N2O2 0.182 M. The yellow precipitate was separated by filtration
and dried under P2O5 [11,17].
2.1.3. Tl2N2O2

Stoichiometric amounts of Na2N2O2·H2O and thallium sulphate
were mixed in aqueous solutions (ice bath). The yellow precipitate
was separated by filtration and dried under P2O5 [17].
2.1.4. Na2N2O2·H2O
Purchased from Sigma-Aldrich.
2.1.5. N2O
Purchased from AGA Linde Healthcare.
Scheme 1. Structure representation of hyponitrite moiety in different arrangements. (a) hyp
bis[pentaamminecobalt (III)]4+ cation ([(NH3)5CoN(O)NOCo(NH3)5] 4+).
2.2. Spectroscopic Measurements

The IR spectra of the substances as KBr pellets or Nujol mulls were
recorded in the 4000 to 400 cm−1 range on a Bruker Equinox 55 FTIR
spectrometer with 4 cm−1 resolution.

TheUV–Visible spectra of the solutionswere registered using Chrom
Tech CT-5700 series spectrophotometer in the range of 190–1100 nm,
with 2.0 nm resolution. Quartz cuvettes: 1 cm path length.

2.3. Light Sources and Irradiation Method

Ar+ laser (488.0 nm line, 150 mW, 15 min); high pressure mercury
lamp, (500 W, 340–460 nm, filtered with BG12 4 mm Schott, this in-
cludes mainly 365, 405 and 436 nm lines); low pressure mercury
lamp Hanau, Germany (unfiltered) mainly 253.7 nm.

The initial (reference) infrared spectra of the sampleswere recorded
before the irradiation process. After an irradiation period, the light
source was turned off and the final infrared spectra of the samples,
which were used in monitoring the photolysis process advances, were
recorded.

In monitoring the photolysis, the infrared region 1200–900 cm−1,
which involves the hyponitrite bands and the infrared region around
2200 cm−1, which involves the band due to (NN)N2O vibration, consti-
tuted the two target regions; the former to follow the reagent disap-
pearance and the later to follow the products generation. It should be
noted here that thallium and silver hyponitrite samples were darkened
after irradiation, presumably by formation of respective oxides (M2O,
M = Tl, Ag, Na) (see Results and Discussion section).

2.4. Kinetic Measurements

Kinetic curves for binuclear complex of cobalt were calculated from
band areas of infrared spectra scanned at different irradiation times (ir-
radiation wavelength 253.7 nm). Experimental details for sample prep-
aration and spectroscopic setup were described in Sections 2.2 and 2.3.

For the kinetics decay the hyponitrite band at 1033 cm−1

(δ(ONNO)) was chosen for area calculation because it shows the hori-
zontal base line and it was not overlapping with other bands, and con-
sequently, no extra band fit was required. For the products, increase
the ν(NN)N2O band at 2226 cm−1 was used because it is the most in-
tense and is not overlapping. We use Opus software (version 4.2) of
the Bruker infrared spectrometer for bands area calculation in the ab-
sorbance mode. The kinetic curves were then fitted by standard decay
and rise functions discussed in Section 3.3.

2.5. Computational Details

Computational methods were used to investigate the electronic
structure of the hyponitrite ion and the binuclear complex of cobalt.
onitrous acid (b) sodium hyponitrite salts cis and trans (zig zag) (c) μ-N,O-hyponitrite
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Geometry optimization of both species was performed. The bulk solva-
tion effect was considered by the approach of the conductor-like polar-
izable continuous model (CPCM) [18]. Absorption spectral properties
were calculated by non-equilibrium time-dependent density functional
theory (TDDFT) [19]. The simulated UV–visible based on Truhlar's func-
tionals optimized geometries were calculated for the lowest 80 singlet-
singlet electronic transitions. In these calculations, the Dunning-
Huzinaga style augmented correlation-consistent-valance-polarized-
triplezeta basis set (aug-cc-pVTZ) were used. For the hiponitrite anion
[20,21], the calculations were performed with the M062X [24] hybrid
DFT method [22]. The geometry optimization and frequency calcula-
tions performed for the binuclear complex, theM06-L hybrid DFTmeth-
od [23] were preferred. The stabilities of the predicted six mononuclear
cobalt complexes were tested by the DFT based calculations in order to
support the photolysis reaction proposed here for the binuclear
complex. The optimized geometry of [(NH3)5CoNNO] + n and
[(NH3)5CoONN]+n ion complexeswithn=2and n=3were calculat-
ed at M06-L/aug-cc-pvTZ level of theory by using Gaussian09 software
[24]. The vibrational frequencies of these structureswere also calculated
at the same level of theory to confirm that they correspond to the local
minima on the energy surfaces [25].
Fig. 1. (a) UV–visible spectra of Na2N2O2 2,4 10−4M in aqueous solution at pH=12 (blue
line). Concentration value for Na2N2O2 is only estimated due to contamination with
sodium carbonate. Predicted spectra obtained from DFT theoretical calculations (dashed
red). (b) UV–visible spectra of [(NH3)5CoN(O)NOCo(NH3)5]4+ 3.10 10−3, 3.10 10−4 and
6.21 10−5 M (blue) in aqueous solution. Predicted spectra obtained from calculations
(dashed red). Vertical black bars in (a) and (b) specify predicted transitions (see Tables
1 and 2). Grey shadows show irradiation regions.

Table 1
Relevant predicted electronic transitions and their assignments for the free hyponitrite
anion.

Wavelength (nm) Osc. strength Assignments

201 0.0704 H-2 → L + 1 (75%)
209 0.1000 H1 → L + 4 (90%)
233 0.1814 H1 → L + 2 (93%)
272 0.1815 HOMO → L + 3 (92%)
3. Results and Discussion

3.1. Electronic Spectra

The electronic spectrum of a silver hyponitrite suspension reported
by Kumkely et al. [8], shows absorption bands at 207(sh), 255(sh) and
419 nm (wide). The last band was assigned to LMCT (Ligand Metal
Charge Transfer).

Our electronic spectrum of solid thallium hyponitrite in KBr pellets
shows absorption bands at 262, in the region 294–401 and
454 (sh) nm. In agreement with the wavelength reported by
Poskrebyshev et al. (ε(248 nm) = 6550 cm−1 M−1) [7], the electronic
spectrum of sodium hyponitrite (see Fig. 1a) includes an absorption
band at 246 nm,which is blue shiftedwith respect to silver and thallium
hyponitrites.

The calculation performed with hybrid DFT methods provided a re-
liable interpretation of the observed electronic spectra of the
hyponitrite ion and its photolysis behavior.

The experimental and calculated spectra of hyponitrite ion are com-
pared in Fig. 1a. Theoretical calculations predict an absorption band at
238 nm (the envelope of the two main electronic transitions) in good
agreement with the experimental data (cf. ref. 6). The assignments for
electronic transitions predicted by quantum chemical calculations are
collected in Table 1. The major contributions were found for the transi-
tions at 272 and 233 nm. The first transition involves HOMO and
LUMO + 3. The HOMO can be characterized as a π bonding molecular
orbital mainly between the two atoms of nitrogen, and LUMO + 3 as
π antibonding molecular orbitals mostly localized in N\\O bonds
(HOMO and LUMO + 3 are represented in Fig. 2). The transition at
233 nm, which involves HOMO–1 and LUMO + 2, was understood as
a transition from a bonding orbital delocalized over all the atoms to a
non-bonding orbital over the oxygen atoms.

The electronic spectra of the binuclear complex (aqueous solution)
show bands at 212 nm (ε ≈ 6.9 105 M−1 cm−1), 264 (ε = 8.56
103 M−1 cm−1), 302 (sh)nm (ε = 5.33 103 M−1 cm−1) and 484 nm
(ε = 227 M−1 cm−1) (Fig. 1b). This spectrum was also interpreted
with the aid of quantum chemical calculations. The assignments for
themain electronic transitions predicted byDFT calculations are collect-
ed in Table 2. These are close to the experimental absorption bands.

The transition at 435 nm involves H-1 and L orbitals. H-1 can be de-
scribed as a π non bonding orbital mainly located in the hyponitrite
moiety and L as an orbital mainly centered in the O\\Co\\N bonding
axis.
The transition at 301 nm involves the electron transfer fromH-8 and
H-2 to L, L+ 1 and L+ 3. H-8 andH-2 can be similarly described, show-
ing contributions from hyponitrite N and O nonbonding orbitals, σ
bonding (hyponitrite) and dxz-Co (O-bonded). L + 1 shows contribu-
tions from dx2-y2-Co (O-bonded) and L + 3 have contributions from π
antibonding (hyponitrite) and dz2 (both Co atoms).

The 241 nm transition involves the H (O\\N nonbonding and N\\N
π bonding) and L+4 (π antibonding hyponitrite) orbitals. Diagrams for
the HOMO and LUMO+4molecular orbital of the binuclear complex of
cobalt are depicted in Fig. 3.

The experimental and calculated spectra for [(NH3)5CoN(O)
NOCo(NH3)5]4+ ion are compared in Fig. 1b, where the irradiation
zones which cover all the absorption regions are represented by
shadows areas.



Fig. 2. The HOMO and LUMO+ 3 of hyponitrite ion. An isovalue of 0.020 a.u. was used to
construct the surfaces.

Fig. 3. The HOMO and LUMO + 4 of [(NH3)5CoN(O)NOCo(NH3)5]4+ ion. An isovalue of
0.020 a.u. was used to construct the surfaces.
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3.2. Hyponitrite Salts Photolysis

In order to monitor the photolysis progress, infrared spectra of pel-
lets (samples dispersed in KBr matrix) were compared before and
after irradiation, identifying the generated products. The electronic
spectrum shown in Fig. 1S (Supplementary material) substantiate that
the KBr is transparent to all radiation used in this work. Then, it is con-
cluded that KBr could be used as a matrix component because it does
not absorb any component of the employed radiation. The radiation
sourceswere chosen so as to cover all the absorption regions in the elec-
tronic spectra of the samples.

The photolysis of hyponitrite salts is wavelength dependent, as it is
inferred from the electronic spectra described above and for the irradi-
ations results described below. While sodium hyponitrite undergoes
photolysis only with the 253.7 nm line, thallium, and silver salts are
photoinduced with all the wavelengths used in our irradiation set up.
Moreover, darkening after irradiation was observed only in the silver
and thallium hyponitrite pellets (see identification products below).

The electronic transitions theoretically predicted for the hyponitrite
ion explain the observed electronic spectra of Na2N2O2 (see Fig. 1a). It
was assumed that both hyponitrite electronic transitions H-1 → L + 2
(π→ πnb) andH→ L+3 (π→ π⁎), predicted at 238 nm,may be induced
by electronic excitation with light of 253.7 nm, very close to the exper-
imental absorption band at 246 nm. However, this transition fails to re-
produce the photolysis and the spectral shifts observed in thallium and
silver hyponitrites. We then hypothesize that this is a possible (revers-
ible) charge transfer transition proposed in the reference [8] from
hyponitrite to metal that was not taken into account in the theoretical
approach. On the other hand, the energy difference between HOMO
hyponitrite and LUMO configurations for the Na+, Tl+ and Ag+ ions in
aqueous solution is expected in the sequence ΔENa N ΔETl N ΔEAg in
agreement with the experimental electronic spectral shifts.

Fig. 4 compares the infrared spectra of sodium, silver and thallium
hyponitrites before and after irradiationwith the 253.7 nm line. Charac-
teristic ν(NO) bands (around 1000 cm−1) decrease drastically with ir-
radiation time and at the same time, a new feature around 2230 cm−1

appears after irradiation for each salt (Fig. 4). Since this new doublets
at around 2230 cm−1 is very close and shows a very similar profile
than that reported to ν(NN) of N2O in the gaseous state [26] (see also
Fig. 2S), we propose the formation of N2O gas as a product of the
Table 2
Relevant electronic transitions predicted for [(NH3)5CoN(O)NOCo(NH3)5]4+ and their
assignments.

Wavelength(nm) Osc. strength Assignment

241 0.236 H → L + 4 (69%)
301 0.068 H-8 → L + 1 (20%)

H-8 → L + 3 (16%)
H-2 → L + 3 (20%)
H-2 → L (17%)

435 0.008 H-1 → L (74%)
photolysis of hyponitrite salts that remains caught in the solid state sys-
tem. This was observed also in the binuclear complex as a singlet band
at 2226 cm−1 (see following section).

Other bands grow during the irradiation of sodium hyponitrite salt
at ~1400, 850, and 650 cm−1. They are assigned to the asymmetric
stretching (ν3), out-of-plane bending π(CO3) (ν2) and δ(OCO) (ν4), re-
spectively, corresponding to a carbonate ion generated during the pho-
tolysis [27].

Fig. 5 shows the overall picture of the sodium hyponitrite infrared
spectra before and after irradiation and the sodiumcarbonate reference.
The ν(CO)as was also found in the infrared spectra of the irradiated
binuclear complex as a widening of the 1391 cm−1 band (ν(NN)N2O2).

To show whether the samples undergoes photolysis without atmo-
spheric CO2, hyponitrite salts were irradiated under vacuum. For such
purpose a quartz tube connected to a gas cell fitted with KBr windows
were assembled (see Fig. 3S Supplementary material). Pure samples of
sodium, thallium and silver hyponitrites (without KBr dilution)were ir-
radiated into the quartz tube under vacuum with UV light (253.7 nm).
The infrared spectrum of the gas cell scanned after irradiation of a sodi-
um hyponitrite is shown in Fig. 2S. This spectrum is compared in the
Fig. 4. Infrared spectra of hyponitrite salts (sodium, silver and thallium) before and after
irradiation with 253.7 nm light. For better viewing the spectra have been displaced
vertically relative to each other. The arrow points to the N2O (doublet) product reaction.



Fig. 5. Infrared spectra of Na2N2O2 before (a) and after (b) irradiation (λ=253.7 nm) and
the comparison with sodium carbonate spectra (c).

Table 3
Infrared bands (cm−1) observed for N2O2

2− moiety in [(NH3)5CoN(O)NOCo(NH3)5]Br4
(14N, 15N) and hyponitrite salts (sodium, silver and thallium).

Assignments N2O2
2− binuclear complex N2O2

2− (anion)

14N 15N Shifts Na Ag Tl

ν(NN) 1391 m 1348 43
ν(NO) 1124 m 1096 28 1013 998 941
δ(ONNO) 1033 m 1013 20
ν(NO) 917 m 905 11
δ(ONNO) 600 vw
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same figure with that coming from a N2O cylinder in the same instru-
ment under similar conditions. Since both spectra are identical it is con-
cluded that the N2O is also generated without the presence of
atmospheric CO2 and confirms that the reaction proceeds even without
potassium bromide. We then suggest that the atmospheric CO2 freely
penetrates the pellet samples, but why the N2O does not escape from
the solid? The suggestion that the CO2 freely penetrates the samples
and the N2O is being unable to escape from it, are mutually exclusive.
The last statement and the darkness observed in silver and thallium
hyponitrites samples require further explanation. The CO2 penetration
and N2O entrapment could be compatible under the assumption that
the N2O is trapped in the hyponitrite packing while the CO2 penetrates
the KBr pellets and reacts with the products of reaction on the micro-
crystal surface. Due to photolysis, the formation of M2O (M = Tl, Na,
Ag) inside the microcrystal arises as a necessary product. It is also com-
patible with the darkness observed in silver and thallium hyponitrites
after photolysis.

To check if silver remains in the oxidation state I after Ag2N2O2 pho-
tolysis, the chemical reaction proposed in [8] was tested. It was noted
that the black solid contacted with ammonia solution (50%) dissolved
immediately at room temperature. Since elemental silver does not dis-
solve in aqueous ammonia, it was inferred that silver remains in oxida-
tion state I (Ag2O) after photolysis.

The products of photolysis identified in this work are not in agree-
ment with those reported in [8] for the irradiation of silver hyponitrite.
In fact, in that work the reported products of irradiationwere elemental
silver and nitric oxide and this conclusion was indirectly inferred from
subsequent reactions of nitric oxide with oxygen and water to produce
nitrous acid, whichwas detected in electronic spectra [8]. Therefore, the
difference between those results and the present results are due proba-
bly to Kumkely et al. carrying out their measurements in an aqueous
suspension. It seems therefore that infrared spectroscopy is a better an-
alytical tool to determine products after photolysis in the solid state in-
stead of indirect methods.

3.3. Binuclear Complex Photolysis

To analyze the changes during the irradiation we first review briefly
the known infrared spectra of the binuclear complex. The infrared
spectra of binuclear cobalt hyponitrite show a distinctive band pattern
than that of sodium, thallium and silver hyponitrites, as expected from
bond description shown in Scheme 1 (Table 3).

Mercer et al. [28] and Miki and Ishimori [29] reported the infrared
spectrum of the binuclear complex cation. For a better assignment,
these two studies included infrared spectra after 15N bridge substitution
(50%). More recently, a structural study and reinterpretation of the vi-
brational spectra of the binuclear complex was published [15]. This in-
cluded the first Raman spectra allowing new assignments for the
bridged\\ONN(O)\\moiety. The information provided was also sup-
ported by quantum chemical calculations. The ν(NN) bandwas individ-
ualized when the nitrate counterions were replaced by bromide ions
avoiding the overlap of nitrate anti-symmetrical stretching mode
(ν3(NO)) to the ν(NN)hyponitrite band at 1391 cm−1. Infrared
wavenumbers for hyponitrite ions in the cobalt binuclear complex
(14N, 15N) [15,28,29] and sodium [27,30,31], silver and thallium
hyponitrite salts (this work) are summarized in Table 3.

Wavenumbers for the binuclear complexwere also calculated in this
work using a more precise quantum method than that reported in Ref.
[15]. The values obtained for the hyponitritemoietywere then collected
in Table 1S (Supplementary material) and compared with the experi-
mental and theoretical values reported in [15]. It can be seen from this
table that the frequencies of hyponitrite modes are confirmed and that
the values in the present work are closer to the experimental than
those reported [15].

The KBr-binuclear complex pelletswere sequentially irradiatedwith
the 488.0 nm (Ar+ laser), 340–460 nm (from high pressure mercury
lamp filtered) and 253.7 nm (from low pressure mercury lamp) lines.
As mentioned above for the hyponitrite salts, photolysis progress was
monitored scanning infrared spectra before and after each irradiation.
The light selected for irradiation cover all absorption regions of the stud-
ied compound.We observed that the binuclear complex photolysis only
progressed when the wavelength of exciting radiation was 253.7 nm.
This wavelength is close to the absorption band at 264 nm and to the
predicted transition by quantum chemical calculations at 241 nm. This
was understood as a transition from O\\N nonbonding and N\\N π
bonding to π antibonding hyponitrite (intraligand charge transfer).
We hypothesize that the bond order reduction produced in hyponitrite
moiety by the electronic transition may induce the chemical reaction
observed experimentally.

Interestingly, the electronic transition that generate photolysis in so-
dium hyponitrite have the same description predicted for the binuclear
complex of cobalt, although the molecular geometry and hyponitrite
bonds are different. Moreover, photolysis in both compounds is caused
by the same irradiation wavelength and shows similar magnitude for
themolar extinction coefficient (ε). A better comparison should consid-
er lattice effects.

The characteristic infrared bands of bridged hyponitrite in the Co-
binuclear complex were located in the spectral region 1400–
900 cm−1. Fig. 6 shows a selected infrared spectral region of the
binuclear complex (KBr pellet) before and after irradiation with light
of 253.7 nm. This figure also shows the spectra of a sample containing
the 15N labelled-bridge. It can be seen that hyponitrite bands decrease
with increasing time of irradiation whereas a new band grows at



Fig. 6. Infrared spectra of [(NH3)5CoN(O)NOCo(NH3)5]Br4 (KBr pellet) before and after
irradiation (λ = 253.7 nm). For a better view, the spectra have been displaced vertically
with respect to each other. a. Normal sample before irradiation; b. After 6 h of
irradiation; c. Sample containing the hyponitrite bridge 15N labelled before irradiation; f.
Sample 15N labelled after 6 h of irradiation. The arrow points to the N2O (singlet)
product reaction.

Table 4
Nitrous oxide wavenumbers in gas phase, matrix, complexes and photolysis products for
different hyponitrites.

Compound ν(NN) ν(NO) δ(NNO) Reference

Gas N2O 2234/2216 1301
1274

589 This work

Na2N2O2 2239/2216 This work
Tl2N2O2 2237/2217 This work
Ag2N2O2 2238/2216 This work
Co[NN]Br4a 2226 1282 (sh) 588 This work
Co[15NN]Br4a 2157 1261 580 This work
N2O in N2 matrix
(15 K)

2236 1291 589 [31]

15N2O in N2 matrix
(15 K)

2166 1272 573 [31]

[Ru(NH3)5N2O]2+b 2234 (2234
calc)

1150
(1150calc)

298
(296calc)

[32]

[Ru(NH3)5 15N2O]2+b 2209 (2209
calc)

1137
(1136calc)

296
(296calc)

[32]

[Os(bpy)Cl3N2O]1−c 2252 1245 536/533 [33]
N2O in Xe matrix 2215 1280 584 [34]
N2O in Ar matrix 2219 1283 589 [34]
N2O adsorbed in ZnO 2237 1650–1200 – [35]

a Photolized (Co[NN]Br4: [(NH3)5CoN(O)NOCo(NH3)5]Br4).
b Isolated.
c It should be noted that according to Laane [31] and Paulat [32] the assignment of

bands ν(NN) and ν(NO) in [Os(bpy)Cl3N2O] [33], may be reversed.
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2226 cm−1 for the normal sample and at 2157 cm−1 for the 15N
substituted-sample. Besides, a new shoulder at 1282 cm−1 and band
broadening at 588 cm−1 are detected. These features were confirmed
by difference spectra. For the 15N labelled sample these bands are
shifted to 1261 and 580 cm−1, respectively. The wavenumbers and
the relative infrared intensities in this study for the two set of bands
(14N and 15N) are in agreement with those previously reported for
N2O gas [26,30,31]. Accordingly, we propose to assign the infrared
bands observed at 2226, 1282 and 588 cm−1 as well as those observed
at 2157, 1261 and 580 cm−1 to the ν(NN), ν(NO) and δ(NNO) vibra-
tions of N2O for the 14N and the 15N substituted samples [31],
respectively.

The ν(NN) band at around 1391 cm−1 (14N normal samples) of the
hyponitrite bridge becomes wider after irradiation. For the 15N
substituted sample (Fig. 6d) it is shifted to 1348 cm−1 as a shoulder of
a very strong band at 1321 cm−1 (δ(NH3)) [15]. In spite of this shift,
in the isotopic 15N sample, the band at 1399 cm−1 still grows after irra-
diation. It is concluded, therefore, that this new band is not related to
the bridge decomposition because it does not move its spectral position
with 15N isotopic substitution. We reason that this may be due to car-
bonate ion formation in the reaction between photolysis products
with atmospheric CO2.

The photolysis process was not completed after 6 h of irradiation, as
shown by the features associated to the hyponitrite bridge which did
not vanish entirely. To verify whether the carbonate bands come from
atmospheric CO2, two additional photolysis were carried out: one irra-
diation with the sample under vacuum (Oxford cryostat (OX8ITL)
with KBr optical windows) and other with KBr pellets soaked with hal-
ocarbon oil. We find that in both set ups the photolysis progressed fol-
lowing the same behavior as hyponitrite salts under vacuum, but, on
the other hand, carbonate bands (1400, 850, and 650 cm−1) were not
observed after photolysis. Then, we concluded that the measured car-
bonate bands came from the atmospheric CO2.

We review in Table 4 N2O infrared bands under different conditions
in order to explain why after photolysis the ν(NN)N2O is observed as
doublet in hyponitrite salts and as a singlet in the binuclear complex.
While some of these were taken from our spectra others associated
with different compounds, includingN2Omoiety, were from the current
literature.

This includes the unusual ruthenium and osmium N2O complexes
[32,33] and low temperature matrices of N2O diluted in argon, xenon
[34] and nitrogen [31]. Accordingly, a singlet ν(NN) would be expected
either if the N2O molecule bonds to a transition metal forming a
complex or if it is trapped in a matrix at low temperature. In both
cases no vibro-rotational contourwould be observed becausemolecular
rotations are inhibited (a typical doublet is observed for a free linear
molecule). Therefore, the singlet band formed at 2226 cm−1 during
the irradiation of the binuclear complex should be attributed to the
N2O moiety coordinated with one cobalt center.

This assumption is supported by the fact that the Ag, Tl, Na cations
do not produce any complex with the N2O, and the observed doublet
does not shift significantly from the N2O(g) band positions, suggesting
weak interaction between them (see arrow in Fig. 6). Hussain et al. re-
ported a single band at 2237 cm−1 when N2O is co-adsorbed on ZnO
at room temperature [35]. This observed singlet band suggests a strong
interaction (or a chemical bond) between N2O and Zn2+which can be
compared to that determined for the binuclear complex studied in this
work.

A single ν(NN)N2O band has also been reported for the
[Ru(NH3)5N2O]2+ [32] and [Os(bpy)Cl3N2O]1− complexes [33], in
which the N2O moiety binds to Ru(II) and Os(II) ions.

The single band observed for the ν(NN)N2O mode after the photoly-
sis of cobalt-binuclear complex suggests a bond between Co and N2O.

The stability of the possible [(NH3)5CoN2O]+n complex was tested
by DFT calculations in order to support our conclusions on reaction
products proposed for the binuclear complex. The optimizations for
the six possible configurations for the [(NH3)5CoNNO]+n and
[(NH3)5CoONN]+n ions, with n = 2 and n = 3 were carried out with
M06-L density functional and TZVP basis sets. For n = 2 low and high
spins configurationswere considered. Only twoof the six likely complex
structures converged to a minimum in the potential energy surface;
these are [(NH3)5CoNNO]+3 and [(NH3)5CoONN]+3. The energy of the
first is 7.63 Kcal/mol lower than the second, supporting the idea that a
[(NH3)5CoNNO]+3 species could be produced after photolysis of the
binuclear complex of cobalt.

The wavenumbers for [(NH3)5CoNNO]3+ and [(NH3)5CoONN]3+

hypothetical structures were calculated. In Table 2S (Supplementary
materials) the calculated frequency for the\\NNO moieties in both ar-
rangements are compared with observed values. This table shows that
the linkage isomer Co\\ONN vibrational frequencies are closer to the
experimental values than those of Co\\NNO. However, the wavenum-
ber agreement is not so good to allow discarding beforehand neither
of the two configurations.
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Based on the above results, the following reactions are therefore pro-
posed for the hyponitrite salts photolysis. Inside the microcrystals:

2 M2N2O2 →
hv
2 N2O gð Þ trappedð Þ þM2O M ¼ Na;Tl;Agð Þ

The photo-reactions are not reversible and theN2O(g) trapped in the
corresponding microcrystals could be detected in the IR spectra.

The reaction with carbon dioxide is proposed for the microcrystal
surface. The N2O(g) generated on the surface would not be trapped in
the KBr matrix and then:

M2N2O2 þ CO2 gð Þ→hv M2CO3 þN2O gð Þ↑

A similar result is observed for the binuclear complex, although in
this case the formed N2O possibly remains bound to Co. Like in the pre-
vious case of saline hyponitrites, the carbonate bands were also detect-
ed when the photolysis of the binuclear complex proceeds under
atmospheric CO2. Based on the results discussed above, the following
products are proposed inside the microcrystals:

NH3ð Þ5Co−N Oð Þ ¼ N−O−Co NH3ð Þ5
� �4þ →

hv
NH3ð Þ5CoNNO

� �3þ

þ NH3ð Þ5CoO
� �þ1

The products of reaction may react with atmospheric CO2 according
to:

NH3ð Þ5Co−N Oð Þ ¼ N−O−Co NH3ð Þ5
� �4þ þ CO2 →

hv
NH3ð Þ5CoNNO

� �3þ

þ NH3ð Þ5CoCO3
� �þ1

The degree of interaction of N2O with transition metals may be
discussed comparing bands position in different complexes. It is found
that ν(NN) bands move to higher frequencies in complexes of Co, Ru,
Os while ν(NO) shifts to lower ones (Table 2), whereas no correlation
for the δ(NNO) bands could be determined from the available data.
These results suggest that the N2O interaction with metal increases in
the order Co b Ru b Os.

The kinetics of the binuclear complex photolysis was also followed
by infrared spectroscopy. Fig. 7 shows the decrease of the δ(ONNO)
band area at 1033 cm−1 (red triangles) and the simultaneous increase
of the ν(NN)N2O band area at 2226 cm−1 (blue circles). Band area for
both are shown in Table 3S (Supplementary materials). For the first
mode, the decay of the band area was fitted using the exponential
Fig. 7. Kinetic photolysis for [(NH3)5CoN(O)NOCo(NH3)5](NO3)2Br2. (▲): Experimental
band area for δ(ONNO)bridge mode (1033 cm−1) and (●): Experimental band area for
ν(NN)N2O mode (2226 cm−1). Predicted curves for first order law are depicted in black
lines (see text).
decay function y = y0 + a e−kt with a = 1.93 ± 0.08 cm−1 and k =
0.022 ± 0.003 min−1, which shows that the decay area of bridge
bands follows a first order law.

The growth of the ν(NN)N2O band area mode was fitted using the
function y = a(1 − e−kt) with: a = 3.44 ± 0.02 and k = 0.0237 ±
0.0006 min−1. Since both fitting functions yield the same k values we
conclude that N2O is generated from the decay of the bridge. Fig. 7
shows a good agreement between the kinetic experimental values (cir-
cles) and the fitting functions (black lines). Fitness details for the decay
and raise functions were detailed in Supplementary Material.
4. Conclusions

In this work the photolysis behavior of sodium, silver, and thallium
salts of the hyponitrite anion as well as of a binuclear complex of cobalt
bridged by the hyponitrite anion, were investigated. In all cases the
samples were irradiated in the solid state with different wavelengths,
in coincidence with the absorption region of each electronic spectrum.

It was found that the photolysis of each compound depends selec-
tively on the irradiation wavelength. Irradiation with 340–460 nm
light and with the 488 nm laser line generates photolysis only in silver
and thallium hyponitrite salts, while 253.7 nm light photolyzed all the
studied compounds.

DFT calculations explained the electronic spectra of the free
hyponitrite ion and of the binuclear complex of cobalt in aqueous solu-
tion because predicted transitions are close to the absorption band
peaks. Successful photolysis, achieved in all compounds with light of
253.7 nm, may also be assigned by DFT calculations. A charge transfer
transition inside the hyponitrite moiety from π bonding molecular or-
bitals to π antibonding N2O2

2−, either in the free hyponitrite ion and in
the binuclear complex may induce the reaction observed in all samples.
However, calculations are unable to account for the photolysis in the so-
dium, thallium, and silver hyponitrite salts. We assume that an addi-
tional reversible charge transfer transition from hyponitrite to the
metal might induce the photolysis processes for silver and thallium
hyponitrites which produce the pellets darkening as consequence of
M2O formation.

The products of photolysis were detected by infrared spectroscopy.
N2O bands are observed for all the compounds after photolysis. Carbon-
ate bands were also detected after photolysis when the samples are ex-
posed to air. The photolysis at the solid state favored the identification
of products by infrared spectroscopy which cannot be carried out in
solution.

The generation of nitrous oxide by the photolysis in our compounds,
in the solid state, is unambiguously determined. However, the spectral
profile of nitrous oxide obtained in the hyponitrite salts is different
than that observed for the binuclear complex. For the first case, the ob-
served bands are due to free N2O molecules trapped in the microcrys-
tals, while for the second, the observed single band is due to bonded
N2O groups, similar to that measured for the nitrous oxide complexes
reported in the literature [32,33].

Therefore, we conclude that these are the evidences for the forma-
tion of a cobalt complex with nitrous oxide, which results from irradia-
tion of the binuclear complex.

The proposed formation and stability of a [(NH3)5Co(N2O)]+3 com-
plex is supported by DFT calculations.

It should be remarked here that different structures of hyponitrite
ions were irradiated in this work (see comparison in Scheme 1b
(down) with 1c), however, the common product generated in all the
photolysis process is N2O molecule.

Kinetic measurements for binuclear complex photolysis may be ex-
plained by a first order law either for the intensity decay of hyponitrite
IR bands or for the intensity increase due to N2O generation. Kinetic pa-
rameters also suggest that the N2O generation is originated in the
hyponitrite bridge decomposition.
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