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The hydrogen-bonded complexes betwegHind HNQ, and their deuterated analogs, have been isolated
and characterized in argon matrices. The concentration studies, matrix annealing, and UV irradiation effects
prove formation of stable 1/%-electron hydrogen-bonded complexes isolated in two trapping sites. Eight
perturbed HNQvibrations and three perturbedkL, vibrations were identified for this complex. The spectra

also indicate the existence of a less stablestAlectron hydrogen-bonded complex for which one perturbed
frequency due to the OH stretching mode was identified. Photochemistry of the complexes was also studied
with the 266 nm laser line and with a medium-pressure mercury lamp. The photolysis products gf HNO
OH and NQ radicals, recombine in the matrix cage to form nitric acid, and peroxynitrous acid which are the
main reaction products. The new major product of photolysis of ti-€HNO; complex is ethylene glycol

nitrite formed in double-addition reaction of OH and N@dicals to the €&C bond of the ethylene molecule.

1. Introduction potassium nitrate. In order to minimize the HN@ecomposi-
Nitric acid, formed via the reaction of OH with NQis an tion, Fhe reaction vessel was kept .at atemperqture°ﬁf.0’he

important species in the atmosphere. In the stratosphere, it jsreaction product was vacuum distilled. The mlxt_ures gie

a temporary reservoir of odd nitrogen and a constituent of polar (C2D4)/Ar and HNQ(DNO)/Ar were prepared using standard

stratospheric clouds. In urban air it is a major component of manor_netrlc techniques. The two mlxtur_es were simultaneously

photochemical smob?and it contributes to acid deposition and deposited onto a gold-plated copper mirror held at 20 K by a

to nitrate-containing aerosol formation. Due to its importance, ¢l0sed cycle helium refrigerator (Air Products, Displex 202A).

during the past decade, considerable attention has been directedN€ concentration of the studied matrices varied in the range

toward its reaction with OH radicdland its photodissociation =~ 1/1/800 to 1/4/500. Infrared spectra were recorded with the

in the gas phade® and in matrice28 Nitric acid is a strong matrix maintained at ca. 11 K. The spectra were registered at

proton donor’ and the knowledge of the photochemistry of 0.5 Cm_l resolution in a reflection mode, with a Bruker 113v

molecular complexes formed between HN&hd other atmo- Fourier transform infrared spectrometer.

spheric species is of great interest for understanding the Two different light sources have been employed for pho-

chemistry that occurs in the polluted troposphere. However tolysis: a medium-pressure Hg lamp (200 W) and a Nd:YAG

there is very little information in this area. Thirty years ago laser (Quantel YG 781C 20), 266 nm, 20 Hz.

the complexes of nitric acid with a series of ethers in the gas

phase were (eportéd.o Recently Barnes studied nlitric acid 3 viprational Spectra of Parent Molecules

complexes with N, CO, HO, and NH by means of infrared

spectroscopy and matrix isolation technigtfesThe infrared The spectra of the reactants, nitric acid and ethylene in argon,
spectra of the complexes between nitric acid and ethylene havewere recorded for comparison with the spectra of nitric acid/
not been studied so far. ethylene/argon matrices.

Ethylene and propylene are the main alkenes observed inthe 3 1 HNOyAr Samples. The IR spectrum of HN®In the
troposhere near large urban sources of hydrocarbon emission ;
It igwell-known thatgethylene is a:-electrorzldonor and some gas phase was first reported by Cdfin.Later McGraw
analyzed the spectra of all HN@otopomers (H, DN, 15N)
work was focused on the hygrogen bﬂ‘d formed between 54 herformed force field calculations for nitric acid molecule.
ethylene and hy_drogen hahdéé_ or water: o . More recently, a number of infrared bands (fundamentals and
As an extension Of. our previous study on the nitric aC|d_ combinations) have been analyzed at high resolution (refs 17
methane comple¥ this paper presents the results of matrix 19 and references therein). In particular themode Pno)

isolation studies of the nitric acieethylene system. Infrared . 1
spectroscopic studies of the UV photolysis of the complex are \(Aia;b;eg scs;?lr)\ei angdz:Seicsancamnf)eznbde:;/v:iev(;l?fig g? C)rinz;

also reported. transitions were analyzétias well as those betwees (879.1

2. Experimental Section cm™) and 2 (896.4 cm?). 18

The IR spectra of three isotopic species of nitric acid isolated
in nitrogen and argon have been reported by W. J. Chen®et al.
Spectra of HNQ@ in argon recorded in this work are in good
t Laboratoire Associ@ux Universite P. et M. Curie et Paris-Sud. agreement with the literature data. Bands due to OH stretching
€ Abstract published ilAdvance ACS Abstractdfay 15, 1997. (v1) and OH torsiong) appeared as doublets, the splitting was

Nitric acid was prepared by adding drop by drop concentrated
(98%) sulfuric acid (or deuterated sulfuric acid) to solid

S1089-5639(97)00427-1 CCC: $14.00 © 1997 American Chemical Society
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TABLE 1: Absorptions Observed for the Perturbed HNO3; Modes in C,H,—HNO3; Complexes and Their Isotopomers in Argon
Matrices

mode HNQ C2H4/HN03 C2D4/HN03 DN03 C2H4/DNO3 C2D4/DN03
v1 OH stretch 3522.3 3325.1 3321.6 2601.5 2468.5 2466.2 Il
3519.3 3320.3 3316.7 2599.1 2464.9 2462.5 1]
3307.4 3304.7 2456.2 2454.3 o |
3300.8 3297.8 2451.6 2449.5 sl
3287.7 3284.3 v
3280.7 3277.2 V
v225NO; stretch 1699.4 1688.8 1688.6 1678.6 1661.7 1661.5 o |
1696.2 1686.2 1686.1 1674.9 1659.4 1659.1 s |
v3 NOH bend 1304.4 1400.8 1401.8 1013.4 1041.0 1038.0 s |
1394.4 1394.3 1012.2 1036.2 1035.6 o |
v4£ NO; stretch 1321.4 1307.6 1307.5 1310.4 1307.3 1307.8 w gl
1318.7
vs N—O stretch 896.9 904.7 905.7 894.2 907.9 908.5 g |
896.5 903.5 904.2 884.5 905.7 906.4 o |
v NO; scissors 656.6 650.4
v7 ONG, in plane 588.0 600.3 602.3 548.0 w g
vg ONO; out of plane 763.6 769.5 769.6 763.7 768.7 768.8 s |
768.6 768.5 767.8 767.7 ol
v9 OHN torsion 450.3 610.6 611.6 sl
450.1 608.3 609.4 o

aThe frequencies indicated by, llg, Il correspond to the 1/1 £1,—HNOs complexes; the frequencies indicated by Ill, IV, and V correspond
to higher order (gH4)»HNO; complexes.

also observed for the in plane and out of plane bending modesat 3320.3 cm® (lll). The relative intensities of the four bands
(v7, vs, respectively) as well as for the NGtretching mode were approximately constant within the range of concentrations
(v2). studied. Figure &,b shows the bandsg,llg, II, and Il in the
As previously reported in the Experimental Section, it is spectra of the HNgIC;H4/Ar = 1/1500 matrix after deposition
difficult to obtain a pure HN@sample, and weak absorptions (a) and after matrix irradiation fol h with a 266 nm YAG
due to NQ traces and to the N&©-HNO3z; compleX! were laser line (b); (spectrum b is scaled in such a way that the
observed in the studied spectra. intensity of the § band is the same in the spectra a and b). All
3.2. Ethylene/Ar Samples. The infrared and Raman spectra product absorptions were destroyed by matrix irradiation, but
of the ethylene monomer and dimer in an argon matrix have the band } was more sensitive whereas the band Il was less
been previously reported:?2 Some modes that are IR inactive  sensitive to irradiation than the bang IFigure Ic,d demon-
for the ethylene monomer were observed for the dimer. Both strates the influence of annealing on the HINQH4/Ar = 1/1/
in solid argoRd®?! and in solid xenoff most of the ethylene 800 matrix. The intensity of the absorptignslightly increased
monomer fundamentals appear as doublets. Our spectra are inith respect to the bang hfter matrix annealing, the absorption
agreement with the previous results. The vibrational spectrum Il strongly decreased whereas the band Il considerably in-
of C,D4 in argon, not reported before, showed absorptions at creased, and additional weak bands occurred at 3287 % cm
2344 cnrl (v4 CHy ), 2205.4 cmi® (vs CHy), 1074.7 et (O (IV) and at 3280.7 cmt (V).

CHy), 719.2 cnm! (w CHy), and 620 cm? (p CHy). A similar pattern of bands was observed in t©H) region
o o _ in the spectra of HNGC,D4/Ar matrices; the bands,| I, II,

4. Vibrational Spectra of the Nitric Acid —Ethylene and Il were identified at 3304.7, 3297.8, 3321.6, and 3316.7

Complexes cm™%; the absorptions IV and V occurred after matrix annealing

Infrared spectra of matrices obtained by codeposition of at 3284.3, 3277.2 cm. In the spectra of Ar/D(H)N@CoHs
HNOg/Ar = 1/1000, 1/500, 1/200, 1/100 samples arndHE matrices containing deuterium-enriched nitric ac]d thg .deut.erlum
(C,D4)/Ar = 1/400, 1/250, 1/100 samples have been studied. counterparts _of the bands, i, II, and Ill were identified in
In three experiments deuterium-enriched (ca. 50%) nitric acid thev(OD) region at 2456.2, 2451.6, 2468.5, and 2464.9cm
samples, D(H)N@/Ar = 1/250, 1/150, were codeposited with ~Whereas in the spectra of Ar/D(H)N@.Ds matrices the
a GH4(C,D4)/Ar = 1/250 sample. The obtained spectra were correspondingd, ls, II, and Ill bands appeared, respectively,
compared with the spectra of HNADNOs;, CHa, and GD4 in at 2454.3,_2449.5, 2466.2, and 2462.5émin Figure 1' the
argon. The observed product absorptions due to the nitric-acid ¥(OD) regions in the spectra of the D(H)N@HJ/Ar = 1/1/
ethylene complexes of different isotopic composition are listed 900 and D(H)NQCzD4/Ar = 1/1/500 matrices are presented.
in Table 1; Figures %4 illustrate some spectral regions of The concentration and annealing studies demonstrate that the
interest. bands §, lg, and Il correspond to the 1/1:84:--HNO3

The concentration studies and matrix annealing allowed us complexes characterized by th€OH) stretching vibration,
to identify the bands due to the 1/1 complexes between nitric respectively, at 3307.4, 3300.8, and 3325.1 &mThe con-
acid and ethylene. The spectra of the 1/1 HNGH,4 centration of the complexes characterized by thenid |; bands
complexes will be described below by considering absorptions is much higher than the concentration of the complex I, as
due to the perturbed H(D)Nand GH4, C:D4 submolecules indicated by much larger intensity of the 3307.4, 3300.8tm
in the complex. bands as compared to the 3325.1érhand. The bands due

4.1. HNOs;, DNOs Submolecules in the Complex.v(OH), to the complexes,land j; were identified in all regions of HN®
v(OD) Regions.When HNQ and GH, molecules were present  fundamentals and in the regions of thev,, vibrations of GH,4
in an argon matrix, a strong doublet appeared in the studied molecule.
spectra at 3307.4, 3300.8 ctn (I, g respectively) and The absorption Il occurs in all studied spectra as a weak
additional weaker bands were observed at 3325.11¢H) and band after matrix deposition and increases strongly after matrix
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Figure 1. (1') v(OH) region in the spectra of HN{LCH4/Ar matrices. The spectra of the HN@H4/Ar = 1/1/500 matrix after deposition (a) and

after irradiation for 100 min with 266 nm YAG laser line (b); spectrum b is scaled by 6. The spectra of th¢GIN{£Ar = 1/1/800 matrix after
deposition (c) and after matrix annealing to 33 K for 10 min (d)) (2(OD) region in the spectra of D(H)NEC;H4(D4)/Ar. The spectra of the
D(H)NOs/CH4/Ar = 1/1/500 matrix after deposition (a) and after matrix irradiation for 120 min with a medium-pressure mercury lamp (b); spectrum
b is scaled by 5. The spectra of the D(H)MOG,D,/Ar = 1/1/500 matrix after deposition (c) and after matrix annealing to 33 K for 10 min (d).
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annealing; the bands IV and V are observed only after matrix demonstrate that the 1688.8, 1394.4 énmabsorptions cor-
annealing. The bands Ill, IV, and V are tentatively assigned to respond to the complex,l whereas the 1686.2, 1400.8 thn

higher order HN@ (C;Hg4), complexes. bands correspond to the complgx IThe 1688.8, 1394.4 cm
1700-1250 cnt! Region. Three fundamentals of the nitric  and the 1686.2, 1400.8 crhbands are assigned to the perturbed
acid monomer appear in the 1700250 cn1! region: v,, NO, 12, NO, asymmetric stretching ang, NOH in plane bending

asymmetric stretch (1699.4, 1696.2 ¢ v3, NOH in plane vibrations in |, and k complexes, respectively. The 1307.6
bend, and/;, NO, symmetric stretch (1304.4 cthand 1321.4, cm! band is assigned to the perturbeg NO, symmetric
1318.7 cm?, respectively, according to ref 18). In the spectra stretching vibration ind, Iz complexes.

of HNOs/C,H4/Ar matrices the product absorptions were identi- In the spectra of matrices containing deuterium-enriched nitric
fied in this region at 1688.8, 1686.2, 1400.8, 1394.4;tend acid, D(H)NG/C;H4/Ar, the perturbedv,, v nitric acid

at 1307.6 cm®. The annealing and irradiation experiments fundamentals were shifted to 1661.7, 1036.2 tand to 1659.4,
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(b) matrices.
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Figure 4. (4') 625-580 cn1? region in the spectra of HNIC,H,/Ar = 1/1/500 (a) and HNEC,D4/Ar = 1/1/500 (b) matrices. (4 1080-1030
cm ! region in the spectra of D(H)N$Ar = 1/500 (a), D(HINQ/C,H4/Ar = 1/1/500 (b), D(H)NQ/C.D4/Ar = 1/1/500 (c), and €D4/Ar = 1/500
matrices (d).

1041.0 cm! in I, and  complexes, respectively. The observed in this region show small shift when DN®
corresponding, mode is observed at 1307.3 chfor both I, substituted for HN@or C,D4 is substituted for gH,, as reported

and j complexes. Substitution of 84 with C,D4 only slightly in Table 1.
affected the frequencies of the observed product absorptions; 700-400 cnt! Region. When HNQ and GH, were present
the observed shifts are less than 0.3 érisee Table 1). in the matrix samples, the infrared spectra showed a doublet at

900-700 cnt! Region. In the spectra of HNGCH4/Ar 610.6, 608.3 cm! and a sharp band centered at 600.3 tm
matrices the product absorptions were observed in this region(see Figure 3. In the spectra of matrices containing HNO
at 903.5, 904.7 crrit and at 768.6, 769.5 cm, respectively, in and GD, the doublet was slightly blue shifted to 611.6, 609.4
the vicinity of thevs, O—NO; stretching andrg, ONG; in plane cm. No additional absorptions were observed in this region
bending fundamentals of the HN®@nonomer (see Figure 3). in the spectra of D(H)NgC,H, and D(H)NQ/C,D, matrices.
The annealing and irradiation experiments allowed us to assignAssignment of the observed product bands is not straightforward.
the 903.5, 768.6 crt bands to the complex, land the 904.7, In this region are expected to appear the ONG, in plane
769.5 cm! bands to the complexg! The product bands  bending mode and thes, OH torsion mode of the HN
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submolecule. The observed doublet at 608.3, 610.6'dm
assigned to OH torsion inl 15 complexes, respectively, and
the absorption at 600.3 crhto thev;, ONG; in plane bending
mode of nitric acid in{, I complexes. The OH torsion mode
is expected to be more sensitive to the complex type and to the
complex environment than the, ONG; in plane bending mode.
4.2. Ethylene Submolecule in the ComplexThree product
absorptions were observed in the studied spectra in the vicinity
of ethylene vibrations. They include weak absorptions at 1929.0
and 1442.4 cm! assigned, respectively, to the perturbedtvg
combination vibration and to the;, vibration of the GH4
submolecule, and a medium intensity doublet at 971.7, 972.7
cm~t due to the perturbed;, vibration of GH,4 in the complex.
The concentration and annealing studies demonstrate that th
971.7, 972.7 cmt components of the doublet correspond to
the |, lg complexes, respectively. The frequencies of the
perturbed ethylene vibrations are not sensitive to BNO
substitution, whereas in the,DBs-substituted complexes the
1929.0, 1442.4, 972.7, 971.7 cibands are shifted, respec-
tively, to 1514.4, 1075.8 and 743.1, 740.0 ©dm Figure 4'
presents the region of thg,, C;D4 mode in the HNQ'C,D4/
Ar = 1/1/500 matrix.

5. Bonding of the Nitric Acid—Ethylene Complex

Eight perturbed HN@ vibrations and two perturbed 8,4
vibrations were identified for the £s:<*HNOsz |4, |3 complexes.

All observed |, I3 bands are a few wavenumbers apart, which
suggests that the two complexes have the same structure, bu
the geometry of their matrix environment is different. The
concentration of the compley increases after matrix annealing,
which suggests that the complex is trapped in a more stable
environment than the complex. | The complex Il is less stable
and probably has different structure than the complexesd

Is. Unfortunately, we observed only one band due to the
complex Il (the absorption due to th€OH) stretching vibra-
tion), which does not allow us to draw conclusions about its
structure.

The shifts of the HN®@ (DNOs) fundamentals in d, Ig
complexes clearly show that nitric acid is hydrogen bonded to
C,H4. As expected, the most perturbed vibrations are the NOH
group vibrations. The OH stretching fundamental is 300tm
red shifted, whereas the OH in plane bending and OH torsion
modes are ca. 100, 150 cfnblue shifted, respectively, upon
complexation with GHs. The magnitude of the relative shift
Avdv, = 0.086 of the perturbed OH stretching frequency is a
good indicator of the strength of the hydrogen bond in a
complex. In a set of complexes of nitric acid with various bases
the strength of interaction depends on the proton affinity of a
base. Barnéshas correlated the relative shiftsyd/v,, of the
v(OH) stretching frequency of HN{In nitric acid complexes
with various bases with the proton affinities of the bases. The
Avdv, value for the nitric acierethylene complex correlates
well with the proton affinity of GH4 [160 kJ mol™?]. Nitric
acid is a stronger acid than HF and forms a substantially stronger
complex with GH4 than HF, for which theAvdv, value is
0.056.

An interesting observation concerns the sensitivity of the
perturbed OH fundamentals to the replacementbf®y C,D,.
Thev(OH) andv(OD) vibrations are red shifted by 2.7 and 1.9
cm™%, respectively, when £, is substituted by €D, in the
ethylene-HNO3; complex. Due to the anharmonicity of the
hydrogen bond stretching vibration or to the larger mass,biC
the average distance between HN{Dd GD4 can be somewhat
shorter than the distance between HN{d GH,, leading to
larger shift. Such a trend was already observed for the NO-
HX complexed®24and for the HO—NH3; complexes?

e

Mielke et al.

TABLE 2: Observed Shifts (in cm™1) of the v, v1»
Fundamentals and of thev;+vg Combination Transition of
C;H, in Its Complexes with H,O, HCI, HF, and HNO3
Isolated in Argon Matrices

H.O HCI? HF2 HNQO; (this work)
vy 12.2 10.1 255 26
V12 1.1 0 2.4
v7tvg 16.9 38 38

As summarized in Table 1, other HNGQundamentals are
weakly perturbed upon complexation. In particular, theNO,
symmetric stretching mode seems insensitive to complexation,
which suggests that the NOH in plane bending coordinate does
not contribute to this mode. The perturbednode is observed
at ca. 1307 cm! in all isotopically substituted complexes
(HNO3—CoHys, HNO3—C;3D4, DNOs—CyHs, HNOs—CoDy) and
has a frequency value close to the nonpertunbadode in the
DNO3z; monomer. Upon HN@complexation or in deuterated
nitric acid, DNQ, there is decoupling betwee&{OH) andvs
(NOy) internal coordinates, and henegNO,) appears at 1307
cm~1in the spectra of HN@and DNQ complexes.

Due to the relatively weak hydrogen bonding ip, I
complexes, the &1, submolecule is only slightly perturbed by
the nitric acid molecule. The most perturbed ethylene funda-
mental is thev;, CH, out of plane wagging mode, which is
blue shifted by 26 cmt from thev; mode of the GH4 monomer;
only a 2.4 cm? displacement toward higher frequencies is
pbserved for the perturbeds, CH; in plane bending mode of
the ethylene molecule in the complex. The significant perturba-
tion of the v; out of plane bending mode and very weak
perturbation of the;, in plane bending mode indicate that the
OH group is bonded to the,8, r-electron system in an out of
plane position, a situation already encountered in all ethylene
complexes studied so far. The combination bandvs, is 38
cm! blue shifted in the complex, suggesting ca. 12 &tnlue
shift for the infrared inactive’s out of plane bending of £Ha.

In the complex formed betweeng, and HF the HF molecule
placed in an out of plane position to the ethylene molecule also
exerts more perturbation on the than on thevg mode of
CzH4.12 No complex counterpartners were observed for any of
the infrared forbidden bands of;B4. In Table 2 the complex
shifts of GH,4 fundamentals in ethylene complexes with nitric
acid, hydracids, and water are compared.

The obtained spectra indicate that inllz complexes the OH
group of nitric acid is bonded to the,B,4 -electron system in
an out of plane position. The spectra do not provide information
about mutual arrangement of the Hil@lane with respect to
the GH4 plane, but the most stable structure is probably the
structure in which the plane of the HN@olecule is perpen-
dicular to the GH4 plane and to the €C bond of the ethylene
molecule. One might expect thag Il complexes possess this
kind of geometry. In the less stable complex Il the plane of
the HNG; molecule may be perpendicular to theHz plane
but parallel to the &C bond. Unfortunately, the obtained
spectra do not provide information about mutual arrangement
of C;H4 and HNGQ planes in the studied complexes.

6. Photolysis of the Nitric Acid—Ethylene Complex

Two kinds of photolysis experiments were carried out after
deposition of H(D)NGQ/C,H4(D4)/Ar mixtures. In the first set
of experiments the matrices were irradiated with the 266 nm
laser line, whereas in the second set of experiments the full
output of the mercury lamp was used. In the two cases the
bands characteristic of the ethylerdtric acid complex disap-
peared totally afte5 h irradiation time, whereas the absorptions
due to the HN@ monomer decreased by 20%.
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TABLE 3: Product Absorptions (cm~1) Observed after Irradiation of the C,H;+HNO3 System in an Argon Matrix

CoHs+HNO3; CoHs+ HNO; CoDs+ HNO; Cy;Ds+ DNO; CoHs+HNO3; CoHs+ HNO; CoDs+ HNO; CyDs+ DNO;
laser Hg lamp Hg lamp Hg lamp laser Hg lamp Hg lamp Hg lamp

363512 3635 3625 ? D 1328 1323 1323 C

3623 3623 A 1259 1259 916 A

3576 1253 1254

3550t 3550 G 1246 1246 G

35244 3524 3524 Cc 1194 1194 D

3448 A 1130 ? 1130 ? G?
3419t 2527 F 1106 1106 1103 ? A
3416 1096 1096 1096 D

3404.5t 3404.5! 3402.5 2519 F 1089 1089

3342t 3342 2475 2475 G 1076 1076 G

2826 2826 2089 2090 G

2637.5 2637.5 2637.5 C 1036 1036 A

1841.5 1841.5 18415 1035 1035

1791t 1791 1791 1791 G 92b 925 D

1755} 1755 1742 1742 E 888 888 888 c

1724t 1724 17197 G 864 864 864 D

1652 1650 1632 ? A 854

1650 843 843 8337 G

1647 A 837 837 814 ? A

1565 1565 1564 B 790 790 790 G
14071 1145 F 616 616 616 A
139517 1141 F 582 582 D

at, the band increases after matrix annealihghe band decreases after matrix annealing.
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Figure 5. 3650-3530 cnt? (1), 3530-3515 cnt? (11), 3460—-3380 cnt? (lll), 1760—1700 cnt? (IV), 1660-1630 cnT! (V) and 875-825 cn1?
(VI) regions in the spectra of the HNZ,H,/Ar = 1/1/500 matrix after deposition (a), after irradiation for 105 min with a 266 nm laser line (b),
or after irradiation for 240 min with a Hg lamp (c).

In the gas phase the primary photolysis reaction of pure nitric also observed. In addition, the bands characteristic of &i@d

acid by ultraviolet radiation proceeds via the channel HNO
hvy = HO + NO, with a quantum yield of 25 In argon matrices
the OH and NQ@ fragments recombine and form two different
conformers of peroxynitrous acid HOONG. Additional weak
lines due to OH, HNO, NO, and NOmolecules and to the
H,0---NO complex were also identified in argon matriéés.
After irradiation of HNQ/Co,H4/Ar matrices all these bands were

CO molecules and several bands that can be attributed to the
products of the reaction of ethylene molecules with HNO
photofragments also appeared. Only the new product bands
are reported and discussed.
Figure 5 compares the spectra obtained by irradiation of the
HNOs/CoH4/Ar = 1/1/500 matrix with the 266 nm laser line
and with the medium pressure mercury lamp. As illustrated in
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Figure 5, the products formed after photolysis and their relative A species and another photolysis product; the possibility that
yields depend on the nature of the excitation source. The one of the twoy(OH) bands belongs to another species and not
performed experiments allowed us to characterize seven differentto ethylene glycol nitrite also cannot be excluded. The very
band sets that are formed with different yields on irradiation low yield of the A product and strong sensitivity of the

with a laser or mercury lamp and respond in different ways to frequencies and intensities of th€OH) bands to any perturba-

prolonged photolysis and annealing processes. Absorptionstion of the OH stretch mode make identification and assignment
labeled A (3623, 3448, 1650, 1647, 1259, 1106, 1036, 837, 6160of the bands occurring in the OH stretch region particularly

cm) and B (1565 cm?!) are more intense in the laser

difficult. However the whole set of A bands allows us to

experiment or are observed with comparable intensities in the tentatively identify ethylene glycol nitrite in the studied matrices.
laser and mercury lamp experiments, their intensities decreaseEthylene glycol nitrite can be formed as the primary photqusis
after prolonged irradiation with the mercury lamp, and they show product in double-addition reaction of OH and ONO radicals

a small sensitivity to matrix annealing. The relative intensity

of the B absorption with respect to A absorptions varies slightly

to the C=C bond of the ethylene molecule.
The 1565 cm?, B band appears in the vicinity of the 1562

in different experiments. The bands labeled C (3524, 2637.5, cm v,(N=0) stretching vibration of the HNO radical, which

1323, 888 cm?) and D (3635, 1194, 1096, 925, 864, 582¢jn

are much more intense in laser experiments than in mercuryradical.

suggests that the band may be due to the complexed HNO
In this region may appear th€N=0) stretching

lamp experiments; the C absorptions appear as weak bands aftevibration of the nitrosyl group and the asymmetric stretching

matrix irradiation with the mercury lamp, whereas the D

v(NO,) vibration of the nitro group. Double-addition reaction

absorptions are still weaker or are not observed at all. Both C of OH and NQ photofragments to the=€C bond would lead
and D bands disappear after matrix annealing. The bandsto formation of 2-nitroethanol, but this is excluded on the basis

labeled E (1755 cmb), F (3419, 3404.5, 1407, 1395 ci),

of the following reasons. The spectra of the H{OHCH,-

and G (3550, 3342, 2826, 1791, 1724, 1246, 1130, 1076, 843,NO, molecule isolated in an argon matrix reveal two intense

790 cntl) appear with larger intensity in mercury lamp
experiments than in the laser experiment. The 1755'drand
is shifted after matrix annealing to 1750.5 tinno other

absorptions at 1570 and 1373.9 ¢hdue to the asymmetric
stretch NQ vibration and to the coupled symmetric stretch/NO
and COH bending vibratior®d. The absence in our spectra of

product absorption was identified that had the same relative one of two most characteristic vibrations of the 2-nitroethanol
intensity with respect to the E band in all performed experiments. molecule indicates that this molecule is not the primary
The intensities of the F bands decrease, whereas the intensitieghotoproduct of the nitric acidethylene reaction.

of the G bands increase after prolonged photolysis; both F and All four C bands at 3524, 2637, 1323, and 888 ¢rappear,

G bands grow in intensity after matrix annealing.

respectively, in the vicinity of the 3522.3, 2635.5, 1321.4, and

Identification of the photolysis products from the observed 897.0 cnt* HNO3 monomer absorptions. The bands disappear
bands is not straightforward. First, each group of bands may after matrix annealing. So, the species can be identified with
correspond to one or several products formed either as primaryconfidence as the HNgImonomer in an unstable site or weakly
or secondary photolysis products. Second, due to the low yield perturbed by another photolysis product.

of the reaction products, only the most intense absorptions

The identification of D species is not straightforward. The

characteristic of the products formed during photolysis are D bands (3635, 1194, 1096, 925, 864, 582 &rappear with

observed. The possibility of formation of the complexes

reasonable yield in the laser experiment and are extremely weak

between photolysis products and ethylene also has to be takeror are not observed at all in mercury lamp experiments, the

into account.
The bands labeled A are tentatively assigned to HOH

bands are very sensitive to matrix annealing. The 3635'cm
band characteristic of the(OH) stretch vibration proves the

CH,ONO, ethylene glycol nitrite, as is now discussed. The presence of an OH group in the species D. The 1096, 864 cm

3623, 3448 cm! bands are characteristic of thOH) stretching
vibrations. The 1259 cmi band may be attributed to the

bands are observed at frequency values close to the absorptions
corresponding to CCO asymmetric and symmetric stretching

(COH) bending vibration; its deuterium counterpart was identi- Vibrations oftrans-ethanol (1091.7, 886.7 cth).2® The 1194

fied at 916 cm, which gives an isotopic shift ratio 1259/916

cm~! band may be due to th§COH) bending vibration which

= 1.37 and confirms the band assignment. The bands observeds expected to occur in this region of the spectrum. The

at 1650, 1647, 837, and 616 chdemonstrate the presence of
the O—N=0 group in species A. In the spectratcinsmethyl
nitrite isolated in an argon matrix thgN=0) and v(N—O)
stretching andé(ONO) bending vibrations were observed,
respectively, at 1666, 809, and 565 thand in the spectra of
cis-methyl nitrite at 1617, 839, and 624 ckr®2’ The 1036
cm! absorption observed for species A may be due tovthe
(C—ONO) stretching vibration; the corresponding vibrations
were observed at 1043 and 987 ¢nfor trans- andcis—methyl
nitrite isomers, respectively. The 1106 chband appears in
the region of thev(CCO) asymmetric stretching vibration of
trans-ethanol (1091.7 cm).28 The bands observed for species

absorption at 582 cmt may be attributed to a CHrocking
vibration; in the spectrum of the GBH radical the corre-
sponding absorption was observed at 569tnNo absorption
characteristic of D species was identified in the 167600
cm! region, which suggests an absence of the nitro, nitrite,
and nitroso groups in the species D; the )NO—N=0, and
—N=0 groups all give rise to strong absorption in this region
of the spectrum. The gas phase studies of the reaction of OH
with ethylene demonstrated that at low temperatures the reaction
mechanism is dominated by electrophilic addition of OH to the
double bond® So, the species D is tentatively identified as
the HOHC=CH> radical.

A correspond to the vibrations that are characteristic for ethylene The E, F, and G species appear with higher yield when the
glycol nitrite and that are expected to give rise to the strongest matrices are irradiated with output of the mercury lamp. The
absorptions in the spectrum of this molecule. The two bands species E is characterized by one band only observed at 1755

observed in the(OH) stretching region may be due to different
conformers of ethylene glycol nitrite, but identification of one
band only in thed(COH) andv(N—O) regions does not support

cm™%; no other bands in the studied spectra were found to have
the same relative intensity with respect to the 1755 tm
absorption in the performed experiments. The band is stronger

this assignment. Another possibility is that the lower frequency in mercury lamp experiments but is also well-defined in laser

band at 3448 cmt is due to an intermolecular complex between

experiments. The 1755 crh absorption occurs in the=60
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stretch region and suggests the presence-6C&O group in
species E; the €0 stretch vibrations of formaldehyde and
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1091.7= 1.26 for PA). Unfortunately, no perturbed mode
of the ethylene molecule was identified for theHz:--HOONO

acetaldehyde in argon matrices are observed in this region ofcomplex. This may be due to the possibility that theC,H,

the spectrunil-32 Lack of any other band accompanying the

absorption for this complex is weaker than the absorptions due

1755 cnrt absorption suggests that species E does not involve to the perturbed HOONO modes. In the spectra of the studied
groups that give rise to characteristic, intense bands of intensity C,H,4-*HNOs; complex and in the spectra of the previously

comparable to the €0 stretch absorption (like COH, NO
NO, ONO). In the GD4#/HNO; experiment the counterpartner
of the 1755 cm? band was identified at 1742.3 cth The
13.7 cnt! isotopic shift of the 1755 crit absorption suggests
that the band may be due to the=O stretch vibration in a

reported GHye+-HF 12 C,H,4e--HONO3* complexes the band due

to the v; mode of bonded &4, was found to be ca. 4 times
weaker than the band due to bonded OH or HF groups. The
possibility that the band due to the C;H4, mode of the GHge+--
HOONO complex coincides with the corresponding absorption

perturbed acetaldehyde molecule and rather excludes its asof the GH,4+--HNO3z complex also has to be taken into account.

signment to formaldehyde. The 44.2 chdeuterium isotopic
shift was observed for the=€0 stretch vibration in formalde-
hyde, whereas the ca. 10 cideuterium isotopic shift was
found for the corresponding vibration in acetaldehyHe.

Thus, a very low yield of the §4---HOONO complex in the
studied matrices, the relatively small intensity of theC,H,4

band as compared to th€OH) band, and the possibility of
coincidence of the perturbed;, C;H, absorptions for the

Acetaldehyde is one of the probable decomposition products C,H,---HOONO, GHg:++HNOs; complexes seem to be a reason-

of the energized HOYC—CH, radical. The studies of the
reaction of OH with ethylene in discharge flow reactors indicated
the formation of the following products: HOGHEH,, CH(OH)-

Me, MeCHO and H, and HCHO and Meé. The larger intensity

of the 1755 cm? band in the mercury lamp experiment than in

the laser experiment supports an identification of the acetalde-

hyde molecule as a decomposition product of the HOH
CH, radical; the low yield of the radical in the mercury lamp

able explanation of the fact that we do not observe in the studied
spectra the absorption due to themode of GH4 complexed
with the HOONO molecule.

The bands corresponding to G species are more intense in
the mercury lamp experiment; their intensities increase with
prolonged photolysis and after matrix annealing, which suggests
that they are due to secondary photolysis products. They
probably correspond to more than one product; due to their weak

experiment is most probably due to its photodecomposition. The jntensity, it was difficult to estimate the relative intensity of
acetaldehyde molecule formed in decomposition reaction of the the G bands in different experiments. The 3342, 1724, 1246,
HOCH,CH; radical may be trapped in an unstable site, and the 1130, 1076, and 843 crh bands have frequency values close

shift of the 1755 cm! band to 1750.5 cmt after matrix

to the 3300, 1748.2, 1270, 1116.5, 1075, and 863.5'drands

annealing may k_)e due to the change of site geometry or to thegpserved for glycoaldehydg. The hydrogen-bonded complex
complex formation between the acetaldehyde molecule andpeanyeen glycoaldehyde and HNO could be the photolysis

another molecule present in the matrix.
The species F is tentatively identified as peroxynitrous acid,

product of energized ethylene glycol nitrite: [H@EHCH,-
ONOJ* = HOH,CCHGO--HNO. The relatively large shifts of

HOONO, complexed with the ethylene molecule. The bands the observed bands from the glycoaldehyde monomer bands may

observed at 3404.5, 3419 cfnare assigned to perturbed OH
stretch vibrations otis-perpHOONO (PB) andtrans-perp-

HOONO (PA) conformers; the corresponding bands are ob-

served at 3545.5 (PB) and 3563.3 @m(PA) for HOONO
monomers. The two bands show 141 (PB), 144 (PAytrad
shifts when the two HOONO conformers are complexed with
C,H4. For comparison the OH stretch vibrations of HNO
transHONO, andcissHONO are ca. 220, 137, and 103 ch

be justified by the replacement of an intramolecular hydrogen
bond by an intermolecular hydrogen bond to HNO. The
photolysis studies of methyl nitrite in low-temperature matrices
have shown that the photodecomposition product of@RO

is a hydrogen-bonded complex betweei€® and HNCG3¢ The
obtained spectra suggest that the 3342 tband observed in
the GH4+HNO;3 experiment and tentatively assigned to the
(OH) vibration of glycoaldehyde is shifted to 2475 cthboth

red shifted when the respective molecules are complexed toin C,D,+HNO; and GDs+DNOs experiments. This indicates

ethylene. The 3404.5 cth band observed in £4/HNO;
experiments is shifted to 3402.5 cfin C,D4/HNO3 experi-
ments (the deuterium counterpartner of the 3419'dpand was
not observed), as expected for the band due to-tB&l group
hydrogen bonded to 14, C,D4 molecules. As was discussed
earlier in this paper, the OH stretches of perturbed Hld
observed at 3307.4, 3300.8 chfor the HNG; -++C;H4 complex
and are red shifted to 3304.7, 3297.8¢érfor the HNG+-C,D 4
complex. In the @D,/DNO;3; experiment the counterpartners
of the 3419, 3404.5 cmt absorptions were identified at 2527,
2519.0 cn1l, respectively. The isotopic shift ratios, 3404.5/
2519.0= 1.35 and 3419/252% 1.35, support the assignment
of the 3404.5, 3419 cmt bands. The 1407, 1395.0 ci
absorptions occurring inf&4/HNO3; experiments are tentatively
assigned to perturbed HOO bending vibrationgrahsperp
(PA) and cis-perp (PB) HOONO conformers bonded to the
ethylene molecule. The 1407, 1395 thibands are 35 and 31
cm?! blue shifted from the corresponding bands of HOONO
monomers. In gH4/DNO3 experiments their corresponding
counterpartners were identified at 1145, 1141 &nwhich leads

to isotopic shift ratios (1.23, 1.22, respectively) of values similar
to those characteristic of the corresponding vibrations of
HOONO monomers (1364.1/1089=1.25 for PB and 1772.5/

a rather complex photoprocess by which HQICHO --HNO

is formed. It is known that in the primary photodissociation
reaction of CHONO the CHO and NO radicals are formed,
which may further react to form the,8O-++HNO complex3d”
Thus, it is not excluded that in the primary photodissociation
reaction of ethylene glycol nitrite the OHBCH,O and NO
radicals are produced (HQHCH,ONO — HOH,CCH,O +

NO or HOD,CCD,ONO = HOD,CCD,O + NO). The shift

of the 3342 cm? band observed in the 8,+HNO; to 2475
cm! in C,D4+HNOs; experiment suggests that this is the
hydrogen atom of the OH group that reacts with NO to form
the DOD,CCDGO--HNO complex. Intuitively it might be
expected that in the abstraction reaction of the hydrogen atom
from the HODCCD,O radical an oxygen-bridged species is
formed:

Dz(l:—(i‘,Dg
0-0

Unfortunately, due to the very low yield of the G product,
the above considerations are speculative.

Mechanism of Photolysis. The main products formed on
photolysis of HNQ/C,H4/Ar matrices are peroxynitrous acid,
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OH, and NQ, i.e. the products of HN®photolysis in solid Peroxynitrous acid forms a hydrogen-bonded complex with
argon. This is confirmed by high relative intensity ratios of ethylene molecules trapped in the same matrix cage. The new
peroxynitrous acid absorptions with respect to the bands major photolysis product of the s8,—HNOs; complex is
tentatively assigned to the products formed in reaction of INO  ethylene glycol nitrite, which is formed in a double-addition
photofragments with &H,. So, most of the OH and NO  yeaction of OH and N@ photofragments to ethylene. The
fragments, formed in the photod_issociation_ process_of the spectra also suggest the formation of the HOBH, radical
HNO;—CzH, complex and trapped in one matrix cage with the j, 5 gingje-addition reaction of OH to ethylene.

C,Hs molecule, recombine and form HNCGand HOONO.
These processes explain the formation of an unstable site for
the HNG; molecule (C species) as well as the formation of the  Acknowledgment. Z.M. gratefully acknowledges the receipt
C;Hs,—HOONO complex (F species). The HMN®nolecule of an MRT (France) fellowship and financial support from the
recombined from OH and Nfphotofragments may be oriented  Polish State Committee for Scientific Research (Grant KBN No.
in such a way with respect to the:idy molecule trapped inthe 2 0848 91 01). The authors thank an anonymous reviewer for
same matrix cage that the#y—HNO; complex is reproduced.  pe|pful comments and remarks.
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