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IR Spectroscopic Study of HO», HDO», and D,O, Isolated in Ar, Kr, and Xe Matrices
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The vibrational spectrum of hydrogen peroxide, released from an urea hydrogen peroxide adduct compound,
is studied in Ar, Kr, and Xe matrices. The gaseous products of the thermal decomposition of urea hydrogen
peroxide in an argon atmosphere are determined using a low-resolution fast scanningggs l&nalyzer.

Upon the solid sample being warmed to temperatures@d °C, only hydrogen peroxide is detected, and
above that, Nsland HNCO are evolved due to the decomposition of urea. The hydrogen peroaidegas
matrices are prepared from urea hydrogen peroxide by sweeping Ar, Kr, or Xe gas over the solid sample kept
at a suitable temperature. The ratio between trapped monomer and multimers can be controlled by varying
the amount and the temperature of the sample and the gas flow rate. The results show that urea hydrogen
peroxide is a convenient source of pure hydrogen peroxide for spectroscopic studies. The IR spectra of
H.O,, HDO,, and DO, in argon matrices are presented and compared with previous results. The krypton
and xenon spectra are presented for the first time. Many of the peaks show a well-resolved doublet structure.

1. Introduction steel tube, and carrier gas was provided from the other end.
Sample temperature was measured with a€eNi thermo-
couple, and the temperature was raised at an average rate of
about 1.7°C/min.

The spectra were recorded with the FTIR spectrometer
gesigned originally for quantitative analysis of gas mixtuffes.
The flowing gas was led through the multipass gas cell (optical
epath length 1.5 m). The scanning rate of 12 scans/s (8'cm
resolution) allowed us to monitor the changes in the gas
concentrations practically in real time. For the background, 240
scans were coadded, and the spectra were measured by coadding
120 scans.

Argon (99.9%) was led through the gas handling system at
room temperature until water vapor released from the walls
could not be seen in the spectrum. The flow rate of the gas
was not measured. After the system was stabilized at room

oxygen. temperature, the background spectrum was recorded and the
The IR spectrum of hydrogen peroxide is well-known in the P ' 9 P )
sample spectra were recorded up to 43 in temperature

gas phasé-18 and it has also been studied in nitrogen and argon tervals of 3 °C
matrices to some extetit2° The complexes between@, and :

Lo : s : 2B. Matrix Isolation. Deposition of HO, emitted from
CO have been studied in soli® In addition, photochemical .
reactions between 4, and GH, have been studied in an argon UHP was performed by flushing UHP at selected temperature

matrix22 In this work we reexamine the infrared spectrum of with the matrix gas. Th_e deposition line was constru_cted from
H,0, trapped in an argon matrix and extend these studies toPFA.‘ _plast|c (Svagelok) in o_rder to reduce the catalytic d_ecom-
krypton and xenon matrices. This paper is the first part of our position of hydrogen peroxide on the surfaéesThe gas line

studies of photochemical processes gOpland its complexes WZS Cgrrf}gurgféj trgaInLy ;rol'gg“c'rr'n tllé?]e' Egg;fk;?nr:calt;er{alzons,
in solid rare gas matrices. Another purpose of this study is to we w us 9p n. stainiess

report a safe and convenient method for obtaining pure hydrogen\i}eel ?as;gag f?tr;he clryost\f;\t endmolfir:he Sr?;t;m' '\fi?mxf ?ﬁs
peroxide for spectroscopic studies. as provided from a giass vacuu € a € purity ot the

gases was 99.999% for Ar and 99.997% for Kr and Xe.
Typically 2—18 mg of the UHP sample was used in the
experiments. The absolute concentration of hydrogen peroxide
2A. Gas Phase MeasurementsThe gas phase measure- could not be determined, but its relative concentration could
ments were carried out using a previously described $&tup. pe varied by changing the deposition rate and/or temperature
For thermal emission studies of UHP approximately 100 mg of and/or the amount of the sample. However, it is possible to
the solid sample (Aldrich, 98% purity) was placed in a pyrex calculate the lower limits of the ratio between rare gas ag@,H
glass tube, which was held in a furnace. One end of the tube by calculating the amount of 40, in the sample and the amount
was connected to the multipass gas cell of the FTIR spectrometerof the deposited gas. By using a typical total amount of rare
(GASMET, Temet Instruments, Fin'and) WItH‘/a in. stainless gas of 7 mmol and assuming the maximaﬂjcontent in UHP,
we obtain the lower limits for M/A ratios of 37 and 329 for 18

Hydrogen peroxide is a molecule of considerable interest in
many fields including atmospheric chemistrgxidation reac-
tions? and photodissociation dynamizs® Handling of pure
hydrogen peroxide requires special techniques and care becaus
of the danger of explosioh. For chemical reactions, com-
mercially available urea hydrogen peroxide (CO@HH-0,)
(UHP) has often been used as a source of hydrogen peroxid
because it is much safer to use than pup®H°

Thermal decomposition of UHP has been investigated by
thermogravimetric methods, and it has been fdiffithat
hydrogen peroxide is released first from the complex and further
warming then results in a decomposition of urea. In this paper
we show that quite pure hydrogen peroxide can be obtained
from UHP without any significant decomposition to water and

2. Experimental Section

P , ¢

; E-mail: mika.pettersson@cscfi. and 2 mg of UHP, respectively. The true values are probably
E-mail: susanna.tuominen@csc.fi. . .

§ E-mail: markku.rasanen@csc.fi. much larger than thgse dug to mcomplete decomposmon of

® Abstract published irdvance ACS Abstractdanuary 15, 1997. UHP. To obtain matrices with a high monomer content it was
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Figure 1. FTIR spectrum of gaseous hydrogen peroxide. Temperature
of the UHP sample was 67C at the moment of measurement. The
resolution is 8 cm!. CO, and water are indicated in the picture.

necessary to use only a few milligrams of UHP, kept at
temperatures between 20 and 85 while flushing it with the
matrix gas. The average deposition rate was 9.4 mmol/h of
the matrix gas.

A closed cycle helium cryostat (Displex CS-202) providing
temperatures down to 15 K was used in the experiments. The
gas mixture was deposited onto a Csl window. The temperature
was measured with a silicon diode (accuracy 0.5 K), and a
resistive heater was used for obtaining higher temperatures. The
spectra were recorded with a Nicolet 60 SX FTIR spectrometer. wave number
A resolution of 1 or 0.25 cm was used and 200 scans were Figure 3. OH stretching region of matrix isolated,&,. Monomeric
averaged. absorptions are marked with an asterix in the argon spectrum. The

The deuterated peroxides were obtained from deuterated UHPresolution is 1.0 cmt.
synthesized by simply mixing £ and a 30% water solution

of hydrogen peroxide and urea, heating the mixture up to 60 H
°C, and pumping the water off in vacuuit.
3. Results *
3A. Gas Phase Analysis.Only hydrogen peroxide and a Ar
small amount of water is seen in the spectrum recorded when
heating the UHP sample up to 92. This is close to the value
of 85°C given by Ball and Massé¥for the highest temperature
at which HO; is the only species released from UHP. Above
92 °C, NH; and HNCO, which are the decomposition products
of urea?” are detected. HNCO was identified on the basis of Kr AJ/L

Kr
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the unresolved bands at 3535 and at 2269 %flit.28/3531 and
2274 cntl). The slight discrepancy between our uppermost
temperature for kD, release and that of Ball and Massey may
in part be explained by the time taken to replace the gas cell
volume of 1.5 L. Xe

A typical low-resolution spectrum of the flowing gas is 3% = 1310 1300 1290 1260 20 1260 1250
displayed in Figure 1. The temperature of the sample at the
moment of recording the spectrum was%®Z. The fundamen- Fi . . o .

. igure 4. Bending region of matrix isolated #,. Monomeric

tals of RO, clearly dominate the spectrum. The broad 3600 absorptions are marked with an asterix in the argon spectrum. The

cm™! band includes both the symmetric and antisymmetric resolution is 1.0 crmt, except in argon spectrum, which is recorded
stretchings, and the 1260 cfrband is due to the antisymmetric  with a resolution of 0.25 cr.

bending mode. The band at 2345 This due to residual CO
in the spectrometer despite purging of the device. Water vaporwater are indicated, and clearly, large quantities of hydrogen
can barely be seen in the 1600 chnegion. This demonstrates  peroxide can be deposited without significant contamination by
that only a minor fraction of hydrogen peroxide is decomposed water. The water peaks present all belong to the monéfner,
during its passage from the sample tube to the gas cell andwhich eliminates the possible overlap of thedd bands with
during the time it spends in the cell. For the matrix isolation water. In this sample the concentration of34 was the highest
experiments, this observation is of great value because it allowsof all experiments which resulted in strong multimer peaks.
us to use UHP as a precursor of hydrogen peroxide. Figures 3 and 4 display the stretching and bending regions
3B. Matrix Isolation. A survey spectrum of kD, isolated of H,O; in Ar, Kr, and Xe matrices. The concentration and
in solid Ar is displayed in Figure 2. The peaks belonging to monomer/multimer ratio vary in the different matrices. How-

wave number
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TABLE 1: Wave Numbers of the Peroxides in an Argon
Matrix. The Two Components of the Resolved
Double-Minimum Doublets in Bold

Pettersson et al.

TABLE 2: Wave Numbers of the Peroxides in a Krypton
Matrix. The Two Components of the Resolved
Double-Minimum Doublets in Bold

H.0, HDO, D0, H.0, HDO, D0,
(cm?)  (cm™) (cm™) assignment (cm™) (cm™) (cm™) assignment
3597.0 2655.2 s, voP 3583.6 2645.2 vy, V52
3587.8 2651.3 w5, vy 3574.0 V1, Vs
2645.3 w5, vy 3573.3 OH stretching
3587.5 26472 Nzcomplex 2640.6 OD stretching
3587.3 OH stretching, possibly multimer 2635.8 OD stretching
3587.7 26385 dimer/multimer 3568.2 2638.6 dimer/multimer
3581.0 26358 dimer/multimer 3466.9 3451.8 2561.6 dimer/multimer
3576.4 dimer/multimer 3454.9 2553.0 dimer/multimer
3470.7 3470.1 256424 dimer/multimer 2649.7 Vo + ve
3460.0 3456.0 255432  dimer/multimer 2636.3 1960.0 v+ ve
3454.7 25419  dimer/multimer 1411.7 v,, dimer/multimer
2695.0 vz + ve, dimer/multimer 1346.4 OH bending
2653.0 1974.2 vy + Ve 1342.1 dimer/multimer
2643.6 1965.2 vyt we 1339.6 OH bending
2560.3 dimer/multimer 1290.1 989.9 963.8 dimer/multimer
1417.9 v,, dimer/multimer 960.6 dimer/multimer
1350.3 OH bending 958.1 dimer/multimer
1346.4 dimer/multimer 1277.7 954.0 Mcomplex
1342.6 OH bending 1273.7 Ve
1293.2 965.0 dimer/multimer 1270.8 dimer/multimer
962.9 dimer/multimer 1268.7 949.9 Ve
960.5 dimer/multimer 978.7 OD bending
1279.9 992.2 955.8 Ncomplex 865.0 vs, dimer/multimer
1277.0 Ve 862.7 v3, dimer/multimer
12709 980.9 9513 st)D bending 2 See discussion for the assignments/paind vs.
ggg:g zz g:mgzmﬁ:::mg: TABLE 3: Wave Numbers of the Peroxides in a Xenon

aHDO, and DO, absorptions could not be separate&ee discus-

Matrix. The Two Components of the Resolved
Double-Minimum Doublets in Bold

sion for the assignments of andv;.

ever, the spectra look very similar and the main difference is a
normal shift to lower wavenumbers in the heavier rare gases. It
is to be noted that under our sample preparation conditions we
never saw any indication of urea or of its decomposition
products in the matrix spectra. The observed absorptions for
H,0O, and its deuterated analogues in different matrices are
collected in Tables 3. A few bands were assigned to a
hydrogen peroxideN, complex. These peaks were observed
only in matrices that also contained the water-ddomplex
peaks®indicating a leak in the system. This complex was not
studied systematically.

The peaks belonging to multimeric species could be separated
from the monomer peaks by preparing matrices with different
concentrations of bD,. In the most diluted argon matrix only
two bands remained in the OH stretching region at 3597.0'cm
and 3587.8 cm!. In going to smaller M/A-ratios, the peaks at
3581.0, 3576.4, 3470.7, and 3460.0 dmincreased their
intensity and they are assigned to multimeric forms. The

H,0, HDO, D.O,
(cm™) (cm™) (cm™) assignment
3573.3 2639 vy, Vs
3568.0 2633.2 V1, Vs
3560.0 2628.4 V1, Vs
3559 2624.4 dimer/multimer
3559.3 OH stretching
2631.1 OD stretching
3419.9 dimer/multimer
2533.1 dimer/ multimer
2529.2
2644.0
2639.6 1954.3 V2 + 43
2628.5 V2 + Ve
1341.8 OH bending
1339.6 sh dimer/multimer
1336.6 OH bending
1289.5 985.4 968.1 dimer/multimer
961.8 dimer/multimer
1270.3 Ve
1265.7 947.8 Ve
976.0 OD bending

concentration studies also revealed that there must be a multimer a gee giscussion for the assignments/oind vs.

peak overlapping with the 3587.8 cfhabsorption, because

when multimers where present, its strength relative to the other ggyeral spectra with different monomer/multimer ratio these

monomer peak at 3597.0 cthwas larger than that in mono-
meric matrices.

matrices is the doublet structure of thebending fundamental

values forvz andv, are assigned to multimeric forms.

In preparing the deuterated samples, we found that quite high
The multimeric peaks in the bending region could also be degree’s of deuteration could be achieved but that also HD and

assigned according to the differences in the spectra at differentHH forms were present. Figures 5 and 6 display the bending

M/A ratios. The most prominent observation in monomeric absorptions of the deuterated forms. Thebending mode,

which is very weak in Hand D» forms, becomes intense in the

(see Figure 4). In argon, these components occur at 1270.9antisymmetrical HD form, and in consequence, both of the OH

and at 1277.0 cmt.

We also observed the much weakgr(O—O stretching)y»
(symmetric bending), and, + v combination peaks at,
respectively, 865.6, 1417.9, and 2643.6 énfwith a weaker
component at 2653.0 crd) in argon matrices. By comparing

and OD bending modes are observed for the HD form.

The OD stretching region shown in Figure 7 is more

problematic than the others becawsendvs of D,O, and OD
stretching of HDQ all contribute to the observed absorptions.

In addition, the splitting and the possibility of several different
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Figure 5. OD bending region of matrix-isolated HRGnd DO,. wave number

Monomeric HDQ is marked with * and monomeric D, marked with Figure 7. OD stretching region of matrix-isolated HR@nd D:O..
**_ The resolution is 1.0 cmt. The resolution is 0.25 cr.

*
* concentration of water because they are connected by the

dissociation reaction of hydrogen peroxide. In any casge, O

may also be present in our samples in small amounts as an
Ar impurity. However, this should not be a significant problem

in matrix studies because our results do not show significant

complexation of HO, even with water. In a matrix with a very

high water concentration, we observed additional peaks, which

were most probably due to the water hydrogen peroxide
Kr complex. In other cases the concentration of water could be
kept sufficiently low to avoid complex formation. The decom-
position of HO, could probably be supressed even more by
using only plastic parts in the system in order to avoid catalytic
decomposition at the surfaces.

Hydrogen peroxide belongs to a point gro@@. The
wave number potential function with respect to internal rotation is character-

Figure 6. OH bending region of HD@ Monomeric absorptions are 'Zed_ by a higher energyl_s barrlfer and a '9W9r energyans
marked with * in the argon spectrum. The resolution is 1.0°cm barrier3! Thetranstunneling splits the torsional energy levels,
which are characterised by quantum numbeendz.3! The
dimers complicate the picture even more, and finally, iOb! guantum numben takes values 0, 1, 2, 3, ... and thans
is present in large quantities, there is also a contribution from tunneling splits the degeneratéevels into two groups of levels
its v, + v combination band, which by accident falls in the With7=1,2, andr = 3, 4. This results in energy levels labeled
same region. Some of the peaks are also fairly broad, so thath=0;7=1,2), 0 =0;7=3,4),h=1,7=1,2), (= 1;
even better resolution does not help. Due to these difficulties, 7 = 3, 4), etc. in the order of increasing energy. The selection
the assignments in this region are less certain than the othersrules for hydrogen peroxide when batls andtrans tunneling
The peaks which are given in Tables-3 are assigned by are taken into account are given by HougénFor vy, v,, and
comparing several spectra which all contain different relative vs, transitions between the levels with= 1, 2<> 7 = 3, 4 are

Xe

1360 1350 1340 1330 1320 1310 1300

amounts of HD@ and D,O.. allowed, and fows andvsg, transitions between the levels with
t=12<1t=1,2andr =3, 4< 7= 3, 4 are allowed?
4. Discussion The consequence of this is that the IR spectrum of hydrogen

According to our knowledge this is the first time the gaseous Peroxide consists of doublets. The extent of the splitting is,
products of the thermal decomposition of UHP are directly however, different for different vibrational states, and especially
measured. FTIR technique allows one to detect the temperaturén the solid state environment it is further modified by
at which the sample starts to decompose and thus to define théntermolecular forces, and therefore, it is not obvious that we
useful temperature range for obtaining only hydrogen peroxide should always observe two separate peaks. At very low
from the parent molecule. According to our results the upper temperatures, transitions from the first excited state should be
limit is 92 °C. Because we did not monitor gases directly weak because of the reduced population. In the gas phase the
generated in the sample chamber (see Experimental Section)separation of the ground state and the first excited state is 11.44
this temperature value is probably slightly overestimated. cm~115 Applying the Boltzmann distribution to this value gives

The main product below 92C is hydrogen peroxide, water  the intensity ratio of about 1:3 at 15 K, which is in a good
being only barely visible in the spectrum., €annot be detected  qualitative agreement with the intensity ratio of the observed
by IR spectroscopy, but its concentration must follow the doublet ofvg (see the argon spectrum in Figure 4).
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The OH stretching region of #, is less thoroughly shows a clear doublet structure. In argon, the bending absorp-
studied*16 than, for example, the OH bending regit, 18 tions lie at 1350.3 and 1342.6 (OH doublet) and at 980.9cm
probably partly because of the difficulties due to overlapping (OD bending), respectively. The OH and OD stretching
of v1 andvs and the interference of water bands. According to absorptions are overlapped with those gBand D:O,, which
Olson et al1f the band centers of the two componentsplie are both present in matrices where HOOD is observed. This
at 3610.66 and at 3618.84 ctn Forv; Olson et al. give more makes the assignments ey and vop for HDO, and DO,
tentative values of 3609.8 and 3617.95%¢m In argon, we difficult, as mentioned previously. Finally, the multimer peaks
observe two peaks at 3597.0 and 3587.8 tim accordance in deuterated matrices are complicated by the possibility of all
with Lannon et af° who assigned these peaksitg and vy, possible combinations of different isotopomers.
respectively. We reassign them to the two components; of
with some contribution from the overlapping peaks, which 5. Conclusions
according to Olson et &f.should be much weaker thagpeaks.

In the bending region, the two peaks at 1277.0 and 1270.9
cm~1 must belong to the monomer because both of them are
present in the most diluted samples in which the strong multimer
peaks cannot be detected in the stretching region. Lannon e
al 2 assigned the lower wave number peakdand the higher
wave number peak to the symmetric bending In the gas
phase, thev, Raman value is 1393.5 crh3® suggesting,
according to the assignment of Lannon et al., an unlikely red
shift of more than 100 cmt when going from the gas phase to
argon matrix. We therefore assign these peaks to two double-
minimum components of the antisymmetric bending megle
The splitting (6.1 cm?) is similar to the gas phase valaef
9.1 cnt?, and the difference can be explained by the interactions
between HO, and the solid host. In krypton and xenon matrices
the splitting is further reduced to 5.0 and 4.6 ¢nrespectively.
The splitting in the OH bending of HOOD can also be seen,

and the corresponding values_ are 7.7, 6.8, and 5.2 gmargon, Acknowledgment. This work was partially supported by the
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to the symmetric bending, of a multimer. The same wave  the peginning of this research.

number has been reported by Kuo e#%h a table among many

We have studied the gaseous products emitted from the
thermal decomposition of urea hydrogen peroxide (UHP). The
results show that below90 °C only hydrogen peroxide is
emitted and after that urea starts to decompose. Furthermore,
tit was observed that in an argon flow®h is not decomposed
significantly.

By taking advantage of the results obtained from the gas phase
studies, we have used UHP as a source of hydrogen peroxide
for matrix isolation experiments. The IR spectra of different
isotopomers of hydrogen peroxide in argon, krypton, and xenon
matrices are presented including the first rare gas matrix IR
value forv, + ve. Splitting of several bands is attributed to
the effects due to the double minimum with respect to internal
rotation in HO,. Experiments in argon are compared with the
previous results. The IR spectra of hydrogen peroxide in
krypton and xenon matrices are reported for the first time.
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