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Reactions of N(2ZD) with H,0 and D,O; Identification of the Two Exit Channels, NH(ND)
+ OH(OD) and H(D) + HNO(DNO)
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Ground-state NH(ND) and OH(OD) radicals as well as H(D) atoms were detected as products in the reaction
of N(®D) with H,O(D,0). The nascent NH{'=1)/NH(+''=0) population ratio is 0.3, while the Ok(=1)/
OH(v"'=0) ratio is less than 0.05. The rotational state distributions of NH&Q) and OH{""=0) can be
characterized by Boltzmann distributions at 3000 and 2000 K, respectively. Similar results were obtained for
ND and OD, and no large H/D isotope effect was observed in the energy distributions. Rotational excitation
of not only NH(ND) but also OH(OD) suggests that these reactions are not direct but include complex formation
processes. The average energy released into the translational mode in the productiobrHM®l is 65 kJ

mol~*, which corresponds to 45% of the available energy. That for the DNO channel was determined

to be 47%.
Introduction 2 . 35— 2 1
N(°D) + H,O— NH(X “Z") + OH(X “II) + 61 kJ mol
1

In the A + BCD type reactions to produce AB CD, the @
newly formed AB molecule is usually more excited than the — HNO(*A") + H + 143 kJ mor* 2)
old one, CD. For example, in the reaction of H with h@H
is vibrationally and rotationally more excited than N®&There — HNO(3A") +H + 52 kJ mort )
are many other examplés® These reactions are regarded as 5
direct ones in which long-lived intermediate complexes are not — HONEA") + H + 26 kJ mol'* 4)
formed. On the other hand, in the reaction ot@yj with HCN, .
CN is hot while OH is cool. Similar behavior has also been — NO + H, + 369 kJ mol (5)
observed in the reactions of @) with ND, and Cl with HCN8° L
In these reactions, the character of the intermediate complexes — NH, + O + 26 kJ mol (6)

plays important roles.

The reaction of JD,) with H,O is an intermediate case.
This reaction has been investigated extensiV&ly’ In this
system, isotopically labeled reagen#D, is used to distinguish
new and old OH fragments. The new OH fragment is more
energetic, both internally and translationally, than the old one.
However, the excitation of old OH cannot be ignored. The
g_eometry of the reac_tion intermediate has been qis_cussedExperimental Section
vigorously on the basis of these results. However, it is not )
certain, yet, if the reaction is abstractive or inserfi¥é’ It is The experimental apparatus and the procedure for the

desired to study the reaction of a similar but different system. Production of NtD) and the detection of radical species were
The reaction of ND) with H.O should be one of such similar to those described elsewhé?e?> NO was two-photon

candidates photolyzed with the frequency-doubled output of a Nd:YAG
in th o f ith H.0. it has b ed pumped dye laser (Quanta-Ray, GCR-170/PDL-3) at 275.3 nm.
n the react|oq of 00) with Hy ; It as been recognize The photolysis beam was focused by using a 200 mm focal-

that the production of two OH radicals is the only plausible length lens.

exit channet? The production of H9-+ H is endothermic under NH(ND) and OH(OD) radicals were detected by laser-induced

thermal conditions. On the other hand, the reaction GDN(  fiyorescence. A dye laser (Lambda Physik, LPD3000E) pumped

with H20 has several exits, including the production of H  yjth a XeF excimer laser (Lambda Physik, LPX105i) or a

Here, the exothermicities for reactions 3 and 4 are cited from
recent ab initio calculations at the PMP4(ful, SDTQ)/
cc-pVTZ/IIMP2(full)/cc-pVTZ levelt® In the present work, we
have identified NH(ND), OH(OD), and H(D). The overall rate
constants for the deactivation of #) by HO and BO were
also determined?

atoms: Nd:YAG laser (Quanta-Ray, GCR-170) was used. The output
of this laser was frequency-doubled by a KDP crystal. The
* Correponding author. E-mail: umemoto@jaist.ac.jp. wavelength was tuned to the &I;—X 3=~ transition around
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Figure 1. LIF spectrum of NH(X®Z") formed in the reaction of ND) Figure 2. LIF spectrum of OH(XII) formed in the reaction of ND)

+ H,0. The pressures were 20 Pa for both NO ap@ H he photolysis- =+ H20O. The pressures were 14 Pa for both NO ap@ Hhe photolysis-
probe delay time was 150 ns. The assignments are shown for;the R probe delay time was 150 ns. The assignments are shown for the P
R», and R branches of the (0,0) and (1,1) bands. P, Qi, Q, Ry, and R branches of the (0,0) band.

336 nm for NH(ND) and to the A=*—X 2[1; transition around

308 nm for OH(OD). The probe laser was weak enough, below
3 uJ/pulse, to avoid saturation. To avoid secondary relaxation
processes, the delay time between the photolysis and probe
pulses was kept at 150 ns, while the total pressure was kept
below 40 Pa.

The detection technique of H(D) atoms was the same as that
employed by Hasch et af® and has been presented elsewlere.
Ground-state H(D) atoms were two-photon excited to thg 2
state. This excited state can be collisionally relaxed to the nearby
2°P state, which fluoresces vuv light at 121.6 (121.5) nm. The
vuv fluorescence was collected through an Mglnhdow (Oken,

1 mm thick) and an interference filter (Acton Research, 122- 10
N) and detected with a solar-blind photomultiplier tube
(Hamamatsu Photonics, R1459). For the two-photon excitation, Internal Energy / cm-1

the frequency-doubled output of a Nd:YAG laser (Quanta-Ray, Figure 3. Boltzmann plot of relative populations of NHGE", o' =
GCR-170) pumped dye laser (Lambda Physik, LPD3000E) Was g formed in the reaction of D) with HiO: R, (8); R, (O(?Rs ©)
employed. The typical pulse energy of the doubled output was The dotted line represents the rotational temperature of 3000 K.

0.4 mJ. The bandwidth of the doubled output of the probe Iaser(ND) has been described in previous publicatishg® The

was 0.5 cmit. This laser pulse was focused into the interaction spectrum assignments for OH have been given by Dieke and
region by using a 200 mm focal-length lens. The photolysis c osqwhite2” Those for OD have been reported by Clyne et
and probe laser beams were aligned collinearly. The delay time 5 28 The rotational transition probabilities for the OHEX)
betwee_n the photolysis and probe laser pulses was typi_call)_/ 505ystem have been reported by Dimpfl and Kinsey and by
ns, while the total pressure was 80 Pa. To avoid the diffusion chigsey and Crosle3f:®0The rotational transition probabilities

of H(D) atoms from the viewing zone before they were detected, ., OD(A—X) were assumed to be the same as those for OH-
the focal points of the photolysis and probe laser beams WEI€ A —X). It is not necessary to take into account the contribution
separated by 50 mm. _ of predissociation since only low rovibrational levels were

The decay profiles of ND) concentration were measured at produced in the present system.
various HO(D,0) pressures to evaluate the overall rate constant. Figures 3 and 4 show the Boltzmann plots of the relative
The detection technique of RR) is similar to that for H(D) opulations of NH and OH. The dotted lines represent the
described above. The detailed procedure has been describefl)i-tional temperatures of 3000 and 2000 K, respectively. The
eIsewheréP_ . . rotational distributions of both NH and OH extend to their

NO (Sumitomo Seika, 99.999%) was used from a cylinder armochemical limits. The constraifNH) ~ —j(OH) does
without furthe_r purification. Distilled and deionized,8& was not hold. By summing over the rotational populations, the
used after being degassed under vacuup® as the product  \inrational population ratios can be determined. The ratio of
of Aldrich (isotopic purity 99.9%). NH(2"'=1)/NH(v""=0) was determined to be 0:30.1. The OH-
(¢''=1)/OH(''=0) ratio is less than 0.05. Production of the
vibrational states over’ > 2 is energetically inaccessible. Table
1 compares the present results with those dbD@)(+ H,O0.

Very similar results were obtained for the reaction ofDJ(
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Results

A. Nascent Internal State Distributions of NH(ND) and
OH(OD). Figures 1 and 2 show typical LIF spectra of NH(X
837) and OH(X2II). Similar spectra were obtained for ND(X  with D,O. The rotational temperatures of ND&OQ) and OD-
837) and OD(X?2I). The populations of the rotational levels (2/'=0) are 3000 and 2000 K, respectively. The ND€1)/
without spectral overlap can be determined by measuring the ND(2''=0) ratio is 0.4+ 0.1, while the OD{''=1)/OD(''=0)
peak heights of the spectra. The detailed procedure for NH- ratio is less than 0.05.
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Figure 5. Doppler profile of H atoms formed in the reaction of?Rj
with H;O. The pressures were 53 Pa for NO and 27 Pa f@®.Hhe
photolysis-probe delay time was 50 ns.

Figure 4. Boltzmann plot of relative populations of OHI, v =

0) formed in the reaction of RD) with H,O: P, (H); Q1 (A); R (®);

P, (O); Q2 (2); Rz (O). The dotted line represents the rotational
temperature of 2000 K.

TABLE 1: Rotational and Vibrational Energies of NH and
OH Produced in the Reactions of N{D) and O(*D,) with
H,0 in kJ mol 1

ascribed to the two-photon dissociation by the probe laser. This
contribution was subtracted in the figure. Measured Doppler

Er-

Er-

profiles showed no change under various experimental condi-
tions, as for the ND)/CH, systemg®

> @20 (1) B Ev It is possible to evaluate the energy released into the
N(D) + H0° g':' ig'g 10.8 1157 '(%g/f;@ <3?;i%?%) translational mode in the center of mass frame by analyzing
O@D) + H,0b newOH 49.9 183 37.1(22%)17.3 (>10%) such spectra. The average translational energy for tBB)N(
oldOH 216 183 215(13%) 1.6 (1%) H,O system is 65+ 7 kJ molt. The translational energy
O(D) +H:0° newOH 40.7  33.3 37.6(26%)>18.2 (>13%p released in the ND)/D,0O system was measured to be 678
odOH 224 191 223(16%) 2.6 (2%) kJ molt, showing no H/D isotope effect. These values are

consistent with only reaction 2, the production of HN®|

and H. The exothermicities for reactions 3 and 4, the production
of triplet state HNO or HON, are too small to account for this
translational energy release. The translational energy obtained
. . ) above is larger than the statistically expected value: 46.4 kJ

OH radicals measured by probing the Q branch lines are 18sSpg-1 | the calculation of the statistical translational energy,
populated than those measured by probing the P and Rihe ayailable energy was assumed to be partitioned into all the
transitions, although the spin states are equally populated.gjegrees of freedom in proportion to its statistical weight. No
Similar results were obtained for OD. In other words, a gnrance or exit barrier was assumed. The vibrational frequencies
preference was observed fOi{A") over thelI(A") A doublet of HNO employed were 3596, 1562, and 111076 Two-
state. The averadd(A')/TI(A") ratio was determined to be 1.4_15 photon dissociation of NO at 275.3 nm is 11.7 kJ mol
+ 0.20 and showed no clear dependence on the rotationalgyothermic. The translational energy of2RY in the center-
quantum numben\". It should be noted, however, that there ¢ 455 frame should be 6.2 kJ mbl The above energy is
could be some state-changing collisions under the presentigss than the thermal energy at 300 K and much smaller than
experimental conditions_. The product of the total pressure and i exothermicity for the reaction to produce H and HNO, 143
the pump-probe delay timePAt, was typically 4x 10°°Pa s kJ molL. Then, the contribution of this translational energy was
when OH was detected. This is low enough for rotational ignored.
distribution measurementd22However, more severe conditions An attempt was made to detect HNO(DNO) by LIF around
are required when population ratios of electronic fine structures, g1g nm32 but no signal could be observed. This is consistent
such as those ok doublets, are discussétThen, the present  \ith the low yield of H(D).
results for the A doublet preference shall be treated just C. Absolute Yields of H and D.The absolute yield for the
qualitatively. production of H in the reaction of RID) with H,0, ¢ (H20),

Not only N(D) but also OfDy) is produced in the two-photon  was determined by comparing the vuv fluorescence signal
dissociation of NO at 275.3 nit.However, the amounts of  intensities of H over D for two mixtures, 40(27Pa)/(27Pa)/
O(*D,) and consequently that of OH produced in the reaction NO(40Pa) and K{27Pa)/B(27Pa)/NO(40Pa) under single col-
of O('D2) with H,O are small. The OH signal in the NO/H  |ision conditions. Using the D atom signal intensity as a
system was measured to be less than 5% of that observed inreference, the signal ratio is given by the H atom production
the present NO/LD system when the partial pressures were yields,¢(H,) andg¢(H»0), and the rate constants for the overall
set equal. Direct photolysis of® at 275.3 nm to produce OH  deactivation ki, and ky,o. Here, it is necessary to include a
and H is negligible. correction for the production of H in the reaction ofD§)

B. Translational Energy Release in the HNO(DNO)- H- with H.25 The vyield of O{D,) in the dissociation of NO is
(D) ProcessFigure 5 shows the Doppler spectrum of H atoms estimated to be 0.5% of that of MX).2> The rate constant for
formed in the reaction of ND) with H,O. A similar result was the deactivation of GD,) by H, is 45 times larger than that of
obtained for RO. Background signals of H(D) atoms appeared N(2D).20:33:34Then, the amount of H produced in the reaction
even in the absence of photolysis laser light. This should be of O(D,) with H; is estimated to be 23% of that formed in the

2 Available energy= 67.9 kJ mot?, this work. ® Available energy
=165.1 kJ mot?, Tanaka et al? © Available energy= 142.0 kJ mot?,
Sauder et a® 4 Weighted average of theé' = 0 ands" = 1 levels.
¢ Production of OH{'"'>2) is expected, and the lower limits are shown.
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in the O{D,)/H,0 system. The intermediate complex for the
N(?D)/H,O system may last for a few vibrational periods,
allowing some partial energy transfer or isomerization. In the
reaction of Zn(4P,) with H,Of it has been proposed that the
production process of ZnH and OH is abstractive, because no
internal excitation takes place for OH. Only ZnH is excited.
The reaction of NAD) with H,O is not such a direct one.
According to very recent ab initio molecular orbital calcula-
tions, the initial step is the addition of R[}) to the O atom of
H,0.1° Since HO has an unshared electron pair, the additive
H>ON complex must be stable. During the lifetime, an H atom
0.0 0.5 1.0 1.5 2.0 migrates to produce an HNOH complex. Rotational excitation

In ( Signal )

. of not only NH but also OH results from the moderately

Time / mS anisotropic decomposition of a bemis- or transHNOH
Figure 6. Semilogarithmic plots of the decay of M) concentration intermediate. The inefficient vibrational excitation of OH
in the presence of NO and.8. NO pressure was 27 Pa, while® suggests that the €H bond distance of the intermediate

pressures were @), 27 @), 53 @), 67 (), 107 (1), and 133 &)

Pa complex is similar to that of free OH. A similar mechanism

may also be possible in the reaction of'Df) with H,O.
Zn(4*P;) may also attack the O atom of@, but the main exit,
in this case, should be the production of ZnOH anél H.

As for A doublet preference in OH radicalH,(A") is more

reaction of N¢D). The experimentally obtained signal ratio, 1.7
+ 0.1, should be given by the following equatiéh:

HV/ID H.O populated thadI(A"). This is similar to that observed in the

(VDD HzozkHZO[ ©l $(H;0) O(Dy) + HO systemt*1517 |t should be noted that the
H . preferential production o is very common in the

(HVDDw,  ky[Ho ¢(Hy)1.23 ferential production offT (A’) i in th

reactions of O{D,).141517.3540 The preferential production of

It is not necessary to take into account the production of H in II(A") has never been reported. The preferential production of
the reaction of OD,) with H,O because OD,) produced in  II(A") is consistent with the “unconstrained dynamics prior”
the present system does not have enough translational energynodel?* This model is just statistical and tfi&(A")/TI(A") ratio
to overcome the endothermicity. The rate constants for the is predicted to be 2:1 at the high limit. It is doubtful if the
overall deactivationky, and ka,o, are 2.28x 10712 cm? s1 present observed preference reflects any dynamics, because
and 4.17x 10 11 cme s, respectively. The details for the rate  the present reaction is not a direct one.
constant determination shall be given in the next section. The The rate constants for the overall deactivation byDHand
value of¢(Hy) should be unity* Then,¢(H20) is determined D,0 are much larger than those by €End H2%42 but still
to be 0.11+ 0.03. The error limit includes the uncertainty in  smaller than the gas kinetic one;®lis 1.4 times more reactive
the estimation of the @Dy) yield in the two-photon dissociation  than D:O. This isotope effect is similar to that observed between
of NO. The absolute yield for the production of D in the reaction CH; and CD.2%42 In the reactions with CiHand CD, the
of N(?D) with D,O was determined similarly to be 0.370.04. presence of activation barriers has been demonstfat€de

It was difficult to determine the absolute yield of NH rate constants smaller than the gas kinetic one as well as the
quantitatively. In principle, this yield can be determined by isotope effect betweend® and DO may suggest the presence

comparing the LIF signal intensities fo8 and H. However, of small activation barriers. However, this is not the only
the signal intensity ratio depended on the partial pressures ofexplanation. NRD) is 5-fold degenerate when the spiarbit
H,O and H. An addition reaction of NH(¢Z") to H,O may interaction is not taken into account. According to the recent
not be ignored under long-delay conditions. molecular orbital calculations, only the lowest sporbit state

D. Rate Constant for the Deactivation of N{D). The rate of the N@D)/H,O system leads to the reactiétiThe small rate
constants for the deactivation of () were determined under  constant can be explained by the inefficient nonadiabatic
pseudo-first-order conditions. NO pressure was kept constanttransition among the five spirorbit states. The isotope effect
at 27 Pa, while HO(D,O) pressure was changed between 0 and may result from the difference in the vibrational partition
133 Pa. To reduce the diffusional loss of’N, 2.7 kPa of Ar functions.
was added as a buffer gas. The’( concentration decreased The translational energy release in thetHHNO production
exponentially against time. Typical results fog®lare shown  process is 19 kJ mot larger than the statistically expected one.
in Figure 6. The decay rate increased Iinearly with the increase This Suggests the presence of an exit barrier. There are two
in the HzO(DzO) pressure. Itis pOSSib'e to evaluate the absolute possib|e pa’[hs for the production of H and HNO. One is the
rate constants by measuring this pressure dependence. The ral®—H bond cleavage from HNOH. Another is the-# bond

constants for bO and RO are 4.17 and 2.93 10 ' cm® s, cleavage from BNO. In both cases, H atom migration is
respectively. Those for Hand D, are 2.28 and 1.3% 10 *2 necessary. During the migration, the excess energy must also
cm® s71, respectively’? disperse. The nonstatistical translational energy release may not
) ) be caused by the insufficient energy dispersion. Ab initio
Discussion calculations also support the presence of exit barriers. The

The new|y formed NH fragment has more internal energy calculated barrier height to produce H HNO from trans
than OH, both rotationally and vibrationally. This suggests that HNOH is 53 kJ mot?, while that from BNO is 26 kJ mot*
the complex is not sufficiently long-lived to permit complete ~ at the PMPA4(full, SDTQ)/cc-pVTZ/IMP2(full)/cc-pVTZ leve?.
energy randomization among all the degrees of freedom. The yield for the production of H atoms in the presemiy(
However, OH is not a spectator. As Table 1 shows, the available H,O system is much smaller than that in théD)CH, system,
energy is partitioned more evenly in the?R}j/H,0 system than 0.8 &+ 0.225 The presence of an exit barrier can be a cause of
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this small yield. In addition, the difference in exothermicity may
contribute to this difference. In the reaction with gHhe
production of H is 190 kJ mol more exothermic than the
production of NH, while that is only 83 kJ ntdl more
exothermic in the reaction with 4. The production of Hand
NO is the most exothermic in the M)/H,O system, but this

Umemoto et al.

(8) Patel-Misra, D.; Sauder, D. G.; Dagdigian, PJJChem Phys
1991, 95, 955.
(9) Metz, R. B.; Pfeiffer, J. M.; Thoemke, J. D.; Crim, F. Ehem
Phys Lett 1994 221, 347.
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reactions'83343:44

Conclusions

H,O deactivates ND) efficiently, although the rate is less
than gas kinetic. The production of N&") + OH(II) is one
of the main exit channels. The Ht HNO(*A") channel was
also identified but cannot be major. The internal state distribu-
tions of NH and OH are nonstatistical, suggesting that the
intermediate complex is not sufficiently long-lived to permit

complete energy randomization. However, the available energy

is partitioned not only into the internal mode of NH but also
into that of OH. Since KD has an unshared electron pair, the
additive HON complex must be stable. During the lifetime, an
H atom migrates to produce an HNOH complex, which
decomposes to NH+ OH or H + HNO. The average
translational energy release in thetHHNO channel is larger
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