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Energy Transfer from NH(a'A,») to Ox(X3%y7): Kinetics of Single Vibrational States

Th. Martin T and F. Stuhl*
Ruhr-Universitd Bochum, Physikalische Chemie I, D-44780 Bochum, Germany
Receied: October 6, 2003

This experimental investigation reports the temperature-dependent reaction rate constants for electronically

excited, metastable N and ND@) radicals in they = 0—3 levels that are transferring electronic energy
to O, to yield Ox(b). The covered temperature range is 2d21 K. All measured Arrhenius activation energies
(Ey are essentially independent @ofind fall into the range of 6:79.0 kJ/mol, with an average value of 7.6
kJd/mol, except for NH{,» = 3), which has arc, value of 3.5+1.6 kJ/mol. Obviously, for the lowest levels,

vibrational excitation does not markedly accelerate the energy transfer and does not seem to be favorable to
overcome the small activation barrier. From this and previous work, we propose that a vibrationally adiabatic

process generates NKi¢). In the case of NH{,v = 3), we suggest that an additional channel opens.

Introduction generated iv = 0 for vibrationally excited reactants seems to
be debatable.

In the present work, we have studied the kinetics of reaction
in the extended vibrational range of = 0—3 for both
Oisotopomers in the lower and wider temperature range 0f209
421 K. To determine the role of vibration, there are now eight
values for the activation barrier available at vibrational energies
up to 110 kJ mol! above thea,» = 0O states of both isotopomers
and at~105 kJ mol?! above the resonance energy. Based on

. ; - this new knowledge, we will discuss the conflicting reports that
productst= It has been shown previously, using quenching and ge, grep

phosphorescence intensity studies at room temperature '[hai’)\le have found in the literature on the NKi() quenching
) 3-57 ; ; ; ; ;
metastable @bi,") is one of the products roduct—>"In particular, we will hypothesize on the vibrational

levels of both the NHX,») and Q(b,v) products, on the basis
of energy considerations.

Energy transfer reactions among electronically excited states
have not been investigated very often, in regard to dependence1
on their vibrational levels and temperature. In fact, we have
not found any references to this subject, except those mentione
here for the metastable imidogen radical, which is isoelectronic
with O(*D) and CH(&'A;). The reaction of metastable N&t(\)
and ND@!A) with O,, which is the subject of this work, has
been previously studied, in regard to its kinetics and its

NH/ND(a'A) + O,(X°Z, ) — NH(X’Z") + Ob's,") (1)
Experimental Section

and th_at th? effi_ciency of this energy transfer process is The present experimental setup was a modification of that
approximately unity. _ used previously for the studies of the kinetics of NH/M&D¥2

In the v = O state, this reaction transfers the energy of the N4 and ND radicals in thea-state were generated in the
highly reactive NHg§) (151 kJ mot)° to Oz, which results in photolyses of HN and DN, respectively, using pulsed laser
the much more inert, metastable;(). For the vibrational  jight (repetition frequency of 1620 Hz) at wavelengths of 193
ground states of both reactants, the energy transfer reaction is,y, (ArF laser) and, in a few experiments, 248 nm (KrF laser).
slightly endoenergetic (b%E = 5.14 kJ mof*), which is well- It has been previously shown that ArF-laser photolysis is one
demonstrated by the different positions of the phosphorescencéy ihe most effective methods to generate vibrationally excited,
spectra of both metastable compounds displayed in Figure 2 of y,atastable imidogen radicals in thestate® as indicated in
ref 1. As a consequence, this is one of the most efficient energy t5pje 1 by their relative quantum yields.
transfer reactions among simple molecules. The room-temper- e raicals were detected by excitation on the P(2) lines of
ature rate constant for the N&j¢ = 0) level is not very large 4,4 (0—0), (0— 1), (L— 2), and (1— 3) bands of the NH/

(4.9 x 1?14 cm® s%).2 Activation en?rgies between Sﬂ.o'l ND(cIT — a*A) absorption transitions using a pulsed dye laser
kJ mol and_8.66i 8'21 kJ moT34have E)een prewom_Jsly system with the appropriate dyes (Lambda Physik) and fre-
reported for’ = 0 andv = 1 of NH(a).**For» = 1, the reaction  ,ancy doubling for the 326330 nm region. Subsequent laser-

is exoerlergetic aIrea(_jy by 33 k.‘] malif O(b'2g") and NH/ induced fluorescence (LIF) was detected at a spectral bandwidth
ND(X3=") are formed irv = 0. Still, the rate constants at room of 16 nm by af = 0.25 m monochromator monitoring 326-nm

temperature increase only moderatelyzaisicreases for both light from NH/ND(c,v = 0), 308-nm light from ND¢,v = 1)
NH(a) and ND@),2 and the reported activation energies are and 305-nm light from NHfy = 1), hence receiving the

approx;rpately constant for the two lowest vibrational states of \o5etive total emission spectra. All these LIF emissions from
NH(a).># Therefore, the question of whether both products are thec,y = 0 andc,v = 1 states lead to the.s = 0 levels as the

most preferrecc — a transitionst®! The v = 0 level of the

* Author to whom correspondence should be addressed. E-mail: ; ; ; ; ;
friedrich.stuhl@ruhr-uni-bochum.de. NH(c) state is slightly predissociated and the= 1 level is

T Present address: Berufsgenossenschaft der Chemischen Industrienoticeably predissociatéd.On the other hand, NB(y = 0)
Kurfursten-Anlage 62, 69115 Heidelberg, Germany. barely shows predissociation and M(= 1) shows much less
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TABLE 1: Kinetic Properties of the NH/ND(a, ») System, Relevant to Collisions with @

Level, v
0 1 2 3
NH(aw)
D, 1030 1 0.48+ 0.11 0.214 0.07 0.13+ 0.05
KE (1024 e 51y 4.4+05 9.8+ 2.5 20+ 14
o ) 4.9+ 0.4 8.0+ 0.7 14.4+ 25
k; (107 em’ s7)° 43+04 8.5+ 0.4 13.7+ 0.9 22+ 7
0.98+ 0.015 28403
A, (10-22cnP s bye 1.80+ 0.10°
15+ 0.4 22407 23+ 1.1 1.0+ 05
8.1+ 0.1 8.5+ 0.6
Ea, (kJ mol-3) 8.66+ 0.2
9.05+ 1.33 7.99+ 0.9 6.7+ 1.5 3.5+ 1.6
ND(ap)
D, 1030 1 0.38+ 0.08 0.16+ 0.05 0.074+ 0.029
KE (1024 e 51y 42+0.4 5.3+ 2.0 0+ 20
3.94 0.5 4.9+ 0.6 8.3+ 0.7
Q —
k; (107 em’ s7)° 20+11 31+12 5.3+ 1.3 10.8+ 1.5
A, (1022 cni s b)e 0.7+ 05 0.7+ 0.5 15408 18408
Ea, (kJ mof ) 7.3+ 2.0 7.4 2.3 8.0+ 1.5 6.7+ 1.2

2 Relative quantum yield of the production of NH/N&Y) in the ArF-laser photolyses of HMand DN; at 193 nm; from ref 9° Reaction rate
constant at~300 K of the energy transfer to (®); from ref 2.¢ Reaction rate constant at300 K of the quenching of NH/N2(v). Further
literature data have been discussed in refArom ref 1.¢ Collision factor.f From ref 3.9 From ref 4." Activation energy derived from Arrhenius

plot.

predissociation than Nt = 1).12 Because pump and fluo-

additional large, shielding steel walls at a distant& o from

rescence wavelengths were chosen to be different (except forthe steel container. The location was inaccessible to persons

the detection of = 0), the amount of stray light was kept small.
Decays of relative NH/NDH,v) concentrations were monitored
by LIF intensity measurement at 20 different delay times
between photolysis and analysis lasers, ranging fromslt
2000us and, in some cases, 4008. At these delays, the NH/
ND(c) fluorescence caused by the direct laser photdly3isad
decayed and did not interfere. The NH/NiD(fluorescence
intensity was used as a relative measure of thes/BINs
concentration.

during the production time. Within the steel box, BNz was
produced by slowly dripping sulfuric acid drop by drop onto
sodium azid inside glass equipment, while the reaction zone
was flushed with helium at a rate of 85 8&TP)/s. The drop
rate was adjusted using an electromagnetic dropping funnel and
controlled from the laboratory, using a television monitor. The
production occurred at atmospheric pressure.

An extrapolation of previous dataindicates that hydrazoic
acid cannot be ignited ak13% in helium at atmospheric

The photolysis was performed in a stainless-steel vessel thatpressure. According to the advice of BAMa helium content

had double walls. It was resistively heated or cooled by cold
methanol. This way, a reaction temperature of-2021 K could
be chosen. The photolysis occurred under slow flow conditions.
Hydrazoic acid was taken from a 20-L Pyrex bulb, where a
mixture of ~0.6% in helium was stored. Oxygen and helium
were admixed to this flow. The flow rates were adjusted by
mass flow controllers. Finally, the partial pressures of the
photolyzed gas mixture were3—10 mPa HN or ~2—6 mPa
DNz, 0—250 Pa Qin a large excess of helium, up to a total
pressure of 3 kPa.

The following chemicals (stated purities; manufacturer) were
used: HSO, (95%—97%; Baker), BSOy (99.5% purity, 96%
in D,O; Deutero), NaM (>99%; Fluka), helium (99.996%;
Messer-Griesheim), and ,0(99.995%; Messer-Griesheim).

of 5% should not be exceeded. For further safety, the drop rate
was calculated and adjusted to form 1% hydrazoic acid. The
mixture of hydrazoic acid and helium was fed into the laboratory
through steel tubes 10 m in length and stored in a 20-L glass
bulb that was contained in a vented safe box. For purification,
the entire system was flushed fb h before the 20-L bulb was
isolated from the synthesis system, to become the storage facility
for the experiments. The production was stopped thereafter.
Finally, the reactor was flooded with soda lye and cleaned.
Unused hydrazoic azid was destroyed in a pipe that was heated
to 440°C.

Results
The relative efficiency of the hydrazoic acid generation was

Cause(_j by an explosion and in accordance with official safety routinely checked by measuring the Njifluorescence intensity
regulations, we have developed and constructed an automateqjirect'y after the ArF-laser sh8tAn NH(c,» = 0) lifetime that

synthesis procedure to generate Hahd DN diluted in a
constant flow of helium. Helium was chosen because it did not
indicate any vibrational relaxation of NH/NB{) that was
different from N, or argon?

The HNs/DN3 generation occurred outside of, and was well-

was similar to the radiative lifetime & 460 ns}2was observed.
In practice, the efficiency of the synthesis reaction

2NaN, + H,SO, — 2HN, + Na,SO, )

separated from, the laboratory, in the open. It was housed in awas determined by titration to be 0:28.4. Fortunately, the

box that had dimensions of 1 11 m x 1 m and 2-mm-thick
steel walls. This container was calculated by BXMo
withstand an explosion that involved all the enclosed chemicals.
As a further precaution, the steel box was surrounded by

qguenching of NH4) by helium is very inefficient® In the
absence of @ the NH/ND@) radicals exhibited lifetimes up to
2 ms, limited mainly by the reaction with hydrazoic acid{
= kun,[HN3]) 1226 and diffusion in 3 kPa of heliume(! ~ 350
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s 1), which has been thoroughly studied previoliSRortunately,
the use of this much helium resulted in almost-complete
rotational relaxation of the NH/NR(z), which is important to
the LIF measurement. The rather-long lifetimes indicated a low
degree of impurities, particularly4®, which entered the system
at each cleaning procedure and will quench sHMth high
efficiencyl” Traces of the BD impurity and its isotope exchange
might have caused the low RNMIN3 production ratio £0.25)
found by comparison of the ND) fluorescence intensity with
the NH() fluorescence intensity. Although the N&)(signal
was, hence, much smaller, the Nipkinetics could be followed
without interference from NHY), because of the good spectral
resolution of the LIF method.

Quenching rate constanllq?('l), of level v were derived at
temperaturd from lifetime measurements of NH/NBg). The
lowest and highest temperatures were in the ranges of 209
217 K and 384-421 K, respectively, for all eight NH/NR(v)
reactants. The lifetimes were checked to be insensitive to
changes of the (i) photolysis wavelengths (193 and 248 nm),
(ii) LIF pumping lines [NH@,» = 1, Q(2), Q(4), P(2, 3, and
5)], (iii) total pressures [2.53.5 kPa helium for NHg,» = 1)],
and (iv) HN; pressures (3:333 Pa).

Values ofk?('l’) were determined at-815 different temper-
atures for each of the four NHE) levels and at 57
temperatures for N2(v). At each temperature, the NH/ND-
(a,v = 0—3) decays were monitored typically at-8 different
O, concentrations, as described in the Experimental Section.
Each decay curve consisted-e15 data points on the time scale.
Within the precision of this work, all decays were observed to
be exponential defining decay rates,’. These rates were
plotted against the concentration of,@ccording to the relation
vt = ;' + K(T)[O,]. The parameter,’ represents the
lifetime of NH/ND(a,v) at zero pressure of OThe useful @
concentration range was limited in the studies of Bk O
andv = 1) and NDg,v), because of effective quenching of the
c-state levels by @21 The values of kYT ~ 300 K)
obtained from plots ofr=t vs [Oy] are listed in Table 1, in
comparison with values reported previously from our laboratory
for the quenchingl(?) and the energy transfer to,() (kf),
which have been previously investigated by NH/MP(and
O(b)-phosphorescence intensity measuremefhitsey all agree
within the given error limits, confirming, in particular, that the
efficiency of the energy transfer to,®) is almost 1, i.e., the
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Figure 1. Arrhenius plots h{lk?('l')/(cm3 s} vs (T/K)~! for the
quenching of NH4) in the various vibrational states= 0—3: (x) v

=0,@®v=1(a)v=2,and @) v = 3.
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Figure 2. Arrhenius plots Ik¥(T)/(cm® s™3)} vs (T/K)~! for the
quenching of ND4) in the various vibrational states= 0—3: (x) v

=0,@®v=1(a)v=2,and @) v = 3.
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Discussion

The quantum yield of NH) in the photolysis of HN has
been reported previousiyo be ® ~ 0.4. The formation of
vibrationally excited states has been established in several
studies®81022 jterature values of the relative quantum yields
for vibrational excitation ¢,), given in Table 1, show that
vibrationally excited ND4,v) are less efficiently generated than
NH(a,»),? favoring the detection of the hydrogenated species.
NH(a,» = 0 andv = 1) are reported to be formed rotationally
hot with T,ot = 3150 and 2450 K, respectivelPreviously, it
has been showin(and was confirmed in this work) that the
radicals are rotationally but not vibrationally relaxed by 3 kPa
of helium, so that the LIF measurement of one rotational level

phrases quenching, energy transfer, and even intersysteniS representative for all rotational levels. _
crossing rate constants mean the same in this case. The rate Basically, three different processes can be made responsible
constants at room temperature are smaller for the isotopomerfor the removal of vibrationally excited imidogen radicals in

ND and increase slightly less than those for NHyascreases,

the a-state: (i) quenching to yield products other thag(k)

although the isotope effect is not spectacular, considering the (il) resonance energy transfer ta(0), as given by reaction 1;

much smaller vibrational energy gaps of Nip(

The temperature-dependent rate constants are then plotted i
Arrhenius representations, i.e.{ kK¥(T)/(cm®s2)} vs (T/K) 2,
according to the relatiok®(T) = A, e Ea/RD, The Arrhenius
plots are displayed in Figures 1 and 2 for N4{) and ND-
(a,v), respectively. At a first glance, one notices that the data
for NH(a,» = 0 andv = 1) are much more precise than those
for ND(a,v = 0 andv = 1). This is caused by the low DN
yield. On the other hand, the detection of N(= 2 andv =
3) was favorable because of the longer lifetime of BPE

and (iii) vibrational relaxation for the levels> 0. We observe
significant increases in the rate constants with increasiimg

able 1. This could be, in fact, due to an enhanced removal of
the vibrationally excited states by relaxation to lower vibrational
states. However, we believe that there are two reasons why
vibrational relaxation is a minor process:

(1) As already mentioned, the previous kinetic and phospho-
rescence intensity measureméntsdicate that the energy
transfer occurs with an efficiency that is similar to unity.

(2) Because no deviation from exponential decays is observed
in the presence of Din this and previous work from our

1). Common to all data for the deuterated species were the fewerlaboratory? vibrational relaxation seems to be a minor process,
number of lifetime measurements, because the purpose was tavhich is in agreement with the work of other researclérs.
determine differences between the deuterated and hydrogenated On the other hand, deviation from exponential decays have

systems rather than precise data for BDY.

been clearly observed during the removal of ldld(> 0) by
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The present work does not determine the vibrational excitation
of the other product, NE{,z). One finds conflicting results on
this matter in the literature. Morgenrétrecently did not observe
NH(X,» > 0) and concluded that vibrationally excited N&t()
are deactivated solely to NM{ = 0). This fact contradicts
earlier observations in the 193-nm photolysis of HNCO.
Drozdoski et af. found, in the presence of 0that the yield of
NH(X,» = 1) is 18% of that ofv = 0 with some evidence for
v = 2. Currently, we know that the photolysis yield w&Z6%
in NH(a,» = 1) and 3% in NH&v = 2).2 In the presence of
0., Nelson et af observed NH{®Z") that contained multiple

guanta of vibrational energy as a primary product. Moreover,
Adams and Pasternat&bserved similar rate constants for the
removal of NH@,v) and the appearance of NK|¢) for all levels
of v = 0—2. They concluded that the more rapidly quenched,
higher vibrational levels of NH{(A) would be required to
populate the higher vibrational levels of N¥E~).” On the
N, and relaxation rate constants have been previously deducedPther hand, the relative production yield:of 0 in the presence
for the relaxation reactior’® The facts mentioned under reasons ©of O, proved to be significantly lower than the yield in the
(1) and (2) were established foF = 300 K; hence, our presence of xenon, which previously has been shown to quench
assumption here is that they also are valid for the entire NH(a,) vibrationally adiabati€:>324 Adams and Pasternatk
temperature range presented. After all, the increadé efith also showed that the removal rates of X4( are relatively
increasingy (Table 1) is not well understood: It might be, at large; however, they mentioned that this has been taken into
least partly, due to the increasing size of a vibrating radical. account. In the case that reaction 1 leads exclusively to NH-
The values of the Arrhenius parametets,and Ea,, which (X,v = 0), the barrier would seem to be invariant within a
we have deduced from Figures 1 and 2, are listed in Table 1,€action enthalpy range from5 kJ mol* to — 70 kJ mof,
together with the values reported by Morgenfatind Nelson &S displayed by the data of Figure 3. Conversely assuming
et al* The present values &, vary from 2.3x 1012 ¢ 51 vibrational adlabatlc_:lty, the e_ndotherml_cny would change by
to 1.0 x 10712 cmBd s for NH(a,2) and from 1.8x 1012 cm? only ~1 kJ mof, i.e., remain essentially constant for the
5110 0.7 x 10-12cmP s~ for ND(c,2). In the simple Arrhenius ~ féactions of NHgv = 0-2) and ND@v = 0-3). All these
representation, this does not tell us much about the barrier ang@rguments lead us to believe that a conservation of vibration
will be discussed below only briefly. For small activation during the'lntersystem Crossing process occurs to a significant
energies (as encountered in this work), one must remember thafXtent. This means that the vibration in thestate acts as a
E., represents only an approximate measure of the reactionSPectator during th_e energy transfer, in which no bond is broken
barrier. Therefore, we will discuss the trend rather than the @nd no new bond is formed.
absolute value. In Figure 3, the derived valueskgf are In their previous investigation of the NHp = 0) + O
presented as a function of the energy of the vibrational states,®action, Nelson et dlobserved an appreciable activation energy
as measured from the NH/NR = 0) ground states. Included ~ for the first time. By analogy to the quenching by, Nvhich
in the figure are the values of Morgenrdtnd Nelson et &. the_y c_onS|dered in deta_|l in that work, they attributed the
for NH(a,v = 0 andv = 1). Also shown are the positions of activation energy to a barrier in the entrance channel for complex

= 0 andv = 1 of Oy(b). Several features are noteworthy in this formation. If our presumption of a vibrationally adiabatic process

Figure 3. Measured activation energ¥d) plotted as a function of
the energy of the vibrational states of NH/NX() (E,). Zero energy
is the lowest rotational level af = 0 of the ground-state NH/ND(X)
radicals. Also displayed are the reported valuestd)fref 3 and Q)
ref 4. Included are the vibrational energies ofli» = 0 and 1).

figure: is true, this complex must be sufficiently loose and/or short-
: : lived to preserve the vibration.
1) The present values agree very well with the literature .
vafut)es“ P 9 y A notable trend seems to appear for (= 3), in regard

to the decreased activation energy. Unfortunately, because of
the insufficient detection sensitivity, we were not able to study
higher vibrational levels for further confirmation of this trend.
NH(a,v = 3) lies slightly above the NH{=",» = 0) state and
collision-induced curve crossing must be considered, among
other possibilities.

We will finally mention that another @induced intersystem
crossing process has been previously observed for a different,
electronically excited, singlet NH/ND state, namely

(2) TheE,, values seem to be constant upite= 2 of NH-

(a) andv = 3 of ND(a), which have approximately the same
energy.

(3) At the highest vibrational energy (namelys= 3 of NH-
(@), the E,, value seems to decrease.

(4) The endothermicities for the= 0 levels, as well as the
exothermicities for the higher vibrational levels, are evident,
provided that NHX) is formed in the vibrational ground state
(v = 0), as assumed in Figure 3.

(5) The energetic position of {b,y = 1) does not seem to
influence the values of the activation energies. Without further
compelling proof, we therefore propose(@®v=0) to be one
of the products.

The apparent invariance of the barrier height mentioned underIn that case, the primary intention was to study the rotational
feature (2) implies that increasifg factors is a reason for the  dependence, and, therefore, this system is kinetically more
rate constants to increase@sicreases, as supported from the complex than reaction 1. The vibrational distribution in the NH/
data in Figures 1 and 2 and in Table 1. In the simplest Arrhenius ND(A) product is distinctly different from that observed for the
model, theA, factor is determined by the size of the molecule, present process, although there is a propensity for the population
i.e., by vibrational expansion of the radicals, as hypothesized of v = 0 from v = 0. However, at increasing levels df the
above. formation of NH@,» = 2) is the major product from NH( =

NH/ND(C'TT,v,J) + O,(X°%, v = 0) —
NH/ND(AII,0) + 0,8 (3)
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0,J), for example. Also, for reaction 3, it has been discussed (7) Drozdoski, W. S.; Baronavski, A. P.; McDonald, J.Ghem. Phys.

whether energy resonances play a role. Lett. 1979 64, 421.
9y play (8) Rohrer, F.; Stuhl, FJ. Chem. Phys1988 88, 4788.

. (9) Bohn, B.; Stuhl, FJ. Phys. Chem1993 97, 4891.
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