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Proton transfer dynamics of the reaction H 307 (NH;3,H,O)NH,* studied
using the crossed molecular beam technique
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The proton transfer reaction ofg@* and NH; was studied using the crossed molecular beam
technique at relative energies of 0.41, 0.81, and 1.27 eV. At all three energies, the center-of-mass
flux distribution of the product ion N}f exhibits sharply asymmetry, and the maximum is close to

the velocity and direction of the precursor ammonia beam. The reaction transforms almost all of the
1.69 eV exothermicity into internal excitation of the products at all three collision energies. At the
lowest collision energy of 0.41 eV, nearly 77% of the total energy appears if” Nhternal
excitation. However, almost 100% of the incremental translational energy in the two higher-energy
experiments appears in the product translational energy. Such an observation provides a classic
example of the “induced repulsive energy release” mechanism that is expected to be operative on
the highly skewed potential energy surfaces characteristic of the hdmht—heavy mass
combination. These results indicate that the proton transfer proceeds through a direct reaction
mechanism; a Rice—Ramsperger—Kassel-Marcus theory calculation shows that the lifetime of the
intermediate compleNH;—H—H,O] ™ is about 100 fs. Proton transfer occurs early on the reaction
coordinate, when the incipient N—H bond is extended, and results in highly vibrationally excited
NH," products, with excitation primarily in N—H stretching modes. 2004 American Institute of
Physics. [DOI: 10.1063/1.1630312

I. INTRODUCTION been calculated at several different levels of thébrf
Proton transfer in hvdrogen-bonded svstems is a fund Theseab initio calculations and the experimental results
ydrog Y FHased on high-pressure mass spectrom&ttyshow that the

mental process in nature. The investigations of proton trans-, . : :
ssociation energy of the complex is about 0.9 eV relative to

fer reaction mechanisms are important for understandinﬁqI n ,
many basic biological, physical, and chemical processes sudft€ NF: " +H,0 channel. The potential energy surface of the

as solvation, photosynthesis, acid-base neutralization, arg?Mplex is sensitive to the distance between the oxygen and

enzymatic reactions?> Water and ammonia are both small nhitrogen atoms. At the equilibriufR(N-O) bond length, the

molecules that can form hydrogen bonds because they copotential energy surface only contains a single well corre-

tain the oxygen or nitrogen atom of high electronegativity,sponding tg HsNH:--OH,]*, in which the central proton is

respectively. The reactions between hydronium ions and wamore closely associated with NHthat is, the complex looks

ter or ammonia are simple, prototypical systems for studyingnore like a complex of Ni" and H,0O, rather than KHO*

the proton transfer phenomenon and have therefore long afyq NH;. As the distance between the two atoms is in-

tracted the attentions of scientists, creased, the barrier appears and the potential energy surface
The proton transfer reaction between the protonated was. . .o wells, corresponding tHsNH:--OH,]* and

ter ion and ammonia, reactidf), is highly exothermic. The 4 ) .
reaction enthalpy can be simply given by the difference in_[H3N HOH,] . At the MP2/6-31Gd,p) level, the barrier

the proton affinitiegPA) of ammonia and watdrPA(NH;) IS O'O?Sev atR(N-0)=2.9 A and increases to 0.85 eV at
=8.85 eV,PA(HO)=7.16 eV(Ref. 8], 3.4 A
N N Based on amb initio calculation of the potential energy
HsO" +NHz—H,O+NH,", AH=-1.69 eV. (1)  gyface!®22Buekeret al. studied the trajectories of the pro-
In the photoionization of ammonia and water binaryton transfer reactiofil). They concluded that the lifetime of
clusters) the dominant products are the protonatedthe intermediate ion—molecule complex formed upon en-
(NH3),(H,0),H™ ions, the products of intracluster proton counter of reactants depends strongly on their initial relative
transfer reactions. Changt al'® measured the infrared Vi- orientation. When the proton to be transferred is properly
brational predissociation spectra of NHH,0), (N"=2 jined up between oxygen and nitrogen, rapid transfer occurs.

_ﬁ)' Thes]:e resulttsbilndiﬁa;e that tbhegﬂd)fdand N']g sub- ThThis leads to deposition of a high and nonstatistical fraction
uniis can form stable nydrogen-bonded Complexes. Gf the reaction enthalpy into the product ammonium ion.

structure and energy of tH&N\H;—H—H,0]" complex have - . . .
gy of tiélHs H0] P Less favorable initial orientations appear to give a more sta-

tistical energy distribution. CheAgstudied the dynamics of

dAuthor to whom correspondence should be addressed. Electronic mail: + _ ; ; ;
farrar@chem.rochester.edu Elusters (HO),H™ (n=1-4) interacting with an Nkimol
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ecule by first-principles Born—Oppenheimer molecular dy-in which vy, the ratio of heat capacities, is 1.33 for ammonia.
namics simulations. He found that the transfer reaction is & rotatable electrostatic energy analyzer with a laboratory
rather fast processt € 100—300 fs). After the transfer pro- resolution of 0.07 eV was used to measure the kinetic ener-
cess, the Ni" ion is vibrationally hot because of the re- gies of ions in the primary ion beam and scattered ionic
leased potential energy. reaction products. The ions were mass selected with a quad-
Experimentally, Smithet al?* used a selected ion flow rupole mass spectrometer and were detected with a dual-
tube apparatus to study the binary reactions of@HH" microchannel-plate ion detector. Data were collected with a
(n=1-3) ions and their deuterated analogues with;NH computer-controlled multichannel scalar synchronized with
They found that no appreciable isotopic exchange occurrethe beam modulation. The energy analyzer was calibrated
and thus suggested that the reactions proceeded via thefore and after the experiments. The resonant charge trans-
simple mechanisms of D(or H") transfer; any intermediate fer reaction between Heand He was used as the calibration
complex has such a short lifetime that scrambling could noteaction to determine the zero offset of the energy analyzer.
occur. A similar conclusion was also obtained by Honma In the experiments, two independent measurements were
et al,?® who studied the reaction of protonated water clustergerformed: First, by rotating the angle of the energy ana-
with deuterated ammonia using guided ion beam mass spebyzer, one can measure the relative angular distribution of
trometry. Because the Ni®," or DH,O" ions, the H/D  product ions in the laboratory coordinate system. Second, the
randomization products, were not observed as a primarkinetic energy distributions of the scattered product ions can
product, they suggested that the reactions proceed via a die also measured at fix¢d5-20 laboratory angles. Each
rect proton transfer or via a relatively short-lived intermedi-energy spectrum consists of 80 points, with typical energy
ate. bin widths of 0.025 eV. The two measurements result in data
So far, no crossed beam experimental results have beeets consisting of approximately 1200 data points covering
reported for this system. In this paper, we report the resulttaboratory velocity space.
obtained using the crossed molecular beam technique, by
which the initial kinetic energies and directions of the reac-
tants c_an_be _WeII controlled and _the angular and _k|net|c eNi DATA ANALYSIS
ergy distributions of the product ions can be precisely mea-
sured. Thus more detailed information on the reaction The aim of the data ana|y5i5 procedure is to recover
dynamics can be extracted. This study can help us answer thenter-of-mass reaction differential cross sectiqns(u, 6)
following questions:(i) What is the mechanism of proton from the laboratory data. In the experiments, the ion and
transfer? Is the proton transferred via a long-lived intermeneutral beams have velocity and angular spreads. These re-
diate complex or as a direct proceg@? How is the large sult in distributions of collision energies and intersection
exothermicity partitioned in the degrees of freedom of theangles. In the data analysis, these distributions must be taken
products? into account when transforming the laboratory flux distribu-
tions to the center-of-mass cross sections. This procedure

was accomplished with a pointwise interative deconvolution
Il. EXPERIMENT procedure usir‘?d

The experimental apparatus has been described in detalil N 2
in a previous pape%‘? so only a brief ovgrview is proyided ||ab(v,®):2 fiv_zlc.m.(ui ,0)). 3)
here. The HO™ ions were produced using electron impact i=1 U
on a room-temperature water and hydrogen mixture. The
pressure in the ion source is typicallyxa0 ® Torr. The Five points are used to represent the energy distributions of
ions are then mass selected with a 60° magnetic sector. Aft&ach of the two reagent beams, and five points represent the
deceleration to the desired beam energy and focusing by igtersection angle distribution; thus, in the above equation,
series of ion optics, the beam has a full width at half maxi-iS 125. f; is a weighing factor, which is the probability of
mum (FWHM) of 0.25-0.40 eV. The ammonia beam was observing Newton diagrainbased on the reagent beam dis-
formed by supersonic expansion of the pure gas through #ibutions. Using the derived. ,(u,6), the deconvolution
0.07-mm nozzle. A 1.0-mm-diam skimmer, located 50 nozzlg®rocedure also calculates the angular distributions and ki-
diameters downstream from the nozzle, selects the cool cofetic energy distributions at each angle in the laboratory co-
of the beam. The beam enters a differential pumping cham@rdinate. The comparison between the simulated and experi-
ber, where it is collimated with a 3.0-nfraperture located Mental results provides a figure of merit for the
approximately 2.5 cm from the skimmer, before entering thedeconvolution process. In this study, the errors of the simu-
main chamber, where it intersects with the ion beam at a 9oftions are less than 6%.
angle. A tuning fork chopper modulates the beam at 30 Hz to  Using the derived (u,6), the barycentric angular dis-
provide the synchronization for the experiment. The mosfributiong(6) of the products can be calculated by integrat-

probable velocity of the neutral beam formed through supering over product translational energg(6) represents the
sonic expansion is calculated using relative intensities of products scattered into center-of-mass

scattering angled averaged over product kinetic energy. In
_ 2kT [y practice, it is calculated by replacing the integral with a sum-
Vpeak_ m 1/ (2) :
Y mation,
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1000 m/sl

FIG. 1. Newton diagram and scattered product contour map of the proto
transfer reaction kD" +NH;—H,0+NH," at the relative energy of
0.41 eV.

RiG. 2. Newton diagram and scattered product contour map of the proton
transfer reaction kD" +NH;—H,0+NH," at the relative energy of
0.81 eV.

" order of a rotational period or longer, one would expect to
see symmetry in the scattered ion distributions with respect
g(0)=2i em(Ui . 6), “) to the backward and forward directions.

In the experiments, only a limited range of laboratory
in which M represents the number of recoil energies considangles(—2°-1129 can be measured; this results in the loss
ered. Similarly, the angle-averaged relative translational enef flux at angles close to 180° in the center-of-mass coordi-
ergy distribution of product$?(E+), can be calculated using hate. Consequently, the center-of-mass angular distributions

of the product ions shown in Fig.(@ appear to peak at a
siné; slightly smaller angle, but not at 180°.
) Figure 4b) shows the relative translational energy dis-
tributions of the productsP(E1), at the three experimental
energies. It can be seen from Figbythat as the collision

L
P(ED) =2 lom(U,6) =~

IV. RESULTS AND DISCUSSION

The experiments were performed at selected center-of Il Nl
mass collision energies of 0.41, 0.81, and 1.27 eV. Thes e '
correspond to ion beams with laboratory energies of 0.74

1.61, and 2.57 eV, respectively. According to the measure p /;
kinetic energy of the reactant ions and the calculated velocit S/ / y
of the neutral beam using EQ), the Newton diagrams of / ///
the three energies are obtained, as shown in Figs. 1-3. In tt £ / /
figures, 0° is defined as the direction of thg®4 ion beam / [/ / .
in laboratory coordinates, while 90° is the direction of theg[™ | ,/ I/ [ [l
neutral beam. The polar flux contour maps in the center—ofgI W ' [
mass coordinate system, which are obtained with the decot an ‘\ b
volution procedure, are superimposed on the Newton dia LA \\ \ A\
grams. AN

It can be seen from Figs. 1-3 that at all the collision ‘-,_\ \ \
energies, the flux distributions are sharply asymmetric ant \ \

the maxima are near 180°. This observation indicates that th
NH,* ion has nearly the same direction as the precurso
ammonia beam, a characteristic of direct reactions. There
fore, the reactions take place through large impact pararm.
eters, resulting in little Cha_nge of m_omentum of thej\lh‘hlt FIG. 3. Newton diagram and scattered product contour map of the proton
after proton transfer. Any intermediate complex in the reaCyansfer reaction ¥D*+NH;—H,0+NH,* at the relative energy of
tions must be short lived, because if its lifetime were on thet.27 ev.
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(a) of the products. At the lowest collision energy of 0.41 eV,
nearly 77% of the total energy appears in NHinternal
01 e e t2zev excitation. However, almost 100% of the incremental trans-
—— ES081eV lational energy in the two higher-energy experiments appears

08 —e— E,=041ev

in product translational energy. Such an observation provides
a classic example of “induced repulsive energy relea&e?®
Under such conditions, the small skew angle of the potential
energy surface in mass-weighted coordinitappropriate to
the heavy- light—heavy mass combination of proton transfer
facilitates trajectories that sample the corner of the surface
where both the bonds being broken and formed are com-
pressed. Under such circumstances, when the products are
repelled into the exit valley, the incremental reactant transla-
o 20 40 60 8 100 120 140 160 180 tional energy converts mainly to product translational energy.
The proton transfer in Eq1) involves a fast motion of
the proton from oxygen to nitrogen. If the proton is trans-
(b) ferred while the nascent N—H bond is extended, it can be
expected that the transfer process will mainly result in the
excitation of the N—H bond stretching vibrations. However,
the slight differences in the bond angles of NHand NH,
suggest that some of the reaction’s exothermicity may also
be channeled into bending vibrations of NH Similarly,
during proton transfer from oxygen to nitrogen, the geometry
of the H,O unit changes fronC,, to C3, (Ref. 14 and can
result in slight excitation of thél—O—H bending vibrations.
The NH, " ion is a polyatomic ion with nine vibrational fre-
quencies, in which the N—-H stretching mode vibrations are
nondegenerate; (3236.6 cm?) and threefold degeneratg
(3345.1 cm?).31%2 The results of this study cannot clearly
0o 08 10 15 20 25 30 35 a0 assign which mode or _both are exc:|te_d. H_owever, it shquld
be noted that the energies of the two vibrational modes differ
only by 0.013 eV. For visualization of the product energy
FIG. 4. (8) Center-of-mass angular distribution afil center-of-mass rela-  disposal, we have superimposed on the Newton diagrams of
tive 'Franslatiorjal energy distribution of the product NHons at the three Figs. 1-3 circles of constant barycentric speed correspond-
relative energies. ing to excitation of thev; N—H stretching mode. As shown
in Figs. 1-3, at the three collision energies, the product
energy is increased, the relative translational energy of th&anslational energy distributions are sharply peaked at bary-
products increases and the widths of the distribution slightlycentric speeds corresponding closely to NHproducts in-
broaden. According to F|g(b), the product average trans- ternally excited with four quanta of N—H stretch. Viewed
lational energies at the three energies are 0.47, 0.87, and 1.5om the perspective of final NH motion relative to inci-
eV, respectively. The energy results of this study are listed ilent NH; momentum, the sharply forward-peaked NHan-
Table I. At the three collision energies studied, 23%, 35%gdular distributions suggest that proton transfer occurs along a
and 44% of the total energies are partitioned into the transteaction coordinate of reduced dimensionality. Coupled with
lational energies of the products, respectively. Thus the mahe high specificity for energy partitioning into product inter-
jority of the total energy is converted to the internal energynal degrees of freedom, the reaction dynamics is consistent
with proton transfer from KO*' to NH; as the reactants
approach, with the incipient N—H bond significantly ex-
tended from its equilibrium separation. Although the kinetic
energy distributions alone are of insufficient information

g(6)

C.M. Angle / degree

P(Er)

Relative Translational Energy (E;') / eV

TABLE |. Reaction energy results and RRKM rate constants at differen
relative energiesin eV).

lon energy 0.74 1.61 2.57 content to assign all product internal excitation to N—H
Reactant relative enerdgy 0.41 0.81 1.27 stretching motion, long-distance proton transfer in the en-
Total energyE ot 2.09 2.50 2.95 : : : PO ;

. ) trance channel is consistent with this simple picture.
Product relative energit 0.47 0.87 131 Fi b id dditi | id h
El/E 23% 35% 24% ~ Figure 4b) provides a |t|pn§1 evidence to supportt e
Product internal energy 1.62 1.63 1.65 picture of product internal excitation in N—H stretching mo-
EX, 2.99 3.39 3.85 tion. The figure shows that the relative translational energy
Krriw (579 3.3x10°  4.2x10°  5.3x10° distribution at 0.41 eV collision energy is asymmetric with a

aCenter-of-mass energies. In order to transform to laboratory energiespartla”y reso"’_ed ShOP'd?r appear'lng at about 0'_8 ev. We
V212 should be added, in whic¥, is the center of mass velocity apdis a_lttempted to fII{ the d|3t”l_3Ut|0n using tW(_) Gau§3|an func-
the reduced mass. tions; the best fit was obtained using functions with the peak
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Kpgin tional energy. The reaction exothermicity, which quantifies
N St Mt i S the increase in the strength of the newly formed N—H bond
] F over that of the broken O—H bond, is transformed almost
guantitatively into internal excitation of the nascent bond.
This picture suggests that the proton transfers tg ldtHong
range, such that the incipient N—H bond is highly extended.
At the transition state for proton transfer, reactive motion is
along the N—H coordinate and the energy of the reaction is
released as the reactants approach. These circumstances lead
to a high level of N—H vibrational excitation in the products.
The highly skewed nature of the potential energy surface
allows the breaking bonds and forming bonds to be com-
] [F.NH...OH.]" pressed simultaneously, with efficient conversion of reactant
-0.5 - : : translation into product translation. In the present case, with
FIG. 5. Reaction energy diagram. Dashed line: the experimental collisior{eSpGCt to the collision dynamics at the lowest relative en-
energies. Dotted line: the product average recoil energy. ergy, incremental translational energy appears essentially ex-
clusively in the incremental translational energy of the prod-
ucts. This proton transfer system provides a paradigm for
positions at 0.36 and 0.78 eV. The difference of the twoinduced repulsive energy release.
peaks, 0.42 eV, is comparable to the 0.36 eV separation of The data demonstrate that the reaction is direct at all
N—H stretching vibrational energy levels. This nearly re-collision energies, but nevertheless reflect critical informa-
solved structure in the kinetic energy distributions also sugtion about the dynamics of simultaneous bond breaking and
gests that energy partitioning selectively populates N—Hyond making. This situation contrasts with the familiar spec-
stretches, with minimal rotational or bending vibrational ex-tator stripping model of direct reaction dynaniitm which,
citation. in the context of the present reaction, thgQHproduct would
In the experiments, the neutral ammonia beam was gerserve as a “spectator” to the proton transfer process, with its
erated by supersonic expansion; thus, most of the molecul@gnter-of-mass speed unchanged from that of the incident
are in the vibrational and rotational ground states. HoweverH30+ reactant. In fact, the spectator stripping model predicts
the protonated water ions were produced through a chemicghat the reaction products would have much higher transla-
ionization process in the electron impact source. ThR®H tional energies than are observed.

ions producecépén this manner are not completely vibra- |, 4 experimental study using the selected ion flow tube
tionally relaxed>” Thus, strictly, the total energies listed in technique, Smittet al?* measured the rate coefficients and

Table | are onI)_/ the lower Iimits. product ion distributions for the reactions between the
The dissociation energy with the NH+H,O channel H,0" (H,0), and D,O*(D,0), (n=0-2) ions and RO

of the[NH3_H_HZOJ+ complex has been determined_to he H,O, and l\THg. For the BO r<'1:1nd HO isotopic exchan'ge
0.89 eV on .the basis Of the15e<116U|I|pr|um measurenf@r]fé reactions, they found that the distribution of H and D among
and theoretical calculatiort$>!® Using the exothermicity h d ; d | | istical. Th
for th on t fefl), th " dinate di ¢ the product ions and neutrals was purely statistical. Thus
orthe proton trans - the reaction coordinate diagram o ﬁhese reactions proceed via the formation of a long-lived in-
Fig. 5 can be constructed. We performed density furmtlona’[ermediate in which total randomization of the H and D
theory (DFT) calculations to obtain the vibrational frequen- ’ . . ) -

atoms takes place prior to unimolecular dissociation. How-

i f the[NH;—H-H,O]* I ired for Rice— )
cies of the[NH, H,0]" complex required for Rice ever, for the reaction between,O* and NH;, NH;D* was

Ramsperger—Kassel-MarciBRKM) lifetime calculations
perd ¢ ) g)und to be the only product ion and no appreciable isotopic

discussed later. The DFT calculations were performed usin )
the GAUSSIAN 98 program packag¥ The [ NHa—H—H,0]* xchange occurred. They suggested that the reaction pro-

ion structure was fully optimized at the B3LYP/6-31d3( ceeds via a s-imple mechanism r;\?d the: intermediattaT complex
level and single-point energy calculations were done at thf@s & short lifetime. Honmat al™ studied the reaction of
B3LYP/6-31G() and B3LYP/6-31% G(d,p) levels on the prc_)tonat_ed water clusters with deuterated ammonia using
basis of the B3LYP/6-31G() geometries. The geometrical guided ion beam mass spectrometry. The authors did not
parameters of thENHs— H—H,0]* complex are comparable Observe the NkD,™ or DH,O" ions, the H/D randomiza-
with other theoretical resulfd; '8 and dissociation energies tion products. They suggested that the reactions proceed via
agree with previous work within 2%. a direct proton transfer or via a relatively short-lived inter-
The kinematic analysis of the experimental data showdgnediate. The conclusions of these experiments are consistent
that the mean internal energy of the reaction products is 1.8ith those of this study. However, in this study, the velocities
eV, independent of collision energy. This value is approxi-and directions of the reactant8" ion beam and the neutral
mately 95% of the reaction exothermicity. With respect to theNHz; beam were better controlled, and the angular and ki-
reaction coordinate diagram of Fig. 5, it is clear that thenetic energy distributions of the product l\Hion were pre-
proton transfer process appears to conserve translational egisely determined, providing direct evidence for an impul-
ergy in the sense that the incident translational energy isive reaction mechanism.
transformed essentially quantitatively into product transla-  The internal energy of theENH;—H—H,0]" complex is

Relative Energy / eV

0.5 1

0.0 1
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known; thus, we can estimate the lifetime of the complexmolecular dynamics simulations. In his study, the initial rela-
using the RRKM theory formuf§—>° tive orientation of the two units was chosen randomly, the
center-of-mass velocities were set to zero, and the N-O
’ (6) length was set to 8 a.u. He found that during the first 50 fs,
hp(E*) the relative motion of the two species is slow angCH
rotates into a position in which one of the H atoms is

of states of the transition state from OFE&$ — E, andp(E*) directed toward N'§|: At a N-O distance of 5.7_a.u.
is the density of states of the complex, respectiveljs the ~ ({=84S), the velocity of the proton nearest to hih-

symmetry parameter, which is 1 for the above dissociatiorf'€aSes suddenly andtat 90100 fs the proton completely
reaction. As shown in Fig. 5, the internal energy of thel/ansfers to +NH _After the transfer process, the
[NHz—H—H,0]* complex is the sum of the collision energy [NH;—H-H,O] ™ is vibrationally excited. Similar results are

H 15,22 H
and the dissociation energy of the®F" + NH; channel. The IS0 obtained by Buekeet al."" on the basis of theab
dissociation to HO+NH," is expected to be a direct pro- initio p_otentlal energy surfacg._They fqund. that most of the
cess without a reverse activation energy barrier so that npXcitation energyabout 80%is in the vibration of the new

unique transition state could be calculated. We thus approxiN_H bond. As discussed above, this study shows that almost

mated the transition state frequencies by calculating the fre€£1II the reaction exothermicity of the proton transfer is con-

quencies of thé NHz—H—H,0]" structure with aN)H-O verted to the internal excitation of the YH ions.

bond length extended to 4.0 A. This leads to an imaginary

frequency corre;ponding to t.he stretching vibrgtion of thev' CONCLUSIONS

H-O bond. As discussed by Li and B4&some adjustments

for these estimated transition-state frequencies are necessary. The crossed molecular beam technique is used to study
In this study, the lowest five frequencies are arbitrarily scaledhe proton transfer dynamics betweegQ4 and NH;. At

by a factor of 0.5. These lowest frequencies will convert tothe three experimental energies, the center-of-mass flux dis-
the rotational or translational degrees of freedom of the distributions of the product ion Nif exhibit sharply asymme-
sociation products. Using the transition-state frequencies, thigy, and the maxima are close to the velocity and direction of
activation entropy of the dissociatioA Sy, «, is determined the precursor ammonia beam. The reaction transforms almost
to be 28 J/mol K, a characteristic value of a reaction with aall of the 1.69 eV exothermicity into internal excitation of
“loose” transition state. The RRKM calculations show that the products at all three collision energies. The increasing
the wunimolecular dissociation rate constant of thefraction of the reactant translational energy partitions into the
[NH;—H-H,0]" complex at the studied collision energies translational energy of the products almost by 100%. This
is about 3—5 10" s~ 1. Thus the lifetime of the complex is observation is consistent with the “induced repulsive energy
just about 100 fs, 10 times longer than a N—H bond stretchrelease” mechanism. The RRKM calculations show that the
ing vibrational period and two orders of magnitude shortedifetime of the intermediate compleNH;—H-H,O]" is of

than the rotational period of tHeNH;—H—H,O]* complex  magnitude 100 fs, two orders of magnitude shorter than the
(about 20 ps according to the DFT calculated rotational conrotational period of the complex. The results indicate that the
stant, 7 GHx We also tested the sensitivity of the calculatedproton transfer reaction proceeds through a direct channel
dissociation rate constant to the scaling factor for the fivewith large impact parameters.

lowest frequencies by adjusting the factor from 0.8 to 0.3.

These adjustments result inAsSg,, « of 8.5 J/mol K for 0.8
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