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Charge transfer between ND 3 (»J) and phenol
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Reactions of vibrationally state-selected NDwith phenol were studied in a guided beam
arrangement. There are four exoergic channels, of which only charge tré@3jehas significant
intensity. The dominant mechanism requires intimate collisions, with little long-range electron
hopping. Despite the presence of deep hydrogen-bonded wells, only a few percent of collisions form
long-lived complexes. ND vibration has no effect on CT at low energies, with weak inhibition at
high energies. Charge transfer with H/D exchange is a minor channel, inhibited byvNEation

and collision energy. The small vibrational effects are in contrast to the large effects observed in
reaction of PhOHI(vg,,v15) With ND;. © 2000 American Institute of Physics.
[S0021-9606)0)01035-7

I. INTRODUCTION sult of that study was that excitation of low-frequency, in-
plane ring modes$vg, and v;,) of PhOH" substantially af-
We have found that measurements of the effects of refected the chemistry. For example, the PhGEND,H

actant vibrational excitation and collision energy, togetherchannel was enhanced by over a factor of two, even though
with product recoil velocity distributions, provide a powerful there is no obvious connection between the vibrational mo-
tool for unraveling reaction dynamics in relatively complex tion and the reaction coordinate for this H/D exchange reac-
systems. We report here a study of the reaction ofyND tion. The explanation proposed was that the ring vibrations
(v, =0,3,5) with phenol—a prototypical system for the promote isomerization from ring-bound to hydrogen-bonded
study of atom and charge transfer reactions mediated byomplexes, allowing the ring-bound complexes to serve as
hydrogen-bonded complexes. The energetics for th@recursors for hydrogen bond formation. The principle mo-
[ND3:PhOH|* system are shown in Fig. 1. The binding tivation of the present study was to examine the effects of
energies of the complexes are taken from ourND; vibrational excitation on the analogous reactions in
QCISD(T)/6-31G" calculation$ and the product energetics ND5 +PhOH.
were calculated using thermochemical data in the
literature®=* As shown, there are two hydrogen-bonded com-ll. EXPERIMENT
plexes, interconverting by intracomplex proton transfer. The
calculated barrier to interconversion depends on the level o(fj
theory, but is clearly small compared to the available energy.
There are also two ring-bound complexes in which the;ND
L)Soscsizgdsln;r:iﬂ,e \gﬂ O'tl‘: rli(;r;]e 'Pr?érreo;l;:)agégttgrgzoa2?&%3; ?rmgd into a beam with narrow temporal and velocity dis-
barrier separating the ring énd hydrogen-bonded geometriergsIbum.nS (15 psec and_ 300 m/sec, respectMelyhen n-

. jécted into an octapole ion guide, that guides them through a
although still well below the energy of separated

i . scattering cell containing %10 ° Torr of PhOH vapor.
ND; +PhOH reactants. There are also four distinct pmducbroduct ions, together with unreacted KDare collected by

Xhe octapole, then transferred into a second, longer octapole
where their velocities can be measured by time-of-flight
(TOF). TOF is also used to calibrate the collision energy
scale. Finally, ions are mass-analyzed and counted by a mul-
We recently reportéda study of the reaction of PhOH gchapnel scalgr'. We ver?ﬁed that reaction was occurring un-
er single collision conditions by measuring over a range of

with ND;, i.e., the same reactive systefiND;:PhOH|™, ; .
but starting in the lower eneray reactant charae state. In th stcatterlng cell pressures, to see that the cross sections are
9 gy 9 ' agressure-independent.

reaction, both ring-bound and hydrogen-bonded complexe
are important intermediates, and two major product channel
are observed: PhOD-ND,H; and PhG-NDsH*. There
was also significant dissociation of the intermediate com-  The cross sections for all product channels with measur-
plexes back to PhOFH+ND; reactants. These exit channels able intensity are shown in Fig. 2, for I\IDin its ground
correspond to the CT/X, HA, and CT channels in Fig. 1,state and withv, =3 and 5 excitation. Only the two charge
respectively. Perhaps the most interesting and surprising réransfer channels are observed:

The experimental and analysis methodologies have been
escribed previously® Briefly, ND; with variable excita-
on in the v; umbrella vibration was generated by REMPI
through theB and C intermediate states® The ions are

channels are charge transfé€T) and CT with H/D ex-
change(CT/X). Next is hydrogen abstractiofiHA) produc-
ing ND;H" +PhO, and highest is proton transf@T), pro-
ducing PhOHD +ND,.

M. RESULTS
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For comparison, the collision cross section is plotted as &IG. 2. Cross sections for charge transfef: filled symbols and charge
heavy solid ”ne-o'collision is taken as the greater of the hard transfer with H/D .exch.angéI:T/X: open symbol}sas afun(.:ti.on of coIIision.

: 2 . energy and ND vibrational state. Also shown is the collision cross section
sphere Cr0$S SeCtldﬁu&; A ) or Cf_iptur_e cross section, cal- see teXt Main figure: cross sections vs collision energy. Inset: CT cross
culated using the statistical adiabatic channel theory Oiections vs total energy.

Troe? The measured charge transfer efficiency
(oct!ocoiision) 1S ~70% at low energies, declining to 40% by
2 eV.

The kinematics in this system are such that at low colli- o .
sion energies, the velocity of the center-of-mass in the |aistates. Because it is likely that we lose some slow ions, how-
frame (V¢y) is only a few hundred m/s, thus back-scatteredeVer, the absolute cross section at low collision energies
product ions have low, or even negative velocities in the latshould be regarded as a lower limit.
frame. To collect these slow or back-scattered ions, the ion Note that the CT/X product ion has the same m&ss
lens used to inject ions into the scattering octapole is biaseds the CT product with on&C substitution. At high colli-
a few tenths of a volt positive with respect to the octapole, sGion energies the mass 95 signal is, within the uncertainty,
as to reflect back-scattered ions. In addition, we bias theust 6.67% of the mass 94 signal, as expected if this channel
second octapole 1.5 volts negative with respect to the scajyere entirely due to'3C contamination(1.1% 3C abun-
tering octapole, to help extract and transmit slow produciyance. At low energies the 95 signal is about 12% of the CT

ions. N.onetheless, there can be small poten.tlal bam’ers in ﬂkqgnal, indicating real CT/X product. The cross section plot-
scattering octapole that can reduce detection efficiency for

slow ions. As these barriers vary from day to day, we findted in Fig. 2 has been corrected for tH€ contribution. One

that the cross section at low eneraies has hiaher- i swprise was that no signal is observed for the hydrogen ab-
gies has higher-than-usual = ) _ )

uncertainty. The cross sections reported are averages of B¢ 2ction channel, even though this channel is only slightly
least several runs on different days, and the repeatabilit}fSS €xoergic than CT. Note that in reaction of the
ranges from+8 A? at Eqyjision=0.3€V, to+2 AZ at 2 eV, hOH"+ND; charge state, the analogous product is ob-
corresponding to about10% over the entire energy range. S€rved, even though the reaction is endoergic for that charge
Because all cross sections were measured under identicsfate. No signal is observed for the PT reaction, either, pre-
conditions, the repeatability is a reasonable estimate for theumably reflecting the fact that PT is substantially less ener-
error in comparing cross sections for different vibrationalgetically favorable.
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There are two ways of looking at the vibrational effects. TABLE |. RRKM lifetimes and branching ratios.
When plotted versus collision energy, there is no effect of Hydrogen-bonded Direct collision
vibration on the CT reaction at low energies and weak inhi¢_ _ (ev) lifetime (fseq time (fseg
bition at high energies. Another common way of plotting

vibrational effects is to compare cross sections for different 24218 ii
reactant states as a function of total energy. As shown inthe <100° 30
inset to Fig. 2, partitioning energy from collision energy to 2.0 <100 21

vibration leads to substantial increases in apparent CT reac—— - — )
tivity at low total energies. This “effect” really has nothing a;';e}ﬂmr?:é?;’," the range required for the energy randomization assumed in
to do with vibration. Rather, it originates entirely from the '

increase inoc,preattendant on decreasing collision energy.

Note that the inhibition at high collision energies disappears,p e the PhOF+ND, products, so that even at our lowest
when plotted against total energy, indicating that energy i ision energies, the available energy is about twice the

ND; vibration and collision energy have similar effects at complex binding energy. The RRKM results are summarized
high energies. For the CT/X reaction, the small cross sectiofy Taple 1. To give some idea how the lifetimes compare to
and*C subtraction process increase the experimental UNCefne time scale for direct scattering, we also give a “direct

tgiryt_y. Nonetheless, there is clearly significant vibrational in-.qision time,” defined arbitrarily as the time required for
hibition of the CT/X channel. relative motion by 1 A. Note that the lifetime of the
~ Measurements of velocity distributions for the productpyqrogen-bonded complex is significantly longer than the
ions usually provide considerable additional dynamical in-gjrect collision time for low energies, but probably mecha-
sight. Two pieces of information can be inferred from suchpstically insignificant at high energies. Lifetimes are not
distributions. If reaction proceeds via a collision mtermedlategi\,en for the more weakly bound, ring-coordination com-

with lifetime long compared to its rotational period, the re- plexes, as they are too short to be mechanistically significant
sulting axial velocity distributions must be forward— gt gl collision energies.

backward symmetric with respect ¥¢y. Conversely, an
asymmetric distribution implies a direct reaction where the
collision time is short, and allows the preferred scattering'v' DISCUSSION
direction to be determined. In addition, the maximum devia- ~ For a system like this, with deep potential wells that
tion of the velocity distribution fronVcy is a measure of the might stabilize intermediate complexes, there are several
maximum energy going into recoil of the products. charge transfer mechanisms that may contribute. At one ex-
As noted, the kinematics in this system are such for lowreme is capture into a complex, from which CT and CT/X
collision energies, a large fraction of the range of possiblgyroducts are possible dissociation channels. The other ex-
product ion velocities is at small or negative lab velocities.treme is long-range charge transfer, where the charge is
The negative part of the velocity distribution cannot be di-transferred at large intermolecular separations, at which point
rectly measured in our configuration, and the velocities ofthe intermolecular interaction is weak. Note that long-range
slow ions are easily distorted by surface potentials on th&T can occur both in large impact parameter collisions,
octapole. We estimate that the minimum reliably-measuregvhere the reactants never come into intimate contact, and
lab velocity is about 500 m/sec for this system. At low en-during the approach or separation phases of more intimate
ergies,Vcy is below 500 m/s, and only the forward-scatteredcollisions. Because the probability of collisions at given im-
tail of the velocity distribution can be measured. Only at thepact parametefb) is proportional tob, the collision cross
highest energies ¥ ¢y large enough to allow measurement section is dominated by lardecollisions. As a consequence,
of a significant fraction of the backward-scattered part of then systems where long-range CT is efficient, it is the domi-
velocity distribution. AtE qsion=2 €V, the distribution is nant mechanism, and the CT cross section is generally quite
clearly backward-peaked, although quite broad and extendarge—sometimes in excess of the hard sphere cross section.
ing well into the forward hemispheré/\/e define “forward” The factor controlling the efficiency of long-range CT is
as product ions with velocities in the direction of the initial conservation of energy, i.e., the requirement that the CT exo-
ion motion) We have not attempted to fit the distribution, as ergicity must somehow be converted to other forms of en-
there is still a significant velocity range that is missed. Noergy in the products. At long-range, intermolecular forces are
useful information can be extracted for the low energy CT ortoo weak to allow significant coupling into recoil energy of
CT/X channels. the products, and there are no impulsive forces that might
RRKM calculations of complex lifetimes and product excite product vibrational states. As a consequence, long-
branching ratios were performed to aid interpretation. Werange CT is only efficient if there are product states that are
used the RRKM program of Zhu and HaSayith its direct  near-resonant with, and which have substantial wave func-
state count algorithm, and oab initio frequencies and en- tion overlap with the reactant statge., large Franck—
ergetics. The calculations assume orbiting transitionCondon factors If such states do not exist, then intimate
state$! " for dissociation of the complexes, and were donecollisions are required to distribute the CT exoergicity into
for complexes with angular momentum equal to the averageroduct degrees of freedom.
L leading to capture in the statistical adiabatic channel Because there can be little momentum transfer in large
model. Recall that the reactant charge state lies 1.58 eimpact parameter collisions, the clearest signature of efficient
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long-range CT is product ions that are very slow in the labtime becomes mechanistically significant, and we have no
frame, i.e., sharply back-scattered in the center-of-maseecoil velocity information providing insight into collision
frame.(Long-range CT could also occur in smhltollisions  time scales. The product branching ratios suggest, however,
where momentum transfer is efficient, however, laogeol-  that CT continues to be dominated by collisions that do not
lisions will always dominate.CT mediated by a long-lived trap into the hydrogen-bonded well. In our previous study of
complex will give product velocity distributions that are the PhOH +ND; system’ we showed that H/D exchange
forward—backward symmetric with respectMgy,, typically ~ occurs in the hydrogen-bonded complex, and that only the
with little energy partitioned into recoil. The intermediate hydroxyl and ammonia hydrogen atoms are exchanged. We
case, CT occurring by impulsive short-lived collisions, typi- also reported RRKM rates for both intracomplex H/D ex-
cally gives broad angular and energy distributions, with thechange and for dissociation of the complex. Because three of
details depending on the range of impact parameters leadirthe four exchanging atoms are deuterium, we would expect a
to CTS substantial fraction of CT/X products at low collision ener-
The observation of an asymmetric velocity distribution gies, if CT occurred via a statistical, hydrogen-bonded com-
at high collision energies indicates that CT is dominated byplex. Instead, the CT/X cross section is only a few percent of
collisions with time scales shorter than the rotational periodhe total, suggesting that more than 90% of CT does not
of the collision compleX~1.8 pse&.! This result is certainly  involve a statistical complex formation, even at low collision
consistent with the negligible RRKM lifetime calculated at energies. This conclusion is also consistent with nonobserva-
high energies. The velocity distribution is back-scatteredtion of HA products—another decay channel for the
however it is very broad, and extends well into the forwardhydrogen-bonded compléxt appears that in slow collisions
direction. The broad distribution indicates considerable mothat might be expected to trap into the hydrogen-bonded
mentum transfer, ruling out dominance by a long-range CTwell, the 1.58 eV of electronic energy is released early in the
mechanism. High energy CT appears to occur over a wideollision, and is sufficient to cause dissociation to products
range of impact parameters, with low impact parameterbefore energy can be randomized.
leading to forward-scattered product ions, and larger impact In summary, the data suggest that CT takes place prima-
parameters leading to sideways or back-scattered produdty in intimate collisions at all energies, and that the colli-
ions. sion time scale remains short, except in the small fraction of
The absence of long-range CT is probably a conselow energy collisions where hydrogen-bonded complexes
guence of the large CT exoergicity. In a long-range mechaform. The cross section for CT, including CT/X, is substan-
nism, the exoergicity1.58 e\j must go primarily into vibra- tially less than the collision cross section at high energies,
tions of the products. PhOH does not undergo a largeorresponding to efficiency of only 40%. The efficiency is
geometry change upon ionization, and as a consequengeobably limited by the need to put high vibrational energies
there are few Franck—Condon-active vibrations. For exinto the products. The axial velocity measurements indicate
ample, the He | photoelectron spectrum of PhOH is narrowthat the average product recoil energy is considerably less
with only a small probability for more thar-0.3 eV of vi-  than the collision energy. Internal modes of the products
brational excitatiort* Because ND undergoes a planar-to- must, therefore, accommodate both the exoergidity8 eV}
pyramidal transition upon neutralization, its, umbrella  and a substantial fraction of the collision energy. Evidently,
bend vibration is strongly Franck—Condon active. Ebateonly ~40% of high energy collisions are able to accomplish
et al’® have calculatedr, level energies and Franck— the requiredE, T to V conversion. The inhibition observed
Condon factors for NB(v3 )<NDs(v,) transitions withv;  from »; excitation is consistent with this picture. The two
and v, up to 8. Starting with NB (v, =0), if only half the  vibrational states correspond to 0.27 and 0.46 eV, respec-
CT exoergicity must go intov,, this corresponds to tively, thus significantly increasing the total energy that must
ND3(v,=8), and the Franck—Condon factor is only 0.003. be accommodated in product vibration. As shown in the inset
For large reactant molecules, long-range CT may be ofo Fig. 2, vibrational energy and collision energy have simi-
limited significance for geometric reasons. CT cannot occular effects, suggesting that total energy is the determining
until the interreactant separation is small enodgpically a  factor.
few angstrompto give a significant matrix element coupling It seems reasonable to attribute the increase in CT effi-
the two charge states. Long-range CT occurs only for thatiency at low collision energies mostly to slower approach
range of impact parameters where trajectories reach this critand impact, increasing the interaction time and the probabil-
cal separation, but do not penetrate to shorter ranges wheity for the large energy redistributions required. There may
substantial momentum transfer occurs. For large moleculeslso be an enhancement simply from the fact that there is less
the repulsive wall is at large separations, diminishing thetotal energy in the reactants that must be partitioned to the
relative importance of such collisions. Even so, for reactantproducts, however, the absence of vibrational inhibition at
the size of NI and phenol, efficient long-range CT can low energies suggests that collision energy, rather than total
significantly enhance the cross section. For example, if thenergy, is the determining factor in this energy range.
critical separation for charge state mixing is just 2.5 A The vibrational inhibition observed for the CT/X chan-
greater than the hard sphere separation, then efficient longel is not surprising. Because this reaction involves H/D ex-
range CT would go with a cross section 6fL50 A2, i.e.,  change, long collision times are required. Addition of signifi-
more than five times the observed cross section. cant amounts of reactant vibrational energy is expected to
At lower energies, the hydrogen-bonded complex life-reduce the(already smajl probability for forming a long-
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