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Charge transfer between ND 3
¿
„n2

¿
… and phenol

Ho-Tae Kim, Richard J. Green, and Scott L. Anderson
Department of Chemistry, University of Utah, 315 South 1400 East RM Dock,
Salt Lake City, Utah 84112-0850

~Received 1 June 2000; accepted 21 June 2000!

Reactions of vibrationally state-selected ND3
1 with phenol were studied in a guided beam

arrangement. There are four exoergic channels, of which only charge transfer~CT! has 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. ND3

1 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 by ND3

1 vibration
and collision energy. The small vibrational effects are in contrast to the large effects observed in
reaction of PhOH1(n6a ,n12) with ND3. © 2000 American Institute of Physics.
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I. INTRODUCTION

We have found that measurements of the effects of
actant vibrational excitation and collision energy, togeth
with product recoil velocity distributions, provide a powerf
tool for unraveling reaction dynamics in relatively compl
systems. We report here a study of the reaction of N3

1

(n2
150,3,5) with phenol—a prototypical system for th

study of atom and charge transfer reactions mediated
hydrogen-bonded complexes. The energetics for
@ND3:PhOH#1 system are shown in Fig. 1. The bindin
energies of the complexes are taken from o
QCISD~T!/6-31G* calculations1 and the product energetic
were calculated using thermochemical data in
literature.2–4 As shown, there are two hydrogen-bonded co
plexes, interconverting by intracomplex proton transfer. T
calculated barrier to interconversion depends on the leve
theory, but is clearly small compared to the available ene
There are also two ring-bound complexes in which the N3

is coordinated, via its lone pair orbital, at ortho and pa
positions on the PhOH ring. There appears to be a signific
barrier separating the ring and hydrogen-bonded geomet
although still well below the energy of separat
ND3

11PhOH reactants. There are also four distinct prod
channels with substantial exoergicity. The two lowest ene
channels are charge transfer~CT! and CT with H/D ex-
change~CT/X!. Next is hydrogen abstraction~HA! produc-
ing ND3H

11PhO, and highest is proton transfer~PT!, pro-
ducing PhOHD11ND2.

We recently reported1 a study of the reaction of PhOH1

with ND3, i.e., the same reactive system,@ND3:PhOH#1,
but starting in the lower energy reactant charge state. In
reaction, both ring-bound and hydrogen-bonded comple
are important intermediates, and two major product chan
are observed: PhOD11ND2H; and PhO1ND3H

1. There
was also significant dissociation of the intermediate co
plexes back to PhOH11ND3 reactants. These exit channe
correspond to the CT/X, HA, and CT channels in Fig.
respectively. Perhaps the most interesting and surprising
11070021-9606/2000/113(24)/11079/5/$17.00
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sult of that study was that excitation of low-frequency, i
plane ring modes~n6a and n12! of PhOH1 substantially af-
fected the chemistry. For example, the PhOD11ND2H
channel was enhanced by over a factor of two, even tho
there is no obvious connection between the vibrational m
tion and the reaction coordinate for this H/D exchange re
tion. The explanation proposed was that the ring vibratio
promote isomerization from ring-bound to hydrogen-bond
complexes, allowing the ring-bound complexes to serve
precursors for hydrogen bond formation. The principle m
tivation of the present study was to examine the effects
ND3

1 vibrational excitation on the analogous reactions
ND3

11PhOH.

II. EXPERIMENT

The experimental and analysis methodologies have b
described previously.5,6 Briefly, ND3

1 with variable excita-
tion in then2

1 umbrella vibration was generated by REMP
through theB and C intermediate states.7,8 The ions are
formed into a beam with narrow temporal and velocity d
tributions ~15 msec and 300 m/sec, respectively!, then in-
jected into an octapole ion guide, that guides them throug
scattering cell containing 631025 Torr of PhOH vapor.
Product ions, together with unreacted ND3

1 , are collected by
the octapole, then transferred into a second, longer octa
where their velocities can be measured by time-of-flig
~TOF!. TOF is also used to calibrate the collision ener
scale. Finally, ions are mass-analyzed and counted by a
tichannel scalar. We verified that reaction was occurring
der single collision conditions by measuring over a range
scattering cell pressures, to see that the cross sections
pressure-independent.

III. RESULTS

The cross sections for all product channels with meas
able intensity are shown in Fig. 2, for ND3

1 in its ground
state and withn2

153 and 5 excitation. Only the two charg
transfer channels are observed:
9 © 2000 American Institute of Physics

to AIP copyright, see http://ojps.aip.org/jcpo/jcpcpyrts.html.
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ND3
11PhOH→PhOH11ND3 ~CT)

DH521.58 eV,

→PhOD11ND2H ~CT/X)

DH521.59 eV.

For comparison, the collision cross section is plotted a
heavy solid line.scollision is taken as the greater of the ha
sphere cross section~;63 Å2! or capture cross section, ca
culated using the statistical adiabatic channel theory
Troe.9 The measured charge transfer efficien
(sCT/scollision) is ;70% at low energies, declining to 40% b
2 eV.

The kinematics in this system are such that at low co
sion energies, the velocity of the center-of-mass in the
frame (VCM) is only a few hundred m/s, thus back-scatter
product ions have low, or even negative velocities in the
frame. To collect these slow or back-scattered ions, the
lens used to inject ions into the scattering octapole is bia
a few tenths of a volt positive with respect to the octapole
as to reflect back-scattered ions. In addition, we bias
second octapole 1.5 volts negative with respect to the s
tering octapole, to help extract and transmit slow prod
ions. Nonetheless, there can be small potential barriers in
scattering octapole that can reduce detection efficiency
slow ions. As these barriers vary from day to day, we fi
that the cross section at low energies has higher-than-u
uncertainty. The cross sections reported are averages
least several runs on different days, and the repeatab
ranges from68 Å2 at Ecollision50.3 eV, to62 Å2 at 2 eV,
corresponding to about610% over the entire energy rang
Because all cross sections were measured under iden
conditions, the repeatability is a reasonable estimate for
error in comparing cross sections for different vibration

FIG. 1. Energetics for the@ND3:PhOH#1 system.
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states. Because it is likely that we lose some slow ions, h
ever, the absolute cross section at low collision energ
should be regarded as a lower limit.

Note that the CT/X product ion has the same mass~95!
as the CT product with one13C substitution. At high colli-
sion energies the mass 95 signal is, within the uncertai
just 6.67% of the mass 94 signal, as expected if this chan
were entirely due to13C contamination~1.1% 13C abun-
dance!. At low energies the 95 signal is about 12% of the C
signal, indicating real CT/X product. The cross section pl
ted in Fig. 2 has been corrected for the13C contribution. One
surprise was that no signal is observed for the hydrogen
straction channel, even though this channel is only sligh
less exoergic than CT. Note that in reaction of t
PhOH11ND3 charge state, the analogous product is o
served, even though the reaction is endoergic for that cha
state. No signal is observed for the PT reaction, either, p
sumably reflecting the fact that PT is substantially less en
getically favorable.

FIG. 2. Cross sections for charge transfer~CT: filled symbols! and charge
transfer with H/D exchange~CT/X: open symbols! as a function of collision
energy and ND3

1 vibrational state. Also shown is the collision cross secti
~see text!. Main figure: cross sections vs collision energy. Inset: CT cro
sections vs total energy.
to AIP copyright, see http://ojps.aip.org/jcpo/jcpcpyrts.html.
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There are two ways of looking at the vibrational effec
When plotted versus collision energy, there is no effect
vibration on the CT reaction at low energies and weak in
bition at high energies. Another common way of plottin
vibrational effects is to compare cross sections for differ
reactant states as a function of total energy. As shown in
inset to Fig. 2, partitioning energy from collision energy
vibration leads to substantial increases in apparent CT r
tivity at low total energies. This ‘‘effect’’ really has nothin
to do with vibration. Rather, it originates entirely from th
increase inscaptureattendant on decreasing collision energ
Note that the inhibition at high collision energies disappe
when plotted against total energy, indicating that energy
ND3

1 vibration and collision energy have similar effects
high energies. For the CT/X reaction, the small cross sec
and13C subtraction process increase the experimental un
tainty. Nonetheless, there is clearly significant vibrational
hibition of the CT/X channel.

Measurements of velocity distributions for the produ
ions usually provide considerable additional dynamical
sight. Two pieces of information can be inferred from su
distributions. If reaction proceeds via a collision intermedi
with lifetime long compared to its rotational period, the r
sulting axial velocity distributions must be forward
backward symmetric with respect toVCM . Conversely, an
asymmetric distribution implies a direct reaction where
collision time is short, and allows the preferred scatter
direction to be determined. In addition, the maximum dev
tion of the velocity distribution fromVCM is a measure of the
maximum energy going into recoil of the products.

As noted, the kinematics in this system are such for l
collision energies, a large fraction of the range of possi
product ion velocities is at small or negative lab velocitie
The negative part of the velocity distribution cannot be
rectly measured in our configuration, and the velocities
slow ions are easily distorted by surface potentials on
octapole. We estimate that the minimum reliably-measu
lab velocity is about 500 m/sec for this system. At low e
ergies,VCM is below 500 m/s, and only the forward-scatter
tail of the velocity distribution can be measured. Only at t
highest energies isVCM large enough to allow measureme
of a significant fraction of the backward-scattered part of
velocity distribution. At Ecollision52 eV, the distribution is
clearly backward-peaked, although quite broad and exte
ing well into the forward hemisphere.~We define ‘‘forward’’
as product ions with velocities in the direction of the initi
ion motion.! We have not attempted to fit the distribution,
there is still a significant velocity range that is missed.
useful information can be extracted for the low energy CT
CT/X channels.

RRKM calculations of complex lifetimes and produ
branching ratios were performed to aid interpretation. W
used the RRKM program of Zhu and Hase,10 with its direct
state count algorithm, and ourab initio frequencies and en
ergetics. The calculations assume orbiting transit
states11–13 for dissociation of the complexes, and were do
for complexes with angular momentum equal to the aver
L leading to capture in the statistical adiabatic chan
model. Recall that the reactant charge state lies 1.58
Downloaded 08 Jan 2001  to 128.110.196.226.  Redistribution subject 
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above the PhOH11ND3 products, so that even at our lowe
collision energies, the available energy is about twice
complex binding energy. The RRKM results are summariz
in Table I. To give some idea how the lifetimes compare
the time scale for direct scattering, we also give a ‘‘dire
collision time,’’ defined arbitrarily as the time required fo
relative motion by 1 Å. Note that the lifetime of th
hydrogen-bonded complex is significantly longer than
direct collision time for low energies, but probably mech
nistically insignificant at high energies. Lifetimes are n
given for the more weakly bound, ring-coordination com
plexes, as they are too short to be mechanistically signific
at all collision energies.

IV. DISCUSSION

For a system like this, with deep potential wells th
might stabilize intermediate complexes, there are sev
charge transfer mechanisms that may contribute. At one
treme is capture into a complex, from which CT and CT
products are possible dissociation channels. The other
treme is long-range charge transfer, where the charg
transferred at large intermolecular separations, at which p
the intermolecular interaction is weak. Note that long-ran
CT can occur both in large impact parameter collisio
where the reactants never come into intimate contact,
during the approach or separation phases of more intim
collisions. Because the probability of collisions at given im
pact parameter~b! is proportional tob, the collision cross
section is dominated by largeb collisions. As a consequence
in systems where long-range CT is efficient, it is the dom
nant mechanism, and the CT cross section is generally q
large—sometimes in excess of the hard sphere cross sec

The factor controlling the efficiency of long-range CT
conservation of energy, i.e., the requirement that the CT e
ergicity must somehow be converted to other forms of
ergy in the products. At long-range, intermolecular forces
too weak to allow significant coupling into recoil energy
the products, and there are no impulsive forces that m
excite product vibrational states. As a consequence, lo
range CT is only efficient if there are product states that
near-resonant with, and which have substantial wave fu
tion overlap with the reactant state~i.e., large Franck–
Condon factors!. If such states do not exist, then intima
collisions are required to distribute the CT exoergicity in
product degrees of freedom.

Because there can be little momentum transfer in la
impact parameter collisions, the clearest signature of effic

TABLE I. RRKM lifetimes and branching ratios.

Ecollision ~eV)
Hydrogen-bonded

lifetime ~fsec!
Direct collision

time ~fsec!

0.2 520 65
0.5 240 41
1.0 ,100a 30
2.0 ,100 21

aLifetime below the range required for the energy randomization assume
RRKM theory.
to AIP copyright, see http://ojps.aip.org/jcpo/jcpcpyrts.html.
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long-range CT is product ions that are very slow in the
frame, i.e., sharply back-scattered in the center-of-m
frame.~Long-range CT could also occur in smallb collisions
where momentum transfer is efficient, however, largeb col-
lisions will always dominate.! CT mediated by a long-lived
complex will give product velocity distributions that ar
forward–backward symmetric with respect toVCM , typically
with little energy partitioned into recoil. The intermedia
case, CT occurring by impulsive short-lived collisions, typ
cally gives broad angular and energy distributions, with
details depending on the range of impact parameters lea
to CT.6

The observation of an asymmetric velocity distributi
at high collision energies indicates that CT is dominated
collisions with time scales shorter than the rotational per
of the collision complex~;1.8 psec!.1 This result is certainly
consistent with the negligible RRKM lifetime calculated
high energies. The velocity distribution is back-scatter
however it is very broad, and extends well into the forwa
direction. The broad distribution indicates considerable m
mentum transfer, ruling out dominance by a long-range
mechanism. High energy CT appears to occur over a w
range of impact parameters, with low impact paramet
leading to forward-scattered product ions, and larger imp
parameters leading to sideways or back-scattered pro
ions.

The absence of long-range CT is probably a con
quence of the large CT exoergicity. In a long-range mec
nism, the exoergicity~1.58 eV! must go primarily into vibra-
tions of the products. PhOH does not undergo a la
geometry change upon ionization, and as a consequ
there are few Franck–Condon-active vibrations. For
ample, the He I photoelectron spectrum of PhOH is narr
with only a small probability for more than;0.3 eV of vi-
brational excitation.14 Because ND3

1 undergoes a planar-to
pyramidal transition upon neutralization, itsn2 umbrella
bend vibration is strongly Franck–Condon active. Eb
et al.15 have calculatedn2 level energies and Franck
Condon factors for ND3

1~n2
1!⇔ND3(n2) transitions withn2

1

andn2 up to 8. Starting with ND3
1(n2

150), if only half the
CT exoergicity must go inton2 , this corresponds to
ND3(n258), and the Franck–Condon factor is only 0.00

For large reactant molecules, long-range CT may be
limited significance for geometric reasons. CT cannot oc
until the interreactant separation is small enough~typically a
few angstroms! to give a significant matrix element couplin
the two charge states. Long-range CT occurs only for t
range of impact parameters where trajectories reach this c
cal separation, but do not penetrate to shorter ranges w
substantial momentum transfer occurs. For large molecu
the repulsive wall is at large separations, diminishing
relative importance of such collisions. Even so, for reacta
the size of ND3

1 and phenol, efficient long-range CT ca
significantly enhance the cross section. For example, if
critical separation for charge state mixing is just 2.5
greater than the hard sphere separation, then efficient l
range CT would go with a cross section of;150 Å2, i.e.,
more than five times the observed cross section.

At lower energies, the hydrogen-bonded complex li
Downloaded 08 Jan 2001  to 128.110.196.226.  Redistribution subject 
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time becomes mechanistically significant, and we have
recoil velocity information providing insight into collision
time scales. The product branching ratios suggest, howe
that CT continues to be dominated by collisions that do
trap into the hydrogen-bonded well. In our previous study
the PhOH11ND3 system,1 we showed that H/D exchang
occurs in the hydrogen-bonded complex, and that only
hydroxyl and ammonia hydrogen atoms are exchanged.
also reported RRKM rates for both intracomplex H/D e
change and for dissociation of the complex. Because thre
the four exchanging atoms are deuterium, we would expe
substantial fraction of CT/X products at low collision ene
gies, if CT occurred via a statistical, hydrogen-bonded co
plex. Instead, the CT/X cross section is only a few percen
the total, suggesting that more than 90% of CT does
involve a statistical complex formation, even at low collisio
energies. This conclusion is also consistent with nonobse
tion of HA products—another decay channel for t
hydrogen-bonded complex.1 It appears that in slow collisions
that might be expected to trap into the hydrogen-bond
well, the 1.58 eV of electronic energy is released early in
collision, and is sufficient to cause dissociation to produ
before energy can be randomized.

In summary, the data suggest that CT takes place pri
rily in intimate collisions at all energies, and that the col
sion time scale remains short, except in the small fraction
low energy collisions where hydrogen-bonded comple
form. The cross section for CT, including CT/X, is substa
tially less than the collision cross section at high energ
corresponding to efficiency of only 40%. The efficiency
probably limited by the need to put high vibrational energ
into the products. The axial velocity measurements indic
that the average product recoil energy is considerably
than the collision energy. Internal modes of the produ
must, therefore, accommodate both the exoergicity~1.58 eV!
and a substantial fraction of the collision energy. Eviden
only ;40% of high energy collisions are able to accompli
the requiredE, T to V conversion. The inhibition observe
from n2

1 excitation is consistent with this picture. The tw
vibrational states correspond to 0.27 and 0.46 eV, resp
tively, thus significantly increasing the total energy that m
be accommodated in product vibration. As shown in the in
to Fig. 2, vibrational energy and collision energy have sim
lar effects, suggesting that total energy is the determin
factor.

It seems reasonable to attribute the increase in CT e
ciency at low collision energies mostly to slower approa
and impact, increasing the interaction time and the proba
ity for the large energy redistributions required. There m
also be an enhancement simply from the fact that there is
total energy in the reactants that must be partitioned to
products, however, the absence of vibrational inhibition
low energies suggests that collision energy, rather than t
energy, is the determining factor in this energy range.

The vibrational inhibition observed for the CT/X chan
nel is not surprising. Because this reaction involves H/D
change, long collision times are required. Addition of sign
cant amounts of reactant vibrational energy is expected
reduce the~already small! probability for forming a long-
to AIP copyright, see http://ojps.aip.org/jcpo/jcpcpyrts.html.
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lived complex, and also to shorten the lifetime. Even at
lowest collision energies, the RRKM lifetime of th
hydrogen-bonded complex is comparable to the time s
for H/D exchange within the complex,1 thus any shortening
of lifetime will decrease the exchange probability.

V. CONCLUSION

Reaction of ND3
1 with phenol is dominated by charg

transfer, with undetectably small cross sections for the e
ergic hydrogen abstraction or proton transfer reactions. M
CT goes via direct intimate collisions at all energies, and
efficiency of CT is reduced by the need to accommodate
large exoergicity. Vibrational effects are small, and can
rationalized in terms of the vibrational energy.
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