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Dissociative Recombination of 
HD+ in Selected Vibrational 

Quantum States 
Z. Amitay, A. Baer, M. Dahan, L. Knoll, M. Lange, J. Levin, 
I. F. Schneider, D. Schwalm, A. Suzor-Weiner, Z. Vager, 

R. Wester, A. Wolf, D. Zajfman* 

Rate coefficients for dissociative recombination of HD- in selected vibrational 
states have been measured by a combination of two molecular fragment 
imaging methods by using the heavy-ion storage ring technique. Recombination 
fragment imaging yields state-to-state reaction rates. These rates are converted 
to rate coefficients by using vibrational level populations of the stored ion 
beam, derived from nuclear coordinate distributions measured on extracted 
ions. The results show strongly increasing rate coefficients for high vibrational 
excitation, where additional dissociation routes open up, in agreement with a 
theoretical calculation. Very low rate coefficients are found for certain, isolated 
vibrational states. 

The last 20 years have seen tremendous 
progress in our understanding of e1emental-y 
chemical reactions. Molecular-beam experi- 
ments have pro~vided very detailed infolma- 
tion about the dyna~nics of inelastic and re- 
active collisions (1). Supersonic expansion. 
which leads to a strong reduction of the tem- 
perahre relevant for the nlolecular level pop- 
ulation. has been ~videly exploited to analyze 
neutral ~nolecules in their vibrational ground 
state. Much greater experinlental difficulties 
are encountered in producing nlolecules and 
~nolecular ions in well-defined excited states, 
and studies of their collision dynamics, im- 
portant in such areas as high-temperature 

colnbustion media or atmospheric processes 
under llonequilibriuln conditions (2);  are 
scarce. 

D~ssociative reconlbination (DR) (3) of mo- 
lecular ions with free electsons is an elementaly 
reactive collision that is highly sensiti~~e to vi- 
brational excitation. In Inany partly ionized gas- 
phase emironinents, the process removes 
charged particles and produces neutral frag- 
ments can-ying considerable lunetic energy and 
often also intenla1 excitation. The process is 
therefore important in astrophysics and 
planeta~y science; for example, the DR of 0,' 
nlolecules is responsible for the prod~~ction of 
the so-called green-light e~nission (airglow) in 
Earth's ionosphere (4. 5). 
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for a variety of important species after relax- 
ation to the ~~ ib ra t~ona l  ground state (7). 
These measure~nents wit11 ~~ibrationally cold 
molecular ions revealed stluctures in the DR 
cross section that resulted fro111 unexpected 
recolnbination mechanisn~s (8, 9); in combi- 
nation with two- and three-dimensional 1110- 
lecular fragment inlaging techniques (lo), the 
contl~but~ons for n ell-defined final quantum 
states of the fragments could be measured 
Advanced theoretical calculations yielded 
good agreement with the data for ions in the 
vibrational ground state (11). 

For the experinlental approach used here 
the storage ring technique \vas extended to 
vield reaction rate coefficients for ~vibra- 
tionally excited molecular ions during their 
relaxation. The fragment imaging method al- 
lolvs us to determine relati~ve reaction rates 
for nlolecular ions in excited states with vi- 
brational quantuln numbers v ranging from 0 
to 7; by the simultaneous identification of the 
final fragment levels. it basically yields state- 
to-state reaction rates. This powerful tech- 
nique is co~nbined with an independent meth- 
od for nleasuring the ~'ibrational state distri- 
bution in the stored, relaxing beam. ~vhich 
uses Coulo~nb explosion imaging (CEI) (12, 
13) of molecular ions extracted fsom the ring; 
the measured recombination rates for the dif- 
ferent initial states can thus be converted into 
rate coefficients, which can be directly com- 
pared with theor).. 

A reaction well suited for initiating these 
studies is the DR of HDt with low-energy 
electrons (experimental energy spread -10 
meV). HD-' is the simplest molecular ion 
subject to vibrational relaxation by infrared 
emission. Its DR with low-energy electrons 
can be depicted as 

\\.here 1 7 1  denotes the orb~tal of the electron in 
the atomic fragments. Starting with the cap- 

Box MC-36, 76900 ~ u c h a r e s t - ~ a ~ u r e l e ,  Romania. relax to their vibrational ground state \vitl~in ture of an electron by the nlolecular ion. a 
* T ~  whom correspondence should be addressed, E. several seconds of storage time. Cross sec- rearrangelnent of the whole electronic cloud 
mail: fndaniel@wicc.weizmann.ac.il tions of DR were nleasured with this method leads to a transfer of kinetic energy to the 
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dlssoc~atlng nuclel The DR fiom loner lying The comb~natlon of these results then ylelds so that at short stolage ume. nhen the 1110- 
~lbratlonal states v of HD- pledom~nantly 
starts by electlon captule In the 'Cd doublq 
euclted, d ~ s s o c ~ a t ~ n g  state of neutral HD (Flg 
1) Thls state crosses all the \ ~blatlonal le\ els 
of HD at d~ffelent locations The recombl- 
nat~on rate thelefore stronglq depends on the 
vibrational excitation of the ion. For higher 
vibrational excitation. an additional effect in- 
T olvlng the next '118 d~ssoclatlve cur\ e and 
higher dissociatn e Rydberg states can be ex- 
pected. Figure 1 also illustrates that measure- 
ment of the kinetic energy release E,   den ti- 
fies both the imtlal and the final state of the 
reaction. .. 

The eupernnent n a s  carned out at the 
hlax-Planck-Inst~h~t fill Kernphys~k. Heldel- 
berg. Germany with the Test Storage Rillg 
(TSR) (14). A 2.0-MeV HDt beam produced 
by a standard Penning ion source was inject- 
ed into the TSR; typically lo7 particles cir- 
culated in the ring with a lifetime of -10 s. 
The vibrational cooling time of HD' is -300 - 
ms, depending on the initial vibrational exci- 
tation created in the ion source. The circulat- 
ing beam \vas merged with a 3.5-cm-diame- 
ter, quasimonochromatic electron beam over 
a length of 1.5 In; providing electrons at a 
typical density of 2 X lo6 cnl-' and a tem- 
perature of 10 meV in the comoving refer- 
ence frame Recomblnat~on fragments pro- 
duced 111 t h ~ s  lnteractlon reglon \\ ere detected 
as a function of the storage time t by using an 
imaging ~nicrochannel plate located 6 m 
downstream (10). Both the state-specific re- 
combination rates r,,(t) and the level popula- 
tions :LT,,(t) were measured as a function of 
storage time from injection (t = 0) to com- 
plete relaxation (t > 300 ms). thus probing a 
manifold of \vibrational state distributions. 

Fig. 1. Curves of the potential energy (U) for 
HD and HD', showing the electronic ground 
state of HDf together with the v = 0 to 4 
vibrational wave functions. The two lowest of 
the doubly excited dissociative states of HD 
('X,' and 311,) responsible for the DR of HD' at 
low energy are shown. The bars on the right 
mark the asymptotic energy for the principal 
quantum number n of one of the fragments. 

the DR rate coefficient ctv for molecular ions 
in a vibrational state v as 

with a nonnalizatioll constant K independent 
o f t  and v. This experiment aims to determine 
rate coefficients relative to a,,=,; therefore 
absolute normalizations of rv(t) and :'\L(t) are 
not required. 

The two-dimensional molecular fragment 
imaging technique (1 0) reveals the relative re- 
combination rates for different amounts of la- 
netic energy- release E ,  (and t h ~ ~  the state- 
specific reaction rates). The two atomic frag- 
ments prod~~ced in a recombination process 
move relative to each other according to the 
energy release E,, and their transverse distance 
D on arri~val at the detector is measured event 
by e~~en t .  The random orientations of the inter- 
n~~clear  axis and the random positions of the 
event \vertices ~vithin the interaction region re- 
sult in a distribution of the projected distances. 
For a given E,, the distribution rises fiom zero 
at D = 0 to a peak at distance Dl (molecules 
dissociating perpendicular to the beam direction 
at an interaction point lying closest to the de- 
tector) and then decreases again with an edge at 
the maximal distance D, (perpendicular orien- 
tation and most distant interaction point); both 
D, and D, vasy as VZ. Usually contribu- 
tions for different E, add up in the total distri- 
bution (1 0). 

Projected distance distributions for the 
DR of HDt were measured for different 
storage times, corresponding to different vi- 
brational state populations (Fig. 2, A to C). 
For vibrational states v 5 5, only the final 
electronic states with n = 2 are energetically 
accessible (Fig. 1); here. increasing vibration- 
al excitation just yields larger projected dis- 
tances. For v > 5. the n = 3 state is also open, 

Fig. 2. (A to C) Projected dis- 
tance distribution as mea- 
sured for the DR of HD-- at 
different storage times t: (A) 
10 ms < t < 20 ms; (0) 90 
ms < t < 100 ms; and (C) 
440 ms < t < 450 ms. The 
overall fits of the distribu- 
tions are shown for (0) and 
(C), and the individual contri- 
butions (v, n) are shown for 
the intermediate time inter- 
val. (D to F) Internuclear dis- 
tance distribution P,(R; t) of 
HD' as measured with the 
CEI technique for similar 
storage times: (D) 10 ms < t 
< 20 ms; (E) 90 ms < t < 
100 ms; and (F) t > 400 ms. 
For the long-time storage 
(F), the solid line represents 
the convoluted vibrational 
wave function squared of 
HDt in the v = 0 state. 

lecular ions are highly excited. many disso- 
ciations with a small value of D are observed 
(Fig. 2A). This part of the distribution rapidly 
decreases with time as the molecular ions 
cool down, and finally (Fig. 2C) the distribu- 
tion for only a single \value of E, is obtained, 
as expected for v = 0, iz = 2. 

Using analytic functions (10) for the pro- 
jected distance distribution. we fit the data 
accumulated for each time bin by a superpo- 
sition of co~llponents for different E,. As seen 
in Fig. 2B; each of the components contrib- 
utes to the distribution in well-separated re- 
gions so that unambiguous results for their 
relative size and thus for the state-specific 
rates r,(f) could be obtained. 

During the storage time, a small fraction of 
the bean1 was extracted from the TSR toward a 
ne\v beam line, where the vibrational state dis- 
tribution was measured with the CEI method. I11 
this method, the fast molecular ions impinge on 
a very thin target (70 A thick) and are stripped 
of their electrons. At 2-MeV bean1 energy, the 
stripping and dwell time in the foil are ~ n ~ l c h  
shorter than the natural rotation-vibration time 
of the molecular ions: therefore, the intern~~cle- 
ar distance R between the two bare n ~ ~ c l e i  is left 
unchanged by the stripping process, except for 
a small smearing effect as a result of multiple 
scattering of the projectile nuclei with the target 
atoms (15). After passing though the foil. the 
two bare nuclei repel each other through strong 
Coulomb repulsion. and their relative distance 
increases as the potential energy is transfolmed 
into kinetic energy in the center-of-mass fralne 
of reference. We determined this kinetic energy 
E by thee-dimensional imaging of each event, 
measuring the relati~ve distance and the times of 
impact of the two fragments. The disnibution of 
initial internuclear distances, P,(R; t), derived 
from the data with the simple Coulornb la\\ 
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E(R) = e2 R, ideally represents the superposi- 
tion of the squared T ~brational waT e functions 
*:(R) of HDf according to 

The experimentally derived distributions 
P,(R;t) are broadened as a result of multiple 
scattering by only 10 to 20%. For short stor- 
age time (10 ms < t < 20 ms), the distribu- 
tion of internuclear distances is very wide 
(Fig. 2D) as a result of the broad distribution 
of vibrational states populated on injection. 
After 400 ms, this distribution has become 
narrow and !no longer depends on the storage 
time (Fig. 2F). The molecular ions have 
cooled down to v = 0, and the measured 
distribution can be compared directly to the 
square of the ground-state vibrational wave 
function, !Pi(R), of HDt.  A Monte-Carlo 
algorithm (15) was used to calculate the ex- 
perimental R distribution, as influenced by 
multiple scattering, assuming the known 
wave function T\V2,(R); this yields very good 
agreement regarding the shape. At shorter 
times, distributions obtained by the same 
method for arbitray v were fitted with the 
relative populations ?Jv(t) as the only free 
parameters. The time evolution of the exper- 
imentally derived vibrational populations can 
be compared with calculated populations 
(Fig. 3A). The calculations assume a vertical 
transition during electron impact ionization in 
the ion source from the ground state of HD to 
HDf and use theoretical radiative lifetimes 
of the vibrational states (16, 17). Both the 
observed initial vibrational state distribution 
and its temporal evolution confirm these sim- 
ple theoretical predictions. 

To obtain the rate coefficients according to 

Fig. 3. (A) Time evolu- 
tion of the vibrational 
state population (0 5 v 
5 7) as obtained by fit- 
ting the P,(R;t) distribu- 
tions. The solid line is 
the relative population 
as obtained with the as- 
sumption of an initial 
Franck-Condon popula- 
tion and theoretical Life- 
times (16, 17). (B) DR 
relative rate coefficients 
for the various vibra- 
tional states for the dif- 
ferent time bins. The 
horizontal lines repre- 
sent the average value 
used as final values. 

Eq. 2. we used the time-dependent populations 
h',,(t). The state-specific recombination rates 
~; , ( t )  obtained from the DR fragment imaging 
measwement then yield relative rate coeffi- 
cients (Fig. 3B), which we found to be time 
independent within the statistical errors. Suit- 
able mean T alues (shoan as straight lmes) were 
extracted as the final exoemnental results. Con- 
tributions to the error bars from systematic er- 
rors due to different fitting procedures were 
also taken into account. The results are shown 
together wit11 the present theoretical predictions 
in Fig. 4, wvllich also include the previous the- 
oretical results by Takagi (18) and Nakashima 
et al. (19). Our calculatioll and Takagi's results 
are for the experimental electron energy distri- 
bution, whereas Nakashima's results hold for a 
ivIaxwvellian of 100 K. The theory we present 
here is based on the multichannel quantum 
defect method (20) and is the only one to take 
into account the higher energy dissociative 
curves (such as the 3rIp state shown in Fig. 
I), allowing the rate coefficients to be cal- 
culated for vibrational quantum numbers up to 
10. The overall trend of the theory is com- 
patible with the experimental results in the 
sense that the DR rate coefficients for high 
vibrational states v > 5 are considerably 
larger than those for the lower states; the 
experimental relative rate coefficients of 15 
to 40 for v = 6 and 7 are well reoroduced. 
Hence, the new dissociation routes opening 
up for the higher v states are in fact very 
efficient in increasing the recombination rate. 

For the low vibrational states, a large 
spread exists among the different theoretical 
oredictions as well as between these and the 
experimental results. One possible reason for 
such discrepancies is the slightly different 
It,' dissociative curves used in the various 
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o 1  
50 100 150 200 250 300 
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calculations. Indeed: the main factor affecting 
the DR rates for these states is the Franck- 
Condon overlap between the initial vibration- 
al state and the lowest dissociative state (Fig. 
1). For example, the low experimental value 
for v = 3 is reproduced by the calculation of 
Nakashima et a/. (19), who explicitly attrib- 
uted the low value to a vely poor Franck- 
Condon overlap. In general, the calculations 
succeed to reproduce some but not all of the 
measured values. 

For the high vibrational states, the strong 
increase of the recombination rate predicted 
already for v = 5 is experiinentally observed 
only for v 2 6, whereas for v = 5 a partic- 
ularly low value is found. In this case, we saw 
no major differences when we repeated our 
calculations using different sets of calculated 
potential cunres; we could not reproduce the 
experimental value for v = 5. An interesting 
feature of the v = 5 state is that it lies just 
below the opening of the 11 = 3 atomic limit 
(Fig. 1).  Part of the dissociating flux (though 
the 3rIg culve and higher dissociative states) 
could be directed toward this (closed) limit 
through diabatic transitions at an avoided 
crossing located at large internuclear distance 
and then redirected adiabatically to the auto- 
ionization region, which would result in a 
decrease of the DR rate for this specific state. 
The influence of such large-distance, avoided 
crossings is not taken into account in many 
molecular calculations because of insufficient 
knowledge of electronic interactions in this 
region. 

The recombination rates for selected vi- 
brational states we obtained here demonstrate 
the need for further theoretical work to un- 
derstand the influence of vibrational excita- 
tion on the DR process and call be expected 
to guide future quantum chemistly calcula- 
tions. The experimental teclmique is general 
and does not depend on specific level 
schemes, which are required for laser manip- 

Fig. 4. DR relative rate coefficients as a func- 
tion of vibrational quantum number. Both ex- 
periment and theories are normalized to unity 
for v = 0. The lines are drawn to guide the eye 
only. 
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ulation of vibrational states. The only re- 
quire~nents are the lu~owledge of the vibra- 
tional wave function and a vibrational cool- 
ing time that is shoiter than the usable life- 
time of the ions in a storage ring. Most 
heteronuclear molecular ions satisfy this 
criterion. 
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An Inverted Hexagonal Phase of lipid DOPE (dioleoyl phosphatidylethano- 
laminel. and not in mixtures of DOTAP and - 

Cationic Liposome-DNA 
Complexes Related to DNA 

Release and Delivery 
llya Koltover, Tim Salditt," Joachim 0. Radler,i 

Cyrus R. Safinyal 

A two-dimensional columnar phase in mixtures of DNA complexed with cationic 
liposomes has been found in the lipid composition regime known to be sig- 
nificantly more efficient at transfecting mammalian cells in culture compared 
to the lamellar (L:) structure of cationic liposome-DNA complexes. The struc- 
ture, derived from synchrotron x-ray diffraction, consists of DNA coated by 
cationic lipid monolayers and arranged on a two-dimensional hexagonal lattice 
(H:). Two membrane-altering pathways induce the L: + H: transition: one 
where the spontaneous curvature of the lipid monolayer is driven negative, and 
another where the membrane bending rigidity is lowered with a new class of 
helper-lipids. Optical microscopy revealed that the L: complexes bind stably to 
anionic vesicles (models of cellular membranes), whereas the more transfectant 
H: complexes are unstable and rapidly fuse and release DNA upon adhering to 
anionic vesicles. 

Complexes consisting of DNA mixed with expressing (transfecting) large pieces of 
oppositely charged cationic liposomes DNA into cells. Partial sections of first- 
(CLs; closed bilayer membrane shells of generation human artificial cl~roinosomes 
lipid molecules) miinic natural viruses in (H4Cs) on the order of 1 PIbp can be 
their ability to act as synthetic carriers of transferred into cells by means of CLs, 
extracellular DNA across outer cell mem- although extreinelv inefficiently 14). The - , ~, 

branes and nuclear membranes for gene low transfection efficiencies of nonviral de- 
delivery (1-3). The use of i loil~~iral rather livery methods may be inlproved through 
thail viral methods for gene delivery has insights into transfection-related mecha- 
several advantages, including i~oniinmunic- nis~ns at the ~nolecular and self-assembled 
ity and the potential for transferring and l e ~ e l s .  

The efficiencv of transfection mediated 

~ ~ ~ ~ ~ i ~ l ~  Department, Physics Department, and Bio- by n~ixtures of cationic lipids and so-called 
chemistry and Molecular Biology Program, University neutral "helper-lipids" varies widely and 
of  califo;nia, Santa Barbara, CA 93166, USA. unpredictably (1, 3, 5) .  The choice of the 
*Present address; Sektion physik der Ludwig-Maximil. helper-lipid has been elnpirically estab- 
ians-Universitat Munchen, Geschwister-Scholl-Platz lished to be i~nportant; for example, trans- 
1, 80539 Miinchen, Germany. fection of lllalillllaliall cells ill culture is 
+Present address: Physikdepartment, Technische Uni- 
versitat Munchen, lnstitut fur Biophysik (E22), James 

efficient in mixtures of the univalent cat- 
Franck-Strasse, 85747 Garchine. Germanv. ionic lipid DOTAP (dioleoyl trimethylam- 
;To whom correspondence s h k l d  be adiressed. inonium propane) and the neutral helper- 

a similar helper-lipid, DOPC (dioleoyl 
phospl~atidylcholine) (6). We recently 
showed that mixing DNA with CLs consist- 
ing of DOPC and DOTAP leads to a topo- 
logical transition into condensed CL-DNA 
complexes with a ~nultilamellar structure 
(L;): with DNA monolayers sandwiched 
be&een cationic lipid bilayers (7) in a 
manner similar to the schematic in Fig. 1 
(left). 

Using synchrotron small-angle x-ray scat- 
tering (SAXS) and optical microscopy, we 
found a co~npletely different colu~nnar invert- 
ed hexagonal HE liquid-ciystalline state in 
CL-Dh-A conlplexes (Fig. 1: right). The com- 
monly used helper-lipid DOPE induces the 
LE;' + HE structural transition by controlling 
the spontaneous cui-vatt~re C, = liR, of the 
lipid monolayer, where Ro is the natural ra- 
dius of curvah~re (Fig. 1 ,  pathway I). \Ire also 
identified a class of helper molecules that 
control the ine~nbrane bending rigidity K and 
give rise to a second pathway to the HZ phase 
(Fig. 1 ; pathway 11). The CL-DNA complex- 
es containing DOPE that are empirically 
known to transfect exhibit the Hi,  phase, 
rather than the L: structure found in com- 
plexes containing DOPC. Optical imaging 
showed that comolex interactions with   nod el 
cell membranes ininlicking the early stages of 
transfectioil are shuctt~re-dependent. 

Synchrotron SAXS scans of positively 
charged CL-DNA conlplexes for p = 3 are 
shown in Fig. 2A as a function of increasing 
@,,,, in the DOPE-DOTAP CL mixtures 
along pathway I (8). [Here and below, p de- 
notes the DOTAPiDNA weight ratio, Q,,,, is 
the weight fraction DOPE!(DOPE + DOTAP), 
and @,,,, is the weight fraction DOPCi 
(DOPC + DOTAP).] The co~nplexes are 
charged positively for p > 2.2 and negatively 
for p < 2.2, which indicates that charge reversal 
occurs when complexes are stoichiometrically 
neutral (with one positive lipid per negatively 
charged nucleotide base). At @,,,, = 0.41, 
SAXS scans of the la~nellar Lz complex (Fig. 
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