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Abstract. Using laser photoelectron attachment to methyl iodide clusters in a differentially-pumped seeded
supersonic helium beam and mass spectrometric ion detection, we have measured the rate coefficients for
formation of (CHsl)4-I™ (¢ = 0-2) ions over the electron energy range 0-100 meV with an effective energy
width of about 2.5 meV. Whereas a prominent vibrational Feshbach resonance just below the onset for
the C-I stretch vibration (v3 = 1) is observed for dissociative attachment to monomers (yielding I~
ions), only weak and broad structure, shifted to lower energies, is detected for formation of (CH3I)-I™
ions and essentially no structure is left in the attachment spectrum for (CHsI)2-I7. These observations
are interpreted by model R-matrix calculations which successfully describe the DA cross-section for the
monomer and qualitatively recover the trend observed for cluster ion formation. For the clusters, the effects
of increased electron-target long-range interaction and of solvation as well as coupling to soft vibrational
modes lead to strong broadening and shifting of the vibrational Feshbach resonance and, ultimately, to its

disappearance.

PACS. 34.80.Ht Dissociation and dissociative attachment by electron impact —
36.40.Qv Stability and fragmentation of clusters — 36.40.Wa Charged clusters

1 Introduction

One of the many interesting features of clusters is that
they can serve as microscopic prototypes for studying the
effects of solvation on the characteristics of both solvent
and solvated particle, due to the interaction between a
solvated molecule or ion and its surrounding solvent en-
vironment. Consequently, many cluster studies have been
concerned with this topic in the past few years (for reviews
see [1-6]), dealing with effects of both size and structure
of the solvent cluster on, e.g., vibrational transition ener-
gies, bond lengths, and electronic structure of the solvated
species.

Solvation effects play also a key role in the forma-
tion of negative ions by attachment of slow electrons to
clusters, a process that has received some attention lately
[1,3]. Temporary negative ion states XY, formed in low
energy electron collisions with molecules XY, have been
found to be crucial for vibrational excitation as well as for
formation of anions X~ through dissociative attachment
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(DA) [1,3,7-11]:
e (E) +XY - XY~ — X~ +Y. (1)

Well-known representatives of such temporary negative
ion states are shape resonances (electrons trapped within a
centrifugal barrier) and Feshbach resonances (electrons at-
tached to electronically excited states XY™ of the neutral
molecule), in which the incoming electron is captured for a
time interval long compared to the collision time and often
similar to or even longer than a typical vibrational period.
In special cases, if the combined long range interactions
between a molecule or cluster and the incoming electron
(predominantly electrical dipole and polarization forces)
support a weakly bound state, resonances attached to vi-
brationally excited levels of the electronic ground state
(called vibrational Feshbach resonances VFR) may occur.
This type of resonances (previously addressed as “nuclear
excited” Feshbach resonances [12,13]) has been discussed
in detail by, e.g., Domcke and Cederbaum [14] and by
Gauyacq and Herzenberg [13]. In general, Feshbach res-
onances lie at energies below their neutral precursor; for
vibrational Feshbach resonances one has thus to search
at energies below the respective vibrationally excited XY
(v > 1) levels. Experimental evidence for their exis-
tence has been provided some years ago for XY = HF
in vibrationally inelastic electron scattering studies [15].
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An especially clear example for a VFR was recently iden-
tified in a joint experimental and theoretical investigation
of dissociative attachment to methyl iodide molecules at
energies just below the onset for excitation of one quantum
(v3 = 1) of the C-I stretch vibration [16]; this VFR has
been postulated before to play a role in the photochem-
istry of I7-(CH3I) cluster ions [17]. Subsequently, surpris-
ingly sharp vibrational Feshbach resonances, associated
with the intramolecular vibrations v = 1,2 and v3 = 1,
have been found in electron attachment to NoO clusters
[18]; their widths ranged from 2.3 to 4.4 meV and the sol-
vation shift (relative to the energies of the neutral clusters
carrying intramolecular vibrational excitation) was small
(redshift per added N3O unit about 0.7 meV). Similar, but
broader VFRs (associated with the intramolecular vibra-
tions 2 = 1,2 and v; = 1) were then detected in the yield
for (CO2); cluster ion formation (¢ < N) from (CO2)n
clusters [19] with solvation shifts of about 12 meV per
added CO5 molecule.

For isolated molecules, DA normally proceeds through
resonances which are repulsive at the internuclear dis-
tances of interest, i.e. in the Franck-Condon region as-
sociated with the vibrational ground state of XY. Corre-
spondingly, the energy dependent DA cross-sections are
characterized by broad bands up to several eV wide [3,7—
9,11]. Resonances known from the molecular constituents
are often major ion formation channels in DA to molecu-
lar clusters as well. However, the cluster environment will
influence not only the resonance states themselves (e.g.
shift the resonance position due to the effects of solva-
tion), but can produce additional features which reflect
the influence of the cluster environment on the resonance
energy and symmetry [1]. One fascinating result in such
studies of cluster anion formation is the observation of
a strong resonance at zero energy in cases where such a
feature is absent in the monomer (e.g. Og [20-22] and
Hy0 [23,24]). In a recent investigation of (Oz)n clus-
ters with monochromatized electrons (30 meV FWHM),
Matejcik et al. [21,22] found — apart from a prominent,
resolution-limited rise towards zero energy — peaks in the
yield for O; and (O2), formation at higher electron en-
ergies which they ascribed to excited vibrational levels of
the O3 ion, solvated in clusters containing approximately
15 to 20 O molecules, i.e. these peaks can be viewed
as solvation-shifted levels of the O (II,,v") shape reso-
nance.

In DA of slow electrons to methyl iodide molecules
[16,25], one observes a strong “zero-eV resonance”, as
well as a vibrational Feshbach resonance associated with
the excitation of the first excited level of the C-I stretch
vibration (v3 = 1), peaking about 4 meV below the tran-
sition energy in the neutral molecule [16]. At the onsets
for excitation of the v3 = 2 and the 9 = 1 vibrations
(v = symmetric CHs deformation) threshold cusps are
visible in the DA cross-section due to the opening of these
inelastic scattering channels. In pioneering work on DA
to methyl iodide clusters, Klots and Compton [26] re-
ported on the production of (CH3I),-I~ (¢ > 0) ions in
collisions of electrons of rather broad energy resolution
(around 0.5 eV FWHM) with CHgl clusters. They de-
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rived a reaction scheme for the process by comparison of
the DA results with electron impact ionization data (see
Sect. 3.2).

Johnson and coworkers [6,17,27-29] as well as Arnold
et al. [30] studied photodestruction of the I~-CHgsl com-
plex over the photon energy range from 3.3 to 3.6 eV.
Their photoelectron spectra exhibit the same fine struc-
ture splitting as that of the bare I~ ion, but shifted by
0.38 £ 0.02 eV to higher binding energies, consistent with
the gas phase association enthalpy AH, = 0.39+0.01 eV
of the complex [6,17,27-29], which can also be viewed as
the solvation energy of the I~ ion solvated at the CHjsl
molecule. The photoelectron spectra also show a progres-
sion of peaks due to the excitation of the C-I stretch
vibration of the I-CH3I complex upon photodetachment.
Moreover, this group also investigated photofragmenta-
tion of the I7-CHsl complex, yielding I~ ions [17]. Besides
a prominent peak at threshold, their photofragmentation
action spectrum exhibits two smaller peaks and a down-
ward step slightly below the onset for excitation of the
first, second and third quantum of the C-I stretch vibra-
tion, respectively. These features have been interpreted
as vibrational Feshbach resonances, arising from inelas-
tic scattering of the photoexcited excess electron from the
CHslI molecule, while the iodine atom plays the role of a
spectator [17]. We shall comment on this interpretation at
a later stage.

In this combined experimental and theoretical study
we present experimental data on the formation of
(CH3I)g I~ (¢ =0,1,2) ions in DA to methyl iodide clus-
ters at high electron energy resolution (AE ~ 2.5 meV
FWHM). The experimental results show a dramatic in-
fluence of the cluster environment on the vibrational
Feshbach resonance observed in DA to methyl iodide
molecules. We explain our findings on the basis of qua-
siclassical R-matrix calculations.

2 Experimental

Our experiment is based on the Laser Photoelectron At-
tachment (LPA) method, introduced by Klar et al. [31,
32], and has briefly been described earlier in its present
setup [18,24]: energy-variable, monoenergetic electrons
are created by photoionization of atoms in a collimated
beam; they interact with the target molecules (clusters)
of interest in the region where the photoionization pro-
cess takes place. Figure 1 shows a schematic view of the
apparatus. Both hyperfine components of ground state
39K (4s,F = 1,2) atoms in a collimated beam of potas-
sium atoms (collimation 1:400, diameter 1.5 mm) from a
doubly differentially pumped metal vapor oven are trans-
versely excited to the 39K*(4p3/2, F = 2,3) states by the
two sidebands of an electro-optically modulated, stabi-
lized CW Ti:sapphire laser (A\; = 766.7 nm, the excitation
scheme is shown in Fig. 2). Part of the excited state pop-
ulation is transferred to high Rydberg levels (nd, (n+2)s,
n > 12) or photoionized by interaction with the intra-
cavity field of a broadband (40 GHz) tunable dye laser
(power up to 5 W), operated in the blue spectral region
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Fig. 1. Schematic view of the experimental setup.
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Fig. 2. Excitation scheme of the laser photoelectron attach-
ment (LPA) experiment.

(A2 = 472-424 nm, dye Stilbene 3). The energy of the
photoelectrons can be continuously varied over the range
0—200 meV by tuning the wavelength of the ionizing laser
(A2 < 455 nm).

Electrons, created in the overlap volume of the K atom
and the laser beams, may attach to molecules and clus-
ters in a collimated, differentially pumped nozzle beam
(diameter in the reaction region 3 mm; nozzle diameter
do = 60 pum, stagnation pressure py = 3 bar, nozzle tem-
perature Tp = 33 °C), propagating in a direction perpen-
dicular to both the potassium and the laser beams. An-
ions, generated by electron attachment and drifting out
of the essentially field free reaction chamber, are imaged
into a quadrupole mass spectrometer (m/q < 2000 u/e)
and detected by a differentially pumped off axis chan-
nel electron multiplier. For the sake of normalization and
resolution testing, using the well known cross-section for
SFy formation from SFg, the target gas mixture contains
0.3% of SFg molecules. The gas mixture in the present ex-
periment is prepared by flowing He gas (containing trace
amounts of SFg as mentioned above) over a CH3l surface
in a stainless steel container, which is kept at T'= 18 °C,
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Fig. 3. Relative energy dependent rate coefficient k.(F) for the
formation of (CHsI),-1™ ions over the energy range 2-95 meV.
The values have been normalized such that the correspond-
ing ion yields amount to 100 for Rydberg electron transfer at
very high principal quantum numbers (n &~ 300). The normal-
ized ion yields have been multiplied by E'/? to obtain relative
rate coefficients. The scatter of the data points represents the
statistical N'/2 error.

thereby saturating the carrier gas with CHsI vapor (par-
tial pressure about 400 mbar). We note that the energy
dependence of the rate coeflicients for negative ion forma-
tion (see Fig. 3) was found to be independent of stagnation
pressure over the range pg = 0.4 to 3 bar. Estimates show
that laser-induced or collision-induced fragmentation (de-
struction) of product cluster ions is negligible under our
experimental conditions.

The reaction volume is surrounded by a cubic cham-
ber made of oxygen free, high conductivity copper, the
inner walls of which are coated with colloidal graphite.
By applying bias potentials to each face of the cube, DC
stray electric fields are reduced to values Fg < 70 mV/m.
Magnetic fields are reduced to values below 2 uT by com-
pensation coils located outside the vacuum apparatus. The
electron energy resolution is limited by the bandwidth of
the ionizing laser (AEL =~ 0.15 meV), residual electric
fields (AEr < 0.25 meV), the Doppler effect caused by
the target velocity (AEp =~ 0.07VE, AEp and electron
energy F in meV), and space charge effects due to K+
photoions generated in the reaction volume (depending
on the K* current). An upper limit to the overall energy
spread close to £ = 0 eV can be estimated by comparison
of the SF ion yield, measured under the same conditions
as the cluster ion yield, with the cross-section measured
by Klar et al. [31-33] at sub-meV resolution. In addition,
the broadening of the sharp drop and of the cusp struc-
ture in the DA cross-section for CHsl [16] at the v3 =1
vibrational onset can be used for obtaining information on
the effective energy width. For the present experiment at
electron currents around 50 pA the overall resolution was
estimated to be AE.x ~ 2.5 meV.

3 Results and discussion
3.1 Experimental results

In DA of slow electrons to methyl iodide clusters only
product ions of the composition (CHgsl)s-I™ have been
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observed. Figure 3 shows the energy dependent relative
rate coefficients ko(F) = o¢(E)v. for the formation of
(CHsI)gI™ ions (¢ = 0,1,2) for electron energies £ = 2
95 meV. At the lowest energies (E < 10 meV), a sharp
“zero energy peak” is found in the cross-sections 0. (FE), in-
dicating s-wave threshold behaviour. In this energy range
the cross-sections decrease more rapidly with rising en-
ergy than the function E~1/2, leading to the decrease in
the formation rate coefficients k.(F), observed in Figure 3
for all cluster sizes under study. The theoretical threshold
law for s-wave capture involving long-range electron tar-
get interactions of the form V' (r) oc 7™ (m > 2) demands
o(E — 0) o< E~1/2 (in the absence of resonance states)
[34]. As shown by Klar et al. [31] and Schramm et al.
[33] for the molecule XY = SFg (for which m = 4), this
behaviour is only reached at energies below 1 meV. For
targets with permanent electric dipole moments (m = 2)
as in the present case, a behaviour o(E) < E~% with z in
the range 0.5—1 can be expected at “low” energies [35,36];
rotation has to be included (and experimentally resolved)
to make more detailed predictions. Figure 3 does not in-
clude the limiting range £ — 0 and therefore does not
allow statements on the threshold law. At higher electron
energies the energy dependence of the relative rate coef-
ficients is strongly dependent on the size of the formed
cluster ions. In the rate coefficient for the formation of
I~ we find a pronounced peak slightly below the onset
for the excitation of the C-I stretch vibration (v3). This
peak has recently been reported in an experiment on DA
to thermal CHsl molecules (T = 300 K) by Schramm
et al. [16,37], and has been identified as a vibrational
Feshbach resonance [16]. In the formation rate coefficient
for CH3I-I~ ions this resonance is reduced to a broad
shoulder at lower energies, and for (CH3I)2- I~ the struc-
ture has vanished (see Fig. 3).

3.2 Basic considerations on the dynamics of DA
to CHsl clusters

In order to gain a first understanding of the observed dra-
matic change in the energy dependent rate coefficients for
(CH3I)y-I™ cluster ion formation (¢ = 0-2) we will look
at the repulsive ionic potential energy curve relevant for
the DA process in relation to that of the neutral potential
curve for the case of a single molecule (see Fig. 4) (the
methyl iodide molecule offers a prototype for weak excess
electron binding through combined dipole and polariza-
tion forces) and compare the situation with that of DA
to a cluster. We shall treat the CH3l molecule as “quasi-
diatomic”, taking into account only the potential energy
as a function of the C-I internuclear distance p;, thereby
neglecting the internal structure of the CHg group, as well
as the possibility of energy transfer into internal degrees
of freedom of the methyl radical upon dissociation (e.g.
excitation of the umbrella mode). The assumption of this
“rigid radical limit” is a good approximation, as essentially
the full exothermicity of the dissociation process (0.62 eV)
appears as translational energy of the products, according
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Fig. 4. Potential energy curves for dissociative electron attach-
ment involving the methyl iodide molecule. The dashed curve
represents an ionic potential down-shifted by Us due to the
solvation effect, as relevant for clusters (in the figure we use
Us = 0.39 eV, as relevant for the dimer, ¢ = 1). In the insert,
the region of the curve crossing is shown enlarged, including
the adiabatic molecular negative ion curve (dash-dotted line,
“a”) and the level of the v3 = 1 vibrational Feshbach resonance
(horizontal dash-dotted line).

to measurements of the kinetic energy release upon DA fol-
lowing Rydberg electron transfer to CHsl and CDsl [38].
Most of the energy is carried away by the neutral CHs
fragment, while the heavier I~ ion receives only about
63 meV. To model the process we use the potential en-
ergy curves already successfully applied to the problem in
[16]. The potential curve of the neutral molecule is param-
eterized by a Morse potential

V(p1) = De[l — exp(—=B(p1 — pe)))? (2)

where the parameters are chosen to reproduce the experi-
mental values for the dissociation energy Dy = 2.44 eV
[39], the equilibrium C-I internuclear distance p. =
4.029q, [40], and the (0-1) spacing of the v5 vibration (C—
I stretch, 66.1 meV [41], 8 = 0.9029a,'). The repulsive
negative ion curve is represented by

U(p1) = Bexp(—b(p1 — pe)) +C (3)

using C = —0.587 eV in accord with the experimen-
tal value of 0.62 eV for the exothermicity of the process
(i.e. the energy difference between the electron affinity
of I(2P3/2), 3.059 eV [42], and the dissociation energy of
CHsl, Dy = 2.44 eV). The fit parameters B = 2.993 eV
and b = 3.992a, 1 are chosen to optimize the energy value
and slope of the negative ion curve U(p;) in the region of
the crossing with the neutral potential V(py) [16]. Tak-
ing into account the long range dipolar and polarization
forces (ug = 1.62 Debye, o = 54a3) and using a reason-
able dependence of uq and « on the internuclear distance
p1 [43] quasi-classical R-matrix calculations on DA to sin-
gle methyl iodide molecules exhibit very good agreement
with the experimental data of Schramm et al. [16].
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The main differences between DA to single CHsl
molecules and to (CH3I)x clusters are:

(i) In a (CH3I),-I™ ion (¢ > 1) the I™ will be solvated
by the residual cluster constituents, resulting in a down-
ward shift of the negative ion curve by the amount of the
vertical solvation energy Ug, as indicated by the dashed
line shown in Figure 4. In order to assist the mind’s eye
(see insert in Fig. 4), we will now view the DA process in
terms of an avoided crossing of two potential curves as a
function of the C—I distance of the dissociating molecule,
one describing the excess electron loosely bound to a neu-
tral methyl iodide molecule (i.e. the curve runs parallel to
and close below that of the neutral molecule), the other
one describing the repulsive state after the collapse of the
excess electron’s wave function into the antibonding o* or-
bital, finally leading to the formation of a neutral methyl
radical and a I~ ion. This adiabatic view yields a potential
well at small internuclear distances, separated from the
dominantly repulsive behaviour at larger distances by a
barrier that gives rise to the existence of vibrational states
of the negative ion, in other words, vibrational Feshbach
resonances. If the repulsive curve is lowered in energy due
to solvation of the I~ ion by the molecules of the clus-
ter, this potential well will become smaller, until it no
more supports the existence of bound states (vibrational
Feshbach resonances). Qualitatively, this will lead to the
disappearance of the structure in the DA cross-section as-
signed to the vibrational Feshbach resonance. We stress
the fact that this simple adiabatic picture is only inferred
to visualize the situation and should be viewed with cau-
tion as the coupling of electronic and nuclear motion,
which is one of the key properties of a vibrational Feshbach
resonance, renders such an adiabatic view inappropriate
to describe the process correctly.

(ii) The total dipole moment and polarizability of the
target influencing the incoming electron will be that of
the whole cluster. While the polarizability of the cluster
may be estimated using integer multiples of the molecular
polarizability, the total dipole moment will be strongly
dependent on the structure of the cluster.

(iii) Part of the exothermicity of the DA process may
be distributed into soft intermolecular vibrational modes
of the (CH3I) y_1-I” ion formed immediately upon disso-
ciation. These soft modes are expected to wash out the
sharp threshold cusps observed by Schramm et al. [16] at
the onsets for the excitation of the C—I stretch vibration,
and the R-matrix calculations discussed below corroborate
this expectation. Energy redistribution among intermolec-
ular degrees of freedom will not only affect the overall
DA cross-section, but may as well lead to evaporation of
monomers until a stable configuration with ¢ < N —1 con-
stituents is reached. Further monomer evaporation may
take place while the cluster is regrouped into an ener-
getically more favorable geometry. Klots and Compton
[26] used an electron beam with rather poor resolution in
studies on electron attachment to methyl iodide clusters.
They observed exclusively ions of the type (CHgsI),-I™
(g > 0), i.e. products of a dissociative attachment pro-
cess, and found the intensities of (CHsl),- I~ (generated
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at low electron energies) and of (CHsI)[ ", (produced in
electron impact ionization of (CH3I)x clusters) to be cor-
related. From this they concluded that the DA process
should have the form

(CH3I)Q+1 +e — (CH3I)qI_ + CHg (4)

This reaction scheme implies that the clusters do not frag-
ment upon electron impact ionization. We note that this is
not necessarily the only possible conclusion to be drawn
from the mentioned correlation of DA and electron im-
pact data. One could observe the same correlation if the
(CH31)2_+1 cations and the (CHsl),- I anions just had
identical neutral precursers, regardless of their size. On
the other hand, due to the mass ratio of the DA prod-
ucts (cluster ion and CHg radical) most of the excess en-
ergy will reside on the light, ejected methyl radical; corre-
spondingly, fragmentation (monomer evaporation) seems
unlikely, especially for DA to the methyl iodide dimer. We
therefore adopt reaction scheme (4) for the cases of inter-
est (¢ = 0-2), and we use it along semiclassical R-matrix
theory to calculate the cross-section for the formation of
CH3I-I™ ions.

Unlike in the case of DA to a single molecule, where
the symmetry of the DA process along the C—I bond axis
prevents change of angular momentum of the nuclear wave
function, rotational excitation may occur in DA to clus-
ters, as the symmetry is broken by the cluster environ-
ment of the dissociating molecule. This rotational excita-
tion may be accompanied by vibrational excitation of the
I-I stretching mode. To find the energy distribution among
all these degrees of freedom, one needs a complete anal-
ysis of vibrational and rotational modes of the complex
and couplings between them. On the other hand, these
effects should not be very strong: due to the large mass
difference (15 u for CHz and 269 u for the residue) almost
all released energy goes into motion of the CHjs radical
which is emitted from the dissociating molecule far from
its planar equilibrium structure and can therefore be ex-
pected to carry some vibrational energy after dissociation.
In addition, the rotational-vibrational distribution of the
fragments may be considered as a postcollisional effect not
affecting the dynamics of the primary DA process with
formation of CHg. Therefore, our theoretical treatment of
the problem will focus on the electron scattering chan-
nels and their interaction with the DA channel leading to
formation of the vibrational Feshbach resonance (VFR).

In this context, a comment on the interpretation of
photodestruction of I7-CH3I complexes by Dessent et al.
[17] seems appropriate. These authors had observed struc-
ture in the I~ photofragment action spectrum at about
60 meV above the photodestruction onset for this sys-
tem. Led by the results of Hotop et al. [37], who had re-
ported a sharp asymmetric resonance structure below the
v3 = 1 onset in DA to free methyl iodide molecules (inter-
preted in [17] to be a VFR), Dessent et al. assumed that
this VFR was also active in their system. In other words,
they attributed this structure to photoexcitation of the
I7-CH3sI ion-molecule complex into a state, where the ex-
cess electron is trapped in a weakly-bound, diffuse state
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within the electrostatic field of the vibrationally excited
I-CH3I complex. We note that the slightly misleading term
“half-collision”, used in [17], does not mean that the ex-
cess electron is actually scattered from the CHsI molecule
in the complex, but that a state similar to one populated
in the closest approach of a scattering experiment is ex-
cited. While this state is of the same fabric as the VFR
observed in DA to the bare CHsl molecule [16,37], the
mode of populating this state will lead to a different time
evolution of the total wave function of the system in the
two experimental approaches due to the non-adiabatic na-
ture of the coupling of the weakly bound VFR state to
the continua of DA and of autodetachment. The precise
nature of the structure below each of the v3 > 2 onsets
in the I~ photoaction spectrum in [17] is ambiguous. If
the relevant potential curves for the I7-CHsl ion-molecule
complex were the same as for the bare CHsI molecule, the
structures associated with 3 = 2 cannot be due to VFR
excitation, as the location of the crossing of the neutral
and the DA curves does not support a VFR, for any vibra-
tional state above v3 = 1. On the other hand, the modified
potential curve, appropriate to the process observed by
Dessent et al. [17], could allow a VFR to exist for v3 = 2.
The states observed by Dessent et al. above allowed VFR
levels could be described as predissociating dipole bound
vibrational states, but require a full non-adiabatic theo-
retical treatment for detailed understanding. Concluding
the comparison between the photoexcitation approach us-
ing the ion-molecule complex described in [17] and the DA
experiment to the bare molecule ([16,37] and the present
work), the basic paradigm for the structures associated
with the v3 = 1 state is probably the same, namely the ex-
istence of a VFR, while the higher vibrational states have
to be described differently. While the additional I atom in
the photoexcited complex does not, change this paradigm,
its role is certainly not restricted to that of a spectator, as
the long-range forces of the complex are clearly modified
by the presence of the I atom, thus changing the relative
positions of the potential curves. Moreover, it introduces
soft modes not present in the bare molecule.

3.3 R-matrix theory of electron attachment to methyl
iodide clusters

We will assume that the basic physics of the process
of attachment to the cluster can be described in terms
of attachment to an individual molecule. However, both
stages of this process, electron capture and dissociation,
are strongly influenced by the interaction of the incident
electron and the dissociating monomer with the environ-
ment. We apply the resonance R-matrix theory essentially
in the same way as we did for the monomer [16]. The whole
space is divided into two regions, namely inside and out-
side the R-matrix sphere. Outside the R-matrix sphere
the electron-cluster interaction can be described in terms
of the dipolar and polarization forces. According to calcu-
lations of Wang et al. [44], the iodine atoms in the equi-
librium configuration of the (CH3I)2 dimer stand head-on
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Fig. 5. Calculated cross-sections for dissociative electron at-
tachment to (model) CHzI monomers with different polariz-
abilities « (potential energy curves and dipole moment fixed)
to illustrate the strong influence of the long-range electron
molecule interaction (here polarization potential) on the vi-
brational Feshbach resonance appearing just below the vz =1
threshold.

each other at a distance of about 0.3 nm, the dipole mo-
ments having an angle of 120°, so that the dipole moment
of the dimer is the same as for the monomer. We note
here that calculations by Ehbrecht et al. [45] on (CH3F ),
yielded a structure with antiparallel C-F axes, the dipole
moments of the two CH3F molecules thereby compensat-
ing each other. In the case of (CH3I)2, the I-T interaction
appears to play a more important role than the interac-
tion energy of the two molecular dipoles. It is conceivable,
however, that the global minimum structure determined
by Wang et al. [44] is not the only possible scenario and
that the barriers between the global minimum of the po-
tential surface and local minima are small. We note that
recent SCF/MP2 calculations of the methyl iodide dimer
structure by Gallup [46] qualitatively confirm the results
of Wang et al. [44], but give more local minima (in par-
ticular for head-to-tail geometry).

Regarding polarizability, we can assume that the dimer
has just double the polarizability of the monomer, and we
account for this by adding a distant-independent term to
the polarizability function a(p) used in [16]. In order to see
how a variation of the polarizability o changes the shape
and the structure of the cross-section, we have performed
several calculations for the monomer with different val-
ues of a. The results, presented in Figure 5, reveal that a
relatively small change in « leads to a drastic change in
the cross-section. In particular the vibrational Feshbach
resonance is strongly affected, as illustrated by the result
obtained for o = 81 au. For smaller «, on the other hand,
the resonance moves closer to the vibrational threshold
and crosses it eventually (becoming a virtual state), as
demonstrated for &« = 40.5 au. For dimers, however, a
simple form of the polarization interaction outside the R-
matrix sphere of radius 79 = 5ag, Vpol = 76204/27"4, used
in our monomer calculations, cannot be adopted: due to
the relatively large size of the dimers the asymptotic form
of the potential is not yet reached just outside the R-
matrix sphere. To account for this, we will assume that
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each CH3Il monomer creates a polarization well with a
constant potential —e?a/2rg at r < ry. Since the inter-
mediate resonance negative-ion state is dominated by the
s-wave, we can calculate the effective electron-dimer in-
teraction outside the R-matrix sphere by averaging the
double-well interaction over all orientations of the dimer
with respect to the radius vector of the electron.

Again using a simple model, we also estimated the sol-
vation energy Ug of the CH3I-CH3I™ complex as a func-
tion of the distance between the centers of the CH3I and
CH3I™ constituents (assumed to be both spherically sym-
metric). This was achieved by averaging the interaction
between a point charge and a monomer, placed at dis-
tance R from the center, over the R-matrix sphere. Within
the range 5ayp < R < 8ag the resulting energy Ug can be
expressed by

—Us = 1.50664 — 0.20152R + 0.005587 R?

(R in ag, Ug in eV). When evaluated at the I-I distance
of the ground state dimer (R = 0.3 nm = 5.67ag) [44],
one obtains Us = —0.54 eV. A more realistic distance
should be somewhat larger; in fact, the experimentally
determined value Us = —0.39 eV [6,17] corresponds to
R = 6.75ap. Variation of R in that range leads to very
little change in our results for cross-sections.

The electron wave function outside the sphere is
matched with the internal wavefunction using the R-
matrix as a function of the distance p; between the C
and I nuclei in the one-pole approximation

7*(p1)

R(pl) = W(pl) _E

+ Ry (5)

where R}, is a background term weakly dependent on py,
and W (py) is the lowest R-matrix pole which can be re-
lated to the potential energy curve of the neutral molecule
V(p1) and the negative-ion diabatic curve U(p;) by the
simple relation

W(p1) =U(p1) = V(p1). (6)

We will assume that at r < rg the electron interaction
with the environment leads to a constant negative correc-
tion Us = —0.39 eV (solvation energy discussed above).
Generally this correction depends on the nuclear coordi-
nates, but in first approximation it is reasonable to neglect
this dependence. Then the parameter W is also shifted by
Us, and the parameter v does not change at all.

In Figure 6 we present DA cross-sections relevant for
the dimers, as calculated with the polarization potential
discussed above and different solvation energies Us. Ob-
viously, the cross-sections are insensitive to the solvation
energy. To demonstrate that this is generally not the case,
we present in Figure 7 the cross-sections calculated with
different solvation energies, but with the polarization in-
teraction corresponding to that of the monomer. Figure 7
shows that, for a smaller polarization interaction, the sol-
vation effect gradually destroys the VFR. From these re-
sults we conclude that for the dimer the energy depen-
dence and the absolute magnitude of the DA cross-section
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Fig. 6. Calculated cross-sections for dissociative electron at-
tachment to the methyl iodide dimer, as obtained for different
solvation energies in the complex CH3I-CHsI™.

300

N

o

o
T

-

o

o
T

DA CROSS SECTION [102° m?]

ot | | | | i
0.00 0.02 0.04 0.06 0.08
ELECTRON ENERGY [eV]

Fig. 7. Calculated cross-sections for dissociative electron at-
tachment to CH3I monomers and different (model) CHs + 1~
potential curves, “solvation”-shifted by the indicated amounts
from the proper CHz + 1~ curve (full curve in Fig. 4).

is dominated by the (properly treated) polarization inter-
action. It is interesting to compare this case with that
of N3O clusters [18]. In the latter systems (ignoring ge-
ometrical considerations) the long range electron-target
interactions are insufficient to promote a VFR state for a
single molecule, they are, however, sufficiently strong for
clusters above a certain size to give rise to VFRs (with
small, but clearly observed redshifts). Moreover, the spe-
cific potential curves underlying DA to N2 O clusters make
the occurrence of VFRs less sensitive to changes in the
long range forces. In contrast, the combination of the spe-
cial curve crossing point and long range forces makes the
VFRs in the methyl iodide cluster systems very suscepti-
ble to such changes, although the principal nature of the
observed resonances (i.e. an electron weakly bound to a
vibrationally excited system) is the same in both cases. We
note that the cusp structure associated with the threshold
for vibrational excitation of the symmetric C-I stretch at
E =66.1 meV is still clearly seen in Figures 6 and 7. The
calculated DA cross-sections are very small above the vi-
brational excitation threshold, whereas the experimental
cross-sections do not exhibit this behavior. This can be ex-
plained by interaction of the C—I stretch mode with other
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modes in the complex. In particular, the vibrational dy-
namics of the complex is influenced by interaction between
the I atoms in the dimer. According to Wang et al. [44],
this interaction creates a shallow potential well in the I-1
coordinate. For the most stable configuration of the sys-
tem discussed above, the frequency of low-lying vibrations
in this well is 2.5 x 107* au (hw = 6.8 meV); however, a
change of the mutual orientation of two monomers leads
to a fast decrease of this frequency and ultimately to a
destabilization of the cluster.

To take into account these soft-mode vibrations, we
consider now R-matrix parameters as functions of two in-
ternuclear coordinates, p1(C-I) and p2(I-I). We assume
that the soft-mode vibrations can be described in the
harmonic approximation. Moreover, we will assume har-
monicity for both neutral and negative-ion states and as-
sume the same frequency of vibrations in both states.
These assumptions correspond to a widely used displaced
harmonic oscillator model [47,48]. In particular, Thoss
and Domcke [49,50] used this model to describe in-
tramolecular vibrational relaxation in low-energy electron
scattering and photoionization of large molecules. This
model describes satisfactorily the interaction between a
specific (system) vibrational mode with a background
(bath) mode. Whereas the physics of this phenomenon is
very similar to the physics of our problem, we use a some-
what different approach for description of the system-bath
interaction, in order to make a direct connection between
DA to the cluster and to the monomer.

In our approach the DA amplitudes satisfy an infinite
system of algebraic equations with coefficients expressed
through the matrix elements of v(p1, p2) between vibra-
tional states of the neutral target and dissociating states
of the negative ion, and through the matrix elements of
vGry where G, is the Green’s function for the nuclear mo-
tion corresponding to the dissociating negative-ion state.
We will assume that v weakly depends on p2. In this case
the modification of the matrix elements of v due to the
bath degree of freedom is reduced to a calculation of the
Franck-Condon integrals in ps. In the displaced oscilla-
tor model they can be conveniently expressed through the
Laguerre polynomials [45] as functions of the parameter

© = (1/2)uwR; (7)

where g is the reduced mass corresponding to the soft-
mode vibrations, w is the frequency of these vibrations,
and Ry is the distance between the minima of two poten-
tial curves, describing the neutral and negative potential
curves. Since we have only a rough estimate for w, and
Ry is not known at all, we consider © as a phenomeno-
logical parameter. The Green’s function incorporating the
soft-mode vibrations can be written as

Gr(p1.p2. 05, 05) = O n(p2)GEL. (1, P )un(ph)  (8)
p

where €, and 9, p = 0,1,... are the eigenenergies and
eigenstates of the harmonic Hamiltonian describing the

soft-mode vibrations of the negative ion, and Gg ) is the
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Fig. 8. Calculated cross-sections for dissociative electron at-
tachment to the methyl iodide dimer, obtained with inclusion
of the vibrational modes of a coupled bath system for different
coupling strengths © (see text).

Green’s function describing the C—I motion in the dissoci-
ating state. Using (8), we can reduce the matrix elements

of Gg to a sum of products of matrix elements Gg ) and
Franck-Condon overlaps in ps. After this the problem is
reduced to solving a system of IV, IV, linear algebraic equa-
tions for N, N, attachment amplitudes where IV, is the
number of states included to describe C—I stretch vibra-
tions, and N, the number of states included to describe
the I-I (soft-mode) vibrations. We assume that initially
the dimer is in the ground vibrational state, with respect
to both the C-I vibrations and — less well justified — the
soft-mode vibrations. However, in the final states many
soft-mode vibrational states of the (CH3I)I™ residue are
populated, and to compare with the experiment, we sum
over all final vibrational states.

In Figure 8 we present four sets of theoretical results
for the DA cross-sections involving dimers, employing
three different values of the coupling parameter, © = 0.15,
0.25, and 0.5. The further increase of @ leads to a too rapid
change of the cross-section as a function of energy. Small
values of © lead basically to the same results as those
presented in Figure 6. The curves exhibit some structure
associated with threshold for excitation of the soft-mode
vibrations. Three curves presented in Figure 8 include the
soft-mode vibrations with frequency w = 2.5 x 10™% au
(hw = 6.8 meV), the value corresponding to the stable
configuration of (CH3I)s as calculated by Wang et al. [44].
This should be considered as an upper bound to the actual
value since the rocking vibrations destroy the stability of
the I-I stretch. Other calculations with lower values of fuw
demonstrate basically the same behavior but with almost
no structure and with slower variation of the cross-section
as a function of energy which leads to better agreement
with experiment. We demonstrate this by adding another
curve to Figure 8 calculated with w = 1.25 x 10~* and
6 =0.25.

In Figure 9 we compare the experimental energy de-
pendent rate coefficient for (CHsI)- I~ formation with
that calculated for DA to the dimer. Figure 9 indicates
that agreement between theory and experimental at the
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present stage should be considered more qualitative than
quantitative: the theory confirms that the solvation and
polarization effects destroy the VFR and lead to almost
complete disappearance of the threshold cusp due to cou-
pling with the bath modes. On the other hand, the theo-
retical rate drops with energy too fast as compared to the
experimental observation. Although the theoretical data
are presented for values of @ and w which are not fully
optimized, attempts to optimize them did not lead to sub-
stantially better agreement.

We should stress that due to the lack of detailed in-
formation about the geometrical and electronic structure
of the methyl iodide dimer, our theory contains too many
model assumptions to expect quantitative agreement: in
particular, our polarization model discussed in Section 3.3
is very approximate and is likely to overestimate polariza-
tion interaction between the electron and the dimer. To
correct for this flaw of our model, we can introduce a polar-
ization potential —a/[2(r2472)?] with a phenomenological
parameter r. which cuts off the polarization attraction at
short distances. theb In Figure 9 we also present the rate
coefficients calculated for © = 0.25, w = 1.25 x 10~* au
and r. = 6.75a¢ which give much better agreement with
the experimental values. In particular the plateau behav-
ior between 10 and 40 meV can be reproduced quite well,
although we observe some structure associated with the
coupling with the bath modes and with the v3 = 1 thresh-
old. However, this structure is not stable with respect to
variation of the parameters w, ©® and r. and therefore
should not be considered as real: for its accurate calcu-
lation we need more information about the bath mode
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and its interaction with the C-I stretch mode responsi-
ble for dissociative attachment. On the other hand, the
cross-section averaged over this structure is stable for a
given cut-off parameter r.. Since this structure is more
pronounced in calculations with the polarization cut-off,
we conclude that a strong polarization interaction sup-
presses it.

4 Conclusions

In the present work we have studied electron attachment
to methyl iodide clusters and have found strong influence
of clustering on the DA process: whereas a prominent vi-
brational Feshbach resonance (VFR) below the onset for
the C-I stretch vibration is observed for DA to monomers,
only weak and broad structure, shifted to lower energies,
is detected for formation of (CH3I)- I~ and essentially no
structure is left in production of (CHsI)a-I7. The results
of our model R-matrix calculations which fully describe
the VFR in the monomer, do not provide quantitative ex-
planation of the rate coefficient observed for the (CH3I)-1~
anion. However, they allow us to conclude that two mech-
anisms are responsible for the disappearance of the vibra-
tional Feshbach resonance: shift of the negative-ion curve
due to solvation (including modification of the long-range
electron-molecule interaction) and interaction with soft-
mode vibrations which not only destroy the resonance,
but also smear out the pronounced cusp structure at the
v3 = 1 threshold observed in DA to the monomer.
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