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We report the femtosecond nuclear dynamics of Cu(CD;0D) van der Waals clusters, investigated
using photodetachment-photoionization spectroscopy. Photodetachment of an electron from
Cu™(CD;0D) with a 150 fs, 398 nm laser pulse produces a vibrationally excited neutral complex
that undergoes ligand reorientation and dissociation. The dynamics of Cu(CD;0D) on the neutral
surface is interrogated by delayed femtosecond resonant two-photon ionization. Analysis of the
resulting time-dependent signals indicates that the nascent Cu(CD;0D) complex dissociates on two
distinct time scales of 3 and 30 ps. To understand the origins of the observed time scales,
complimentary studies were performed. These included measurement of the photoelectron spectrum
of Cu™(CD;0D) as well as a series of calculations of the structure and the electronic and vibrational
energies of the anion and neutral complexes. Based on the comparisons of the experimental and
calculated results for Cu(CD;OD) with those obtained from earlier studies of Cu(H,0), we
conclude that the 3 ps time scale reflects the energy transfer from the rotation of CD;OD in the
complex to the dissociation coordinate, while the 30 ps time scale reflects the energy transfer from
the excited methyl torsion states to the dissociation coordinate. © 2007 American Institute of

Physics. [DOI: 10.1063/1.2464103]

I. INTRODUCTION

Spectroscopy is a powerful tool in the investigation of
many chemical phenomena. Combined with gas-phase com-
plexes, spectroscopy has been used to probe the nature of
solvation in charged solvent-solute systems.l’8 Dynamics oc-
curring within these systems upon solute excitation” " can
be difficult to characterize due to the large number of inter-
acting species and the rapid changes in their configurations.
Size selection of gas-phase solvent-solute complexes allows
for detailed dynamical investigations of individual solvent
perturbations on the solute."*"*"” In this study we use time-
resolved pump-probe laser spectroscopy to examine the dis-
sociation dynamics initiated upon electron photodetachment
of Cu™(CDs0D). Our group used similar pump-probe tech-
niques to examine the dynamics of Cu‘(HzO),,,zo’21 and such
anion-water complexes have been the subject of numerous
theoretical and experimental investig.gations.3’4’22731 Of par-
ticular relevance to this work are a very recent investigation
of Na(H,O) classical dynamics by Kondo et al.>* and an
investigation of the infrared spectra of coinage metal anion-
water complexes by Schneider et al’
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In previous studies of Cu‘(HZO),ZO’33 electron photode-

tachment was shown to lead to large-amplitude H,O reorien-
tation within and dissociation from Cu(H,0), due to the dif-
ference in topology between the anion and neutral potential
energy surfaces. The Cu™(H,O) complex has a hydrogen-
bonded, Cu—HOH, minimum energy configuration, while
in neutral Cu(H,O) the stronger Cu—O interaction determines
its minimum energy configuration. Electron photodetach-
ment from Cu~(H,0) produces an ensemble of vibrationally
excited Cu(H,0) complexes with an average internal energy
near the dissociation threshold of the complex. For the
Cu(H,O) study, following electron photodetachment from
Cu™—HOH, dissociation of Cu(H,0) occurred on three dif-
ferent time scales, each separated by an order of magnitude.
Some 30% of the nascent Cu(H,0) complexes directly dis-
sociated. The remaining bound complexes dissociated on a
10 ps time scale via coupling of H,O rotation to the
Cu-H,O dissociation coordinate and on a 100 ps time scale
by coupling of the H,O intramolecular bending vibration
with the Cu—H,O dissociation coordinate.33

Hydrogen and methyl substituents, and functional
groups in general, play pivotal roles in a wide array of
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FIG. 1. Schematic diagram of the photodetachment-photoionization
apparatus.

chemical reactions. Substitutions of CH; for H, and vice
versa, can influence reactivity, especially due to steric inter-
actions. Methyl groups have been shown to affect the struc-
ture and binding energy in I (ROH) complexes
(R=H,CH;),” and have recently been part of an investiga-
tion of infrared spectral features in CI"(ROH) complexes,
(R=H,CH;,CH;CH,).*® In this paper we report on the ef-
fects of a methyl group addition on the dissociation dynam-
ics of a metal-ligand complex. We are interested in determin-
ing how the methyl group affects the solvent reorientation
and dissociation dynamics in a Cu (ROH) complex
(R=H,CHj;). For experimental reasons, we carry out our
spectroscopic studies using fully deuterated methanol. Re-
ports from previous investigationsm’21 on Cu (H,0), show
no significant difference in the time evolution of the dissoci-
ating neutral complexes upon deuteration.

We structure the remainder of this paper as follows.
Section II describes the experimental apparatus and tech-
niques. In Sec. III, we describe the details of the ab initio
electronic structure calculations and vibrational wave func-
tion determination. Section IV presents the results and dis-
cussion of our experimental and theoretical work in light of
the previous Cu(H,O) results. Finally, in Sec. V, we summa-
rize our conclusions.

Il. EXPERIMENT

The charge-reversal instrument used to study the time-
resolved photodetachment-photoionization of Cu™(CD;0D)
has been described prf:Viousl3/.20’21’37 Briefly, cluster anions
are produced and injected into a tandem time-of-flight mass
spectrometer where the cationic photoproducts are monitored
as a function of pump-probe delay time. A schematic dia-
gram of the charge-reversal instrument is presented in Fig. 1.

A. lon production, transport, and product analysis

We produce the metal-ligand clusters via a high-pressure
pulsed sputtering discharge ion source. A carrier gas, a mix-
ture consisting of 80% Ne and 20% Ar at stagnation pres-
sures between 6 and 8 atm, flows through a small stainless
steel vial containing liquid methanol-d, (CD;OD, Aldrich,
CAS No. 811-98-3) at room temperature and is expanded
into vacuum through a pulsed (200 Hz) general valve
(0.8 mm orifice). Copper anions are produced when the car-
rier gas flows past a | mm gap between a copper rod cathode
maintained at —2—-3 kV and a stainless steel anode main-
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tained at ground. Immediately following the discharge,
cluster anions form in the expanding gas. The gas enters a
40° cone used to cool and stabilize clusters upon introduction
into the ~5X 107 Torr pressure of the source chamber.
Along with Cu™(CD;0D),, ions, the source generates Cu,,
Cu(D,0),, CuD,, CuOD, Cu(CD;0), and
CD;0~(CD;0D),, anions. In order to avoid mass contamina-
tion of ®*Cu™(CD;0D) with Cu™(CD;0), we study the less
abundant, but isotopically pure, m/z 101 ion packet,
%Cu~(CD;0D). We did not carry out the photodetachment-
photoionization experiments on **Cu™(CH;0H) due to the
congestion of the mass spectrum in that region.

While evaporative cooling3’3 8 allows estimates of anion
cluster temperatures, rotational and vibrational temperatures
of the anions produced in our sputtering discharge source
have not been well characterized. Previous anion cluster
studies estimate the temperature of (H,0)[; and I;(CO,) 4
cluster ions®>*” and indicate that these cluster temperatures
are ~150 and ~50 K, respectively. We use these studies to
estimate the temperature for our smaller Cu”(CD;0D) clus-
ters to be greater than 150 K. For the purpose of calculations
in this study, we use a vibrational temperature of 200 K. The
qualitative conclusions, however, do not depend on the exact
temperature.

Negative ions are extracted into a differentially pumped
Wiley-McLaren41 time-of-flight mass spectrometer by a
pulsed transverse electric field located 10 cm below the ex-
pansion nozzle. Further acceleration to 3.5 keV brings ions
to a spatial and temporal focus at the photodetachment re-
gion, 1.8 m downstream. After the laser interaction region,
neutral clusters, produced via photodetachment, are detected
on an in-line channeltron detector. Cation photoproducts,
produced upon ionization of the neutral clusters, enter a re-
flectron mass spectrometer and are subsequently counted
with an off-axis microchannel plate detector. The remaining
anions are deflected away from the detectors. Fluctuation
effects in the negative ion intensity and flight time are re-
duced by normalization of the time-dependent cation signal
with the time-independent neutral signal.

B. Laser system

The femtosecond laser system used for the
photodetachment-photoionization experiments is essentially
the one employed in earlier studies.”?"* Briefly, a Ti:sap-
phire oscillator produces ~85 fs pulses at ~796 nm, which
are amplified to 3 mJ/pulse (120 fs) at 400 Hz by a regen-
erative, multipass Ti:sapphire amplifier. The amplified pulses
are used to generate second harmonic (398 nm) and third
harmonic (265 nm) radiations, as well as to pump an optical
parametric amplifier (OPA), whose fourth harmonic output
provides tunable radiation. For this study the OPA is tuned to
327 nm, the frequency of the Cu *P, ,2<—2Sl ,» Tesonance
transition. The 398 and 327 nm pulses pass through delay
stages and are further combined with the 265 nm pulse in a
collinear configuration. All three pulses are focused to a spot
of ~1 mm diameter at the point of interaction with the ion
packet, where their typical energies are 100 wJ for 398 nm,
10 wJ for 327 nm, and 60 wJ for 265 nm.
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FIG. 2. Potential energy curves, plotted as functions of the Cu—O distance
R, along with laser pump-probe schemes. The dashed curves represent cuts
in the hydrogen-bonded orientation, while the solid curves represent the
orientation in which the copper atom is closest to the oxygen atom. The
vertical arrows represent various pump-probe processes employed in the
experiments reported here.

Zero delay time between the pump and probe pulses
is found in situ using three-color, three-photon
photodetachment-photoionization of Cu™. A 398 nm photon
photodetaches an electron from Cu~, and a sequence of 327
and 265 nm photons resonantly ionizes the 2S,, Cu atom
through the 2P, ,, intermediate state. A fixed delay of 0.3 ps
is set between the excitation (327 nm) and ionization
(265 nm) pulses to maintain photon sequence during day-to-
day alignment; this delay does not affect the cation intensity
or the neutral dynamics. As the photodetachment-resonant
photoionization delay time (Ar) is varied, the Cu™ signal ex-
hibits a step function increase at Ar=0. From fitting the time
dependence of this step to a tanh function, we determine the
time resolution of the experiments to be 260 fs.

C. Experimental details and data acquisition

The potential energy curves, plotted as functions of the
Cu-O distance in Fig. 2, show that neutral Cu(CD;0D)
complexes are formed by electron photodetachment from
Cu™(CD;0D) using a 398 nm pulse. Monitoring the time
evolution of the neutral cluster is accomplished by photoion-
izing Cu(CD;0OD) and its fragments in various pump-probe
schemes. Figure 2 shows the two different pump-probe
schemes used to detect the cation photoproducts. Scheme 1
in Fig. 2 is used to monitor the Cu* evolution as a function of
the delay between the photodetachment and the excitation/
ionization pulses; similarly, scheme 2 in Fig. 2 is used to
monitor the Cu*(CD;0D) evolution. Typical Cu*(CD;0D)
and Cu* signals are ~0.5 cations per laser shot.

Individual Cu* and Cu*(CD;0D) product signals are ac-
quired by scanning a range of pump and probe time delays.
A single scan entails an accumulation of 800 laser shots at
each time delay. To obtain one set of data, an average of
~4 X 10* laser shots is recorded per individual time delay.
The time-dependent cation signal is divided by the neutral
signal, and background contributions, arising from individual
photodetachment or photoionization pulses alone, are sub-
tracted from the time-dependent signals that depend on both

J. Chem. Phys. 126, 084307 (2007)

sets of pulses. The error bars for the experimental data are
obtained by averaging multiple data sets, and this averaged
cation time dependence is fitted to the functional forms de-
scribed in Sec. IV B. The standard deviation of the fit pro-
vides the reported error. More details are provided in earlier
publications,mz]

lll. THEORY

Our previous discussion of the dynamics of Cu(H,O)
focused on a three-dimensional, fully coupled treatment that
included the three intermolecular degrees of freedom of the
complex. Although the full-dimensional treatment gave use-
ful information, we found that many of these insights were
borne out in analyses of the three, separate one-dimensional
slices. Since calculating Cu(CD;0D) in full dimensionality
is impractical, we draw from our experiences with Cu(H,O)
and expect that the one-dimensional decoupled picture
should also hold for Cu(CD;0D).

The calculations used to characterize the Cu(CD;0D)
complex fall into two general categories. First we determine
the minimum energy configurations for the anion, neutral,
and cation complexes and then evaluate a series of one-
dimensional slices through the potential energy surfaces,
starting from these geometries. These one-dimensional po-
tential energy surfaces are used to calculate vibrational wave
functions and energies using a sinc-discrete variable repre-
sentation (DVR).*** The resulting energies and wave func-
tions are used to investigate the regions of the potential that
are sampled by the Cu(CD;0D) system upon electron pho-
todetachment. In particular, we focus on the partitioning of
energy among the internal coordinates and how this is re-
flected in the time-dependent signal and Cu(CD;0D) photo-
electron spectrum.

A. Ab initio calculations

All electronic structure calculations are performed using
the GAUSSIAN 98 or GAUSSIAN 03 program packages.**® The
basis sets and level of theory used in these calculations have
been described in a previous study.3 3 The basis set used to
represent the copper atom is an augmented form of the
Stuttgart-Dresden-Bonn (SDB) relativistic core potential de-
veloped by Dolg et al.,”" referred to as aug-SDB. The aug-
SDB basis was developed by Wang et al®® during their in-
vestigation of anion and neutral CuX, (X=CI,Br).
Hydrogen, oxygen, and carbon are each represented by aug-
cc-pVTZ (Refs. 49 and 50) basis sets. Second-order Mgller-
Plesset perturbation theory (MP2) was used to optimize all
geometries as well as in calculations of several potential en-
ergy surfaces. The minimum energy configurations for the
anion, neutral, and cation complexes are shown in Figs.
3(a)-3(c), respectively.

Both radial and angular one-dimensional potential slices
are calculated at the MP2 level of theory, beginning from the
minimum energy configuration of the anion and neutral. We
also calculated one-dimensional cuts starting from the verti-
cal detachment geometry (VDG), i.e., cuts through the
Cu(CD;0D) potential based on the minimum energy con-
figuration of the anion. For example, the anion surface is
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FIG. 3. Minimum energy structures of Cu(CD;0D) complexes for the three
charge states of Cu, where (a) shows the structure of the anion, (b) the
neutral, and (c) the cation.
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calculated as a function of the Cu—O distance R ranging from
1.6-7.6 A in increments of 0.1 A. The neutral surface is
calculated over a range of 1.5-7.0 A while the VDG surface
ranges from 1.8—7.2 A; both are evaluated in increments of
0.2 A. In all scans the O-D bond length and the angle be-
tween the plane containing Cu, C, and O and the plane con-
taining Dy, C, and O are relaxed at every step, while all other
bond lengths and angles are held constant.

Three types of angular scans were carried out, and the
molecular coordinates for these one-dimensional surfaces are
based on the structures shown in Fig. 3. The electronic en-
ergy is calculated as a function of out-of-plane (OOP) mo-
tion by varying the angle between the plane that contains the
Cu, O, and C atoms and the plane that contains the Dy, O,
and C atoms. This dihedral angle was sampled over a range
of +60° for the anion and +180° for the flatter, neutral and
VDG surfaces. For all three surfaces, the OOP motion is
evaluated in increments of 2°, and the O-D and Cu-O dis-
tances are allowed to relax at each step along the path. Varia-
tion of the Cu-O-C angle produces in-plane (IP) motion.
The electronic energy as a function of this motion is calcu-
lated over a +60° range in 2° increments for the anion sur-
face and from —180° to 180° in increments of 10° for the
VDG surface; the O-D and Cu-O bond lengths are opti-
mized at each step. For all three complexes, the electronic
energy is calculated as a function of methyl torsion (CDj5)
over a +60° range of the D;—C-O-D, dihedral angle in 5°
increments. In this cut all three C-D bond lengths and
O-C-D bond angles are relaxed. The ranges for each of the
one-dimensional potentials are chosen such that they span
the angular regions sampled by the vibrational wave func-
tions for the states of interest.

B. Vibrational coordinates and Hamiltonian

One-dimensional variational calculations were carried
out in a DVR. For the Cu—CD;0D distance coordinate R,
we use the reduced mass of the complex. The effective
masses by for the angular motions are derived from the
rotational constants for the associated molecular motions. In
the case of the OOP motion, this corresponds to rotation of
the O-D bond about the C—O bond axis. The IP motion cor-
responds to the rotation of CD;OD about its C rotation axis
coupled to rotation of the complex about its center of mass,
while the methyl torsion is simply the threefold rotation of
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the CD5 group about its symmetry axis. Based on the above
definitions, the values of b.; for these three motions are
9.9512 cm™ (OOP), 0.6687 cm™! (IP), and 4.5172 cm™!
(CDjy), and the effective Hamiltonians for the radial and an-
gular motions are

. 1 d

H=-——+V(R), 1
2,udR2+ (R) (1)

H=bJ?+V(6), (2)

respectively. Here J? is the angular momentum operator as-
sociated with the one-dimensional motions, and as such it
has eigenvalues that are proportional to j2. The potential sur-
faces V are acquired using spline interpolations of the ener-
gies obtained from the electronic structure calculations de-
scribed above. For the stretch coordinate, grid points used for
the DVR calculations range from 0.5 to 15.0 A with a grid
spacing of 0.0181 A. For the bend and torsion coordinates,
the grid ranges from —180° to 180° with a spacing of 0.5°.
For the stretch coordinate, grid points beyond those from ab
initio calculations were necessary, and the ab initio data are
extrapolated to the calculated value at 25 A using
Co Cs

Vex(R) =6

rA (3)

where the values of Cy and Cy are chosen to ensure that the
potential and its first derivative are continuous.

Within the Condon approximation, the photoelectron
spectrum can be generated from overlaps between eigen-
states on the anion and neutral surfaces. Since the low-lying
vibrational states on the anion surface are localized near the
potential minimum, we focus on those eigenstates on the
neutral surface that are evaluated using cuts near the equilib-
rium structure of the anion, e.g., the VDG surface. Within
this treatment, the four-dimensional wave functions are ap-
proximated by products of one-dimensional functions. The
overlap integrals between the eigenstates on the anion and
VDG surfaces are evaluated for each thermally populated
state of the anion using the 200 K vibrational temperature as
was mentioned above. The resulting spectra are summed and
convolved with a Gaussian with a full width at half maxi-
mum of 50 cm™' (0.0062 eV). This width is chosen to facili-
tate comparison with experiment.

IV. RESULTS AND DISCUSSION

A. Initial state characterization

Electron photodetachment from Cu~(CD;0OD) produces
an ensemble of neutral Cu(CD;OD) complexes far from
their equilibrium geometry, resulting in large amplitude sol-
vent rearrangement and dissociation. In order to investigate
the nature of this rearrangement and dissociation, we must
characterize the initial state of the ion-molecule complex.

1. Calculations

The anion complex has a distinctly different minimum
energy configuration from the neutral and cation complexes.
This is illustrated in the variation of selected bond lengths
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TABLE I. Select geometrical parameters of all species, calculated at the
MP2 level of theory.

CD;OD  Cu(CD;OD)  Cu(CD;OD)  Cu*(CD,0D)
R(Cu0O) 323 A 2.04 A 1.86 A
R(OD) 0.96 A 0.99 A 0.96 A 0.96 A
R(CO) 142 A 141 A 144 A 147 A
Ocon 107.98° 105.82° 108.85° 109.64°

and angles reported in Table I. By analogy to Cu(H,0),
where the Cu~ is in a hydrogen-bonded configuration, the
minimum energy structure of the Cu™(CD;0D), shown in
Fig. 3(a), has the Cu~ positioned closest to D, and lying in
the plane that contains D,OCD;. This hydrogen-bonding in-
teraction between Cu~ and the OD group in methanol is re-
flected in the fact that the O—D bond length is 0.03 A longer
in Cu™(CD;0D) than in an isolated methanol molecule. In
addition the value of C-O-D angle is decreased from
107.98° in methanol to 105.82° in the cluster. In the context
of the present study, the most important change in the metha-
nol by complexation with Cu~ is that it lowers the CDj tor-
sional barrier by nearly 75%, from 406 cm™! in an isolated
methanol molecule to 110 cm™! in the complex.

Calculations of the neutral Cu(CD;0D) cluster at the
MP2 level result in a minimum energy structure with the Cu
atom closest to the oxygen atom, on the opposite side of the
OD group compared to the anion, as shown in Fig. 3(b). In
the minimum energy structure, the copper atom resides
above the plane that contains D,OCD;, and the Cu-O dis-
tance is 2.04 A. In comparing this complex to an isolated
methanol molecule, we see that the O—C bond length in-
creases, the O-D bond length remains unchanged, and the
C-0O-D angle increases slightly. In addition, the barrier to
rotation of the methyl group is nearly equal to that in metha-
nol, with a value of 421 cm™'. This change in the barrier
height will be important as we analyze the origins of the
observed time dependence of the Cu™ and Cu*(CD;0D) sig-
nals. The large difference between the barrier heights on the
anionic and neutral surfaces is surprising, but we have ob-
served similar changes in barrier heights in recent studies of
the methyl rotor in CH50, in its ground and first excited
electronic states.”"

Upon electron photodetachment of Cu™(CD;0D), the re-
sulting neutral complex is produced with an initial geometry

J. Chem. Phys. 126, 084307 (2007)

TABLE III. Calculated fundamental frequencies for the three vibrational
modes corresponding to the 1D potential energy slices of Cu(CD;0D),
minimum energy neutral configuration.

15D harmonic 1D anharmonic 1D harmonic

Vibration (cm™) (cm™) (cm™)
Cu-O stretch 230 183 193
OOP bend 298 246 265
CD; torsion® 82 116 123

“Due to the near degeneracy of the three lowest energy states of the torsion,
the 1D values reflect the energy difference between the third excited state
and the ground state.

that is close to the minimum energy structure of the anion.
Comparing Figs. 3(a) and 3(b), we note that this configura-
tion is far from the minimum energy geometry of the neutral
complex. In Tables II and III, we report the harmonic and
anharmonic fundamental frequencies of several modes of in-
terest for the anion complex as well as for the two geom-
etries of the neutral complex. The anharmonic frequencies
were obtained from the DVR calculations described above,
while the one-dimensional harmonic frequencies were ob-
tained by replacing the potential term in Egs. (1) and (2) with
a quadratic expansion of the potential about a local mini-
mum. In contrast the 15-dimensional harmonic frequencies
were obtained from a normal mode analysis at the potential
minimum. There are obvious differences among the frequen-
cies, and these frequency discrepancies arise from several
sources. The differences between the several one-
dimensional results reflect the substantial anharmonicity of
the potentials. As can be seen, the stretch, IP, and OOP po-
tentials are nearly harmonic, while anharmonicity plays a
larger role in the torsion potential. The variation between the
two sets of harmonic frequencies reflects the difference be-
tween the coordinates that are used to define the one-
dimensional potential cuts and the normal mode coordinates.

It should also be noted that no 15-dimensional harmonic
calculations are presented for the VDG. This stems from the
fact that the vertical detachment geometry is not a stationary
point on the neutral surface. However, the VDG manifests
itself as local minima in the one-dimensional cuts through
the neutral potential energy surfaces. Therefore the one-
dimensional calculations are shown in Table II for compari-
son with the anion and neutral frequencies.

Since the VDG is not the global minimum on the neutral

TABLE II. Calculated fundamental frequencies of the four vibrational modes corresponding to the one-
dimensional (1D) potential energy slices for Cu"(CD;0D) and Cu(CD;0D), which is the neutral complex in
the anion configuration, i.e. the vertical detachment geometry.

Cu~(CD;0D)

Cu(CD,0D)

15D harmonic

1D anharmonic

1D harmonic 1D anharmonic 1D harmonic

Vibration (cm™) (cm™) (cm™) (cm™) (cm™)
Cu-O stretch 138 102 104 54 57
IP bend 83 119 119 24 32
OOP bend 489 423 495 66 212
CD; torsion” 44 53 69 105 118

“Due to the near degeneracy of the three lowest energy states of the torsion, the 1D values reflect the energy
difference between the third excited state and the ground state.
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FIG. 4. Experimental and calculated Cu™(CD;0D) photoelectron spectra.
The experimental spectrum is shown as black points. The calculated spec-
trum is reported with a solid, black curve. For comparison we also calcu-
lated the photoelectron spectrum after shifting the potential energy curve for
Cu™(CD;0D) by +0.18 A along the Cu-O distance coordinate R. The re-
sults of these calculations are plotted with gray curves; the dashed line
represents the calculation when the potential minimum is shifted to 3.24 A
and the dash-dot line represents the results when the minimum is at 3.60 A.

surface, determining which of the calculated vibrational en-
ergy levels correspond to the ground and first excited states
of the complex in the VDG can be difficult. For the OOP
bend, the lowest energy state that is strongly localized in the
VDG minimum is easily assigned, whereas the first excited
state is more difficult to isolate. This complication reflects
the fact that the barrier to free rotation of the copper atom
around the OD group of methanol is only 70 cm™! above this
lowest energy state. As the harmonic frequency for this mode
is 212 cm™, it is not surprising that the state that we identify
as the first excited state has a frequency much lower than the
harmonic value. In fact, its energy is close to the barrier to
free rotation, and it is rather delocalized over the full range
for the OOP angle. The IP motion also exhibits similar dif-
ficulties, albeit to a lesser extent. We also calculated the
minimum energy structure of Cu*(CD;0D), shown in Fig.
3(c); key structural parameters for all three charge states are
summarized in Table I.

2. Photoelectron spectra

The Cu™(CD;0D) photoelectron imaging spectrum re-
ported here was obtained with a pulsed ion machine’*?
modified to incorporate a photoelectron imaging device.**
The imaging system is operated in the velocity map
imaging54’55 mode. This photoelectron imaging spectrometer
is very similar to that described by Surber et al.”® and Mabbs
et al.”® Photoelectrons are accelerated onto a microchannel
plate detector coupled to a phosphor screen where images are
collected by a charge-coupled device camera. The two-
dimensional photoelectron images are reconstructed into the
three-dimensional photoelectron velocity and angular distri-
butions using the BASEX image reconstruction method de-
veloped by Dribinski et al”

The Cu™(CD;0D) photoelectron spectrum is displayed
in Fig. 4% For comparison, we also plot the calculated
Cu~(CD;0D) photoelectron spectrum, shown as a solid line.

J. Chem. Phys. 126, 084307 (2007)

The energy scale of the calculated spectrum has been shifted
by 91 meV, such that the maxima of the calculated and ex-
perimental spectra coincide. The magnitude and direction of
this shift are in line with the error found in our calculation of
the electron affinity of Cu atom at the same level of theory.33

The agreement between the experimental and calculated
photoelectron spectra is remarkable. In particular, the calcu-
lated spectrum reproduces the width and contour of the ex-
perimental spectrum. This provides us with confidence in our
reduced dimensional model for the Cu(CD;0D) complex.
Analysis of the calculated spectrum shows that its shape and
width are captured by a one-dimensional calculation that in-
cludes only the Cu—O stretch coordinate, although the methyl
rotor motion must also be taken into account to achieve the
level of agreement seen in Fig. 4.

While we only report the spectrum that was calculated at
200 K, we also evaluated the photoelectron spectrum for
temperatures ranging from O to 200 K. The differences
among these spectra reflect hot band structure in the Cu-O
stretch coordinate and sequence bands in the methyl rotor.
The intensities of these features increase with temperature,
leading to broadening of the calculated spectrum. Interest-
ingly, the difference between the spectrum at 100 K and that
at 200 K are small and are found to be in comparable agree-
ment with the experimental spectrum, shown in Fig. 4. While
this insensitivity of the photoelectron spectrum to the vibra-
tional temperature may seem surprising, it reflects the fact
that the largest contribution to the width comes from the
ground state wave function on the anion surface and is seen
at 0 K. Similar behavior was seen in our calculations for
Cu(H,0) and Cu(D,0).%

B. Time evolution of the Cu* and Cu*(CD;0D) signals

The primary focus of this work is the time evolution of
Cu*(CD30D) and Cu™ cations that are produced by photode-
tachment of an electron from Cu™(CD;0D) followed by two-
photon resonant ionization after a specified delay time. The
resulting signals, plotted as a function of pump-probe delay
time, are reported in Fig. 5.

Before discussing these results, we need to consider how
these signals are obtained. Figure 2 displays the
photodetachment-photoionization laser schemes superim-
posed on a schema of the Cu(CD;0D) radial potential en-
ergy surface. The Cu* signal has primarily a three-color
(398+327+265 nm) dependence, as seen in Fig. 2, scheme
1. The major background in this scheme is produced by a
two-color (327+265 nm) contribution and is typically 10%
of the maximum three-color signal. The Cu*(CD;0D) signal
has primarily a two-color (398+327 nm) dependence,
as seen in Fig. 2, scheme 2. As in the Cu(H,0),
experiments,zo’21 background measurements indicate that the
398 nm+(2 X 327 nm) contribution to the Cu*(CD;0D) sig-
nal is much larger (>90%) than the 398+327+265 nm
component. One-color backgrounds from both the 398 and
327 nm pulses contribute to both the Cu*(H,O) and
Cu*(CD;0D) signals.

Figure 5 shows the initial rise of the Cu® and
Cu*(CD;0D) signals from Cu (CD;0D) following pump
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FIG. 5. (Color online) Initial experimental time dependence of cation sig-
nals. The Cu* signal rise from Cu~ (gray triangles) is fitted with a tanh
function (solid line) and used as an in situ measure of the instrument time
resolution. The open circles represent Cu* signal from Cu(CD;0D), while
the filled circles represent the Cu*(CD;0D) signal from Cu(CD;0D).

and probe pulses. As a point of reference, the instrument
response, measured by the rise of Cu* from Cu~, is plotted
with gray triangles and fitted with a solid line. The
Cu*(CD;0D) signal rises at the same rate as the instrument
response while the Cu* signal rises with increasing pump-
probe delay. A longer time scan is plotted in Fig. 6. This plot
shows that both signals reach their respective asymptotic val-
ues by ~¢=100 ps. If we sum these two signals, we find that
their sum is nearly constant. Similar rise and decay features
were also observed in the Cu(H,0) studies.”*?"*?

In order to extract dynamical information from the ex-
perimental data, all data sets are summed to produce total
Cu* and Cu*(CD;0D) time-dependent signals. Due to day-
to-day fluctuations in measured cation intensities as well as
in the position of =0, special care needs to be taken when
adding multiple data sets. The following procedure is used to
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FIG. 6. (Color online) Experimental time dependence of cation signals re-
sulting from photodetachment-photoionization of Cu™(CD;0D). The rising
Cu* signal (open circles) results from photodetachment (398 nm) followed
by two-color (327+265 nm) resonant ionization. The decaying
Cu*(CD;0D) signal (filled circles) results from photodetachment (398 nm)
followed by one-color (265 nm) resonant multiphoton ionization. The solid
lines represent the exponential fits to the data used to extract time
components.
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TABLE IV. Parameters of double exponential fit to the functions given
in Egs. (4) and (5); the indicated errors are =10 of the least squares fit
parameters.

Cu* Cu*(CD;0D)
x;=2.9£0.7 ps yi=5+3 ps

X,=29+4 ps y,=33%3 ps
a,=0.48+0.10 b,=0.52+0.07
a,=0.52+0.08 b,=0.48+0.08

account for these fluctuations. First, time-independent back-
ground signals are obtained at the beginning and end of each
data set. If the background signals changed significantly be-
fore and after a data set, then that data set was rejected. For
the accepted sets, the average background signal is sub-
tracted from the data set. For the Cu® channel this back-
ground correction shows that the <0 signal is zero, while
for the Cu*(CD;OD) channel, the background correction
shows that the signal is zero both for <0 and for ¢
>100 ps. The uncertainty in the determination of #=0 is
+0.25 ps. The complementary shapes of the two curves per-
mits a simple multiplicative scaling of the Cu*(CD;0D)
channel intensity, such that the sum of the Cu* and
Cu*(CD;OD) signals is essentially constant at a value of 1
for all delay times greater than a few picoseconds. The indi-
vidual scaled and background-corrected data sets are aver-
aged to obtain the Cu* and Cu*(CD;0D) data shown in Fig.
6. Each data point is an average of ~1.5X 10° laser shots.
Fitting of the data to single-exponential rise [Cu*] and decay
[Cu*(CD5;0D)] does not produce a satisfactory fit. Conse-
quently a two-component fit was employed. The solid lines
in Fig. 6 were obtained by fitting the data to double-
exponential rise/decay of the following form:

MCu*]=ay(1—e™™) +ay(1 - &™), (4)

I[Cu*(CD;0D)] = b,e™™1 4 bye ™2, (5)

This parametrization gave a satisfactory fit; the parameters so
obtained are reported given in Table IV. Although the fits to
the Cu* and Cu*(CD;0D) data were carried out indepen-
dently, the corresponding derived parameters (a;,b;),
(ar,b,), (x1,y;), and (x,,y,) are each within 1o of their
counterpart. This agreement strongly suggests that both Cu*
and Cu*(CDsOD) signals arise from a common physical pro-
cess. The fitted parameters also show that each component
has roughly 50% contribution to the signal. The reported
error in fitting is determined by the standard deviation of the
exponential fit to the averaged data sets. These errors are
represented graphically in Fig. 6 and numerically in Table
IV. The large uncertainty present in y; comes from the re-
curring oscillatory features present in the decaying signal, as
can be seen in Fig. 5.

C. Dissociation time components

In contrast to the present work, we found that three time
scales were required to fit the Cu* signal in the Cu(H,O)
study and that the Cu*(H,O) signal displayed more structure
than was observed for Cu”(CD3OD).20 In Cu(H,O) the
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FIG. 7. (Color online) Cuts through the potential energy surfaces along the
Cu-O distance coordinate R for (i) Cu™(CD;0D), (ii) Cu(CD;0D) with
other coordinates frozen at the anion configuration, and (iii) fully relaxed
Cu(CD;0D). The insets show the various solvent orientations for the three
minima.

shortest time scale was ~1 ps. This was shown to corre-
spond to the direct dissociation of the Cu(H,O) complex
upon electron photodetachment. An intermediate time scale
of ~10 ps was associated with coupling between the hin-
dered rotation of H,O in the complex to the Cu—H,O disso-
ciation channel. Finally the 100 ps component was attributed
to vibrational predissociation driven by states with excitation
in the water bend.

1. Direct dissociation

As can be seen in Fig. 7, after photodetachment the neu-
tral Cu(CDs0D) complex is in the VDG, a configuration that
is far from the minimum energy configuration on the poten-
tial surface. The motions that would take the complex to the
minimum energy geometry involve a combination of metha-
nol rotation and a shortening of the Cu-O distance. At the
equilibrium Cu-O distance in the VDG of Cu(CD;0D), the
potential is relatively flat along the coordinates correspond-
ing to methanol rotation. If there is sufficient energy in the
Cu-O stretch coordinate, the complex should have enough
time to dissociate before getting trapped near the minimum
energy configuration of the complex. This mechanism is re-
sponsible for the <1 ps, fast rise signal for Cu* from
Cu*(H,0).

As seen in the results reported in Table IV, the param-
eters that describe the Cu* rise do not contain the fast
(r<1 ps) Cu* component observed in the Cu(H,0) study.*’
This direct dissociation component was also absent in the
Cu(H,0), rearrangement studies.”’ To understand this differ-
ence between the Cu(H,0) and Cu(CD;0D) dissociation dy-
namics, we turn to cut through the potentials for the anion
and neutral species, plotted in Fig. 8. Here the solid lines
represent the potentials for the Cu(CD;0D) complexes,
while the dashed lines provide the potentials for the
Cu(H,0) complexes. The vertical and horizontal dotted lines
represent the equilibrium Cu-O distance on the anionic sur-
face and the dissociation energy of the neutral complexes,
respectively. As these plots show, upon photodetachment the
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FIG. 8. Cuts through the potential energy surfaces along the Cu-O distance
coordinate R for (i) the anion and (ii) the neutral at the vertical detachment
geometries of Cu(CD;0OD) and Cu(H,O). The solid curves represent
Cu(CD;0D), while the dashed curves represent Cu(H,0). The vertical line
is drawn at the Cu-O distance corresponding to the minimum energy
configuration of both anions. The horizontal line at 1.23 eV indicates the
dissociation energy of the neutral complexes.

Cu(CD;0D) complex will be in a configuration that is close
to the potential minimum in the VDG along the Cu—O stretch
coordinate. Comparison of the well depths shows that the
interaction energy of copper in a hydrogen-bonded,
Cu-DOCD;, orientation with methanol is much larger than
the corresponding interaction energy between copper and
water in a similar configuration. These differences imply that
Cu(H,0) will have more energy along the Cu-H,O disso-
ciation coordinate than will be the case for Cu(CD;0D).

The implications of the above analysis of the potential
curves, plotted in Fig. 8, can be quantified by considering the
properties of the ground state wave functions, calculated us-
ing the lower, anionic surfaces when they are projected onto
the neutral surfaces. If we consider the average energy of
these states, we find that it is 148 cm™! below the dissocia-
tion threshold [D, (C,,)=265 cm™!] (Ref. 33) in Cu(H,0),
while for Cu(CD;0D) the average energy is 568 cm™! below
the dissociation threshold (Dy=628 cm™'). While the greater
relative energy of Cu(H,0) compared to Cu(CD;0D) sup-
ports the above observations, the complexes are initially at a
finite temperature, and this should also be taken into account.
This can be accomplished by considering the overlaps be-
tween the wave functions that correspond to the thermally
populated states on the anion surface at 200 K and the vibra-
tional wave functions at the VDG on the neutral surface. We
find that 18% of the probability amplitude reflects the over-
laps with states with energies above the Cu(H,0) dissocia-
tion threshold, while this value drops to less than 2% for
Cu(CD;0D). This final observation supports our inability to
fit a fast time component, analogous to the <1 ps rise time in
Cu(H,0).

The above arguments rely on the shift between the mini-
mum energy geometries of the slices along the Cu—O coor-
dinate of Cu(CD;0OD) and Cu(CD;0D) in the VDG. We
can investigate the appropriateness of this picture by calcu-
lating the photoelectron spectrum, as described above, with
the Cu-O distance dependence of the Cu™(CD;0D) potential
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shifted by £0.18 A. The results of these calculations are plot-
ted with dashed lines in Fig. 4. The best agreement in the
width of the calculated and experimental spectra is obtained
when the calculated vertical detachment potential surface is
used. This finding, along with the calculated overlaps be-
tween the radial wave functions and the anion and VDG
potential energy surfaces, supports the fact that the direct
dissociation channel that was reported for the Cu(H,O) com-
plex is not observed in Cu(CD;0D).

2. Energy redistribution

While the above discussion shows that there is not
enough energy directly deposited into the Cu—O coordinate
of Cu(CD;OD) to lead to direct dissociation, in most cases
there is more than sufficient excitation in several of the other
vibrational degrees of freedom to dissociate the complex. An
investigation of cuts through the neutral potentials, corre-
sponding to both the IP and OOP motions, reveals a rela-
tively flat landscape similar to that seen in Cu(H,O). In our
three-dimensional simulations of the dynamics of Cu(H,O)
on the neutral surface, we were able to attribute the 10 ps
time scale obtained from the fits to the Cu* and Cu*(H,O)
signals to energy transfer between the hindered rotation of
the water molecule and the dissociation coordinate. When we
compare the initial internal energy in the IP and OOP rota-
tion coordinates in these two systems, based on one-
dimensional calculations, we find that they differ by less than
10%. This, coupled to the similarity of the 3 ps time scale
obtained in the present study and the 10 ps time scale for
Cu(H,0), leads us to conclude that the motions responsible
for the 3 ps rise and decay times reported in Table IV are
associated with energy transfer from the methanol hindered
rotation to the dissociation of the complex. The shorter time
scale for methanol compared to water likely reflects the
smaller rotational constants for methanol leading to a larger
density of states.

In the Cu(H,0) study, the 100 ps dissociation compo-
nent stemmed from predissociation driven by vibrationally
excited bending modes of H,O. In Table IV we report the
longest dissociation component as 30 ps for Cu(CD;OD).
We believe that this component arises from coupling of the
methyl rotor rotation into the Cu—CD;OD dissociation coor-
dinate. When we calculate the overlap between the thermally
populated torsional levels of the CD5 group in Cu™(CD;0D)
and the states on the neutral surface, we find that, upon pho-
todetachment, 65% of the probability amplitude ends up in
states with energy in the methyl torsion. This value is within
20 of the values for a, and b,, reported in Table IV. Based
on this, we attribute the 30 ps time scale to coupling of states
with methyl rotor excitation to the dissociation coordinate.
We ascribe the difference in the dissociation time, compared
to the 100 ps component of Cu(H,0), to the presence of the
methyl rotor and its ability to accelerate intramolecular vi-
brational energy redistribution.”®!

V. CONCLUSIONS

We report the experimental and theoretical investigations
of the time-dependent dissociation dynamics of the

J. Chem. Phys. 126, 084307 (2007)

Cu(CD;0D) complex. Experiments using photodetachment-
photoionization spectroscopy provide insight into the evolu-
tion of the nascent neutral complex formed via electron pho-
todetachment from Cu (CD;OD). Ab initio calculations
provide the minimum energy structures and one-dimensional
potential energy surfaces used in determining the vibrational
energies and wave functions of the complex.

The ab initio minimum energy structures show that both
Cu(H,0O) and Cu(CD;OD) have similar hydrogen-bonded
anion orientations as well as similar neutral Cu-O orienta-
tions. However, the Cu(CD;0D) complex does not exhibit
the direct dissociation (¢<<1 ps) observed in Cu(H,0), due
to the predominantly bound-to-bound transitions upon elec-
tron photodetachment of Cu~(CD;0D). The rising Cu* and
decaying Cu*(CD;0D) signals from Cu(CD;0D) both ex-
hibit time components of 3 and 30 ps. Models of the disso-
ciation dynamics suggest that the 3 ps component arises
from coupling of CD;OD hindered rotations to the
Cu-CD;0D dissociation coordinate; this time scale is com-
parable to the solvent reorientation coupling observed in
Cu(H,0). The angular one-dimensional potential energy
slices and calculated excitation energies confirm the similar-
ity of the two systems in the solvent reorientation coordi-
nates. Further modeling of the dynamics suggests that the
excited methyl rotations couple into the Cu—CD;OD disso-
ciation coordinate on a 30 ps time scale, slightly faster than
the 100 ps time scale observed in Cu(H,0).
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