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The electronic spectra of Mn*(HZO) and Mn*(DZO) have been measured from 30000 to
35000 cm™! using photodissociation spectroscopy. Transitions are observed from the A, ground
state in which the Mn* is in a 3d4s' electronic configuration, to the "B, (3d° 4p,) and "B, 3d%4p,)
excited states with T, = 30210 and 32274 cm™', respectively. Each electronic transition has par-
tially resolved rotational and extensive vibrational structure with an extended progression in the
metal—ligand stretch at a frequency of ~450 cm~'. There are also progressions in the in-plane bend
in the "B, state, due to vibronic coupling, and the out-of-plane bend in the "B, state, where the
calculation illustrates that this state is slightly non-planar. Electronic structure computations at the
CCSD(T)/aug-cc-pVTZ and TD-DFT B3LYP/6-311+4-G(3df,3pd) level are also used to character-
ize the ground and excited states, respectively. These calculations predict a ground state Mn-O bond
length of 2.18 A. Analysis of the experimentally observed vibrational intensities reveals that this
bond length decreases by 0.15 + 0.015 A and 0.14 & 0.01 A in the excited states. The behavior is
accounted for by the less repulsive p, and p, orbitals causing the Mn™ to interact more strongly with
water in the excited states than the ground state. The result is a decrease in the Mn-O bond length,
along with an increase in the H-O-H angle. The spectra have well resolved K rotational structure.
Fitting this structure gives spin-rotation constants ¢,,” = —3 £ 1 cm™! for the ground state and
€ =05+05cm ! and e, = —4.2 £ 0.7 cm™! for the first and second excited states, respec-
tively, and A’ = 12.8 £ 0.7 cm™! for the first excited state. Vibrationally mediated photodissociation
studies determine the O-H antisymmetric stretching frequency in the ground electronic state to be
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. INTRODUCTION

The importance of metal-water interactions in solvation,
catalysis and biology has helped promote the study of metal-
water complexes.! Due to the complexity of solution phase
chemistry, the study of the intrinsic interaction between the
metal and water is simplified by gas phase analysis. In par-
ticular, gas phase electronic spectroscopy experiments reveal
information about a metal’s electronic configuration and its
effects on the ion’s overall metal-water structure, including
the metal-water bond.

Magnera, David, and Michl? and Marinelli and Squires?
first measured the binding energies of gaseous water
molecules to first-row transition metal cations using collision
induced dissociation (CID) in a triple-quadrupole mass spec-
trometer. Magnera et al. have determined the Mn*-H, O bind-
ing energy to be 11400 cm~!, while Marinelli and Squires
have found it to be 12900 cm™~'. These systems have been re-
visited in a guided-ion beam (GIB) measurement by Dalleska,
Honma, Sunderlin, and Armentrout, who have obtained a
binding energy of 9900 % 500 cm~!, making Mn*(H,O) the
most weakly bound first-row transition metal water complex.*
In fact, along the periodic table from left to right the binding
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energies of the first-row transition metals to water follow a
slight downward trend from Ti* to a minimum at Mn™, before
trending upward to Nit and decreasing slightly to Cu™. This
is primarily because the 3d°4s' ground state of Mn™(H,0)
leads to a less strongly bound complex than metals with-
out electrons in the 4s orbital. Excitation of the Mn+(H20)
4p<4s transition results in strongly bound 3d@°4p' excited
states. This differs from most M*(H,0) complexes, whose
low lying excited states are formed by 4s<—3d transitions,
where the excited states are more weakly bound than the
ground state. Due to the large differences between the 4s and
4p orbital energies, the excited states of Mn™(H,0) are well
above the dissociation energy, resulting in the clean observa-
tion of the transitions by photodissociation spectroscopy.
Electronic spectroscopy of MT(H,0O) facilitates the
measurement of ground and excited state bond dissocia-
tion energies and rotational constants, and excited elec-
tronic states vibrational frequencies. This information is
used to determine the ground and excited electronic states
geometries, bonding characteristics, etc. There have been
many spectroscopic studies of MT(H,0) complexes in-
cluding electronic spectroscopy of hydrated alkaline earth
cations Mg*(H,0),’> Ca*(H,0),%7 Sr*(H,0),® and transition
metal cations V(H,0),”!9 Nit(H,0),!' Co*(H,0),!? and
Zn"(H,0).13 Vibrational spectra of M*(H,O) reveals infor-
mation about the metal ion’s effect on O-H bonds in the H,O
ligand and can elucidate hydrogen-bonding networks in larger
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water clusters. Duncan and co-workers have used argon tag-
ging to measure vibrational spectra of Mt(H,0), (n = 1-
4) M = Sc,”* V,’5 Cr,'® Mn,'” Fe,'® Ni,' Cu,?° Zn?') and
M?**(H,0) M = Sc,'* V,22 Cr,' Mn!7) in the O—H stretch-
ing region. Likewise, Nishi and co-workers measured vibra-
tional spectra of M*(H,0), for M = V,* Co,* Cu and Ag,”
while Zhou and co-workers measured the vibrational spectra
of AuJ“(Hzo)n (n = 1-8).%° In addition, van der Linde and
Beyer have examined water activation in larger clusters of
MJF(H20)n (n < 40) M =V, Cr, Mn, Fe, Co, Ni, Cu, Zn)
in a FT-ICR mass spectrometer, with particular emphasis on
water activation in Mn™(H,0),.>” O'Brien and Williams used
vibrational spectroscopy to observe similar effects in smaller
divalent clusters (n = 5-8).%® Rosi and Bauschlicher have in-
vestigated binding energies of M+ (H,0), (n = 1-4) for tran-
sition metals from V to Zn.?® They calculate the structure of
Mn™ (H,O) to be planar, with C,, symmetry and note that due
to the absence of 3d-4s hybridization, metal-water repulsion
is reduced by polarization of the 4s orbital away from the wa-
ter by 4s-4p hybridization. This structure has been confirmed
in subsequent calculations by Trachtman et al.*° and Irigorias
et al.*' who also noted that the septet Mn™ ion is not likely to
accept donations from the water due to the Mn™ ion’s highly
stabilized exchange energy due to its six matching spins. Cal-
culations by Carnegie et al. in support of the vibrational spec-
tra of Mn™ (H,O) predict a binding energy of 10600 cm~!.!7

As previously mentioned, the vibrational spectra of
Mn*(H,0) and Mn?*(H,0) have been measured by Dun-
can and coworkers via argon tagging.!” Although the at-
tached argon typically only slightly perturbs the O-H stretch-
ing frequencies, it strongly affects the rotational constants.
Our group used photodissociation spectroscopy and vibra-
tionally mediated photodissociation (VMP) to measure the
electronic spectra and O—H stretching frequencies of un-
tagged Ni*(H,0) and Co*(H,0).!""!2 Those studies also
measured the rotational constants ¢ and A for the ground
and excited electronic states. The current experiments ex-
tend the electronic and vibrational spectroscopy studies to the
Mn*(H,0) and Mn™"(D,0O) complexes.

Il. EXPERIMENTAL METHODS

The experiments are carried out on a laser ablation dual
time-of-flight reflectron mass spectrometer described in ear-
lier papers.’>3* Manganese ions are produced by ablating a
manganese rod with the 532 nm second harmonic of a pulsed
Nd:YAG laser operating at 17 mJ/ pulse at a repetition rate
of 20 Hz. A gas mix of 2%-10% H, and 90%-98% He at a
pressure of 35 psi runs through a bubbler filled with purified
H,O or D,0. The resulting mixture is introduced through a
piezoelectric pulsed valve into the chamber where the Mn™
ions interact with the gas to form Mn*(H,O) and larger clus-
ters. The ions then expand into vacuum forming a beam with
a rotational temperature of ~15 K.!? The ion beam passes
through a skimmer into the time-of-flight mass spectrometer,
where the ions are accelerated, re-referenced to ground poten-
tial and mass selected. At the turning point of the reflectron,
the frequency-doubled output of a tunable dye laser is used to
photodissociate the ions. The fragment and remaining parent
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ions are reaccelerated and strike a microchannel plate detec-
tor in the final stage of the time-of-flight mass spectrometer.
The signal is amplified and collected on an oscilloscope and
gated integrators (controlled by an inhouse LabView program
for data acquisition) and mass analyzed. A photodissociation
spectrum is formed by plotting the ratio of Mn™ fragment ions
to Mn™(H,0) or Mn*(D,0) parent ions, normalized to laser
power, as a function of the wavelength.

Although loss of H,O is expected and observed to be the
primary photodissociation pathway, loss of H atom and H,
are energetically accessible above 23 800 and 27 400 cm™',
respectively. Difference (laser on - laser off) mass spectra of
Mnt(H,0) taken at several wavelengths show that H atom
loss is <20% of H,O loss while no H, loss is detected. Loss
of D from Mn™(D,0) is even smaller, <5% of D, O loss. Pho-
todissociation spectra are obtained by monitoring loss of wa-
ter (Mn™), as the other channels are too small and too close to
the parent.

The electronic spectroscopy studies utilize the frequency-
doubled output of a Continuum ND6000 dye laser at a line
width of 0.1 cm™! using a variety of laser dyes to scan the
270-360 nm range. The photodissociation yield is linear with
laser power, up to ~2-3 mJ/pulse. As a result, the unfo-
cused UV laser beam is attenuated to <3 mJ/pulse to reduce
power broadening and faithfully reproduce spectral intensi-
ties. The dye laser wavelength is calibrated using the optogal-
vanic spectrum of neon.** The infrared spectroscopy experi-
ments employ a Laser Vision IR OPO/OPA tunable from 2200
cm™! to >4000 cm™!. This laser produces 10 ml/pulse at
~3500 cm™!, with a line width of ~2 cm™~". Tt is calibrated us-
ing the absorption spectrum of water vapor. A multipass mir-
ror arrangement allows the IR laser to make up to 11 passes
through the ion cloud. However, the UV beam only makes one
pass through the ion cloud due to absorption by the mirrors.®
The computations use the Gaussian 09 suite of programs.>®
The geometries, energies, and vibrational frequencies of the
ground and excited states of Mn™(H,0) and Mn*(D,0) are
calculated with the B3LYP hybrid density functional with the
6-3114++G(3df,3pd) basis set. The ground state geometry is
also calculated at the CCSD(T)/aug-cc-pVTZ level.

lll. RESULTS AND DISCUSSION
A. Electronic spectroscopy

Photodissociation spectra of Mn™(H,0) and Mn™(D,0)
are measured from 30000 to 35000 cm~' as shown in
Figure 1. A full scan of 27 000-38 000 cm~! revealed no
additional dissociation. The photodissociation spectrum has
transitions to two excited electronic states, each with well-
structured vibrational features. In addition, the spectrum of
Mnt(H,0) shows partially resolved rotational structure.

To assign the spectra the possible motions of the complex
are first considered. The Mn*(HZO) ion has six vibrations,
three of which essentially belong to H,O; the symmetric and
antisymmetric O-H stretches and the H-O-H bend. There are
also three low frequency vibrations: the Mn*-H, O stretch and
two Mn™-H, O bends. The vibrational modes and their quan-
tum numbers are assigned with the aid of the spectrum of the
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FIG. 1. Photodissociation spectra of Mn*(H,0) and Mn*(D,0) from
30000 to 35000 cm™!. An extended progression is observed in the Mn-
ligand stretch (v,’), in conjunction with short progressions in the in-plane
bend (v¢") and out-of-plane bend (v,).

deuterated ion. Deuteration should significantly alter the fre-
quency of the water stretches and bend, and of the intermolec-
ular bends, but have little effect on the metal-ligand stretch-
ing frequency, as this vibration primarily involves heavy atom
motion. The primary vibrational progression shows very sim-
ilar frequencies of ~460 cm™! in Mnt(H,0) and ~440 cm™!
in Mn™(D,0). This confirms that the primary vibration ob-
served is due to the metal-water stretch (v;).

Isotopic substitution also confirms the assignment of
the band origins for the two excited electronic states: at
~30250 cm™! and ~32300 cm™', respectively. These ex-
cited state progressions are due to Mn*(H,O) with the metal
in its 3d°4p" state. The manganese ion’s interaction with H,O
splits the degeneracy of the 4p orbital into three components:
Px> Py> and p,. Figure 2 shows the molecular axis system and
Figure S1 in the supplementary material shows the relevant
molecular orbitals.*> One would expect the electronic spec-
trum of Mn*(H,0) to consist of three bands, transitions to
the nearly degenerate p, and p,, along with a transition to the
p, orbital at significantly higher energy. This is supported by
TD-DFT calculations, which predict vertical excitation ener-
gies of 32600 cm™! to the "B, (p,) state, 34330 cm™! to the
"B, (p,) state, and 38360 cm™' to the A (p,) state. The p,
orbital is the least repulsive of the three. Thus the lowest en-
ergy band is due to a transition from the ’A, (3d°4s) ground

A
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FIG. 2. Rotational axis diagram of Mn™ (H,O).
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state to the B, (3d54py) excited state. The p, is slightly more
repulsive as it overlaps the lone pair orbital on the oxygen.
This transition (7B1 (3d54px) <« 7A1 (3d’4s)) is responsible
for the second band. Finally, the p, orbital is the most repul-
sive as it points directly at the ligand. Therefore it is expected
that the transition will have the highest energy. However, this
transition is not observed, owing to either being at a higher en-
ergy than 38 000 cm ™' or a large change in geometry leading
to very broad spectra. Although similar p,,p, < s transitions
have been observed in Mg* (H,0), Ca™(H,0) and Zn*(H,0),
the p, < s has not.% 1337

In the spectra there are also short progressions in two
other intermolecular vibrations. Their assignment is facili-
tated by considering the rotational structure. The electronic
transition moment from the 4s to the 4p, and 4p, orbitals lies
perpendicular to the Mn-O axis. Being a near prolate sym-
metric top, Mn™ (H,O) has a very small moment of inertia for
rotation about the Mn-O axis. Hence the B and C constants
are nearly equal and much smaller (~0.25 cm™') than the
relatively large rotational constant A ~14 cm™'. As a result,
transitions to final states that have A, vibrational symmetry
should show perpendicular rotational structure, creating mul-
tiplets with AK, = £1. At the ~15 K temperature of the ion
beam, three main peaks in the rotational substructure are ex-
pected, corresponding to K’ =1 <~ K,” =0 and K, =0,
2 < K,” = 1. This is observed for the metal-ligand stretch
progression. Small singlet features associated with parallel
rotational structure (AK, = 0) are also observed in the 7B2
state starting at 30 816 cm™!. These peaks are the result of the
in-plane bend (v,) alone and in combination with the M-
H,O stretch The out-of-plane bend (v,) is seen in the 'B,
state of both Mn™ (H,0) and Mn™ (D, O) starting at 32 753 and
32591 cm™!, respectively, and also in combination with the
M*-H,O0 stretch. Each of the three observed vibrations will
be analyzed in turn.

To better characterize the metal-ligand stretching interac-
tion, the peak positions are fit to the energy levels of a Morse
oscillator (Eq. (1)).

E = T, 4w, (vy'+15) — x5/ (vy'+14)%. (1)

Here, w;’ is the fundamental frequency, v;' is the
vibrational quantum number, and x; is the anharmonicity
constant. First and second excited state frequencies of w,’
=459 cm™! and 430 cm™! are determined with anharmonici-
ties of x;' =3.5cm™! and 4.1 cm™!, respectively. The ground
and excited state values are also obtained at the B3LYP/6-
3114++G(3df,3pd)) level. Table I summarizes these vibra-
tional frequencies for Mn*(H,0) and Mn*(D,0).

To further complete the picture, the binding energies of
Mn™" (H,O) excited states are also calculated. The ground state
of Mn™ is 3d°4s' (’S;); the lowest allowed electronic tran-
sition is 4p<—4s which produces the 7P2,3’4 states at 38 360,
38543, and 38 806 cm™', respectively.®® Using this informa-
tion, the experimentally determined dissociation energy of
the Mn™(H,0) ground state D, = 9900 & 500 cm~',* and
the observed p, and p, band origins, the binding energies
of the excited states are determined. These values are 18 200
+ 500 cm™" for the "B, (p,) and 16200 + 500 cm™" for the
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TABLE I. Calculated and measured vibrational frequencies (cm™!) of Mn+(H20) and Mn+(D20)‘

Vibrational Mn *,0) Mn 0,0)
Mode (v;) symmetry Description Ground state 7B2 7B1 Ground state 7B2 7B1
Calculated (B3LYP/6-311++G(3df,3pd))
1 a O-H symmetric stretch 3720 3744 3723 2680 2695 2684
2 a H-O-H bend 1644 1624 1650 1206 1193 1210
3 a M-O stretch (z) 310 463 427 297 443 411
4 b, Out-of-plane bend (x) 320 (361) 357 (257) 280 (106)* 245 (270) 269 (183) 213 (55)°
5 b, O-H antisymmetric stretch 3802 3799 3790 2789 2788 2779
6 b, In-plane bend (y) 494 (493) 548 (533) 660 (584) 366 (367) 408 (398) 487 (435)
Experimental
3 a M-O stretch (z) 459¢ 4304 ... 436 404
4 b, Out-of-plane bend (x) .. 456° ... ... 306°
5 b, O-H antisymmetric stretch 3658 ..
6 b, In-plane bend (y) 559

2This vibration is anharmonic, the value shown is the 0-1 spacing; the 0-2 spacing is 364 cm™".

1

YThe value shown is the 0-1 spacing; the 0-2 spacing is 240 cm~". Values in parentheses are v, and are obtained by numerically solving the 1D Schrodinger equation, for a scan along

this coordinate.
°x'y =35

d)(’3 =4.1.

ey =0-2 spacing.

"B, (p,) states, which are significantly higher than the bind-
ing energies in the ground state. In comparison, calculating
D, purely based on the measured Mn*-H,O stretching fre-
quency and anharmonicity utilizing Birge-Sponer plots gives
~15000 and 11000 cm™~" for the "B, and "B, states, respec-
tively. This is somewhat lower than the values derived from
the ground state dissociation energy. The discrepancy is due
to being limited to the observed spectra’s modest number of
vibrational levels, which only encompass the first 15% of the
dissociation energy. In their study of the electronic spectrum
of Co™(Ne) Mosley ef al. demonstrate that the binding energy
extrapolated using Birge-Sponer plots gives different values
depending the range of vibrational states used in the fit.*
The relative intensities of the vibrational features in
the photodissociation spectrum reflect the change in geom-
etry upon electronic excitation. In order to quantify this,
the one dimensional Schrodinger equation for the Mn-(H,O)
stretch is solved. Treating the ground and excited electronic
states as Morse oscillators, the vibrational (Franck-Condon)
overlaps are calculated while varying the upper state Mn-O
bond length. For the ground state, these calculations use the
B3LYP/6-3114++G(3df,3pd) bond length of 2.180 A, Mn*-0
stretching frequency of 309.7 cm~! and experimental dissoci-
ation energy. For the excited states, experimental frequencies
and anharmonicities are used and the bond length is varied un-
til the calculated intensities match the experiment. The bond
lengths are r, = 2.030 & 0.015 A and 2.040 + 0.01 A for the
first and second excited states, respectively. The p<«—s excita-
tion leads to a reduction in the Mn-O bond length of ~0.15 A.
This is slightly larger than the ~0.13 A shortening observed
for the analogous transition in Zn*(H,0) and 0.09 A in
Ca'(H,0).%'3 The bond length decrease is due to repulsion
between the electron in the singly occupied 4s orbital and the
lone pairs on the oxygen. Promotion of this electron to the 4p,
or 4p, orbital, both of which are perpendicular to the ligand,
reduces this repulsion and leads to a shorter, stronger Mn™ -

H,O bond. Morse potential curves for the ground and excited
states observed are shown in Figure 3. As shown in Table I,
the calculated TDDFT harmonic frequencies for the Mn-H,O
stretch in the excited states are surprisingly close to the ex-
perimental frequencies, differing by <1%. In addition, the
calculated Mn-O bond lengths are also in good accord with
experiment (Table II).

The observed photodissociation yield is quite small,
considering that each band has a calculated oscillator strength
f ~ 0.2. There are several possible reasons for the low
photofragment yield. Internal conversion to the ground state
could be inefficient due to the large difference in energy
between the p, and p, excited states and the ground state, as
is intersystem crossing to states correlating to Mn*(°S,’D)
+ H,O due to small spin-orbit coupling. If this is the
case, fluorescence might compete with photofragmentation.
Another possible mechanism is that the initially excited
molecules absorb a second photon prior to dissociating. In
principle this would result in a quadratic power dependence,
rather than the linear dependence observed. However, if the
oscillator strength for the second transition is substantially

T X T v 1
3 4 5
Mn-O Bond Length (A)

FIG. 3. Potential energy curves of the ground and excited electronic states
of Mn‘*‘(H2 O) along the Mn—O stretch based on experiment.
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TABLE II. Geometries of the ground and excited states of Mn™* (H,0).

Calculated,
B3LYP/6-311+4G(3df,3pd)
or CCSD(T)/aug-cc-pVTZ Experiment
Mn™ (H,0) tyo (&) ZHOH (deg) 1oy (A) Iy (A)
Ground state 2.180 106.8 0.968
Ground state® 2.177 106.1 0.967 ...
Excited state 1(4py)7B2 2.001 109.6 0.967 2.030 £0.015
Excited state 2(4px)7B1 2.040 107.0 0.969  2.040 +0.010

2At the CCSD(T)/aug-cc-pVTZ level.

lower than the first, the quadratic regime would occur at low
laser powers where the dissociation could not be accurately
monitored. Scurlock et al. discuss these possibilities in detail
for Ca®(H,0).6

As previously mentioned, the in-plane bend (v,’) is ob-
served for Mn™ (H,O) in the first excited state and the out-of-
plane bend (v,") for Mn*(H,0) and Mn™(D,0) in the second
excited state. The in-plane bend is seen as a result of vibronic
coupling, while the out-of-plane bend results from a geome-
try change along that mode. A consequence of vibronic cou-
pling is that only one quantum of in-plane bend is observed,
whereas only transitions to even quanta are seen for the out-
of-plane bend.

The in-plane bend (v4') is observed in the first excited
state, starting 559 cm™! after the origin, and then in combi-
nation with the metal-ligand stretch. This result is very close
to the calculated harmonic frequency of 548 cm~'. Both the
in-plane bend and p, orbital have B, symmetry. Their sym-
metry product, A, indicates a vibronically allowed transi-
tion and appears as a parallel band. The analogous, vibron-
ically allowed transition is also observed in Zn*(H,0), at
700 cm~1.'3 In Mn™(D,0) the in-plane bend is predicted to
lie at 408 cm™!. It is thus obscured by the much more intense
metal-ligand stretch at 436 cm™!.

Transitions to two quanta of the out-of-plane bend (v,")
are seen in the second excited state of both Mn™(H,0) and
Mnt(D,0). Transitions to even number of quanta in v,” show
perpendicular rotational structure. These peaks are clearly
observed in Mn™(D,0) and give 2v,” = 306 cm™'. In the
Mn*(H,0) spectrum, 2v,’ = 456 cm™! is only ~26 cm™'
larger than v;'. As a result, the multiplet structure of tran-
sitions to states with v,” = 2 and v;" = n overlap multi-
plets with v,” = 0 and v;" = n+1, convoluting the spectrum.
Transitions to one quantum of v,’ are vibronically allowed
for the second excited state and would show parallel struc-
ture, but they are not observed in this case, although they are
seen in Zn*(H,0) and Ca*(H,0).%!* Time-dependent DFT
calculations are carried out to further characterize the out-
of-plane bend in the ground and excited electronic states of
Mn" (H,O). The potentials are calculated by scanning the out-
of-plane angle from 0° to 90° (keeping the Mn-O bond length
and H-O-H angle fixed at the equilibrium value in the ground
state) and then using TDDFT to find the total energy at that
geometry. As shown in Figure 4, the out-of-plane bend is har-
monic for the ground state, but the second excited state has
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FIG. 4. Scans along the out-of-plane bend mode in the ground and 7B1 ex-
cited state showing the vibrational energy levels for v,” = 0 and v;' =0, 1,
and 2 and the corresponding wavefunctions for states with even quanta.

two equivalent minima at +38°, separated by a barrier of
154 cm™!. Energies and wavefunctions of the excited states
are calculated by solving the one dimensional Schrédinger
equation. For the second excited state of Mnt(H,0) v;' = 1
is predicted to lie 106 cm™! above v;' = 0, with vy’ = 2
at 364 cm~'. This is slightly lower than the 456 cm™! ob-
served experimentally. The calculated values for Mn*(D,0)
are similarly underestimated as seen in Table I. In addition,
the Franck-Condon factors calculated for v," = 2 are smaller
than is observed. This suggests that the TDDFT calculations
underestimate the barrier to planarity.

The vibrational structure in the electronic spectra of
Mnt(H,O) reveals how the electron occupancy of the metal
affects the bonding with the ligand. The (3d°4s) ground state
of Mn" binds to water relatively weakly, forming a planar,
C,, complex with a calculated Mn-O bond length of 2.18 A.
The 3d54py excited state has a much shorter bond length
(2.03 A) and a metal-ligand stretching frequency of 459 cm™"!,
and retains the C,, structure. In the second, 3d°4p,, ex-
cited state the bond is slightly longer (2.04 A), the metal-
ligand stretching frequency drops slightly to 430 cm™! and
the complex distorts out-of-plane. The electronic spectrum of
Mn"(H,O) is quite similar to that of Zn™(H,0). Both have
long progressions in the metal-water stretch which are indica-
tive of significant changes in bond length from the ground to
the excited state. In the first excited state they both also show a
vibronically allowed transition to the in-plane bend and in the
second excited state a short progression in the out-of-plane
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bend, indicating a small barrier to planarity. The Zn*(H,O)
system does show stronger, shorter bonds in the ground and
excited electronic states, as would be expected considering
the smaller ionic radius of zinc. For example, the calculated
Zn-H,0 bond length of 2.07 A in the ground state reduces to
1.95 A and 1.98 A in the excited states, and the vibrational fre-
quencies of the excited states of Znt(H,0) are ~15% higher
than the corresponding states in Mn™(H,0). In the second ex-
cited state, the 4p, orbital on the metal overlaps the lone pair
electrons on the oxygen. This is more repulsive than the in-
teraction in the first excited state in which the 4p, orbital is
perpendicular to the oxygen lone pair. This repulsion leads to
the p, state lying ~2000 cm~! above the p, state and having
a slightly longer bond. The energy difference between these
two states is small; a consequence of the metal’s 4p orbitals
being much larger than the oxygen atom’s lone pair orbitals.

B. Electronic spectroscopy: Rotations

Analysis of the rotational structure in the electronic tran-
sitions potentially provides information about the geometry
of the molecule and the symmetry of the ground and excited
states. In this analysis Mn*(H,0) and Mn*(D,0) are treated
as nearly symmetric prolate tops. The corresponding spectra’s
rotational structure are compared to simulations generated by
the spfit and spcat programs*® to determine A’, B’ (B’ ~ C)
rotational and ¢,," and ¢,,” spin-rotational constants.

The rotational Hamiltonian is expressed as the sum of

purely rotational and spin-rotation terms:*!+4?
H=H,6, +H, )
with
H,, = AN;+ BN;+CNZ, 3)
H, = % Do eas (NS5 +SpN,), 4)
B

where A, B, and C are rotational constants, N is the rota-
tional angular momentum, S is the spin angular momentum,
and &, 4 are components of the spin rotation tensor in the in-
ertial axis system (a, b, c). In the absence of spin-rotational
interaction the rotational energies (eigenvalues for H ) for a
near-symmetric top are given by Eq. (5).

B+C B+C
fn = (- (557)) e (5

The quantum numbers associated with rotations are the to-
tal angular momentum quantum number J, and K, the pro-
jection of the angular momentum onto the Mn-O bond
(Figure 2). Rotation about the Mn-O bond has the smallest
moment of inertia and hence the largest rotational constant.
In the ground state, this is calculated as A” ~ 14 cm~!. The
B and C constants are much smaller and are degenerate for a
prolate top. They are nearly identical to each other, and in the
ground state are calculated as B” ~ C” ~ 0.24 cm~!. As noted
earlier, the K structure is apparent in the spectrum but individ-
ual J peaks are not resolved. Although the spin-rotation inter-

>J(J+1).

J. Chem. Phys. 141, 204305 (2014)

action parameter ¢ has components along all three rotational
axes, ¢,, dominates as the A rotational constant is much larger
than B or C. The spin-rotation constant &,, adds two primary
terms to the energies in Eq. (5).”*3 One term is proportional
to ¢, K, 2, (¥ = -3, -2, -1, 0, 1, 2, 3 is the projection of
the electron spin angular momentum onto the a axis) which
broadens peaks with K, > 1 and the other to ¢,,K,?, which
affects the apparent A rotational constant. The shape of each
K, < K,” peak is determined by the spin-rotation constants
in the upper and lower states, and to a lesser extent, by the
change in the B and C rotational constants (AB, AC) upon
electronic excitation. This is reflected in the simulations that
are much more sensitive to AB than to the individual values
of B and B”.

Since hydrogen is a fermion, the overall wavefunction for
Mn*(H,0) must be antisymmetric with respect to exchange
of the hydrogens (which is equivalent to 180° rotation about
the a axis). The ground state of Mn™(H,0) is 7Al (symmet-
ric), as is the vibrational wavefunction for v/ = 0. So, the
product of the wavefunction for rotation about the a axis and
the nuclear spin must be antisymmetric, which results in a 1:3
even:odd K,” population ratio, if it is difficult to effectively
cool molecules from K,” = 1 to K,” = 0 in the ion source.'?
Thus, the perpendicular bands in the spectrum of Mn*(H,O)
appear as doublets, due to the K’ =0 «— K,” =1 and K/
=2 < K,” =1 transitions. The K, = 1 <~ K,” = 0 tran-
sition lies between these features, but it is much less intense
and, for most bands in Mn*(HZO), does not give a discrete
peak. States with K,” > 1 have very low population at 15 K
and thus contribute little to the spectrum. As deuterium is a
boson, Mn*(D,0) should have a 2:1 even:odd K,” ratio.'?
The spectrum should thus consist primarily of triplets, with a
central K, = 1 <— K ” = 0 peak bracketed by weaker K, =
0,2 < K,” = 1 peaks (which are bracketed in turn by much
weaker K, = 1, 3 < K" = 2 peaks). Unfortunately, the ro-
tational structure in Mn™(D,0) is substantially broader than
in Mn*(H,0), so the K structure is barely observable. Due
to the limited resolution of the spectrum, some spectroscopic
parameters could not be determined.

Parameterization of the spfit and spcat program*’ begins
with the determination of the equilibrium constants A,”, B,”,
and C,”, which are calculated at the CCSD(T)/aug-cc-pVTZ
level. These values are then converted to v = 0 constants A",
B,”, and C," by adding the difference between equilibrium
and v = 0 constants from an anharmonic frequency calcula-
tion at the B3LYP/6-311+4+-+G(3df,3pd) level. The rotational
simulations are relatively insensitive to B and C, so these con-
stants were set to the values obtained from the intensities in
the Mn-O stretch progressions: Ary; o = 0.15 £ 0.015 A®B
= 0.279 & 0.004 cm~') and 0.14 £ 0.01 A (B' = 0.277 +
0.003 cm™!). Excited state terms A’, B/, €., » and ground state
€, are then varied until the generated spectrum best approx-
imates the experiment. The temperature in the simulations is
held at 15 K, as in the Ni*(H,0) and Co™(H,0) studies.'"-!2
A Lorentzian line width of 2 cm™! is also used, to reflect the
excited state lifetime. The results are seen in Figure 5 with
corresponding rotational parameters in Table III.

Comparing the ground to excited states in Table III, the
A constant decreases and the B and C constants increase
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FIG. 5. Photodissociation spectra of the origin band of the 7B2 state (top)
and 7Bl state of Mn*(HZO) (bottom) showing the AK, = +1 features char-
acteristic of a perpendicular transition. The simulated spectra are also shown,
using the spectroscopic parameters in Table III, a rotational temperature of
15 K, and a Lorentzian line width of 2 cm™!.

during the transition. This increase in B and C is the result of
the shortening of the Mn-O bond upon electronic excitation.
For the planar complexes, the A constant depends on rq; and
/HOH. As the calculations predict that electronic excitation
has an insignificant effect on roy (Table II), the change in A is
thought largely due to a change in the H-O-H angle. The ob-
served A’ = 12.8 £ 0.7 cm™! for the "B, state corresponds to
/HOH = 112° &£ 4°. Fits of A and ¢,, are correlated as their
effect on the energies is proportional to Kaz. Therefore, the
relatively large uncertainty in A includes the effects caused
by varying ¢,,’. In comparison, the ground state /HOH is cal-
culated as 106.1° at the CCSD(T)/aug-cc-pVTZ level of the-
ory. This increase in the ZHOH for states with shorter metal
ion-oxygen bonds has also been observed in M*(H,0) (M
= Mg, Ca, Co, Ni, Zn).>"1=1337 In bare H,0, the /HOH is

TABLE III. Rotational constants for Mn*(HZO) (em™h).

Constant Ground state 7B2 state 7B1 state
T, 0 30210 32267

A 13.812 12.8 4 0.7 12.8°

B 0.243* 0.279 £ 0.05 0.277 £ 0.05
C 0.239* 0.275 £ 0.05 0.273 £0.05
I3 -3+1 0.5+0.5 —42+0.7

aa

“Fixed to the calculated value.
YFixed to the value in the 7B2 state.
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104.5°. This is smaller than the tetrahedral angle (109.5°), due
to repulsion between the O-H bonding electrons and the oxy-
gen lone pairs. When a metal ion binds to water, it removes
electron density from the oxygen lone pairs, which increases
the ZHOH. For a particular metal, this effect is stronger the
shorter the M-O bond. For the 7B1 state, the simulations do
not reproduce the very broad K, = 0<-K,” = 1 peak in the
origin band, and peaks with v;’ >0 overlap those with v, =2,
making A’ impossible to determine. Given that A" should not
differ to an appreciable extent between the two excited states,
A’ was fixed to its ’B, state value.

As seen above the spin-rotation parameter plays an im-
portant role in the simulations. The spin-rotation parameter
¢ is determined by two factors.*! For open-shell metal com-
pounds, the dominant contribution is usually the second-order
interaction between spin-orbit coupling and the Coriolis inter-
action. There is also some contribution from coupling of the
electron spin to the magnetic field due to molecular rotation.
Whitham and Jungen developed a pure precession model to
predict the spin-rotation interaction in the p<—s excited states
of CaNH,.** In this model, rotation about the a axis leads to
mixing of the p, and p, orbitals, and hence of the B; and B,
states. In addition to CaNH,, it has been found to work quite
well for Mg*(H,0), Cat(H,0), and Zn*(H,0). Solving for
the resulting energies using perturbation theory, it predicts,'!

_4AASON?

Saa AE

(6)

Here A is the rotational constant, ASC is the metal atom’s ef-
fective spin-orbit interaction constant in the molecule (this is
typically ~85% of the value in the free atom), A = 1 for a p,
or p, orbital, and AE is the energy difference between the B,
and B, states.

In the ground states of Mgt (H,0), Ca™(H,0), and
Zn* (H,O) the only unpaired electron is in an s orbital, so the
corresponding atomic states have no spin-orbit coupling, and
Eq. (6) predicts ¢,,” = 0. The measured spectra are consistent
with this result.® '3 These results are also verified by new
simulations of the spectra of Ca™(H,0) and Zn*(H,0), with
€, = £ 1 cm™! are nearly identical to those with &,,” = 0.
For Mn*(H,0), ¢,,” is initially set to zero because the S,
ground state of Mn™ has no spin-orbit coupling. However,
simulations using ¢,,” = 0 clearly do not reproduce the de-
creasing intensity to lower energy from 30 259 to 30235 cm ™!
seen in Figure 5 (top) nor the decreasing intensity to higher
energy starting at 32300 cm™! as seen in Figure 5 (bottom).
Instead, the simulations predict roughly constant intensity in
these regions. In addition, the experimental K, = 0<K,”
= 1 peaks are far too narrow for both states when com-
pared to the simulations. Due to the ¢,,K,¥ energy term,
septet Mn*(HzO) (which has ¥ = -3, -2, —1,0, 1, 2, 3)
is more sensitive to ¢,, than doublet molecules, which have X
= —1/2, +1/2. Simulations using ¢,,” = —3 £ 1 were best
able to match the spectrum.

For Mn™(H,0), the spin-orbit interaction constant for the
3d%4p states of Mn™ is 62 cm ™!, so AS? &~ 53 cm ™!, and |AE|
= 2057 cm™! (from the spectrum). This predicts &,," = £1.3
cm~! for the "B, and "B, states, respectively. While not in
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quantitative agreement with the measured ¢,/ = +0.5 and
—4.2 cm™! for the two states, it is qualitatively correct in pre-
dicting that the sign of ¢,,” is different for the two states. The
most distinctive sign of this is seen in the shapes of the K,/
=2 « K,” = 1 peak, which tails to the red in the ’B, state
and to the blue in the "B, state (Figure 5). The relatively poor
performance of the pure precession model for Mn™(H,0) is
probably due to the small indirect spin-orbit contribution to
& (the Mn™ atomic spin-orbit coupling is substantially smaller
than in Ca* and Zn™), while the high spin of the manganese
complex increases the contribution from direct interaction of
the electron spin with the magnetic field due to molecular ro-
tation.

The rotational structure in the electronic spectra of the
M*(HZO) complexes measured to date (M = Mg, Ca, Mn,
Co, Ni, Zn) are all similar. Focusing on the transition met-
als, Mn™"(H,0) undergoes an allowed p<«s transition, lead-
ing to a decrease in bond length, while the Co*(H,O) and
Ni*(H,O) complexes undergo either d<—d or s<d forbid-
den transitions, leading to greater repulsion and an increased
bond length. Since rotational constants are strongly linked to
the change in bond length, the B and C constants increase
from the ground state to the excited state in Mn*(HZO) and
Zn* (H,0), with the opposite occurring for the Co* (H,0) and
Ni*(H,O) systems. Likewise the A constant decreases for the
Mn and Zn complexes upon electronic excitation and decrease
for the Ni and Co systems. Excited electronic states show
varying lifetimes for these systems as indicated by observed
Lorentzian linewidths ranging from 0.6 cm™! in Ni*(H,0) to
6 cm™!in Zn*(H,O). The spin-rotation constant & is zero in
Zn"(H,0), —3 cm~! in Mn*(H,0), and significantly more
negative for Co*(H,0) and Ni*(H,0) (—6 and —12 cm™!,
respectively). In the excited states, € can take positive or neg-
ative values, with the largest magnitude observed, 10 cm™', in
Zn* (H,0).

C. Vibrational spectroscopy

Infrared spectroscopy studies are carried out to explore
the effects of the metal on the O-H bonds in the complex’s
ground state and to try to provide direct measurement of the
ground state ¢, and A” rotational constants without the in-
volvement of the excited states. The vibrational spectrum of
Mnt(H,0) has been measured by Carnegie er al. via argon
tagging.!” Argon tagging, while expected to only affect the O-
H stretching frequencies a small amount, completely changes
the rotational structure. Vibrationally mediated photodissoci-
ation (VMP) is a tool which can be used to measure vibra-
tional spectra of small, strongly bound ions without tagging.
Our group has used VMP to measure the O—H stretching
frequencies of Nit(H,0) and Co™(H,0).!"!? The simplest
way to measure vibrational spectra using VMP is a depletion
experiment. A laser operating in the visible or UV is set to
an electronic transition which leads to photodissociation of
ground state ions, while a second, IR, laser scans across the
O-H stretching region. When the frequency of the IR laser
corresponds to a vibrational transition, the ions are vibra-
tionally excited. If these vibrationally excited molecules are
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no longer in resonance with the UV laser, this will lead to less
photofragment signal.

Depletion scans were carried out for Mn™(H,O), with the
UV laser set to the (v;' = 1, K,” = 0)«<-K,” = 1 transition at
30655 cm™'. A small amount of depletion (~5%) was con-
sistently seen at ~3692 cm~! as shown in Figure S2 in the
supplementary material. > Although the effect is small, it was
reproduced in scans taken over several days. Setting the UV
to other lines with K,” = 1 led to smaller depletion in this re-
gion. Unfortunately this was the only IR wavelength at which
depletion was consistently observed, even after the UV laser
was tuned to various transitions in the spectrum. The deple-
tion experiment suffers from high background, which com-
bines with shot to shot instability in the photofragment signal
to give a noise level of ~2%. In order to assign the transitions
we correct the O-H symmetric and anti-symmetric stretch fre-
quencies measured by Carnegie et al. for Mn™(H,O)Ar (v,
= 3584 cm™! and v5 = 3660 cm™') with their calculated
2 cm~! shift for argon tagging to predict v, = 3582 cm~! and
vs = 3658 cm~!.!7 The VMP experiment monitors depletion
from K,” = 1, so it is only sensitive to K, = 1< K,” =1
for the symmetric stretch, which is a parallel band, and to K/
= 0,2<-K,” = 1 for the antisymmetric stretch, which is a per-
pendicular band. Simulations of the antisymmetric stretch us-
ing these frequencies and the ground state rotational constants
in Table III predict absorption at 3652 and 3692 cm~!. The
observed depletion at 3692 cm™! thus clearly corresponds to
(vs' =1, K,/ =2)«(vs" =0,K,” = 1), implying vs = 3658
cm™!. Thus, binding to Mn™ produces a 98 cm~' red shift in
the O-H antisymmetric stretching frequency of water.

IV. SUMMARY AND CONCLUSIONS

In summary, the electronic spectra of Mn™(H,0) and
Mn*(D,0) were measured from 30000 to 35000 cm~! us-
ing photodissociation spectroscopy. The spectra show transi-
tions to two excited electronic states, 'B, (3d54py) and "B,
(3d°4p,) with T, = 30210 and 32274 cm™!, respectively. The
observed vibrations are assigned by comparing isotopic shifts
between Mn*(H,0) and Mn™(D,0). These bands show long
progressions in the Mn—O stretch with a frequency of ~450
cm™! and partially resolved rotational structure. Combining
the spectroscopic results with the guided ion beam measure-
ment of the ground state zero Kelvin Mn™—H,O dissocia-
tion energy (9900 £ 500 cm~')* gives binding energies of
18200 £ 500 cm™! and 16200 % 500 cm™' for the7B1(py)
and "B, (p,) states, respectively. Electronic structure calcula-
tions at the CCSD(T)/aug-cc-pVTZ and TD-DFT B3LYP/6-
3114++4G(3df,3pd) predict Mn™-H,O bond lengths in the ex-
cited states that are in excellent agreement with experimental
results. Progressions in the in-plane and out-of-plane bends
are also observed in the "B, and "B, state, respectively. The
observed rotational contours are fit to give spin-rotation con-
stants &,,” = —3 = 1 cm™! for the ground state and &,, = 0.5
+0.5cm ! and e,/ = —4.2 + 0.7 cm™! for the 'B, and "B,
excited states of Mn™ (H,0), respectively, and an A’ rotational
constant of 12.8 & 0.7 cm~! for the "B, state. Vibrationally
mediated photodissociation studies determined the O-H
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antisymmetric stretching frequency in the ground electronic
state to be 3658 cm~!. Overall the excited states of Mn™ inter-
act more strongly with water than the ground state, resulting
in decreased Mn-O bond length in the excited states, and an
increase in the H-O-H angle.
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