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Observation of a Remarkable Temperature Effect in the Hydrogen Bonding Structure and
Dynamics of the CN™(H,0) Cluster

I. Introduction
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The CN™(H,0) cluster represents a model diatomic monohydrate with multiple solvation sites. We report
joint experimental and theoretical studies of its structure and dynamics using temperature-controlled
photoelectron spectroscopy (PES) and ab initio electronic structure calculations. The observed PES spectra
of CN™(H,0) display a remarkable temperature effect, namely that the 7 = 12 K spectrum shows an
unexpectedly large blue shift of 0.25 eV in the electron binding energy relative to the room temperature (RT)
spectrum. Extensive theoretical analysis of the potential energy function (PEF) of the cluster at the CCSD(T)
level of theory reveals the existence of two nearly isoenergetic isomers corresponding to H,O forming a
H-bond with either the C or the N atom, respectively. This results in four topologically distinct minima, i.e.,
CN™(H,OH,), CN™ (H,OH,), NC™(H,OHy), and NC™ (H,OH,). There are two main pathways connecting these
minima: (i) CN™ tumbling relative to water and (ii) water rocking relative to CN™. The relative magnitude of
the barriers associated with these two motions reverses between low (pathway i is preferred) and high (pathway
ii is preferred) temperatures. As a result, at 7 = 12 K the cluster adopts a structure that is close to the
minimum energy CN™(H,O) configuration, while at RT it can effectively access regions of the PEF close to
the transition state for pathway ii, explaining the surprisingly large spectral shift between the 12 K and RT
PES spectra.

allow for spectroscopic studies of microsolvated complexes and
multiply charged ions under well-controlled temperatures.??~2*

Gas phase clusters of simple ions solvated with a controlled
number of solvent molecules are ideal models in obtaining
microscopic insight into the properties of aqueous electrolyte
solutions.'™ Many gas phase experimental techniques® ' as
well as theoretical approaches'>”!7 have been used to study
solvated clusters. Temperature plays a key role in the spectros-
copy of solvated clusters,'® and various cooling techniques such
as argon tagging'""'> or helium nanodroplets'*?’ have been the
driving forces for the recent resurgence of the field. Most of
the research efforts on solvated ions have been devoted to
relatively simple cations or anions using Ar-tagging predissociation.'!"'?
Recent advances in ion trap technology have made it possible
to produce cold ions down to very low temperatures®' and to

* Corresponding authors. E-mail: L.-S.W., Is.wang@pnl.gov; S.S.X.,
sotiris.xantheas @pnl.gov.

" Washington State University and Chemical & Materials Sciences
Division (MS K8-88), Pacific Northwest National Laboratory.

# Technische Universitit Miinchen.

§ Environmental Molecular Sciences Laboratory, Pacific Northwest
National Laboratory.

' Chemical & Materials Sciences Division (MS K1-83), Pacific Northwest
National Laboratory.

10.1021/jp9034002 CCC: $40.75

Monohydrate anions, such as C1™(H,0), have drawn particular
attention due to their simplicity and role as prototypes to
understand ion—water interactions.'%!:15:18.2526  Temperature
effects cannot be more emphasized than those appeared in two
previous experimental infrared (IR) action spectra by Okumura'®
and Johnson!! on CI~(H,0), where, although similar vibrational
frequencies were observed, the respective intensities were
completely different, apparently due to the different temperatures
of the clusters.'8 It is surprising that no gas phase spectroscopic
studies have been reported to date on CN (H,0), clusters,
considering the ubiquity and wide applications of cyanide anions
in solutions and solids. Despite the fame of being a “pseudoha-
lide”, the cyanide anion is quite different from the halides in
its hydration mechanism as it can form two H-bonded complexes
with water via either the C or the N side.?” The study of
CN™(H,0), clusters, therefore, not only yields details about the
microscopic molecular interactions between CN™ and H,O but
also provides a case for comparison with the halide solvation.

In this study we present a joint experimental/theoretical study
of the H-bonding structure and dynamics of CN™(H,O) by
temperature-controlled PES and high-level ab initio electronic
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structure calculations. PES spectra were obtained at two
temperatures (12 K and RT), probing the ground and first excited
states of CN(H,0), as well as the CN™(H,O)" charge-transfer
state. Comparison between the 12 K and RT spectra revealed a
surprisingly large blue shift of 0.25 eV in electron binding
energies. High level ab initio calculations identified two almost
isoenergetic minima, corresponding to CN7(H,O) and
NC~(H,O), and two intermolecular soft motions of water
rocking and CN™ tumbling to connect these two minima. The
calculations yield converged (with regard to the level of electron
correlation and orbital basis set) vertical detachment energies
(VDEs) to the ground and excited states of the neutral cluster
that are in quantitative agreement with the experiment and
unravel the origin of the energy shift observed at RT due to the
sampling of different cluster configurations.

II. Approach

Experimental Section. The experiments were performed
using two home-built apparatuses that couple an electrospray
ionization (ESI) source to a magnetic-bottle time-of-flight
photoelectron spectrometer. The CN™(H,O) cluster was gener-
ated via electrospray from a 1 mMol NaCN solution in a water/
acetonitrile mixed solvent. The RT experiment was carried out
in an ESI-PES instrument that has been described in detail
elsewhere,”® while the T = 12 K data were obtained using a
newly developed instrument that has the ability to cool ions to
low temperatures.” In this case the anions produced from the
ESI source were guided by two RF-only devices and a 90° ion
bender into a Paul trap, which is attached to the cold head of a
closed-cycle helium cryostat. In the current experiment the ion
trap was operated at 12 K and ions were collisionally cooled
for 0.1 s by a 1 mTorr background gas (He/20% H,) before
being pulsed out into the extraction zone of a time-of-flight mass
spectrometer.

During each PES experiment, the anions of interest were mass
selected and decelerated before being intercepted by a detach-
ment laser beam in the interaction zone of a magnetic-bottle
photoelectron analyzer. The spectra of the CN™(H,O) anion were
obtained at 193 nm (6.424 eV) from an ArF excimer laser.
Photoelectron time-of-flight spectra were measured and then
converted into kinetic energy spectra, calibrated by the known
spectra of I” and ClO, . The electron binding energy spectra
were obtained by subtracting the kinetic energy spectra from
the detachment photon energy. The energy resolution (AE/E)
was estimated to be approximately 2%, i.e., approximately 20
meV for 1 eV electrons.

Electronic Structure Calculations. The stationary points
(minima, transition states) were fully optimized at the second-
order Moller—Plesset (MP2) and coupled-cluster singles and
doubles with perturbative estimate of triple excitations
[CCSD(T)] levels of theory using the family of augmented
correlation consistent basis sets, aug-cc-pVnZ (n = D, T, Q),
of Dunning and co-workers.®® All MP2 calculations were
performed with the Gaussian 98 suite of codes,’' whereas all
CCSD(T) calculations were carried out with the NWChem suite
of electronic structure codes.*> All open-shell coupled-cluster
calculations, needed for the calculation of the VDEs, were based
on a doublet restricted open-shell Hartree—Fock reference with
the core electrons being frozen. These calculations were
performed using the tuned tensor contraction engine (TCE)*
implementation of the CCSD3* and CCSD(T)* approaches (for
details and scalability analysis see ref 36) implemented within
the NWChem suite of electronic structure codes.> The best
estimates for the energy difference between the two minima
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Figure 1. Photoelectron spectra of CN™(H,0) at 193 nm (6.424 eV)
at 12 K and room temperature.

were obtained at the CCSD(T)/aug-cc-pVQZ level of theory
(332 basis functions) with ZPE corrections estimated at the
CCSD(T)/aug-cc-pVTZ level. For the transition states, CCSD(T)/
aug-cc-pVQZ single point energies were obtained at the
CCSD(T)/aug-cc-pVDZ optimal geometries, which were also
used to estimate ZPE corrections. To better visualize the
interconversion pathways between the various stationary points
of the CN™(H,0) cluster, a reduced PEF as a function of the
two angles defining the orientation of the CN fragment relative
to H,O (vide supra) was produced. The calculations to obtain
the reduced PEF were performed at the CCSD(T)/aug-cc-pVDZ
level with the MOLPRO suite of electronic structure codes.?’

III. Results

Photoelectron Spectroscopy. We carried out the PES study
of CN™(H,0) using a home-built magnetic bottle time-of-flight
PES apparatus that couples an electrospray ionization (ESI)
source and a temperature-controlled ion-trap.?*?° The CN~(H,0)
cluster was generated via ESI and mass-selected before exposure
to the detachment light. Figure 1 shows the 193 nm PES spectra
of CN™(H,0) at 12 K (blue) and RT (red).’® Two main features
are observed at 7= 12 K: an intense peak (X) centered at 4.54
eV (Table 1) and a weaker one (A) at ~5.7 eV. At RT, a
surprisingly large red shift in electron binding energies of 0.25
eV is observed, while the overall spectral pattern and widths
are largely unchanged. We also measured the PES spectrum of
the bare CN™ anion at 266 nm (4.661 eV) that shows one single
sharp peak with a VDE of 3.85 eV (Table 1). This result is
consistent with a previous high-resolution study,* which
observed only the 0—O0 transition at 266 nm, and yielded an
adiabatic detachment energy (ADE) or VDE of 3.862 eV. The
current CN™ spectrum confirmed the proper calibrations under
which the CN7(H,0) spectra were taken. The apparent broad-
ness of the CN~(H,0) spectra should be due to solvent relaxation
upon electron detachment.

The T = 12 K spectrum shows that a single water molecule
stabilizes the negative ion by 0.69 eV. Since the first excited
state of CN (neutral) lies 1.146 eV above the ground state,*
the observed weak feature (peak A at ~5.7 eV, 1.16 eV higher
relative to X) should correspond to the excited state of CN
solvated by one water molecule.

Global Minimum of the CN~(H,0) Cluster and Calculated
VDEs. We first benchmarked various theoretical methods for
the bare CN™ anion. The change in the equilibrium separation
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TABLE 1: Minimum Energies (au) of Anion Optimized Geometries and Single Point Energies of the Corresponding Neutral
Species, Relative Energies (kcal/mol) between the CN™(H,0) and NC™(H,O) Isomers (Including Harmonic ZPE Corrections in
Parentheses), Calculated VDEs (eV) and Their Comparison with Experimentally Measured Values

species level of theory basis set anion au AE. (AEy), kcal/mol neutral au VDE (calc), eV VDE (exp), eV
CN MP2 aug-cc-pVDZ —92.620710 —92.469284 4.12
aug-cc-pVTZ —92.693083 —92.536676 4.26
aug-cc-pVQZ —92.718157 —92.559560 4.32
CCSD(T) aug-cc-pVDZ —92.640527 —92.505948 3.66
aug-cc-pVTZ —92.713105 —92.573408 3.80

aug-cc-pVQZ —92.735399 —92.594279 3.84 3.862 £ 0.004¢
CN(H,0) MP2 aug-cc-pVDZ  —168.907047 0 —168.731696 4.77
aug-cc-pVITZ  —169.047976 0 —168.867283 4.92
aug-cc-pvVQZ  —169.095706 0 —168.912780 4.98
CCSD(T) aug-cc-pVDZ  —168.939643 0 —168.779454 4.36
aug-cc-pVTZ  —169.081178 0 —168.915780 4.50

aug-cc-pvVQZ  —169.124410 0 —168.957592 4.54 4.54 + 0.05

NC(H,0) MP2 aug-cc-pVDZ  —168.906902 0.09 (—0.03) —168.722967 5.01
aug-cc-pVTZ  —169.047973 0.00 (—0.12) —168.858387 5.16
aug-cc-pvVQZ  —169.095706 0.00 (—0.12) —168.903781 522
CCSD(T) aug-cc-pVDZ  —168.939027 0.39 (0.37) —168.774585 4.47
aug-cc-pVTZ  —169.080756 0.26 (0.21) —168.910603 4.63
aug-cc-pvVQZ  —169.124003 0.26 (0.21) —168.952249 4.67

¢ From ref 39.

between the neutral and the anion is minimal, viz. R, = 1.1814
A (CN7) and 1.1753 A (CN) at the CCSD(T)/aug-cc-pVQZ
level of theory, is in accord with the fact that only the 0—0
transition is observed in the PES spectra of CN™. The calculated
VDE:s are listed in Table 1 at the MP2 and CCSD(T) levels of
theory. As a general rule, MP2 was found to overestimate the
VDE by as much as 0.5 eV, whereas CCSD(T) produces a very
accurate value of 3.84 eV with the aug-cc-pVQZ basis set, just
~0.02 eV shy of the experimental value. The variation of the
CCSD(T) results with basis set further suggests that the value
obtained with the aug-cc-pVQZ set is converged to within ~0.02
eV from the complete basis set (CBS) limit.

For the CN™(H,O) cluster we identified two almost isoener-
getic H-bonded isomers, noted as CN~(H,0) and NC™ (H,0),
which correspond to the anion binding to one of the hydrogen
atoms of water with either the N or the C atoms, respectively.
The relative energies of these two isomers at the MP2 and
CCSD(T) levels of theory with the aug-cc-pVnZ (n =D, T, Q)
basis sets are shown in Table 1. We note that at the MP2 level
of theory the two isomers are isoenergetic to within <0.01 kcal/
mol, whereas the inclusion of harmonic zero-point energy (ZPE)
estimates incorrectly (vide infra) stabilizes the NC™(H,0O) isomer
by 0.12 kcal/mol. However, the situation is reversed upon
geometry reoptimization at the CCSD(T) level of theory, which
identifies the CN™(H,O) isomer as the more stable one by as
much as 0.21 kcal/mol (including harmonic ZPE estimates at
the CCSD(T)/aug-cc-pVTZ level, cf. Table 1), whereas thermal
corrections to the enthalpy at RT slightly increase this energy
difference to 0.24 kcal/mol. This finding is consistent with the
fact that the calculated VDE for the CN™(H,O) isomer (4.54
eV, cf. Table 1) converges to the experimental value within
the experimental uncertainty, whereas for the NC™(H,O) isomer
the calculated value is 0.13 eV higher. The excellent agreement
between the experiment and theory confirms unambiguously that
the CN"(H,O) isomer is the global minimum on the potential
energy function (PEF). As is the case for the bare anion, we
also find that for the monohydrate cluster the MP2 level of
theory overestimates the VDE by as much as 0.4 eV compared
to CCSD(T) (cf. Table 1).

In addition, two excited states of the CN(H,0) neutral cluster
are found, one with excitation entirely localized on the CN
fragment, noted as CN*(H,O) with a calculated excitation

energy of 1.34 eV and a VDE of 5.88 eV, the other of charge-
transfer character from the O atom of the water moiety to the
C atom, noted as CN™(H,O)", with a calculated excitation
energy of 1.32 eV and a VDE of 5.86 eV. Both calculated VDEs
are in good accord with the experimentally observed (A) band
at ~5.7 eV at T = 12 K (cf. Figure 1), suggesting that the A
band should contain contributions from both excited states.

IV. Discussion

Ground State Potential Energy Function of CN™(H,O).
The optimal structures of the various stationary points (two
minima, three first- and one second-order transition states) on
the ground state PEF of CN™(H,O) and their connectivity are
schematically shown in Figure 2. Their energies [relative to the
CN™(H,0) global minimum (M)] and associated barriers at O
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M T52:29/23 M

| | |
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| I |
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Figure 2. Stationary points and their connectivity on the ground state
potential energy function of CN~(H,0). Relative energies (in kcal/mol,
including harmonic zero-point energy corrections) for 0 K (blue) and
room temperature (red) at the CCSD(T)/aug-cc-pVQZ level of theory
are given with respect to the global minimum (M). Key: blue, N; gray,
C; red, O; white, H.
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Figure 3. Definition of the angles 5 and y that describe the relative
orientation of the CN fragment with respect to H,O.

Energy (kcalimol)

80

Figure 4. Reduced potential energy function for the ground state of
CN™(H,0) as a function of the angles 3 and y defined in Figure 3. For
each value of (B, y) the rest of the seven internal coordinates were
optimized at the CCSD(T)/aug-cc-pVDZ level of theory. Contours are
drawn with a 0.5 kcal/mol increment.

K (blue) and RT (red) are shown at the CCSD(T)/aug-cc-pVQZ
level of theory including harmonic ZPE corrections with the
aug-cc-pVDZ basis set. We have identified three first order
transition states (each having only one imaginary frequency)
corresponding to the CN™(H,0) <= NC™(H,0) interconversion
(TS1) and the isomerizations between the CN~(H,0) (TS2) and
NC™(H,0) minima (TS3), respectively. A second-order (having
two imaginary frequencies) transition state (TS) interconnects
the two equivalent structures of TS1 and also the pathway
between TS2 and TS3, as indicated by the arrows in Figure 2.
In general, the CCSD(T) barriers were found to be 10—20%
higher than the corresponding ones computed at the MP2 level
of theory.

To obtain a quantitative picture of the interconversion
pathways between the stationary points, we have devised a
reduced representation of the full 9-dimensional PEF in terms
of the angles § and vy that define the orientation of the CN
fragment relative to the H,O molecule, as shown in Figure 3.
For each (B, ) pair on this reduced PEF, all the other seven
internal coordinates of the cluster were optimized at the
CCSD(T)/aug-cc-pVDZ level. The angles 5 and v were varied
in 5° increments whereas because of symmetry V(f3,y) = V(—f,
360 — y). The resulting reduced PEF is shown in Figure 4 where
the contours are drawn with a 0.5 kcal/mol increment. It should
be noted that the barriers associated with this reduced PEF are

Letters

at the CCSD(T)/aug-cc-pVDZ level of theory and differ from
the best estimates at the CCSD(T)/aug-cc-pVQZ (including
harmonic ZPE corrections at the CCSD(T)/aug-cc-pVDZ) level
of theory shown in blue in Figure 2.

Effect of Temperature on the Ground State PEF and PES
Spectra. At T = 0 K the lowest barrier is the one associated
with TS1 (AE, = 2.8 kcal/mol, cf. Figure 2) corresponding to
the interconvesion between the CN~(H,O) and NC(H,O)
minima via the tumbling of CN™ with respect to water (pathway
i). However, the inclusion of harmonic corrections to the
enthalpy of the cluster at RT changes this picture as it suggests
a lower pathway ii associated with the rocking motion of water
via TS2 (AH?®¢ = 2.3 kcal/mol) indicated by the broken red
line in Figure 4. The other barriers at RT (denoted by red in
Figure 2) are 2.6 kcal/mol (TS1), 3.6 kcal/mol (TS3), and 3.3
kcal/mol (TS). Inclusion of these harmonic corrections further
alters the “0 K picture of the PEF shown in Figure 2, because,
for example, they place the second-order transition state (TS)
0.3 kcal/mol below TS3. Although the TS1 and TS2 barriers
are similar in height, the effective masses are quite different:
the tumbling via TS1 involves the movement of the entire H,O
fragment relative to CN whereas the rocking via TS2 involves
just the wiggling of the protons leaving the three heavy atoms
practically at rest. To this end, TS2 is a much easier barrier to
breach and in the following we will concentrate our discussion
to the motion of the water molecule via TS2.

The harmonic frequency for the motion that interconverts the
global minimum (M) via TS2 (red broken line in Figure 4) is
447 cm™!. A full anharmonic calculation based on higher energy
derivatives* performed with the Gaussian 03 electronic structure
programs*? yields an anharmonic frequency of 418.5 cm™' for
that mode. Using that value for the separation between the v =
0 and v = 2 levels (levels 0,1 and 1,2 are nearly degenerate,
vide infra), we have fitted a quartic potential of the type V =
AB* + BB? + C to the path indicated with a red broken line in
Figure 4 that is associated with a barrier of 2.3 kcal/mol (since
this is the preferred path at RT, see previous discussion and
Figure 2). From Figure 4 it is also evident that the approximation
of a 1-dimensional potential in /3 is quite realistic as y is almost
constant (to <5°) along this path. The resulting vibrational levels
are 282.4 (v =0), 283.9 (v = 1), 700.6 (v = 2), 759.0 (v = 3),
and 1022.7 (v = 4) cm™!. The levels v = 0 and v = 1 are
almost degenerate and together with the next 2 levels (v = 2
and v = 3) are below the barrier of 2.3 kcal/mol (or 804 cm™")
whereas the next level (v = 4) is above the barrier. The v = 0
— 1 splitting of 1.5 cm™! matches exactly the tabulated solutions
of the Schrédinger equation for a quartic potential,** whereas
the v = 0 — 2 transition of 418.2 cm™! also exactly matches
the computed anharmonic frequency (418.5 cm™") of the mode
that leads to TS2. The vibrational levels and the corresponding
probabilities for the v = 0 and v = 2 levels are shown in Figure
5 along with the path that interconverts the two minima. Again
we used our best estimate of 2.3 kcal/mol for the barrier at RT
for this analysis, a value that is lower than the one shown in
the 2-D PEF that was obtained at the CCSD(T)/aug-cc-pVDZ
level (at T = 0 K).

While at low temperatures the cluster adopts a structure that
is close to the global minimum CN~(H,O) configuration (8 =
445°), it can effectively access other regions of the PEF at
higher temperatures. For instance, at the first excited vibrational
level (v = 2) the maxima of the square of the wave function is
at f = £22.5° and £52.5° (as seen from Figure 5), whereas
there is also substantial probability at the TS2 geometry (8 =
0°). The v = 2 vibrational level has a Boltzman factor of 0.14
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Figure 5. Lowest energy path (red broken line) and energy levels at
RT.

at RT. This finding can explain the large electron binding energy
shift observed at the low and room temperatures. This assertion
is also reinforced from the following results. The calculated
VDE:s at the two lowest transition states are 4.42 eV (TS1) and
4.36 eV (TS2). Compared to the VDE of 4.54 eV observed at
12 K, these correspond to red shifts of 0.12 eV (for TS1) and
0.18 eV (for TS2). The calculated red shift for TS2 (0.18 eV)
is consistent with the observed red shift of 0.25 eV at RT, and
it is also consistent with the fact that the estimated barrier
associated with that transition state (TS2) is the lowest at RT
(cf. Figure 2, barriers indicated in red). Furthermore, the
calculated VDEs for the geometries having f = £ 22.5° and
+52.5° (maxima of lyl> for v = 2) are 4.38 and 4.49 eV,
respectively.

The current results can be put in perspective with the previous
controversy regarding the IR spectra of the CI"(H,O) cluster
observed by Okumura'® at RT and by Johnson'' at low
temperatures using Ar tagging. Their IR spectra are totally
different at first glance: although similar features (at 3156 and
3285 cm™! by Okumura; 3130 and 3283 cm™! by Johnson) were
observed, their relative intensities were completely different.
While the 3285 cm™! feature was dominant in the RT experi-
ments, that peak became quite weak at low temperatures and
instead the 3130 cm™! peak became dominant in the low
temperature IR spectrum. Theoretical calculations assigned the
3130 cm™! peak as the ionic hydrogen-bonding OH stretch, and
the 3283 cm™! feature to the bend overtone of H,O. As shown
in Figure 6, the minimum energy configuration of Cl (H,O)
tends to optimize the chloride interaction with one H atom of
the water moiety resulting in a C structure (giving rise at an
elongated OH bond that results in the red shift of the corre-
sponding OH stretch), whereas the transition state corresponding
to the water rocking motion is a bifurcated C,, structure with a
1.3 kcal/mol barrier (at the MP2/aug-cc-pVDZ level including
ZPE corrections) with a substantially smaller H—O—H bond
angle.'® The stark contrast of the CI~(H,O) IR spectra indicate
that the ionic OH stretching mode is excited in the low
temperature data because the cluster adopts the C,; geometry,
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Figure 6. Representative configurations of the Cl7(H,O) and
CN™(H,O) clusters at low and high T (green, Cl; gray, C; blue, N; red,
O; white, H).

whereas the water bending mode is activated in the RT spectrum
because the cluster can access configurations that are near the
transition state configuration at high temperatures. Our results
indicate that the ground state PEF of CN™(H,O) parallels that
of ClI"(H,O) (Figure 6). While the low temperature PES
spectrum reflects the detachment of an electron from the global
minimum, the RT spectrum more likely corresponds to detaching
an electron from a configuration that is close to the transition
state for the water rocking motion relative to CN~. The
qualitative agreement between the calculated shift in the VDEs
of 0.16 eV for the maximum of the probability for the v = 2
vibrational level relative to the C, global minimum and the
experimental observation (0.25 eV) further supports this conclu-
sion. In a sense, the structure of CN™(H,O) at RT is quite
dynamic and the water molecule is likely roaming around the
solute CN™. The current study provides a vivid example, which
demonstrates the interplay between temperature and the struc-
tures and dynamics of anionic aqueous clusters. It also shows
the importance of the close coupling of state-of-the-art experi-
ment and high level calculations in elucidating complex
chemical phenomena.
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