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Hydration of neutral and cationic imidazole is studied by means of ab initio and molecular dynamics

calculations, and by photoelectron spectroscopy of the neutral species in a liquid microjet. The calculations
show the importance of long range solvent polarization and of the difference between the structure of water
molecules in the first shell around the neutral vs cationic species for determining vertical and adiabatic ionization
potentials. The vertical ionization potential of neutral imidazole of 8.06 eV calculated using a nonequilibrium

polarizable continuum model agrees well with the value of 8.26 eV obtained experimentally for an aqueous

solution at pH 10.6.

1. Introduction imidazole in aqueous solution. PES studies of the electronic
) ) ) ) structure of aqueous solutions are still scarce because of the
Imidazole (GNHa) is a heterocyclic aromatic compound that  high vapor pressure, which has hampered the measurement of
is the building block of many technologically and biologically  inetic energies of the photoelectrons. Only with the recent
relevant molecules. Its substituents are often used as cations irblevelopment of the liquid microjet technique has PE spectros-
ionic liquids* The imidazole ring also forms the titratable part copy from aqueous solutions under vacuum conditions become
of the side chain of the amino acid histidine, which may be possible? In direct connection to the PES experiment, we aimed
either neutral or protonated within proteins at pH 7. Imidazole 1, c4icyate ionization energies of imidazole in the gas phase
can thus be regarded as a suitable model system for studying,q i the solution. The vertical ionization potential (VIP) was
pH-dependent processes at surfaces of hydrated proteins. o, juated as the difference between the energy of the optimized
In the present combined computational and experimental neytral structure and that of the corresponding cationic system
study, photoelectron spectroscopy (PES) is applied to directly at the neutral geometry. This calculated value can be directly
measure the |OW€S'[ Vel"[ica| e|eC'[I’0n b|nd|ng energy Of neutl’al Compared W|th the measured maximum Of the Correspond"‘]g
photoelectron peak. The adiabatic ionization potential (AIP) was
: Corresponding author. E-mail: pavel.jungwirth@uochb.cas.cz. calculated as the difference between the energy of the optimized
¢ﬁ‘:’;‘)‘::$m{\/5egﬁgces of the Czech Republic. neutral molecule and the energy of the optimized cation.
. Adiabatic ionization potential thus additionally reflects the
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that there is a nonzero Franelcondon overlap, AIP correlates combinedab initio and molecular dynamics calculations are
with the low energy onset of the experimental photoelectron shown in Section 3. A discussion of the results and conclusions
peak. are presented in Section 4.

A direct quantum chemical calculation of the ionization
potentials, as employed for isolated molecules, cannot be utilized2. Experimental Method
for solutes immersed in water or other solvents since it is
computationally prohibitive. Therefore, we have adopted three
alternative approaches: (i) microsolvation of the solute, (ii) a

mixed quantum chemical/molecular dynamics approach, and (iii) from a 15.4m liquid microjet traveling at a velocity of 120 m/s

a continuum solvent model. Within the first approach, a with a temperature of 4C. In the present study we have used
supermolecule compqsed of .the sqlgtg anq ?.Sma” number Ofa photon energy of 200 eV. Details of the experimental setup
solva’glng molecules is studied utilizingb initio quantym and a discussion concerning the application of photoelectron
chemical methods. Even though mqlecular clusters gltlmately spectroscopy to highly volatile aqueous solutions have been
converge to extendgd systems, th.'s. convergence 1s usuallyreported previously Briefly, excitation is carried out with the
prohibitively slow, which prevents gaining quantitative |nfor.m.a- synchrotron light polarization vector parallel to the flow of the
tion on bulk behavior from cluster calculations. Moreover, finite liquid microjet, while the mean electron detection angle is
‘ﬁ.mpl.e“?‘ufe effectshare m'S‘Z'.n% n ”;]'S a;r)]proach. 'I(;o OVercor?]enormad to the polarization vector. Photoelectrons are collected
t '% |m||tat|o.nf,] W? ave Sué 1€ fW'tt'n t el se(I:on approa:: dthrough an orifice 200um in diameter, which acts as a
Imidazole with a large number of water molecules represente conductance-limiting aperture to differentially pump the main
exclu_swely by their charg_es with geometries sampled_usmg & chamber housing the liquid microjet (operating at3énbar)
classical molecular dynamics (MD) bulk simulation. In this way, from the hemispherical kinetic energy analyzer (operating at

f|n|te_ temperature effects, as v_ve!l as Io_ng-range nuclear 107 mbar). Energy resolution of the beamline was better than
polarization of water by neutral |m|da}zo|e |s_acc_ounted for; 200 meV at the incident photon energy used here. The resolution
however, contributions from electronic polarization are not ¢ e hemispherical kinetic energy analyzer is constant with
included in the calculation. In the third approach, we used a | atic energy (200 meV at a constant analyzer energy of 20

nonequilibrium version of the polarizable continuum model eV). Typical signal count rates were 3L0* s~%. The small
(PCM)*~5 to account for all the nonspecific §o|_vat|on effects. ¢ocal size (23x 12 um? of the incident photon beam at the
Within this approach, we solvated either bare imidazole or added U41 PGM beamline allows for matching spatial overlap with

a small number (up to five) explicit water molecules, and ,q jiquid microjet, which limits the contribution of gas-phase
evaluated the corresponding vertical ionization potentials.  ¢omponents in the collected photoemission spectra to less than
It is important to note that ionization involves an instanta- 59 for liquid water. Electron kinetic energies (eKE) are
neous change of charge state of the solute molecule and iscalibrated on the basis of the dlbinding energy (BE) of liquid

accompanied by fast electronic response of the solvent mol- waterit

ecules, similarly to the cases of electronic excitation and electron  Highly demineralized water was used for preparing the 2 m
transfer® Within the PCM model, this situation can be described jmidazole aqueous solutions. Imidazole was purchased from
using a time-dependent polarization vecRgt).*"° P(t) can Merck and was used without further purification. A room-
be partitioned into aPrst component corresponding to the  temperature pH value of 10.6 was determined with an accuracy
polarization of the electronic cloud, and Ryjow component of £ 0.1 pH units using a pH meter (766, Knick) with a single-

corresponding to nuclear degrees of freedom (orientational rod measuring cell (SE 100, Knick). At this pH, 99% of all
polarization). On the time scale of the sudden change of jmidazole molecules are neutral.

electronic distribution of the solute upon ionization or electronic 5 1 Computational Methods. In order to obtain reliable
excitation, the solvent nuclear structure cannot rearrange. Within,,5,es of the ionization energy of imidazole, we have to consider
the Franck-Condon approximation, the electronic part of p4th hasis set and correlation energy effects. The aug-cc-pVDZ
polarlgatlon_ can thus be considered to be infinitely fast, while pasis provides an acceptable compromise between accuracy and
the orientational part relaxes on the time scale of picoseconds¢omputational feasibility. Concerning correlation energy, density
to na_mose_conds, depending on the parucqllar.solvem-_ Thesexynctional theory (DFT) and Mgller-Plesset (MP2) perturbation
considerations lead to a concept of nonequilibrium continuum ca|cylations again represent a reasonable compromise between
solvation. .Here, the solvent reaction flleld. is o.ptlmlzed for the accuracy and computational cost, allowing for calculations with
molecule in the ground state, and this field is then used for 4t |east the nearest solvent molecules treated quantum mechani-
calculating the energy of the ionized or electronically excited cally. For open-shell systems, such as the imidazole radical
species. This concept of nonequilibrium solvation has been cation, the unrestricted wave function can be contaminated by
successfully applied mostly in the context of electronic absorp- nhigher spin states. This problem is less severe for DFT-based
tion spectra, but it has also been used to study processesmethods than for MP2, but DFT methods can suffer from other
following detachment of the electréf Here, we find it very  possible artifacts, such as the spurious charge delocalization due
well suited for interpreting the PE spectra, where each peaktg the self-interaction error. There is an option to project out
corresponds to the most probable excitation energy that vertically the higher spin components in MP2 by a procedure suggested
ejects an electron from a bound state into the vacuum with zero by Schlegel (the PMP2 methot) We have thus utilized the
kinetic energy. following protocol. Neutral imidazole geometry was optimized

In this paper we present valence-band photoemission dataat the MP2/aug-cc-pVDZ level, while the imidazole radical
from imidazole agueous solution at basic pH. The experimental cation was optimized at the UMP2 level with the PMP2
vertical ionization potential is compared with values obtained correction applied for the optimal geometry. Note that this
from combinedab initio and MD calculations. The paper is  procedure is meaningful only if the spin contamination of the
organized as follows. Section 2 presents experimental andunrestricted wave function is within reasonable margins. In all
computational details. The results of PES measurements andour calculations, the expectation valueBfwas always below

Photoemission studies of aqueous solutions of imidazole were
performed at the U41 PGM undulator beamline of the synchro-
tron radiation facility BESSY (Berlin). PE spectra were collected
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0.85. It has been previously shown that the UMP2/PMP2 TABLE 1. Comparison of MP2/aug-cc-pvdz (MP2/ _
protocol leads to a good description of ionization eneréfes. aUQ'CC'PVch) and EernmentaI lonization Potential of Halide
Furthermore, we have tested our results against the coupleriA‘nlons in the Gas Phase

clusters method CCSD(T), which includes a larger portion of _ MP2/aug-cc-pvdz experimental ionization
the correlation energy, and by multireference based methods__2""on (aug-cc-pviz) potential in the gas phase
(CAS-SCF, CASPT2 and MRCI), accounting for non-dynamic F 3.51(3.59) 3.40
correlations. Here, we have chosen an active space consisting g'r: gg% g-iig g-gé

of six electrons placed in six frontier orbitals. - 315 (3.21) 306

For each of the neutral imidazole{8), clusters, geometry
optimization was performed at the MP2/aug-cc-pVDZ level of
theory. For clusters with up to two water molecules, we started TABLE 2: Comparison of Equilibrium and Nonequilibrium
from various chemically plausible structures employing no PCM MP2/aug-cc-pvdz (MP2/aug-cc-pvtz) Results with
symmetry constraints. Clusters with three to five water mol- EXperimental Vertical lonization Potential of Halide Anions
ecules already possess an exceedingly large number of degree'g Water

of freedom for such a procedure. Therefore, we chose initial experimental

a Reference 19.

structures for geometry optimization froab initio molecular &q;zll/lgﬂuzici/l\élz nﬁsggtbr_'ggj E)/dCzM ioniza\t/i?)rr?cecl)ltential
dynamics trajectories. These simulations were carried out using anion (aug_fc_pvfz) (aug_gc_pvtpz) in watpeﬁ

the CP2K/Quickstep cod&employing a DFT approach with - -

the BLYP functional and the doubleDZVP basis set. After EI- Z:gg EZ:;‘B g:gg Eg:ggg g:g (estimated)
each MP2 optimization starting from DFT structures, we pg,- 6.24 (6.34) 8.05 (8.14) 8.

performed frequency analysis to verify that optimized structures |- 5.71 (5.85) 7.40 (7.48) 7.7

correspond to minima on the potential energy surface. Vertical
ionization potentials were then calculated with the PMP2 method
as described above. Moreover, inthe case 8f0—2, we also o ' gjther with water molecules as point charges or with the
optimized cationic structures in order to calculate adiabatic ¢t solvent shell taken explicitly.

transitions. For clusters that contained less than three water
molecules, we additionally evaluated VIPs at the CCSD(T),

CASPT2, and MRC' Igvels of theory. ) (PCM)4=>7VIP and AIP were calculated at the PMP2/aug-cc-
In order to mimic imidazole behavior in bulk water, we ran - 5\/p7 |evel using geometries of imidazole and imidazole cation,
classical MD simulations employing the Amber8 simulation stk optimized in the gas phase. To calculate AIP, the reaction
packaget® We used the SPC force-field for water molecules, field was optimized both for the neutral and cationic state. To
while the force-field for imidazole was derived using the cgjculate VIP, we first optimized the reaction field for the neutral
Antechamber software employing the Generalized Amber Force pjecule. In a subsequent step, we employed the nonequilibrium
Field (GAFF) parametrizatiot?.'” We simulated a system  gojvation protocol as implemented in Gaussiar?®%Within
consisting of a single imidazole molecule in bulk water with  this approach, the fast electronic component of the polarization
800 HO molecules in the unit cell. Periodic boundary conditions yas included, while the nuclear orientational polarization was
were applied with a simulation box of 2& 25 x 25 A%, not, which corresponds to vertical ionization.
Simulations were performed in the canonical (NVT) ensemble
at T = 300 K. After equilibration, we took 99 snapshots from

a Reference 20.

As a final alternative, the effect of bulk water on the ionization
potential was modeled using the polarizable continuum model

Since we are not aware of any benchmarking of nonequilib-

h d trai for furth lculati For th rium PCM, we performed test calculations for ionization of the
the nanosecond trajectory for further calculations. For these We g o of halide anions, for which experimental values are well-

removed all water molecules at a distance larger than 10 A from established both in the gas phase and in water (except maybe

the center of mass of the imidazole molecule (in order to carve ¢ aqueous fluoride). First, Table 1 presents gas-phase ioniza-
a spherical solvent environment out of the cubic simulation box). i, potentials of F, CI, Br-, and I at the MP2 level with

We then carrieo! out the_followingb initio cal_culations_: MPZ/ aug-cc-pvdz and aug-cc-pvtz basis sets (employing a pseudo-
aug-cc-pVDZ single-point energy calculations for imidazole, potential for iodide, i.e., the aug-cc-pvdz-PP or aug-cc-pvtz-PP
and PMP2/aug-cc-pVDZ for the corresponding imidazole cation, pais) These results show that the MP2 method is able to
with all water m(_)IecuI(_e_s represented as SPC fractional Chargesreproduce, already with the smaller basis set, experiniéntal
located at atomic positions. gas-phase ionization potentials within 0.2 eV. Table 2 then
As a next step, we chose at random 10 configurations from compares results from equilibrium vs nonequilibrium PCM to
the above set and performed single-point energy calculationsexperimentaP vertical ionization potentials in water. As already
for neutral imidazole and imidazole cation with the first shown in our previous studi€&2! equilibrium PCM strongly
solvation shell of water molecules included explicitly in the ab underestimates the experimental values, since this method rather
initio calculation, while the remaining water molecules were corresponds to adiabatic ionization. Note the somewhat different
represented as point charges. The explicit water moleculesvalues of ionization potentials obtained using equilibrium PCM
resided within the radius of 4.5 A from the center of mass of in this study compared to the previous GAdhis difference
imidazole, and their average number was nine. Additionally, (which is small for heavier halides but relatively large for
we performedab initio molecular dynamics simulations with  fluoride) is primarily due to reparametrization of the sizes of
CP2K/Quickstep for imidazole in bulk water, with 31 water dielectric cavities done in the newer version of the Gaussian
molecules in the unit cell. These calculations were performed programé®® The most important result is, however, that
with the BLYP functional and DZVP basis set in the NVT employing nonequilibrium PCM (Table 2) dramatically reduces
ensemble al = 300 K. We took from the trajectory three the gap between calculations and experiment, from more than
snapshots containing the 31 solvent molecules in the unit cell, 3 eV to 1 eV (chloride) or even significantly less (other halides).
and we carried out single-point energy calculations as above, After this successful benchmarking on halides, below we apply
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Condon overlap between the initial and final states, AIP does
not coincide with the onset of the PE peak, which seems to be
the case here (see comparison with calculated results in Section
3.4).

In order to determine the exact value of the VIP of
deprotonated imidazole(aq), we have fitted the near-threshold
spectral region, as shown in the inset of Figure 1. Here, three
Gaussians were assumed: one for the watgehtission peak
\ (only the high-energy tail is shown in the figure; dotted blue),

Imid

one for a feature labeled Asand the third for electron emission

\ from the imidazole(aq) highest occupied molecular orbital
il '-.“54 (HOMO), which is labeled as. The Gaussian curve for the

{ : ; . i : water 1 PE peak can be accurately determined from the pure
35 30 -28 20 -15 -10 -5 water spectrum, and the peak positions and widths of the two
remaining Gaussians are free fitting parameters. For the feature
a, we obtained a binding energy 6f8.26 eV and a peak width

Figure 1. Valence photoelectron spectréa  m imidazole aqueous e

solution (pH 10.6) and of pure liquid water measured at 200 eV photon OLO'gf .eV. l.\:the tk:a':. both photoerglsilor; pzeéak'and l:r)].arr]e
energy. Intensities are normalized to the height of the é2aission absent in acidic OSO ution '(m.easure ap -2, 1N WNICh case
peak of liquid water. The inset figure is an enlargement of the spectral More than 99.99% of the imidazole molecules are protonated).

region of photoemission onset, again contrasting the solution and liquid Therefore, we attribute the featusgpeaking at-9.33 eV (i.e.,
water. The black curve is the fit to the experimental solution spectrum, 1.07 eV below peald), to photoemission from the HOMO-1
using three Gaussians (as explained in the text). Beaith maximum orbital of neutral imidazole. This interpretation is supported by
at—8.26 eV electron binding energy, represents photodetachment from 5 qxiliary CASPT2 calculation, which places the first excited-
the HOMO of neutral imidazole(aq). - .

state of the cation 1.2 eV above its ground state.

nonequilibrium PCM to a challenging problem of ionization of 3.2. Computational Results.3.2.1. Imidazole in the Gas
a nonspherical molecular species. Phase The MP2/ aug-cc-pVDZ optimized structure of the bare
Polarizable continuum models cannot describe specific sol- neutral imidazole is planar witlCs symmetry (Figure 2a),
vation effects. However, most of these specific solvation effects consistent with a previous theoretical stidf.he geometry of
can usually be traced to the influence of water molecules in the the optimized imidazole cation (Figure 2d) is almost the same
first solvent shell. To explore this possibility, we also employed as that for the neutral species, both being planarO-bonds
a hybrid model, in which clusters with a small number of have practically the same length, and the lengths of betthNC
explicitly treated solvating water molecules are immersed in and C-C bonds, as well as the values of all angles, change
the polarizable continuum. The explicit treatment of the clusters less than 4% upon moving from neutral to cationic imidazole.
was again performed at the MP2/PMP2 level. The ab initio In order to choose an appropriab initio method for vertical
calculations were done using the Gaussian 03 suite of pro-and adiabatic ionization potential calculations, we performed a
grams!® except for test multireference calculations performed series of test calculations employing various levels of theory,

2m Imid

photoemission signal [arb. u.]

electron binding energy [eV]

using the MOLPRO packagé. as described in detail in section 2.2. Calculated values of vertical
and adiabatic ionization potentials of imidazole in the gas phase
3. Results are presented in Table 3. Post-Hartré®ck methods are

3.1. Photoemission from Imidazole Aqueous Solution. _cor!sist_entwith th_e e_xperimental vaI_L?éExperimentaI adiabatic
Figure 1 contrasts the valence PE spectrin® an aqueous ionization pqtentlal is 8.67 QV, while the calculau_ad one at the
imidazole (red) with that of pure liquid water (blue). The pH PMP.Z level is 8.78 e;/ (taking zero point energy into account,
of the as-prepared (no base added) solution was 10.6, and hencg!P rises by only 0.1% and gmounts to 8.79 eV). Note that a
virtually all (>99%) imidazole molecules are neutral (depro- good agreement b_etwee_n different methods that_ac_count for
tonated). Spectra were collected with an incident photon energycorrelatlon_effec;ts is achieved, and aIready_descrlptlon at the
of 200 eV. Intensities are normalized to the peak of liquid MP2 IeV(_aI is ;atlsfactory._AIsc_) note that mpltlrefer(_ance effects
water, and electron binding energies (BE) are with respect to are of minor importance in thIS.CQSE,. Igadmg to S“.ghtly lower
the 1h orbital of liquid water?® Spectral photoemission values of both VIP and .AIP..Thls is similar to the situation for
contributions from the imidazole(aq) molecule can be identified structurally close nucleic acid bases.

by the energies at which the intensities for the solution are larger 3.2.2. Imidazole MicrohydrationThe first water molecule
than that for pure water. Intensities in the&0 to —18 eV BE binds to the unprotonated nitrogen (Figure 2b). TheHN
range arise from the carbon and nitrogen atoms of the imidazolehydrogen-bond (H-bond) distance is 1.93 A, and the binding
ring. A detailed assignment in this spectral region was not €nergy is 7.5 kcal/mol. We also found a secondary minimum,
attempted here. Our interest is rather in the determination of With water bound to the hydrogen at the protonated nitrogen,
the lowest-binding energy peak of aqueous neutral imidazole, Which lies only 1.25 kcal/mol above the global minimum. The
associated with the (lowest) vertical ionization potential (VIP). O—H hydrogen bond distance in this case is also 1.93 A.
Fortunately, this energy can be easily determined from the PE Interestingly, the geometry of this cluster is very similar to that
spectrum because the VIP of neutral imidazole(aq) is consider-0f an optimized imidazole cation with one water molecule
ably lower than the onset energy for ionizing liquid water (ina (shown in Figure 2e).

one-photon process), the former giving rise to the small foot- The lowest energy structure of the neutral imidazoy€{}

like spectral feature at an energy between 8 and 9 eV. Notecluster is depicted in Figure 2c. The first water molecule is
that, unlike VIP, which is associated with the PE peak H-bonded to a nitrogen atom, while the second one is involved
maximum, the adiabatic ionization potential is more difficult in a water-water H-bond and is also weakly bound to the acidic
to determine from the spectrum. If there is a lack of Franck hydrogen of imidazole. The H-bond length with the nitrogen
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neutral structures:

an=0 b)n=1 on=2
cationic structures:
dyn=0 e)ln=1 fln=2 "x__l

s

Figure 2. Structures of neutral and cationic structure of imidazo}€(H clusters forn = 0—2.

fourth minimum is very different from the others, since, in this
case, the water ring is oriented almost perpendicularly to the
imidazole plane. Finally, in the casef= 5 (Figure 3g) water

TABLE 3: Adiabatic (AIP) and Vertical (VIP) lonization
Potentials (in eV) of Neutral Imidazole Molecule Calculated
at Different Levels of Theory

method VIP [eV] AIP [eV] molecules in the lowest minimum form a bent chain, where
UHF/6-31+g* 7.42 7.24 two water molecules are not directly bound to imidazole, but
PUHF/6-3H-g* 7.14 6.94 are rather located in a second solvation shell, forming H-bonds
ROHF/6-31F9** 7.68 7.53 only with other water molecules.
Ef/ngzF/)g %g-lct?pVDz 8:?9 897_81 The calculated VIPs. of neutral imidazolef®)), for n = 1—5_
PMP2/aug-cc-pVDZ 808 878 and AIP for clusters with one to two water molecules obtalned
ROMP2/aug-cc-pVDZ 9.07 8.87 at the PMP2/aug-cc-pvdz level of theory are presented in Table
CCSD(T)/aug-cc-pVDZ 8.82 8.65 4. Also, VIP forn = 1—3 clusters calculated at the CCSD(T)/
CASSCF 8.15 7.76 aug-cc-pvdz level and for am= 1 cluster calculated employing
EAARSCTTZ 88;5696 88'4%3 CASPT2, MRCI are shown. For these clusters, the VIP values

calculated at the PMP2 level are very close to the CCSD(T)
atom is 1.84 A, and that with the hydrogen atom amounts to Vvalues, the former being overestimated by only 0.2 eV. Also,

2.23 A, while the H-bond length between the two water
molecules is 1.84 A. The optimized cationic structure for the
two-water cluster, where water molecules interact with two
hydrogens in imidazole cation, is presented in Figure 2f.

similarly to isolated imidazole, even for the imidazeleater

complexes, the multireference effects do not significantly affect
the overall picture (see Table 4). The changes induced by the
complexation are approximately the same at CASPT2, MRCI,

For the neutral imidazole®)s cluster, two equivalent global ~and PMP2 levels. Note that, even for the largest investigated
minima were found (Figure 3a,b), which are mirror images of cluster, VIP remains significantly above the experimental bulk
each other. Water molecules continue to form H-bonds betweenvalue, which is due to the lack of long range solvent polarization
themselves, which results in a bent water chain either above orin the cluster system (see below).
below the imidazole molecule. The H-bond distance between The adiabatic ionization potential shifts considerably more
the nitrogen and hydrogen atoms for both of the lowest structuresthan the vertical one upon the addition of the first water
is 1.87 A, the H-bond length with oxygen is 2.04 A, and the molecule. This rather high difference between VIP and AIP is
O—H distances between water molecules are 1.80 A and 1.82related to the fact that, for the ionized imidazole, the first water
A. We also identified low lying minima (with energy higher molecule binds to a completely different site (with a-{D
up to 2 kcal/mol above the global minimum) with a water chain binding motive, see Figure 2e) than for the neutral molecule
either placed perpendicular to the plane of the imidazole (with a O—H---N bond, Figure 2b). This difference demonstrates
molecule or parallel to it. for a cluster system the effect of the nuclear part of solvent

The neutral imidazole(bD), cluster looks similar to clusters  polarization.
with 2—3 water molecules, i.e., water molecules form a solvation  3.3. Point Charges Model of the SolventVertical ionization
ring both aside and above imidazole (Figure—8c We potential values obtained using bulk classical or ab initio MD
identified four low lying minima, three of them having almost simulations are listed in Table 5. VIP values calculated for this
the same geometry, differing only in hydrogen ordering within system with all water molecules in the unit cell represented as
the chain of water molecules. However, the geometry of the SPC point charges, for geometry taken either from classical or
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neutral structures:

fin=4

Figure 3. Structures of neutral imidazole§B), clusters fom = 3—5.

TABLE 4: Calculated Adiabatic (AIP) and Vertical (VIP)
lonization Potentials (in eV) of Imidazole(H,0), (n = 1-5)
at the PMP2/aug-cc-pvDZ and CCSD(T)/ aug-cc-pvDZ
Levels of Theory

VIP_PMP2 VIP_CCSD(T) AIP_PMP2 CASPT2

MRCI

nH0  [eV] [eV] [eV]  (VIPIAIP) (VIP/AIP)
1 9.26 9.10 829  8.93/7.99 8.84/7.92
2 9.14 8.99 8.31

3 8.83 8.66

4 8.78

5 9.08

TABLE 5: Vertical (VIP) lonization Potential (in eV) of
Neutral Imidazole in Water Calculated Using Water Charge
Distributions from MD Simulation

molecular dynamics

method/potential charges VIP [eV]
classical, SPC SPC 9.50
classical SPC ab initie- SPC 9.45

ab initio SPC 9.62

ab initio ab initio+ SPC 9.53

ab initio MD, are around 9.5 eV. A more sophisticated approach
with water molecules in the first solvation shell treated explicitly
in electronic structure calculations changes the results only
slightly (VIP is lowered by about 0.1 eV). Interestingly, these
results are not in better agreement with experimental VIP than
those presented above for cluster microsolvation. This is likely
due to the neglect of electronic polarization of the solvent during
the ionization processide infra).
3.4. Continuum Models.For the vertical ionization potential,

only the fast component of polarization was included in the

Jagoda-Cwiklik et al.

polarizable continuum calculations (nonequilibrium PCM), while
for the adiabatic ionization potential both the fast and slow
components of the polarization were considered (equilibrium
PCM). Bare neutral imidazole embedded in the polarizable
continuum exhibits a VIP of 7.87 eV. This value is more than
1 eV lower than both the VIPs and AlPs of imidazole in the
gas phase or even in the microhydrated environment, and it is
significantly closer to the result of the photoelectron experiment.
This difference reflects the electronic part of the water polariza-
tion. The AIP of 6.45 eV is significantly smaller than the VIP
and actually lies below the onset of the PE peak (Figure 1)
implying a vanishing FranckCondon overlap between the
initial and final states. Most of the difference between calculated
VIPs and AIPs can be attributed to the long-range nuclear
polarization of the water solvent.

3.5. Hybrid Models. In order to account for both specific
solvation and long-range effects on the ionization potentials,
we have also employed a combined model, in which neutral
imidazole(HO), clusters,n = 1-5, are embedded into the
aqueous polarizable continuum. Results of these calculations
are summarized in Table 6. The addition of explicit water
molecules has only a small effect on the ionization potential
values. Within PCM, the vertical ionization potentials slightly
increase, from 7.87 eV for the bare neutral imidazole to 8.06
eV for neutral imidazole with five explicit water molecules. Note
that this number is already very close to the experimental value
of 8.26 eV.
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