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In this paper we present linear response properties of liquid water calculated using the second-order approximate
coupled cluster singles and doubles (CC2) and the coupled cluster singles and doubles (CCSD) wave function
parametrizations combined with different molecular mechanics models. We discuss different approaches within
the QM/MM scheme where the solvent molecules are represented by point charges and induced dipole moments.
Here, we address two important aspects in QM/MM methods. First, we aim at obtaining MM parameters
from an iterative self-consistent approach. Second, we show how to reduce the computational costs of the
models considerably without reducing the quality of the results. Excitation energies, transition moments, and
oscillator strengths are compared within the different approaches. Finally, we report the CC2 frequency
dependent polarizability compared to the CCSD results.

I. Introduction eters defining the quantum mechanical/molecular mechanical
(QM/MM) model. A model like this has the potential capability
of giving a proper description of hydrogen bonds. Since the
first model of this kind was presented by Warshel et®a.
number of models have been presented in the literature

In the theoretical ab initio description of solutsolvent
problems the size of most systems makes it impossible to
perform a complete quantum mechanical description of the entire
system. As a first approach, a few solvent molecules can be S . irical el . h5d&
included in the QM calculation neglecting all long-range sotute combining semiempirical electronic structure met »ab

initi —17 —23 i
solvent interactions. The disadvantage of such supermolecuIar}ﬂ'rt]'gtilé?];?gigtr?fn W?S]drgglréiﬁ??mecmhz:;gsS’Siqued;rlﬁge
calculations is that even for strongly truncated systems the :

calculations are still very computationally demanding. On top models combine the dielectric continuum model and the QM/

of this it is sometimes difficult to extract the properties of the mgumgﬂ,zﬁﬁguggg]%gzeAmﬂm%?g r\:\g \t/he iggiﬁ; dCSOSr_n-
individual molecules from the supermolecular results and s bulk d intidh
additional approximations have to be applied. Supermolecular mation to get a proper u escription. ) )
calculations are usually performed on an optimized geometry, 1€ usual representation of the MM medium in QM/MM
and no statistics are therefore accounted for in the calculations.M0dels is at least to include atomic point charges and in some
Most theories describing a condensed phase divide the systenfaSes induced electric moments. The van der Waal_s interactions
into parts describing a smaller part with quantum mechanics &€ usually modeled with a Lennard-Jones potential.
and the major part by a classical description. A simple model ~ Another area where QW/MM methods have been heavily used
is to represent the surrounding medium as a dielectric continuumis in the description of biomolecular structures where the
and thereby implicitly include a statistical average over the molecules become so large that a full quantum mechanical
solvent configurations, and this approach has been applied indescription becomes practically impossible. Using a QM/MM
many variations by different groups® However, no solvent ~ method the chemically interesting part of the system is
structure is included in the dielectric medium model, and the represented using quantum mechanics, and the rest of the system
model is therefore not capable of representing important solventis represented using molecular mechanics. Here, additional
interactions such as hydrogen bondings. Extending the quantuntomplications of representing the covalent bonds between the
mechanical system by including a limited number of solvent QM and the MM parts of the system arise. For recent
molecules leads to an improved model, the semicontinuum developments of QM/MM methods describing biomolecular
model2® but these models have similar problems as the Problems the reader should consult the review articles given in
supermolecular methods in extracting specific molecular proper- refs 28 and 29.
ties. Investigations have shown that for polar solvents such as
A straightforward improvement of the quantum mechanical/ water induced dipole moments have to be included to get a
classical picture from the simple dielectric medium model is to proper description of the solutesolvent interactiond’2%-22 As
keep the discrete structure of the solvent and represent thethe QM/MM model depends on the parameters used, the
solvent molecules through molecular mechanical (MM) param- determination of MM parameters of high quality is crucial in
order to obtain a reliable representation of a system. In this paper
*To whom all correspondence should be addressed. E-mail: osted@ we present a method for determining the partial charges and

theory.ki.ku.dk. ; : : g
 Part of the “Gert D. Billing Memorial Issue” |sotrpp|c polarizability of water from the QM/MM results. The
fH. C. drsted Institute. quality of the parameters from such an approach depends on
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In vacuum studies the dynamically correlated coupled cluster B. The CC/MM Model. For the coupled cluster/molecular
(CC) approact has successfully been applied to give high mechanics method we refer to our work presented in refs 20,
quality results of molecular properties. The CC hierarchy of 21, and 23. In short, we surround the QM system, described by
CC models CCS, CC% CCSD2 and CC3*which converges a CC wave function, with a MM medium represented as atomic
fast toward the Full Configuration-Interaction (FCf)allows point chargesys at positionsRs and induced dipole moments
for a systematic increase of accuracy in the description of the ;™ at positionsR, (which here are the centers of mass of the

. a . . .
electronic structure of a molecular system at the expense ofsolvent molecules). The total Hamiltonian consists of three

increasing computational cost. terms, according to
We have recently combined the CC electron structure theory o A .
with MM in a CC/MM modef?21.23353&epresenting the MM H = Hom + Howmm + Hum (2.1)

part through partial charges and isotropic polarizabilities. The
CC/MM model has been implemented for the CC2 and CCSD where the first term is the vacuum Hamiltonian, the second term
electronic structure methods. Recent studies have indicated gs the QM/MM interaction Hamiltonian, and the last term
successful reproduction of experimental data for the liquid phase corresponds to the MM energy. The second term is given by
using the CC/MM approacH;3>36in accord with the well-
3\7;abllshed _hlgh accuracy of the CC method in vacuum st_udles. Fowm = Fel 4+ [Po! - praw (2.2)

en combining coupled cluster and molecular mechanics an
important task becomes the reduction of the computational cost
and in ref 20 we obtained a considerably reduction of this from
seeking an optimal iterative procedure for determining the CC/
MM wave function parameters. Similar, in ref 22, we found
that we could limit the surrounding solvent to include only a
minor part of the full solvent water cluster to obtain accurate
results.

In this paper we show how to determine the liquid MM partial
charges and isotropic polarizability from the QM water molecule
by an iterative self-consistent procedure within the CC/MM
approach. Second, we discuss how many polarizable water
molecules have to be included in the CC/MM model in order

to reproduce the results of a fully polarized solvent. We compare the expectation valu@2*The optimization conditions for the

excitation energies, transition properties, the polarizability tensor h . .. )
elements and the frequency dependence of the isotropic poIar-CC/N”vI wave funcgon are derived by requiring the Lagrar)glan
A ) . to be stationary with respect to both the so-called amplitudes
izability obtained from standard paramet&tand full polariza- and multipliers of the mod@®23

tion of the solvent with the results from CC/MM calculations P '

using the iterative determined MM partial charges and isotropic The response functlons fmm W.h'Ch we calgulate molecular
A X . . properties are obtained as derivatives of the time-averaged CC
polarizability. Finally, we compare results obtained using the

quasi-energy{ L(t)} .38 For a derivation of the linear response
CC2 and CCSD methods. function including the CC/MM terms the reader is referred to
II. Method ref 21, and for further information on the CC response theory

A. The CC Hierarchy. Within the CC wave function the reader is referred to ref 38. From the linear response

parametrization a number of models have been developed infunctions we are able to obtain a plenitude of molecular
order to approximate the Full Configuration-Interaction (FCI) Properties, such as, excitation energies and transition prob-
wave function. The straightforward hierarchy of approaches ab'“t',es f.o.r. one photon processes and frequency-dependent
including single excited configurations CCNsingles and  Polarizabilities.
doubles excited configurations CCSOf¢ etc. has been
extended with the second-order approximate coupled cluster
singles and doubles model CCZj&t and the approximate All calculations have been performed using a local version
singles doubles and triples model CC3(RE The numbers in  of the DALTON progrand® containing the additional imple-
parentheses are the scaling of the computation within the modelmentation of the CC/MM model. We have used the correlation
where N is the number of basis functions. The iterative CC consistent basis sets of Dunnfg! and from previous inves-
hierarchy, CCS, CC2, CCSD, and CC3, provides a systematictigations of basis set dependencies we have chosen to use the
extension for including a larger fraction of electron correlation d-aug-cc-pVT22 (daT) [6s5p4d3f] basis set when comparing
into the wave function converging toward the FCI wave models since this has been shown to give a proper description
function34 of the ground-state QM system as well as for the excited states
Within the CC2 method the singles equations are the CCSD and the molecular properties studied H8#&:23In the investiga-
expressions, whereas the doubles equations are approximateton of the time saving procedure of excluding polarization of
to be correct to first order only (with singles treated as zeroth the solvent molecules beyond a certain distance from the QM
order parameters due to their importance for describing the system in sectionM A 2 we have used the aug-cc-pVQZ
response to external perturbations). The advantage of the[6s5p4d3f2g] basis set. The use of a large basis set ensures in
CC2 model is the reduced®Ncaling with respect to the number  addition to high accuracy that the 1/O load versus the CPU load
of basis functions compared to theé® Ncaling of the CCSD on the machine is small, and we are able to perform direct CPU-
model. Therefore, the CC2 model provides the possibility of time comparisons between the different computational setups.
calculating general frequency dependent molecular properties The geometry of the QM water molecule used in all
and electronic excitation energies and transition properties with calculations is taken from ref 42 usiRpy = 0.9572 A and
this reduced cost. Onon = 104.47. The QM water molecule is placed in the XZ-

'The last term in eq 2.2, the van der Waals contributi&n),
is modeled by a 612 Lennard-Jones potential and depends
only on the nuclear geometry of the system. The second term
gives the polarization interactions (induction energy) between
the induced dipoles in the MM system and the electric fields
from the QM system, and the first term describes the electrostatic
interactions between the QM system and the partial charges.
The CC/MM method is defined by the introduction of a so-
called variational Lagrangiaff.The variational Lagrangian for
the CC/MM method is obtained by adding the individual energy
contributions related to eq 2.2 to the expression for the
Hamiltonian in eq 2.1 and introducing the CC expression for

[ll. Computational Details
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IV. Results and Discussion

A. The CC/MM Methods. In this section we discuss two
important aspects of QM/MM methods. First, we present a
method for determining the partial charges and isotropic
polarizability of the MM molecules from the QM molecule by
a self-consistent iterative procedure. This means that given a
particle structure we are able to determine the parameters for
water (not the Lennard-Jones parameters) from the QM/MM
method alone independently of classical fitting procedures, and
the solution will only depend on the wave function and the QM/
MM interaction terms. The nonmeasurable partial charges are
determined from the calculated total dipole moment, whereas
the molecular polarizability is obtained directly from the CC/
MM calculation.

From the CC/MM method we obtain high quality electron-
correlated parameters, and we are able to represent the selvent
solute system as identical water molecules in the sense that the
MM parameters are determined from the CC description of a
water molecule. We note that the method is an extension of the

Figure 1. The geometry of the water molecules in the water cluster

with a center of mass within a distancé 4 A from the QM water procedure presented in ref 21 for the self-consistent determi-
molecule center of mass. The blue water molecule is the QM system nation of the MM isotropic polarization parameter from CCSD/
and the red water molecules are the MM particles. MM linear response.

] ] o ) Second, we discuss a method for reducing the computational
plane with the oxygen atom in the origin of the coordinate costs of the computation while still maintaining the high quality
system and th€;-axis in the Z direction. of the calculation. This aspect is extremely important especially

The QM/MM calculations have been performed using a single when considering our recently developed CC/MM metfbd3
average water configuration defined upon MD simulations. The In this nonvariational wave function parametrization we intro-
average structure is defined using statistical (Boltzmann) duce a coupling between the CC amplitudes and the Lagrangian
sampling over 8000 trajectories each of a simulation time of multipliers which increases the computational costs, compared
20 ps started from the same equilibrated geometry with different to the vacuum CC method where amplitudes and multipliers
initial velocities?*? The potential used is a polarizable (1,6,12)- are uncoupled. Since the vacuum CC method is a computational
potential with parameters of Ahlsmoet al*” gy = 0.3345, demanding method by itself, this aspect becomes very important
0o = —0.669,a = 9.718,00 = 5.983, andeo = 0.00025 in for the efficiency of the CC/MM method.
atomic units (au). The simulation box-length was 15.5 A, and | The Iteratie Self-Consistent CC/MM Methowithin a
the box contained 128 rigid water molecules with the intramo- |inear approximation théth component of the total dipole
lecular geometry of ref 42, previously discussed. We applied tot

L . . momenty; of a single water molecule is given as
periodic boundary conditions and used a spherical cutoff Hi 9 9
distance of 10 A. The temperature and pressure were kept tot _ perm , ind
constant during the simulation at 298 K and 1 atm, respectively. Hi = H i

In a QM/MM calculation we take one water molecule as the — e Za--E-tOt (4.3)
QM system, and the rest of the cluster defines the MM part of Hi J i :

the system which we represent with the same parameters as

used in the MD simulation unless stated otherwise. We note perm . .

that using an average geometry is a simplified way of accounting where 4 1S the 'th. component of the permanent. dipole
for a statistical mechanics sampling of the different solvent MOMeNt, a; is the ijth g?mpongnt of the dipotedipole
configurations. This provides a single number instead of a Polarizability tensor, and; ™ is thejth component of the total
statistical distribution. However, as the scope of this work is to electric field. From the CC/MM response theory we obtain the
compare the ability of the different methods to reproduce each total dipole moment and the dipetelipole polarizability
other we have chosen to use the average geometry methodensor#3and the electric field is given by classical expressions

simplifying the comparison of the calculated properties con- for charges and dipole momeritsNote that we calculate the
siderably. electric field in the QM center of mass as we represent the MM

To illustrate the structure around the QM water molecule in water molecules with an isotropic polarizability placed in the
the water cluster we have in Figure 1 shown the QM water center of mass.
molecule (the blue molecule) and the MM water molecules (the ~ Restraining the partial charges on the atomic sites to
red molecules) within a center of massenter of mass distance  reproduce the permanent dipole moment givenufS™ =
of 4.0 A from the QM system. From Figure 1 it is seen that 2, q¢s; we find that eq 4.3 can be rewritten to an expression
two outgoing and one ingoing hydrogen bonds lie within 2 A. for the partial charges. Due to ti@,-symmetry of water and
At distances around 2.8 A one additional ingoing and one the relation &4 = —do = q between the charges we are able
additional outgoing hydrogen bond are included. The structure to obtain a simplified expression fay. Placing the water
clearly shows a hydrogen bonding stabilization of the QM water molecule in thexzplane, with theC,-axis along thez-axis and
molecule from the solvent as it should for a polar solvent the oxygen atom placed in the origin of the coordinate system,
solute system, and the structure therefore shows the expectedhe x andy components of the permanent dipole moment are
geometry around of the solvated QM water molecule. constraint to be zero by symmetry. Using an isotropic polariz-
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TABLE 1: Iterative Determination of the Partial Atomic
Charges (au) and the Isotropic Polarizability (au) of Liquid
Water Using the CC/MM Model?

model it. no q a Eccmm Uz
CcC2 0 0.6690 9.7180

CcC2 1 0.6005 10.6416 —0.042803 2.721
cC2 2 0.6011 10.7052 —0.037994 2.667
CcC2 3 0.6008 10.7100 —0.038150 2.669
cC2 4 0.6008 10.7104 —0.038140 2.670
cC2 5 0.6008 10.7104 —0.038140 2.670
CCSD 0 0.6690 9.7180

CCSD 1 0.6232 9.9717 -—0.042670 2.720
CCSD 2 0.6245 9.9840 —0.038898 2.675
CCSD 3 0.6244 9.9849 —0.039026 2.677
CCSD 4 0.6244 9.9850 —0.039027 2.677
CCSD 5 0.6244 9.9850 —0.039027 2.677

aThe calculations have been performed using the d-aug-cc-pVTZ
basis set. In theth iteration the charges and polarizability from iteration
n—1 have been used as input. Also included in the table are the
CC/MM interaction energykEcomm (hartree), and the component of
the total dipole moment (Debyey),, from which the partial charges
are determined.

ability for water we obtain that the charggis given by the
expression

tot _

— —tot
_ M, —OF

4.4
Z (4.4)
wherezy is thez component of the distance vector to hydrogen
which is the same for both hydrogen atoms in the given
orientation. We note that the use of an isotropic polarizability
is not a limitation of the model, and a sum as in eq 4.3 may be
used. However, the use of an isotropic polarizability is a good
approximation for water and it simplifies the expression.
Starting from a given set of partial charges and isotropic
polarizability (this can also be zero as in a vacuum) we obtain

a new set of parameters for the MM system which we use as
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tion energies which are smaller and isotropic polarizabilities
which are larger compared to the results obtained with the CC/
MM model using the parameters of Ahlstnoet al. However,
the CC2/MM results should be more affected than the CCSD/
MM results. This is also what we observe in sections (IV B 1)
and (IV B 2). We will refer to the CC/MM model using the
optimized parameters from Table 1 as CC/MM(it-sc).

Another way to determine the partial charges would be to
use the method of CioslowsRi*® which has been used in
combination with a heterogeneous solvation model to represent
the solute-solvent interaction through mirror charges obtained
by this approach! The charges obtained by the Cioslowski
method do not reproduce the permanent dipole moment as the
CC/MM(it-sc) does, but the method is general and applicable
to all systems and not only to water and a few other molecules
which the CC/MM(it-sc) method is limited to.

2. Reducing the Computational Costs of the CC/MM Method.
In this section we discuss the initial implementation of a
consistent screening procedure in the CC/MM method. We have
introduced the ability to have different classical models in the
MM medium. We have investigated the mixture of a simple
point-charge (SPC) model together with an extended simple
point-charge (SPC-E) model which includes an isotropic po-
larizability. The point charges enter the CC optimization
conditions in a relatively nonexpensive way, so the computa-
tionally expensive part of the CC/MM method is the inclusion
of the induced dipole moments.

We have investigated the effect of including the polarization
effects through an isotropic polarizability on the MM water
molecules within a given radius from the QM water molecule.
The MM water molecules outside the radius are represented
only through point charges. The radius is calculated as the
distance between the centers of mass of the QM and the MM
systems. All calculations have been performed with the CCSD/
MM model using the aug-cc-pVQZ (aQ) basis set and the MM
parameters of Ahlstra et al®’

In Figure 2 the setup of a calculation including both atomic

input. The procedure is repeated until convergence is reachedpartial charges and a center of mass point polarizability on the

for both parameters.

In Table 1 we have collected the results obtained within the
CC2/MM and CCSD/MM methods from the above procedure
starting from the parameters of Ahl&moet al3” used in our
previous calculations for liquid watét-2343The results in Table
1 are obtained using the daT basis set. The charges of Aflstro

MM water molecules within a distance of 6.0 A is illustrated.
The MM water molecules at greater distances are represented
only through atomic point charges. In Figure 2 the blue water
molecule is the QM system, the red water molecules are the
MM part of the system including both atomic partial charges
and a point polarizability, and the yellow water molecules are

et al. are constrained to reproduce the experimental value ofthe MM part of the system represented only through atomic

the permanent dipole moment of gas-phase water (185 D

point charges.

From Table 1 we see that the converged parameters obtained | Figure 3 the CC/MM interaction energgcamw, is plotted
from the CCSD/MM method are closer to the starting parameters g5 g function of the radius within which an isotropic polariz-

than those obtained by the CC2/MM method both concerning
the partial charges and the isotropic polarizability. For both CC/

ability is included in the MM potential. From Figure 3 we note
that the polarization of the MM medium cannot be neglected

MM models the partial charges are decreased compared to theys considerable effects are observed when includirig the

starting values by #10%, and the isotropic dipotedipole
polarizability is increased by-310%.
In ref 22 we investigated the effects of variations of each of

calculation (no polarization is for a zero distance). This has
also been reported in ref 20 where comparisons were made
between a nonpolarizable (nonpol) solvent and a polarizable

the parameters on the CCSD/MM calculated excitation energies(pol) solvent. However, from Figure 3 we note that the

and isotropic polarizability of liquid water. We found that
decreasing the magnitude qf results in a decrease of the

calculated energy converges very fast when including more
polarizable solvent molecules, and for a distance of ap-

calculated excitation energies, whereas the calculated isotropicproximately 6.0 A the energy has converged to within 0.2% of
polarizability is increased. The same effect was observed whenthe value obtained using a fully polarized solvent. From Figure
increasing thew parameter. However, the calculated values were 3 we note that including the first solvation shell of 4 water
found to be much more sensitive to changes in the charges thammolecules, which correspond to a radius of 3.5 A, is not enough
in the polarizability. to reproduce a fully polarized solvent, and we have to include

From this observation we expect that the CC/MM model, at least a second solvation shell corresponding to approximately
using the optimized parameters from Table 1, produces excita-6.0 A on the figure.
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hydrogens pointing toward the QM system. At 6.0 A the
molecules included are distributed in a homogeneous way
around the QM water molecule. At 7.0 A the distribution of
polarizable MM molecules becomes inhomogeneous as the
additional molecules are mainly added in two directions. At 8.0
A some of the homogeneous character is reestablished, and at
9.0 A the distribution is homogeneous again. At larger distances
it is seen that the inhomogeneous distribution of the polarizable
MM molecules becomes less important as the energy has
converged. We note that the changeBsgmm is only 0.5
mHartree when going from 6.0 to 7.0 A.

The same trend is observed in Figure 4 which showszthe
component of the total dipole moment as a function of the radius
within which the MM molecules are polarized. As reported in
ref 43 the CC/MM(nonpol) method (when the distance is zero
in Figure 4) underestimates the dipole moment. But as for the
CC/MM interaction energy the value is seen to converge very
fast and including polarizable solvent molecules within a
distance of 6.0 A the value of, reproduces the one of the CC/
MM(pol) method within 0.1%.

Figure 2. The geometry of the full water cluster illustrating the setup I Figure 5 we have plotted the 4 lowest excitation energies
of the method combining different models in the MM part of the system. as a function of the radius within which an isotropic polariz-
Here, the blue molecule is the QM system, and the red water moleculesability is included in the MM potential. We note that the
are MM molecules represented by partial charges at the atomic sitesinclusion of polarization in the MM medium has less effects
a”OI' a FI’O'”t p?\}l""‘\;'zabl'“ty I'” the center gf ”:asﬁ- Thﬁ ye”‘?";’ "r‘:ater on the results and as reported in ref 21 the CC/MM(nonpol)
molecules are molecules represented only through partial charges ., ., , gives results that are less than one tenth of an

on the atomic sites. The figure shows the setup for a calculation .
including a point polarizabilit?/ on MM water molecﬁles with a center  €lectronvolt larger in best cases than the ones of the CC/MM-
of mass within a distancef & A from the QM center of mass. (pol) method. However, we note that excluding the polarization
from the solvent water molecules the order of the excitation
In Figure 3 we observe th&:gmw is not yet fully converged energies changes as the third and fourth excited state changes
at 6.0 A as the energy is decreased further when going to 7.0place in the spectrum. To obtain the right order it is crucial to
A. However, at 8.0 A the energy becomes larger again, and atinclude polarizable solvent water molecules beyond the first
9.0 A and larger distances it is converged to an energy similar solvation shell. Including polarizable water molecules within a
to the one obtained at 6.0 A. The reason for this is that center distance of 6.0 A from the QM water molecule the right order
of mass distances are used to determine whether a molecule iss obtained, and the results deviate less than 0.2% from the pol
represented with a polarizability in addition to the point charges. results.
This means that molecules with the oxygen pointing toward In Figure 6 the isotropic polarizability of the QM molecule
the QM system are included before molecules with the calculated at four different frequencies is plotted as a function
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Figure 3. The CC/MM interaction energy (hartree) as a function of the distance from the center of mass of the QM system within which a

point-polarizability has been placed at the center of mass of the MM molecules. The energy has been calculated using the CCSD/MM model and
the aug-cc-pVQZ basis set.
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of the radius within which polarizable solvent water molecules 3—6 agree with a previous study of the hyperpolarizability of
are included. In agreement with the observations in ref 21 we liquid water using a semicontinuum model where a first
find that the nonpol method underestimates the isotropic solvation shell was not enough alone to give a proper description
polarizability compared to the results obtained from the pol of the first hyperpolarizability.

method. Similar to the previous discussed physical properties In the CC/MM(nonpol) method the MM partial charges enter
the results are seen to converge toward the pol results verythe equations in a nonexpensive way as the CC amplitudes and
quickly when including polarizable solvent molecules into the multipliers are decoupled as in the vacuum case. This means
calculation. Including polarization within a distance of 6.0 A that the amplitudes can be optimized without reference to the
the calculated isotropic polarizabilities reproduces the pol multipliers, and only in order to obtain first or higher order
method results within 0.1%. The observations made in Figures properties the multipliers are needed. To obtain a set of
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of mass of the MM molecules. The calculations have been performed using the CCSD/MM model and the aug-cc-pVQZ basis set.

80 T T T T T T

Number of inner iterations
(2]
(4]
T
1

55

50 L L L L L I
0 2 4 6 8 10 12

Distance from the center of mass of the QM system (AA)

Figure 7. The number of inner iterations in a CCSD/MM calculation as a function of the distance from the center of mass of the QM system within
which a point-polarizability has been placed at the center of mass of the MM molecules.

optimized multipliers the optimized amplitudes are used. In Figure 7 we have plotted the number of inner iterations,
However, introducing the polarization of the MM system a N, needed for the results to converge to a given threshold in
coupling of the CC amplitudes and multipliers is introduced, the CC/MM code. The ternN; relates to the total sum of
and the amplitudes cannot be determined independently of theiterations used in both the solution of the CC amplitudes,
multipliers. This means that the CC parameters are found from multipliers, and intermediate steps. We have chosen an optimal
an iterative procedure using the amplitudes to determine a setnumber of iterations in the amplitude solver and the multiplier
of multipliers which is used to determine a new set of amplitudes solver of 3 and 4, respectively, minimizing; in the fully
until convergence is reached. In ref 20 we found a considerablepolarized modet° This explains that the number of inner
saving of the computational time when only iterating a few steps iterations does not explode in Figure 7 when polarization is
in the determination of the amplitudes before proceeding to introduced in the calculation but is less than doubled when going
iterate a few steps in the determination of the multipliers. from a pure SPC description to one including polarizable water
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Figure 8. (— @ —): The relative CPU-time of CCSD/MM calculations as a function of the distance from the center of mass of the QM system
within which a point-polarizability has been placed at the center of mass of the MM molecules. The time is relative to the fastest calculation
representing all MM molecules with a SPC model. The calculations of the ground-state energy, dipole moment, 8 excitation energies, corresponding
transition moments, and oscillator strengths and the frequency dependent polarizability at 4 different frequencies are performed using the aug-cc
pVQZ basis set. For comparison the CPU-time (relative to the CCSD/MM(nonpol) calc.) for identical CC2/MM calculations has been shown

(--x---).

molecules in the first solvation shell (on the water molecules calculation, while the corresponding CCSD/MM number is
within a distance of 3.5 A). However, the effect of including a roughly 3. This is because the CC/MM terms have a compu-
first solvation shell of polarizable water molecules is still tational scaling ofN® and thus have accounted for a relative
considerable as the number of inner iterations is increased bylarger fraction of the CPU-time for CC2 compared to CCSD.
33%. In Figure 7 it is seen that the number of inner iterations  From the above discussion we find that using a mixed model
converge to a constant number when introducing polarization including polarizable water molecules within a radius of 6.0 A
beyond the first solvation shell. and a simple SPC model for all MM water molecules at larger
The constant number of iterations seen in Figure 7 when distances we reduce the computational time by almost a factor
polarizing beyond the first solvation shell does not mean that of 2 compared to the fully polarized solvent model. However,
the CPU-time used in the calculation is kept constant. In Figure the results of the energies and physical properties obtained using
8 we have plotted the CPU-time of CCSD/MM calculations, this model deviates less than 0.2% from the pol model. We
including a point-polarizability on the water molecules within  will refer to this model as CC/MM(pol/spc).
a given distance from the QM center of mass, relative to the B. The CC/MM Results. In the present section we discuss
CPU-time of a similar calculation using the nonpol method. We the linear response properties of liquid water obtained from the
note that the increase in relative CPU-time is proportional to different CC/MM models discussed in the previous section. We
R? whereR is the distance within which polarizable solvent have calculated the three lowest excitation energies, the corre-
molecules are included. This is plausible as the number of sponding transition moments and oscillator strengths, and the
particles included in a sphere scales quadratically with the radiusfrequency dependent polarizability tensor elements. We have
of the sphere when the density is constai¥l & pdV O R?). already presented these quantities of liquid water in ref 21 using
For comparison, the CPU-time, relative to the corresponding our most expensive model, the fully polarized CCSD/MM(pol)
CCSD/MM(nonpol) CPU-time, has been plotted in Figure 8 for model with the Ahlistfen parameters and the d-aug-cc-pVTZ
CC2/MM calculations. The CC2/MM model exhibits the same basis set. In this paper we will focus on two aspects: (i) The
quadratical dependence R as the CCSD/MM model does. ability of different CC/MM approaches to reproduce the CC/
However, we note that thé-scaling of the CC2 method makes MM(pol) results but at a lower computational cost or with
the computation much quicker than the corresponding CCSD parameters obtained from the QM/MM calculation itself. (ii)
calculation, which scales d°. For water a reduction of the  How well the CC2/MM methods compare with the computa-
CPU-time by more than a factor of 2 is seen when comparing tionally more expensive CCSD/MM methods. Finally, we
the relative CPU-times of the CCSD/MM and CC2/MM compare the CC/MM results with other and less expensive
calculations where polarized water molecules have been includedmethods and experiments.
within a distance of 6.0 A. The reduction in CPU-time for CC2 The reason that we use the CCSD/MM(pol) results from ref
compared to CCSD depends on the size of the QM system and21 as reference data is as follows: (i) The CCSD model accounts
the number of basis functions. It should be noted that for CC2 for a larger part of the electronic correlation than the CC2 model
the relative effect in CPU-time of introducing polarized solvent and is therefore a more accurate model. (i) The MD simulation
molecules is larger. FAR = 12 A the CC2/MM CPU-time is from which the mean configuration has been constructed has
almost 6-fold larger than for the nonpolarized CC2/MM been run using the same classical parameters of Ahisétaal.
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TABLE 2: Excitation Energies (eV), Corresponding Transition Moments (au), and Oscillator Strengths of Water Calculated
Using the d-aug-cc-pVTZ Basis Sét

1b; — 3sa 1b; — 3phy 3a; — 3sa
method Eex, TMx TMy TM OS AE«P Eex TMx TMy TMz  OS AE® Eex TMx TMy TMz OS AEe”
CC2(vacuum) 7.249 0.000 0.554 0.000 0.054 8.888 0.000 0.000 0.000 0.000 9.664 0.000 0.000 0.600 0.085
CC2/MM(pol) 7.761 0.001 0.647 0.004 0.080 0.515 9.432 0.013 0.152 0.033 0.006 0.544 10.165 0.066 0.078 0.662 0.112 0.501

CC2/MM(pol/spc)  7.734 0.003 0.639 0.005 0.077 0.485 9.421 0.053 0.038 0.037 0.001 0.533 10.136 0.069 0.073 0.650 0.107 0.472
CC2/MM(it-sc) 7.744 0.002 0.650 0.001 0.080 0.495 9.390 0.018 0.198 0.024 0.009 0.502 10.134 0.058 0.076 0.669 0.113 0.470
CCsSD(vacuunf) 7.616 0.000 0.524 0.000 0.051 9.368 0.000 0.000 0.000 0.000 9.881 0.000 0.000 0.491 0.058

CCSD/MM(polf 8.176 0.000 0.627 0.002 0.079 0.560 9.965 0.009 0.149 0.017 0.006 0.597 10.556 0.053 0.075 0.654 0.113 0.675
CCSD/MM(pol/spc) 8.153 0.003 0.621 0.003 0.077 0.537 9.955 0.015 0.176 0.009 0.008 0.587 10.541 0.055 0.070 0.644 0.109 0.660
CCSD/MM(it-sc) 8.171 0.000 0.628 0.001 0.079 0.555 9.944 0.016 0.145 0.015 0.005 0.576 10.555 0.046 0.072 0.655 0.113 0.674

HF/MM(pol)? 9.49 0.601 0.84 11.3 0.068 1.0

MCSCF/MM(poly 8.62 0.654 0.77 105 0.129 0.9

DFT/DRP® 8.25 0.075 0.53 10.18 0.003 0.65 10.27 0.112 0.59
experiment 8.2 0.8 9.1 9.9 0.2

aThe CC/MM results are presented within the different CC/MM schemes discussed in tHeABxt= AENY — AEX™ ¢ Results from ref
21 using the d-aug-cc-pVTZ basis s&éResults from ref 17 using the aug-cc-pVQZ basis $Besults from ref 27 using the shape-corrected
SAOP potential and a large even-tempered basis set of Slater type orbitals including 69 and 28 basis functions on oxygen and hydrogen, respectively.
For further details on the potential and the basis set see réfR&ferences 50, 60, and 61.

as are used in the CCSD/MM(pol) calculations, and therefore TMy results for the vacuum dipole forbidderb;1— 3pb;
the results have been obtained in a consistent way. One couldiransition obtained with the CC2/MM(pol) and CC2/MM(pol/
argue that the CCSD/MM(it-sc) model is the most accurate of spc) models. It is seen that tid/, result of the CC2/MM(spc/
the models as the parameters are obtained from the CCSD/MMpol) model is five times smaller than the corresponding value
model itself. However, for consistency in the procedure we have from the CC2/MM(pol) model. This is not observed in the
chosen to use the same parameters as in the MD simulation forCCSD case.
reference data. The reason is that the excited state corresponds tpya 3
The CCSD/MM(it-sc) model is very useful when using an Rydberg state (extended in the Y direction) and that it is more
SPC set of parameters, like the frequently used Ti83Br diffuse in the CC2 description than in the CCSD description.
the MD simulations to obtain the system configurations. The As we have discussed in previous papers on the CC/MM model
use of (1,6,12) potentials makes the MD simulation considerably the lack of short range repulsion in the optimization conditions
quicker than using a polarized potential. However, it has been of the wave function allows the electrons to occupy space which
shown in several studies that the polarizability cannot be potentially would be occupied by the electrons of the MM
neglected from the QM/MM calculatior$2%-22 Here, the it- molecules including these in a QM descripti8i1-43Therefore,
sc model can be used to generate partial charges and polarizthe CC/MM wave function is allowed to diffuse into the MM
abilities from the structures, constructed using the SPC param-medium, and the CC2 state which is more diffuse reaches further
eters, to use in the QM/MM calculations. into the MM medium than the corresponding CCSD state. As
1. Excitation Energies and Transition Properties of Liquid only the first two solvent shells are polarized in the CC/MM-
Water. In Table 2 we have collected excitation energies and (pol/spc) model the polarization effects are especially under-
the corresponding transition properties of thie, > 3sa, estimated in the Y direction compared to the CC/MM(pol)
1b; — 3phy,, and 3y — 3sg transitions in liquid water calculated  model. However, the underestimation is a result of an artifact
using the different CC/MM approaches from the previous inthe CC/MM model and not in general an error of the pol/spc
section and the daT basis set. For comparison Table 2 alsoapproach. Therefore, we conclude that the CC/MM(pol/spc)
contains the CCSD/MM(pol) results from ref 21 using the same method is able to reproduce the results of the much more
basis set. First, comparing the vacuum excitation energies inexpensive CC/MM(pol) method to a satisfactory degree of
Table 2 we find that the CC2 results underestimates the CCSDaccuracy.
results by as much as 0.5 eV (for thb; I~ 3ph, transition), Comparing the CC/MM(it-sc) and the CC/MM(pol) excitation
whereas the CC2 transition moments are generally overestimatecenergies in Table 2 we find the CC/MM(it-sc) results to be
by a few percent. We note that even though the CC2/MM results decreased by less than 0.5%. However, the CC2/MM(it-sc)
deviate from the CCSD/MM results they do so in a consistent results are decreased more than the CCSD/MM(it-sc) results
way meaning that the same trends observed from the CCSD/which is in perfect agreement with our previous discussion in
MM calculations are also observed from the CC2/MM calcula- section(lV A 1) from the observations made in ref 22.
tions. However, this occurs at a much lower computational cost Comparing the transition moments and oscillator strengths
making the CC2/MM method preferable for some purposes. obtained by the CC/MM(pol) and CC/MM(it-sc) models we find
Comparing the different MM representations within a given that the CC/MM(it-sc) method reproduces the CC/MM(pol)
CC wave function approximation we find that the changes are results within a few percents. We conclude that the parameters
much more moderate than the ones observed for the differentobtained by the iterative self-consistent procedure represent the
coupled cluster approaches. Comparing the CC/MM(pol) and MM medium to a similar degree of accuracy as the parameters
the CC/MM(pol/spc) models we find that the excitation energies of Ahlstrom et al. concerning the excitation energies.
deviate less than 0.5% for both CC methods, and therefore we In Table 2 the excitation energies calculated using other
also observe similar solvation shifts of the states in the CC/ representations of the QM part of the system are reported. A
MM(pol) and CC/MM(pol/spc) models. Comparing the CC/ direct comparison can be made as the same mean structure of
MM(pol) and CC/MM(pol/spc) transition properties we observe the water cluster has been used in all cases. First, we note that
that the CC/MM(pol/spc) method reproduces the CC/MM(pol) the total neglect of electronic correlation in the HF/MM method
results. However, one deviation is found when comparing the leads to deviations by more than one eV toward larger energies
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compared to the CCSD/MM(pol) method. Also the solvent shifts TABLE 3: Diagonal Components of the Static Polarizability
are found to be as much as 70% larger than for the CCSD/MM Tens;)r(,:tTe :Sftaop'_(t?hpt%'arézabl|lty1 ar{;jTch%A”_'S(gf?py ((jAt|L

; ; in au) Calculated with the d-aug-cc-p asis Set and the
methods. The static correlated MCSCF/MM method deviates ~~5" ' ¢csp wave Function Approximations within the
by about 0.5 eV from the CCSD/MM results. The deviations pifferent CC/MM Schemes Discussed in the Text

are of the same size as observed for the CC2/MM methods.

. model Olxx Oy Ozz a Aa?
However, the MCSCF/MM method tends to overestimate the
excitation energies, whereas the CC2/MM methods tend to CC2 10.155 10.524 10.280 10.320 0.326
underestimate them. The MCSCF/MM solvent shifts are as SG2/MM(pol) 10294 10.862  10.769  10.642 1.223
h as 50% larger than the CCSD/MM results, whereas the CC2IMM(polispc) 10284 10.857  10.747 10,629~ 1.215
muc ger ' oL ' CC2/MM(it-sc) 10.396 10.901 10.834 10.710 1.168
CC2/MM solvent shifts deviate within 10%. CCcsD 9.353 9978 9.613 9.648 0.544
The DRF/DFT approach using the SAOP exchange correla- gggg;mmgpov ) 9{;777;15 13600136 lfdlffo 95-)9;51 1i0318
; 49 ; pol/spc . . . . .
tion pOte.”t'&fh e well with thtehCCS[.)I{ Nt'M r?S”"StEOth 4CCSDMM(itsc) ~ 9817 10.006 10.132 9.985 0.998
concerning the excitation energies, the oscillator strengths, and (g 974 915 936 942
the solvent shifts. However, the values reported here are the mcscr/MM(poly 9.54 9.72 9.82 9.70
best results from ref 27 using the nonstandard correlation SAOP DFT 9.88 8.92 9.52 9.44
potential. A number of potentials including several standard DFT/DRF 9.80 9.55 9.85 9.73

potentials have been tested, and the calculated excitation _ ' _
energies deviate by as much as 2 eV from the CCSD/MM  ®The anisotropy is dezlned asa = \/2(D1+ 60,)/2 thefeD; =
models, and the results generally show a large dependence of®%x ~ &) + (G = 0z)° + (ayy — 0z)° and Oy = (awy® + obe” +

the potential used’ Using the standard BLYP potential the &,7). ° Results from ref 21 using the d-aug-cc-pVTZ basis S8esults

L . from ref 17 using the aug-cc-pVQZ basis seResults from ref 27
excitation energy of the b — 3sa transition has been sing the shape-corrected SAOP potential and a large even-tempered

calculated to 6.49 eV with a solvent shift of 0.25 #\and basis set of Slater type orbitals including 69 and 28 basis functions on
compares even worse than the HF/MM method with the CCSD/ oxygen and hydrogen, respectively. For further details on the potential
MM results. and the basis set see ref 27.

In Table 2 we have reported the experimentally determined tag| £ 4: Parameters (au) for the Expression a(w) =
maximum absorptiongmax for the Io; — 3sa and the &; — A(L + Be?) Giving the Frequency-Dependency of the
3sa transitions which are the values that can be compared bestlsotropic Polarizability @
with the calculated vertical excitation energies. We find that model A B
the CCSD/MM models show excellent agreement with experi-

asymptotic standard error

. e 10.320 4.134 +0.036
ment on the location of the lowest excitation energy, whereas CC2/MM(pol) 10642 4.099 10.035
the solvent shift is a little lower than the experimental value. cc2/MM(pol/spc) 10.629 4.111 40.027
This is because the CCSD calculated vacuum excitation energy CC2/MM(it-sc) 10.710 4.142 +0.028
differs by 0.2 eV from the experimental value of 7.4 8T he CCSD 9.648 3.672 +0.023
CCSD/MM results overestimate the second excitation energy ggggmm(pola 99-%7621 33-%%% ig-g%g
by as much as 0.8 eV and the third by half an eV. This is CCSD/MMEﬁiCS)pC) 0985 3.670 10023

probably due to the total neglect of short-range repulsion in
the CC/MM model causing the diffuse excited states to be too  aThe parameters are found by fitting the expression to the analytical
much affected by the solvent as the electrons are allowed to bevalues calculated using the d-aug-cc-pVTZ basis set within the coupled
located in space formally occupied by the electrons of the cluster models discussed in the text.
solvent moleculed! This might also explain the relatively larger
effect on the more diffusef®, state than the & state. parametrization, have larger tensor components and isotropic
Concerning the CC2/MM models we find the first excitation Polarizability than those from the CCSD approach. However,
energy to be underestimated by almost half an eV and the the anisotropy of the. cc2 mode! is smaller than for the CCSD
excitation energies of the second and third transition to be Model. The reason is that the diagonal elements of the CCSD
overestimated by about 0.3 eV. We find that the CC/MM models model deviate more internally than the CC2 elements do which
using both CC2 and CCSD are able to reproduce the relatively results in a larger anisotropy (see definition in footnote in Table
large oscillator strength of thebl — 3sa transition and the 3). The larger CC2 polarizability is intuitively understood from
larger oscillator strength of the3— 3sa transition as observed & sum over states expression for the static polarizability in which
in the experiments. products of transition moments belonging to the same excited
2. The Frequency Dependent Polarizability of Liquid Water. State is divided by the corresponding excitation energies. From
In Table 3 we have collected the diagonal tensor elements of Table 2 we observed that the CC2 excitation energies were
the static polarizability tensor, the isotropic polarizability, and Smaller than the CCSD excitation energies, whereas the transi-
the anisotropy, and in Table 4 we show the parameters obtainecfion moments were more alike. This results in larger contribu-
from fitting the frequency dependent isotropic polarizability to  tions from these states to the CC2 polarizability in the sum over
ad(w) = A(l + Bw?) expression. The polarizabilities in Tables ~States expression compared to the corresponding CCSD terms.
3 and 4 have been calculated in a vacuum and using the different The same trend is observed concerning the CC/MM results
CC/MM methods discussed previously, and all calculations have in Table 3. The CC2/MM polarizability results are larger than
been performed using the daT basis set. Note that we havethe corresponding CCSD/MM results showing that it is easier
omitted the off-diagonal elements of the polarizability tensor to polarize the liquid CC2 water molecule than the liquid CCSD
in Table 3. These are nonzero using one configuration but arewater molecule. The anisotropy on the other hand is reversed
zero using correct statistical averaging over a number of compared to the vacuum case as the CC2/MM calculated
configurations. anisotropies are larger than the corresponding CCSD/MM
First, concerning the vacuum results in Table 3 we find that results. From the definition of the anisotropy in the footnote of
the polarizability, obtained using the CC2 wave function Table 3 and the tensor components of the polarizability tensor
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listed in Table 3 we observe that the large deviation between Similarly we have, using the Lorer# orentz equatiot? and
the axr-component and the two other diagonal components in a quartic extrapolation of the refractive d&f&; estimated the
the CC2/MM case causes the anisotropy to be larger than infrequency-dependence of the polarizability of liquid water to
the CCSD/MM case. The off-diagonal elements (not shown) be given by the expressioaﬁgp(a)) = 9.625+ 60.2w? —
and difference between thgy ando,, components are similar ~ 1124.40%. This gives a reasonable fit to the results derived from
in the two CC/MM models, so these contributions to the the LorenzLorentz equation for frequencies in the range from
anisotropy are much the same in the CC2 and CCSD cases. 0.04 au to 0.12 au. We note that the approximate Lorenz
Comparing the tensor components within the different CC/ Lorentz equation really applies to the gas phase but is here (as
MM methods for a given CC wave function we see from Table many other places) used in the context of liquid, which may be
3 that both the CC/MM(it-sc) and CC/MM(pol/spc) models considered somewhat troublesome. Therefore, deviations be-
reproduce the CC/MM (pol) results to a high degree of accuracy. tween the experimental Lorerizorentz derived liquid polar-
Especially, we note that the CC/MM (pol/spc) model is able to izabilities and the CC/MM predictions are expected. From this
account for the polarization of the solvent, and the model gives expression we observe that at small frequencies the polarizability
almost identical results to the CC/MM(pol) model at a much is decreased when going from gas phase to the liquid phase.
lower computational cost. The results obtained for the CC/MM- For an example we find from this expression tuﬁgp(o.o428)
(it-sc) model show that we are able to determine parameters= 9.73 au, and as the polarizability is increased as a function
which provide results of the same quality as the ones obtainedof the frequency in the gas phase the polarizability in the gas
in previous studies with the parameters of Alilstret al? We phase is somewhere between 9.83 au and 9.92 au which is larger
note that both the CCSD/MM and CC2/MM models predict that than 9.73 au. This observation is not in agreement with the CC/
the polarizability becomes larger when going from vacuum to MM results wherex is increased when going from vacuum to
liquid. liquid phase. This is also observed using the DRF/BFRnhd

In Table 3 we have collected the tensor elements of the static MCSCF/MM methods. At larger frequencies the experimental
polarizability of liquid water as calculated with other QM/MM  Polarizability of the liquid becomes larger than the gas-phase
models. Again a direct comparison can be made as the samePolarizability as the dispersion of the liquid polarizability is more
water cluster mean structure has been used in these studies. Frogignificant compared to the gas-phase polarizability. This is not
Table 3 it is seen that the MCSCF/MM method underestimates Observed using neither CC2 or CCSD (see Table 4) nor’DFT
all the diagonal elements of the tensor compared to the CCSD/or MCSCF’ where the frequency dependence in a vacuum and
MM results which lead to an underestimation of the isotropic the liquid phase is found to be almost identical.
polarizability. The tensor components as well as the isotropic ~ T0 compare the absolute value of the polarizability using the
polarizability as calculated with the DFT/MM method compares CC/MM methods with the experimentally values we have to
well with the CCSD/MM models showing only minor differ- ~ account for the vibrational contributions to the polarizability.
ences. However, as was the case when comparing excitationAs the pure vibrational (PV) contribution is minor at normal
energies the DRF/DFT method is very dependent on the optical frequencie€$ we neglect this and only account for the
potential used. For an example, using the standard BLYP zero point vibrational average (ZPVA) contribution to the
potential one obtaina = 11.39%" It is difficult to compare the ~ polarizability. Reis et al. have calculated”"0.00) = 0.292
anisotropies from refs 17 and 27 with the ones obtained from a at the MP2 level of theory. Assuming a similar dispersion
the CC/MM models as another definition has been used. We as the electronic contribution we add this to #hesalues in
prefer to report the anisotropy invariant as defined in the footnote Table 4 before calculating the polarizability at a given frequency.
of Table 3 as this is invariant to any orthogonal transformation In this way we obtairg;; °*0.0856)= 10.5-10.6 au from the
(e.g. rotation of the molecular axis) of the polarizability terffdor.  CCSD/MM models andi}igeory(o.0856)= 11.0-11.4 au from

From Table 4 the frequency dependence of the isotropic the CC2/MM models which is to be compared to the experi-
polarizability in a vacuum is seen to be more pronounced in mental value ob;”= 10.01 au. Again the agreement with the
the CC2 case than the CCSD case [Ehparameter). This is  results derived from experiments through the Loreharentz
also the case when comparing the CC/MM results of liquid equation is not very good, in contrast to the good agreement
water. We note that the dispersion is almost identical in gas between theory and experiment for the gas phase results.
phase and in liquid phase using both CC2 and CCSD. Again Obviously, the comparison of a bulk property like a polariz-
we find the CC/MM(pol/spc) model to give almost identical —ability with atomistic calculations will be troublesome and
results as the CC/MM(pol) model. The parameters obtained from indirect. Certainly the use of the Lorenzorentz equation to
the iterative self-consistent procedure lead to a little more estimate the polarizability of individual water molecules from
polarized CC wave function with a littte more frequency liquid-phase experiments is a crude approximation. On the side
dependency than the wave function obtained using the param-of the CC/MM calculations the use of a single average water
eters of Ahlstion et al. Comparing the frequency dependence structure to calculate the statistical average of the polarizability
of the CC/MM models with the MCSCF/MM and the DRF/ may be a significant approximation. Contributions from intra-
DFT27 methods we find in all cases that the isotropic polariz- and intermolecular vibrational degrees of freedom have not been
ability is increased with increasing frequency. addressed, and even at optical frequencies some contributions

Experimentally, the gas-phase static polarizability has been could still remain. In addition we have used the vacuum
found from a quadratic extrapolation of the refractive index at 9eometry of water in the liquid-phase calculation and the
8 frequencies between 0.068 au and 0.095 au®tf(0.00) = relaxation effects of the so_lvent on the geometry have therefore
9.83 a2 and using the LorenzLorentz equatiof the polar- "ot been accounted for either.
izability has been calculated from the refractive index at 0.088
au toax0.088)= 9.92 4 0.02 aw®* The CC results for the
gas-phase polarizability agrees with experimental results to a In this paper we have presented linear response properties
high accuracy when corrected for contributions due to vibra- and excitation energies of liquid water calculated using different
tional averaging. See ref 55 for a detailed treatment. molecular mechanics approaches within coupled cluster theory.

V. Summary
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cluster/molecular mechanics parameters to previous results. Wechem. A2003 107, 2578.
find the set of parameters obtained from the coupled cluster/ (21) Kongsted, J.; Osted, A.; Mikkelsen, K. V.; Christiansen] GChem.

molecular mechanics iterative procedure to give results of the Phys.2003 118 1620. _ o
same quality as the previous calculated results. (22) Kongsted, J.; Osted, A.; Mikkelsen, K. V.; ChristiansenJMol.

] sl Struct. (THEOCHEMYR003 632, 207.
Second, we have discussed how to minimize the computa- (23) Osted, A.; Kongsted, J.; Mikkelsen, K. V.; ChristiansenMal.

tional costs of the coupled cluster/molecular mechanics model. Phys.2003 101, 2055.
We find that including a polarized solvent within a given radius __(24) Stanton, R.V.; Hartsough, D. S.; Merz, K. M.Phys. Chen1993

97, 11868.
of the QM system and the rest of the solvent only through point ™" 55) 1j7on, 1.; Martins-Costa, M. T. C.; Millot, C.; Ruiz-lgez, M. F.;

charges the results of a fully polarized solvent model is Rivail, J. L.J. Comput. Chenl996 17, 19.
reproduced. However, this is done at a much lower computa- _ (26) Chalmet, S.; Rinaldi, M.; Ruiz-lpez, M. F.Int. J. Quantum Chem.

. . T 2001, 84, 559.
tional cost as the point charges enter the CC/MM optimization (27) Jensen, L; van Duijnen, P. Th.: Snijders, JJGChem. Phys2003

conditions in a nonexpensive way in contrast to the polariz- 119 3500.

abilities. This encourages the introduction of an automatic  (28) Wang, W.; Donini, O.; Reyes, C. M.; Kollman, P. Annu. Re.

screening of the polarization contributions in the CC/MM Bio(gg%’sczg’”;?'-_I_?thulgfrzoglé&ﬁjlée Phys. Chem2002 53, 467

optimization Conqltlons' . (30) Gau’ss,”J. IlEnC)’/cldpedia o-f Co-mpu>;a.tional Chemisttly S.,.et
Generally, we find that the CC2/MM response properties and a.; wiley: New York, 1998.

excitation energies deviate somewhat from the corresponding (31) Christiansen, O.; Koch, H.; JergensenCRem. Phys. Let1995

CCSD/MM results. However, the CC2/MM results show the 243 409.

- (32) Purvis, G. D.; Bartlett, R. J. Chem. Phys1981, 76, 1910.
same trends as the CCSD/MM results unlike some other QM/ (33) Christiansen, O.: Koch, H.: JargensenJPChem. Phys1995

MM methods. Therefore, for investigations concerning larger 103 7429.
QM systems the CC2/MM method may be preferred where (34) Christiansen, O.; Koch, H.; Jergensen, P.; Olsegh&m. Phys.

MCSCF/MM is unable to account for the dynamical correlation, Le?ééfi%ﬁsge?? Osted. A.: Mikkelsen. K. V.. ChristiansenGEhem
and DFT/MM may be subject to certain problems as discussed ppys 5003 %19 10519. e ' '

here in the case of excitation energies. Indeed CC2 has recently (36) Kongsted, J.; Osted, A.; Mikkelsen, K. V.; Christiansen] @hem.

been cast in a new efficient approximate formulation applicable Phys.2004 12Q 3787. _ . .
to large molecule82 (37) Ahlstram, P.; Wallgvist, A.; Engstnm, S.; Jmsson, BMol. Phys.
. L . . 1989 68, 563.
We find that in order to reduce the computational time but "~ (3g) christiansen, O.; Jargensen, P:ftigaC. Int. J. Quantum Chem.
maintaining the quality of the results the combination of 1998 68, 1.
polarized solvent and nonpolarized solvent is preferred together . (39) Helgaker, T.; Jensen, H. J. Aa.; Jgrgensen, P.; Olsen, J.; Ruud, K;

. . . Agren, H.; Auer, A. A,; Bak, K. L.; Bakken, V.; Christiansen, O.; Coriani,
with the CCSD/MM method as the quality of the results is S.; Dahle, P.; Dalskov, E. K.; Enevoldsen, T.; Fernandez, BttigjeC.;

essentially unchanged. We note that this approach in combina-Hald, K.; Halkier, A.; Heiberg, H.; Hettema, H.; Jonsson, D.; Kirpekar, S.;

tion with the CC2/MM method provides an even faster option. Kobayashi, R.; Koch, H.; Mikkelsen, K. V.; Norman, P.; Packer, M. J.;
Pedersen, T. B.; Ruden, T. A,; Sanchez, A.; Saue, T.; Sauer, S. P. A,
Schimmelpfennig, B.; Sylvester-Hvid, K. O.; Taylor, P. R.; Vahtras, O.
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