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Vibrational Stark Spectroscopy 3. Accurate Benchmark ab Initio and Density Functional
Calculations for CO and CN™
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A new Stark-type experimental technique knowne#ectroabsorption spectroscopyas been developed in

S. G. Boxer's laboratories which offers the ability to measure the responses of isotropic solvated molecules
to an applied electric field. It is applicable to a wide range of molecules and environments. We present
benchmark ab initio and density-functional calculations employing 14 methods and dotdhlpentaé
augmented basis sets for the vibrational frequencies, dipole moment, polarizability, hyperpolarizability profiles,
Stark shift, and other electroabsorption properties of two important (gas-phase) molecules, CO afat CN
which a range of high-precision experimental data is available. The results show excellent agreement with
these data, verify the earlier conclusion that the transition-moment polarizability rather than the polarizability
change dominates the first-derivative response in the electroabsorption spectroscopy of these systems, and
convergence with respect to the treatment of electron correlation, basis set, geometrical integration, and finite-
field differentiation. For large molecules, B3LYP calculations with small (eg., aug-cc-pVDZ) basis sets are
predicted to offer optimum performance per computational cost.

1. Introduction in the expectation values of the dipole and polarizability

The perturbation of vibrational properties of molecules by operators induced by the vibrational transitidty, e.g., being

electric fields is clearly a subject of wide-ranging importance, gquwalent only ‘Tﬂ the harmonic Ie\‘/‘el of apprpxmati?ﬁ.'.h.e
particularly in inorganic and biological contexts. Interest in the fI'St term. —A, is often called the “Stark tuning rate”, it is a
theoretical description of such processes has been rekindled ifduantity which has been measured directly for orientated CO
recent years through the development of new experimental 21d CN', for example, at interfaces, either physisorbed (as, e.g.,
techniques by S. G. Boxer and co-workérahich have made in zeolites) or chemisorbed (as, e.g., on Au or Pt surfacgs at
Stark-type spectroscopy available to a much wider range of the vacuum/metgl or metal/electrolyte interface). Calculgtlons
systems and access a wider range of molecular properties. Thef the Stark tuning rate for the free molecule can readily be
first quantum-chemical analyses of Stark effects on molecular Uséd in discussing observed shifts in the former case. For
vibrational properties were made over 25 years ago by Hush €xample, the Stark shifts of CO physisorbed in X- and Y-zeolites
and Williams and by Gready, Bacskay, and Hus#.In those were found to correlate well with a reasonable estimate of the

works, finite electric field theory in which the Hamiltoniath field strength variation at the point of attachmierklso, Au
is expressed as can be determined indirectly from gas-phase spectroscopic
datal®1%> and values are availaBfe!® for both CO and CN.
H=H,—uF (1) The recent literature in this field is quite extensive (see, e.g.,

refs 15, 17-23), and we have recent§reviewed key relevant
where Ho is the field-free Hamiltonian for the molecule experiments and calculations for CO.
consideredy is its dipole moment, anH is the uniform applied
electric field, was employed to determine molecular vibrational
response functions including polarizabilities and hyperpolarizabili-
ties?12 In particular, the response of molecular vibration
frequencies to the applied field is usually expressed using
perturbation theory in terms of thébrational dipole moment
changeAp and vibrational polarizability changeAa. respec-
tively, i.e.,

Special interest in particular arises concerning the Stark effect
on CN vibrations as the CN stretch lies in a window in the
infrared spectrum, allowing for the possibility that probe
molecules containing the CN group could be used to measure
local electric field properties in chemical and biochemical
systems. To this end, Boxer et al. have studied Stark effects on
benzonitrile and acetonitrifeand we have calculated properties
for hydrogen cyanide and acetonitrte For acetonitrile, the

1 calculated gas-phase and observed condensed-phase Stark tuning
hAv = hw(F) — hw(0) = —Apu-F — SrAacF (2) rates differed by a factor of 4, an event which we postulated to
be caused by solvation effeéfsand indeed we went on to study
whereh is Planck’s constant. This language is slightly mislead- the solvation of acetonitrile in great detil.
ing, however, adx andAa are not exactly equal to the changes Here we investigate, using a wide range of ab initio and
density-functional computational methods, the responses of CO
*Author to whom correspondence should be addressed. E-mail: gnd CN- to an applied electric field. These are clearly two
reimers@chem.usyd.edu.au. . . .
t School of Chemistry. important compounds, and, indeed, experiments are currently
* Department of Biochemistry. under way in Boxer’s laboratories to, for the first time, directly

10.1021/jp992218h CCC: $18.00 © 1999 American Chemical Society
Published on Web 11/18/1999




Density Functional Calculations for CO and CN J. Phys. Chem. A, Vol. 103, No. 49, 19980581

measure the Stark tuning rate for CO in an inert solvent. A determined from the zero-field absorption spectrum and so eq
variety of problems remain to be solved with the interpretation 5 essentially expresses the three experimental observiagles
of experiments such as these; however, the most important ofF,, andH, in terms of four fundamental molecular parameters
which is the effect of the solvent in distorting and amplifying  Au, Aa, A/M, andB/M. The first term De, has the shape of the
the local electric field that the chromophore experiences, and it unperturbed absorption envelope; as in the corresponding
is common practice?®2”to state experimentally derived mo-  perturbation of an electronic transition, this is referred to as the
lecular properties to an accuracy of only 30%. Despite this “constant” term. If the transition moment hyperpolarizabikty
limitation, electroabsorption spectroscopy has been very usefulis zero but the transition moment polarizability is finité £

as it can readily discriminate between different models of ) the constant term is positive (proportional to the square of
chemical structure, and typically it is the only available the ratio of transition polarizability to transition moment).
technique for the measurement of the properties in question. yowever, wherB = 0, the constant term may be either positive
Our aim is to complement this experimental technique with a ; negative. The second term in the perturbatieg,has the
theoretical one which, for large systems, could predict results shape of the first derivative of the unperturbed absorption
of comparable or significantly improved accuracy. These are envelope. If the change of dipole momeht accompanying

Zeg'(ltgl;?:rgcialrcez?gonz,r'm:rlitlglg dgtsa? 'I(')r:ethilsl,grgfo r%r;gce:or(: excitation is zero, this term may be either positive or negative,
val ! u Xper : Y provi “and is a measure of the polarizability change; examples of

puted values for a wide range of electroabsorption and Otherboth positive and negativAa are found in the electric field

properties of these molecules which, to date, remain unobserved. . - .
perturbation of charge-transfer transitions in metal com-

2. Basic Theory plexesz.~26’27~32'_33For vibrational transitions, we anticipate that
. ] ) o Ao would typically be swamped byAAu/M, however. The

The basic theory for the interpretation of the electric-field thirg term, He, has the shape of the second derivative of the
dependence of the absorption spectroscopy of isotropic chro-gpsorption spectrum, and is simply proportionalAg)Z; it thus
mophores has been developed by Lipta$2We have adapted  yje|ds unambiguously the absolute valuergf. Unfortunately,
this theory specifically to describe electric field effects on |, general unique solution for the other three molecular
vibrational spectra, extending earlier work in this area (see, e'g"properties,A(x A, andB is available from the remaining two
refs 14, 30, 31) and determining many analytical relationsHips. experimental observableB, andF.. Another technical problem

%Ar\long r\]N'th( thel)efifteict nOf the erlei:trlg Ilerlr%ir?n tLhe \#br?tlc;r;h associated with this approach is that the electric field strength
equency (€q 1), IL1s necessary fo oete € the efiect ot the ¢ appearing in eq 4 is the field strength at the molecule which

electric field on the vibrational transition momekit. This we can differ significantly from the field strength actually applied
express as 226.34
to the sampl@é:226.

M(F)=M + AF + F-B-F (3) Herein we evaluate from first principlesu, Aa, A/M, and
B/M and thencé,, Fe, andHe. First, we evaluaté\o. and Au

where A and B are, respectively, the transition polarizability directly from eq 2. The potential energy surface is evaluated at
(second-rank) and transition hyperpolarizability (third-rank) seven internuclear separatianéhe calculated MP2/cc-pVDZ
tensors. For a diatomic molecule, we assume that the only hond length displaced by Gt1, +2, and+4 units of zero-
component of each tensor which is important is the one which point vibration) using five values for the applied field strength
is purely in the dir_ection_ of the bond and hence replage F =0, £0.01, and+0.02 au (1 au= 5142.57 MV cntl). At
Aa, M, A, andB with their scalar componentsu, Ao, M, A, each field strength, the potential energy surface is interpolated
andB, respectively. For a molecule AB, this direction is taken  4nq the vibration frequency(F) determined variationally: it is
to be that from A to B thus establishing a sign convention for ,an gitferentiated numerically with respect to the field strength

M, A andu. The Liptay equations for the change in the , orqer to extractAo and Au. The dipole moment is also
absorptlor_1 coefficient at frequencyu of an Isotropic sample oy ayated at the same data points, and the results similarly
as a function of the magnitude of the electric field strerfgth interpolated as a function of to facilitate the variational

then expressed through determination of the 6~ 1 transition momenw. Finally, M is

1 e ¢ numerically differentiated as a function of the applied field
> B =) = strength to yieldA andB via eq 3. If the dipole moment cannot
F°R() be determined directly from the wave function, it is obtained

€ d e & e by numerically differentiating the energy with respect to the
De;(O) + Feﬁ L0+ HethdVZ 1_/(0) () field strength.

An alternative analytical approach is possible in which the
whereR(y) is a knowrt-»282%function which depends on the  glectroabsorption response properties are evaluated from more
relative orientations of the light polarization and the electric fyndamental molecular quantities which have been directly
field vector, and the three primary experimental observables computed. For this, it is possible to use expressions derived
are expressed as from either harmoni®1431.35¢r first-order corrected vibra-

tional wave functions. At the harmonic level theselare

2
A 428 J2PA L AG L dH = (Aw? (5)

e M2 M e M 2 hvy,
Auy = —(2mya, — 3mya,) (6)
These coefficients represent contributions to the electroab- 43
sorption signal whose shapes are proportional to the absorption , .
band contourd/v) and its first and second frequency derivatives, Aoy, = Aa'y + Ay

respectively. These functions have been illustrated in a variety
of placest21324.26.33 syally, the transition momem can be where
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A 3hVH (3 2 rnz)z d
TS
hv,, 2
Ad'y = 4_2(2a1(12 — 3a,0y — 2m," + 6mmy) (7)
a
My
7 = ml (8)
A, 5m;m, 3m12a2
14 & 8ay
and
By 1 m, 2
y 2 128a14( 1% L)
m 3ma
- 5(180,3; — 9ay@, + 18mm; — 2m)’) + o (10)

1 48

where the subscript indicates at the harmonic level of
approximation, the constant prefactoiis defined as

hw,,\1/2
- [

and the molecular property derivatives are defined through

11)

V=V, +ar —r)*+ar—r)’+ar—r)*

w=mg+myr —r) +myr — )’ +myr —r)?

o=+ oy(r — 1) + o(r — ry® + ag(r — ry)°

B=Pot But =1 + Br —1*+ Bor —1)° (12)

whereV is the potential energyy is the dipole momentq is
the polarizability, andg is the hyperpolarizability. These
guantities are related through the expansions

V(F) =V — uF — oaF?2 — BF6
u(F)=u+ aF + pF?2

o(F) =oa + fF (13)

Usually the major contribution teoa is that involving 2y0
— 3a04, to Ay is oy, and toply is fa/2.

We do not employ eqs-613 directly in the evaluation of
Aa, Au, A, andB, but these equations are useful in that they
identify possible reasons for failure of our numerical variational
scheme. Molecular parameters suctpasre very difficult to
evaluate, while others such as, as, andf; are quite difficult.
Neverthelesayg contributes directly td\a, and all other terms
contribute beyond the harmonic level of approximation. Typi-

Reimers and Hush

(1) Choice of Electronic Structure Computational Scheme.

We investigate 11 ab initio computational schemes: SCF,
MP236 MP437 CEPA3 QCISD3 QCISD(T)4 CCSD#
CCSD(T)#2 CASSCF#344contracted MRCf346and Davidson
quadruples-corrected contracted MRCMRCI+Q, all evalu-
ated using MOLPR®? as well as the B3LYf® density-
functional scheme, evaluated using Gaussiaf9nd the
BLYP5152 density functional, evaluated using both Gaussian-
94°0 and MOLPRO"® Except where explicitly noted, core-
valence correlation is not included in the ab initio calculations,
as is the default for most computational packages.

(2) Choice of Basis SetWe obtain convergence of calculated
properties with respect to basis set through systematic expansion
using the augmented correlation-consistent basi$3$étsug-
cc-pVDZ, aug-cc-pvTZ, aug-cc-pVQZ, and aug-cc-pV5Z, these
ranging in quality from doublé-to pentag, respectively. Note,
however, that the aug-cc-pV5Z basis set was found to be, for
both molecules, feasible to use only for the SCF, MP2, MP4,
CEPA, QCISD, QCISD(T), CCSD, and CCSD(T) methods; for
the CASSCF, MRCI, and MR&Q methods, aug-cc-pV5Z
results were obtained for CNbut not CO due to convergence
problems. A variety of technical problems were also found for
density-functional calculations with large basis sets. First,
B3LYP calculations were not feasible using aug-cc-pV5Z.
However, BLYP results with this basis set were satisfactorily
obtained for CO using MOLPRO, but similar calculations for
CN~ failed to converge. Even with the smaller aug-cc-pvVQZ
basis set, satisfactory results for CNvere difficult to obtain,
with MOLPRO and GAUSSIAN-94 producing significantly
different results which appear to be inconsistent with the results
obtained using smaller basis sets.

(3) Convergence of the Variational Calculations for
Vibration Frequency and the Transition Moment. We test
this through the deletion of the two sets pfdata points
corresponding to the extremum values and repeating the
calculations.

(4) Convergence of the Numerical Differentiation with
Respect to Field Strength F.This is tested through the
application of the HellmannFeynman theorem to evaluate the
dipole moment directly from the wave function rather than
numerically through eq 13. This theorem holds only for some
of the computational methods employed herein: SCF, CASSCF,
BLYP, and B3LYP.

4. Convergence of Results

Results for 24 calculated molecular properties evaluated from
a total of 3570 single-point energy calculations are shown in
Table 1 for the CCSD(T), MRGHQ, and B3LYP methods
obtained using the largest practicable basis sets (either aug-cc-
pVQZ or aug-cc-pV5Z, see table caption). Convergence of these
results with respect to the four aspects described in the previous
section are shown in Figure 1 for the basis sahtegration,
and F differentiation, and in Figure 2 for the treatment of
electron correlation. Specifically, these figures tabulate the
maximum “error” of each molecular property associated with

cally the electroabsorption responses are insensitive to the values,)| \ariations considered within that figure. This error is taken

calculated for these high-order derivatives, with accuracy to
within an order of magnitude usually all that is essential. Hence

by the explicit evaluation of these derivatives, we monitor
possible problems with the calculations before they arise.

3. Computational Issues

as the calculated deviation from the notionally most accurate

* method considered: for the correlation variation (these are the

CCSD(T) results), for the basis set variation (these are those
for the largest basis set considered), for thetegration (these

are the results obtained using all data points), and for the field
differentiation (these are the results obtained with use of the

Computationally, satisfactory results must be obtained for Hellmann-Feynman theorem). The degree of shading in each

each of four aspects.

rectangle indicates the actual error for that particular variation
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TABLE 1: Calculated Properties of CO and CN™2

(6{0] CN-

CCSD- CCSD- MRCI+ CCSD- CCSD- MRCI+
property obs (T)*® (TP Q° B3LYP¢ B/C obs (T)*® (T)P Q° B3LYP¢ B/C
le 2.132 2.130 2.137 2.142 2.124 1.45 2.224 2.223 2.231 2.235 2.211 1.29
% 2143 2156 2138 2124 2188 .53 2053 2059 2040 197 2106 .25
a .6109'¢ .6181 .6073 .5999 .6351 .55 [.581] 5312 5211 5162 .5542 .25
a —T772F —.7863 —.7651 -—.7568 -—.7887 .95 [.639F —.6282 —.6125 —.6109 —.6408 .26
ag .606° .6167 .6030 .5941 .6227 .82 4478 4443 4381 A677 .01
my .0483 .0484 .0418 .0534 .0404 8.86 .2578 .2549 .2643 .2425 .69
My —.6698+ .0012 —.674 —.675 —.673 —.749 .06 .2AH .0& -301 -—-.301 —.297 —.379 .04
ny 0.0324+ .01P .013 .015 .021 —.089 .13 .063 .062 .090 .006 31
ms .1594 .008 .143 .145 .149 112 A7 .048 .053 .039 .037 .02
Qo 15.7 15.4 15.5 15.4 154 1.15 37.0 37.3 36.1 39.0 .35
o 10.8 10.9 11.2 10.2 .02 18.4 18.5 19.3 18.7 2.56
\o) 4.1 4.2 3.9 3.8 .88 6.0 6.6 6.1 7.9 1.07
o3 -2 4 -4 -1 17 —5.8 —2.4 —.6 —2.8 1.35
Po 29.5 29 31 32 .39 203 202 205 135 .99
f1 —5.4 —-7.0 4.7 —4.4 .97 —173 —168 —138 —102 91
P2 —-1.8 2 =75 4 .59 181 189 —110 240 1.93
f3 8 49 —85 —-13 .01 —233 —272 67 —248 6.09
Au —.01006+ .00014 —.01025 —.01027 —.01028 —.01188 .05 {.0042+ .0019 —.00422 —.00422 —.00386 —.00574 .02
Aal2 .106 .107 110 101 .05 177 .180 179 .182 .26
2AAuUIM 344 .346 .355 .342 .05 521 .528 511 576 .16
Fe 451 .453 464 443 .05 .698 .708 .691 .758 .15
2B/M 49 51 51 48 1.09 633 619 532 337 .58
(A/IM)? 282 284 298 208 .03 3830 3910 4380 2519 .07
De 330 335 349 255 .02 4560 4530 4920 2857 .04

2 All properties are in atomic units except ferwhich is in cnt®; B/C is the ratio of the error associated with using the aug-cc-pVDZ basis set
instead of the largest one for B3LYP calculations to the difference between B3LYP and CCSD(T) results; CCSD(T)* includes core-valence correlation.
baug-cc-pV5Z basis: aug-cc-pVQZ basis! From refs 76, 77¢ From refs 78, 79! From ref 80.9 From analysis of ref 15! From ref 81.' From
ref 82.% Calculated using experimental data, see te&tom ref 83,40.008." From ref 84. In neon matrix in which the observed matrix shift for
CN under similar conditions compared to gas phaselis3 cnt! while other reports include 2038 cin(in salts, extrapolated to gas ph&@eand
2035+ 40 cmt (gas phas®). ° This aug-cc-pV5Z result appears anomalous, the aug-cc-pVQZ value being 2134%@rystal data from ref 16,
see text.

as a fraction of this maximum error. To interpret the magnitude see that the spectroelectric properties are not particularly
of the maximum error, it is shown iohemicalterms relative sensitive to this parameter, however, but instead the figure shows
to the difference calculated at the most accurate level betweenthat the numerical evaluation of the important propeay
CO and CN, as well inabsoluteterms relative to the average produces quite adequate results.
absolute value obtained for CO and CN For the calculated dipole, polarizability, and hyperpolari-
Concerning convergence with respect to basis set, Figure 1zability derivatives, Figure 1 indicates excellent convergence
indicates that the calculated well minimugconverges rapidly. for all lower derivatives, with sporadic problems evidenced for
The stacks of three boxes indicate the differences between thethe higher derivativesy, oy, as, 52, andSs. Clearly, more than
aug-cc-pVDZ, aug-cc-pVTZ, and aug-cc-pVQZ results from 5 points are required in order to obtain accurate field derivatives
those of aug-cc-pV5Z, while the stacks of two boxes indicate for these quantities, and some methods show basis set conver-
deviations with respect to the aug-cc-pVQZ results. The gence problems that possibly arise as a consequence of this.
maximum deviation found is 0.041 au (0.022 A) which is 43% However, whilea, and mg do appear in the correction term
of the difference between the CN and CNond lengths and Ad''y from eq 7, like ag these terms do not contribute
2% of their average. From this figures, the largest errors occur significantly to the key electroabsorption properties. There is
for the smallest basis set, aug-cc-pVDZ, with a factor of 5 one exception to this scenario, the evaluatiorfpby BLYP
reduction apparent on going to the next largest, aug-cc-pVTZ. for CN-, and it appears that this is due to instabilities in the
A similar reduction occurs also on going to aug-cc-pVQZ and electronic-structure computational methods. It is clear that
so convergence of the calculated bond lengths to better thancaution is essential in calculations of this type.

0.001 A is achieved. Finally we consider the calculated electroabsorption properties
In general, the variationally calculated vibrational frequency Au, Aa/2, 2AAu/M, Fe, 2B/M, (A/M)2, and De. The most
v shows similar basis set convergence properties to those of noticeable features of Figure 1 are the large values for the
The maximum deviation as a function of basis set is 74%cm  maximum errors and the striking qualitative differences of these
which is 75% of the difference between the two molecules and found between CO and CNThese are particularly obvious in
4% of the average; the results converge rapidly as the basis sethe MP2 results for CN, which show large variations with
increases, the striking exception being the contracted MRLI respect to the basis set for most properties. For the properties
results for CNr which possibly reflect computational difficulties.  involving Au, the differences are due to the fact that for CN
Calculated values for the harmonic force constardnd the the two contributions 2,a; and —3ma; in eq 6 almost
cubic anharmonicitya, closely parallel those reported for the completely cancel each other, resulting in extreme sensitivity
vibration frequency, while for the quartic anharmonicéyit of Au to the details of the calculation. FoA/M)?, the MP2
is clear that the use of just 5 different bond lengths does not value is an order of magnitude too large (see Figure 2) and
lead to accurate values. This is not surprising as the derivativehence the basis set sensitivity shown in Figure 1 is further
evaluation is fully determined in this case; from egsl® we enhanced by this factor; the origin of this effect is the near-
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Figure 1. The error associated with using smaller basis sets, finite fieldlfferentiation, and integration point®) for CO and CN, see text. The maximum error is the largest found for all variationg
of a particular property, and the degree of shading indicates the ratio of the actual error in a particular case to this maximum error. The maximaroestwwn on a chemical scale relative to thé®

difference between CO and CNor that property, as well as an absolute error relative to the average absolute value of the property. All values are in atomic units sxedptliois in cnT?; key

conversion factors have been given elsewheére.
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Figure 2. The error associated with using different treatments of electron for CO andgei text and Figure 1. The maximum error is the largest
found for all variations of a particular property, and the degree of shading indicates the ratio of the actual error in a particular case to this maximum
error. The maximum error is also shown on a chemical scale relative to the difference between CO dodtGd property, as well as an absolute

error relative to the average absolute value of the property. All values are in atomic units exagptvfach is in cnT?; key conversion factors

have been given elsewhére.

zero value ofmy predicted by MP2. Excluding the MP2 results  which differentiate properly between CO and Chlind hence
for CN-, the errors are quite small with respect to both the may become the methods of choice for large molecules.
difference between the two molecules and the average values

except for B/M for CN™. It is clear that these calculations have 5. Comparison to Experiment

not produced a reliable estimate for this quantity, but in all cases
(A/M)? is calculated to be much larger and so the electroab-

solrpt|lort1_ conftarét'-\tlerr?e appears well repres;erﬁfd Imtpr(;ved the ionization energy, equilibrium bond length and vibration
ca Eu atons for I\'Nld rf(_eqlglre r;orhe aﬁjcurla ebl er]:enf 'a |0nh frequency’> %2 polarizabilities and hyperpolarizabiliti€s; 7
with respect to applied field and should also benefit from the 5, the Stark tuning rafel3:17.31.35.557274 Their results, when

use of doubly augmented basis sets. compared to experimental data, have demonstrated the basic
From the plot of the deviations from CCST(T) shown in applicability of computational methods including CEPA, CCS-
Figure 2, it is clear that the SCF, CASSCF, MP2, and MP4 D(T), and B3LYP to the calculation the properties considered.
methods perform quite poorly. BLYP performs poorly for GN Numerical results obtained for all calculated properties are
as previously discussed, while QCISD, QCISD(T), MRCI, and compared to the available experimental data in Table 1 for the
MRCI+Q perform well for all important properties. In particu- CCSD(T), MRCH-Q, and B3LYP methods; in addition, results
lar, the efficient CEPA and B3LYP methods give results which for CCSD(T) using the aug-cc-pV5Z basis set are also shown
are typically accurate to within 220% absolute accuracy including provision for core-valence correlation and named

A large variety of calculations have previously been per-
formed for CO and CN, concentrating on properties such as
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TABLE 2: CCSD(T) Calculations of the Vibrational

Lambert®using perturbation-theory expressions and the available
Frequency of CO and CN~ (in cm~1)a

set of experimental data. Hence, the most reliable experimentally

Cco CN- derived estimate foAu is 0.01006+ 0.00014 au. This and the
basis CCSD(T) CCSD(T)* CCSD(T) ccsD(T)~ b initio computed values are in excellent agreement. Spitzer,
aug-co-pvDZ 2078 2082 1991 1995 Sievers, and S|I§b.é%have determmed for CNvalues foral,
aug-co-pVTZ 2118 2147 2023 2055 ap, andmy fpr CN~ in KBr and t_helr results are _shown in Table
aug-cc-pvVQZ 2134 2175 2036 2050 2, along withAu evaluated using eq 6 assuming that= 0.
aug-cc-pV5Z 2138 2156 2040 2059 While the term involvingmya; is 1—2% of the main contribution
observed 2143 20534 for CO, the ab initio calculations indicate that it is 12% for

CN, but it is clear that their neglect of this term remains a
minor source of error compared to the uncertainty in the
experimental measurementrof. However, this scenario is not
CCSD(T)*. We investigate the effects of core-valence correla- generally applicable, with, e.g., both terms being of the same
tion, as it is knowf? that this relatively minor effect must be magnitude but opposite sign for HGM.For CN- Spitzer et
included in very accurate calculations for bond lengths and 416 haye also determinetiu directly using Stark spectroscopy
vibration frequencies. As the aug-cc-p?DZ basis sets have been, kgr crystal. The value thus obtained+€.0075 au, a value
optimized for calculations which neglect core-valence correla- which, given the available raw experimental data and possible

tion, the use of these basis sets in such calculations is gjtficylties with its interpretation, was felt to “agree reasonably
problematic though commdi;indeed, much more extensive well” with their computed value—0.0042 au.

basis sets such as the aug-cc-pCV?DZ series are actually

appropriate in this case. However, as our interest lies primarily .

in the electroabsorption properties, the smaller basis sets suffice®: Conclusions
for our purpose.

Compared to experiment, all methods shown in Table 1
predict equilibrium bond lengths to within an accuracy of 0.01
au (0.005 A), with the CCSD(T)* results falling within 0.001
A. For all observed properties, the MRED, CCSD(T), and
CCSD(T)* results agree with experiment very well, the largest
deviations being for them, and mz. However, many more
observed properties are available for CO than forGiNd the
errors in the calculated properties for the anion are expected to
be larger than those for the neutral species. Core-valence
correlation is also seen to be important for the calculated
vibration frequency (its effects are of order 1%), and, to
investigate this further, the CCSD(T) and CCST(T)* results
obtained using all basis sets are shown in Table 2. Through
cancellation of errors, the aug-cc-pVTZ basis set used in
calculations including core-valence correlation gives the best
results, but the effects of core-valence correlation on the
vibration frequency appear to be overestimated by a factor of 2
using the aug-cc-pV5Z basis set. Core-valence correlation

rrects th Iculat ilibrium dipole moment 10% and 2 - .
corrects the calculated equilibrium dipole moments by 10% a dW|th|n 10—20% accuracy, providing an important complement

aligns them with the experimental results, but much smallert . tal electroab tion techni | ticular
changes are calculated for most other properties. We conclude? SXPenMental electroabsorption techniques. n particuiar for

that at the current time it is not necessary to include core-valenceCO ?nci CN, O(ljr f.catlcaulaltlo?s |nd|c?te thgt thfeb ott?ser\lled
correlation in calculations of electroabsorption response proper-constant De) and first-derivative Ke) terms in vibrationa

a2 The results marked CCSD(T)* include core-valence correlation.
bSee Table 1 caption for alternate estimates.

To study vibrational frequency shifts in condensed phases
or at electrode surfaces, it is necessary to know with high
accuracy at leakt’ the basic electroabsorption response
properties of the molecule. In these benchmark calculations for
the important molecules CO and CNwe have shown that
modern high-end computational methods using finite fields can
produce results which agree with each other and with the
available experimental data for a wide range of properties; other
high derivatives are less reliably evaluated, however, but
modified computational strategies could be designed if the need
required it. In particular, improved results would most readily
be obtained by improving the accuracy of the finite-field
differentiation, inclusion of double augmentation in the basis
sets, and proper treatment of core-valence correlation. For very
accurate calculations, inclusion of relativistic effects or the
treatment of electron correlation beyond that included in
MRCI+Q and CCSD(T) will be needed. However, we suggest
that, at the present time, key properties suchasandAu for
general molecules of this type could readily be evaluated to

ties, and that results obtained using CCSD(T), MRQ| and

electroabsorption spectra of molecules of this type should be

B3LYP techniques are, in general, display adequate agreemenplominated by the transition moment polarizability rather than

both with each other and with experiment. The most significan
problems with the B3LYP results arise from the second
derivative of the dipole momentyy; for both molecules the
value of this quantity is quite small, and B3LYP differs
significantly from CCSD(T) and MRCH#Q for this property.

¢ the vibrational polarizability or other terms.

As the efficiency of density-functional calculations increases
dramatically compared to ab initio calculations such as CCSD(T)
and MRCI as the size of the molecule increases, it is clear that
methods such as B3LYP offer the best available compromise

One of the most relevant observed properties listed in Table between accuracy and computational cost. To further investigate

1 is the electroabsorption response propéty Experimental
values ofAu for CO or CN™ have not been directly measured

this, Table 1 shows the ratio of the error associated with using
the smaller aug-cc-pVDZ basis set as a ratio of the difference

in either the gas phase or an inert solvent. However, valuesbetween the CCSD(T) and B3LYP results. If this ratio is large
may be estimated from experimental data using eq 6. This hasfor a particular property then B3LYP calculations with large

been done for CO by Lambélftand the result idu = 0.01003

+ 0.00014 au. Equation 6 is, however, only valid in the
harmonic approximation. Our CCSD(T)/aug-cc-pV5Z and other
(variational) calculations indicate that the anharmonicity cor-
rection for CO is+0.00003 au, a value which agrees both with

basis sets are warranted; alternatively, if this ratio is small, then
use of aug-cc-pVDZ is adequate. Differing properties for
differing molecules fall into different categories, but for the key
electroabsorption properties the ratios are typically less than 0.1.
Hence, to calculate electroabsorption properties of large mol-

that obtained using the full perturbation-theory expressions andecules to within 16-20% accuracy, the optimum scheme
all calculated parameters as well as the estimate obtained byappears to be B3LYP/aug-cc-pVDZ.
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