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A scheme for calculating the vibrational structure of electronic spectra using coupled-cluster
response theory is proposed. To calculate the vibrational structure of electronic transitions, the
optimized geometries of the two electronic states, the molecular Hessians, the dipole transition
moment and~for vibrationally induced transitions! the geometrical gradient of the dipole transition
moment are used in conjunction with a recently developed method for the evaluation of Franck–
Condon factors of multidimensional harmonic oscillators. Allowed and vibrationally induced
transitions are both described. In this pilot implementation, the required geometrical derivatives are
calculated by an automated finite-difference method. The scheme is applied to the 11A9←1 1A8
transition of monofluorosilylene~HSiF! and the vibrationally induced 11A2←1 1A1 transition of
water. © 2002 American Institute of Physics.@DOI: 10.1063/1.1468639#
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I. INTRODUCTION

The importance of the dynamics of electronically excit
states for a proper understanding of the appearance of
tronic spectra is well established.1,2 Nevertheless, the theo
retical calculation of an electronic spectrum often means
a calculation of the vertical excitation energies, even thou
the theoretical vertical excitation energy~i.e., the energy dif-
ference between two electronic states at the fixed geom
of the ground state! is not an observable. Indeed, the simp
vertical spectrum constructed from the calculated vertical
citation energies and their oscillator strengths has little
semblance to the experimentally recorded spectrum.

Occasionally, the term experimental ‘‘vertical’’ excita
tion energy is used to denote the energy of maximum abs
tion. However, Franck–Condon arguments notwithstand
this energy cannot be expected to agree well with the th
retical vertical excitation energy. The error made in comp
ing such ‘‘experimental’’ and theoretical vertical excitatio
energies is quite significant and, with the high quality
modern quantum-chemical techniques, may indeed repre
the largest error in the calculations.3–5 In our opinion, there-
fore, nuclear motion must be properly taken into account
a meaningful comparison with experiment—at least wh
aiming for an accuracy of 0.1–0.3 eV, which is typical

a!Permanent address: Department of Chemistry, University of Trom
N-9037 Tromsø, Norway.
8330021-9606/2002/116(19)/8334/9/$19.00

Downloaded 07 Jun 2013 to 193.157.137.211. This article is copyrighted as indicated in the abstract
ec-

st
h

try

-
-

p-
g,
o-
r-

f
ent

r
n

needed to assign with confidence the features of electr
spectra related to different electronic states. Certainly,
comparison between calculated and experimental 0–0 tra
tion energies~i.e., the excitation energies including zer
point vibrations! is less problematic if this is possible. How
ever, the 0–0 transition energies are not always well-resol
and/or reliably assigned in experimental spectra and they
furthermore not the only type of transition of interest. It
therefore often desirable to consider other transitions or
ter the overall ‘‘shape’’ of the spectrum.

From the previous discussion, it may seem strange
only vertical excitation energies are usually calculated. O
reason for this situation is that it is often difficult to addre
the nuclear motion of the excited state as different molecu
and excitation processes require different theoretical tr
ments. Moreover, even crude descriptions of the nuclear
tion require rather elaborate electronic-structure calculati
and compromises must therefore be made. In this study
are concerned with transitions between bound states, no
that excitations between bound and dissociative states
quire a rather different approach.1 We combine recent devel
opments for the calculation of excited states employ
coupled-cluster response methods;6,7 numerical geometrica
differentiation using automated finite-difference technique8

and multidimensional Franck–Condon factors.9–11 Although
we base our calculations on the use of Franck–Condon

ø,
4 © 2002 American Institute of Physics
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tors, we note that, in some cases, it may be advantageo
proceed in a different manner.1,2

The coupled-cluster methodology is now widely reco
nized as one of the most accurateab initio methods for
calculating ground-state structures and vibratio
frequencies.12,13 Moreover, recent work has established th
the coupled-cluster method—through its response-the
generalization—also provides an accurate treatment of
cited states. In particular, methods have been developed
systematically improving the accuracy of coupled-cluster
sponse calculations, providing a reasonable degree of co
over the error in the calculated excitation energies.14 A
complementary development has been the developmen
analytical derivative methods for excited-state molecu
gradients.15 By combining these different theoretical deve
opments, 0–0 excitation energies of molecules such
furan,3 benzene,6,16 and pyrrole5 have been calculated to a
accuracy better than 0.1 eV—an impressive achievemen
systems of this size.

Although the theory of analytical derivatives is we
established, its implementation nevertheless requires a
nificant programming effort. An easier access to geometr
derivatives is provided by finite-difference methods, whi
we use here. For our purposes, they have the advantage
the same approach is readily extended to calculations o
the necessary derivatives, that is, to the transition prope
as well as to the first and second derivatives of ground-
excited-state total energies. By contrast, their analytical
culation would require an extensive programming effort a
to a large extent, be an independent task for each electro
structure model. These problems are not shared by the
merical approach, which on the other hand is computati
ally less efficient than the analytical scheme, although
unconditionally so.17

The information generated by the above-mention
methods can be used in different ways. The focus is h
on the calculation of the Franck–Condon factors nee
for describing allowed and vibrationally induced transition
In this work, we use a recently implemented code
calculating Franck–Condon matrix elements for multidime
sional harmonic oscillators.9,11 To our knowledge, such cal
culations have not yet been been presented at the cou
cluster level. The calculation of Franck–Condon mat
elements for polyatomic molecules such as benzene usinab
initio force fields have previously been reported f
complete-active-space self-consistent field~CASSCF! wave
functions.10,11

In Sec. II, we briefly discuss the theory and impleme
tation of our approach for calculating vibronic transitio
with coupled-cluster methods. Next, in Sec. III, we pres
sample calculations for the 11A9←1 1A8 transition of
silylene HSiF, where new experimental results a
available.18 The vibrationally induced 11A2←1 1A1 transi-
tion in H2O is discussed in Sec. IV. Section V summariz
our findings.
Downloaded 07 Jun 2013 to 193.157.137.211. This article is copyrighted as indicated in the abstract
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II. THEORY AND IMPLEMENTATION

A. Vibronic transitions

According to the standard theory, the intensity of
one-photon absorption is related to the square of the dip
matrix element between the initial and final molecu
states. In this paper, we invoke this approach to set
scheme for calculating the vibrational structure of transitio
between bound electronic states within the Bor
Oppenheimer approximation, ignoring the effects of mole
lar rotation.

Let us write the total wave functions of the two states
products of an electronic wave functioncm(Q;q) and a
nuclear wave functionxv

m(Q), where the electronic and
nuclear coordinates are denoted byq andQ, respectively. We
thus seek to calculate the transition dipole moment from
expression,

Mmn~v,v8!

5^cm~Q;q!xv
m~Q!um~Q,q!ucn~Q;q!xv8

n
~Q!&Q,q , ~1!

wherem(Q;q) is the molecular dipole operator and the su
script Q, q indicates that the integration is carried out ov
both electronic and nuclear coordinates. Integrating over
electronic coordinatesq first, we may rewrite the transition
dipole moment Eq.~1! in the form,

Mmn~v,v8!5^xv
m~Q!ummn~Q!uxv8

n
~Q!&Q, ~2!

where the electronic transition momentmmn(Q) between
statesm andn is a function of the nuclear coordinates,

mmn~Q!5^cm~Q;q!um~Q,q!ucn~Q;q!&q . ~3!

Expanding the electronic transition moment about some
erence nuclear configurationQ0,

mmn~Q!5mmn~Q0!1(
i

]mmn

]Qi
U

Q0

~Qi2Qi
0!1¯ , ~4!

we arrive at the following expression for the total transiti
moment:

Mmn~v,v8!5mmn~Q0!^xv
m~Q!uxv8

n
~Q!&Q

1(
i

]mmn

]Qi
U

Q0
^xv

m~Q!u~Qi2Qi
0!

3uxv8
n

~Q!&Q1¯ . ~5!

In this study, we shall use low-order expansions of this ty
However, for this procedure to work, we must first select
reference geometryQ0. Two natural choices are the equilib
rium geometries of either state. We note that, if the res
are sensitive to the reference geometry, then the trunc
expansion Eq.~5! is probably a poor approximation to Eq
~1!.

If mmn(Q
0)Þ0, we speak of anelectronically allowed

transition. To lowest nonzero order inQ, we obtain from Eq.
~5! the transition dipole moment,

Mmn~v,v8!5mmn~Q0!^xv
m~Q!uxv8

n
~Q!&Q . ~6!
. Reuse of AIP content is subject to the terms at: http://jcp.aip.org/about/rights_and_permissions
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In this simple approximation, the total strength of the tran
tion is determined bymmn(Q

0), whereas the vibrationa
structure arises from the Franck–Condon fact
^xv

m(Q)uxv8
n (Q)&Q . To determine these factors, we need t

vibrational wave functions of both electronic states. To c
culate the energies and intensities of an allowed transi
according to Eq.~6!, we must in the harmonic approximatio
calculate the equilibrium structures of the two electro
states; the molecular Hessians~the harmonic force constants!
of both states at their equilibrium geometries; the electro
transition matrix elementmmn(Q

0); and the Franck–Condo
factors^xv

m(Q)uxv8
n (Q)&Q using the normal coordinates ob

tained from these molecular structures and Hessians. Hig
order corrections may be added if necessary.

Whenmmn(Q
0)50 because of symmetry, the first ter

in Eq. ~5! vanishes, and we have anelectronically forbidden
transition. Assuming that the next term in the expansion
nonzero, we obtain avibrationally induced transition, whose
transition dipole moment is given as

Mmn~v,v8!

5(
i

]mmn

]Qi
U

Q0
^xv

m~Q!u~Qi2Qi
0!uxv8

n
~Q!&Q . ~7!

To calculate the energies and intensities according Eq.~7!,
we must in the harmonic approximation calculate the eq
librium structures for the two electronic states; the molecu
Hessians of these states at their equilibrium geometries;
gradient of the electronic transition matrix elementmmn(Q)
at Q0; and the Franck–Condon factorŝxv

m(Q)u(Qi

2Qi
0)uxv8

n (Q)&Q .
This simple theory is expected to work well for ele

tronic transitions when neither state has a potential-ene
surface that is highly anharmonic and when nonadiabatic
fects are small. However, it is important to keep in mind th
in many cases, the outlined approach may be inadequate
example, when there is a symmetry lowering upon exc
tion, it may be necessary to take into account multi
minima.

B. Calculation of Franck–Condon factors

Our calculation of the multidimensional Franck–Cond
factors proceeds by anLU decomposition,9,11

^xv
m~Q!uxv8

n
~Q!&Q5^x0

m~Q!ux0
n~Q!&Q (

t<min~mn!
LmtUtn . ~8!

The first factor on the right-hand side is an overlap betw
the two ground-state harmonic oscillators, which is sim
obtained from the Gaussian product rule. TheL andU matrix
elements of the second factor are obtained by solving re
sive equations as described in Ref. 9. This procedure
been implemented in the Mula module,9,11 developed within
theMOLCAS package.19 For our work, interface routines hav
been written for exporting the molecular structures, H
sians, and transition dipole gradients calculated by
DALTON program20 into the Mula module.
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C. Finite-difference calculation of Franck–Condon
factors

To obtain the molecular equilibrium geometries and h
monic force fields, molecular gradients and Hessians are
quired for both the ground and the excited state. We h
calculate these quantities by numerical differentiation of
energy. Likewise, the geometrical gradient of the electro
transition matrix elements is calculated numerically. The n
merical differentiation scheme in Dalton is automated to r
the wave function and response parts of the program only
those geometries that are needed to obtain the first and
ond derivatives of the energy and the properties.

Numerical differentiation usually requires more comp
tational effort than does analytical differentiation. On t
other hand, the generality of the numerical technique ma
it a useful and flexible tool since it can provide derivativ
when no analytical implementation exists. As discussed
Pulay, a combination of numerical and analytical metho
often provide the best trade-off between simplicity a
efficiency.21 In passing, we note that, even though numeri
methods may be used for the derivatives of the respo
properties, the response properties themselves can onl
calculated analytically, as discussed in the next subsecti

Care has been taken to make the numerical differen
tion as general and robust as possible, with minimum los
efficiency. Since our scheme for numerical differentiation
the total energy has been discussed elsewhere,8 only its main
features are treated here, with emphasis on the differentia
of the transition moments.

We use the standard three-point formula of numeri
differentiation.8,22 Disregarding reductions from symmetr
the number of calculated points scales asNn, whereN is the
number of coordinates andn the order of the differentiation
More precisely, the number of points needed is( i 51

n 2iNi / i !.
The three-point formula gives derivatives accurate toh2,

whereh is the step length and the function value is assum
to be exact tohn12;8 typically, 1024<h<1023. With the
tight convergence criteria used in the calculation of exc
tion energies and transition moments, the differentiated pr
erties should be accurate to 1026 or better.

The first derivative of the transition moment is obtain
by applying the three-point formula to the three Cartes
componentsma , taking care to select the correct states wh
the symmetry of the excited state is reduced to that of
distorted geometry, assuming that excited states of the s
distorted symmetry do not cross upon distortion. As the d
tortions are small, this assumption is presumably justified

The number of points needed for differentiation is r
duced by the use of point-group symmetry, differentiati
with respect to symmetry-adapted Cartesian coordinates
identifying the nonzero derivatives from the irreducible re
resentations of the coordinates and the operator. Additio
reductions are obtained by establishing symmetry relati
between the derivative components and geometry points

In Abelian point-groups, the reductions arise only fro
relations between points of the same component. These
tions may be established by expanding the derivative i
Taylor series and by identifying points that give the sa
result to orderhn12. For example, for the calculation of th
. Reuse of AIP content is subject to the terms at: http://jcp.aip.org/about/rights_and_permissions
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TABLE I. Vertical excitation energies~v in eV! and size of transition dipole for the 11A8→1 1A9 transition in HSiF using an experimental geometrya and
various basis sets and coupled-cluster models.

Model

Vertical excitation energy Size of transition dipole momentb

cc-pVDZ aug-cc-pVDZ aug-cc-pVTZ aug-cc-pVQZ cc-pVDZ aug-cc-pVDZ aug-cc-pVTZb aug-cc-pVQZ

CCS 3.394 3.297 3.331 3.336 0.7430 0.7016 0.7055 0.7072
CC2 3.249 3.134 3.139 3.135 0.6571 0.6274 0.6307 0.6336
CCSD 3.228 3.115 3.115 3.114 0.6124 0.5850 0.5904 0.5938
CCSDR~3! 3.185 3.072 3.064 3.060
CC3 3.185 3.073 3.066

aRSiH51.528 Å, RSiF51.603 Å, f(H–Si–F)596.9.
bAt the ground state geometry. At the excited state geometries the corresponding transition dipole moments obtained with the aug-cc-pVTZ bae
0.7294, 0.6487, 0.6061 for CCS, CC2, and CCSD, respectively.
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componentHXi ,Xj
of the Hessian withXi¹A1 , Xj¹A1 , and

XiÞXj , the following points are equivalent:

E~ ...,Xi1h,...,Xj1h,...!5E~ ...,Xi2h,...,Xj2h,...!, ~9!

E~ ...,Xi2h,...,Xj1h,...!5E~ ...,Xi1h,...,Xj2h,...!.
~10!

For a discussion of non-Abelian point groups, see Refs
and 23. Additional reductions are possible by invoking t
translational and rotational invariance of the energy.24 This
invariance implies that onlyN2M Cartesian gradient com
ponents are independent, whereM is the number of transla
tional and rotational degrees of freedom.

Taking into account these reductions, we need only c
culate 7 and 5 energies, respectively, to obtain the gradi
of HSiF and H2O in symmetry-adapted Cartesian coord
nates. Likewise, for the Hessians, only 19 and 10 ene
calculations are needed. By contrast, for the transiti
moment gradient of H2O, all 18 transition moments must b
calculated. However, the derivatives with respect to the
tally symmetric coordinates are not needed, reducing
number of points to 12.
Downloaded 07 Jun 2013 to 193.157.137.211. This article is copyrighted as indicated in the abstract
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D. Coupled-cluster response methods

The coupled-cluster ansatz for the electronic grou
state wave function corresponds to an exponential param
ization in terms of a cluster operator that promotes electr
from a single-determinant Hartree–Fock reference state.
cluster operator itself is written as a sum over individu
excitations weighted by the cluster amplitudes—the basic
rameters of the coupled-cluster model. The ground-state
ergy and the equations for the amplitudes are obtained
inserting the coupled-cluster ansatz into the Schro¨dinger
equation and by projecting the resulting equation onto
reference Slater determinant and onto the determinant
excited electronic configurations, respectively.

Approximate coupled-cluster models are established
considering only selected classes of excitations. The pop
CCSD model,25 for example, is obtained by including onl
single and double excitations in the cluster operator. Ot
models such as CC2~Ref. 14! and CC3~Ref. 26! are ob-
tained by introducing different approximations in the clus
amplitude equations. In this manner, a hierarchy of mod
~CCS, CC2, CCSD, CC3,...! is established, where higher ac
els.

41
70
46

heimer
TABLE II. Structures~bond lengths in Å and angles in deg! and excitation energies~in eV! for the 11A8
→1 1A9 transition for HSiF predicted using the aug-cc-pVTZ basis set and various coupled-cluster mod

1 1A8 1 1A9 Excitation energies

RSiH RSiF ^HSiF& RSiH RSiF ^HSiF& Vert.a Adia.b 0–0

CCS 1.522 1.596 96.9 1.507 1.589 114.9 3.331 3.159 3.1
CC2 1.527 1.636 96.2 1.517 1.632 115.6 3.142 2.993 2.9
CCSD 1.531 1.620 96.5 1.527 1.614 115.2 3.115 2.972 2.9
Triples corr.~CC3-CCSD/aT vert.! 20.049
Basis set corr.@CCSDR~3!/aQ-aT vert.# 20.004
Final estimate 2.893
Expt. Re

c 1.528~5! 1.603~3! 96.9~5! 1.526~14! 1.597~3! 115.0~6!
Expt.d ~1.530! 1.605 97.0 ~1.484! 1.609 111.0
Expt.e 1.534 1.604 ~97.6! 1.543 1.599 ~115.3!
Expt.f 1.548 1.602 ~114.5! 2.884
Previous calc. 1.521 1.618 97.1 1.571 1.607 114.5

aVert. is at the ground state geometry optimized for the particular model.
bAdia. is the energy difference between the minima in the two states obtained within the Born–Oppen
approximation.

cReference 18.
dReference 37.
eReference 38.
fReference 35.
. Reuse of AIP content is subject to the terms at: http://jcp.aip.org/about/rights_and_permissions
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Downloaded 07 Jun 2013 to 
TABLE III. Calculated harmonic vibrational frequencies~in cm21! for the 11A8 and 11A9 states of HSiF
predicted using CCS CC2, CCSD, and an aug-cc-pVTZ basis set. Experimental vibrational frequencies
included~both fundamentals and estimated harmonic!.

1 1A8 1 1A9

n1

Si–H str.
n2

bend
n3

Si–F str.
n1

Si–H str.
n2

bend
n3

Si–F str.

CCS 2095 936 892 2043 676 917
CC2 2046 870 808 1941 589 815
CCSD 2015 877 847 1845 596 863
Expt. est. harm.a 1816 597 867
Expt. est. harm. fit.a 1977 861 834 1836 590 871
Expt. fund.a 1547 563 862
Expt. fund.b 1547 558 857
Expt.c 860
Expt. matrixd 1913.1 859.0 833.7
Previous calc.e 2083 929 849 1544 570 865

aReference 18.
bReference 35.
cReference 39.
dReference 40.
ePrevious calc: CCSD/TZ(2d f ,2dp) for the ground state. MRCI/TZ(2d f ,2dp) for excited state. Gregory and
Grev, as cited in Ref. 18.
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curacy is obtained by going to higher levels in the hierarc
Although well-suited to the molecular ground state, th

procedure cannot in general be applied to excited states s
these can rarely be represented by a single-determi
Hartree–Fock reference state. Excited electronic states
nevertheless be described by means of coupled-cluste
sponse theory. In response theory, the electronic spec
~including the electronic transition properties! is defined for
any quantum-chemical approximation once the ground-s
model is given.27,28 In this manner, coupled-cluster theo
can also be used for excited states, as the single-refer
restriction applies only to the ground state.

Expressions for the calculation of excitation energies a
transition matrix elements by response theory are discu
193.157.137.211. This article is copyrighted as indicated in the abstract
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elsewhere. We here use the implementation in the local
sion of DALTON ~Ref. 20! described in Refs. 6 and 7 fo
excitation energies and transition dipole moments, resp
tively. Excitation processes may be studied by a num
methods, including CCS, CC2, CCSD, and CC3 for bo
ground and excited states. We also use the CCSDR~3!
method,29 involving a CC~3! calculation for the ground
state.30 In passing, we note that the popular CCSD~T!
method can in general not be used for excited states.

III. COMPUTATIONAL DETAILS

All HSiF calculations invoke the frozen-core approxim
tion, where the Hartree–Fock orbitals corresponding to
of
TABLE IV. Vibrational structure in the 11A8→1 1A9 transition for HSiF from experiment~Ref. 18! and
coupled-cluster calculations with an aug-cc-pVTZ basis set. Energies~in cm21! are given relative to the 0–0
transition energy~Expt. at 23 260.021 cm21!, numbering of modes as in Table III. See text for discussion
assignments.

Assignmenta

Expt. CCS CC2 CCSD

Rel.E. Int. Rel.E Int. Rel.E Int. Rel.E Int.

00
0 0.0 m 0 0.653106 0 0.493106 0 0.553106

20
1 558.4 m 676 0.203107 587 0.153107 596 0.173107

30
1 856.5 vw 917 0.743104 815 0.593104 863 0.433104

20
2 1106.0 s 1351 0.253107 1175 0.223107 1191 0.213107

20
130

1 1411.2 vw 1593 0.223105 1402 0.193105 1458 0.133105

10
1 1546.9 m 2043 0.153104 1941 0.173103 1844 0.743103

20
3 1641.1 m 2027 0.193107 1762 0.163107 1787 0.153107

30
2? 1703.6 vw 1843 0.243103 1630 0.773102 1726 0.983102

20
230

1 1945.2 w 2268 0.293105 1989 0.253105 2054 0.173105

20
130

2 2509 0.723103 2217 0.243103 2321 0.303103

10
120

1 2038.7 m 2719 0.303104 2528 0.123103 2439 0.393104

20
4 2160.5 m 2702 0.823106 2349 0.733106 2382 0.603106

10
3 2751 0.423100 2444 0.833100 2589 0.123101

10
130

1 2398.2 m 2960 0.393100 2756 0.463101 2706 0.563102

20
330

1? 2496.7 vw 2944 0.223105 2577 0.193105 2650 0.123105

aQuestion marks refer to question marks in the original assignments in Ref. 18.
. Reuse of AIP content is subject to the terms at: http://jcp.aip.org/about/rights_and_permissions
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FIG. 1. The 11A9←1 1A8 spectrum~intensities in ar-
bitrary units as function of energy in eV! of HSiF as
predicted in CCS, CC2, and CCSD using the aug-c
pVTZ basis set and the harmonic approximation.
e
d

ed

, we
we
ock
F 1s and the Si 1s2s2p core orbitals are frozen in th
coupled-cluster calculations. In the initial, exploratory stu
ies of electron correlation and basis-set effects on the 11A8
←1 1A8 transition of HSiF, we use the recently determin
experimental ground-state geometry18 and the correlation-
Downloaded 07 Jun 2013 to 193.157.137.211. This article is copyrighted as indicated in the abstract
-
consistent basis sets cc-pVDZ and aug-cc-pVXZ.31,32 In the
subsequent optimizations and force-constant calculations
used the aug-cc-pVTZ basis. In the water calculations,
used the d-aug-cc-pVTZ basis set, with the Hartree–F
orbital corresponding to the oxygen 1s orbital frozen.
. Reuse of AIP content is subject to the terms at: http://jcp.aip.org/about/rights_and_permissions
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TABLE V. The 1 1A2→1 1A1 transition for H2O as obtained in CCSD/d-aug-cc-pVTZ calculations. Bo
length in Å, angles in deg, excitation energies in eV, vibrational frequencies in cm21.

ROH Angle Vert. Adia. 0–0 vA1
vA1

vB1

CCS
1 1A1 0.9410 106.3 1591 4090 4242
1 1A2 1.0798 101.8 10.462 10.129 9.976 1254 2093 4116
CC2
1 1A1 0.9634 103.9 1625 3786 3914
1 1A2 1.0670 105.7 8.844 8.542 8.354 1255 2337 2706
CCSD
1 1A1 0.9589 104.4 1662 3849 3955
1 1A2 1.0944 101.9 9.347 9.023 8.801 1003 1963 2924
CCSDR~3!
1 1A1 0.9617 104.2 1647 3810 3919
1 1A2 1.1879 94.8 9.346 8.926 8.716 829 1658 3508
CC3
1 1A1 0.9620 104.1 1646 3806 3915
1 1A2 1.2003 94.1 9.350 8.913 8.709 840 1628 3612
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Transition matrix elements have only been implemen
for the CCS, CC2, and CCSD methods; in the CC3 vib
tional structure calculations, the CCSD transition dipo
have been used instead.

IV. RESULTS

A. The 1 1A 9]1 1A 8 transition in HSiF

We first studied the 11A9←1 1A8 vertical excitation en-
ergy and transition dipole moment at the experimental ge
etry, using a series of basis sets and computational mo
~see Table I!. The variations in the vertical excitation energ
in the sequence CCS–CC2–CCSD–CCSDR~3!–CC3 is
small. In particular, the effect of including tripl
excitations—that is, the difference between CCSDR~3! or
CC3 and CCSD—is about20.05 eV. The error in the verti
cal excitation energies is reduced by about a factor of 3
ing from CCSD to CC3, and the remaining correlation
fects are probably quite small. Similarly, the basis-set effe
are small, in particular, the difference between the aug
pVTZ and the aug-cc-pVQZ results is only a few tho
sandths of an eV.

Based on these observations, we expect to predict
vertical energy difference to an accuracy of a few hundred
of an eV. At the experimental geometry, our best estimat
3.06 eV, as obtained at the CCSDR~3!/aug-cc-pVQZ level.
The CC32CCSDR(3) difference is about only 0.002 e
~aug-cc-pVTZ! and does not change this estimate. For
transition dipole moment, diffuse basis functions are m
important. There is also a difference of a few percent
tween CC2 and CCSD, which is the accuracy we shall
sume for the CCSD transition dipole moment.

The aug-cc-pVTZ basis thus gives a satisfactory desc
tion of the vertical excitation. It is well-known that basis se
of polarized triple-zeta quality are adequate for correla
calculations of molecular structures and vibrations,12,33 al-
though larger sets are needed for results close to the bas
limit. In the following, we shall use the aug-cc-pVTZ bas
as a compromise between cost and accuracy.
193.157.137.211. This article is copyrighted as indicated in the abstract
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In Table II, we have listed the ground- and excited-st
structures optimized using the CCS, CC2, and CCSD mo
in the aug-cc-pVTZ basis. Included here are also the exp
mental structures, only one of which is anRe structure. There
is a satisfactory agreement between the CCSD geometry
the recent experimentalRe structure of Harperet al.18 For
RSiH and the bond angle, there is an almost perfect ag
ment; forRSiF, the discrepancy is less than 0.02 Å, in acc
dance with the accuracy that can be expected for the CC
model, in particular in the frozen-core approximation.12,34

From the energies at the optimized structures, we ob
an adiabatic excitation energy 0.15 eV below the verti
excitation energy; zero-point vibrations lower the excitati
energy further. The final CCSD/aug-cc-pVTZ 0–0 excitati
energy is 2.946 eV. Including the corrections for triples e
citations and basis-set incompleteness found for the ver
energies, we obtain 2.893 eV, compared with 2.884 eV fr
experiment.35 The small discrepancy of 0.009 eV is we
within the expected error bars of our calculations, as d
cussed for the vertical excitation above.

In Table III, we have listed the harmonic vibrational fre
quencies calculated with the CCS, CC2, and CCSD mod
in the aug-cc-pVTZ basis, in addition to some experimen
results. The agreement with the estimated harmonic frequ
cies of Harperet al.18 is acceptable, noting that an error o
about 20 cm21 is to be expected for harmonic frequencies
the CCSD level. The discrepancy is somewhat larger for
Si–H stretching mode, but this may arise from a larger u
certainty in the extraction of the harmonic frequency fro
the fundamental. The calculations correctly predict the
duction in the frequency of Si–H stretching and bendi
modes as well as the slight increase in the Si–F stretch
frequency upon electronic excitation.

In the calculation of the Franck–Condon factors, a r
erence structure must be chosen. In this context, the abs
electronic transition dipole becomes a simple constant@see
Eq. ~6!#. From Table I, we note a discrepancy of a few pe
cent between the transition dipoles at the equilibrium geo
etry of the ground and excited states. Combined with
previously discussed uncertainty in the transition dipole m
. Reuse of AIP content is subject to the terms at: http://jcp.aip.org/about/rights_and_permissions
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FIG. 2. The 11A2←1 1A1 spectrum~intensities in arbitrary units as func
tion of energy in eV! of H2O as predicted in CCS, CC2, CCSD, and CC
approximations using the d-aug-cc-pVTZ basis set and the harmonic
proximation.
Downloaded 07 Jun 2013 to 193.157.137.211. This article is copyrighted as indicated in the abstract
ment of the same magnitude, this difference gives a to
uncertainty in the predicted transition probability of 4%–5%
Nevertheless, the shape of the spectrum, that is, the rela
size of the peaks, is determined mainly by the molecu
structure and the normal coordinates. Thus, there is reaso
believe that a reasonable accuracy in the structure and
monic frequencies ensures an accurate prediction of the s
trum.

The calculated intensities are given in Table IV and t
corresponding simulated spectra are depicted in Fig. 1. T
IV includes excitations corresponding to CCSD excitati
energies less than 2800 cm21 above the 0–0 excitation en
ergy. The results of the experiments by Harperet al.18 are
included for comparison. In the simulated spectra, the
bronic transitions have been given a Lorentzian width, int
duced to make the features of the spectrum more easily
ognizable.

The calculated Franck–Condon factors agree well w
the stronger patterns found experimentally. In particular,
agreement with experiment, the 20

2 transition is the strongest
followed by 20

1 and 20
3 and then by 00

0 and 20
4. The stronger

transition within each pair is more difficult to predict.
Another prediction is that the 30

n progression is signifi-
cantly weaker, lending support to some of the experimen
assignments of Harperet al.18 and the experimentally de
rived value for the excited-state frequency. Further suppo
obtained from the observation that, unlike for the oth
modes, theory and experiment both predict an increase in
frequency of this mode upon electronic excitation.

Still, there are aspects of the weaker features where
calculated intensity pattern does not match the experime
results, such as the relative strengths of the transitions
volving the n3 mode relative to then1 mode. This may in-
deed reflect a problem with the calculations, in particular,
we go to higher energies, the harmonic approximation is
pected to become less adequate. Also, the errors in struc
and frequencies may have some effect on the calculated
sition strengths. On the other hand, there are also uncer
ties in the experimental assignments of these weaker
tures, as indicated by question marks in the table. Howe
even though some reassignments would improve the ag
ment with the calculated intensity patterns, the limitations
our calculations make it difficult to be conclusive about su
reassignments.

B. The 1 1A 2]1 1A 1 vibrationally-induced transition
in water

As an example of vibrationally induced transitions, w
consider the 11A2←1 1A1 transition in water. To our knowl-
edge, this transition has not yet been assigned experim
tally, probably because it lies in the low-energy tail of th
much stronger and very broadB̃ band~the optically allowed
2 1A1←1 1A1 transition!. The structure of the spectrum i
this region~around 9.4 eV! appears to be dominated by th
photodissociation of theB̃ state. Nevertheless, we shall g
ahead and investigate the structure of the absorption du
the 11A2←1 1A1 excitation.

The effects of basis set and correlation level in coupl
p-
. Reuse of AIP content is subject to the terms at: http://jcp.aip.org/about/rights_and_permissions
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cluster calculations on the lowest excited states of water h
been discussed previously.36 The CC3/d-aug-cc-pVTZ verti-
cal excitation energy of 9.35 eV should be accurate to wit
0.1 eV. The calculated structures, harmonic frequencies,
excitation energies are listed in Table V and the calcula
spectra are depicted in Fig. 2.

The excited state appears to have a significantly lon
bond length and a smaller bond angle than the ground s
However, there is some variation among the different mod
and triples appear to be important, in particular for the bo
angle. For all models, the vibrational frequencies are redu
drastically upon electronic excitation. Our best estimate
the 0–0 excitation energy is 8.71 eV, obtained with the CC
d-aug-cc-pVTZ model, that is, 0.64 eV lower than the ve
cal excitation energy. In the CC3 calculations, the strong
vibronic transitions are due to a progression in the 840 cm21

excited state frequency, with a maximum atn53. Because of
the large differences among the predicted structures,
spectra are different for the different coupled-cluster mod
The significantly larger intensity of CC3 compared with t
simpler methods probably arises from the larger change
the bond angle for CC3 and the accompanying effect on
bending vibrational mode.

The largest vibronic oscillator strength is less than
31024. For comparison, the vertical electronic oscillat
strength of the close-lyingB̃ state is about 0.5.

V. SUMMARY

We have presented a scheme for calculating vibro
spectra that combines coupled-cluster response theory, a
mated numerical differentation, and the calculation of mu
dimensional Franck–Condon factors. Sample calculati
have been presented for the 11A9←1 1A8 transition in
monofluorosilylene~HSiF! and for the vibrationally induced
1 1A2←1 1A1 transition of water.

The strategy employed leads to a knowledge about
equilibrium structures and harmonic vibrations of both el
tronic states and converts that information into a ‘‘spectru
by means of a Franck–Condon analysis, providing an ill
trative link between the raw electronic-structure data and
experimentally observed spectrum. In this way, not just
0–0 transition energy but the whole ‘‘shape’’ of the spectru
can be compared, thereby aiding the comparison betw
theory and experiment and assisting the assignments o
experimental spectrum.
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