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Static and frequency-dependent polarizabilities of excited singlet states
using coupled cluster response theory
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We report an implementation of the linear response function for singlet excited states for the
coupled cluster models CCS, CC2 and CCSD. The implementation is based on the derivation of
excited state response functions as derivatives of excited state quasienergy Lagrangians. Secular
divergencies are explicitly eliminated and response equations and response functions therefore are
numerical stable in the static limit. Calculations are performed for the polarizabilities of pyrimidine
and s-tetrazine in their lowest singlet excited states. We find that the results for the excited state
polarizabilities are sensitive to the accuracy of the excitation energies and that a qualitative correct
description of the dispersion is first obtained at a correlated level19€@8 American Institute of
Physics[S0021-960808)31244-1

I. INTRODUCTION functions and the finite field technique can only be used to
Stati qf q dent polarizabilit ¢ calculate static polarizabilities. A more general and efficient
. alc and frequency-dependent polarizabiiities o ex'approach is offered by the concept of analytic response func-
cited states are key quantities in the understanding and d%’ons
scription of a number of experimental phenomena including, In response theory, excited state polarizabilities can be
for example, the Stark effect, electrochromic properties and, . . . . ’ A - e
. . o : . obtained in two different ways: either by an explicit optimi-
solvatochromatic shifts of excitation energies. While the ex-__ . . ; . .
perimental determination of electro- and solvatochromicZatlon of the excited state wave function combined with a
linear response calculation or as the second-residue of the

properties refers to measurements in soldtibrand can _ ;
therefore not be compared directly with single molecaite cubic response function of the ground state. These two ap-

initio calculations, laser Stark spectroscopy measuremenf%roaches are qnly equwaleqt for alllnear. parametrlzatmn of
are directly related tdexcited stat properties of isolated e Wwave function, as used in configuration interactiGf)
molecules as they are performed in the gas phiabmn re- base_d methods. For nonl!near_ para_metnzatlons as in self-
cent years, experimental results for excited state polarizabi€OnSistent-field(SCH, multiconfigurational self-consistent-
ities and other excited state molecular properties have bdi€ld (MCSCH or coupled cluster response theory, the two
come increasingly more abundant in the literatti®—°1n  @pproaches lead in general to different results. The apparent
some cases it was, however, not possible to determine a@dvantage of calculating excited state polarizabilities as
components of the excited state polarizability tensors, angecond-residues of the ground state cubic response function
the assignment of the tensor components has often been dif that this does not require a nonlinear optimization of an
ficult without additional information from calculatiofis? excited state wave function. This approach is therefore ap-
The ab initio calculation of excited state polarizabilities Plicable to a wider range @b initio methods, including SCF
is also a difficult task. It requires a method capable of preand coupled cluster theory, where excited state optimizations
dicting accurate excitation energies. Static polarizabilities ofannot easily be performed. An implementation of excited
excited states can be calculated by combining such methodgate polarizabilities as second-residues of the ground state
with a numerical differentiatiortfinite field) technique. Fi- cubic response function was recently reported by Norman
nite field calculations of static excited state polarizabilitieset al. for SCF? and by Jonssotet al. for MCSCF* wave
have, for example, been carried out for ®e(1'B,,) state  functions. For CCSD wave functions excited state first-order
of s-tetrazine by Schuz et all® employing the CASPT2 properties were derived by Koch andrdensefr and by
method and by Stanton and Gatlassing the coupled cluster Stanton and Gaus$;*®who also discussed the theory for
singles and double$CCSD model. Frequency-dependent static excited state second-order propertfes.
excited state polarizabilities have been calculated, for ex- In the present publication we report an implementation
ample, by Pipin and Bishdpfor Li in the 22P,,, state em- of coupled cluster response thebt$’~2 for static and
ploying a sum-over-state approach and wave functions obfrequency-dependent polarizabilities of excited states for the
tained by a combined configuration-interaction-Hylleraascoupled cluster models CCS, CC2 and CCSD. The imple-
method. However, sum-over-state approaches are only applaentation is based on a Lagrangian for the excited
cable for few-electron systems or for semi-empirical wavestate??>?4eading to excited state response functions which
are equivalent to those identified from the double residues of
dpresent address: Institutrf@hysikalische Chemie, UniversitMainz, D- the ground state response functions but with the artificial
55099 Mainz, Germany. secular divergent terms remov&dThereby the response
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equations and the expressions for the response functions re- 1
main numerical stable in the limit of static external fields.  Ef(t,e)=Ef(w;) + >, o >
Applications of the implemented approach are presented for n=1 T In
the dipole polarizabilities of theS; (1B;,) state of X)X

. 1 LY 1 n(wf,w]-,...,wj)
s-tetrazine and th&, (1 °B;) state of pyrimidine. L

n

n
XH Gj ((z)J )e_iwjmt, (7)
m=1 ‘m M
Il. THEORY
In Ref. 23 we showed that in coupled cluster response Ef(t E)zgf(_wf)+ 2 i 2 2
theory the difference between the response functions of the n=1 Nl In
excited statef and the ground state can be calculated as P
derivatives of the real part of the quasienergy difference be- EXiin( — o, 0,0 )
tween the two states: n
X (i e et 8
(Xai Xareo XM o (a5 Koo X @ 1L e o) ®
dY3AZ oi(t,€) + AV pi(t,€)* }1 The time-evolution of the excited state vect&¥t,e) and

éf(t,e) can be determined up to a normalization and a phase
factor from a generalized Frenkel variation principle or by
In Eq. (1) the derivatives are taken with respect to the fieldrequiring{A % 4} to be stationary® The normalization and

de(wq)der(ws)...dey(wy) 0'

strengths of the external perturbation: the phase off(t,e) andEf(t,€) are determined by the con-
ditions:
V(t,e)=2, A%ie(w)e 'l 2 o~
(te)=2 Hiej(w) @ Ef(t,e)E'(t,e)=1, ©)
H(t,e)=H@+V(t,e), (3 Ef(t,e)Ef(w1)=E'(— wp)Ef(t,€). (10

and the lower index 0 indicates that the derivative is takennserting expansion§7) and (8) into Egs.(9) and (10), the
for the zero field strength limit, i.e., for the unperturbed mol- jatter two equations can be combined to:

ecule. With{A 77 4:(t, €) }1 we denote the quasienergy differ-

ence between stateand the ground state, defined as Ef(wf)Efxl"'Xn(wf @1y

Zéfxl“'xn(—wf ,wl,...,wn)Ef(wf)

1 +1t
W ytallim o [ CAvytod @
2ty J -1,

tg—o

n—-1
ﬁ)X1mxnk21 éfxl---xk( — W, W, ,O)

N| -

AV o(t,€)=| Ef(t,€)

. d ~f
A(t,e)—i gt E'(t,e)

XEXkr 1 Xn(— ¢ wpsg .. 0n). 11

=f =f -1
X(E'(t,e)E(t,€)) . ®) Thus the independent variables of the expansion@)irand
d (8) are the coefficients of the projections of the excited state

The matrixA(t,€) is the field- and time-dependent couple
responses onto the orthogonal complement of the §tate

cluster Jacobian definéf® as derivative of the time-
dependent cluster equations with respect to the cluster am-

=fXy..X _ N IEfXy..X
plitudes. Denoting the cluster equations in a shorthand form& o, 01,...00) = QET (0, 01,....0n)

as e,(t,e)=i(d/dt)t,(t,€), wheret,(t,e) are the cluster (12
amplitudes, the matriA(t,¢) is defined as the derivative: | -,
E'M (= ws,0q,...,0,)
de,(t,e -
ALt €)= %) (6) =E"1%n(—wf,01,...,0,)Q", (13)

= ~ ) where the projection operat@' is defined as:
The vectorsE'(t,e) andE'(t,€) represent, respectively, the

phase—_isolate(.hra and ket wave functions of the excited QLV: S EL(wf)EfV(—wf). (14)
statef in the biorthogonal basis spanned by the coupled clus-

ter left projection manifold and the singles, doubles, etc. exTo obtain efficient expressions for the calculation of the ex-
citations out of the coupled cluster ground state wavesited state response functions as derivativeg % o},
function?® In the presence of equasijperiodic perturbation  we combine Eqs(4) and(5) with the time-dependent ground
as considered in Eq2), E(t,€) and Ef(t,e) can be ex- state cluster equations tocmiasienergy differenceagrang-
panded in the field strengths of the perturbation&’as: ian:
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f ’ = d A, (t,€)

AL (t,e)=A~7/of-l—% NL(te)| e te)—igtu(te) ], Cyuv= . (23)
(15
The stationarity conditions fdrA L '} with respects to varia-
(ALY (t,)br= lim 1 “OALf(t’E)dt_ (16)  tions of the independent variables Bf(t,€) and Ef(t,€)
tg—o 2ty J -1, lead to the same equations as the stationarity conditions for

The time-averagéALf}; can now be required to be station- gﬁz or}r, which give in zeroth-order the eigenvalue equa-
ary with respect to all its independent variables, i.e., the
components  of E'(—ws), Ef(wg), *EX1%n(—ey, (A— 0;1)Ef(w)=0, (24)
w1,...,wp), and LEXXn(wr wq,...,0,), as well as the _
ground state cluster amplitude@, ) and the excited state E'(-o)(A-w:1)=0, (25
Lagrangian multipliers\'(t,e): and for the first-order response of the right excited state vec-

S{AL'(t,€)}7=0. (17) tors the response equation:

From the variational LagrangiapAL (t,€)}r the excited (A—(wi+wa)l) “EA(wi,wa)
state quasienergy derivatives can be evaluated employing the _
2n+1 and S+2 rules of variational perturbation =—Q'(Bt"(wa) +AME (wy). (26)
theory>=2"21in order to minimize the maximum order of the ~ _
response equations that have to be solved. To facilitate th-Ehe reference state componentdf'(w;, wy) is found from
calculations of derivatives AL (t,€)}+ with respect to the Eq. (1) as
field strengths we introduce for the time-dependent cluster =,  \zfa _
amplitudes the expansion: E(- 0B (wr,0)=0. @7
@ The A matrix occurring in the above equations is the stan-
t(t,e)= >, 1 DD e K, wi ) dard time- and field-independent coupled cluster Jacobian.
=o n! 7 in hn In Since Eq.(26) is projected to the orthogonal complement of
n f, the first-order response of the excited stB{é(w,w,)
X H € (o] ye i, (18) remains well-defined and finite in the static linait,— 0, as
m=1 ™ " long as the staté is not degenerated. This is in contrast to
the secular divergencies obtained in a nonphase-isolated
éa_pproacﬁe‘ as used, for example, in recent implementations
of SCF and MCSCEF response theory for excited state linear
response propertiés:*#

and similar expansions fdﬁf(t,e) andA 7% x¢(t,€). The ex-
pression for the difference between the linear response fun
tion of an excited staté and the ground state response func-

E?n s in daccordancelz W|th:far12+1 (;u:I? for t(t’ezj asr;;',' For the cluster amplitudes E@17) leads to the same
E'(t.e) anda+2 rule forE'(t,€) andN'(t, ) found as. equations as obtained from the ground state quasienergy La-
(A;BY ) —((A;B) O grangian, i.e., the usual zeroth-order cluster equaéGh

B B =0 and the first-order response equations:

= 3CTPAR(E!(— () (Bt¥(wp) + AP E™ (0, wp)

(A= o)t (wp) ==&, (28)
+E'(—w0p) (3 CtYwa)tB(wg) +BB(wg))E' (wr) with the right hand side vectors defined as:
+N'(2BtA(wp) tB(wg) + AMB(wp))], (19 x_ (M) 29

With wa= — wg . The operato€*“ enforces symmetrization Jex(0) o.

of the response function with respect to complex conjugatiog e roth-order equations for the Lagrangian multipliers
together with a simultaneous sign reversal of the frequencieﬁf which are obtained from the requirement tl{\AlLf} i
) T

wp, wg and implements a practical way of taking the deriva- tationary in the cluster amplitud re found as-
tive of the real part of the quasienergy difference Lagrangian§ ationary € cluster amplitudes, are found as.

The matricesA%, B, BX andC are defined as partial deriva- SfaA_ it f
tives of the JacobiaA(t, €):2%? N'A=—E(-w)BE (@) (30
oA, (L) Equations(1)—(30) were formulated for a general coupled
XV:(L) , (20) cluster model, but are also valid for other nonvariatiosial
a dex(0) /, initio methods, if the equations for the wave function param-
oA (t.€) eterse,(t,€) are replaced by the equations for the method
(L) , (22) under consideration. Expressions for the specific coupled
aty, cluster methods CCS, C&2and CCSD are obtained by
A, (te) t~runcating the cIuste~r amplitudedqt,e) and the vectors
B, (L) , (220  E'(t,e), E'(t,e) andN'(t,e) for CCS to the single excita-
g Jex(0)dty | tion manifold and for CC2 and CCSD to the single and

YV
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double excitation manifold, and by replacingﬂ(t,e) TABLE II_. The static dipole_ p_olf';lri_zability for the ground state and the first
=i(d/dt)t (t,€) by the respective time-dependent ampli- excited singlet state of pyrimidingn a.u). All results refer to the experi-
tud(e eqaa’ii(ongg_ggy P P P mental ground state geometry of pyrimidine given in Table I.

Before proceeding to the description of the excited state component SCF ccs cc2 CcCcSsD
polarizability calculation a few comments on the implemen-
tation are warranted. The presented theory is implemented in

S, ground state

. ; : @y 64.6 69.3 71.1 67.8
a local version of the Dalton progrdfusing the integral @ 66.5 715 74.1 70.2
direct CC algorithm as previously described for ground state azz 36.7 39.7 38.3 375
energies? excitation energie® and ground state linear and y? 307 343 315
nonlinear propertie¥32333"The solution of the left and S excited state
right eigenvector equations together with the solution of the - ' 111.9 128.6 111.8
first-order amplitude response equatiqis. (28)] and the ayy 76.0 75.8 71.4
Nf(t,e) equationsEq. (30)] proceeds as discussed in Ref. %z, jg'g ‘S‘jg 3529'421
33. The new set of equations to be solved in the present Zazz 65 6.2 47

study are the excited state response equatj@us (26)].
These equations are very similar to the second-order clustér=(axt ayy)/2—a,.
amplitude response equations used in ground state cubic re-
tsrf);rlii r?alcula'uon?.. The most important modlflcat]on is ||l[- COMPUTATIONAL DETAILS

ght hand side vector of the response equations mus
be projected to the orthogonal complement of the excited In the calculation of the polarizabilities of s-tetrazine and
reference staté and that the projectd® " must also be taken pyrimidine in theS, andS, states we employed the medium
into account whenever the reduced space used in the soluti@ized POL [5s3p2d/3s2p basis sets of Sadlé. For s
of the linear equations is extended with a new trial vectortetrazine we used the experimental ground state geometry
The action of the projecto® ' from the right onto an arbi- from Refs. 39, 40, and for th§, (1'Bg,) excited state the
trary vectorp reduces in practice to vector operations, whichequilibrium structure, optimized by Stanton and Gauss at the
can be evaluated with comparatively low computationalCCSD/TZ2P levet! For pyrimidine we used the experimen-

costs: tal ground state geometry of Ref. 41 for both the ground state
and the excited state, since no excited state geometry was
f f =t available in the literature. The bond distances and angles are
=p,tE E (— . 31 . . . .
2,,“ Quvbv=Py "(wf)( 2;’ ol wf)p”) D given in Table I. Fors-tetrazine the molecule was placed in

the yz plane with thez axis passing through the carbon and
The final matrix-vector contractions required for obtaining hydrogen atoms; the pyrimidine molecule was placed in the
the difference between the ground and excited state lineafy plane with they axis coinciding with the molecula€,
response functionkEq. (19)] are obtained straightforwardly symmetry axis. In the coupled cluster energy and response
from the contractions required for CC ground state nonlineagajculations the molecular orbitals corresponding to tse 1
response calculatior?§:>* orbitals of the carbon and nitrogen atoms were kept frozen.

IV. RESULTS AND DISCUSSION

TABLE I. The ground and excited states structures employed in the calcu- In Table 1l we have listed the components of the static
I;:';Igz Z[‘es}ﬁ,eg:;':;‘;a"d pyrimidine. Bond lengths are imgstion and dipole polarizability of pyrimidine in the ground stafg and
' the lowest excited stat§, (1'B,) obtained with the three
Parameter S S, coupled cluster models CCS, CC2 and CCSD. The dynamic
dipole polarizabilities for the two states are shown in Figs.

stetrazine
(s 1.0726 1.0747
ren 1.3408 1.3280 .
raN 1.3256 1.3166
£ nen 126.4 121.4 ’: ng
pyrimidine o OB
Il coH 1.08% o
r cam 1.079 | :
FeEH 1.087 P e
8 g -
I e 1.393 SR R T .
I can 1.350 70 e
Fean 1.328 I e
Zcece 117.8 e
£ cen 121.2 B
a C(5)C(4H 120.9 o 0 001 002 003 004 005 096 00T 008 0m 0.1

W oinau.

aExperimental equilibrium structure, Refs. 39, 40.
PAb initio CCSD/TZ2P equilibrium structure, Ref. 11. FIG. 1. The dynamic polarizability of pyrimidine in the ground st&§ga,
‘Experimental equilibrium structure, Ref. 41. component.
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0 001 002 003 004 085 006 007 068 009 0L 0 P Y N O N S Y
W inau. W inau.

FIG. 2. The dynamic polarizability of pyrimidine in the ground st8tea,,

FIG. 4. The change of the dynamic polarizability of pyrimidine upon exci-
component.

tation into the lowest excited singlet stee, «,, component.

1-6 for the frequency range=0.0—0.1 a.u. In Table lll we obtain with the CC2 model no improvement upon the CCS
give the excitation energies for a few low lying singlet statesresults. For ther,, component of the excitefl; state polar-
with symmetriesA;, B; and A,, i.e., states that can be izability the difference compared to CCSD even increases at
reached fromS; by dipole-allowed transitions and which the CC2 level to more than 15%.
therefore are important for the polarizability of this state. For ~ The situation changes dramatically if we consider the
the excitation energies we find in agreement with the resultfrequency-dependence. Due to the large errors in the CCS
of earlier studie€* that the CC2 model gives excitation excitation energies the dynamic polarizabilities obtained in
energies which are considerably improved compared to th€CS get large errors in the dispersion compared with the
CCS level. This is manifested by the differences to theCCSD results. In particular for the excit&q state the errors
CCSD results which for CC2 in most cases are much smallein the poles at the CCS level are so large that the CCS po-
than for CCS. For the states below 7 eV the CC2 excitatiorarizabilities over a wide frequency range hardly have any-
energies differ by not more than 0.3 eV from the CCSDthing in common with the results obtained with the corre-
results, while the CCS model gives for some of these statelsted CC2 and CCSD models. At the CC2 level the pole
excitation energies which are wrong by more than 1 eV. Thisstructure of the dynamic polarizabilities is very similar to
is also the case for th®, state for which we are investigating that obtained in CCSD. Nevertheless, the quantitative differ-
the polarizability. The calculated vertical CCSD excitationences between the CC2 and the CCSD results for the dy-
energies are slightly higher than the position of the bandamic polarizabilities are rather large.
maxima found experimentally. The agreement between The theoretically most intensively studied excited state
theory and experiment, however, is as good as can be eyolarizability is probably the polarizability of-tetrazine in
pected considering the uncertainty in the calculated excitathe S; state!?!144-46Heijtz, Weidauer, and He%aised in
tion energies introduced by the relatively small one-electrorl991 laser Stark spectroscopy to measure the polarizability
basis set and by the differences between rigorous verticanisotropyy=(a,,+ ay,)/2— ay, of the ground state and the
excitation energies and the observed position for the ban8, state and the shifts of the isotropic polarizabili#yand
maxima. the out-of-plane component,, for the transitionS,;—S;.
Surprisingly, we find that the CCS polarizabilities for the While the experimental value for the shift in the isotropic
ground state and for the excite®| state are close to the polarizability is in qualitative good agreement with the re-
values obtained with CCSD. For the static polarizabilities wesults obtained in severalb initio studiest®!*®the anisot-

@
a CCSD - o CGSD - 5 /
CC2 -+ o , CC2 -+ /
405 i
CCS-e- R CCS o
B, o
w0 e P
T - “ v . @ o
3 505 L 3 ¢ “
g 30 - g i i 5
e e R a @
8 301 P - E St “ : /
& . ) o S 4 i G
385 - @ : 4 . H
....... -+ o> H & - i
P Bet? & o
38 § 1 i L f
& I i o ;
e o © : ’ H
375 > M © # &
37 T T T T T T T T T T T T T T “r T T ;
0 0.01 002 003 0.04 005 006 007 008 009 01 0 001 002 003 004 005 006 007 008 049 01
W inau. W inau,

FIG. 3. The dynamic polarizability of pyrimidine in the ground st8¢ea,,
component.

FIG. 5. The change of the dynamic polarizability of pyrimidine upon exci-
tation into the lowest excited singlet ste8g, «,, component.
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- 7 - - TABLE lII. Calculated vertical excitation energies to the lowest singlet
CCSD -+ f .» v states in pyrimidingin eV), compared to positions of band maxima in VUV
151 CQ2 -+- j / “ i/ measurements.
ces R I
10 4 T Faas State ccs cc2 CCSsD Exp.
3 o P I e
R B 7 S, ground state
3 £ oo 2'A; 6.86 6.75 7.01 6%
‘ - 3'A; 8.28 7.02 7.45
! g 41A, 8.72 7.48 7.73 7%
N ot 11B, 5.83 4.37 4.59 42
DT 2'B, 7.42 6.28 6.51 6'
| L 3B, 8.21 7.34 7.42
0 601 002 08 00 005 005 o007 o0 009 01 1 1A2 6.68 4.88 5.16 4%
W ima. 21A, 7.33 5.84 6.03 5%
31A, 8.33 7.12 7.74

FIG. 6. The change of the dynamic polarizability of pyrimidine upon exci-
tation into the lowest excited singlet steie, «,, component.

%Reference 48.
bReference 49.

°Ref 50.
ropy of the ground state polarizability and the shift of the elerence

out-of-plane component upon excitation are in strong dis-

agreement with the results of ttad initio calculations(see  these components are more sensitive to the correlation treat-
Table 1V). ment. The geometry effects originating from shifts in the
We have employed the CCSD response approach to Cahond lengths and angles upon excitation are for all three

culate the static polarizability of-tetrazine in the ground polarizability components small, only of the order of a few
state and in the excite§; state. The results are summarized percent.

in Table IV together with the experimental values and results  As in previousab initio investigations, we find agree-

of previousab initio calculations. For all three components ment with the experimental results for the shift of the isotro-
of the ground state polarizability we obtained results similarpic polarizability A and for the polarizability anisotropy in
to the finite field CCSD calculations of Stanton and Gabiss the S, state, but large discrepancies for the anisotropy of the
and the finite field CASPT2 calculations of Sehetal™®  ground state polarizability and for the shift of the out-of-
The finite field calculations of Stanton and Gauss correspongjane component,,. This supports the conclusions drawn

to an orbital-relaxed CCSD approach where also the Hatreei'n Ref. 101 where a misassignment of the symmetry axes in
Fock orbitals can respond to the perturbations, while in thehe experimental work was suspected.

coupled cluster response approach only the cluster ampli-
tudes respond to the external fields.

For the out-of-plane componenmt,, in the S; excited V. CONCLUSIONS
state the CCSD response result is close to the CASPT2 We have reported an implementation of coupled cluster
value® and the CCSD finite field result. For the in-plane response theory for static and dynamic polarizabilities of ex-
componentse,, and ey, the differences between the indi- cited singlet states for the coupled cluster models CCS, CC2
vidual ab initio methods are somewhat larger, showing thatand CCSD. The approach is based on a quasienergy La-

TABLE IV. The static dipole polarizability for the ground and first excited singlet statetefrazine(in a.u).

Component SCEF  CASSCP CASPTZ ccst CCSD resp. Experiment

Sy ground state

Ay 29.8 29.8 32.6 32.0 32.7

ayy 52.7 53.4 55.1 54.4 56.0

yy 57.4 53.8 60.0 59.0 60.7

v9 25.2 23.8 25.0 24.7 26.7 5.4
S, excited state

Ayy 28.7 38.2 32.4 31.3 31.e31.)

ayy 70.8 74.4 67.2 74.0 80.183.2

yy 63.7 66.6 66.0 63.9 61.565.7)

v9 38.4 42.3 34.2 37.6 41.143.9 45.2

Aa, -11 -1.6 -0.2 -0.7 -0.9 (-0.7) —-175

8SCF response calculation in[4s4p2d/2s1p] basis, Ref. 46.

PCASSCF response calculation if 4s4p2d/2s1p] basis, Ref. 46.

CCASPT2 finite field calculation in Sadlej[$s3p2d/3s2p] POL basis, Ref. 10.

dCCsD finite field calculations in Sadlej[$s3p2d/3s2p] POL basis, Ref. 11.

€This work, CCSD response calculation, the number in parentheses were obtained without geometry relaxation
for the S; state.

fLaser Stark spectroscopy, Ref. 7.

9Polarizability anisotropy parameteris defined asy=0.5(ary,+ a;,) — ayy.
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grangian for the excited states and a phase-isolated pararfto. Christiansen, P./dgensen, and C. Higg, Int. J. Quantum Cheng8, 1
etrization of the excited state wave function. Secular diver- (1998.

gent terms are thereby removed from the response function

22C Hatig, O. Christiansen, and P/r@@nsen, J. Chem. Phy%08 8331
(1998.

and the response equations become numerically stable in th&: g and P. Jegensen, J. Chem. Phys09, 9219(1998, preceding
static limit. An application to the frequency-dependent polar- paper.

izability of the S, state of pyrimidine demonstrates that the >'P- G- Szalay, Int. J. Quantum Che, 151(1995.
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