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The hyperpolarizability of  trans -butadiene rerevisited
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It has been stated that TDHF results for the dynamic second hyperpolarizabilitef
trans-butadiene provide superior results to those obtained with electron corre[&ioNorman

et al.J. Chem. Physl06, 1827(1997]. Using the newly developed correlated frequency dependent
EOM-CCSD method we critically address this question. Using three geometries and three basis sets
to assess the importance of the right choice of these parameters, and estimating orbital relaxation,
triple excitations and vibrational contributions, unlike TDHF, the EOM-CCSD method provides
excellent agreement with experiment. The averggat the experimental geometry in our best basis

is 20.3 atw=0.043 a.u. and 28.0 ab=0.0656 a.u. compared to experimental values of 20.2
+0.1 and 27.% 1.6, respectively. ©1998 American Institute of Physics.

[S0021-960698)01715-2

I. INTRODUCTION using the EOM-CCSD methoti}? Hence, we are now in a
position to offer more definitive correlated results.
Transbutadiene has served for many years as the proto-
type system for polyenes which have attractive intrinsic nondl. HYPERPOLARIZABILITIES

linear optical propertieéNLO). Clearly, if quantum chemis- - . .
try is to play a role in the design of NLO materials, it must C -gh(ranri\é?rra?(?r &ing?glﬁrga?gggsgfgn;et;iur::gIzge n
be able to correctly account for butadiene’s hyperpolarizabil-"2" y y P
ity. 1

However, it has been pointed out in several papérs v(—200,0,0)= 5 (Yoot Vyyyyt Vazzat ViyyT Yyyx
thattrans-butadiene’s theoretically determined hyperpolariz-

ability behaves differently compared to several other + Yaxezt Yaaxxt Vyyzzt Vazyy- @

molecules’®* Whereas for i CO, CQ, H,, HF, HCI, NH;,  The actual working equation for a single component of the
H,O and others, correlation effects evaluated with MBPT ordc-SHG process is quite simple when based upon the stan-

CC theory provides substantial improvement compared t@jard perturbation expressidf’ For a nonpolar molecule
experiment'® as they should, for butadiene correlation ap-

pears to hurt the agreement, as the uncorrelated TDHF valu§zz4 ~ 20;0,0,0)

for v, for butadiengand to a lesser extent ethylérappears =P(w)[(0|(1+A)q,R(—2w)q,R(— »)q,R(0)q,|0)
to give very good agreement with experiment while _ _

MBPT(2) and CCSD appears to change this value —(0[(1+A)q,R(—2w)q,|0)

dramatically"? Furthermore, recently, Normaet al® made X (0|(1+ A)R(— 0)q,R(w)q,|0)

the statement with reference to TDHF that “...None of the o ‘ ‘

more sophisticated correlating methods are able to match this —{0|(1+ A)g,R(—2w)q,|0)

accuracy...,” implying that TDHF applied to dynamic hyper- ~ —
polarizabilities oftransbutadiene and other linear polyenes X(0l(1+ A)GR(~ @)R()q|0) ], @
provide accuracy exceeding that of highly-correlated coupleavhere the permutation operatBfw) permutes the frequen-
cluster methods. cies (—2w;w,w,0) with their associated spatial subscripts
The history of quantum chemistry is checkered by many(here:z,z,z,z). Similarly, we can readily evaluate the THG,
examples of excellent, but accidental agreement betweel®RI, and EOKE processes. In the above expresBiginw)
theory and experiment, largely based on fortuitous cancellais a frequency-dependent resolvent,
tion of errors. If TDHF “gets the right answer for the right - _
reason,” then all correlation effects must effectively vanish, ~ 0(=1®)= [h){h[Ece—H=nolh)~Xhl. ®)
which seems highly unlikely. To answer this question, a In our current calculations we employ three sets of basis
more detailed study is necessary, taking into consideratiofunctions: that previously used intransbutadiene
basis set effects, vibrational corrections, higher excitatiorcalculationd®*? 6-31G+ (P,D) basis [3s3p1d/2s], ob-
contributions, and molecular geometry. Although it has beertained by augmenting the standard 6-31G set by prasd
possible to do MBPT and coupled cluster calculations ofone d Gaussian with the exponerit=0.05, the standard
static hyperpolarizabilities for a long tinfé;* a consistent POL1 set* [5s3p2d/3s2p] and finally, the doubly aug-
approach to dynamic processes has not been possible umtilented POL1 sdt5s4p3d1f/5s4pld], denoted POL% +
recently?’® We can now calculate frequency dependent hy{Ref. 7) here. The geometry plays an important role in these
perpolarizabilities for any order and any process, recursivelycalculations, especially the TDHF ones. We choose the three
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TABLE 1. Geometry of thetransbutadiene molecule at various levels of The essence of the controversy is that for dc-SHG the
optimization. TDHF results in the 6-316 (P,D) Cartesian basis, ab
Variable SCF() ccsp() Expf (Ill) =0.0430 a.u. andv=0.0656 a.u. are 18.2 and 24.9, which

are in reasonable agreement with experin{@6t2 and 27.7,

C,—C; 1.465A 1.481A 1.467A . . .
CoCoe 1327A 13614 1343R re§pectlyely. The above static MBR®) correlated rgsults in
CsC, this basis augmented by the percentage TDHF dispersion to
C,-C—C; 124.3° 124.0° 122.8° estimate the correlated dc-SHG results, were substantially in

error at 25.3 and 34.8, respectivélDf course, there are
many potential sources of error in such a calculation, particu-
larly the dispersion estimates, and a different estimate of the
sets of coordinates in Table I, that obtained by the SCF Opglsper5|or?, based upon the relation of Bishobplus CCSD
timization in 6-31G basiggeometry ) previously used, that mstead of MBPT2), reduced .the corre_lated value to 24.3 z_:md
obtained by a CCSD optimization in the 6-31@P,D) ba- 29.7, in better agreement with experiment. However, neither

sis (geometry 1), and the “experimental” geometry from Of these results is satisfactory, as the proper result comes
Haugen and Traettebetg. from a correlated, frequency dependent calculation. In order

to obtain a more definitive result, we consider much larger
basis sets and geometry effects, as well as the correlated
lll. RESULTS AND DISCUSSION frequency dependence.

In the small basis set originally used, 6-3t@GP,D) Table Il presents 6-316(P,D) TDHF and EOM-
(Refs. 1, 2 the static EOM-CC averaged hyperpolarizability CCSD frequency dependent hyperpolarizabilities in the three
is 19.61(here we assume the units of*18.u), whereas the different basis sets at geometry I. Since the POL1 and
corresponding SCF result is 13.62. Our previous stidiesPOL1+ + sets do not show such large differences, we limit
show a large effect of including the Cartesian component oburselves to the spherical components only. For TDHF the
thed shell in smaller basis sets. Introducing this componen6-31G+ (P,D) dc-SHG results always lie below the experi-
the EOM-CC and SCF hyperpolarizabilities are 20.17 andnental values and it appears that the POL# basis is con-
14.81, respectively. verged since the difference between POL1 and POklis

3Reference 15.

TABLE Il. Static and dynamic hyperpolarizabilities tfns-butadiene(in 10° a.u) in geometry I. In paren-
theses, values obtained with all 6 Cartesian components af #gfeell.

THG dc-SHG IDRI EOKE
TDHF

0.0000 6-31G-(P,D) 13.6214.8) 13.6214.8)) 13.6214.8) 13.6214.8))
POL1 13.92 13.92 13.92 13.92
POL1++ 13.70 13.70 13.70 13.70

0.0430 6-31G-(P,D) 20.7822.96 16.5318.2 15.4516.89 14.4915.80
POL1 22.33 17.29 16.02 14.91
POL1++ 22.37 17.14 15.84 14.71
expt 20.18

0.0656 6-31G-(P,D) 55.2162.58 22.4624.93 18.5520.47 15.80117.28
POL1 64.49 24.44 19.73 16.42
POL1++ 74.50 24.60 19.67 16.25
expt 27.76

0.0882 6-31G-(P,D) 35.87 40.92 25.03 18.02
POL1 140.14 49.24 28.14 19.03
POL1++ 40.72 51.67 28.59 18.94

EOM-CC

0.0000 6-31G-(P,D) 19.61 19.61 19.61 19.61
POL1 17.32 17.32 17.32 17.32
POL1++ 18.17 18.17 18.17 18.17

0.0430 6-31G-(P,D) 27.00 22.59 22.00 20.74
POL1 39.27 20.57 19.55 19.11
POL1++ 36.74 22.45 20.56 19.29
expt 20.18

0.0656 6-31G-(P,D) 40.81 29.19 26.22 22.51
POL1 36.46 26.63 23.32 20.77
POL1++ 39.31 27.76 2457 20.99
expt 27.70

0.0882 6-31G-(P,D) 93.63 43.68 33.24 26.27
POL1 101.31 36.82 29.48 23.04
POL1++ 104.40 45.50 31.35 24.76

®References 19 and 20.
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TABLE llI. Static and dynamic hyperpolarizabilities afansbutadieng(in TABLE IV. Second hyperpolarizabilities dfansbutadiene at the experi-
10® a.u) in geometry Il. Upper row, TDHF values; lower row, EOM-CCSD mental geometrylll). Upper row-TDHF values; lower row, EOM-CCSD

values. values.
Process 6-31&(P,D) POL1 POL++ Expt Process 6-316 (P,D) POL1 POLH+ Expf
static, w=0 16.42 15.46 15.29 cee static, =0 16.09 14.62 14.52
18.43 17.19 18.06 18.60 17.24 18.13
dc-SHG, 20.41 19.54 19.47 dc-SHG, 20.00 18.33 18.28
»=0.0430 22.04 20.95 21.18 2048.11 0=0.0430 22.09 20.26 21.27 2048.11
dc-SHG, 29.01 28.66 29.04 dc-SHG, 28.42 26.42 27.54
»=0.0656 29.73 28.61 29.56 27*%0.60 0=0.0656 30.23 27.96 29.63 27F0.60
®References 19 and 20. ®References 19 and 20.

always quite small. On the other hand, the EOM values tend(— w;®,0,0. The dc induced optical rectificatiodcOR
to oscillate with a minimum at the POL1 values. v(0;w,— w,0) after averaging is the same as EOKE so it will
In order to assess the geometry effect the dc-SHG valuesot be considered separately.
given in Table Il for geometry | may be compared with those  For 1,3transbutadiene the experimental values have
for geometries Il and Ill given in Tables Il and IV, respec- been determined only for the dc-SHG proc¢é$8by the dc
tively. [The TDHF values ofy(0) in the 6-31G+(P,D) ba-  electric-field induced optical SHG experiment. The effect at
sis have a quite large range; from 14.81 at the SCF optimizethe ruby-laser frequenc{0.0656 a.u.is 27.7+1.6 while at
geometry to 16.42 at the CCSD geomefifhe EOM results  0.0430 a.u. it is 20.20.1. In the SCF optimized geometry
vary very little with geometry being 18290.5. As the basis (Table 1) the TDHF values are consistently3 units too
size increases from POL1 to POkl+, the TDHF static small compared to experiment, while EOM values are larger
hyperpolarizabilities appear to be well converged, whileby about 1-3 units. At the CCSD and experimental geometry
EOM results increase by almost 5% in all geometries. Outhe EOM values for dc-SHG are systematically larger than
EOM-CCSD values ofy(0) in the POL1 basis are close to experiment whereas the TDHF values may be either larger or
those obtained by finite differentiation of the CCSD energysmaller. Moving from the 6-316&(P,D) basis to POL1
by Kirtmanet al” Our results of 17.32, 17.19, and 17.24 in generally improves the EOM results. Adding extra functions
geometries I, I, and lll, respectively, are close to the valueto the POL1 basis increases the EOM-CCSD results by 1-2
of 18.0 obtained therein. Hence, these numbers show vemynits.
little effect of the non-Hellmann—Feynman terms, that are  For transbutadiene, the only previous correlated fre-
due to orbital and additional CC amplitude respolfsthat  quency dependent hyperpolarizability calculation was evalu-
are excluded here, but would be included in the numericahted by finite field differentiation of the frequency dependent
derivatives as discussed elsewheére. linear polarizability to give values for the electro-optic Kerr
Table Il contains the values for four fourth-order pro- effect (EOKE); they are 20.7, 21.9, and 23.7 at frequencies
cesses. Third harmonic generatiéhHG) Y(—3w;w,w,w), 0=0.0, ®=0.0430, andw=0.0656, respectively, in the
dc induced second harmonic generatiofdc-SHQ 6-31+ (P,D) basis. Our current results, 19.6, 20.7, and 22.5
Y—2w;0,0,0), intensity dependent refractive indélDRI)  are within 6% of the previous values and again show little
Y —w;w,—w,w), and the electro-optic Kerr effegEOKE)  importance of the non-Hellmann—Feynman terms that are

Yov in the 6-31G+(p,d) basis

"1+ — dc-sHG:TDHF
I ||* — IDRI:TDHF
80.00 |- - -|x — OKE:TDHF
- - THG:EOM
- - dc-SHG:EOM
- -IDRLEOM

- -OKE:EOM

.00 L— . :
0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09
Frequency (a.u.)

FIG. 1. Average dynamic hyperpolarizability thnsbutadiene in the 6-31 &(P,D) basis set.
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¥,y 10 the POL1 basis

160.00 — ,

I I
a ~ - - THG:TDHF

140.00 |- A1 |* - de-SHG:TDHF
[ 7 x ---- IDRL:TDHF
o - - -OKE:TDHF

’;-\100400 — o — THG:EOM
S 4000 ¢ — de-SHG:EOM
o 3000 -
= A — IDRELEOM
= 6000 |- » — OKE:EOM
40.00

0,00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09
Frequency (a.u.)

FIG. 2. Average dynamic hyperpolarizability thns-butadiene in the POL1 basis set.

neglected in the analytical EOM-CC Cl-like expressfon.  on the other hand scattered widely, especially for multipho-
Figures 1-3 show the frequency dependence of the reton processes like THG. The TDH& value for EOKE is 22
evant fourth-order processes whnsbutadiene in all three but for THG in the POLY + basis it jumps to 86, making
basis sets in the 6-3H5(P,D) optimized geometry. The any predictions based on E@) with TDHF completely un-
TDHF dispersion is too high27% in the POL-+ basis reliable. A similar trend can be observed at any frequency
compared to 17% for EOM ab=0.0430 a.u. and 90% com- studied; atw=0.0430 a.u. TDHF values d§ range from 17
pared to 64% ai»=0.0656 a.u, which would also cause an to 29 while EOM is more consistent placing them between
estimated percentage dispersion effect based upon TDHF stiz and 17. At the 0.0430 a.u. field strengtivaries between
perimposed on static correlated results to overshoot. That ig4 and 17, that is 18%, while TDHF varies between 17 and
primarily why the original MBPT2) estimate of dc-SHG for - 29 giving a 70% error. This means that if we try to use the
butadiene was too large at 38.4r the CCSD result at 343. A coefficient extracted from the TDHF EOKE val(gmall-
The altesrnative estimate of dispersion provided by Bishop’sestA) and use Bishop’s formula to calculate the third har-
formula® based upon EOM-CCSD results for OKRef. 2 1o nic generatiotilargest value of\), we get an answer with

led to a 29.7 value. The formula is such an error. The 18% error of EOM-CC is also large, but

YWy 01,0,03)= y(O)(1+AwE+ Bwf+---), we would expect to reduce it by including the quartic term
2 2, 2, 2. 2 4) Bw‘L‘. For the higher frequencyy=0.0656 a.u. the inferior
L= 0t 01T eyt 3. behavior of TDHF is even more evident; while the error in

For small frequencies we can €&+ 0 and evaluaté in estimating the computed frequencies in the EOM-CCSD is
a straightforward manner. For the EOM method, @t 22%, TDHF variations of 22—86 units give 291% error for
=0.0656 a.u., theA coefficient ranges from 18 to 22 de- TDHF. Clearly, TDHF fails to deliver the accuracy expected
pending on the process and basis set. The TDHF values afem a moderrab initio method.

Y, in the POL1++ basis

140.00 ———— |

' I I I + e de-SHG:TDHF

E— IDRI:TDHF
X wesseeen OKE:TDHF
o — THG:EOM
1|o — de-SHG:EOM
o — IDRLEOM
A — OKE:EOM
[ QS THG:TDHF

000 b 10 ]

0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09
Frequency (a.u.)

FIG. 3. Average dynamic hyperpolarizability thns-butadiene in the POL#+ basis set.
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TABLE V. Adjusted values of dynamic hyperpolarizabilitiedc-SHG for - while subtracting the pure vibrational contribution will give

transbutadiene in the POLE+ basis. 16.6, 19.0, 17.8, and 24.2, 28.6, and 27.1 at the three geom-
EOM-CCSD Vibrationd Triple® Relaxatiofi TotaP etries. o ]
As an indirect measure of accuracy for hyperpolariz-
0.0430 09 45 995?0' 0.84 155 2124 abilities, we can consider some of the low-lying excitation
w=V. B —VU. . i . . . . .
—0.0656 2776 —0.40 109 _1s5 500  ENergies provided by different methods. Table VI contains

the results; the uppéroman fonj row contains uncorrelated
geom Il TDHF values, the lower, italicized, corresponding to the

©=0.0430 21.18 -050 084  -155 1997  EoM.CC energies. At the experimental geometry the TDHF
©=0.0656 29.56 —0.40 1.09 -155 2876 . )
seems to offer better agreement with the experiment than
geom Il EOM-CCSD, especially in the smallest basis set, the
®=0.0430 21.27 —0.50 084  —155 2006  §.31G+(P,D). Even the notoriously difficult Rydberg-
©=0.0656 29.63 —0.40 1.09 -155 28.77

valence mixed, staté* has an error of only 0.15 eV, com-
arom B. Kirtman’ J. L. Toto, C. Breneman, C. P. de Me|0‘ and D. M. pal’ed tO 070 eV error on the EOM'CCSD IeVeI. Only one
Bishop, J. Chem. Physin press. CC result obtains less than 6.0 dthe two-determinant
PEstimated from the finite derivatives of the dipole moment in the 6'3lGCCSD(TD-CCSD result is 5.88 eMRef. 22 at a different

+(P,D) basis at geometry |, by the difference betweerior CCSO(T) o . .
and CCSD augmented by the EOM-CCSD percentage dispersion correcgeometrﬂ’ but it is un“ke'y that TDHF gets this result for

tion, 15.1% at 0.043 a.u. and 48.8% at 0.0656 a.u. the right reason.
“Estimated from the finite derivatives of the dipole moment in the 6-31G  Watts et al?® have calculated partial triple excitation
+(P,D) basis at geometry |, at CCSD. contributions to the excitation energiestodns-butadiene in

d .
These should be compared to experimental values, 2M1BlL at w : :
—0.0430 a.u. and 27 201 60 ate=0.0656 au. an ANO basis set. These are shown in Table VI for the

¥t has been pointed out to us by the authors of Ref. 17 that their estimateié_e_rative EOM'CC_SDT'3 meth&ﬂ to help assess any sig-
for the correlated value@ising a slightly different geometryare 21.2 and  nificant role for triple excitations. The best results ANO/

29.8 atw=0.0430 and atw=0.0656, respectively. These results are in CCSDT-3 and POL% +/CCSD are quite consistent.
good agreement with ours.

IV. SUMMARY

To assess two additional important effects, relaxation

and triple excitations, we performed a series of finite field
differentiations of the dipole momenfTable V). In the

6-31G+(P,D) basis at geometry | orbital relaxation in

In this paper we have presented EOM-CCSD correlated,
frequency dependent results for four nonlinear optical pro-
cesses and compared those to the corresponding TDHF re-

CCSD decreases thg0) value by about 7.9% to 18.7. Cal- sults. We show dispersion curves up to 0.0882 a.u. Further-

culating the CCSIT) hyperpolarizability with relaxed orbit-  MOre: We estimate the numerical effects of triple excitations

als gives 19.2, which is 5.4% smaller than the EOM-CCSDWh“e assuming constant orbital relaxati@his effect would

unrelaxed figure. For dynamic processes values of these epe expected to differ at different frequencies and would van-
h at the full CI limi, so we have to avoid claiming too

fects only offer estimates. The triples correction was scaled” . . .
igh an accuracy in these calculations. However, the esti-

by the percentage dispersion of the EOM-CCSD result tmates affect the CCSD results by no more tha8 units,

account for frequency dependence, while the orbital relax- .. - )
ation was left constant for all frequencies and geometries. which seem to be a reasonable error for additional basis sets,

When the effect of relaxation and triples is included,g(:“c;md(atry e_alnt;j_correlatlont eﬁ?ﬁts’ gqo'tHde%Cgﬁagggtg d
along with the pure vibrational correctiohsone gets the Mated equilibrium geometry, the adjuste - c-
POL1+ + values for dc-SHG(we exclude here any zero SHG results average 2G4 atw=0.0430 a.u. compared to

point vibrational correctionshown in Table V. The excellent experiment, 20.180.11 and 2812 at »=0.0656a.u.

agreement of these values with experiment is evident. TDH‘gompare(;;% 27'(1722'20' The iprrtlasp;)ntd|ng TDHF resultts ¢
hyperpolarizabilities already contain the relaxation effect,average -can -0, TESPECUively, but are more accurate a
the CCSD and experimental geometries.

Although the final averaged values are not too different,
TABLE VI. Excitation energies ofransbutadiene at the experimental ge- the TDHF being somewhat low and the EOM-CC being
ometry. Upper row, TDHF values; lower row, EOM-CC values. slightly high, compared to the rather old experimental value,
Mode 6-31GP,D) POL1 POLH + CCSD* CCSDT-3 Expf the cop3|§tency .of the EOM-CQ with basis and geometry,
and with it offering more consistera factors in Eq.(4),

2Aq [.44 r23 707 attest to the greater reliability of the correlated result.
6.93 7.03 6.98 7.23 6.85 7.3
1A, 6.85 6.54 6.47
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