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The results of time-dependent density functional theory (TD-DFT) calculations of the transition energies and
oscillator strengths of the excited states of formaldehyde, benzene, ethylene, and methane are reported. The
local DFT (LDFT) transition energies tend to be smaller than experimental values b%.8.&V. Inclusion

of nonlocal (NLDFT) (gradient corrected) effects made the calculated energies larger than the LDFT values
and thus made the energies closer to the experimental values for formaldehyde, ethylene, and methane. For
benzene, no significant change in the calculated transition energies due to the addition of nonlocal effects
was observed. The TD-DFT oscillator strengths are much better than those found at the configuration interaction
singles (CIS) level. The agreement between the calculated TD-DFT values and the experimental values for
the oscillator strengths is quite good, at least semiquantitative at both the LDFT and NLDFT levels.

Introduction conductor device¥ In this wavelength region, Rydberg transi-
tions appear in addition to transitions between bonding and
antibonding valence orbitals. We thus decided to benchmark
the TD-DFT method for predicting such transitions by using
reasonable sized basis sets augmented with Rydberg functions.

Electronic structure theory is rapidly becoming an effective
and powerful tool for use in the design of molecules which have
specific, required properties. One of the main reasons for the

acceleration of the use of electronic structure theory in materiaIsW fically int tod | dicting the photoab i
design has been the development of density functional theory € are specifically interested in predicting the photoabsorption

(DFT), especially for molecular systerfis An important reason spectrum, i.e., both transition energy and oscillator strength.
as to why DFT is becoming so popular for such studies is its  There have been a number of other recent studies where the
lower computational cost, formally scaling as ihere N is TD-DFT method was used for the prediction of photoabsorption.
the number of basis functions (when charge fitting is done), Casida et a¥:'*? have calculated transition energies and
and including the effects of electron correlation at some polarizabilities of the b CO, H,CO, and GH, molecules with
reasonable level. In contrast, conventional ab initio MO theory the Sadlej basis sétaugmented with additional diffuse functions
formally scales as Nat the HF (Hartree Fock) level and the ~ (Sadlejt). Bauernschmitt et &4 have investigated transition
effects of electron correlation are not include@ The combina-  energies of the i CoHa, H2CO, GoHs, benzene, pyridine, and
tion of low computational cost with reasonable accuracy has porphine molecules with the Sadlgj SVP, and TZVP basis
led to the successful application of the DFT method to the sets. Further calculations for the transition energy and ionization
prediction of a broad range of properties of molecules in the potential of CO, HCO, M&CO, CH,, benzene, pyridine, and
ground staté. Although time-dependent density functional naphthalene with the Sadfejand 6-31%+G(d,p) basis sef
theory (TD-DFT) was first proposed more than 20 years ago the transition energy of $¥€O, acetaldehyde and acetone with
for treating excited-state properti&s, it has only recently been  the 6-31%+G(d,p) basis s€€ the transition energy of benzene,
applied to molecule%? porphine, and & with basis sets ranging from DZ to cc-pVTZ
Our present interest in molecular design is the prediction of + diffuse” the transition energy and static polarizability of CO,
the photoabsorption of molecules in the vacuum ultraviolet Na, CH,O, GHa4, and benzene with the 6-31G* and TZ2P basis
region. It is critical in semiconductor processing to have set!®!°and the transition energy and polarizability of, KI;Ha,
molecules whose absorption spectra are transparent in theand GHsN with the Sadlej basis séf have been reported. In
wavelength region of the laser being used in the patterning these studies, the calculated transition energies were compared
process. The region of interest to the industry is wavelengths to experimental values, and it was found that better agreement
near 157 nm (the Haser), and new photoresist materials are could be obtained with the TD-DFT method as compared to
required for the manufacture of the next-generation of semi- the configuration interaction singles (C¥jnethod. However,
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TABLE 1: Calculated Transition Energies (eV) of Formaldehyde

SVWN
Cis TZVP cc-pvVTZ B3LYP

transition D2 cc-pVTZ TZVP® (+H)¢ cc-pVTZ (+H)Y Dz¢ DzP DzVPY TzVd TZVPY cc-pVTZ® expt

A, n—a* 4.39 4.58 3.67 3.66 3.70 3.68 387 400 405 389 398 3.94 55223490

1B, n—3s 8.59 8.59 593 5093 591 591 6.42 639 650 648 6.48 6.47 Ser7108%t
7.10527.09°

B, n—3p, 9.43 9.38 6.76  6.75 6.71 6.70 724 718 730 727 7.29 7.27 S9Rg7st
8.00528.1F°

A1 n—3p 9.53 9.51 6.78 6.67 6.66 6.63 718 715 730 725 7.26 7.27 ©88143%2
7.983

A2 n—3p 9.74 9.76 6.97 6.99 6.96 6.97 746 743 757 754 755 7.57

1B; 5a(o) —a* 9.72 9.80 8.76  8.74 8.77 8.73 898 9.11 9.18 9.03 9.10 8.98 °%69.0,(P*

A, 1lbp(o) —a* 11.69 11.31 9.66 9.64 9.66 9.63 10.33 10.16 10.23 10.31 10.15 10.10

B; w—3s 1153 11.14 9.96 9.96 9.91 991 10.25 10.02 10.12 10.27 10.11 9.96 ©4610.7

A 71— a* 10.24 9.76 9.70 9.86 9.49 9.76 10.06 9.86 9.87 9.77 981 9.34 %997

B: 71— 3p, 12.39 11.95 10.79 10.79 10.73 10.72 11.13 10.84 10.98 11.13 10.97 10.80 —11196:65

2 All basis sets are augmented with Dunning-Hay Rydberg functioBgometry optimization done at the HF/6-31G* leveGeometry optimization
done at the MP2/cc-pVTZ level.Geometry optimization done at the B3LYP/6-311G* level.

in the above studies, in general, oscillator strengths were notHay's*® Rydberg functions added to these basis sets for the
reported. In addition to the above studies, calculations on othercarbon and oxygen atoPA.In addition to the Rydberg basis
molecules have been reported including the band-gap andset, in some cases, we further added a set of diffuse s and p
transition energy of alkan&sthe excited-state potentials of the  function$°to the cc-pVTZ and TZVP basis set for the hydrogen
H, molecule?® the transition energy, ground-state dipole moment atom, and we denote this basis set as cc-pVH)Yand TZVP-
and polarizability of He, Be and Néthe excited-state geometry  (+H), respectively. All the calculations were performed on a
of H,CO and GHg,2® and the transition energies of various metal Cray J916/12-4016, a 48-node IBM SP (Power2 SuperChip),
atoms?6.27 or an SGI computer.

Although no extensive benchmark studies of the calculation
of oscillator strengths at the TD-DFT level have been done, a Results and Discussion
number of calculated oscillator strengths at the TD-DFT level .
have been reported including those of MTONi(CO), and Formaldehyde.Formaldehyde is often used as a benchmark

Mn(CO)0,28 triazines?® anthracene, pyrene and peryléhgree- for the calculation of the phototransition energy and oscillator
base porphid! chlorophyll a%2 and fullerened? In these studies, ~ Strength. Our calculated values of the transition energy are
some comparisons between calculated and experimental oscilSUmmarized in Table 1 together with experimental vahie®.
lator strength were reported. However we believe that bench- In Table 2, we compare our calculated values to previously
marking the TD-DFT method for the prediction of oscillator calculated TD-DFT value$:*1+ %1% Due to the difficulties in
strengths is useful if we are to use this method for the design Mmeasuring high excitation energies, we also include va_llues from
of new materials for the development of future semiconductor calculations at the highly correlated EOM-CC level in Table
manufacturing processes. We have calculated the oscillator2>® We performed a linear fit between the calculated and
strengths and transition energies of the;OHCHs, CoHa, CoHe, expe_nmental_v_alues; the_ Imear equations and the linear cor-
and benzene molecules with a variety of basis sets including "¢lation coefficients are listed in Table 3.

the addition of Rydberg functions. Our study is focused on the ~ Consistent with previous resuft§;*® our calculated CIS
oscillator strength of absorption peaks in the vacuum ultraviolet Values tend to be higher than the experimental values. The only
region, and where appropriate, we compare our calculated€xception is the transition energy for tlee— x* transition

transition energies to previously reported TD-DFT values. ~ Where the calculated values are actually lower than the
experimental values. At the LDFT level, the calculated TD-

Calculations DFT values tend to be smaller than the experimental values by

The calculations were performed by using the program 0.6-1.0 eV, consistent with previous work (see Tablé%).
Gaussian 98! Geometry optimizations were done at the second- Furthermore, this difference of 0:4.0 eV between the
order perturbation MgllerPlesset (MP-2) levét with the cc- calculated and experimental values becomes slightly larger when
pVTZ basis seté3° or at the nonlocal density functional level  the transition energy exceed® eV. This effect can be clearly
(B3LYP)*041with the 6-311G*243basis set* Our calculations seen from the fits in Table 3. The value of the slope multiplying
on the transition energy and oscillator strength were performed the calculated transition energy is greater than 1.0 showing that
at the time-dependent density functional theory (TD-DFT) the differences increase with increasing transition energies.

leveB-2and, in some cases at the CIS le¥4>47 the latter for

The NLDFT values with the B3LYP potential are larger than

comparison purposes. The TD-DFT calculations were performedthe LDFT values, but smaller than the CIS values, so that the

both at the local (LDFT) and gradient-corrected nonlocal
(NLDFT) levels. For the LDFT calculations, the Slater type
exchange functionaf and Vosko-Wilk-Nusair correlation func-
tional® was used (SVWN), and for the NLDFT calculations,
Becke's three parameter functioffsnd the Lee-Yang—Parr
functionaf! were used (B3LYP). A variety of basis sets were
used for the calculations of the photoabsorption properties:
DZ,4° DZP* DZVP (DFT-derived}® TZV,5152TZVP (DFT-
derived)?® and cc-pVT2%39 basis sets with Dunning and

B3LYP TD-DFT values give the best agreement with experi-
ment. This is again in consistent with previous work (see Table
2)2%where it has been shown that the use of gradient-corrected
noncontinuum functionals such as B3LYP improves the calcu-
lated transition energy as compared to the use of local
functionals, whereas the application of gradient-corrected
continuum functionals do not lead to any significant improve-
ment!® For the low-lying states with energies less thaf.0

eV, there is a good agreement between the calculated and
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& % < & 20 o o TABLE 3: Linear Fits between the Calculated and
) ’g ~ o g ® 3 $ Experimental Values for the Transition Energiest
=% c o s linear
8 = - © linear correlation
_5 method equation coefficient
2o 8 E Formaldehyde
S&d © ® E CIS/DZ + Rydberg Eexpt=1.02*Ecaic— 1.00  0.967 (8)
- (_'cg 5 ; o CIS/cc-pVTZ+ Rydberg Eexpt=1.09+Ecac— 1.52 0.950 (8)
Opn< © SVWN/TZVP + Rydberg Eexpt=1.02Ecac+ 0.68 0.984 (8
< P
2 SVWN/TZVP(HH) + Rydberg  Eexpt= 1.01Ecac+ 0.74 0.984 (8)
o I~ g SVWN/cc-pVTZ+ Rydberg Eexpt= 1.04-Ecqc+ 1.04  0.982 (8)
s Qe ® S} SVWN/cc-pVTZ(HH) + Rydberg Eexpt= 1.02Ecac+ 0.70 0.983 (8)
I %é‘? NGNS ] B3LYP/DZ + Rydberg Eexpt= 1.04+Egac+ 0.22 0.991 (8)
I= © i B3LYP/DZP+ Rydberg Eexpt= 1.08+Ecac— 0.07 0.987 (8)
T%5 3 p
58= o B3LYP/DZVP + Rydberg Eexpt= 1.08*Ecac— 0.21  0.989 (8)
I N B3LYP/TZV + Rydberg Eexpt= 0.93Ecac+ 0.07 0.990 (8)
NB o > B3LYP/TZVP + Rydberg Eexpt= 1.08Ecaic— 0.13  0.989 (8)
Lo g S8 = S & B3LYP/cc-pVTZ+ Rydberg Eexpt=1.12-Ecqc— 0.34  0.988 (8)
2 ~ S Benzene
g 8 g % CIS/cc-pVTZ+ Rydberg Eexpt= 0.52:Ecac+ 2.99 0.804 (10)
SVWN/cc-pVTZ+ Rydberg Eexpt=1.05Ecac— 0.15 0.934 (10)
) P
£ B3LYP/DZ + Rydberg Eexpt= 0.86Ecac+ 1.04 0.858 (10)
% 0 8 = B3LYP/TZVP + Rydberg Eexpt=1.01+Ecac+ 0.01 0.933 (10)
3 {2 8|3 g % 40 o B3LYP/cc-pVTZ+ Rydberg  Eexu= 1.41-Ecac— 2.45 0.979 (8)
G T oo _§ Ethylene
S|lags c SVWN/TZVP + Rydberg Eexpt= 1.49Ecac— 2.90 0.975 (9)
S S SVWN/cc-pVTZ+ Rydberg Eexpt= 1.49Ecaic— 2.94 0.977 (9)
3 © I SVWN/cc-pVTZ(HH) + Rydberg Eexpt= 1.54Ecac — 3.25 0.973 (9)
Zl=1|09ay = B3LYP/DZ + Rydberg Eexpt= 1.39-Ecalc — 2.14  0.975 (9)
S|ETE|weeR =1 B3LYP/TZVP + Rydberg Eexpt= 1.35*Ecaic— 1.90 0.985 (9)
c_té E K E’ o B3LYP/cc-pVTZ+ Rydberg Eexpt= 1.39+Ecac— 2.23 0.982 (9)
) V= % All Peaks for Formaldehyde, Benzene, and Ethylene
o} N = SVWN/cc-pVTZ+ Rydberg Eexpt= 0.80+Ecac+ 1.82 0.790 (25)
S TER|2303 2 B3LYP/DZ + Rydberg Eexpt=1.04+Ecac+ 0.10 0.946 (27)
2 2| OT N 0] B3LYP/TZVP + Rydberg Eexpt=1.11*Ecaic— 0.35 0.971 (27)
§ 2 8 = ° ) B3LYP/cc-pVTZ+ Rydberg Eexpt= 1.19+Ecac — 0.83  0.984 (25)
) _ § § a For transitions with several experimental values, we used an average
S % ~lo8 < § § of the experimental values for the linear fits. Values in parentheses are
o T 8 3 £ 65~ [ - the number of data used for the linear fit. For the> 3p,, 3p,, andxz
2 LS © o = & — 3d transitions of benzene, the average of the calculated values is
|05 [S¥) ) )
£ = =24 used for the fit.
— O —
o =
o.n .
* Y Ey experimental values at the NLDFT level (see Table 1 an@fl),
E S oo g S g when the appropriate functional is used. For our results, the
> o E 2 ¥ [ difference between the calculated and experimental values are
- g < less than~0.5 eV with the calculated values being smaller than
2 oo 59 the experimental values. For transitions whose energy is higher
§|X82|@ 2 53 than~9.0 eV (i.e.,w — 3s,7 — x*, and w — 3p, transitions),
g1l8 8 2 9; the same conclusion can be reached and the agreement between
S 22 the NLDFT and the experimental values is excellent with the
= s lebnrroogsg ;% 3 former being slightly smaller than the latter. For these transitions,
S| >N|osNeed G028 e the difference between the calculated and experimental values
o232 — = g % are slightly larger as compared to those for the low-lying states,
B g £ in part due to the experimental values being less well-
© 5 et noon®on €% established, and also in part, due to the wrong asymptotic
3 >R ® z RN ;f. o0 NS 3 A IS behavior of the exchange-correlation potential as shown by
S| 2e|” ©3939 & Casida et al®,which leads to the energy of the highest occupied
e g molecular orbital (HOMO) being too small.
§ - N 3 3 The basis set dependence of the calculated transition energies
F€E£|85R35R33eN 50 is not as pronounced as compared to the effect of the exchange-
5 % Tr|ewoeoss2ag - correlation functional. For example, at the LDFT level, the
S © =h| maximum differences of the calculated transition energies is
2 o= less than 0.15 eV for all of the calculated transitions except for
= = O
- &R oo the r — zr* transition, where a difference of 0.37 eV is found.
S s wagal lox a @5 However, the presence of these slight differences does not
2 koomomggm ke 00 . i
o AT E,VT R necessarily mean that the use of a larger basis set leads to a
N < ] 2o b lue. F le, for the— 3 ition, the cc-
N Slcccccwarrr & etter value. For example, for t p, transition, the cc
w 5 =a pVTZ(+H) + Rydberg and TZVPt+ Rydberg values are 6.63
ﬂ<3 § ﬁﬁﬁﬁfﬁfﬁfﬁ o g and 6.78 eV, respectively, whereas the experimental values are
[ = oM 7.98-8.14 eV, so that the latter value is slightly closer to
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experiment as compared to the former. At the NLDFT level, a
similar trend is found. Except for the — s* transition, the
differences are less than 0.33 eV, and no pronounced improve-
ment of the calculated values can be seen even when the size
of the basis set is increased from the BZRydberg to the
cc-pVTZ + Rydberg basis set. At this level of calculation, a
larger difference of 0.72 eV is found for the valence-to-valence
(V=V) & — x* transition. This is not surprising as we used
the same Rydberg basis functions for all of the calculations and
only the basis set for valence orbitals are altered.

Our value at the B3LYP/cc-pVTZt+ Rydberg level is
essentially the same as the B3LYP/Satlleplue>°for then
— gr* transition, whereas for the— 3s andn — 3p transitions,
our values are larger by 0.1 to 0.2 eV, and are closer to the
experimental values. The LBISadlej-° and BP'7Jaug-
Sadle}* values tend to be smaller than our values by 0.2 to 0.5
eV except for then — 3s transition value at the LB94/Sadiej
level, so that our values again tend to be closer to experiment.
Slightly better agreement with experiment as compared to our
values was obtained at the PBEGadlej-,'> B3P86%77
6-311++G**,16  HCTH(AC)’4Sadlej,'® and AC-LDA/
Sadleji!! DFT levels as well as at the EOM-CTlevel. For
many of the transition energies, our values are in reasonable
agreement with the high level EOM-CC results. The values at
these levels are larger than our values by up to 1.3 eV, and are
slightly closer to experiment when such comparisons can be
made. However, for the transitions with the largest differences
in the calculations, experimental results are not available.

The values of the linear correlation coefficient in Table 3
can be used to summarize the above discussions. The coef-
ficients at the LDFT level are closer to unity than those at the
CIS level. At the LDFT level, the coefficients do not depend
on the basis set. Actually, the coefficients for the TZWP
Rydberg basis set are slightly closer to unity than those for the
cc-pVTZ(HH) + Rydberg basis set. The coefficients at the
NLDFT level are closer to unity than those at the LDFT level,
suggesting that the NLDFT level is giving better results as
compared to the LDFT level. The coefficients at the NLDFT
level differ slightly, but, again, these differences do not exhibit
a trend that the coefficient becomes closer to unity with
increasing size of the basis set. For example, the coefficient for
the DZ+ Rydberg basis set is closer to unity than that for the
cc-pVTZ + Rydberg basis set, although the difference in the
coefficients is very small.

Next, we discuss the calculated oscillator strengths for
formaldehyde. The calculated values are listed in Table 4
together with experimental valu&s%2.7577 In Table 4, we also
list the calculated valuésat the EOM-CC level. In addition,
TD-DFT calculated oscillator strengths have been very recently
reported by Casida and Salat#ifthis work appeared after our
submission of this manuscript), and these are given in Table 4.
We note that Casida and Salahub also reported oscillator strength
values for CO, N, and GH4. As found previously, the
agreement between the oscillator strengths calculated at the CIS
level and the experimental values is at best qualit&five®. For
example, for then — 3p, andn — 3pj, transitions, the calculated
values are 0.0370.047 and 0.0720.150, respectively, whereas
the experimental values are about 0.8607019 for the former
and about 0.0320.036 for the latter. Thus, the CIS values are
significantly larger than the experimental values.

The agreement between the calculated and experimental
oscillator strengths is dramatically improved at the TD-DFT
level, and as shown in Table 4, there is at least a semiquantitative
agreement between the calculated and experimental values. For

TABLE 4: Calculated Oscillator Strengths of Formaldehyde

SVWN

B3LYP
DzVP¢ TzVv¢ TZVPY cc-pVTZ EOM-CC AC-LDAf

cc-pvTZ
(+H)°

TZVP

CIs

expe
10.0413%20.0326

1

DZP+9

D2 cc-pVTZ TZVP® (+H)¢ cc-pVTZ Dzd

transition

0.018 "5 0.0174 0.0025*0.0281%20.019°
0.071 > 0.032+ 0.004% 0.0605520.036°

0.055 75 MOB8s

0.022
0.042

0.057

0.025
0.019
0.035
0.000

0.027 0.032 0.028
0.017 0.016 0.016
0.032 0.037 0.034

0.001

0.029 0.026
0.013 0.015
0.033 0.032

0.003 0.001

0.029
0.012
0.028

0.028
0.012
0.033
0.001

0.028

0.010 0.010
0.034 0.030
0.001

0.027

0.025
0.047
0.150
0.000

0.026
0.037
0.072
0.002

n— 3s
n—3p;
n—3p,

1B,
1B,
1A,

0.0007

0.003 0.001

0.000

0.001

1B,
1B,

S5a(0) — 7*
7 — 3s

T —

0.055

0.025
0.130

0.023 0.021 0.024
0.044 0.027 0.034

0.022 0.026
0.090 0.066

0.028 0.026

0.021
0.075

0.070 0.021 0.021 0.021
0.035

0.111

0.064
0.183

0.063

0.095 0.106

1A,
1B,

0.029

0.028 0.031 0.028

0.019

0.024

0.024 0.022

0.020

0.022
a All basis sets for the present work are augmented with Dunning-Hay Rydberg funéi@asmetry optimization done at the HF/6-31G* leveGeometry optimization done at the MP2/cc-pVTZ level

d Geometry optimization done at the B3LYP/6-311G* levidRef 66; EOM-CC: equation of motion coupled cluster; basis set is [5s3p2d/3$2¢f].78; basis set: Sadlej diffuse.? Values obtained by

using dipole (e,e) spectroscopy are expected to be more reliable than the other experimental values (ref 62).

7 3p,

Matsuzawa et al.
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the n — 3s transition, the calculated oscillator strength values
are 0.025-0.032, essentially independent of the basis set and
of exchange-correlation functional. The experimental values for
this transition range from 0.028 to 0.041, showing reasonable
agreement between the calculated and experimental values. Our
calculated value is somewhat smaller than the most reliable
experimental value of 0.0413 from dipole (e,e) measuren®énts.
For then — 3p, transition, there is, again, no pronounced
dependence on the basis set. For this transition, the LDFT values
are 0.016-0.012, and somewhat larger values are obtained at
the NLDFT level (0.013-0.019). The most reliable experimental
value is 0.028%#2 and again our calculated values are, somewhat
smaller than this experimental value. A similar result is found
for the n — 3p, transition. The basis set dependence is again
not significant. The LDFT and NLDFT values range from 0.028
to 0.034 and 0.032 to 0.037, respectively, whereas the most
reliable experimental value is 0.068%and again, our calculated
values are somewhat smaller than the experimental value.

For the other Rydberg transitions (the— 3s andr — 3p;,
transitions), the same trends hold: the effect of the basis set
and functional is not significant. For the valence transition (i.e.,
the 7 — x* transition), the situation is different, and the
dependence on the basis-set and exchange-correlation functional
is larger. For example, at the LDFT level, the calculated
oscillator strength is 0.035 with the cc-pV T Rydberg basis
set and it goes to 0.075 by adding diffuse basis functions on
hydrogen. In addition, the cc-pVTZ Rydberg basis set yields
an oscillator strength of 0.035 at the LDFT level, whereas it is
0.130 at the NLDFT level. This suggests that the Rydberg basis
set we are using can well describe Rydberg excited states even
at the local level, but for the valence excited states, we need to
use a basis set at least as large as cc-pVTZ together with the
use of nonlocal functionals. This is in agreement with the
enhanced basis-set dependence of the calculated 7*
transition energy shown in Table 1.

The EOM-CC methotf predicts that the oscillator strength
for the w — 3p, transition is larger than that for the — 3s
transition, in contrast to our calculated values and to the
experimental and AC-LDA value’ Except for ther — 3s and
thexr — z* transitions, our calculated values tend to be smaller
than the EOM-CC values, and there is overall agreement
between the two sets of values within a factor of 2. The recent
AC-LDA values tend to be larger than our values by about a
factor of 2 except for ther — 3p, transition where the values
are comparable. The AC-LDA values are, in general, larger than
the experimental values by an amount comparable to the amount
that our values underestimate the most reliable experimental
values.

Benzene.The calculated transition energies for benzene are
given in Table 5 together with available experimental valte¥.
As previously reporte8 the CIS calculated values tend to
be larger than the experimental values, although forsthe
3p andr — 3d transitions, the difference between the calculated
and experimental values is not pronounced. The LDFT values
are, again, smaller than the CIS values, and except far thre
a* (1B2y) and a, — &* transitions, the values also tend to be
smaller than the experimental values. The difference between
the LDFT and experimental values is typically about 0.1 to 0.6
eV, a somewhat smaller value than found for formaldehyde at
the LDFT level (0.6 to 1.0 eV). Use of gradient-corrected
functionals does not lead to any significant changes in the
calculated transition energy, and the calculated values, again,
tend to be smaller by 0.6 to 1.0 eV than the experimental values.
This is in contrast to the case of formaldehyde where the use

expt
783837 g P4

7.59.418°
7.62807.46847 544

490
6.19%6.19*
6.9%6.96*

683
6.9306.954
7.9807.81%4

9731

10.47%

5.40

6.05

6.83
6.01

7.09
7.06, 7.06, 7.0% 2

B3LYP/cc-pvVTZ
6.48, 6.5k 2, 6.55
7.3% 2,7.33,7.36

B3LYP/TZVP
7.05,7.0% 2,7.06
7.32x 2,7.32,7.35

5.39
6.05
6.83
8.80
6.01
9.12

6.48, 6.5k 2, 6.55
7.10

B3LYP/DZ¢

5.51
6.27
9.14

6.88
9.06
6.02

7.27
7.04x 2,7.04,7.04

6.46, 6.4% 2, 6.54
7.31,7.3% 2,7.36

6.51, 6.5k 2,6.53

7.10
7.03,7.04,7.0& 2

SVWN/cc-pVTZ
7.32,7.32x 2,7.34

5.26
6.03
6.80
8.28
6.03
8.81

CIS/cc-pVTZ

6.05
6.20
6.96,7.1% 2,7.31

7.26
7.71,7.72,7.76 2
7.83,7.86,7.94 2

7.97

10.89
6.56
11.40
12.43

CIS/D2

74
7.13,7.29x 2, 7.47

7.46
8.00, 8.04x 2,8.11

7.88,7.89,7.9& 2

11.63
12.65
a All basis sets are augmented with Dunning-Hay Rydberg functib@gometry optimization done at the HF/6-31G* leveGeometry optimization done at the MP2/cc-pVTZ leveGeometry optimization

done at the B3LYP/6-311G* levet.Values with “x 2" correspond to the transition energy for the degenerate transitiomef 79, this value is reported as 11.47 eV, a probable typographical error.

6.36
6.53

8.27
11.20
6.

Qi T
2 38
& 3d

Rydberg transitiorfs
o — 3d

T — a*
T —
T — a*
a— 3s
T — 3PPy
7 — 3p;
a— 3d

transition
182u
By
1Elu
1E29

TABLE 5: Calculated Transition Energies (eV) of Benzené
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of gradient-corrected functionals led to an improvement of the
calculated energies. The B3LYP/DZ values are in the worst
agreement with experiment and the fit is the worst due to
overestimating the valence transition energies.

Any basis set dependence of the calculated values is observed
mainly for non-Rydberg transitions at the NLDFT level, similar
to formaldehyde. The difference in the calculated values between
the DZ+ Rydberg and TZVP+ Rydberg basis sets is as large
as 0.22 eV, whereas the differences between the TAVP
Rydberg and cc-pVT2- Rydberg basis sets is less than 0.01
eV. This shows that the DZ Rydberg basis set does not have
sufficient flexibility to describe the molecular orbitals of benzene
for the prediction of transition energies, especially for valence
excited states and that larger basis sets with polarization
functions are required. The linear fits for benzene show more
variation than for formaldehyde and are sensitive to the largest
calculated value.

In Table 6, our calculated transition energies are compared
to those reported by others at the TD-DFT le¥#l!18We also
include values from high-level CC2 calculatiS8h&é Table 6.

Our B3LYP/cc-pVTZ+ Rydberg values are essentially the same
as the previously reported B3LYP/aug-cc-pVTZ valliesxcept

for the # — 3p, transition, where the aug-cc-pVTZ value is
significantly smaller than our value and also further from the
experimental value. The addition of Rydberg functions seems
to yield a better value than the addition of the diffuse functions
used in ref 17. The calculated values at the PBS&adlej-1°

and HCTH(AC}¥/6-31G*+diffuse levels tend to be larger than
our values by up to 0.5 eV, and consequently, a better agreement
with experiment as compared to our values is obtained at these
levels, just as found for formaldehyde (Table 4). Comparison
of our values to the high level CC2/aug-cc-pVTZ-CM2 results
shows reasonable agreement with our values being at most 0.5
eV lower.

Next, we discuss the calculated oscillator strengths of
benzene. The calculated values are listed in Table 7 together
with available experimental daf&818892 We also include the
value for ther — r* transition obtained at the EOM-CC levé&l.

The oscillator strength for the — x* transition at the CIS
level is significantly larger than the experimental values, as
found previously’~6° Our TD-DFT values are, in general, in
semiquantitative agreement with the experimental values. Excel-
lent agreement between theory and experiment is obtained at
the LDFT level with the cc-pVTZ+ Rydberg basis set. A basis-
set dependence is present for the NLDFT numbers, showing
that the DZ+ Rydberg basis set is not large enough to be used
for the prediction of the oscillator strengths of benzene. The
NLDFT/cc-pVTZ + Rydberg value is smaller than the corre-
sponding LDFT value and also smaller than the experimental
value. This result is consistent with the results for formaldehyde,
where our TD-DFT values are smaller than the most reliable
experimental values. The EOM-CC value is larger than the
experimental values as well as our calculated values as found
for formaldehyde.

Another experimental number available for comparison is an
oscillator strength of 0.075 for all Rydberg transitions whose
energy is less than 9.2 é¥ This value should be compared to
a sum of calculated oscillator strengths for the> 3p,,3p, and
m — 3p, transitions. This sum is 0.236 and 0.477 at the LDFT
and NLDFT levels, respectively, with the cc-pVHZRydberg
basis set. These numbers are apparently significantly larger than
the experimental value. However, the experimental number was
determined by a decomposition of a measured spectrum to
separate the contribution of the — #* transition and the

cecz/
aug-cc-pVTZ-CM27
6.970, 7.022, 7.120

7.319
7.557x 2,7.587, 7.600

7.79& 2, 7.806, 7.829

6.452

PEBO/
Sadlej-1®

5.48
6.16
7.6% 2,7.67,7.70

7.48,7.49, 7.4% 2

6.92
6.32
6.82
7.14

HCTH(AC)/
6-31G*+
diffuset®
7.48,7.49, 7.4% 2
7.66¢ 2. 7.66, 7.69

5.42
6.22
7.00
6.10
6.81
7.35

5.26
6.02
6.19
6.80
6.80

LSDA/
aug-cc-pVTZ?

5.34
5.99
6.01
6.51
6.54

B3LYP/
aug-cc-pVT2?

cc-pvVTZ+
Rydberg

B3LYP/
6.48, 6.5k 2, 6.55

7.09
7.32x 2,7.33,7.36

7.06,7.06,7.0% 2

5.40

6.05

6.83
6.01
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Rydberd

SVWN/

7.32,7.32% 2,7.34

8.81
aValues with “x 2" correspond to the transition energy for the degenerate transtti®aometry optimization done at the MP2/cc-pVTZ levebeometry optimization done at the B3LYP/6-311G* leve

6.51, 6.51x 2, 6.53

7.10
7.03,7.04,7.04& 2

5.26
6.02
6.80
8.80
6.03
i 3s

Rydberg transitions

transition

TABLE 6: Comparison of Present Calculated Transition Energies (eV) for Benzene with Other Calculated Valués
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TABLE 7: Calculated Oscillator Strengths of Benzené

cIs SVWN B3LYP
transition D2 cc-pVTZ cc-pVTZ Dz¢ TzVPY cc-pvVTZ EOM-CC expt
By T — a* 1.734 1.686 0.894 0.359 0.615 0.594 1.33 1820,888°0.86,°0.900 or 0.953} 0.900*
Rydberg transitions 0.075
A 7 — 3p,py 0.080 0.076 0.027 0.045 0.046 0.044
Eu 7T 3p; 0.205 0.252 0.209 0.721 0.433 0.433
1Az i 3s 0.002 0.006 0.036 0.024 0.029

a All basis sets for present work are augmented with Dunning-Hay Rydberg functi@emmetry optimization done at the HF/6-31G* level.
¢ Geometry optimization done at the MP2/cc-pVTZ leveGeometry optimization done at the B3LYP/6-311G* levidRef 93; basis set is [5s3p2d/
3s2p].f An approximate value for all Rydberg transitions tor< 9.2 eV from a truncated spectrum.

TABLE 8: Calculated Transition Energies and Oscillator Strengths of Ethylené-b

SVWN/ SVWN/

SVWN/ TZVP cc-pvVTZ B3LYP/ B3LYP/ B3LYP/
transition TZVP® (+H)° (+H)° Dzd TZVvPd cc-pvTZH EOM®5 expgo94
1B;, x—3s 6.69(0.068) 6.68(0.065) 6.69(0.065) 6.63(0.068) 6.67(0.071) 6.67 (0.071) 7.24 (0.033) 7.11 (0.04)
By, 7—3p, 7.24(0.000) 7.21(0.000) 7.18(0.000) 7.15(0.000) 7.21(0.000) 7.19 (0.000) 7.91 7.80
1By, m—a* 7.45(0.249) 7.45(0.252) 7.43(0.248) 7.54(0.224) 7.42(0.243) 7.44(0.241) 7.89 (0.3588.0 (0.29)
B,y 7—3p, 7.18(0.000) 7.18(0.000) 7.18(0.000) 7.13(0.000) 7.18(0.000) 7.16 (0.000) 7.95 7.90
A, 7—3p, 7.66(0.000) 7.66(0.000) 7.66(0.000) 7.60(0.000) 7.65(0.000) 7.64 (0.000) 8.42 8.28

By, x—3d 7.89(0.002) 7.86(0.000) 7.88(0.000) 7.89(0.001) 7.98(0.000) 7.97 (0.006) 8.75 (0.079) 8.90 or 8.62
By, x—3d 7.94(0.017) 7.91(0.019) 7.85(0.021) 7.90(0.030) 8.02(0.023) 7.94(0.024) 9.05(0.0007)  8.90 or 8.62
B,, x—3d 7.99(0.011) 7.97(0.018) 7.92(0.022) 7.96(0.016) 8.07 (0.011) 8.00(0.018) 9.23(0.062) 9.05
B, 7—3d 805(0.073) 8.06(0.067) 8.01(0.064) 8.15(0.087) 8.19(0.052) 8.15(0.045) 9.28(0.027) 9.33

2 All basis sets are augmented with Dunning-Hay Rydberg functioNsimbers not in parentheses are transition energies (eV), and numbers in
parentheses are oscillator strengthGeometry optimization done at the MP2/cc-pVTZ leveGeometry optimization done at the B3LYP/6-
311G* level.®Basis set used: C, 4s3p2d ANO basis set with 2s2pld diffuse functions; H, 3s2p ANO basis set. Excitation energies are those
calculated at the EOM-CCSDT-3 level, and oscillator strengths are at the EOM-CCSD level (ref 95).

TABLE 9: Comparison of Present Calculated Transition Energies (eV) for Ethylene to Other Calculated Values

SVWN/ B3LYP/ LDA/ LB94/ BP/ B3LYP/ PEBO/ HCTH(AC)/

cc-pVTZ(HH) +  cc-pVTZ+  aug-Sadlej Sadlejt  aug-Sadlej  Sadlej Sadlejt Sadlejt
transition Rydberg Rydbergd (ref 20) (ref 9) (ref 14) (ref 8) (ref 15) (ref 19)
Bsy x—3s 6.69 6.67 6.65 7.84 6.62 6.61 6.93 7.16
1Big 7T 3ps 7.18 7.19 7.23 7.17 7.19 7.51 7.78
By T — a* 7.43 7.44 7.47 7.40 7.36 7.58 7.61
1Byyg 7T 3ps 7.18 7.16 7.21 7.11 7.17 7.52 7.77
Aq T — 3p: 7.66 7.64 8.24 8.12 8.19 8.04 8.33
Bsy,'Bay 7 —3d 7.85,7.88 7.94,7.97 8.65, 8.76 8.70, 8.95
Bay 7—3d 7.92 8.00 9.02 9.04
By 7 — 3d 8.01 8.15 9.33 9.32

a Geometry optimization done at the MP2/cc-pVTZ leveGeometry optimization done at the B3LYP/6-311G* level.

Rydberg transitions to the total oscillator strength. Thus, the setis probably too small for the proper description of the excited
sum of the experimental oscillator strengths for the~ 7* states.
and the Rydberg transitions should be a more reliable number The LDFT values are, again, smaller than the experimental
in terms of comparison to experiment. By using the experimental values by 0.4 to 1.3 eV. This difference between theory and
values in ref 78, the sum is 0.978.028. The sum from our  experiment increases when the transition energy becomes large.
calculation is 1.130 and 1.071 at the LDFT and NLDFT levels, For example, for ther — 3s transition {Bs,, 7.11 eV (expt)],
respectively, with the cc-pVTZA Rydberg basis set. Thus, our the difference is~0.4 eV, whereas for the — 3d transition
calculated sums are in excellent agreement with experiment with ['By,,, 9.33 eV (expt)], the difference is 1.3 eV. The deterioration
the LDFT value being slightly too large. of the agreement between theory and experiment is due, in part,
Ethylene. Our calculated transition energies and oscillator to the incorrect asymptotic behavior of exchange-correlation
strength of ethylene are reported in Table 8 together with potential which leads to occupied orbital energies that are too
available experimental valugs2-92%4n Table 8, we also list  low.® At the NLDFT level, the difference between theory and
theoretical values at the highly correlated EOM-CCSDT-3 experiment is slightly reduced for the — 3d transitions,
level® In Table 9, our calculated values are compared to whereas for the other transitions, there is essentially no
previously obtained TD-DFT valuég:14.1519.20The LDFT and difference between the LDFT and NLDFT calculated values.
NLDFT values exhibit almost no basis set dependence with the Consequently, the linear correlation coefficients in Table 3 for
differences being on the order of 0.1 eV. This is further ethylene are slightly closer to unity at the NLDFT level than at
supported by the values of the linear correlation coefficients the LDFT level.
shown in Table 3. The coefficients are essentially the same with  Our calculated transition energies at the B3LYP/cc-p\WZ
respect to each other at the LDFT level. At the NLDFT level, Rydberg level are essentially the same as those obtained at the
the coefficients are essentially the same with the TZ¥P  LDA/aug-Sadlef® LB947%Sadlej+,° BP'17Jaug-Sadlef* and
Rydberg and cc-pVTZ+ Rydberg basis set, whereas the B3LYP/ Sadlef levels except for ther — 3p, transition. For
coefficient at the DZ+ Rydberg basis set is slightly smaller this transition, the values calculated by others are larger than
than the other two. This again shows that the DZ based basisour values and are closer to the experimental value. As found
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TABLE 10: Calculated Transition Energies and Oscillator Strengths of Methané®

SVWN/ SVWN/ SVWN/ B3LYP/ B3LYP/
transition TZVP* TZVP(+H)¢  cc-pVTZ(HH)® cc-pVTZ cc-pVTZ(+H)® expt
T,—A: T,—3s 9.27(0.28) 9.22 (0.24) 9.25(0.27) 9.67 (0.28) 9.66(0.28) 9.7 an&20(@.267° 0.277%)

T,—T, T,—3p 10.16(0.02)  10.09(0.01)  10.07(0.01)  10.61(0.02)  10.57(0.02) 10,96 @p)*d
T,—T, T,—3p 10.14,10.19, 10.08,10.11, 10.06,10.10, 10.61,10.64, 10.57,10.60,

10.42 (0.00)  10.25(0.00)  10.24 (0.00)  10.94 (0.00)  10.82(0.00)
T,—T, T,—3d 1058(0.08)  10.57(0.04)  10.53(0.05)  11.19(0.08)  11.17(0.05)  A2-(@Fdysd
T,—T, T,—3d 1055 10.56, 10.54,10.55, 10.50,10.50, 11.14,11.17, 11.12,11.14,

10.58 (0.00)  10.57 (0.00)  10.52(0.00) ~ 11.18(0.00)  11.16(0.00)
T,—E T,—3d 10.61(0.04)  10.60(0.07)  10.58(0.05)  11.23(0.07)  11.22(0.09)

T,—T, 14.97 (0.46)  11.81(0.32)  11.66 (0.26) 12.19(0.27)
To— A 14.64 (0.23)  11.50(0.11)  13.23(0.15) 13.69(0.15)
T,—T, 15.79 (2.08)  14.41(0.30)  13.73(0.13) 14.24(0.15)
other observed peaks 11.7 (T,— 4s), 13.7, 14.7, 169598

2 All basis sets are augmented with Dunning-Hay Rydberg functioNsimbers not in parentheses are transition energies (eV), and numbers in
parentheses are oscillator strengths. Beyond the first few peaks, only allowed transitions are@a@netry optimization done at the MP2/cc-
pVTZ level. ¢ From electron impact measurements.
for the formaldehyde and benzene, the PBEadlej-,1°> and available experimental valués%-1% At the LDFT level, the
HCTH(AC)’4/Sadlej-,'° values are, again, larger than our calculated energies for the, ¥ 3s, 3p, and 3d transitions do
calculated values and are in somewhat better agreement withnot depend on the basis set, whereas for other higher energy
the experimental values. Comparison of our TD-DFT values transitions, a basis-set dependence is observed. The NLDFT
with the EOM-CCSDT-% values shows that our calculated values are, again, larger than the LDFT values. Experimental
values are too low by 0:51.0 eV. values for methane are somewhat limited, in part due to the

For the oscillator strengths, the effect of the basis set and significant overlap of the broad absorption peaks. There are two
functional becomes more enhanced when the transition energydifferent assignments for the two peaks located at 9.7 and 10.4
becomes large, i.e., for the — 3d transitions. For the other eV.9697 One of them is that the two broad bands at 9.7 and
transitions (i.e., ther — 3s andxw — x* transitions), the 10.4 eV are attributed to the two Jahheller components of
dependence on the basis set and functional is not pronouncedthe T, — 3s transition [T — 3s (Cz,) and T, — 3s (Cz,)].%°
For ther — 3s transition, the differences due to the basis set The other assignment is that the + 3s (Cy,) transition is
are less than 0.003 at both the LDFT and NLDFT levels. For responsible for the broad underlying continuum starting from
this transition, the NLDFT values are slightly larger than the ~8.63 eV and the 7— 3s (Cs,) transition for the two weak
LDFT values, although the difference between the LDFT and undulatory peaks of 9.7 and 10.4 &YOur calculated value is
NLDFT levels is less than 0.006. For tbe— z* transition, closer to the lower of the two experimental values. The
the variation of the LDFT values is less than 0.003, whereas at experimental value for the transitions of  3p and © — 3d
the NLDFT level, itis 0.019. This larger variance at the NLDFT are 10.90 and 12 eV, and again, our calculated values are too
level is caused by the presence of the BDRydberg calculated  small, consistent with the above results for the other molecules
value. The calculated value at this level is smaller by 0.019 that we studied. We note that the transitions for ,Chie
than that at the TZVP level, showing that the DZ basis set is somewhat sensitive to the basis set and for transitions above
again too small. 12 eV, significant differences in the number of allowed

Our calculated oscillator strength for the— 7* transition transitions are found if diffuse functions are not included in
is ~0.24 both at the LDFT and NLDFT level with the cc-pVTZ the basis set.
based basis set. This value is in agreement with the experimental For the T, — 3s, T, — 3p, and T — 3d Rydberg transitions,
value of 0.29 obtained by Hammond et ®l.and our values the calculated values of the oscillator strength do not depend
are slightly smaller than the experimental value. The EOM- on the basis set and functional, whereas for the other transitions,
CCSD value is 0.358, so that our calculated values are, again,there is a significant dependence of the calculated values. The
smaller than the EOM value. An experimental value of 0.04 experimental value of oscillator strength is only available for
for the # — 3s transition can be compared to our calculated the T, — 3s transition, and our calculated value is in good
values of~0.07. and to an EOM-CCSD value of 0.033. The agreement with the experimental value, with our calculated
experimental values reported by Hammond e#éadre the values being slightly larger than the experimental values. This
oscillator strength for the — s* transition (0.29) and the sum  is somewhat different from the cases of the other molecules
of the oscillator strengths for the— 7* and 7 — 3s transitions where our calculated values are smaller than the experimental
(0.33), as these two peaks are overlapped. Thus, an error mayalues. We note that although no TD-DFT results have been
be present when their measured spectrum was decomposed ipreviously reported for methane, a value of 0.129 was calculated
order to separate the two transitions and the sum should be moreat the MRCH-D(8,8)/aug-pVTZ leve?’ Our TD-DFT value is
reliable for comparison to our calculated numbers. The sum from in better agreement with experiment.
our calculation is 0.313 and 0.312 at the LDFT and NLDFT Differences between TD-DFT and Experimentit has been
level, respectively, with the cc-pVTZ based basis sets, in shown that the energy of the highest occupied molecular orbital
excellent agreement with the experimental value of 0.33 as well (HOMO) calculated at the DFT level is usually too low as
as with the EOM-CCSDT-3 sum of 0.39. Comparing the compared to the ionization potential of an atom or moleti@%
oscillator strengths at the TD-DFT and EOM-CCSDT-3 levels This is because of the incorrect asymptotic behavior of typical
for thesr — 3d transitions shows larger differences than for the exchange-correlation potentidfs!03-195 This is the reason an
lower energy transitions and we note that there are reversals inasymptotically corrected functional was developed by Handy
the ordering of the various states. et al.}® and why the mixing of DFT and HF exchange and

Methane. Our calculated transition energies and oscillator correlation was proposed by Scuseria et al. (PBEO potential;
strengths for methane are given in Table 10 together with the PBE: Perdew-Burke-Erzenrhéf)for the accurate prediction
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TABLE 11: Calculated and Experimental lonization
Potentials (eV}

ionization

molecule method potential
CHO SVWN/cc-pVTZHH) + Rydberg 6.32
B3LYP/cc-pVTZ+ Rydberg 7.63
expt 10.87
CeHs SVWN/cc-pVTZ+ Rydberg 6.53
B3LYP/cc-pVTZ+ Rydberg 7.07
expt 9.25
CoH,4 SVWN/cc-pVTZHH) + Rydberg 6.94
B3LYP/cc-pVTZ+ Rydberg 7.66
expt 9.25
CH, SVWN/cc-pVTZHH) + Rydberg 9.48
B3LYP/cc-pVTZ+ Rydberg 10.75
expt 12.51

a Calculated ionization potentials (IP) taken as the negative of the
highest occupied molecular orbital (HOMO) energy. Experimental IP’s
from the NIST Webbook, http://webbook.nist.gov/.
of transition energies. It has been found, that if the self-
interaction correction (SIC) is included, the HOMO energies
are now in good agreement with Hartreleock orbital energies
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other molecules, then such equations can be applied to the actual
prediction of photoabsorption spectra to further design materials
of interest. In addition, such linear, empirical relations may exist
due to the need to correct the long-range asymptotic behavior
of most currently used exchange-correlation potentials.

A dramatic improvement in the predicted oscillator strengths
as compared to the CIS level was found at the TD-DFT level.
The agreement between our TD-DFT values and the experi-
mental values is quantitative or at least semiquantitative at both
the LDFT and NLDFT levels, although the calculated values
tend to be smaller than the experimental values.
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Conclusions
Time-dependent density functional theory (TD-DFT) calcula-

tions of the transition energies and oscillator strengths of
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