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Coupled cluster calculations of the vertical excitation energies
of tetracyanoethylene
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Coupled cluster linear-response formalism has been used to compute the vertical spectrum of
ethylene and tetracyanoethyleGECNE). We show that for both molecules ther* excitation
1A1g—>181u of the experimental spectrum is not vertical nor the 0-0 transition. For TCNE this
excitation is the only experimentally observed band. We have computed vertical excitations of 5.2
eV in gas phase and 5.1 eV in acetonitrile and estimated a lower bound for the 0-0 transition in the
gas phase of 4.3 eV. @003 American Institute of Physic§DOI: 10.1063/1.1565999

I. INTRODUCTION gies of TCNE. Among the theoretical methods capable of
delivering high-precision results for the vertical excitation
Tetracyanoethylen¢TCNE) is a polynitrile with very  energies of a molecule such as tetracyanoethylene, we have
strong electron acceptor characfetectron affini_ty of 2.89  hosen to use a response function approach with a coupled
eV (Ref. 1] due to the emptyr* molecular orbitals of the  ¢jyster reference function. This wave function guarantees a
C=N bond that allow easy ionization. TCNE forms charge-g;jze extensive treatment of dynamic correlation and this im-
transfer complexes with electron donors. Indeed, TCNE wagjies an accurate description of systems characterized by a
present not only in the first discovered bulk molecular ferro-sing|e reference description and together with the subsequent
magnet[ Fe(GMes),][TCNE], but also in a variety of jinear-response calculation provides good theoretical estima-
charge-transfer complexes as meso-tetraphenylporphyrinaj@yns of second-order properties. In particular, the poles of
salts of manganese and ir¢Mn(TPP) [TCNE],® Fe (TPP  the linear-response function represent the excitation energies
[TCNE] (Ref. 4), phthalocyanine saltéMn(Pc) [TCNE]  fom the reference state to an orthogonal set of excited states,
(Ref. 5), or different metallocenium salts such asyijle the corresponding residues are the associated transition
[Co(CsMes),][TCNE],® among others. These salts have moments.
very interesting magnetic and conductive properties and The paper is organized as follows: In Sec. Il the details
some of them present magnetic ordering temperaflife®s  of calculations are presented and Sec. Ill summarizes our

high as 28 K, and large coercive fieldsl. comparable t0  resylts. Finally Sec. IV contains some concluding remarks.
those of rare-earth commercial magrfets.

The presence of TCNE and its derivatives in charge-
transfer compounds ma!<es it Worthwh_ile to study its exc?teqll COMPUTATIONAL DETAILS
states from both theoretical and experimental points of view.
The UV-visible spectrum of TCNE is characterized by a  We have used the coupled cluster linear-response for-
single absorption around 40 000 chdepending on solvent. malism using a linked triples corrected coupled cluster
Thus in 1,2-dimetoxietariehe maximum appears at 39 000 singles and double$CCSD wave function as reference
cm™ L, while in acetonitrilé it is displaced to 38300 cit  function®~*8with the effect of connected triples estimated
with molar extinctione=16 750 M *cm 1. The observed by means of the CCSDR) (Ref. 19 method. In addition,
band is assigned to a— #* transition with some vibra- solvent effects were taken into account with the method pro-
tional structure X;=37000cm?,e;=15000 M tcm™%; posed by Christiansen and Mikkels&hn all cases, & core
A,=38300cm?e,=16750 M tecm 1 A3=39200cm?!,  orbitals were kept frozen in the coupled cluster calculation.
£3=15880 M tcm 1 A,=40300cm?, £,=11800 M1 Calculations on TCNE were performed using two gener-
cm 1), The vibrational structure is probably due to the cou-ally contracted basis sets of the atomic natural orlgAO)
pling of the stretching mode of the ethylenic bond that hagRef. 21) type with contractions $pld and 5s4p2d1f,
lower energies in the excited st&te. respectively. The last was proven to be basically equivalent

In this context, we mention the difficulty of theoretically to Dunning’s valence augmented triple zeta correlation con-
reproducing the equivalent transition in ethylene. Actually,sistent basis sétsin a previous study on urea spectrdm.
the transition to the so-calléd state in ethylene has been the The reported ethylene calculations were only carried out in
subject of a number of theoretical contributittid*in order ~ the smallest of the previously mentioned basis sets, with hy-
to rationalize the big difference found between experimentrogen described by asdp contraction and supplementing
and ab initio calculations in an apparently simple system.with a 2s2p2d set of Rydberg functions placed in the origin
The main conclusion of these studies is the nonverticality otind with the exponents obtained following the scheme sug-
the above-mentioned transition. gested by Dunning and H&Yin order to properly describe

In this paper, we have investigated the excitation enerRydberg excited states. Some additional calculations were
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TABLE |I. Calculated and averaged observed geometric parameters fofFABLE Il. Excitation energieseV), CCSD oscillator strengths and descrip-

TCNE. tion for the lowest singlets of TCNE € pld ANO basis set
C=C C-CN C=N 0 0 Symmetry Excitaton CCSD CCSOB O. strength Description
A A A C-C=N) (NO-C-C

@ & @ ) | N A 1 7.47 7.14 byg— 2b,g

CASSCF (34pld)® 1.356 1.435 1.138  179.23 116.52 2 9.29 9.10 B, 108,
CCSD (554pld) 1.355 1.438 1.161  179.00 117.30 8a,— 108,
B3P86 CcpyTZ)  1.362 1.420 1.151  179.02 117.10 3 9.49 9.31 Bg— 3bgy,
SCF (STO-3G)® 1.344 1.460 1158  179.80 116.60 7a,—10a,
SCF DZ+Dc)® 1.340 1.439 1150  179.60 116.50  'Bg, 1 6.53 6.33 0.0005 By, 2by,
X ray® 1.344 1439 1.153 X) 2 7.20 6.84 0.0346 Iy, —2b,,
X ray double atorh  1.358 1.431 1.166 3 7.33 7.17 0.0010 12;,—9ay
Neutrorf 1.355 1.432 1160 177.93 116.11 !By, 1 6.65 6.34 0.1462  d,—2by,
. ) 2 8.62 8.35 0.0199  I25,—2by,

*CASSCF 10 in 10. 3 9.28 9.16 0.0001  B5;,—9by,
PReference 6. 5h., —10a
¢ 2u g
Reference 27. By, 1 5.91 571 39— 2bsg
2 6.89 6.55 B35 2byg

3 8.12 8.04 B3,—8by,

performed using the same basis sets as Peyerihoff an®.. 1 5.39 5.23 0.4838  I2,—2by,
co-workers? and Serranet al*? @) 2 892 858 01464 Hg,—2by,
The molecular geometry was fixed@g, symmetry and 3 933 9.20 0.0330 7‘21“:;?9
determined by restricted optimization at the density funcg, 1 6.32 6.13 &z—’Zb;:
tional theory (DFT) level, using Becke’s three-parameter 2 7.28 6.95 A, 2b,g
functionaf® with the nonlocal correlation provided by the . 3 7.79 7.65 By —9by,
Perdew expressiéh and using Dunning’s ccpVTZ basid. Ba ; S-Z g-;‘g 1;19—>22b29
This geometry was compared to both experimental “data ' : 6b3u:10iau
and CCSD and complete a_cti_ve space self—consi_stent field 3 9.07 9.14 ﬁziﬁgbli
(CASSCH (10:10 Dy, optimized geometries with the 5ba,— 92,
5s4pld ANO basis. Results are presented in Table I. The'A, 1 6.31 6.10 ®5,—2byg
B3P86 and CCSD geometries are very similar and in good g ;é? g-ig %uﬂlzc;zg
agreement with those observed crystallographically. Major ' ’ 1b v ob.
19— 9B

differences are found in the case of the CASSCF optimized

geometry for the length of the cyanide bond, showing the

importance of an adequate treatment of dynamic correlation.

Since the CCSDN) optimized geometry were not available, 0.2-0.3 eV. Nevertheless, there are some exceptions in

the optimized B3P86 geometry was used throughout thguhich the change is less than 0.1 eV, but according to

work as it is well known that this parametrization of the Bartlett!® the behavior of th&/ =— 7* state in ethene may

density functional provides fairly accurate geometries. indicate that the CCSD results could be fortuitously good.
All coupled cluster calculations were carried out usingAdding an extrad andf sets to the small basis decreases the

the DALTON program’® in which the above-mentioned excitation energies to a lesser extent. Actually, this effect

algorithms®*° are implemented, while DFT optimization accounts for no more than 0.1 eV except for the higher states

was done by means of tteaussiaN 98 progrant® in which the augmentation of basis causes a slightly larger
diminution. In any case, neither the inclusion of triples nor

IIl. RESULTS AND DISCUSSION the augmentation of the basis produces a change in the order

of states showing a homogeneous description of all the states
at the CCSD level with the small basis. Indeed, the chosen
We have carried out CCSD and CCS@Rcalculations 5s4pld basis is enough for a semiquantitative picture of the
to determine single excited states of TCNE below 77 000vertical spectrum of tetracyanoethylene. Concerning the
cm™ L. Calculated vertical excitation energies are presented ichoice of basis, we recall that given the relatively large size
Table Il (ANO basis 54pl1d) and Table Il (ANO basis of the studied system, the existence of low-lying Rydberg
5s4p2d1f ), in which the last column reports the most im- states is not to be expected. This is contrary to the case of
portant excitations contributing to the excited-state waveethylene that will be also studied later on. In any case, we
function, even though in a very coarse approximation as imhave also computed the expected valugrdh in some se-
portant mixing occurs in several cases. lected states of tetracyanoethylene. The obtained results
As a first point we note that all the reported excitationsshow that there is basically no change when comparing the
are clearly dominated by single excitations, and this implieground and the considered exited states. This clearly con-
a high accuracy with respect to the full configuration inter-firms that no Rydberg functions are needed in the atomic-
action limit of the computed values for the triples correctedorbital basis set.
energies. In this context, we mention that inclusion of linked ~ The lowest singlet state belongs to th®,;, symmetry
triples corrections through the CCSEBR method diminishes class and appears 5.16 eV above Jtlﬁxg ground state using
all excitation energies for both basis sets in approximateljthe CCSDRS) level and the extended basis. It is assigned to

A. Vertical excitation energies
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TABLE Ill. Excitation energies(eV), CCSD oscillator strengths and de- effect of the extra basis functions is more important for the
scription for the lowest singlets of TCNE ¢$8p2d1f ANO basis set states beyond 8 eV which also appear very mixed

Symmetry Excitation CCSD CCSOB O. strength  Description To estimate.the intensity of the tran_sitions, we have ca.I—
culated the oscillator strength of the dipole allowed transi-

Ag ; ;';g ;'32 ];29:120?9 tions at the CCSD and these are summarized in Tables Il and
' ' 6by,— b, lll. The transition to the firstB,, state withf=0.47 repre-
3 9.42 9.23 Bay— 3y, sents the most intense one and it is also the major feature in
6b;,—9by, the experimental electronic spectrum of TCNE as it is dis-
"By 1 6.46 6.26 0.0005  B,—2b;  cussed below. In addition, one can find two more bands in
* ; ;S S'Ig g'ggég %“Hébz‘-’ the theoretical spectrum with a noticeable intensity, although
. . . 50— 98y ) ! . . .
2b,,—10a, in both cases with less than one-third of the intensity of the
By, 1 6.62 6.31 0.1446  d,—2by, previous one. They correspond to transitions to tH&2,
) 2 8.53 8.25 0.0188 2, —3by, state and to the 1B, state with energies 8.57 and 6.31 eV,
8 9.18 9.05 0.0000  Byy—9b:,  regpectively, and both with an oscillator strength of 0.15.
1B, 1 585 565 5&::;262‘2 cher symmetry allowed transitions have a negligible inten-
2 6.83 6.48 Byg— 2y sity.
3 8.02 7.94 By, —8by, To the best of our knowledge, the electronic spectrum of

2b3,—10by, TCNE has not been measured in the gas phase. Thus, in

1 - . . .
(%w ; g'gg g'ég 8"1‘;; %u_‘zgw order to facilitate a comparison with respect to experimental
. : . 3u— £2g ; . .
3 924 911 0.0335  I6, 10, data, we have also investigated solvent effec_ts. In particular,
7a4—9by, we have calculated the coupled cluster linear response
1By, 1 6.25 6.06 B,— 2b,, (CCLR) vertical spectrum of tetracyanoethylene in acetoni-
2 7.22 6.90 85— 2byg trile, one of the solvents in which the experimental spectrum
1B i Z';Z g'i; 23“3231“ is available. As a matter of fact, the polar character of aceto-
39 . . 1g 29 P _ _ .
5 8.95 8.64 By, —3a, nitrile [ eg= 35.9_4,80,)— 1.798(Ref. 30] is enough to expect
6b3,— 108, some changes in the aspect of the spectrum. The molecular
3 9.18 9.03 Bo,—9by, geometry was reoptimized using DFT formalism and the On-

5b3,—10a, sager method! but the encountered changes were not sig-

1
Ay ! 6.25 6.04 65,205 nificant with variations in bond distances of the order of
2 7.09 6.74 Ba—2byg o
3 8.46 8.39 8,— 108, : :
1b,4—9by, Following Christiansen and Mikkelséfl,the molecule

was placed inside a cavity in a medium of definite electrical
permitivities, but contrary to them the cavity radius consid-
ering the molecular volume was defined by a contour of
a m—m* transition mainly centered in the ethylenic bond, 0.001 electrons/bofr The cavity radius was then taken 0.5
with some contribution from the cyanides moieties. There isA larger, which gives finally a value of 8.09 a.u. It should be
one more transition below 6 eV, thelfBlg excitation that mentioned that the method used is probably not optimal for
represents a charge donation from the=® group to the the planar TCNE molecule as the boundary of the spherical
C=C double bond, but is not symmetry allowed. In general,cavity is too far from the €&C double bond, where the
the excitations with lower energy are those to th®2or- interesting transition mainly takes place, but still it should be
bital, the antibondingr orbital of the ethylenic bond, from sufficient for giving an approximate picture. We have used
the highest occupied orbitals of the cyanide groups. For inCCSD linear response and the sma#$1d ANO basis set
stance, the second most intense transition is thB,1 exci-  to take into account the effect of solvent on the considered
tation at 6.31 eV fromrcy to 7¢c. As indicated above, the excitation energies and transition strengths. Results are pre-
sented in Table IV, where we observe that the presence of
acetonitrile mainly modifies the states belonging to 1Be,

TABLE IV. Excitation energiegeV) and transition properties CCSD for the andlB3u classes of symmetry. In particular, acetonitrile sta-
lowest singlets of TCNE with CECN solvent (54pld ANO basis set bilizes the two lowest states 6Blu symmetry that are also

Excitation Oscillator those for which the transition is most inter)se..On the othe_r
Symmetry Excitation energieseV)  strength Direction  hand, this solvent produces a hypsochromic displacement in
the consideredB,, states as well as in the'B,, state.

Ba é S:gi 8:88%‘ i We have paid special attention to the'H,, state as
3 7.46 0.0361 X responsible for the observed— 7* experimental absorp-
B,, 1 6.65 0.1939 Y tion. We have thus calculated the corresponding excitation
2 8.61 0.0357 Y energy using the larger basis&p2d1f and found a value of
5 i g-:g g-éggi ; 5.24 eV to be compared with tfie vacuoresult of 5.33 eV.
tu 5 8.86 0.2298 5 The oscillator strength happened to be 0.562, equal to the
3 9.45 0.0608 7 small basis results. The effect of triples excitations in the

spectrum of dissolved TCNE could not be taken into ac-
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TABLE V. Vertical electronic transition energies CCS[BRto several excited states of etene,lz).

ANO1 w/o ANO2 w/o EOM- EOM-

Rydberg®  ANO1®P Rydberg*® ANO2*¢ A0 84C"  PT2R® MRCI® ccsDT)®®  CCSDT-3 Expt.
1By, 7.98 7.86 7.97 7.92 7.90 8.40 7.96 7.74 7.89 wras°
1By, 7.28 7.22 7.32 7.25 7.17 7.17 7.13 7.10 7.24 7.11
1By, 7.94 7.88 7.99 7.90 7.85 7.85 7.86 7.76 7.91 880
1By, 8.01 7.92 8.04 7.94 7.86 7.95 7.89 7.80 7.95 7.90
217, 9.20 8.40 8.98 8.29 8.21 8.40 8.21 8.28 8.42 8.28
21B,, 9.89 8.73 9.70 8.76 8.75 8.66 8.73 8.61 8.75 8.62
2By, 10.50 9.25 10.50 9.27 9.43 9.31 8.83 9.13 9.28 9.33
1A, 9.27 8.97 9.33 8.97 8.98 8.94 8.88 8.85 8.99
31B,, 10.97 9.02 11.68 8.96 8.97 9.03 8.92 8.90 9.05 8.90
1By, 10.44 9.21 10.45 9.01 9.07 9.18 8.98 9.08 9.23 9.05
Reference this work this work this work this work this work 12 10 13 13 45

aGeometryr (C=C)=1.339,r(C—H)=1.086, =117, 6°. Reference 43.
PANO1=4s3p2d(C)/3s2p(H) basis set, Rydberg funct. C§20.012 138, 0.004 248 2; C(1:0.008 015, 0.002 805 2; C(1):0.028 512. Ref. 12.

‘ANO2=>5s4p1d(C)/4s1p(H) basis set, Rydberg functions &)20.017 25, 0.0437; C(2):0.015 75, 0.0399; C(@):0.011 25, 0.028 25 added at the center
of the CC bond.

484C Ref. 44: 42p2d(C)2s1p(H) AO basis set with Rydberg functions G{20.02, 0.01; C():0.017, 0.009; C(8):0.03, 0.022 added at the center of the
CC bond, geometry, Ref. l0C=C=1.35,r(O-H)=1.071,0=117°.

fTheoretical estimate, Ref. 11.

'Reference 46.

9Reference 47.

"References 48 and 49.

count, but it is reasonable to assume that it should not b& !B, state of TCNE as shown by Gwaltney and Bartlett in
very much larger than in the gas phase. Therefore the verticainother context? Thus Rydberg functions are not needed in
excitation in acetonitrile can be estimated to be between 5.the basis to correctly describe théH,, state. On the other
and 5.1 eV. hand, it is nowadays well established that a correct descrip-
As mentioned in the introduction, the maximum of the tion of valence states can be achieved by using basis sets of
experimental spectrum of TCNE in acetonitrile appears aaugmented triple zeta quality. We have already indicated that
38300 cm! or 4.75 eV. Of course, we have computed ver-this is the case for the large basis and actually a calculation
tical excitations and thus the comparison is by no meanssing an expanded basisdp2d1f gave a CCSD value for
direct. Anyway, the difference is still large enough to meritthe transition to the 1B,, state of 5.327 eV, less than 0.01
some comments. In principle, there are several possibleV below the value computed with our large basis.
sources of error in a theoretical calculation and clearly the  Therefore it is probable that the— z* transition in
first of them is the inadequacy of the method used. In thiSTCNE is not vertical, in a similar way than what is encoun-
respect, we should recall that as shown by Christiansetered for ethen®'* and other small polyenes such as
et al,'® the employed CCSD@) method is correct to third trans-butadien&® In the following subsection we review the
order in the fluctuation potential for states dominated byV-N transition in ethylene in order to completely check the
single excitations. Indeed, all the computed energies correguality of the method and basis set we have used and address
spond to states clearly dominated by this kind of excitationthe nonverticality of the experimental absorption.
in such a way that the weight of singlet excitations in the
11B,, state is more than 94% for the two basis sets use
The use, then, of a nonappropriated method must be disre-
garded. Of course, a previous requisite is a correct descrip- The largest interest of the ethylene spectitinifis cen-
tion of the ground state. That this is actually the case idered in a broad band with maximum at 7.66 eV, which was
definitely shown by the very small contribution, less thaninterpreted by Mullike’ as resulting from ar— 7* transi-
4%, of t; amplitudes to the total CCSD wave function, the tion from the 1Alg ground state to théB,, state, the so-
ground state being thus properly described by a single refealled V state. This band is partly overlapped by several
ence description. Rydberg series and indeed it has demonstratést theV
A second possibility could be the lack of enough flex- state has a quite small but significant Rydberg character.
ibility in the atomic basis set. We have already stated that foFrom a theoretical point of view, the main feature of this
a molecular system such as tetracyanoethylene the existentransition is that it is not vertical, while for the vertical tran-
of low-lying Rydberg states is not to be expected. In additionsition several sophisticated quantum chemistry studies have
we have explicitly calculated the CCSD expectation value ofarrived at a value a bit lower than 8 eV.
the square of the distance for this state using teépa.d In order to test both the method and basis sets that we
basis. The obtained valu¢r@)?=930.8 a.u.) shows the va- have used in our study on tetracyanoethylene, we have also
lence character of the considered state when compared to tlearried out theoretical calculations of the vertical excitations
ground-state value(¢?)>=931.5 a.u.). In addition, the em- to the lowest singlet states of ethylene. We have used several
ployed basis is diffuse enough to properly describe théasis sets and geometries to compare our nhumbers with pre-

. Ethylene spectrum
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vious theoretical data. Results were collected in Table Vio fit with the smallest basis that we have used in the TCNE
together with other theoretical results and experimental datastudy. There are, actually, no major changes, although some
which are thought to be adiabatic and then probably someexcitation energies are in this way put closer to the experi-
what lower than the true vertical excitation energies. Themental values. This is especially important for théBb,
CC3 excitation energies have also been computed by Chrigransition, which is computed as 9.21 eV with basis ANO1,
tiansenet al,*® but they have not been included in Table V but as 9.01 eV with basis ANO2. Once more, théB},
because all electrons were correlated, contrary to all thé&ransition is basically unchanged by being increased only
coupled cluster calculations reported. Anyway, their result®.06 eV. Indeed, also the CASPT2 result is slightly modified
do not differ significantly of those collected in Table V. We when changing the basis as it goes from 8.40 eV with the
have used the currently accepted geoniéti§of the ground  basis ANO1 to 8.45 with the basis used in Ref. 42.
state in the calculations with ANO bagdithe first four col- Contrary to TCNE, there are several low-lying states in
umng, where ANO1 stands for the basis used by Serran@thylene of Rydberg or mixed Rydberg valence character.
et al,*? and ANO2 represents the smallest of the basis emClearly this implies that a proper description can only be
ployed in our study of TCNE modified as discussed in Secachieved if the appropriate basis functions are included in the
[I. In addition, we have also carried out calculations with abasis set. However, we have also computed the vertical spec-
different basis and in a slightly different geomethas used  trum of ethene in absence of Rydberg functions and of course
by Petrongolcet al. most of the results are incorrect. Anyway, the effect of
In general terms, it can be seen in Table V that the dif-Rydberg functions on the *B,,, transition is only of 0.05 eV,
ferences found among all the calculations which share geonshowing in this way the ability of the ANO2 basis to describe
etry and atomic basis set are not significant in most of thehe V state of ethylene and its derivatives.
cases. As a matter of fact, the second largest difference be- Our results are essentially coincident as well with those
tween our number and complete active space to second ordfgom Petrongolcet al® using the same basis and geometry
perturbation theoryCASPT2 excitation energies is 0.07 eV with the notable exception of thelB,, state that we deter-
for the 2'B,, state. This difference is actually inside the mine at 9.43 eV, i.e., 0.6 eV higher that Buenker and
estimated margins of error of both approaches. The only exeo-workers'® The experimental value is 9.33 eV.
ception to this general behavior appears in tH@&, transi- In order to get a more direct comparison with experi-
tion corresponding to ther «#* state. In this case the ment, we have also calculated the energy of the 0-0 transition
CCSDR@3) result is 7.86 eV, while the CASPT2 excitation to the 1'B,, state. As we cannot calculate Hessians at the
energy is 8.40 eV with the same ba¥igut in a subsequent coupled cluster level, zero-point energies of both the,
papef? Roos and co-workers used multi-state CASPT2 toground state and the !B, excited state were determined
get a vertical excitation energy of 7.98 eV with a differentinside the Hartree-Fock formalism. Geometries were numeri-
basis. As mentioned above, the estimated vertical transitioBally optimized only at the CCSD level and restrictinge
is close to 7.8 eV. symmetry, but the excitation energies were triples corrected
Comparing our results to those from Waksal'®> a  via the CCSDRB) approach. In this way, we estimate the
good agreement is again found. In Table V we have notsalue of the 0-0 transition to be 5.42 eV, in very good agree-
included triples noncorrected results because, as it is Wel‘hent with the experimenta| value of 5.50 eV extrapc)]ated
known, the CCLR/CCSD and equation of motion CCSDfrom the experimental spectra by Foo and InfieShe 0-0
(EOM-CCSD excitation energies are the same. The effect ofransition has also been computed by Mebehl,** at D,
triples moves the CCSD results closer to the experimentaéeometry who proposed a value of 5.45 eV combining
values by making the CCSOB computed excitation ener- cASSCR2/11) and MRCI calculations. However, recently
gies correct to third order in the fluctuation potential. It is gen-Nun and Marhez studied the conical intersections be-
important to mention that the agreement with respect to expyeen electronic states of ethylene and found a pyramidal-
periment of the noniterative EOM-CCSDY s usually better  ized structure for the/ state from both CASSGER/6) and
than that of the iterative EOM-CCSDT-3. This effect was notMRCI calculation$* and ab initio multielectronic state mo-
encountered when comparing the iterative CC3 and the nonecular dynamic$® This pyramidalization is not found at the
iterative CCSDR3), but it should be kept in mind that Chris- CCSD and restricted open shell Hartree-FORIOHF) levels
tiansenet al®’ calculated the excitation energies without of calculation.
freezing the core contrary to what Watsal'® and we did. As we have optimized the TCNE excited-state geometry
At any rate, the value of the excitation energy that we areynly at the Hartree-FockHF) level, we have also computed
especially interested in, i.e., the'B,,, transition, is basically the value of the 0-0 transition to theB], state of ethene
coincident in nearly all the couple cluster approaches considyith HF optimized geometries, so to check the influence of
ered: 7.86 eV in CCSDR), 7.87 eV in CC3, and 7.89 eV in geometry in the calculated spectrum. Using again CC@DR
EOM-CCSDT-3, although 7.74 eV in EOM-CCSDY.T excitation energies, we have got a value of 5.19 eV, 0.23 eV
Bartlett and co-workers also examined the convergence below our best estimate. In this context it is important to
of the atomic basis set at the CCSD level. Their conclusion isnention that the C@) energy at the HF geometry is only
that the EOM-CCSD excitation energy of thestate remains 0.01 eV below the C@) energy at the experimental geom-
unaltered even with an ANO basis of double-augmentedtry used by Roos and co-workéfsHowever, the corre-
triple zeta quality. Nevertheless, we have augmented theponding vertical excitations are 8.08 éNF geometry and
atomic-orbital basis set untils8pld/4slp/Rydbergin order 7.89 eV (experimental geometjyIn contrast, the 0.04-eV

Downloaded 29 Jan 2010 to 147.156.182.23. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp



J. Chem. Phys., Vol. 118, No. 18, 8 May 2003 Excitation energies of tetracyanoethylene 8221

decrease encountered when comparing the results at the devel is 11 284.68 cm', equivalent to 1.40 eV.

perimental and CCSD optimized geometries is completely  This clearly shows that in the vicinity of the lowest-

due to the stabilization of the ground state. energy structure the two considered potential-energies sur-
faces are not parallel at all, but instead they present very
different slopes and consequently the corresponding minima

C. A y— B, transition of TCNE are rather different and, indeed, the minimum of the*

The analysis in the previous section has proven the abil@xcited state is a twisteD,4 structure at the ROHF level.

ity of the used basis set and method to properly describe th‘ghergfore there is no reason to expect that the most Intense
Aq14— By, m* transition of ethylene. This is basically also t_ran3|t|on correspond o either the ve_rnf:al or the 0'0. transi-
the band appearing in the experimental spectrum of tetracya‘i'—on' Act.ually, using Hartree-Fock optim 'Z.ed geometries and
noethylene, and then we can expect also that our treatmefjfro'po'nt energies .and CCSOR excitation energies, we
should deliver accurate results for the vertical excitation en?'3V€ computgd the in vacuo 0-0 transition to appear at 4'3.4
ergies of TCNE. As previously discussed the difference befV The previous study on.ethylene shows that the experi-
tween the experimental transition found in acetonitrile and“e”ta' value is probably higher, but on the other hand the

the estimated vertical one in the same solvent is betvveeﬁﬁem of solvent will lower the energy of this 0-0 transition,
0.25 and 0.35 eV, around twice the expected error of th specially if a better representation of the cavity were used.
tﬁeoretical \./alue ’ herefore it does not seem unrealistic to suppose that the

An additional possible criticism to the above result maycorrect value is below 4.5 eV. The difference with respect to

arise from the fact that we have used for the ground state thtt!,;“e -expenmental maximum WO.UId bg then large enough to
optimized DFT geometry instead of the experimental. Thufu.t in doubt whether such maximum is actually the 0-0 tran-
the vertical excitation energy at the experimental geometr?'t'on'

derived from neutron-diffraction measureméntsas also

been computed. Using thes&pld basis, thein vacuo V. CONCLUSIONS

CCSDRGQ) result is 5.24 eV, basically coincident with the In this communication we have studied the vertical spec-

value at DFT geometry of 5.23 eV. The same is encounteregm of tetracyanoethylene using coupled cluster theory. We
when comparing the calculated oscillator strengths in thg,aye found that the lowest singlet-singlet transition, which
CCLR formalism: 0.47 at the experimental geometry and.oresponds to the excitation from the highest occupied mo-

0.48 at the DFT optimized one. Furthermore, an identicalecyjar orbital(HOMO) to the lowest unoccupied molecular
behavior occurs at the CCSD optimized geometry, where ag,pital (LUMO) excitation, occurs at 5.16 eV in the gas

gxcitation energy of 5.26 eV with oscillator strength of 0.47 phase and is lowered approximately 0.1 eV due to solvent
is found. On the other hand, and because of the shortffects in acetonitrile. This transition is basically homolo-
C=N bond, the CCSDR) excitation energy at CASSCF g4.5 to thewn* excitation in ethylene connecting the
geometry is 5.39 eV witli=0.49. ground and the V excited states. The transition is assigned to
Given the extraordinarily large changes that were obhe most intense band of the experimental spectrum of TCNE

served in them— 7" excitation energy of ethylene upon hat appears in acetonitrile at 4.75 eV, a value around 0.3 eV
very small distortions of the ground-state geometry, we havgg|oy our theoretical estimate, which gives support to the
also explored the ground-state hypersurface of TCNE usingyas that the mentioned transition is not vertical.

the small basis. As it can be expected, we have encountered parallel study on the ethene spectrum showed the

that the elongation of the ethylenic bond of TCNE causes Juality of the basis sets and methods we used, by placing the

substantial reduction of the excitation energy because of thg siate 7.92 eV above the ground state and giving an energy
stabilization of the excited state together with a destabilizaty; the 0-0 transition of 5.42 eV to be compared with the
tion of the ground state. Of course, such an elongation alsexperimental value of 5.50 eV.

favors the rotation around the=€C bond. Similarly, enlarg-
ing the cyanide bond a diminution of the excitation energy is
achieved. The combined effect of all these distortions coul
in principle bring down the excited state so to approach the The authors thank Dr. Manuela Merehéor helpful dis-
experimental value. Indeed, there are several geometries thatissions and suggestions. This work was supported by EU-
present a rather small destabilization of the ground state bdEMR net “Molecular properties and Molecular Materials”

a significant decrease in the excitation energy. In particular, iiHPRN-CT-2000-00013 Financial support is also acknowl-

is noticeable that the B)/CCSDR?3) methods predicts that edged from Spanish MCiPlan Nacional +D +1) and Eu-
only 0.02 eV above the minimum of the DFT surface, theropean FEDER fundéProject No. BQU2001-2935-C02-p1
1B,, state has stabilized almost 0.3 eV. This is achieved at and the Carlsberg Foundation.
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