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We evaluate using a range of ab initio and density-functional approaches the vibrational frequencies, including
correction for diagonal anharmonicity, of the lowest triplet state of pyrazi(#3); less extensive calculations

are also performed for the ground state, three excited singlet states, and five other triplet states. The results
indicate that CASSCF-based methods are cumbersome to apply to molecules of this size, with no practicable
CASSCF methodology producing a continuous potential energy surface,.faWfile CASPT2 (and also

MRCI) methods can correct for erroneous CASSCF state energies, they are not capable of removing the
effects of erroneous CASSCF conical intersections. Density-functional schemes, and in particular B3LYP,
provide the best qualitative and quantitative results, with the time-dependent approximation to density-functional
theory providing results comparable with those from direct evaluation. An overview of vibronic coupling
theory is presented and used to demonstrate the relative strengths and weaknesses of th€ggpBoheimer
calculations compared to the traditional diabatic vibronic coupling calculations of Fischer. In particular, for
T1(®B3y), the current assignments of the strongly vibronically active meogles, andvig,are readily verified,

vibronic activity is predicted for;,, the anomalous behavior efsaandvigis reproduced, antk, is reassigned.

I. Introduction high symmetry. Because of the effects of through-bond coupling,

The electronic structures of the azabenzenes have been studiel! each diazine tr;?zflectronlc coppllng is dominant gnd high-
extensively using a range of experimental techniduasd as symmetry re;ulté. Actually, this type of problem is very
a result, these molecules have often been used for the verificatiord&"eral. forming, for example, the key quest%rts)_nceernmg
of new computational schemés!* A range of interesting and the electronic properties of the famous Cretaube ioff® [Ru-

_ i 5+ ial-nai i
complex properties such as vibronic coupling are displdjyed, (NH3)5 pyra2|n&Ru§NH3)5] and the. spe.C|aI pair radical .
with, e.g., the $and S states of pyrazine forming a conical cation whose prope_rtles are central_to _b|olo_g|cal ph_otosyntheS|s.
intersection within the FranekCondon regior! Nevertheless, In pfot?"’rms of _th's _type, the principal issues |_nvoIve_(1)
no complete experimentally based vibrational analysis for any determining the |den§|ty and energy of th? low-lying eXC't‘?d
excited state of any azine is yet available, and many observegStates and (2) dgtermlnlng Whether the excited state has a single
features remain unexplained: for pyrazine, e.g., only half of the Minimum (all vibration frequencies at the high-symmetry

24 vibrational modes have been assigned for ther®l T, geometry are rea_l) or a double minimum (an imagiqar_y
excited state$16170One of the most important results to come frequency at the high-symmetry geometry). Central to this is

from the study of azines has been the verificati6r&.1%f the the determination of the strength of the vibronic coupling acting

through-bond electronic-coupling mechanism of Hoffra&# between Iocaliz:_ed diabati(_: ele(_:t_ronic states_of the moIeCL_JIe.
This describes the interaction of lone-pair electrons on different FOF many azines, the identities of a variety of low-lying
nitrogen atoms within the azine as arising from both short-range €Xcited states are now known. We have reviewed this literature
through-space overlap interactions and long-range through-bondn & companion papéf; here, we consider issue 2 only.
superexchange interactions. Experimental manifestations of this ViPrational analyses of excited states are much more difficult
include the relative ordering and point-group symmetry of to obtain than th(_)se ofgrour_1d states_. Experimentally, typically
different (n7*) excited states. Consider, for example, the pnly th.ellowest smglet anq trlpl.et (.EXC.I'[.ed states can be observed
diazines pyrazine, pyrimidine, and pyridazine. If a lone-pair I suff|C|ent_ reso_lutlon to identify |nd|_V|duaI V|b_rat|onal transi-
electron is removed from a nitrogen atom, its CNC bond angle tions, and vibronic coupling or Duschinsky rotation effects make
expands and the resulting energy lowering is known as the the aSS|g_nment of Fhese transn_lons .dlffICU|'[. .Computat|onally,
reorganization energy Two possibilities arise for such a Fhe mapping of excr[ed-.statg adlabatlc potentlal energy surfaces
transition in a diazine, however: removal of an electron from IS complicated by possible instabilities in the Hartré®ck or

one nitrogen, or removal of density corresponding to half of an Kohn—Sham solutions? One such instability for the ;Sstate
electron from each nitrogen. The reorganization energy is much Of Pyrazine is well-knowfr® and results in a much lower self-
larger in the former case and tends to localize (or trap) theffn, ~ consistent field (SCF) energy being determ!ned for this state at
excitation on just one of the two nitrogens, reducing the point- D2n nuclear geometries when the electronic wave function is
group symmetry of the excited state. In competition with this allowed to relax to one of;, symmetry. Vibrations of f
effect is the inter-lone-pair coupling which tends to delocalize SYmmetry distort the nuclear geometry in an analogous fashion,

(or share) the excitation equally over both nitrogens, preferring @nd hence, when the, $otential energy surface is examined
as a function of any fy normal mode (sayiy), it is discontinu-

*To whom correspondence should be addressed. ous. A continuous potential energy surface can be established

10.1021/jp991404k CCC: $18.00 © 1999 American Chemical Society
Published on Web 11/12/1999



Singlet and Triplet Excited States of Pyrazine

J. Phys. Chem. A, Vol. 103, No. 48, 1998831

TABLE 1: Description of the State Averaging and Orbital Spaces Used in CASSCF and CASPT2 CalculatioAs

doubly occupied

active space

size

calculation optimized energy  (n,m ag bay by by b by byy A& & bay b by b by by &

analytical T(Bsy) (10,8) 5 0 4 0 4 0 3 0 1 2 0 1 1 2 0o 1
ag Vigasaga T1(°Bay) (12,9) 5 0 4 0 4 0 2 0 1 2 0 1 1 2 1 1
bog vas T1(®Bay + T2(®B) (12,100 5 O 4 0 4 0 2 0 3 2 0 1 1 1 1 1
big Vi0a T1(3Bay) (2200 5 o0 4 0 4 o0 2 0 1 2 o0 1 1 2 2 1
b1 vio T1(®Bay) + Ts(*B2g)  (10,8) 5 0 4 0 4 0 3 0 1 2 0 1 1 2 0o 1
au Vi6a T1(3Bay) (2200 5 o0 4 0 4 o0 2 0 1 2 1 1 1 2 1 1
b vien T1(°Bay) (12,10) 5 © 4 0 4 0 2 0 1 2 0 1 2 2 1 1

a Different orbital spaces and state averages are used for the analytical frequency calculation and for the single-point energy calculations along

normal modes of different symmetry types. The size is specifieql tlye n
these electrons are distributed.

by using multiconfigurational wave functions such as valence-
bond wave functiorfs or state-averaged complete-active-space
SCF (CASSCF) wave functiorf$,with (typically) a double-
well potential resulting. Dynamic electron correlation favors
high-symmetry configurations, however, and after a multiref-
erence configuration-interaction (MRCI) calculation based on
the CASSCF wave function, a single-well potential is obtained,
as is observed experimentaf§Hence, the level of theory, and
the level of caution, necessary to satisfactorily complete an
excited-state vibrational analysis is appreciable.

In this work we consider primarily the vibrational structure
of the lowest triplet state of pyraziney(¥B3,). For this state, 8
of the 24 vibrational frequencies have been experimentally
assigned by Fischéf, and various other possible vibration
frequencies have been suggeste#® we concentrate on the

umber of active electrons, amjthe number of active orbitals in which

TDDFT and B3LYP-TDDFT involve the use of time-dependent
perturbation theod?3>to determine excited-state energies using
TURBOMOLE 2 For pyrazine, we have shown that the triplet
vertical excitation energies predicted by this TDDFT scheme
are similar to those evaluated directly, and also that, for both
singlet and triplet states, the B3LYP-TDDFT energies are
equivalent in accuracy to thos¥-27:37from the most accurate
ab initio methods, CASPT2 and EOM-CCSD(T). A variety of
DFT methods for excited states are becoming available; we have
reviewed this literature and explicitly considered a range of these
methods in the companion pagérOf the ab initio methods,
the CIS® and MP2° calculations are performed using GAUSS-
IAN-94,34the CASSCF and CASPT2energies are evaluated
using MOLCAS#! and the CASSCF analytical frequencies are
evaluated using DALTONZ? some multirepresentation state-

theoretical prediction of the eight assigned frequencies. Note average calculations are performed using MOLPRQhe

that this state is selected for detailed study in preference-to S

active spaces used in the CASSCF and CASPT2 calculations

(*Bsy) as we can apply a larger range of theoretical techniques are given in Table 1 and described in detail later in section IV.B;

to the triplet staté7 and as much is already knoWrabout 3
and its low-lying conical intersection with,&B>,).

We perform both harmonic and anharmonic analyses within
the Born—-Oppenheimer approximation, but do not consider
vibronic coupling beyond this level. Vibronic coupling usually
lowers the vibration frequency, and calculations which fully
include this effect are very difficult to perform quantitatively a
priori. Bornr—Oppenheimer vibrational analyses form but the
first step in this procedure, accounting for some but not all
effects of vibronic coupling; progress beyond this level requires
the identification of all states involved and the evaluation and
processing of nonadiabatic-coupling matrix elements.

In addition to this study of T(°Bs,), we consider briefly
harmonic analyses of the vibrational properties of the ground
state $(*Ag) and the excited states(Bsu), S(*Bay), S5(*Au),
T2(®B1u), Ta(PAu), Ta(B2y), Ts(°Bzg), and Te(®B1y). The notation
used for these states is described in detail elsewtiekefull

description of the results, including optimized energies, Cartesian

coordinates, normal modes, normal-mode displacements an

these are described asr) wheren is the number of electrons
distributed inm orbitals. All calculations are performed using
the cc-pVDZ basis sét:

ll. Ground State So(*Ag)

Results from a variety of calculations of the normal modes
of pyrazine g are available in the literature, obtained using both
density-functiondf*5and ab initid>**methods with basis sets
comparable to or larger than cc-pVDZ. To aid in our analysis
of the excited-state vibrations, we have performed vibrational
analyses of the ground state using the SCF, SVWN, B3LYP,
MP2, and CASSCF(10,8) methods. We present in Tables 2 and
3 only brief summaries of the results obtained, but all results
are given in the Supporting Information. Table 2 shows the
maximum error found between calculated and gas-phase ex-
perimental frequencies for all 24 modes and the associated root-
mean-square (RMS) error. Also, for each method, a multipli-
cative scale factor is optimized to minimize the RMS errors,

nd the maximum and RMS errors for the scaled vibration

reorganization energies from the ground state, and Duschinskyfequencies are also given in the table; the calculated scale
matrixes, obtained using up to five electronic structure methods, 5 tors for SCF. SYWN. B3LYP. MP2. and CASSCEF are 0.90

is given in full in the Supporting Information.

Il. Electronic Structure Computational Methods
A total of eight different ab initio and density-functional

0.99, 0.97, 0.96, and 0.92, respectively. The results are quite
good, with the RMS error after scaling ranging between 20 and
43 cnml, while the largest error found is just 170 cin

Table 3 provides a summary of the Duschinsky rotation

computational schemes are employed to determine vibrationalmatrixes which map the normal coordinates obtained from the
properties of the excited states of pyrazine. These methods haveSCF, SVWN, B3LYP, and MP2 methods onto those from

been described in full elsewhetebut briefly they are termed
SVWN, SVWN-TDDFT, B3LYP, B3LYP-TDDFT, CIS, CASS-
CF, MP2, and CASPT2. For the direct density-functional-theory
(DFT) methods SVWN (local density functiosaf?d and
B3LYP (a hybrid functional with exact excharigg the
GAUSSIAN-94 program is uset. Their variants SVWN-

CASSCEF. In general, these modes map smoothly, withtthe
mode of a particular symmetry having the same shape for all
methods. However, one exception appears within thg b
vibrations: the relative order afi4 and vigp differs between

the SCF and CASSCF methods and those that include dynamic
electron correlation: MP2, SVWN, and B3LYP. Disagreement
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TABLE 2: Statistical Comparison of the Maximum and RMS Differences, cnt?, between Observed and Calculated Vibration
Frequencie$

vibr raw, all data scaled, all data V1, Véa Voa V16a Viep UNscaled
el str method state method max RMS max RMS max RMS
B3LYP S AN 137 56 53 20 29 17
B3LYP T AN 338 173 335 158 43 35
B3LYP K NUM 343 126 292 106 49 30
B3LYP-TDDFT T NUM 353 135 302 117 51 32
B3LYP 1 ANH 328 131 278 110 40 31
B3LYP-TDDFT T ANH 342 137 291 117 39 31
SVWN S AN 184 47 170 43 27 25
SVWN T AN 340 147 323 140 53 28
SVWN T NUM 311 132 294 126 40 29
SVWN-TDDFT T NUM 316 148 299 143 43 34
SVWN T ANH 289 132 273 126 52 31
SVWN-TDDFT T ANH 294 134 278 129 50 32
SCF ) AN 332 170 72 30 112 89
CIS T AN 697 332 602 260 135 97
CASSCF ) AN 336 150 93 38 89 63
CASSCF & AN 429 179 290 117 117 73
CASSCF T NUM 934 369 831 312 117 76
CASSCF T ANH 796 338 705 281 121 80
MP2 S AN 211 86 150 43 21 12
UMP2 T AN 965 387 908 358 48 36
CASPT2 T NUM 383 150 310 123 65 41
CASPT2 T ANH 353 146 281 118 52 30

aFor S(*Ag), “all data” includes all 24 modes, while fory(fBsy) it involves only 8,v1, va, Vea V8a Voa Vioa Viea @Ndvien AN (analytical)
frequencies are from analytical second-derivative calculations, while NUM (numerical harmonic) and ANH (numerical anharmonic) frequencies
are from analysis of the potential surfaces along the appropriate CASSCF analytical normal modes.

for these modes is not unexpected as the observed frequenciefound for the ground-state vibrations, the maximum and RMS
differ by only 86 cntl; experimental evidence distinguishing errors being typically 24 times larger. Also, as shown in the

between the two possibilities is not currently available. table, application of the ground-state scaling factors does not
significantly improve the agreement. Possible causes of this
IV. Excited States include poor applicability of the computational schemes to

excited states, incorrect representation of the nuclear-coordinate

A. Overview of the Results for Ty(®Bs,). For this state, dependence of interstate couplings, neglect of nonadiabatic
analytical harmonic vibration frequencies have been evaluatedcoupling, and possibly also incorrect experimental assignments.
using CIS, CASSCF(10,8), UMP2, SVWN, and B3LYP. A The first two issues are clearly the most important ones: a priori
summary of the differences between the eight experimentally computations cannot address issues of nonadiabatic coupling
assigne#f frequencies«y, v4, Vea V8a V9a V10a Viea aNdvien) and experimental assignments unless the electronic structure
and the corresponding calculated ones is given in Table 2, while methods produce high-quality Bort©ppenheimer potential
the frequencies themselves are given in Table 4 and theenergy surfaces.
Duschinsky matrixes depicting rotations between the ground-  First we note in Table 4 that, of the eight modes, relatively
and excited-state normal coordinates are summarized in Tablegood agreement is found for five: the totally symmetric modes
3; in the Supporting Information are given in full all of the g, 1;, and e, as well asviea (a) and vies (bsy). The other
optimized geometries, calculated vibration frequencies, normal totally symmetric mode’s, appears consistently overestimated
modes, and DUSChinSky matrixes. Results are also given in Tab'eby ca. 306-400 Crn‘1’ while v102 and v, are, in generaL very
4 for two other modesys andv1o, for which no firm assignment  poorly reproduced. The maximum and RMS errors for both the
has been suggested but for which considerable interest existsground and excited states obtained from just the above-
while results for all non-CH infrared-active modes are given mentioned first five modes are also given in Table 2. For the
later in Table 5. ground state, these results are significantly better than those

To facilitate discussion, Figure 1 shows the form of each of obtained through the consideration of all modes; for the excited
the 10 normal modes considered in detail, as well as the changestate, the errors are larger than those for the ground state but
in potential energy evaluated using B3LYP, B3LYP-TDDFT, remain small, with RMS errors being on the order of 407ém
CASSCF, and CASPT2 when pyrazine is distorted along eachHence, we conclude that, in principle, the computational

mode. The CASSCF geometry and normal modesSagy are methods are capable of quantitatively describing the excited-
used, and the displacement is given in terms of the zero-point state vibrations.

displacemen@, for each mode (in the harmonic approxima- The quality of the agreement found fog, v1, and vea

tion, the energy increase at displacement= Qg is hw/2). suggests that the computational schemes are correctly represent-

Vibration frequencies obtained using both harmonic and an- ing any coordinate dependence of the interaction between
harmonic analyses of these curves are given in Table 4, andyarious3B3, excited states, and it appears acceptable to ignore
statistical analyses of the results are giVen in Table 1. Fina”y, nonadiabatic Coup"ng inv0|ving theg anodes. Hence, the
Figures 2 and 3 show additional energy surfaces obtained for systematic overestimation o, must either arise from some
distortion alongvi, andv,, respectively. highly mode specific interaction or be indicative of an incorrect

From Table 2 it is clear that the agreement between the experimental assignment. This issue is specifically addressed
observed and calculated frequencies is much poorer than thatater in the Conclusions.
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TABLE 3: Summary of Symmetry Blocks of Duschinsky tion, and thus the energy of localized determinants decreases.
Matrixes® The simplest method by which a continuous potential energy

method state @ by bu by & by by bay surface can be constructed is through use of two nonorthogonal
CASSCF  $(1Bs) D S s i D determinants in a valence-bond type computatioim. principle,
CASSCF (B M S D CASSCEF can also produce a continuous potential energy surface
CASSCF  3(*Ay) i S Si S through the inclusion of both lone-pair orbitals and #tfeorbital
CASSCF 'E(zBau) D S S Di in the active space. The active space (10,8) which we employ
gﬁggg:ﬁ %2321;) i g Si D S fulfills this criterion; it contains the two lone-pair orbitals and
CASSCFE -E(?'B:u) d sd all Six vglencen orbitals. However, a small discontinuity
CASSCF  E(%Bay) D S s remains in the CASSCF(10,8) potential energy surface, this
CASSCF E(fEI;) S S arising as the lone pairs are mixed with otlweorbitals, and

SCF S(*Aq these must also be included in the active space.

1

g:g 2&:3“) M '\SA SSi i M The triplet state T(®Bs,) behaves in a fashion directly
cIS Ti(%Bay) Mi S i s analogous to §'Bay), and the CASSCF(10,8) potential surface,
CIS To(3B1y) S Si shown in Figure 2, is also discontinuous. The solid line shows
Cls T(Al) S _ M AE, the energy of a wave function @, symmetry relative to

g:g 322523 s S i ! that of aD,,-symmetry wave function (i.eQ = 0); this curve

oIS TZ(:*Biu) M Mi i has a nonzero energy change = —0.0064 eV, aQ = 0,

MP2 S(A) s indicating a small discontinuity. However, as is clearly seen in
UMP2 T1(®Bay) D S D D the figure, the discontinuity in the derivative of they,-
SVWN  S(*Ag) S symmetry surface aQ = 0 is pronounced. Note that, as
g\s’l\x’\'}) T&?gﬁ? g S expected, the energy decreases initially as pyrazine is displaced
B3LYP  Ty(°Ba) S s i alongviz.

B3LYP T2(3B1y) S S Si S i Electronic-structure computational schemes which determine
B3LYP  Ts(*Ay) S Si i s S analytical harmonic vibration frequencies assume that the wave
B3LYP  Tu(*Ba) S S _ function is stable to symmetry lowering. When the wave
B3LYP  Ts(*Bag s s s ! function is unstable, they unwittingl t vibration f -
B3LYP  T(°Br) S S i M , they gly report vibration frequen

cies, but the numbers reported are not necessarily meaningful.
? Ground-state Duschinsky matrixes are the rotations with respect For the h, modes of (3Bs,) as calculated by UMP2 and
to the CASSCF ground-state normal coordinates, while excited-state CASSCF(10,8), all calculated frequencies (see the Supporting

Duschinsky matrixes are with respect to the ground-state normal f ti bl t th for th d t
coordinates determined by the most analogous method. Full results areln ormation) appear reasonable except those for the mode mos

given in the Supporting Information. The flag “i” indicates that one associated with |0f‘e'pair localization,, for WhiCh_ the
harmonic frequency is imaginary (but does not indicate whether or not calculated frequencies are 2380 and 2732 mespectively.
the double-well potential can support localized zero-point vibration), Further investigation reveals that single-determinant wave
“S” indicates that normal modes have interchanged in order within the fynctions (and hence UMP2 results) are also unstable with

symmetry block, “M” indicates strong normal mode mixing, “D” ; ;
indicates that the potential-energy surface is known to be discontinuous][ESpeCt to % and Q% (gzpcl)igemerllt_s. V\llh"el the calculate%hb
for displacements of that type, and “d” indicates suspected discontinu- requency 10rvioa O cm= Is clearly erroneous, the

ous, and no flag indicates that the normal modes are similar. For the Calculated by frequencies fows andvs of 1260 and 803 crtt,
in-plane symmetriesyaby, by, and by there are five, four, four, and  respectively, are quite plausible. Interestingly, these modes are
four modes, respectively, while for the out-of-plane symmetriebig perceived as being switched in order compared to those of the
bag, and f, there are two, one, two, and two modes, respectively. Note ground state. Whether or not such a switching actually occurs
that the pattern obtained for perdeuteropyrazine is significantly different pac peen an issue of some controvéfsgnd the naive
from this. L .
application of results such as this to resolve that controversy

Experimentally” the vibrational modes involved in the would have led to the incorrect (_:onclusion. He_nc_e, for analytical
strongest vibronic coupling ameg. andvs, and it is for these frequency calcu_latlons on excited states, it is imperative that
modes that the largest errors between calculated and observed’® wave function be tested for stability before computed
frequencies occur. Before proceeding, we examine in sectionfrequencies are interpreted. The CASSCF(10,8) wave function
C vibronic coupling and the various approaches used to treatis stable with respect tojpdistortions but remains unstable to
it. First, however, we note that, in Table 4, a selection of the P2g Ones.
UMP2 and CASSCF frequencies are clearly absurd, e.g., UMP2, A method which can be employed to establish the stability
v10a = 22 042 cmt!l This is associated witlwave function of CASSCF wave functions is state averaging. In this approach
instability. the CASSCF wave function is optimized to minimize the

B. Wave Function Instability. For S(*Bay), it is well- average energy of a number of electronic states. In calculations
knowrf—6 that (spin-adapted) single-determinant SCF wave on S(°Bs,) it has been usual practié!?3to obtain wave
functions are unstable, with wave functions ©f, symmetry functions which mimimize the equally weighted average energy
having lower energy than corresponding oneBgfsymmetry. of S(*Ag), Si(*Bsy), and the close lying state@B,,). The result
The physical reason for this is that,@, symmetry, the (n7*) is a wave function which is completely stable to symmetry
excitation localizes on one of the two nitrogens rather than lowering, and in particular one that is very well suited to study
delocalizing over both, as is requiredny; lone-pair localized the §—S; conical intersection. However, for our purposes it
single determinants have lower energy than delocalized ones.embodies excessive averaging and is not the most appropriate
Distortions of pyrazine by modes of,bsymmetry, e.g.y12, scheme. For the case of lone-pair localization distortions,
reduce the nuclear symmetry frdy, to Cy,. In particular,vi, symmetry lowering reveals two localized (diabatic) states, states
has the effect of enlargening the CNC bond angle about the corresponding to localization on each of the two nitrogens. These
nitrogen on which the excitation is localized, favoring localiza- interact to form two (n7*) adiabatic states, the lower being
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TABLE 4: Comparison of Observed and Calculated T;(®Bs,) Vibration Frequencies, cnr!a

Weber and Reimers

el str method vibr method  4a8a a, 9a a1l a, 6a by 12 a, 16a g 10a By, 5 g, 4 bz, 16b
observed 1234 1149 986 620 690 406 254 295 236
B3LYP AN 1571 1191 1029 617 667 448 84i 834 371 266
B3LYP NUM 1577 1180 1035 613 1386 439 276 775 362 233
B3LYP-TDDFT NUM 1587 1183 1037 613 1360 444 132 770 310 233
B3LYP ANH 1562 1187 1026 614 1393 442 374 802 393 254
B3LYP-TDDFT ANH 1576 1188 1025 613 1372 445 418 797 333 250
SVWN AN 1574 1151 1039 598 831 432 378 795 487 241
SVWN NUM 1545 1121 1026 591 1456 429 201 686 481 214
SVWN-TDDFT NUM 1550 1120 1029 590 1397 440 65 678 481 204
SVWN ANH 1523 1127 1038 592 1458 432 368 721 488 239
SVWN-TDDFT ANH 1528 1124 1036 591 1404 441 395 711 477 227
CIS AN 1724 1284 1097 658 406i 493 945j 911 992 322
CASSCF AN 1663 1266 1053 643 2723* 457 370 834* 2343i* 311
CASSCF NUM 1664 1266 1053 644 1347 461 280 853 1229 321
CASSCF ANH 1664 1270 1052 645 1373 463 503 878 1091 332
UMP2 AN 1568 1197 1027 609 2380* 440 22042* 803* 1260* 269
CASPT2 NUM 1617 1196 1051 604 1594 389 203 720 2069 197
CASPT2 ANH 1587 1201 1022 604 1546 393 392 755 1824 225

a AN (analytical) frequencies are from analytical second-derivative calculations, while NUM (numerical) and ANH (anharmonic) frequencies are
from analysis of the potential surfaces along the appropriate CASSCF analytical normal modes. An asterisk indicates that the potential-energy

surface is not a continuous function of that particular mode; i indicates an imaginary frequency, i.e., a transitibfFistatd=ischet? except for
those described in footnote ¢ Our assignment of an obser‘@ihfrared line; see the ConclusiorfsWe reassign this as 1410 cin

TABLE 5: Analytically Calculated and Observed non-CH
Infrared-Active Vibration Frequencies, cm~12

bllh bluY bllh b2u, bZUy b2u; b3u; b3u,
method state viga viea V12 Vieb V14 Vigb Vi1 Vieb
obsd 1 9 1484 1136 1021 1416 1149 1063 785 420
B3LYP S 1508 1162 1032 1436 1089 1242 803 431
SVWN S 1468 1142 1002 1405 1065 1333 767 410
SCF $ 1652 1251 1117 1553 1191 1117 888 484
CASSCF § 1623 1225 1114 1527 1152 1080 829 455
MP2 S 1505 1160 1034 1448 1086 1360 804 420
obsd T 690 565 2367
B3LYP T, 1381 1001 667 1349 1081 1331 733 266
SVWN T: 1350 1022 831 1329 1052 1417 701 241
CIs Tp 1498 1100 406i 1464 1153 1189 809 311
CASSCF T 1486 1063 [2723] 1447 1139 1362 741 311
UMP2 T: 1421 1107 [2380] 1347 1078 1519 736 269

a Square brackets flag clearly erroneous frequencies associated with
the potential surface being a discontinuous function of the b
coordinates® Our assignment. Tentative assignmeft.

T1(®Bay) and the upper F*Byg). Hence, the most appropriate
scheme to establish continuity with respect {pdistortions is

an equal-weight state average of these two states. The resulting
potential energy surface for distortion alomg is shown in
Figure 2 and is continuous. Similarly, distortions along the b
modesy, andvs involve interactions betweem{#B3,) and the

(7w, r*) state T(°Byy), and we find that averaging over these
states does indeed result in a continuous potential-energy

surface.

While state averaging can eliminate discontinuities, it modi-
fies the wave function from that which would otherwise be
thought of as optimal and hence may modify key qualitative

features. Figure 2 depicts a possible example of this as the
single-state curves appear to have a double-minimum form,
while the state-averaged surface shows only a single minimum.
To determine which is the most appropriate qualitative descrip-
tion of the potential surface, CASPT2 calculations havg l_Jeen Figure 1. Change in pyrazine:(®Ba,) potential energy on displacement
performed. In each case, the CASPT2 surface has a minimumcs™ pyrazine along various CASSCFy(Bs) normal modes, the

at Q = 0, though the single-state surface is of course not displacements expressed in terms of the appropriate CASSCF zero-
continuous at this point. Further, the symmetry-broken CASPT2 point vibration lengthQ,,. The energies are) CASPT2, ¢ —)
energy is significantlyhigher than theDap-symmetry energy. ~ CASSCF, @) B3LYP, and ©) B3LYP-TDDFT. The insets show the
These results indicate that it is indeed the state-averaged waveorm of the CASSCF normal modes.

function which provides the best CASPT2 description of the symmetry with and without state averaging. With it, the
potential surface. Finally, we optimized the geometryGn geometry relaxed to a fully symmetiizy, structure, but without

-3-2-1
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R In CASSCEF potential energy surfaces, discontinuities can arise
[\ casem ,," ] at configurations of other than high symmetry due to the
o swapping of orbitals to and from the selected active space.
L o ] Effects such as this can be minimized by careful choice of the
L 4 : initial orbitals in the CASSCF calculations, and through level
shifting. Also, discontinuities at the high-symmetry geometry
can occur if, in low symmetry, the orbitals selected for the active
space do not precisely correspond to those used in the high-
symmetry calculation. Both of these effects can be eliminated
by expanding the active space to include all relevant orbitals.
Initially, we strove to find an active space which could produce
a potential surface continuous for several zero-point displace-
ments in any combination of modes around¥8g, equilibrium
geometry. However, it soon became clear that such an active
space would need to be at least as large as (12,14), the active
space which contains all molecular orbitals within the range of
the lowest occupiedr orbital to the highest unoccupied*
valence orbital. In practice, additional orbitals are needed as
~F the inclusion of an orbital with significant nitrogen lone-pair
e involvement requires the addition of the matching orbital with
Q7 Qe opposite phase, for example, and hence, all orbitals of inter-
Figure 2. CASSCF and CASPT2 potential-energy surfaces of pyrazine Mediate energy between these and those in the (12,14) active
T1(3B4y) displaced along thelpgCASSCF normal modey.. The energies space must also be included. As a result, no practicable single
are () the reference CASSCF wave function optimized fe(B3,) active space can be found, and hence active spaces and state-
only, (~ —) the reference CASSCF wave function optimized for an gveraging specifications were designed for each individual
equal-weight state average of(Bs,) and T(*Bu), (®) the single- o de " as detailed in Table 1. The resulting potential energy

state energy of the structure obtained by minimizing the single-state P .
CASSCF energy ifC,, symmetry, and@) the state-averaged energy surfaces, shown in Figure 1, are continuous. Both removal and

at this geometry. The energ)E is expressed relative to that obtained add't'o'_" of orbitals from t_hese active spaces W'!I' n general,
atQ = 0 usingD2y electronic symmetry so that continuous potential- result in loss of continuity. The choice of active space is
energy surfaces must pass through the p@nt(0, AE = 0); however, particularly critical forv, andvs.
electronic symmetry lowering discontinuously reduces the single-state | waye functions are not subject to instabilities, provided
gr?esrgsf Fenergy aQ = 0 while raising the corresponding CASPT2 ot he ground-state wave function is stable, as they embody a
complete configuration-interaction calculation at the single-
O [T excitation level; i.e., all molecular orbitals are treated equally.
CASPT2 ; However, density functional calculations can also give rise to
] instabilities in the solutions of the KokrSham equation®. For
pyrazine, we find that the B3LYP and SVW#B3, potential
surfaces are continuous.

In the Duschinsky-matrix summary given in Table 3,
vibrational symmetries for which distortion is known to give
rise to discontinuous potential energy surfaces are flagged by
“D”; other cases in which discontinuity is suspected are flagged
with “d”.

CASSCF d C. Vibronic Coupling. What is usually termed “vibronic
coupling” involves the breakdown of the crude-adiabatic ap-
] proximation, i.e., the assumption that the combined electronic/
vibrational wave functions can be expressed as

CASSCF

.,
o]

LI B B o B B

hy / ev

"

o

4
T
)

5 sy L /: . )
A Bia---- R ¥;(A.Q) = ¢(a,Qq) 1;(Q) (1)
: ] wherei indexes electronic states anicidexes vibrational states,
m bt g are electronic coordinate®, are nuclear coordinates, and the

07 Qupe electronic wave functiong;, which depend parametrically on

Figure 3. CASSCF and CASPT2 potential-energy surfaces of pyrazine Q, are taken to be invariant Q and hence are evaluated at
T1(®Bay) and T(°By) displaced along the.p CASSCF normal mode some referen(?e cpnflguratlo@o only. In th!s fashion ‘h?

v, the CASSCF reference wave function being obtained from an equal- €XCited-state vibrational modes and frequencies are often simply
weight state average over these two states. taken to equal those of the ground electronic state. Vibronic

coupling in its simpler HerzbergTeller form!® involves merely
it a localized minimum-energy structure is found. The coordinate the reintroduction of coordinate dependence to the electronic
change was projected onto the CASSCF normal modes andwave functionsp;. More generally, the full molecular Hamil-
found to be 2.8,y and this point is indicated in Figure 2. tonian Hp, which includes nonadiabatic interactions, can be
CASPT2 calculations at this geometry result in an energy which expressed in the basis set of the crude-adiabatic wave functions;
is again well above th®,, CASSCF energy. Hence, at the applying a first-order Taylor expansion in nuclear motion gives
CASPT2 level, there is no tendency to form localized structures. interstate i(= i') matrix elements
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oH
Wy Hply L= ZBi’ﬁ]@’@ﬂQmﬂz Zak” 0k Quly O
2

wherek indexes the normal modes and this are known as
vibronic coupling constants. (Note that vibronic coupling
constants are oftéh!” expressed as%ayi’.) If only two
electronic states are involved, these are expressed simply as
The nuclear wave functiongy;are usually expressed as
products of harmonic oscillator wave functions containihg

guanta in each mode so that the above vibrational integrals are

zero except for the case thaif = ¥, for | = k andniy = n'y +
1; in this case we obtath
. ,

01 Qdx; C= [max(,n' )21 ®)
if Qkis expressed in (mass-dependent) dimensionless zero-poin
units. The interactions involved are shown schematically in
Figure 4 for the case of two electronic states and one vibrational
degree of freedom. This is equivalent to assuming that there

exist two delocalized diabatic states with coordinate-dependent
coupling given by

Hp =

hy + h—Vk[ 2+ Q7 ) &L
o ZZQk Qk]Zkk

Zaka

whereQ is the momentum conjugate @y, ho is the energy
of the lower state, and is the energy difference.

An alternate but equivalent description of this model can be
obtained through a coordinate-independent rotation of this
Hamiltonian into the localized diabatic representatfon

hw, 4)
hy+ A + Z;[ka + Q7

HL =
Ih L2y Zhvk[(Q +0)°+ J |
o T Wk
2 2
ka - 6k2]
; o 2 5, o+
0 2 Z 2 k k)
I ka - 5k2]|
(5)

where

A=2_J] and J,= oy/hw, (6)

In this representatiord is the electronic coupling between two

Weber and Reimers
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270.5, .50-5¢

-3
Q / Qupe
Figure 4. Physical interpretation of the delocalized diabatic vibronic
coupling model. Shown are the two potential energy surfaces and their
vibrational eigenstates coupled via eq 4igr= 0 andA = 6hv, along
with arrows indicating the nonzero inter-vibronic-level couplings
§pecified by egs 2 and 3.

-1 1
Q/ szt

Figure 5. An alternate but equivalent description of the vibronic
coupling problem in terms of equivalent localized diabatic states shown
as solid lines for the situation in whidi = 0, A = 2|J| = 4hv, and

0 = 2Q,p; derived parameters include the vibronic coupling constant
o = 2hv (from eq 6) and reorganization energy= 8hv (from eq 7).
Also shown as dashed lines are the Be@ppenheimer adiabatic
surfaces obtained by diagonalizing either eq 4 or eq 5 parametrically
as a function of). The situation depicted here is one of strong vibronic
coupling asi > A, and the lower BorirOppenheimer surface is
therefore a double minimum; see eq 11.

first excited electronic states. Computationally, one proceeds
by defining vibrational/electronic wave functions for each of
the localized states here name@ndR:

¥,;(a.Q) = ¢(q;0) ;(Q+0) and
Yr(@.Q) = ¢(q;—9) x,(Q—9) (8)

The vibronic coupling matrix elements from eq 5 are then given
by

@y [HL [y R = J5;(Q+0) Iy (Q—0)U C)

which is simply the electronic coupling times a Fran€ondon
overlap matrix element. Note that all of these equations can be

equivalent symmetry-broken localized states, each state beinggeneralized to the situation in which the localized diabatic

characterized by displacememisin the equilibrium geometry.
These diabatic surfaces are sketched in Figure 5, which
illustrates an important property, the vibrational mode relaxation
energy/lg given by

A = 2w, 0,2 = 205w, @)

This representation is the one most frequently used to describe®

surfaces are not degenerdtegut that case is not of concern
here.

Another method by which this vibronic problem could be
solved is through the introduction of the Ber@ppenheimer
adiabatic approximation to diagonalize either eq 4 or eq 5
parametrically as a function d and hence determine two
anharmonic adiabatic electronic potential surfaces here named
+” and “—". The resulting surfaces (foA = 4hv andA =

intramolecular electron-transfer processes, processes which8hv) are shown in Figure 5; they can subsequently be used in

involve very strong vibronic coupling between the ground and

variational calculations and individual vibrational wave functions
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determined for each state: coupling, A« > A. In the first limit, eq 11 reduces to
Y(a.Q) =¢_(4Q) x (Q) and vo =+ A (16)

+
i(@.Q) = Q) % 10 : : : , - .
1/J+,(q Q) =¢:(@Q) %i (Q) (10) This result is readily obtained by determining the change in

Not only are these adiabatic surfaces anharmonic, but the(he level spacing shown in Figure 4 through application of first-
curvature atQ = 0 is modified also so that the harmonic order perturbation theory using the matrix elements given by

approximation for the vibration frequencies yields eq 3. In the strong-coupling limit, the two localized potential
wells become very deep and the harmonic vibration frequencies
vE =1+ LA (11) at the bottom approach. It is in the region of intermediate

coupling withix ~ A that the adiabatic approximation performs

The upper surface thus increases in curvature while that for thePoorly; numerical examples of this are given elsewtiére.
lower surface decreases. At= A the curvature of the lower ~ Equations 4 and 5 embody explicit coupling between the nuclear
state vanishes, and for larger coupling a double-minimum and electronic coordinates which alone results in nonzero values
potential is produced, as depicted in Figure 5. Clearly the for the matrix elements associated with Be@ppenheimer
delocalized diabatic description is the most appropriate one for breakdow#®
small vibronic coupling 4« < A) while the localized diabatic ; 2
description is most appropriate for large coupling. Figure8 1 @ 0 D @ ’_ D
show calculated adiabatic potential energy surfaces for pyrazine, i(q’Q)’aQ ¢-(a.Q)] and [¢.(a.Q) an ¢.(0.Q)
and surfaces for which the curvature is positive, near zero, and (17)
negative are readily apparent, indicating differing degrees of
vibronic coupling strength (further, for all states of pyrazine
considered, Table 3 indicates all symmetry blocks which contain
double-minimum potentials).

In the localized diabatic approach, the dipole moment operator
is given by

Once these nonadiabatic effects are included, the adiabatic
formalism yields the same results as do the diabatic formalisms.
To date the most significant attempts to interpret the excited-
state vibrations of pyrazine are the vibronic coupling calculations
of Fischet” and the (hereto less-relevant) studies of the S
conical intersection by Domcke et ®I! Fischer performed
0 —er/2 vibronic coupling calculations for the@Bs,) and T,(°Bg,) States
D~ [—er/2 0 12) interacting with other states vias, vs, and v104 USiNg the
delocalized diabatic approach; see Figure 4 and eq 4. For T
wheree is the magnitude of the charge on the electron aisd (3B3y), he also allowed for spinorbit interactions, primarily to
the Cartesian distance through which an electron moves whenca|culate transition moments for the S T, transitions. These

transferred from one localized diabatic state to the other. It is yere empirical calculations, and unperturbed frequencies
given by vibronic coupling constante, and state energy gaps were
] ] ) determined by fitting the available experimental data. Confi-
r = 20Q,,{(vibrational effective mas¥f ~ (13) dence in the results stems from the ability of the calculations
. . . to reproduce isotopic effects and singtétiplet differences, but
In eq 12, the diagonal elements simply represent the dipole yhe fitted triplet energy gaps differ significantly from those
moments of the two diabatic states. This operator in the oy qjuated by ab initio techniquésand suggest an alternative

delocalized diabatic representation transforms to assignment of the observed electronic states; our recent ab initio
0 —er/? and density-functional calculatioﬁsa.nq other _reppnt CCSD-
M, = [—er/z 0 ] (14) (T) calculation* suggest that the original ab initio results are
reliable, but cannot discount the possibility that the energy gaps

in which case—er/2 is simply interpreted as the transition are indeed as Fischer’s calculations suggést.

moment linking the two delocalized diabatic states. Once either A key assumption that is used in Fischer's calculattéis

the delocalized or localized diabatic Hamiltonians (eq 2 or 9) that only the nearest state of appropriate symmetry is involved
are constructed and diagonalized, final vibronic-state dipole in vibronic coupling with $(*Bs,) and Ti(*Bay). There would
moments and inter-vibronic-state transition moments may be appear to be little doubt that the selected states are the most

obtained from the appropriate electronic-dipole operator. important states, but nevertheless states of.highgr energy can
The electronic-dipole operators above may be transformedalso contribute. In fact, as the {f) transition involves
into the Born-Oppenheimer representation using considerable lowering of intraring bond orders, any excited state

involving similar bond-order lowering would be expected to
M =C, (QM,C,(Q)=C,(QM,Cp(Q) (15)  contribute. Fischer implicitly accounts for this effect in his
calculations by optimizing the preinteraction vibration frequen-
where C_ and Cp parametrically diagonalize the electronic ciesv, decreasing them significantly compared to the ground-
HamiltoniansH_ andHp, respectively. In this way the Both state values. However, he assumes that this process involves
Oppenheimer dipole and transition-moment operators becomeno Duschinsky rotation, and that the vibrational modes do not
explicitly nuclear coordinate dependent, allotting intensity to interchange in order. No estimates have been made of the
what would otherwise be “forbidden” transitions. uncertainties of the energy-gap parameters deduced from the
For the evaluation of both energies and transition moments, model, and it is, in principle, possible that the differences in
the localized or delocalized diabatic formalisms, in the limit of the energy gaps found between Fischer’s results and those of
infinite vibrational basis sets, yield identical results; use of the electronic-structure calculations could be attributed to neglect
adiabatic approach, however, does not. First, we note that it of vibronic coupling with higher states.
does yield the correct answers in both the limit of very small ~ The calculations which we perform here are all within the
vibronic coupling Ax < A, and the limit of very large vibronic  adiabatic Bora-Oppenheimer approximation. These have the
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advantage that they include all interactions with high-lying small, on the order of 10 cm, indicating that the form of
states, and in the analytical frequency calculations the Duschin-normal modes is usually robust. Another difference arises when
sky matrixes are calculated rather than assumed. However, theythe analytical frequency is imaginary as the numerical frequency
neglect the effects of the nonadiabatic coupling terms shown s obtained from a harmonic expansion about the potential
in eq 17, which, for the most-important lowest-lying state, are minimum and remains real. In this case the numerical frequency
included in Fischer’s approadhThese contributions are large  is the one most relevant to experiment, especially (as in the
When.lk/A ~ 1 corresponding to intermediate strength vipronic case ofi10aby B3LYP) if the double-minimum potential is very
coupling and are small otherwise. As deduced by Fisthtiis shallow. Analytical normal modes are only available for a
ratio is, in his notationVi/(hwAEq), which evaluates to 0.31,  gejected set of electronic-structure methods (herein CASSCF,
0.19, and 0.05 forviea vs, and vs, respectively. Hence, g gy\wN, and B3LYP) and are not currently available for
nonad|abat|(? effects are expected to be most significantyfar desirable methods such as CASPT2 and TDDFT approaches.
D. Analysis of the Potential-Energy Curves for T,(*Bsy). When the normal mode direction is insensitive to the compu-

Interpretation of the potential-energy curves shown in Figure tational method, it is possible to determine vibration frequencies
1, obtained as B3LYP, B3LYP-TDDFT, CASSCF, and CASPT2 \,ging advanced electronic-structure methods using the normal

energies evaluated along CASSCF normal coordinates, as We”mode directions determined by simpler schemes such as
as the vibration frequencies shown in Table 4 deduced from CASSCF. However, for pyrazine there is one exceptian,

these curves, raise six issues. As the CASSCF wave function is unstable with respect to

(i) Interpretation of the Unphysical Analytical Frequencies istortion alongy:., the analytical CASSCF frequency is poorly
Appearing in Table 4This issue has already been addressed in determined. It happens that the calculated frequency is 2723

detail in section IV.B: they arise from instabilities in the wave cm-1 s0 thatvs, interacts erroneously with the CH stretchs.

function that also manifest them;elves as discontinuous pote.ntlaI-Hence’ displacement along the CASSGEdirection provides
energy surfaces. In the potential-energy surface calculations,. . . . .
these problems are overcome through the use of expanded active! th.'s case a very poor coordinate for the numerical evaluation
spaces and state averaging, as detailed in Table 1. of vibration frequenm.es by other metho_d§.

(i) Comparison of Calculated and Experimental Frequencies. () Importance of Diagonal Anharmonicitor most modes,
As mentioned in the overview, good agreement is obtained for @nharmenicity has only a small affect, but its importance grows
five of the eight observed frequencies, with discrepancies 33 the vibronic coupling strength increases, becoming on the
appearing fom,, vg, andviga If v12 had been observed, large ordelr of 10 cm” for 15, 30 cnt* for v4 andvs, and 106-300
discrepancies would also be found for this mode as well, but M+ for vioa This pattern is qualitatively consistent with
the theoretical predictions fos are reasonably self-consistent. ~ Fischer’s vibronic coupling analysi$which was not required

(iii) Comparison of Surfaces and Frequenciesaliated by~ fOr V12 reflected small coupling fors andvs, and indicated
Different Electronic-Structure Method®uantitative differences ~ |arge coupling forvies In fact the anharmonicity ofioa is
in the potential-energy surfaces appear for the totally symmetric réadily apparent from Figure 1, with all methods indicating near-
modesvy, ves andvsaas changes in equilibrium geometry rather zero or slightly negative curvature & = 0. Quantitatively,
than as changes in frequency. The CASSCF curvature isZ€ro curvature is expected fag/A = 1, a value considerably
distinctly larger than that predicted by the other methods for higher than that deduced by Fischer, 0.31. However, most
vien but all surfaces are qualitatively similar. For all other calculated harmonic vibration frequencies indicate thaj is
modes, very similar results are predicted by the different depressed in frequency from the ground-state value by ca. the
methods, with the exception of, for which large differences  experimental value, 665 crh, the exception being CIS which
appear. The B3LYP and B3LYP-TDDFT results indicate a much predicts a depression of 1900 th Anharmonic corrections
lower curvature 4 = 371 and 333 cm, respectively) than increase the predicted frequency to typically 200 éabove
the CASSCEF resultsvg = 1229 cm?), while a much higher  the observed frequency, however. This increase could be an
curvature is predicted by CASPT24(= 2069 cn?). From artifact as only diagonal anharmonicity is included in calcula-
can be seen. CASSCF incorrectly locate$’By.) below T- the Cartesian displacements g, involve large-amplitude
(®Bay), and these states are mixed by (bzg). Very strong motions which are better represented using curvilinear coordi-
vibronic coupling resulting in a double-well potential 1, nates than (rectilinear) normal modes. Hence, off-diagonal

is thus predicted by CASSCF, with the concurrent elevation of
the frequency of the upper state. Dynamic electron correlation
favors 3Bg, over 3By, and correctly reorders these states.

However, the conical intersection predicted at the CASSCF level

anharmonicity for this mode is expected to be large and act to
reduce the calculated vibration frequency. Nonadiabatic effects
arising from the vibronic coupling (eq 17) are also not included

in our calculation; these will depress the vibration frequency

has profound effects on the CASPT2 results, with the dynamic -
electron correlation energy decreasing rapidly as the geometryand .are.largest wheh/A = 1. ) .
is distorted. Hence, while CASPT2 adequately corrects CASSCF  (vi) Differences between Direct and Time-Dependent DFT
energies, it is not able to correct the shape of the potential- MethodologiesWhile it is possible to perform direct density-
energy surface. A new computational method known as “mul- functional calculations for triplet excited states, no analogous
tistate” CASPT2 has recently been developed by Finley, approach exists for singlet states due to spin contamination
Malmqvist, Roos, and Ande# to obtain improved potential-  problems?” Time-dependent (TDDFT) approaches can be
energy surfaces for problems of this type. equally applied in both cases, however, and so here we have
(iv) Comparison of Harmonic Frequencies Obtained Analyti- the opportunity to consider the performance of these more
cally and NumericallyThe numerical harmonic frequencies in  approximate methods compared to direct evaluation. In general,
general are not exactly equal to the analytical ones as theagreement between the two approaches is very good, to within
displacement is made along the CASSCF normal mode direc-a few inverse centimeters. However, as the effects of vibronic
tion, not the native normal mode direction. The differences are coupling increase, differences of up to 150 ¢mappear.
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V. Conclusions

In general, we find that most computation methods perform
very well for ground-state vibrations, especially after scaling,
but variable results are obtained for the vibrations gfBz,).

Of the eight modes for which frequencies have been firmly
assigned; good results are obtained for fives, vea, voa V16a

and vig, This includes the prediction of the rather unusual
frequency increase observéd® for vi6, (Observed 65 cm,
calculations range between 51 and 130 &mna result usually
interpreted in terms of vibronic coupling betwees(*84) and
S3(*A,). Also, the observed 40% reduction ing, is well
reproduced, this mode positigan anomaly for theories which
assume that important vibronic coupling only arises with nearby

electronic states, which, in this case, are nonexistent. Indeed, i
is likely that most excited-state modes are well represented by fr
these theoretical approaches, just like ground-state modes.

However, this is not always the case for modes which are
involved in strong vibronic coupling. Interestingly, it is these
vibronically active modes which are readily detectable in

absorption and emission spectra, and hence they are the one

for which the greatest interest often lies.

In particular, the application of CASSCF-based methods to
study excited-state vibrations of molecules of the size of
pyrazine appears fraught with difficulties. For analytical CASS-
CF frequency calculations, unstable wave functions are likely
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the calculations predict factors of—%. Hence, the most
vibronically active mode is correctly identified. A large depres-
sion of v4 and a small depression of are also predicted, in
good agreement with experiment. This is a significant achieve-
ment as originall{f it was thought thats was depressed the
most and moved to a lower frequency than later experi-
ment$’ showing that this is not the case. The only credible
estimates of;, are those obtained from the analytical density-
functional approaches which predict 667 ¢n{B3LYP) and
831 cnmt! (SVWN). These results do indicate significant
vibronic activity, the ground-state value being 10217énThis
mode has not been experimentally assigned {6i8E,) although
it is observe®®5! at 636 cnr! for S;(*Bay). The B3LYP
analytical frequency for the spin-contaming€tverage” $—
1 pair is 646 cnl, and so a crude estimate of the actual
equency in T would be 636+ 2 x (667 — 646)= 678 cnT?;
an infrared active mode has been obsef¥edT; at 690 cn?,
and we have assigned this frequencyigin Table 4. Density-
functional methods may thus prove very useful in the interpreta-
t%ion of excited-state molecular spectra, and new functionals are
eing developed for this purpog&.

Analytical frequency calculations for excited states often
predict some small imaginary vibration frequencies. From these
calculations, an exampleigpafor which the B3LYP frequency
is 84i cnTL. In such cases, it is essential that the potential surface

and will lead to possibly undetected erroneous frequencies. ToP€ determined for finite displacements along the normal mode
avoid this problem, active spaces must be carefully chosen and®S the resulting surface most likely contains a very shallow local

extensive state averaging may be neces¥axpt all vibrational

modes are beset with these problems, of course, and many?

degrees of freedom can be faithfully modeled using CASSCF;
the limitation is, however, that it is modes associated with
vibronic activity that lead to unstable wave functions and

minimum. In this case, harmonic analysis of the resulting surface
bout its minimum predicts a vibration frequency of 276 ¢m
and it is clear that the double-minimum potential cannot sustain
localized zero-point vibration. While anharmonic corrections
increase the frequency further to 374 ¢inthe observed value

discontinuous potential-energy surfaces, but it is these modes!S 254 cnt. Hence, the result which is obtained directly from

for which the greatest interest usually lies. Other difficulties

the analytical frequency calculation provides a rather poor

arise as dynamic electron correlation, accounted for in CASPT2 description of the molecular vibration.

but not in CASSCF calculations, often controls the relative

Often it is possible to “diabatize” BornOppenheimer

energies of excited states. If CASSCF incorrectly places the potential-energy surfaces. This involves taking the computed
excited state of interest above or very close to another excitedsurfaces and constructing a diabatic electronic Hamiltonian of
state, its potential-energy surface will be dominated by conical the form of either eq 4 or eq 5 from these. While all calculation

intersection effects. While CASPT2 may correct the relative

methods indicate that significant vibronic coupling is involved

energies of the states, it is not capable of correcting the shapewith v1, of T1(3Bay), attempts at diabatizing the calculated

of the potential energy surface in such instances. Hence,

surfaces for T(°Bsy) and Ts(°Bg) have proven unsuccessful.

anomalous results are obtained, and the use of the new multistatd his indicates that the dominant state involved witi{*Bsy)

CASPT2 methotf appears essential.

lies higher in energy than 513829). While vi1» has been

CIS appears preferable to CASSCF for the determination of identified®>152 in the spectrum of §'Bs), it is yet to be
analytical frequencies as discontinuities and unstable waveidentified in the spectrum of ®Bs,). For weak vibronic

functions rarely arise; this method is typically much more
efficient as well. However, we obtained quality results only for
the modes that do not involve vibronic coupling. Erratic results
were obtained for modes that do involve vibronic coupling, with
the frequency lowering being dramatically overestimated for
v10a @and vy, but almost nonexistent far;.

It is clear from these calculations that, even possibly for

singlet states, density-functional normal coordinates would be

coupling, perturbation theory predicts that the frequency depres-
sion is given byo?/A (eq 16), whereas the absorption intensity
is proportional toow?/A?. Hence, vibronic coupling to higher
excited states will be proportionally more effective in reducing
the vibration frequency than in providing intensity, and this
could explain the lack of observation of this mode in the
spectrum of the triplet state.

All calculations forvg, suggest that its frequency should be

much easier to use than CASSCF and possibly also CIS normal300—400 cnt? higher than that of the absorption line assigried
coordinates in the construction of potential-energy curves usingto it at 1234 cnil. To investigate this further, we evaluated the

methods such as CASPT2.

frequency forvg, in S;(1B3y) analytically using CASSCF, CIS,

Indeed, the best results were obtained using density-functionaland (spin-contaminaté B3LYP. Again, the calculated values

theory, with both the simplistic SVWN functional and the
sophisticated B3LYP functional producing quantitatively ac-
curate results for vibronically inactive modes and realistic
descriptions of modes involving vibronic coupling. For example,
in T1(®Bay) the observed frequency efp,is reduced by a factor

of 4 from its ground-state value due to vibronic coupling, and

(see the Supporting Information) exceed the obséivealue

of 1373 cn1! by 200-300 cnt?, indicating that there may be
some specific problem with this mode. However, all methods
predict that the triplet-state frequency should exceed that of the
singlet state by 2840 cnt!, whereas the observed assignment
places the triplet frequency lower by 139 cthFurther, all
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calculations predict that perdeuteration should reduce thethanviepas a result of vibronic coupling, and hence one would
frequency by 36-50 cnTl, whereas the experimental assign- expect to see 13.in both the $— S; and $ — T spectra, but
ments indicate an increase of 31 tlt is hence quite likely the required lines have not been observed. Nevertheless,
that the very weak line obsen/dt 1234 cmtinthe S — T, anomalies of this type are well-knowfor S;. Another apparent
spectrum is not due teg,. In the phosphorescence excitation inconsistency in the experimental data is that the peak in their
spectrum® of pyrazine a line at 1410 cm is observed and  spectrum which Kok et al. assigng; in S is one of the most
attributed to 8% 6aly 10&,. This is questionable as 14atself intense peaks in the spectrum, while that farig extremely
is poorly identified and no other sequence band involving both weak.
6dy and 104, is reported. On the basis of our calculations, it Unfortunately, it is not possible to suggest assignments for
appears reasonable that the band at 1410'dme assigned to  the bands observédat 584, 623, 820, 939, and 1103 tin
Vga The calculated frequencies with which we would hope to
Itis a general observatiéhl’that vibronic coupling between ~ COrrelate these bands, obtained as the obserydde§uency
two electronic states usually has the effect of depressing all Plus the calculated frequency change in going frogisT,,
frequencies of a particular symmetry of the lower state such are 1336-1400 cnv* for v1e5 13201350 cnt* for viep 1130~
that the relative ordering of the modes remains invariant. This 1240 cn* for vig, 1140 cn1* for v14 and 1086-1100 cnr*
picture no longer remains generally true if significant vibronic  for v1sa Of particular note i1 for which all methods predict
coupling to a number of excited states occurs, however. Often, & significant frequencyncreasein Ty compared to the (ob-
in assigning the spectra of excited states, it is necessary toServed) $value of 1063 cm. In the experimental spectra many
assume some particular ordering of the excited-state frequencies®f the lines attributed to ffundamentals were very weak, while
This is tantamount to assuming properties of the appropriate Strong lines observed at 811, 1029, and 1076 ‘cwere
Duschinsky rotation matrix. A priori BorOppenheimer aSS|gne§_P to crystal site effects. It could be that some of these
analytical frequency calculations have the advantages that theyStrong lines actually correspond to pyrazine fundamentals
make no assumptions as to the number of states involved ininstead. Also, the dodec_ane cryst_al_ matrlx_absorbs strongly in
the vibronic coupling, and the Duschinsky matrixes are deduced the 1206-1400 cn1* region, and it is possible that pyrazine
from the calculations. The Duschinsky-matrix summary table, fundamentals located in this congested region were obscured.
Table 3, indicates for which irreducible representations in any
of the excited states considered the relative order of normal
modes swap (“S”) or the normal modes strongly mix (“M”).
We see that, for the out-of-plane modes, which are often the
most vibronically active modes, very few deviations from simple
behavior are reported, in line with the general observations
discussed earlier. However, the in-plang &nd kg modes are
involved in a large number of mode swaps. These swaps are
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Supporting Information Available: In ASCII format are
provided 30 sets of optimized coordinates, energies, vibration
) . . . . frequencies, normal modes, displacements, and reorganization
assomat_ed W'th. _specmc bond weakening that arise due to theenergies expressed in terms of normal mode contributions, and
electronic transition. ) ) complete Duschinsky rotation matrixes for the ground stgte S

Recently, Kok et af® observed the infrared absorption (15 o) and the excited states(®Bs,), S(B2y), Ss(*AL), T2(B1),
spectrum of pyrazine iTas the transient change in the T,GA ) T,(B,y), Ts(3B2g), and (3Byy) of pyrazine evaluated
phosphorescence spectrum (in dodecane matrix at 1.3 K)ysing a selection of SVWN, B3LYP, CIS, SCF, MP2, and

induced by infrared laser excitation. The spectrum appears CASSCF methodologies. This information is available free of
among that of the $Sground state and that of the matrix and  charge via the Internet at http://pubs.acs.org.
hence requires careful analysis. A total of seven bands within
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