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The absorption spectrum of pyrimidine vapor at %% in the region of the first singlettriplet transition,
encompassing hot bands of the first singlsinglet transition, has been obtained and analyzed with the aid

of extensive ab initio (EOM-CCSD, CASPT2, and CIS) and density functional (B3LYP and TD-B3LYP)
vibrational analyses. The hot bands in these spectra give information about low-frequency vibrations, several
of which are vibronically active but are not particularly effective at inducing intensity. Spectra obtained at 18
°C are also reported for up to 1100 chabove the singletsinglet origin. Several singletsinglet hot bands

have been reassigned, giving excited-state vibrational frequencies for some modes. The calculations provide
not only quantitative verification of perceived vibronic coupling and other features of the experimental
assignments but also detailed maps of the complex lowest singlet and triplet manifolds. This includes vertical
and adiabatic excitation energies, relaxation energies, excess spin densities, and normal-mode vibrational
displacement and Duschinsky rotation analyses for up to eight singlet and eight triplet excited states as well
as estimates for the structure and energy of some important interconnecting transition states and conical
intersections. As a result, revised assignments for the majority of the triplet states are suggested. In addition,
the pseudoparity selection rule, which forms the primary model for 4fieA) spectroscopy of alternate
conjugated hydrocarbons, is found not to apply to®emanifold. The possibility of symmetry breaking in

the (7", n) states caused by vibronic coupling tovibrations is considered in detail, as is the possibility of

the excited states taking the nonplanar “boat” configuration because of vibronic couplingnoubs. Excited-

state chemical properties such as reaction rates and hydrogen bonding are very sensitive to these effects.

1. Introduction improved computational and experimental data are required.
Secure assignments of excited electronic states, together with
the knowledge of their potential surfaces, are also relevant to
studies of radiationless transitions within these molecules. (See

Interest in the electronic spectroscopy of the azabenZénes
undergoing a renaissance due to their rich excited-state dynami
cal and photochemical properti€sand their importance as o
models for biologically relevant spectroscopic processaad pyrld!ne, for example.) .
because they serve as admirable model systems for new ab initio | IS Paper presents new experimental data for the lowest
and density functional calculations of excited electronic states. €XCited singlet and triplet states of pyrimidine; new high-level
(See, for example, refs-612.) These reasonably small, sym- calculatlons.are presented.for the first eight smgllet. and triplet
metric, and well-studied heterocycles have a range of distinctive Va/€Nce excited states. In its ground state, pyrimidine belongs
and experimentally accessible excited electronic states, manyl© the Cz. point group, so its{’, 7) states have Aor B,
of which have been detected and, in some cases, studied iYMMetry whereas itst(, n) states are Aor Bi. The 1;|rst
detail. Their vibrational spectra are also fairly well characterized. Singlet-singlet absorption, S— S, is an allowed'B; — A1
They continue to give new insights into the vibronic interactions, (7 » N) transition, with vibronic development predominantly in

radiationless processes, and solvation properties of heterocyclictOtaIIy symmetric (g modes; it also has a prominent Fermi
molecules. resonance between one quantum of the gar(ede and two

Pyridine, the diazines, the triazines, asitetrazine have a  duanta of the 6b @ mode™*The numbering convention that
variety of singlet and triplet states, both’( ) and ¢, n) we use for the normal vibrational modes of pyrimidine follows
that are experimentally accessiBe!314In many cases, the Lord’s schemé? In the term 63, the superscript 1 is the
states are well separated and readily characterized, but therdlumber of quanta of mode 6a that are excited in the upper
are some instructive exceptions, notably pyridihand py- electronic state, and the subscript O is the number excited in
ridazine!® The excited singlet states are, in most cases, fairly the lower state. Thus, a6, and 63 are a cold band, a hot
well characterized, but the triplet states are less so. A variety band, and a sequence band, respectively.

of ab initio calculations have been carried out on triplet ~ Previously, the singlettriplet absorption spectrum of pyri-
states) 11131517 pyt for pyrimidine, very little is known and ~ midine has been recorded in the pure crystal at 4.2 K by

Hochstrasser and Marzzaéeand at 1.2 K by Nonhof and van
* To whom all correspondence should be addressed. E-mail: reimers@ der Waals’! through gas-phase phosphorescence by Takemura

chem.usyd.edu.au. Tet-61 2 9351 4417. Fax:+61 2 9351 3329. et al.22 and by phosphorescence excitation in the gas phase by
T Australian National University. o 23 . .
* The University of Sydney. Fujita et al as well as in a molecular beam by Ottinger,
8 University of Western Sydney. Vilesov, and Winkle2* The rotational contours of the molec-

10.1021/jp0221385 CCC: $25.00 © 2003 American Chemical Society
Published on Web 04/05/2003



3094 J. Phys. Chem. A, Vol. 107, No. 17, 2003 Fischer et al.

ular-beam spectrum indicate that the lowest-energy triplet band minimum structures, giving rise to symmetry-breaking effects.
system, T— S, is due to @B; — Ay (7", n) transition and Such molecular deformations would be evidenced by the
suggest that the;%nd T; states have similar geometries. Similar anharmonicity of the vibrational modes concerned. Similar
conclusions were reached by Hochstrasser and MarzZ2domm studies of the sequence bands in the <F S spectra of

the pure-crystal spectra. As for the singistnglet system, the  pyraziné* and pyridazin& have been instructive, providing
distinctive vibronic development involves onlymodes. These  additional experimental evidence to correlate with computational
results imply that $and T; both have fullCy, symmetry but studies. Earlier studies of pyrimidine paid relatively little
are insufficient to guarantee that the potential energy surfacesattention to sequence and other hot bands, although some
do not have double-well structures whose asymmetric minima assignments were proposed, but recent developments in theory
are too shallow to support zero-point vibration. In fact, it is now make it possible to calculate excited-state vibrational
conceivable that such double-well potentials could occuanip frequencies, which in turn makes a thorough analysis of these
of the a, by, or b, symmetries, and secure vibrational analysis bands both feasible and instructive.

provides the best means of resolving these questions. Because There have been several studies of the absorption and
chemical properties of the excited states such as reaction ratesiuorescence spectra of pyrimidine and its perdeuterated ana-
and hydrogen bonding strengths are altered dramatically if the logue, pyrimidined,. Innes et ak reported and analyzed the
potential surface has a double minimum, the resolution of this high-resolution $<— S, spectra of thedy and d; compounds;

issue is quite important. their study encompassed rotational contours, Fermi resonances,
Several higher-energy singlet states have been located forand the FranckCondon behavior of the spectrum. Single

pyrimidine. Some earlier assignments have been reviéwed, vibronic-level fluorescence (SVLF) spectra were reported by

others have been proposed by Palmer and co-wotkérsss Knight et al'® and O’Brien et aP! for pyrimidinedo and

is known about the higher triplet states since they are obscuredpyrimidine-ds, respectively, with the most recent assignments
by strong singletsinglet absorption in the normal absorption due to Pongor et & being based on a combination of this
spectrum. A few triplettriplet absorption bands have been body of work and an a-priori force-field analysis. We have
reported in water solutiof?, but the ordering and energies of reanalyzed the spectra of the deuterated molecule in light of
the excited states are likely to be substantially different from the new assignments for pyrimiditng-and have made some
those in the vapor phase. Walker, Palmer, and co-wori&rg® new assignments. (See section 5C.)
have carried out a comprehensive and detailed survey of vacuum Similarities between théB; (7", n) § and3B; (7", n) Ty
UV and UV-visible absorption and photoelectron and near- states of pyrimidine, referred to above, make it worthwhile to
threshold electron energy-loss (EEL) spectra of the azines,compare the hot-band regions of the singlgihglet and
including pyrimidine, and have analyzed their results using ab singlet-triplet absorption spectra. For this molecule, vibronic
initio MRDCI and CASSCF calculations. An advantage of the coupling strengths (in nontotally symmetric modes) are naively
EEL spectra is that they locate triplet as well as singlet states. expected to be similar for the singlet and triplet manifolds,
However, the spectra are complex, and some important states moderated only by differing energy gaps between the interacting
notably the well-known'B;(z*, n) S state of pyrimidine and states, where significant energy-gap changes are expected only
the lowest®A (", ) state—are not apparent. On the basis of for the interaction with the Astates via bmodes. Since the
more modern calculations, we provide an extensive reassignmenexcited singlet states are fairly well characterized, a comparison
of the bands observed in the EEL spectra. of excited-state vibrational frequencies should give useful
Further experimental studies of the excited states are requirednformation about the relative energies of the higher-energy
to confirm some of the higher-energy tr|p|et assignmentsl trlplet StateS, some of which have not been detected SpeCtrO-
particularly in regions where the density of electronic states is Scopically. This additional experimental information we use to
high. An alternative way of obtaining information about the ~confirm the features of our computationally based assignments
ordering and relative energies of excited states is to study thefor the higher triplet states; however, lines observed in the
extent of vibronic coupling within the singlet and triplet spectra'for which the interpretation is not clear are assigned on
manifolds. For example, the low-ener§B; (=", n) state of the basis of computed values.
pyrimidine can couple with neart®A; (7", ), 3A; (7", n), °By Experimentally, the singletsinglet hot bands of pyrimidine
(7", n), and3B, (", ) states through vibrational modes with have been incompletely reported and analy?ednd in the
by, by, &, and a symmetries, respectively. In-plane modes have phosphorescence-excitation sti#éyhe molecular beam was too
& or b symmetry; out-of-plane modes arg @r b;. Several cold for singlet-triplet hot bands to be seen. As may be seen
low-frequency vibrations are vibronically active in both the below, the analysis of the singtesinglet hot bands is by no
singlet and triplet manifolds, but they are not effective at means straightforward, owing to vibronic interactions associated
inducing intensity in the normal absorption spectrum. However, with closely spaced singlet excited states and also anharmonic
their excited-state frequencies show substantial perturbations,coupling (Fermi resonance) between some vibronic levels. A
which reflect the size of the vibronic-coupling matrix elements further interesting comparison may be made with pyridazine,
and the energy gaps between the coupled electronic states. Thusdi which the vibronic development of the ¥~ Sy spectrum is
the way in which vibrational frequencies differ among the simple but the corresponding S- S, absorption is heavily
ground and excited states can give useful information about theperturbed= In contrast, both corresponding spectra for pyri-
energy gaps between the coupled states. For a compound suchidine appear to be uncomplicated.
as pyrimidine, in which nontotally symmetric vibrations con- Traditionally®~12 computational studies of azines have fo-
tribute little to the absorption spectrum, information about their cused mainly on the evaluation of vertical excitation energies,
energies in the excited state can be obtained from the sequencevith the aims of both spectral assignment and verification of
structure on the origin and other strong bands as well as thethe quality of the computational model. Such studies include
Fermi resonances that occur. It is also possible that nontotally semiempirical CNDG? configuration interaction with single
symmetric modes may be vibronically active to the extent that excitations (CIS¥,complete active-space self-consistent fi¢ld
the excited-state potential energy surfaces have shallow double{CASSCF) with second-order MgllePlesset correction
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TABLE 1: Calculated and Observed Bond Lengths and Bond Angles for Selected States of Pyrimidife

State method symmetry NC, N—Cs3 C:—C4 N—C;—N C:—N—-C3 N—C3—C4 C3—C4—C3 0 ¢
1A, CCsD Ca 1.345 1.345 1.401 128 115 123 116 0 0
A, obsc Cy 1.328 1.350 1.393 128 116 122 117 0 0
1B; EOM-CCSD Cy, 1.326 1.395 1.402 118 123 119 118 0 0
A, EOM-CCSD Cyy 1.382 1.304 1.436 112 126 123 111 0 0
A, EOM-CCSD Cs 1.389 1.305 1.432 111 126 123 111 9 2
3B, EOM-CCSD Cyy 1.328 1.394 1.401 119 123 118 118 0 0
3B, EOM-CCSD Cs 1.334 1.404 1.401 120 121 119 118 15 4
(00)%A1 EOM-CCSD Cyo 1.421 1.301 1.484 127 116 122 116 0 0
(0)%A1 EOM-CCSD Cs 1.420 1.299 1.485 124 114 121 114 28 21
(B)°A1 EOM-CCSD Ca 1.352 1.452 1.406 129 115 121 119 0 0
Az EOM-CCSD Co 1.388 1.306 1.429 112 125 123 112 0 0
A, EOM-CCSD Cs 1.399 1.308 1.424 110 126 123 112 11 1

a All calculations are performed using the cc-pVDZ basis set. The bond lengths are in angstroms, and angles are in degrees; full coordinates and
geometrical properties for all states are given in Supporting InformatiBrom refs 1 and 55.

~ -

(CASPT2)8 equation-of-motion coupled cluster with single and o A
double excitations (EOM-CCSE)with the inclusion of triple \04\\C __Nz/,cl 8
excitations (EOM-CCSD(T)¥ similarity-transformed EOM- ~ t o _\> o ‘}Z_ __1
CCSD (STEOM-CCSD}! and density function@studies. Our c, N,

studies of the singlet states of pyridazidepyrazinel® and
pyridine® show that calculations of vertical excitation energies
alone are not sufficient when analyzing the spectra of molecules
of this complexity; indeed, they may potentially be misleading.  2B. Computational. Calculations were performed with the
This is particularly pertinent, for example, when considering cc-pVDZ basis sét by the following methods: coupled-cluster
the origin bands for transitions in which the electronic transition singles and doublé%(CCSD) using ACES-I1B’ equations of
causes a significant change in molecular geometry. However, motion CCS3® (EOM-CCSD) using ACES-I#7 complete-
adiabatic calculations, in which energies are calculated for the active-space self-consistent fildCASSCF) using DALTON?
optimized excited-state geometry, have given very satisfactory CASSCF with second-order perturbation theory corrections
results. Furthermore, the difference between the vertical and (CASPT2) using MOLCAS! density functional theory (DFT)
adiabatic energies, known as treorganizationenergyAg, is with the B3LYP functiona® using Gaussian 9%, and time-

an important, readily accessible characteristic of an absorptiondependent DFT (TD-DFP)with the B3LYP functiona (TD-
band and should be considered when making band assignmentsB3LYP) using TURBOMOLE* In addition, configuration-

In assigning the observed spectra, we consider calculatedinteraction single$ (CIS) calculations were performed with the
vertical excitation energies and adiabatic energies as well as6-31G* basis set using Gaussian 98 or the TD-DFT and
calculated vibrational frequencies and Duschinsky matrices. CASPT2 methods, numerical second derivatives were evaluated
Extensive qualitative agreement is found, and many assignmentssing our own program; this program was also used to correct
are made. In addition, we calculate properties for the lowest for errors produced by ACES-II in the bibrational frequencies
eight singlet and eight triplet states of pyrimidine, mapping out found for approximately half of the states studied. Details of
key sections of the lowest singlet and triplet manifolds, the active spaces used in the CASSCF and CASPT2 calculations
elucidating the chemistry of the excited states of pyrimidine. are given in Supporting Information.

Figure 1. Boat distortion predicted for many of the excited states of
pyrimidine.

2. Methods 3. Overview of Computational Results for the Singlet and

2A. Experimental. Pyrimidine (Aldrich and Fluka purum Triplet Manifolds

grade) was used without further purification. The vapor absorp-  3A. General Features.Details of the EOM-CCSD, CCSD,
tion spectra were obtained in a 6-m multiple-reflection cell, with  TD-B3LYP, B3LYP, CASSCF, CASPT2, and CIS calculated
path lengths up to about 300 m, using a 450-W high-pressure properties of the ground state and the lowest eight excited singlet
xenon arc lamp as the light source. For the singleplet and eight triplet states of pyrimidine are provided in full in
spectra, the cell was held at temperatures up t&C75with the Supporting Information. These include electronic-state, transi-
end plates a few degrees hotter. Singlghglet spectra were  tion-state, and conical-intersection geometries and energies,
measured at 18C. The spectra were recorded photographically rotational constants, and excess spin densities, and, for most
in the first order of a 590 grooves/mm grating blazed at 400 electronic states, normal modes, normal-mode displacements,
nm using a Jarrell-Ash 3.4-m grating spectrograph. Calibration and Duschinsky matrices. The Duschinsky matrices are obtained
was by the iron lines of an iron hollow-cathode lamp. Plates using normal coordinates; for large-amplitude torsional modes,
were traced using a Joyce-Loebl Mark IIIC scanning microden- the use of curvilinear coordinates is more appropriatand
sitometer. Higher-resolution spectra were recorded using thethe material provided is in a format that may readily be
seventh order of a 600 grooves/mm grating blazed at 2500 nm.reprocessed if required. A summary of key geometric informa-
In addition to the spectra shown in the Results section, a tion is given in Table 1, including the out-of-plane torsional
multitude of additional spectra were recorded over a wide anglesf and ¢ defined in Figure 1 that specify values for
temperature range using samples exposed to radiation for 30 gossible out-of-plane “boat” deformations of pyrimidine.
to 3 h both with and without the use of filters to remove Calculated vertical excitation energies are shown in Table 2,
unwanted incident light. These spectra provide unambiguouswhere they are compared with experiment and the results of
assignments of observed peaks to either cold bands or hot bandgrevious calculations. Calculated-0 transition energies are
and indicate that no reported bands arise from photochemicalgiven in Table 3, with the associated excited-state reorganization
decomposition products. energieste provided in Table 4 and the zero-point energy (ZPE)
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TABLE 2: Calculated and Observed Vertical Excitation Energies (eV) for Pyrimidine

method basis B, A, B (2)1A2 (2)151 (2)1A1 (3)1A1 (2)182 3B, SA; A, 3B, (2)3A1 (2)3A2 (2)381 (2)352 errot
CCSD cc-pvDZ 436 459 498 515 490 5091 6.48 6.37 0.51
EOM-CCSD cc-pvyDZ 4.74 510 552 631 6.60 7.20 8.10 8.33 428 429 483 508 545 581 6.38 6.68 0.45
CASPT2 cc-pvDzZ 4.26 4.49 5.17 6.03 7.10 3.81 4.35 424 483 5.13 5.39 593 6.,51 0.16
B3LYP cc-pvDZ 392 470 440 487 5.00 532 570 6.00 0.06
TD-B3LYP cc-pvDZ 4.31 455 587 575 5.94 6.69 7.73 7.75 3.73 411 419 476 5.25 5.13 560 598 0.22
CIS 6-31G* 6.02 6.69 6.81 7.71 894 724 912 9.35 5.15 398 584 510 579 7.17 798 6.89 171
CASSCP ANOP 522 583 521 692 741 730 815 855 0.88
CASSCF* ANOP 561 6.22 5.25 7.68 9.26 9.26 1.29
CASPTZ2 ANOP 3.81 412 493 6.72 757 7.57 0.38
MRCI2 ANOP 3.82 422 553 570 6.12 696 7.67 821 0.36
MRDCI! DZ+Ryd 3.74 4.19 471 8.07 3.68 3.90 3.90 4.75 0.65
EOM-CCSD sadlef 462 503 544 6.17 650 695 7.73 810 0.30
EOM-CCSD(T) sadlef 424 474 501 584 611 657 735 782 0.18
STEOM-CCSD sadlef 440 4.72 5.04 594 6.18 6.87 7.44 7.77 0.14
CCSDresp. sadlef 459 5.16 651 7.01 7.73 0.30
obsd 428 48 5.2 5.7 6.0 6.7 757 7.57 3.6 ~4.5 5.08
(old assignments)
obsd >3.6 42 A7 5.0 53 ~56
(new assignments)
obsd 43 48 53 5.9 6.1 6.8 7.6 7.6 >3.8" 44 48 5.1 5.4 5.7

(ZPE-corrected)

2 From ref 7.° Large atomic natural orbital; see ref & rom ref 8.¢ From ref 10.° Basis functions (180) from ref 56 From ref 11.9 From ref
48. " Corrected for zero-point energy (ZPEJrom ref 17.J Coupled cluster response thedfyk See also ref 6.Root-mean-square (RMS) error
between calculated and ZPE corrected observed value$. used in RMS analysis.

TABLE 3: Calculated and Observed 0-0 Energy DifferencesEq (eV) to the Ground State of Pyrimidine

method By Ay Bx (A (2)'B1 (A1 (3)Ar (B2 %Bi (@)A1 (B)Ar A By (2PA1 (2PFA: (2FB1 (2B
CCsD 3.6 363 39k 4.03% 4.8C¢ 52k 6.12 6.09
EOM-CCSD 417 419 529 556 6.21 6.69 786 8.10 3.6 364 3.90" 3.971 4,71 52% 536 6.0 6.46
CASPT2 3.568° 3.10%
B3LYP 3.741 3.30 3.64 401 3.47 4,56 463 53K 57X
CIs 5.32 5.61 6.48 7.28 8.14 6.73 8.83 8.98 453 331 9 x 4.96™ 479% 550 6.7% 7.7 6.5%F
obsd-old assn. 3.85 4.0# 5.00 ~5 M  64% 7.2% 725 354
obsd—new assn. 6.26

2 Obtained using best-estimate zero-point energy corrections; see Supporting InforAtatitisplacements not considereédzrom ref 1.¢ Estimated
from the spectra of ref 17 From ref 48." Evaluated at optimized “boat” structure wi@ symmetry.9 Not a local minimum; collapses t@J®A;.
" Neglecting the mode of the imaginary frequency, which leadsJ#A; without a barrier! TD-B3LYP. iAnharmonic analysis for the;@ouble
well. K Anharmonic analysis for the;lWouble well.! Anharmonic analysis for the,lmouble well.™ Anharmonic analysis for the’adouble well.

"No & or b, double well at theC,, structure.

TABLE 4: Calculated and Observed Excited-State Reorganization Energiesie (eV), after Vertical Excitation from the Ground
State of Pyrimidine
method synt. !B, A, By 2)A;  (2)'B1 (A1 (3)Ar  (2)'B: B (A1 (B*A1 GAr By (2PA1 (2FA2 (2B (2B

ccsb Ca 049 077 044 077 022 057 030 025
EOM-CCSD C,, 0.46 0.74  0.19 0.57 029 042 028 021 045 046 015 069 020 018 032 027 019
EOM-CCSD C, 0 0.045 0 [0.024] 050 0 [0.138] 0019 0038 051 0.045 0 [0.005]

CASPT2 C, 05 0.42

B3LYP Ca 044 076 045 072 023 056 027 025
B3LYP Cs 0 0.105 0 0.033

cis C, 053 0.85 0.17 0.38 077 034 025 024 0.47 0.45k 061 022 018 018 022 027
cls Cs 0.04 0.09

CASSCRE G, 041 039 0.53

CASSCP® G, 001 0 0

obsd 0.39" ~0.69 0200 >04  ~03 044" 033 033 >0.1 0.5

a Estimated by displacement in the mode of imaginary frequehEjther for relaxation within theC,, point group or theadditional relaxation
following distortion to the “boat” structure; possible minor relaxations in other modes (see Supporting Information, Table 10) are not included.
¢ From ref 6.9 Our estimatess Leads directly t&B;; see Figure 2f Our interpretation of experimental spect¢d&rom ref 1." From ref 48.1 From

ref 58.1 From ref 17 . Leads to ¢)3A; without barrier.

corrections provided in Supporting Information. In most cases, frequencies, zero-point energies, and estimated asymmetric
relaxation within theC,, point group accounts for almost all of  contributions to the reorganization energy. These values are
the reorganization energy. However, normal-mode analysis atshown in Tables 24 and the Supporting Information, and the
the resultant geometries sometimes produces imaginary eigenprediction of double wells is flagged in Table 3.

values, indicating the presence of a double-well potential in one  For 3A;, the calculated potential energy surfaces have a
or more asymmetric modes. Large relaxations were found for double-well structure as a function of the totally symmetric nor-
b; modes only, often leading to boatlike structures as depicted mal coordinateQs, The chemical significance of this is dis-

in Figure 1. For these, explicit geometry optimizations in the cussed in detail in section 3C. CCSD, EOM-CCSD, CASSCF,
lower (Cy) point group were performed, and the normal-mode and B3LYP calculations all predict two separate minima for
analysis was repeated. In other cases, the double-well potentialghis state, and these are namegPA; and (3)3A; in Tables 3
were evaluated explicitly as a function of the appropriate normal- and 4 and so forth. From CIS calculations, the appearance of
mode displacements, leading to the evaluation of revised the higher-energy3)2A; minimum was apparent, but no local
harmonic and (diagonal) anharmonically corrected vibrational minimum was found.
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3B. Comparing Observed and Calculated Vertical Excita- -«

o LI L B B R L L L L L

e

tion Energies.Observed 6-0 transition energies are also shown -
in Table 3 on the basis of existing assignments and our revised
assignments (see below) of the observed spectra of pyrimidine.
Related vertical excitation energies and reorganization energies
are shown in Tables 2 and 4, though the most appropriate e
experimental values for these quantities are often not clear.
Computed vertical transition energies correspond t@tleeage
band absorption energfdsut are typically approximated simply <
by the observed band maxima. Correction of the calculated
values for zero-point motion is also required, but because zero-
point energy corrections are available only for a small subset «f
of the computational methods used, we facilitate an improved 5
comparison of observed and calculated data by determining a ~
“best estimate” computed zero-point energy change for a “
particular state and adjusting the observed band maximum
accordingly. We obtain these estimates as either the average of
the available calculated B3LYP and EOM-CCSD values or
calculated CIS values otherwise, as described in Supporting
Information. The corrected experimental vertical excitation
energies are shown Table 2, as are the root-mean-square (RMS)
deviations between them and the calculated values.

In comparing the calculated and experimental vertical excita-

tion energies, it is clear that the EOM-CCSD(T), STEOM-
CCSD, CASPT2, B3LYP, and TD-B3LYP results are in
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excellent agreement with experiment, with RMS deviations of e
less than 0.25 eV. Because ZPE corrections are typically on “» -2 -1.,5 -1 -.5 0 .5 1 15 2
the order of 0.1 to 0.2 eV and because average band energies Projection onto Qs

can differ from band maxima by 0-10.2 eV, it is clearly Figure 2. EOM-CCSD maps of the lowest triplet manifold of
importan[ that these issues be addressed when Comparing)yrimidine obtained anng Iinear transits between%e(both inC2,,
observed and calculated data. The CCSD and EOM-CCSD a1dCs symmetry), ()?As (both inC,, andCs symmetry), ()°As (Ca

. - . symmetry), andA; (C,, symmetry) stationary point®). The energies
results differ from the adjusted experimental data by up to 0.5 are shown as a function of the projection of the displacement from the

eV; however, the difference is composed largely of a consistent ground-state equilibrium geometry onto the totally symmetric dimen-
overestimation of the excited-state energies, indicating that thesesionless normal coordinate of mode 8a; the approximate location and
methods remain appropriate for the calculation of the relative upper bounds for the energy of various connecting transition states (TS)
energy differences and hence the shapes of the potential energfnd conical intersections (CI) are indicated. Within the upper and lower
surfaces, including the properties of transition states and conical™aps: a different dash pattern is used for each pair of state energies
. . ] evaluated along the same transit.

intersections. Most important, all of these methods produce the

same state ordering, with the exception of the incorrect ordering .

1 | i . indeed this is what is observéd?# Physically, this result is
ngzigﬁzljagg?g u((j:ggezye;[t)eBs?;ZZ ::332126 ordering of the expected because the model predicts that the four bands

T ] . . comprise not single-determinant excitations involving the highest
The calculated reorganization energies are in realistic agree-5q second-highest occupied orbitals and the lowest and
ment with the experimental values for all states excegB®)  second-lowest unoccupied orbitals but rather equally weighted
For this state, the observed band appears to be narrow, and &near combinations of pairs of them. Our calculations indicate
value of ca. 0.3 eV appears to be in order. The CIS callcu_latlonsthat, at all geometries considered, the singtet (r) states of
produce a large reorganization energy of 0.77 eV within the ,yrimidine are properly described as two-determinant excita-
Cz, symmetry whereas the EOM-CCSD calculations predict 0.29 tions, At the geometry of the ground state, this is also found
eV within C,, with an additional 0.50 eV attributed to symmetry o the triplet ¢r*, 7) states, but geometry optimization ¥,
reduction toCs symmetry. Although this could indicate thatthe s found to lead to localization into two single-determinant
experimental assignment is incorrect, it is more likely that this excitations, each with a different preferred geometry. This is
discrepancy arises from incorrect perceptions of the vibronic jjystrated in Figue 2 , where the energy &, evaluated using
coupling involving (2)B1 within the calculations. EOM-CCSD is plotted against the projected displacement from
3C. Breakdown of the Alternate-Polyene Model for3Aj, the ground state in mode 8a. Two localized wells separated by
the Lowest-Energy ¢*, ) State. The model that describes  a transition state result; these wells are nanog#y; and (3)3A1,
the key qualitative features of ther, &) spectroscopy of and each corresponds to a single-determinant excitation. The
alternate polyenésis based on the assumption of the existence appearance of a double-well surface indicates that the pseudopar-
of a pseudoparity symmetry operator. For pyrimidine, this ity operator is ineffective, and the usual alternate-polyene
predicts that there should be a pair of #tates and a pair of B spectroscopic model is therefore invalid for the triplet states. A
states, where one member of each of the pairs is forbidden andsimilar result has also been obtained for pyridine.
the other is very intense. This description is formally correct  The calculated reorganization energies display an anomaly
for benzene and metalloporphyrins because for these moleculesn that those for ¢)3A; and (3)3A; obtained using CCSD (0.77
actual symmetry operators exist that confer these spectroscopi@and 0.44 eV, respectively) are much larger than those obtained
properties. For pyrimidine, two weak bands {&) and!B,) using its time-dependent counterpart, EOM-CCSD (0.45 and
and two strong bands (B: and (2JB,) are expected, and  0.15 eV, respectively). This arises bec&SESD is essentially
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TABLE 5: Observed Vibrational Frequencies for Valence States Other Than'B; and ®B; Compared to Calculated Frequencies

v (cm~1) and Dimensionless Displacements?

obsd EOM-CCSD CASSCF CIS
state assignment v mode v mode v o mode v o
B, 1 950 1 956 1.4 1 979 1.6 1 1053 1.2
8b 1600 8b 1553 8b 1814
(2)'A1 ? 770 6a 565 15 6a 576 2.3 6a 629 —-1.2
1,9a,12 887 0.6 1 906 24 9a, 12 952 0.9
1, 9a, 12 940 1.5 12 979 0.3 1 1028 —-1.3
8a 1688 1.3 8a 1810 15 8a 1650 -0.9
(3)*A1 ? 910 1,9a 977 1.4 1 1023 -15
1,12 997 0.9 6a 687 0.1
9a, 12 1129 0.7 9a,12 1073 -0.3
(2)'B2 ? 910 1 921 1.3 1,9a,12 998 0.9
12 972 1 1,12 1045 1.3
9a 1076 0.8 9a, 12 1164 -0.8

20nly specific asymmetric modes angraodes with large displacements are shoarom ref 1. Only a modes are available.

a single-reference method, and such methods typically overes-states (3)A; and (2}B, whose vibrational structure is very

timate the energies of two-determinant states suéAaat the

ground-state geometry. Because relaxation results in single-

complex® a variety of totally symmetric vibrations are expected
to form progressions and no clear interpretation of the apparent

determinant states whose energy is not similarly overestimated,progression in 910 cr is obtained.

the calculated reorganization energies are too large. Similar

results are also obtained when comparing B3LYP and TD-
B3LYP results for analogous staté#lethods such as CCSD

For the triplet states, the assignment of the lowest band as
3B, is clear from experimental databut the assignments of
the other triplet states arise from the interpretation by Palmer

and B3LYP may be very useful, however, as in this circum- et al17 of their low-resolution electron-energy loss spectra
stance they provide diabatic rather than adiabatic states anthptained by considering multireference configuration interaction

hence yield direct information concerning vibronic coupling that
is otherwise quite difficult to obtaif.

4. Revised Experimental Assignments for Some
High-Lying States

(MRCI) calculated vertical excitation energies. Our computa-
tional methods placex)®A; and3B; close in energy, but the
experimental assignment for the lowest state (in benzene crystal
at 1.2 K) is most readily confirmed by considering the observed
excess atomic spin densiti®syhich B3LYP calculations clearly

The experimental band assignments for the singlet states arddentify as being those expected fi, rather than any other

firmly grounded on experimental evidence and are, in general,

well supported by the computations; one modification is
suggested, however. This concernsA2) a medium-intensity
band sandwiched between the weak'®&)and strong (3)A4/
(2)!B, band system& A clear vibrational band is observed at
6.49 eV and is followed to higher energy by a resolved
vibrational progression with a spacing of about 0.09 eV (730
cm™1), with poorly resolved features also found at the lower
energies of 6.10, 6.26, and 6.38 eV. Bolovinos ¢falssigned
the 6.49-eV band as the origin of {&), with the lower-energy
lines possibly accounted for as vibronically intensified transitions
of (2)!B;. However, this assignment attributes a reorganization
energy of 0.21 eV to this state, only half of the value predicted
by EOM-CCSD. Furthermore, the relative intensities of the
bands in the 730-crt progression cannot be reconciled using

possible candidate; see Supporting Information.

Modern computational methods are considerably more reli-
able than the MRCI implementation used in the original
assignment by Palmer et Hl.of the remaining triplet states.
Combined with the use of relaxation-energy and singieplet
splitting data, they suggest quite different assignments for the
high-lying triplet states. Also, our calculations permit the
assignment of observed featuifasot originally interpreted; this
assignment is shown graphically in Supporting Information. The
shoulder observéd near 3.6 eV was assigned #8;, but
because the origin of this band is at 3.54 eV and the calculated
reorganization energies exceed 0.3 eV, the band center is clearly
being obscured by the strong adjacent excitation. In later
discussions, we assume that the band center is at 3.9 eV. The
adjacent excitation itself is poorly resolved and may arise from

Franck-Condon factor analysis. Our calculations suggest that an unresolved state at 4.0 eV, though a clear shoulder is

it is in fact the 6.26-eV line that is the band origin of {&).

observed at 4.2 eV. We assign the 4.2-eV shouldéAtoon

The vibrational modes with the largest calculated displacementsthe basis of the calculated singtetiplet splitting from the

are shown in Table 5, but because a variety of modes haveknown A, state energy (4.6 &%) as well as the calculated
similar displacements and frequencies, these calculations predicand apparent reorganization energies. If a band is indeed present
a complex structure rather than a simple progression in oneat 4.0 eV, then it could arise frofA\; and/or'B; obscured by
mode only. We have simulated the low-resolution band structure 3A,. Palmer et al” assigned a shoulder at 4.5 eV %, and
expected from the EOM-CCSD calculated frequencies, displace-another at 4.7 eV téA,, but because there is a singlet state at

ments, and Duschinsky matrices, and this is in qualitative

4.6 eV, we assign the 4.7-eV shoulder®®,. This value is

agreement with the observed spectra assuming that the originsomewhat lower in energy than the original assignment to a
is located at 6.26 eV; for reference, the observed and simulatedpeak at 5.0 eV. We assign the 5.0-eV peak téB2)nstead

spectra are provided in Supporting Information.
All observed vibrational modes for valence excited states
other than'B; and3B; are also shown in Table 5, along with

the corresponding calculated vibrational frequencies and dis-

placements. The vibrational assignmérftr B, are clearly

and the nearby unassigned 5.3-eV peak t&842)An unassigned
shoulder at 5.6 eV we attribute to B)y. All of these
assignments should be considered to be provisional; however,
because the experimental spectrum is noisy, its structure is
poorly resolved, and only computed information is available to

vindicated, although it appears that for the intense overlapping use in making the assignments.
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Figure 3. Vapor absorption spectrum of pyrimidifg-at 18°C in the region of théB; singlet-singlet hot bands.
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Figure 4. Vapor absorption spectrum of pyrimidirtg-at 18°C; first 1100 cm?® of the 'B; singlet-singlet system.

5. Spectra, Vibrational Assignments, and Vibronic singlet origins are over 4000 cthaway, and the associated

Coupling for 1B; and 3B; hot bands are much weaker near the singlgplet origin. The
The hot-band region of théB; — A (S, — So) singlet- singllet—singlet. and singlettriplet bands haye very similar

singlet absorption spectrum of pyrimidine atABis shown in rotational profiles and cannot be easily distinguished on that

Figure 3 whereas the corresponding absorption beyond the originP@sis- A reliable analysis of the, - S, spectrum hinges on a

is shown in Figure 4; the hot-band region of @ — A, (T, comprehensive knowledge of the S- Sy hot bands in this

— ) singlet-triplet spectrum at 75C is shown in Figure 5. region; fortunately, the singletsinglet spectrum is well under-
Analysis of the singlettriplet spectrum is hampered by the stood, although we suggest some reassignments within it. Our
presence of singletsinglet hot bands; th&8; < A, origin is deduced excited-state vibrational frequencies, along with previ-
only 2542.5 cm? away! and at 75°C, the two band systems  ously known assignment82*are given in Tables 6 and 7 for
have comparable intensities in this spectral region. The situationthe fundamental vibrations dB; and *Bj, respectively, and

is simpler for pyrazine and pyridazine, for which the singlet  overtone assignments are given for some significant modes in
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Figure 5. Vapor absorption spectrum of pyrimiditg-at 75°C (path length 312 m) in the region of tRB; singlet-triplet absorption.

TABLE 6: Observed and Calculated Harmonic Vibrational Frequencies (cm~1) for the Sp and S, States of Pyrimidine+, and
Pyrimidine-d,

v for So (A1) v for Sy (*B) viforS—S
mode sym. isot. ob$d CCSD B3LYP obsd EOM-CCSD CISS CASPT2 TD-B3LYP obsd EOM-CCSD TD-B3LYP
%a a hy 1139 1119 1114 1109 1129 1086 1115 1111 —30 10 -3
ds 860 841 843 816 843 818 837 824 —44 2 -19
12 a h, 1065 1034 1040 1012 1046 998 1030 1030 —53 12 —10
d, 1043 1011 1019 1003 1012 967 937 1005 —42 1 —-14
1 a ha 992 968 972 9 958 928 936 945 —51 —10 —27
ds 975 953 958 929 951 918 928 934 —46 -2 —24
6a a hy 678 689 692 625 652 628 637 641 —53d —37 —51
ds 657 667 669 604" 628 607 615 619 —53 -39 —50
6b b hy 623 629 631 329 76i 335 312 3771 —294 Xi x
ds 603 610 611 300 74i 328 299 3671 —303% X! X
11° by ha 960 982 980 915 949 902 914 —400 —33 —66
10b b ha 811 824 824 612 656 655 629 —199 —168 —195
4 by hy 721 738 739 444 471 465 460 —27P —267 —279
ds 553 569 564 369 380 390 378 —18# —189 —186
16b b ha 344 360 354 366 380 388 363 2 20 9
ds 304 312 305 328 332 311 <10 16 6
16a a ha 399 410 409 240 254 290 200 253 —159 —156 —156
ds 369 378 374 237 236 274 188 239 136 —142 —135
17a a hy 980 960 959 526 544 556 471 560 —454# —416 —399
ds 801 77 778 424 439 447 375 444 —-37P —338 —334
RMS error ha 20 19 28 28 15 35 23
ds 16 12 22 24 23 29 25

2j indicates imaginary frequenciesFrom refs 1, 31, and 32.Scaled by 0.89¢ Fermi resonance-correctedSometimeslisted as 17b’ Directly

observed quantity is} for the a modes and otherwise;; = v3 — v3. 9 This work." From refs 18 and 31.Not available because the frequency
is imaginary for .

Table 8. For comparison, computed harmonic vibrational the singlet-singlet and singlettriplet spectra are provided in
frequencies are provided in Tables 6 and 7, and these, asTables 9 and 10, respectively.

corrected for diagonal anharmonicity, are provided in Table 8.  The hot bands and sequence structure in the absorption
Vibrational frequency changes between the ground and excitedspectrum are expected to arise from the lowest-frequency modes
states;v} and so forth, are also provided in these Tables for the in the ground state, owing to their more favorable Boltzmann
purpose of analyzing sequence bands. Detailed assignments ofactors. As shown in Tables 6 and 7, these are, in order of
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TABLE 7: Observed and Calculated Harmonic Vibrational Frequencies (cnt?) for the So and T, States of Pyrimidineh,

Y for S (A1) 5 for T1 (3By) viforT,— S

mode sym. obsd CCSD B3LYP obsél EOM-CCSD CI8 CASPT2 B3LYP obsd EOM-CCSD B3LYP
9a a 1139 1119 1114 1082 1128 1082 1116 1114 -57 9 0
12 a 1065 1034 1040 1007 1044 995 1030 1029 58 11 -11
1 a 992 968 972 949 963 935 946 956  —51 -5 -16
6a a 678 689 692 616 650 620 636 652  —62 -39 —40
6b by 623 629 631 319 412 278 571 437 —304 —217 —194
112 b, 960 982 980 939 935 898 —43 —-82
10b h 811 824 824 648 626 784 619 —163 —198 —205
4 by 721 738 739 298i 620 238 —-501
16b h 344 360 354 356 396 403 431 q2 36 77
16a a 399 410 408 206 282 310 537 288 —193 —128 —120
17a a 980 960 959 517 522 805 487 —443 —472
RMS error 20 19 56 62 73 65

a Sometimeslisted as 17b° Scaled by 0.89¢ Fermi resonance-correcteéti-rom ref 32.¢ Directly observed quantity isé for the a modes and

v} otherwise;v; = vy — v f From ref 24.9 This work.

TABLE 8: Comparison of Experimental and EOM-CCSD and B3LYP Anharmonic Frequencies (cnt?) for Selected Modes of
Pyrimidine and Pyrimidine- d,2

So (*A1) S (*By) T1(°By)
mode sym. method v(l) 1/(2) vg - 21/(1) vé Vg vg - ZVé vi V% vé V(ZJ V% - 21/3 vi v%
6b kb  obsd 623 1240 -6 329 657 -1 —294 —-583 319 612 —-26 —304# —628
—hy CCSDF 631 1262 2 371 846 104 —259 —415 420 848 8 —211 —413
B3LYP® 633 1267 1 493 1148 162 —140 -—119 444 894 6 —189 —373
4 by obsd 723 444 893 5 —27P
—hy CCSD 743 1491 6 493 1006 20 —250 —484 174 473 125 -568 —1017
B3LYPc 747 1500 6 485 994 24 —262 -—-506 294 628 40 —453 872
16b b  obsd 344 6829 —6 366 788 56 22 108 356 12
—hy CCSD>r 368 743 7 394 800 12 26 57 407 824 10 39 97
B3LYP¢ 363 735 9 389 802 24 26 67 437 880 6 74 145
16b b  obsd 304 609 1 ~304-314 674 66-46 <10 65
—d4 CCsSD» 318 643 7 343 701 15 25 58
B3LYP¢ 312 630 6 338 720 44 26 20
16a a obsd 399 810 12 240 499 10 —-159 -3200 206 418 6 —193 387
—hy CCSD 415 836 6 270 554 14 —139 -—-266 294 598 10 -115 —222
B3LYP® 416 838 6 275 568 18 —-141 -270 303 621 15 -113 217

av? is the ground-state vibration frequency; the excited-state frequebdy obtained experimentally aslo + vi. b Corrected for Fermi
resonanceS TD-B3LYP or EOM-CCSD for $ ¢ From ref 32.¢ From ref 18.f From ref 30 .9 This work. " Obtained using/3 = v2 + v4

increasing frequencs? 16b (b, experimental value for the  displacement in mode 6a and the large frequency change in

ground state (344 cm)), 16a (a, 399 cntl), 6b (I, 623 cnTY), mode 6b, and we calculate FrareRondon factors for these

6a (a, 678 cnt), 4 (b, 721 cnT?), 10b (h, 811 cnT?), 11 using calculated displacements (see Supporting Information) and

(b1, 960 cnT?), 17a (3, 980 cnth), and 1 (g, 992 cn1?). approximate observed frequencies, respectively. Hence, for the
5A. Untangling the 633/6b§ Fermi Resonance. Fermi singlet-singlet spectrum, a coupling constant of 21émand

resonances between mode 6a and the first overtone of mode 6k zeroth-order separation of 32 chplacing 6 at 657 cm'?

are typical of diazine absorption spectra and are associated vv_ithand 64 at 625 cm?, give a close approximation to the
the halved frequency of mode 6b in the excited state. This gpserved intensity ratio and doublet splitting. In the singlet
reduction in frequency is attributed to strong vibronic coupling  iplet spectrum, the ratio and splitting were successfully
between the closely spaced Bnd /A states, and we address  mdeled using a coupling constant of 15dnand separation
the chemical significance of this coupling |n2the next subsection. of 4 e, placing 6l§ at 612 cm! and 6% at 616 cml. The

In the singlet-triplet spectrum, the Q?Bbo Fermi doublet  gitterent intensities for the two spectra are due to the different
occurs at 599/628 cm; Ottinger et ak* also reported these pattern of constructive and destructive interference that occur
bands in their phosphorescence excitation spectrum but did NOtith the reversed ordering of the zeroth-order levels.

identify them as a Fermi doublet. One of the major features of . . . .

the singlet-singlet spectrum shown in Figure 4, first reported P urther confirmation of the Fermi-resonance analysis could
by Knight et al.18 is the corresponding doublet that occurs at P€ Provided by 6]13 but unfortunately, this sequence band is
613/669 cm®. The intensity ratios are quite different for the NOt clearly identified in either the singlesinglet or singlet

two spectra: in the singletsinglet spectrum, the components  triplet spectra. This is surprising because, on the basis of the

of the doublet have similar intensities, but in the singleiplet calculated vibrational displacements provided in Supporting
spectrum, the bands at 599 and 628 éimave an intensity ratio ~ Information, the FranckCondon factor for Gbis expected to
of about 1:4%4 be slightly larger than that for 8and there are clear 186

The different intensity ratios may be satisfactorily modeled Fermi doublets observed at678 and—685 cnt! in both
by anharmonic coupling calculations. Before Fermi resonance, spectra. (See Figure 4, Tables 9 and 10, and the study by Knight
both the 6%, and 6@ modes have intrinsic intensity due to the et al18) Unfortunately, the consequence of the interplay of the
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TABLE 9: Band Assignments for the Origin Regions of the'B; < A; (&", n) Band Systems of the Vapor Absorption Spectrum

of Pyrimidine-h, and Pyrimidine-d,

pyrimidine-d, pyrimidine-h,
v — 31188 v — 31073 v — 31073
cm?t assignment cm? assignment cm? assignment
—658 64 —685 6a/161) 347 6ap 1602 168
—678 6a/161) 459 6a; /617 162
—377 17@ —454 17&{ 475
—270 15522 —320 16% 490 1633,
—-303 261 —294 264 525 6ay /605 168
—236 555
—184 41 -277 41 613 6ay /6k7
—199 106t 644 6ag /662 161
—174 669 6ay /1615
—136 163 —159 168 704 6ag /6k5 16k
—144 16d16b} 721
~572 164161 788 15164
—40 11 808
0 S origin 0 S origin 856 120168
22 166} 893 4(2)
65 16b§ 106 16b§ 941 13
255 162,/1615 965 15160
286 6ag /6b5 168 1012 12}
327 6ay/16k5 12 1045 12;16b;

TABLE 10: Band Assignments for the 3B, <— A; (a", n)
Band System of the Vapor Absorption Spectrum of

Pyrimidine-hy
v — 28534 7 — 28534
cm?t assignment cm?t assignment
—685 6a/161) 406 6ap /602 163
—678 6a/161) 442 6ap /65 168
599 6ay /6k5
—538 ? 628  6a} /6K
—418 ?
—387 168 640 6ap /665 161
—304 6t 813 125164
-193 164 906 21}
—163 2104 941 ? 1(1)
0 T, origin 1007 123
12 160 1019 S, 62 168
365 ?

They also predict that the reorganization energies for the A
states are ca. 0.3 eV larger than those for thestates, and
hence one would expect the adiabatic energy gaps to decrease
to about 0.2-0.3 eV. Specifically, the CCSD, EOM-CCSD, and
B3LYP calculations predict the vertical energy gap betwi&n
and 2A; to within 0.1 eV of experiment and a—® energy
difference of 0.2-0.3 eV. The EOM-CCSD result is shown on
the lowest-triplet manifold map in Figure 2 along with the
approximate locations and energies for the conical intersections
involving ®B; and3A,. These results indicate th&A, will be
significant in relaxation processes on this manifold.
EOM-CCSD predicts that the AB; gap is reduced by 0.2
eV in the singlet manifold compared to that in the triplet and
hence predicts that tH8; and'A, origins are nearly degenerate.
The observed high-resolution spectrum #; shows no
indication of an additional origin within 0.2 eV, however. By
linear interpolation between the minima'@; and*A,, we have
obtained an approximate geometry (see Table 1) and EOM-

6ay/6b Fermi resonance in the excited state and the well- CCSD energy upper bound of 0.20 eV above the origitBaf
known 64/16K) Fermi resonance in the ground state is that for the conical intersection between these two states. This is in
64 is actually expected to appear not as a single line but rather the Franck-Condon region, and hence we would expect that if

as a quartet, making it difficult to identify. In the singldtiplet

1A, is located as close as EOM-CCSD predicts then significant

spectrum, three unassigned peaks are observed in the region dperturbations to the spectrum 6B, would indeed occur.

—63 cntl, naively expected for éa these are at-52, —82,
and —89 cnTl. Also, the similarity between the two sets of
1662’/632 Fermi doublets strongly confirms our assignment of
the singlet-triplet origin, which is in agreement with earlier

deductiong4

5B. B;—A; Vibronic Coupling through Mode 6b: Possible
(7r*, n) Symmetry Breaking. The large depression observed
in the frequency of mode 6b £bin the B; excited states (see
section 5A) is due to vibronic coupling with states of A
symmetry. Experimentally, thbA, and3A, states are located
vertically about 0.5 and 0.6 eV above the corresponding B
states, respectively. Our calculations predict that BAthand
3A, experience strong vibronic coupling in lmodes with the
ca. 0.4-eV higher Bstates and undergo out-of-plane distortion.

However, EOM-CCSD(T) calculatioffsalso suggest that EOM-
CCSD underestimates thB; to 1A, gap by 0.2 eV; adjusting
the EOM-CCSD CI energy by this amount would take the CI
out of the Franck-Condon region, making the detection'df,
more difficult.

The naive interpretation of the observed similar frequency
lowerings (see Table 8) in the singlet and triplet states is that
the vibronic coupling and hence the singlet and triplet energy
gaps are actually very similar, as suggested by EOM-CCSD-
(T). The shapes of the calculated potential energy surfaces, and
hence computed vibrational frequencies, are very sensitive to
the calculated energy gaps, with the consequence that EOM-
CCSD predicts thatB; has a double-well potential in mode
6b, the well depth being just 0.2 crh (see Supporting
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Information) whereas no such distortion is predicted ¥8y.

We have evaluated the EOM-CCSD(T) energy along the normal
coordinate for mode 6b oB; and have found only a single
well, a result that is consistent with the larger interstate gap
predicted by this method. CASPT2 also predicts tBais stable

to by distortion whereas TD-B3LYP predicts a shallow double
well.

Quantitative experimental evidence for the nature of the
vibronic coupling through mode 6b can come from observed
vibrational anharmonicities. In the singtdtiplet spectrum, the
sequence band §3tassociated with the third-lowest ground-
state frequency is tentatively assigned to a weak banre3ad
cm 1, suggesting that @tshould be found at 319 cri; the
corresponding singletsinglet sequence band occurs-e294
cml, suggesting 329 cnt for 6h). Hence, after Fermi-
resonance correction of the frequencies df, 6t see in Table
8 that 6b appears to be quite harmonic in the ground and S
states (the anharmonicities b (2 x 6b) are —6 and —1
cmL, respectively) whereas;Tdisplays an anharmonicity of
—26 cnTL. For §, the EOM-CCSD and TD-B3LYP calculations
predict double-well potential energy surfaces with very shallow
well depths of 0.2 and 15 cmh, respectively. Surprisingly, these
methods actually overestimate the observed frequené)by}b
50-150 cntl. Nevertheless, the predicted large positive an-
harmonicities, which are a significant qualitative feature of
double-well surfaces, are not supported by the experimental data
It is thus apparent that EOM-CCSD and TD-B3LYP overesti-
mate the strength of the vibronic coupling between'gand
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cmL. A possible alternative assignment of thd54 cnt?! line

is 168, which on the basis of the observed frequencies for
168 and 163 is expected, with somewhat less intensity, at

—468 cntl; this assignment is rejected because the implied
degree and nature of the anharmonicity for 16a cannot readily
be justified.

Qualitatively, the computational methods all reproduce the
observed 136450 cnt! lowerings of the frequencies of the
two & modes in the lowest Bexcited states. These changes
are indicative of strong vibronic coupling between the lower
B: and B states. Quantitatively, there are some significant
differences, however. FéB;, all methods calculate the changes
in mode 16a to within 20 cmi, an excellent result, whereas
for 3B;, EOM-CCSD underestimates the lowering by 65¢ém
and B3LYP underestimates it by 73 ti(see Table 8). The
experimentally observed enhanced lowering of 16a @y
suggests that the 18, energy gap is smaller in the triplet
manifold. Although the original assignments of the EEL spectra
indicated that this gap increases by 0.45 eV, our revised
assignments given in Table 2 embody a 0.2-eV reduction that
is consistent with the vibronic-coupling analysis. Furthermore,
the lowering predicted by B3LYP in the triplet state appears to
be related to the exaggerated decrease of tiB,Rjap of 0.5
eV predicted by B3LYP (see Table 2) whereas the understated
depression predicted by EOM-CCSD appears to be related to
its failure to modify this gap. Clearly, the ability of computa-
tional methods to treat vibronic coupling is strongly linked to
their ability to calculate accurate excited-state energy differences.

IA, states, a result that is not surprising given that these methods 5D. Mode 16b: Vibronic Coupling to the Ground State.

underestimate the energy gap between the states.

Possible distortions inbmodes such as 6b for pyrimidine
are chemically very significant because they serve to localize
the (r*, n) excitation on one of the two nitrogen atoms rather
than delocalizing it over both. For pyrimidine, the excitation is
clearly delocalized in both the lowest singlet and triplet excited
states. This result is analogous to that found for pyra#ne,
though for this molecule the belief that the*( n) excitation
must be localized led to a history of incorrect assignments of
the spectroscopic transitiohg30:51

5C. Modes 16a and 17a: Vibronic Coupling to B States.
Because of a reasonably large Boltzmann factor, the} 16a

Owing to a favorable Boltzmann factor, the i&'equence
band should be relatively strong, and we tentatively assign it to
a weak band at3)+ 12 cntlin the singlet-triplet spectrum.

A weak band seen at 12 crhto the blue of the higher-energy
component of the @lﬁaé Fermi doublet is similarly assigned

to the associated 1§lsequence band; the lower-energy com-
ponent is significantly weaker, and the sequence band is lost
in hot bands of the singlet system, however. These lines are
also apparent in the phosphorescence-excitation spectrum of
pyrimidine2 In the singlet-singlet spectrum, a sequence band
is seen at g)+ 22 cnt! that has previousfy been assigned as
Gb}. However, this assignment is refuted by the SVL fluores-

sequence is expected to be relatively strong, and we assign itcence spectra from the Fermi doublets at 613 and 669 éon

to the singlettriplet sequence band at193 cntl. This
sequence is also seen on the/6k; Fermi doublet, and all
corresponding bands are discernible in the phosphorescence
excitation spectrurft The band at-387 cnt! (2 x 193.5 cnt?)

may be assigned to 1§385uggesting that this mode behaves
harmonically; this conclusion is supported by the calculations
shown in Table 8. The corresponding iﬁsinglet—singlet
sequence occurs atl59 cn1l, so the mode has frequencies of
240 and 206 cmtin the § and T; states, respectively, compared
to 399 cnrt in the ground state.

Mode 17a is of much higher frequency in the ground state
and hence is more difficult to observe in sequence bands.
Deuteration lowers the ground-state frequency considerably,
however, and from the availakehigh-resolution singlet
singlet spectrum of pyrimidinés, we assign a sequence band
at —377 cnr! to 174. On the basis of this, the assignment of
a weak line at-454 cnt? in the spectrum of pyrimidinéy to

pyrimidine'® and at 596 and 646 crifor pyrimidine-d,,3 which
unequivocally show that the frequency of 6b is approximately
halved. Alternatively, we assigrh & 22 cnm! as 168, provid-

ing a consistent analysis for all spectra.

It is rather unusual that sequence bands such as this should
be at higher frequency than the origin, indicating that the
vibrational frequency in the excited statehigherthan that in
the ground state. This phenomenon has been observed for mode
16b in pyridazine, howeveée.Strong support for this assignment
comes from the results of the EOM-CCSD and B3LYP
calculations shown in Tables8 because consistent, sizable
vibrational frequency increases are predicted to ooaly for
mode 16b; for the related mode 16a, the calculations predict
large frequency decreases, indicating the uniqueness of the
behavior of 16b.

Absorptions are also found in the long-path-length singlet
singlet spectrum at-33 and-+24 cn? from the 12 and %

174 is suggested. These assignments are strongly supportedands, respectively. These we also attribute to;16he

by the calculations because they predict that significant vibronic
activity in mode 17a dramatically reduces the excited-state
frequency and discount previcdsassignments of 17a at 927

corresponding bands on theie; Fermi doublet at 613/669
cm1 occur at+-31 and+-35 cnt?, and the apparent dependence
on the accompanying mode suggests that mode 16b is anhar-
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monic. The assignment of the weak band-d406 cnt?! (Figure 5F. B;—A; Vibronic Coupling via v4: Possibility of a Boat
4) may also be relevant here. Although earlier spectra showedDistortion in 3B;. The calculations for most of the excited states
the existence of this band, it had not previously been assigned.reflect the occurrence of strong vibronic coupling in b
Indeed, we have been unable to propose any potential assignvibrational modes. Although the nature of the distortion varies
ments other than 1§bwhich would be satisfactory on inten-  considerably between states (see Supporting Information), we
sity grounds. This assignment depicts mode 16b as beingfocus on the boat distortion shown in Figure 1, which is caused
strongly anharmonic. Supporting these assignments, the calculaprimarily by displacement in mode 4. As shown in Tables 6
tions predict values for the excited-state frequency increasesand 8, a large frequency reduction of 277 ¢ris observed for
that are close to those observed; see Table 8, which gives athis mode in'B; compared to the frequency of the ground state.
value for the'B; state of 16&)2 26 cnt! by both EOM-CCSD All computational methods predict that this effect is enhanced
and TD-B3LYP compared to the observed value of 22&m  for 3B; because the Astates, to which the Bstates couple via
For 16, the computed values are 57 and 67 énrespec- _bl vibra’_[ional mo_des, are predicted to be of much Iower'energy
tively, compared to 106 cnd. However, the calculated anhar- N the triplet manifold; see Tables 2 and 3. No clear assignment
monicities, 168 — (2 x 16k), are 12 and 24 cnt, respec-  ©Of lines such as fand 4 is possible for’B;, although some
tively, for the above example, which are not as large as the Possibilities are discussed below.
observed value of 56 crd. For pyrimidined,, a line observed EOM-CCSD correctly predicts thdB; has a single-well
at the origin+ 65 cnt! has previous8? been assigned to  potential as a function of mode 4, the frequency reduction being
16, On the basis of our calculated frequencies, it is much accurately reproduced at 267 ¢ However, EOM-CCSD
more likely that this line arises from 18lnstead, and this ~ Predicts that®B; has a shallow double-well structure and
reassignment has been made in the Tables. In this scenarioUndergoes distortion t6 = 15°, ¢ = 4°; see Table 1. After
16b} is presumed to lie undemeath the intense origin absorp- dlstortlon, the state is still |dent|f|ab381, bea.nng the primary .
tion and hence can be no larger than ca. 10%m geometr!cal (§ee Table 1) qnd spin-density (§ee Supporting
. . .._.. . Information) signatures of this state. The location and energy
The increase in frequency of mode 16b on excitation is

. ; . ; of both theC,, and Cs variants of this state are indicated on
attributed to vibronic coupling betweéB; and the ground state, Figure 2, which is an EOM-CCSD map of the lowest triplet
*As. Such coupling would decrease the frequency of 16b in the manifold’of pyrimidine. The well depth is just 0.019 eV or 150
ground state and simultaneously increase #8n As a result,

the f . 18 f th d state i red cm~1 (see Table 4), which is insufficient to support zero-point
€ Irequency Increase fis, from the ground state IS eXpected —;, ation. B3LYP predicts that mode 4 is lowered by 279¢m
to be twice that for*B;, in agreement with the experimental

. ) - . for the singlet state and by 501 cinfor the triplet, with both
ratio of 22:12. (See Table 8.) The calculations, however, predict surfaces having a single minimum. After anharmonic analysis
greater frequency increases for the triplet state than for the ) : '
singlet. Although 16b is the lowest-frequencyrode in the the EOM-CCSD frequency for the triplet state (see Table 8)

. 8 . __shows a lowering of 568 cm.
ground state, the calculations predict that, as a result of vibronic It is believed that thelB 438, states h imil
coupling to the excitedA; states, the second-lowest mode, mode 't 1S Delieved that the's, and b, stales have simiar
4, is depressed to a frequency lower than that of 16B8in equilibrium geometries on the basis of the band shapes of the
(see Section 5F) but remains at a higher frequencyBin lines in their emission a_md absorption speé&%ﬂ,_ but th's
Duschinsky rotation involving these two modes would lower argument cannot differentiate between the qualitatively different
the frequency of 16b ifB; and raise it inBy; this scenario potential energy surfaces predicted by the two computational

would be expected to lead to situations in which the apparent methods. What is required is the precise determlnatloniof 4
frequency of 16b becomes strongly dependent on resonance@nd 4.
and hence the nature of accompanying modes, as is observed. The spectra suggest three possibilities for these assignments.
We see that although the calculations are able to isolate theFirst, the observed line at538 cni! in the singlet-triplet
important chemical effects they are not sufficiently accurate to spectrum could be assigned tb #mplying a frequency for 34
be able to predict these unusual spectroscopic properties a prioriof 183 cnt? (calculations: EOM-CCSD 174 cm, B3LYP 294

5E. Other Singlet-Triplet Lines: Possible Assignments ~ ¢m™%). If the potential energy surface is a typical single-
for Modes 4, 11, and 10b\Weak bands are observed in the Minimum surface, then anharmonicity should be low, and one
singlet-triplet spectrum at-163 and—538 cnt? that are not would expect to find @near 366 cml. Indeed, a weak band at
readily assigned. These appear to be of singidplet rather 365 cntl is observed, though it could also be attributed to a
than singletsinglet character. For example, the only other hot band of the singletsinglet spectrum. This assignment is
possibility for the—538 cnt? line is the $ 6aY/12° hot band, also unlikely because no .band in this region is observe_d in the
but this should be broad because of the Fermi resonance and®hosphorescence-excitation spectifnand on the basis of
extremely weak because $2° is quite weak. Another pos-  Franck-Condon factors, gwould naively be expected to be
sible candidate for a singletriplet sequence band is418 16% as intense as the origin band. Also, all computational
cm L, although the singletsinglet hot band [6416t5]94) is a methods predict positive rather than negative anharmonicity for
serious possibility also. The most likely candidates for additional this mode.
singlet-triplet sequence bands arg, 41;, and 10. On the The second possible assignment forigtthe observed line
basis of the calculations, 1Plis expected at aroune-200 at—418 cnr*, implying a vibrational frequency of 303 crh
cmL, and so the line at-163 cnt? is tentatively assigned to ~ Thisis plausu_)Ie becagse this frequenc_:y is less th_an_ that obsewed
this transition. However, the presence of hot bands of the singletfor *B1, consistent with all computational predictions, and if
system in this region, in particular thegﬁal(itg Fermi quintet, the vibration is harmonic, therﬁﬂvould be hidden by the large
needs also to be considered. The EOM-CCSD and B3LYP complex signal due to the §@bj Fermi doublet.
calculations predict only-43 and —82 cnr! for 11; (see The third possibility is that the band evident in the phospho-
Table 7), and no assignment for this band can be made. Possibleescence-excitation spectréthat about 310 cmt is due to %
assignments for mode 4 are discussed in section 5F below. In the gas-phase fluorescence specttfina, line possibly
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attributable to 4 is evident at about 1403 crhand has an 6. Conclusions
intensity similar to that expected on the basis of Frarickndon

factors for a frgquency .Chaf‘ge of this order. However., the phase spectra of the; &nd T; states of pyrimidine combined
observed |_nten3|ty of the line in the phosphorescence-excnz_atlonwith reassignments of existing spectra and extensive calculations
spectrum is only one-quarter of that expected. Calculations ¢y these and 14 other excited states, we have developed a
performed using the calculated anharmonic potential energy consistent analysis of the excited-state energetics and vibronic
surfaces indicate that the intensity could be halved because of¢oypling of pyrimidine.
anharmonicity, making this assignment plausible. Indeed, itis  p reassignment of the triplet manifold is presented on the
difficult to find any assignment other tharf 4or what is a  pasis of vertical excitation energies and reorganization energies
significant feature in the phosphorescence-excitation spectrum.evaluated using a range of the best currently available compu-
Unfortunately, we are unable to identify clearly any correspond- tational techniques. Using a range of techniques is essential, as
ing lines in the singlettriplet absorption spectrum (in, say, the is the treatment of zero-point energy effects. The computational
—570 to—620 cn1! region) that could be assigned t) @nd methods have sufficient accuracy (e40.2 eV) to permit such
hence confirm the assignment. This third possibility would an assignment, but this error is still too large to permit an
strongly suggest that the EOM-CCSD description of the potential accurate evaluation of the vibrational frequencies of excited-
energy surface is realistic and that a shallow double minimum state vibrational modes involved in strong vibronic coupling.
is indeed present in the lowe#B; state. Such a scenario is However, computations do serve to indicate the qualitative
reminiscent of pyridine, for which the analogous distortion is features that may be expected in excited-state properties and
very deep and gives rise to a very complex singteplet identify v_vhen unu_sual _behawor can be expected. A map of the
spectrun® lowest trlplgt makmlfoldffls [?rese(;ltetil tthat, thoug.h details st;J'ChtatS
. . symmetry-breaking effects and relative energies are subject to

ths ?/i.b?c())r::: Eélzhoprltilr?g vtv?trtnhng3 A?nséatis ir::e';?e tl\klzt(z)rse AOf scrutiny, prpvides a pi_cture of the co_mplexity of _tr_\e manifold

3 . L 20 SY Y ! and approximate locations and energies for transition states and
and ) Al.states are predicted b.y both EOM'C(.:SD ".’md.BSLYP conical intersections, laying the foundations for detailed studies
computations to be_unstabl_e Wlth respect to dl_stortlgn in mode ¢ oy cited-state kinetics.
4 due to the vibronic coupling witPB;. These distortions are

dicted to b b han th ious| dered New assignments and some reassignments for several vibra-
pres icted to be much larger than those prev_lous y con3|_ €rediional modes of the lowest singlet and triplet excited states are
for °By, and hence the computed results are likely to provide a yresented on the basis of our new spectra and computations.

realistic description of the nature of these excited states. As This has allowed details of the vibronic coupling betwéBn
shown in Figure 2, quite different qualitative behavior is and the ground state, the lowestdd A states, and the lowest
predicted by EOM-CCSD for the tw#A; states. The lower- B, and B states to be properly quantified. Knowledge of this
energy state,0)%A;, undergoes a large-anglé & 28°, ¢ = vibronic coupling provides indirect information concerning the
21°) distortion with a well depth of 0.038 eV (300 c#) and excited-state energy gaps, and hence we have independently
retains its original character wheregh3A; proceeds without  verified important aspects of our reassignment of the triplet
barrier to theCs structure ofB;. Hence, we see that the EOM-  excited states.

CCSD calculation ascribes the vibronic coupling®df via by It is well known-209.24that the geometries d8; and®B; are
modes as occurring primarily with the high-energy stg)éA; similar and possibly o€,, symmetry, but only qualitative data
rather than with the low-energyo)3A; state. EOM-CCSD, have been available, and previously it has not been possible to
which appears to overestimate the coupling, predicts a 0.3-eV demonstrate unequivocally that these states do not have double-
gap to 3)3A; whereas B3LYP predicts a gap of 0.5 eV (see well potential energy surfaces in antisymmetric modes that are
Table 3), which appears to be more consistent with the not sufficiently deep to support zero-point vibration. By
experimental spectra. Errors of this magnitude in the calculated measuring and interpreting the high-temperature absorption
interstate energy differences are quite plausible. Because strongpectra and combining the results with previous measurements,
coupling is not predicted to occur between #Be and ()3A;, we have been able to determine the excited-state anharmonicity
states that are predicted to be nearly degenerate, the lack of many modes and hence demonstrate that the potential energy
perturbation by ¢)%A; on the3B; spectrum can be understood. surfaces are indeed single-minimum. However, we were not able

) ; 3
The curves shown in Figure 2 depict the EOM-CCSD energy to assign unamblguou_sly mode é_h@/mmetry) for®B,, and
at configurations linearly interpolated between stationary points hence we cannot C(_)nﬂrn_w that this state doe_s not undergo the
th lecul tential h ‘ F thi out-of-plane boat distortion. Although the singlet and triplet
on the molecular potential energy hypersurtace. =rom IS ., qiso1ds are in general similar, implying that the vibronic
interpolation, approximate structures and upper bounds for theCoupling 03B, and*B; should be similar, the Bto-A; energy
energies of the associated conical intersections (Cl) or transition '

- 1 aps are much lower in the triplet manifold, and hence vibronic
states (TS) are obtained and presented in the results tables an oupling through the active coupling vibration, mode 4, could

Supporting Information. Clearly, the transition state linking the e very different. Further experimental work to identify mode
()*A1and (3)°A; structures requires very little activation energy 4 ynambiguously is required, as plausible scenarios based on
to be reached fromp)®A1; indeed, no transition state is predicted  the current work lead to conflicting conclusions concerning the
at all by CIS calculations from which the analogous curve is existence of the boat distortion 8.

qualitatively similar in shape but is monotonic decreasing in  The conclusion that the potential energy surface¥Bgfand

this region. The conical intersectiorC4, symmetry) and 3B, do not have a double-minimum structure in the in-plane
transition state@s symmetry) linking the two low-energy states  distortion mode 6b is significant in that this shows that thig (

B; and @)A; are also shown; these have reasonably high n) excitation is delocalized ovéothnitrogen atoms. It is usually
energies (above the vertical transition energies). This is indica- believed that, for diazines in solutiGA(and, incorrectly? also

tive that, in the region near the band origins at least, these twoin the gas phase for pyrazitis the excitation localizes onto
states should not strongly perturb each other’'s spectrum. one nitrogen atom. Hydrogen bonding increases the tendency

On the basis of assignments from new high-temperature gas-
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for the excitation to localize. This significantly strengthens the

hydrogen bond254and a thorough knowledge of the vibronic

coupling of the parent molecule is required before the properties

of excited-state hydrogen bonding can be considered.
Our calculations also reveal that the low&t (z*, ) state
has a double-well structure in the totally symmetric vibration

8a. Each well corresponds to a single-determinant excitation, 575

indicating that the pseudoparity selection rifleshich describes
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