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Ab initio calculations at the level of CASPT2 with Dunning’s correlation consistent cc-pVXZ
(X=D, T, Q) basis sets have been carried out for pyrimidine, quinoxaline, phthalazine, and their
substituted compounds to find candidates that show a change in the direction of the electric dipole
moment for the S;— S transition. The present calculations reveal that 6,7-difluorophthalazine and
6,7-dichlorophthalazine are strong candidates having a large and clear change in the direction of the

electric dipole moment on the Sy— S, transition. © 2009 American Institute of Physics.

[DOL: 10.1063/1.3127245]

I. INTRODUCTION

Molecules or molecular assemblies that show a change
in molecular structure, electronic structure, or level structure
after photoexcitation can be powerful tools for the design
and development of novel photofunctional material. “Photo-
chromic compounds” show a change in molecular structure
after photoexcitation. This leads to various changes in physi-
cochemical properties such as refractive index, dielectric
constant, oxidation/reduction potential, or absorption spec-
trum (color), which can be applied to various photonic de-
vices (e.g., optical memory switch, photo-optical switch).

Even if the molecular structure does not change signifi-
cantly, molecules that show drastic change in electric dipole
moment or molecular polarizability after excitation may have
similar powerful potential application as a novel photofunc-
tional material (e.g., as a molecule having remarkable non-
linear optical properties). Molecules whose direction of elec-
tric dipole moment in the excited state is different from that
in the ground state could be used to control molecular mo-
tion by combining photoirradiation with application of exter-
nal electric fields.

For molecules having a dipole moment, the dipole mo-
ment is aligned along the direction of an applied electric field
because of orientational polarizability,z‘3 the fundamental
mechanism of liquid crystal display. If the direction of the
electric dipole moments is changed by photoirradiation dur-
ing application of an electric field, molecular orientation
along the field direction may change. This behavior may be
applicable to a molecular switching device, which can be
controlled by photons and an electric field. The simplest ex-
ample is molecules whose direction of dipole moment in the
excited state is opposite to that in the ground state. This is

“Electronic mail: miyoshi @asem.kyushu-u.ac.jp.

0021-9606/2009/130(18)/184311/6/$25.00

130, 184311-1

because molecular orientation may be completely opposite
due to photoexcitation into the excited state during applica-
tion of an electric field. It has been reported that
pyrlmldme qumoxahne % or azulene,” show an electric
dipole moment whose direction in the electronically excited
state is opposite to that in the ground state (S;). This is
mainly based on the Stark effect on absorption spectra.

Molecular relaxation usually occurs in the subpicosec-
ond timescale. If the decay rate of the excited state is much
faster than relaxation rate, the change in orientation cannot
follow the change in direction of the electric dipole moment.
In condensed phases, internal conversion or intersystem
crossing from higher electronic states to the lowest excited
singlet or triplet state usually occurs much faster than the
orientation change induced by the applied electric field. At-
tention should therefore be paid to the electric dipole mo-
ment in the first electronically excited state (S,;) in compari-
son with the dipole moment in the ground state [though
azulene and some azulene derivatives show strong fluores-
cence emitted from the second excited state (Sz)].lo_]2
Knowing the molecules in which the direction of the electric
dipole moment in the first electronically excited state is op-
posite to the one in the ground state is important. It may then
be possible not only to control the orientation and motion of
molecules but also to design a molecular rotor by combining
photoexcitation and application of an external electric field.
The solvent-solute interaction may be also examined by
measuring the time-dependent behavior of the field-induced
change in the orientation of such molecules.

We searched for molecules that show a change in direc-
tion of the electric dipole moment for the S,— S, transition
using a systematic and highly correlated level of ab initio
CASPT2 calculation" using pyrimidine, quinoxaline, ph-
thalazine, and their substituted compounds. Phthalazine,
which is also azaaromatic compound with the C,, symmetry,

© 2009 American Institute of Physics
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FIG. 1. The definition of molecular axis and atom numbering of (a) pyri-
midine, (b) quinoxaline, (c) phthalazine, and their derivatives. In this coor-
dinate, x, y, z, and xy belong to By, B,, A;, and A, irreducible representa-
tions, respectively.

has been taken as the object for comparison with pyrimidine
or quinozaline, though the change in direction of the electric
dipole moment of this molecule after the optical transition
has not been reported. We did not focus on azulene and its
derivatives because azulene has a special electronic structure
and photochemical nature.

Computational details are explained in Sec. II. In Sec. III
calculated excitation energies and dipole moments for the
ground state and low-lying electronic states are summarized
and the change in direction of the electric dipole moment in
the Sy—S; transition is discussed using calculated results.
Concluding remarks are given in Sec. IV.

Il. COMPUTATIONAL DETAILS

Geometries and dipole moments in the electronic ground
state and excited states have been calculated for pyrimidine,
quinoxaline, phthalazine, and their substituted compounds,
which are candidates for optical switching. Substituted com-
pounds employed in the present calculation were 2 or 5
monosubstituted pyrimidine, 6,7 disubstituted quinoxaline,
and 6,7 disubstituted phthalazine. We considered simple sub-
stitutions with the fluorine or chlorine atom. The definition of
molecular axis and atom numbering is given in Fig. 1. Cal-
culations were done in C,, symmetry.

All calculations including geometry optimizations were
done at the level of ab initio CASPT2 theory,13 which can
include static and dynamic electronic correlation effects re-
quired for accurate description of molecular electronic states.
The geometry optimizations at the level of CASPT2 were
carried out by using numerical gradients. In CASPT?2 calcu-
lations, full 7 orbitals and nonbonding (n) orbitals that cor-
respond to lone pair on nitrogen atoms were included in
active space in each molecule. The size of the active space in
each system is shown in Tables I-III. Core electrons of non-
hydrogen atoms were kept frozen in the second-order pertur-
bation calculations. Dunning’s cc-pVDZ basis set'* was uti-
lized for geometry optimization, whereas larger cc-pVTZ
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and cc-pVQZ sets were used for single-point energy calcu-
lations at the CASPT2/cc-pVDZ optimized points. The larger
basis sets were applied to check convergence of predicted
excitation energies and dipole moments. To assign symmetry
of the S, state, we considered low-lying 'A,, 'B;, and 'B,
excited states and the second 'A; state. The excitation ener-
gies and electric dipole moments in each electronic state
were calculated for the vertical and adiabatic transitions. Cal-
culations were carried out using the MOLCAS 7.2 software
package.15 Molecular orbitals were depicted using the
MOLDEN 4.7 package.'®

lll. RESULTS AND DISCUSSION

We initially assigned the symmetry of the S; state of
pyrimidine, quinoxaline, phthalazine, and their substituted
compounds. Calculated results for each molecule at the level
of CASPT2/cc-pVXZ//CASPT2/cc-pVDZ (X=D, T, Q)
theories for each molecule are shown in Tables I-III. They
indicate that the S, state of each molecule was: the 'B, state
for pyrimidine and its substituted compounds, the 'B; state
for quinoxaline and its substituted compounds, and the 'A,
state for phthalazine and its substitutions. These assignments
were not affected by increasing basis size. The differences of
predicted vertical and adiabatic excitation energies between
cc-pVTZ and cc-pVQZ results were within 0.1 eV in all
cases. This indicates that our calculation was of sufficiently
high accuracy to assign the character of the excited state. To
confirm the assignments for the S, states, it is necessary to
examine whether the second 'A; state is the S, state or not.
We performed numerical optimizations at the level of
CASPT2 after two-roots state-average CASSCF/cc-pVDZ
calculations with equal weight for the 2 'A; states of pyrimi-
dine, quinoxaline, and phthalazine. The calculations revealed
that the above assignments for the S, state are correct: the
2 1A, states are adiabatically higher than the above S, states
by 3.01, 0.65, and 1.42 eV for pyrimidine, quinoxaline, and
phthalazine, respectively.

We then looked for candidates that show a change in
direction of the electric dipole moment for the transition S
— S, Electric dipole moments of the S,, S;, and the other
low-lying excited states obtained with CASPT2 calculations
are given in Tables I-III. The dipole moments were approxi-
mately estimated at the CASPT2 level by using approximate
active-active density matrices.” Exact CASPT2 dipole mo-
ments were calculated only for pyrimidine, quinoxaline, and
phthalazine with cc-pVDZ and are listed in parentheses in
Tables I-1II. Differences between the approximate and exact
CASPT2 dipole moments are within ca. 0.1 D. Thus it is safe
to discuss using the approximate data. These dipole moments
indicate that the following compounds show a change in sign
of the electric dipole moment for the Sy—S; transition:
5-fluoropyrimidine, S5-chloropyrimidine, quinoxaline, 6,7-
difluorophthalazine, and 6,7-dichlorophthalazine. Changes in
the dipole moment were not greatly affected by improving
the basis sets and were well converged. The differences in
calculated dipole moments given by CASPT2/cc-pVTZ and
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TABLE 1. Excitation energy and dipole

moment

J. Chem. Phys. 130, 184311 (2009)

of pyrimidine derivatives obtained by

(n,m)-CASPT2/cc-pVXZ (X=D, T, Q) [for the axis definition, see Fig. 1(a)].

Excitation energy / eV

Dipole moment / Debye *

Electronic states Electronic states

1I'A, I'A, 1'B, 1'B, 1'A, 1'A, 1'B, 1'B,

Molecule Active Space Basis set

(Sy) ) (So) Sy
cepypz  Tomed 000 48l 450 332 (ii) (112) (-g:?/;) <.§ﬁgi)
CN> (10e, 80) adiabatic 4.06 403 5.11 (:g:gg) (:g:;z) (; :2)
\ N/ cc-pVTZ vertical  0.00 472 4.40 524 230 -121 081 208
pyrimidine adiabatic 3.99 3.95 5.15 - -0.67 -0.78 -2.18
cc-pVQZ  vertical  0.00 470 437 521 232 -123 -0.80 207
adiabatic 397 3.92 5.15 - -0.70 -0.78 217
ce-pVDZ  vertical  0.00 5.05 437 5.18 -0.48 029 0.89 032
=N adiabatic 431 391 497 - 0.87 0.94 -0.53
(12e,90)

F{ /> cc-pVTZ vertical  0.00 4.95 428 5.09 -0.56 0.19 0.89 -0.36
N adiabatic 4.26 3.82 497 - 0.75 093 057
5-fluoropyrimidine cc-pVQZ vertical 0.00 493 4.25 5.06 -0.56 0.17 091 -0.33
adiabatic 4.24 3.80 497 - 0.72 0.94 -0.53
ce-pVDZ  vertical  0.00 4.80 442 5.13 -0.39 0.76 1.00 -0.53
—N adiabatic 4.08 3.95 492 - 1.30 1.05 -0.66
C'{ /> (12¢, 90) ce-pVTZ vertical ~ 0.00 488 448 5.19 046 0.75 0.96 044
N adiabatic 4.18 403 5.08 - 127 1.09 -0.64
5-chloropyrimidine ccpVQZ  vertical  0.00 4.88 447 5.19 -0.46 0.73 097 042
adiabatic 4.19 4.02 5.10 - 124 1.09 -0.61
vertical  0.00 541 4.60 525 -4.20 -2.81 -2.63 -3.94

N cc-pVDZ
— adiabatic 4.73 4.12 504 - 224 -2.66 -4.02
{ />7F 120,563 cc-pVTZ vertical 000 531 450 5.16 -4.16 275 2,57 -3.90
N ’ adiabatic 4.68 4.04 5.05 - -2.18 -2.60 -3.97
2fluoropyrimidine cc-pvVQz  vertical  0.00 527 448 5.13 -4.19 -2.76 -2.58 -3.89
adiabatic 4.66 403 505 - 227 -2.62 -3.97
cc-pvDzZ  vertical 0.0 497 452 5.18 371 3.8 263 372
= adiabatic 428 4.04 497 - 227 -2.51 -3.77
<: />7°' (12e, 90) cc-pVTZ vertical 000 5.02 457 525 375 324 -2.58 375
N adiabatic 436 4.11 5.13 - 233 247 3,78
2-chloropyrimidine cc-pVQZ  vertical  0.00 5.00 456 524 -3.76 -3.26 257 -3.73
adiabatic 436 4.10 5.15 - 235 -2.59 377

“Dipole moments were calculated with approximate
density are given in parentheses.

CASPT2/cc-pVQZ were within 0.04 D for all the molecules
in Tables I-III except for the dipole moment of the adiabatic
'B, state of 2-chloropyrimidine.

All the S, states are arisen from n-7" transitions. Such a
one-electron excitation of each nonsubstituted compound is
as follows:

pyrimidine: 7b, — 2a,,
quinoxaline: 16a; — 4b,,
phthalizine: 13b, — 4b,.

These CASPT2 natural molecular orbitals (NMOs) rel-
evant to n-7r" transitions are shown in Figs. 2—4, which are
very informative and clearly indicate charge transfer in a
molecular plane as a consequence of an n-7" transition for
each compound. The main features of the NMOs relevant to
So— S transitions maintain even in substituted compounds.

Two experimental studies for dipole moments in the S
and S, states in pyrimidine have been reported. Ohta and
Tanaka reported that the electric dipole moment in the S,
state of pyrimidine was 0.58 D.’ This value is much smaller
than the value in the ground S, state, i.e., 2.334 D, which was
determined by Blackman et al.”’ using microwave spectros-
copy. Directions of the dipole moments in the S, and S,

CASPT2 density. Those calculated with exact CASPT2

states could not be determined in these experiments. The
present CASPT2/cc-pVXZ (X=D, T, Q) calculations gave
—2.23, —2.30, and —2.32 D, respectively, for the dipole mo-
ment of the S, state (see Fig. 1 for polarity). Our best value
of 2.32 D agreed closely with the experimental value, 2.334
D. Early ab initio calculations at an SCF/STO-3G level by
Del Bene'® gave —2.00 D with the same polarity as ours for
the §, state; more accurate calculations at MRDCI/TZDP
(Ref. 19) provided —2.383 D, which is almost identical to
our values and the experimental one.

For the dipole moment of the S; state, the present
CASPT2/cc-pVXZ (X=D, T, Q) calculations provided
—0.79, —0.78, and —0.78 D for the adiabatic state and
—0.84, —0.81, and —0.80 D for the vertical state, respec-
tively. An SCI/STO-3G calculation by Del Bene'® gave
+0.52 D with the reverse polarity to ours for the vertical
state. Our best value for the change in dipole moment for the
adiabatic Sp— S transition was 1.54 D, whereas Del Bene
predicted the change to be 2.52 D. The change in dipole
moment estimated by Del Bene appears erroneous, mainly
because of their structure partially optimized with STO-3G:
SCI/STO-3G calculations at the present optimized structure
provided the S; dipole moment to be —0.64 D for the adia-
batic state and —0.32 D for the vertical state. The present
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TABLE 1II. Excitation energy and dipole

moment

J. Chem. Phys. 130, 184311 (2009)

of quinoxaline derivatives obtained by

(n,m)-CASPT2/cc-pVXZ (X=D, T, Q). For the axis definition, see Fig. 1(b).

Excitation energy / eV

Dipole moment / Debye ¥

Electronic states Electronic states

1A, 1A, 1'B, 1B, 1A, 1'A, 1'B, 1'B,
Molecule Active Space Basis set
(Sy) (S (Sy) (s)
copypz Vel 000 535 e AU (-g:?g) (g:g) (gég) (-;i;)
O:Nj adiabatic 475 346 439 0336 08 504
e 134 045 (072 (497
F ccpVTZ  vertical 000 523 368 454 019 0.14 0.10 559
S— adiabatic 463 335 425 . 032 0.62 5.10
cc-pVQZ  vertical 000 520 365 446 019 0.11 007 5.64
adiabatic 461 331 420 - 028 058 5.4
. - cc-pVDZ  vertical 000 539 383 489 304 331 340 232
A adiabatic 478 351 450 : 3.62 401 197
I:[ ; (18e. 140) ccpVTZ  vertical 000 527 374 466 297 3.19 326 253
F N adiabatic 467 341 436 = 348 385 2.14
6‘7'di”"l‘i’;‘e’q“i"°x“ cc-pVQZ  vertical 000 524 371 459 301 320 326 256
adiabatic 465 338 432 : 347 384 2.15
. . ccpVDZ  vertical 000 526 369 472 325 352 358 256
A adiabatic 465 334 435 : 378 4.19 2.18
II ) (18e, 140) ccpVTZ  vertical 000  5.14 359 445 327 353 358 272
° " adiabatic 453 324 417 . 378 417 230
6’7"1“"::’;:"“""” copVQZ  vertical 000 5.4 356 440 326 3.53 3.55 279
adiabatic 451 321 402 - 374 413 236

“Dipole moments were calculated with approximate
density are given in parentheses.

calculations reveal that the S;— S transition does not initiate
a change in the direction of the dipole moment for pyrimi-
dine. Hochstrasser estimated the change in the dipole mo-
ment of pyrimidine in moving from S, to S; by the Stark
shift in a mixed crystal of benzene to be —0.88 D% Using
absorption and fluorescence spectra in non-hydrogen-
bonding solvents, Baba ef al. determined the change in di-
pole moment in the transition from S, to S; to be —2.72 D.*
The difference between these experimental and the present
changes in dipole moment may be attributed to solvent
effects.

For 5-fluoropyrimidine and 5-chloropyrimidine, the di-
pole moments of —0.56 and —0.46 D of the S, state change
to +0.94 and +1.09 D, respectively, on adiabatic Sy—S;
transition, indicating a clear change in direction of the dipole
moment. Differences (1.50 and 1.53 D) in the dipole mo-
ments between the S, and S; states for these molecules are
almost identical to that (1.54 D) for pyrimidine. We could
estimate the dipole moment of the S, state for the substituted
compound if we knew the change in dipole moment in the
So— S, transition of a molecule and the dipole moment of
the S, state for its substituted compound. For
2-fluoropyrimidine and 2-chloropyrimidine, direction change
of the electric dipole moment does not occur because of the
very large S, dipole moments of 4.19 and 3.76 D, whereas
differences in the dipole moments between the S, and S;
states for these molecules remain nearly constant (1.6-1.3
D).

Udagawa and Hanson investigated the change in dipole
moment on the S;—S; transition of quinoxaline using the
electronic Stark effect.® They found the changes in durene
and naphthalene host crystals to be 0.90 and 1.55 D,
respectively.6 The changes in dipole moment on the Sy— S,
transition of quinoxaline obtained by the present

CASPT2 density. Those calculated with exact CASPT2

CASPT2/cc-pVXZ (X=D, T, Q) calculations were 0.88,
0.81, and 0.77 D, respectively, which agree well with the
experimental change in the durene host crystal. The present
calculations reveal that the S,;—S; transition in quinoxa-
line causes the change in the direction of the dipole moment
from —0.19 to 0.58 D. Dipole moment changes remain
almost constant (1.0-0.8 D) in substituted compounds of
quinoxaline.

Phthalazine has a very large dipole moment in its ground
Sy state, so the change in the direction of the dipole moment
on the Sy— S, transition does not occur, but the change in
dipole moment was the largest in the molecules examined.
Changes given by the present CASPT2/cc-pVXZ (X=D, T,
Q) calculations were 3.58, 3.63, and 3.65 D, respectively.
Thus 6,7-difluorophthalazine and 6,7-chlorophthalazine,
which have dipole moments of —1.7 to —1.6 D [see Fig. 1(c)
for polarity] in the ground states, cause the change in the
direction of the dipole moment on the S,— S| transition. The
dipole moment change is caused by an n-7" transition from
13b, to 4b; molecular orbitals shown in Fig. 4.

Judging that the present CASPT2 results maintained suf-
ficient accuracy for discussion of dipole moments in the elec-
tronic ground state and excited states, we discussed what

(a) 7b, natural orbital

(b) 2a, natural orbital

FIG. 2. (a) 7b, and (b) 2a, NMOs of pyrimidine. The S, (1 'B,) state of
pyrimidine is caused by a n-7" transition from 7b, to 2a, orbitals. The
MOLDEN package (Ref. 16) was utilized.
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(a) 16a, natural orbital

(b) 4b, natural orbital

FIG. 3. (a) 16a, and (b) 4b, NMOs of quinoxaline. The S, (1 'B,) state of
quinoxaline is caused by a n-7" transition from 16a, to 4b, orbitals. The
MOLDEN package (Ref. 16) was utilized.

kind of molecule and chemical substitution would be the best
molecular candidate for optical control of a dipole moment.
As shown in Tables I-III, 5-fluoropyrimidine,
5-chloropyrimidine, quinoxaline, 6,7-difluorophthalazine,
and 6,7-dichlorophthalazine show the dipole moment whose
direction becomes opposite after the S,— S transition. Of
these compounds, 6,7-difluorophthalazine and 6,7-
dichlorophthalazine are strong candidates because of a dras-
tic change in orientation as well as magnitude of the electric
dipole moment after the So— S, transition. To confirm the
present results, polarization measurements of the electroab-
sorption and electrofluorescence spectra (i.e., polarization
measurements of the electric-field-induced change in absorp-
tion and fluorescence spectra in solution) are strongly recom-
mended.

IV. CONCLUSIONS

We tried to find the molecules whose direction of the
electric dipole moment becomes opposite after the S,— S,
transition using CASPT2/cc-pVXZ//CASPT2/cc-pVDZ (X
=D, T, Q) calculations. Pyrimidine, quinoxaline, phthalazine,

J. Chem. Phys. 130, 184311 (2009)

(a) 13b, natural orbital

(b) 5b, natural orbital

FIG. 4. (a) 13b, and (b) 4b; NMOs of phthalazine. The S; (1 'A,) state of
phthalazine is caused by a n-7" transition from 13b, to 4b, orbitals. The
MOLDEN package (Ref. 16) was utilized.

and their chlorine- or fluorine-substituted compounds were
the reference molecules. The following could be candidate
compounds that show photoconversion of the direction of the
electric dipole moment after the Sy—S; (n-7") transition:
5-fluoropyrimidine, 5-chloropyrimidine, quinoxaline, 6,7-
difluorophthalazine, and 6,7-dichlorophthalazine. The latter
two compounds are the best candidates because of a large
and clear change of the electric dipole moment.
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TABLE 1II. Excitation energy and dipole moment of phthalazine derivatives obtained by

(n,)-CAPST2/cc-pVXZ (X=D, T, Q). For the axis definition, see Fig. 1(c).

Excitation energy / eV Dipole moment / Debye *

Electronic states Electronic states

1'A, 1'A, 1'B, 1'B,  1'A, 1'A, 1'B, 1'B,
Molecule Active Space Basis set
(So) (Sy) (Sy) Sy
479 161 120 929
ica ! 37 424 554
cpypz  Tomel 000 6 2 (475)  (-149)  (-111)  (-9.19)

X . R n } -1.21 -0.88 -8.79
| i 555 adiabatic 283 382 524 ¢1.10) 079 (873)
AN ’ cc-pVTZ vertical 0.00 3.69 4.15 533 -4.84 -1.60 -1.19 -9.48

phthalazine adiabatic - 278 373 507 = 121 -088 894
cc-pVQZ  vertical 000 3.68 412 527 488 162 -121 957

adiabatic - 2.76 370 502 - 423 091 901

. cc-pVDZ  vertical 000 376 425 574 157 1.67 1.84 227
Sw adiabatic - 2.83 382 526 - 209 221 175
j@CL (18e.140)  ccpVTZ  vertical 000  3.69 415 555 -170 1.57 1.74 226
F adiabatic - 278 375 513 : 1.99 2.10 1.73
67""”‘;::""‘}“‘1“ ce-pvQZ  vertical 000 3.68 4.13 5.50 -1.70 157 1.75 231
adiabatic - 2.76 372 510 - 2.00 2.11 1.76

. cc-pVDZ  vertical 000 358 408 551 -159 1.88 240 239
S adiabatic - 268 365 508 - 229 281 1.88
mml (18¢.140)  ccpVTZ  vertical 000 352 399 531 -161 195 246 2.53
. adiabatic - 262 357 493 - 235 2.86 2.00
6‘7'd'°h7';::ph'h“'a ccpVQZ  vertical 000 356 403 531 -8 193 245 2.54
) adiabatic - 2.66 360 495 - 232 284 201

“Dipole moments were calculated with approximate CASPT2 density. Those calculated with exact CASPT2
density are given in parentheses.
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