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Electronic, vibrational, and rotational structures in the S0
1A1

and S1
1A1 states of phenanthrene
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1Division of Chemistry, Graduate School of Science, Kyoto University, Kyoto 606-8502, Japan
2Instrument Center, Institute for Molecular Science, Okazaki 444-8585, Japan

(Received 12 February 2012; accepted 29 March 2012; published online 16 April 2012)

Electronic and vibrational structures in the S0
1A1 and S1

1A1 states of jet-cooled phenanthrene-h10

and phenanthrene-d10 were analyzed by high-resolution spectroscopy using a tunable nanosecond
pulsed laser. The normal vibrational energies and molecular structures were estimated by ab initio
calculations with geometry optimization in order to carry out a normal-mode analysis of observed
vibronic bands. The rotational structure was analyzed by ultrahigh-resolution spectroscopy using a
continuous-wave single-mode laser. It has been demonstrated that the stable geometrical structure is
markedly changed upon the S1 ← S0 electronic excitation. Nonradiative internal conversion in the
S1 state is expected to be enhanced by this structural change. The observed fluorescence lifetime
has been found to be much shorter than the calculated radiative lifetime, indicating that the fluores-
cence quantum yield is low. The lifetime of phenanthrene-d10 is longer than that of phenanthrene-h10

(normal deuterium effect). This fact is in contrast with anthracene, which is a structural isomer of
phenanthrene. The lifetime at the S1 zero-vibrational level of anthracene-d10 is much shorter than
that of anthracene-h10 (inverse deuterium effect). In phenanthrene, the lifetime becomes monoton-
ically shorter as the vibrational energy increases for both isotopical molecules without marked vi-
brational dependence. The vibrational structure of the S0 state is considered to be homogeneous and
quasi-continuous (statistical limit) in the S1 energy region. © 2012 American Institute of Physics.
[http://dx.doi.org/10.1063/1.3703755]

I. INTRODUCTION

Phenanthrene is one of the prototypical molecules of non-
linear catacondensed aromatic hydrocarbons. Extensive spec-
troscopic studies have been carried out in both solid phase1–10

and gas phase.11–20 Theoretical calculations have also been
performed.21–23 It is of great interest and importance to inves-
tigate electronic, vibrational, and rotational structures of iso-
lated molecules, that are closely related to the radiative and
nonradiative transitions in the electronic excited state. The
structure and excited-state dynamics have recently been clari-
fied by high-resolution spectroscopy on benzene,24–27 linear
polyacene,28–36 and pericondensed polycyclic aromatic hy-
drocarbons (PAHs).37–39 These molecules are planar and pos-
sess high D2h symmetry (D6h for benzene) both in the ground
electronic state (S0) and the first excited singlet state (S1),
whereas the phenanthrene molecule is expected to possess
C2v symmetry by those previous studies.

Generally for PAH molecules, the second excited singlet
state (S2) is close in energy to the S1 state. The energy of
HOMO → LUMO excitation is expected to be the smallest in
the possible electronic excitations. This configuration gives
a strong absorption band in the ultraviolet region, which is
designated as 1La.40 The next two configurations of HOMO
→ LUMO+1 and HOMO−1 → LUMO are nearly degen-
erate. These two excited states, therefore, strongly interact

a)Author to whom correspondence should be addressed. Electronic mail:
baba@kuchem.kyoto-u.ac.jp.

and the excitation energy of one of them is lowered so as
to be comparable with the HOMO → LUMO configuration.
The absorption is weak, and the band is designated as 1Lb.
The S1 state of naphthalene is the latter 1Lb (1B3u), in which
the absorption is weak and the fluorescence lifetime is long
(∼300 ns). In contrast, the S1 state is 1La (1B2u) for an-
thracene, which originates from the HOMO → LUMO
configuration. The S1 ← S0 absorption is strong and the
fluorescence lifetime is short (<30 ns). As for phenanthrene,
the S1 ← S0 absorption has been found to be weak and is
identified as 1La.20 It is important to observe and analyze
the rotationally resolved spectrum to clarify the structure and
properties of the S0 and S1 states.

The geometrical structure is strongly correlated with
the radiationless transitions in the electronic excited state.
In anthracene, which is a structural isomer of phenanthrene,
it was demonstrated that the nonradiative relaxation was
considerably enhanced by deuterium substitution at the
zero-vibrational level of the S1 state.30–33 This is called the
inverse deuterium effect because radiationless transitions are
normally slower in deuterated compounds. The main nonra-
diative process is internal conversion (IC) to the S0 state. This
is caused by nonadiabatic vibronic interaction.33 Intersystem
crossing (ISC) to the triplet state is generally expected to be
very slow in PAH molecules.41, 42 It is well known that the
ISC yield is considerably high for naphthalene and anthracene
in cold solid. The difference from gas molecules is attributed
to intermolecular interaction. The ISC is efficiently induced
by breaking of molecular planarity. The naphthalene and
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anthracene molecules are planar in the gas phase and ISC is
expected to be very slow by El-Sayed’s rule.41

In this article, we present the experimental results of mea-
surements of fluorescence excitation spectra, lifetimes for sin-
gle vibronic level excitations of jet-cooled phenanthrene-h10

and phenanthrene-d10, and the rotationally resolved ultrahigh-
resolution spectrum of phenanthrene-h10. We discuss the elec-
tronic, vibrational, and rotational structures of phenanthrene,
and the mechanism of IC in the S1 state on the basis of stable
geometrical structures in the S0 and S1 states.

II. EXPERIMENTAL

Commercially obtained phenanthrene-h10 (Wako Chemi-
cal, 98%) and phenanthrene-d10 (CDN Isotopes, 98.4%) were
used without further purification. The solid sample was heated
to 120 ◦C in a stainless steel container and the vapor was
mixed with Ar gas (1.2 atm). The mixed gas was expanded
into a vacuum chamber through a pulsed nozzle (an automo-
bile electric fuel injector) to generate a supersonic jet. As
a light source, we employed a tunable dye laser (Lambda
Physik LPD 3002, �E = 0.1 cm−1, DCM) pumped by a
pulsed excimer laser (Coherent Compex Pro 110, 308 nm,
200 mJ). The ultraviolet light was obtained by second har-
monic generation using a potassium dihydrogen phosphate
(KDP) crystal. Fluorescence from excited molecules was col-
lected using a lens and sent to a photomultiplier (Hama-
matsu R928). The output was amplified using a preamplifier
(Stanford Research SR240) and was processed by a box-car
integrator (Stanford Research SR250). The change in fluores-
cence intensity with the laser light wavelength was recorded
as a fluorescence excitation spectrum. The decay curve of flu-
orescence intensity was recorded using a storage oscilloscope
(LeCroy 9362), and the lifetime value was determined by a
least-squares fitting to the calculated curve taking account of
the laser pulse duration and time response in the electric sig-
nal output.

A rotationally resolved ultrahigh-resolution spectrum
was obtained using a CW single-mode ring dye laser (Co-
herent CR899-29, �E = 0.0001 cm−1, DCM) pumped by
a Nd:YVO4 laser (Spectra-Physics, Millennia X, 532 nm,
10 W). The ultraviolet light was generated using an en-
hancement cavity (Spectra-Physics, Wavetrain-SC, BBO).
The power at 341 nm was 10 mW. The supersonic jet was
collimated using a conical skimmer (2 mm orifice diameter)
and was crossed with the laser light beam at right angles.
Fluorescence from excited molecules was collected by a high
reflection focusing system composed of an ellipsoidal mirror
and a spherical mirror to a photomultiplier (Hamamatsu
R585). The output was processed by a gated photoncounter
(Stanford Research SR400). The observed spectral linewidth
was 0.0006 cm−1, which was mainly due to the residual
Doppler width in our setup. In order to calibrate the tran-
sition wavenumber of each rotational line, we recorded the
frequency marks of a stabilized etalon (Burleigh CFT-500,
FSR = 150 MHz) and a Doppler-free saturation spectrum
of I2. The absolute wavenumber was determined using a
high-resolution spectral atlas with accuracy of 0.0004 cm−1.43

FIG. 1. Molecular structure, coordinate (rotational) axes, and numbering of
carbon atoms in phenanthrene.

III. RESULTS AND DISCUSSION

Figure 1 depicts the molecular structure, coordinate (rota-
tional) axes, and the numbering of carbon atoms for phenan-
threne. The molecule is assumed to be planar and two-fold
symmetric with respect to the in-plane short axis (z). The in-
plane long axis is taken as the y axis which is the principal
rotational axis of a near-prolate asymmetric top (a). The c
axis is perpendicular to the molecular plane (x). The fluores-
cence excitation spectra of jet-cooled phenanthrene-h10 and
phenanthrene-d10 are depicted in Fig. 2. The 00

0 band is strong
and many vibronic bands are observed in the higher excess en-
ergy region. The spectral feature is almost the same as those
previously reported.19, 20 The vibrational energies of observed
bands are listed in Tables I and II.

In order to identify the S1 state and to carry out a normal-
mode analysis of observed vibronic bands, we observed the
rotational envelopes for a number of vibronic bands. The re-
sults are depicted in Fig. 3. The ππ* state is represented by
A1 or B2 (in-plane irreducible representation in the C2v point
group). First, we consider the 1A1 − 1A1 transition, in which
the transition moment is parallel to the two-fold axis (z). This
axis is the rotational b axis of a near-prolate asymmetric top
(A � B > C) and the selection rules for the electronic tran-
sition are �J = 0, ±1, �Ka = ±1, and �Kc = ±1 (b type).
There is no strong rotational line near the band origin and

FIG. 2. Fluorescence excitation spectra of jet-cooled (a) phenanthrene-h10
and (b) phenanthrene-d10.
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TABLE I. Vibrational energies (cm−1) and assignments of the bands ob-
served in the fluorescence excitation spectrum of the S1

1A1 ← S0
1A1 tran-

sition of phenanthrene-h10.

Band Vibrational Band Lifetime
number energy type Assignment (ns)

1 0 b 00
0 (29324 cm−1) 76

2 154 75
3 238 b 231

0 (a1)

4 392 b 221
0 (a1)

5 425 a 661
0 (b2) 67

6 442 71
7 484 a 651

0 (b2) 75
8 516 b 211

0 (a1) 77
9 559 73
10 565 71
11 589 a 641

0 (b2) 74
12 651 73
13 668 74
14 672 b 201

0 (a1) 74

15 701 a 631
0 (b2) 71

16 713 67
17 725 71
18 819 b 191

0 (a1) 70

19 829 a 621
0 (b2) 65

20 954 a 611
0 (b2) 70

21 999 70
22 1006 67
23 1013 a 601

0 (b2)

24 1019 a 591
0 (b2) 75

25 1036 b 181
0 (a1)

26 1065 b 171
0 (a1) 70

27 1155 b 151
0 (a1) 67

28 1188 a 581
0 (b2) 72

29 1221 a 571
0 (b2) 67

30 1243 b 141
0 (b2) 68

31 1251 63
32 1260 b 151

0 (a1)

33 1265 a 561
0 (b2)

34 1278 69
35 1342 b 121

0 (a1) 66

36 1374 b 111
0 (a1) 70

37 1405 66
38 1408 551

0 (b2)

39 1428 541
0 (b2) 68

40 1449 101
0 (b2) 67

41 1483 91
0 (b2)

42 1501 68
43 1524 521

0 (b2) 67
44 1528 67
45 1534 81

0 (a1)

46 1578 71
0 (a1) 67

47 1597 501
0 (b2) 67

48 1700 64
49 1730 64
50 1892 63
51 1969 63
52 2050 63
53 2078 63
54 2208 63

TABLE II. Vibrational energies (cm−1) and assignments of the bands ob-
served in the fluorescence excitation spectrum of the S1

1A1 ← S0
1A1 tran-

sition of phenanthrene-d10.

Band Vibrational Band Lifetime
number energy type Assignment (ns)

1 0 b 00
0 (29419 cm−1) 113

2 222 b 231
0 (a1) 113

3 385 b 221
0 (a1)

4 405 a 661
0 (b2) 105

5 460 a 651
0 (b2) 107

6 496 102
7 504 b 211

0 (a2) 106
8 562 99
9 569 a 641

0 (b2) 105
10 583 102
11 598 99
12 629 102
13 634 104
14 642 b 201

0 (a1)
15 655 98
16 662 a 631

0 (b2) 103

17 749 a 621
0 (b2)

18 756 b 191
0 (a1) 113

19 848 104
20 887 b 151

0 (a1) 102

21 953 a 581
0 (b2) 106

22 986 b 141
0 (a1) 95

23 1006 a 571
0 (b2)

24 1045 110
25 1133 561

0 (b2) 98

26 1139 b 131
0 (a1) 96

27 1210 b 121
0 (a1)

28 1218 96
29 1284 a 551

0 (b2) 96
30 1285 96
31 1305 111

0 (a1)
32 1330 541

0 (b2)
33 1375 92
34 1394 88
35 1401 101

0 (a1)

36 1409 531
0 (b2) 88

37 1443 91
0 (a1)

38 1451 521
0 (b2)

39 1477 81
0 (a1)

40 1501 86
41 1526 71

0 (a1)

42 1547 511
0 (b2) 90

43 1576 501
0 (b2) 90

44 1580 90
45 1640 61

0 (a1) 84
46 1871 81
47 1943 80
48 2003 78
49 2055 80
50 2130 81

two broad peaks of P and R branches are seen in the rota-
tional envelope. In contrast, the transition moment of the 1B2

− 1A1 transition is parallel to the in-plane long axis (y). This
is the a axis of an asymmetric top and the selection rules
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FIG. 3. Rotational envelopes of vibronic bands of (a) phenanthrene-h10 and
(b) phenanthrene-d10.

are �J = 0, ±1, �Ka = 0, and �Kc = ±1 (a type). In this
case, a sharp peak of the Q branch with �J = 0, �Ka = 0
transitions is observed near the band origin in addition to
the P and R broad peaks. It is evident in Fig. 3 that the 00

0
band of phenanthrene-h10 is a b-type band and the S1 state is
identified to be 1A1. One can see the a-type envelope for the
00

0 + 425 cm−1 band, which is assigned to be a transition to
a b2 vibrational level in the S1

1A1 state. Although this tran-
sition has zero Franck-Condon factor by symmetry, this vi-
bronic band gains intensity through nonadiabatic vibronic in-
teraction with the S2

1B2 state (vibronic intensity borrowing).
The transition to an a1 vibrational level has nonzero Franck-
Condon factor. It has been demonstrated, however, that the
intensity mainly arises from vibronic interaction with the S3
1A1 state.20 The prominent vibronic bands are thus assigned
to the transitions to a1 and b2 vibrational bands.

We performed ab initio theoretical calculations of vibra-
tional energies with geometry optimization in the S0 and S1

states of phenanthrene-h10 and phenanthrene-d10 using the
GAUSSIAN 09 program package.44 All of the resultant val-
ues are listed in Table III. We first calculated the geometrical
structure in the S0 state by the MP2/6-311++G(d, p) method
with geometry optimization, which provided the closest val-
ues of rotational constants to the experimentally obtained
ones as described later. The vibrational energies were cal-
culated by the DFT(CAM-B3LYP)/6-311++G(d, p) method
with the respective optimized geometrical structure. We ob-
tained the best value of scaling factor 0.982 by a least-squares
fitting to the experimental values of phenanthrene-h10, which
were previously reported by Warren et al.20

For the S1
1A1 state, we performed a similar procedure.

The optimized structure was obtained by the CASSCF/cc-
pVDZ method and the vibrational energies were calculated
by the TD-DFT(CAM-B3LYP)/cc-pVDZ method. The best
scaling factor was found to be 0.990 through the fit to the
experimental values that were obtained from the fluores-
cence excitation spectrum in this work. The observed promi-
nent vibronic bands in the fluorescence excitation spectra of

phenanthrene-h10 and phenanthrene-d10 were unambiguously
assigned by these procedures; the results are presented in Ta-
bles I and II, respectively.

It is noted that many vibronic bands are observed in
the fluorescence excitation spectrum, suggesting that the sta-
ble molecular structure is markedly changed upon the S1

← S0 electronic excitation. In order to confirm this struc-
tural change, we observed the rotationally resolved ultrahigh-
resolution spectrum of the 00

0 band of phenanthrene-h10; the
result is depicted in Fig. 4(a). The phenanthrene molecule
is a near-prolate asymmetric top. We analyzed the rotational
level structure using the A-reduced Hamiltonian method pre-
sented by Watson.45 The nonvanishing matrix elements are
given by

〈JKM|H (A)
r |JKM〉

= 1

2
(B + C)J (J + 1) +

[
A − 1

2
(B + C)

]
K2

−�J J 2(J + 1)2 − �JKJ (J + 1)K2 − �KK4, (1)

〈JK ± 2M|H (A)
r |JKM〉

=
{

1

4
(B − C) − δJ J (J + 1) − 1

2
δK

[
(K ± 2)2 + K2

]}

× {[J (J + 1) − K(K ± 1)]

× [J (J + 1) − (K ± 1)(K ± 2)]}1/2 , (2)

where |JKM〉 is the eigenfunction of a symmetric top
molecule. J is the quantum number of total angular momen-
tum J , while K and M are quantum numbers of the projection
of J along the molecule-fixed a(y) axis and the space-fixed
Z axis, respectively. A, B, and C are the rigid-rotor rotational
constants. �J, �JK, and �K are the symmetric top quartic cen-
trifugal distortion constants, and δJ and δK are the asymmet-
ric top distortion constants. The phenanthrene molecule pos-
sesses five pairs of identical hydrogen atoms in C2v symmetry,
and the statistical weights of nuclear spin are ee: eo: oe: oo
= 33: 31: 33: 31.

First, we estimated the rigid rotor rotational constants by
ab initio calculation with geometry optimization. A number
of prominent rotational lines were assigned and we obtained
the better constants by a least-squares fitting. We iteratively
repeated this procedure and obtained the final values of ro-
tational constants at the zero-vibrational levels in the S0 and
S1 states. The resultant values are listed in Table IV. The cal-
culated spectrum using these rotational constants (rotational
temperature Trot = 12 K, linewidth � = 0.001 cm−1) is shown
in Fig. 4(b). The expanded observed spectrum in the P-branch
region is depicted in Fig. 5. The calculated spectrum shows
good agreement with the observed spectrum, indicating that
the obtained rotational constants are substantially accurate
and reliable. The relative intensities, however, are remarkably
different for several prominent lines. These are transitions for
high J and Ka levels, and the discrepancy is considered to be
attributed to large values of higher-order terms such as �K and
δK. The inertial defect � = Ic − Ib − Ia is very small and the
assigned lines are all �Ka = ±1, �Kc = ±1 transition. The
phenanthrene molecule is, therefore, essentially planar (C2v)
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TABLE III. Calculated and observed vibrational energies (cm−1) in the S0
1A1 and S1

1A1 states of phenanthrene-h10 and phenanthrene-d10.

S0
1A1 S1

1A1

h10 d10 h10 d10

Symmetry Number Vibration type Calc.a(Obs.)b Calc.c Calc.a(Obs.)b Calc.c(Obs.)d

a1 1 C-H stretch 3254 2406 3319 2453
2 C-H stretch 3239 2396 3296 2441
3 C-H stretch 3222 2385 3282 2430
4 C-H stretch 3217 2374 3278 2424
5 C-H stretch 3206 2364 3257 2404
6 C-H bend + deform 1711 1688 1680 1659 (1640)
7 C-H bend + deform 1612 (1613) 1574 1544 (1578) 1517 (1526)
8 C-H bend + deform 1573 (1580) 1519 1510 (1534) 1480 (1477)
9 C-H bend + deform 1523 (1526) 1484 1491 (1483) 1439 (1443)

10 C-H bend + deform 1485 (1450) 1447 1439 (1449) 1389 (1401)
11 C-H bend + deform 1430 (1423) 1346 1371 (1374) 1247 (1305)
12 C-H bend + deform 1388 (1355) 1248 1305 (1342) 1198 (1210)
13 C-H bend + deform 1297 1172 1236 (1260) 1031 (1139)
14 C-H bend + deform 1272 (1257) 1015 1217 (1243) 1000 (986)
15 C-H bend + deform 1186 (1199) 912 1138 (1155) 882 (887)
16 C-H bend + deform 1171 (1165) 879 1116 853
17 C-H bend + deform 1115 858 1067 (1065) 829
18 C-H bend + deform 1067 (1063) 856 1057 (1036) 819
19 ring deform 838 (833) 782 813 (819) 750 (756)
20 ring deform 699 (714) 656 688 (672) 644 (642)
21 ring deform 534 (544) 517 520 (516) 503 (504)
22 ring deform 407 (408) 391 395 (392) 380 (385)
23 skeletal deform 244 (246) 228 231 (238) 216 (222)

a2 24 C-H bend + deform 955 823 942 852
25 C-H bend + deform 936 781 904 776
26 C-H bend + deform 908 748 846 748
27 ring deform 830 725 802 691
28 ring deform 746 617 709 578
29 ring deform 721 574 684 559
30 ring deform 524 451 519 435
31 ring deform 488 335 482 402
32 skeletal deform 379 420 367 320
33 skeletal deform 218 201 224 203
34 deform 74 67 92 84

b1 35 C-H bend + deform 953 801 917 801
36 C-H bend + deform 923 761 884 750
37 C-H bend + deform 844 705 839 708
38 ring deform 793 623 751 605
39 ring deform 720 594 672 547
40 ring deform 681 546 635 496
41 ring deform 475 418 465 396
42 ring deform 393 345 386 328
43 skeletal deform 211 193 205 186
44 butterfly 96 89

b2 45 C-H stretch 3242 2401 3299 2442
46 C-H stretch 3235 2392 3284 2433
47 C-H stretch 3216 2373 3276 2417
48 C-H stretch 3208 2367 3257 2411
49 C-H stretch 3204 2362 3252 2399
50 C-H bend + deform 1647 1619 1645 (1597) 1621 (1576)
51 C-H bend + deform 1616 1582 1596 1571 (1547)
52 C-H bend + deform 1566 1498 1493 (1524) 1450 (1451)
53 C-H bend + deform 1497 1445 1460 1398 (1409)
54 C-H bend + deform 1463 1364 1403 (1428) 1343 (1330)
55 C-H bend + deform 1434 (1434) 1310 1384 (1408) 1306 (1284)
56 C-H bend + deform 1305 1067 1266 (1265) 1138 (1133)
57 C-H bend + deform 1261 1031 1191 (1221) 975 (1006)
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TABLE III. (Continued.)

S0
1A1 S1

1A1

h10 d10 h10 d10

Symmetry Number Vibration type Calc.a(Obs.)b Calc.c Calc.a(Obs.)b Calc.c(Obs.)d

58 C-H bend + deform 1197 967 1154 (1188) 949 (953)
59 C-H bend + deform 1161 876 1110 (1019) 836
60 C-H bend + deform 1057 (1019) 862 1008 (1013) 813
61 C-H bend + deform 998 851 965 (954) 798
62 ring deform 865 (875) 779 853 (829) 758 (749)
63 ring deform 723 (731) 682 706 (701) 663 (662)
64 ring deform 612 (620) 590 600 (589) 577 (569)
65 ring deform 501 (500) 475 486 (484) 461 (460)
66 skeletal deform 445 (471) 415 435 (425) 404 (405)

aResults of DFT(CAM-B3LYP)/6-311++G(d, p) are scaled by 0.983.
bDetermined by the dispersed fluorescence spectrum [Ref. 20].
cResults of TD-DFT(CAM-B3LYP)/cc-pVDZ are scaled by 0.990.
dDetermined by the fluorescence excitation spectrum in this work.

and the S1 state is identified to be 1A1. The A, B, and C val-
ues in the S1 state are about 1% larger than those in the S0

state. In order to determine the structural parameters such as
bond lengths and bond angles in the S1 state, we tried several
calculational methods with geometry optimization. The best
values of rotational constants are listed in Table V(a). The ex-
perimentally obtained rotational constants could be well re-
produced by the MP2/6-311++G(d, p) calculation within the
error of 0.02%. The obtained molecular structure is, there-
fore, considered to be the approximately true stable structure.
The difference between the calculated and experimentally ob-
tained rotational constants is less than 0.00001 cm−1, which
corresponds to the error of 2 mÅ in the C−C bond length.
The calculated C−C bond lengths are listed in Table VI. This
is assumed to be the limit in accuracy for the determination of
stable geometrical structure.27

We performed similar calculations for the S1
1A1 state.

The best results were obtained by the CASSCF/cc-pVDZ cal-
culation. The resultant rotational constants and C−C bond

FIG. 4. (a) Observed rotationally resolved fluorescence excitation spectrum
of the 00

0 band of phenanthrene-h10 and (b) calculated one using the obtained
rotational constants.

lengths are listed in Tables V(b) and VI, respectively. It should
be noted that the C(2)−C(3), C(4)−C(5), and C(11)−C(12)
bond lengths are markedly increased by the S1 ← S0 exci-
tation. This structural change can be understood by the π

molecular orbitals, which are illustrated in Fig. 6. The S1

state is expressed as a linear combination of two configura-
tions, φ47(HOMO) → φ49(LUMO+1) and φ46(HOMO−1)
→ φ48(LUMO). In particular, the C(11)−C(12) π bond is
anti-bonding in φ48 and φ49, leading to the smaller bond order
and larger bond length.

When the structures and potential curves differ between
the S0 and S1 states, it is assumed that the IC nonradia-
tive process is fast and that the fluorescence quantum yield
is low in the S1 state. We observed the fluorescence decay
curve and determined the lifetimes for single vibronic lev-
els, which are plotted against the excess vibrational energy

TABLE IV. Molecular constants of the S0
1A1(v′′ = 0), and S1

1A1(v′ = 0)
states of phenanthrene-h10. Rotational constants, band origin T0, and standard
deviation σ are in units of cm−1. Moments of inertia Ia, Ib, Ic and inertial
defect � are in units of kg m2.

Phenanthrene-h10 S0
1A1(v′′ = 0) S1

1A1(v′ = 0)

A 0.053594(14) 0.053266(12)
B 0.0183351(29) 0.0181409(28)
C 0.0136612(18) 0.0135258(17)
�K(×10−7) –1.57(58) –2.34(54)
�JK(×10−8) 3.4(17) 9.0(16)
�J(×10−8) 1.05(12) 1.00(11)
δK(×10−7) 2.56(15) 2.31(15)
δJ(×10−9) 5.06(59) 4.98(54)
κ –0.7658 –0.7678
Ia(×10−46) 52.231 52.553
Ib(×10−46) 152.67 154.31
Ic(×10−46) 204.91 206.96
�(×10−46) 0.00282 0.09804
T0 . . . 27323.877(3)
σ . . . 0.0022
fit lines . . . 726
band type b
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FIG. 5. (a) Expanded observed spectrum for the P branch region of the 00
0

band of phenanthrene-h10 and (b) calculated one using the obtained rotational
constants. The assignments are shown above the spectrum. The superscript
and subscript indicate �Ka and K′′, respectively.

of the S1 state in Fig. 7. The lifetime becomes shorter as
the excess vibrational energy increases without any mode-
selectivity for the vibrational levels. Although the fluores-
cence quantum yields were reported to be 0.13 and 0.11 for
phenanthrene-h10 and phenanthrene-d10, respectively, in EPA
glass at 77 K,5 it is difficult to experimentally determine them
for the isolated molecule, because the S1 ↔ S0 transition is
very weak. We, therefore, estimated it by the TD-DFT(CAM-
B3LYP)/cc-pVDZ calculation of oscillator strength and ob-
tained f = 0.001. The calculated f value considerably de-
pended on the basis set. The accuracy is estimated to be
± 50%. The radiative lifetime is given by46

τr = 1.500
1

ν2f
= 1740 ns, (3)

where ν is the transition wavenumber in units of cm−1. The
fluorescence quantum yield is represented by

φF = 1/τr

1/τnr + 1/τr

, (4)

TABLE V. Experimentally obtained rigid rotational constants and the clos-
est calculated ones (cm−1) for the S0

1A1 and S1
1A1 states of phenanthrene-

h10.

A B C

(a) S0
1A1

Exp. (v′′ = 0) 0.053594 0.0183351 0.0136612
MP2/6-311++G(d, p) 0.0535866 0.0183353 0.0136610

(b) S1
1A1

Exp. (v′ = 0) 0.053266 0.0181409 0.0135258
CASSCF/cc-pVDZ 0.0532242 0.0181362 0.0135269

TABLE VI. Calculated C–C bond lengths (Å) in the S0
1A1 and S1

1A1

states of phenanthrene.

S0
1A1

a S1
1A1

b

RC-C(10-1) 1.3668 1.3799
RC-C(1-11) 1.4331 1.4126
RC-C(11-2) 1.4158 1.4312
RC-C(2-3) 1.3848 1.4318
RC-C(3-4) 1.4093 1.4197
RC-C(4-5) 1.3872 1.4263
RC-C(5-12) 1.4160 1.4369
RC-C(11-12) 1.4272 1.4794
RC-C(12-13) 1.4526 1.4554

aResults of MP2/6-311++G(d, p).
bResults of CASSCF/cc-pVDZ.

FIG. 6. π molecular orbitals of phenanthrene.

FIG. 7. Fluorescence lifetimes are plotted agaist the vibrational energies.
The a1, b2, and unassigned levels are represented by circles, squares, and
triangles, respectively.
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where τ nr is the nonradiative lifetime. The observed fluores-
cence lifetimes

τF = 1

1/τnr + 1/τr

(5)

are 76 and 113 ns. Finally, we obtained φF = 0.05 and 0.07 for
phenanthrene-h10 and phenanthrene-d10, respectively. This in-
dicates that the nonradiative transition dominates the relax-
ation process in the S1 state of phenanthrene.

For planar PAH molecules in the gas phase, it has
been demonstrated that the main nonradiative process in the
S1 state is not ISC to the triplet state, but IC to the S0

state.28, 29, 33, 42 The IC rate at the zero-vibrational level in the
S1 state is given by47–50

WIC = 2π

¯

∑
i

∣∣∣∣〈φS0 |
∂

∂Qi

|φS1〉
∣∣∣∣
2 ∣∣∣∣〈χv′′

S0

∣∣ ∂

∂Qi

∣∣χv′=0
S1

〉∣∣∣∣
2

× δ
(
Ev′=0

S1
− Ev′′

S0

)

� 2π

¯

∑
i

∣∣∣∣〈φS0 (r,Q0)|
(

∂U (r,Q)
∂Qi

)
Q0

|φS1 (r,Q0)〉
∣∣∣∣
2

{ES1 (Q0) − ES0 (Q0)}2

×
∣∣∣∣∣∣
〈
χv′′

S0
(Qi)

∣∣ ∂

∂Qi

∣∣χv′=0
S1

(Qi)
〉

×
∏
j �=i

〈
χv′′

S0
(Qj )

∣∣χv′=0
S1

(Qj )
〉
∣∣∣∣∣∣
2

× δ
(
Ev′=0

S1
− Ev′′

S0

)
, (6)

where φS0 and φS1 are the electronic wavefunctions of the S0

and S1 states, respectively, χv′′
S0

the vibrational wavefunction
of the high-vibrational level in the S0 state, and χv′=0

S1
that of

the zero-vibrational level in the S1 state. δ is the Dirac delta
function, and Qi is a normal coordinate. The second and third
matrix elements are the nonadiabatic Franck-Condon overlap
of a promoting mode and the Franck-Condon overlap of other
modes, respectively. In C2v symmetry, the S1

1A1 state cou-
ples with the S0

1A1 state through an a1 vibration. If the po-
tential energy curves in the S1 state are similar to those in
the S0 state, the nonadiabatic Franck-Condon factor becomes
smaller as the S1 − S0 excitation energy increases (energy gap
law).47 There are two cases that give rise to the large IC rate.
One is displacement, in which the stable geometrical struc-
tures at the potential minima are considerably different (dif-
ferent rotational constants). Another is distortion, in which
the curvature of potential energy curves are different (differ-
ent vibrational energies). As shown in Table III, the observed
vibrational energies of a1 modes in the S1 state are very sim-
ilar to those in the S0 state, indicating that the distortion is
not the main cause of the large IC rate in phenanthrene. The
geometrical structure in the S1 state, however, is remarkably
different from that in the S0 state, although the change in rota-
tional constants are not very large in this case. It is considered

that IC is enhanced by the displacement for the C(11)−C(12)
bond length in particular.

The IC rate is proportional to the nonadiabatic Franck-
Condon overlap, which is expected to depend on the vibra-
tional mode in the S1 state. In fact, the fluorescence lifetime
has been demonstrated to change with the vibrational level
in the S1 state for a number of PAH molecules.29, 33, 38 For
phenanthrene, it has been found to be almost independent
of the vibrational level, indicating that the vibrational struc-
ture is quasi-continuous and homogeneous (statistical limit)
in the energy region of fundamental vibrational levels of the
S1 state. In contrast, the IC rate is markedly dependent on the
vibrational level in anthracene, which is a structural isomer of
phenanthrene with the same molecular size.31 The coupling
level density of the S0 state is considered to be much higher
in phenanthrene because of its lower symmetry and larger
S1 ← S0 excitation energy.

Radiationless transitions are normally depressed by deu-
terium substitution, which reduces the zero-point energy and
increases the number of quanta in the accepting modes. Actu-
ally, the fluorescence lifetime of phenanthrene-d10 is remark-
ably longer than that of phenanthrene-h10. It should be noted
that the fluorescence lifetime at the zero-vibrational level in
the S1 state of anthracene-d10 is much shorter than that of
anthracene-h10.30–33 Further studies are needed to clarify the
mechanism of the inverse deuterium effect, because we were
unable to obtain any useful information in this regard from
the deuterium effect in phenanthrene.

IV. SUMMARY

We observed fluorescence excitation spectra of the S1
1A1 ← S0

1A1 transition of jet-cooled phenanthrene-h10 and
phenanthrene-d10. The observed vibronic bands were as-
signed by referring to the results of ab initio theoretical calcu-
lations. The rotational constants were determined for the zero-
vibrational levels in the S0 and S1 states of phenanthrene-h10

via the ultrahigh-resolution fluorescence excitation spectrum.
The MP2/6-311++G(d, p) and CASSCF/cc-pVDZ calcula-
tions with geometry optimization revealed that the values of
the rotational constants were close to the experimentally ob-
tained ones for the S0 and S1 states, respectively. It has been
demonstrated that the molecule is planar (C2v) and that the
stable geometrical structure is markedly changed upon the
S1 → S0 electronic excitation. This structural change is con-
sidered to be the main cause of fast IC in the S1 state of
phenanthrene. The IC rate of phenanthrene-d10 is smaller than
that of phenanthrene-h10, which is in accordance with the
general rule that radiationless transition is depressed by deu-
terium substitution.
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