J. Phys. Chem. A998,102,4775-4787 4775

S1—S Electronic Spectroscopy and ab Initio Calculations ofcis-2-Methoxynaphthalene
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The vibronic structure of th&§ < S electronic transition of jet-cooleds-2-methoxynaphthalene (2MXN)

has been investigated in detail by use of laser-induced excitation and emission spectroscopy. Fluorescence
hole-burning experiments were employed to establish vibronic excitations due to the presenceisf the
isomer. Eighteen ground state and 15 excited state vibrational frequencies were assigned by analyses of 25
single vibronic level fluorescence (SVLF) spectra, including the methoxy and methyl torsional mode
frequencies. Strong vibrational state mixingSnwas observed in several SVLF spectra at low vibrational
excess energies, attributed to the combined appearance of Fermi resonances and Duschinsky rotation.

Vibrational assignments d& frequencies were supported by ab initio calculations, employing the RHF/6-
31G** method. Optimization of ground state geometries revealed thatistigomer is the lowest energetic
ground state conformer of 2MXN, in agreement with experiment. Furthermore, excited state ab initio
calculations using the CIS/6-31G** method predicted that the first excited staie-2MXN correlates with
the S state of parent naphthalene, exhibiting a short-axis-oriented transition dipole moment.

1. Introduction We have recently begun a study of the photophysics and
photochemistry of monosubstituted methoxynaphthalenes in
order to investigate the role and importance of the methoxy
group for their intramolecular energetics and dynamic3he
only methoxy substituted aromatic molecules studied spectro-
%copically in detail so far are methoxy substituted benzene
(anisole}®~1° and 4-methoxytrans-stilbene?° In the case of
anisole, the methoxy and methyl torsional frequencies were
determined experimentally in the ground electronic staté.
Extensive ab initio calculations of this molecule also revealed
the planar geometry at the potential energy minimum in the
ground electronic state, with a predicted barrierd0 kJ/moft
_ to rotation of the methoxy grou}§:*®* No experimental value

In the case of mo_nosubsmu_ted hydroxynapht_hal_enes (AN, for the methoxy torsion frequency was reported in the case of
a dramatic change in the acidity af‘fﬁf“ SD excnguon has . 4-methoxytransstilbene, but the simultaneous presence of two
promqted various laser spectroscopic studies. H|gh-resolut|ongr0und state conformers in the molecular jet expansion was
experiments of 1-HN and 2-HN allowed for the correct established by rotational coherence spectrosébpy.

assignment of the simultaneously presestandtransisomers ; . )
in a jet expansion, as well as the observation of the conforma- !N @ Previous publicatiott we presented first results concern-
tional dependence of th&—% transition dipole moment ing the identification of two isomeric ground state structures in

orientatiorf Dispersed fluorescence spectrdrans1-HN also  the fluorescence excitation spectrum of jet-cooled 2-methoxy-
revealed the occurrence of extensive vibrational state mixing "@Phthalene (2MXN), tentatively assigned to tigandtrans
in the S, electronic state attributed to vibronically induced configurations of the methoxy group relative to the long axis
Duschinsky rotatiod® Furthermore, incorporation dfans-1- of the naphthalene subunit. Dispersed emission spectra of both
HN into hydrogen-bonded cluster species with water and vibronic origin bands were analyzed and compared with the
ammonia established the presence or absence of proton transfegorresponding spectrum of naphthalene. We also reported
as a function of cluster type and cluster siz#* fluorescence lifetimes of various vibronfg levels and first

The energy dependence of radiationless processes on th bservations of vibrational quantum beats 978 tabove the

amount of vibrational excess energy in tBeelectronic state  vibrationlessS; level of cis-2MXN.1°

was studied in the case of monosubstituted chloronaphthalenes In this paper we report a detailed analysis of single vibronic
(CIN), fluoronaphthalenes (FN), and methylnaphthalenes (MN). level fluorescence (SVLF) spectra following excitation of 25
While the @ level nonradiative rates of these molecules vary levels in the vibronicS, — & spectrum ofcis2MXN. A
strongly, the energy dependence of the nonradiative rates werdluorescence hole-burning technique was applied to establish
found to be quite similar. In the case of 2-MN, vibrational mode excitation transitions due to theis isomer. Assignments of
mixing due to Duschinsky rotation in tt% electronic state was  ground state and excited state vibrational frequencies are given
also observed at low excitation energy, comparable to the in comparison with results from ab initio calculations. The
situation intrans-1-HN .23 outcome of these ab initio frequency calculations and geometry
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Spectroscopic properties of isolated molecules may be studied
by a combination of supersonic jet expansion techniques and
laser spectroscopy. Recently, the optical spectroscopy of
substituted naphthalene molecules has received considerabl
attention due to an interesting variety of photophysical properties
of these molecules. Several studies revealed a subtle depen
dence of the excited-state character, of $ie- & transition
dipole moment, of radiative lifetimes, and of vibrational state
mixing in these aromatic molecules on the type of substitution,
on the substitution site and on its conformation, as well as on
the level of vibronic excitation employéd!?
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optimizations, which confirmed our previous assignments of the

two isomers present, are also reported and discussed in detail.

2. Experimental Methods

Fluorescence excitation spectra of 2MXN (Fluka99%)
were obtained using a mixture of 2MXN seeded in pure neon
in a pulsed supersonic jet expansion with 1.5 bar stagnation
pressure and 330 K nozzle temperature (0.35 mm nozzle orifice
diameter). Excitation took place typically 20 mm downstream
from the nozzle orifice by the output of a Nd:YAG pumped
and frequency doubled pulsed dye laser (DCM in methanol).
Total fluorescence was collected perpendicular to the nozzle/
laser plane by a single quartz leris{{ 150 mm), focused onto
a Hamamatsu R212 photomultiplier tube and recorded by a
digital oscilloscope (Tektronix DSA-601).

Fluorescence hole-burning spectra were recorded with the
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same basic setup, additionally employing a second, separately

pumped dye laser. In these experiments the high power outpu
(I ~ 400 uJ) of the first dye laser (pump pulse) was scanned
over the spectral region of interest. The low power output (
~ 40 uJ) of the second, delayed dye laser (probe laser) was
kept resonant with a fixed vibronic transition frequency of
2MXN. This probe laser pulse was delayed by 300 ns to the

tFigure 1. (a) Atom number scheme used in ab initio calculations of

cis-2-methoxynaphthalene. See also Table 1 for the corresponding bond
lengths and bond angles. (b) Plot of the relative total energy of 2MXN
versus the dihedral angle(C,—C,—01:—C;y,) of the methoxy torsion

as obtained by RHF/6-31G** single-point calculatiod®)( The solid

line is an interpolation curve calculated with a spline fit routine. See
text for further details.

pump pulse using a DG-535 delay generator (Stanford Research ) S
Systems). The total fluorescence induced by the probe lasernumbering scheme used for all geometry optimizationsisf

pulse was recorded as a function of the frequency of the
scanning pump laser. Its intensity is directly proportional to
the remaining population in the common ground state level after
excitation by the pump puls@.

Two experimental setups were employed to record dispersed
fluorescence (DF) spectra. In both cases 2MXN was excited
10 mm downstream from the nozzle orificdD ~ 30). Lower
resolution spectraAv = 12 cnt?) of selected single vibronic
levels (SVL) were obtained with a 1.0 m monochromator (SPEX
1704, holographic grating with 2400 lines/mm) and a Hamamat-
su R-928 photomultiplier. Additionally, higher resolution
spectra Av = 4—8 cn1?) of selected spectral regions of several
SVL were recorded employing a 1.5 m monochromator (Sopra
UHRS F1500, holographic grating with 1800 lines/mm) equipped
with back-illuminated charge-coupled device (CCD) detector
with 1752 by 532 pixels (Spectroscopy & Imaging GmbH,
Erwitte, Germany). The CCD detector was cooled by liquid
nitrogen down to 150 K, using a ST-130 controller unit
(Princeton Instruments) connected to a personal computer. A

2MXN is illustrated in Figure la.

Electronic ground-state calculations were carried out at the
restricted HatreeFock (RHF) level of theory using the 6-31G**
basis set. A series of single-point ground state geometry
optimizations was performed for different values of the dihedral
angle¢ (C;—C,—011—Cyp) of the methoxy group relative to
the naphthalene plane, in order to investigate the approximate
potential energy surface along this internal coordinate. The
single-excitation configuration interaction (CIS) method with
the 6-31G** basis set was employed for tBge calculations.
Direct SCF and direct CIS options were applied in these
calculations. Although consideration of all singly excited
configurations did not reproduce the correct excited state level
order in CIS calculations of naphthaléfe’® and 3-methylsty-
rene?’ the vibrational structure is determined mainly by the
electronic distribution dominated by the singly excited configu-
rations. Since our prime interest was in the vibrational level
structure, we used the CIS method to provide estimates of
vibrational S, frequencies otis-2MXN.

typical spectrum was obtained after adding three separate 10

min exposures. Prior to addition, low-level background signals

due to the presence of cosmic events were removed by a 41 cis—

homemade computer program. Reported frequencies are ac
curate within+2 cn .

3. Computational Methods

Full geometry optimizations and harmonic frequency calcula-
tions of ciss2MXN for the & and S; electronic state were
performed. Ground state calculations were done using the
GAUSSIAN 92 packag@ on a RS/6000-320 workstation (64
MByte RAM), and excited state calculations were preformed
on a RS/6006540 machine (512 MByte RAM) using the
GAUSSIAN 94 packagé® The most stringent optimization
criterion (OPT= VERYTIGHT) was used for the norm of the

4. Results of ab Initio Calculations

trans Isomerization of 2MXN. As mentioned
above, the first evidence of the presence of two conformational
isomers in the jet-cooled fluorescence excitation and emission
spectra of 2MXN was reported recentf. These conformers
were tentatively assigned to the existencect and trans
configurations of the methoxy group relative to the long axis
of the naphthalene subunit. To investigate the simultaneous
occurrence of different conformers in the electronic ground state
of 2MXN, we performed partial geometry optimizations varying
the methoxy dihedral angl¢ (C;—C,—01;—C;2) from 0° to

18 in 15° or 3¢ increments. Whereas the methoxy dihedral
angle was kept fixed in these single-point calculations, all other
internal coordinates were optimized at the RHF/6-31G** level

gradient in the case of the geometry optimizations. Convergenceof theory. The resulting one dimensional potential energy curve
of the self-consistent field (SCF) was accomplished if the root is given in Figure 1b. Although the continuous variation of an
mean square difference between the density matrix elements ininternal coordinate represents not necessarily a minimum energy
successive cycles was less tham®0au (CONVER= 10). path, all three local minima found with dihedral anglespof
Additionally, no symmetry restrictions were applied. Our atom 0° (cisisomer), 90, and 180 (transisomer) located along this
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torsional path were checked through harmonic frequency TABLE 1: Optimized Geometries of cis-2MXN in the

analyses to be real minima without any imaginary frequency Ground State S and in the First Excited State S, Using the
4 y ginary freq y RHF/6-31G** and CIS/6-31G** Method, Respectively

mode.

The lowest potential energy point belongs to tieisomeric bond $(A) S(A) bondangle & (deg) S (deg)
configuration with a methoxy torsion anglg = 0°. This Cio—Co 1407 1453 G-Cy—Cs 118.3 1185
structure corresponds to the global potential energy minimum Cio—Ca 1424 1.405  G—Cy—Cg 118.6 119.1

; Co—Cs 1419 1407 G CiGCs 1194 117.8
of the whole ground state potential energy surface (PES) of oo 1417 1399 GGG 1183 1183

2MXN, also obtained in a global geometry optimization without Co—Cs 1425 1396 G—Cy—Cs 1212 1223

restriction of the methoxy dihedral angle (see section 4.2 below). c,—c, 1.352 1402 GCs—GC, 120.8 121.6
As seen in Figure 1b the relative energy rises sharply between Cg—C;, 1.360 1408 @—Cs—Cs 120.8 121.5
a methoxy torsional angle @f = 0° and¢ = +50°. On the Cs—Ce 1360 1414 @ Cr—GCg 120.5 119.1
other hand the potential energy of thians configuration ¢ = Cr—C 1413 1377 ©-Ce—C 1199 1209
18C°) is ~700 cnt? (8.4 kd/mol) higher than theis structure gi:gi i'zgg i'ggg g:g;:gi ggé ﬁéi’
at this level of theory. As reported in ref 15, intensities of ¢, o, 1347 1338 ¢C,-C, 120.3 1204
spectral features assigned to tiens isomer in theS, — & 0Ou—Ci, 1.399 1.403 G-C,—On 125.5 122.7
fluorescence excitation spectrum were considerably weaker than Cs—Hi4  1.076  1.076 €—01;—C;z 1195 121.2
the corresponding vibronic transitions due to tiig isomer. Ce—Hig  1.076  1.076  G—Cs,—Hi» 1189 118.7

; ; i Cs—His 1.076 1.076 ©Cg—His 119.0 118.8
Therefore, the substantial potential energy difference calculated  He 1073 1073 G-Ce—He 1189 1193

for the two is_omeric fo_rms of 2|VI_XN_in the ground electron?c Co—Hiz 1074 1.073 G-Ci—His 118.3 118.7
state results in a considerably differing Boltzmann population c,—H,; 1.076 1.074 G-Cs—His 121.8 1215
factor in the supersonic jet expansion. This is most likely the Cs—Hie 1.076 1.076 @-C;—Hyr 120.0 120.0

reason for the large intensity difference observed. Ciz—Hzp 1.086  1.085 &-Ce—Hise 120.4 118.8

. . . . Cio—Hz1 1.086 1.085 @—Cio—Hyp 111.4 1115
The conformational preference of tiees configuration was Ci—H» 1080 1080 @—Cio—Hy 1114 1115

also found in'H and3C nuclear magnetic resonance experi- 01—Ci—Hy,  106.4 106.0
ments of 2MXN in carbon tetrachloride solutioffs Proximate

coupling between methyl and ring protons was used to determinethe calculated €C bond lengths itis-2MXN differs by more
the absolute conformation of the methoxy group. These resultsthan+0.006 A from its naphthalene counterpart. The optimized
confirmed previous studies using carbon-13 chemical shift ground state value of the,€0y; bond length ofcis-2MXN,
analysis, yielding an approximate population ratio of 19:1 which connects the methoxy group to the naphthalene subunit,
betweertis andtransisomer of 2MXN at 305 K. This indicates  js 1.347 A. This value is noticeably shorter than a singteCC
an enhanced stability ot 4.8 kJ/mol of thecis configuration bond length in methyl ether, where a value of 1.43 A is
in the electronic ground state, which is in qualitative agreement reportec?® The shortening of the £-Oy; bond length incis-
with the results of our ab initio calculations. 2MXN indicates a substantial double-bond character, induced
Figure 1b also reveals a third local potential energy minimum by the connectivity to the aromatic subsystem. This shortening
along the methoxy torsional path in the ground electronic state. effect is less pronounced in the case of the secor@®@®ond
This third configuration with a methoxy torsion angle= 90°, in cis-2MXN, which involves the methyl group carbon atom.
which was found to be a true minimum according to the The calculated bond length of the;2Cy» bond is 1.399 A,
harmonic frequency analysis, corresponds to a structural con-closer to the value of the -©0 bond length in methyl ether,
formation with the methoxy group orthogonal to the aromatic but still smaller. On the other hand, both optimized bond lengths
ring system of the naphthalene subunit (i.e., an out-of-plane for the two C-O bonds oftis-2MXN are very similar to results
conformation). The well depth is very shallow, and the barrier obtained for methoxybenzene using the RHF/6-31G* method.
to thetrans configuration is almost negligible. The same sort In this case, Vincenz et &.reported a value of 1.350 A for
of orthogonal local minimum structure was also reported in the Gyoma—Q and 1.398 A for the ©CHs bond length.
various ab initio calculations of methoxybenzéfé? However In the case of the first excited sta®, our ab initio
Vincenz et al* showed that this potential energy minimum of  cajculations otis-2MXN showed a similar pattern of alternating
the orthogonal configuration of methoxybenzene disappearedaromatic G-C bond length increases and decreases, compared
after electron correlation effects were included through MP2/ wjith their ground state values, as observed in the calculations
6-31G* calculations. We therefore expect that the same is true of naphthalert$-26(see Table 1). For example, the-&Cy0and
in the case of 2MXN. Further work is currently in progress to Cs;—C, bonds increased from 1.407 and 1.352 ASirto 1.453
clarify this point. and 1.402 A inS, whereas the & Cy and G—C; bonds
4.2. Geometry Optimization of cis-2MXN in S and S;. decreased from 1.417 and 1.413 ASystate to 1.398 and 1.377
Optimized internal coordinates ofs-2MXN, obtained by RHF/ Ain S.. As in naphthalene, these structural shifts are caused
6-31G** calculations for the ground sta® and by CIS/6- by bond order changes due to the-z* excitation. The
31G** calculations for the first excited sta®, are given in calculated bond lengths of the two—© bonds ofcis-2MXN
Table 1. Although no symmetry constraints were applied, were less affected by electronic excitation. Their predicted bond
deviations from planarity of the final geometries were negligible, length changes are smaller than in the case of the aromatic
yielding structures of overalls point group symmetry in both  carbon bonds. As seen from Table 1, a shortening of 0.009 A
electronic states. Therefore, the methoxy group of the optimized was calculated for the £ 033 bond inS; compared with it
structure lies in the plane of the naphthalene subunit in both value, whereas the calculated;;©C;, bond was slightly
electronic states, as shown in Figure la. lengthened by 0.004 A after excitation.

The calculated aromatic -€C bond lengths otis-2MXN Calculated bond angles ofs-2MXN are also given in Table
change only slightly under the influence of the methoxy 1 for the& andS electronic states. As observed in the case
substitution in the, state, compared with calculated structural of methoxybenzent:1°there is substantial steric hindrance in
data obtained recently in the case of naphthaténblone of the S state between methyl group hydrogen atoms and the close
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lying hydrogen atom kb, which is connected to the aromatic almost completely short-axis-polarized transition moment, with
subsystem (see Figure 1a). Firstly, instead of an unperturbedan angle of only 18 between theS, — & transition dipole
C;—C,—043 angle of 120, this angle increases to 125.k moment and the short axis of the naphthalene subunit. There-
the optimized ground state geometry. It decreases slightly to fore, a hybrid band type of approximately 90% b-type character
122.7 in the optimized excited state geometry. Secondly, the and 10% a-type character is predicted from our CIS calculations
preferred orientation of the methyl group also provides evidence in the case of origin excitedis-2MXN. This situation incis-

for significant steric interactions. The calculated orientation is 2MXN is similar to results obtained fais-2HN, where Johnson
different for that expected on the basis of electronic consider- et al. found a predominantly b-type-polariz&d— S transition
ations alone, whereby the eclipsing,€Ho bond should point dipole moment. These authors clearly showed that iver
toward the ring. Thirdly, the angle £-0;;—Ci> is strongly mixing between the oxygen lone pair and the naphthalene
perturbed. In the case of an idealized &ybridized oxygen orbitals is responsible for this observed rotation of the transition
atom, a value of 109%7s expected. The calculated values are dipole moment compared to parental naphthalene.

119.5 in S and 121.2 in S, indicating that the oxygen atom 4.4. Harmonic Frequencies ofcis2MXN in S and S;.
exhibits considerable $gharacter in both electronic states. This Beside optimized minimum energy structures, harmonic fre-
sp* hybridization is additionally favored by the planar structure quencies were also calculated for both electronic statessof

of cis-2MXN. 2MXN. Analytical second derivatives were used in both cases.
In summary, our calculations predict that the equilibrium Cis2MXN has 60 normal modes. Usirg symmetry the 41
structure ofcis2MXN does not change significantly aft&s— in-plane modes are totally symmetric aodes) and the 19 out-

S, electronic excitation, maintaining a plar@ssymmetry. The ~ of-plane modes are nontotally symmetri¢’ @odes).
rotational constants remain comparable in both electronic states. The results of the harmonic frequency analyses are given in
Their calculated values ams’ = 2.3822,B" = 0.6246, andC" Table 2. All modes are ordered after their symmetry and with
= 0.4964 GHz for the ground electronic state a#na= 2.3350, decreasing frequency in tl# state. Note that we calculated
B' = 0.6216, andC' = 0.4924 GHz for the first excited state. the Duschinsky matrix from the given normal mode vectors in
4.3. S;—S Transition Dipole Moment Orientation. Using both electronic states in order to assign the excited state
the CIS procedure in the excited state calculations, dominantVibrations to the correct ground state vibrations, which is the
contributions of theS; state wavefunction afis2MXN are due reason that the excited state frequencies in Table 2 are not
to two electronic configurations, both involving—xz* single ordered after their frequencies. Also given are the calculated
electron excitations. The leading configuration arises from a harmonic displacement vectorsQ for all in-plane modes.
single electron excitation out of the highest occupied molecular Calculating relative frequency changes between the two elec-
orbital (HOMO) to the lowest unoccupied molecular orbital tronic states showed that out-of-plane frequencies are predicted
(LUMO). The second, smaller term originates from a single {© change on the order of-3.0%, whereas in-plane modes only

electron excitation out of the HOMO-1 orbital to the LUMQ change on the order of-%% after excitation. Therefore,
orbital (i.e., a (HOMO-13) (LUMO-+1)! configuration). Fur- overtone transitions of out-of-plane vibrations are expected to
thermore, the calculate® state wave function consists of the Show up in the vibronicS, —— S spectrum ofcis-2MXN.

two main single excitation configurations (HOMO{) UMO)! Detailed assignments of the experimental frequencies to the
and (HOMO} (LUMO-+1)%. The calculated energy difference ~ calculated ones will be discussed below. .

betweenS, and S, is approximately 2900 cr. The scaled frequencies of the methoxy torsiagg)( the

; thyl torsion ¢s7), and the methoxy in-plane bending vibration

On the other hand, thg, state of naphthalene is known to me : .
consist of a linear combination of the (HOMO!1LUMO)? (va1) are calculated_ to 72, 231, and 189 Tnin . Their .
and (HOMO} (LUMO-+1)! configurations, whereas ti8 state g.round state atomic vector dlsplacgmgnts are reproduced'ln
consists of the (HOMG)(LUMO)! configuration® Since the Figure 2. Thereby, the methoxy torsion is the Iowe_st energetic
(HOMO)! (LUMO)? configuration is the leading term in ti& out-of-plane mode, and the methoxy in-plane bending mode the
state ofcis-2MXN, this electronic state correlates with tBg lowest energetic in-plane modg«nt—ZMXN. The frequgngles
state of parent naphthalene, and Siestate ofcis-2MXN can of the methoxy and methyl torsion ofs-2MXN are very similar
be correlated to thé, state o’f naphthalene. Clearly, our CIS to results obtained in ab initio calculations of methoxybenzene,
calculations predict a state inversion betw&andsS; state in Wh?{e scaled frequencnf;s of 75 chfor the m_et_ho>_<y and 200
cis2MXN in comparison with naphthalene. cm1 for the methyl torsion were foundd. This indicates that

The calculated energy difference between Syeand St both potential energy hypersurfaces have similar curvatures
electronic states afis—2l\/gll>)éN in their optimized geometries is along these two coordinates, at least close to the potential energy

S minimum. Furthermore, the relatively high frequency of the
5.101 eV. The energy of the-® transition is found by methyl torsional modes; also shows that the steric hindrance

correcting the energy difference between the two electronic between the neighboring hydrogen atoms &hd Hbi/H,» (see

states for changes in the zero-point energy (ZPE). Using the g e 14) is considerably large, leading to a hindered methyl
calculated frequencies (see below), a theoretical value of 40060, 4t0r motion.

cm!is obtained. This is considerably larger than the experi-
mentally determined value of 31028 cki® The predicted
oscillator strength of thes, — & excitation isf = 0.1334,
indicating a relatively strong transition in agreement with 5.1. Excitation Spectroscopy5.1.1. Unsaturated Fluores-
experiment. This oscillator strength is of the same order of cence Excitation. In ref 15 we presented a fluorescence

5. Experimental Results

magnitude as the oscillator strength of the— & excitation excitation (FEX) spectrum ofis-2MXN which was partially
in naphthalene. Furthermore, th® < & transition in saturated in a few major transitions in order to show weaker
naphthalene is short-axis (b-type) polarized, whereaS; its- vibronic bands, as well as to reveal the very weak features

S transition is long-axis (a-type) polarized. Projecting the caused by the presence of thens2MXN isomer. Therefore,
calculated transition dipole moment of tBe<— & excitation we reproduce in Figer 3 a fluorescence excitation spectrum
of cis2MXN onto a naphthalene fixed axis system yields an recorded under very low laser power conditions to avoid any
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TABLE 2: Theoretical In-plane (a') and Out-Of-Plane (d')
Vibrational Frequencies of cis2MXN in the Electronic
Ground State S and in the First Excited State S; Using the
RHF/6-31G** and CIS/6-31G** Methods?
S S displacement
mode frequency (cm?) frequency (cm?) AQ
a 1 3043 3050 —0.015
2 3042 3054 0.025
3 3032 3042 0.031
4 3019 3025 0.000
5 3012 3016 0.019
6 3005 3011 —0.013
7 3000 3008 0.004
g ggg %g;g 8883 Figure 2. The atomic vector displacements of three low frequency
10 2863 2868 -0 605 skeletal vibrations o€is-2MXN. veoin (a) corresponds to the methoxy
11 1659 1419 0 15 torsion,vs7 in (b) to the methyl torsion, ands; in (c) to the methoxy
12 1630 1470 0:025 in-plane bending mode.
13 1606 1435 ~0.109 relative wavenumber (cm™)
14 1511 1528 —0.084 1000 1500
15 1483 1500 —0.022 2 = . :
16 1479 1477 0.025 fluorescence excitation spectrum
ic_?; iii? }_‘318623 8822 cis-2-methoxynaphthalene
z
19 1376 1366 —0.440 g
20 1351 1326 0.430 £
21 1324 1308 —1.346 2
22 1261 1276 —0.700 s
23 1246 1255 —-0.041
24 1215 1199 -0.189 ,I Aol
25 1191 1166 —-0.273 , , , ,
26 1163 1116 —0.423 31028 31528 32028 32528
27 1140 1037 0.249 excitation energy (cm’)
gg ié%:r; ﬂ?? _001(%39 Figure 3. Unsaturated fluorescence excitation spectrum of jet-cooled
30 1049 1053 0.084 cis-2MXN. Transitions are also measured relative to the origin band
1
31 992 993 ~0.302 at 31028 cm*
32 937 908 0.164 o . o
33 884 865 0.101 excitation. Beside the origin band, about a dozen more
34 756 718 —0.238 transitions are clearly visible to the higher energy side of the
2(55 gﬁ’ ggg *Oc-)oggg spectrum. Most of these bands could be correlated to naph-
37 509 500 0508 thalene like totally symmetric modes as given in Table 1 of ref
38 495 472 ~0.831 15. _ _
39 421 397 —0.396 5.1.2. Hole-burning Spectrumro confirm that all features
40 333 329 —0.149 appearing in Figure 3 and in Figure 1 of ref 15 belong to the
) f’é lfgg 1%3% 0.461 cis isomer of 2MXN, we also recorded a fluorescence hole-
a 43 1159 1153 burning (HB) spectrum using two independently pumped dye
44 1005 932 lasers. A first pump laser pulse depleted the vibrationless
45 991 875 ground state. A second laser pulse at fixed frequency subse-
46 975 864 quently probed the remaining population in the common ground
a7 885 816 state level. The frequency of this probe laser was set to the
Zg ggg ;gg origin transition at 31028 cm. Figure 4 shows the resulting
50 760 672 HB spectrum (upper trace) ofis2MXN, together with a
51 756 700 simultaneously recorded (saturated) fluorescence excitation
52 647 584 spectrum (lower trace). As seen in Figure 4, all stronger features
53 535 481 apparent in the fluorescence excitation spectrum are also present
2‘5‘ %? ggg in the HB spectrum. This proves that all vibronic transitions
56 313 266 shown in the excitation spectra of Figure 3 and Figure 4 (lower
57 237 214 trace) belong to the same molecular species and originate from
58 183 151 the same ground state level. Therefore, all of these bands were
59 129 115 assigned to belong to tres-2MXN isomer.
60 72 55

Figure 5 shows a second HB spectrum, obtained by scanning
2 All frequencies are scaled by a common scaling factor of 0.9. We the red-shifted frequency region of trans2MXN isomer with

also give the predicted normal coordinate displacema@of all in- the strong pump laser while fixing the probe laser at 30368

plane modes in the case of$-$ vibronic excitation, which were — cm1 This transition was previously assigned to the origin band

calculated fro_m the Cartesian normal coordinate vector components ofof the S, — S transition oftrans2MXN (see Figure 1 in ref

both electronic states. S .

15). The upper trace in Figure 5 shows again the HB spectrum,
saturation effects. Figure 3 shows that the origin transition of and the lower trace the simultaneously recorded FEX spectrum.
cis-2MXN at 31028 cmit is the strongest band in the whole The observed coincidence of dip features in the HB spectrum
vibronic system, indicating the allowed character of thisz* with transitions present in the FEX spectrum indicates their
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Figure 4. Fluorescence hole-burning spectrum (upper trace) and
saturated fluorescence excitation spectrum (lower tracels&MXN.
Transitions are measured relative to the origin band at 31028.cm
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Figure 5. Fluorescence hole-burning spectrum (upper trace) and
saturated fluorescence excitation spectrum (lower tracequaes2MXN.
Transitions are measured relative to the origin band at 30368.cm
Note that the strong origin transition afs-2MXN in the excitation
spectrum at 660 cnt (*) is missing in the hole-burning spectrum.

connectivity through their common ground-state level. On the
other hand, note that the strong excitation band 660'cm
the blue of the origin transition dfans2MXN, which corre-
sponds to the origin band of tloés isomer, is completely absent
in the HB spectrum of thérans isomer. This demonstrates
that the two vibronic systems are independent of each other
(i.e., they originate from two distinct isomers of 2MXN). In
the following we will concentrate on theis isomer, because
the very weak excitation features of thrans isomer did not
allow for a more detailed analysis of their dispersed fluorescence
spectra further than already reported in ref 15.

5.2. Single Vibronic Level Fluorescence (SVLF) Spectra
To obtain ground-state vibrational frequenciescf2MXN,
an extensive set of SVLF spectra was recorded, following
excitation of 25 vibronic bands in its FEX spectrum. In the
following, we report in detail our experimental results for the
different SVLF spectra recorded up to approximately 1700%cm
of vibrational energy ir§. The obtained set of experimental

at 31028 cmt. Assignments are given in Table 3.

TABLE 3: Frequencies, Intensities and Proposed

Assignments of Transitions in the SVLF Spectrum Following
S1 — S Origin Excitation of cis2MXN2

frequency frequency
(cm™) intensity assignment (cml) intensity assignment
0 100  origin 1279 5 382 342

160 <1 60‘2J 1288 <1 ?

196 2 41‘1J 1294 <1 372 342

211 <1 592 1307 1 ?

262 1 6058 1322 <1 2

364 1 583 1335 <1 ?

420 <1 605 1341 12

432 <1 3¢ 1357 102

464 2 57‘2) 1367 8 (20?)

508 43 3@ 1373 14 2

523 10 37 1394 23 (1)

623 <1 36 1398 13 2

703 1 3841038 1403 20 a8

718 <1 5938 1426 102

772 16 34% 1448 2 ?

777 6 (5857 1464 4 3832

783 2 605837 1476 4 35 34

800 3 (595738) 1483 4 ?

871 <1 5838 1521 1 38

884 <1 58‘1) 37‘2 1530 2 382 312

904 2 331) 1537 1 ?

943 1 54g 1541 1 ?

955 6 32 1545 1 38

972 1 410348 1568 <1 37
1015 6 32{3 1578 1 ?
1023 6 31‘1) 1592 3 ?
1030 4 3837 1608 <1 ?
1045 <1 37‘2) 1612 <1 ?
1068 1 53 1617 102
1124 <1 &) 1638 102
1177 2 (269 1674 <1 3433
1202 <1 3934 1683 1 3¢ 26
1210 <1 38? 35‘3 1727 1 342 3@
1216 <1 (29‘1)) 1785 <1 ?
1224 <1 3735 1793 1 342310

a Frequencies are accurate to withif?2 cn. Parenthesis indicate

frequencies will be compared in section 6 with theoretical results e tentative assignments.

from our ab initio study.

5.2.1. Origin Dispersed Fluorescenc&@he SVLF spectrum as described in section 2. Table 3 lists most of the observed
following excitation of the @Ievel of cis-2MXN is reproduced transitions up to 1800 cnt of vibrational energy in the ground
in Figure 6. The spectral resolution is 6 thiand the spectrum  electronic state. The labels used refer to the fundamental modes

was obtained using the liquid nitrogen cooled CCD camera setupas obtained from our ab initio calculations, wherehlyto v4;
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correspond to in-plane 'favibrations, and4; to vep to out-of- T ™ T T
plane (&) vibrations. Table 3 indicates that most features
having an intensity greater than 1% of thg-:-tﬁinsition could +140 om’ .
be assigned, as well as a significant number of weaker bands.
Compared with Table 3 of ref 15 we were able to distinguish 4190 om? J
considerably more transitions in this work due to an increased D | |
resolution and a higher sensitivity of the experimental setup. £
This led to the appearance of several close lying multiplets of 8 |+200 cm’ 1 L .
various bands which were not resolved in our previous study, & e +
especially in the region above 1000 chof vibrational energy 5 y I
in S) 2 [+210cm .
Beside the P band, which is the strongest band in this
spectrum, three transition frequencies dominate the SVLF +278 cm"J
spectrum following origin excitation. Their frequencies are 508, ! *
772, and 1394 cmi below the excitation wavelength. All three 404 o L
bands form small progressions (seen uprhe 3), and they e .
are dominantly presentin combinati_on bands with other optica_lly 200800 200 5
active modes. The two modes with fundamental frequencies relative wavenumber (cm’)
of 772 (v34) and 1394 cm' (v19) correlate most likely to the  Figure 7. Dispersed SVLF spectra obtained following excitation of
totally symmetric naphthalene modes(ag, 761 cntl) andvs bands 146-404 cnt! vibrational energy ir§ of cis-2MXN. Transitions

(ag, 1380 cn1l).2* Each of these two vibrations are also strongly are measured relative to the excitation position which is indicated by
Franck-Condon (FC) active in the SVLF spectrum of origin an asterisk in each case.
excited naphthalen&:3! In the case otis-2MXN, the band at _ ) _
1394 cm! seems to be a member of a complicated multiplet The major progression seen in each of these SVLF spectra are
structure of at least five levels, having frequencies of 1367, 1374, 160, 196, 211, 262, 364, and 464 th All these frequencies
1394, 1398, and 1403 crh It is highly unlikely that all five also appear as fundamental or overtone transitions in the SVLF
transitions represent nearly degenerAte= 1 transitions of spectrum following origin excitation. Furthermore, all SVLF
in-plane fundamental modes. Some of them may belong to Spectra shown in Figure 7 look very similar to the corresponding
combination bands which gain their intensity through a multi- Spectrum of the origin band (compare with Figure 6). Built
level Fermi resonance with the 1394 chband. onto a dominanf\v = O transition, which serves as a false origin
The assignment of the third strong feature in the origin excited Pand. other totally symmetric progressions and combination
SVLF spectrum ofcis2MXN at 508 cnt? is not completely bands appear, as observed in the SVLF spectrum of the origin

resolved. It could correlate either to the parental naphthalenetrans't'on'

modevs (bsg, 508 cnTl), or to the nearby, totally symmetric The excitatioq 190 cmt abqve theS; origin transition is
modevs (8, 514 cntl). In the case of naphthalene, mode  @ssigned to the in-plane bending mode of the methoxy group,
can only gain intensity through Herzber@eller (HT) coupling. va1. This is the lowest in-plane mode of 2MXN. Its ground
This is no longer true for the reduced symmetrycisf2MXN, state frequency is 196 crhas obtained from its SVLF spectrum.

because % modes inD, correlate to amodes inCs. As seen The four excitations at 140, 200, 278, and 404 émbove the

in Figure 6, the transition at 508 crhis actually accompanied ~ S1— S origin transition are assigned to overtone bands=

by a weaker band at 523 cth Therefore it seems that both 2. Their corresponding ground state mode frequencies are 80
naphthalene like modes appear in the SVLF spectrumissf  (veo), 106 (sq), 182 (rsg), and 232 cm* (vs). The excitation
2MXN following origin excitation. Compared with our ab initio @t 210 cnTtin S; is assigned to a combination bandigf and
calculations, and due to further reasons given below, we assign¥se This is consistent with the measured frequency of 262'cm
the 508 cmi? band to moderss of cis2MXN, correlating most ~ below the excitation energy of thav = 0 (60;58)) false
likely with the naphthalene modes (bsg), and the 523 cmt origin transition in its SVLF spectrum.

band to modevs;, which may correspond to mode (a;) of A closer look at individual SVLF spectra in Figure 7 indicates

naphthalene. that all six traces show the clear signatures of vibrational mode
Beside these three strongly FC active modes, we could assignmixing despite the low energy of the vibrational modes involved.

several more bands to originate from fundamental € 1) or First, the false origin transitions of modes andvse appear as

overtone (v = 2) transitions, revealing ground state frequencies doublets of interchangeable frequencies, indicating that the
of the corresponding vibrations involved. Transitions with the €xcited single vibronic levels 4nd 59 are mixtures of each
most firmly established assignments consist of ground-stateother, coupled by a Fermi resonance in the excited state.
modes with frequencies of 80, 106, 182, 196, 232, and 703.cm  Second, the SVLF spectra of the levels’ @hd 58 contain
All of them also appear as members of various combination additional weak features in the vicinity of theirw = 0 bands,
bands with totally symmetric modes (see Table 3). Furthermore, which can be assigned to $88 and 5§60} transitions.
transitions at 904, 955, 1023, 1177, 1364, and 1403%cane These features are typical crossed sequence transitions of the
tentatively assigned to fundamental = 1 transitions of totally form Aj Bg due to Duschinsky rotation. Thirdly, the SVLF
symmetric modes. These assignments are less firmly establishe@pectrum of the 404 cm band (5'@) shows the appearance of
from the origin excited SVLF spectrum due to the increasing a low intensity “bump” to the blue side of its false origin
density and congestion of observed features. transition, also indicating the presence of vibrational mixing.
5.2.2. Low-Energy Modes with;&£(S)) < 404 cnT!. Figure Using an experimental setup with approximately 6 ém
7 shows the SVLF spectra following excitation of the six resolution, individual features at 391, 404, 424, 432, and 442
vibronic bands 140, 190, 200, 210, 278, and 404 tabove cm~1 below the excitation energy could be resolved. The first
the S, —  origin transition ofcis-2MXN (see also Figure 4).  three bands are assignable ag &®, 57, 41059, and 5%
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' ' ' ' the § levels 38 and 38. This reveals that these bands gain
their intensity inS; through a coupling with modess.

} The excited state frequency of the second vibration already

+457 om ” l : appearing in the origin excited SVLF spectrum, withSa
frequency of 523 cml, was found in a relatively weak band

476 cnm! above theS, origin. We assigned this vibration to

| the in-plane mode’s;. Again, the calculated frequency &

+461 cm . . .

‘ . and$§; are in good agreement with experiment.

’ The SVLF spectra of the strong excitation bands at 457, 461,

and 464 cm? could not be assigned to originate from other

+464 o’ in-plane modes. No correspondingy = 1 transition was

. observed in the origin excited SVLF spectrum, and our ab initio

calculations also did not predict additional in-plane modes in

this spectral region. Therefore, we tentatively assign these three

fluorescence intensity

+470 cm”’ excitation bands to originate from out-of-plane combination
bands. These assignments are supported by the SVLF spectra
500 1000 500 0 shown in Figure 8 through the observation of various out-of-
relative wavenumber  (cm’) plane combination bands. For example, transitions terminating

Figure 8. Dispersed SVLF spectra obtained following excitation of in the ground-state overtone levels,598,, and 53 at 211,
bands 457470 cn1* vibrational energy ir§, of cis2MXN. Transitions 363, and 464 cr are seen. Further peaks indicating the
are mea_sur_ed relative to the excitation position which is indicated by involvement of out-of-plane modes are bands at 260, 312, 611
an asterisk in each case. 1 . . R '
and 651 cm?, which could be assigned to the terminatigg
levels 6Q59;, 60,571, 60,57:41;, and 6Q@58,41;, respectively.
The two strong emission features seen in all four SVLF spectra
with frequencies of 501 and 550 ct below excitation
wavelength could also tentatively be assigned to transitions
terminating in the ground state levels358; and 6Q5%41;,

59?1 transitions, revealing some weak state mixing involving
modevs; and mode’se. The assignments of the other two bands
at 432 and 442 cmt are yet unknown, although the band at
432 cnt! belongs most likely to a fundament#ly = 1

transition of modevss, also seen in other SVLF spectra (see (ogpectively. Using this information together with the low

below). energetic frequencies established fgg to vs7, three out-of-
5.2.3. Modes with Energy B(S)) ~ 460+ 10 cnr™. At plane combination levels were found with frequencies of-460
least six close lying bands are visible within 20 Thin the 470 cntl in S, which may be responsible for the observed
FEX and HB spectra reproduced in Figure 4 in the spectral congestion in this spectral region. These are the combination
region approximately 460 cm above theS; — S origin levels 63571411 at 464 cnl, 582411 at 470 cmi, and 605%-
transition ofcis-2MXN. Figure 8 shows the SVLF spectra of 57! at 472 cmiin S;. The presence of modeg, andvsg in
the four strongest excitation bands in this spectral region, with most of these transitions may indicate the active role of both
457, 461, 464, and 470 crhvibrational energy irs;. These  vibrations in the coupling of the various levels at this internal
spectra reveal a case of extensive vibrational state mixing in energy inS; of cis2MXN. As mentioned aboveyg, corre-
the low energy region of the first excited statea-2MXN. sponds to the methoxy torsion mode (see Figure 2a), and mode
Similar examples of considerable vibrational state mixing in ysg is the lowest energetic out-of-plane mode which correlates
substituted naphthalenes were also observed recently at lowto a parental naphthlene mode. This mode can be assigned to
vibrational energy ir§; in the case of 2-methylnaphthaléfe  a C—H wagging vibration of @symmetry in naphthalene.

and 1-hydroxynaphthalerié. The assignment of the broad emission feature centered at 467
Each emission spectrum reproduced in Figure 8 shows acm™! below the excitation wavelength (see Figure 8) could not
multiplet of up to 10 individual transitions in its false origin  be resolved completely. Allowed transitions in this spectral
region. Built on these multiple false origin features are region, and therefore possible assignments, are bands with
combination bands with totally symmetric modes as known from terminating levels 57 (464 cntl) and 6Q57; (471 cnt?) in
the origin excited SVLF spectrum. At the false origin position S,. Although taking spectra with a resolution up A% = 5
five common, strong and sharp features appear at 502, 508, 523cm=1, we could not yet resolve this emission band into
543, and 551 cmt in all four spectra, as well as a broad feature individual components. It remains unclear if there is a dynami-
centered at 467 cni, clearly seen in three of the four spectra cal process involved in the apparent broadening of this transition.
shown. Weaker common features appear at 422, 432, 454, 464Also not resolved is the question of the involvement of mode
476, and 559 cmt below the excitation energy. vs6 in several emission features. Using the calculated frequency
Two of the stronger emission bands, at 508 and 523'¢m  of 313 cnT?, bands at 417 (weak), 543 (strong), and 623 tm
respectively, were already apparent in the SVLF spectrum after (medium) could be explained as out-of-plane combination
origin excitation as mentioned above. The 508 éfeature is  transitions terminating in th& levels 5956, 57;56,, and 56,
the most FC active vibration in this energy region. 8s respectively. This reveals an experimental frequeng(S)
frequency is 470 crt, as seen from the lowest trace of Figure 0f 311 cnm?, in good agreement with the calculated value of
8. We assigned this vibration to the in-plane maggof cis- 313 cntl. Nevertheless, because no other transitions were
2MXN. Beside the acceptable agreement between the experi-observed involving modess, its assignment remains inconclu-
mental and calculated frequency, the ab initio calculations also SIVe.
predicted a large displacement between the ground and excited 5.2.4. Modes with Energy J5(S) = 669-978 cntl. In
electronic state in this normal coordinate (see Table 2), which Figures 9 and 10, the SVLF spectra following excitation of
is observed experimentally. Furthermore, all four SVLF spectra bands with 669 to 978 cni vibrational energy ir§, are shown.
reproduced in Figure 8 show strong transitions terminating in Several features are evident from these spectra. First, all spectra
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Figure 9. Dispersed SVLF spectra obtained following excitation of
bands 669 to 780 cm vibrational energy inS of cis-2MXN.
Transitions are measured relative to the excitation position which is
indicated by an asterisk in each case.
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Figure 10. Dispersed SVLF spectra obtained following excitation of
bands 868978 cn1? vibrational energy ir§ of cis2MXN. Transitions

are measured relative to the excitation position which is indicated by
an asterisk in each case.

beside the two traces with 780 and 938 énnternal energy
aboveS; show well resolved, sharp emission features, mostly

out of a single vibronic level. Second, these spectra reveal either
a small amount of unresolved, relaxed emission features in the

vicinity of the main false origin transition (see for example the
traces from levels 669 and 722 chin Figure 9, and 978 cnd

J. Phys. Chem. A, Vol. 102, No. 25, 1998783

Strong features in the false origin regions of the various
spectra shown in Figures 9 and 10, which also appear as possible
Av = 1 transitions in the origin excited SVLF spectrum, are
assigned to in-plane modes @s-2MXN. This is the case for
the frequencies at 701, 772, 904, 954, and 1177cnThey
were assigned to the ground state moagsvas, vss, V32, and
V26, respectively, also by comparison with the ab initio results.
Thereby,vz4 with a ground state frequency of 772 chis one
of three strongest FC active modescis-2MXN. Aside from
showing a long progression in its SVLF spectrum, it also appears
dominantly in the origin excited SVLF spectrum and in various
combination bands. Its large FC factor is in qualitative
agreement with the calculated value for the displacement of the
potential energy surfaces along this normal coordinate (see Table
2).

The emission spectra taken from excitations 696 and 868
cm! above theS, origin level reveal large, relative frequency
changes between the ground and first excited electronic state
of approximately 18% (see Figure 10). This is much larger
than calculated for any in-plane vibration. If both these two
frequencies would belong to in-plane modes, prominent pro-
gressions with these frequencies would appear in the origin
excited SVLF spectrum as well as in the FEX spectrum, which
is not the case. On the other hand, several out-of-plane modes
are calculated to show large frequency changes going fom
to S;, and therefore we assign the excitation frequencies at 696
and 868 cm! to originate from out-of-plane overtone excita-
tions. More specifically, the bands at 696 and 868 tin the
FEX spectrum are assigned to the transition§ &8d 53 in
comparison with their calculate® frequencies (see Table 2).
From the corresponding false origin transitions in the SVLF
spectra, th& frequencies are determined to 420 and 533%m
which is in quite good agreement with the calculated results of
401 and 535 cmt.

The emission spectra out of the two levels 780 and 938'cm
above the5, origin consist of partially resolvable sharp emission
features on a broader background, as seen in Figure 9 and Figure
10. Although vibrational state mixing leads to the appearance
of congested false origin spectra at even lower energy, the 780
cm1level in S, is the lowest energetic level in the first excited
electronic state showing an almost unresolvable spectrum. The
assignment of this spectrum is therefore quite difficult. We
tentatively assign it to originate from the overtone excitation
of the out-of-plane modes,. First, the excitation band is quite
weak, as many observed out-of-plane overtone bands. Second,
the observed spectrum indicates a large frequency shift between
S and S, typically observed for several out-of-plane modes.
Thirdly, calculated frequencies of modeg, (see Table 2)
indicate a large frequency shift between the two electronic states,
and the calculated values fit well to the observed frequencies.
Note that the strongest, sharp emission feature in the false origin
region occurs at 934 cm. Assuming that this band is the true

in Figure 10), or a few sharp, crossed sequence transitions ing; g origin, a ground state frequency of 467-éris obtained.

the same spectral region. Two crossed sequence transitions are

especially evident in the SVLF spectrum of the 722 ¢mevel,
508 and 701 cmt below the excitation frequency. Duschinsky
rotation seems to couple modgs (508 cnt!) and vzs (701
cm™1) to modevss, Which has & frequency of 772 cmt. The
corresponding transition 3840 is also visible in the SVLF
spectrum of modess (470 cnTtin §) at 772 cntl, as seen in
Figure 8. In the case of SVLF spectrum excited at 868%m

The excited-state level at 938 cfy which also shows a
strongly congested false origin region (see Figure 10), contains
some overtone character of modg due to the appearance of

a strong 3% band at 508 cmt. Assuming harmonic frequen-
cies, theS, level 38 is expected to lie at 940 crh, only 2
cm1 higher than observed. The difference could certainly be
due to anharmonicity. As seen from Figure 4, the excitation
level at 938 cm? is the strongest band within a congested group

prominent crossed sequence transitions show up at 1004, 1021of levels, most of them assignable to overtone transitions of
1177, and 1276 cni, but none of these frequencies are observed the corresponding levels in the spectral range of 460 to 470
in other SVLF spectra up to this vibrational energySn cm1, where strong vibrational state mixing was observed. It is
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' T y N TABLE 4: Comparison between Experimental and

Theoretical Vibrational Frequencies of In-plane (&) and
out-of-plane (d') Modes up to 1000 cm? in the Ground
+1016 cm'+ State § and in the First Excited State S; of ciss2MXN?2

Sexptl Scaled Sexptl S caled
symmetry mode (cm™) (cm™) (cm™) (cm™)

a 31 1019 992 978 993

32 954 937 915 908

1190 o 33 900 884 n/a 865

* 34 772 756 722 718

35 701 683 667 665

. 36 623 611 n/a 582

+1383 om’” 37 523 509 476 500

38 508 495 470 472

39 432 421 n/a 397

M 40 n/a 333 n/a 329
T 41 196 189 192 190

+1095 cm’!

fluorescence intensity

. a’' 45 n/a 991 n/a 875
46 n/a 975 n/a 864
+1699 cm’ a7 n/a 885 n/a 816
48 n/a 859 n/a 797
: : T : 49 n/a 827 n/a 736
3000 relati\-/zeoggvenumgg?o(cm ) ° 50 n/a 760 n/a 672
Figure 11. Dispersed SVLF spectra obtained following excitation of o1 n/a 756 n/a 700
L or . : 52 n/a 647 n/a 584
bands above 1000 crh vibrational energy inS of cis-2MXN. 53 533 535 434 481
Transitions are measured relative to the excitation position which is
N L 54 467 478 390 390
indicated by an asterisk in each case. 55 420 401 348 335
56 311 313 256 266
therefore not surprising that the SVLF spectrum out of level 57 232 237 202 214
38 shows an increased congestion. 58 182 183 139 151
5.2.5. Modes with Energy,B(S1) > 1000 cnt?. Figure 11 59 106 129 100 115
L . . . 60 80 72 70 55
shows several emission spectra obtained from vibronic levels _
with vibrational energies of more than 1000 ¢hin the S; state 2 Calculated frequencies are scaled by 0.9.

of cis2MXN. Relaxed emission now becomes the dominant
part of the SVLF spectra in this excitation energy range. Only
the SVLF spectra of the two vibronic excitation frequencies at
1016 cnt! and 1095 cm! still exhibit sharp false origin

transitions distinguishable from the relaxed background, reveal

ing that two fundamental ground state vibrations with frequen- ) . . . -
further assignments either very speculative or even impossible,

cies of 1050 cm? (possiblyv,g) and 1156 cm?! (possiblyv,7) O . .
may be involved, although these assignments remain speculativepnIy vibrations below this energy are discussed here. In general,

The SVLF spectrum out of the 1016 chband shows additional all vibror_1ic transitionsy’ < A’ andA” < A’ are e'.ec?”c d?pole
sharp bands at 1061, 1143, and 1201 &mThe 1201 cm? allowed in theCs symmetry group, although excitations involv-

band could belong to the 384] transition, also observed in Ing A’ levels quld °.”'V occur from the vibratiqnless ground
the origin excited SVLF spectrum. No a'lssignment could be state if the transition dipole moment would contain a component
made in the case of the other tvvolemission bands lying in the out-of-plane direction afis2MXN, perpendicular

In the case of the four vibronic bands 1190, 1399, 1434, and to the aromatic plane. _On the *other h_and, C_IS calc_ul_atlons
1 . showed that thé&, — & is an—n* transition which exhibits
1699 cnt! above the origirs, level, we were no longer able to . o . . .
o ; an in-plane transition dipole moment. Therefore, vibronic
extract the ground state vibrational frequencies due to the lack o - .
S N L transitions involving out-of-plane mode$ ahould occur only
of any structured emission in their dispersed emission spectra. h Lo .
LT . as overtone bands obeying the vibrational selection Aule=
Dissipative IVR seems to occur, preventing the appearance of
any sharp, unrelaxed emission out of the initially excited state.
This is in agreement with our previous finding of restricted IVR
in the time and frequency resolved emission of the vibronic
band 978 cm! above the vibrationlesS, level1®

comparison with experimentally determined frequencies of low
energy modes<1000 cntl). They are numbered in order of
decreasingy frequency in each irreducible representation.
|. Because of the apparent broadening in the SVLF specta of
levels above 1000 cm of vibrational energy, which made

Out of the 27 vibrations (16 out-of-plane and 11 in-plane
modes) listed in Table 4, 15 experimentally determirgd
frequencies could be correlated to the (scaled) normal mode
frequencies of the CIS calculations. The average deviation
between the calculated and the experimental frequencietlis
cm~L. The largest relative deviations were obtained for the two

In this report we presented SVLF spectra from 25 vibronic lowest energetic out-of-plane modegy (—21%) and vsg
levels ofcis-2MXN accessible via th&, — S transition. Our (+15%). In general, the in-plane modes show a better agree-
assignments of the various SVLF spectra were guided by thement between theory and experiment. The proposed assign-
results of ab initio calculations, and in the following we further ments in the case of the two modeg andvsz are only tentative,
discuss our proposed assignments for both electronic statesall other assignments have a quite high degree of certainty due
Furthermore, we also elaborate several aspects of vibrationalto multiple assignments in various SVLF spectra.
interaction which could be responsible for the observed pattern  As seen from Table 4, we could assign in-plane modes up to
of vibrational state mixing in various SVLF spectra. 1000 cnttin energy inS;, but no out-of-plane mode could be

6.1. Vibrational assignments ofS; Frequencies. Calcu- assigned with an energy higher than 500&mAlthough this
lated normal-mode frequencies are summarized in Table 4 inmight be due to small FC factors in the case of the out-of-

6. Discussion
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plane modes, mode selective IVR might also explain this fact. These assignments are also included in Table 4. Thereby, the
The onset of strong vibrational coupling 8 is seen in the four modesvgo to vs7 are highly active in the low energy part
SVLF spectra at 780 cmt above theS; origin. This band was of the FEX spectrum and origin excited SVLF spectrum. All
assigned to an out-of-plane overtone excitatiomsaf On the of them appear adv = 2 overtone transitions in both spectra.
other hand, in-plane mode excitations even higher in energy, The two modes/s; andvsg also appear in a combination band
like 325 at 915 cm® and 3% at 978 cni?, still exhibit in the FEX (6@ 58)) and in the § SVLF spectrum (6958)),
resolvable SVLF spectra, although some restricted IVR is although these transitions would be strictly forbidden in the
present® One reason for stronger mixing of the out-of-plane harmonic zero order approximation (see discussion below).
modes, and therefore a lower onset of dissipative IVR, might Modevs; also seems to play an important role in the vibrational
be larger frequency differences of the out-of-plane vibrations state mixing of levels approximately 460 ciabove the
between the two electronic states. Typically, out-of-plane vibrationlessS, origin. Together with modes, modevs; is
frequencies change on the order 6f B%, whereas in-plane  involved in various combination bands in this energy range,
frequency differences are only—3%. This leads to the often in combination with the in-plane mode;. This is
appearance of larger coeffients in the Duschinsky matrix of the understood due to the fact thag, corresponds to the methoxy
out-of-plane modesi.g., indicating a greater state mixing). torsion,vs;to the methyl torsion, ang; to the in-plane methoxy
Furthermore, the three lowest energetic modeS§;imre out- bending vibration. In order to reduce steric interaction between
of-plane vibrations, having two to three times lower frequencies close lying methoxy group and naphthalene group hydrogen
than the lowest energetic in-plane modesin This leadstoan  atoms, higher excitations of the methoxy torsion are coupled
increased state density of out-of-plane modes compared to in-to the methyl torsion and methoxy bending motion. As seen
plane vibrations at the same amount of internal energy, which from Table 4, the calculated ab initio frequencies of moegs
might favor dissipative IVR. Although our results lack any to ys; agree quite well with the experimental values. The
quantitative measurement of IVR so far, they seem to be in calculations correctly predicted large frequency changes on the
agreement with similar experiments performed by Smalley and order of 16-15% for all four modes betweefs and S.
co-workers on phenoxyalkanes and alkylbenzéhds.the case  Therefore, the overtone transitions become apparent in the FEX
of the phenoxyalkanes, dispersed emission studies seemed tgpectrum, in agreement with experiment.
show evidence for faqle v.|brat|0.nal relaxation due to the. The assignments of the four out-of-plane modesto vss
presence of anharmonic chain torsions and bends, although this; ;e |ess confident because of the reduced amount of experi-
interpretation was questioned on the ground of spectral simula- ental evidence. Most questionable is the assignment of mode
tions performed by Brumer and co-workéfs. vs4, Which shows the lowest energetic SVLF spectrum with
All S levels assigned in our study of & — S obey the extensive, unresolvable emission features. These excitation
selection rules for & symmetry group. So far no out-of-plane  transitions are of similar low intensities in the FEX spectrum
mode could be found exhibiting Av = 1 transition. This is as the overtone bands observed in the caseofo vs7. No
in agreement with a planar structure @&2MXN in S; (*A predicted in-plane mode frequency could fit well to these
state), as obtained in our CIS calculations. If a nonplanar experimental frequencies in both electronic states, whereas the
structure would be present in tif electronic state, large  calculated out-of-plane frequencies correspond well to the
progressions of several out-of-plane modes would have to appeappserved values. The average frequency difference between
due to their considerable frequency changes, which was notthe calculated and experimentally observed frequencies3is
observed. cm! (using a scaling factor of 0.9), which is quite satisfactory.
6.2. Vibrational Assignments of S Frequencies. The Therefore, our assignments of these modes seem to be supported
experimentally determined ground state vibrational frequencies by our ab initio calculations.
are also listed in Table 4 in comparison with the results of the 6.3, Duschinsky Rotation and Vibronic Coupling. As

ab initio calculations. Again, only modes up to 1000 Crare shown in sections 5.2.3 and 5.2.4, several SVLF spectcisof
given. 2MXN reveal extensive mode mixing through the appearance
In the case of the 11 in-plane modes below 1000tim S, of crossed sequence transitions in the false origin region, even

10 experimental frequencies could be observed and assignedat low vibrational excess energy 8. These crossed sequence
to originate from in-plane vibrations as seen in Table 4. Using transitions of the form §Y? in the SVLF spectra of an
a scaling factor of 0.9 for the calculated mode frequencies, the gptically active mode X indicate the presence of substantial
average difference between the calculated and observed in-plangnode mixing through Duschinsky rotation, otherwise only
frequencies of the 10 assigned modes is 15%nSince all transitions out of the optically excited mode X would be
in-plane mode frequencies are calculated too low if this scaling observed4-3¢ Thereby, only modes which belong to the same
factor is used, a slight adjustment of the scaling factor to 0.92 jrreducible representation within a given symmetry group of
increases the agreement between observed and calculate¢he molecule can be mixed by Duschinsky rotation. This means
frequencies ta3 cnm %, which indicates a quite good agreement.  that in the case of a planar molecule ligis-2MXN, in-plane
Aside from modevsq, whose assignment is only tentative due (&) and out-of-plane (§ modes remain strictly separated. This
to the lack of sufficient transitions observed, all other in-plane was confirmed in the present case @&2MXN using the
mode assignments are fairly trustworthy. No evidence could calculated normal mode vectors. Analysis of the Duschinsky
yet be found for the in-plane modaey, calculated at 333 cm matrix showed that low energy modes (below 1000 &nare
in &. Its FC factor might be very small, because the ab initio typically mixed with 1 or 2 neighboring modes of the same
calculations predicted a negligible frequency change betweenirreducible species, and mixing coefficients are on the order of
S and$,, as well as a very small displacement vech® (see  0.2—0.3. Analysis of the congested spectra shown in Figure 8
Table 2). also indicated that in-plane levels are coupled to out-of-plane
Eight low-frequency out-of-plane modes in the electronic combination levels, which have the same overall vibrational
ground state ofis-2MXN could also be assigned to calculated symmetry & This coupling may be induced by accidental Fermi
frequencies through the analyses of the various SVLF spectra.resonances. Our analysis given in section 5.2.3 suggests that
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such a coupling mechanism is present in order to account for 7. Conclusions
the extensive vibrational level mixing in the region 460&m

above the Y|brat|onlessl level. . . 2MXN has been studied in a supersonic jet expansion. First
Further signatures for the occurrence of Duschinsky rotation iy ational assignments of observed frequencieSimnd S;

in the S;—% spectra ofcis-2MXN are various out-of-plane 416 given on the basis of ab initio calculations. The molecule
combination bands. The most prominent transition is the ig calculated to be planar in both electronic states, allowing a
60; 58 in the FEX spectrum and the $88] band in the origin  spectral analysis assumings symmetry. Furthermore, the
excited emission spectrum, but also observed arp58) conformation of 2MXN with the methoxy group in theis
60,58, and 6358 in the SVLF spectrum of the §®8; configuration is calculated to be more stabte700 cnr?) than
band. These transitions cannot derive their intensities throughthe trans configuration in the ground electronic state. This is
a purely FC mechanism in the harmonic approximation, although in agreement with a previous assignment of the fluorescence
their overall vibrational symmetry is.a Similar combination excitation spectrum of 2MXN.

bands of nontotally symmetric vibrations were found in the  The calculated normal-mode frequencie§irandS, of cis-
excitation and emission spectra of benzé&hm,/p-difluoroben- 2MXN were compared with experimental frequencies obtained
zene3®3% and several substituted styrerf8sThe appearance  from the fluorescence excitation spectrum and various single
was accounted for as being either due to the Duschinsky effect,vibronic level fluorescence spectra. Good agreement was found
which weakens the selection rules for nontotally symmetric for modes in the energy range below 1000 ¢énin both
vibrations or due to second-order HT coupling with a higher electronic states. Our analysis also indicated that several out-
excited state. Our analysis of various SVLF spectraief of-plane modes are highly active in the vibroie-S spectrum
2MXN indicates that the Duschinsky effect is highly active. of cis2MXN due to the large frequency changes between the
Transitions with a formal assignmen%){(l) in excitation (or two electronic states. The aesignment of vibrational frequencies
X2 v in emission) of two out-of-plane modes X and Y may above 1000 cmt was confined by the onset of extensive

gain their intensity due to the Duschinsky induced introduction congestion in the SVLF spectra. _

of X2 and Y2 (or X3 and ¥)) character in the total transiton ~_Several SVLF spectra revealed clear signatures of strong
moment. We will further investigate the appearance of these vibrational state mixing in the excited state even at low internal
out-of-plane combination bands in various spectrai®2MXN energy. SVLF spectra obtained out&flevels with less than

through spectral simulations of FC intensities employing the 200 cntt vibrational energy showed multiple false origin
calculated Duschinsky matrix. transitions instead of a singlAv = 0 band. Most likely

o . I L Duschinsky rotation of excited state normal modes is responsible
Similar experimental results of vibrational state mixingsin Y b

due to Duschinsky rotation were found recently in studies of for Fhe appearance of vibrational state mixing, in addiFion 0

. . accidental Fermi resonances between fundamental in-plane
the vibronic spectroscopy of 2-methylnzgleg\thalene (2MNand levels and out-of-plane combination levels. The situation in
transl-hydrexynaphthaleneranslHN)_v In both cases the cis2MXN seems to be similar to vibrational state mixing
epectral region around the parental _naphthalene m@de observed in the SVLF spectra of 2-methylnaphthalenetamd-
involved. This is the same energy regiorSrnwhere extensive 1-hydroxynaphthalene.
state mixing was found in the SVLF spectra @s-2MXN,

ithouah th > t of th al hthal q Detailed investigations are under way to simulate numerically
although the assignment of the parental naphthalene mpde o experimental SVLF spectra ois-2MXN using calculated
is not unambiguous in this case. For 2MN atndns1HN,

broni i ih th d electronic staf J i and experimental frequencies and normal mode displacements.
vibronic dcoup |rr119 wi € fsecon_ ee(_‘i_rr](_)nlt_: state.oJ ISd b CASSCEF calculations will be performed to test the predicted
proposed as the cause of rotation. This Is supported DYy m) state reversal in the CIS calculations. Furthermore, the
absorption/emission mirror asymmetry and some evidence found, ;.o nic S—% spectroscopy ofis-2MXN will be compared
in the rotationally resolved spectrum of the 414 ¢ band with recently obtained spectra tfins-1-methoxynaphthalene

9 ; . SO
of trans-1HN. in a forth-coming publication.
Compared to 2MN anttans-1HN, excited state calculations

of cis2MXN revealed a state reversal of the first two excited  Acknowledgment. | thank Prof. S. Leutwyler for his interest
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