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Rotationally resolved electronic spectra of 9,10-dihydrophenanthrene.

A “floppy” molecule in the gas phase
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Rotationally resolved fluorescence excitation spectra of several bands in the S;«S, electronic
spectrum of 9,10-dihydrophenanthrene (DHPH) have been observed and assigned. Each band was
fit using rigid rotor Hamiltonians in both electronic states. Analyses of these data reveal that DHPH
has a nonplanar configuration in its S, state with a dihedral angle between the aromatic rings (¢) of
~21.5°. The data also show that excitation of DHPH with UV light results in a more planar structure
of the molecule in the electronically excited state, with ¢~ 8.5°. Three prominent Franck-Condon
progressions appear in the low resolution spectrum, all with fundamental frequencies lying below
300 cm™!. Estimates of the potential energy surfaces along each of these coordinates have been
obtained from analyses of the high resolution spectra. The remaining barrier to planarity in the S,
state is estimated to be ~2650 cm™! along the bridge deformation mode and is substantially reduced
by excitation of the molecule along the (orthogonal) ring twisting coordinate. © 2007 American

Institute of Physics.
[DOI: 10.1063/1.2732753]

I. INTRODUCTION

Low frequency vibrational modes in large molecules
have been extensively studied in the past years owing to their
relevance in a wide variety of processes in chemical physics.
These processes include intramolecular vibrational redistri-
bution, the Duschinsky effect, Herzberg-Teller couplings, in-
ternal conversion, intersystem crossing, and many others."”
Low frequency modes are relevant in these processes be-
cause they create a high density of states at the available
energy, making possible rapid energy redistribution among
these modes even when there are only small couplings
among them.®

Typical low frequency modes in large molecules pos-
sessing different functional groups include inversions, tor-
sions, ring twists, butterfly motions, and other large ampli-
tude out-of-plane vibrations.”™ An interesting example is
provided by 9,10-dihydrophenanthrene (DHPH), see Scheme
1 below. DHPH is a homolog of stilbene and has figured

SCHEME 1. Optimized structure of DHPH in its S, state.
prominently in discussions of cis-frans photoisomerization
dynamics.16 Previously, Chakraborty and Chowdhury
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(CC),"" Zgierski et al. (ZZSL)," and Smith and Knee'® (SK)
have performed a number of low resolution fluorescence ex-
citation, emission, and depletion experiments on DHPH
cooled in a supersonic jet. All authors observed essentially
identical excitation spectra. The molecule exhibits an exten-
sive, strong, and apparently harmonic progression with a
fundamental frequency of ~100 cm™!, and apparently simi-
lar progressions of somewhat lower intensity at higher ener-
gies. However, the aforementioned authors differ in their in-
terpretations of these modes. CC assigned the main
progression to an out-of-plane torsional mode, ZZSL as-
signed it to an out-of-plane nontotally symmetric
—CH,—-CH,- bridge deformation mode, and SK assigned it
to a totally symmetric phenyl torsional mode that is governed
by a single-minimum potential rather than a double-
minimum one.

Described herein is an extensive study of the rotationally
resolved S| < S, fluorescence excitation spectra of several of
the bands exhibited in the low resolution spectrum of DHPH.
The data show that the molecule is nonplanar in its S, state
with a dihedral angle between the rings of ¢ ~21.5°; that the
molecule is also nonplanar in its S state, but with a smaller
dihedral angle (¢~8.5°); and that three vibrational modes
are active in flattening the molecule when it is excited to the
S, state. Each of these modes have been identified; mode a is
a ring twisting mode, mode b is a combined in-plane-
bending and stretching mode, and mode c is a bridge defor-
mation mode. Potential energy surfaces along each of these
coordinates have been determined from analyses of these
spectra. Additionally, the data show that there is a strong
coupling of all these modes in the S; state, and that excitation
of the ring twisting mode substantially reduces the barrier to
planarity along the bridge deformation mode.

© 2007 American Institute of Physics
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FIG. 1. Vibrationally resolved fluorescence excitation spectrum of DHPH in
the gas phase.

Il. EXPERIMENT

DHPH (>94% pure) was purchased from Aldrich and
used without further purification. Dry argon (Ar) was used in
all experiments as an inert carrier gas.

In the vibrationally resolved fluorescence excitation ex-
periments, samples were seeded into 20 psi of Ar gas and
expanded into a vacuum chamber (1072 torr) through a
1 mm diameter orifice pulsed valve (General Valve Series 9)
operating at 10 Hz. Two cm downstream of the valve, the
free jet was excited with the second harmonic of a Quanta
Ray Nd**: YAG (Model DCR-1A) pumped dye laser (Model
PDL-1). The dye (Kiton Red 620) laser output was frequency
doubled with an external KDP crystal providing a spectral
resolution of ~0.6 cm™" in the ultraviolet (UV). The mol-
ecules were excited at the point of intersection between the
jet and the laser beam and the resulting fluorescence was
collected with a photomultiplier tube (PMT). Finally, the col-
lected data were processed by a boxcar integrator (Stanford
Research Systems) and recorded with QUICK DATA ACQUISI-
TION software (Version 1.0.5).

Rotationally resolved experiments were performed using
a molecular beam laser spectrometer, described in detail
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elsewhere.” Briefly, the molecular beam was formed by ex-
pansion of vaporized DHPH seeded in Ar (15 psi) through
a heated (~425 K) 200 wm quartz nozzle into a differen-
tially pumped vacuum system. The expansion was skimmed
2 cm downstream with a 1 mm diameter skimmer and
crossed 13 cm further downstream by a continuous wave
(cw) Ar*-pumped ring dye laser. The cw laser was operated
with Rhodamine 6G dye and intracavity frequency doubled
in a BBO crystal, yielding ~200 uW of UV radiation with a
resolution of ~1 MHz. The fluorescence excitation spectrum
was detected, using spatially selective optics, by a PMT and
photon counting system. The PMT signal together with the
iodine absorption spectrum and the relative frequency mark-
ers were simultaneously collected and processed by the
JB9SA data acquisition system.20 Absolute frequency calibra-
tion of the spectra was performed by comparison with the I,
absorption spectrum. Relative frequency markers were ob-
tained from a stabilized etalon having a free spectral range of
299.7520+0.0005 MHz.

lll. RESULTS

Figure 1 shows the vibrationally resolved fluorescence
excitation (low resolution) spectrum of DHPH. In agreement
with previous results,18 % \we observe three well-defined
Franck-Condon (FC) progressions of vibrational bands, la-
beled a, b, and ¢ in Fig. 1. Clearly, these long FC progres-
sions signal large differences in the potential energy surfaces
along different low frequency coordinates of the molecule in
both electronic states. The first (a) progression is the most
intense one, while the second and the third progressions are
weaker, blueshifted in frequency, and have similar intensi-
ties. The labeling scheme used in Fig. 1 is analogous to the
one used by ZZSL.'"® The 0§ transition is located at
33669.9 cm™! (~297 nm), blueshifted from that of phenan-
threne by more than 43 nm,21 and redshifted from that of
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FIG. 2. Rotationally resolved fluorescence excitation spectra of the bands at +293 cm™' (a3) and +487 cm™' (a5) in the first Franck-Condon progression of
DHPH in the gas phase (top panels). Equivalent portions of the P branches at full experimental resolution and the corresponding simulated spectra with and

without an assumed line shape function are also shown (bottom panels).
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FIG. 3. Rotationally resolved fluorescence excitation spectra of the bands at +523 (b3) and +714 cm™" (b5) in the second Franck-Condon progression of
DHPH in the gas phase (top panels). Equivalent portions of the P branches at full experimental resolution and the corresponding simulated spectra with and

without an assumed line shape function are also shown (bottom panels).

biphenyl by ~13.5 nm.” The frequency spacing among the
members of the a progression has a nearly constant value of
~97.5 cm™!. The b and ¢ FC progressions exhibit similar
spacings but their “false” origins are shifted to the blue of the
“true” origin by ~234 and ~246 cm™!, respectively.
Extensive studies of several of these bands have been
performed at high resolution. Our first examples are from the
a progression. Figure 2 shows the rotationally resolved S,
«—S§, fluorescence excitation spectra of the bands at
+293 cm™! (a3) and +487 cm™' (a5). Each spectrum spans
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~2 cm™! and exhibits pure a-type character. To fit these

spectra, we first generated about 4500 a-type rovibronic tran-
sitions based on ab initio™ estimates of rotational constants
and rigid rotor Hamiltonians for both electronic states. Then,
we made quantum number assignments of single transitions
in each of the simulated spectra to the corresponding transi-
tions in each of the experimental spectra, using the
Windows-based program 1B95.%* Finally, we used a least-
squares fitting procedure to optimize the rotational constants,
based on a comparison of observed and calculated line posi-
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FIG. 4. Rotationally resolved fluorescence excitation spectra of the bands at +631 (c4) and +727 (¢5) in the third Franck-Condon progression of DHPH in the
gas phase (top panels). Similar proportions of their Q branches at full experimental resolution and the corresponding simulated spectra are also shown. Note
that these bands require two simulated spectra to fit their corresponding experimental traces; the subband splittings are ~27 and ~ 145 MHz, respectively.

Downloaded 14 Jun 2007 to 136.142.60.169. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



224308-4 L. Alvarez-Valtierra and D. W. Pratt J. Chem. Phys. 126, 224308 (2007)

tions. The final fits utilized ~200 assigned rovibronic transi- SEes) S22 o~
tions and resulted in standard deviations of 2.56 and _ _if g a0 ; 2% é E 2
2.97 MHz, respectively. More detailed illustrations of the ' eV TESF @
quality of the fits are shown in the bottom panel of Fig. 2. 5 _ _
Line shapes of individual rovibronic transitions were fit to . = -z i e ; 2 v
Voigt profiles having Gaussian and Lorentzian components = u% v o § gg g ©
of 18 and 25 MHz, respectively. Rotational temperatures - -
used for the fits were 5.5 and 4.5 K, respectively. Similar o 2z2 =2 =
experiments were performed on four other members of the g 2 20 2 o % g b
main progression; 0, al, a2, and ad. 5 i TE3 &
Several transitions in the minor b and ¢ FC progressions . .
were recorded and fully analyzed as well. For example, Fig. N == Tz oz
3 shows the rotationally resolved S« S, fluorescence exci- - E o § 2 2 5 <
tation spectra of the bands at +523 cm™' (b3) and +714 cm™! ) s TAF @
(b5). Each spectrum spans ~2 cm™' and again exhibits 2 S Foo
100% a-type character. Similar strategies were used to fit * 2 = G " o = - S =w»n
these bands; comparisons of experimental and simulated por- h % ¥ § 38 I
tions of these bands are also shown in Fig. 3. The standard
deviations of the fits are 3.24 and 3.53 MHz, respectively. g zaa zaa o
Each spectrum exhibits a Voigt profile having 18 MHz = S g 232 §24
Gaussian and 30 MHz Lorentzian contributions. The rota- - e TEAF O
tional temperatures of the fits are 6.0 and 5.5 K, respectively. = e s P
Two other b bands were also examined in detail, b2 and b4. S A : - : I5 9w
We also recorded the high resolution spectra of three 5 a Qe 5 g8 §°
members of the third FC progression, the bands located at g - - -
+535 cm™ (e3), +631 cm™! (c4) and +727 cm™' (c5). An- 5| g 2=z Szz2 e
ticipating results similar to these for a and b bands, similar Sl - Jen Yo = &3 2
methods were used to fit the ¢ progression bands. Band ¢3 E» E @ 3 3 g §> § &
could be fit in this way, but bands ¢4 and ¢5 could not. Both E _ — —
of these latter bands were found to be split into two subbands sl | ) ‘:’ =z ‘:’ T G- -
with different subband splittings, ~27 MHz for the ¢4 band “i % % E § i E g 3 R
and ~ 145 MHz for the ¢5 band (see Fig. 4). The expanded N SR RO
scale sections shown in the bottom panels of Fig. 4 clearly =l a oo Soo a
show the remarkable differences in structure of these two s = v o ao £3w
- o . g S 5w o S s Qo
bands. Rigid rotor Hamiltonians were again used to fit the S| 3 o3I TE3 4 )
observed subbands, all of which were again found to be = g
100% a-type. The standard deviations of the fits are 3.54, 5|3 cz=z 822 = &
3.11, and 2.56 MHz for the €3 band and the redshifted sub- £llg Sae8 Zwg Zoa|3
bands of ¢4 and ¢5, respectively, and 2.08 and 3.74 MHz for | eV TESF @ b=
the blueshifted subbands of ¢4 and ¢S5, respectively. Voigt § - S e Sem o %ﬂ
line shape profiles were again observed; all five subbands 2| & - coZ dewn &,
have 18 MHz Gaussian and 25 MHz Lorentzian compo- | =S Swed geg ad" &g
nents, with rotational temperatures lying between 4—7 K. In- Eﬂ i - -0 o
ertial parameters of all studied members of the a, b, and ¢ 2 @ =322 SEes) o é ﬁ
progressions in DHPH are reported in Table I. 5 g E e ; 22 24 b g 5
g F o F T TEE 232
Q -
IV. DISCUSSION = = Sz 222 =, |58
o ~ N <+ Cooa Vo2 |(gwn
Every single member of each of the three vibrational % % a 3 3 é\;] § § 2T %EI-_I,
progressions, that are observed in the electronic spectrum of % : : £ ]
DHPH and were examined here, exhibits a transition mo- = c== Sz 2 ;g
ment vector that is oriented parallel to the a-inertial axis of 2= g 2 3 ; g,: E § e gl
the molecule. Further, the ground state rotational constants of § Zoeos Twes @ 2 :
all examined bands are the same within experimental error & =~ _||8 ;5:
(cf. Table I). Therefore, it is likely that all bands originate in £ - . . _ 'g S 2|ES
the zero point vibrational level (ZPL) of the S, state and 2 2 R SEE CRCRS = E £ 30
terminate in different vibrational levels of the same excited ; § “ E E E - 5 E 5 %D o = = <
electronic state, presumably the S; state. In previous reports, 2 & < RD =80 = % g g §
77SL (Ref. 18) and SK (Ref. 19) have argued that the sec- & s Tl=»z
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ond and third progressions of vibronic bands originate in an
S, state at ~240 cm™' above the S, state, but the present
results suggest that this is not the case. If a second excited
state participated in the spectrum shown in Fig. 1, it would
likely have differently polarized bands.

We have performed ab initio calculations™
(MP2/6-31G™ and CIS/6-31G) to complement our experi-
mental observations. Theory suggests that DHPH has a dihe-
dral angle ¢~21.7° in its ground S electronic state and ¢
~8.5° in the excited S, state (see Scheme 2), thereby ex-

SCHEME 2. Torsional (twisting) angle ¢ between the two aromatic rings of
DHPH.

plaining the extensive FC progression observed in its low
resolution spectrum. Indeed, the molecule is predicted to
have several fundamental vibrational modes lying below
300 cm~! in its S, and S, states. These are listed in Table II.
In what follows, we compare the results of theory and ex-
periment in order to determine which vibrational motions are
responsible for the observed FC progressions, and thereby
characterize the dynamical behavior of the isolated DHPH
molecule when it absorbs light.

A. The “a” progression. Symmetric out-of-plane ring
twist

Of the vibrational modes shown in Table II, the most
likely candidate for the first FC progression is mode 2, the
symmetric ring twisting mode. Both, the symmetry of this
mode (A) and its calculated frequency in the S, state
(87.3 cm™') are consistent with what is observed experimen-
tally (a-type bands, frequency of ~98 cm™!). Other calcu-
lated modes either have the wrong symmetry (a B mode at
67.7 cm™') or lie at much higher frequency (the next A mode
is predicted at 146.0 cm™).

This assignment was confirmed using the rotationally re-
solved spectra. Table III lists the values of the inertial defects
(AI=1,—1,-1,) of each studied vibrational level in DHPH,
derived from the measured rotational constants of both the
ground and the excited electronic states. First, we note that
all ground state values derived from fits of bands in the a
progression are the same, within experimental error (Al=
—32.4+0.2 amu A?). This shows that all bands originate in
the same vibrational level, presumably the ZPL of the S,
state. Next, we note that the values of Al in the S, state are
substantially less (in magnitude) than those of the S, state.
This is a direct consequence of the “flattening” of the mol-
ecule, a planar molecule having a Al value of essentially
zero. Finally, we note a revealing trend; the magnitude of
Al increases monotonically from —18.7 to —21.2 amu A?
with increasing vibrational energy, evidencing increasingly

J. Chem. Phys. 126, 224308 (2007)

TABLE 1II. Calculated low frequency vibrational modes of 9,10-
dihydrophenanthrene in its S, and S, electronic states.

Su Sl
Mode Symmetry | prequency® Sketch Frequency”
(C; point group) "1 1
(em™) (em™)

1. Butterfly B 122.8 -;:54@'/):5~ 67.7
2. Ring 4 140.1 f”)qF 873
twisting
- 4 1929 | ~3=ENS=S—| 1460
bending pr—
4. CH,-CH, ; ‘ \
out-of-plane B 223.4 - | 192.8
bending )
S-loeplane 4 275.6 ‘W‘_&* 2374
stretching /
6.CH,-CH, . ; r
bridge 4 333.9 = 305.5
deformation

“Theoretical frequencies have been reduced by a factor of 0.893 (Ref. 25).

larger average displacements along some out-of-plane coor-
dinate.

We have modeled this behavior in the manner shown in
Fig. 5. Beginning with a geometry-optimized ab initio struc-
ture, DHPH was distorted from its equilibrium geometry
along the symmetric ring twisting mode () by 5° increments
in the ground state and 1° increments in the excited state.
The geometry of the molecule at each point was again energy

TABLE III. Inertial defects of the observed vibrational bands in the S,
«— 8 electronic spectrum of 9,10-dihydrophenanthrene. Standard deviations
are ~0.05 amu A2,

So S
Band AI" (amu A?) AI' (amu A?)
First Franck-Condon progression (a bands)

07 (a0) -3235 ~18.66
+98 (al) -32.21 -19.02
+196 (a2) -32.18 -19.55
+293 (a3) -32.58 -20.50
+390 (ad) -32.39 -20.87
+487 (a5) -32.15 -21.15

Second Franck-Condon progression (b bands)
+427 (b2) —32.46 -19.70
+523 (b3) ~32.44 ~20.09
+619 (b4) -31.97 -20.17
+714 (b5) -31.70 -20.41
Third Franck-Condon progression (¢ bands)
+535 (c3) -31.54 -20.05
+631 (c4) -31.66 -20.29
-32.86 -21.63
+727 (c5) -31.15 -20.51
-31.91 -21.29
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FIG. 5. Relationship between theoretical values of the inertial defect (A7) and the torsional coordinate (¢) for the a (symmetric ring twisting) mode of DHPH
in its Sy and S, electronic states. The range of experimental results is marked with thick lines.

optimized along all other coordinates at each step and then
AT values were calculated. Figure 5 shows a plot of the theo-
retically predicted Al values against ¢. The plot accurately
reproduces the values of A/ for a ¢ value in the S, state of
~22° and a range of ¢ values in the S; state lying between 9
and 13°; the lower value being the one corresponding to the
ZPL of the S, state. We thus conclude that the symmetric
ring twisting mode is responsible for the major FC progres-
sion in the spectrum of DHPH. This conclusion is consistent
with the earlier work of ZZSL (Ref. 18) and SK (Ref. 19)
based on their careful studies of vibrationally resolved fluo-
rescence spectra.

A crucial question that needs to be resolved is whether
the potential energy surfaces (PES) along this vibrational co-
ordinate are single or double wells in the S, and S; states.
77ZSL (Ref. 18) assumed double-minimum potentials in both
states, but SK (Ref. 19) argued that the potentials are single
welled ones. Their calculations suggested that the suspected
ring twisting mode was accompanied by a simultaneous dis-
tortion of the —CH,—CH,— group, so that motion along this
coordinate does not “carry the molecule through planarity
with respect to both the rings and the aliphatic chain.”"’
Since the motion is not symmetric with respect to the planar
structure, the PES is single welled along this coordinate.
Their arguments (for the S, state) were supported by the
observed harmonicity of the main FC progression, and (for
the S, state) by a fluorescence depletion experiment.

Our results confirm both of these conclusions. There is a
monotonic dependence of the inertial defect Al on displace-
ment along this coordinate in the §; state. If the potential
were a double well, some “zigzag” behavior in Al would be

expected with increasing vibrational quantum number. And
no “tunneling” splittings were observed in the rotationally
resolved spectra, in either state. Thus, our experimental re-
sults agree with the interpretations of SK." PES’s along the
twisting coordinate that best represent these results are
shown in Fig. 6. The Sy minimum is located at ¢=21.5°, and
the S; minimum is located at ¢=8.5°; the fundamental fre-
quencies of the two potentials are 105 and 97.5 cm™, respec-
tively. Taking harmonic oscillator wave functions for the two
states, we then calculated the FC factors to estimate the fre-
quency profile of the main vibrational progression. The best
fit of the observed intensities (see Fig. 7) was accomplished
by using a A¢ value of —13° for the dihedral angle between
the two rings. This value is the same as estimated from our
inertial defect analysis, confirming the “one-dimensional”
model of this motion in both electronic states.

B. The “b” progression

The key observation concerning the origin of the b pro-
gression in the low resolution spectrum of DHPH was made
by ZZSL."® These authors showed that a combination of
three different modes appear in the dispersed fluorescence
spectrum of band b1; at ~98, ~173, and ~265 cm™!. The
first mode corresponds to the ring twisting mode; the second
is the in-plane bending mode; and the third is the in-plane
stretching mode (cf. Table II). Thus, we assign band b0 as a
false origin (combination of the in-plane bending and in-
plane stretching modes) of the S;« S transition; the calcu-
lated frequency of this “combination” band is 146.0+237.4
=383.4 cm™! compared to an observed displacement from
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FIG. 6. Potential energy surfaces along the ¢ twisting coordinate that best
represent the a progression of bands of DHPH in agreement with the ex-
perimental results.

the origin of ~234 cm™'. Notably, the two contributing fun-
damentals are A-symmetry modes, explaining the a-type
character of the band. Then, built upon this origin is a pro-
gression in the same ring twisting mode as is involved in the
main progression at ~98 cm™!.

Further support for this assignment is shown in the top
panel of Fig. 8. [llustrated there is a comparison of measured
and calculated values of the inertial defect of the S; DHPH
vibrational levels accessed in the b progression. As before,
|AI’| increases with increasing displacement along ¢ (cf.
Table IIT). However, the magnitudes of these increases are
less than these observed in the a progression. Presumably,
this is because excitation of b bands involves displacement
along an in-plane mode as well as an out-of-plane mode.

C. The “c” progression

The third FC (¢) progression of vibrational bands exhib-
ited in the low resolution spectrum of DHPH is even more

Relative intensities (LIF spectrum)

Intensities

0 975

185 2925 390 4875 585 6325 780 8775 975

Frequency (cm™)

FIG. 7. Comparison of relative intensities for the a progression of transi-
tions of DHPH. Dark bars correspond to the experimental results; clear bars
correspond to Franck-Condon analysis.

J. Chem. Phys. 126, 224308 (2007)

intriguing. Again, the magnitudes of the inertial defects in-
crease with increasing displacement along the relevant coor-
dinate(s), as shown in Table IIT and the lower panel of Fig. 8.
But the changes in |Al’| in the ¢ progression are significantly
larger than those on the b progression. Additionally, there is
a nearly constant displacement of ~12.5 cm™! between each
pair of b and ¢ bands. Therefore, we believe that the two
progressions are “independent” in the sense that the ¢ pro-
gression is built upon another false origin of different char-
acter. The most likely candidate for this origin is the
“~CH,—CH,— bridge deformation” mode, mode 6 in Table
II. The calculated frequency of this mode is 305.5 cm™! in
the S, state, compared to the displacement of the ¢0 band
from the true origin of ~247 cm™!. Additionally, all mea-
sured bands in the ¢ progression are a-type bands; the bridge
deformation mode is a totally symmetric out-of-plane mode.
Then, as before, a progression of vibrations along the ring
twisting mode is built upon this false origin, explaining most
of the remaining vibrational activity in the spectrum.

That this interpretation of the origin of the ¢ progression
is correct is revealed by the remarkable finding that, whereas
band ¢3 (and presumably bands ¢0, c1, and ¢2 as well) are
single bands, bands ¢4 and ¢5 are each found to be split into
two components at high resolution. The splittings of the two
(equally intense) “subbands” are ~27 MHz for the ¢4 band
and ~145 MHz for the ¢5 band. Further, as shown in Table
111, the blueshifted subbands have |Al’| values that are larger
than those of the redshifted subbands. These observations
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FIG. 8. Plots of the inertial defect vs. the dihedral angle for several vibra-
tional levels in the S, excited state of DHPH. The top (bottom) panel shows
the data for levels accessed in the b (¢) progression. Points are calculated
values; the solid lines indicate the range of values observed experimentally.
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provide the key to understanding the nature of the tunneling
motion that is responsible for the appearance of two sub-
bands in each of these spectra, as described below.

Our model is as follows. We imagine that there is a
double-well potential along Qg, the -CH,—CH,— bridge de-
formation mode, as shown in Fig. 9. Now, in the ground
state, and in the zero point level of the §; excited state, the
barrier to this motion is high. As first noted by SK,' “DHPH
is a nonplanar molecule with a high barrier to planarity. Ex-
citation of the ring twisting mode (mode 2) does not carry
the molecule through planarity with respect to both the rings
and the aliphatic chain, but does bring the phenyl rings to
planarity,” with respect to each other. Our results show, how-
ever, that excitation of the combined vibrational motion (one
quantum in mode 6 plus one or more quanta in mode 2) does
allow the molecule to pass through an “all-planar” transition
state, giving rise to observable tunneling splittings with four
or more quanta in the ring twisting mode. Thus, we write

W,=c 1+, (1a)

W, =ciih —cih, (1b)

where ¢ and ¢, are vibrational wave functions centered in
wells 1 and 2, along the bridge deformation coordinate, and
¢, and ¢, are symmetric and antisymmetric combinations of
these, separated by a tunneling splitting, AE”

“b” progression

J. Chem. Phys. 126, 224308 (2007)

22 (°
AE=E,—E,=2hvexp —%f (V(x) = Ep)"2dx
x|
(2)

Here, v is the vibrational frequency of mode 6, w is the
reduced mass of the molecule, V(g4) is the (assumed one-
dimensional) potential energy function and E, is the refer-
ence energy. The potential function is centered at x=0, the
hypothetical planar molecule. Hence, the antisymmetric state
has a larger inertial defect than the symmetric one. Since the
blueshifted subbands in bands ¢4 and ¢5 have larger |Al’|
values, this means that the tunneling splitting (barrier height)
in the S, excited state is larger (smaller) than in the ground
Sy state, as expected on the basis of chemical intuition.

We can calculate the barrier heights (V-E;) in the fol-
lowing way. Based on the calculated minimum energy geom-
etry of the §; state, the two minima in the potential are esti-
mated to lie at +0.42 A along the bridge deformation
coordinate, this being the vertical distance of the —CH,—
group above (or below) the all-planar transition state. Now,
the distance to the barrier is reduced by excitation of DHPH
with one quantum of the bridge deformation mode at
~254 cm™!. An estimate of this distance is obtained by com-
paring the inertial defects of the upper state vibrational levels
a3 and c3, which yields x;=0.32 A. Inserting this value into
Eq. (2), we find the barrier height to be ~2650 cm™' if AE
=27 MHz, and ~2150 cm™! if AE=145 MHz. These values
are believed to be accurate to 100 cm™'. Thus, the barrier to
planarity along the bridge deformation coordinate is signifi-
cantly (~20%) reduced by simultaneously exciting the ring
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FIG. 9. Potential energy surfaces along the Q, (ring twisting dihedral angle/¢) for the combination of modes b and ¢ of DHPH. The b progression contains
two extra vibrational coordinates, Q3 and Qs, (inactive); whereas, the ¢ progression exhibits tunneling due to the combination of the Q, and Q4 (-CH,—~CH,—
bridge deformation) torsional coordinates, which overcome the torsional barrier at higher energy.
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FRONTIER MOLECULAR ORBITALS
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FIG. 10. CIS/6-31G frontier molecular orbitals with their corresponding transition probabilities of biphenyl (BIPH), 9,10-dihydrophenanthrene (DHPH), and

phenanthrene (PHEN).

twisting coordinate, evidencing a kind of cooperative motion
involving the two coordinates. A similar behavior has been
observed in tropolone,zg*31 where it has been shown that the
barrier to intramolecular hydrogen atom transfer from the
—OH to the C=0 group is substantially reduced by excita-
tion of —-C=C- stretching modes in the seven-membered
ring.

Because no torsional splitting is observed in the ground
state, DHPH can be regarded as belonging to the C, point
group, having only a C, axis of symmetry. Then the elec-
tronic transition observed is B«—A. But in the excited state,
when torsional splitting is observed, the C,, point group is
appropriate; each of the split components is a B, B, pair.
Then it is useful to regard the zero point level of the S, state
as being composed of an A,, A; degenerate pair, leading to a
description of the pairs of transitions in the ¢ progression of
DHPH as B,«—A; and B« A, pairs, using C,, symbols for
each state. It will be interesting to see if, in the future, it
proves possible to resolve tunneling splittings along this co-
ordinate in the ground state using even higher resolution
methods.*

D. Electronic structure analysis

Though vibrational in nature, the fundamental driving
force for structural change on excitation of DHPH (and
tropolone) by light is electronic in nature. Figure 10 provides
a comparison of the principal CIS/6-31G frontier molecular
orbitals (MQO’s) involved in the S; < S, transition of DHPH
and two related molecules, biphenyl (BIPH) and phenan-
threne (PHEN). The calculated MO’s of DHPH and BIPH
are more similar to each other, whereas those of PHEN are
different. Note the reversal of the nodal patterns in PHEN,
compared to DHPH and BIPH. In DHPH, the highest occu-
pied molecular orbital —lowest unoccupied molecular or-
bital (HOMO-LUMO) excitation is the principal contributor

to the structure of the §; state, bringing electron density from
the periphery of the rings into the C;,—C;3 bond (see
Scheme 3), decreasing its bond length.

SCHEME 3. Atom numbering in DHPH molecule.

The increased conjugation between the two rings causes
the molecule to become more planar in the S state, as in the
case of BIPH. [The relatively large change in the A rotational
constant, (AA=A’-A"=-35.2 MHz) is a direct measure of
the conjugative interaction of the two rings.] But ethane pre-
fers to be staggered, rather than eclipsed, so DHPH is twisted
in its S state, rather than completely flat. Nonetheless, the
competition between these two effects leads to substantial
Franck-Condon activity along three different vibrational co-
ordinates in its S; « S, spectrum, as delineated here.

V. SUMMARY

Rotationally resolved S;«S, fluorescence excitation
spectra of three different Franck-Condon progressions of vi-
brational bands in the DHPH molecule reveal that the mode
responsible for their appearance is the totally symmetric ring
twisting mode, whose torsional coordinate of motion is the
dihedral angle between the two aromatic rings (¢). The two
higher frequency progressions of bands are built upon false
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224308-10 L. Alvarez-Valtierra and D. W. Pratt

origins involving in-plane bending and stretching modes and
a bridge deformation mode. A detailed analysis of the spectra
of these bands reveals characteristics of the potential energy
surface along each of these coordinates, including a coupling
of two of the modes at higher energies. This coupling is a
direct consequence of the second covalent link between the
two aromatic rings.
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