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Vibrationally and rotationally resolved electronic spectra of 1,2-diphenoxyethane (CeHs—O-CH,—
CH,-0-C¢Hs, DPOE) are reported for the isolated molecule under jet-cooled conditions. The spec-
tra demonstrate that the two excited surfaces are within a few cm ™' of one another over significant
regions of the torsional potential energy surfaces that modulate the position and orientation of the two
aromatic rings with respect to one another. Two-color resonant two-photon ionization (2C-R2PI) and
laser-induced fluorescence excitation spectra were recorded in the near-ultraviolet in the region of
the close-lying So—S; and Sy—S; states (36 400-36 750 cm™ D). In previous work, double resonance
spectroscopy in the ultraviolet and alkyl CH stretch regions of the infrared was used to identify
and assign transitions to two conformational isomers differing primarily in the central C—C dihe-
dral angle, a tgt conformation with C, symmetry and a #tf conformation with C,;, symmetry [E. G.
Buchanan, E. L. Sibert, and T. S. Zwier, J. Phys. Chem. A 117, 2800 (2013)]. Comparison of 2C-
R2PI spectra recorded in the m/z 214 (all 12C) and m/z 215 (one '3C) mass channels demonstrate
the close proximity of the S; and S, excited states for both conformations, with an upper bound of
4 cm~! between them. High resolution spectra of the origin band of the gt conformer reveal it to
consist of two transitions at 36422.91 and 36423.93 cm’!, with transition dipole moments perpen-
dicular to one another. These are assigned to the Sp—S; and Sp—S, origin transitions with excited
states of A and B symmetry, respectively, and an excitonic splitting of only 1.02 cm~!. The excited
state rotational constants and transition dipole coupling model directions prove that the electronic
excitation is delocalized over the two rings. The ## conformer has only one dipole-allowed electronic
transition (Ag—B,) giving rise to a pure b-type band at 36 508.77 cm~!. Here, the asymmetry in-
duced by a single '3C atom in one of the rings is sufficient to localize the electronic excitation in
one or the other ring. Dispersed fluorescence (DFL) spectra are used to provide assignments for all
vibronic structure in the first 200 cm~!of both conformers. In the tgt conformer, both “a” and “b”
symmetry fundamentals are observed, consistent with extensive vibronic coupling between the two
dipole-allowed, nearly degenerate excited states. In the ##f conformer, the lowest frequency vibronic
transition located 46 cm ™' above the B, origin is assigned to a b, fundamental (labeled R) built off
the dipole-forbidden A, state origin. The DFL spectrum of the Ag(Rl) level contains strong transi-
tions to v'(R) = 0, 1, and 2, seemingly at odds with vibronic coupling models. Studies of the DFL
spectrum of this band as a function of distance from the nozzle reveal that much of the intensity in v”
= 1 arises from collisions of DPOE while in the excited state Ay(vy,’ = 1) level with He, producing
B.(R = 1) levels with large collision cross section. The remaining intensity in the fundamental at
large x/D is ascribed to emission from the '3C isotopomer, for which this emission is dipole-allowed.
© 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4807300]
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. INTRODUCTION

Excitonic and vibronic coupling between electronic
chromophores plays an essential role in the absorp-
tion/emission properties and excited state dynamics of molec-
ular samples with important applications, including light-
harvesting complexes,'™ chromophore arrays (e.g., J- and
H-aggregates),>% conjugated polymers,”” and fluorescence
resonance energy transfer (FRET).!” This interest is fueled
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in part by new experimental methods such as 2D-electronic
spectroscopy,' "' which are providing new insight to the fem-
tosecond dynamics of electronic energy transfer. Among the
issues under active investigation is the possible role played
by electronic coherence in directing electronic energy trans-
fer through an array of chromophores, and the extent to which
vibrational motions are involved.'®#

Regardless of the circumstance, the structural and dy-
namical consequences of electronic near-degeneracy provide
a particular challenge to modern theories seeking to un-
derstand them. While many of these applications involve
multiple chromophores in a complex environment at room

© 2013 AIP Publishing LLC
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temperature, one useful strategy is to seek to control or re-
move many of the complicating factors in order to focus
attention on the fundamental aspects of interchromophore
coupling. To that end, laser spectroscopy of the gas-phase
bichromophore cooled in a supersonic jet provides exquisite
details of the vibronic coupling on a single-vibronic level ba-
sis free from the interference from solvent.!>->> When the two
chromophores are incorporated into separate molecules, the
supersonic expansion serves as a means for synthesizing the
molecular dimer and collapsing its population entirely into
the ground state vibrational zero-point level.'>3

The other circumstance in which multiple chromophores
exist in close proximity is when they are incorporated as
part of the same molecule. Model bichromophores can ei-
ther be held rigidly in a framework which defines the inter-
chromophore separation and orientation,”*?> or as part of a
flexible linker along which the interchromophore distance and
orientation may vary.?°-3 Flexible linkages offer the tantaliz-
ing prospect of studying interchromophore vibronic coupling
on a conformation-specific basis under jet-cooled conditions
in which population is collisionally cooled into more than
one conformational zero-point level. The uncoupled excited
state energies and interchromophore electronic coupling will
be modulated from one conformer to the next by changes in
the distance and relative orientation of the chromophores, and
the nature of the vibrational motions involved.

Model flexible bichromophores can either incorporate
two identical monomers,”®> or consist of chemically dis-
tinct donor and acceptor sub-units.’>*? In a few cases,
conformation-specific data have shed light on the way in
which the ground state conformation of the molecule dic-
tates the excited state spectroscopy and dynamics, producing
conformation-selective broadening in the excitation spectrum,
redshifted emission, or differing energy thresholds to exciplex
formation.?®30-3

Recent experiments and theory are shedding qualitative
new light on the spectroscopic consequences of interchro-
mophore coupling.'® 8141 Much of this work compares ex-
periment with the predictions of a diabatic model of the vi-
bronic coupling based on Forster theory,*’ as developed by
Fulton and Gouterman (FG)*»** for the specific case of a
bichromophore coupled by a single vibrational mode. Exten-
sion of this model to multiple vibrational modes***! and to
asymmetric bichromophores*' have contributed to the grow-
ing ability to quantitatively account for the observed vibronic
coupling patterns.

Recently, Leutwyler, Koppel, and co-workers'®* have
developed an adiabatic vibronic coupling model and used
it to obtain a quantitatively accurate account of the ob-
served excitonic splitting in 2-aminopyridine, o-cyanophenol,
2-pyridone, and benzoic acid dimers, all of which are in the
weak coupling limit. The theory reproduces the experimen-
tal excitonic splitting determined by the diabatic model, but
provides a more intuitive picture of the excitonic splitting in
the weak coupling limit. Here, the electronic energy trans-
fer occurs through a barrier on the adiabatic surface, with the
excitonic splitting modeled as a tunneling splitting in which
both nuclear distortions and interchromophore electronic en-
ergy transfer contribute to the tunneling rate.

J. Chem. Phys. 138, 204313 (2013)

In experiments to date on jet-cooled bichromophores,
there are relatively few examples in which both the Sp—S;
and Sp—S, transitions have been spectroscopically character-
ized. When the two chromophores are sufficiently different,
fast electronic energy transfer between the two chromophores
inhibits the identification of the lifetime broadened S, state.
Furthermore, in cases where the two chromophores are iden-
tical and conformational symmetry exists, only one of the
So—S; or S¢S, transitions is often dipole-allowed.17 In sev-
eral aromatic dimers, Leutwyler and co-workers!8-19:16 have
cleverly addressed this by breaking the symmetry through
recording the spectrum of the singly '*C substituted iso-
topomer in natural abundance using resonant two-photon ion-
ization (R2PI) coupled with time-of-flight mass analysis.

Previous work from our group has focused at-
tention on a series of prototypical flexible bichro-
mophores that possess a single conformational isomer
for diphenylmethane (DPM),>*% and two isomers of both
bis-(2-hydroxyphenyl)methane (2HDPM)*  and bis-(4-
hydroxyphenyl)methane (b4HPM).3* In these molecules, the
spectroscopic consequences of internal mixing between the
two excited electronic states have been characterized in some
detail. In DPM, the excitonic splitting was determined to be
123 cm™!, leading to a dual emission from the (nominal) S,
origin that reported on its mixing with nearby vibrational
levels built off the S; origin. This has stimulated theoretical
developments that employ a multi-mode asymmetric vibronic
coupling model as an extension of the theoretical framework
developed by Fulton and Gouterman*>*® for symmetric
bichromophores.*!

A previous study reporting on the ground state conforma-
tional preferences of 1,2-diphenoxyethane (C¢Hs—O—CH,—
CH,-0-CgHs, DPOE) provides the foundation for the present
work,*” which we briefly summarize here. A conformational
search of the torsional potential energy surface for DPOE lo-
cated 26 conformational minima. Two of the conformational
isomers possessed an inversion center, while the remaining
12 structures are composed of pairs of non-superimposable
mirror images with dihedral angles of opposite sign but iden-
tical magnitude. Experimentally, two conformational isomers
were observed in the supersonic jet expansion and assigned
based on infrared and vibronic data to the two lowest energy
conformers of DPOE, with C, (7gf) and Cy;, (#tf) symmetry,
as shown in Figure 1. Here, the central three dihedral angles
are labeled as trans (f) or gauche (g). To establish the con-
formational assignments, calculated harmonic vibrational fre-
quency were compared to the experimental alkyl CH stretch,
CH bend, and CO stretch spectra. Using a reduced-dimension
model, the Fermi resonances present in the alkyl CH stretch
infrared spectrum were successfully modeled, confirming
and strengthening the assignments based on the vibronic
spectroscopy.

In the current paper, we provide a detailed spectroscopic
characterization of the vibronic and rovibronic spectroscopy
of DPOE in the region of the close-lying S; and S, state ori-
gins. High resolution ultraviolet spectra prove that the two
dipole-allowed Sp—S; and So—S, origins of the 7gf isomer are
separated by 1.02 cm~'. Although the Sy—S; origin of the #t
conformer is dipole-forbidden, 2C-R2PI spectra of the M+1
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ttt: 0.00 kJ/mol

WQW

tgt: 2.67 kJ/mol

FIG. 1. Optimized structures for the two observed conformers of DPOE,
with their relative energies calculated at the DFT M05-2X/6-314+G(d) level
of theory.

mass channel for monomers possessing a single '*C atom
show a spectrum for the #ftr conformer that possesses two
dipole-allowed origins arising from near-complete localiza-
tion of the electronic excitation in one or the other ring, with
splitting of ~4 cm~!. Thus, despite the seeming close prox-
imity of the two chromophores, interchromophore coupling
in DPOE is in the extreme limit of weak coupling. The results
for DPOE thus provide a window on the spectroscopic con-
sequences of vibronic coupling in this weak coupling limit in
which the two electronic states are no more than a few cm™!
from one another over much of the torsional potential energy
surface, with electronic excitation localized or delocalized by
minute asymmetries in the local environment.

Il. EXPERIMENTAL METHODS

Single and double-resonance techniques used to ob-
tain the single-conformation ultraviolet and infrared spec-
tra have been reported previously.*® Details specific to the
current work are briefly provided here. 1,2-diphenoxyethane
(Aldrich) was heated to 90 °C inside a stainless steel reser-
voir to obtain a sufficient vapor pressure. DPOE was seeded
into a helium or neon buffer gas with a backing pressure of
~3 bars and passed through a pulsed valve with a 500 um
orifice (Parker General Valve Series 9) to form the supersonic
jet expansion.

Two-color resonant two-photon ionization (2C-R2PI)
was employed to record the total electronic spectrum of all
species present in the expansion. In 2C-R2PI, a 20 Hz UV
laser resonantly excited DPOE to an excited state with a sec-
ond lower-frequency, non-resonant 20 Hz UV laser used to
ionize the molecules for detection with a multichannel plate.*’
Dispersed fluorescence (DFL) spectra were obtained in a flu-
orescence chamber described previously.”® A %-m monochro-
mator with 50 um entrance slit provided DFL spectra with
~9 cm~! resolution. The dispersed emission was imaged onto
the face of an ICCD camera (Andor).

Ultraviolet hole-burning (UVHB) was employed to ob-
tain the conformation specific electronic spectra of the indi-
vidual conformers. UVHB is a double resonance technique,
requiring the spatially overlapped output of two ultraviolet

J. Chem. Phys. 138, 204313 (2013)

lasers, temporally separated by 200 ns. The 10 Hz hole-burn
laser is fixed on a transition due to a single conformer and
preceded the 20 Hz probe, which is tuned through the region
of interest. A difference spectrum is obtained by passing the
integrated signal through a gated integrator operating in active
baseline subtraction mode. Whenever the two lasers share the
same ground state energy level, a depletion is observed.

Stimulated-emission pumping (SEP) ion-dip
spectroscopy’! was performed in a molecular beam time-
of-flight mass spectrometer and used to record the '>C and
13C ground state spectra between 800 and 900 cm~' above
the zero-point level of the #tt origin.>> Here, a 20 Hz UV
pump laser was fixed on a UV transition due to a single
conformation with a typical laser power of 0.1 mJ/pulse. The
power was sufficient to excite the molecule to an electronic
excited state, but produces a minimal amount of ion signal
from resonant two-photon ionization. The second 20 Hz UV
laser serves a dual purpose both as the second photon in
2C-R2PI and as the dump laser for SEP. The wavelength of
this laser was tuned red of the origin with a laser power of
1.0 mJ/pulse to stimulate the emission back to the ground
state in competition with ionization. Whenever the dump
laser was resonant with a transition back to the ground state,
a depletion in the total ion signal is observed. The technique
provides analogous information to DFL, however, with a
resolution predetermined by the laser linewidth. With mass
selectivity, the technique is able to distinguish the spectra
from '2C and '3C isotopomers even in the presence of spectral
overlap.

Finally, the rotationally resolved electronic spectra were
obtained at NIST by heating the sample to 135 °C in a quartz
nozzle with a 125 um diameter orifice. Details to the specific
experimental apparatus have been reported previously.’®33
The molecules were entrained in an argon backing gas with
a backing pressure of 0.2 bar. About 250 mW from an Ar*-
pumped cw ring dye laser using C521 laser dye was frequency
doubled in barium borate (BBO) in an external resonant cav-
ity and the output mildly focused on a skimmed molecular
beam 18 cm downstream of the source. The fluorescence was
collected by two spherical mirrors and detected by a pho-
tomultiplier tube and photon counting system. Typical laser
powers of 1-2 mW were used to record the rotationally re-
solved electronic spectra with a resolution of ~21 MHz.

lll. COMPUTATIONAL METHODS

Excited state structural optimizations and vibrational fre-
quency calculations for the 77t and 7gt conformers of DPOE
were performed using time-dependent density functional the-
ory (TDDFT) at the M05-2X/6-31+4-G(d) level of theory. Ro-
tationally resolved spectra were fit to an asymmetric rotor
Hamiltonian using the genetic algorithm as implemented in
the JB95 spectral fitting program.>* The two optimized struc-
tures, #tt and tgt, were used as input for fitting the rotational
spectra.

To better understand the excitonic splitting, the transition
dipole coupling model (TDM) and the FG model have been
employed.**® TDM is a simple electrostatic model in which
the excitonic splitting is approximated utilizing the coulombic
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interaction between the two electronic transition moments on
the individual phenyl rings A and B. The interchromophore
coupling is given by

HAMUB
4 e R3

where w is the magnitude of the electronic transition moment,
R is the distance between the two transition moment vectors, 6
is the angle between the two transition moment vectors along
R, and ¢ is the dihedral between the two vectors.

The FG model for vibronic coupling uses a diabatic ap-
proach to model the vibronic structure observed in absorption
and dispersed fluorescence.'®!” In earlier work,** we imple-
mented a version of this model to explain the multi-mode vi-
bronic coupling observed in bis-(4-hydroxyphenyl)methane.
We use this same program to compare the model predictions
with experiment in DPOE. Details of the model are given
elsewhere 34!

Vap = (2cos B4 cosOp — sinfy sinfg cosg), (1)

IV. RESULTS
A. R2PI and dispersed fluorescence spectra

Figure 2 shows the 2C-R2PI spectrum (top trace) and
the ultraviolet hole-burning spectra (bottom traces) of the two
monomer conformations present in the supersonic jet expan-
sion. 2C-R2PI was employed to avoid saturating the excita-
tion spectrum. The small excursion from zero marked with
an asterisk in the figure is present due to incomplete sub-
traction through the gated integrator when tuning through
the tgr So—S; origin. As discussed in the previous study re-
porting on the ground state preferences of DPOE,* the two
isomers adopt geometries with C, and C,; symmetry, differ-
ing exclusively by the central OCCO dihedral angle, gauche
or trans. For this reason, the C, symmetric conformer has
been labeled rgt and the C,, isomer as f#t representing the
gauche and trans isomers, respectively. The #gf origin occurs
at 36423 cm~! and the #f origin at 36 509 cm~!. The calcula-
tions predict an in-plane geometry of both Ph—O—-C groups in
both conformers, as is observed in alkoxy-benzenes such as
1 ,2-diethoxybenzene.55

Given the C, symmetry of the tgr conformer A, cal-
culations predict that transitions from Sy to both the S;(A)
and S,(B) electronic excited states will be dipole-allowed.
The UVHB spectrum of the gt conformer has several low-

J. Chem. Phys. 138, 204313 (2013)

tgt

78 55 B 5 0 R L LN 6 6 RN R SR LN L)

36400 36500 36600 36700
Wavenumber (cm'l)

FIG. 2. 2C-R2PI and UVHB spectra of the two isomers present in the super-
sonic expansion. The asterisk marks an artifact due to incomplete subtraction
through the gated integrator. Both UVHB spectra show vibronically induced
fundamentals.

frequency vibronic transitions, including transitions +24,
+26, +35, 499, +155, and +185 cm~! from the origin
(Figure 2). Of these, the transitions at +24, +35, +99, and
+155 cm™! are totally symmetric fundamentals with frequen-
cies virtually unchanged from their values in the ground elec-
tronic state, as summarized in Table I. As an example, the
DFL spectrum of the +24 cm™! band is shown in Figure 3(a).
The spectrum is dominated by a false origin at —25 cm™!,
with vibronic structure built off this false origin closely simi-
lar to that of the electronic origin. The DFL spectra from the
other totally symmetric fundamentals are similar, with false
origins associated with X'; transitions dominating the spec-
trum. These spectra are included in supplementary material.>’
The two remaining transitions at +26 cm~! and +185 cm™!
are b symmetry fundamentals. Their DFL spectra are shown
in Figure 3(a). These bands also display strong false origins
in emission that confirm their assignments to “b” funda-
mentals with ground state frequencies of 30 and 186 cm™!.
Table I compares the observed ground and excited state fre-
quencies of the rg¢ conformer with those predicted by cal-
culation. The close correspondence confirms the assignments
given. The “b” symmetry fundamentals appear in excitation as

TABLE I. A comparison of the calculated ground state vibrational frequencies to the experimental ground and
excited state vibrational frequencies (in cm™!) is presented. The Mulliken labeling scheme has been used for the

normal modes.

Cy (1g0) Cop (110)

Mode Calc. Exp. Exp. Symmetry  Mode Calc. Exp. Exp. Symmetry
# frequency  Sp freq  Sp freq (mode) # frequency  Sp freq  Sp freq (mode)
40 158 157 154 a 28 (R) 149 147 146 ag

41 104 103 98 a 41 166 bg

42 36 36 34 a 55 141 ay

43 25 25 24 a 56 38 ay

82 194 186 185 b 57 22 ay

84 30 30 26 b 84 (R) 51 46 46 by
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FIG. 3. Dispersed fluorescence spectra of the origin and key vibronic bands
of (a) the tgf conformer and (b) the #tt conformer of DPOE.

a result of vibronic coupling between the S; and S, states. It
is striking that all vibronic transitions are assigned to vibronic
bands built off the single observed origin at 36423 cm™!.
Thus, the location of the strong dipole-allowed Sy—S, origin
requires further investigation in what follows.

The C,, symmetry ##f conformation has S;(Ay) and
S>(By) electronic excited states with transitions from the
ground electronic state So(A,) that are dipole forbidden and
dipole-allowed, respectively. The UVHB spectrum of the ##t
conformer is shown in the bottom trace of Figure 2. Accord-
ing to the calculations, the lowest frequency totally symmet-
ric mode (vyg(ag), labeled R) in the Cy; f1t conformer is at
149 cm™!, in reasonable agreement with the weak transition
at +146 cm™! in the UVHB spectrum of the #t¢ isomer. The
band 46 cm~! above the B, origin is assigned to a vibron-
ically induced transition involving the lowest frequency by
symmetry fundamental (vg4, labeled R here) with calculated
ground state frequency of 46 cm~! (Table I). Figure 4 presents
the form of the R and R vibrational modes, which involve
symmetric and asymmetric in-plane bends of the two phenyl
rings. It would appear built off the dipole-forbidden A, sym-
metry excited state (AgX by), gaining its oscillator strength
completely through vibronic coupling. Its frequency position
(+46 cm™') suggests that the dipole-forbidden origin must be
near to the allowed A,—B, origin at 36 509 cm™!.

The DFL spectra of the B, electronic origin and A4(R})
transitions are presented for the ##f conformer in Figure 3(b).
The origin emission spectrum has contributions only from a,
fundamentals, consistent with originating from a B, excited
electronic state. The Ag(Ré) band, however, has unusual vi-
bronic activity, most notably in the triad of peaks observed
at 0, —46, and —95 cm~!. The 0 and —95 cm™! transitions

(a) Mode R

(b) Mode R

+46 cm’! +149 cm™!

FIG. 4. Form of the normal modes of the #tt conformer of DPOE for the (a)
by symmetry R vibration (46 cm~!) and (b) its ag counterpart R (149 cm™!).

J. Chem. Phys. 138, 204313 (2013)

are attributed to vibronic coupling, producing Avgs = *£1
Herzberg-Teller selection rules. What is puzzling is the band
at —46 cm™~!, which should only appear from an Ag symme-
try vibronic level (Byxb,) in the excited state, since its ground
state vibronic symmetry is Agxb, = By. Its DFL spectrum
also shows increased intensity in several ring modes relative
to the B, 0% spectrum above it. The enhancement of ring
mode intensity in emission was previously observed in the
spectrum of the S origin of bis-(4-hydroxyphenyl)methane®*
and attributed to vibronic coupling effects. In that case, the
FG model was able to give a quantitative account of these in-
tensity changes. We will present further analysis of this band
using the FG model in Sec. V.

B. High resolution UV spectra

One intriguing possibility for the location of the Sy—S;
origin in the 7g¢ conformer is that the electronic splitting is so
small that it is unresolved from the So—S; origin. Motivated
by this notion, we recorded a high resolution UV spectrum
(~21 MHz resolution) of the band at 36423 cm™' assigned
to the Sp—S; origin. The resulting spectrum is presented in
Figure 5(a) with the experimental spectrum as the top trace
and the best fit produced by genetic algorithms as imple-
mented in the JB95 spectral fitting program.>* As hypoth-
esized, the band is indeed composed of two transitions
with band centers separated by 1.02 cm™~!. The two transi-
tions are assigned to the Sp—S; (36422.91 cm™ 1) and Sg-S,
(36423.93) origins. The ground and excited state rotational
constants and TDM directions are summarized in Table II.
Note that the Sp—S; transition is a 23:77 a:c-type band while
the Sp—S, origin is a pure b-type transition, with TDM direc-
tions that are perpendicular to one another. Furthermore, the
excited state rotational constants of the two overlapped origin
bands are remarkably similar to one another. Both these facts
point to the electronic excitation being delocalized over the
two rings, leading to geometry changes upon electronic exci-
tation that are shared between the two rings, consistent with
the C, geometry for the #gf conformer.

Figure 5(b) presents the high resolution spectrum of the
So—S; origin of the #tf conformer. Once again, the fit is shown

tgt ttt
(a) C, Symmetry (b) C,, Symmetry
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3 il 5
; | W/ ALt 2
':; \‘\"r\,\‘\ V' 1\\\4\'\‘,‘\‘1\‘ i‘;
4 "“"‘,,,_ 2 ) ' |
: - § L)
3 UM H L Ll YiVdvi,
alrec LA 3
\ \\M‘lh AT
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FIG. 5. High resolution LIF excitation spectrum of the electronic origin
bands associated with the (a) tgf conformer and (b) ## conformers. The fit to
the experimental spectrum is shown in the bottom trace alongside the residu-
als to the fit.
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TABLE II. The rotational constants for the two isomers of DPOE. The
So—S; origin of the ftt conformer is dipole-forbidden and therefore not ob-
served. Rotational constants have been rounded for clarity (see Table S1 of
the supplementary material®® for a complete listing of fitted parameters in-
cluding uncertainties).

G, (1g0)
S state (MHz)

So state (MHz) S, state (MHz)

A 1873.8 AA —66.4 —66.2
B 177.9 AB 0.9 0.8
C 171.1 AC 0.6 0.6
24:76% a:c-type 100% b-type
Coy, (111)
A 2508.9 AA ... —61.0
B 157.9 AB e —-0.3
C 148.9 AC .. —0.5

100% b-type

below for comparison, with best fit parameters shown in
Table II. In this case, a single band is able to account for
all observed rovibronic structure. The band is a b-type band,
consistent with its assignment to the A,—B, transition of the
C,;, ttt conformer. A high resolution scan of the +46 cm™!
transition of the #ft conformer is included in the supplemen-
tary material.’® This transition is also of b-type, as anticipated
based on the assignment of this transition to the b, symmetry
R fundamental built off the A, excited state. Given the close
proximity of two electronic origins in the #ff conformer, and
the position of the +46 cm™! transition relative to its calcu-
lated frequency, it seems likely that the splitting between the
A, and B, excited states should also be small. Proof for this
conjecture comes in Sec. IV C.

C. 3C-substituted R2PI spectroscopy

Following the lead of Leutwyler and co-workers,'® %16

we recorded R2PI spectra of DPOE while monitoring the
M+1 mass channel associated with incorporation of a single
13C atom in the molecule, which contains 14 carbon atoms.
Since 12 of the 14 carbons are in the two aromatic rings that
typically give rise to similar electronic frequency shifts, the
M+1 R2PI spectrum reflects primarily the effects of sym-
metry breaking on the electronic spectroscopy. These effects
are anticipated to be particularly striking in the #f conformer,
since breaking the symmetry of the two rings can turn on in-
tensity in the dipole-forbidden A,—A, electronic transition.
Figure 6 compares R2PI spectra recorded in the m/z 214
mass channel (all >C DPOE, top trace) to that in the M+1
mass channel, recorded under unsaturated (red, middle) and
partially saturated (blue, bottom) conditions. The '3C substi-
tution in the ring produces a doublet at the rg¢ origin, split
by 4.7 cm™!, which is now resolved even under low resolu-
tion. The magnitude of this splitting is more than four times
the excitonic splitting (1.02 cm ™), indicating that most of the
splitting in the '*C spectrum is site splitting due to the fact
that one ring contains a 13C atom, while the other does not.
On that basis, we surmise that the observed doublet should be
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FIG. 6. R2PI spectra in the So—Si/S, origin regions of the rg¢t and
conformers of DPOE monitoring (a) the all '>C parent mass channel, (b)
the M+1 mass channel associated with incorporation of one '*C into the
molecule under (b) unsaturated and (c) partially saturated conditions. The
observed splittings of 4.7 cm™! and 3.3 cm™! for the g and #t conforma-
tions place upper bounds on the excitonic splittings of the two conformers.
See text for further discussion.

interpreted as arising from electronic excitation largely local-
ized on the all '>C or singly *C substituted rings of DPOE.

Similar arguments hold for the R2PI spectrum of the *C
1ttt conformer. Here, we see a partially resolved and somewhat
broadened doublet with a splitting of 3.3 cm™!. Strikingly, the
two transitions are nearly equal in intensity, as would occur
if electronic excitation were completely localized on one or
the other ring. This is consistent with a splitting of 3.3 cm™!,
which is 30% less than the splitting in the fg¢ conformer. We
surmise on this basis that the splitting of the electronic origins
in the all '?C isotopomer is significantly smaller than 1 cm™!
for the 7t conformer. The partially saturated spectra show that
the band splittings present at the origins carry forward to other
vibronic bands in the spectrum.

D. Collisional studies

One important benefit of the '3C R2PI spectrum is that
it provides the electronic frequency positions of these tran-
sitions relative to the all-'>C spectrum. In particular, the
+4 cm~! transition of the 77t conformer is directly overlapped
with the main band of the '2C spectrum, and would therefore
be excited simultaneously under conditions for dispersed flu-
orescence. This raises the possibility that the —46 cm™~! tran-
sition in the #tf +46 cm™! DFL spectrum (Figure 3(b)) could
arise from the 13C isotopomer, which would have an allowed
transition with Av = 0 Franck-Condon factors to the b, fun-
damental in the ground electronic state. Indeed, its intensity
relative to the Av = +1 transitions on either side of it, are
approximately correct for ascribing the —46 cm™! transition
to 1*C DPOE.

It is noteworthy that the +46 cm~! DFL spectrum shown
in Figure 3(b) was recorded at x/D = 38, far downstream
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FIG. 7. Close-up views of the (a) —800 to —950 cm~! and (b) +50 to —150 cm™! regions of the 7 +-46 cm~! DFL spectrum taken with laser excitation
occurring at different distances (x/D, D = nozzle diameter) from the nozzle in the expansion. Transitions marked with a dotted line grow in intensity at small
x/D due to collisions with the backing gas. (c) Energy level diagram depicting the excitation, emission, and collisional energy transfer processes responsible for

the collision free (“0,” —95 cm~!) and collision-induced (—46 cm™") emission.

relative to conditions often used for recording DFL spectra.
Under most circumstances, the effects of collisions on DFL
spectra are minimal, since the collision frequency in the jet is
typically slow relative to the excited state fluorescence life-
time (~30 ns in this case). However, the emission from the
+46 cm™! transition of #t DPOE is a notable exception.

Figures 7(a) and 7(b) present a series of DFL spectra
from the +46 cm™! transition of ¢ taken as a function of dis-
tances from the nozzle orifice (with diameter D), ranging from
x/D = 5.5 to 38. A close-up of two regions of the DFL spectra
are shown that highlight bands at —46 cm™! and —889 cm™!
whose intensity is sensitive to the x/D position. Clearly, both
bands grow in intensity by more than a factor of five as exci-
tation occurs closer to the nozzle where collisions with buffer
gas are more frequent.

Figure 7(c) displays an energy level diagram that summa-
rizes the collisional mechanism responsible for the growth in
this —46 cm™! emission. The two excited states are drawn in
an adiabatic representation in which the geometry changes ac-
companying electronic excitation of one or the other ring lead
to displacements producing two equivalent, displaced wells
in the excited state. The 1.02 cm™! splitting between So—S;
and Sp—S; origins is, in this adiabatic picture, a tunneling
splitting associated with a process in which both electronic
excitation and nuclear change accompany the tunneling. The
+46 cm™! transition in the excitation spectrum is to a B, vi-
bronic state that is (nominally) the b, in-plane bending fun-
damental (R) built off the A, electronic origin (A4(R})). This
state gains its oscillator strength by vibronic coupling with
the B, electronic state, and produces Av(R) = 41 Herzberg-
Teller selection rules in emission to produce transitions
at “0” (resonance fluorescence) and —95 cm™' (ending in
v = 2 in the ground state). There is no dipole-allowed or vi-

bronically induced method of producing the Av = 0 emis-
sion from this level to the corresponding v = 1 level (at
—46 cm™') in the ground state. However, if collisions with
buffer gas occur during the excited state lifetime (Figure 7(c)),
they can produce the other member of the v = 1 tunneling
doublet, which is less than 1 cm™! away. This level is of
Buxb, = A, vibronic symmetry, and has a dipole-allowed
transition to the v = 1 level in the ground state, with emis-
sion frequency —46 cm~! from resonance fluorescence, as
observed.

Interestingly, even at x/D = 38, some intensity remains
in the —46 and —896 cm~! bands. Although the remaining
intensity could be attributed to collisions with an extremely
large cross section for the collisional energy transfer pro-
cess, it seemed more likely to us that this residual inten-
sity arises from overlap with the 1*C 0°4-46 cm™! transition
(Sec. I C). As a final test of this conjecture, we recorded SEP
ion-dip spectra from the ¢t +-46 cm™! intermediate state while
monitoring the '3C and all 'C mass channels. The results are
shown in Figure 8.

Unfortunately, since the SEP “dump” laser frequency at
—46 cm~! was near resonances in absorption for the #gt con-
former, the SEP ion-dip spectrum could not be recorded in
the region of Figure 7(b) where the —46 cm™' transition
occurs. Instead, the corresponding collision-induced band at
—889 cm ™! (Figure 7(a)) was free from such interference. As
Figure 8 shows, the transition at —889 cm™! is clearly ob-
served in the '3C spectrum, but is completely absent in the
12C spectrum, confirming that the '3C isotopomer is the likely
source of the remaining —46 cm™! intensity in Figures 3(b)
and 7(b). This transition is dipole-allowed in the '*C spec-
trum due to localization of the electronic excitation induced
by one ring possessing a '3C atom.
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FIG. 8. The '2C and '3C stimulated emission pumping spectra indicating the
889 cm™! transition is due to the '3C spectrum.

V. DISCUSSION
A. The weak vibronic coupling limit

The primary goal of the present study has been to map out
in some detail the conformational dependence of the excited
state surfaces present in the model flexible bichromophore
DPOE. In earlier work, LIF excitation, UV-hole burning, and
resonant ion-dip infrared spectra were used to observe and
assign transitions due to two conformations, the ttf conformer
of Cy;, symmetry, and the fgt conformer, with C, symmetry.
In this paper, we have determined the magnitude of the exci-
tonic splitting between the S| and S, states for both conform-
ers, and determined and analyzed the spectroscopic signatures
of vibronic coupling between the S; and S, states in the two
conformations.

Perhaps the most striking result of this work is the ex-
traordinarily small excitonic splittings present in the two con-
formers, with the rgt conformer possessing a splitting of
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1.02cm™!, and its ##t counterpart even smaller based on the
spectrum of its isotopomer containing a single '*C atom in
one of the rings. This is to be compared with an electronic
transition from Sy of more than 34 000 cm™~!. Thus, DPOE is
in the extreme limit of weak vibronic coupling, with an exci-
tonic splitting similar in size to the recently studied benzoic
acid dimer (0.94 cm™!).%

The splittings of the exciton coupled S; and S, origins
reported in previous jet-cooled studies of the C, symmet-
ric bichromophores, bis-(4-hydroxyphenyl)methane,** and
diphenylmethane?® were in excess of 100 cm™! because of the
close proximity of the two chromophores. In these cases, both
exciton states are orbitally allowed and the vibronic spectra
built off of each origin are readily resolved. The close proxim-
ity of the two rings rotates the direction of each ring’s TDM
and induced an out-of-ring-plane TDM component, signifi-
cantly increasing the excitonic coupling relative to a monomer
point-dipole model.* In contrast, the chromophores of DPOE
are more weakly coupled because of the larger inter-ring sep-
arations that minimize direct interactions between the rings.

The weak coupling in DPOE is evident from predictions
for the exciton splitting based on the transition dipole cou-
pling of Forster theory,'” and from vertical splittings cal-
culated at the TDDFT MO05-2X/6-31+4+G(d) level of theory.
These are summarized in Table III for DPOE. The TDDFT
vertical splittings (9 cm™! for ¢gt, 25 cm™' for #¢f) and transi-
tion dipole coupling estimates (17 cm™! for gz, 43 cm™! for
ttt) are generally consistent with one another, and are quite
small compared to those in DPM and b4HPM. For the #t iso-
mer of DPOE, the distance between the center-of-masses of
the two aromatic rings is 8.6 A, while in 7gt this distance is
8.0 A. Yet, these estimates are still more than 10-fold too large
compared to the experimental splittings between the Sp—S;
and S-S, origins (1 cm™! or less).

Within the diabatic model typically used for analysis of
excitonic splitting, the vertical splitting (Agjec) i vibrationally
“quenched” by a Franck-Condon factor that accounts for the
shift in excited state geometry relative to the ground state
minimum.'® This leads in the weak vibronic coupling limit
to a “quenched” vibronic splitting Aipron that is more than

TABLE III. Calculated vertical frequencies, S;/S; splittings and oscillator strengths at the TDDFT M05-2X/6-
314-G(d) level of theory. Comparison with experimental splittings and the excitonic splittings predicted with the

transition dipole coupling model (TDM).

Conformer: tgt

Vertical Scaled vertical Exp. Calc. osc.
splitting (cm™") splitting (cm™") freq (cm™") strength
So-S1 43617 3642291 3642291 0.0277
So—S2 43628 36432.09 36423.93 0.0440
TDDFT splitting 9cm~! Exp. splitting
TDM splitting 17 cm™! 1.02 cm™!
Conformer: ftt
Vertical Scaled vertical Exp. Calc. osc.
splitting (cm™!) splitting (cm ™) freq (cm™") strength
So-S1 43737 36523.12 0.0000
So—S2 43767 36548.17 36508.77 0.0683
TDDFT splitting 25 cm™! Exp. splitting
TDM splitting 43 cm™! ~1.0cm™!
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FIG. 9. Schematic adiabatic potential energy curves for the (a) tg¢ and (b)
ttt conformers of DPOE showing (left) electronic delocalization of the sym-
metric all 12C structures with tunneling splittings of Ayipron = 1.02 and
~1 ecm™, respectively, and (right) the electronic localization associated with
incorporation of a single 13C atom into one of the rings, with S1/S; splittings
of 4.7 and 3.3 cm™!, respectively.
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10-fold smaller, with experimental splittings of 1.02 cm™!

(zgt) or less (t11).

In this circumstance, the observed splitting is understood
most intuitively in an adiabatic model in which the observed
splitting is considered as a nonadiabatic tunneling splitting
on the lower double-minimum potential energy surface. This
is shown schematically for the two conformers of DPOE in
Figure 9. As Kopec et al.'® have laid out in some detail, this
tunneling splitting cannot be calculated from the shape of the
lower double minimum surface alone, since the tunneling is
influenced by nonadiabatic interactions with the upper elec-
tronic state.

At the same time, the rotational constants and TDM
orientations extracted from the rotationally resolved spectra
provide unequivocal evidence that the electronic excitation
is completely delocalized over the two aromatic rings, with
TDM directions consistent with excited states which are equal
contributions from local excitations of anisole (C¢HsOCH3).
In the end, this is a requirement of the symmetric configura-
tions for the two conformers, in which the two aromatic chro-
mophores are placed in equivalent configurations.

On this basis, one would anticipate that most other ge-
ometries that are away from these highly symmetric points on
the excited state potential energy surfaces will be character-
ized by nearly localized electronic excitation of the two rings
with even modest shifts of a few cm™! in the site frequencies
sufficient to cause electronic localization, since the nonadia-
batic tunneling splittings at C, and Cy;, geometries are 1 cm™!
or less. This fact was brought home in dramatic fashion by
the R2PI spectra of the singly *C-substituted isotopomer of
DPOE, where shifts in the zero-point energies of the two ex-
cited states of 3—4 cm™! led to substantial localization of the
electronic excitation, as Figure 9 illustrates. In the ft¢ con-
former, this turned a pair of electronic transitions in which one
is dipole-allowed and the other dipole-forbidden into a pair
of transitions that have nearly equal oscillator strengths, with
excitation localized either on the '3C-substituted ring or the
non-substituted one, with a splitting of 3.3 cm~!. One could
imagine that, in the condensed phase, small asymmetries or
fluctuations in the solvent surroundings will be sufficient to
localize electronic excitation there too. The effects of asym-
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metric solvation are seen already in the DPOE-H,0 complex
involving the asymmetry induced by a single H,O molecule.>®

B. Spectroscopic signatures of vibronic coupling
involving near-degenerate excited states

We have just proven that in both the #g¢ and ##¢ conform-
ers of DPOE, the first two levels on the adiabatic double-
minimum potential energy surface, associated with electronic
character

L

V2
1

V2= —=(A"B) = [AB")),

v

are separated in energy by no more than 1 cm~' at the C, and
C,;, geometries associated with the #gt and fff conformers, re-
spectively. This splitting is small compared to all vibrational
frequencies in the #gf and ##f conformers. As a result, each vi-
brational level is split by nonadiabatic effects into a pair of
levels. We focus in this section on the spectroscopic signa-
tures of this near-degeneracy in the vibronic spectroscopy of
the two conformers.

In the C, tgr conformer, both members of the tunneling
doublet associated with each vibronic level carry oscillator
strength from Sy. As a result, every vibronic transition in the
tgt spectrum in Figure 2 is in fact an unresolved doublet, as
was shown in Figure 5 to be the case at the electronic origin
by high resolution spectroscopy. Furthermore, the strong in-
tensities observed in the non-totally symmetric fundamentals
result from vibronic coupling between the two states, with the
S, state borrowing intensity from S, and vice versa. Since the
emission from both members of the pair is dipole-allowed,
a strong Av = 0 false origin appears in the DFL spectra of
both totally symmetric and non-totally symmetric fundamen-
tals (Figure 3(a)).

By contrast, the Cy), ttt conformer has only one dipole-
allowed electronic transition (Ag—B,), but 13C R2PI spec-
tra located the dipole-forbidden A,—A, origin split by only
3.3 cm~!. Based on a comparison with the rgf, where a
4.7 cm~! 13C splitting arose from a 1.02 cm™! non-adiabatic
tunneling splitting, the two states are placed within 1 cm™!
of one another. As a result, once again, each vibronic band is
split into a pair of transitions, but in this case only one mem-
ber of each pair carries intensity. Vibronic coupling neverthe-
less plays an important role in the spectrum, with the band
46 cm™! above the A,—B, origin assigned to b, symmetry R
fundamental built off the A electronic state, gaining its inten-
sity purely through vibronic coupling.

It is worth noting that the smaller splitting ascribed to
the 77t conformer is opposite to the ordering of the splittings
predicted by TDM model or TDDFT calculations (Table III).
One possible reason for this smaller splitting would be that
the ¢t conformer has a larger Franck-Condon quenching than
tgt. However, comparison of the DFL spectra of the S; origins
of t#t (Figure 3(b)) and gt conformers (Figure 3(a)) show lit-
tle difference between the two in the intensities of the ring
modes that dominate this quenching factor. In the end, the

V1 = —=(A"B) + |AB")),

@)
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only experimentally measured quantity we report here for the
ttt conformer is the 3.3 cm™! splitting in the '*C R2PI spec-
trum, which is the composite of the quenched excitonic and
zero-point energy effects that include contributions from the
different sets of inter-ring modes for each conformer given in
Table I. A direct measure of the splitting in the '*>C isotopomer
would require comparison of the one-photon and two-photon
allowed transitions, a task left for future work.

The adiabatic model developed by Kopec et al.'® projects
non-adiabatic coupling onto a single effective vibrational co-
ordinate, leading to accurate predictions for the nonadia-
batic tunneling splitting at the electronic origin in model ho-
modimers. By contrast, a multi-mode version of the diabatic
Fulton-Gouterman model has recently been developed, pro-
viding a means for modeling the observed vibronic inten-
sities in DPOE. The tg¢t conformer was not modeled due
to the unresolved overlap of contributions from the two
excited states in the excitation and dispersed fluorescence
spectra. In the f##t conformer, the model is able to account
for the vibronic intensities in the R/R pair of interchro-
mophore bends both in excitation and in dispersed fluores-
cence from the dipole-allowed B, origin (Fig. S1 of the
supplementary material®®). Similar modeling of the intensi-
ties in the origin emission into the ring mode pairs 6a, 1,
and 12 (in Varsanyi notation)’’ at —590/—610, —802/—840,
and —996/—1005cm™! are similarly successful (Figs. S2—
S4 of the supplementary material®®). Similar modeling of the
Ag(R") emission (the +46 cm™! band) accounts for the vi-
bronically induced emission to v = 0, 2. However, the strong
emission bands from the Ag(Rl) level to transitions at —649,
—849, and —1044 cm™! are not accounted for in the FG
model, pointing to the need for further refinement of inter-
mode coupling in the theory.

1.16

C. Collision-induced electronic energy transfer

One of the more striking results of the present study is the
unusual sensitivity of the DFL spectrum of the 7t +46 cm™!
band to collisions, as shown in Figures 7(a) and 7(b). As dis-
cussed in some detail in Sec. IV D and shown pictorially in
Figure 7(c), we have shown that the bands that grow in can
be ascribed to the lower member of the non-adiabatic tunnel-
ing doublet associated with the R!y fundamental. This state
is dipole forbidden from the Sy zero-point level, but its close
proximity (within 1 cm™') to the other member of the tunnel-
ing doublet initially populated by the laser provides a path-
way for collisional energy transfer that is extremely facile,
and competes with fluorescence even under conditions under
which one would typically have thought were collision-free.

Table IV presents estimates of the number of collisions
experienced by DPOE during the lifetime of the excited state
(30 ns), assuming a gas-kinetic cross section for transfer be-
tween members of the tunneling doublet (oo = 75 Az). Un-
der conditions closest to the nozzle, there are multiple colli-
sions during the excited state lifetime, suggesting that the two
tunneling states could have their populations equilibrated. On
the other hand, at x/D = 38, where only 1% of the excited
state molecules undergo a gas-kinetic collision, the remain-
ing intensity is likely to be mostly or entirely due to the '3C
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TABLE IV. Fractional collision-induced intensity in the Avgs = 0 transition
of the 7t conformer of DPOE relative to that in the Avgy = =1 transitions as
a function of distance from the nozzle in nozzle diameters, x/D. The number
of gas-kinetic collisions experienced by DPOE in its excited state lifetime is
given for comparison.

Fractional collision

x/D No. of collisions® induced intensity
5 2.15 0.56
11 0.32 0.17
16 0.11 0.08
22 0.05 0.05
38 0.01 0.00°

2 Assuming a gas-kinetic collision cross section of 75 A2. Calculated using the equations
of Ref. 49,5
By assumption. See text for further discussion.

isotopomer. Invoking these assumptions, the intensity ratio on
the right of the table is the collision-induced intensity in the
—46 cm™! band relative to the sum of the “0” and —95 cm™!
transitions. This ratio falls off at a rate in keeping with the
fall off in number of collisions. While these data are not suffi-
cient to quantify the magnitude of the collision cross section
as a function of position in the expansion, it seems likely to
us that very large cross sections for electronic energy transfer
across this small tunneling doublet are at play, with glancing
collisions with cross sections significantly exceeding gas ki-
netic are possible.

It is interesting to consider how these studies under jet-
cooled conditions in the gas phase transfer into condensed
phase environments in which collisions are likely to pro-
vide an efficient means of interchromophore electronic energy
transfer in chromophore arrays, multichromophore polymers,
and the like.

VI. CONCLUSIONS

We have presented detailed spectroscopic data on the
close-lying S;/S; states of DPOE that prove that the molecule
is in the extreme limit of weak vibronic coupling. At the C,
and C,, geometries, the electronic excitation is delocalized
over the two rings (by symmetry), but the splitting between
the two states is 1 cm™! or less. Given this weak coupling, it
is likely that the two potential energy surfaces lie within a few
cm™~! of one another over large regions of the torsional poten-
tial energy surface. In this weak vibronic coupling limit, the
excitonic splitting is best thought of as a nonadiabatic tunnel-
ing splitting on the lower double-minimum potential energy
surfaces associated with electronic excitation on one or the
other aromatic ring. This splitting is more than a factor of 10
smaller than vertical splittings calculated via standard meth-
ods. In light of this weak vibronic coupling, the smallest of
perturbations to one of the rings is sufficient to localize the
electronic excitation on one or the other ring. This was il-
lustrated in dramatic fashion in the spectra recorded for the
13C isotopomer that contains a single '*C atom somewhere in
one or the two aromatic rings. This zero-point asymmetry was
enough to split the electronic origins by 4.7 cm™! (¢gf) and
3.3 cm™! (¢1f), and nearly completely localize the electronic
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excitation. One would anticipate similar effects by asymmet-
ric solvation in the condensed phase. We will show elsewhere
the interesting effects associated with binding a single H,O
molecule to DPOE.>®
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