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The vibronic spectroscopy of jet-cooled bis-(4-hydroxyphenyl)methane has been explored using
fluorescence excitation, dispersed fluorescence (DFL), UV-UV hole-burning, UV depletion, and
fluorescence-dip infrared spectroscopies. Calculations predict the presence of three nearly isoener-
getic conformers that differ in the orientations of the two OH groups in the para positions on the two
aromatic rings (labeled uu, dd, and ud). In practice, two conformers (labeled A and B) are observed,
with Sy—S; origins at 35 184 and 35209 cm™!, respectively. The two conformers have nearly iden-
tical vibronic spectra and hydride stretch infrared spectra. The low-frequency vibronic structure is
assigned to bands involving the phenyl torsions (7 and T'), ring-flapping (R and R), and butterfly (8)
modes. Symmetry arguments lead to a tentative assignment of the two conformers as the C, sym-
metric uu and dd conformers. The Sy—S, origins are assigned to bands located 132 cm™' above the
So—S; origins of both conformers. DFL spectra from the S, origin of the two conformers display ex-
tensive evidence for vibronic coupling between the two close-lying electronic states. Near-resonant
coupling from the S; origin occurs dominantly to S; R' and S; R!B! levels, which are located —15
and +31 cm™! from it. Unusual vibronic activity in the ring-breathing (v;) and ring-deformation
(v¢q) modes is also attributed to vibronic coupling involving these Franck—Condon active modes. A
multimode vibronic coupling model is developed based on earlier theoretical descriptions of molec-
ular dimers [Fulton and Gouterman, J. Chem. Phys. 35, 1059 (1961)] and applied here to flexible
bichromophores. The model is able to account for the ring-mode activity under conditions in which

the S, origin is strongly mixed (60%/40%) with S, 6_a] and 1! levels. The direct extension of this
model to the T'/T and R /R inter-ring mode pairs is only partially successful and required some mod-
ification to lower the efficiency of the S;/S; mixing compared to the ring modes. © 2011 American
Institute of Physics. [doi:10.1063/1.3580901]

Il. INTRODUCTION

Bis-(4-hydroxyphenyl)methane [b4HPM, Fig. 1(a)] is a
flexible bichromophore containing two para-cresol (p-cresol)
[Fig. 1(b)] units sharing the same methyl group. It is a close
analog of diphenylmethane [DPM, Fig. 1(c)],:? differing
from it by addition of two OH groups in the para positions
on both rings. In the ground electronic state, the OH groups
add two further flexible coordinates (OH internal rotation)
to the two phenyl torsional coordinates already present in
DPM. In DPM, the symmetry of the phenyl rings produces
two enantiomeric minima that are spectroscopically indis-
tinguishable from one another. Our recent study of bis-(2-
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hydroxyphenyl)methane [b2HPM, Fig. 1(d)], placed the two
OH groups ortho to the methylene where they can interact
with one another, producing both OH- - -O and OH- - -7 bound
conformers.? In b4HPM, a structural isomer of b2HPM, the
two OH groups are placed in the para positions on the rings,
too far away to interact directly with one another. As shown in
Fig. 2, the asymmetry of the OH groups produces four minima
differing in the relative orientations of the OH groups either
pointing up (u) toward or down (d) away from the bridging
methylene group. Three of these (uu, dd, and ud/du) are spec-
troscopically distinguishable, thereby facilitating a detailed
characterization of the torsional potential energy surface by
selective excitation and spectroscopic characterization of the
observed conformational isomers.

One of our motivations in carrying out this study
is that b4HPM, such as DPM,"? is a model system for
state-selective studies of excitonic effects, with two p-cresol
ultraviolet chromophores in close proximity to one another.
We therefore anticipate the presence of two close-lying
excited states, whose energy separation and degree of local-
ization or delocalization depends sensitively on the relative
orientation of two chromophores and the magnitude of the
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FIG. 1. Structure and torsional coordinates of (a) b4HPM, (b) the single-
chromophore analog of b4HPM, p-cresol, (c) DPM, and (d) b2HPM.

electronic coupling between them. In this circumstance,
vibronic effects are anticipated to be significant, since the
two electronic states have vibrational manifolds that are
intermingled with one another at energies not far above the
S, origin, where state-specific mixing can be probed.

In recent work on DPM,}? we explored its vibronic
and rotationally resolved spectroscopy in some detail under
jet-cooled conditions. In that case, the splitting between the
So-S; and S¢—S; origin transitions was 123 cm~'. DPM re-
tained C, symmetry in all three electronic states, with elec-
tronic excitation in S; and S, delocalized over the two rings.
Dispersed fluorescence from the S, zero-point level showed
clear signatures of vibronic coupling (sometimes referred to
as “internal mixing”)* between the S, zero-point level and
nearby S; vibronic levels, reflecting the quantum character
of the S; vibronic levels involved in the mixing through the
Av = 0 Franck—Condon (FC) emission back to correspond-
ing levels in the ground state.

The state-selective view of vibronic coupling between
the two states afforded by those studies provided a motiva-
tion for further exploration of other flexible bichromophores
that differ from DPM in well-defined ways. Previous work
on b2HPM was less revealing about vibronic effects than
that in DPM, in part, because either large asymmetry (in the
OH- - -O conformer) or weak intensity (OH- - -7 conformer)
made it difficult to identify and characterize the S, states.
The present study of b4HPM does not suffer from such ef-
fects, and thus is a first example of substituted versions of
diphenylmethane that possess conformational isomers, and
thus provide conformation-specific access to different regions
of the excited state torsional surfaces from each of the ob-

(b) ud

(c) uu

FIG. 2. Energy minimized structures of three conformations calculated with
DFT/B3LYP/6-314G(d) level of theory. Down—down (dd), up—up (uu), and
up—down (ud) labels were assigned based on the direction of the OH group
orientation as shown. Treated as rigid structures, the dd and uu conformations
have C, symmetry, while ud has C; symmetry.
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served conformational minima. Relative to DPM, the magni-
tude of the electronic splitting and the vibrational frequencies
of coupled modes are anticipated to change in ways that we
hope will give an additional insight into the coupling between
the vibronic states of the two electronic potential energy
surfaces.

The present paper focuses attention on the vibronic spec-
troscopy of bAHPM. We use an array of single- and double-
resonance techniques to characterize the ground and excited
state surfaces, including fluorescence excitation (FE), dis-
persed fluorescence (DFL), UV-UV hole-burning (UVHB),
and fluorescence-dip infrared (FDIR) (Ref. 5) spectroscopies.
Elsewhere, we will report on high resolution UV spectra of
several of the vibronic bands of both conformers,® and on
stimulated emission pumping-population transfer spectra that
determined the energy barriers and relative energies of the
conformational minima of b4HPM.”

One of the significant advances in this work is the de-
velopment of a multidimensional vibronic coupling model®
applied earlier to excitonic effects in molecular dimers® and
its application to flexible bichromophores. As we shall see,
this model is able to account for unusual vibronic intensi-
ties involving the Franck—Condon active ring modes observed
in the S; and S, origin emission spectra. The extension of
this model to include the inter-ring torsion and ring-flapping
modes is only partially successful, pointing the way for future
work.

Il. EXPERIMENTAL COMPUTATIONAL METHODS
A. Experiment

The experimental methods used to record FE, DFL, and
UVHB spectra of b4HPM have been explained in detail
elsewhere.'® Only a brief explanation is presented here. A
solid sample of b4HPM was purchased from SigmaAldrich'!
(98% purity) and used without further purification. The sam-
ple was heated to 140 °C and expanded into vacuum through a
500 pm diameter pulsed nozzle (Py = 3 bar He).

The frequency doubled output of a Nd: YAG-pumped dye
laser (ScanMate and ScanMate Pro) is used as the fluores-
cence excitation light source (*0.1 ml/pulse). Fluorescence
was detected with a photomultiplier tube (ETI 9318QB) us-
ing either a boxcar gated integrator (SR 250) or directly in a
digital oscilloscope (Tektronix TDS 3052B) controlled by a
data acquisition computer.

UV-UYV hole-burning spectroscopy was used to record
conformation-specific UV spectra. In this case, an ultravio-
let hole-burning laser (0.2 mJ/pulse, 10 Hz) was fired 200 ns
before the probe laser (0.1 mJ/pulse, 20 Hz), suitably over-
lapped in space to sample the same molecular population. The
wavelength of the hole-burn laser was fixed on a transition of
interest at an intensity sufficient to partially saturate the tran-
sition, thereby removing a measurable fraction of the ground
state population. The UV probe laser was then tuned through
the spectral region of interest, while the difference in the sig-
nal with and without the hole-burn laser was recorded, using
active baseline subtraction in a gated integrator. All transi-
tions sharing the same ground state level showed a nonzero
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difference signal, thereby producing a conformation-specific
UV spectrum.

If the hole-burn laser is tuned and the probe laser is fixed
in wavelength, an alternative form of the hole-burning spec-
trum results that we call UV-depletion (UVD) spectroscopy.
In the context of this work, the UVD spectra enabled us to
look sensitively for small transitions that were hard to observe
in the UVHB spectra.

DFL spectra were recorded using a Jobin Yvon 750i
monochromator (0.75 m) and a charge coupled device cam-
era (Andor series DU440BU2) operating at —75 °C temper-
ature. The spectral resolution of the DFL spectra was about
6-8 cm™! with 50100 um entrance slit widths.

Details of the FDIR spectra are included in the supple-
mentary material.’

B. Computational methods

Starting structures for the low-lying minima of b4HPM
were selected by performing AMBER (Ref. 12) force field cal-
culations within the MACROMODEL (Ref. 13) suites of pro-
grams. Resulting geometries were then used as inputs for
geometry optimizations with more accurate levels of the-
ory. Both standard density functionals (B3LYP) (Ref. 14)
and dispersion corrected functionals (M052-X,"> wB97X-
D'%) were used to compute energies of selected confor-
mations. Two split valance basis sets (6-31+G* and 6—
311G**) were employed using the GAUSSIAN 03 and
GAUSSIAN 09 suites of programs.'” Harmonic vibrational
frequencies were also calculated at the same level of the-
ory to confirm the absence of negative frequencies and to
provide predictions for comparison with experiment. Excited
state geometry optimizations were carried out with configu-
ration interaction singles (CIS/6-311G**) method within the
Q-CHEM computational package.'® Vertical excitation ener-
gies were also computed with same levels of theories on opti-
mized ground state geometries.

lll. COMPUTATIONAL RESULTS

Optimized structures for the three low-energy conform-
ers of bAHPM computed at the DFT B3LYP/6-31G* level
of theory have already been shown in Fig. 2. There is little
change in either the structure or vibrational frequencies be-
tween B3LYP and the two dispersion-corrected functionals
used (Sec. II B). The uu and dd conformational minima have
C, symmetry, while ud/du is C;. The calculated inter-ring an-
gle is 91 °, close to that found in DPM (93 °).

As in DPM, many of the high-frequency vibrations
involving the ring modes of b4HPM come in symmet-
ric/antisymmetric pairs that are sums and differences of
modes identifiable in the “monomer” equivalent p-cresol. In
most cases, the calculations predict ground state vibrational
frequencies for each pair separated from one another by no
more than a few cm™'. In the C, symmetry conformers, they
form an a/b symmetry pair, only one of which would appear
as a dipole-allowed fundamental in the vibronic spectrum.

J. Chem. Phys. 134, 164312 (2011)

R (a): 158 cm™

R(b): 128 cm™

FIG. 3. Calculated form of the low-frequency vibrational modes of
b4HPM(dd). (a) Butterfly (8), (b) symmetric phenyl torsion (7), (c) antisym-
metric phenyl torsion (7'), (d) symmetric phenyl flap (R), (¢) antisymmetric
phenyl flap (R). The symmetries of the modes in the C, point group and
ground state vibrational frequencies are indicated.

The low-frequency modes in the conformers of b4AHPM
involve inter-ring motions that have close analogs in DPM. '+
Figure 3 plots the form of the five lowest-frequency modes
of b4HPM, which play a prominent role in the spectroscopy.
Once again, in the C, symmetry conformers, the T/7 and R/R
modes form a/b symmetry pairs that change the orientation
of the phenyl rings with respect to one another. Again, if C,
symmetry is maintained in the b4HPM conformers upon elec-
tronic excitation, only the 7 and R modes will have allowed
fundamentals, while only the even overtones and combination
bands of T and R should be allowed. The totally symmetric
butterfly mode (8) lacks an antisymmetric partner, which in-
stead corresponds to rotation about an axis perpendicular to
the C; axis. In our study of DPM,!? the R mode was labeled
B, which we now think is inappropriate given the form of the
mode. The predicted frequencies of these modes are given in
the figure for convenient comparison with experiment.

The form of the normal modes changes only slightly in
the ud conformer, despite the fact that it strictly no longer has
C, symmetry. As aresult, it is questionable whether symmetry
arguments can be used to definitely rule out this conformer’s
presence.

IV. EXPERIMENTAL RESULTS AND ANALYSIS
A. Fluorescence excitation, UVHB, and UVD spectra

The fluorescence excitation spectrum of b4HPM is
shown in Fig. 4(a). The transition furthest to the red, at
35184 cm™!, is likely to be an S; <— S, origin transition
of one of the conformers of b4HPM. It appears —147 cm™!
from the S; < Sy origin transition reported for p-cresol
(35331 cm™!), which possesses the same (uncoupled) UV
chromophore.'®-2°
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FIG. 4. (a) Fluorescence excitation spectrum of b4HPM in the (35155-
36290) cm™! spectral region. (b) and (c) UV-UV hole-burning spectra of
conformers A and B, respectively. The two lowest electronic origin transi-
tions A 'B(S1) < X 'A(So) and B 'A(S2) < X 'A(Sp) are labeled in the
UV-HB spectrum of conformer A. Transitions used in UV-HB are labeled
with asterisks in (a).

The overview UVHB spectra in Figs. 4(b) and 4(c) were
recorded with the hole-burning laser fixed on the transitions
marked by asterisks in Fig. 4(a). Under coldest conditions in
the expansion, these two UVHB spectra account for essen-
tially all observed transitions over the entire wavenumber re-
gion shown, establishing the presence of two conformers of
b4HPM. The S-S, origin transitions of the two conformers
(A at 35184 cm™ and B at 35209 cm™) are separated from
one another by 24.8 cm~'. (We note that the vacuum cor-
rected frequencies of A and B are 35175 and 35199 cm™!,
respectively).® Since, based on the calculations, we were an-
ticipating the presence of a third conformer, careful searches
were made for this conformer over a range of conditions, in-
cluding the ones in which the expansion was warmer and hot
bands could appear. Based on the vibronic analysis that fol-
lows, it was possible to account for all transitions as arising
from these two conformers and their hot bands. Since high
resolution spectra of most of the main bands in these spectra
have been recorded,® it is unlikely that the bands are masked
by an overlap with transitions from conformers A and B. We
surmise on this basis that the transitions due to a third con-
former, if it has bound levels at all, are too weak to be ob-
served. This is a likely consequence of the small energy barri-
ers separating the minima, enabling cooling to occur between
them. Further studies of the two-dimensional (2D) torsional
surface and measurement of the energy barriers separating the
minima are left for future work.’

The insets in Figs. 4(b) and 4(c) show the higher-
frequency region at a magnification five times than that in the
origin region. Transitions due to prominent in-plane ring dis-
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tortion (6a) and ring breathing (1) fundamentals are labeled
in the spectrum, using the Varsanyi numbering scheme.?!

Figures 5(a) and 5(b) show expanded views of the first
200 cm™! of the UVHB spectra of conformers A and B of
b4HPM. Both spectra exhibit extensive vibronic structure,
most of which can be accounted for by analogy to DPM as
fundamentals, overtones, and combination bands involving g,
T, T, and R, as indicated in the figure and summarized in
Table 1. DFL spectra (Sec. IV B) will confirm these as-
signments. Notably, the 443 cm™' transition in both spec-
tra is assigned as 72, with no measurable intensity at half
this frequency where the fundamental would occur. How-
ever, UV-depletion spectroscopy can be used to look sen-
sitively at high laser powers for even weak transitions in
the conformation-specific UV spectrum. The UVD spec-
tra in Figs. 5(c) and 5(d) show the clear presence of a
very weak transition assignable to the T }) fundamental, ap-
pearing 21.5 cm™' above the S; origin. This confirms the
assignment of the +43 cm™! transition to the T% over-
tone. Furthermore, the Tll sequence band appears under
warmer expansion conditions at +10.5 cm~!, exactly where
predicted based on its Sy (11 cm™!, Sec. IV B) and S;
(21.5 cm™) frequencies. The high laser powers needed to ob-
serve the T(l] fundamental, and the strong intensity of its first
overtone, suggests that the T(l) fundamental appears only by
weak vibronic coupling with the S, state, consistent with the
presence and retention of C, symmetry in Sg and S states.

UVHB and UVD scans of both observed conformers of
b4HPM show two transitions shifted +132 and +134 cm™!
from the S; origin, which cannot be accounted for as com-
binations and overtones of 7, T, and 8. Given the fact that
DPM has its So—S, origin,B'A(S,) < X'A(Sy), 123 cm™!
above the S; origin, it seemed plausible that these bands
may be associated with Sy—S, origin transitions. As we shall
shortly see, based on the DFL spectra, one of these bands
is indeed the S-S, origin, while the other is the Syp—S, Rlo
fundamental.

Fluorescence-dip infrared spectra have been recorded in
the CH and OH stretch regions of the infrared. The spectra of
the two conformers, shown in the supplementary material,’
are nearly identical with one another, as might be expected
given the subtle structural differences between the potential
conformers (uu, ud, dd).

B. DFL spectra
1. S; origin DFL

DFL spectra of the S; <— Sy origin bands of the two con-
formers of b4HPM are shown in Fig. 6. In the low-frequency
region (shown in the inset), fundamentals due to the symmet-
ric torsion (7, 21 cm™), butterfly (8, 45 cm™), and flapping
(R, 155 cm™') modes are assignable based on analogy with
DPM and close correspondence with calculated frequencies
(Table II). The T9 overtone is also present at 25 cm™'. The
large drop in frequency in the butterfly and flapping mode fre-
quencies from those in DPM (8 = 63 cm™!, R = 223 cm™) is
a consequence of the larger reduced mass of these vibrations
in the presence of the two oxygen atoms in para positions on
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FIG. 5. UV-HB spectra of the low-frequency regions of (a) conformer A and (b) conformer B of b4HPM, plotted on a relative wavenumber scale for direct
comparison with one another. Transitions labeled in the spectrum are assigned based on the comparison with DPM and DFL spectra, as detailed in the text.
Corresponding transitions of conformer B are indicated with dotted lines. Asterisks in (b) show incomplete subtraction of signal in the UV-UV double resonance
experiment. (c,d) Corresponding UV depletion spectra, showing weak transitions observable only under highly saturated conditions.

TABLE I. Frequencies and assignments of observed transitions in the FE spectra.

CIS/6-311G(d,p) (symm) Unscaled frequencies

Expt. freq. Expt. freq. (em™h)
Conf A Conf B Expt. freq. Expt. freq.
(cm™1) (em™1) Assignment DPM? (cm™ ) dd (Cy) ud (Cy) uu (C2) Symmetry p-cresol®
0 0 (S1 < S)0° 0 A
.. 6 T} 28.4 29.5 16.4 B
31 30 T} 29 29.8 31.3 30.3 A
435 42 T2 43 A
46 45 B ~564 48.5 48.6 473
61 60 T2 54 A
74 75 TiT? A
77 75 T8} A
84 86 T4 A
88 90 B3 A
104 102 72712 A
118 117 R}, 126.8 126.6 120.2 B
132 132 (S2 < S0)0° 123 A
134 136 R} 161.5 162.0 162.4 A
155.5 155.5 A
450 435 6al) A 6al)
825 820 1} A 1}
“Reference 1.

bReference 18.
T fundamental transition observed in UVD at 21.5 cm™'.
dThis value is approximate since the transition was not completely resolved.
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FIG. 6. S| < Sy origin dispersed fluorescence spectra of conformers (a) A
and (b) B of b4HPM using 50 pm entrance slit on the monochromator. The
inset shows an expanded view of the low-frequency region of the spectra
taken with 10 pm entrance slit.

the ring. The small changes in T and T reflect the fact that the
oxygen atoms are on the axes about which pheny]l torsion oc-
curs. We tentatively assign the weak band at 326 cm™' to the
fundamental of the symmetric out-of-plane torsion of the two
OH groups (tOH) with calculated frequency of 333 cm™'. The
corresponding mode in phenol has been reported at 310 cm™!
by Kleinermanns et al.?*> The set of transitions near 850 cm™!
is in a region where one might anticipate the ring breathing
mode (v). However, only the antisymmetric ring breathing
mode (in which one ring is expanding while the other is con-
tracting) is identifiable in this frequency region amongst the
calculated normal modes (861 cm™, b symmetry). Other in-
plane ring deformation modes (e.g., 6a) are very weak in the
S, origin emission spectrum, a point to which we will return
later.

2. Symmetric torsion progression (T)

Figures 7(c) and 7(d) present the DFL spectra of the tran-
sitions 31 and 62 cm™! above the S; origin of b4HPM(A),
assigned as the T and T3 fundamentals. Franck—-Condon fit-
ting of the torsional progressions in these spectra, the 0° DFL
spectrum [Fig. 7(b)] and the UVHB spectrum [Fig. 7(a)], re-
produce the torsional intensities with a displacement param-
eter, D = 0.85.2% These are values similar to those found for
DPM.!

3. +43 and +46 cm bands (T%/8%)

DFL spectra of the +43 cm™! transitions of A and B are
shown in Figs. 8(a) and 8(b). The corresponding spectra of the
+46 cm™! bands are shown below them in Figs. 8(c) and 8(d).

J. Chem. Phys. 134, 164312 (2011)

The qualitative appearance of the emission from these bands
is consistent with their assignment as the T(z) and ﬂlo transi-
tions, respectively. The spectra from conformer B are easiest
to interpret in this way. The B+43 cm™' spectrum [Fig. 8(b)]
has its strongest transition at —25 cm™~!, ascribable to the T3
transition. The tie lines in the figure highlight the progression
in even quanta 72 that dominate the spectrum. In Fig. 8(d),
strong transitions appear at (—44, -89, and —132) cm™!, asso-
ciated with a progression due to B!, n = 1-3.

The fact that the antisymmetric torsion 7 appears only as
an even overtone in both excitation and dispersed fluorescence
is most consistent with the two observed conformers being the
symmetric conformers uu and dd. The transition dipole mo-
ments determined by high resolution ultraviolet spectroscopy
of the Sy—S; origins of the two conformers also points to this
assignment,6 which is discussed in more detail in Ref. 6.

Beyond the assignments themselves, however, aspects of
the spectra in Fig. 8 are puzzling. Some of these intensity
anomalies can be accounted for by invoking a 2:1 Fermi reso-
nance between the 8! and T2 upper levels, reflected in the
presence of a strong T3 band appearing in emission from
(nominally) B! [Fig. 8(d)]. Indeed, a quantitative analysis of
this Fermi resonance mixing in conformer B (see supplemen-
tary material for details) yields best fit mixing parameters in-
dicating a 75%/25% mixing of the two upper states.’

In addition, in both conformers, the Av = +£2 transitions
in T are much more intense than one would expect from nor-
mal Franck—Condon predictions in a nontotally symmetric vi-
bration. This is especially the case in conformer A, where the
Av = %2 transitions in Fig. 8(a) are significantly greater than
their Av = 0 counterpart. These same transitions in Fig. 8(c)
show larger intensity than the 8| transition.

Furthermore, emission from other bands in S; with T ex-
citation shows similar trends. Under warm expansion condi-
tions, a hot band grows in +10.5 cm~! from the S; 0% of
A, assigned as the Tll sequence band. Its DFL spectrum is
shown in Fig. 9. We observe a nearly pure progression in odd
members of 7,!, with a 7 transition about two-thirds the in-
tensity of its Av = 0 counterpart 7;'. This is the case despite
the fact that there is a firm evidence for the retention of C,
symmetry, since the Av = odd transitions are, at most, very
weak relative to Av = 2. Any Franck—Condon analysis with
zero displacement along T fails miserably in accounting for
the observed intensities in this progression. After careful con-
sideration of possible interferences or artifacts, we conclude
that these anomalous intensities involving the 7 progression
are real signatures of vibronic coupling in b4HPM. We return
to a further discussion of this point in Sec. V.

4. +132/134 cm™" doublet (S20° o/S1R})
and+117cm~" (S,R})

The UVHB spectra in Fig. 5 show bands in both con-
formers 132 cm™! above their respective So—S; origins,
at about one-third the intensity, with shoulders just to the
blue (134 cm™! in A). The high resolution spectrum of the
+132cm™, to be reported in detail elsewhere.® is observed to
have a transition dipole moment parallel to the C, axis (and
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TABLE II. Prominent transitions in the dispersed fluorescence spectrum of the S; zero-point levels of conformers A and B of b4HPM, compared to DPM.

Expt. freq. (cm™")

B3LYP/6-314-G* Freq (Symm) (cm™!)

Conf A Conf B DPMP Assignment?® dd ud uu Symmetry
0 0 0 .
T 11.5(B) 14.7(A) 14.4 (B)
207 223 19 T 26.0 (A) 24.8(A) 25.5(A)
244 26.1 31 T9 23(A) 29.4(A) 28.8(A) A
36 70
43 44 38 T9
45 452 63 B9 44.3(A) 44.9(A) 44.4(A) A
51.7 52.9 79
66 67.3 83 7985
69 72 T98%
90 90 126 89
108 110.7 7989
112 1133 7989
156 155.5 223 RY 157.8(A) 157.5(A) 157.9(A) A
177 178 7% RY
181 183.4 7% RY
199 200 7% RY
201 202 B RY
244 2442 B°, R
265 265.4 TIBIRS
311 311 .. RY
330 330 T(OH){ 333 s . A
350.7 353 79%7(0H)!
354.4 354 7%7(OH)Y
375 377 g9 7(0H)Y
399 400 79 % 7 (OH)?
420 422 p%7(0H)?
486 485 R%z(0H)!

2See Fig. 3 for a description of the normal modes.
YReference 1.
“OH out-of-plane torsion based on phenol vibration assignment from Ref. 21.

perpendicular to that of the S; origin), marking it as the S;
origin transition of b4AHPM. There is ample vibronic level ev-
idence to support this assignment.

Figure 10(a) shows the first 600 cm~! of the DFL spec-
trum from the +132 cm~! band of A, while Fig. 11(a)
presents an overview that extends out to —1400 cm™!, thereby
including the activity in the ring modes. The spectrum in
Fig. 11(a) is compared with the corresponding emission from
the S; origin of b4AHPM(A) [Fig. 11(b)] and with a stick spec-
trum of the main bands in the DFL spectrum of the S; origin
of p-cresol [Fig. 11(c)] from Ebata et al.'’

The spectrum in Fig. 11(a) is unusual in at least three
respects. First, the spectrum is dominated by strong transi-
tions involving ring modes at —485, -850, and —1258 cm™!
that are larger than the resonance fluorescence peak. These
appear at positions close to the Franck—Condon active transi-
tions in p-cresol18 [Fig. 11(c)], but with an enhanced intensity

nearly ten times the size of the corresponding bands from the
S; origin [Fig. 11(b)]. Furthermore, there are no correspond-
ing bands at twice these frequencies, indicating that they are
not first members of long Franck—Condon progressions. This
same behavior was noted in the DFL spectrum of the S, origin
of DPM.!

Second, these transitions and the resonance fluorescence
peak all show remarkably little activity in the torsion and but-
terfly modes built off them. The expanded view shown in
Fig. 10(a) highlights this fact, where the 7\” and Y funda-
mentals are only about 10% the size of the resonance fluo-
rescence, much smaller than in the S; origin emission. Thus,
the torsional activity is suppressed relative to that from the S,
origin, as occurred in DPM.!

Finally, a set of transitions appears with first member at
—127 cm™!', closely analogous to the “clump” emission identi-
fied in the S, origin emission in DPM beginning at —83 cm™!
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FIG. 7. (a) UV-HB spectrum, and DFL spectra from the (b) S; origin, and
transitions (c) +31 and (d) +62 cm™! above the S; origin, assigned to the TOl
and To2 transitions. The stick spectra are Franck—Condon predictions using a
displacement parameter D = 0.85 for the 7' mode of conformer A. The inten-
sity of the resonance transition TO2 in (d) is uncertain due to the incomplete
subtraction of scattered light.

in that case."? Based on the analysis in DPM, we anticipate
that the bands in this region are appearing as a result of inter-
nal mixing of the S, origin with S; vibronic levels nearby
in energy, that report their quantum state make-up via Av
= 0 Franck—Condon emission back to corresponding level(s)
in the Sy state.

In b4HPM, identification of the levels responsible for
mixing was facilitated by the DFL spectrum shown in
Fig. 10(c), due to the +117 cm™! transition of b4HPM(B).

T T T T T T T T T[T T T T orreT

T :n=420

™
T :n=420

@) LL.,. (b)

Fluorescence Intensity / (arb. units)

B, n=3.2.10
0ol 0ol
TBo+THB
O ol
T8 I
(© d
st ten s ba st aaalaney ITETE NI PN RNE N FER TN RN R
-300 -200 -100 0 -300 -200 -100 0

Relative Wavenumbers / cm

FIG. 8. DFL spectra of the (a), (b) 443 and (c), (d) +46 cm™! transitions of
A and B, respectively.
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FIG. 9. DFL spectrum of the A+10.5 cm™! transition assigned to the Tll
sequence band. See text for further discussion.

This spectrum is shown rather than that from the correspond-
ing transition in conformer A, because the transition due to B
is not overlapped with b4HPM(A) transitions, and therefore
provides a clearer picture of its vibronic make-up. This band,
which is very weak in the excitation spectrum, has emission
dominated by a false origin at —127 cm™!, precisely, the fre-
quency present in the S, origin emission [Fig. 10(a)]. This
false origin has FC activity built off it due to torsion and
butterfly modes, with intensities that are like those from the
S; origin. Thus, a level 117 cm™! above the S; origin in
S, is emitting via Av = 0 FC factors to a level 127 cm™!
above the Sy zero-point level. The calculated frequencies for
b4HPM (Table I) predict the frequency of the antisymmetric
flapping vibration R at 127 cm~!. As a result, we assign the
+117 cm™! band in the excitation spectrum as the Sp—S; R',

6a'\@) |
—485

0’y

_ R'()

B'RY (1) 127

170 |

Fluorescence Intensity / (arb. units)
|

R ‘
155
7295\‘ RIO(I)
—310_ ] m ‘
TN | (b)
R' (1 -
P R
WMAWWM‘/N (C)
N 1 " 1 "
-600 -400 -200 0

Relative Wavenumber / cm '

FIG. 10. DFL spectra of (a) the +132 cm™! band of conformer A, (b) the
+134 cm™! band of conformer A, and (c) the +117 cm™" band of conformer
B of b4HPM. The number in parentheses indicates the excited state character
(S1 or Sy) responsible for that portion of the emission.
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FIG. 11. (a) DFL spectrum of the (b) S;-origin band, positioned +132 cm~! above the S; electronic origin, of conformer A, and (c) S; origin, shown as an
inverted trace for a better comparison. The stick spectrum shown in (a) is the DFL spectrum of the S; origin of p-cresol, generated based on experimental
frequencies and intensities of Ebata et al. (See Ref. 18) Progressions of —24.5, —45, and —156 cm™! built off of each strong transition are indicated with tie-lines

(blue).

fundamental, gaining its oscillator strength by vibronic cou-
pling to S, (a point to which we will return in the discussion).

The presence of the —127 cm™! transition in the S;(v)
emission from the (nominally) S, origin [Fig. 10(a)] then
identifies the same S; R excited state level, which is 15 cm™!
below the S, origin, as involved in internal mixing with the S,
origin. Similarly, the —170 cm™! transition arises from the S,
R} B! transition to a level 170 cm™! above the Sy zero-point
level (127 + 43 cm™!), appearing by internal mixing of the S,
zero-point level with S; R!'B', also of appropriate symmetry
to do so. This level is predicted to be +163 cm~! from the S;
origin (117 4 46 cm™'), 31 cm™! above the S, origin.

The close proximity of the 4134 cm™' transition in the
excitation spectrum (Fig. 5) to the S, origin (+132 cm™!)
seemed to suggest that the two upper state levels might be
mixed with one another. However, a high resolution scan of
the +134 cm™! band® revealed a transition dipole moment
(TDM) orientation due to an Sy—S;(v) transition, and there-
fore, involving an upper state not of the proper symmetry to
mix with the S, zero-point level. The inherent intensity of this
transition in excitation suggests the So—S; R'y transition as a
possibility. Figure 10(b) presents the DFL spectrum from this
band in b4HPM(A). Indeed, the emission shows a strong pro-
gression in v, = 155 cm~!. At the same time, the dominant
emission band appears at —138 cm™!, reaching a ground state
level 11 cm™! above the 127 cm~! level assigned to R;. This
is precisely the frequency of the T fundamental in the ground
state, leading to an assignment of the —138 cm™! transition as
RIT/'. We therefore postulate that the band at —138 cm™! in
the dispersed fluorescence spectrum in Fig. 10(b) is present by
virtue of Duschinsky mixing or Fermi resonance between the
S; R' and S; R'T' levels, where the latter level is anticipated
to be close by (117 4+ 21.5 = 138.5 cm™!) in the absence of
cross anharmonicity.

The assignments just discussed identify the S;R! and
SiR'B! levels in S; as involved in internal mixing with the
S, zero-point level, producing an excited state level of mixed

character:

W(+132 cm™") = ¢2,000/S5, 0°)+ ¢, IS1, R')

_
+c1 7plS1, R B+

As shown in greater detail in the supplementary
material® (Fig. S2), these S; levels are in close proximity
to the S, zero-point level, and dominate the S;(v) emis-
sion in Fig. 10(a). However, the overview DFL spectrum in
Fig. 11(a) shows evidence of vibronic coupling much more
extensive than this, producing the unusual intensity patterns
observed in the ring modes and in even overtones of 7. Both
the S; and S, emission are affected, with enhancements of
ring-mode transitions from the S, origin occurring seemingly
at the expense of a reduction in intensity in the same bands
from the S; origin. In the Discussion section, we seek to bring
all observations together into a single coherent picture via a
vibronic coupling model.

V. DISCUSSION

A. Excitonic effects and internal mixing in b4HPM:
Vibronic coupling model

One of the most intriguing aspects of the vibronic spec-
troscopy of b4HPM is the presence of, and interaction be-
tween, the two close-lying excited electronic states in this
flexible bichromophore. Under jet-cooled, isolated condi-
tions, it is possible to identify the Sp—S; and S¢—S, origins
and assign a vibronic structure built off of each. Dispersed
fluorescence spectra have provided state-specific insight to the
vibronic coupling involving the two states, with clear spectro-
scopic signatures for the mixed electronic character particu-
larly of the S, origin.

In this section, we compare and contrast internal mixing
in b4HPM with the parent molecule DPM which we studied
previously.! We also look in more detail at the spectroscopic
manifestations of vibronic coupling between the two states.
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Three intriguing aspects of the vibronic spectroscopy of
b4HPM motivate our doing so. First, the excitonic splitting
between S; and S, states is 132 cm~! in b4HPM, a value
close to that found in DPM. This occurs despite the fact that
the oscillator strength of the electronic transitions in bAHPM
(f = 0.083) is calculated to be almost 30 times greater than in
DPM (f = 0.003). Transition dipole coupling models would
therefore predict, all other things being equal, that the exci-
tonic splitting should increase significantly in bAHPM relative
to DPM. A further discussion of this issue is reserved for the
rotationally resolved work to be reported elsewhere.

Second, we have noted the distinct asymmetry in the in-
tensities of Franck—Condon active modes involving the ring
modes 6a and 1, with intensities from the S; origin that
are much smaller than in p-cresol,' while the corresponding
bands in the S, origin DFL spectrum are enhanced signifi-
cantly, dominating the spectrum.

Finally, Av # 0 transitions are far too large in transitions
involving 7 than can be accounted for by any FC model that
retains C, symmetry in both states (and thus has zero dis-
placement along the nontotally symmetric 7 mode).

The theoretical description of vibronic coupling involv-
ing the two close-lying excited states of b4HPM shares much
in common with the excitonic theory of molecular dimers.
Recently, Leutwyler and co-workers have applied a linear
vibronic coupling model to the 2-aminopyridine dimer,’
thereby explaining its small excitonic splitting (11 cm™!
relative to a calculated splitting 40 times larger) and the
complicated vibrational splittings observed in the jet-cooled
excitation spectrum.

In b4HPM, the two ultraviolet chromophores are bound
to one another by chemical bonds that determine the relative
distance and orientation of the two chromophores. The low-
frequency torsional and bending vibrations of the two phenyl
rings play the same role as the intermolecular vibrations of
the dimer, modulating the relative distance and orientation of
the two rings, and therefore, the electronic coupling between
them. As in molecular dimers, molecular bichromophores
also have a subset of the higher-frequency vibrational modes
that are simple sums and differences of localized vibrations of
the two chromophores. Since the Franck—Condon activity of
the chromophore is dictated by the geometry changes involv-
ing these modes, they serve as a basis for the description of
vibronic coupling in the bichromophore.

Given this close comparison, it is worthwhile to apply a
linear vibronic coupling model to b4HPM using the formal-
ism that has been applied in past studies to molecular dimers.
It is not our purpose here to recapitulate this theory, but to
introduce only those elements essential for understanding the

1 2 2 l 2 2
. C+ 2(p+ +4q7)+ 2(19_ +q-)+bs,q+

bmq-

J. Chem. Phys. 134, 164312 (2011)

vibronic spectroscopy of flexible bichromophores, such as
b4HPM and DPM,"? and use it to identify and interpret the
spectroscopic signatures that appear in the vibronic level ex-
citation and dispersed fluorescence spectra.

1. Modeling the high-frequency ring modes

In b4HPM, p-cresol (CH3C¢H4OH) is taken as the ef-
fective monomer chromophore, and the observed Franck—
Condon activity in the ring modes is used to predict the ex-
cited state displacements along symmetric monomer normal
modes. Since the two chromophores in bAHPM are identical,
their uncoupled energies are degenerate, and the consequent
breakdown of the Born—Oppenheimer approximation requires
a treatment of the vibronic energy levels and wave functions
in an even-handed way that does not necessarily associate
them with a single potential energy surface. Similarly, much
as in a molecular dimer, a molecular bichromophore has many
high-frequency normal modes that are associated with the mo-
tion of atoms localized on the two chromophores. Again, by
symmetry, these normal modes are to a good approximation
sums and differences of the localized vibrations of p-cresol.

Proceeding as before from a localized description, the
wavefunctions of the bichromophore can be written as the
product of electronic wavefunctions of the two rings for the
ground state as Wo(g, Qo) = ¥*0(¢*; Q%0)¥P0(¢%; Q%) and
for excitation (*) on either one of the rings as W*.(g; Qo)
= ¥A(g" QMY o(g; Q%) and WPe(g; Qo) = YA
Q%) ¥B*(¢B; QBy). The linear vibronic coupling model may
be expressed in terms of harmonic oscillator wavefunctions
and normal coordinates, Q, as a 2x2 matrix:

[E +Ha + Hg+LQ,4

Vas
Eexc +HA +HB +LQB
ey

having diagonal elements that describe the vibrational Hamil-
tonian of one of the (localized) excited state chromophore
normal modes with frequency w; and linear displacement LQ;
(e.g., the symmetric ring breathing mode of p-cresol'”), and
off-diagonal elements Vap that account for the excitonic cou-
pling between the two chromophores. The eigenvectors of
Eq. (1) are the mixing coefficients, ®(Q) and 8(Q), of the final
wavefunctions, W(g; Q) = «(QW."(¢; Q) + B(QV.(¢; Q).

In C, symmetry, the symmetry-adapted electronic basis
functions, W*, = (1/,)"2(wA, £ WB,), and normal coordi-
nates, g+ = (1/»)"? (Q* £+ QB), are most appropriate. The
transcription of Eq. (1) to dimensionless elements follows that
given before

VaB

bmq-—
1 | , 2
_ ) 2 ) 2

C+ 2(p+ +q)+ 2(17_ +q7)+bs_q+
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where C = Vp/fiw, and b = (2hiuw’)~2L. The off-diagonal
elements, b,,q_, mix the lower diagonal block (S™) with the
upper block (ST) to give the S; and S, states, respectively.
The subscripts on b are important only for the treatment of
the inter-ring vibrational modes discussed below.

While aspects of the problem can be analyzed by con-
sidering each of the vibrations in turn within the context of
the 1D model outlined in Eqgs. (1) and (2), it was not possi-
ble to account for the excitonic splitting and ring-mode inten-
sity patterns within a 1D model. As a result, a C language
program was written to expand the single mode model to
n vibrations.>* Each dimension expands the column dimen-
sion (and row) by m?, where m represents the basis set size
for that vibration. Without extraordinary resources, the matrix
size limits the practical use of this exact treatment to four or
five vibrations with minimal basis sets. To account for each of
the n vibrational frequencies, dimensionless scaling is applied
as a ratio, v,/v; to all matrix elements of that mode. In this
multimode ansatz, it is easily verified that only one nonzero
value of C is needed. Spectral predictions following diagonal-
ization of the matrix are compared with the observed spectra
after multiplication of the eigenvalues by the v; fundamental
frequency.

We first applied this model to address why the S, ori-
gin DFL intensities of the ring modes 6a and 1 are en-
hanced relative to those from the S; origin. Calculations using
a 2D model were performed using the parameters given in
Table III. The parameters include a TDM orientation that
gives the 4:1 intensity ratio observed for the S;:S; origins in
excitation [see Fig. 5(a) and Fig. S4]. Predictions are com-
pared with the DFL data of S, and S; in Figs. 12(a) and
12(b) and 12(c) and 12(d), respectively. Consistent with ex-
periment, the S, DFL intensities of the 6a and 1 fundamentals
are enhanced by more than five-fold relative to the resonant
fluorescence intensities of the respective origins. The predic-
tions for the excitation spectrum, shown in the supplementary
material® (Figs. S4 and S5), are also in good agreement with
the experimental UVHB spectrum of conformer A.

Inspection of the eigenvectors gives some insight into the
effect of vibronic coupling. While both the S; and S, states
have mixed character from each of the zero-order S~ and S*
blocks to which they correlate, respectively, the S, origin is
particularly affected by having more than 40% S~ charac-

TABLE III. Parameters used in the linear vibronic coupling model. The
S1:S2 TDM components are 1.265:0.632 corresponding to a squared com-
ponent ratio of 1.6:0.4 or 4:1.

Mode bs. bs+ b So S Sz

2D Vag? = 154.8 cm™!

11 0.79 0.79 0.79 850 827 827
6al6a 0.45 0.45 0.45 485 456 456
2D Vap? =455 cm™!

R 0.72 0.22 0.065 156 134 134
R 126 120 120
T 0.85 0.5 0.04 20.7 30.8 30.8
T 11.7 22.7 22.7

2The vertical splitting is 2 Vag.

J. Chem. Phys. 134, 164312 (2011)

ter (sum of the coefficients squared) in contrast to less than
20% ST character in the S| origin. As one consequence, the
ratio of the S;:S, resonant fluorescence intensities increases
to 6:1 from the 4:1 ratio observed in excitation. The largest
impact of vibronic coupling in Fig. 12 is evident in the rela-
tive emission intensities to 6a/6a and 1/1. Nearly all of the
S, origin emission character is derived from the S; 6a'and1’
vibronically coupled states. The corresponding negative com-
ponents of emission exceed in both cases the S, origin in-
tensities to 6a and 1 by greater than ten-fold. In contrast, the
S, 6a'andl! positive emission character in the S; state re-
mains a minor factor in the (nominal) S; origin emission (by
~ten-fold). Both the increased bias in the resonant fluores-
cence character and the more nearly equal weighting of S,
character in both origins favor the enhancements observed in
the ring mode-emission intensities.

2. The inter-ring modes R/R and T/T

The inter-ring modes shown in Figs. 3(b)-3(e) form two
symmetric/antisymmetric pairs due to phenyl ring flapping
(R/R) and torsion (T/T). These modes are not localized on
each of the rings, but can nevertheless be thought of as sim-
ple sums and differences of localized motions that reorient
the two rings with respect to one another. We therefore pos-
tulate that these two pairs of vibrations can be treated in the
framework of the linear vibronic coupling model in much the
same way as the ring modes (6a and 1) themselves, and test
this postulate against the observed intensity patterns involving
these modes in the excitation and dispersed fluorescence.

The results of initial 2D calculations using b parame-
ters determined from the experimental Franck—Condon activ-
ity in R and T fails at all levels to account for the observed
UVHB spectrum (see Fig. S5). The close proximity of the
R/R mode pair to the S, origin causes severe vibronic cou-
pling to occur and results in splitting of the R{ and S, 0%
bands by ~60 cm~! to either side of the observed positions.
To account for observations, a phenomenological approach is
taken to dampen the coupling by introducing an independent
b value (b,,) for the off-diagonal blocks shown in Eq. (2). Re-
ducing the value of b, for the R/R mode pair relative to the
on-diagonal b values effectively reduces the coupling between
the S~ and ST blocks. The independent on-diagonal values
(bs_, bs+) are then free to reproduce the observed FC activ-
ity in the S; and S, states. The modified model predictions
are shown in comparison with the UVHB spectrum and ori-
gin DFL spectra of conformer A in Fig. 13. Determinations
of bs_ and bg, were first estimated from the S; and S, DFL
data. Then b,, and C were iteratively varied until the inten-
sities and positions of the R/R and S, origin bands came into
close agreement with experiment. The parameters are summa-
rized in Table III. The b,, value for R/R is 0.065, nearly an or-
der of magnitude smaller than the on-diagonal elements. This
analysis clearly shows that this inter-ring mode pair is much
less efficient in its vibronic coupling than the ring modes
themselves.

Thus, even though emission involving the R mode played
a key role in identifying the presence of vibronic coupling in
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FIG. 12. Comparison of the experimental DFL spectra from the (a) S, and (c) S; origins with the best-fit results (b, (d) from the 2D vibronic coupling model
for the ring modes 6a/6a and 1/1. See text for further discussion.

In contrast, the reduction of the off-diagonal b,, value
for the 7/T mode pair has less impact on the intensities and
positions of transitions involving 7 and T, presumably due
to the larger energy gap between the frequencies of the 7/T

the S, origin emission [Fig. 10(a)], vibronic coupling induced
by reorientation of the aromatic rings along the R and R vibra-
tions is not as efficient as that predicted by the model for the
ring modes 6a and 1. In this sense, vibronic coupling involv-

ing R gains prominence primarily due to the close proximity
of the S; R' level to the S, origin, and not by virtue of any
inherent strength of its vibronic coupling matrix element.

pair (31/21 cm™) and S-S, splitting (132 cm™"). Vibronic
coupling involving the phenyl torsional modes should ap-
pear in much the same way as for the R/R pair, enhancing

Predictions from 2D FG Model

S Og 7 UV-HB Spectrum of Conformer A‘J
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FIG. 13. Comparison of the experimental (a) UV-HB, (c) S; DFL, and (e) So DFL origin spectra with the corresponding best-fit results (b), (d), (f) from the

2D vibronic coupling model for the inter-ring modes R/R and T/T. The mode labeled S; R{ in the S; DFL spectrum is the position of the R? mode that gains
its oscillator strength from vibronic coupling with S;. See text for further discussion.
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intensity in emission to the 7 fundamental at —11 cm™'. How-
ever, this emission is not observed. Instead, the experimen-
tally observed anomaly involved the Av = =2 transitions
in 7, which are far too intense to be accounted for by the
Franck—Condon activity.

Thus, inclusion of the inter-ring modes in the model as vi-
brational pairs on the same footing as the ring modes appears
not to be fully justified, suggesting that further refinement of
the model is needed for their proper description. One possible
extension would involve inclusion of a quadratic term in the
vibronic coupling involving the 7/T pair, leading to a turn-on
in Av = £2 transitions. The simplifying assumption that the
uncoupled vibrations in each pair have the same frequency in
So, S, and S, states also needs to be evaluated, since the R/R
and 7/T pairs have frequencies that change significantly upon
electronic excitation (I). Furthermore, the ring modes are only
mildly perturbed by the presence of the second ring, while the
inter-ring mode frequencies are defined by their interaction.
Such refinements are left for future work.

VI. CONCLUSIONS

The present study of the vibronic spectroscopy of
b4HPM has led to a detailed characterization of the levels in-
volved in vibronic coupling between the close-lying S; and
S, states of this flexible bichromophore. The emission from
the So—S; and S-S, origins, which are separated by only
132 cm™! from one another, shows a detailed evidence of
the states most directly involved in the mixing. In summa-
rizing the important conclusions to be drawn from this work,
it is also useful to compare vibronic coupling in b4HPM and
DPM.

Table IV summarizes and compares key aspects of the
vibronic coupling in b4HPM and DPM. It is clear from the
comparison that many aspects of the vibronic coupling are re-
tained between the two molecules. Both the splitting between
S and S, origins (123 cm™! in DPM vs 132 cm™! in b4HPM)
and the S;:S, intensity ratio (5:1 vs 4:1) are nearly the same
in the two molecules. The much greater inherent oscillator
strength of the cresol chromophore over that of toluene would
suggest a much larger splitting for b4HPM than DPM. How-
ever, the similar splitting can be accounted for by a detailed

TABLE IV. Comparison of vibronic coupling in bAHPM and DPM.

Property DPM b4HPM
Observed S-S, splitting 123 cm™! 132 cm™!
Calculated vertical 391 cm™! (420462)* cm ™!
splitting

1(S; origin): I(S; origin) ~5:1 ~4:1

Emission from S; origin
to éa? and iol
Mixing of S origin with Due to (T' T B) levels

Strongly enhanced Strongly enhanced

Due to R! and R'p!

S1(v) levels nearby of right symmetry levels split —10 and
within +28 cm™! from the S5 0.
AE = £10 cm™!

Intensity of Av(T) = £2
transitions

Weaker, skewed to

T?H-z in emission

Strong, symmetrical

4Range of values for uu, dd, and ud(du) conformers.
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consideration of the changes in the localized TDM orienta-
tions determined from rotationally resolved UV analyses of
the S; origins.® A simple transition dipole interaction model
based on these results gives a splitting that is four-fold smaller
than that in DPM. Further reduction of the excitonic interac-
tions may derive from the damping factors needed to model
the inter-ring modes in b4HPM.

The strongly enhanced intensity of emission from the S,
origin to the éa?andi? fundamentals is also present in both
molecules. In our earlier study of DPM, we noted this fact,
but lacked an explanation for it. Here the multimode linear
vibronic coupling model developed in this work is used to
prove that this enhancement in the S, origin emission to the
6a and 1 fundamentals is accompanied by a corresponding
reduction in intensity in the 6a°%; and 1°; transitions from the
S, origin, and both effects are a characteristic signature of
vibronic mixing involving these modes. Comparison of the
spectra of b4AHPM with p-cresol identified these same transi-
tions as the ones carrying strong Franck—Condon activity in
the single chromophore, and proves that the linear vibronic
coupling model can be used to account for this emission. The
final result of this modeling is that the S, origin is in fact a
highly mixed S,/S; level with substantial components from
S; 6a' and 1'.

In addition to this mixing involving the Franck—Condon
active ring modes, there is weaker mixing involving low-
frequency inter-ring modes that are in close proximity to
the S, origin. In DPM, this additional mixing involved (T
T B) levels with quantum make-up (050), (230), (410), and
(011). These levels are a set nearest in energy to the S, ori-
gin of the correct symmetry to couple to it (odd quanta in
T). Since many of these levels involve Av(T) > 1, this mix-
ing cannot be accounted for by a linear vibronic coupling
model, and was previously ascribed to higher-order terms in
the Herzberg—Teller vibronic coupling scheme.?® In b4HPM,
OH substitution in the para positions on the ring has dropped
the frequency of the ring flapping vibration R (117 cm™! in
S1) so that its fundamental falls in close proximity to the
S, origin (4132 cm™"). This level now dominates the near-
resonant S,/S; mixing, producing emission ascribable to S;
R%, with upper state located 15 cm™' below the S, origin.
Analogous emission from S; R|p| is also prominent in the
emission, arising from an upper state located 29 cm™' above
the S, origin. Interestingly, this near-resonant mixing between
S, 0° and S; R! is predicted by the linear vibronic cou-
pling model to be much larger than that observed given the
Franck—Condon activity in its symmetric partner S; R'g. A
phenomenological damping is able to bring observation and
model into agreement. We postulate that the ring-flapping
modes R and R do not modulate the electronic coupling be-
tween the two rings significantly. However, a full physical un-
derstanding of the damping in coupling awaits further theoret-
ical work.

Finally, the phenyl torsional modes also appear to be in-
volved in vibronic coupling in a way that cannot be accounted
for by a linear vibronic coupling model. The most promi-
nent observed effect is the greatly increased intensity in the
Av = £2 transitions involving T despite the almost
complete lack of a Av = +1 counterpart anticipated by the
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model. The enhanced Av = %2 emission was also observed
in DPM, but to a lesser degree. Inclusion of quadratic cou-
pling terms in the vibronic coupling model [Eqgs. (1)—(2)] may
be necessary to account for observation. The antisymmetric
phenyl torsion 7 maintains a nearly 90 ° relative orientation
between the two phenyl rings, and thus might not be antici-
pated to be a strong mechanism for vibronic coupling. These
phenyl torsional modes are probed in greater detail in our
studies of conformational isomerization in b4HPM.
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