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ABSTRACT 

Laser induced fluorescence (LIF), single vibronic level fluorescence, UV holeburning, and 
fluorescence-dip infrared (FDIR) spectroscopy have been carried out on bis-(2-
hydroxyphenyl)methane (2HDPM) in order to characterize the ground and first excited state 
vibronic spectroscopy of this model flexible bichromophore.  These studies identified the 
presence of two conformational isomers.  The FDIR spectra in the OH stretch region determine 
that conformer A is an OH…O H-bonded conformer, while conformer B is a doubly OH…π H-
bonded conformer with C2 symmetry.  High resolution, ultraviolet spectra (~50 MHz resolution) 
of a series of vibronic bands of both conformers confirm and refine these assignments.  The 
transition dipole moment direction in conformer A is consistent with electronic excitation that is 
primarily localized on the donor phenol ring.  A tentative assignment of the S2 origin is made to 
a set of transitions ~400 cm-1 above S1.  In conformer B, the TDM direction firmly establishes C2 
symmetry for the conformer in its S1 state, and establishes the electronic excitation as 
delocalized over the two rings, as the lower member of an excitonic pair.  The S2 state has not 
been clearly identified in the spectrum.  Based on CIS calculations, the S2 state is postulated to 
be several times weaker than S1, making it difficult to identify, especially in the midst of overlap 
from vibronic bands due to conformer A. SVLF spectra show highly unusual vibronic intensity 
patterns, particularly in conformer B, which cannot be understood by simple harmonic Franck-
Condon models, even in the presence of Duschinsky mixing.  We postulate that these model 
flexible bichromophores have transition dipole moments that are extraordinarily sensitive to the 
distance and orientation of the two aromatic rings, highlighting the need to map out the transition 
dipole moment surface and its dependence on the (up to) five torsional and bending coordinates 
in order to understand the observations. 
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I.  INTRODUCTION 

 Conformational isomerization is a unimolecular reaction that involves hindered 

rotation about one or more single bonds.  In simple cases, chemical intuition can guide 

the identification of conformational minima, and the reaction coordinate can be 

associated with motion along a well-defined single internal coordinate.  However, as the 

size of the molecule and number of hindered rotations grows, isomerization evolves into 

a complicated motion occurring on a multi-dimensional potential energy surface.  There 

has been considerable effort expended recently in studying the spectroscopy of flexible 

molecules large enough to support the formation of several conformational isomers. 1-12  

In some cases, the spectroscopic characterization of these isomers has been followed by 

detailed studies of conformational isomerization initiated by laser excitation.13-17    

Much recent work has focused attention on the conformation-specific 

spectroscopy of molecules with biological relevance, particularly on the molecular 

building blocks that make up proteins,8,12 DNA,12 and sugars,11 or are representative of a 

particular biological function (e.g., neurotransmitters).1,10  A complementary approach is 

to study conformational isomerization in a series of molecules chosen to be 

representatives of a particular type of potential energy surface.  This approach was taken 

recently in a study of O-acetamidoethyl-N-acetyl-tyramine (OANAT), a prototypical 

doubly-substituted aromatic with two flexible side chains.18 

The present paper describes the single-conformation spectroscopy of bis-(2-

hydroxyphenyl)methane (2HDPM), whose structure is shown below.  The ground state 

potential energy surface for 2HDPM supports minima that can be interconverted by 

hindered rotation about the two methylene C-phenyl C single bonds (τ1, τ2) and the two 
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C(φ)-O bonds (θ1, θ2).  This four-dimensional surface is rich in possibilities, because the 

two OH groups are in ortho positions on the two rings, placing them in close proximity to 

one another and to the other phenyl ring.  

θ

 

The two phenyl torsional coordinates present in 2HDPM are the two principal 

flexible coordinates in the prototypical molecule diphenylmethane (DPM).  In that case, 

the relative orientation of the two phenyl rings can lead to various limiting structures in 

which the two rings take on T-shaped (τ1=0, τ2=90; τ1=90, τ2=0, Cs symmetry), gable (τ1 

= τ2=90o, C2v symmetry), planar (τ1 = τ2 = 0), or propeller-like geometries (τ1 = τ2 ≠ 0, 

90o, C2 symmetry).  Based on high resolution data on the S0-S1 origin transition, DPM is 

known to adopt a propeller geometry with τ1 = τ2 = 55o or 125o.19  However, the striking 

prediction of calculations is that the S0 barriers to interconversion, which pass through 

gable or T-shaped transition states, are only about 200 cm-1 (2.5 kJ/mol) higher in energy 

than the minima.20  To date, the spectroscopic results on DPM have not provided an 

experimental verification of this low barrier, because the observed torsional structure is 

harmonic over the range observed (up to 120 cm-1).  Furthermore, the minima on the 

ground state surface of DPM are symmetry equivalent, and no evidence for tunneling 

between them has yet been observed in the rotational structure.19   

The addition of two OH groups in forming 2HDPM from DPM increases the 

number of minima on the potential energy surface, modifies the barriers separating them, 

and provides a means by which the two rings can be distinguished from one another in 

τ1 τ2  θ2 1
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the case that conformers with C1 point group symmetry exist.  A principal goal of the 

present work is to determine the conformational isomers present in 2HDPM and to 

characterize their infrared and ultraviolet spectral signatures in preparation for studies 

described in the adjoining paper that use population transfer methods21 to map out the 

relative energies of the minima and the barriers separating them.   As we shall see, two 

hydrogen-bonded conformers of 2HDPM are observed in the jet-cooled spectrum of the 

molecule.  The ground state infrared spectra of the two conformers prove that one 

possesses a single OH…O H-bond between the two OH groups, while the other possesses 

two equivalent OH…π H-bonds between the OH group on one ring and the π cloud of the 

other.   

Recently, Katsyuba et al. carried out a study of the infrared spectroscopy of 

2HDPM in the liquid phase.  The spectra so obtained could not be compared directly to 

calculated frequencies due to the strong intermolecular perturbations experienced by 

many of the bands (e.g., in the OH stretch region).22  In order to get an accurate 

comparison, these types of calculations need to be compared to gas phase vibrational 

spectra.  This paper provides these measurements.  

 Beyond characterizing key aspects of the four-dimensional potential energy 

surface for 2HDPM in the ground state, a second major thrust of the present work arises 

from the fact that 2HDPM is a flexible bichromophore.  The two phenol rings in 2HDPM 

are identical ultraviolet chromophores that are chemically bonded to one another via a 

single methylene group, just as are the two phenyl rings in DPM.  In that case, the S1-S2 

energy separation is only 123 cm-1,20  and we anticipate the analogous two excited states 

of 2HDPM to also be in close proximity.  As a result, the two surfaces and the vibronic 
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levels they support will be intimately intertwined with one another.  The degree of 

localization or delocalization of the electronic excitation over the two rings and the 

separation between the two states should depend sensitively on the relative orientation of 

the two rings and on the asymmetry imposed on them by the OH groups and the H-bonds 

they form.  The two conformers of 2HDPM provide an opportunity to characterize the 

excited state surface(s) by projecting onto them from two distinct regions of the ground 

state 4D surface, one associated with the OH…O conformer and the other the OH…π 

bound conformer.    

  

II.  EXPERIMENTAL METHODS 

2HDPM was purchased from Sigma-Aldrich with a purity of 98% and used 

without further purification.  A total pressure of 3.5 bar of helium was passed through a 

sample reservoir heated to 135°C.  The gaseous sample was then injected into a vacuum 

chamber via a pulsed General Valve (Series 9) with a 0.8 mm orifice diameter.  A roots 

pump backed by two mechanical pumps was used to evacuate the chamber to a running 

pressure of about 0.04 mbar (30 mTorr).   

Laser induced fluorescence (LIF) and single vibronic level fluorescence (SVLF) 

spectra were obtained using a new chamber designed for both types of measurements.  

This chamber houses two 101.6 mm diameter spherical mirrors to increase fluorescence 

collection efficiency.  The design is similar to others described previously.23-25  An optics 

housing was built in such a way that the collected light could either be directed toward a 

photomultiplier tube (PMT) for LIF excitation scans or imaged onto the entrance slit of a 

monochromator for SVLF.  A schematic diagram of the new chamber and optics housing 
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is given in Figure 1.  The bottom spherical mirror (radius of curvature = -59.4 mm, focal 

length = 59.4 mm) collects the emission and focuses it back onto the optical axis of the 

chamber.  The light then expands up to the top mirror and gets focused (along with the 

fluorescence that is collected by the top mirror (radius of curvature = -88.2 mm, focal 

length = 127.0 mm)) down through a small (~1 cm) hole in the bottom mirror.  The 

collected light is collimated by a 50.8 mm diameter plano-convex lens (focal length = 

50.8 mm.) inside the chamber before entering the optics housing.  The housing is light-

tight and made of half-inch polyvinylchloride (PVC).  A sliding apparatus was built 

inside the housing to allow for a 45° turning mirror to either be pushed into or pulled out 

of the path of the collected fluorescence.  When the mirror is pushed into the path of the 

fluorescence, the light is directed onto a PMT.  LIF spectra were taken by collecting the 

total fluorescence signal as a function of excitation wavelength.  Conversely, SVLF 

spectra were obtained by pulling the mirror out of the light path.  This allows the 

fluorescence to be focused by another 50.8 mm diameter plano-convex lens (focal length 

= 180.3 mm) onto the entrance slit (typical slit width of 50-100 μm) of a 0.75 m 

monochromator (JY 750i, 2400 grooves/mm).58  This lens is mounted in a modified 

vertical translation stage (Melles Griot, Dual-StableRodTM), which can be adjusted by 

turning a knob on the bottom of the housing.  The monochromator is fitted with a CCD 

camera (Andor series DU440BU2) at the exit port, which detects the dispersed emission.  

Two five-minute accumulations typically gave sufficient a signal-to-noise ratio (>100:1) 

for the SVLF scans.  The excitation source was a Nd:YAG pumped dye laser system 

(Lambda Physik Scanmate 2E) with a typical UV power of ~0.1-0.3 mJ/pulse.     
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A series of double resonance methods were employed to record conformation-

specific infrared and ultraviolet spectra.  All these methods used the active baseline 

subtraction mode of the gated integrator to record the difference in fluorescence signal 

from the probe laser between successive laser pulses, one with and one without the hole-

burn laser present.   

Conformation-specific ultraviolet spectra were recorded using ultraviolet hole-

burning spectroscopy (UVHB).  This technique involves fixing the wavelength of the HB 

laser (10 Hz) on a particular transition in the LIF spectrum and then scanning a probe 

laser, operating at 20 Hz, through the spectral region of interest.   The probe laser is 

Figure 1.  Top: Schematic of fluorescence vacuum chamber.  
Bottom: Schematic of optics housing.  
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delayed 50-200 ns from the HB laser (Figure 2a).  When the wavelengths of the two 

lasers were fixed on transitions which share a common ground state, the probe laser 

signal was depleted by the absorption induced by the HB laser.   

 

Figure 2.  Energy level diagrams of various double resonance 
techniques used in this work: a) UVHB, b) S0 FDIR, c) S1 
FDIR, and d) SEP.  A thick arrow represents a 10 Hz laser 
while a thin arrow represents a 20 Hz laser. Red lines indicate 
the laser whose wavelength is tuned. 

a) b) d)c)

 

 

Ground and excited state infrared spectra of both conformations were acquired using 

fluorescence-dip infrared (FDIR) spectroscopy.26  Infrared pulses (~5 mJ/pulse) were 

generated by a Nd:YAG pumped OPO/OPA system (LaserVision).  For this experiment, 

the constant fluorescence signal from a particular transition in the LIF spectrum was 

monitored.  Whenever an infrared pulse (10 Hz) resonant with a vibrational transition 

was introduced about 200 ns before the UV pulse (20 Hz), population in the ground state 

zero-point level was depleted (Figure 2b).  Scanning the infrared parametric converter 

yielded the depletion signal which maps out the ground state infrared spectrum of the 

conformer of interest.  To obtain the excited state spectra (S1 FDIRS), the infrared pulse 
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is introduced only a few nanoseconds after the UV excitation pulse (Figure 2c).  

Depletion in the total fluorescence occurs when an infrared absorption of the excited state 

species is encountered.   

Stimulated emission pumping (SEP) spectra  were recorded by monitoring the 

total fluorescent signal from a particular transition (20 Hz) with the pump laser, while a 

second UV ‘dump’ laser (> 0.5 mJ/pulse, 10 Hz) was scanned.  The dump laser, delayed 

from the pump by 2-5 nsec, was scanned in wavelength, depleting the fluorescence by 

stimulating emission when the dump laser is resonant with Franck-Condon active 

transitions back to ground state vibrational levels (Figure 2d).   

High resolution UV spectra of several vibronic transitions of both conformers 

were recorded using the apparatus at NIST, which has been described previously.25   In 

that case, the sample was introduced into the chamber through a continuous quartz source 

with a 125 μm orifice diameter.  Argon was used as a backing gas at a pressure of 0.32 

bar (240 Torr), and the 2HDPM sample was heated to about 190o C to obtain sufficient 

vapor pressure for the measurements.  The laser system consisted of an Ar+-pumped (488 

nm line) cw ring dye laser operating on Coumarin 521 laser dye27 and generated  ≈500 

mW of laser light (≈1 MHz) near 560 nm. Approximately 3 mW of the UV light at 280 

nm was generated in an external resonant cavity containing a β-barium borate crystal. 

The molecular beam was skimmed and crossed at right angles with a slightly focused UV 

beam 18 cm downstream of the source.  Laser induced fluorescence at the beam crossing 

was collected with 20 % efficiency using two spherical mirrors23,25 and detected using a 

photomultiplier and computer interfaced photon counter.  The Doppler limited resolution 

of the spectrometer using Ar carrier gas is 18(±1) MHz at 330 nm28 and therefore is 
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expected to be 21(±1) MHz at 280 nm.  Relative frequency calibration was performed 

using a HeNe stabilized reference cavity25,29 and absolute frequencies were obtained 

using a wavemeter accurate to ±0.02 cm-1. 

The rotationally resolved spectra were fit using a combination of techniques.  

Initial fits were obtained using a distributed parallel version of the Genetic Algorithm 

(GA) program similar to that described by Meerts and coworkers.30,31  The algorithm was 

modified slightly to incorporate code to model inertial axis reorientation about any or all 

of the three inertial axes.  The output files generated by this program were directly 

readable by the spectral fitting program, JB95.32,33  Initial estimates of the GA parameters 

were determined from key features of the spectra.  Because of the appearance of a 

prominent central a-type Q-branch, the initial GA runs included only a-type band 

character.  Estimates of the ground state rotational constants were obtained from ab initio 

theory and reasonable ranges were placed on the parameter differences in S1 from the Q-

branch shading and (B+C) level spacing.  Once the rotational constants were sufficiently 

well determined, the hybrid band character was then fit.  

The best fit rotational constants were determined by a linear least squares fitting 

procedure as implemented in the JB95 program.  Calculations were performed using a 

standard Watson A-reduction Hamiltonian in representation Ir.  Because of the large size 

of 2HDPM and resulting spectral congestion, transition frequencies were assigned in 

conjunction with refinements in the transition intensities.  Using more restricted ranges 

(±0.5 %) for the rotational constants in the GA program, the TDM components, axis 

reorientation angle(s), three temperature parameters34,35, and Lorentzian or Gaussian 

width were varied simultaneously.  The simulated spectrum obtained from the average 
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parameters over several separate GA runs was generated and the rotational transitions 

were reassigned based on the line shape profiles.  Satisfactory fits sometimes required 

first-order Watson distortion parameters in one or both electronic states.  Finally, the 

intensity parameters were fit using a non-linear least squares fitting routine.  The axis 

reorientation angle, θa/b-reorient, represents the upper state frame rotation about the c-axis 

relative to the lower state with negative angles corresponding to a counter-clockwise 

rotation.  Two other Euler angles were sometimes needed for fits of conformer A. 

Calculations of the ground state conformational minima were performed at the 

DFT B3LYP36,37/6-31+G(d) and MP238-43/ 6-311++G(d,p) levels of theory using 

Gaussian 03.39  Harmonic vibrational frequencies (DFT) were obtained and utilized in the 

structural assignment process.  Excited state optimizations were also performed using the 

CIS44/6-31G level of theory. 

 

III.  RESULTS AND ANALYSIS  

A.  DFT Calculations 

 A search for conformational minima was performed by changing the positions of 

the hydroxyl groups and the orientations of the two rings and then optimizing the 

geometry using Gaussian 03 at the DFT B3LYP/6-31+G(d) level of theory.  This search 

yielded two unique low-energy minima whose corresponding structures are shown in 

Figure 3a),b).  The first structure has the hydroxyl group from one ring bonded to the 

hydroxyl group on the other ring in an OH…O H-bond (see Figure 3a).  The second 

structure has C2 symmetry, with two identical H-bonds in which both hydroxyl groups 

are bonded to the π-cloud of the opposing ring (see Figure 3b).  With ZPE corrections 
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included, the OH…O H-bonded structure is 3.03 kJ/mol more stable than the π-bound 

conformer at the DFT B3LYP/6-31+G(d) level but 3.18 kJ/mol less stable at the MP2/6-

311++G(d,p) level.  Table 1 summarizes the calculated OH stretch frequencies and IR 

intensities and the predicted frequencies of the low-frequency vibrations (i.e. ring torsion, 

butterfly, etc.) calculated at the DFT B3LYP/6-31+G(d) level of theory for comparison 

with the experimental values determined in the following section.   

 

 

Figure 3.  Lowest energy structures calculated at the DFT B3LYP/6-31+G* level of 
theory. 
 
Table 1.  OH stretch and low-frequency vibrational frequencies of 2HDPM in the S0 state 
calculated at the DFT B3LYP/6-31+G(d) level of theory. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

* scaled by 0.9726.   
**T is the symmetric torsion, Τ is the antisymmetric torsion, β is the symmetric 
butterfly, and Ω is the antisymmetric butterfly mode.   

Conf. Description** Expt. Freq.  
(cm-1) 

Calc. Freq.* 
(cm-1) 

Calc. IR Int. 
(Km/mole) 

A Bound OH 3531 3519 496 
 Com. Band 3558 -  
 Free OH 3657 3657 65 
 Τ 28 27  
 β 79 or 83 55  
 Τ  103 or 109 104  
 Ω 125 149  

B Bound OH 3560 3581 560 
 T 37 41  
 Τ  125/2 = 62.5 60  
 β 62 64  

a)  OH…O  b)  OH…π 
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B.  Conformation-specific Spectroscopy 

1.  LIF Excitation and UVHB Spectra 

The LIF spectrum of 2HDPM over the 35650-36320 cm-1 region is shown in 

Figure 4a).  This spectrum begins about 750 cm-1 to the red of the cis o-cresol S1←S0 

origin transition45,46 and is comprised of a dense set of vibronic transitions spread over 

several hundred wavenumbers.  Since the observed spectrum can have contributions from 

more than one conformational isomer, UVHB spectroscopy was employed to determine 

the number of conformers present and their ultraviolet spectral signatures. 

 The UVHB spectra shown in Figure 4b) and c) were recorded with the hole-burn 

laser fixed at 35667 and 35834 cm-1 respectively.  All transitions in the spectrum can be 

attributed to two distinct conformational isomers, labeled ‘A’ and ‘B’.  Conformers A 

(2HDPM A) and B (2HDPM B) have S1←S0 origin transitions at 35667 and 35811 cm-1, 

respectively.  Long Franck-Condon (FC) progressions are evident in 2HDPM A, 

indicating a large geometry change upon electronic excitation.  In the spectrum of 

2HDPM A, all of the transitions in the first 300 cm-1 can be accounted for using 

combinations of only two vibrational frequencies of 31 and 42 cm-1.  By comparison, the 

spectrum of 2HDPM B is dominated by just three transitions, which are spaced from one 

another by 22 cm-1, suggesting a short vibronic progression in a 22 cm-1 mode.  These 

bands are interspersed in the midst of strong transitions from 2HDPM A, and careful 

selection of hole-burn wavelength was needed to record a clean UVHB spectrum.  We 

will return later to assess the interpretation of the bands as a FC progression after the rest 

of the spectral characterization of 2HDPM B is complete. 
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Figure 4.  LIF (a) and UVHB spectra of conformers A (b) and B (c) of 2HDPM.  

 

2.  S0 FDIR Spectra 

Conformation-specific IR spectra in the OH stretch region were recorded using S0 

FDIR spectroscopy.  Figure 5a) shows the S0 FDIR spectrum of 2HDPM A in the region 

3500-3700 cm-1.  Table 2 summarizes the observed OH stretch vibrational frequencies of 

the two conformers of 2HDPM, and compares them with the corresponding transitions in 

phenol monomer, phenol dimer, and the phenol-benzene complex.  Two OH stretch 

fundamentals for 2HDPM A were observed at 3531 and 3657 cm-1.  The latter transition 

is identical in frequency to the free OH stretch fundamental of gas phase phenol and the 

acceptor phenol in the phenol dimer.47  Therefore, the transition at 3657 cm-1 is assigned 

to a free OH stretch of one of the two OH groups.   
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Figure 5.  S0 FDIR spectra of 2HDPM A (a) and 2HDPM B (b).  The stick spectra depict 
the OH stretch vibrational frequencies and infrared intensities calculated at the DFT 
B3LYP/6-31+G(d)  level of theory.  

 

Table 2.  Comparison between the experimental OH stretch frequencies of 2HDPM, 
phenol, phenol dimer, and the phenol-benzene complex. 
 

System 
Bound OH…O 

(cm-1) 
Free OH  

(cm-1) 

Conformer A 3531 3657 
Conformer B 3560 - 
Phenol - 3657a 
Phenol Dimer 3530a 3654a 
Phenol-Benzene 3579 - 
aRef. 48. 

 

Conversely, the band at 3531 cm-1 can be attributed to a H-bonded OH stretch 

fundamental since it shows a characteristic shift to lower frequency, an increase in 

intensity, and an increase in breadth, all of which are signatures of a H-bonded OH group.  

In fact, the H-bonded OH stretch in 2HDPM A is within 1 cm-1 of the donor phenol OH 
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in the phenol dimer (3530 cm-1).47  This is interesting because the methylene group 

tethering the two rings in 2HDPM A constrains the inter-ring interaction, and therefore 

might be anticipated to result in formation a weaker H-bond.     

The stick spectrum above the experimental spectrum in Figure 5a) displays the 

harmonic vibrational frequencies and infrared intensities computed at the DFT B3LYP/6-

31+G(d) level of theory for the OH…O H-bonded structure shown in Figure 3a).  The 

vibrational frequencies have all been scaled by 0.9726, a value chosen to match up the 

calculated and experimental free OH stretch fundamentals.  The close correspondence 

between experiment and theory adds further weight to an assignment of conformer A as 

an OH…O H-bonded structure.  We shall see shortly that the rotational structure from the 

high resolution ultraviolet scans also points to this same assignment. 

 There is also a weak band at 3558 cm-1 in spectrum of 2HDPM A, which is not 

accounted for by the harmonic analysis.  This transition is likely an OH stretch/inter-ring 

rock combination band, a point to which we will return after considering the dispersed 

fluorescence and SEP scans.  

 The S0 FDIR spectrum of 2HDPM B is shown in Figure 5b).  Only one OH 

stretch fundamental was observed at 3560 cm-1.  The presence of a single OH stretch in 

2HDPM B is consistent with a symmetric structure in which one of the OH stretch 

fundamentals has zero intensity due to the cancellation of opposing dipoles.  

Furthermore, the observed band is located 29 cm-1 higher in frequency than the H-bonded 

OH stretch of 2HDPM A, indicating that a slightly weaker hydrogen bond is involved.  

Both these features are consistent with the OH…π structure shown in Figure 3b).  The 

calculated stick spectrum for this π-bound structure is shown above the experimental 
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spectrum, using the same scale factor as in Figure 5a).  Due to the C2 symmetry of this 

structure, the OH groups couple to one another to form in-phase and out-of-phase 

motions of the two OH bonds, as observed experimentally. In one case, the two add to 

one another, thereby enhancing its intensity, while the oscillating dipoles cancel in the 

out-of-phase fundamental. [Due to the C2 symmetry of this structure, the individual OH 

stretch vibrations linearly combine to form in-phase and out-of-phase motions of the two 

OH bonds. In the antisymmetric out-of-phase case, the two oscillating OH stretch dipole 

moments combine constructively, thus reinforcing each other, while they cancel in the 

symmetric in-phase fundamental.]  As we shall see, the rotational structure from the 

ultraviolet high resolution scans (Section C1) confirms the 2HDPM B assignment. 

C.  Spectroscopic Characterization of the Excited State 

Having established the presence of two conformational isomers of 2HDPM and 

determined their H-bonded structure in the ground state, the experiments described in this 

section seek to characterize the excited states of these bichromophore conformers.   

1.  High Resolution UV Spectra   

High resolution UV spectra were taken of several prominent vibronic transitions 

in the LIF spectrum.   The high resolution UV spectrum of the S1←S0 origin transition of 

2HDPM A is shown in Figure 6a).  The top trace is the experimental spectrum and the 

bottom trace is the least-squares fit.  A close-up view of a small portion of the spectrum is 

given Figure 6b) to highlight the quality of the fit.  Table 3 compares the experimental 

rotational constants of the S0 and S1 states for both conformers with the calculated 

constants from DFT B3LYP/6-31+G(d), MP2/6-311++G(d,p), and CIS/6-31G 

calculations.  The good agreement between the ground state calculations and the 
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experiment lends considerable support to the assignments of the structures of both 

conformations based on the infrared spectroscopy.  The CIS calculations are in 

reasonable agreement with the experimental excited state rotational constants (± 2 to 

4 %) and transition dipole moment (TDM) direction of 2HDPM A. 

 

Figure 6.  a) High resolution UV spectrum of the 2HDPM A origin transition.  The top 
trace is the experimental spectrum and the bottom is the fit.  b) Expanded view of a small 
spectral region to show the quality of the fit. 
 

The full set of constants derived from the fit of the microwave spectrum, S1←S0 

origin, +31 cm-1, and +42 cm-1 bands of 2HDPM A are included in Table 4.  The table 

also includes the change in the rotational constants upon electronic excitation and 

magnitude of the axis reorientation that accompanies electronic excitation.  The largest 
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change in rotational constant is along the A axis that passes through the two phenyl rings.  

A contraction of 40 MHz for rotation about this axis accompanies a strengthening of the 

H-bond upon electronic excitation.  CIS calculations of 2HDPM A also predict this 

contraction of the two rings along the a-rotational axis by lowering the inter ring angle 

from 115 in S0 to 113 in S1.  The squares of the TDM components of the 2HDPM A 

origin band were found experimentally to be 82%:8%:10% along the a, b, and c-inertial 

axes respectively. 

 

Table 3.  Comparison between the experimental rotational constants of S0 and S1 states, 
change in rotational constants, and transition dipole moment projections with those 
calculated at the DFT B3LYP/6-31+G*, MP2/6-311++G**, and CIS/6-31G levels of 
theory.   
 

Conformer A Origin 
  Expt.  DFT  MP2  HF* CIS*  

A / MHz  1158.2 1168.7 1129.6 1173.1 1158.6 
B / MHz  412.5 404.6 418.7 409.6 412.2 
C / MHz  348.1 336.9 346.6 338.1 341.1 
ΔA / MHz  -39.5    -14.5 
ΔB / MHz  9.5    2.6 
ΔC / MHz  1.2    3.0 

TDM a:b:c / %  82:8:10    87:5:8 
  
Conformer B Origin 

  Expt. DFT MP2 HF* CIS* 
A / MHz  1326.2 1358.0 1302.6 1315.9 1308.8 
B / MHz  402.4 389.7 412.1 396.1 393.2 
C / MHz  368.8 360.7 376.9 354.6 351.5 
ΔA / MHz  47.2    -7.1 
ΔB / MHz  -16.1    -2.9 
ΔC / MHz  -7.1    -3.1 

TDM a:b:c / %  82:18:0    76:10:14 
 

*Hartree-Fock 6-31+G(d) calculations.  The ΔA, ΔB, ΔC values are calculated as 
ACIS –AHF, etc., since CIS is based on a HF description of the wave function.   
 
The analogous best-fit parameters of all of the vibronic bands of 2HDPM A taken 

at high resolution are included in the supplementary material. (Table S2).  This includes 

the +31, +42, and +73 cm-1 bands, which are assigned as Τ1
0, β1

0, and Τ1
0β1

0 transitions 



 20

involving the two lowest wavenumber vibrations in the S1 state where Τ is the symmetric 

ring torsion and β is the symmetric butterfly motion of the two rings.  The +145, +147 

and +165 cm-1 bands were recorded largely because of their close proximity to the 

2HDPM B 00
0 and +22 cm-1 bands.   

 
Table 4.  The constants derived from the fits to the indicated experimental bands using 
the JB95 fitting program. (See Tables S1 and S2 for a full set of constants). 
 

 Origin A +31 cm-1 (A) +42 cm-1 (A) 
 S0 a S1 S0 a S1 S0 a S1 

A” / ΔA / MHz 1158.1642(3) -39.550(3) 1158.1642(3) -37.044(3) 1158.1642(3) -39.597(6) 
B” / ΔB / MHz 412.44646(3) 9.525(4) 412.44646(3) +8.996(3) 412.44646(3) +10.105(3) 
C” / ΔC / MHz 348.12243(2) 1.176(5) 348.12243(2) +0.896(1) 348.12243(2) -1.802(2) 
ΔI” / ΔΔI / u·Å2 -209.9546(2) 7.34(4) -209.9546(2) +8.01(1) -209.9546(2) +6.380(9) 
Origin / cm-1 35659.20(2) 35690.15(2) / 30.95(2) 35700.70(2) / 41.50(2) 
Band type / % b 82(2) a / 8(2) b / 10(2) c 81(2) a / 9(2) b / 10(2) c 81(2) a / 7(2) b / 12(2) c 
ΔυLor / MHz b,c 36(2) 35(2) 38(2) 
T1 / T2 / wt / K b,d 2.6(2) / 10.8(5) / 0.20(5) 5.2(2) / 21.9(9) / 0.22(4) 5.2(2) / 23.0(9) / 0.21(2) 
φ / θa/bc / χ / º b -6(2) / +3.26(5) / 4(2) -1.2(8) / +3.304(6) / +1.7(8) -3(2) / +3.234(8) / +5(2) 
 Origin B +22 cm-1(B) +44 cm-1 (B) 
 S0 a S1 S0 a S1 S0 a S1 
A” / ΔA / MHz 1326.2890(1) +47.319(10) 1326.2890(1) +27.895(6) 1326.2890(1) +22.761(4) 
B” / ΔB / MHz 402.49068(5) -16.077(9) 402.49068(5) -11.812(3) 402.49068(5) -10.937(1) 
C” / ΔC / MHz 368.72377(8) -7.140(7) 368.72377(8) -5.653(3) 368.72377(8) -5.229(1) 
ΔI” / ΔΔI / u·Å2 -266.0597(3) -12.05(3) -266.0597(3) -8.774(3) -266.0597(3) -8.927(5) 
Origin / cm-1 35802.94(2) 35825.67(2) / +22.73(2) 35848.06(2) / +45.12(2) 
Band type / % b 82(4) a / 18(4) b 79(4) a / 21(4) b 91(2) a / 9(4) b 
ΔυLor / MHz b,c 58(2) 59(2) 42(2) 
T1 / T2 / wt / K b,d 2.8(1) / 8.7(4) / 0.31(8) 3.1(1) / 9.4(2) / 0.31(4) 3.0(1) / 8.0(2) / 0.31(4) 
θa/b-reorient / º b +0.49(5) +0.24 -0.05(4) 
aGround state constants are based on fits of the microwave spectra and given in Table S1. 
bBand type components, Lorentzian widths, temperatures and S1 state Euler angle reorientation angles 
(+=ccw about c-axis) determined using genetic algorithms. 
cVoigt lineshape fits include a fixed 21.3 MHz Gaussian component (FWHM) of the instrument. 
dBased on a two-temperature model.34,48 
 
Table 5.  The set of vibration-rotation coupling constants associated with the +31, +42, 
and +147 cm-1 excited state vibrations of 2HDPM A. 
 

vibration 
(cm-1) 

−αA 
(MHz) 

−αB 
(MHz) 

−αC 
(MHz) 

+31 +2.479±0.056 -0.521±0.013 -0.282±0.015 
+42 -0.045±0.055 +0.582±0.021 -2.970±0.015 
+147 +2.665±0.536 -0.694±0.032 -0.355±0.030 

 

Figure 7 presents a graph of the changes in rotational constants (ΔA, ΔB) upon 

electronic excitation associated with each of the vibronic bands of conformer A recorded 
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at high resolution.  As the lines joining these points indicate, the vibronic bands have 

changes in rotational constants that vary linearly with the assigned (vΤ, vβ) quantum-

number make-up of the upper state, as is expected for the vibrational dependence of the 

effective rotational constants, Av≡Bv
(a), Bv≡Bv

(b), and Cv≡Bv
(c) in the quartic 

approximation.49,50  In this approximation the effective rotational constant Bv, e. g., is 

linearly related to its pertinent vibrational-rotational interaction constants αr
B according 

to 

 

 

Thus, the observed linear relationships between vr and Av, Bv, and Cv can be used to 

obtain a set of vibrational-rotational interaction constants αr
ζ (ζ=A, B, and C) associated 

with each vibrational mode r. These values are included in Table 5.   

In order to see whether these vibration-rotation coupling constants had a clear 

association with the nature of the excited state vibration, we calculated the vibration-

rotation interaction constants for the three lowest-frequency excited state vibrations from 

first–principles, for comparison with experiment.  Contributions to αr
ζ arise from the 

normal mode inertial-derivative, Coriolis effects, and anharmonicity.  Details of this 

calculation are included in the Supplementary Material.   

Vibration-rotation constants calculated for the three lowest frequency excited 

state vibrations of 2HDPM A using CIS/6-31G(d) calculation matched experiment 

poorly, and therefore cannot be used to check the form of the normal modes in the 

excited state, as we had hoped.  Nevertheless, experimental excited state vibration-

rotation constants with accuracies like those derived from the present fits present a 



 22

challenge to future computational studies seeking spectroscopic accuracy in excited 

electronic states.      

As Figure 7 bears out, the +147 cm-1 transition does not fall into the progressions 

involving vΤ and vβ.  This transition is a weak transition just to the blue of the 2HDPM B 

origin, which is partially overlapped with it.  The unique changes in rotational constants 

associated with this band argue for its assignment to a new vibration.  Based on the 

calculations (Table 1), a likely assignment for the band is Ω1
0, the out-of-phase butterfly 

motion of the two rings, with a calculated frequency of 149 cm-1 in S0 and 132 cm-1 in S1. 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.  Plot of the change in rotational constants (ΔA vs. ΔB) upon excitation to the 
indicated vibrational levels in the first excited state of 2HDPM(A).  The labels indicate 
the peak position relative to the S1 origin (in cm-1) and the quantum number labeling in 
the modes with frequencies 31, 42, and 147 cm-1 (v(+31 cm-1),v(+42 cm-1),v(+147 cm-1)).  
Lines drawn are parallels (rather then fits to the data points), demonstrating the linearity 
in ΔA, ΔB with quantum number.  Note, however, the shift away from linearity in the 
high quantum number transitions at 134 and 165 cm-1.  
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Figure 8a) presents the rotational band structure for the +22 cm-1 transition of 

2HDPM B.  This band was free from overlap from 2HDPM vibronic bands and therefore 

its rotational structure was recorded and analyzed first.  The fit to the spectrum is shown 

below the experimental trace in Figure 8a).  In order to illustrate the quality of the fit, as 

before, a 3 GHz section of the band is shown in Figure 8b) together with its 

corresponding fit.  This band has a strong Q-branch indicating a TDM direction primarily 

along the a-rotational axis.  According to the fit, the +22 cm-1 band is an a/b-hybrid band   
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Figure 8.  a): High resolution UV spectrum of the 2HDPM B +22 cm-1 transition.  The 
top trace is the experimental spectrum and the bottom is the fit.  b): Blow-up of a small 
spectral region to show the quality of the fit. 
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(79% a:21% b:0% c).  Based on the infrared spectroscopy, we have already assigned 

2HDPM B as a C2 symmetry doubly π H-bonded structure.  The close correspondence 

between calculated and observed rotational constants and the small geometry change 

upon electronic excitation argue for retention of the C2 geometry by the excited state 

conformer.  The direction of the TDM is also consistent with this deduction.  It can be 

shown that in a bichromophore with C2 symmetry (e.g. DPM),20 one excitonic state will 

have a TDM parallel to the C2 axis, while the TDM of the other will be in the plane 

perpendicular to the C2 axis.  For 2HDPM B, the a-axis is down the long axis of the 

molecule through the phenol rings, and the c-axis (which is coincident with the“C2” axis) 

goes up through the methylene group from the center of mass.  Therefore, if the 

excitation was totally delocalized, the TDM direction would either be 100% ‘c’ or a 

mixture of ‘a’ and ‘b’.  The experimental observation of an a:b hybrid type band is thus 

consistent with retention of the C2 symmetry in the S1 state, with electronic excitation 

delocalized over both rings.  We will return to this point in more detail in the discussion 

section.   

Once a fit of the +22 cm-1 band of 2HDPM B was achieved, it could be used as a 

starting point for fitting the 2HDPM B origin and +44 cm-1 bands.  The results of those 

fits are also included in Table 4.   An interesting aspect of these fits is the large swing in 

TDM direction between the three bands, with the origin at 82% a:18% b, the +22 cm-1 

band at 79% a:21% b, and the +44 cm-1 band at 91% a:9% b.  By comparison, the TDM 

directions of the vibronic bands of 2HDPM A change by no more than 1% in ‘a’ 

character with up to 165 cm-1 of vibrational excitation. 
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The changes in rotational constants which accompany electronic excitation of 

2HDPM B (Table 4) are opposite to those in 2HDPM A.  While the OH…O conformer 

has a negative ΔA and positive ΔΒ, the origin of the π bound conformer shows an 

increase in ΔA by 47 MHz, while ΔB and ΔC decrease.  This increase in ΔA is consistent 

with a strengthening of the OH…π H-bonds in 2HDPM B that rotates the oxygen atoms 

closer towards the inter-ring axis (the ‘a’ inertial axis).  Furthermore, the +22 cm-1 and 

+44 cm-1 bands of 2HDPM B show changes in rotational constants (ΔA=28 MHz, ΔB= -

12 MHz, ΔC= -5 MHz) that are about two-thirds the size of those for the 2HDPM B 

origin (ΔA=+47 MHz, ΔB=-16 MHz, and ΔC=-7 MHz). More importantly, while the 

frequency spacings of +22 and +44 cm-1 suggest that these bands form a Franck-Condon 

progression in a 22 cm-1 vibration, the changes of the rotational constants, ΔA, ΔB and 

ΔC, for these bands do not show the same linearity just discussed for the progressions in 

T and β of 2HDPM A.  This casts some doubt on that interpretation.  We will return to 

consider the anomalous aspects of these bands in more detail after presenting the SVLF 

spectra (Sec. D).  

2.  S1 FDIR Spectra 

Excited state FDIR spectra of the two conformers in the OH stretch region were 

also recorded for their S1←S0 origins and a series of vibronic bands built off of these 

origins. This allowed us to observe the effect of electronic excitation on the OH stretch 

infrared spectrum, and test the influence of the excitation of low-frequency vibrations on 

the OH stretch transitions.  These measurements were made possible because the S1 

lifetimes of the bands were sufficiently long that the nanosecond IR laser could deplete 

the fluorescence on a timescale shorter than the S1 lifetime.  Because the S1 FDIR spectra 
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(and SVLF spectra that follow) were taken following excitation of a series of vibronic 

transitions, Figure 9a presents the hole-burning spectrum of 2HDPM A with the vibronic 

levels of interest labeled.   

The S1 FDIR spectra of 2HDPM A are shown in Figure 9b).  The dotted lines 

indicate the positions of the bound and free OH stretch transitions in the ground 

electronic state.  While the free OH stretch fundamental remains very near its value in the 

ground state, the H-bonded OH stretch in the S1 state appears at 3344 cm-1, shifted down 

by an additional 186 cm-1 from its value in the ground state.  This large additional shift 

reflects a considerable strengthening of the OH…O H-bond upon electronic excitation, 

much as it does in phenol dimer47 in which the phenol molecule acts as H-bond donor.  

This provides convincing evidence that the electronic excitation is localized on the donor 

ring in the S1 state  

Furthermore, the spectrum shows only very minor changes when the infrared 

spectrum is taken out of excited state levels carrying one or more quanta of torsional 

excitation.  The spectrum in the bottom trace is taken from a band 176 cm-1 above the S1 

origin.  Here, there is evidence for a slight weakening of the OH…O H-bond with a shift 

of 7 cm-1 to higher frequency relative to the origin spectrum.  The splitting observed is a 

likely consequence of anharmonic coupling contributing to an excited state vibronic level 

of mixed character. 
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Figure 9.  a) UVHB spectrum of 2HDPM A with selected transitions labeled to highlight 
were the excitation takes place for the spectra in b).  b) S1 FDIR spectra of 2HDPM A. 
The dotted lines indicate the positions of the bound and free OH stretch transitions in the 
ground state.  
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The S1 FDIR spectrum from the 2HDPM B origin provides a striking contrast 

both with that of 2HDPM A and with its own S0 FDIR spectrum.  As before, a close-up 

view of the hole-burning spectrum of 2HDPM B is shown in Figure 10a), labeled to 

indicate which excited state vibronic levels serve as starting points for the IR spectra 

shown in Figure 10b).  Recall that in the ground electronic state (Figure 5b), the OH 

stretch FDIR spectrum consists of a single peak due to the out-of-phase stretching of the 

two equivalent OH oscillators (both hydrogen atoms moving in the same direction).  If, as 

suggested by the a/b-hybrid character of the band, the S1 state retains the C2 geometry, 

then the S1 FDIR spectrum should consist of a single OH stretch fundamental, just as in 

S0.  However, the observed spectrum displays a large number of transitions in this region, 

spread over more than 100 cm-1.  The infrared spectrum of the origin of 2HDPM B 

contains a weak band at 3384 cm-1 and a strong FC-like progression with a ~35 cm-1 

spacing at 3405, 3440, and 3472 cm-1.  These bands are shifted down from the OH stretch 

frequency of 3560 cm-1 in S0, indicating substantial strengthening of OH…π H-bonds 

upon electronic excitation.   

The S1 FDIR spectra out of the +22 and +44 cm-1 bands are shown below the 

S1 origin.  A significant change in positions and patterns of levels is seen with increased 

excitation energy.  We will consider the reasons for these unusual spectra in more detail 

in the discussion section, after considering the SVLF spectra. 



 29

 

Fl
uo

re
sc

en
ce

 D
ep

le
tio

n 
(a

. u
.)

370036503600355035003450340033503300
Wavenumbers (cm-1)

+ 0

+ 22

+ 44

*

*

**

*
*

Fl
uo

re
sc

en
e 

D
ep

le
tio

n 
(a

. u
.)

3595035900358503580035750
Wavenumbers (cm-1)

0

22

44

a)

b)

Fl
uo

re
sc

en
ce

 D
ep

le
tio

n 
(a

. u
.)

Fl
uo

re
sc

en
ce

 D
ep

le
tio

n 
(a

. u
.)

370036503600355035003450340033503300
Wavenumbers (cm-1)

+ 0

+ 22

+ 44

*

*

**

*
*

Fl
uo

re
sc

en
e 

D
ep

le
tio

n 
(a

. u
.)

3595035900358503580035750
Wavenumbers (cm-1)

0

22

44

a)

b)

Fl
uo

re
sc

en
ce

 D
ep

le
tio

n 
(a

. u
.)

Fl
uo

re
sc

en
ce

 D
ep

le
tio

n 
(a

. u
.)

370036503600355035003450340033503300
Wavenumbers (cm-1)

+ 0

+ 22

+ 44

*

*

**

*
*

Fl
uo

re
sc

en
e 

D
ep

le
tio

n 
(a

. u
.)

3595035900358503580035750
Wavenumbers (cm-1)

0

22

44

a)

b)

Fl
uo

re
sc

en
ce

 D
ep

le
tio

n 
(a

. u
.)

370036503600355035003450340033503300
Wavenumbers (cm-1)

+ 0

+ 22

+ 44

*

*

**

*
*

Fl
uo

re
sc

en
ce

 D
ep

le
tio

n 
(a

. u
.)

370036503600355035003450340033503300
Wavenumbers (cm-1)

+ 0

+ 22

+ 44

*

*

**

*
*

Fl
uo

re
sc

en
e 

D
ep

le
tio

n 
(a

. u
.)

3595035900358503580035750
Wavenumbers (cm-1)

0

22

44

a)

b)

Fl
uo

re
sc

en
ce

 D
ep

le
tio

n 
(a

. u
.) 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10. a) UVHB spectrum of 2HDPM B with selected transitions labeled to highlight 
were the excitation takes place for the spectra in b).  b) S1 FDIR spectra of 2HDPM B. 
The dotted line indicates the position of the single bound OH stretch transition in the 
ground state.  The asterisks mark transitions that arise from small spectral overlap with 
2HDPM A when probing 2HDPM B. 
 

D.  Single Vibronic Level Fluorescence and SEP spectra 

1. SVLF Spectra of 2HDPM A 

Figure 11 presents the first 1100 cm-1 of the SVLF spectra of the S1 origin and 

the first three vibronic bands of 2HDPM A located 31, 42, and 62 cm-1 above the origin.  

The origin spectrum (Figure 11a) has long FC progressions which are consistent with the 
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large geometry change seen in the excitation spectrum.  However, unlike the excitation 

spectrum, which has progressions involving 31 and 42 cm-1 modes, there appears to be a 

single progression in a 27 cm-1 mode in the SVLF origin spectrum.  The +42 cm-1 SVLF 

spectrum (Figure 11c) also has a long FC progression with 27 cm-1 spacing.  It shows a 

bimodal distribution associated with a large displacement in this coordinate. This 

spectrum has been qualitatively fit using harmonic FC analysis resulting in a D value51 of 

2.3 which is consistent with a large geometry change.  As a result, we tentatively 

associate the 27 cm-1 mode in S0 with the 42 cm-1 mode in S1.   
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Figure 11.  SVLF spectra of the 2HDPM A origin (a), +31 cm-1 (b), +42 cm-1 (c), and 
+62 cm-1 (d) bands. 
 
The SVLF spectrum of the +31 cm-1 band (Figure 11b) is highly unusual.  The upper 

state vibronic level responsible for this spectrum (Τ1) would be expected to support a 

long progression with changed intensity along T, thereby identifying its vibrational 
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frequency in the ground state.  However, two transitions at +80 and +103 cm-1 dominate 

the spectrum, serving as false origins for phenol-like transitions built off of them (e.g. 

+796 and +819 cm-1), but without higher members of progressions in either 80 or 

103 cm-1 apparent in the spectrum.  In the same way, the SVLF spectrum from the 

transition 62 cm-1 above the origin (Figure 11d) shows emission that is dominated by a 

single false origin at +124 cm-1 with similar phenol-like bands built off of it.  The unusual 

intensities in the +31 and +62 cm-1 SVLF spectra suggest that the low-frequency 

vibrations of 2HDPM A may engage in extensive Duschinsky mixing, or that vibronic 

coupling is playing a significant role in dictating these intensities.     

2. SEP of 2HDPM A 

As an aid in making assignments and assessing these possibilities, SEP spectra 

were recorded.  The improved resolution of SEP spectra (2.5 cm-1 versus 8 cm-1 for the 

SVLF spectra) provides a basis for a more careful search for overlapped transitions in the 

spectrum.   

Figure 12 shows the low-frequency regions of the SEP spectra for the same set of 

four transitions of 2HDPM A probed earlier in SVLF.  The SEP spectra are shown 

inverted so that the fluorescence dips associated with SEP dump transitions could be 

lined up with the SVLF bands above them.  Spectra above the S1 origin have gains in the 

low-frequency region from dump laser resonances with transitions in the excitation 

spectrum.  The key aspects of these spectra are the following: 

1)   The relative intensities of the anomalous bands in the SEP spectra are faithful 

replications of the SVLF intensities, indicating that all emission comes from the 

S1 state. 
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Figure 12.  SVLF and SEP spectra of 2HDPM A.  The SEP spectra (bottom traces) 
are shown inverted to compare to the SVLF spectra (top traces).  The spectra are 
labeled as follows: a) origin, b) +31, c) +42, d) +62 cm-1. 
 

2)  A single, long progression in a 27 cm-1 mode is observed in the S1 origin SEP scan 

along with two extra bands at 79 and 103 cm-1 (Figure 12a).  The 79/83 and 

103/109 pairs appear to be in Fermi resonance with one another. 

3)  Most of the long, double-humped set of bands in the spectrum of the +42 cm-1 

band (Figure 12c) can indeed be interpreted as a single progression in a 27 cm-1 

mode.  This associates the +42 cm-1 vibration in the excited state most closely 

with the 27 cm-1 vibration in the ground state.   
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4)  The SEP spectrum of the +31 cm-1 band (Figure 12b) has strong transitions at 79 

and 103 cm-1, as surmised by the lower resolution SVLF spectra.  In addition, 

there is a prominent band not fitting the 27 cm-1 progression at 125 cm-1. 

5)  The spectrum of the +62 cm-1 band (Figure 12d) has as its dominant transition the 

band at 125 cm-1, which is surrounded by several other transitions that appear to 

be Duschinsky or anharmonically mixed with it.   

 This data can be used to make a set of tentative assignments for the four lowest 

frequency vibrations to modes with frequencies of 27, 79, 103, and 125 cm-1.  These 

observed frequencies are to be compared with the calculated low-frequency vibrations at 

27 (torsion, Τ), 55 (butterfly, β), 104 (anti-symmetric torsion, Τ ), and 149 cm-1 (out-of-

phase butterfly, Ω).  We tentatively assign the S0 fundamentals as 27=Τ, 79=β, 103= Τ , 

and 125cm-1=Ω (see Table 1).  In making these assignments, we note that the torsions are 

well reproduced by calculation, but the in-phase and out-of-phase butterfly motions are 

not.  Note that the experimental frequency for the in-phase butterfly β is higher in 

frequency than calculation by 24 cm-1, while the out-of-phase butterfly mode is lower in 

frequency by a similar amount.   

The SVLF and SEP spectra show ample evidence for the presence of extensive 

Duschinsky mixing in 2HDPM A.  While the +41 cm-1 transition is best assigned to T1
0, 

other excited state levels show strong cross-sequence transitions that reflect this mixing.  

We have not attempted a quantitative Duschinsky analysis, which would need to take into 

account the rotation and displacement of the normal modes associated with at least four 

low-frequency vibrations.  In addition, the intensities are likely affected by vibronic 

interactions, a point which is explored further in the Discussion section.   
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3. SVLF of Conformer B 

The UVHB spectrum of 2HDPM B (Figure 4c) revealed three dominant 

transitions: 00, +22, and +44 cm-1, suggestive of a progression in a 22 cm-1 vibration.  

Figure 13a)-c) presents SVLF spectra of the first 1400 cm-1 for these three bands.  

Unfortunately, it was not possible to take SEP spectra of these transitions because of the 

multitude of interfering dump laser resonances with transitions from 2HDPM A.  

Therefore, we could not check for overlapped transitions or anomalous intensities in the 

SVLF spectra. 

The origin SVLF spectrum (Figure 13a) is dominated by resonance fluorescence 

and lacks the kind of reflection symmetry one would anticipate if a 22 cm-1 progression 

in excitation were due to displacement along this normal coordinate.  This spectrum also 

contains a slight background due to overlap with a vibronic band of 2HDPM A, but a 

careful analysis of a series of spectra taken with the excitation laser fixed at different 

wavelengths across the band showed that the spectrum of Figure 13a is minimally 

affected by this overlap.   

Tentative assignments can be made for several of the observed bands by 

comparison with the vibrational frequencies obtained from the DFT 

calculations (Table 1).  These calculations gave values of 41, 60, and 64 cm-1 for the 

Τ, Τ , and β  modes, respectively.  The origin SVLF spectrum of 2HDPM B shows 

several low frequency bands located 37, 62, 101, and 127 cm-1 from the origin 

transition (Figure13a).  We tentatively assign the 37 cm-1 band to Τ0
1 and the 62 cm-1 

band to β0
1 because they are totally symmetric vibrations which match well with the 
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calculated frequencies.  Given the C2 symmetry of 2HDPM B in both S0 and S1 states, the 

125 cm-1 band is assigned to the Τ 0
2 transition involving the first overtone of the non-

totally symmetric (‘b’ symmetry) torsional vibration.  On this basis, v”=1 in Τ  would 

have a frequency of 125/2 or 62.5 cm-1, a close match with the calculated value of 

60 cm-1. 
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Figure 13.  SVLF spectra of the 2HDPM B origin (a), +22 cm-1 (b), and +44 cm-1 (c) 
bands. 

 

Surprisingly, resonance fluorescence also dominates the SVLF spectrum of the 

+22 cm-1 band (Figure 13b) which shows cresol-like vibronic transitions built off of it 

(e.g., +716, +778, +1042, and +1272 cm-1).52  It is hard to reconcile this spectrum with an 

assignment of the +22 cm-1 transition to v’=1 in a 22 cm-1 mode.  The +44 cm-1 band 

SVLF spectrum, shown in Figure 13c, is also remarkably simple, but very different from 

expectation.  Here, two transitions, one the resonance fluorescence back to the ground 

state zero-point level, and the other shifted to lower frequency by 37 cm-1, dominate the 

spectrum.  These anomalies will be discussed further in the discussion section. 
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IV.  DISCUSSION AND CONCLUSIONS 

A. Ground state conformers and their infrared spectral signatures  

 2HDPM is a molecule whose torsional motions comprise a 4-dimensional 

potential energy surface arising from its four flexible coordinates (2 phenyl torsions, 2 

OH torsions).  Interconversion pathways between possible conformers principally involve 

these four coordinates.  Our spectroscopic investigation has uncovered two 

distinguishable conformational isomers, one containing an OH…O hydrogen 

bond (2HDPM A), another containing two OH…π hydrogen bonds (2HDPM B). 

 The rotational constants derived from the high resolution ultraviolet spectra and 

the characteristics of the conformation-specific infrared spectra provide firm 

experimental evidence for these two structures.  The OH stretch IR spectrum of 

2HDPM A reflects formation of a single strong OH…O H-bond and the presence of a free 

OH stretch, consistent with the calculated structure for this conformer.  This inter-ring H-

bond locks the two phenyl rings into a Gable-like structure (Figure 3a).  The rotational 

constants are consistent with the structure calculated at the B3LYP/6-31+G(d) level of 

theory, which has both torsional (dihedral) angles between the planes of the two phenol 

rings and the C(Ph)-CH2-C(Ph) plane at about 100°, so that the two rings are in a nearly 

face-to-face geometry.  According to this calculation, the donor OH group is rotated out 

of the plane of the ring by about 6° in forming the H-bond to the acceptor oxygen (in 

phenol this bond is in-plane53).  However, neither the rotational constants nor the OH 

stretch infrared spectra are sensitive enough to corroborate this structural detail 

convincingly.  
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 Conversely, the rotational structure and S0 IR spectra of 2HDPM B provide 

evidence for a doubly OH…π H-bonded structure with C2 symmetry.  The structure 

calculated at the B3LYP/6-31+G(d) level of theory shows that the phenol rings have 

torsional angles of about 55° with respect to the C(Ph)-CH2-C(Ph) plane compared to 

roughly 60° for DPM54.  This brings the planes of the two phenyl rings to an angle very 

near 90o.  This calculation also predicts that the two OH groups are tilted out of the plane 

of their respective aromatic ring by about 19° in reaching toward the π cloud on the 

opposing ring.    The single OH stretch fundamental observed for this doubly OH…π 

bound complex is at 3560 cm-1, within 30 cm-1 of the value of the OH…Ο hydrogen 

bonded OH stretch fundamental in 2HDPM A.  This reflects the significant strength of 

these non-traditional OH…π H-bonds.  The similar populations of these two conformers 

point towards the two conformers possessing similar stabilities, despite the very different 

mode of inter-ring binding.  Direct experimental evidence for their relative stabilities will 

be provided in the following paper.21    

 

B.  2HDPM as a flexible bichromophore 

 One of the motivations for this work was to gain insight into the electronic 

coupling between two chromophores connected by a flexible linkage.  In this sense, 

2HDPM is a close analog of the prototypical flexible bichromophore diphenylmethane 

(DPM), which we have recently studied in considerable detail.20  In that case, we were 

able to identify the S1 and S2 origins, which were separated by only 123 cm-1.  The 

spectroscopic consequences of this close proximity were evident in the high resolution 

rotational structure and the SVLF spectra, both of which showed evidence for internal 
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mixing of the S2 origin with nearby S1 vibronic levels.  By analyzing these spectra, we 

were able to obtain a state-to-state view of the internal mixing.   

In the case of 2HDPM, there are two spectroscopically distinguishable ground-

state conformations.  In principle, this opens up the opportunity to project onto the two 

close-lying excited state surfaces from two quite different initial geometries.  Our goals 

included establishing the excited state structures of S1 and S2 states, the degree of 

electronic localization or delocalization, the nature and magnitude of the changes in 

geometry that accompany electronic excitation, and the nature of the internal mixing 

between them.  We have only been partially successful in addressing these issues, in part 

because the S1 rovibronic spectroscopy is so highly unusual.  This section gathers 

together the spectroscopic evidence, the deductions that can be drawn from them, and 

what remains for further investigation. 

 

1.  The Excited State Properties of the OH…O Conformer  

 The OH…O conformer of 2HDPM possesses two distinguishable aromatic rings, 

one acting as H-bond donor, and the other as acceptor.  In this sense, conformer A of 

2HDPM is a close analog to the phenol dimer, which also binds via an inter-ring OH…O 

H-bond.  When phenol acts as H-bond donor, it shifts the S0-S1 origin to the red by 

several hundred cm-1 from that of phenol monomer, while the acceptor ring is blue-

shifted.55   If this splitting is sufficiently large relative to the excitonic coupling, the first 

two excited states will be localized on the donor and acceptor aromatic rings, 

respectively.   
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There is spectroscopic evidence that this localization is present, although it is 

likely not complete.  The S1 FDIR spectrum of 2HDPM A (Figure 9b) shows OH stretch 

fundamentals ascribable to a H-bonded and a free OH stretch, consistent with retention of 

this OH…O geometry in the excited state.  This is also born out by the high resolution 

ultraviolet spectrum, which shows modest changes in rotational constants upon electronic 

excitation.  More importantly, in the S1 state, the H-bonded OH stretch shifts to lower 

frequency by ~200 cm-1 from its ground state value, indicating that its H-bond to the 

acceptor oxygen is strengthened by electronic excitation.  This is the same effect 

observed in previous studies of phenol dimer.47,56  At the same time, the frequency of the 

free OH stretch on the acceptor ring is essentially unaffected by electronic excitation.  

Finally, the TDM direction of the S1 state is oriented close to that of bare cis-o-cresol,57 

when projected onto the phenol ring that acts as the H-bond donor.  There is a small 

rotation of the TDM out of the plane of the ring by about 10º towards the opposing ring.  

We are thus left with the over-all picture of the S1 excited state of 2HDPM A as largely 

localized on the donor ring.   

While the extensive low-frequency vibronic structure reminds us of the flexible 

nature of the 2HDPM bichromophore, there are many aspects of this structure that are as 

they should be if electronic excitation were completely localized, without significant 

interaction with a second excited state.  First, the low-frequency vibrations are quite 

harmonic over the entire S1 Franck-Condon envelope.  Second, the excited state 

rotational constants change with vibrational excitation in the linear fashion expected for 

vibration-rotation coupling (Figure 7), providing confirming evidence for each excited 

state levels’ assigned quantum numbers.  Third, neither the direction of the TDM (Table 
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4 and in Table S1, supplementary material) nor the S1 OH stretch fundamentals (Figure 

9a) change significantly with excitation of the low-frequency vibrations of 2HDPM A, 

indicating that large-amplitude motions of the two rings do not effect the character of the 

excited state significantly.   

The long Franck-Condon progressions in the excitation spectrum and SVLF 

spectra reflect the geometry change that accompanies electronic excitation of 2HDPM A.  

Based on the S1 origin SVLF spectrum (Figure 11a), this geometry change seems to 

primarily be along the symmetric inter-ring torsion T, with frequency 27 cm-1 in S0.  The 

42 cm-1 vibration in S1 appears to correspond sufficiently well to the torsion T in S0 (27 

cm-1), with the torsional progression v’=0,1,2 in the 42 cm-1 mode being accounted for 

with a displacement parameter D =2.3.   

Based on its SVLF spectrum (Figure 11b, 12b), the 31 cm-1 vibration in S1 

projects onto S0 as a mixture of asymmetric phenyl torsion Τ  and inter-ring bend β, 

requiring a Duschinsky analysis including at least these modes.  Furthermore, the 

intensities of progressions involving one low-frequency mode depend on the nature of the 

vibronic level off of which they are built, sometimes in startling ways.  Such differences 

are responsible for the unusual intensity patterns in the SVLF spectra of the +31 and +62 

cm-1 bands (Figure 11b,d), which are dominated by strong bands at unexpected positions 

(80/103 in the former case and 124 cm-1 in the latter).  This appearance arises because 

progressions in T (27 cm-1) are almost entirely missing built off these levels, despite the 

fact that such progressions are strong built off of the resonance fluorescence peak.  This 

sensitivity of the symmetric torsion progressions to excitation in Τ  was also present in 

diphenylmethane.20  Such effects may result from the large-amplitude nature of the 
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vibrations, which could enhance intermode coupling.  Vibronic effects may also be at 

work, with modulation of excitonic coupling between S1 and S2 with vibrational 

excitation.   

A remaining unanswered question is the location of the second excited state, S2, 

in 2HDPM A.  We have already argued for a significant separation of several 

hundred cm-1 associated with a red-shift in the donor and a blue-shift in the acceptor ring 

upon electronic excitation.  The UVHB spectrum of Figure 4b shows a second set of 

transitions near 36200 cm-1 with a different intensity pattern to its low-frequency 

progressions.  These transitions are likely candidates for the S2 origin, with an S1-S2 

separation of ~400-500 cm-1.  This is to be compared with the 123 cm-1 separation 

between S1 and S2 in diphenylmethane, with its identical chromophores.  

  

2.  The Excited State Properties of the OH…π Conformer  

 Conformer B of 2HDPM is a doubly OH…π H-bonded conformer.  Based on the 

OH stretch spectrum in the ground state and the direction of the TDM moment of the S0-

S1 origin transition (82 a: 18 b), we have deduced that both S0 and S1 states possess C2 

symmetry. As a result, the S1 and S2 states should form an excitonic pair in which the 

electronic excitation is delocalized over both rings, in this case with the (presumably) S1 

state of B symmetry, as it is in DPM.  

The excitation spectrum of 2HDPM B is dominated by three vibronic transitions 

with spacing of 22 cm-1, seemingly forming a vibronic progression in a 22 cm-1 excited 

state mode.  All three bands are a:b hybrids, in keeping with their assignment to a 

vibrational progression.  As a result, we have not been able to locate the S2 state, which 
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should be a pure ‘c’-type band.  Furthermore, the vibronic spectroscopy of 2HDPM B 

contains many highly unusual aspects that arise from the presence of strong vibronic 

effects which signal the close presence of, and close interaction with, the S2 state.  First, 

there is a striking lack of symmetry between the fluorescence excitation spectrum (with 

the alleged progression in the 22 cm-1 vibration) and the S1 origin SVLF spectrum (with 

strong Δv=0 FC factors).  Second, the TDM direction undergoes changes in the 44 cm-1 

vibronic progression that are unusually large, swinging from 82 a:18 b at the S1 origin 

and 79 a:21 b in the +22 cm-1 band to 91 a:9 b in the +44 cm-1 band.  However, all three 

must gain oscillator strength from S1, since all retain a strong ‘a’ component to their band 

character.  Third, the SVLF spectra of 0, +22, and +44 cm-1 transitions (Figure 13) show 

intensity patterns that cannot be accounted for by any harmonic, dipole-allowed set of 

transitions involving a progression in a symmetric vibration of frequency 22 cm-1.  The 

strong resonance fluorescence from the +22 cm-1 level is particularly puzzling in this 

regard.   

All these unusual aspects of the vibronic spectroscopy, particularly the SVLF 

intensity patterns, seem to be characteristic features of these flexible bichromophores.  In 

2HDPM and DPM (both of which have two identical UV chromophores), the unusual 

intensity patterns can arise from the close proximity of the two excited states, which 

could make the magnitude and direction of the TDM extraordinarily sensitive to 

vibrational excitation.  On the other hand, even if the two chromophores are not identical, 

the large-amplitude motion of the torsional and bending vibrations changes the distance 

and orientation of the two rings to a larger extent than in rigid molecules, and could 

swing the TDM direction and magnitude by virtue of this large-amplitude motion.  In the 
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present study, we cannot clearly distinguish between these two possibilities, calling for 

future studies that involve a series of flexible bichromophores with differing electronic 

energy separations. 

A full explanation of these couplings requires a knowledge of the excited state 

surfaces which extends far beyond simple optimizations of the S1 and S2 minima, but 

instead encompasses whole regions of the torsional and inter-ring bending excited state 

surfaces about the minima.  In particular, understanding the unusual intensity patterns in 

the SVLF spectra may require mapping out the transition dipole moment surface of the S1 

and S2 states from S0.  It seems likely to us that the transition moment magnitude and 

direction will be a sensitive function of the phenyl ring torsion, OH torsion, and inter-ring 

bending angles.  This is particularly the case in 2HDPM B because its inter-ring angle at 

equilibrium is very near 90 degrees, which may result in an unusual sensitivity of the 

direction and magnitude of the TDM’s of the S1 and S2 states to inter-ring torsion and 

bending excitation.  As a result, the intensity of a vibronic band connecting a given pair 

of S0 and S1 vibronic levels can only be quantitatively accounted for by computing the 

wave functions and dipole moment over the full range of geometries sampled by the 

ground and excited state vibrational wave functions, and then computing the transition 

moment integral over this surface.  A full account of such issues thus awaits theoretical 

modeling of the excited state surfaces at a sufficient level of detail and accuracy.   

Even the OH stretch infrared spectra of 2HDPM B, which are anticipated to 

involve vibrational excitation within a single (excited) electronic state, show dramatic 

changes associated with electronic excitation.  The S1 FDIR spectra coming out of the 0, 

+22, and +44 cm-1 upper levels (Figure 10), which are anticipated to have a single 
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allowed OH stretch fundamental (as in S0), exhibit an complicated progression of bands 

with intensity spread over almost 150 cm-1.  The dominant sub-structure is composed of 

two triads of peaks, split by 22 cm-1, with a spacing of ~35 cm-1 in the triad.  This pattern 

shifts and fragments further as the lower level out of which infrared excitation occurs 

changes from the S1origin to +22 and +44 cm-1.  If these intensity patterns are indeed due 

to combination bands between the OH stretch and a low-frequency S1 mode of 35 cm-1, 

the inter-mode coupling that gives rise to these combination bands must be strong.  Since 

the ring torsional levels modulate the inter-ring distance, strong coupling between them 

and the OH stretch modes seems plausible in the doubly OH…π H-bonded structure of 

conformer B.  We hypothesize that this 35 cm-1 vibration could be the antisymmetric ring 

torsion Τ , and that combination bands involving this mode could asymmetrize the two 

rings and turn on intensity in both the symmetric and antisymmetric OH stretch modes.    

Finally, despite the near proximity of S1 and S2 states, no definite assignment for 

the S2 origin is in hand, and hence the S1-S2 excitonic splitting is not yet determined.  

Future searches would benefit from state-of-the-art calculations on the excited states in 

order to guide its experimental detection.   
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