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We report on an investigation of the phenol dimer by high-resolution rotational coherence spectroscopy (RCS)
using the method of time-resolved fluorescence depletion (TRFD). With this technique we determined with
high precision the rotational constants of the ground and electronically excited states. The phenol dimer is an
ideal model system to study aromatiaromatic interaction under the constraints of an intermolecular hydrogen
bond, which leads to its unique “V-shaped” structure. The TRFD investigation was complemented by an (1
+ 1') pump—probe ionization (PPI) experiment in order to unequivocally assign ground and excited-state
transients. Seven different types of RCS transients have been observed in the RCS spectrum and assigned to
H'-, H'-,J'-, J-, C-, K-, andA-type transients. From a detailed analysis by a grid search procedure based on
numerical simulations of RCS spectra and a nonlinear least-squares fitting routine, the following values for
the rotational constants have been obtaindd:= 1414.44+ 0.6 MHz,B" = 313.74+ 0.8 MHz,C" = 287.5

4+ 0.7 MHz, A’ = 1425.74+ 2.3 MHz, B + C') = 590.6+ 2.7 MHz. Furthermore, information about the
alignment of the transition dipole moment in the molecular frame was obtained from the fit procedure. We
report a geometry of the-©H---O hydrogen bonded phenol dimer as determined by a fit of the intermolecular
parameters to the rotational constants. The ground-state results confirm the gross geometry of a former RCS
investigation of Felker and co-workers [Connell, L. L.; Ohline, S. M.; Joireman, P. W.; Corcoran, T. C,;
Felker, P. M.J. Chem. Phys1992 96, 2585]. Moreover, it was found that upon electronic excitation of

the donor molecule the center of mass distance of the monomer moieties increases slightly fromt5.25 A
0.01 A to 5.31 A+ 0.05 A. On the basis of assumptions for structural changes of the hydrogen bond and
the donor monomer moiety upon electronic excitation, we propose a modification of the intermolecular struc-
ture of the phenol dimer, which is consistent with the experimental data. However, although the changes in
the rotational constants are small, larger changes of intermolecular parameters cannot be excluded, e.g., a
decrease of the wagging angle by several tens of degrees. The ground-state results are compared with
structures obtained from calculations on different levels of theory. In particular, the results from semiempirical

calculations based on ateratom pair potentials and ab initio calculations at the MP2/6-8) &vel of
theory are examined.

I. Introduction for both electronic states. Thus the subtle interplay of hydrogen

The phenol dimer is a prototype molecular cluster system, bonding and arqmat+earqmatic dispersion interaction can be
which has been studied extensively experimentally. The avail- followed on a microscopic level.
able spectroscopic information unambiguously supports an  The first mass-selective electronic absorption spectrum of the
O—H---O hydrogen bonded dimer structure. However, the phenol dimer was recorded by Fuke and K&jahey assigned
relative orientation of the phenyl rings and the contribution of the origins of two electronic transitions. One at 36 049 &m
aromatie-aromatic interaction to the intermolecular structure was assigned to the; S— S transition in the proton donating
has been debatéd.In particular, up to now no state-selective phenol moiety of a presumed hydrogen bonded dimer, and the
determination of the rotational constants was available, and second at 36 705 cm was assigned to the;S— S transition
especially the structure of the dimer in the electronically excited of the proton accepting moiety. A Raman study performed with
state is unclear. The landmark study of Felker and co-workers ionization loss spectroscopy has been reported by Hartland et
using rotational coherence spectroscopy (RCS) provides the onlyal.®> Dopfer et al. studied the phenol dimer by zero kinetic energy
direct structural results on the phenol dimer, although due to photoelectron spectroscopy and R2PI spectros€ofive
its low time resolution only rotational constants averaged over intermolecular vibrations are observed for th€°®' state and
both electronic states were reporfedo determine clearly  one for the g¢certorstate. The ionization energy of the donor
assigned, state-selective and precise rotational constants for thisvas determined to be 63 6492 4 cni!l. The ZEKE-PES
cluster we started the investigation by high-resolution rotational experiments also suggested that rapid internal conversion
coherence spectroscopy as described in this account. As a resulbetween the gccertorand the §lonor state could exist, which
we will provide a structural characterization of the phenol dimer might explain the low fluorescence yield from thg%=rto'state.

T Part of the special issue “Edward W. Schlag Festschrift”. The ﬂL.Jorescence lifetime of th? dono.r r.nOIety_ has been

*To whom correspondence should be addressed. E-mail: rienn@ determined by Sur et &lThey obtained a lifetimee = 16 ns,
chemie.uni-frankfurt.de. with respect to the 2 ns fluorescence lifetime of the phenol
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monomer. Ebata et al. performed mass-resolved vibrational with the experimental results. Moreover, these geometries are

spectroscopy of the phenol dimer and trifhe®chmitt et al. cross-checked by ab initio calculations for the ground state.
studied the UV spectroscopy of the phenol dimer by hole-
burning and fluorescence spectrosc8fihey were able to rule  Il. Experimental Setup

out the existence of another conformer that absorbs in the
spectral region of interest. Four of the six vibrational modes
were assigned. Electronic excitation of the donor moiety into
the S state leads both to a higher donor acidity and a stronger
hydrogen bond (red shift of 304 crhof the donor origin with

respect to the origin of bare phenol) concomitant with a higher
stretch frequency (120 crirelative to 109 cmt in the S state).

A comprehensive description of the experimental setup used
for the RCS experiments has been given in previous ac-
countst*1” The main parameters used for the TRFD and the
(1 + 1') PPI experiments are summarized in this section. The
RCS spectrometer is based on a solid-state Ti:sapphire laser
setup that optically pumps up to two parametric generators
) : (TOPAS) to provide tunable radiation in the UV spectral region.
Apart from the _spectroscoplc_ ev_|dence for an_H)"O The output parameters of the laser system are: repetition rate
hydrogen bond, this type of bonding is also energetically favored 500 Hz, pulse duration 2 ps, bandwidthl0 cnt?, pulse energy

over, for example, a sandwich-like structure. Typical bond 60 «J with one TOPAS unit and & 30 xJ with two TOPAS
energies are 5 kcal/mol, in contrast to the estimated binding units

energy of the benzene dimer of about 3 keal/fnah ab initio A. Time-Resolved Fluorescence Depletion (TRFD) Experi-
calculation performed at the HF/6-31d39) level has been ment. To generate a pump and a probe pulse of the same

reported by Kle|ngrmanns and gq-workéﬁ@, showmg a wavelength, polarization, and energy, the UV radiation of the
hydrogen bond_ed dlme_r. S(_emlem_plncal ca_ll_culanons based ONjaser setup was sent through a Michelson interferometer. The
atom—atom pair po_tennals including specific hydrogen bond probe pulse was delayed in time up to 8 ns by a computer-
plus extra polarization terms have been performed by Abdoul- conrolied linear positioning stage. The beams exiting the
Carime et ak* Here several conformations with a minimum  jnterferometer were aligned collinearly and focused with a fused
energy conformano_n corresponding to the structure of a jjica lens (beam diameter 4 min= 200 mm) into a vacuum
hydrogen bonded dimer have been reported. apparatus. A seeded continuous supersonic expansion (stagnation
In this work we applied the technique of rotational coherence pressure 2 bar He) was crossed at 2 mm distance from the nozzle
spectroscopy, which has proved to be a powerful tool for the (diameter 8Qum). The molecular beam was formed by passing
spectroscopic investigation of large molecules and cludtéfs.  helium over liquid phenol (Flukas 99.5% purity) contained
The phenol donor molecule has been excited in all RCS in a heated (60C) stainless steel container upstream from the
experiments, because of its higher fluorescence yield asnozzle. The nozzle was kept at a slightly higher temperature to
compared to that of the acceptor molecule. Selective fluores- prevent condensation of phenol in the orifice. The integral
cence excitation of the;§ceP'state (energetically the,State fluorescence was collected by two fused silica lenses, filtered
of the molecule) is difficult, because of nearby resonances of by a long pass filter (Schott, WG295, 2 mm) to reduce stray
the phenolwater cluster and of hot bands. Moreover, it is light, and detected with a photomultiplier tube. The fluorescence
possible that rapid internal conversion to thé°S' state occurs. signal was recorded with a boxcar integrator. A chopper,
The performed high-resolution time-resolved fluorescence deple-Synchronized to half the repetition rate of the laser system, was
tion (TRFD) experiments are capable of resolving ground-state €mployed in the fixed arm of the interferométeto perform
and excited-state transients, allowing the determination of the ON/OFF measurements in the manner of a digital lock-in
rotational constants of both statésAncillary state selective  technique. With the laser running at a repetition rate of 500
RCS methods such as time-resolved stimulated Raman-inducedz, these data were digitized by an ADC card, averaged over
fluorescence depletion (TRSRFD), time-resolved stimulated 900 events per delay line and chopper setting, and stored in a

emission pumping (TRSEP), and {11') pump-probe ioniza- personal computer. The whole delay range has been divided
tion (PPI) are, in particular, useful for the assignment of the Nt 32 sections that have been scanned separately with a step
different transients to their respective electronic staté. size of 1.5 ps. Each section has been scanned 20 times in

alternating directions (2 10 scans). Regions with special

e-;‘kc])?n:fc’jt ECFSel?();?e;lrge:fwzr;ktgr;pgig?l cllljllr:srwfi]gt\;]eot;een importance for the assignment of certain transients have been
P y P scanned more often. Features with modulation intensities

?ho F?Ragg?total ?el?y ra_ng(te of2.2ns v;/z?hs errrllploy:eg_to meléasur%_l% have been clearly identified and resolved. A total data
€ races tor four 1ISotopomers ot the phenol dimer. Four acquisition time of more than 120 h was necessary for recording

recurrences of hybrid transients and.one .rgcur.rence]aj/ae the TRFD spectrum with the obtain&N ratio. The first hybrid
transient have been recorded and identified in the spectrum.ynqient ar447 ps was recorded before each measurement to
Averaged over both electronic states theotational constant  gnqyre a constant quality of the experimental conditions. This
and the sum oB + C has been derived with an estimated yangjent was optimized on all days of measurement within tight
uncertainty of 0.5%. The differen@&— C has been determined  5jerances €10%) with respect to its absolute modulation
by comparing simulated traces with experimental ones. The iiensity and its width. The positional accuracy of the time zero
relative uncertainty has been estimated to be 50%. of the interferometer is estimated to be better than 100 fs for
In the following, we report on a new high-resolution RCS the whole measurement. It was calibrated by using a nonlinear
experiment, which allowed the precise determination of the three effect in a silicon photodiod¥.
ground-state rotational constants and two parameters of the B. (1+ 1') Pump—Probe lonization (PPI) Experiment. A
excited-state rotational constants, based on the assignment ofwo-color pump-probe setup has been used for theH11')
different types of transients and supported by state-selective pump-probe ionization (PP1) experimeni&!’ The frequency
(1 + 1') PPI measurements. The results are carefully analyzedfor the pump pulse was adjusted to excite the origin of the donor
to obtain reliable uncertainties and subjected to a thorough moiety while that of the probe pulse was red shifted by 150
sensitivity analysis with respect to the phenol dimer structure. cm~. The probe pulse was out of resonance with any molecular
Thus, we propose structures for both electronic states consistentransitions in the neutral manifold. The pulse energy of the
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donor moiety. The scan with the picosecond laser has been

, . ﬁ::::: obtained under RCS measurement conditions, showing a strong
100 - : ., [nenol Dimer 0, saturation, which was necessary to produce RCS recurrences.
36044 em However, the picosecond laser with a bandwidthd0 cnt?
80 - Phenol °o°‘ was carefully adjusted on the low energy edge of tfle 0
4 36348 cm’

transition by comparison with a high-resolution scan with a ns
laser (Figure 1). Due to the strong dependence of the-RCS
modulation intensity on the saturation of th% tbansition, it

can be concluded that other, weaker transitions, do not produce
noticeable modulations in the RCS trace of this system.

A. TRFD Experiment. Figure 2 provides an overview of
the TRFD RCS trace of the phenol dimer, measured up to a
delay time of 7.2 ns. Care has been taken in merging the raw
data trace from 32 partially overlapping segments. A mathe-
matical high-pass filter with a time constant of 150 ps was
employed to eliminate a long-term curvature of the signal. For
the presentation of the experimental spectrum, a smoothing of
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Figure 1. LIF spectrum of a supersonic expansion of phenol in the . . .
vicinity of the Cg transition of the phenol dimer. The spectrum the raw data with 7.5 ps adjacent averaging was employed.
measured with the picosecond laser was obtained under typical Hybrid-type H-type) andJ-type transients are easily identi-
conditions of an RCS measurement. Assignments taken from ref 8. fied in the spectrum because of their alternating polafitjhey

can be distinguished by their intensity variation. Thus, positive
resonant pump pulse was attenuated to 1/5 of the pulse energyq negative recurrences Bftype transients have the same
of the probe pulse in order to minimize the signal due to one- modulation intensity, whereas the positive recurrencekstppe
color R2PI. Pump and probe pulse were recombined on aansients show a lower intensity than the negative recurréfices.
d|eI.ectr|c 50/50 beam splitter and focused into the ionization p splitting of the H-type transients was observed starting with
region of a time-of-flight mass spectrometer by & 100 mm the fourth recurrence at 1780 ps. There is also evidence for a
or af = 150 mm fused silica lens. A home-built Wiley — gpjitting of the J-type transients starting with the second
McLaren-type time-of-flight mass spectrometavAm ~ 300) recurrence at 1675 ps, which has been confirmed and assigned
was used for the detection of the ions at the mass of the phenoly the (1+ 1) PPI experiment, as discussed in the next section.
dimer (188 amu). The ionization region was located approxi- «_ne recurrences are expected with negative polarity at half

mately 10 cm downstream of the nozzle in a differentially e recyrrence time of the-type transients. The first recurrence
pumped ionization chamber. To measure transients in the (1 ¢ this type can be seen clearly in the simulation and the

1) ion yield, ]fzsrf)éemally the s_pectrr]al sgctlon aroun((jjthe secti)nd experimental trace at 223 ps. This feature, and its relative
recurrence of thd-type transient has been scanned more than 4, jation intensity, has been confirmed by several scans.

100 times in alternating directions. C-type asymmetry transients are expected to arise for asym-
metric prolate topd3 A-type recurrences are expected because
of the hybrid type of the transition dipole moment. The intensity,
Figure 1 shows a fluorescence excitation spectrum of a polarity, and shape for these transients are not as strictly defined
supersonic expansion of phenol in the vicinity of th% 0 as for the other types of transients and may vary through an
transition of the phenol dimer, i.e., of the origin of the phenol RCS spectrum. The second recurrence ofAaype transient

Ill. Experimental Results
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Figure 2. TRFD RCS overview spectrum of the phenol dimer. The upper trace represents the experimental data and the lower trace the simulation.
Four different types of transients are identified, and their positions are marked by vertical Htiedotted;H’, dashee-dotted;J"’, dashed; and
J, full line. The positions of som&-, A-, andC-type transients are also indicated in the spectrum.
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Figure 3. (1 + 1') PPl RCS spectrum in the region of the second
recurrence of thd-type transients. Simulations of the electronic ground
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hybrid-type
near prolate top (A>B ~C)

Figure 4. Structure of the phenol dimer in the electronic ground state
(S0). The atom numbering system used to define the internal coordinates

of the phenol dimer has been adopted from ref 1. The molecular axis
system was assigned according to Mulliken.

geometries, which converged to the same final structure. The
first start geometry was the result of an ab initio calculation at
the HF level performed by Kleinermanns and co-workefs,

and the second was the result of a semiempirical calculation

state and the excited state are shown for comparison. The simulationg’®ported by Abdoul-Carime et &. Both calculations are

and the experimental TRFD trace are plotted with inverted polarity.

can be seen at353 ps. Modulations caused Bytype transients
are indicated in the spectrum @870 and~1740 ps. Special
interest was caused by the strong feature=&224 ps in the

introduced below, and characteristic parameters are given in
Table 4. The resulting structure, obtained after full geometry
optimization, is depicted in Figure 4. The intermolecular
parameters that characterize this structure are listed in Table 4.
The results are in good agreement with the experimentally

experimental trace, which could be explained by the sixth obtained rotational constants of the phenol dimer. The differ-

recurrence of &-type transient of the ground state. Another

ences between the calculated and measuked, and C

C-type recurrence, which is consistent with this assumption, is rotational constants are 3.5%, 3.7%, and 6.3% respectively. The

also marked in the spectrum~a6965 ps. A simulated spectrum,

rotational constants obtained for the donor and acceptor moiety

representing the best fit to the data, is shown below the are close to the experimental values of bare phenol. The distance

experimental trace for comparison.
B. (1 + 1) PPI Experiment. The applicability of the (&+

between the CM of both phenol moieties is 5.097 A, and the
wagging angld] C,0,0,C; (see Figure 4) has been found to

1') PPI method has been demonstrated for the first time by be —69.6".

recording an RCS spectrum phra-cyclohexylanilinet® This
method proved very sensitive for tiletype transients of the

Semiempirical calculations on the phenol dimer using the
MINGEN program have been reported by Abdoul-Carime et

electronically excited state of this system. Figure 3 shows the g| 11 Several possible structures have been found by applying a
(1 + 1) PPI RCS trace obtained in the region of the second genetic algorithm for the global energy minimum search, but

recurrence of thé-type transients of the phenol dimer. The data the apsolute minimum energy structure corresponded to a
of the experimental TRFD spectrum and a simulated spectrum hydrogen-bonded dimer with a geometry close to the structure

for the ground state and the excited state are given for ghtained at the MP2 level. Its rotational constants were very
comparison. Note that the simulated traces and the experimentakjmilar to the experimental values (see Table 4)

TRFD spectrum are shown with inverted polarity to allow a
better association with the (£ 1') PPI experiment.

The successful application of ab initio calculations at the MP2
level of theory and additional force field calculations helped to
elucidate the structure of the naphthalene trimer, as reported
recently. Following an experimental RCS study of the naph-

Using the GAUSSIAN 94 packagewe performed both ab  thalene trimer performed by Benharash et?alan ab initio
initio calculations at the MP2 level of theory, which includes investigation of this species was performed by Gonzalez and
first-order electron correlation, and calculations at the HF and Lim.?! The experimentally found rotational constants were
DFT/B3LYP level. For all calculations the 6-31@(basis set in good agreement with the minimum energy structure of ab
has been used, consisting of 234 basis functions for the phenolinitio calculations at the MP2/6-31G level of theory. A very
dimer. A full geometry optimization was carried out applying similar structure has been found by less expensive force field
the standard convergence critefta.symmetry was found. The  calculations at the MM3 level. We think that the success of
MP?2 calculations have been performed with two different start both theoretical approaches in determining the gross geometry

IV. Computational Results for the Phenol Dimer
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TABLE 1: Summary of Experimental and Theoretical Rotational Constants and Related Data of the Phenol Dimer

TRFD RCS
linear set | set |l former RCS semi-emp. ab initio calc
regression ty" >ty t <ty expt. [ref 1} calculation [ref 11] [this work]?
Recurrence Times (ps)
" 449.2(1) 448.91 0.2 442.33 446.8 2.2 479.6 475.8
tH' 442.5(2) 442.33: 0.7 448.91
(t = ty" )ty -15% -15% 1.5%
ty 829.5(4) 831.74£ 0.8 831.74 834.% 4.2 828.9 792.3
ty 844.8(6) 846.7H 3.8 846.71
' — ") 1.8% 1.8% 1.8%
Rotational Constants (MHz)
A" 1414.5(3) 1414.4- 0.6 1431.0 1418.6- 5.7 1344.1 1366.4
B" 313.7+ 0.8 313.7 313.5:14 318.0 325.6
c’ 287.5+ 0.7 287.5 285.5:14 285.2 305.5
B" +C" 602.5(3y 601.2+ 0.6 601.2 599.@& 3.0 603.2 631.1
A 1425.9(6) 1425 % 2.3 1409.1
B’ 315.3+ 7.9 315.3
c 275.3£ 6.9 275.3
B +C 591.6(5) 590.6+ 2.7 590.6
K" —0.9535 —0.9542 —0.9506 —0.9380 —0.9621
' —0.9305 —0.9294
by’ —0.012 —0.012 —0.013 —0.016 —0.010
by’ —0.018 —0.018
Alignment of TM (%)
a 53.4 53.4 51.7 55.5 44.4
b 31.2 31.2 13.7 34
c 154 154 30.8 52.1

aThe values have to be considered as averaged over the ground state and the electronically excited state rotational MPR&tGrEEGd)
level of theory.© Including theb, asymmetry correction factor (see ref 13).

of large clusters is very encouraging for theoretical calculations with a positive polarity that corresponds to the assumed position

for other systems.
HF and DFT/B3LYP ab initio calculations are known to

of an excited statel)-type transient. Therefore, it can be
concluded thaty” < tj'. The polarity of this transient is inverted

underestimate the dispersive interaction caused by electronwith respect to the TRFD trace, which can be rationalized

correlation, which is not included on the HF and not well

because of a gain process in thef1l') PPl scheme instead of

described on the DFT/B3LYP level. It is therefore not unex- a depletion process in the TRFD scheme. This observation is
pected that the geometries obtained by these methods aren agreement with the polarity of the (¢ 1') PPI data obtained
different. The CM distances are 6 and 5.9 A, and the wagging on J-type transients opCHA622 and onJ-type transients of
anglel C;0,0,C; is —108 and—11C, respectively. One ab  pDFBeAr.2324
initio calculation on the phenol dimer has been reported in the  An assignment of thél-type transients to ground-state and
literature210 The calculation has been performed at the HF/6- electronically excited-state transients has been done on the basis
31G({d,p) level of theory and reveals the typical deficiencies of a comparison with simulated spectra. Two alternative
for this level of theory. A hydrogen bonded dimer was found, assignmentsy” > ty' (set |) andty” < ty' (set 1l) have been
with a typical Q — O, distance of 2.97 A and an oxygen atom compared (see Table 1). Figure 5 shows five regions around
O, that is shifted by~0.1 A out of the plane defined by the the positions of théi-type transients, which have been selected
phenol donor moiety [ C,C10:0, = —2.1°). The largest because they show a significant difference between the simula-
difference in comparison with the MP2, Structure is the tion of set | and the simulation of set Il. The better agreement
wagging anglell C;0,0,C; of —107.%, in comparison to of simulation | with the experimental data leads to the
—69.6° for the MP2 calculation. This results in a large CM assignmenty”” > ty', which has been assumed for further
distance 66 A and anA rotational constant that 420 MHz analysis.
larger than the experimental value. B. Linear Regression Analysis.The peak positions were
extracted for théd"'-, H'-, J'-, and soméJ'-type transients. With
V. Analysis of Experimental Results these data a linear regression analysis was performed [Figure
To obtain the rotational constants of the ground state and 6""]: The residuals are depicte.d. in Figure 6D, V\./hich.reve.als a
the electronically excited state, two methods of analysis for the Variation in the measured positions from a straight line fit by
recorded RCS spectra have been employed. The first was a lineaf€SS thants ps. As a result of this procedure, the following
regression analysis of transient peak positions assuming a nearlf'gebra'c relations have been obtained for the rotational
symmetric prolate top. In a second approach numerical simula- €ONstants:
tions of the full RCS spectra were employed and fitted to the

experimental data. Before those methods can be applied, the ' =1[2A—=(B+C)" =449.2(1) ps @)
transients of the ground state and the electronically excited state t) =1/[2 A — (B + C)] = 442.5(2) ps )
have to be distinguished.

A. Assignment of Ground-State and Excited-State Tran- t;' =1/(B + C)' = 829.5(4) ps (3)
sients. The results of the (& 1') PPI experiment are used to
assign the excited-statktype transients. There is a transient ty = 1/(B+ C) = 844.8(6) ps (4)
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transition dipole moment (TM) within the molecular frame, the
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Figure 6. Linear regression analysis of the RCS spectrum of the phenol
dimer. Evaluation oH"-, H'-, J'-, andJ'-type transients. (a) Straight
line fit. Plot of delay time vs recurrence numbefor the measured
and identified transients. (b) Regression residua.

A grid search routine together with a nonlinear fitting routine
was used to find optimized sets of parameters. The results for
the best fit obtained are given in Table 1 (set I). The error
The error margins correspond to the statistical error of the linear margins were obtained by variation of one parameter and
regression procedure assuming an experimental uncertainty insubsequent optimization of the othétJhe results of the search
the peak positions of 3 ps for thd"'-type transients, 35 ps and fit procedure, which are relevant to the error analysis, are
for the H'-type transients, and 5 ps for tlg- and theJ'-type depicted in Figure 7. The reduced was calculated with and
transients. From these data the following rotational constants without relaxation of the remaining fit parameters. Thg?
were calculatedA” = 1414.5+ 0.6 MHz (0.04%), B + C)" %%min = 2% boundary is indicated as a horizontal line and the
= 602.5+ 0.6 MHz (0.1%) A" = 1425.9+ 1.2 MHz (0.08%), value for the corresponding relative uncertainty is given in each
(B + C)' =591.64 1 MHz (0.2%). The reported uncertainties  plot2” Note that the ground-state parameters were given with
correspond to @ (standard deviation), relative uncertainties are high accuracy, in particular the transient timg§ and t;"
given in parentheses. The difference betwBeandC reflects connected wittA'" and @ + C)"', respectively. AlscC", which

the asymmetry of the cluster. It cannot be obtained from the is linked to the differenceB — C)"', was determined accurately.
linear regression approach, but only by using additional The situation was different for the excited-state paramegers
information. This information can be obtained from the positions andC' (note the different scaling of theaxis). This is due to
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Figure 7. Error analysis for the adapted parametes g, C). The neighborhood of an optimized set of rotational constants obtained from the
Levenberg-Marquard procedure as investigated by a grid search and grid search with relaxation method. Theyfeidugiedted as a function

of the variation of the fit parameters relative to their minimum valig? boundaries that correspond to a high level of confiderrc@g) are
indicated Qy?/x%min = 2%) by the dashed horizontal lines. The corresponding value is given in each plot.
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Figure 8. Variation of the reduceg? by changing the alignment of the transition dipole moment (TM):x¢&}, 3) without relaxation of the other
parameters; (by?(a, 8) with relaxation of the scaling factor SF and the offset parameter.

the fact that theJ'-type transients are very weak in the TRFD (Figure 8). The differences in the simulated spectra on varying
trace and that no clearly visible excited st&t¢ype transients o can be described as follows. The decreasexdtads to
have been identified. Hence, the relative uncertainty for stronger J-type transients in comparison with thd-type

(B — Q) is 40%, in comparison with only 4% foB(— C)". transients. An increase leads to stronfgeandK-type transients.
The results of the error analysis are summarized in Table 1. The boundaries fon have been determined in comparison with

The optimized values of the rotational constants have beenthe relative modulation intensities of those transients in the
used to perform a two-dimensional fit concerning the alignment experimental TRFD spectrum.

of the transition dipole moment (TM¥. Figure 8 shows the In Figure 9 the results obtained by variation of the lifetimes
dependence of?(a, ) for the optimized set of rotational  for the ground staterf) and the excited stated) are depicted.
constantsa refers to the angle between the TM and &xis, The curves have been obtained by optimizing the parameters
andp is the angle in thés/c plane with respect to th axis. SF and offsety(ze) shows a minimum forre = 17°35 ns,

The scaling factor SF and the offset parameter are optimized inwhereasy?(ry) reaches its minimum forry — . These

the relaxed plot. A sensitive dependence/dbn the anglen observations confirm the assignment of ground-state and excited-
and a less sensitive dependencgZdn the anglgs was found. state transients. The result for the lifetimeis also consistent

The optimum values are = 4337, f ~ 35°, and SF= 8.5 with a value ofze = 16 ns, as reported in ref 7.
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] obtained by the two-dimensional fit to our data (see Figure 8).
0.94 - A R < varied The averaged differencB — C that has been extracted was
r |‘. Tg varied 28 MHz, in agreement with a value of 33 MHz obtained for
0.92 - ' ¢ [(B—=C)" + (B — C)]/2 from the data of this work.
Ng 0.90 |- VI. Structural Analysis
§ I A. Phenol Monomer Geometry.The phenol monomer has
3 088 - been studied intensively both experimentally and theoretically.
I Larson obtained precise rotational constants from microwave
0.86 |- spectra. He also deduced a complete substitution structure by
" measuring the isotopomers and applying the Kraitchman equa-
0.84 - tions2930 However, the substitution structure does not
P """4 — """5 — "”"'6 — represent a zero-point energy structuse and therefore the
10 10 10 10 rotational constants from the structure are slightly different
Lifetime [ps] from the microwave data. The rotational constants of the
Figure 9. Change of the reduceg upon variation of the fluorescence  €lectronically excited state have been reported by Hollas et al.
lifetime for the ground stater) and the excited staterd in the by measuring and evaluating a rotational band contour of
simulated spectrum. phenot! (see ref 32 for a review). Berden et al. applied high-

resolution UV spectroscopy to derive the ground-state and
excited-state rotational constants of bare phenol and the
phenodwater clustee® A crystal structure analysis of phenol
by X-ray diffraction has been reported by Zarodnik e¥alhree
slightly different structures have been obtained because of a
helical structure in the crystal, with three phenol molecules per
turn. An electron diffraction study has been performed by
Hargittai and co-worker® Ab initio calculations for bare phenol
have been performed at various levels of theory. See, for
: example, the work of Lampert et al., Michalska et al., Fang,
,/\/\/\ and Roth et at¢~3° Calculations at the MP2/6-316¢) and
N DFT/B3LYP/6-31G(l,p) levels of theory reproduced the rota-
tional constants of the ground state quite wWef? whereas
000 T2 1290 Teoa1a50 2000 CAS(8,7)/6-31Gd,p) calcglaﬂons, with an active space.of eight
Delay [ps] eIectr_on_s and seven o_rb|tals, had to pe employed to give a good
description of the excited-state rotational constdh#§Table
Figure 10. Comparison of the high-resolution experimental data of 2 symmarizes some of the rotational constants of the phenol
this work with two simulations. Simulation (I)iser= 2 S, Trot = monomer, which are reported in the cited publications.

8 K), corresponds to the experimental parameters of this work, and B. Ph | Di G trv. S | i h ¢
simulation (Il) @aser= 30 ps,Trot = 5 K) corresponds to a simulation : Enol Limer Geometry. Several assumptons have 1o

of the TRFD experiment of Felker and co-workérEhe positions of ~ P€ made in order to derive effective zero-point energy structural
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four different types of transients are marked by vertical linet, information from the rotational constants obtained for the phenol

dotted;H’, dashed-dotted;J", dashed; and’, full line. dimer. Following the analysis of Felker and co-workkthe
distanceR between the two centers of mass of both monomers

D. Comparison with Former Experimental Results. The can be expressed as

results of the former RCS study of Felker and co-workers

the hydrogenated phenol dimer are compared in Table 1 with R _1 ©_ 5|0 _ T @ 6

the results of our high-resolution study. The reported rotational R = 2 (Z X z X z x) (6)

constants are in good agreement with the averaged values X ) *

obtained from evaluation of the ground-state and the electronic mm,

excited-state transients. The simulated spectra, corresponding u= m (1)

to different measurement conditions, are compared in Figure

10. We used the parameterger= 2 ps andlr; = 8 K for our whereu is the reduced mass of both monomers, grate the

study (S|mulat|.0n 1), ,a”(?g;er:, 30 p§ andTor = 5 K for.the principle moments or inertia of the dimé&P), monomer one
former RCS investigatidn (simulation II.). The r.otat|onal 1@, and monomer two®. The individual moments of inertia
constants have been taken from the best fit to the high-resolutiony e connected to the rotational constants by

experimental data (see Table 1, set I). The depicted time delay

range corresponds to that of Figure 5 in ref 1. Four recurrences _h
of H-type transients and two recurrencesJefype transients = 872X
are observed. A splitting of the transients into ground-state and

excited-state transients is observable both in the experimentalBecause eq 6 is a general result, assumptions about the geometry
trace and in simulation (I) but not in the depicted part of of the monomer moieties have to be put forward in order to
simulation (). This can be explained by the fact, that only the calculate the intermolecular distanBe

average rotational constants have been obtained in the former The rotational constants obtained from Berden et al. have
TRFD study. The alignment of the transition dipole moment, been used for the calculation of the intermolecular CM distance
extracted in the former RCS investigation, was characterized R of the phenol dimer (equations—8). The ground-state

by o ~ 44°, which is in very good agreement with ~ 43° rotational constants of bare phenol have been assumed for both

X=A,B,C (8)
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TABLE 2: Rotational Constants (MHz) of Bare Phenol Obtained by Different Methods

microwave microwave rotational contour uv electron X-ray ab initio ab initio
spectroscopyrg)®®  spectroscopyrg)? analysig! spectroscopy  diffraction’®  diffraction  calculationg cald
A" 5650.5154(11) 5667.8 5650.49 5650.515(6) 5610 5802 5674.6 5650.6
B" 2619.2360(5) 2625.6 2619.29 2619.236(3) 2628 2674 2619.2 2614.6
c" 1789.8520(3) 1794.4 1789.76 1789.855(3) 1789 1831 1789.9 1787.5
A 5315.3+ 6 5313.6(2) 5352.1
B 2623.5+1.8 2620.5(1) 2576.9
c 1756.5+ 0.3 1756.10(4) 1739.4

a Calculated from the structural parameters deduced in ref 29erage values of the three specié§.CAS(8,7)/6-31G4,p) level3” ¢ MP2/6-
31G(,p) level3”

phenol moieties to calcula®’ of the dimer. For the electroni- ;\r/lﬁiBe%iEssin ?ﬁg%u;ﬁfgrgg%ezé gnss?fufc?ééhaespéfs“&'ib od
cally excited state we assumed the rotational constants of thejn the Text) Compared with the Values of the Substitution
molecular excited state for the donor moiety and that of the Structure?®

ground state for the acceptor moiety to calcuRteThe results
areR’ = 5.255 A+ 0.005 AR = 5.311 A+ 0.04 A, and
(R' + R)/2=15.28 A. The average value is in good agreement

microwave (s)?° S S

Structural Parameters [A]

with the value of R = 5.27 A obtained by Felker and Ci—gz Co—Cys ig’;g %;g;g’g %;iigg
co-workerst Ca—Cs, Co—Cy?

To derive structural information for the phenol dimer from  C,—Cs, Cs—C&® 1.393 1.3956 1.443
the RCS results, the assumption has been made that the C—H® 1.083 1.084 1.084
monomer geometries do not change upon complexation. The CZ__|_'|"2 (1)8256 3'8352 égg?ﬁ
MP2 ab initio calpulanons show that this assumption is justified CeCl:1C2 120.9 120.9 120.9
for the electronic ground state. There are six independent c,c,c, 1205 120.5 120.5
intermolecular coordinates that have to be determined in order O C,CsCs 120.8 121.1 121.1
to characterize the intermolecular structure of the phenol dimer. U C:C.Cs 1194 1194 1194
These are the three components of the distance veRtor U CCCs 119.2 119.2 119.2
connecting the centers of mass of both monomers and the threeg gig‘i&l iég:g %g:g iég:g
Euler anglesd, 0, x). )

The values for the three rotational constants of the dimer have Rotagcgrgl gO”Sta”ts g\ggg]l £313.7
been obtained from the experimental data. However, for an g 2625.6 2620.2 2621.0
unequivocal determination of the six intermolecular coordinates, ¢ 1794.4 1790.1 1755.2

which determine the intermolecular structure, at least three more
constraints are necessary. The geometrical results of the
following constraints have been tested: (i) We assumed angeometry nor the structural changes upon electronic excitation

a Average values.

O—H---O hydrogen-bonded dimer with a linear-®l---O bond, are unambiguous. The structures are merely an example of
which corresponds to an in-plane bend angleC,0,0, = structures that are consistent with the rotational constants.
108.8 and an out-of-plane bend angleé C,C;0,0, = 0°. The results of a fit to the above three exemplary boundary

Additionally an Q—0, distance of 3.00 A has been assumed. conditions are given in Tables 4 and 6. As can be seen from
The first two assumptions have also been made by Felker andTable 4, structure (l) is very similar to the structure reported
co-workerst The value for the @-0O; distance was assumed by Felker and co-workers. Structure (IlI) exhibits only minor

according to the fitting results of reference 1. (ii)C;0,0, = modifications of some angles, whereas structure (lll) shows
108.8, 0 C,C,:0,0, = 0°, and an @—0; distance of 2.93 A stronger deviations. Because of the large uncertainty of
(value from the phenelater cluste). (i) O C;0,0, = 32, this structure, which has been determined wittand

108.8, O C,C10:0, = 0°, and an alignment angle of the the constraint of a linear hydrogen bond, is thought to be less
transition dipole moment (TM) aft = 43°, as determined from  reliable. Structures (I) and (Il) are thought to be a good
the fit to the TRFD spectrurff. representation for the electronic ground state of the phenol
The procedure of the structural analysis was as follows: First dimer. Moreover, the intermolecular parameters are in good
a dimer is constructed using the structure of two phenol agreement with the structure obtained from the MP2 ab initio
monomer moieties, with the six intermolecular coordinates calculations.
determining their relative orientation. Then the rotational  As a test of the proposed structure (), we compared it with
constants of the dimer and other intermolecular parameters ofthe results of the experiments on the deuterated species
interest (e.g., @0, distance,[] C;0,0,, 0 C;C10:,0,, a, performed by Felker and co-workérén their RCS study, four
B, ...) are calculated. To fit the six intermolecular coordinates different phenol dimer isotopomers, i.bg;hg, di-d1, ds-ds, and
to the constraints of the phenol dimer, a nonlinear fitting routine ds-ds, were investigated. Four sets of rotational constants have
based on a Levenberdvarquardt algorithr?f has been em-  been determined, and four valuesRhave been evaluated by
ployed. assuming that the structure of the phenol dimer is not changed
The phenol monomer geometries, used for the fit procedure, upon deuteration. Felker and co-workers obtained their structure
have been constructed to fit the measured rotational constantsy fitting all deuterated species with one set of parameters and
of the phenol monomer. The method, that has been suggesteddentical constraints. Although we have not measured the
by Cvitaset al. and Berden et al., has been emplo{¢dThe deuterated phenol dimer, we can compare the changes in the
chosen characteristic ground-state and excited-state parametenotational constants of our structure upon deuteration with the
used for the construction of the phenol dimer are given in Table values obtained by Felker and co-workers. Table 5 lists the
3. As pointed out by Berden et al., neither the monomer change of the distancR upon deuteration of the structure
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TABLE 4: Summary of Experimental and Theoretical Results for Selected Internal Coordinates of the Phenol Dimer

ab initio
former RCS structure | A= semi- MP2 B3LYP  HF HF
experiments S S X(S1) — X(So)° emp 6-31G(@) 6-31G() 6-31G() 6-31G(d,p)>°
Monomer center of mass distance [A]
R 5.273 5.255t 0.005 5.31140.04 +0.056+ 0.045 5.232 5.097 5.854 6.005 5.993
Rotational constants [MHz]
A 1418.6 1414.4 1425.7 +10.6 1344.1 1366.4 1777.4 1844.8 1835.1
B 3135 313.7 315.3 —-6.7 318.0 325.6 251.6 240.8 241.8
C 285.5 287.5 275.3 -5.3 285.2 305.5 245.1 237.1 237.9
B+C 599.0 601.2 590.6 —12.0 603.2 631.1 496.7 477.9 479.7
Intermolecular atomratom distances [A]
0,—0, 3.00 3.00 2.96¢ —0.04 3.05 2.88 2.87 2.96 2.97
Cs—H> 2.93 2.92 2.59 —0.33 2.87 3.23 4.10 4.11 4.10
Hg—H> 2.74 2.75 2.40 —0.35 2.64 3.11 3.73 3.72 3.71
Intermolecular bond and dihedral anglép [
0 C0:0; 108.8 108.8 108.8 108.8 108.8 113.1 114.8 114.8
0 0:0,Cy 117.8 117.1 1314 +14.3 115.4 111.7 115.6 120.1 119.5
0 O:0:H7 131.6 132.1 113.6 —18.5 131.7 137.2 133.8 128.0 128.3
0 C.C,0,0; 0.C¢ 0.0 0.C¢ —2.4 -7.8 —-4.7 -1.8 -2.1
0C0:0,C;  —59.2 —62.0 —29.7 +32.3 -56.4 —69.6 —110.1 -—107.8 —107.5
00:0,C:.Cs  —13.7 —13.9 -30.4 —16.5 -12.3 -123 —4.4 -53 —-4.7
0 C10,0,H7 100.7 100.1 118.8 +18.7 112.0 93.0 80.3 84.0 83.6
Alignment of the transition dipole moment (TM) [%)]
a 62.4 61.1 78.7 55.5 44.4 23.1 27.5 375
b 11.6 11.2 18.6 13.7 34 63.7 55.5 51.4
C 26.0 27.7 2.7 30.8 52.1 13.2 17.1 111
Rotational constants of monomer (1) and monomer (2) [MHz]
A1) 5650.1 5650.1 5313.7 —336.4 5590.0 5644.2 5650.7 5751.5 5753.2
B(1) 2620.2 2620.2 2621.0 +0.8 25242  2608.7 2609.6 2656.1 2657.5
C(1) 1790.1 1790.1 1755.2 —34.9 1739.0 1784.1 1785.2 1817.0 1817.9
A(2) 5650.1 5650.1 5650.1 0.0 5590.0 5622.5 5632.5 5736.8 5738.9
B(2) 2620.2 2620.2 2620.2 0.0 2524.2  2612.7 2613.3 2657.2 2658.5
C(2) 1790.1 1790.1 1790.1 0.0 1739.0 1783.8 1785.1 1816.1 1816.9
Dipole moment [Debye]

u 3.65 3.56 3.48 3.43

aComparison of structures from the RCS results of Felker and co-workgmjnd and excited state RCS data of this work, semi-empirical
calculations of Abdoul-Carime et &k and ab initio geometry optimization at the MP2, DFT/B3LYP, and HF levels of thédifference between
electronic excited state and ground state for paramétéBoundary condition.

TABLE 5: Changes in Center of Mass Distance R [A])
upon Deuteration of Structure (I) Compared with Former
RCS Resultd

TABLE 6: Comparison of Different Phenol Dimer
Structures of the Ground State and Electronically
Excited State

structure (1) structure structure (Il) § structure (1) §  structure (11l)
So from ref 1 calcd Intermolecular atoratom distances [A]
he-he 5.26 5.27 5.27 0.—0; 2.93 2.89 3.36
dh-dy 5.23 5.24 5.25 Cs—H> 2.97 2.64 2.72
ds-ds 5.28 5.30 5.32 Hg—H: 2.85 2.51 2.23
ds-ds 531 5.33 5.35 Intermolecular bond and dihedral anglék [
aCalculated from the rotational constants of ref 1 by applying U C1010: 108.8 108.8 108.8
equations 6-8. O 0102C7 120.4 134.0 103.6
0 0,0.H7 127.7 108.7 147.5
depicted in Figure 4. After correction of the results by an offset g gigigi% _58'(5 _22'(; —egl(f
of 0.02 A, which is caused by the reported averaged structure ; 0,0,c,C, 186 —371 —36
of the $ and the $state in ref 1, a good agreement with fRe 0 C,0,0:H7 97.9 116.8 117.2
values obtained by Felker is achieved. o ) Alignment of the transition dipole moment (TM) [%]
C. Structural Changes upon Electronic Excitation.Starting a 62.9 79.4 53.2
from the structure for the electronic ground state of the phenol b 26.6 18.7 15.1
10.5 1.9 31.5

dimer, we tried to evaluate possible changes upon electronic €
excitation of the donor moiety. The rotational constants from
the excited state of phenol dimer have been extracted from the
RCS results, and a center of mass (CM) distance of the monomerhydrogen bond and a decrease of the-O, distance by 0.04
moieties ofR = 5.31 A+ 0.04 A has been calculated. Thusa A (as obtained for the phensVater cluster upon electronic
small increase by+0.06 A of this distance is obtained upon excitatior$®) have been assumed. Tables 4 and 6 show the
excitation. To evaluate the structure, there are again only threestructural changes obtained in this way. Again, those changes
parameters determined from the experiment. Therefore, similarare only exemplary, because alternatively a change in the angles
to the discussion of the structure in the ground state, a linear [0 C,C,0,0, and[] C;0,0, could be assumed. Moreover, those

aBoundary condition.
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0 C10,0,C5, of —69.6" at a center of mass distance of 5.10 A.
The molecular axis systena,(b, c) is located in the (inter)-
molecular frame so that thee axis (prolate top axis) intercon-
nects the center of masses of the individual phenol molecules.
The phenol dimer is a nearly prolate top with an asymmetry
factor of ¥ = —0.96. Theb axis nearly bisects the angle
between both long axes of the rings, whereastheis is nearly
parallel to the aromatic planes. As a result of this geometry,
the transition dipole moment of the donor moiety, which we
assume to be fixed in the aromatic ring along the short axis, is
of hybrid nature with the components 44.4863.4%Db, and
52.1%c.%° For the acceptor phenol, not investigated here, one
would receive 43.2%, 3.0%b, and 53.9%c.

The attractive interaction between the phenyl-moieties under
the constraints imposed by the-®i---O hydrogen bond leads
to a deviation from planarity of the angle C,C,0,0, = —7.8".
The oxygen atom @is shifted from the plane of the donor
moiety by 0.4 A. In contrast, the in-plane bend angl€;0,0,
= 108.8 corresponds to the typical value for a linearB---O
hydrogen bond.

Itis instructive to compare the donor and acceptor molecules
in the energy-optimized dimer with the free monomer. Here
we found upon dimerization an increase of the@bond length
of +0.013 A and the angl& C¢C,C; of +1.0° for the acceptor
molecule. This may be rationalized by the reduced charge
density at the acceptor oxygen atom. Domenicano observed a
correlation with the angle and the electronegativity of the
substituent3 Here the electronegativity is increased by the

& P hydrogen bonding. On the other hand the donor phenol molecule
) . ) exhibits a slight shortening of the-€ and an increase of the
53;;66%1' Structure (Il) in the $and structure (Il) in the Sfrom O—H bond (-0.003 A and+0.007 A, respectively). Thus the
hydrogen bond is well characterized by the calculation.
changes are strongly affected by the choiceB#(C)’, which Information on the length of the hydrogen bond can be

is only known with an uncertainty of 40% (see section IV.C). obtained by comparing the ab initio calculation and the
Depending on the choice of this parameter, nearly no structural experimental values for the phemohter cluster. The §-O,
changes or very strong changes between ground and electronidistance has been derived from the experimental data to be
cally excited state structures can be obtained. Strong change$.93(2) A33 An ab initio calculation on the MP2/6-31G()
mainly consist of a decrease of thg Wagging angle of up to 40 |evel gives an @0, distance of 2.845 A, which is 0.085 A
Two exemplary structures are depicted in Figure 11. Moreover, too short® It is likely, that a similar shortening of the,:©0;

it has to be pointed out that the variability for this angle is not hydrogen bond is produced by the MP2 calculations of the
found for the CM distanc®, which has been determined with  phenol dimer. Correcting its value leads to an expected@
0.8% relative uncertainty. However, for the phenol dimer cation, distance of 2.95 A for the phenol dim&.

recently a structure, similar to the ground-state structure, has 1 characterize a molecular polyatomic dimer completely
been proposed. No sandwich-type structure such as that for otheg;y intermolecular coordinates are necessary as already men-

aromatic dimer cations could be confirm€dThus a large  {joned. These coordinates are usually reflected in the low-
structural change is not very likely for the excited state of the frequency normal modes of the “supermolecule”. Moreover

phenol dimer. these modes represent large amplitude motions of the system,
which can be considered as “soft coordinates” of the structure,
so that a sensitivity analysis for the rotational constants with
In the following we will discuss some structural aspects of respect to these coordinates should reflect the quality of the
the phenol dimer in the ground-state based on the ab initio proposed structure. For the sensitivity analysis, we performed
results. Moreover, a sensitivity analysis for the six intermolecular one-dimensional model calculations starting from the optimized
coordinates was performed, and a comparison with the experi-structure (I) with the intermolecular coordinates: wagging angle
mental data will be presented. (O C1010,C7 = —62.0), in-plane and out-of-plane twist angle
The result of the ab initio calculation at the MP2/6-3tlz( (0 0;0,C;Cs = —13.9, 0 0,0,C; = 117.T), in-plane and
level of theory will be considered as a reference structure (for out-of-plane bend anglé](C;0,0, = 108.8, 0 C,C10:0; =
the structure see also Figure 4). It agrees well with the result of 0.0°), and Q—0, distance= 3.0 A. These intermolecular
the semiempirical calculation and with the experimental data coordinates can be related to the intermolecular modes: butterfly
of this work. The gross structure is also similar to the one (v1), mutual twisting ¢2), cogwheel motionis), torsion 4,vs),
reported by Felker and co-workérsBoth phenol rings are  and hydrogen bond stretchingg), respectively, as assigned by
connected by an intermolecular hydrogen bond with anGO Kleinermanns et &. Figure 12 shows the results of the
(H---0) distance of 2.88 A (1.92 A), so that an acceptor and a sensitivity analysis. The value 1.0 on tiexes indicates the
donor phenol can be distinguished. The phenyl ring planes areexperimental results. The position on thkeaxes, which is
not parallel but form an angle, here termed wagging angle indicated in each plot, marks the optimized structure (l), i.e.,

VII. Structural Interpretation
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could be further improved by ab initio calculations, which give
a more accurate description of the hydrogen bond and incor-
porate the dispersive interaction of the aromatic rings.
Althoughty' andty’ have been determined with high accuracy,
the difference between th# and theC' rotational constants
has been determined only with a limited accuracy (40% relative
uncertainty, in comparison with 4% for the ground state). This
is due to the fact that no excited-staietype transients have
been allocated in the TRFD spectrum, as discussed in section
V.C. This uncertainty leads to a range of possible dimer
structures for the electronically excited state, as discussed in
section VI.C. The wagging angle has been found in the range
from —60° (nearly no change) te-20°. Although the precise
values are not known, such a change could be rationalized by
an increased interaction of the phenyl rings. In summary, the
precise elucidation of the structural changes upon electronic
excitation of the phenol dimer have to await accurate values
for all three excited-state rotational constants and a high level
ab initio calculation for the electronically excited state.

VIII. Conclusion

We reported on a high-resolution rotational coherence
spectroscopy (RCS) investigation of the phenol dimer, applying
the TRFD method. The resolution was sufficient to resolve
ground state and electronically excited-state transients upon
photoexcitation of theglransition in the phenol donor moiety.
The assignments of the excited stat¢ype transients were
verified by a (1+ 1') pump—probe ionization (PPI) experiment.
The H-type transients were assigned by comparing numerical
simulations with the experimental TRFD spectrum. By using a
search and fit routine, values for the rotational constants of the
ground state and the electronically excited state of the phenol
dimer and their error margins were obtained. The estimated
uncertainties of the rotational constants of the electronic ground
state are 0.04%, 0.3%, and 0.2% for theB, andC constants,
respectively. Higher uncertainties are obtained for the rotational
constants of the electronically excited state (0.2%, 2.5%, and
2.5%). The rotational constants of the phenol dimer in the S
excited state have been reported for the first time. The averaged
values of the ground state and excited-state rotational constants

the starting structure (see also Table 4). Since a perfect fit hasof this work are in good agreement with former RCS results
been obtained (six degrees of freedom determined from six obtained with a lower time resolutidn.

parameters), all four graphs intersect at one point, which is

We propose possible structures of the phenol dimer in both,

determined by these two parameters. All diagrams of Figure the electronic ground and excited state as obtained by a fitting

12 show a nearly linear relationship of the normalized rotational

procedure, using the experimentally determined rotational

constants and the CM distance with respect to the intermolecularconstants and constraints imposed by theHd--O hydrogen

parameters. The individual slopes f8r B, C, and the CM
distanceR vary for the different intermolecular parameters. Also,

bond. For the electronic ground state the results are in a good
agreement with both semiempirical calculatirend ab initio

for a fixed intermolecular parameter different slopes are obtained calculations at the MP2/6-31@) level of theory. Upon

for A, B, C, andR. This illustrates that it is possible to change
for example the wagging angle and retain the valuesAfds,

C, and R by adjusting the five remaining intermolecular
parameters.

As can be seen from Figure 12, an increase of the@
distance leads to a decrease of BhendC rotational constants
and an increase &, whereas thé rotational constant is nearly
unchanged. The suggested increase of the@ distance of
0.085 A leads to a decrease Bfand C of about 2% and an
increase oR of about 1%. Those three values from the MP2
ab initio calculation are therefore shifted closer to the experi-

electronic excitation, only small changes of the rotational
constants have been found. From that, a slight increase in the
center of mass distance by 0.06 A was obtained. Since the
uncertainty of B — C)' in this investigation is still largex{40%),

we cannot rule out a larger change of the structure, e.g., a
decrease of the wagging angle by several tens of degrees, which
would lead to a more pronounced “facing” of the aromatic rings.
To pinpoint the electronically excited-state structure clearly, the
difference betweerB' and C' has to be determined more
accurately. This could be achieved with excited-state selective
RCS methods in order to reco@-type transients at long time

mental values of the phenol dimer (see Table 4). This discussiondelays. However, the excited-state rotational constants obtained
should be understood qualitatively, since this simple picture doeshere are useful to check high-level ab initio calculations. It

not take into account a relaxation of the other intermolecular

should be added that precise experimental data on the rotational

parameters. However, these results suggest, that the theoreticatonstants of the electronically excited states of dimers of
description of the phenol dimer in the electronic ground state aromatic molecules are still rare.
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