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The structures of fluorene– „H2O…1,2 determined by rotational
coherence spectroscopy

David M. Lamana)

Department of Physics, Central Washington University, Ellensburg, Washington 98926-7422

Alan G. Joly and Douglas Ray
W. R. Wiley Environmental Molecular Sciences Laboratory, Pacific Northwest National Laboratory,
Richland, Washington 99352

~Received 27 December 1999; accepted 28 April 2003!

Rotational coherence spectroscopy~RCS!, via time-correlated single photon counting, and
two-color resonant two-photon ionization~R2PI! time-of-flight mass spectrometry, have been used
to characterize fluorene–(water)1,2 @FL– (H2O)1,2# van der Waals clusters generated in supersonic
jets. Rotational coherence traces have been obtained at excitation energies corresponding to several
resonant features in theS1←S0 R2PI spectra of FL– (H2O)1,2. RCS simulations and
diagonalization of the moment of inertia tensor have been used to obtainS1 excited state rotational
constants and structures of FL– (H2O)1,2 that are consistent with the experimental rotational
coherence traces. The RCS results indicate that:~i! the water molecule in FL–H2O resides above the
central five member ring and interacts with both aromatic sites;~ii ! the water molecules in
FL– (H2O)2 form a water dimer that is most likely oriented along the long axis of fluorene and is
hydrogen-bonded to both aromatic sites. TheS1←S0 R2PI spectra of FL– (D2O)1,2 and FL–HDO
have also been obtained. The 00

0 transition is a doublet in the R2PI spectra of FL–H2O, FL–D2O,
and a singlet in the R2PI spectrum of FL–HDO. The presence of this doublet in the FL–H2O/D2O
spectra, and the absence of such a splitting in the FL–HDO spectrum, is an indication of internal
rotation of the water molecule on a potential energy surface that changes upon electronic excitation.
Lastly, the use of RCS and time-resolved fluorescence as a tool for assigning features in R2PI
spectra that are of ambiguous origin due to fragmentation of higher mass clusters into lower mass
channels is demonstrated. ©2003 American Institute of Physics.@DOI: 10.1063/1.1584031#

I. INTRODUCTION

Gas phase benzene–(water)n clusters have been the fo-
cus of a number of experimental1–11 and theoretical8,12–16

studies aimed at understanding the interaction between hy-
drogen bonding species and aromaticp systems. Benzene–
(H2O)n complexes up ton58 and several isotopomers of
the benzene–water complex have been studied with
microwave,7,8 partially rotationally resolved electronic
absorption,9–11 IR,1,3–5 and Raman2 spectroscopies. The ma-
jor structural features of benzene–(water)n complexes de-
duced from these studies are as follows:~i! In the benzene–
water complex, the water molecule interacts with thep cloud
of benzene on or near the sixfold axis. Both water hydrogens
participate in the interaction with benzene, although not to
the same degree.~ii ! Benzene–(H2O)n complexes withn
>2 consist of hydrogen bonded networks of water molecules
on one side of the benzene ring. The interaction of the water
network with thep cloud of benzene is primarily through
one OH group, and the hydrogen-bonded structure of the
water network is only slightly perturbed by the benzene mol-
ecule.

Since the water–water binding energy additionally stabi-
lizes benzene–(water)n.1 , the above-summarized result~ii !

is not unexpected, i.e., the lowest energy configuration will
have as many water–water hydrogen bonds as the free water
cluster. Water molecules bound to opposite faces of the ben-
zene ring cannot hydrogen bond, and thus such structures do
not form. In aromatic systems more complex than benzene,
however, the binding of water molecules to adjacent aro-
matic sites does not necessarily preclude water–water hydro-
gen bonding, and hence structures with networks of
hydrogen-bonded water molecules bound to multiple aro-
matic sites can occur. A complete picture of the interaction of
water with aromatic systems will thus require structural in-
formation on complexes of water with molecules containing
multiple aromatic sites. Detailed structural information on
such systems is currently limited to 9,98-bifluorenyl-H2O
~Ref. 17! and perylene–H2O,18 both of which have been
studied by rotational coherence spectroscopy~RCS!.

Since its introduction by Felker, Baskin, and Zewail,19,20

RCS has been used to determine the structures of a plethora
of jet-cooled molecular complexes.17,18,21–27In RCS, a sub-
set of rovibronic states is coherently populated by a linearly
polarized picosecond laser pulse. The rotational quantum
beats resulting from the time evolution of these coherently
populated states can be monitored by a number of different
techniques.27 Information on the rotational energies, and
hence the rotational constants, is contained in the temporal
positions and separations of the rotational quantum beats,
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and the rotational constants yield structural information via
the principal moments of inertia.

We report here the structures of jet-cooled fluorene–
(H2O)1,2 @FL– (H2O)1,2# obtained fromS1 excited state ro-
tational constants measured by RCS via polarized time-
resolved fluorescence. Fluorene~shown with its principal
axis system in Fig. 1! is a useful molecule for studying com-
plexes of water with molecules containing two adjacent aro-
matic sites. The fluorescence quantum yield~0.8!28 of fluo-
rene is fairly large, permitting the use of fluorescence
techniques with good signal-to-noise, and itsS1←S0 absorp-
tion wavelength (l0-0'296 nm) is easily accessible with
frequency doubled dye lasers. In addition, thea-type ~paral-
lel! S1→S0 transition moment and rotational symmetry of
fluorene makes it well suited for RCS studies. Jet-cooled
clusters of fluorene with water have been previously studied
by mass-resolved resonant two-photon ionization~R2PI!,29

dispersed emission spectroscopy,29 and laser induced
fluorescence,30 however, no detailed experimental structural
information on these clusters is available prior to the present
study.

The S1←S0 00
0 excitation energies used for RCS were

determined with mass-resolved R2PI. Despite the ability of
R2PI to provide mass resolution for cluster studies, ambigu-
ities as to the mass origins of features in the R2PI spectra of
weakly bound clusters frequently arise. The stable geom-
etries of neutral clusters involving polar species such as
FL– (H2O)n become energetically unfavorable upon ioniza-
tion of the aromatic moiety since the attractive negative
charge distribution necessary for hydrogen bonding is re-
placed with a repulsive positive charge distribution. Such
ionized hydrogen-bonded clusters frequently fragment before
rearrangement of the cluster into an energetically stable ge-
ometry can take place, complicating R2PI spectra taken in
lower mass channels with resonant features due to fragmen-
tation of higher mass species. Even though fragmentation
efficiencies can be minimized by limiting the ionization pho-
ton energy to just above the ionization threshold, in general
fragmentation cannot be completely eliminated. In such
cases, complementary techniques that can aid in the identifi-
cation of R2PI features can prove extremely useful. While
RCS is valuable as a stand-alone technique, it can also be

used as an aid in the identification of R2PI features: R2PI
features due to the same species will have the same rotational
coherence traces; R2PI features due to different species will
have different rotational coherence traces; and R2PI features
due to multiple species will have rotational coherence traces
with multiple sets of rotational recurrences each correspond-
ing to a specific species~provided that all sets of recurrences
are temporally resolved!. In addition, structural information
obtained from RCS can be used to tentatively assign R2PI
features to specific species. In the present study, the RCS
data have proven to be valuable in the interpretation of the
R2PI spectra.

II. EXPERIMENT

The experimental setup for RCS of FL– (H2O)n clusters
by polarized time-resolved fluorescence is shown schemati-
cally in Fig. 2. Helium is bubbled through a thermostated
cell containing deionized water, and the resulting He/water
mixture is passed through an oven containing fluorene main-
tained at 70–90 °C. The resulting He/water/fluorene mixture
is expanded through a 500-mm-diam circular aperture into a
chamber maintained at an operating pressure of approxi-
mately 0.15 Torr by an 800 l/s Roots pump system. The
helium stagnation pressure is 2 atm.

The supersonic jet is crossed at a distance of 15 mm
from the expansion aperture by linearly polarized ps UV
pulses tuned to theS1←S0 transition of FL– (H2O)n ~;296

FIG. 1. Fluorene and its principal axis system.

FIG. 2. Time-resolved fluorescence instrument for RCS of jet-cooled clus-
ters.
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nm!. The UV pulses are generated by frequency doubling in
BBO the output of a cavity dumped~4.8 MHz! R6G dye
laser ~Coherent 700!. An intracavity thin etalon is used to
narrow the spectral width of the dye laser output to less than
2 cm21, and to provide stabilization and fine adjustment
~1–2 cm21! of the laser frequency. The UV light is colli-
mated before entering the chamber and the UV power is
typically 1.5 mW. The residual fundamental light is sepa-
rated from the second harmonic by a Pellin–Broca prism,
and is directed by an optical fiber onto an avalanche photo-
diode for generation of the stop pulses for time-correlated
single photon counting.

The UV input and output ports of the chamber are ex-
tensively baffled to minimize the background due to scatter-
ing. Fluoresence from the excitation region is collected, col-
limated, and directed out of the chamber by anf /2 30° off-
axis parabolic mirror, and is polarized by a large-aperture
calcite polarizer oriented parallel to the polarization of the
UV pulses. A 90° off-axis parabolic mirror focuses the po-
larized collimated fluorescence onto a microchannel plate
photomultiplier tube~MCP PMT, Hamamatsu R3809U!. The
MCP PMT is covered with a 2-mm-thick UG11 cut-off filter
in order to minimize background from room lights and scat-
tered fundamental light from the dye laser. An 800-mm-wide
rectangular spatial filter in front of the MCP PMT blocks out
the fringes of the image of the fluorescence region where the
image quality is poor enough to degrade the time resolution
of the instrument. The detection system is isolated from am-
bient light with a light-tight hood. Background counts rates
are typically 10–20 s21.

The output pulses from the MCP PMT and avalanche
photodiode are amplified, discriminated, and used as the start
and stop triggers, respectively, of a time-to-amplitude con-
verter ~TAC, Tennelec 864!. The output pulses of the TAC
are binned according to pulse height by a multichannel ana-
lyzer ~MCA, Oxford!, yielding a histogram of counts versus
photon arrival time. Fluorescence count rates of well above
50 000 s21 are easily obtained for FL–H2O, while fluores-
cence count rates for FL– (H2O)2 were in the range 2000–
20 000 s21. Counts were accumulated until no appreciable
improvement in the signal-to-noise was observed. The count-
ing times varied from 8 to 10 h for clusters with the lowest
count rates to 1–2 h for clusters with the highest count rates.

The instrument response was determined by time-
correlated single photon counting of Rayleigh scattering
from air in the vacuum chamber at atmospheric pressure. The
temporal width of the instrument response curve obtained in
this manner is;30 ps full width at half maximum~FWHM!,
which is adequate time resolution for RCS.

The MCA time-per-channel~6.393 ps/channel! was cali-
brated by introducing known delays into the optical path of
the UV pulses and measuring the change in MCA channel
position of the peak of the instrument response curve as a
function of delay time. The time per channel was found to be
highly linear over the time range of interest. Corrections for
the speed of light in air were included in the time per channel
calibration, however, they introduce a rather small~0.03%!
correction to the time per channel.

The time-of-flight reflectron mass spectrometer used in

the two-color R2PI studies is described in detail elsewhere.31

FL– (H2O)n clusters for R2PI are produced by the above-
described method in a pulsed expansion~750-mm-diam cir-
cular aperture! operated at 10 Hz with an 80ms pulse width.
A mixture of 90% Ne/10% He at 2 atm is used as the seed
gas. The expansion is skimmed downstream from the nozzle
with a 1-mm-diam conical skimmer. The position of the ex-
pansion aperture is adjustable so that the skimmer samples
the coldest part of the expansion. In this way, two-color R2PI
spectra for the 00

0 transition of bare fluorene with 1.1 cm21

FWHM and signal-to-noise ratios in excess of 100~0.1 mJ
resonant beam, 100mJ ionization beam! are routinely ob-
tained.

The R2PI resonant beam~scanned around theS1←S0 00
0

transition of the cluster! is the frequency doubled~KDP! out-
put of a 10 Hz ns OPO~Spectra-Physics MOPO, 0.2 cm21

spectral width!, and the ionization beam for ionization
(continuum←S1) is the frequency doubled output of a 10
Hz ns DCM dye laser. Both beams cross the molecular beam
at right angles, are carefully overlapped in the interaction
region, and are temporally synchronized with each other and
the molecular beam. The resonant and ionization beams are
focused into the interaction region with 75 and 100 cm focal
length lenses, respectively. Pulse energies are typically 0.1–
0.5 mJ for the resonant beam and 100–300mJ for the ion-
ization beam.

All the wavelengths quoted in the following were mea-
sured with a calibrated wavemeter~Burleigh WA-4000! and
are referenced to vacuum.

III. RESULTS

A. Assignment of the RCS spectra and R2PI features
to specific species

A mass-resolved spectroscopic technique such as R2PI is
required in order to determine theS1←S0 excitation energies
for RCS of clusters. Then51,2 mass channel two-color
R2PI spectra of FL– (H2O)n in the spectral region around the
origin transition of FL–H2O are shown in Fig. 3. A low
ionization photon energy~;30 800 cm21! was used in order
to minimize cluster fragmentation. The spectral region
shown is well to the blue of theS1←S0 00

0 transition of bare
fluorene~33 776.0 cm21!. Rotational coherence traces have
been obtained at excitation energies 33 849.4, 33 838.0,
33 833.4, and 33 827.0 cm21 ~labeled I–IV, respectively, in
Fig. 3! corresponding to major features in the R2PI spectra.
These rotational coherence traces are shown in Fig. 4.

The alternating polarity, uniformly spaced recurrences in
the rotational coherence traces are identified asJ-type recur-
rences. The vast majority of the features present are assigned
as such. These recurrences are due to rotational quantum
beats between states withDJ561,2 andDK50. For a pro-
late symmetric top,J-type recurrences are equally spaced at
timestn given bytn5n/2(B1C), wheren is the recurrence
number andB, C are the nonunique rotational constants of
the rotor. For a near-prolate symmetric rotor,tn5n/2(B
1C) approximately holds, and a plot of 1/tn versusn will
have a slope approximately equal to (B1C)/2. RCS traces
obtained at wavelengths labeled I–III show no obvious

1972 J. Chem. Phys., Vol. 119, No. 4, 22 July 2003 Laman, Joly, and Ray



C-type recurrences at times approximately equal ton/4C,
suggesting that the species are very close to prolate
symmetric.32 However, RCS traces obtained upon laser exci-
tation tuned to 33 827.0 cm21 ~IV ! demonstrate clearC-type
recurrences in addition to the numerous prominentJ-type
features. The existence ofC-type recurrences implies a sig-
nificant lowering of the symmetry of the species and pro-
vides additional information about theC rotational constant.

In practice, the experimental traces thus obtained are
smoothed and then fit to a single exponential decay. The
weighted residuals of these fits, which contain the rotational
coherence features independent of the fluorescence decay,
are used for determination of the recurrence times and for
comparison to simulations. Plots of 1/tn versusn for the
rotational coherence traces taken at all the aforementioned

excitation energies are highly linear, indicating rotors that are
very close to being symmetric. Still, due to the small asym-
metry of the rotor, the values ofB1C obtained from these
plots supply only an approximate value which must be fur-
ther refined using numerical simulations. The values ofB
1C obtained from RCS traces at each wavelength are tabu-
lated in Table I along with assignments~discussed in the
following! of the species associated with each trace.

The values ofB1C obtained from RCS traces I–IV in-
dicate that:~i! the J-type recurrences in trace IV and the
features labeled 2 in trace I and trace II are due to the same
species;~ii ! the features labeled 1A in trace I and trace III are
likely the same species;~iii ! the predominant species in trace
II labeled 1B is distinctly different~;1%! from those labeled
1A in other traces. Trace III also contains additional features
which are similar to but slightly different from those labeled
1A. At present, the assignment of these features is unclear. It
is possible that this species is a minority isomer of FL–H2O,
the smaller value ofB1C implies that the water is signifi-
cantly more displaced from the plane of the fluorene ring. We
note that these features are reproducible and experiments
done months apart show the existence of these features when
exciting at wavelength III only, leading us to believe that
these features are not derived from impurities in the vacuum
chamber.

Feature III in then51 mass channel R2PI spectrum can
be attributed solely to FL–H2O due to its absence in then
52 mass channel spectrum. Therefore, the features in the
RCS spectrum~1A! may be assigned to FL–H2O. The pre-
dominance of a similar but slightly different species of
FL–H2O ~1B! in trace II also indicates that feature II in the
n51 mass channel R2PI spectrum is primarily due to
FL–H2O, although some contribution from FL– (H2O)2 is
evident.

Feature IV in both then51,2 mass channel R2PI spectra
is observed to appear with increasing intensity in then51
mass channel as the ionization energy is increased~i.e., one-
color R2PI at 33 827.0 cm21!. This behavior is indicative of
fragmentation of FL– (H2O)2 into the n51 mass channel,

FIG. 3. Two-color R2PI spectra~ionization photon energy;30 800 cm21!
of fluorene–(H2O)n , n51,2. Fragmentation of fluorene–(H2O)2 into the
n51 mass channel is apparent in features I, II, IV.

FIG. 4. Rotational coherence traces taken at excitation energies correspond-
ing to features I–IV in the R2PI spectra of fluorene–(H2O)1,2– I ~33 849.4
cm21!: fluorene–H2O ~1A! and fluorene–(H2O)2 ~2! in approximately equal
proportions; II ~33 838.0 cm21!: fluorene–H2O with minor contribution
from fluorene–(H2O)2 ~2!; III ~33 833.4 cm21!: fluorene–H2O; IV
~33 827.0 cm21!: fluorene–(H2O)2 .

TABLE I. Summary of RCS andS1 lifetime data.

Species B1C ~GHz! S1 lifetime ~ns!

fluorene 1.0572a 15.6b

fluorenec 1.056860.0036 14.260.3
FL–H2O ~II ! 0.956260.0026~1B! 12.460.2
FL–H2O ~III ! 0.946060.0075~1A! 13.260.3

0.928060.0060e

FL–H2O ~I! 0.945260.0045~1A! 12.760.3d

FL– (H2O)2 ~I! 0.829460.0023~2! 10.360.2d

FL– (H2O)2 ~IV ! 0.829860.0023 10.560.2
FL–D2O ~II ! 0.945060.0027
FL–D2O ~III ! 0.948060.0027
FL– (D2O)2 ~IV ! 0.813160.0023

aReference 20.
bReference 15.
cThis work.
dResult of biexponential fit.
cMinority component.
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and thus feature IV is attributed to FL– (H2O)2 . This assign-
ment is consistent with rotational coherence trace IV, which
is clearly due to a single species with a value ofB1C dis-
tinct ~15% difference! from the value ofB1C for any of the
FL–H2O species. Finally, it can be concluded from the pre-
vious assignments that RCS trace I and feature I in then51
mass channel R2PI spectrum are due to FL–H2O and
FL–~H2O!2 in approximately equal proportions. Rotational
coherence traces I, II, and III show that multiple species can
be identified in a polarized fluorescence decay curve without
having to resort to kinetic models and fits.

S1 lifetimes have been measured by orientation-
independent~magic angle! fluorescence decay as an addi-
tional consistency check of the above-made assignments.
Fluorescence decay curves were obtained over a time inter-
val of 60 ns~;5 lifetimes! for excitation at energies I–IV.
Distinct S1 lifetimes for the two states of FL–H2O and for
FL– (H2O)2 were obtained from single exponential fits to the
fluorescence decay curves obtained at excitation energies II–
IV. Analyses of the weighted residuals of both single expo-
nential and biexponential fits to the decay curve obtained at
excitation energy I indicate that it is biexponential. This is to
be expected since rotational coherence trace I is clearly due
to two different species in similar proportions. The two life-
times obtained from the biexponential fit are the same as
those obtained~within the experimental uncertainty! for
FL– (H2O)2 and for version IA of FL– H2O. The lifetime
results are tabulated in Table I.

B. FL– „D2O…1,2 and FL–HDO

The two-color R2PI spectra~ionization photon energy
;30 800 cm21! of FL– (D2O)1,2 and FL–HDO are shown,
respectively, in Figs. 5 and 6. As was done for FL– (H2O)1,2,
features in the R2PI spectra of FL– (D2O)1,2 have been as-
signed with the aid of the corresponding rotational coherence
traces @the values ofB1C for the species identified as

FL– (D2O)1,2 are in Table I#. These assignments indicate that
there is a one-to-one correspondence between features I, II,
III in the FL–D2O R2PI spectrum and features I, II, III in the
FL–H2O R2PI spectrum. It should be noted that while fea-
tures II and III are present in the FL–H2O and FL–D2O
R2PI spectra, only a single feature is observed in the FL–
HDO spectrum. This point will be discussed further in Sec.
IV B.

IV. ANALYSIS AND DISCUSSION

A. Determination of the structure of FL– H 2O
from the RCS data

Preliminary values of the excited state rotational con-
stantsA, B, C that are consistent with the values ofB1C
obtained from the RCS data are determined by guessing a
physically reasonable cluster geometry and diagonalizing the
moment of inertia tensorImn ~Refs. 33 and 34!

Imn

5S I b1m~y21z2! 2mxy 2mxz

2mxy Ia1m~x21z2! 2myz

2mxz 2myz Ic1m~x21y2!
D

~1!

subject to the constraint imposed by the measured value of
B1C. In Eq. ~1!, I b , I a , I c are the principal moments of
inertia of bare fluorene,m is the reduced mass of the
FL–H2O system, and~x, y, z! is the position of the center of
mass of the H2O system in the coordinate system formed by
the principal axes of bare fluorene~Fig. 1!. The form of Eq.
~1! treats the cluster as a pseudodiatomic molecule and gives
the position of the center of mass of the H2O system in the
principle axis system of fluorene. Since in the absence of
C-type recurrences~at timesn/4C) only B1C is known,
diagonalization ofImn is useful for determining preliminary

FIG. 5. Two-color R2PI spectra~ionization photon energy;30 800 cm21!
of fluorene–(D2O)n , n51,2.

FIG. 6. Two-color R2PI spectrum~ionization photon energy;30 800 cm21!
of fluorene–HDO.
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values ofA, B, C consistent with the measured value ofB
1C for use in the RCS simulations. Comparison of the RCS
simulations to the observed experimental data then allow fur-
ther refinement of the structure. Detailed theoretical treat-
ments of RCS and methods for generating RCS simulations
are available in the literature19 and thus will not be discussed
here. The parameters required for the simulations include the
excited state rotational constantsA, B, C, the direction co-
sines of theS0→S1 transition moment in the principal axis
system of the cluster, and the rotational temperature,Trot , in
the expansion. For the simulations shown in the following,
the best agreement with the experimental rotational coher-
ence traces was found forTrot55 K, and it was found in all
cases that ana axis polarizedS1→S0 transition moment ad-
equately simulated the experimental traces.

The RCS experiments demonstrate the existence of at
least two distinct values ofB1C for FL–H2O. Initial struc-
ture determinations were performed for species 1A as the
experimental signal/noise is significantly higher in this case
allowing for better structural determination of this species.
Structures for FL–H2O with the water molecule centered
over the central five-member ring of fluorene~A! and with
the water molecule over one of the six-membered aromatic
sites~B! have been considered~Fig. 7!. Our analysis is not
sensitive to the positions of the hydrogens, only the center of
mass of the H2O moiety may be determined. We have chosen
to portray structure A as one in which both hydrogens bridge
the central five-membered ring although a structure in which
a single hydrogen bonds perpendicular to the five-membered
ring would also be consistent with the experimental data. The
RCS simulations corresponding to structure types A and B of
FL–H2O ~RCS trace II! are shown in Fig. 8 along with the
experimental data. The experimental trace also shows some
contribution from FL– (H2O)2 as indicated. Both simulations
accurately reproduce the dominantJ-type transient spacing.
However, structure B displays additional strongC-type tran-
sients not observed in the experimental trace. SuchC-type

transients are indicative of the lower symmetry of structure B
(k520.85) compared to structure A (k520.93). In addi-
tion, in order to correctly match the spacing of theJ-type
transients using structure B, the separation between the cen-
ter of mass of the water molecule and the plane of the fluo-
rene must be decreased to less than 2.2 Å. Here we are fur-
ther guided by previous results on the benzene–H2O
complex. The separation between the center of mass of the
water molecule and the plane of the benzene ring in the
benzene–H2O complex is;3.3 Å.7–9 It is reasonable to ex-
pect that this separation would be similar in FL–H2O. Based
on the observed benzene–H2O separation of;3.3 Å, a,2.2
Å separation in FL–H2O is physically unreasonable, cor-
roborating our assignment that structure A is correct.

The coordinates of the center of mass of the water mol-
ecule in structure A for the simulation shown are (x,y,z)
5(0.0 Å,0.0 Å,3.28 Å), corresponding to excited state rota-
tional constants A51.219 GHz, B50.4922 GHz, C
50.4640 GHz. The absence of obviousC-type recurrences
in the rotational coherence trace is not surprising since a
rotor with these rotational constants is very close to prolate
symmetric~asymmetry parameterk520.93). This structure
represents our best fit to the experimental data. Since only
B1C is available from the data however, the structural pa-
rameters determined have some degree of uncertainty depen-
dent on the experimental signal/noise. Using the above-
determined structure, the expected value forB1C for
FL–D2O is found to be 0.9480 GHz. This is consistent with
the value observed experimentally.

B. Determination of the structures of FL– „H2O…2
from the RCS data

FL– (H2O)2 can have two distinct configurations: either
both waters attach to the same side of the planar fluorene
molecule~2/0! or else one water resides above the rings with
the other below~1/1!. Both the 2/0 structure and the 1/1
structure can reproduce the measured RCS traces, as there
are in effect too many degrees of freedom in this situation to
allow a unique determination of the structure. However, the

FIG. 7. Possible structures for fluorene–H2O. Structure A is the most likely
structure.

FIG. 8. Experimental RCS trace and RCS simulations for structures A and B
of fluorene–H2O.
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1/1 structure obtained by adding the second water molecule
directly opposite the water molecule in FL–H2O does not
reproduce the data. In addition, we expect that the 2/0 struc-
ture will be lowest in energy@as observed in benzene–
(H2O)2—Ref. 9#, since such a structure allows a stabilizing
water–water interaction in addition to the two water–
fluorene interactions. Thus, 1/1 type structures are not further
considered here.

The structures considered for FL– (H2O)2 are shown in
Fig. 9, and the corresponding RCS simulations are shown in
Fig. 10. In contrast to the case of FL– H2O, these simula-
tions are performed assuming that the two waters form a
hydrogen bonded dimer. The separation between the oxygen
centers is assumed to be 2.75 Å as found in benzene–
(H2O)2 .9 The FL– (H2O)2 cluster may then be modeled as a

diatomic molecule attached to bare fluorene. Once again, it is
straightforward to write down the moment of inertia tensor in
terms of the principal axes of the bare fluorene molecule.
The RCS simulations shown in Fig. 10 demonstrate that
structure A provides a better fit to the data than structure B.
Structure B can reproduce the spacing of theJ-type tran-
sients adequately, but theC-type transients then no longer
display the correct positions. Simulations such as that shown
in A imply that the water dimer lies flat or close to flat along
the long axis above the fluorene ring. The coordinates of the
first water molecule in structure A for the simulation shown
are (x,y,z)5(20.73 Å, 21.38 Å, 3.47 Å) while the second
water of the dimer is located at~20.73 Å, 1.37 Å, 3.47 Å!.
This leads to excited state rotational constants ofA
50.8260,B50.4457, andC50.3841. Even given the added
constraint required by theC-type transients in the RCS
traces, defining a unique structure is problematic. We empha-
size that there are other structures that are consistent with the
observed RCS traces. At present we are only able to rule out
structures such as B where both water molecules are atop the
same point of the fluorene plane. Assuming the structure
above, we find that the value ofB1C for FL– (D2O)2 to be
0.8151, consistent with that observed experimentally.

C. Internal rotation of the water molecule
in FL–H 2OÕD2OÕHDO

Doublet structures for the 60
1 transitions of benzene–

H2O/D2O ~R2PI! have been observed and associated with
transitions from both them50 and m561 ground state
internal rotation levels~wherem is the internal rotation quan-
tum number, selection rule:Dm50), both of which remain
populated in the jet because cooling fromm561 to m50 is
inhibited due to the different nuclear spin symmetries of the
m50 andm561 levels.7–9 If the rotational barrier or aver-
age geometry of the complex changes upon electronic exci-
tation, the difference in energy between them50 and m
561 levels will be different in the ground and excited
states, and thus them50→m850 andm561→m8561
transitions will occur at different energies. Cooling fromm
561 to m50 is not inhibited in benzene–HDO due to the
lack of nuclear spin symmetry restrictions, and thus only a
single 60

1 transition from them50 rotorsional level is ob-
served.

As in the case of benzene–H2O/D2O/HDO, the presence
of the doublet~II, III ! in the FL–H2O and FL–D2O R2PI
spectra, and its absence in the FL–HDO R2PI spectrum, in-
dicate internal rotation of the water molecule. Features II, III
in the FL–H2O/D2O spectra are both assigned to the 00

0 tran-
sition, which is split due to transitions from both them50
andm561 ground state internal rotation levels. The single
feature in the FL–HDO spectrum is assigned to the 00

0 tran-
sition from them50 internal rotation level.

The redshifted and blueshifted features in the 60
1 transi-

tion of benzene–H2O have been assigned, respectively, to
m561→m8561 andm50→m850 based on a slight de-
crease in the intensity of the redshifted feature relative to the
blueshifted feature when the backing pressure of the jet is
increased.9 It is felt that the R2PI apparatus used in the cur-
rent study is not sufficiently stable to make any conclusions

FIG. 9. Possible structures for fluorene–(H2O)2 . Structure A is the most
likely structure.

FIG. 10. Experimental RCS trace and RCS simulations for structures A and
B of fluorene–(H2O)2 .
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about slight changes in R2PI intensities with backing pres-
sure, and thus it is not possible to reliably assign R2PI fea-
tures II and III to them561→m8561 or m50→m850
transitions. The fact that the lifetime corresponding to the
redshifted feature is longer than that of the blueshifted fea-
ture ~Table I! suggests that the excited state level of the red-
shifted feature is lower in energy, i.e., the density of states
decreases with decreasing energy, therefore the rate of radia-
tionless decay is lower and the lifetime is longer. As such,
the redshifted feature is tentatively assigned to them50
→m850 transition since them850 level is lower in energy
than them8561 level.

The recurrences in RCS trace II~1B! have a different
value ofB1C and decay slower than the recurrences in trace
III ~1A!. It is possible then that the two different internal
rotation levels result in two different sets of recurrences. Sig-
nificant variations of rotational recurrencedecay rates, al-
though not recurrence times, have been observed for differ-
ent torsional levels of rotors with internally rotating
subunits.35 This variation in rotational recurrence decay rate
has been attributed to the dependence of the rotational con-
stants, and hence the asymmetry of the rotor, on the torsional
level. This effect, however, was observed for internal rota-
tion of the relatively massive anthryl subunits of
9,98-bianthryl, and it seems unlikely that rotation of the wa-
ter molecule about its twofold axis will introduce a similar
observable dependence of the asymmetry of the rotor on the
internal rotation level. Finally, centrifugal distortion will de-
crease the amplitudes of rotational recurrences, however,
centrifugal distortion is expected to be minimal in samples
with low rotational temperatures.27

V. CONCLUSION

The S1 structures of FL–H2O and FL– (H2O)1,2 have
been elucidated by RCS via time-resolved polarized fluores-
cence. FL–H2O has a structure in which the oxygen atom
lies above the central five-member ring most likely with both
hydrogens interacting with the aromatic sites of fluorene. In
FL–(H2O)2 , the water molecules form a dimer that is likely
oriented above the long axis of fluorene and is hydrogen-
bonded, via both water molecules, to both aromatic sites.

Evidence of internal rotation of the water molecule is
present in the R2PI spectra of FL–H2O/D2O/HDO. This in-
ternal rotation appears to manifest itself in the rotational co-
herence traces as a dependence of the spacing and decay
rates of the rotational recurrences on the internal rotation
level. RCS experiments are under way to determine how the
hydrogen bonding patterns and rotational recurrence widths
and decay rates seen in fluorene–water complexes differ
from those of complexes of fluorene with other hydrogen
bonding species.
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