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Resonant two-photon ionization (R2PI) and fluorescence spectra of the 1-naphtha@nd 1-naphthol-
di-D,0 cluster are reported and interpreted with emphasis on intracomplex vibrational energy redistribution
(IVR) and vibronic coupling. The analysis included an ab initio normal-coordinate calculation of both
complexes at the 6-31G (d,p) level. In & S R2PI spectra, the intermolecular modes were found to be
very weak; only one such;Ssibration was observed at 57 ci(54 cmt for 1-naphthol-OBD,0O). At
excitations less than 400 crhabove the §— S origin, the fluorescence spectra retain a simple 1-naphthol-
like pattern. At higher excess energies, the fluorescence exhibits complex structure due to emission from
both relaxed and unrelaxed @brational states, showing efficient coupling through the hydrogen bond. This
restricted IVR behavior changes to dissipative IVR at about 834 @ove the §— S origin. Exceptions

to general IVR are observed. The 6 403 cni? level is a restricted IVR case, while the nearby1S400

cm™! level undergoes nearly dissipative IVR. On the other hand, a nearly “frozen” mode is observed at 553
cm! above the $— S origin. By use of the ab initio vibrational analysis and lowest-order anharmonic
coupling, the IVR-active vibrational “bath” states can be predicted, enabling tentative assignment of much of
the relaxed fluorescence structure. lon-dip spectroscopy shows that IVR in the electronic ground state may

have a higher onset threshold than in th&s>130 cnt®. Exciting one quantum of the 57 crhintermolecular
mode results in a decreased ISR threshold. The strong vibronic;SS; coupling earlier observed for
vibrations at $ + 410 and $ + 414 cnm?! in free 1-naphthol was found to be partially inhibited in
1-naphtholH;0 but still significant in 1-naphthol-O,0. This is attributed to harmonic mode mixing. In
contrast, vibronic coupling becomes active in thet5292 cn1? level of 1-naphthoH,0.

Introduction of vibronic coupling in bulk liquid, since the single-vibrational-
level resolution of a molecular-beam experiment is not available
in solution.

The present work continues our effort to understand how
complexation with water affects vibrational and vibrational
electronic coupling in this important prototype molecule. It is
known that 1-NpOHH,0), clusters vary nonmonotonically in

The excited-state proton transfer (ESPT) reaction of 1-naph-
thol (NpOH) to water and other solvents has received consider-
able attention as a model for proton-transfer reactions in general
and as an interesting case of strong solvaalute coupling:16
It has long been known that the solvent plays a decisive role in
:zzggicttlggbggiimén tﬁ:aoglgpognir?rl:iglee;?;;re%mr?:;r:tﬂg? as & heir properties up to = 7, after which therg is a smoother

' . ) trend up ton = 259 At this point the cluster is in some respects

Modern cluster and laser-spectroscopy techniques have ledg ion_jike, as evidenced by the occurrence of the ESPT
tp progress in unders.tanding the 1-na.phthol/wa§er ESPT reac-raaction? TF]e n = 1 complex is far from this limit, and not
tion. Recently, a detailed model of the intra- and intermolecular o, esentative of bulk solution, but still illuminates the details

processes lfadrlilgth?] the EdP|ST rea:)ctlon dhas t;eeg_ proposedffoaf water interaction with this solute. In particular, the effect of
water as solvent: The model was based on the discovery of 5 single water could be rather large, since it could lower the

vibr_ationglly induced coupling of the first .tWO eleptronica!ly more polar g state and increase the propensity for vibronic
excited sm_glet states .Of free r_1ap_htho|. This coupling proyldes coupling. This effect has been observed for certain conformers
a mechanism by which excitation to the State can, via o v grogen-bonded indole complex€s.On the other hand,
glectrqstatlc interaction with the surroqndmg water, result In complexation could so modify the naphthol normal coordinates
inversion of the 382 (La/Lo) el_ectromc-_state ordermg,_ @ that vibronic coupling is reduced or eliminated.

dramatic increase in the (electronically excited) naphthol dipole Other related complexes have already received some attention,

moment, and finally excited-state proton transfgr. ) the most widely studied being pheridbO.18-32 These efforts
Although the model was supported by the available evidence, |, /e mostly focused on the fluorescence or multiphoton-

it was not possible to spectroscopically verify the importance i, ation excitation spectra, particularly in the@igin region.

Several intermolecular modes are spectrally active, providing
a test case for theoretical treatment of hydrogen-bonded
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S,—T; intersystem crossing, but otherwise, little is known about for small naphtho(H,0), clusters, which all have long singlet
the dynamics in the excited state. In addition to dispersed lifetimes? In tetrazineAr much faster IVR was found in the
fluorescence studie’;?8 the ground state has been probed by S; than the $5253which was attributed to a difference in the
ion-dip spectroscopy (IDS), which revealed intramolecular modulation of the intermolecular potential by ground- and
vibrational relaxation at 813 cr in the $ and strong coupling excited-state vibrations. Other workers have pointed out the
of intermolecular modes in the; 3+26:29 importance of rotational levels and mixing of van der Waals

Yet more closely related is the 2-naphtittdO complex, ~ modes in modulating IVR in this compléX.
which has been the object of a recent theoretical and experi- ) )
mental study?® In this complex the intermolecular vibrations ~EXxperimental and Computational Methods
are readily observed in both absorption and emission and are Experiment. The experimental method was very similar to
different in the cis and trans isomers, making a detailed analysisthat reported in earlier studies on this molect#&13.15.16 we
possible. The study was, however, not extended to higher present only a very brief summary. 1-Naphthol (1-NpOH) was
vibrational levels in the excited state nor were any dynamics entrained in a stream of neon/helium carrier gas at a partial
observed. pressure of<3 mbar, and the total stagnation pressure was

Excited-state intramolecular vibrational redistribution (IVR) 1—1.5 bar. This mixture was passed through a pulsed valve
has been observed via quantum beats in free 1-naphthol at excesato a vacuum. The expansion-cooled molecules were then
energies of 1100 crd or greate* Although there have been interrogated with nanosecond pulses from a frequency-doubled
numerous studies of excited-state proton-transfer dynamicspulsed dye laser (Lambda Physik FL-2002 or 3002) using DCM
in naphthol and phenol clusters with polar solvent dye. The water complexes were generated by adding0l
molecules2133539ittle is known about the dynamics of higher mbar of water vapor to the gas stream.
single vibrational levels in naphthtl,O or other classical The one-color resonant two-photon ionization (R2PI) spectra
hydrogen-bonded (aromatiX—H---X—, X = O,N) complexes. were obtained by crossing the skimmed molecular beam with
Changes in decay rates angll, coupling versus level-specific  the unfocused doubled dye-laser pulses inside the acceleration
vibrational excitation in ammonia clusters of 3-methyl indole region of a 1-m linear time-of-flight mass spectrometer. The
is one of the few such examplés. acceleration voltage used was 5 kV, and the ions were detected

Intramolecular vibrational redistribution has been a major With a microsphere plate (EI-Mul Technologies, Israel). The
topic in molecular physics for many years. Much effort has laser was scanned while the relevant mass peak was observed
gone into characterization of covalently bound molecules and With a transient digitizer.
their excited states, since these are the most accessible. The Two-color ion-dip spectroscopywas performed by crossing
density of states has emerged as the dominant factor leading tdhe beams from two doubled dye lasers in the acceleration region
IVR in most cases. This has led to experiments such as Of the mass spectrometer. The pump beam was fixed on an
m0d|fy|ng the number of “bath” states Coup|ed to achromophore abSOl’ption of the Complex and attenuated until the one-color
by changing the length of the aliphatic “tail” attached to a R2PI signal virtually vanished. The dump beam was scanned
benzene ring and observing the effect on the IVR thresHofg. to lower energy and focused with a 50-cm lens to achieve the
The results were interpreted in terms of separated manifolds of Maximum depletion possible. Despite the focusing, no one-
ring and tail (bath) vibrational modes, a crucial distinction for ~color signal from this laser was observable. The relatively low
both qualitative understanding and theoretical modeling. Re- ionization potential and slowly varying photoionization ef-
cently, this assumption of separated manifolds has been casficiency** of the 1-naphthoH;O complex enable efficient ion-
into serious doubt by more detailed studies of these molettiles. dip spectroscopy over a wide energy range.
More recent studies of smaller nonaromatic molecules have The fluorescence was dispersed with SPEX 0.5- or 1.0-m
shown less dependence on the density of states, though this mag@rating monochromator (3600 or 2400 lines/mm gratings,
have to do with the initial-state preparation metddClusters ~ respectively) and detected with a photomultiplier (Hamamatsu
offer potentially more separated manifolds, and complexes of R106 or R928). The spectral band-pass was varied from 10 to
aromatics with rare-gas atoms and small molecules have?20 cnT* as necessitated by signal levels.
received significant attentio#§-6! Particular progress has been ~ Computations. Full geometry optimizations were performed
made on s-tetrazifé5254 and p-difluorobenze®& 5 com- at the Hartree' Fock SCF level with the 6-31G(d,p) basis set
plexes, for which a sequential IVR/predissociation model has Using the Gaussian-92 program pack&yéhe most stringent
proved particularly successftf5%58 However, the rare-gas  Optimization criteria were used (very tight option 81.07° au
atoms sit on ther-electron system and are therefore not so well for the norm of the gradient). Analytical second derivatives
isolated from the electronic transition as could be desired. Were calculated at the SCF equilibrium structure, and a normal-
Hydrogen-bonded systems such as the present 1-nagtal coordinate analysis was performed, yielding harmonic frequen-
could be yet better, despite a higher binding energy, since thecies and normal-mode eigenvectors for both 1-napkithql
water is coupled to the system only through the OH group. ~ and 1-naphthol-Om-0.

Ground-state IVR has been widely studied because of its
relevance to schemes for mode-selective chemistry via infrared
excitation®262 The extent to which ground- and excited-state ~ Calculated Geometry and Vibrational Analysis A. Com-

IVR of the same molecule are similar has, however, received plex Geometry Some important intermolecular structural
much less attention. In the ring-and-tail systems it was parameters of the complexes are given in Table 1. Comparing
concluded that ground-state IVR is broadly the same as in theintermolecular bond lengths and angles for 1-naphith@ with

S, and dominated by a density-of-states efféctAs noted those of pheneH,0,%8 trans-2-naphtholH,0 32 and the water
above, the phendH,O complex has been shown to undergo dimer33 one notices the following: the hydrogen bond length
IVR in the ground staté$26:29put the corresponding excited- R(O-+-O) contracts considerably by 0.08 A on going from
state behavior is not known and is complicated substantially (H.O), to phenoiH,O and is almost the same in phenol and
by rapid intersystem crossing. This complication is not an issue trans-2-naphthol complex but is yet shorter in 1-naphthigD.

Results and Discussion
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TABLE 1: Structural Parameters of the 1-Naphthol-H,O Complex As Calculated at the 6-31G (d,p) Levél

1-NpOHH0 trans-2-NpOHHO PhH,O (H20).
O---0 bond length 2.894 2.904 2.906 2.980
angle of water plane vs ®O axis 132.8 135.2 135.79 117.6
hydroxyl C—=O—H angle (or HOH) 111.5 111.8 111.6 105.9
angular deviation of donor OH bond from @O axis 3.2 3.4 3.3 5.3

a2 Comparable parameters calculated at the same level are shown for -ph&nditrans-2-naphtholH,0 .3 and (HO),.23 The distances are in
angstrom and angles are in degrees.
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Figure 1. Intermolecular vibrations of the 1-naphtkidbO complex as calculated at the 6-31G(d,p) level. See Tables 1 and 2 for the corresponding
geometrical parameters and frequencies.

. TABLE 2: Intermolecular S Vibrational Frequencies
The angle between the bisector of thgdHnolecular plane and Calculated at the 6-31G (d.p) Level for 1-NaphthoiH,0.,

the O--O axis decreases very slightly in this sequence of 1_Naphthol-OD-D,0, trans-2-Naphthol-H,0,2 and

hydroxy aromatics. The angle between the donetHDbond PhenotH 0% 2

and the G--O axis remains essentially (_:onstant. The intramo- 1-NpOHH,0 1-NpODD,O 2-NpOHH,0 PhH,0
lecular geometry parameters (aromatic molecuteHObond

lengths and bond angles) change even less and are similar to” ?;é’kl 25.2 234 24.8 30.3

those of phendf and Cis- ant_lltrans-_2-r}aphthols?'.3 vd fr 496 46.0 54.4 531
B. Intermolecular Vibrations Six intermolecular normal bend

modes arise from complexation of 1-naphthol with asOHor vsd'T 90.9 64.5 108.6 93.3

D.0 molecule. Figure 1 displays the calculated intermolecular ~ torsion

normal modes of 1-naphth®i,0. As for phenoH,O and Va 2tr(¢79tch 127.0 118.7 146.5 139.7

2-naphtho!H20, the calpulated m.odes can be divided into tWO vsd’ po 139.7 135.2 228 5 193.9

classes. (i) One class is translational-type modes characterized ~ -\

by large reduced masses and small deuteration shifts. Thesey, a 8, 172.2 151.0 211.0 202.1

are the low-frequency rocl, the low-frequency beng;, and bend

the hydrogen-bond stretch, (i) The other class is rotational-
type modes characterized by small reduced masses and large
deuteration shifts, which are the high-frequency roek,the significantly lower than those of 2-naphtkidbO, namely, by
high-frequency bendj,, and the torsionz. The calculated 9% for the bend3;, by 16% for the torsion, by 13% for the
intermolecular harmonic vibrational frequencies range from 25 intermolecular stretch, by 39% for the high-frequency rpgk

to 172 cn1? for 1-naphthoiH,O and from 23 to 152 cmi for and by 18% for the high-frequency berfty. These very
naphthol-OBD,O. For the latter, the lowest intramolecular significant changes reflect both geometric and mass factors, that
mode appears at 152 cfand overlaps with the intermolecular s, larger reduced masses for the intermolecular vibrations, and
modes. Table 2 compiles the intermolecular frequencies for do not imply that the intermolecular force constants are
1-naphtholH,O and naphthol-OED,0 and compares them to  significantly different between these two naphthol isomers.
the frequencies calculated fdrans-2-naphtholH,03% and However, the mass/geometi@ (natrix) changes do imply larger
phenotH,0.2728 Apart from the lowest-frequency rocking coupling of intra- and intermolecular modes in this system
mode,p1, all intermolecular frequencies of 1-naphttdjO are compared to 2-naphthol.

a2 The units are wavenumbers.
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TABLE 3: Some Vibrations Observed in Resonant
. e - < Two-Photon lonization of 1-NaphtholH,0/D,0, in
Wavenumbers, above the §— S Electronic Origin2
1-naphthol 1-naphtheH,O 1-naphthol-OBD,O
Vis 57 54
207 209 205
N4 276 292 201
. 393
410% 400/403 399
418
414*
454 454 447
450
Vs 469
459 (402+ 57)
493 495 493
501 (292+ 209)
514
- - - - < 517 (402+ 2(57))
547 547 539
553 (495+ 57)
Vis 558
665 669 665
682
. 'p 684 694 692
- 699
717 717 715
728 728 734
755 763
Ve 761 771
835 834 833
842
864 854 852
857
Figure 2. Some intra-naphthol vibrations of the 1-naphthbD 879 879 881
complex as calculated at the 6-31G(d,p) level. Thevibration is 907 893
spectrally active even though it i§ aymmetry, i.e., out-of-plane. The 951 949 966
v14 vibration most closely resembles the vibronically active mode in 1012 1012 1024

free 1-naphthéf and becomes mixed with;s as a result. The;
vibration undergoes relatively weak IVR in the Sate. The calculated
frequencies are;s = 468,v14 = 472,v15 = 521, andvy7 = 577 cnT.
The observed frequencies in the ground statevage= 467, vi4 =
477,v15 = 510, andvy; = 570 cnrl,

2 The reference data for free 1-naphthol are taken mostly from ref
34. The 1-naphthol vibrations marked with an asterisk were found in
ref 16 to be mixed by vibronic coupling. Some possible assignments
as combinations including intermolecular vibrations are indicated in
parentheses for 1-naphthidhO.

Figure 2 shows some calculated intra-naphthol vibrations of 114 two-photon ionization spectrum of 1-Np@RO is
the 1-naphthoH,O complex. These were selected for their gomewhat more structured than that of its protonated counterpart,
relevance to aspects of the spectroscopy as discussed belowas can be seen from Table 3. This is also the case for
As is apparent_from the flgu_re, in the important energy range yncomplexed NpOD versus NpOH. Much of this effect is
there is essentially no coupling of the naphthol motions to the pejieved to arise simply from changes in the reduced mass of
water. This separation of harmonic coordinates appears to beihe normal coordinates. The possible contribution of vibronic-
qualitatively better than in the classic ring-and-tail systems jntensity borrowing is currently under study. Combinations of

previously studied’*° intra-naphthol and intermolecular modes are not clearly identifi-
Absorption Spectra The two-photon ionization spectrum  able in the 1-NpOED,O spectrum.

of 1-NpOHH_0 is quite similar to that of free 1-NpOH, as is Fluorescence Spectra In contrast to the absorption spectra,

seen in Table 3. There are remarkably few additional bandsthe fluorescence spectra of the Np@®HO complex after

due to intermolecular vibrations, notably at 57 @nf54 cnt? excitation to individual vibrational levels in the; Sliffer

for the deuterated complex) above the &igin. This is considerably from the corresponding NpOH speétr#. Only
assigned as the, & hydrogen-bond bend, with adScalculated excitation of the lowest-lying (209 and 292 c# vibrational
frequency of 49.6 (46.0) cnd. The 81 bend is observed in  levels results in fluorescence spectra similar to those observed
spectra of several hydroxyaromati@ter complexe$220 An- in free NpOH (see Table 4 and compare with Figure 1 of ref
other assignment, although less likely, is as two quanta of the 16 and Figure 5 of ref 34). The spectra are dominated by the
p1d' rock at 2x 25.2 cnml. This might be the weak shoulder 1—1 (Av = 0) transition in the excited mode. Scanning further
observed 2.5 crit to lower energy. Either of these would have to the red, one finds that the fluorescence spectra are also very
the requisite symmetry to be active, as well as a small isotope similar to that of free NpOH.

shift consistent with the calculated motions. Since the lowest This straightforward pattern is broken at an excitation energy
two vibrations involve the whole water molecule, a shift due to of 402 cnt! above the origin (such excitations will hereafter
the mass difference of (20/18)= 1.054 is expected very near be denoted as-nnncm1). Here, there appears suddenly a
the observedvdv, = 57 cnt/54 cnt! = 1.055. This broad group of partly overlapped bands in the region where a
intermolecular mode is also apparent in a combinations with single strongAv = 0 transition is expected. This is also the
intra-naphthol modes at 402 and 495¢m case at higher excitation energies, although the structure within
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Figure 3. Fluorescence spectra of 1-naphthblO complexes excited at various energies above thari§in. The data are plotted relative to the

excitation energy to show the ground-state vibrational energies of the final states. See Table 4 for a list of the emission bands. Beldw 400 cm
excess energy, the spectra resemble those of the free naphthol molecule. Above 4@xaess energy, restricted IVR leads to a mixture of

relaxed and unrelaxed emission. In some spectra bands due to free 1-naphthol have been deleted. Two 1-naphthol spectra are included for comparison.

the asymmetric band profile slowly becomes washed out by aas calculated by a direct-count algoritffmand assuming

general broadening. Even excitatiorte01 cnt? follows this harmonic vibrations. By use of the calculated ab initio
pattern, although this excitation is a combination of the 209 frequencies and the direct-count method, the same DOS is found
and 292 cm! vibrations. in the water complex at about 400 chmaking the observed

The structure observed in each case is not similar, as wouldspectra very understandable at first glance. We return to this
be expected if it were due to progressions in low-energy topic below in the context of ground-state IVR. At the upper
intermolecular modes. Some bands can be assigned to knowrend of the excess energy range shown in Figure 3, the DOS is
ground-state vibrations; the dominant emission band is usually about 10 per wavenumber and the transition to “dissipative”
that expected from the free naphthol spectrum, where only the IVR is clearly in progress, as seen from the substantial
1-1 transition from the excited level is observed. The ground- broadening in the fluorescence spectra.
state complex vibrational energies and the corresponding IVR is typically a general phenomenon at all excitation
naphthol values are compiled in Table 4. Some of the calculatedenergies above its first appearafiéeHowever, the two levels
ground-state normal modes in this frequency range are shown+400 and+403 cnt?! show differing IVR behavior even though
in Figure 2. they are nearly degenerate. These two vibrations are the closest

The +402 cnT! absorption band is found to be somewhat in energy to the vibronically active, Duschinsky rotated10
special in that it is composed of two nearly degenerate levels. and+414 cnt! modes of free 1-naphth&t:3470 The unrelaxed
As shown by fluorescence excitation spectroscopy in Figure 4, emission would be dominated by the pair of bands at 477 and
the unresolved-402 cnt! absorption seen in R2Pl isinfacta 510 cnt! (compare the 1-naphthet410 cnt! fluorescence
superposition of two absorption bands, separated by about twospectrum in Figure 3a). The unrelaxed emission is indeed
wavenumbers, and strongly overlapped. The levet-403 relatively strong when exciting at403 cnt?! but becomes much
cm~! contributes strongly to the emission to the ground-state weaker when exciting more of the400 cnt! level, as seen in
levels at 420, 440, 477, and 510 chshifts, while the level at Figure 5 for excitation at-401 cn1?! (Figure 5b) or at+-398
+400 cnt? contributes more the broad fluorescence peaked at cm (Figure 5c¢). Also in contrast with th¢400 cnt? level,

383 cnt? shift in Figure 3. the+403 cn1? level shows discrete emission bands to ground-

Intracomplex S; Vibrational-Energy Redistribution (IVR) . state levels at 420 and 440 ct This is limited IVR rather
The pattern of assignable and unexpected bands found in thethan a further Duschinsky rotation involving levels other than
fluorescence spectra above 400 érexcess energy is typical  that at+400 cntl. Such a Duschinsky rotation would imply
for “restricted” intramolecular vibrational redistribution as corresponding bands in absorption, which are not found. From
observed in rigid molecule$:57 The low-energy intermolecular  the lack of structure in spectrum c of Figure 5, thé00 cnr?!
modes combined with the intra-naphthol vibrations lead to a level would seem to undergo remarkably strong, nearly dis-
vibrational density of states (DOS) that rises very rapidly in sipative IVR.
the complex as a function of excess energy. In free naphthol In addition to its ubiquity above threshold, the extent of IVR
the first signs of IVR, in the form of spectral broadening or also typically increases monotonically with excitation energy
guantum beats, were observed at about 1100'cabove the as the underlying vibrational DOS rapidly increa&tsThe
origin3*where the vibrational DOS is about 2 per wavenumber, fluorescence spectrum after excitationtd53 cntl is therefore
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TABLE 4: Ground-State Vibrations Observed in the Origin-Region Fluorescence after Excitation to the Indicated $ Vibronic

Levels of 1-NaphthotH,02

excitation above 60 1-NpOHH0O 1-NpOHH,0 1-NpOH
in H,O complex fluorescence calculated fluorescence
189
204
209 274 267 274
292 295 298 281
424
458
400 383/420/477/510/523 472 478/510
454 444/4677488/528 467 465
493 467/528 521 524
563
501 467/488/509 not observed
553 509/524/572/590/638/670 577 573
641
659
669 602/688/714 701 715
743
770
782
804
834 812/845 856
875 874/955/983
893
977
985
993
1012
1012 1030/1106 1026 1040

aThe calculated values for the water complex and the measured free naphthol ground-state vibrational frequencies are presented for comparison.
See Table 3 for the naphthol excitation energies. Complex vibrations that are also observed in fluorescence frongihea& underlined. The

units are wavenumbers.

via relaxed emission via unrelaxed emission

/
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prepared vibration. It thus represents a partially “frozen” mode,
150 cnt! above the IVR threshold. The calculated atomic
displacements in this normal mode{) are shown in Figure 2.
This is quite rare; analogous examples of limited mode
specificity in IVR are combinations with thesg vibration of
p-difluorobenzen® and the 867 cm!* mode of 2,5-diphenyl-
furan#® In the first case, thesg vibration enhancesVR. In
diphenylfuran the 867 cri vibration remains less affected by
IVR than lower energy levels, even when the DOS is increased
by complexation with argon. However, in the argon complex
it does couple to the bath on a time scale of 250 ps. In the
present case, the initially prepared state is much more durable;
it must persist over many nanoseconds to be observed so
strongly in our experiment.

Our observation of restricted IVR in the Np@HO hydrogen-
bonded complex at the same DOS where such effects are
observed in rigid molecules such as anthra€eisesignificant.
Although IVR induced by very low frequency modes in
molecules has been systematically studied® van der Waals
and hydrogen-bonded complexes are rather different in that these
modes are present in a part of the complex that is not covalently
bound to the chromophore. NpGHLO is also different from

Figure 4. Fluorescence excitation spectra of the absorption bands nearvan der Waals complex#s®® in that the water is not adjacent

400 cnt?! excess energy. The 31 715 th{403 cn1! above the origin)

to thesr-electron system. This type of IVR may be considered

absorption was observed via the narrow unrelaxed fluorescence at 47735 g step toward direct observation of intermolecular vibrational

cm ! shift (see Figure 3). The 31 713 ciexcitation (400 cm! above

the origin) could be observed via shorter emission wavelengths (shifts
of 400-450 cn1?! in Figure 3). In addition, both of these absorptions
contribute to the peak of the relaxed IVR emission at 383'cshift.

relaxation in polar bulk solution if we regard the water as solvent
and the naphthol as solute. Although hydrogen-bonded clusters
and complexes have been widely studied, little is known about
their IVR thresholds. As noted in the Introduction, the

unusual, since it is more structured than the spectra following phenotH.O complex has a threshold in the ground state between
excitation at both higher and lower excess energies. As seen527 and 825 cmt, where the DOS is substantially higher than

in Figure 3b, the fluorescence is dominated by the 572cm
band, which is theAy = 0 transition from the nominally

here, between 7 and 44 /cé?* How this differs from the free
phenol is not known. Isoquinoline complexes with water and
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and Brumef? for the case of anthracene. We next apply this
model to the first IVR-active levels of excited naphtittiO,
where the DOS is still relatively low, where only a few levels
are coupled and where lowest-order descriptions should be the
most valid.

Let us denote the occupation numbers of the unmixed
vibrations agjkl...mn The lowest modeg k, | represent the
intermolecular vibrations, while the higher onesand m are
representative of the intra-naphthol modes. As shown in ref
72, anharmonicity mixes the Sibrational level|000...0Twith
others differing by one or three quanta and that are nearby in

S
energy. No states involving changes in quantum number of 1
(a) are energetically relevant here; the possible levels differing in
guantum numbers by 3 a{620...0@) |101...0@] or |001...1Q]

These lead to “new” structure in the fluorescence spectra.
Furthermore|000...0Ikexcitations in the intermediate IVR range
should mix only with states such #10...10rather than pure

(b) “path” state§002...00@br |101...00] since the highest such two-
guantum intermolecular bath state is calculated to be at 2
172.2= 344.4 cn?, well below the onset of IVR.

Consider now the excitation§00...01]at +400 and+403

o~
[
<+

383

420

440

Fluorescence

(©) cm L. As noted above, the-403 cnt?! level is much more
IVR-active. Let it be coupled by anharmonicity to a combina-
R et O e i dl s L4 tion state|010...1Qin the § electronic state, which then
-600 -500 -400 -300 -200 fluoresces to thesS In Figure 3 we observe thev = 0 region
Shift vs. Excitation, cm' of the fluorescence spectra, so the \ebrational occupation

Figure 5. Fluorescence spectra after excitation near 400'@nrcess numbers are als®10...10] We observe the major peak in the

energy. Trace a results from excitation at 403 €excess energy. The  fluorescence corresponding to ag Bbrational state at 383

unrelaxed emission to the 477 and 510"¢rground-state levels is  cmp1 A candidate intra-/intermolecular combination would be

strong. Trace b results from excitation at 401¢énexcess energy. one quantum of the 295 crh intra-naphthol mode combined

Although unrelaxed emission is weaker, the 477 8610 cm? . . .

intensity ratio decreases as expected. Exciting on the absorption edgd/ith @n intermolecular mode at 88 cir The latter is near the

at 398 cn excess energy leads to trace ¢, with no unrelaxed emission alculated value for the torsion motion. The only other possible

remaining. assignment is 21% 172 (4 3, bend). This intra-naphthol

vibration is not far from a calculated mode at 204 ¢émThe

combination with the torsion mode is possibly more likely, by

analogy to the rather general promotion of IVR by methyl

rotors38.63 To be nearly degenerate with the pumpadesel,

increases in the intermolecular mode frequencies in thetefe

are required. Such increases were observed in the closely related

2-naphthoiwater3? by about 10 cm!. Somewhat larger but

reasonable increases would achieve near-degeneracy here.
Other emission bands resulting from restricted IVR appear

at 420 and 440 cri shifts when the-400 cnt? (but not+403

cm™ 1) S level is excited. For the 440 crhground-state level,

the likely combination is the 274 crintra-naphthol vibration

methanol show a sudden drop in fluorescence lifetime for
vibrational levels higher than about 1000 chin the §,”* but

this is may or may not be directly correlated with IVR. Decay-
rate dependence on vibrational excitation in ammonia clusters
of 3-methylindole is probably related to IVR but is complicated
by L4L;, electronic-state couplindy.

Assignment of IVR “Bath” Modes. In some previous
studies of chromophore-bath energy IVR studies it was not
possible to say much about the mechanism of IVR because of
the lack of information about these “bath” modes. Such
information is available for van der Waals complexes with
monatomic gases but has seldom been fully utilized. For ™' 1 . h
example, sequential IVRvibrational predissociation in several ~ With the 172 cm* & 3 intermolecular bend. With the decrease
van der Waals clusters has been successfully treated by a moddl! the intra-naphthol mode energy to 209 thand a~10%
that takes into account individual chromophore vibrations and !N¢r€ase in the intermolecular frequency, this combination is at
includes the intermolecular vibrations primarily via the DOS 398 cnTin the S, quite near the pumped level.
they generaté®5° In another case, a perturbation-theory analysis ~ For the 420 cm* band the possible anharmonically coupled
of IVR in tetrazineargon focused on the changes in chro- Sy combination states are the 274Dhintra-naphthol vibration
mophore vibrational occupation numbers, after excitation at high With the & p, intermolecular rock at 145 cm (calculated to
excess energiéd. The naphtholater case is unusual in that be at 140 cm?) or 295+ 127 (d intermolecular stretch). In
a small set of reasonably well-characterized modes (the inter-the former combination, although the 274 ths mode drops
molecular vibrations) are responsible for a low IVR threshold. t0 209 cnttin the S, the p, intermolecular rock may increase
Within a first-order anharmonic model for IVR, this allows us from from 145 to 191 cm! in the §. We rule out the latter
to narrow the range of possible IVR bath states far more than combination because the 295 thvibration is nearly isoener-
is generally possible. getic in the and S states, so the correspondingc®mbination

The structure in IVR spectra can generally be assigned to Will lie 20 cm™* above the pumpee-400 cnt? level. This
any level having the proper energy. This could be a sum of Obviously cannot be compensated by the expected increase in
many low-energy intermolecular “bath” excitations or one intermolecular frequency.
guantum of an intra-naphthol mode with a few quanta of  For+454 cn1? excitation, the strong 444 crhemission band
intermolecular modes. Only the latter is consistent with lowest- may be assigned as 274 172 cn1! (82 bend), 295+ 145
order anharmonic coupling, as discussed by Gruner, Nguyen,cm (' p, rock), or 424+ 25 cnt?! (&' p; rock). Of these
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the 295+ 145 cnt! combination is clearly the most acceptable,
since the $frequency should be near 452 tin

In summary, of the four strong, discrete bands resulting from
IVR in the spectra of the two lowest IVR-active Bvels, three
can be assigned or strongly constrained using energy consid-
erations in the & and § states in combination with the
anharmonic selection rules of Gruner, Nguyen, and Brumer.

Vibronic Coupling: Quenching and Enhancement versus
Free 1-Naphthol The 400 and 403 cm excited-state vibra-
tions are of particular interest, since they are the closest in energy
to the vibronically activet-410 and+414 cnt! modes of free
1-naphtholt®3470 |n free 1-naphthol, excitation of either one
of these levels resulted in strong crossed-sequence emission
bands, of which the strongest terminated at 477 and 510 cm
levels in the ground state (see Figure 3). This was in turn found
to be indicative of vibrational mixing of Scharacter into the
S, electronic state. In the water complex, excitationt&03
cm™! also results in fluorescence to the two expected ground-
state levels at 477 and 510 chbut not with the expected nearly
equal intensity ratios. We conclude that the coupling has been

477

protonated

Fluorescence

deuterated

reduced by complexation with a single water molecule. This Y e e e
is interesting, since the presence of the water molecule might -600 -500 -400 -300 -200
be expected to lower the more polar Sate relative to the;S Shift vs. Excitation, cm”"

In a perturbative view this would enhance vibronic coupling, Figure 6. Fluorescence spectra of 1-naphtht (upper) and
all other factors being equal. As will be discussed below, 1-naphthol-OBD,O (lower) clusters after excitation of the origird02
harmonic-mode mixing probably is a factor, so this argument or +398 cnt! bands, respectively. In the protonated complex there is
is too simple. However, it cannot even be assumed that thelittle evidence for vibrationally induced coupling of the&hd S states,
water will decrease the,SS; splitting. In polar complexes as was observed in fre_e r]aphtl%as |nd|c§ted by the lack of strong
with indole, it was found that if the solvent molecule is the Crossed-sequence emission at 510-Eishift. Stronger coupling is

’ . observed in the deuterated complex (see text for discussion).
protonacceptorin a hydrogen bond, the,$s not affected by
complexationt’” The $S—S; splitting is, however, dramatically
reduced if the solvent is a protatonor. The 1-naphtheH,O
complex seems to fit this picture: the water is a proton acceptor
and there is no evidence for a low.S

That the two $vibrations in the complex are at essentially
the same energy, yet are less strongly coupled than wherm¥4 cm
apart in the free naphthol, is another confirmation of the earlier
conclusion® that the coupling is not a Fermi-type perturbation
but rather a vibronically induced Duschinsky rotatibof the
normal modes. The 477/510 ratio appears to decrease when
moving from+403 cnt! toward+400 cnT?, as seen in Figure
5. By analogy to free naphthol, strong 510 chemission
would eventually be expected but is never observed because of
the dominance of IVR for-400 cnt? excitation.

The weak ¥S; coupling in the complex is a consequence of
changes in the naphthol ring motions, either due to the increased
mass attached to the 1-position or due to changes in the intra-
naphthol potentials resulting from the hydrogen bond. As seen
in the fluorescence spectra of the Np@IRO complex in Figure
6, isotopic substitution to increase the pendant mass seems to
increase rather than decrease, the vibronic coupling. The 510 R L B I R I L I LI I
cm! band appears with as much as half the intensity of the 31590 31600 31610 1620 31630
477 cnr! band, or roughly twice as strongly as in the protonated Laser Wavelength, cm
complex, though still not so strongly as in the free molecule. Figure 7. Resonant two-photon ionization and fluorescence excitation
This suggests that the water affects the vibration inducing the spectra of the origi-292 cnt* band of the 1-naphthdH,0 complex.
coupling primarly via s mass (aimonic-mode midfgather e X1l s wes e e Plcering e pesk, o e
th_an_ by mo.dlfym.g force _congtants through hy_drogen bonding. indicates’that the numerous absorptions represent a coupled set of
Similarly, vibronic coupling in free 1-NpOD is as strong or yiprational states.
somewhat stronger as in 1-NpOH.

In contrast to the quenched vibronic coupling of thé00/ cm! below to 26 cm! above the main peak. These are all
+403 cnt! pair, there are indications of increased vibronic coupled together in the;Sas is apparent from the fluorescence
coupling in the $292 cn1! vibration versus free naphthol. As  excitation spectrum of Figure 7, observed at the main fluores-
seen in Figure 3, surrounding the main emission are a numbercence peak. When observing at a secondary emission peak, as
of smaller bands, covering a substantial energy range from 11seen in the lower spectrum, the smaller absorptions are relatively

Two-Photon Ionization

Fluorescence Excitation
via main peak

Ion Signal or Fluoresecence

Fluorescence Excitation
via side peak
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enhanced, as expected for a coupled group. The energy rang@henotH,0 results?62°few extra lines are observed, and they
spanned in absorption is quite large for simple Fermi coupling, are weak. The strong lines are the same as when pumping the
though this may play a role in the appearance of the shoulder origin transition. However, the dip depths observed in this case
on the main absorption peak. The remaining structure seemsarenotthe same as when pumping at the origin. The 467'%cm
more likely to be the result of a different perturbation of longer band can now be depleted to &55%, indicating IVR activity.
range. Vibronic coupling is a strong candidate, since it can The 713 cm? transition shows a depletion of 78 5%, or

give intensity to otherwise dark bands throughout the spectfum, stronger IVR than before. It should be recalled that in these

yet there is a also a nearness propensity. cases the dump transition is to a ground-state combination in
lon-Dip Spectroscopy: Vibrational-Energy Redistribution which one quantum of the pumped intermolecular mode is
in the Ground State. As seen above,1 VR in NpOH-H,O excited. This quantum of excitation is apparently effective in

begins at an excess energy where the DOS reaches about 2 peanhancing IVR.

wavenumber. Although thé¢-400 and+553 cnT! modes are

interesting special cases, the DOS initially appears to be the conclusions

dominant factor determining the strength of IVR, as in rigid

molecules. A corollary of this is that IVR should be very similar Resonant two-photon ionization and fluorescence spectra of

in the ground state, as was found for the ring-and-tail systéms. the 1-naphtheivater hydrogen-bonded complexes are reported

On the other hand, electronic (excited state) structure depen-and interpreted with emphasis on intra-complex vibrational-

dence of IVR has been found in a seriespaélkoxyaniline energy redistribution and vibronic coupling.

mOleCU|e§,7 so it cannot be taken for granted that this will be In the R2PI absorption spectrur‘nl intermolecular modes are

so. Very large $versus $differences in IVR rates were also  extremely weak compared to other similar complexes. Only

potential by ring vibration§25% The ab initio results give no indication of any structural
lon-dip spectroscopy can address this question to a limited anomalies that might account for this. More structure is present

extent. For fluorescence bands of sufficient oscillator strength, in the R2PI spectrum of the deuterated species but could not

a strong dump laser can saturate the transition, leading to abe readily assigned.

maximum dip in the absence of IVR of 50%. If the lower state Vibrational-energy redistribution in theSis generally

is depleted by relaxation into other states by IVR, then a deeper e markably efficient through the noncovalent hydrogen bond.

dip can be obser\{ed. (Note that dissoc_iati_on of the complex at excitation energies 400 cri or higher above the S~ S

can be ruled out, since the grounld7-sstate binding energy has beenyigin  the fluorescence spectra change from a simple 1-naphthol-

mea§ured to be 203% 69 cnr,™ far above the energies ;o pattern to a complex mixture of bands assignable to both

considered here.) Although the fluorescence spectrum of the ga50d and unrelaxed vibrations. This is attributed, by analogy

NpOH-H,O complex when excited at the;S S origin is {0 riai : : : . L

gid molecules, to intermediate vibrational-energy redistribu-
sparse, moderately strong bands are observed at 467, 528, 71%ion changing to dissipative IVR at about 834 thexcess
and 1389 cm? shifts from the excitation. Of these, ion dips ene,rgy

of more than 50% were observed only for the 713 #65%) f enh dand d b df .
and 1390 £80%) cnt! bands. Depletions of 5@ 5% were Both enhanced and suppressed IVR were observed for certain

observed for the 528 and 467 cibands. This shows that |€Vels. Inthe pair of nearly degenerate levels-400 and+403
IVR in the electronic ground state does not become significant cm therle is a dramatic difference in IVR efficiency. The
until no less than 528 and no more than 713 &rabove the +400 cnt! level undergoes nearly dissipative VR, although

vibrationless level. This should be contrasted to the IVR onset thiS iS otherwise not seen until much higher excess energy. The
in the S at 400 cm?, a difference of at least 128 crh or +403 cn1! level is a clear intermediate IVR case, showing

33%. strong unrelaxed emission. ThHe553 cnm! S, level is also a

nearly “frozen” mode, exhibiting strong unrelaxed emission,
although levels above and below show more extensive IVR.
By use of lowest-order anharmonic coupling and the ab initio

Although there are apparent differences in the obseryed S
and S IVR thresholds, it should be noted that the fluorescence
and ion-dip experiments probe somewhat different time scales. "~ : . ) o .
Fluorescence is usually integrated over several emission ”fe_wbratlona[ anaIyS|s. of the comple>§, posgble IVR-active “bath
times, or more than 100 ns in this case<(47 ns at the origin). €Vels for intermediate IVR were identified.
lon dip takes place during the laser pulses, or in less than 5 ns.  The exceptionally strong vibronic;SS, coupling observed
This means that slower processes may contribute more to thein free naphthol for the 410/414 crh pair was found to be
fluorescence experiment than to ion-dip spectra, possibly leadingPartially inhibited by complexation with one water molecule.
to a lower observed IVR threshold. To partially compensate The details of the coupling are, however, very sensitive to the
for this, we have observed fluorescence from 400 and  mass of the complexing molecule, since much stronger coupling
+403 cnr? levels with a time resolution of 30 ns. No difference Wwas observed in the naphthol-GYO complex. This is
in the spectra at short versus long times was observed. Thisapparently due to changes in the nature of the active vibrations
narrows the range of IVR time scales probed by fluorescence, due to harmonic-mode mixing. The high sensitivity of vibronic
suggesting that the differences ip &d S thresholds may be  coupling to small changes in the solvent environment is also
genuine. illustrated by the increased apparent vibronic activity of the

Since intermolecular anharmonicity appears to be a crucial 7293 cn* level in the complex.
aspect of IVR in this complex, mode-specific differencesgn S Electronic-state dependence of IVR was studied. The IVR
IVR can also be expected, as were found in the Bnfortu- threshold in the ground state was bracketed by ion-dip spec-
nately, there is only one intermolecular mode accessible in troscopy. When the S- S origin was pumped, the apparent
excitation, at 57 cm! above the origin. When ion-dip  IVR onset in the $was found to be=128 cnt?! higher than in
spectroscopy is performed via this level, the resulting dip the S. Pumping one quantum of the spectrally active 57 &m
spectrum is initially unremarkable. In contrast with the intermolecular3; bend enhancesy$VR significantly.
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