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Abstract

Infrared-optical double-resonance measurements have been made for electronically excited, hydrogen-bonded clusi
involving Coumarin 151 molecules under jet-cooled conditions. Two main differences are reported between the ground al
excited states:

1. Infrared resonances attributed to “donor”-OH and -NH bonds, as well as the symmetric-stretch modes of non-hydroge
bonded NH tend to downshift in energy and are usually intensified in the excited state. Also, “donor”-NH groups tend to
develop an additional strong infrared resonance in the excited state, which is observed for clusters of C151 with methan
ethanol, di-isopropyl ether, and for the “B” conformers of the watee 1, 2 and acetone = 1 clusters. The effect
evidently requires no activation energy, since it is observed following electronic-origin excitation. A similar effect is also
observed in the doubly-hydrogen-bonded dimers of some aminophthalimide molecules. This result is discussed in tert
of possible excited-state proton transfer and Fermi resonance interactions.

2. Several clusters have shown changes in the infrared spectra consistent with vibronically-induced conformational rearran
ment. The driving force is the relative stabilization of the Nptoton-donor site in the excited state and the formation
of a strong NH- - O hydrogen bond. The cases noted here are C150)HC120/(H0O), and C151/((CH),CO). One
surprising observation here is that the activation energy for the conformational relaxation of GTH/fdtneasured to
be only 60 cnt?, and yet the displacement of the water dimer within the cluster exceeds 7 A.

(Int J Mass Spectrom 220 (2002) 231-251)
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1. Introduction large changes in the molecular dipole moment. The
complex time dependence of solvent-dependent flu-
Many coumarin derivatives, when electronically orescence Stokes shifts has led to the wide use of
excited in fluid solution by short optical pulses, ex- coumarins to probe solvation and energy-transfer phe-
hibit rapid fluorescence Stokes shifts resulting from nomeng1-17]. Some species, such as Coumarin 153
(C153), have fluorescence spectra, quantum yields

* Corresponding author. E-mail: mrt@sas.upenn.edu and decay times that vary little in different polar
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solvents[2,5]. Yet, analysis of the ultrafast solva- One such example is that the fluorescence decay time
tion response requires different polar solvents to be of C152A decreases from >5ns in non-polar solvents
treated differently by computational models. Thus, to 230ps in watef28], an effect that has been at-
acetonitrile is often treated as a quasi-continuous tributed to the stabilization of a charge transfer state
medium, where inertial motions of solvent molecules [2,5]. Aminophthalimides commonly show reduced
contribute to the ultrafast relaxation dynamids3]. fluorescence quantum yields in hydrogen bonding sol-
On the other hand, successful models for solutions vents, which also implicates possible charge-transfer
in water and alcohols need to reflect the time scale interactions stemming from hydrogen bondi2g].

for hydrogen-bond exchandé&9]. Such differences An attractive approach to study hydrogen-bonded
are more evident in the case of 4-aminophthalimide, interactions involves making clusters under jet-cooled
where hydrogen-bonded interactions promote much molecular beam conditions, followed by infrared
larger Stokes shifts than a solvent such as acetoni- double-resonance spectroscd@®—34} In this way,
trile [20—23] Charge-transfer interactions involving one can study clusters close to the zero-point energy
hydrogen bonding solvents are considered to play condition to simplify the picture of intermolecu-
an important role in the accompanying reduction lar interactions, and at selected internal energy to
of the fluorescence quantum vyield. The acid-base follow controlled relaxation events. Several labora-
strength of some coumarins in fluid solution, such as tories have recently employed the infrared-optical
7-hydroxy-4-methylcoumarin (Coumarin 4) changes double-resonance approach to study the O—H and/or
greatly between the ground Kp ~ 7) and excited N-H stretch modes of hydrogen-bonded clusters in-
states (Ka ~ 0) [24,25] This suggests that jet-cooled volving aromatic molecules. This includes benzene
clusters of this and similar coumarin molecules could [32,35—-39] phenol[33,34,40-43] aniline [44], other
show significant proton transfer tendencies under benzene derivativefi5], perylene[46], 1-naphthol
jet-cooled conditions. Hydrogen-bonded interactions [47], indole [48,49] 2-pyridone [50], benzonitrile
are difficult to compute, especially in electronically [51], Coumarins 151 and 1527,52,53] the DNA
excited states, because such interactions are coupled tdase guanind54] and dimers of 2-pyridong50],
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the energy level structure of complex molecules. For N-benzylformamidé55], 2-phenylacetamidg6] and
example, the site of hydrogen-bonded interaction can 4-aminoN-methylphthalimide [57]. Ishiuchi et al.
substantially affect both the energy and radiative prop- [58] also used infrared techniques to analyze the prod-
erties of low-lying singlet statef26,27] One must ucts of photo-induced proton transfer in jet-cooled
also assume that nearby electronic states are perturbeghenol-ammonia clusters, and work from this lab-
by solvent—solute interactions and, although coupling oratory has reported using infrared techniques to
between electronic states certainly influences the observe conformational change in the water dimer
properties of normal fluorescence, such considerationscluster of Coumarin 15[b3]. Ultrafast infrared-optical
have received little detailed attention in the literature. double-resonance experiments have also studied
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thermally activated hydrogen-bond dissociation fol- electronic perturbations induced by only a few at-
lowing optical excitation of coumarins in binary tached molecules. Other work from this laboratory has
solvents [19,59-62] In an increasing number of shown evidence of the coexistence of different struc-
cases, one can examine parallels in the behavior oftural forms [26,27,63] For example, C151/(}D);
condensed-phase and jet-cooled clusters. has two conformers, one involving proton donation
Work from this laboratory reported spectroscopic by water to the>C=0 group (red shift= 45cn11),
measurements of Coumarins 151, 152A, 153 and and the other, proton donation by NH to water (red
337 as well as some of their hydrogen-bonded clus- shift ~ 690cnt1) [27]. The observation that the
ters with water and methandR6,27,52,63] This ionization energy of the Nptbound cluster is lower
revealed that coumarins and aminophthalimides by ~0.5eV [26] is a significant measure of how the
[64,65] exhibit very large spectral red shifts (e.g., electronic level structure depends on the location of
>3850cnt! for C151/(HO)s and ~2495cnt? for the hydrogen bond.
4AP/(H,0),), as indicated in the comparison graph In isolated, jet-cooled molecular clusters, both the
of Fig. 1 [37,64—76] Moreover, all the clusters in-  clustering material and the site of hydrogen-bond
dicated for 4-amindN-methylphthalimide (4ANMP) attachment to a large molecule can substantially
and C151 exhibit well-resolved electronic spectra change the energy and radiative properties of the
and infrared double-resonance spectra. This makeslowest excited singlet states of molecules such as
these kinds of species particularly attractive to in- coumarins and aminophthalimidg26,27,64] For
vestigate in jet-cooled clusters, considering the large example, the fluorescence decay time of jet-cooled
4-aminophthalimide (4AP) increases by a factor of 3
when hydrogen bonded to a single water molecule,
500 Benzene and radiative lifetimes for this class of molecules in
- __;.\_"__g_\. polar environments extend to at least 5Q®%]. This
illustrates the sensitivity of not only the; State but

0F .::g><.><8><o .
ié : :% \i\ #Ziaég ; also the coupling between;Sand other electronic
ié -500 - \ Phenol states to the site of hydrogen bonding.
2 1000 _ \ Perylene Although the photoisomerization of individ-
g ual molecules under jet-cooled conditions is well
g X Anthracene known [77-81] only a few studies have reported
% _1500__ photo-induced structural change in weakly bound
£ 000 L . J T-Azaindole clusters, especially involving large molecules. Two
e I VY Y, such cases reported by this laboratory involve pery-
E 2500 L lene 1:1 van der Waals complexes witlalkyl halides
E; L \. Coumarin 151 [82,83] and p-dichlorobenzeng[84]. Both studies
£ 3000 |- employed rotational coherence spectrosc{fh] to
g / v assign the initial structures in the excited state, but
§ -3500 - 4ANMP provided no direct information about the products of
- * relaxation. This is because conformational relaxation
-4000 (') ; é ; 4'1 ; (') ; é results in dephasing of the rotational coherence, due
Number of water molecules (n) to the time dependence of the inertial moments.

In 1998, work from this laboratory showed that the

Fig. 1. Comparison of the spectral shifts for water clusters hy- hydrogen-bonded water dimer cluster of Coumarin
drogen bonded to different aromatic molecules. For 4AANMP and

C151, where more than one conformer is present, the greater shift 1511 91.51/02'0)21 undergoes. no_n'rad'at'ye relax-
is indicated (4ANMP=4-aminoN-methylphthalimide). ation limited by a 60cm?! activation barrier[26].
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Time-correlated single-photon counting measure-
ments produced evidence of the time evolution of

the process, and also showed an increase in the flu-

orescence decay time from7 to ~9.5ns. At the
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conformational change and possible proton-transfer
interactions.

same time, the ionization threshold decreased by 2. Experimental

~1000cnT?, showing a pronounced difference in
electronic character of the initial and product states.
More recent work has shown that this process in-
volves a conformational change between two distinct
structures of the clustgb3]. This is an important ex-
ample of cluster rearrangement triggered by electronic
excitation.

In the current paper, we report the results of ex-
periments focusing on the infrared spectra of elec-
tronically excited hydrogen-bonded clusters of the
molecule C151, to explore the effects of electronic ex-
citation on cluster properties. This includes examples
of Fermi resonance interactions, vibronically-induced

All experiments reported here involved a two-pulse
excitation—ionization sequence followed by mass-re-
solved detection via a time-of-flight spectrometer.
This served to identify all clusters present in the jet,
and also provided an important detection mode for
infrared-optical double-resonance measurements. The
experiments combined a 10 Hz supersonic jet with a
two-chamber differentially pumped vacuum system,
using a 2mm diameter beam skimmer and 70cm
time-of-flight mass spectrometé?7,46,52,53](see
Fig. 2). Sequences of three laser pulses (pulse dura-
tion <5ns) crossed the jet about 10 cm downstream
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Fig. 2. Schematic diagram of the apparatus used for supersonic jet spectroscopy of clusters, showing the configuration of the chamber and

a simple two-pulse pump probe laser arrangement. The infrared generation apparatus is not shown.



Y. Chen et al./International Journal of Mass Spectrometry 220 (2002) 231-251 235

from the skimmer orifice, which was in turn lo- infrared pulses last in the sequence (UV-IONIZE-IR)
cated typically 4cm downstream from the heated allowed reference experiments to be made of the in-
nozzle. The supersonic jet used a General Valve frared spectra of cluster cations. This clarified some
Series 9 solenoid valve driven by 160ms pulses band assignments.

from their lota One pulse generator. Resonant UV  Detection of the infrared-optical double-resonance
pulses came from LDS 698, 722, 751 or 821 lasers, signals for C151-based clusters mostly involved ion
pumped by 532 nm pulses and frequency-doubled in depletion (i.e., hole burning), using a beam chopping
BBO. For reference, the electronic-origin transitions arrangement and simultaneous two-channel detec-
of the different coumarins are located as follows; tion on the parent mass channel. In this widely used
C120: 30,075cm!; C151: 28,622cm!; C152A: approach, infrared absorption causes a reduction in
26,849cml; C153: (two conformers]63] 25,898, the parent-ion signal, due to predissociation or other
25,710 cml. Also, the water cluster red shifts of in-  non-radiative processes. Infrared depletion signals
terest to the present work range from 45 to 2600&m  ranged from<5 to >90%, using a counterpropagat-
Nd:YAG fourth-harmonic pulses (266 nm) ionized ing geometry for the infrared and resonant ultraviolet
the electronically excited clusters. For the most part, pulses. Scanning the infrared frequency generates
substitution of 266 nm pulses for a tunable ioniza- an action spectrum for ion depletion, which is ef-
tion source and near-threshold ionization conditions fectively the same as the infrared absorption spec-
caused no substantial complications. Water clusters trum [29,35,86] An important companion technique,
involving C120 readily predissociated one of the wa- which applies to some of the electronically excited
ter molecules under these conditions, and clusters clusters, involves detecting the products following
involving “n” water molecules were usually detected infrared-induced predissociation of a water molecule.
in the “n — 1" mass channel. We note that a similar Although the absolute signal is always less than the
observation was reported by Zwier and co-workers for amount of signal depletion in the parent channel, this
the cluster indole/(bKO), [48]. However, we found  zero-background technique can have a much higher
that all other clusters could be detected via the parent signal-to-noise ratio, and is sensitive to the lifetimes of
mass channel. In either case, the species involvedexcited fragment clusters. For example, we used this

could be reliably detected and identified.

Tunable infrared pulses were generated by combin-

ing Nd:YAG second-harmonic pulses (532 nm) with
amplified DCM dye laser pulses (630-665nm) in
LiNbO3 [27]. Typically, 25 mJ pulses at 532 nm were
combined with~10 mJ amplified dye laser pulses to
yield >200uJ tunable infrared pulses. Ground-state

approach to detect the infrared spectrum of the cluster
C151/(H0)3, which photodissociates efficiently upon
infrared absorption and 266 nm ionization. Wherever
the photodissociation technique was used, it was al-
ways cross-calibrated against the depletion signal in
the same experiment using two boxcar channels.

infrared double-resonance spectra were generated

from pulse sequences of the type IR-UV-IONIZE,
whereas switching the order of infrared angl<S $;
resonant pulses (UV-IR-IONIZE) allowed measure-

ment of the excited-state infrared spectra. To burn effi-

3. Results and discussion

3.1. Non-hydrogen-bonded cases

cient excited-state holes, it was necessary to bring the 3.1.1. Isolated, jet-cooled Coumarin 151

UV and IR pulses as close as possible in time without

The first reported study of coumarins under

accidentally detecting ground-state resonances. Us-jet-cooled conditions was by Ernsting et 487].
ing our laser system, even the parent C151 molecule, Consistently with its thermally sensitive weak fluo-

having an excited-state lifetime of only 3.5 ns readily

rescence in non-polar solvens], the fluorescence

gave a separable excited-state spectrum. Bringing theexcitation spectrum of jet-cooled C151 is found to be
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Fig. 3. Comparison electronic excitation spectrum of C151

truncated above a vibrational energy a#50 cnt!
[87,88] Unlike C152, C152A, or C15p7,89] there
appears to be facile coupling to the triplet manifold
for vibrationally excited $ statesFig. 3compares the
excitation spectrum of jet-cooled C151 with that of
theN,N-diethyl derivative, C152426]. For reference,
the electronic origin of the§g— $; transition in C151
occurs at 28,622cmt (349.4nm). The excitation
spectrum, obtained at low laser intensity where satu-
ration is minimal, exhibits several medium to strong
vibronic bands up tov450cnT L. In particular, the
strong resonance at 35 crhis attributed to torsional
vibration of the —CE group coupled to inversion of
the NH, group[88]. For the record, we measured the
fluorescence decay time following excitation of C151
via an absorption band at676 cnT?, to be ~60 ps
[26]. The C152A spectrum is simpler, and has the
important difference that there is no rapid quenching
of excited states at 700 cth above the $ origin.

The ground-state infrared spectrum of isolated
C151 Fig. 4) has two narrow resonances near 3455

Y. Chen et al./International Journal of Mass Spectrometry 220 (2002) 231-251
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Fig. 4. Ground and excited-state infrared spectra for C151. We
found the same spectra for any vibronic resonance probed.

and 3551 cm?, which may confidently be assigned
to the symmetric and antisymmetric stretch normal
modes of the NI group. This has been confirmed
by semiempirical vibrational mode simulatiofs7].

In the excited state, the symmetric stretch resonance
becomes substantially stronger and broader, slightly
downshifted in peak frequency (3455 3444cnt?l)

and developing an asymmetric profile such that the
band degrades slowly to lower energy. This inten-
sification is evidently due to a selective electronic
perturbation, since the antisymmetric stretch band is
much weaker. Also, the splitting of the two resonances
increases from 96 to 113 cmh, indicating stronger
coupling of the zero-order NH-stretch modes in the
excited state. In some clusters, the weak higher-energy
band was barely detectable with our apparatus.

3.1.2. The cluster with acetonitrile—ground and
excited-state behavior

A solution of C151 in the polar, non-hydrogen
bonding solvent acetonitrile shows almost the same
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Fig. 5. Electronic excitation spectrum of C151/¢EN showing the greater extent of vibronic structure, which indicates that the non-radiative
channel for C151 is not available in this cluster.

large shifts in the absorption and emission spectra as in citation spectrumKig. 5) extends over a broader range
hydrogen-bonded alcohol solutioft. The jet-cooled (>700cml) than C151 itself (se€ig. 3), showing

1:1 cluster with acetonitrile (C151/GEN) echoes that there is no comparable low-energy non-radiative
this property, showing a greater red shift (957 ¢ path to that seen for isolated C151. There are promi-
than the 1:1 ethanol cluster (842 ch). Also, the ex- nent vibronic features in the same general frequency

3431

C151/CH,CN

Excited

3455

Infrared Absorption

Ground 3555

3100 3200 3300 3400 3500 3600 3700

Infrared Wavenumber (cm'l)

Fig. 6. Ground and excited-state infrared spectra for C153GIMH The infrared bands are similarly placed to C151 itself, and the
asymmetric broadening of the 3431 thband is similar to that of C151. Imperfect time separation here caused some cross-talk in the
ground-state spectrum.
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range as those seen for C151, at 280, 325 andthatinfrared spectroscopy was needed to identify these
700/720 cmt, although the strongest vibronic band conformers in the absence of accurate electronic en-
in the C151 spectrum, the 39 cthfeature attributed  ergy calculationg27]. The greater red shift for the

to a coupled NH inversion and Cfk torsion[88], is “B” conformer is evidence for a significantly greater
much weaker in the acetonitrile cluster. Despite the increase in cluster binding energy at the Ndite upon
substantial perturbation of the electronic structure, excitation. This may reflect an increase in hydrogen
the infrared spectrum of the NHhormal stretching bond strength, although as noted from the behavior
modes of C151/CECN is similar to that of the bare  of the non-hydrogen-bonded acetonitrile cluster, there
molecule, in both the ground and excited states (seeshould also be a large contribution from the purely
Fig. 6). This demonstrates both that there is no sig- electrostatic interaction.

nificant hydrogen bond and that the electronic pertur-  In larger clusters, one might expect a greater num-
bation of the NH-stretch modes is about the same for ber of conformers to occur, leading to increasingly
both species. At this point, the structure of the cluster complex electronic spectra. However, for strongly
has not been calculated, but the data show no evidentself-aggregating materials such as water and methanol,
perturbation of the Nkl group. Moreover, the obvi-  the problem appears simpler for some larger clusters
ous change in the relative intensity of the MNbtretch than in the case of one or two attached molecules. For
normal modes between the ground and excited statesexample, we have detected a single form of the cluster
appears similar to C151 itself. We therefore conclude C151/(H:0)s, characterized by a single infrared spec-
that, despite a large electronic perturbation, the pres-trum [90]. On the other hand, evidence of multiple
ence of an acetonitrile molecule does not strongly conformers for smaller clusters is readily revealed by
perturb the NH-stretch modes. As we show in the either electronic or infrared hole-burning techniques
next section, hydrogen-bonded interactions cause [26], of which the infrared approach can more easily
much larger effects in both the ground and excited reveal functional differences. Thus, both the water

states. A final point is that, despite the large red shift

n = 1 andn = 2 clusters of C151 show two conform-

of the electronic spectrum, the excited-state infrared ers. The “A” and “B” conformers of the = 1 species
spectrum shows no significant features in the range are present in roughly equal amounts, whereas the

3100-3400cm®. This will be shown in the next
section, to be quite different from any of the cases
involving hydrogen bonding to the NHyroup.

3.2. Hydrogen-bonded clusters—multiple
conformers in the ground state

>C=0 attached “A” conformer of the = 2 cluster
is the majority specieR7,52,53] On the other hand,
alcohols, ethers and acetone at the- 1 level only
attach via the NH site on C151, whereas the only
conformer we have found for the methanol= 2
cluster is attached via tF=C=0 group.

At this juncture, it is important to note that we

Experiments have shown that the C151 molecule do not have any spectroscopic data from Z@&=O

uses one of two principal sites in forming hydrogen-

stretch region, which could provide definitive proof

bonded clusters. As noted above, the cluster C151/ of proton donation to theC=0 group. However, we

(H20); exhibits two distinct conformers. One of these
involves proton donation by a water molecule to the
>C=0 group of thex-pyrone ring. This species, which
has a red shift of 45 cnt, is designated the “A” con-
former. The other principal site involves proton do-
nation by the NH group to the oxygen atom in a
water molecule. This species, having a red shift of
690cnT?, is designated the “B” conformer. We note

do know that some of the clusters exhibit unperturbed
NH»-stretch resonances of C151 in both the ground
and excited states, which certainly sugges=Ca0
binding site. Also, density functional theory calcu-
lations (B3LYP, 6-31G) readily predict clusters at-
tached via NH proton donation to water or by OH
proton donation from water t>C=0 with compara-
ble binding energy. None of these calculations favors
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3300 3400 3500 3600 3700 terms as “donor” (lower) and “free”-OH resonances
TooTrT T T [91]. The “B” conformer of C151/(H0); shows that,
CIS2A/AH,0), whereas the water molecule is almost unperturbed
[950] from the case of free-water, the NHbands are more
widely spaced, indicating the presence of a hydro-
CI52A/(H,0), — HO— gen bond of the type NH- O. The C152A molecule,
[286] which is theN-diethyl derivative of C151, has no NH

bonds. The “A” conformer of C152A/(}0)1 shows

NH,

CISUH0)f| = “™~ /HJO‘ comparable donor-OH resonances to the C151 coun-

6891 terpart. However, although there is still a large red
: shift in the “B” conformer (950 cm?), it is likely that

the lower-energy OH resonance at 3620¢mepre-
: sents proton donation either to the nitrogen atom or
i possibly even to the aromatic ring. For example, the
Cl151 — “B” conformer of C151/(B0O), exhibits a resonance
,MJ“WLM« at 3602 cm!, which we attribute to proton donation
: to the aromatic ring53].
300 30035003000 300 Although infrared studies of th>C=0 resonance
IR Wavenumber (cm’) are needed for definitive assignment, we find that data
_ _ such as presented iig. 7 are sufficient to distinguish
e o e . DELWEEN the o sies n C151. In parenthess, we ote
ets indicate the red shifts from C151. that the molecule C120 tends to favor &@=0 site,
so that only one conformer is found of the watet 1
cluster, which shows no perturbation of the Nk¢s-
proton donation to the Niinitrogen atom, to the ring  onances. The same is true for the methanol cluster
oxygen atom or to the aromatie-electrons. Finally, of C120, in which the methanol molecule is a proton
evidence from condensed phase infrared experiments,donor to the=C=0 group, even though the only ob-
which did probe theC=0 stretch region, shows that served form of C151/(CkDH); has an NH- - O hy-
acidic species such as CH@GInd phenol both formhy-  drogen bond. Interestingly, however, all of the= 2
drogen bonds to th=C=0 oxygen atom of Coumarin  species we have studied for different coumarins show
102[19,59,61,62] an affinity for the=C=0 group in the electronic ground
The bottom trace irFig. 7 shows the ground-state state. Such structural differences between subtly
normal-mode spectrum of the unperturbedNjtoup different coumarin molecules and different numbers
of isolated C151. This pair of bands is also evident of clustering species challenge the current predic-
in the trace for the “A” conformer of C151/(®D);, tive capacity of molecular structure calculations, and
despite the overlapping resonance from a broadened,bond-specific analysis is required, of the type pro-
displaced OH band of the water molecule. This widely vided by infrared double-resonance techniques.
spaced pair of OH resonances is characteristic of water
attached to th=C=0 group, as may also be seen from 3.3. Excited-state infrared spectra of C151-based
the spectra of the “A” conformer of C152A/60);. clusters
Although the two OH bands correlate with the sym-
metric (lower) and antisymmetric (higher) resonances 3.3.1. The water dimer cluster C151/(H20),
of the water molecule, it is perhaps more useful to  The excited-state infrared spectrum of C15bH
refer to these, when hydrogen bonded, in local-mode for different excitation conditions was recently

CI51/(H,0),
[45]

Infrared Absorption (Ion Depletion)
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Fig. 8. Mass-resolved excitation spectrum showing the two con-
formers of C151/(HO),. The signal from the dominant “A” con-
former is roughly 1& stronger than that from “B.” Originally
presented if53].

published[53]. An important property of this clus-
ter is the presence of two distinct conformers in the
electronic ground state, which are indicated in the
mass-resolved excitation spectrum shownFig. 8.
The “A” form has a red shift of 1214 cnt from the
C151 origin, and has a relatively simple spectrum,
whereas the “B” form (shifts 1560 cnT?l) reveals a
long progression in a mode near 10t The latter
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Conformer "A"

Conformer "B"

Fig. 9. Calculated structures of the “A” and “B” conformers of
C151/(H0O),, based on a combination of semiempirical and DFT
calculations. The assignments were made via infrared spectroscopy.

bonded OH groups. These are substantially decoupled

behavior is characteristic of clusters attached via a from their hydrogen-bonded OH counterparts at 3477

donor NH - - O hydrogen bond to C15[2]. Fig. 9

and 3510cm?. The two narrower, weaker bands at

shows calculated structures considered to represent3455 and 3554 cmt can be assigned by compari-

the “A” and “B” forms, resulting from a combination
of semiempirical (PM3) and DFT calculations. The
“A” structure shown here represents a refinement from
[53], based on more detailed DFT calculations, which
allow for the acidity of the CH proton adjacent to the
>C=0 group. However, the actual hydrogen-bond co-
ordination geometry at thH=C=0 group is not known.
Fig. 10 shows a sequence of infrared spec-

son with bare C151 to the unperturbed symmetric
and antisymmetric vibrations, respectively, of the
NH> group. Like the case of C151/GEN in Fig. 6,

this observation shows that the water dimer is not
bound at the —NKl group of the coumarin molecule.

It is important to note that the same ground-state
infrared spectrum was observed, independently of
which resonance of the “A” conformer was probed.

tra generated by double-resonance experiments onThis confirmed the original assignment that only one

C151/(H0),. These results were published [B3].

species is responsible for the resonances to higher

The bottom spectrum, due to the ground state of the energy than the origin of the “A” conformé¢26].

“A” conformer, shows a doublet at 3721/3726Th
which is attributed to stretch modes of non-hydrogen-

The two “A*” spectra inFig. 10result from bring-
ing the resonant pulse in before the infrared pulse.
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Fig. 10. Infrared spectra of the “A” and “B” conformers of
C151/(H0), for different excitation conditions.

Following electronic-origin excitation (X0)), in-
frared irradiation within the first few nanoseconds
catches the system in the metastable excited “A”
structure, showing a radical difference in the in-
frared spectrum from the ground state. Specifically,
this spectrum reveals bands at 3430 and 3545'cm
which strongly resemble the bands of bare C151,
C151/(H0); (“A” conformer) and C151/(CHCN)1

in location, relative width and relative intensif27]
(seeFigs. 4 and B We confidently assign these to the
antisymmetric and symmetric stretch combinations of
the NH, group in the $ state. Notably, this spectrum
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band near 3360 crit. We note in parenthesis that jet
cooling conditions needed to be carefully optimized
S0 as to stabilize the zero-point excited “A” form of
the C151 cluster. This behavior is consistent with the
low barrier (60cmt) for conformational relaxation
[26].

The result of vibronically exciting the “A” species
is seen from the-290 cnt ! vibronic level (A4(290) in
Fig. 10. Notably, all principal resonances have shifted
from the case of pure electronic excitation*(B)).
This result is different from simple IVR, which tends
to broaden, but not displace the infrared resonances,
and implies that a structural change has occurred.
Thus, excess vibrational energy causes loss of the
3430cnt! feature, a small, but significant down-
shift of the free-OH resonances, a re-emergence of
a 3510 cn! feature, and a broadening and strength-
ening of a feature at 3547 cth. There is also a pair
of broader bands at 3215 and 3310¢mMoreover,
we can confirm that the onset of the spectral change
occurred between 47 and 66cTh excess energy,
consistently with earlier fluorescence data, where the
onset of a fluorescence Stokes shift was obsei2@d
The very strong 3430 cr band persisted weakly at
+109cnt?!, but Fig. 10 shows little contribution at
+290cnT!. We note that the 3430 cm feature is
attributed to the non-hydrogen-bonded Ngymmet-
ric stretch mode, suggesting that relaxation involves
increased perturbation of this group. Since this strong
band is nearly eliminated in the 290 cmtrace, we
conclude that the residual contribution of the “A”
structure to the “relaxed” cluster at this energy is
quite small.

The infrared spectra characteristic of the ground
and excited states of conformer “B” are shown in
the upper part ofFig. 10 The ground state (top
trace) shows an incompletely resolved doublet near

also shows a large downshift in the frequencies of the 3725cnT!, which represents a pair of “free”-OH
hydrogen-bonded OH-stretch modes, which appearedresonances. However, the rest of the spectrum is com-

in the ground state at 3477 and 3510¢min the ex-
cited state, there is a diffuse band near 3370tand
two smaller bands near 3250 ¢ty none of which is

evident in the ground-state spectrum. For comparison,

the spectrum of excited C120/4B), gives rise to a

pletely different from the other conformer. The band at
3398cn1! is evidence for a “donor-NH” resonance,
similar to the ground-state infrared bands of the water
(“B” conformer; 3424 cmt), methanol (3402 cmb),
ethanol (3398cm!), acetone (3387cmt) and
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di-isopropylether (3364cmt) n 1 clusters of
C151. A highly significant feature in the spectrum
is the strong, narrow resonance at 3602 énwhich
strongly suggests that there is a hydrogen bond to
the aromatic rind49,53,92,93] This assignment was
supported iM53] by density functional calculations.
Again, electronic excitation of “B” moves most of
the resonances. It is likely that 3465 and 3545¢ém
represent donor-OH, and the 3510chthe free-NH
resonance, whereas the donor-NH resonance at
3398 cnt?! in the ground state is replaced by a pair
of bands at 3215 and 3210cth The most impor-
tant result fromFig. 10 is seen by comparing the
electronic-origin excited “B’ conformer and the “A”
species vibronically excited into the290 cn1 ! band.
Most of the bands correspond closely in both spectra.
Any differences may be due to the500 cnt ! greater
internal energy of the “A(290)" case. We concluded
on this basis that the species sampled following elec-
tronic excitation of “B” is the same as that following
conformational relaxation of excited “A.” That is,
vibronic excitation of “A” at>66 cnT ! gives rise to
conformer “B,” with an internal energy.640 cnt 1.
Since the electronic spectra overlap, conceivably
excitation of “A” at +290cnT! could accidentally
excite “B” directly. However, we know that the
ground-state infrared spectrum, obtained by monitor-
ing the+290 cnT ! resonance, is the same as the “A”
trace inFig. 10 On the other hand, simply delaying
the infrared pulse behind the UV pulse for the same
excitation conditions gave a spectrum dominated by
conformer “B.” Second, since the290cnT?! reso-
nance is one of the stronger bands in the spectrum of
the “A” conformer, this could not be confused with
vibronic resonances of “B,” which exhibit complex
low-frequency mode progressions. Third, excitation
of “A” via resonances 47, 66, and 109 chabove
the origin (not shown) showed a steady loss of the
very strong 3430 cmt! band (NH symmetric stretch)
with increasing energy. The narrow 3510chband,
which most likely represents the decoupled free-NH
mode, also appears above 66Cminternal energy.
Also, we note that picosecond time-resolved fluores-
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Fig. 11. Ground and excited-state infrared spectra for the water
trimer cluster of C151.

of a relaxation process for these same resonances, the
measurable rate of which increases with excitation
energy[26].

Finally, we may rule out any possible confusion
with then = 3 cluster, which has an electronic ori-
gin ~1350cm?! to lower energy tham = 2 “A”
origin. This is a consideration, since predissociation
of n = 3 clusters can generate background signal in
the n = 2 channel. However, aBig. 11 shows, the
ground-state infrared spectrum of the= 3 cluster,
C151/(H0)3, exhibits five strong resonances between
3350 and 3550 cm', in addition to a characteristic
pattern of three “free-OH” bands near 3720¢nin
then = 3 excited state, there is a prominent band at
3496 cnt! and strong bands at 3104 and 3194¢m
none of which appears in any of the spectra attributed
to then = 2 cluster. In passing, we note that the water
trimer cluster of C151 shows a pronounced decrease
in the energy of all hydrogen-bonded resonances in

cence measurements have already shown the existencéhe excited state, to an even greater extent than the
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n = 2 species. On the other hand, we detected no ev-is presumably hidden under the stronger, broadened

idence of vibronically-induced conformational relax-
ation in this cluster, which appears to bridge theJ\NH
and>C=0 groups in the ground state. Incidentally, the
improved signal-to-noise ratio of the electronically ex-
cited spectrum results from efficient infrared-induced
fragmentation of the cluster—the upper trac€iig. 11
was recorded via the produat = 2 channel, but
with the resonant ultraviolet pulse tuned o= 3
resonances.

3.3.2. C120/(H20)2

For C120, the water dimer cluster shows evi-
dence of being attached via t=€=0 group, because
the excited-state N stretch bands at 3436 and
3554 cnmt! have almost the same frequency and inten-
sity ratio as isolated C120 (3444 and 3554 ¢ In
the ground state (sd€g. 12, the “donor”-OH bands
are further downshifted than in the C151 case, so
that the NH symmetric stretch band near 3447¢hn

3715

Vibronic
| +580

Excited 3719/25

Infrared Absorption

3453
3494

3723727
Ground

PR IR RN R RS B
3200 3300 3400 3500 3600 3700

Infrared Wavenumber (cm'l)

Fig. 12. Infrared spectra similar t&ig. 10 for C120/(H:0)z,
showing evidence for vibronically-induced structure relaxation.

donor-OH resonance at 3453cth However, the
antisymmetric NH stretch band (3549 cni) falls
near the position in the isolated C120 molecule
(3543 cnth).

In the excited state, following excitation via the
electronic-origin transition, one finds the strong OH
bands to have shifted down 3400 cnt. This again
resembles behavior of C151/48),, which shows a
broad band near 3370 crh The absence of strong
resonances in the range 3440-3550, between the sym-
metric and antisymmetric stretch NH resonances is
particularly striking in both cases. We conclude from
this that the two structures are similar, and that in the
excited state of the “A” conformer, the OH stretch res-
onances are well downshifted.

Upon vibronic excitation, the water dimer cluster
of C120 develops extra features. Thus, there is a new
feature at 3522 cm' and a broader feature at 3549,
which is close to the trend observed Hig. 10 for
the C151/(HO), case (3510 and 3547 cth). There
is also a strong feature at 3345chfor the C120
case, which appears to reflect the 3320 ¢rfeature
of C151. However, although there is a weak fea-
ture near 3220 cmt for the C120 case, this cannot
be assigned with confidence at this stage. Finally,
similarly to C151/(HO),, the C120 cluster shows
an intensification, broadening and slight downshift
of the “free”-OH band(s) near 3715crh We con-
clude that this cluster is relaxing similarly to the
C151 case, so that the product state may involve the
excited “B” conformer. In the C120 case, though,
the persistence of the resonance near 3438cm
suggests that the relaxation is not complete, as this
is most likely evidence for the strong, unperturbed
NH> symmetric stretch resonance. We conclude from
this work that C120/(KHO), behaves similarly to the
C151 case, although showing less complete confor-
mational relaxation. This behavior appears consistent
with literature data, which show that the spectral shift
of C120 in solution is less than for C151 in corre-
sponding solvent$5]. This is attributed to a smaller
dipole moment change upon electronic excitation
of C120.
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Fig. 13. Infrared spectra of the water trimer cluster of C151 in
the ground and excited states, showing the development of an
additional resonance in the excited state.

3.3.3. Other clusters attached via the NH2 group

One significant difference between the electroni-
cally excited “A” and “B” sites for hydrogen-bonded
clusters of C151 is the appearance of pairs of
prominent, broadened infrared resonances in the
range 3100-3350cm. Fig. 13 shows the specific
case of C151/CgDH, comparing the ground- and
excited-state infrared spectra. There are three high-
energy fundamentals in the range 3350-3700tm
namely the OH stretch of methanol and the two
NH-stretch modes of C151. The 3688Thfeature
in the lower spectrum is almost at the same position
as the natural OH-stretch resonance of free-methanol,
whereas the 3402 and 3538 thbands provide evi-
dence for “donor”- and “free”-NH stretch resonances,
respectively. This spectrum is clear evidence for the
attachment of the methanol molecule to C151 via
a hydrogen bond of the type NH O, as indicated
in the diagram. In the excited-state spectrum, the
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“free”-OH resonance is evident at 3685th and
the band at 3513cnt is readily assignable to the
“free”-NH mode. However, the two strong bands at
lower energy are seen in place of the single ground-
state “donor”-NH band

CF,
A
H
‘1;1 0o~ ~o
H
H—O
AN
CH,

The appearance of these two lower-energy bands
is revealed byFig. 14 to be a common property of
all electronically excited clusters of C151 having an
NH- - - O hydrogen bond. These include the= 1

Di-isopropyl ether

WO

Acetoww
Ethanol q )\

M
Wm

Water n=1 "B"

Infrared Absorption

3000 3100 3200 3300 3400 3500 3600 3700
Infrared Wavenumber (cm")

Fig. 14. Excited-state infrared spectra for a group of clusters
known to attach to C151 via a hydrogen bond of the type NB.

Each spectrum shows a pair of prominent, broadened low-energy
resonances.
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cluster with water (“B” conformer; 3237, 3346 cth), C151/Acetone
n = 2 cluster with water (“B” conformer; 3215,
3310cnT?), and then = 1 clusters with methanol

(3215, 3315cm?'), ethanol (3209, 3308cm), g

acetone (3200, 3306cm) and di-isopropyl ether E

(3153, 3277cml). Even the water trimer cluster

(Fig. 11) shows a pair of strong resonances at 3104 000 900 00 700 00 =00 200 00 200 100
and 3194cm!. We note that, for thes = 1 clus- Wavenumber Relative to C151 (cm™)

ters going from bottom to top ifrig. 14 there is a . .
. . . . Fig. 15. Mass-resolved excitation spectrum of C151/acetone, mon-
correlation between the increasing strength of the in- itored via then = 1 channel. Two conformers are indicated, having

teraction, measured either by the excitation red shift red shifts 597 cm! (A) and 995 cn? (B).
(690-995cm?!) or the red shift of the low-energy

infrared resonances, and the increasing base strengthiself. This confirms that the Nigroup is relatively

of the complexing molecule. unperturbed. As the figure shows, there is an overlap-
ping component from the “B” conformer, for which

3.34. Cl51/acetone ] the resonances at 3387 and 3531 émshow a pertur-
The acetone cluster of C151 represents an impor- bation of the NH group

tant counterpart of the cluster C1514®),, in two
important respects. First, two conformers are evident
from the excitation spectrum shown Fkig. 15 Like

the water dimer case, the longer-wavelength compo-
nent (red shift 995 cm!; denoted “B”) shows an active Cl51/Acetone

low-frequency mode progression4rl0 cnt, and in S 3337 3514
this case the “B” species appears to be in the major- ! 3213/36
ity. At —597 cnm'1, there is the onset of another spec- +833
trum (denoted conformer “A”), which is distinguished
by the absence of a low-frequency mode progression.
This spectrum is, however, underlaid by a strong sig- S, "B"
nal arising from higher-energy components of the “B”
spectrum.

In the excited state, the two ground-state resonances
of the “B” conformer are replaced by three resonances,

3200

3453

Infrared Absorption

" " 3554
CF, S, "A y
X
H{
rf 0~ ~o S
H
0 C151/acetone
)J\ "B" conformer . ) . ) L . ) ) o
H,C CH 3100 3200 3300 3400 3500 3600

Infrared Wavenumber (cm'l)

The ground-state infrared spectrum of the “A” con-
9 P Fig. 16. Ground and excited-state infrared spectra of C151/acetone

former Fig. 16 shows clear features at 3453 and ¢y, four different excitation conditions. The resonances are labeled
3554 cntl, which lie close to the positions for C151 in Fig. 15
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Fig. 17. Same aBig. 16 except for the excited state as a function
of excitation energy. Resonances indicated are showfign1s

including a narrow 3509 crt band, assigned to the
“free”-NH bond. The two strong resonances at lower
energy, spaced by100cnT?, follow the pattern es-
tablished for several other clusters king. 14 Upon
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maxima have shifted up in energy. Also, the position
of the “free”-NH band has shifted upwards by a small
amount, although there is little increased broadening.
At 438cnm1, which corresponds a transition some
40 cnt ! above the electronic origin of the “A” species,
there is a clear resonance at 3430 ¢pwith a weaker
companion band at 3548 crh, which correspond to
the symmetric and antisymmetric stretch modes of the
non-hydrogen-bonded NHgroup (sed-ig. 10. Fea-
tures such as this are consistent with other cases noted
above, and show that the structure of the “A” species
persists close to the electronic origin. As the internal
energy is raised further above the origin of the “A”
species, although the excitation is always into promi-
nent vibronic bands of “A,” the contribution from the
3430cnt! band is much reduced. This implies that
the NH, group is becoming hydrogen-bonded in the
excited state. We have confirmed this by comparing
the ground-state infrared spectra for different vibronic
bands, finding in all cases above the “A” origin that
the data reproduced the “A” spectrum ground-state
shown inFig. 16 Thus, we are satisfied that the top
three traces irFig. 17 result from excitation primar-
ily of the “A” species. The general conclusion from
these observations is that the electronically excited
“A” conformer of C151/(CH),CO readily converts

to the “B” species via vibrational activation. In this
respect, the behavior of the acetone 1:1 complex with

excitation at higher internal energy, the lower two res- C151 is parallel to that of the water dimer cluster
onances broaden and shift to higher energy, which may with the same molecule. Both show evidence for vi-
suggest increased non-radiative coupling and weaken-brationally activated conformational change driven
ing of the hydrogen bond. We also note the presence of by electron-density redistribution in the excited state.

a shoulder at 3236 cnt, which may be due to Fermi
resonance. To examine the trend more clogsly, 17

shows a sequence of infrared spectra for the electron-4. Discussion

ically excited acetone cluster, all resulting from exci-
tation via prominent resonances of either the “A” or
“B” forms (seeFig. 15. The lowest-energy excitation
(0) populates the = 0 level of the “B” conformer,

At this stage, we do not completely understand the
nature of the pairs of bands3400 cnt? for the clus-
ters attached to C151 via NH O hydrogen bonds,

giving the spectrum noted above, with two features which are clearly shown ifigs. 14 and 17However,

in the low-energy region. At an internal energy of
362 cnT!, which still excites the pure “B” species, the

spectrum has evolved such that the two lower bands

two primary candidates include Fermi resonance in-
teractions and a possible proton transfer equilibrium.
First, many examples of Fermi resonance interac-

are much broader than at the lower energy, and their tions have been seen, particularly in the excited-state
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Fig. 18. Ground and excited-state infrared spectra of the water
dimer cluster: C152A/(bO),. This shows the increased complexity
in the excited state, possibly due to Fermi resonance coupling with
several undetermined overtone or combination bands.

infrared spectra of molecular clusters. Indeed, consid-

ering the density of vibrational states in large-molecule
clusters near 3500 cm, it is surprising that the in-
frared spectra are so simple. This implies that Fermi
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following vibronic excitation of the acetone com-
plex. In each case here, it is likely that the promoting
mode interacts with a quasi-continuous background
of states, leading to ultrafast vibrational relaxation.
Another case of Fermi resonance is exemplified by
C152A/(H0), in Fig. 18 This species, which has

a similar structure to the “A” form of the cluster
C151/(HO), shows one sideband on the 3495¢m
donor-OH resonance, assumed due to Fermi reso-
nance. However, in the excited state, there are at least
three additional resonances. In this case, there is no
evidence of structure relaxation, because the spec-
trum is nearly independent of internal energy. The
complex excited-state vibrational spectrum appears
to be due to an intermediate form of Fermi resonance
coupling, where several mode combinations are in-
tensified and presumably shifted by coupling to the
two OH-donor modes. In such cases, assignment of
individual resonances becomes difficult.

A third case of Fermi resonance coupling, which
could be responsible for the discrete pairs of res-
onances observed iRkigs. 10, 11, 13, 14, 16 and
17, would involve stronger coupling of the oscillator
strength of an NH mode to the overtone of a single
vibration. A logical candidate in the 3200-3300¢h
region would be the overtone of the bending mode
of the hydrogen-bonded NHyroup, since such a res-
onance is known in aniline an@-naphthylamine to
occur as a weak ground-state feature near 3240cm

resonance interactions are usually weak, and that the[94]. In fact, reference t&igs. 13, 14 and 1veveals
coupling of many non-hydrogen-bonded modes to the evidence for such an additional feature in the spec-

quasi-continuum is often less than the width of

trum. At this point it is unclear, however, whether a

the rotational envelope. Such interactions can cause Fermiresonance interaction is responsible for the sym-
the appearance of multiple resonances in an electronicmetrical pair that appears to form in many of the cases

or vibrational spectrum, due to the interaction of a
strong oscillator, such as an NH or OH stretch mode
with overtones and combinations of other modes ly-
ing close in energy. One type of such interaction is

reported here, and further work is needed.
Interaction with a higher electronic state is an-

other possibility, as we know that the Mldymmetric

stretch mode of the uncomplexed molecule is signif-

commonly seen to result in broadening of resonances, icantly perturbed by electronic excitation. However,

such as for the donor-OH band at 3465¢min
ground-state C152A/(3D), (lower trace offFig. 18),

the strongest argument against this possibility appears
to come from the acetonitrile case, where there is

the excited-state symmetric-stretch mode of isolated a large change in the electronic energy, and yet the

C151 (top trace ofig. 4) or in a more extreme case,
the 3337cm?! feature in the top trace oFig. 16

infrared spectrum in the 3100-3600Thregion is
nearly the same as C151 itself in both the ground and
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excited states. Also, one would expect that the influ-
ence of a more highly excited state would become
increasingly more evident to higher energy, which we
do not see.

Another possibility meriting consideration is that
a proton transfer equilibrium involving the NH O
bond develops in the excited state. In this picture,
the shift in electron density upon electronic excita-
tion would increase the acidity of the NH bond rela-
tive to the more basic complexing molecule. Complete
proton transfer from nitrogen to oxygen would con-
serve the number of infrared fundamental resonances.
However, an incomplete proton transfer interaction in
which NH-: -- O and N .- HO hydrogen bonds coexist
could generate an additional strong band. One reason
to favor this answer is that the effect increases signif-
icantly with increasing base strength of the attached
molecule. Also, the effect is unique to the excited
state, where NH protons are known be more acidic
than in the ground state. This phenomenon, leading to
the rearrangement of hydrogen bonds, is part of the
driving force for the conformational relaxation events
described above.

Also, it is significant to note that studies on the
dimer of 4-aminophthalimide (4AP) generate similar
groups of resonances to the case of C151/acetone. Al-
though this is presented elsewhg&,65], it is worth
comparing the spectrum presentedHig. 19 with,
for example, the data for C151/acetoneFiy. 16
or other species ifrig. 14 The 4AP dimer, which
has two NH--O hydrogen bonds as indicated, has
a simple ground-state spectrum showing free-NH
(amino) (3548 cm?l), free-NH (imide) (3494 cm?)
and donor-NH (3426 cmt) resonances. However,
in the excited state, whereas the imide free-NH
stretch mode downshifts only slightly (3469 ch),
the amino NH bonds give rise to two sets of three
resonances. That is, the 3426 chfeature gives rise
to four broadened, strongly red-shifted resonances,
whereas the 3548cmi feature evolves into two
slightly broadened, weakly red-shifted bands. These

assignments are justified elsewhere, based on the re-

sponse to excess vibrational energy. For the present
context, it is important to note that the two NHO
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Fig. 19. Ground and excited-state infrared spectra of the 4AP-dimer
cluster. This shows a special case of increased complexity in the
excited-state spectrum, where the number of resonances expands
from three to seven.

bonds in this dimer appear to reflect the behavior of
the simple coumarin clusters. Certainly, the separation
into two distinct groups of three cannot be explained
on the basis of Fermi resonance interactions alone,
and either exciton or proton transfer arguments need
also to be taken into account.
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At this point, it is unclear what is responsible for damental frequency to study the consequences of hy-
the presence of the extra bands in these spectra, fur-drogen bonding on that group and (b) direct analysis
ther evidence is being sought through experiments. via ultrafast measurements designed to time-resolve
One type of experiment currently in progress involves the evolution of the infrared spectrum, and (c) the
Coumarin 500, in which one proton of the Migroup use of secondary amino coumarins instead of primary
in C151 is replaced by an ethyl group. This may be amines C151 and C120, to modify the relationship
able to distinguish between the proposed proton trans- between NH-stretch and bend modes.
fer and Fermi resonance mechanisms.
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