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In this dissertation, I present electronic spectroscopy of a few biologically

relevant species and their complexes with solvent molecules in the gas phase using

a variety of techniques, including resonantly enhanced multiphoton ionization

(REMPI), laser induced fluorescence (LIF), and zero kinetic energy (ZEKE)

photoelectron spectroscopy. My work on several methylated uracils and thymines

and thymine-water complexes alludes to a new interpretation with regard to the

origin of the photostability of our genetic code. I believe that it is the water solvent

that stabilizes the photophysical and photochemical behavior of these bases under

UV irradiation. For systems that demonstrate vibrational resolution in the first

electronically excited state (Si) and the cationic state, I performed vibrational

analysis of both states with the aid of ab initio and density functional calculations.

These observations are explained in terms of the structural changes from the

ground state to S1 and further to the cation. To bridge results from the gas phase to

the solution phase, I also report studies of supersonically cooled water complexes

of the three isomers of aminobenzoic acid. Density functional theory calculations
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are carried out to identify structural minima of water complexes in the ground state.

The solvation mechanism is investigated based on vibrational analysis of the Si

state of the neutral complex and the shift of ionization thresholds with increasing

water content.
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1. Introduction

The overall objective of my research project is to study photochemistry and
photophysics of biologically relevant species. The approach includes linear and nonlinear

ultraviolet (IJV) spectroscopy of supersonically cooled gas phase species. Two different

scenarios are encountered during this course of study. For molecules that are unstable in

the upper excited state and the ground cationic state, we use a variety of pump-probe
techniques to investigate the decay mechanisms after photoexcitation. A case study that

will be discussed in this thesis is methylated pyrimidine bases. For molecules that are

stable in the upper states, we use high resolution spectroscopic techniques to study their

vibrational signatures of both the neutral excited states and ground ionic species. Several

molecular systems will be presented in this thesis, such as substituted aromatic systems

including 4-aminopyridine (4-AP), 2-chloropyrimidine (2-C1P), two isomers of amino

benzoic acids; a cage-adamanzane named 1 ,3,6,8-tetraazatricyclo[4.4. 1. 1'] dodecane

(TTD); and an indan-like benzene-fused ring l,3-benzodioxole (BDO). The

spectroscopic techniques used in this type of studies include resonantly enhanced
multiphoton ionization (REMPI), laser induced florescence (LIF), and zero kinetic energy

(ZEKE) photoelectron spectroscopy. In addition, to bridge our observation from the gas

phase to the solution phase, we have also succeeded in generating water complexes of

several solute molecules. The results on the microsolvation mechanism of substituted

aromatic molecules obtained using gas phase spectroscopic techniques will also be
presented.

The first two manuscripts (Chapter 2 and 3) relate to the photophysics of methyl-
substituted uracils and thymines and their water complexes in the gas phase. This study

of the nucleic acid bases bears direct relevance to carcinogenic mutations of DNA under

UV irradiation. Prior to our work, a general perception based on efforts from both the
gas phase and the solution phase was that the fast internal population conversion between

the first excited state (Si) and the ground state (So) was an intrinsic property of the
bases.'9 This property was suggested to be the reason for the adoption of these bases as



the building blocks of the genetic code during the early stages of life's evolution.8 Results

from our two different REMPI experiments, however, provided strong evidence that the

decay pathways of bare molecules were quite different from those in solutions: bare
molecules from the excited state were largely funneled into and trapped in a dark state via

fast internal conversion. Lifetimes of this dark state were determined to be tens to
hundreds of nanoseconds, depending on the internal energy and the degree of methyl
substitution. In addition, our investigation on the water complexes of thymine showed

that the lifetime of the dark state decreased gradually as the bases became more hydrated.

We thus further proposed that it was the environment that modified the decay pathway in

the solution phase and quenched the dark state. Our work thus revealed that the
photostability was not an intrinsic property of the pyrimidine bases. Rather, it was the

solution environment that stabilized the photophysical and photochemical behavior of the

bases under UV irradiation.

Chapters 4 to 9 present our high resolution studies of a few non-volatile biologically

relevant species. Our goal is to understand the geometric and electronic structural change

upon photoexcitation and ionization. Chapters 4 and 5 present results of 4-AP and 2-C1P,

both containing an electron rich group. Our work reveals that substitution with an
electron rich group reduces the electron deficiency of the ring through increased
conjugation between the ring and the substitute. The integrity of the molecular frame is

therefore largely intact even after photoionization. In this sense, the electron rich group
acts as an electron donating group in the cationic state. In the ZEKE spectrum, the
rigidity of the ring structure during ionization manifests as a propensity of maintaining

the vibrational excitation of the intermediate state. As a result, the normal coordinates of
the S1 and the ground cationic state (Do) states are essentially identical. In contract,
previous studies have shown that without the availability of an electron rich group in the

side chain, excitation and ionization create a substantial change in the molecular frame,

which further induces rich vibronic activities in the ZEKE spectrum.10-12

Chapters 6 and 7 extend this investigation to molecules with both an electron
withdrawing and an electron donating group in the side chain of the aromatic ring. Our



goal is to observe the "push" or "pull" effect of each substituent on the charge
distribution. Consistent with our previous conclusion on mono-substituted aromatic
systems, in p-amino benzoic acid (PABA, Chapter 6), rn-amino benzoic acid (MABA,

Chapter 7), and o-amino benzoic acid (OABA, not presented in this thesis), the rigidity

of the ring structure was also maintained upon electronic excitation and ionization. The

distance between the two substituents, on the other hand, affects the relative contribution

of electron back donation. On the basis of the changes in geometry and charge
distribution upon electronic excitation and ionization, we deduce that in the Si and D0

states, the ortho and the meta compounds are similar in terms of electron back donation,

while they are considerably different from the para compound. This conclusion is
different from the general belief in organic chemistry, which typically concerns the
similarity between the ortho and the para isomers in the ground state.13

The study presented in chapter 8 stems from a controversy over the assignment of the

vibrational structure of l,3-benzodioxole (BDO)!4'7 Although we make no formal
attempt to resolve the issue with regard to the vibrational energy levels of the Si state, as

will become clear from our results, we provide evidence that the cationic state is planar

and therefore has no tunneling splitting, unlike the puckered ground state and the neutral

electronically excited state. Assignment of the vibrational levels of the cation is therefore

independent of the identity of the intermediate level. Moreover, from the ZEKE spectra

obtained via different vibrational levels of the S1 state, we can derive some inspiration
with regard to the assignment of the REMPI spectrum and thereby the vibrational levels
of the S1 state.

Chapter 9 attempts to resolve a debate on the symmetry of the cation of a cage
molecule TTD. Nelsen and Buschek first alluded to the potential effect of solvent on the

location of the charge, either localized on one of the NCH2CH2N bridges with a C2

symmetry, or totally delocalized throughout the whole molecular frame with a D2d
symmetry.18"9 With more advanced technology including Electron-Nuclear DOuble
Resonance (ENDOR) spectroscopy and a variety of deuterated compounds, the most

recent work by Zwier, et al. concluded that there was a single energy minimum with D2d



symmetry.2° However, the ENDOR experiment was performed in the solution phase in
the presence of strong oxidizing agents. Moreover, the limited time resolution of the
ENIDOR experiment can only provide a time-averaged "effective" symmetry. In this
work, we report gas phase studies of TTD using two-color two-photon zero kinetic
energy (ZEKE) photoelectron spectroscopy. From the distribution of active vibrational

modes and comparisons between the experiment and theoretical simulation, we offer
direct proof that the D0 state do have the same D2d symmetry as the Si state.

Chapters 10, 11 and 12 are related to the study of water complexes of aminobenzoic

acids. Our ultimate goal is to bridge our observation from the gas phase to the solution

phase by looking at the change in physical and chemical properties of the solute as a
function of the number of solvent molecules. Aminobenzoic acids are multifunctional

hydrogen bonding molecules. In protic solvents, they can act both as H acceptors at the 0

atom of the -C=O group and the N atom of the NH2 group, and as H donors at the OH
group and the NH2 group. They can also form hydrogen bonds through their aromatic IL

electrons. The existence of multiple hydrogen bonding sites makes these molecules ideal

models for studying the interaction between water and aromatic chromophors. In chapter

10, we present our investigation on the structural and spectroscopic properties of
MABA.(H2O) complexes with n = 1 and 2. We have also performed quantum
mechanical calculations to obtain structures and binding energies for a few possible
isomers in the ground state, and vibrational frequencies of these species in the first
electronically excited state. Chapter 11 extends our study to water complexes of the other

two isomers of aminobenzoic acid. Assisted by quantum mechanical calculations, we
present detailed vibrational assignment of the REMPI spectra of PABA(H2O) and
OABA(H2O) complexes with n from 0 to 2. Chapter 12 further extends this study to
PABA(H2O) complexes containing up to 40 water molecules. This systematic study
alludes to a microsolvation process of PABA. The shifts in the observed vibrational
frequencies of the Si state for complexes with n = 1 and 2 provide the evidence that
solvation in water begins with the carboxylic group. The similarity among all the REMPI

spectra with n < 6 further suggests that addition of more water molecules simply expands

the water cluster within the complex, without a major modification of the PABA
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molecular frame. The smooth drop in the ionization threshold with increasing solvent
molecules demonstrates that closure of the solvation shell is unidirectional. When there

are more than twenty solvent molecules in the vicinity, the ionization threshold of the

complexes approaches the value of the corresponding liquid solution.
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2. Decay pathways of thymine and methyl substituted uracil and
thymine in the gas phase

2.1. Abstract

We report observations of a dark state in the decay pathways of thymine, 1,3-dimethyl

thymine, 1,3-dimethyl uracil, and 1-methyl uracil in the gas phase. After initial
excitation by a nanosecond laser, the excited molecules failed to return to the ground

state, but rather, were trapped in a dark state for tens to hundreds of nanoseconds. This

result contradicts those reported in water solutions. We therefore propose that the
photochemistry of these pyrimidine bases is different in the gas phase from that in the
liquid phase, and that the dark state is effectively quenched in water solutions. Although

we do not have a quantitative measure of the yield of this dark state, the fact that further

ionization from this dark state has a high yield in the deep UV makes this pathway
important in the chemistry of nucleic acid bases. The photostability of our genetic code

could then be a result of the water solvent rather than an inherent property of the bases

themselves.



2.2. Introduction
One of the important risk factors to living organisms is ultraviolet (LIV) induced

carcinogenesis from sunlight; the two major cellular targets are DNA and RNA because

of their strong absorption in the 200-300 nm range.1 Fortunately, stratospheric ozone and

our own self defense and enzymatic repair systems offer the necessary protection.
However, ozone depletion caused by the buildup of man-made chemicals in the
atmosphere has led to increased TJV radiation at the earth's surface and consequently a

rising rate of skin cancer.2 In general, two photo-induced processes are believed to trigger

lethal mutagenesis and carcinogenesis: one is photoionization of the bases via the
absorption of two photons and the other is formation of cyclobutane dimers between
adjacent pyrimidine bases via a long lived intermediate state.3'4 Over the past two
decades, efforts have been made in the study of the relaxation dynamics of excited-state

nucleic acid bases. The lifetimes of the first electric dipole allowed state (Si) have been

observed to be generally short (around 1 ps), and fast decay to the ground state via
internal conversion (IC) has been proposed.53 However, this decay mechanism is far
from certain, and other possibilities have also been suggested.1416 In this paper, we
present evidence of an alternative decay path for isolated species in the gas phase. We

observed a dark state in methyl substituted uracil and thymine bases with lifetimes of 23-

209 ns, depending on the excess energy and methyl substitution. Enhanced ion yield in

the deep UV region centered at 220 nm from molecules in this dark state manifests the

significance of this channel in the photostability of these nucleic acid bases.

2.3. Experiment
Three types of measurements were carried out in this study. In the 1 + 1' resonantly

enhanced multiphoton ionization (REMPI) experiment, a Nd:YAG pumped dye laser was

used to pump the molecules to the Si state, while a Nd:YAG pumped OPO laser was used

to probe the excited species. Without the pump laser, the probe laser alone generated a

1+1 REMPI signal, and the net 1+1' REMPI spectrum was obtained by removing the

one-laser signal from the two-laser signal. Lifetime measurements were performed by

varying the delay of the probe laser relative to the pump laser. In the time-resolved
fluorescence measurement, the signal was detected by a photomultiplier tube through two
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collection lenses. The wavelength region of the fluorescence signal was determined using

long pass filters. Great care was taken to avoid any saturation effect in the 1+1'
experiment and the fluorescence experiment by recording a linear power dependence of

the ion and fluorescence signal on the energy of the pump and probe laser. In the case of

the one laser 1+1 REMPI experiment, a second order power dependence was indeed
observed. The samples 1,3-dimethyl uracil (DMU), 1-methyl uracil, and thymine were

purchased from Aldrich Co. and used without further purification. 1,3-dimethyl thymine

(DMT) was synthesized from thymine,17 and its purity was checked by nuclear magnetic

resonance (NMR) and infrared absorption (IR) spectra. The powder sample was heated

directly inside the pulsed valve to temperatures ranging from 120°C (DMU) to 240°C

(thymine) and was supersonically expanded into the interaction region. Limited by the

performance of our pulsed valve, we were unsuccessful in conducting the same
measurement on uracil, but the resemblance of 1-methyl uracil and uridine, and the
consistency of our results for all four compounds, including thymine and 1 ,3-dimethyl

thymine, should make our results directly relevant to the photochemistry of DNA.

2.4. Results

Figure 1 compares the intensity of the ion signal in the net 1+1' experiment and the

1 + 1 experiment. Neither spectrum was normalized by the intensity of the scanning laser,

rather, they were smoothed to eliminate structures caused by the fluctuating laser power.

The energy of the scanning OPO laser decreased at the blue edge of the spectrum, and
this resulted in the missing S2 state in the 1+1 experiment. The rise in the 1+1' spectrum
in the same energy region, on the other hand, emphasizes the dramatic increase in the
total ion signal when the probe laser was in the deep UV. The only difference between

the two experiments was an advanced pump beam at 250 nm in the 1+1' experiment, and

the advance time was 10 ns. When the probe laser was at a wavelength between 245 and

280 nm, the early arrival of the pump laser caused a depletion of the ion signal from the

probe laser alone, but when the probe laser scanned between 217 and 245 nm, a several

fold increase in the overall ion signal was observed. The maximum depletion observed

under the same intensity for the probe laser was 25% of the 1+1 laser signal.
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Figure 1. Effect of the pump laser at 250 nm with a time advance of 10 ns on the 1+1
REMPI of the probe laser. The spectra were recorded using the same intensity for the
probe laser, and the maximum depletion was 20 25% across the region between 245
and 280 nm
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Figure 2. Pump-probe transient ionization signal of 1 ,3-DMU in the gas phase with the
pump and probe wavelengths at 251 nm and 220 nm respectively. The exponential
decay constant was determined to be 56 ns. abbreviations in the caption agree with those
in the figure itself and in the text and that the figure is already sized appropriately.
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Figure 3. Lifetimes of 1-methyl uracil, 1 ,3-dimethyl uracil, 1 ,3-dimethyl thymine, and
thymine at different excitation wavelengths.
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Figure 2 shows the pump-probe transient of 1 ,3-DMU with the probe wavelength at

220 nm. A single exponential decay function convoluted with a Gaussian function
representing the response of the laser system was used to fit the decay constant. The
fitting errors were limited by the time resolution of our laser system to 5 ns. The

resulting decay time is dependent on the degree of methyl substitution and the excitation

wavelength. The general trend is that the lower the excitation energy and the more

substituted the ring, the slower the decay process.

To further assess the fate of the molecules in the excited state, we attempted to observe

the fluorescence signal, but the signal strength was so low that a quantitative
measurement of the fluorescence spectrum was impossible with our existing setup.
Qualitatively, the fluorescence lifetime agreed with the decay rate of the REMPI signal,

ranging from 18 ns when pumped at 236 nm to 54 ns when pumped at 260 nm for DMU.

Using long pass filters, we determined that the peak of the radiation was centered
between 370 and 440 nm. In contrast, the fluorescence peak of the S1 state was measured

to be around 300 18 significantly different from this result.

2.5. Discussion

Based on these observations, we propose that after initial excitation to the Si state, a

significant fraction of the gas phase molecules decay to a dark state with lifetimes of tens

to hundreds of nanoseconds. This dark state does not absorb in the range of 245 280

mn, but instead, in a much higher energy region from 217 240 nm. In the REMPI
experiment of Figure 1, this absence of absorption causes the depletion of the two laser

signal when the probe wavelength is between 245 and 280 nm. When the probe laser
scans into the absorption region of this dark state, an enhanced ion yield is observable.

The decay process in Figure 2 corresponds to the decay of this dark state, and the
fluorescence of this state is centered between 370 and 440 nm. Methyl substitution
seems to stabilize this dark state, while more vibrational energy obtained from the initial

excitation step destabilizes this state by opening more decay channels.

In Figure 2, the time scale of the decay suggests that the probe beam is not sensing the

decay of the highly vibrationally excited states populated from fast IC0 and
intramolecular vibrational redistribution (WR) in the dark state.'9 Rather, it should be
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representative of a different electronic state than So and Si. It is worth noting that in this

gas phase experiment, molecules in the reaction region can be regarded as collision free

and immobile within the time frame of several hundred nanoseconds. Moreover, with

our nanosecond laser systems, we are insensitive to the fast initial steps involving IC0 and

IVR. Therefore, the decay constants in Figure 2 cannot be attributed to the loss of
population from Si, which is known to be several picoseconds.13 Instead, we should be

sensitive to processes after the completion of population redistribution. The decay of the

"rediscovered" molecules when the probe beam was between 217 and 240 nm is on a
time scale of tens to hundreds of nanoseconds. These constants are much smaller than

those from the decay of hot vibrational levels after IVR under collision free conditions.19

Thus Figure 2 should be regarded as characteristic of the dark state, rather than that of

vibrationally excited ground state species in the molecular beam.

Perhaps the most convincing evidence for the existence of the dark state is the similar

decay constants of the ion signal and the fluorescence signal. Although qualitative, the

matching of the two decay constants identifies both channels as having the same origin.

The possibility for such a fluorescing state to be a manifold of a vibrationally excited
ground state populated from IC0 and IVR is highly unlikely.

At first glance, our gas phase results contradict those from the liquid phase. Kohler's

group observed red shifted absorption of the nucleoside in water solutions after excitation

to the Si state. 10 This spectroscopic shift was regarded as an indication of internal
conversion to the ground state (denoted as IC0 in the following), and the absorption was

due to the hot bands generated from the IC0 and IVR. In the gas phase, we failed to
observe such an effect, and there was no enhanced ion signal at the red edge of the
absorption band. Instead, Figure 1 shows a more or less uniform depletion of the ion
signal due to the pump beam across the region between 245 and 280 nm. We attribute
this difference to the effect of water solvent on the lifetime of the dark state, and our
future report will detail this issue.2°

A quantitative assessment of the yield of the dark state is impossible without
knowledge of the absorption cross section, but an estimate can be obtained from Figure 1.

The depletion between 245 and 280 nm should be a result of population loss from the

ground state. If we eliminate the possibility of IC0, and we have neither experimental nor
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theoretical evidence with regard to dissociation from the S1 state, the only contributing
factor is therefore trapping of the dark state. Assuming an excitation probability of 100%

by the pump beam at 250 nm (an over estimate!), a depletion of 20% represents a lower

limit for the yield of the dark state. Unfortunately, we were unable to probe the Si state

and the dark state under saturation conditions, so the enhancement factor at 220 nm
cannot be used for a similar estimate.

These states are readily coupled to the lirir* state by out-of-plane vibrational modes via

conical intersections (CI). This type of fast state switch has been invoked to explain the

extremely low quantum yield of fluorescence from the litir* state. Based on our
assessment of the low fluorescence quantum yield of this lnlr* state, however, we further

propose that there exists a weak conical intersection between this lnir* state and the
ground state, and an energy barrier on the lnlr* surface that hinders effective population

relaxation. The fact that the lifetime of the dark state dropped continuously with
increasing pump photon energy offers supporting evidence. A recent calculation by
Sobolewski et al. showed that conical intersections between the irir state and nearby
'cyir* states in aromatic biomolecular systems are ubiquitous.'6 However, the authors
stressed that this intersection relies on the polarizability of the NH or OH bond. It is
therefore unclear to us whether the same mechanism would be applicable to N-methyl

substituted compounds. The multiplicity of the dark state is certainly a point of debate,

although we tentatively believe that a triplet state is unlikely because the lifetime of a

triplet state in pyrimidine bases has been measured to be on the order of millisecond to

second in the condensed phase.2224 Moreover, our recent work on water complexes of
thymine demonstrates strong quenching effect on the lifetime of the dark state with the
addition of just one or two water molecules.2° Such a strong effect is unexpected if the
involved state is triplet in nature. Although a triplet state for the corresponding
nucleosides in solutions is known to be within the same energy region as this dark state,25

a few theoretical calculations also reported simultaneous existence of a singlet state.2628

The decay mechanism proposed above is consistent with several literature reports.'3'28

The work on cytosine in the gas phase by De Vries' group also reported a long lived dark

state,28 with a lifetime of nearly 300 ns. Based on the scale of the lifetime, however, the

authors suspected the involvement of a triplet state. Kang et al. measured the lifetime of
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the S1 state of all purine and pyrimidine bases in the gas phase using femtosecond pump-

probe ionization.13 The authors observed fast disappearance of the S1 state within a few

picoseconds, but the wavelength of their probe laser at 800 rim was mostly insensitive to

the dark state we observed: a three photon process corresponds to ionization at 267 nm,

while a four photon process corresponds to 200 nm. In both cases, the ionization cross

section was unfavorable for the dark state as seen from Figure 1. Interestingly, the

authors reported two decay components in the case of thymine. The longer one with an

estimated lifetime of more than 100 ps was suggested to be from a triplet state based on

energetic analysis. However, knowing that the lnit* state in thymine falls in the same
energy region as its triplet state,2628 the identity of this component should be considered

uncertain. The lifetime measurement of more than 100 ps could simply be a reflection of

the time limit in such a femtosecond laser experiment.

Theoretical studies also support our proposal.3° A recent investigation on cytosine
showed the existence of a state switch between irir* and nolt* (the lone pair electron on

the oxygen atom) states.30 The crossing between the two states is weakly avoided and

there exists a small energy barrier between the equilibrium position of the 1 nol* state

and its intersection with the ground state. This barrier might be the very reason that the

majority of the molecules were trapped in the dark state after the *)n* internal
conversion. More detailed calculations of the decay process from the 1 noi state to the

ground state will be revealing, as suggested by the authors.

This revelation on the pyrimidine bases parallels that of the purine bases.'°' 13, 31 In

water solutions, purine bases were also determined to exhibit fast internal conversion to

the ground state with similar time constants as the pyrimidine bases.1° In the gas phase,
Kang et al. did not observe any evidence of a long lived dark state.13 However, Chin et

al. aifributed the featureless red shifted fluorescence of four guanine tautomers with
lifetimes of tens of nanoseconds to a nic* state.31 Although the authors cautiously pointed

out the lack of direct proof for this claim, previous calculations did reveal such a state for

all the purines.32



2.6. Conclusion
In summary, we present here evidence for a new decay mechanism of uracil and

thymine bases in the gas phase. Our results differ from those of the liquid phase, where

fast internal conversion to the ground state dominates the decay path. Instead, the
excited-state molecules are funneled into and trapped in a dark state with a lifetime of

tens to hundreds of nanoseconds. Ionization from this dark state by deep UV radiation

has a substantially high yield, making this channel dangerous in life's early evolution on

earth. The very existence of this dark state in isolated molecules further suggests that the

photostability of our genetic code may not be an inherent property of the bases
themselves. Rather, it could be the water solvent that effectively quenches the potentially

harmful photochemistry of the dark state. A future report on water complexes of these

bases and more extended systems is under preparation.
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3. Photophysics of methyl substituted uradils and thymines and their
water complexes in the gas

3.1. ABSTRACT

We report studies on several methylated uracils and thymines and thymine-water
complexes in the gas phase using resonantly enhanced multiphoton ionization (REMPI)

and laser induced fluorescence (LIF) spectroscopy. Results from two different REMPI

experiments provided strong evidence that after photoexcitation to the S1 state, bare
molecules were funneled into and trapped in a dark state via fast internal conversion.
Lifetimes of this dark state were determined to be tens to hundreds of nanoseconds,
depending on the internal energy and the degree of methyl substitution. The mass spectra

of hydrated thymine clusters demonstrated dependence on the excitation wavelength, and

the gradual loss of the ion signal with increasing water content across the absorption
region of the Si state indicated a reduced lifetime of the Si state by the water solvent. In

addition, the lifetime of the dark state also decreased gradually as thymine became more

hydrated. Based on these results, we conclude that in water solutions, the decay from the

Si state should be essentially fast internal conversion to the ground state, in agreement

with studies from the liquid phase. Our work reveals that the photostability is not an

intrinsic property of these pyrimidine bases. Rather, it is the water solvent that stabilizes
the photophysical and photochemical behavior of these bases under UV irradiation.

3.2. Introduction
The photophysical and photochemical properties of electronically excited states of

nucleic acids are crucial to the understanding of the mechanism of DNA photodamage.

During the past four decades, efforts have been made in the study of the relaxation
dynamics of excited nucleic acid bases. In the condensed phase, the lifetimes of the first

electric dipole allowed excited state (Si) of the nucleic acid bases are generally short, on

the order of one picosecond.'9 This ultrashort lifetime has been suggested to be the



reason for the adoption of these bases as the building blocks of the genetic code during

the early stages of life's evolution.8 The mechanism of the fast decay process has been

proposed to be internal conversion (IC) to the ground state.5'8'1° In the gas phase,
however, we observed a dark state in the decay of several methyl substituted pyrimidine

bases. We then proposed that instead of internal conversion to the ground state, the
majority of the pyrimidine bases were actually trapped in this dark state for several tens

of nanoseconds.11 Most of the studies in the condensed phase were conducted in water

solutions. It is therefore unclear whether the conclusions from the condensed phase
referred to the intrinsic properties of these molecules or a result of their interaction with

the water solvent. In this report, we present our gas phase observations of the decay
pathways of several methyl substituted pyrimidine bases and their water complexes. This

work will bridge the observations in the two different phases and reveal the role of the

solvent in modifying the photophysics of these bases.

Studies on isolated nucleic acid bases in the gas phase have been limited mainly due to

the difficulties associated with vaporization of these non-volatile compounds. Work on

the purine bases reported obvious discrepancies with those from the condensed phase.

Using laser desorption, Nir et al. probed the first excited state of guanine.'2 The authors

showed evidence that internal conversion was not the dominant decay channel at low
temperatures and in the absence of solvent interactions. Piuzzi et al. carried out more
detailed studies using IR-T.JV hole burning.'3 For all of the four tautomers of guanine in

the gas phase, the decay lifetimes were observed to be in the nanosecond range. Instead

of direct internal conversion to the ground state, decay to a nearby 'nit* state via strong

vibronic mixing was therefore tentatively proposed. This photophysical model involving

two interacting electronic states was also evoked by Kim and co-workers and de Vries
and co-workers in their own studies of adenine.'4'15 Using picosecond time resolved 1+1'

photoionization, the lifetime of the first electronically excited state of adenine was
determined by LUhrs et al.16 The authors also cast doubt on the generally believed model

that involved direct IC to the ground state after photoexcitation. The possibility of either

to a low lying nit* state through IC or to a triplet state via intersystem crossing (ISC) was

suggested.
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The existence of a dark state in the decay pathway of the nucleic acid bases has been
proposed in several theoretical studies.17' 18 Broo suggested that in adenine, a strong
mixing between the lowest nit* and m7c* states via the out-of-plane vibrational modes

could lead to increased overlap with the vibrational states of the ground state.17 This

"proximity effect", as suggested by Lim,19 was used in the past to explain the ultra short

lifetimes of the DNA bases. A more recent work by Sobolewski et al. proposed that it

was the lowest cm state that was responsible for the fast internal conversion of nitrogen-

heterocyclic compounds.18 However, to the authors knowledge, there is no available
calculation on the lifetime of the dark state and the related quantum yields.

In contrast to the purine bases, experimental studies on the pyrimidine bases are even

more limited. However, indications of different decay pathways from that of the
condensed phase also exist. The possibility of a low lying state that couples with the Si

state was suggested by Levy and co-workers to explain the broad featureless spectra of

uracil and thymine in jet-cooled gas phase experiments.20 The work on cytosine by De

Vries' group reported a long lived dark state with a lifetime of nearly 300 ns.21 The

authors attributed this state to a triplet state only accessible in the gas phase. Recently,
Kang et al. measured the lifetimes of all five nucleic acid bases using the pump-probe

technique in the femtosecond regime.22 In addition to a fast component with a decay time

of 6.4 ps, a relatively long-lived state (longer than 100 ps) was observed in thymine,
indicating the existence of an alternative pathway. Based on energetic analysis, they also

attributed this channel to a triplet state. Our previous study on methyl substituted uracil
and thymine confirmed the existence of such a long-lived dark state.11 However, just
based on the energetics and the scale of the lifetime, we were unsure of the multiplicity of

the dark state. In fact, we suspected a singlet nit* state instead of a triplet state.

Several attempts have been made to decipher the effect of hydration on the
photophysics of nucleic acid bases. Experimental efforts include mass spectroscopy and

ionization potential measurements of gas phase hydration complexes of thymine and

adenine,23 fragmentation pattern analysis of hydrated adenine and thymine,24'25 UV

spectroscopy of hydrated guanine formed in a supersonic jet,13 and femtosecond pump-

probe ionization mass spectroscopy of hydrated adenine clusters.26 Theoretical studies on

the interaction between these bases with water molecules have also been performed.2729
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Despite of these efforts, however, the effect of hydration on the relaxation dynamics of

electronically excited states remains unclear. This understanding is crucial not only in
tenns of revealing the true origin of the photostability of nucleic acid bases, but also in

reconciling the differences between results from the gas phase and those from the
condensed phase. In this article, we report investigations of hydrated clusters of thymine

using resonantly enhanced multiphoton ionization (REMPI). Similar to bare molecules,

hydrated clusters also decay via a dark state, although the lifetime of this dark state
decreases gradually as thymine becomes more hydrated. An interesting observation is

that in the REMPI experiment, there was almost no signal from hydrated clusters when

the excitation laser scanned across the entire absorption region of the Si state. We suspect

that in these complexes, the interaction between thymine and water greatly enhances the

corresponding conical intersections and consequently, the lifetime of the Si state becomes

too short to sustain a detectable population using our nanosecond laser system.

3.3. Experimental Details

The experimental apparatus was a standard molecular beam machine with a time of
flight mass spectrometer (TOF-MS) and a pulsed valve for supersonic cooling. The
sample was housed and heated in the nozzle to obtain sufficient vapor pressure, and the

operational temperature was 130°C for 1,3-dimethyluracil (DMU), 150°C for 1-

methyluracil (MU), 180°C for 1 ,3-dimethylthymine (DMT), and 220°C for thymine. No

indication of thermal decomposition was observed at these temperatures. The vapor was

seeded in 2 atm of helium gas, and the gaseous mixture was expanded into a vacuum
chamber at a 10 Hz repetition rate through a 1 mm orifice. Water complexes were formed

by bubbling the carrier gas through a room temperature water reservoir (vapor pressure:

-23 mbar) before being routed to the heated sample. The sample 1-MD, 1,3-DMU and

thymine were purchased from Aldrich Co. and used without further purification. 1,3-
DMT was synthesized from thymine,3° and its purity was checked by nuclear magnetic
resonance (NMR) and infrared absorption (IR) spectra.

A Nd:YAG (Continuum, Powerlite 7010) pumped OPO laser (Continuum, Panther)

and a Nd:YAG (Spectra Physics GCR 230) pumped dye laser (LAS, LDL 2051) were

used in these experiments. In the REMPI experiment, the two lasers were set to
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counterpropagate; and the light path, the flight tube, and the molecular beam were
mutually perpendicular. The delay time between the two lasers was controlled by a delay

generator (Stanford Research, DG535). Two different types of 1+1' REMPI experiments

were performed, by either scanning the resonant or the ionization laser. In the laser
induced fluorescence (LIF) experiment, the molecular beam was intercepted by the laser

beam from the OPO laser; and the signal was detected by a photomultiplier tube (PMT,

Thorn EMI 9125B) through two collection lenses in the direction opposite the molecular

beam. In order to reject the scattered light, masks were used to cover all the windows and

lenses, and cut-off filters were inserted in front of the PMT. Using a Tektronix TDX350

digital oscilloscope, the time resolution of the fluorescence signal was essentially limited

by the width of the laser pulse ('- 5 ns). The wavelength region of the fluorescence signal

was determined using long pass filters.

3.4. Results

3.4.1. Bare compounds

Figure 1 shows the 1+1 (one color) REMPI and 1+1' (two color) REMPI spectra
together with the gas phase UV absorption spectrum of 1,3-DMU. In the one color
experiment, a second order dependence of the ion signal on the laser intensity was
observed, while in the two color experiment, the single photon nature of each excitation

step was confirmed from a linear dependence of the ion signal on both laser beams. The

delay between the pump and the probe laser was 10 ns, and the probe laser was set at 220

nm in the 1+1' experiment. The two features in the UV absorption spectrum were
assigned as the first and second excited singlet state, Si and S2, and both were believed to

have itit characters.3' The one color REMPI spectrum more or less traces the absorption

curve for the S, feature, while the missing S2 feature is solely a result of the low output

power of the OPO laser. Limited by the non-flat tuning curve of the OPO laser, artificial

structures caused by the scanning laser were observed and smoothed out. For this very

reason, neither REMPI spectrum was normalized by the intensity of the OPO laser. When

divided by the square of the laser power, the one color REMPI spectrum indeed peaked

up again in the vicinity of the S2 feature. The absorption spectrum was taken at 140°C,

while the REMPI spectra were obtained from a supersonic jet with the pulsed valve
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heated to the same temperature. Supersonic cooling might be the reason for the slightly
higher energy onset of the 1 + 1 spectrum. The 1 + 1' REMPI spectrum, on the other hand,

shows clear discrepancies compared with the one color spectrum. It has a much narrower

feature between 285 nm and 240 nm, and its center for the S feature is slightly shifted to

a lower energy. Under the same experimental conditions, no two color signal was
obtained when the resonant laser scanned further into the S2 region, even after taking into

account the low output power of the OPO laser. Since the only difference between the

two REMPI experiments is the delayed ionization (10 ns) by another laser beam at 220

nm, this result is a manifestation of the dynamical behaviors of the excited states.

Figure 2 shows the result of a different REMPI experiment: the first pump laser was set

at 250 nm, while the delayed (10 ns) ionization laser scanned through the UV region.

The spectra are composites of seven segments, each spanning an adjacent wavelength

region of 5 nm. For each segment, we first scanned the OPO laser to obtain the one color

REMPI spectrum (dashed curve), and the two photon nature of this measurement was

confirmed from a power dependent study. Then with the dye laser beam set at 250 rim

and fired 10 ns before the arrival of the OPO laser, we scanned the same wavelength
region again using the same OPO laser with the same power to obtain the two laser
spectrum (solid curve). The power of the dye laser was carefully controlled so that it
generated no ion signal. It is worth noting that this two laser experiment is not a typical

1+1' REMPI experiment, and it is referred to as a "two laser" experiment in this
following. When the OPO scanned through the region between 240 and 217 nm, a first

order dependence of the two laser ion signal on the power of the dye laser was obtained.

Quite opposite to the one color spectrum, the two laser spectrum shows a sharp rise at the

blue edge despite of the drop in the power of the OPO laser. Qualitatively, a thirty-fold

increase in the ion signal at 220 nm was observed. In contrast, when the OPO laser was

at a wavelength between 245 and 280 nm, the early arrival of the pump laser caused a
depletion of -25% of the one color ion signal. Deviation of the pump wavelength from

250 rim did not result in any difference in the degree of depletion, so long as the pump

wavelength was within the absorption profile of the Si state. Similar to Figure 1, neither

spectrum was normalized by the power of the OPO laser, and the precise shapes of the

observed features are unimportant to the present discussion. The major issue is that if the
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Figure 2. Effect of the pump laser at 250 rim with a time advance of 10 ns on the one
laser REMPI of the probe laser. Both spectra were recorded using the same intensity for
the probe laser. The pump laser in the two laser experiment resulted in a maximum
depletion of 20-25% in the region between 245 and 280 nm, and an enhancement of three
decades at 220 rim. See text for a detailed explanation of the experimental method and
the implications of this result.
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Figure 3. Pump-probe transient ionization signal of 1 ,3-DMU in the gas phase with the
pump and probe wavelengths at 265 and 248 rim, respectively. The time constant (full
width at half maximum) for the Gaussian function is 5.45 ns.
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Si state were short-lived and could decay to the ground state through fast Ic, 10 ns after

excitation, a full recovery of the ground state population would be expected, and the
pump laser should have no effect on the two laser signal. The depletion effect in Figure 2

manifests the existence of a population trap in the decay pathway of the Si state, while

the enhancement further indicates that the trap can be illuminated under a higher
excitation energy.

In the two types of REMPI experiment of Figure 1 and Figure 2, dependence of the

signal strength on the delay time between the pump and the probe lasers has been
observed. Figure 3 shows a pump-probe transient of 1,3-DMU with both laser beams in

the Si region: the pump beam at 265 nm, while the probe beam at 248 nm. The profile is

fitted by a Gaussian function with a time constant (full width at half maximum) of 5.54

ns. Kang et al. reported the lifetimes of the Si state of the pyrimidine bases to be in the

range of several picoseconds using their femtosecond laser system.22 Thus we believe
that the time constant of 5.54 ns reflects the response time of our instrument.

Figure 4 shows the pump-probe transient of 1,3-DMU with the pump wavelength at

251 nm and the probe wavelength at 220 nm. On the scale of the figure, the ion signal

due to either one laser alone was insignificant, and the overall signal intensity showed

linear dependence on the power of each laser. The signal reached its maximum at a delay

time of 8 ns between the two beams, and then it decayed to the background level
exponentially. Obviously the decay process in this figure is different from that in Figure

3, and the involvement of another totally different state, i.e., a dark state, is implied.
Under this assumption, we would expect that the observed time evolution should contain

two components: one exponential component corresponding to the decay of the
population from the dark state, and the other Gaussian component corresponding to the

decay of the S1 state together with the instrumental response. However, decomposition of

the decay profile indicated that the weight of the Gaussian component was negligible

compared with that of the exponential component. In other words, the decay curve
showed a single-exponential property.
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Figure 4. Pump-probe transient ionization signal of 1,3-DMU in the gas phase with the
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Figure 5. Pump-probe transients of 1,3-DMU in the gas phase at different excitation
wavelengths.



34

The lifetime of this dark state demonstrates explicit dependence on the wavelength of

the pump beam. With the probe laser fixed at 220 nm, the lifetime of the dark state at
different pump wavelengths ranging from 236 nm to 273 nm is shown in Figure 5. All

decay curves have been normalized to have the same amplitude, and the solid lines
represent the best fits to the recorded data. The lifetime of the dark state increases
gradually as the pump wavelength is increased. For 1,3-DMIJ, this value ranges from 23

ns at 236 m to 82 ns at 273 mm It is worth noting that although the lasers propagate
normal to the jet expansion axis, drifting of the molecular beam within a delay time of

300 ns between the two lasers is still negligible. The decay constants in Figure 5 are
therefore not contaminated by this instrumental effect.

The number and position of substituted methyl groups on the uracil ring also affect the

lifetime of this dark state. Figure 6 summarizes the results on the four pyrimidine bases

investigated in this work. The general trend is that the more substituted the ring and the

longer the pump wavelength, the longer the lifetime of the dark state. Moreover,

substitution at the -1 position is more effective than at the -5 position in stabilizing the
dark state.

To further assess the fate of the molecules in the excited state, we attempted to observe

the fluorescence signal, but the signal was so weak that a quantitative measurement of the

spectrum was impossible with our existing setup. However, by recording the decay
profile, the fluorescence lifetimes were obtained at different pump wavelengths. Figure 7

shows two typical fluorescence decay curves. The oscillations in these profiles were
caused by an electrical problem of our detection system. All decays could be fitted to

single-exponential functions, with constants ranging from 18 ns at 236 nm to 54 ns at 260

nm for 1,3-DMU. These values were obtained without corrections of the instrumental

response, so they should be regarded as qualitative rather than quantitative. Nevertheless,

these fluorescence lifetimes are in good agreement with the decay time of the REMPI

signals of Figure 6. Using long pass filters, we determined that the peak of the radiation

was centered between 370 and 440 nm.
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Figure 6. Lifetimes of 1-methyl uracil, 1,3-dimethyl uracil, 1,3-dimethyl thymine, and
thymine at different excitation wavelengths.
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Figure 7. Fluorescence signal of l,3-DMU in the gas phase at different excitation
wavelengths. Solid curves are best fits to the experimental data. The oscillations in the
decay curves were caused by an electrical problem in our detection system.
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3.4.2. Hydrated clusters
To investigate the hydration effect on the properties of the excited states of these bases,

we attempted similar experiments on solvated water clusters. However, because a few H-

bonding sites were occupied by methyl groups in 1-MU, l,3-DMU and 1,3-DMT, we
were only successful in generating sufficient thymine-water complexes T(H2O) in our

molecular beam. During this experiment, the heating condition and helium stagnation

pressure were carefully adjusted to minimize the formation of thymine dimer. At a typical

laser intensity of 1 MW/cm2 (OPO laser), the one color two photon mass spectrum
demonstrated dependence on the excitation wavelength as shown in Figure 8. These

spectra were obtained at the excitation wavelengths of 229 nm (a) and 268 nm (b)
respectively. From 220 tim to 240 tim (the absorption region of the S2 state of the bare

molecule), small water clusters with n up to 4 were readily observable, while in the
region of 240 to 290 tim (the absorption region of the Si state of the bare molecule), these

hydrated cluster ions were conspicuously missing or barely detectable.

The ratios of ion intensities between hydrated clusters T(H2O) and bare thymine as a

function of the excitation wavelength are displayed in Figure 9. These ratios are
normalized at 220 tim (S2 state) to highlight the dynamics at the Si state. At 220 tim, all

cluster ions with n 5 can be clearly seen, suggesting the existence of the corresponding

neutral clusters in our source. In the absorption region of the S1 state, however, the
attachment of one water molecule decreases the ion signal to half of its value compared

with that of the bare molecule. Additional attachment of one or two water molecules has

a similar effect. When four or more water molecules are attached, the Si state is no
longer observable from the ionization spectra. Since the ionization potential (IP) of
thymine is 9.15 eV, corresponding to 271 rim in this one laser experiment, and T(H2O)

clusters are believed to have even lower IPs,23 the lack of heavy ions in the Si region
cannot be attributed to the insufficiency of the excitation photon energy. This dramatic

loss of heavy ions in the Si region should therefore be a result of a loss during excitation

or ionization. It is worth noting that although fragmentation has been known to be a

recalcitrant problem in studies of clusters, fortunately in this case, it has no effect on our

conclusion.
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Figure 10 compares the transients of thymine and T(H20)1 obtained from a two color
1+1' experiment. With the pump wavelength set at 267 nm and the ionization wavelength

at 220 nm, the lifetimes of the dark state of thymine andT(H20)1 were measured to be 22

ns and 12 ns respectively. The fact that the decay profile of T(H20)1 contains only a
single exponential decay function is evidence that this measurement was not
contaminated by dissociative products of larger complexes. For clusters with two or
three water molecules attached, the two color signals were too weak to accurately
determine the decay constants. However, as we increased the delay time between the

pump and the probe laser, we observed that heavier clusters disappeared faster than
lighter ones. We therefore conclude that this decrease in lifetime with increasing water

content is gradual in complexes with n < 5. No two color ion signals were observable for

clusters with four or more water molecules.

3.5. Discussion

3.5.1. Decay mechanism ofthe pyrimidine bases

Our results provide concrete evidence that the decay mechanism of methyl substituted

uracil and thymine bases relies heavily on the environment. Figure 11 shows the
proposed energy levels and processes for the pyrimidine bases in the gas phase. After
initial excitation to the S1 state, we believe that a significant fraction of the gas phase

molecules decay to a dark state Sd. While the lifetime of the Si state is shorter than our

instrumental response, the lifetime of the dark state is in the range of tens to hundreds of

nanoseconds, depending on the degree of methylation and the amount of excess energy.

The nature of this dark state is most likely a low lying 1nit* state, and further ionization

from this dark state requires a much higher excitation energy. Although we are unable to

provide a precise estimate of the quantum yield for this decay channel, based on our
previous estimate, the lower limit should be 20% in bare molecules.11 Water molecules,

on the other hand, can significantly reduce the lifetime of the Si state and enhance the IC

from the dark state to the ground state. As a result, in aqueous solutions, the dark state

becomes essentially undetectable. The S2 state, on the other hand, follows an entirely

different pathway, as indicated by the lack of two laser signals for the bare compound in

Figure 1 and the existence of all four water complexes in Figure 8. It is worth noting that
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'P

Figure 11. Proposed potential energy surfaces and processes for the pyrimidine bases.
Ionization from the Si state and the dark state Sd samples a different Franck-Condon
region of the ionic state, resulting in a different ionization energy from these two states.
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this model should be applicable to all pyrimidine bases given their similar behaviors in

the gas phase and in the liquid phase, despite the fact that we were only successful in
studies of thymine-water complexes.

This model can provide a consistent explanation of our experimental observations. The

1 + 1' REMPI signal in Figure 1 (solid line) is from ionization of this dark state, while the

one color signal is from ionization of the molecules initially populated in the S1 state.

The narrower width of the 1+1' spectrum compared with that of the one color spectrum

reflects the limited energy range for effective overlap between the dark state and the Si

state. This dark state does not absorb in the region of 245 280 nm, rather, it absorbs in a

much higher energy region from 217 to 245 nm. Relaxation of the molecular frame in

the dark state could result in a different Franck-Condon region for vertical ionization,

thereby increasing the ionization energy from the dark state. In the REMPI experiment

of Figure 2, this shift in absorption profile of the excited species causes the depletion of

the two laser signal when the probe wavelength is between 245 and 280 nm. When the

probe laser scans into the absorption region of this dark state, an enhanced ion yield is

observable. The decay process in Figure 4 corresponds to the decay of this dark state.

Fluorescence from this dark state should take place in a red-shifted region, i. e., 370-440

nm from this study, compared with that of the Si state (300 32 The similarity of the

decay constants of the fluorescence (Figure 7) and the 1+1' REMPI signal (Figures 4 and

5) confirms that in both experiments, we are probing the same dark state. Methyl

substitution stabilizes this dark state as shown in Figure 6, while more vibrational energy

obtained from the initial excitation step destabilizes this state by opening more decay
channels (Figures 5 and 6). The loss of ion signal in the S1 region of Figure 9 with the
addition of water molecules is caused by the decreased lifetime of the Si state. This
decrease is a result of enhanced vibronic coupling between the S1 state and the dark state

or the ground state, due to the presence of H20 molecules.

The existence of the dark state and the above decay mechanism are also supported by

previous experimental and theoretical results. The work on cytosine in the gas phase by

De Vries' group also reported a long lived dark state with a lifetime of nearly 300 ns.21

Based on the scale of the lifetime, however, the authors suggested the involvement of a

triplet state. Kang et al. reported two decay components for thymine in the gas phase
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using the femtosecond pump-probe ionization technique.22 The slower component with

an estimated lifetime of more than 100 ps corresponded to a state within the same energy

region as our dark state, though the authors also suspected the involvement of a triplet

state based on energetic analysis. Brady et al. observed the broad and diffusive feature of

the S1 state in their gas phase study of uracil and thymine.2° The authors attributed the

featureless spectrum to either mixing of electronic states or a large geometry change

between the ground and excited electronic states. A recent theoretical investigation on

cytosine showed the existence of a state switch between and nolt* (the lone pair
electron on the oxygen atom) states.33 The crossing between the two states was weakly

avoided and there existed a small energy barrier between the equilibrium position of the
'nomK state and its intersection with the ground state. This barrier might be the very

reason that the majority of the molecules are trapped in the dark state after the lirm*'n7t*

internal conversion. More detailed calculations of the decay process from the noir state

to the ground state will be revealing, as suggested by the authors.

3.5.2. Hydration effrct on the photophysics ofthe excited state

The reduction or complete loss of one color ion signal for hydrated clusters near the

absorption region of the Si state (Figure 9) signifies a reduction of lifetime for these
clusters. Under our experimental conditions using a nanosecond laser system, the failure

to accumulate a population at the Si state for further ionization can only be attributed to

fast depopulation from the initially prepared state, through internal conversion,
intersystem crossing, or dissociation. Kim and co-workers studied hydrated adenine
clusters in the gas phase.24'26 Using a nanosecond laser, they observed a near complete

loss of hydrated adenine ions in the Si region, while using a femtosecond laser, all
hydrated clusters were observable. They also measured the lifetime of the Si state to be
230 fs for A(H20)1 and 210 fs for A(H20)2, while the lifetime of the Si state of bare
adenine was 1 ps. This five fold change in lifetime was apparently sufficient to cause a

qualitatively different behavior under femtosecond or nanosecond excitation.

Lifetime reduction upon hydration should be no surprise based on studies in the gas

phase and the liquid phase. For thymine, the lifetime of the Si state was reported to be
6.4 ps in the gas phase22 and 1.2 Ps in the liquid phase.6 Similarly, for the other two
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pyrimidine bases, uracil and cytosine, the lifetimes of the Si states were measured to be

2.4 Ps and 3.2 ps respectively in the gas phase,22 while these values decreased to 0.9 ps
and 1.1 ps in the liquid phase.6 The measurement related to Figure 9 further confirms that

this lifetime reduction is a gradual process with increasing water content. When four or

more water molecules are in the vicinity, we suspect that the behavior of thymine is
essentially the same as that in the liquid phase, i. e., on the picosecond time scale.
Further experiments in the femtosecond regime is under preparation.

The reason for the lifetime reduction of the S1 state should be faster internal conversion

upon hydration. In the work of Wanna et al. on pyrazine and pyrimidine, a similar loss of

ion signal from hydrated clusters was observed,34 and an increased rate of internal
conversion upon solvation was proposed. In the case of the pyrimidine bases, however,

we could not distinguish the destination of the increased IC either being the dark state or

the ground state, although indications from our experimental data, including the faster

decay of the dark state upon hydration in Figure 10, favor the dark state as the
destination. Typically in a nm* transition, solvation by a proton donor such as water

causes a blue shift; while in a icm* transition, this effect is a slight red shift.35 The energy

gap between the initially accessed mm (Si) and the nm* dark state can thus be reduced in

the presence of water, and subsequently a better vibronic coupling between the two states

can occur. On the other hand, we cannot exclude the possibility that IC directly to the

ground state might still be somewhat competitive with IC to the dark state even in the gas

phase. In the presence of water, the balance between the two decay pathways could shift,

and a faster direct IC process to the ground state could also reduce the lifetime of the Si
state.

The weak two color ion signal and the reduced lifetime of the dark state in Figure 10

further indicate a faster decay process of the dark state for hydrated clusters. Limited by

the signal to noise ratio in our experiment, we could not extract the lifetimes of larger

clusters. However, as we increased the delay time between the pump and the probe laser,

we observed that heavier clusters disappeared faster than lighter ones. We therefore
conclude that with increasing water content, the lifetime of the dark state should also

demonstrate a gradual decrease. In the liquid phase, it is likely that the dark state is so

short-lived that it is beyond detection using typical femtosecond pump-probe techniques.



We propose that the reason for this lifetime reduction is a decrease in the barrier for the

conical intersection between the dark state and the ground state. In the gas phase,'1 this

conical intersection is thought to be responsible for the low fluorescence quantum yield

of the lnit* dark state, and the barrier effectively blocks this intersection from easy
access. However, solute-solvent interactions can shift the relative positions of the
involved states and therefore lower the barrier to the intersection.

This observation on the effect of hydration can reconcile the differences between
results from the gas phase and those from the liquid phase. In the liquid phase, the dark

state is no longer as stable as in the gas phase, and a fast cascade from the Si state via the

dark state to the ground state becomes essentially indistinguishable from a direct IC

process to the ground state. Alternatively, one could also interpret the lifetime reduction

of the 5, state as an indication of increased yield of the IC process directly to the ground

state due to the presence of water. In either explanation, the photophysics of the
pyrimidine bases is significantly affected by the water solvent. The origin of the
photostability of the pyrimidine bases therefore lies in the environment, not in the
intrinsic property of these bases.

In Figure 9, the total loss of cluster ions in the Si region for T(H2O) when n ? 4 and
the failure to observe any two color signal for these ions suggest the completion of the

first solvation shell with four water molecules. This result is consistent with a previous

study by Kim et al.25 Based on the fragmentation pattern of hydrated thymine clusters,

the authors deduced a well-defined hydration shell structure, and the first hydration shell

was composed of only four water molecules. It is this first solvation shell that
dramatically changes the photophysical property of thymine. In this sense, four water
molecules are sufficient to capture the essence in modeling these pyrimidine bases in a
solution environment.

Our conclusion on the hydration of thymine molecules is different from that of
adenine. In the study of A(H2O), a complete loss of cluster ions, including those with n <

4, was observed for all sized clusters in the Si region. The authors attributed this loss to

the dissociative mnm* state upon hydration.24 The basis of this statement was that

according to their preliminary calculation and a theoretical result,36 solvent water
molecules preferred to form a water cluster before solvating the adenine molecule. The
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severance of one water-adenine bond was therefore sufficient to eliminate all the solvent
molecules. For the pyrimidine bases, however, theoretical studies showed that water
molecules bind to the pyrimidine ring at three different primary sites in a shell like
structure.37'38 In Figure 9, the signal loss for T(H2O) displayed a clear n-dependence; and
the total loss of cluster ions only occurred when n 4. This result is clearly different from
that of A(H2O).

3.6. Conclusions

We present here evidence for a decay mechanism of uracil and thymine bases in the gas
phase and the strong effect of solvation by water molecules. After photoexcitation to the
Si state, a bare molecule is funneled into and trapped in a dark state with a lifetime of
tens to hundreds of nanoseconds. The nature of this dark state is most likely a low lying
lnit* state. Solvent molecules affect the decay pathways by increasing IC from the Si to

the dark state or to the ground state and from the dark state to the So state. The lifetimes
of the S1 state and the dark state are decreased with the addition of only one or two water
molecules. When more than four water molecules are attached, the photophysics of these

hydrated clusters should rapidly approach that in the condensed phase. We are currently
in preparation of a femtosecond experiment to further elucidate the energetics and
lifetimes of the dark state.

Our gas phase results reveal an important function of water in protecting our genetic
code from photodamage. The high ionization yield of bare base molecules from the dark
state by deep UV radiation, as shown in Figure 2, indicates that the photostability ofour
genetic code is not an intrinsic property of the bases themselves. Rather, the interaction of
these bases with water molecules provides the necessary relaxation mechanism for the

excited species. Quenching by solvent molecules may be the key for the photostability of
the pyrimidine bases in DNA and RNA.

Our work on hydrated clusters manifests the value of gas phase experiments.
Condensed phase studies reveal the properties of the bulk system. However, it is difficult

to distinguish intrinsic vs. collective properties of a system. Gas phase studies, on the
other hand, directly provide information on bare molecules. Moreover, the investigation

of size selected water complexes can mimic the transition from an isolated molecule to



the bulk. The comparison of gas phase experimental results with theoretical calculations
can also provide a direct test of theoretical models.
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4. Resonantly enhanced two photon ionization and ZEKE spectroscopy
of jet-cooled 4-aminopyridine

4.1. Abstract
We report studies of supersonically cooled 4-aminopyridine (4-AP) using two-color
resonantly enhanced multiphoton ionization (REMPI) and two-color zero kinetic energy

(ZEKE) photoelectron spectroscopy. With the aid of ab initio and density functional
calculations, vibrational modes of the first electronically excited state (Si) of the neutral

species and those of the cation have been assigned, and the adiabatic ionization potential

has been determined to be 62291 ± 6 cm4. The REMPI spectrum of the Si state is
dominated by ring deformation modes and the inversion mode of the amino group, while

the ZEKE spectra demonstrate a strong propensity of Av = 0, where v is the vibrational

quantum number of the intermediate vibronic state from Si. In addition, the ZEKE
spectra obtained via different vibrational levels of the Si state contain four common
features, corresponding to the activation of four different vibrational modes of the cation.

These observations are explained in terms of the structural changes from the ground state

to S1 and further to the cation. The vibrational mode distributions in both the REMPI and

the ZEKE spectra, the excitation energy of the Si state, and the ionization potential of 4-

AP, are remarkably similar to those of aniline, suggesting that the electronic activity is
centered on the ring.
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4.2. Introduction

As model compounds of the pyrimidine bases, aminopyridines (AP) have had many
biochemical applications.1 3 Investigations of their electronic structures will help clarify

the origin of the photochemical and photophysical properties of the nucleic acid bases.

Among the three isomers of AP, the ortho- and meta-isomers have low melting points, 57

°C and 64 °C respectively, while para-aminopyridine (4-AP) has a much higher melting

point of 157 oc4 The relative ease in vaporization of 2-AP and 3-AP has rendered gas

phase spectroscopic studies possible, and detailed descriptions of the ground and excited

electronic states of the neutral and the cationic species are now available. 5 13 In contrast,

investigations on 4-AP in the gas phase have been limited. Christen et. al. recorded the
microwave spectrum and determined that similar to the other two isomers, 4-AP is non-

planar in the S0 state.14 Kydd studied the amino inversion vibration via far IR absorption

spectroscopy.15 Based on his assignment, the author concluded that the barrier to the
amino inversion vibration was similar for 2- and 4-AP, while the barrier for 3-AP was

substantially higher. The ionization potential (I.P.) of 4-AP in the gas phase was
measured by several groups in the 60's and 70's using electron-impact mass spectrometry

and photoelectron spectrometry.162° Due to the limit of their experimental setups,
conflicting data was obtained.

In this paper, we report studies of two-color two-photon resonantly enhanced
multiphoton ionization (REMPI) as well as zero kinetic energy (ZEKE) photoelectron

spectroscopy of 4-AP. Detailed spectroscopic analysis for the vibrational levels of the Si

state and the ground cationic state (Do) will be performed, with the assistance of ab initio

and density functional calculations. From the distribution of active vibrational modes
and comparisons between the ZEKE and REMPI spectra, conclusions on the structural
changes upon electronic excitation and ionization will be obtained.

4.3. Experimental Section

The experimental apparatus was a standard molecular beam machine with a time of

flight mass spectrometer (TOF-MS) and a pulsed valve for supersonic cooling.21 4-AP

was purchased from Aldrich Co. and used without further purification. The sample was

housed and heated to 160 °C in the nozzle to obtain sufficient vapor pressure. The vapor
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was seeded into 2 atm of argon and expanded into the vacuum through a pulsed valve

with a 1 mm diameter orifice. The pump laser in the 280 - 296 nm range with a pulse
energy of-imJ/pulse was generated by frequency doubling of the output from a dye laser

(LAS, LDL 2051) pumped by a Nd:YAG laser (Spectra Physics GCR 230). The
ionization laser in the 332-362 nm region was generated by frequency doubling of the
laser output from a dye laser (LAS, LDL 20505) pumped by another Nd:YAG laser
(Spectra Physics GCR 190). The absolute wavelength of each laser was calibrated using

an iron hollow-cathode lamp filled with neon. The two laser beams were set to
counterpropagate; and the light path, the flight tube, and the molecular beam were
mutually perpendicular. The relative timing between the two laser pulses was controlled

by a delay generator (Stanford Research, DG535), and the optimal signal was obtained

under exact temporal overlap between the two lasers. In the ZEKE experiment,
corresponding changes in the voltages of the electrodes of the mass spectrometer and the

detector were made for electron detection.22 Molecules excited to the long lived Rydberg

states were allowed to stay for 500 600 ns in the presence of a spoiling field of 1

V/cm, and ionization and extraction was achieved by a pulsed electric field of 16 V/cm.

ZEKE electrons were then accelerated to a field-free region and detected by a chevron

microchannel plate detector.

In order to assign the observed vibronic structures in both the REMPI and ZEKE
spectra, we used the Gaussian 98 suite23 to calculate the geometry and vibrational
frequencies for all the involved electronic states. Density functional theory (DFT)
calculations using the Becke 3LYP functional were carried out with the 6-311 G++(d,p)

basis set for the ground state of the neutral molecule and the cation. The calculation for

the first excited state was performed at the CIS level using the same basis set. Good

agreement between experimental and theoretical results was obtained when a scaling
factor of 0.9 for the calculated frequencies of the Si state was used. No scaling factor for

the cationic state was used.

4.4. Results

4.4.1. Two-color 1+1' REMPI spectrum
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The two-color 1 + 1' REMPI spectrum of 4-AP near the origin of the Si + S0 electronic

transition is displayed in Figure 1. The ionization laser was set at 340 rim and was
temporally overlapped with the scanning resonant laser. Limited by the linewidth of the

excitation laser (-3 cm1), we could not definitively resolve the rotational profiles of the

observed features, and the resulting linewidths of most transitions are on the order of 5
cm1.

In Figure 1, the most intense peak at 34040 cm1 is assigned as the band origin, and the

higher energy features are assigned as transitions to excited vibrational levels of the Si
state as listed in Table 1. The labeling of each vibrational mode is based on Varsanyi's

nomenclature,24 which was derived from the normal modes of benzene. However, in

some instances, strong coupling between the ring and the NH2 moiety renders this type

of assignment only an approximation. There are 33 normal modes in 4-AP, among which,

27 are associated with the aromatic ring and 6 are associated with the amino moiety. The

stretching modes involving N-H and C-H bonds are on the order of 3000 cm1, and are

therefore not observable in Figure 1. The Si state of 4-AP is believed to be irir in nature

(see Section 4 for further discussion), and the direction of the transition dipole moment

should be in the plane of the aromatic ring. Thus only in-plane or even quanta of out-of-

plane vibrational modes are symmetry allowed. To further assist assignment, we
performed ab initio calculations on the CIS/6-3 1 1++G(d,p) level and used a scaling
factor of 0.9 to compare with the experimental spectrum. However, limited by the
harmonic oscillator approximation in the calculation, we could not obtain the correct
value for the inversion mode I associated with the amino nitrogen. The assignment of
this mode is therefore based on previous studies on aniline.25' 26 The shoulder on the
lower energy side of the origin band by 40 cm is regarded as a hot band of this mode

designated as I. The bands at 293 and 760 cm' are assigned as allowed transitions of

I and I with changes of even quanta. Higher harmonics of this mode are even more

difficult to assign due to changes in the tunneling probability, and we make no attempt to

identify the weak peaks around 1100 cm4, which might containI. In addition to this

inversion mode, the only other observed out-of-plane vibrational mode is lOb at 350 cm1

and 701 cm1 with changes of even quanta.



-200 0 200 400 600 800 1000 1200 1400 1600

Excitation Energy (cm') - 34040 cm1

Figure 1 (1+ 1') REMPI spectrum ofjet-cooled 4-AP.
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Table 1. Observed vibrational frequencies and assignments for the Si state of 4-AP.

Exp. Calc.* Assignment and approx.
description

184 1 0b, 'y(ring) and NH2 wag
351 16a,y(ring)
437 16b, y(ring) and CN wag

-40 I, N}J inversion
293 I, N}J inversion
350 1 0b, y(ring) and N}12 wag
493 499 6a,, j3(ring)

701 697 10b,y(ring) andNH2 wag
760 I, NH2 inversion

797 804 1,ringbreathing
891 860 14,v(ring)
953 962 12,(ring)
984 6a,f3(ring)
1249 I12
1288 6a1
1308 16a12
1431 1482 9b,v(ring) and I3CH
1446 6a12
1479 6a,3(ring)
1548 1567 9a,v(ring) and CH
1592 1

* The values include a scaling factor of 0.9.
# v , 13, and y represent stretching, in-plane bending, and out-of-plane bending

vibrations.



The REMPI spectrum in Figure 1 is dominated by three in-plane ring deformation
modes of 6a, 1 and 12, their higher harmonics, and their combination bands. From

comparisons with calculation results, the three strong bands below 1000 cm_i can be

assigned without any difficulty, and the weak peak at 891 cm_i is assigned as 14. Modes

with higher fundamental frequencies are overlapped with combination bands and higher

order harmonics, and assignments of these bands are assisted by correlations with the

corresponding ZEKE spectra. As will be seen in the next section, with the exception of

only four weak bands, we were able to obtain ZEKE spectra via fourteen of the features

in Figure 1. For example, the ZEKE spectrum in Figure 4c was obtained via the

excitation of the 6a 1 band, and the resulting cation spectrum contained higher harmonics

of each mode, such as 6a 1 and 6a 1 . The assignment of the combination band at 1288

cm1 in Figure 1 is therefore confirmed. In addition to combination bands, Figure 1
contains two vibrational series involving modes 6a and 1, and the Franck-Condon
profiles favor the lowest vibrational level in both cases.

4.4.2. ZEKE spectra

By scanning the ionization laser while setting the resonant laser at one of the intermediate

states identified in the above REMPI experiment, we obtained pulsed field ionization
zero kinetic energy photoelectron spectra. In Figures 2-6, the data will be presented
according to the vibrational modes of the intermediate states, and in Table 2, these
observations are summarized in comparison with our calculation results. The same
labeling scheme as that of the S state is used in the assignment of the cationic state, and

no distinction is made to explicitly represent the vibrational modes of the cation or those

of the Si state. The identity of the intermediate level for each ZEKE spectrum is marked

on the corresponding figure by a black dot. To avoid clutter, only the vibrational
quantum numbers of the cationic state are labeled in the figures and tables. Limited by

the linewidth of each resonant transition, unfortunately, the error in the experimental
values of the ZEKE spectra is 6 cm1. No scaling factor for the vibrational frequencies of

the cation in the calculation is used, and the agreement is reasonable.
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Figure 2 Two-color ZEKE spectra of 4-AP recorded via the following vibrational levels
of the Si state as intermediate states: (a) O, (b) I, (c) j2 (d) 11121. The energy is relative
to the ionization threshold at 62291 cm_i. The assignment in the figure refers to the
vibrational levels of the cation, and the corresponding vibrational level of the
intermediate state is labeled by a black dot in each panel.



Figure 2a shows the ZEKE spectrum of 4-AP recorded via the origin of the Si state,

and the most intense peak in the spectrum corresponds to the origin of the cation. The
resulting adiabatic LP., including a correction due to field ionization,27 is 62291 ± 6 cni1

(7.7231 ± 0.0007 eV). In contrast, the I.P. value of 4-AP was first determined to be 8.97
eV in 1963 by Basila et. al. using electron-impact spectrometry. About ten years later,
different I.P. values of 9.27eV and 8.8 eV were obtained by Groenneberg et. al.17 and
Stefanovic et. al.18 using similar method. The I.P. of 4-AP was also measured by Ramsey
et. al.20 using photoelectron spectrometer, and their measured value was 8.77 eV. In
addition to the origin of the cation, a few weak transitions also appear in the ZEKE
spectrum, corresponding to excitations of mode 1, 12, 8a, and 9a. As will be seen in the

following, these modes constitute the majority of the active modes in the rest of the
ZEKE spectra.

4.4.2.1. Transitions associated with the inversion model

l'hree transitions in Figure 1 are identified to be associated with the inversion mode,

and their ZEKE spectra are shown in the top three panels of Figure 2. Figure 2b and 2c

have remarkable resemblance, including the activation of mode 1 6b, mode 1, and mode

8a. This consistency further supports the present assignment. In comparison, Figure 2d

has a quite different pattern; although the assignment of the J121 band can be confirmed

from the position of the same transition in Figure 2b, assignments of the other two peaks

at 1718 and 1846 cm1 are tentative. The supporting evidence for the present assignment
is the observation of Figure 3 where the intermediate state contains one quanta of mode

12, and in all cases, no dc-excitation of mode 12 is observed.

The present assignment provides information on the tunneling splittings of 4-AP. The

hot band transition I in Figure 1 is believed to originate from the higher energy

component of the tunneling doublet in the ground state. In Figure 2b, this value can be

further confirmed from the I band of the cation. In contrast, Kydd reported a much

higher value of 93.6 cm4 based on his far IR absorption spectrum from 50 to 665 cm'.'5

If our value of 36 cm1 is correct, the transition between the doublet should be out of the

range of the far JR experiment. Moreover, although studies of the other two isomers of

AP did not directly report the values of the inversion doublets, judging from the
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Figure 3 Two-color ZEKE spectra of 4-AP recorded via the following vibrational levels
of the S1 state as intermediate states: (a) 121, (10) 11121 (c) 16a'121, (d) 6a1121. Labels A,
B, C, D, and E represent transitions 1 6a1 12111, 1 6a' 122, 6a1I1 121, 6a' 11121, and 6a1 121 9a1
respectively. Panel b is a reproduction of Figure 2d.



62

appearance of the hot bands in the reported spectra,12' 13 we believe that all three isomers
have similar inversion splittings, and they are on the order of 30 50 cm.

This new value of doublet splitting for the neutral ground state can be used to obtain
the corresponding values for the S1 and D0 states, and to correct the vibrational
frequencies of the observed bands in Table 2. The vibrational frequencies for the
inversion mode of all three electronic states are compiled in Table 3. It is interesting to
notice that other than the ground state, both the Si and the D0 state have negative
anharmonicity with no clear indications of doublet splittings. The lack of inversion
splittings is a sign of planarity for the amino group, as will be discussed in Section 4.

4.4.2.2. Transitions associated with mode 12

Figure 3a shows the ZEKE spectrum of 4-AP taken via mode 12 of the S1 state. The
fundamental frequency of this mode for the cation is therefore determined to be 984 cm1,

in agreement with the observation of Figure 2a and the calculation result. A Franck-
Condon progression can be observed, although the transition to 1 2 is out of the range of
this scan. In addition, excitation of mode 12 in the S1 state activates mode 1, 8a and 9a of
the cation.

Other ZEKE spectra involving mode 12 of the S1 state are obtained via the
combination bands I'12', 16a'12', and 6a'121 , as shown in the top three panels of Figure
3. Assignments of the strongest features in the latter two panels are corroborated by the
assignment of Figure 4a (another independent observation of the transition 6a' 121) and 6a
(the frequency of mode 16a). Similar to the above case of Figure 3a, in Figure 3c and 3d,
a progression of mode 12 is also observable. It is interesting to notice that the pattern for
the last four features in Figure 3a, 3c, and 3d are similar, corresponding to the activation
of modes 1, 12, 8a, and 9a, and this pattern is essentially a repeat of Figure 2a.

4.4.2.3. Transitions associated with mode 6a

Mode 6a is quite active in the REMPI spectrum, and four different intermediate states
involving this mode have been chosen in the ZEKE experiment. The calculation result
for this mode agrees with the experimental data remarkably well, and there is essentially
no anharmonicity associated with this mode from the observed 6a2 transition (Table 2).



63

6a1121 a1122

I I I I I

21"8a1

I

j1161ALjL
I I I I I I

(b)

I I I I I

61

I

(a)

6a1121

ta
21

1 16a111 6a8a

J I I I I

500 1000 1500 2000 2500 3000

Ion Internal Energy (cm')

Figure 4 Two-color ZEKE spectra of 4-AP recorded via the following vibrational levels
of the Si state as intermediate states: (a) 6a', (b) 6a2, (c) 6a111, (d) 6a1121. Labels A, B, C,
D, and E represent 6a'l'12', 6a1119a', 6a'I'12', 6a'1'121, and 6a11219a' respectively.
Panel d is a reproduction of Figure 3d.
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Figure 5 Two-color ZEKE spectra of 4-AP recorded via the following vibrational levels
of the S1 state as intermediate states: (a) 1', (b) 6a'l 1,

(c) 12. Labels A and B represent
transitions 6a1 11121, and 6a1 11 9a1 respectively. Panel b is a reproduction of Figure 4c.



Although in the REMPI spectrum of Figure 1, a vibrational progression involving three

members of this mode is clearly observable, the ZEKE spectra of Figure 4a and 4b do not

exhibit similar progressions. The normal coordinates of this mode for the Si and the D0

states must be essentially identical, resulting in a strong propensity for Av = 0. The

ZEKE spectra obtained via the combination bands in Figure 4c and 4d, however, do
contain higher harmonics of the 6a mode in the combination bands of the cation.
Anharmonic coupling with other modes seems necessary to provoke higher members of

the 6a mode.

In three of the four panels of Figure 4, a common pattern involving the activation of

modes 1, 12, 8a, and 9a can be observed, while in panel b, the missing 6a2121 transition

could be a result of our limited sensitivity. This pattern is again remarkably similar to

that of Figure 3 and Figure 2a. The similarity between the spectra associated with mode

6a (Figure 4) and 12 (Figure 3) should not be a result of accidental degeneracy, since the

frequency for mode 12 differs from twice the frequency of mode 6a by -'60 cnf1.

4.4.2.4. Transitions associated with mode 1

The ring breathing mode 1 is not only active in the REMPI spectrum, but also
observable in twelve of the fourteen ZEKE spectra reported here. Assignments of the
spectra in all three panels of Figures 5 are straightforward, with each containing a
vibrational progression of mode 1 and demonstrating a propensity of Av = 0. Our

calculation result of 810 cm agrees remarkably well with the experimental observation.

From the values of the higher harmonics (Table 2), essentially no anharmonicity is
observable. In addition, all three spectra show similar patterns with regard to the
activation of other modes, including mode 6a, 12, 8a, and 9a. In Figure 5c, some of the

vibrational energy in mode 1 of the Si state is lost to modes 12, 8a, and 9a of the cation.

4.4.2.5. Other bands and summary ofthe ZEKE spectra

A consistent theme among the ZEKE spectra emerges from the above analysis. All

spectra obey the propensity for Av = 0, and in some cases, this propensity is manifested in

its extreme form with only the harmonics satisfying Lw =0 observable. Moreover,
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Figure 6 Two-color ZEKE spectra of 4-AP recorded via the intermediate vibrational
levels (a) lOb2 and (b) 9b1 of the Si state.
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Table 2. Observed vibrational frequencies and assignments in the ZEKE spectra of 4-AP.

Intermediate level in the Si state
0 i 10b 6a' 2 1' 12' Cal. Assignment0 0 0 0

0 origin
355 lOb2

404 340 16a'
408* 385 16b1

521 519 6a'
616* 655 jl

708 lOb4

809 814 810 11

886 16b2

987 981 942 12'
1064 lOb6

1171 10b211

1186 1214 8a'
1324

1332 1326 6a'l'
1339 10b2121

1427 1111

1514 6a'12'
1542 10b28a1

1587 1592 1566 9a1

1604 11121

1629 12

1689 10b4121

1708 6a18a'
1792 1793 1'12'

1800 I'8a'
1847 6a21'

1949 10b29a1

1961 122

1992 10b212

2001 1'8a1

2113 6a'9a1

2138 1211

2168 12'8a'
2311 6a11'121

2400 119a1

2444 i3

2514 128a1

2573 1219a'
* The corresponding vibrational frequencies for these peaks should be 440 and 648 cm1
taking into account the contribution of the hot band.



Table 2. Observed vibrational frequencies and assigmnents in the ZEKE spectra of 4-AP.
(continued
Intermediate level in the S1 state
6a II12 6a1 16a12 9b 6a12 1 Cal. Assignment
1040 6a2

1332 6a'l'
1385 16a1121

1489 1491 9b1

1500 6a1121

1604 11121

1624 12

1691 12110b4
1718* 16a2121

1788 11121

2000 118a1

1846* 16b2121

1853 1844 6a211

2030 6a2121

2113 6a19a1

2127 6a11'12'
2134 126a1

2148 6a112
2173 1218a1

2225 6a28a1

2300 9b'11

2318 2313 6a111121

2363 16a1122
2397 119a'
2440

2483 9b1121

2495 6a1122
2526 6a'118a1

2574 16a112'8a'
2616 12121

2632 6a29a1

2677 9b18a1
2687 6a11218a1

2812 128a'
2922 6a11'9a'

2958 16a11219a'
2964 6a113

3063 9a'9b1
3088 6a'1219a'

3213 129a'
3256 i4



regardless of the vibrational excitation in the Si state, only four additional modes are
activated in the ZEKE spectra, and they are modes 1, 12, 8a, and 9a.

As further illustrations of these two general features, Figure 6 shows two ZEKE
spectra via the lOb2 and the 9b vibrational levels. In Figure 6a, a progression with an

increment of two quanta of the lOb mode is observable, while in Figure 6b, only the 9b1

band exists, with no higher harmonics of the 9b mode. The rest of the features in the two

figures are essentially identical, containing activations of modes 1, 12, 8a, and 9a. In

Figure 6a, the optically inactive out-of-plane bending mode 1 6a is also observed, and its

appearance might be related to its close proximity with lOb2.

Table 4 lists the average values for all the observed fundamental and higher harmonics

of the cation. Given the experimental accuracy of 6 cm1, the agreement between the
calculation results and our experimental values is impressive. Other than the inversion

mode, the rest of the modes show little anharmonicity, implying high rigidity in the
structure of the cation.

4.5. Discussion

In Table 3, only the ground electronic state demonstrates clear tunneling splitting with

respect to the amino nitrogen, while both the S1 and D0 states seem to be of planar
symmetry. To confirm this speculation, we performed DFT calculations on the B3LYP

level for the S0 and D0 states, and ab initio calculations at the CIS level for the Si state.

The resulting geometry parameters are listed in Table 5 and the numbering scheme is

shown in Figure 7. In the So state, the angle between the amino group and the ring plane
is calculated to be 32.25°, which agrees with the X-ray crystallography study,28 while the

corresponding values for the Si and D0 states are close to zero. The symmetry of 4-AP is

therefore changed from C for the puckered ground state to for the planar Si state.
For the cation, the pyridine nitrogen protrudes slightly out of the plane, suggesting a loss

of aromaticity for the D0 state. Our CIS calculation shows itir character for the Si state.

Moreover, the nonbonding electron of the amino nitrogen participates in the conjugation

with the aromatic ring, inducing a double-bond character between C4 and N7. In Table 5,

the most prominent change during the Si So transition is the large decrease of the C4-

N7 bond length. In addition, the bond length for C2-C3 is slightly decreased while the
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Table 3. Energy levels of the inversion mode for the S0, S1 and D0 states.

State Vibrational Quanta
1 2

S0 40
S 333 760
D0 648 1324
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Table 4. Average values of the observed fundamental and higher harmonics of the cation.

mode Caic. Vibrational quanta
1 2 3 4 5 6

lOb 355 708 1064
16a 340 404
16b 385 440 886
6a 519 521 1040
I 655 648 1324
1 810 812 1626 2442 3256
12 942 984 1961
8a 1214 1186
9b 1491 1489
9a 1566 1590
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Figure 7 Resonance structures of 4-AP, 3-AP, 2-AP and aniline in the S1 state.
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bond length for C3-C4 is slightly increased. These changes in the ring structure are
responsible for the activation of the ring breathing mode 1 and the in-plane bending
modes 6a and 12. The change in planarity upon photoexcitation is responsible for the

observation of the inversion mode and the out of plane bending mode 1 Ob in Figure 1.

For both the planar S1 and the near planar D0 states, Table 3 shows unusual (negative)

anharmonicity. The increased spacing between adjacent vibrational levels of this mode

in these two electronic states should be related to the essentially flat potential surfaces

with respect to the puckering of the amino moiety. This anharmonic potential should be a

direct result of the diminished barrier for inversion and thereby the flattened and widened

bottom of the potential well. It is worth noting that in the studies of 2-AP and 3-AP,
weak hot bands were also observed in the corresponding REMPI spectra.12' 13 Although

these hot bands were not assigned in the initial reports, their similarities to our results on

4-AP indicate that they were due to the same inversion mode with similar inversion
splittings.

The D0 * Si ionization involves the removal of the ir electron. While the amino
group remains planar in both states, a slight nonplanarity with the ring nitrogen atom

bending out of the plane by about 5° occurs in the D0 state. The reduction in the degree
of conjugation for the it electron cloud of the pyridine ring has apparently resulted in a

change in the hybridization of the ring nitrogen. From Table 5, however, this change is

so insignificant that it barely affects the geometry of the molecular frame, hence a strong

propensity for i\v =0 is observed in all ZEKE spectra. The activation of the in-plane ring

deformation modes in the ZEKE spectra is a result of the slightly elongated molecular
frame upon ionization.

The experimental transition energies for S1 S0 and the adiabatic I.P. of 4-AP, 3-AP,

2-AP and aniline are listed in Table 6. The origin of the S So transition of 4-AP is
higher by 569 and 992 cm' than that of 2-AP and 3APu - 13 while it is close to that of
aniline.25'26 Moreover, both the observed active vibrational modes and their frequencies

in the S1 and the D0 states of 4-AP correspond well to those of aniline. This comparison

further confirms that the S1 i So transition mostly involves ring electrons, i. e., itit in

nature, while the lone pair electrons of the ring nitrogen are inconsequential. Based on

Mulliken population analysis,29 the total atomic charge on the amino nitrogen atom is
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Table 5. Molecular geometry parameters of 4-AP in the S0, Si, and D0 states.

S0 S D0

Bond length (A)

N1-C2 1.338 1.329 1.346

C2-C3 1.389 1.373 1.377

C3-C4 1.403 1.429 1.431

C4-N7(C-NH2) 1.383 1.311 1.333

dihedral angle (°)
H*N7C4C3 -20.332 -0.012 -0.222

N1C2C3C4 0.025 -0.013 -4.924

angle between the
32.25 0.02 1.33ring and -NH2



Table 6. Measured electronic transitions and adiabatic ionization potentials of aniline, 2-
AP, 3-AP, and 4-AP.

Si +- So (cm1) Adiabatic I.P. (cm1)

Aniline25'26 34029 62271
2-AP11"3 33471 65411
3AP12 33048 65229
4-AP 34040 62291



,L1

changed from -0.294 in the S0 state to -0.600 in the S state for 4-AP, while the ring
nitrogen is positively charged in the S1 state. In contrast, for 2-AP and 3-AP, it is the ring
carbon atoms that are electron deficient. Figure 7 shows the most stable resonance
structures of the three isomers and that of aniline. This difference in the charge
distribution of the S state might be related to the difference in the excitation energy of
the S1 #- So transition. A higher energy is likely required to place a positive charge on
the more electrophilic nitrogen atom than on a carbon atom.

While the excitation energies to the Si states of 4-AP and aniline are higher than those
of 2- and 3-AP, the opposite is true for the ionization energies.25 Lin et. al. compared the
I.P. values of 3-AP, 2-AP and aniline,12 and they attributed the difference in ionization

energy to the difference in electron density around the N atom of the amino group for the

neutral ground state. However, our Mulliken population analysis does not support this

argument. It is worth noting that due to the method for electron partition in the Mulliken

analysis, the net charge distribution is skewed towards the nucleophilic atom. The above

charge analysis should be treated with caution. Nevertheless, the similarity in the
transition energy of S1 So and the adiabatic I.P. of 4-AP with aniline indicates that the

replacement of the para-carbon atom on the ring by a nitrogen atom only slightly affects

the electronic property of the molecule.

4.6. Conclusion

We report spectroscopic information on the first electronically excited state and the
ground state of the cation of 4-AP obtained using two-color REMPI and ZEKE
techniques. Our observation includes in-plane vibrational modes, one out of plane
vibrational mode, and the inversion mode for both the S1 and the D0 states. Overall, these
assignments are in good agreement with ab initio and DFT calculations. The electronic
excitation to the S state and further ionization to D0 involve a it electron on the aromatic
ring, and the resulting systems demonstrate increased conjugation with the amino group.

The similarity in geometry for Si and D0 results in a strong propensity for ionization from
the S1 state, i. e., the dominant feature in the ZEKE spectrum obtained via an
intermediate vibrational level of the Si state corresponds to the same vibrational level of
the cation. The adiabatic ionization energy of 4-AP in the gas phase is determined to be
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62291 ± 6 cm (7.723 1 ± 0.0007 eV). This value is close to that of aniline, while it is
substantially different from those of the other two isomers of AP. A similar result of
comparison exists for the excitation energy of the S1 state and for the vibrational mode

distribution. Analysis of charge distributions of the ground state for the three isomers of

AP and aniline does not provide a clear clue as to the origin of this similarity with aniline.
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5. Two-color two-photon REMPI and ZEKE photoelectron
spectroscopy of jet-cooled 2-chloropyrimidine

5.1. Abstract

We report studies of supersonically cooled 2-chloropyrimidine (2-C1P) using two-color

resonantly enhanced multiphoton ionization (REMPI) and two-color zero kinetic energy

(ZEKE) photoelectron spectroscopy. With the aid of ab initio and density functional

calculations, vibrational modes of the first electronically excited state (Si) of the neutral

species and those of the ground state cation (Do) have been assigned, and the adiabatic

ionization potential has been determined to be 77106 ± 4 cm4 (9.5600 ± 0.0005 eV).

These results will be discussed in comparison with pyrimidine and other related
compounds. Although the rate of intersystem crossing is affected by halosubstitution, 2-

C1P and pyrimidine have qualitatively similar photophysical behaviors.
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5.2. Introduction

Diazines, in particular pyrimidine, have attracted considerable attention in recent years

due to their importance in biological science [1] - [11]. The photochemistry and
photophysics of these species and their derivatives are of direct relevance to the
photostablity of nucleic acid bases. Halogenated pyrimidines, in particular, can undergo

photochemical hydration and dimerization accompanied by dehalogenation under TJV

irradiation [121 - [14]. Information on electronic excitation and ionization, both in terms

of spectroscopic data and dynamical behavior, is therefore of fundamental value to the

understanding of photoreaction mechanisms of these species. However, gas phase
experimental data that are pertinent to the intrinsic properties of these species are rather

limited. In this work, we chose to investigate 2-choloropyrimidine (2-C1P) using mature

gas phase spectroscopic techniques, such as resonantly enhanced multiphoton ionization

(REMPI) and zero kinetic energy photoelectron spectroscopy (ZEKE) [15]. A chlorine

atom is generally believed to be a strong electron-withdrawing group through bonding,

while it can also donate an electron to the aromatic ring by forming a conjugated i bond.

The effect of chlorine substitution will manifest from the changes in energy levels,
vibrational frequencies and other spectroscopic and dynamic behaviors. Our analysis will

be placed in the context of a series of polar aromatic compounds, so that generalization

on the electronic excitation and photochemical behavior can be achieved.

We report two-color two-photon REMPI and ZEKE spectroscopy of 2-C1P via five

intermediate vibronic states. To assist spectroscopic assignments, we have also performed

ab initio and density functional theory (DFT) calculations. Essentially all the observed
vibrational modes in both the first excited electronic state (Si) and the ground cationic
state (Do) are assigned without ambiguity. The adiabatic ionization energy is determined

from the ZEKE spectra. Our analysis of the vibronic structures of both the REMPI and

the ZEKE spectra reinforces our previous observation in 4-aminopyridine [16], i. e., the

molecular frame remains largely intact from the ground electronic state to Si and further

to D0. The propensity for maintaining the vibrational excitation of the intermediate state

is again illustrated.



5.3. Experimental Setup

The experimental apparatus has been reported in a previous publication [16]. Briefly,
it consisted of a pulsed molecular beam source for supersonic cooling and a time-of-flight

mass spectrometer (TOF-MS), which could be converted into a pulsed field ionization
(PFI) zero kinetic energy photoelectron spectrometer. The sample 2-C1P was purchased
from Aldrich Co. and used without further purification. A small amount of the sample

was housed and heated to 50 °C in the nozzle, and the stagnation pressure of the argon

carrier gas was 2 atm. The pulsed valve had an orifice of 1 mm in diameter, and the
repetition rate was 10 Hz. The two tunable UV laser beams were generated by two sets of
Nd:YAG pumped dye lasers equipped with frequency doubling crystals (Spectra Physics

GCR 230 and GCR 190; Laser Analytical Systems, LDL 2051 and LDL 20505). The
absolute wavelength of each laser was calibrated using an iron hollow-cathode lamp
filled with neon. The relative timing between the two lasers was controlled by a delay
generator (Stanford Research, DG535), and the temporal overlap was confirmed from a
photodiode with a subnanosecond response time. The two laser beams were set to
counterpropagate; and the light path, the flight tube, and the molecular beam were
mutually perpendicular. In the REMPI experiment, ionization occurred in the presence of
an extraction electric field, and potential power saturation was monitored by checking the

power dependence of the overall ion signal. In the ZEKE experiment, molecules excited

to the ZEKE states experienced a delay of 500 600 ns in the presence of a spoiling field
of-' 1 V/cm, and the ionization pulse was 16 V/cm.

All calculations were carried out using the Gaussian 98 suit [17]. For the ground state
of both the neutral species and the cation, density functional theory calculations using the

Becke 3LYP function at the 6-311 G++(d,p) level were carried out for structural
optimization and harmonic frequencies. The excited state geometry and harmonic
frequencies were obtained at the CIS level using the same basis set, and a scaling factor
of 0.91 was used for the assignment of the vibrational modes of the Si state.[18]
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Figure 5.1 (1+1') REMPI spectrum ofjet-cooled 2-C1P.



5.4. Results

5.4.1. REMPI spectrum

Fig. 1 shows the two-color two-photon REMPI spectrum of 2-C1P near the origin of
the S1 i-. S0 electronic transition. In this experiment, the ionization laser was set at 218

nm and was temporally overlapped with the scanning resonant laser. The two isotopes of

chlorine were observable from the mass spectrum of the parent ions, and only the 35C1

parent ion was monitored by setting the time gate on the corresponding mass peak.
Among all the observed vibronic transitions, only one feature demonstrated clear isotope

effect, and the result will be presented in the next section. The linewidth of each vibronic

transition is on the order of 3 5 cm, although the linewidth of the excitation lasers were

no more than 0.2 cm1. Unresolved rotational profiles are suspected. In Fig. 1, the most
prominent peak at 31393.8 cm is assigned as the origin of the S1 state. Higher energy
bands are transitions to excited vibrational levels in the S1 state.

Table I summarizes the observed vibronic transitions together with our assignment.

Following the study on pyrimidine [1][9], we adopted Varsanyi's nomenclature in the

labeling of the normal modes [19]. Our ab initio and DFT calculations indicate that 2-
C1P is planar and belongs to the C2v point group in both the So and the Si state. Similar to
pyrimidine, the S1S0 transition is electric dipole allowed with a transition dipole
perpendicular to the molecular plane, i. e., 'B14-1A1 (lt*n) in nature. Among the 24
normal modes, only totally symmetric vibrational modes that involve in-plane ring
deformation or even-quanta of out-of-plane modes are symmetry allowed. Moreover,

high frequency vibrations involving C-H stretching motions are not observable within the
range of our spectrum. In Table 1, the vibrational frequencies for the S1 state from
calculation include a scaling factor of 0.91, and the comparison between theory and
experiment is remarkable. The intense bands at 430, 740, 930, and 1035 cm' are
assigned as in-plane ring vibrations 6a, 7a, l2, and 1. Weak transitions at 354 and

539 cm are due to out-of-plane modes 10b and 16a respectively. This vibronic

pattern is similar to that of 4-aminopyridine [16], with modes 6a, 12, and 1 being the
most active in the REMPI spectrum. It is interesting to notice that in Table 1, some low



Table 5.1. Observed vibrational frequencies and assignments for the Si state of 2-C1P.

Exp. Calc.* Assignment and
approx. description

0 0, band origin
178 178 lOb'0,y(ring)

262 16a,y(ring)
354 10b,y(ring)
430 426 6a,3(ring)
539 16a,y(ring)
610 6a10b
740 732 7a , v(ring) + c(C-Cl)
788 6a10b
860 6a, 3(ring)
890 16a1Ob
930 931 12,v(ring)
965 978 19b,v(ring)
1035 1021 1,ringbreathing

* The values include a scaling factor of 0.91.
# v , J3, and y represent stretching, in-plane bending, and out-of-plane bending
vibrations, respectively.
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frequency symmetry forbidden bands, such as 1 0b and its combination bands, are also
observable. Weak vibronic coupling is therefore suspected.

The two isotopomers associated with 35Cl and 7C1 are mostly indistinguishable in

vibrational frequency, except for the 6a mode. This result should be attributed partially

to the relatively low resolution of our experiment and, more importantly, to the nature of

the observed vibrational modes. The transition 6a occurs at 430 cm' for 35C1 and at 424

cm1 for the 37C1 isotopomer, while the corresponding second harmonic occurs at 860 cm
1 and 847 cm'. This change in vibrational frequency corresponds to a change in effective

mass of 2.8 %. If we assume that mode 6a involves only Cl-ring stretch, the change in

the effective mass should be 3.7 %. Mode 6a is therefore dominated by Cl-ring stretch,

coupled with ring deformation. Based on our calculation, the fundamental frequency of

the 6a mode should be 6 cm lower than that of the 37C1 isotopomer, and the difference is

in excellent agreement with the experimental observation. The 7a mode, however,
should only have a shift of 2 cm, thus it is indistinguishable under our resolution. For

the other observed modes, including mode 12, 19b, and 1, our calculation shows no
isotope shift at all. In the works of Tzeng's group, isotope effects involving chlorine and

bromine atoms on the vibrational frequencies of the S1 state of aniline were investigated

[20][21]. The authors observed small isotope shifts, on the order of several wavenumbers,

in the REMPI spectra for all of the active fundamental modes, in agreement with our
general conclusion.

To investigate the dynamics of the S1 state, we recorded the transient of the parent ion

by setting the pump laser at the origin of the Si state and the probe laser at 218 nm. Fig.
2 shows the experimental data with a fitting result including a biexponential function.

All the reported REMPI .and the following ZEKE spectra in this work were recorded
under exact temporal overlap, which was the condition for maximal signal strength.
Limited by the pulse width of our laser system (5 ns), the faster component in Fig. 2
could not be determined quantitatively. The lifetime of the slower component was
measured to be 200 ns. It must be noted that the laser beams propagated normal to the jet

expansion axis, so drifting of the molecular beam during delay times longer than a few

hundred nanoseconds was a contributing factor to the decay of the slow component. The

measured lifetime of 200 ns should thus be considered a lower limit. According to a
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previous study on the phosphorescence of 2-C1P, this long-lived component should be
attributed to a nearby triplet state 3A1(1r*lt) [22]. Biexponential decay has been
extensively studied in pyrimidine, and the participation of a nearby triplet state has also

been evoked {21[3][6]. However, in pyrimidine, the slower component dominated the

decay profile, while the fast component was difficult to detect. This difference in the
yield of intersystem crossing (ISC) between 2-C1P and pyrimidine cannot be explained

from the heavy atom effect of chlorine, which would increase the yield of ISC while
decrease the lifetime of the triplet state. Our CIS calculation shows that halosubstitution

by a chlorine atom induces a blue shift for the mnit* state by 566 cni1, while the energy

level for the 3irit state is only changed by 332 cm1. Perhaps it is this change in the
energy gap of 234 cm1 between the two coupling states that modifies the yield of ISC.

5.4.2. ZEKE spectra

Using five of the vibronic transitions labeled in Figure 1 as intermediate states, we
recorded the ZEKE spectra, and the results are shown in Figure 3. In the following,
vibrational levels of the cationic state are labeled by an additional "+" sign in the
superscript to distinguish them from those of the S1 state. The strong feature in the
spectrum obtained via the origin band of the Si state (trace a) is assigned the origin band

of the cation 0°. This assignment is also supported by the appearance of this band in
other traces when vibrationally excited levels of the Si state were used as intermediate

states (traces c and e). The adiabatic ionization potential for 2-C1P is therefore
determined to be 77106 ± 4 cm (9.5600 ± 0.0005 eV), including a correction due to the
pulsed ionization field [15]. To the authors knowledge, this is the first report on the
ionization potential of 2-C1P. Although mode 6a is sensitive to the isotope effect in the

Si state, the overall ionization potentials of the two isotopomers are identical within our

experimental uncertainty.

The spectra in Figure 3 are remarkably simple, which can be partially attributed to

state selection achieved in typical REMPI experiments. Each spectrum is dominated by a

single strong transition, and in all cases, this transition can be assigned the same
vibrational level of the corresponding Si state. This strong correlation between the
intermediate level and the final vibrational level of the ion has been reported in our
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Table 5.2. Observed vibrational frequencies and assignments in the ZEKE spectra of 2-
CIP.

Intermediate level in the i state
0 6a 7a 6a l Calc. Assignment
o o 0 0

447 450 6a
742 743 757 7a

854 6al6a
894 6a2

934 964 12
1055 1073 1

1185 + +6a7a
1301 6a216a
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Table 5.3. Molecular geometry parameters of 2-C1P in the So, Si, and D0 states.

So 5i D0

Bond length (A)

C2-Cl 1.751 1.710 1.683
N1-C2 1.325 1.292 1.323
N1-C6 1.337 1.363 1.318
C4-05 1.390 1.384 1.397
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previous studies of 4-aminopyridine [16]. We also derived a propensity rule of Av = 0 to

describe this effect, where v is the vibrational quantum number of the intermediate state.

Other features of the sparse spectra are relatively easy to assign. Table 2 lists the
observed vibrational modes of the cation along with our calculation results. No scaling

factors were used, and the agreement is impressive. Ionization via mode 7a (trace c) and

mode 1 (trace e) of the S1 state does not activate any other vibrational modes of the cation,

but ionization via mode 6a shows weak signs of combination bands in the ZEKE spectra

(traces b and d). Nevertheless, mode 6a demonstrates no anharmonicity, and the
molecular frame remains rigid throughout the excitation and further ionization processes.

5.5. Discussion

We performed DFT calculations at the B3LYP level for the S0 and D0 states, and ab

initio calculations at the CIS level for the S1 state. The resulting geometry parameters are

listed in Table 3. Our calculation indicates that 2-C1P remains planar with C2 symmetry

in all three states. Excitation to the Si state is of nlr* character, while ionization involves

removal of the ltK electron. In the S state, the nonbonding electron of the chlorine atom

participates in the conjugation with the aromatic ring, inducing a double-bond character

between C2 and Cl. This resonant effect results in the decrease of the C2-Cl bond length.

As a result, based on our Mulliken population analysis,[23] the atomic charge on the Cl

atom decreases from +0.507 in the So state to +0.411 in the Si state. In addition, the polar

ends of the molecular frame become more compact, while the bonds connecting the two

ends (N1-C6) are elongated. These geometry changes may indicate that a partial
delocalization of it electrons takes place following the Si So transition. These changes

in the ring structure are responsible for the activation of the ring breathing mode 1 and
the in-plane bending modes 6a, 7a, and 12.

The back-donation of electrons from the chlorine atom to the aromatic ring is even
more intensified in the D0 state. The C2-Cl bond is further decreased, and according to

our Mulliken population analysis, 71% of the positive charge is located on the chlorine

atom. The ring structure, on the other hand, more or less recovers back to the geometry

of the S state. Apparently, the cation is stabilized by the formation of the "seven-center

six-electron" it conjugation system. Nevertheless, these geometry changes are
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Table 5.4. Observed vibrational frequencies of 2-C1P and pyrimidine in the S1 and the D0
states.

2..ClPa Pyrimidine" Ratio
mode (S1)

6a 430 614 0.70
12 930 941 0.99
1 1035 1014 1.02
7a 740

mode (Do)
6a 450 636 0.71
12 964 954 1.01
1 1073 1038 1.03
7a 757

a Experimental values from this work.
b Ref. [9], with the values of mode 1 and 12 exchanged, see text for details.



insufficient to result in a large shift of the normal coordinates, and similar to the case of
4-aminopyridine, a strong propensity for Av = 0 is still observed in the ZEKE spectra of
Fig. 3.

It is interesting to compare the vibronic activities of 2-C1P in both the S1 and the D0

states with those of pyrimidine. Table 4 lists some observed vibrational modes of 2-C1P

and pyrimidine in both the S1 state and the D0 state. Modes 6a, 1, and 12 are in-plane
ring deformation modes involving the motion of the hydrogen or chlorine atom, thus
differences in vibrational frequencies are expected. In Table 4, the variation in frequency

between the two species is consistent for both electronic states, but the magnitude of
change is quite different for mode 6a from those of the other two modes. An exceedingly

high sensitivity to halosubstitution is demonstrated in mode 6a. This result is consistent

with our observation of the high sensitivity of this mode to isotope substitution. It is
worth noting that in our assignment of pyrimidine, mode 12 and mode 1 are exchanged
from that of Knight et al. [1] and Sato et al. [9]. This revision is based on our high level

CIS calculation, where the vibrational frequency of mode 12 is predicted to be lower than

that of mode 1 by 68 cm. Our DFT calculation for the cationic state is also consistent
with this change. The listed experimental values for pyrimidine in Table 4 are therefore
revised from the original report.

The observation of mode 7a in Fig. 1 differs from that of the REMPI spectrum of
pyrimidine.[1],[9] In the studies of pyrimidine, mode 7a was not observed despite of
intensive efforts, while at 740 cm in Fig. 1, it is one of the most salient features. This
discrepancy is similar to that of aniline and p-chloroaniline. Lin et al. recorded the one-
color REMPI spectrum of p-chloroaniline [20]. The authors assigned the intense
transition at 360 cm as mode 7a. However, in all studies of aniline using REMPI
[24][25], no indication of mode 7a was ever reported even when the pump laser was
scanned to 1310 cm' above the origin band. Similar to mode 6a, mode 7a also involves
C-Cl stretch and ring vibration. The differences between the two modes are the direction

and the amplitude of the displacement vector for the C-H or C-Cl motion. It is therefore

reasonable to assume that the decrease in the C2-Cl bond length upon excitation leads to

the activation of mode 7a. Incidentally in p-chloroaniline [20], excitation to the Si state

also induced a decrease of the C-Cl bond length from 1.746 A to 1.714 A. Without
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halosubstitution, however, the change in the C-H bond length must be too small to
activate this mode. Unlike mode 6a, mode 7a does not demonstrate clear isotope effect,
and we attribute this phenomenon to the smaller amplitude of the displacement vector for

the Cl-ring stretch in mode 7a.

Using REMPI and ZEKE spectroscopic methods, a wide variety of aromatic
compounds and their complexes have been investigated in detail.[15] In particular, work

on the pyrimidine and aniline series has provided a road map in understanding the
photochemical and photophysical behaviors of these systems. {9],[20] ,[2 1] ,[24] ,[25] In

this context, we comment on the stability of the aromatic ring during electronic excitation

and further ionization. Without the availability of an electron withdrawing group in the

side chain, excitation and ionization create a substantial change in the molecular frame

[9][24][25]. As a result, rich vibronic activities in the ZEKE spectrum have been
reported. However, substitution with an electron withdrawing group reduces the electron

deficiency of the ring through increased conjugation between the ring and the substitute

[20] [211 [26]. The integrity of the molecular frame is therefore largely intact even after

photoionization. In this sense, the electron withdrawing group acts as an electron
donating group in the cationic state. In the ZEKE spectrum, the rigidity of the ring
structure during ionization manifests as a propensity of maintaining the vibrational
excitation of the intermediate state. The normal coordinates of the S1 and the D0 states

are essentially identical.

5.6. Conclusion

We report spectroscopic investigations on the first electronically excited state of 2-C1P

and the ground state of its cation using two-color REIMPI and ZEKE techniques. The
adiabatic ionization threshold is determined to be 77106 ± 4 cm4 (9.5600 ± 0.0005 eV).

Most observed vibrational modes in both the Si and D0 states are in-plane ring
deformation modes, and our assignment is in good agreement with results from ab initio

and DFT calculations. Mode 6a demonstrates clear isotope effect, and the nature of this

mode is also consistent with our assignment. Similar to the case of aminopyridine, a

propensity for maintaining the vibrational excitation of the intermediate state upon
ionization is observed. Electronic excitation to the Si state involves a non-bonding



electron on the nitrogen atom to a it orbital, and further ionization removes this electron.

The resulting system from each step of excitation demonstrates increased conjugation
between the aromatic ring and the chlorine atom. This change is responsible for the
activation of mode 7a in 2-C1P and in other halosubstituted aromatic compounds. The

photophysics of the S1 state of 2-C1P is similar to that of pyrimidine, though the
probability of intersystem crossing is lower in 2-C1P.
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6. Zero kinetic energy photoelectron spectroscopy (ZEKE) of
p-amino benzoic acid (PABA)

6.1. Abstract
We report studies of supersonically cooled p-amino benzoic acid (PABA) using one-

color resonantly enhanced multiphoton ionization (REMPI) and two-color zero kinetic

energy (ZEKE) photoelectron spectroscopy. With the aid of ab initio and density
functional calculations, vibrational modes of the first electronically excited state (Si) of

the neutral species and those of the cation have been assigned, and the adiabatic
ionization potential has been determined to be 64540 ± 5 cm4. A common pattern
involving the activation of five vibrational modes of the cation is recognizable among all

the ZEKE spectra. A propensity of tXv = 0, where v is the vibrational quantum number of

the intermediate vibronic state from S1, is confirmed, and the origin of this behavior is

discussed in the context of electron back donation from the two substituents in the excited

state and in the cationic state. A puzzling observation is the doublet splitting of 37 cm4

in the ZEKE spectrum obtained via the inversion mode of the Si state. This splitting
cannot be explained from our density functional calculations.
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6.2. Introduction

The interest in p-amino benzoic acid (PABA) arises from both its biological
importance and its chemical properties.'° It is a doubly substituted electron push-pull
aromatic system with the donor (-NH2) and the acceptor (-COOH) groups connected by

the n-ring. Upon electronic excitation, however, both electron rich substituents can back

donate to the electron deficient ring through hyper conjugation. On the biological aspect,

PABA is an antimetabolite of sulfanilamide and was once widely used as an active
ingredient in sunscreen and as a photodegradation inhibitor.

Several investigations of the photochemical and photophysical properties of PABA
have been reported over the past,'115 including spectroscopic studies in the gas phase.1627

Using laser desorption, Meijer, et al. have recorded the resonantly enhanced multiphoton

ionization (REMPI) spectra of the PABA monomer, its dimer, and its complexes with
argon, methanol and water molecules.16 Tang, et al. have examined the gas-phase
basicity of the three isomers of amino benzoic acids in a quadrupole ion trap.17 Mass

selective gas-phase infrared (IR) spectroscopy of PABA has been studied by Puffer, von
Helden, and Meijer via infrared and vacuum ultraviolet (VUV) double resonance
ionization.'8 In a very recent study, Compagnon, et al. have measured the permanent
electric dipole moment of isolated PABA in the ground state by coupling a matrix-
assisted laser desorption source to an electric beam deflection setup.'9 Using supersonic

expansion from a heated source, Castaño's group has studied the first excited state of

both methyl-p-aminobenzoate and ethyl-p-aminobenzoate and their water and ammonia
complexes.2026

So far studies on the cationic states of these molecules have been rare. To our
knowledge, the only published work on cations of PABA is the mass-selective JR
multiple photon dissociation spectroscopy by Oomens, et al.27 The electronic activity of
PABA upon photoexcitation and ionization is particularly intriguing in the context of our
investigations of substituted aromatic systems. Our previous studies of 4-
aminopyridine28 (4-AP) and 2-chloropyrimidine29 (2-C1PM) have concluded that upon
excitation and ionization, the substituent would back donate to the aromatic ring,
ensuring the integrity of the ring structure. As a result, in two photon zero kinetic energy

photoelectron spectroscopy (ZEKE) experiments, a strong propensity has been observed
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where the vibrational excitation of the intermediate state was largely preserved upon
ionization. PABA contains two substituents, and it would be interesting to observe the
"push" or "pull" effect of each substituent on the charge distribution.

In this paper we report studies of the one-color two-photon REMPI as well as the

two-color ZEKE spectroscopy of PABA via six different intermediate states. Detailed

analysis of the vibrational levels of the Si state and the ground cationic state (Do) will be

performed, with the assistance of ab initio and density functional calculations. The

adiabatic ionization energy will be determined from analysis of the ZEKE spectra. From

the distribution of active vibrational modes and comparisons between the ZEKE and
REMPI spectra, conclusions on the structural changes upon electronic excitation and

ionization will be obtained. Implications of these structural changes, particularly on the

charge distribution among the ring and the substituents, will be discussed.

6.3. Experimental Setup

The experimental apparatus is a standard molecular beam machine with a time of flight

mass spectrometer (TOF-MS) and a pulsed valve for supersonic cooling.30 PABA was

purchased from Aldrich Co. and used without further purification. The sample was
housed and heated to 165 °C in the nozzle to obtain sufficient vapor pressure. The vapor

was seeded into 2 atm of argon and expanded into vacuum through a pulsed valve with

a 1 mni diameter orifice. The pump laser in the 282 - 296 nm range with a pulse energy

of lmJ/pulse was generated by frequency doubling of the output from a dye laser
(Laser Analytical Systems, LDL 2051) pumped by a Nd:YAG laser (Spectra Physics
GCR 230). The ionization laser in the 332-362 nm region was generated by frequency

doubling of the output from a dye laser (Laser Analytical Systems, LDL 20505) pumped

by another Nd:YAG laser (Spectra Physics GCR 190). The absolute wavelength of each

laser was calibrated using an iron hollow-cathode lamp filled with neon. The two laser

beams were set to counterpropagate; and the light path, the flight tube, and the molecular

beam were mutually perpendicular. The relative timing between the two laser pulses was

controlled by a delay generator (Stanford Research, DG535), and the optimal signal was

obtained under temporal overlap between the two lasers. In the ZEKE experiment,
molecules excited to ZEKE states were allowed to stay for 1-2 is in the presence of a
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Figure 6.1 (1+1) REMPI spectrum of jet-cooled PABA. The spectrum is shifted by
34185 cm1 (the origin of the Si - S0 transition) to emphasize the frequencies of the
different vibrational modes of the S1 state.
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spoiling field of 1 V/cm, and ionization and extraction was achieved by a pulsed
electric field of - 16 V/cm.

In order to assign the observed vibronic structures in both the REMPI and ZEKE
spectra, we used the Gaussian 98 suite31 to perform a series of calculations. For the
ground state of the neutral and the cation, density functional theory (DFT) calculations

using the Becke 3LYP functional were carried out with the 6-3 1G+(d) basis set. The

excited state geometry and harmonic frequencies were calculated at the CIS level using
the 6-31 G(d) basis set. Good agreement between experimental and theoretical results

was obtained when a scaling factor of 0.9 for the calculated frequencies of the S1 state
was used.32 No scaling factor for the cationic state was used.

6.4. Results

6.4.1. One-color 1+1 REMPI spectrum

The one-color 1+1 REMPI spectrum of PABA near the origin of the Si i- So
electronic transition is displayed in Figure 1. This spectrum is similar to that reported by
Meijer, et al. using a laser desorption source.'6 The intense peak at 34185 cm' is
assigned as the origin band, and other vibronic transitions are listed in Table 1. There are

45 normal modes in PABA, among which 30 are associated with the aromatic ring, 6 are

associated with the amino moiety, and 9 are associated with the carboxylic acid moiety.

The seven stretching modes involving N-H, 0-H, and C-H bonds are on the order of 3000

cm', and are therefore not observable in Figure 1. Our CIS calculation shows irit

character for the Si state, and that the direction of the transition dipole moment should be
in the plane of the aromatic ring. Only in-plane or even quanta of out-of-plane
vibrational modes are symmetry allowed. In both Table 1 and Figure 1, modes that are

associated with the motion of the aromatic ring are labeled using the convention of
Varsanyi's nomenclature.33 Other modes that mainly involve motions of NH2 and

COOH moieties are named with letters from A to G in the order of increasing frequency.

However, in some instances, strong coupling between the ring and the substituent renders

this type of assignment only an approximation. For example, based on the displacement

vectors from our own calculation, mode 6b highly couples with the NH2 inversion mode,

and similarly, mode 12 and mode E (-COOH scissoring motion) also demonstrate strong
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Table 6.1. Observed vibrational frequencies and assignments for the S1 state of PABA.

Exp. Calc.* Assignment and approx. description#
185 149 A, f3(-COOH) and C-NH2 torsion
233 209 B, f3(-COOH) and C-NH2 torsion
322 323 6a,f3(ring)
357 329 C, 13(-NH)
388 376 16a,y(ring)
459 466 D, (-COOH) and 13(-NH2)

483 512 I,NH2 inversion
546 543 6b, (ring)
564 564 E, -COOH scissoring
592 591 F,y(-OH)
670 697 10a,y (ring)
687 694 12,f3(ring)
768 767 1, ring breathing
784 762 17b,y (ring)
857 906 17a,y(ring)
876 Al2
893 936 19aj3(ring)

* The values include a scaling factor of 0.9.
# v , 3, and y represent stretching, in-plane bending, and out-of-plane bending
vibrations.
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a)modeA
1 '2

b) mode

c)modeE

Figure 6.2 Normal modes in the Si state of PABA corresponding to a) mode A at 185
cm1, b) mode D at 459 cm_i, and c) mode E at 564 cm1.
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mixing. To assist assignment, we performed ab initio calculations on the CIS/6-3 1 G(d)

level and used a scaling factor of 0.9 to compare with the experimental result. An overall

agreement between the calculation and the experiment was obtained. In the work of
Meijer, et al., the transition at 461.2 cm1 was assigned as mode 6a!6 In Figure 1, this
transition occurs at 459 cm1 and is reassigned as mode D based on our own CIS
calculation (Table 1). According to our calculation, mode 6a should be at a much lower

frequency of 323 cm1, so the observed transition at 322 cm is believed to be mode 6a.

One of the interesting features in the REMPI spectrum is the high activity of several

in-plane bending modes involving mainly the motions of either the carboxylic group or

the amino group (modes A through G). Three of these in-plane modes with high transition

intensities were chosen as intermediate states to record the ZEKE spectra, which will be

discussed in the next section. The displacement vectors of these normal modes are shown

in Figure 2. All three modes involve the distortion of the phenyl ring. Mode A mainly

involves the in-plane bending of the carboxylic group, but it also couples to the ring-NH2

torsion. Mode D mainly involves the in-plane bending motion of the carboxylic group
and the amino group. Mode E can be described as the scissoring motion of the carboxylic

group.

6.4.2. ZEKE spectra

By scanning the ionization laser while setting the resonant laser at one of the
intermediate states identified in the above REMPI experiment, we obtained pulsed field

ionization ZEKE spectra. In Figures 3 and 4, the data will be presented according to the
modes of the intermediate states. The same labeling scheme as that of the S1 state is used
in the assignment of the vibrational modes of the cationic state D0. In the following,
vibrational levels of the cationic state are labeled by an additional "+" sign in the
superscript to distinguish them from those of the S1 state. The identity of the
intermediate level for each ZEKE spectrum is marked on the figure by a black dot. Table

2 summarizes these observations, including our calculation results on the B3LYP/6-

31 G+(d) level. No scaling factor for the vibrational frequencies of the cation in the
calculation is used, and the agreement seems to be quite reasonable. Limited by the
linewidth of each resonant transition, unfortunately, the error in the experimental values
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Figure 6.3 Two-color ZEKE spectra of PABA recorded via the following vibrational
levels of the S, state as intermediate states: (a) 0°, (b) A', and (c) D1. The energy in the
abscissa is relative to the ionization threshold at 64540 cm1. The assignment in the
figure refers to the vibrational levels of the cation, and the corresponding vibrational level
of the intermediate state is labeled by a black dot in each panel.
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Table 6.2. Observed vibrational frequencies and assignments in the ZEKE spectra of
PABA.

Intermediate level in the Si state
0° A' fl' Ti 6b0 0

Lo E Cal. Assignment
0 0 origin
194 193 192
343 345 +6a

388 A2
482 +a

490 491 503 D
519

533 + +A6a
590 587 596

597 597 610 6b
724 730 12

785 AE
789 A6b

822 + +a6a
823 835 1

832 + +D 6a
858

908 872 17b
936 939 6a6b

1017 A1
1077 DE

1168 1166 19b
1185 6bE

1197 1228 +8a
1251 17b6a

1283 2+ +6a 6b
1304 al

1315 D1
1338 131

1389 A8a
1416 6b'T

1500 1517 9b
1538 1536 G
1592 1639 9a
1647 1+2

1681 a8a
1685 + +D 8a

1715 +p 8a
1765 6a6b1
1785 E8a
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1788 + +A9a
1793 6b8a

2073 a9a
2082 D9a

2105 17b8a
2108 (1+ +

p 9a

2181 E9a
2188 6b9a
2507 17b9a

2531 6a6b9a
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is 5 cm1. Among the six ZEKE spectra, a clear propensity of Av = 0 can be identified;
i.e., the vibrational quantum number v of each mode is directly transferred from the
intermediate state to the cationic state, with little vibrational relaxation or mode mixing.

This strong correlation between the intermediate level and the final vibrational level of
the cation has also been reported in our previous studies of 4-aminopyridine28 and 2-
chloropyrimidine29.

Figure 3a shows the ZEKE spectrum recorded via the origin of the Si state. The most

intense peak in the spectrum corresponds to the origin of the cation. The resulting
adiabatic ionization potential including a correction due to field ionization,34 is 64540 ± 5
cm1 (8.0020 ± 0.0006 eV). Our value is 33 cm higher than that reported by Meijer, et
al. 16 in their two-color photoionization experiment. This discrepancy between the two

values could be related to the extrapolation method used for threshold ions in the earlier
report. Other transitions with medium intensities in the ZEKE spectrum of Figure 3a

+ ,--1- + + +correspond to excitations of modes 6a , , 1 , 8a , and 9a . As will be seen in the
following, these modes constitute the majority of the active modes in the ZEKE spectra.

It is interesting to notice that the ring breathing mode 1 is the most intense in the REMPI

spectrum, and it is also active in the ZEKE spectrum, with a Franck-Condon progression

containing a weak 1+2 band.

The other two ZEKE spectra in Figure 3 (the top two panels) are associated with the
in-plane bending modes A and D. As shown in the previous section, mode A and mode D
are two similar vibrational modes that both involve the motion of the carboxylic group.

The ZEKE spectra obtained via these two modes also show remarkable resemblance,
. . +,-d- + + +including the activation of modes 6a , , 1 , 8a , and 9a , and this pattern is essentially a

repeat of that of Figure 3a. The fundamental frequencies of these two modes for the
cation are determined to be 193 and 490 cm', in agreement with our calculation results.

In the ZEKE spectrum taken via mode A, a higher harmonic A2 is also weakly
observable. Ionization via mode D activates the ring deformation mode 6b. It is
interesting to note that in Figure 4a, the reverse is also true; i.e., ionization via mode 6b

results in the activation of mode D. This result indicates a strong coupling between
these two vibrational modes.
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Figure 6.4 Two-color ZEKE spectra of PABA recorded via the following vibrational
levels of the Si state as intermediate states: (a) 6b', (b) E', and (c) J The combination
bands associated with the major band (labeled beside the ticks) of each spectrum are
marked by guide lines and labeled above the ticks. The "+" sign in the labeling of the
combination bands is omitted to avoid clutter.
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The ZEKE spectrum taken via mode 6b of the Si state (Figure 4a) shows the strongest

transition at 597 cm', asserting its identity as the 6b mode of the cation. In comparison,
the ab initlo value for the same mode is 610 cm'. The spectrum shows a similar pattern

as those in Figure 3 with regard to the activation of other modes, including modes 6a, E,

1, 8a, and 9a. A combination band of 6b with mode A is also observable at 789 cm'.
The assignment for the strong band at 908 cm is tentative. Interestingly, this band has a

series of combination bands of its own, with a similar pattern as that of the 6b mode.
This band could be a combination of mode A and mode 12k, which should occur at 918

-i . +. . . . . + +cm , since mode A is observed in the combination band with mode 6b , and mode 12
is observed in Figure 3a as an extremely weak transition. However, both transitions to A

and 1 2 are weak; thus, it is difficult to explain the exceptionally strong intensity of this

combination band. According to our DFT calculation, the closest vibrational mode in
frequency to this band at 908 cm1 is 17b at 872 cni1. However, model7b is out-of-
plane and therefore largely symmetry forbidden, and it has no obvious association with
mode 6bt

Figure 4b shows the ZEKE spectrum of PABA taken via mode E of the Si state. The
most intense feature at 587 cm corresponds to mode E. This assignment is consistent
with our ab initio value of 596 cm. Compared with the pattern observed in Figure 3,
Figure 4b only shows the combination bands of mode E with modes 8a and 9a, while
combinations with modes 6a and 1 are probably too weak for our sensitivity. An

interesting feature of this spectrum is the intense 6a6b band, which has its own
combinations with other modes and follows a similar pattern as those of Figure 3. The
observation of this intense 6a6b band via mode E of the S1 state is a surprise. However,
a careful examination of the displacement vectors of mode E in Figure 2 reveals that in
the Si state, this scissoring motion of the COOH moiety strongly couples with the ring
deformation mode 6b, while in the D0 state, it couples with 6at This type of cross link
makes it quite possible for the observation of the combination band in the ionization
spectrum.

The ZEKE spectrum via the NH2 inversion mode, shown in Figure 4c, is the most

intriguing. Each feature is split into two, with a spacing of -37 cm'. The overall pattern

in terms of combination bands is the same as those shown in the other ZEKE spectra. We



113

denote the two intense peaks around 500 cm' as a and and we tentatively assign
them as transitions to the doublet of the NH2 inversion mode in the D0 state. However,
as will become clear in the next section, a close scrutiny of the nonplanarity of the amino
group in the D0 state is needed to confirm this assignment.

6.5. Discussion

We performed DFT calculations on the B3LYP level for the S0 and D0 states, and ab
initio calculations at the CIS level for the 5 state. The resulting geometry parameters are
listed in Table 3 and the numbering scheme is shown in Figure 2. Our CIS calculation
shows itit character for the S1 state. During the S1 So transition, the molecular frame

becomes more compact along the main axis (N7-Cl-C4-C8). The decreases of the Cl-N7

and the C4-C8 bond lengths indicate the participation of both polar ends in the
conjugation with the aromatic ring, and the resulting chemical bonds between the
adjacent moieties take on partial double-bond characters. In the meantime, according to
Table 3, the pseudo symmetry with respect to the main axis is severely distorted, both in

terms of the ring structure and the twist of the amino group. These changes are
responsible for the activation of the ring breathing mode 1, the ring deformation modes
6a, 12 and 1 9a, and the in-plane bending modes A through G. In our previous
observations of 4-aminopyridine28 and 2-chlorophyrimidine29, we reported similar
changes in the bonding between the ring and the polar group. We concluded that
whenever there was an electron rich group, upon itit transition, the substituent would
back donate to the ring and form a partial double bond with the ring. Although 4-AP, 2-
C1PM, and PABA belong to different symmetry groups, just from the electron
withdrawing effect of the substituent, the conclusion seems to remain essentially the
same. With the availability of two polar groups in PABA, both sub stituents participate in
back donation.

The internal rotation of the amino group around the Cl -N7 bond upon photoexcitation
(Table 3) breaks the symmetry of the two N-H bonds with respect to the main molecular
axis. Typically, this type of twist hinders effective charge transfer of it electrons between
the two adjacent moieties.35 On the other hand, the carboxylic group remains planar in

both states, permitting facile charge transfer between the ring and the carboxylic group.
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Table 6.3. Molecular geometry parameters of PABA in the So, S, and D0 states.

Bond length (A)

N7-C1
C1-C2 (C1-C6)
C2-C3 (C5-C6)
C3-C4 (C4-05)
C4-C8
c=o
C-O(H)

S0 S1 D0

1.387
1.410 (1.410)
1.387 (1.389)
1.405 (1.406)
1.475
1.220
1.365

1.367
1.421 (1.447)
1.364 (1.355)
1.450 (1.442)
1.443
1.208
1.346

1.335
1.438 (1.438)
1.342 (1.374)
1.421 (1.420)
1.502
1.2 11
1.342

dihedral angle (°)
H1N7C1C2 -21.462 -15.437 -0.007
112N7C106 21.525 26.452 0.009
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Table 6.4. Mulliken charge distributions of PABA in the S0, S1, and D0 states.

So S1 D0

-NH2 +0.108 -0.146 +0.127
-COOH -0.121 -0.074 +0.307
Benzenering +0.011 +0.219 +0.568
C4 +0.721 -0.229 +0.357
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In the REMPI spectrum of Figure 1, modes associated with the carboxylic group are
particularly active. We suspect that during this S1 i- So transition, part of the electron

deficiency on the ring due to excitation is alleviated by electron back donation from the

carboxylic group to the ring. In Table 4, we list the Mulliken charge population36 on the

three functional groups and the carbon atom connected to the carboxylic group (C4).
Upon S1 - So excitation, the net charge on the carboxylic group is decreased from -0.12 1

to -0.074, while a net negative charge, from +0.721 in So to -0.229 in Si, builds up at the

C4 atom. The resulting permanent dipole of the i state is higher than that of the ground

state by -P1 Debye. The amino group, though rich with electrons, can only achieve some

of its electron donating potential in this twisted geometry. Its charge is actually increased

from +0.108 to -0.146 in the Si state. Although one needs to exercise caution when
dealing with Mulliken charge distributions, the trend in the change of charge distributions

within the same molecule should be reliable.

The D0 - Si ionization process involves the removal of the it electron. The
subsequent major change is flattening of the amino group, making it conducive to charge

transfer. In addition, the bond length for C1-N7 is further decreased, while the bond
length for C4-C8 increases to a maximum value of 1.5 A in Table 3. According to our

Mulliken population analysis (Table 4), the atomic charge on the amino group is changed

from -0.146 in the Si state to +0.127 in the D0 state. This additional effective back-

donation of electrons from the amino group to the aromatic ring greatly alleviates the
electron-deficiency of the ring in the D0 state. As a result, the rigidity of the ring structure

remains throughout the ionization process. The normal coordinates are largely
unchanged upon ionization, and similar to the cases of 4-aminopyridine and 2-
chloropyrimidine,28'29 a strong propensity for iXv = 0 is observed in the ZEKE spectra of

Figures 3 and 4.

It is interesting to compare the different behaviors of the two substituents upon
excitation and ionization. While the bond length for C1-N7 becomes progressively

shorter with successive excitation, the bond length for C4-C8 first decreases in the Si

state and then increases to a maximum value in the D0 state. The electron donating role

of the amino group is realized to its maximum degree in the cation. The carboxylic group,

on the other hand, maintains its electron donating role throughout the whole excitation
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process with a charge of +0.3 07 in the D0 state, although upon ionization, conjugation
with the ring is removed.

The value of the vibrational frequency is reflective of the rigidity of the chemical bond

involved in the corresponding normal mode. The ring deformation modes 6a, 6b, 1, and
12 all have higher frequencies in the cationic state than in the S1 state, indicating stronger
bond strengths for the ring in the D0 state. Mode D involves in-plane bending of the
NH2 moiety. Our experiment shows that the vibrational frequency of this mode increases

by 31 cm upon ionization. This result is in agreement with the observation that the C-N

bond length is decreased in the cation, as shown in Table 3.

The ZEKE spectrum obtained via the NH2 inversion mode in Figure 4c implies a non-

planar geometry for the ground ionic state, with a doublet splitting of 37 cm1. However,

our DFT calculation did not support such a conclusion. Previous studies of a series of

amino-substituted aromatic compounds all concluded on a planar geometry for the related
cations.28'37° We then investigated the likelihood of proton tunneling within the
COOH group and eventually ruled out this possibility. The estimated bather for
tunneling in the D0 state is higher than 15000 cm. If tropolone can be used as a
reference, which has a barrier height of 5890 cm1 and a doubling splitting of 0.97 cm1,41

the splitting in PABA, if any, should not exceed 1 cm1. Furthermore, although Figure 4c

was obtained via the amino inversion mode of the Si state, there is no indication of any

coupling between the out-of-plane bending mode in the D0 state at 648 cm' (based on
our calculation) and the COOH scissoring mode E at 590 cm'. In the Si state, the
inversion mode I is coupled to mode 6b, and it is 24 cm_i apart from modeD (Table 1).
In the D0 state, modeD at 490 cm is in between the doublet u and f3. This triangular
relationship between modes 6b, D, and I could result in strong anharmonic behaviors.
However, we fail to see a direct link between this anharmonicity and the observed
doublet feature in Figure 4c. In the work of Yan and Spangler on p-methylaniline,42

coupling between the motions of the amino group and torsion of the methyl group was
demonstrated. The authors stated that the methyl group makes the "up" and "down" NH2

conformations different in energy, leading to a quartet splitting in the inversion mode and

the torsional mode of the amino group. In our case, however, the first excitation laser has

achieved selectivity in the S1 state, and any splitting has to be associated with the planar
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D0 state. Based on our calculation, the torsional mode for the amino group should be at
572 cm, and the torsional mode of the carboxylic group should be at 53 cm1. It is
possible that these two modes would couple and result in a 37 cm' splitting. However,
as Yan and Spangler pointed out,42 the mechanism of this type of coupling remains a

mystery. Moreover, the shortened Cl -N7 bond and the lengthened C4-C8 bond upon
ionization both favor a higher torsional barrier for the amino group than for the
carboxylic group. At present, we do not have an explanation for this splitting in the
ZEKE spectrum.

6.6. Conclusion

Spectroscopic properties of the excited and ionic states of PABA have been studied
using one-color REMPI and two-color ZEKE spectroscopy. Many in-plane and out-of-
plane vibrational modes and combination bands in both states have been identified. The
adiabatic ionization energy of PABA in the gas phase is determined to be 64540 ± 5 cm
(8.0020 ± 0.0006 eV). The similarity in geometry between Si and D0 results in a strong
propensity for ionization from the Si state; i.e., the ZEKE spectrum obtained via a
vibrational level of the S1 state features a dominant transition to the same vibrational
level of the cation. The origin of this rigidity can be traced to the electron back donation
of the carboxylic group in the Si state and to both polar groups in the cationic state. This
observation is consistent with our previous conclusion on polar substituted aromatic
compounds. The electron withdrawing group in the ground state behaves as an electron
donating group upon electronic excitation and ionization. Ab initio and DFT calculations
are found to be largely consistent with the experimental observations. However, the
origin of the doublet splitting in the ZEKE spectrum taken via the inversion mode of Si
remains a mystery.
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7. Observation of rotamers of m-aminobenzoic acid (MABA):
ZEKE and hole-burning REMPI spectroscopy

7.1. Abstract

We report studies of supersonically cooled m-aminobenzoic acid (MABA) using two-
color resonantly enhanced multiphoton ionization (REMPI) and two-color zero kinetic
energy (ZEKE) photoelectron spectroscopy. Two conformers have been identified and
characterized using the hole-burning method in the REMPI experiment. With the aid of
ab initio and density functional calculations, vibrational modes of the first electronically
excited state (Si) of the neutral species and those of the ground state cation (Do) have
been assigned, and the adiabatic ionization potentials have been determined for both
conformers. The REMPI spectra are dominated by in-plane motions of the substituents
and ring deformation modes. A propensity of Av = 0, where v is the vibrational quantum

number of the intermediate vibronic state from Si, is observed in the ZEKE spectra. The
origin of this behavior is discussed in the context of electron back donation from the two
substituents in the excited state and in the cationic state. Comparisons of these results
with those ofp-aminobenzoic acid will be analyzed.
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7.2. Introduction

The interest in m-aminobenzoic acid (MABA) arises from both its biological
importance and its chemical properties.12345 Like p-aminobenzoic acid (PABA), MABA

is a doubly substituted electron push-pull aromatic system with the donor (-NH2) and the

acceptor (-COOH) groups connected by the it-ring. Due to the resonant effect, however,

the electron-attracting inductive effect of the carboxylic group in MABA is slightly
smaller than that in PABA. Upon electronic excitation or ionization, both electron rich

substituents can back donate to the electron deficient ring through hyper conjugation. In

non-polar solvents, MABA exists predominantly as a neutral molecule. In the solid state

or in aqueous solutions, interestingly, it exists as a zwitterion, unlike o-aminobenzoic
acid (OABA) and PABA.6'7 MABA is also of great importance in pharmaceutical and
chemical industries. For example, it is used in synthesis of analgesics, antihypertensives

and vasodilators.8

Several investigations of the chemical and physical properties of MABA have been
reported over the past.84 From X-ray photoelectron spectroscopy, Yoshida and Sawada

have concluded that MABA exists in a dipolar form in the solid state.1° Both theoretical
and crystallographic studies have confirmed that ground state MABA exists in two
conformations as shown in Figure 1

8,9 Infrared spectroscopy of MABA has been
reported both in the solid state and in the gas phase,6'11 however, neither investigated the

existence of conformational isomers. More recently, using inelastic neutron scattering

(INS), Raman spectroscopy, IR spectroscopy, and density functional (DFT) calculations,

Pawlukojc and Leciejewicz have confirmed the presence of molecular dimers in the
crystal.'2 The ionization potential (I.P.) of MABA in the gas phase has been measured by

Benoit using electron-impact mass spectrometry'3 and Meeks, et al. using photoelectron
spectroscopy'4. In both cases, the uncertainty was on the order of tens to hundreds of
millielectron Volts. To the best of our knowledge, gas phase spectroscopic studies of

MABA in the first electronically excited (Si) and cationic state (Do) are still unavailable.

Recently, we have investigated spectroscopic properties of the first excited electronic

state and the cationic ground state of a series of substituted aromatic systems. In
monosubstituted systems such as 4-aminopyridine15 and 2-choloropyrimidine16, we have

concluded that upon excitation and ionization, the substituent would back donate to the
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aromatic ring, ensuring the integrity of the ring structure. In the bi-substituted system of
PABA'7, we have learned that in the S1 state, due to a twist of the amino group around
the C-N bond, the carboxylic group plays an important role in electron back donation.
Upon further excitation to the D0 state, on the other hand, the amino group demonstrates

strong hyper conjugation with the ring. For all the substituted systems we have
investigated, due to this type of back donation, a propensity has been observed in the two

photon zero kinetic energy (ZEKE) photoelectron spectroscopy experiment, i.e., the
vibrational excitation of the intermediate state is largely preserved upon ionization.
Further extended studies to MABA and OABA can reveal the effect of the internal
interaction between the functional groups and the site of substitution.

In this work, we report two-color two-photon resonantly enhanced multiphoton
ionization (REMPI) and ZEKE spectroscopy of MABA. To identify and characterize
each conformer, the hole-burning method is used in the REMPI experiment. Detailed

spectroscopic analysis for the vibrational levels of the Si state and the D0 state is
performed, with the assistance of ab initio and density functional calculations. Adiabatic

ionization energies of the two conformers are also determined. From the distribution of

active vibrational modes and comparisons between the ZEKE and REMPI spectra,
conclusions on the structural changes upon electronic excitation and ionization will be

obtained. Implications of these structural changes, particularly in the charge distribution

among the ring and the substituents, will be discussed. Comparisons of these
observations with those of PABA will be analyzed.

7.3. Experimental Section

The experimental apparatus is a standard molecular beam machine with a time of flight

mass spectrometer (TOF-MS) and a pulsed valve for supersonic cooling.18 MABA was
purchased from Aldrich Co. and used without further purification. The sample was

housed and heated to 165°C in the nozzle to obtain sufficient vapor pressure. The vapor
was seeded in 2.5 atm of argon and expanded into vacuum through a pulsed valve with

a 1 mm diameter orifice.

Two different experiments were performed to investigate the spectroscopy of the Si

state. The two-color two-photon REMPI spectrum was recorded by scanning the pump
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laser (Laser Analytical Systems, LDL 20505, pumped by a Nd:YAG laser, Spectra
Physics, GCR 190) through the vibronic levels of the S, state while using the fourth
harmonic of a Nd:YAG laser at 266 nm (Continuum, Powerlite 7010) for further
ionization. In order to separate the different conformational isomers, we performed a
UV-UV hole-burning experiment using a third (hole-burning) UV laser (Laser Analytical

Systems, LDL 2051, pumped by a Nd:YAG laser, Spectra Physics, GCR 230) fixed on

one of the origin bands with a time advance of 20 ns. The hole-burning spectra were
obtained by monitoring the difference in the ion signal with and without the hole-burning

laser. The two resonant laser beams were set to counterpropagate, while the ionization

laser was set to cross the two resonant laser beams at a 5° angle. The light path, the flight

tube, and the molecular beam were mutually perpendicular. The relative timing between

the laser pulses was controlled by two delay generators (Stanford Research, DG535).

In the two-color ZEKE experiment, the two tunable dye lasers with frequency doubling

units were used. The optimal signal was obtained under temporal overlap between the

two lasers. Molecules excited to the ZEKE states by the two tunable lasers were allowed

to stay for 1-2 ts in the presence of a spoiling field of 1 V/cm, and ionization and
extraction was achieved by a pulsed electric field of 16 V/cm.

In order to assign the observed vibronic structures in both the REMPI and ZEKE
spectra, we used the Gaussian 03 suite'9 to perform a series of calculations. For the
ground state of the neutral and the cation, density functional theory calculations using the

Becke 3LYP functional were carried out with the 6-31 G+(d) basis set. The excited state

geometry and harmonic frequencies were calculated at the CIS level using the 6-31 G(d)
basis set. Good agreement between experimental and theoretical results was obtained
when a scaling factor of 0.9 for the calculated frequencies of the Si state was used.2° No
scaling factor for the cationic state was used.

7.4. Results

7.4.1. Two-color 1+1' REMPI and UV-UV hole-burning spectroscopy

The two-color 1+1' REMPI spectrum of MABA is displayed in Figure 2(a). The origin

band is a doublet feature, labeled 1(30479 cm') and 11(30506 cm). We thus expect two

conformational isomers coexisting in the ground state of MABA. Both conformers
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Figure 7.2 Two-color two-photon REMPI spectrum of jet-cooled MABA (a? and -'-
UV hole-burning spectra with the hole-burning laser fixed at the I (30479 cm , b) and II
(30506 cm, c) positions.
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contribute to the REMPI spectrum, and to identify the features of each conformer, we

performed the IJV-UV hole-burning experiment as explained earlier. Figure 2(b) and 2(c)

show the hole-burning spectra of the two conformers, with the burn laser set to the I
(30479 cm1) or 11(30506 cm1) position respectively. These two conformers are hereafter

denoted I and II in keeping with the label of their origin, and conformational assignment

to the structures depicted in Figure 1 will be explained in the following discussion section.

The REMPI spectra for the two conformers bear close resemblance to each other, which

indicates close similarity in structure. The hole-burning spectra exclude the existence of

other conformers over the spectral range of the REMPI spectrum, since all the significant

features in Figure 2(a) can be associated with either conformer I or II.

The vibronic transitions of the two conformers are listed in Table I. For each
conformer, there are 45 normal modes, among which, 30 are associated with the aromatic

ring, 6 are associated with the amino moiety, and 9 are associated with the carboxylic
acid moiety. The seven stretching modes involving N-H, 0-H, and C-H bonds are on the
order of 3000 cm1, and are therefore not observable in Figure 2. To assist assignment, we

have performed ab initio calculations on the CIS/6-3 1G(d) level for both conformers and

used a scaling factor of 0.9 to compare with the experimental result. Our calculation
shows irir character for the S, state, and the direction of the transition dipole moment
should be in the plane of the aromatic ring. Only in-plane or even quanta of out-of-plane

vibrational modes are thus symmetry allowed. In Table I, modes that are associated with

the motion of the aromatic ring are labeled using Varsanyi's nomenclature.2' Other
modes that mainly involve the motion of NH2 and COOH moieties are named with
letters from A to G in the order of increasing frequency. However, in some instances,
strong coupling between the ring and the substituent renders this type of assignment only

an approximation. For example, based on the displacement vector from our calculation,

mode E highly couples with mode 6a, and similarly, mode 1 and mode F (-COOH
scissoring motion) also demonstrate strong mixing. Nevertheless, in Table I, the overall

agreement between the calculation and the experiment is quite satisfactory.

Similar to PABA, MABA also demonstrate high activities of ring deformation modes

(6a, 6b, and 12) and in-plane bending modes that mainly involve motions of either the

carboxylic group or the amino group (mode A through G). Interestingly, neither the
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Figure 7.3 Displacement vectors of a) mode D at 377 cm', b) mode Eat 486 cm1, and c)
mode F at 585 cm1, of the S1 state for conformer A.
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Table 7.1. Observed vibrational frequencies and assignments for the S1 state of MABA.

conformer I conformer II .Assignment and approx. descnptionExp. Calc.* Exp. Calc.*

91 90 A, C-COOH torsion

95 96 B, y (-COOH)

174 171 171 172 C,3(-COOH)
186 183

195 B

208 222 ' NH2 inversion

344 346 354 340 6b,3(ring)
377 369 374 372 D,p(-NH2)
486 475 486 473 E ,3(-COOH), (-NH2) and 3(ring)

536 513 525 528 6a, (ring)
585 595 F;;, -COOH scissoring

704 694 699 696 1,ring breathing
830 6bE
863 872 19a,(ring)
888 881 6b6a
914 905 D 6a
959 948 960 949 12,3(ring)
971 968 E

1023 1020 1012 1008 G,I3(N-H)
1074 1052 6a

1141 1148 8a

* The values include a scaling factor of 0.9.
# J3 and y represent in-plane bending and out-of-plane bending vibrations.
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experimental nor the theoretical vibrational frequencies exhibit substantial dependence on

the molecular conformation. The distance between the two substituents must be long
enough to prevent intramolecular coupling. Consequently, the vibrational frequencies
cannot be used for conformational assignments. This insensitivity of the vibrational
frequency to the molecular conformation could also partially account for the negligence
of the two coexisting conformers in the infrared spectroscopic studies.6' 11 The weak
progression-like peaks around 180 cm' in Figure 2(a) looks intriguing at first sight, but
they actually belong to the two different conformers based on the hole-burning
experiment. The two peaks associated with conformer I are assigned as one quanta of
mode C (174 cm1) and two quanta of mode A (186 cm'). The corresponding transitions
of conformer II in Figure 2(c) constitute the first two small peaks at 171 cm1 and 183 cm
1, while the other two small peaks on the higher energy side are assigned as two quanta of
mode B (195 cm') and one quanta of mode 1(208 cni1). Given a shift of 27 cm1 of the
origin band, these six transitions appear as a progression with an average spacing of 12
cm1.

The displacement vectors for three of the in-plane modes (mode D, E, and F) with high
transition intensities for the conformer with structure A are shown in Figure 3, while
those for structure B are similar and are therefore not reproduced. All three modes
involve distortion of the phenyl ring. Mode D mainly involves in-plane bending of the
amino group. Mode E mainly involves in-plane bending of the carboxylic group and the

amino group, but it also couples to the 6a type ring deformation. Mode F can be
described as the scissoring motion of the carboxylic group. All three modes were chosen
as intermediate states in the following ZEKE experiment.

7.4.2. ZEKE spectra

The ZEKE spectra of the two conformers are presented in Figures 4 - 6, and the
spectral assignments are summarized in Tables II and III, together with our calculation

results at the B3LYP/6-3 1 G-1-(d) level. No scaling factor for the vibrational frequencies

of the cation is used in the list, and the agreement seems to be quite reasonable. Limited

by the linewidth of each resonant transition of the S1 state, unfortunately, the error in the
experimental values is 5 cm1. The same labeling scheme as that of the S1 state is used in
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the assignment of the D0 state, however, an additional "+" sign in the superscript is used
to distinguish the vibrational levels of the cation. The identity of the intermediate level

for each ZEKE spectrum is marked on the figure by a black dot. Among the ten ZEKE

spectra, each is dominated by a single strong feature, and the identify of this feature is the

same as that of the intermediate state. A propensity of Av = 0 can thus be identified; i.e.,

the vibrational quantum number v of each mode is directly transferred from the
intermediate state to the cationic state, with little vibrational relaxation or mode mixing.

This strong correlation between the intermediate level and the final vibrational level of
the cation has also been reported in our previous studies of 4-aminopyridine15, 2-
chloropyrimidine'6 and PABA17, and the origin of the rigidity of the molecular frame
upon photoionization has been discussed.

7.4.2.1. Conformer I

Figure 4 (a) shows the ZEKE spectrum recorded via the origin of conformer I. The

most intense peak in the spectrum corresponds to the origin of the cation. The resulting

adiabatic ionization potential, including a correction due to field ionization,22 is 64004 ±
5 cm1 (7.9354 ± 0.0006 eV). In contrast, the I.P. value of MABA was first determined
to be 8.41 eV in 1973 by Benoit using electron-impact mass spectrometry.'3 Another
report by Meeks, Ct al. using photoelectron spectroscopy listed a value of 8.3 eV.14 A

likely explanation for the higher values from the previous studies is the small Franck-
Condon factor at the threshold in single photon ionization or electron-impact ionization.

Other transitions in Figure 4(a) with lower intensities correspond to excitations of mode
C, 6b, and E. As will be seen in the following, these modes constitute the majority of

the active modes in most of the ZEKE spectra.

The other three ZEKE spectra in Figure 4 (the top three panels) are associated with the

in-plane bending modes 6b, E and 6a. These spectra demonstrate remarkable
resemblance to each other and to Figure 4(a), including combinations with modes C, 6b,

and E. In the ZEKE spectrum taken via mode 6b, the activation of other fundamental

modes is also observable, including modes C and I 6a (not labeled in the figure to avoid

congestion). Ionization via mode E activates the ring deformation mode 6a (Figure 4(c)).

It is interesting to notice that in Figure 4(d), the reverse is also true, i. e., ionization via
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Figure 7.4 Two-color ZEKE spectra of conformer I recorded via the following
vibrational levels of the Si state as intermediate states: (a) 00, (b) 6b1, (c) E', and (d) 6a'.
The energy in the abscissa is relative to the ionization threshold at 64004 cm'. The
assignment in the figure refers to the vibrational levels of the cation, and the
corresponding vibrational level of the intermediate state is labeled by a black dot on each
spectrum.
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Figure 7.5 Two-color ZEKE spectra of conformer I recorded via the following
vibrational levels of the S1 state as intermediate states: (a) D', (b) F1, and (c) 121. The
energy in the abscissa is relative to the ionization threshold at 64004 cm. The
assignment in the figure refers to the vibrational levels of the cation, and the
corresponding vibrational level of the intermediate state is labeled by a black dot on each
spectrum.
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Table 7.2. Observed vibrational frequencies and assignments in the ZEKE spectra of
MABA (conformer I).

Intermediate level in the S1 state
n0 a1 1 '1 ( 1 j'l i,1

o ua0 '0 o Caic. Assignment
115 112 A2
143 149 H4-

182 183 183 C4-

290 B2
349 349 359 6b

368 C4-2
388 387

407 387 16a4-

434 B3
477 472 4

492 491 497
522 521 A4-216a4-

526 C4-6b
544 542 544 6a

583 B4
608 605 A2E4-

615 615 633 F4-

650 647 16b
669 CE

696 6b2
716 728 14-

726 C4-6a
736 6b4-D4-

753 767 17b
780 D2

845 840 6bE4-
851

892 6b6a
966 6b4-F4-

982
982 994 12

1033 E4-6a4-
1039 1043 a4-

1332 6b4-12
1527 6a4-12
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Figure 7.6 Two-color ZEKE spectra of conformer II recorded via the following
vibrational levels of the S1 state as intermediate states: (a) 0,

(b) E1, and (c) 6a1. The
energy in the abscissa is relative to the ionization threshold at 64011 cm'. The
assignment in the figure refers to the vibrational levels of the cation, and the
corresponding vibrational level of the intermediate state is labeled by a black dot on each
spectrum.
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Table 7.3. Observed vibrational frequencies and assignments in the ZEKE spectra of
MABA (conformer II).

Intermediate level in the S1 state
0 1E0 16a0

Assignment
Caic.

108 122
181 182
355 351 6b
466 463 470 4+
485 490 489 498

518 A216a
535 533 550 6a

593 A2E
634 625
672 CE
712 6b2

716 715 C6a
752 752 767 17b

845 6bE
892 6b6a



138

mode 6a results in the activation of modeE. This observation implies coupling between
the two modes.

The ZEKE spectra in Figure 5 demonstrate variations from the consistent pattern
shown in Figure 4. All three spectra display a combination band with mode 6b, while
the other two bands in Figure 4(a), C and E, are missing, perhaps due to our limited
sensitivity. In Figure 5(a), a progression of the out-of-plane bending mode B of the
carboxylic group is observable, with up to four vibrational quanta. In Figure 5(b), the
two relatively strong features at 650 cm1 and 851 cm are tentatively assigned as 1 6b
and C2E. In Figure 5(c), the peak at 1039 cm1 with a medium intensity is tentatively
assigned as the N-H in-plane bending mode G, in reference to our ab initio result of
1043 cm1.

7.4.2.2. Conformer II

Figure 6 (a) shows the ZEKE spectrum of MABA recorded via the origin of the S1

state of conformer II, and the most intense peak in the spectrum corresponds to the origin

of the cation. The resulting adiabatic ionization potential, including a correction due to
field ionization, is 64011 ± 5 cm (7.93 63 ± 0.0006 eV). This value is within the error
limit of conformer I.

The spectra in Figure 6 are sparse, and in all cases, only combinations with mode 6b

can be clearly identified. Compared with the ZEKE spectra of conformer I in Figure 4(a),

modes C and E are even weaker for conformer II. Apparently rotation of the COOH
group by 180° can change its activity, both for the in-plane bending mode C and the
coupled bending mode E.

7.5. Discussion

To assign the structures of the two conformers, we performed DFT calculations on the
B3LYP level for the S and D0 states, and ab initio calculations at the CIS level for the S1

state. The two lowest energy conformations in the ground state are shown in Figure 1,

and the key geometrical parameters are listed in Table 4. These two conformations differ

by a 180° rotation of the carboxylic group, and the resulting differences in the geometric

parameters are minor. Structure B is only slightly more stable than structure A, by 0.20
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kcallmol, including corrections due to zero-point energies. The transition energy to Si,
on the other hand, is 4.9014 eV for structure A and 4.9321 eV for structure B. A blue
shift of 0.03 eV (240 cm1) is therefore expected in the REMPI spectrum of structure B.

We thus assign conformer II to be of structure B, and conformer I to be of structure A.

Although the energy difference from our calculation is larger than the experimental value,

we believe that the theory should be qualitatively reliable in predicting the trend in
transition energies. Our calculation also yields ionization potentials of 62749 cm1 and
62760 cm4 for structures A and B. Limited by the uncertainty of the experimental values

and the uncertainty of these calculations, however, we cannot use this information to
assist with the assignment. Nevertheless, there is no conflict between theory and
experiment with respect to the values of I.P. for the two conformers. As stated in Section

llI.A, the values of vibrational frequencies, unfortunately, cannot be used in this
assignment due to their insensitivity to molecular conformation.

Photoexcitation to the Si state induces changes in the substituents, the aromatic ring,

and the bonding between the ring and the substituents. In Table 4, our DFT calculation

shows nonplanar geometries for both conformers in their ground state, with the amino
group poking out of the plane of the ring at similar angles of -20°. This result agrees
with the study using X-ray crystallography.9 For the S1 and D0 states, interestingly, both
conformers are found to be planar. Our CIS calculation also implies irir characters for
the S1 state of both conformers. During the Si - So transition, the bond lengths for Cl -

N7 and C3-C8 decrease, which indicates participation of both polar groups in the
conjugation with the aromatic ring. The resulting chemical bonds between the adjacent

moieties take on partial double-bond characters. In addition, photoexcitation induces a

slight distortion of the aromatic ring. Elongation of the ring along the C2-05 axis can be

observed, resulting in separation between the positive half and the negative half of the

ring. These changes are responsible for the activation of the ring deformation modes 6a,

6b and 12, and the in-plane bending modes A through G for both conformers.

Back donation from an electron rich substituent to the ring upon excitation has been a

common theme among our studies of polar substituted aromatic systems.'517 In mono-

substituted systems, the bond length between the substituent and the ring demonstrates

dramatic shortening.15"6 In the bi-substituted system PABA,'7 the Mulliken charge23 on



Table 7.4. Molecular geometry parameters of MABA in the So, Si, and D0 states.

Bond length (A)
Cl -N7

Cl -C2

C2-C3
C3-C4
C4-05
C5-C6
C6-C1

C3-C8

CO
C-O(H)
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S0 S1 D0

conformer I conformer II conformer I conformer II conformer I conformer II

1.395 1.395 1.339 1.338 1.335 1.335
1.400 1.399 1.409 1.409 1.434 1.432
1.397 1.396 1.405 1.407 1.374 1.375
1.399 1.399 1.435 1.430 1.415 1.414
1.391 1.392 1.394 1.397 1.410 1.413
1.392 1.391 1.389 1.389 1.372 1.371
1.404 1.405 1.437 1.436 1.433 1.434
1.487 1.487 1.440 1.441 1.505 1.508
1.209 1.210 1.207 1.206 1.201 1.201
1.360 1.358 1.347 1.346 1.341 1.339

dihedral angle (°)
H1N7C1C6 24.526 24.826 0 0 0 0
H2N7C1C2 -23.198 -22.426 0 0 0 0
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Table 7.5. Mulliken charge distributions of MABA in the S0, S, andD0 states.

S0 S1 D0

conformer I conformer II conformer I conformer II conformer I conformer II
-N}12 +0.104 +0.104 -0.185 -0.184 +0.372 +0.375
-COOH -0.117 -0.101 -0.042 -0.042 +0.084 +0.107
Benzene ring +0.012 0 +0.228 +0.225 +0.545 +0.5 16
Cl -0.560 -0.534 +0.370 +0.370 -0.373 -0.391
C3 +0.467 +0.469 -0.119 -0.118 +0.470 +0.470
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the amino group becomes negative upon excitation to S, while the charge on the
carboxylic group becomes positive. We attribute this result to ineffective charge transfer

from the amino group to the ring, since in the S1 state, the amino group is not only out of

the plane of the ring, but also twisted around the C-N single bond. As a result, only the

planar carboxylic group is available for effective electron back donation. In MABA, the

situation is different, since the amino group becomes planar in Si, pennitting facile
electron transfer. However, the Mulliken charge distribution in Table 5 is qualitatively
similar to that in PABA, i.e., only the carboxylic group participates in electron back
donation, while the amino group seems to be electron withdrawing. This apparent
reversal of the role of the two substituents in the electron push-pull scenario of the S1

state is intriguing. Based on the change in the bond lengths of C1-N7 and C3-08, we
tentatively propose that the lone pair electrons on the amino group indeed become more

conjugated with the ring upon excitation, and that there is effective electron back
donation in the Si state. However, the ir orbital may contain an important contribution

from the atomic orbitals of the amino nitrogen. The resulting cloud therefore
preferentially locates at the amino group, resulting in a large net negative charge on the

amino group. Some tangible evidence can be seen from the related orbitals obtained
from our CIS calculation.

The D0 Si ionization process involves the removal of the electron. The resulting

major change is the increase of the bond length C3-C8, while the bond length for C1-N7

is essentially unchanged (Table 4). This result implies that there is no change in the
degree of electron back donation from the amino group to the ring upon ionization.
According to our Mulliken population analysis, the atomic charge on the amino group of

conformer I is changed from -0.185 in the Si state to +0.372 in the D0 state, and the
change is similar for conformer II (Table 5). Overall, more than 50% of the electron loss
upon ionization is from the amino group. This observation further supports our proposal

of a high probability of the ir orbital around the amino group. Effective back donation

from the amino group greatly alleviates the electron-deficiency of the ring in the D0 state,

and the resulting positive charge on the ring is only slightly more than +0.5. As a result,

the rigidity of the ring structure remains, even during ionization. The normal coordinates
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are largely unchanged, and similar to the case of PABA,17 a strong propensity for Lv = 0
should therefore be obeyed, as evidenced in the ZEKE spectra in Figures 4 - 6.

It is interesting to compare the change in the molecular frame of MABA and PABA
upon electronic excitation and ionization. In PABA,'7 the C-N bond length becomes
progressively shorter with successive excitation, while in MABA, the C-N bond length
essentially reaches its lower limit in the S1 state, and further ionization has no effect. An

interpretation of this difference is that the twist of the amino group in the Si state of
PABA did not allow effective electron back donation from the amino group to the ring.
Only after ionization when the amino group becomes planar can the electron back
donation effect achieves its maximum potential. In MABA, the amino group is planar in
both the Si and D0 states, and electron back donation reaches its maximum potential in
the S1 state. The change in the C-C(OOH) bond length is similar for MABA and PABA:
it first decreases in the S1 state and then increases to a maximum value in the D0 state.

Conjugation between the carboxylic group and the ring is thus removed upon ionization.
In PABA, the electron donating role of the carboxylic group is still sizable in the D0 state,
with a positive charge of +0.307. In MABA, however, the carboxylic group is essentially
oblivious to the electron deficiency of the ring, while a significant fraction of the positive

charge is located on the amino group.

The distance between the two substituents plays an important role with respect to the
stability of the molecular structure. In our work on PABA,17 we observed a doublet
splitting in the ZEKE spectrum obtained via the amino inversion mode. Since the
cationic state was shown to be planar from our DFT calculation, the origin of the splitting

was puzzling. We tentatively considered the (remote) coupling of the amino group with
the carboxylic group. In MAPA, the intramolecular interaction between the two
substituents becomes sufficiently strong to manifest as two different conformers in the
ground state. Limited by the low transition intensity of the inversion mode in the
REMPI spectrum (Figure 2), we were unable to record the ZEKE spectrum via this mode.

However, we suspect that the favorable interaction between the two substituents in the

planar geometry will only increase the barrier for internal rotation, and no tunneling
splitting between the two conformers should therefore be observed. In fact, as evidenced

by the hole-burning experiment in Figure 2, even in the non-planar ground state, which is
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unfavorable for the formation of a loose internal hydrogen bond, the barrier for internal
rotation is sufficiently high to prevent interconversion between the two conformers.

7.6. Conclusion

Spectroscopic properties of the excited and ionic states of both conformers of MABA

have been studied using two-color REMPI and ZEKE spectroscopy. Several in-plane and

out-of-plane vibrational modes and combination bands in both states have been identified.

Ab initio and DFT calculations are found to be largely consistent with the experimental

observation, and the resulting transition energies to the S1 state are used to assign the
structures of the two observed conformers. The adiabatic ionization energy in the gas

phase is determined to be 64004 ± 5 cm (7.9354 ± 0.0006 eV) and 64011 ± 5 cm
(7.9363 ± 0.0006 cv) for conformer I and II. The similarity in geometry between the S
state and the D0 state in both conformers results in a strong propensity during ionization;

i.e., the ZEKE spectrum obtained via a vibrational level of the Si state features a
dominant transition to the same vibrational level of the cation. The origin of this rigidity

can be traced to electron back donation of the amino group in both the Si and D0 states.

The carboxylic group mainly participate in the back donation of the Si state, while its
contribution in the D0 state is minimal. This behavior is different from that of PABA
where the carboxylic group plays an important role in both S and D0. The distance
between the two substituents affects not only the structure and stability of the molecular

frame but also the tendency of electron back donation upon electronic excitation and
ionization.
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8. Cation vibrational energy levels of 1,3-benzodioxole obtained via zero

kinetic energy photoelectron spectroscopy

8.1. Abstract

We report vibrational analysis of the cation of l,3-benzodioxole using two-color zero

kinetic energy photoelectron spectroscopy. With the aid of density functional calculations,

vibrational modes of the cation have been assigned, and the adiabatic ionization potential

has been determined to be 64341 ± 5 cm (7.9772 ± 0.0006 eV). Unlike the ground state

and the first electronically excited state of the neutral molecule, the ground state of the

cation is proven to be planar. This revelation will help with the vibrational analysis of
the excited electronic state.
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8.2. Introduction

1 ,3-benzodioxole (BDO) is an indan-like benzene-fused ring molecule as shown in
Figure 1. The five-membered ring contains a double bond, which makes it a pseudo four-
membered system, since the double bond is believed to be highly resistant to twisting.

Both the puckering (mode 39, P) and the flapping (mode 38, F) modes of the five-
membered ring are low in frequency, and consequently, BDO has long served as a model
system for the study of potential energy surfaces of low frequency vibrations [1 ]-[5].

Coupling between the two low frequency modes has challenged the spectroscopic
assignment of the vibrational quantum states [6].

The geometry of the ground electronic state (So) of BDO is now generally accepted to
be puckered with a potential barrier of no more than 200 cm1. However, the first study
by Duckett, et al. based on far infrared spectroscopy in the region between 50 and 500
cm concluded on a planar geometry [7]. Later, Caminati, et al. concluded on a double-
minimum potential with a 126 cm' barrier based on the observed zigzag behavior of the

rotational constants upon vibrational excitation [1]. The height of the barrier was revised
more recently by Sakurai, et al. to 164 cm1, with the puckering and flapping angles of
24° and 3° at the energy minima [2].

The first excited state (Si) of BDO remains a challenge as of today. It was first
studied by Alves, et al. from gas-phase electronic absorption spectroscopy [8]. However,

no definitive conclusion on the molecular planarity was made. Based on the assignment

of the puckering mode, Hassan and Hollas concluded that the molecular skeleton was
planar with respect to CH2 puckering [9]. Laane, et al. attempted a complete assignment
of the vibrational energy levels in the S1 state by combining the observations from
absorption and laser induced fluorescence experiments [3]. The authors derived a two-
dimensional potential energy surface by including both the puckering and the flapping
coordinates. A higher barrier of 264 cm than that of the So state was obtained, implying

an increased anomeric effect in the S state. Pietraperzia, et al. [10], on the other hand,

obtained rotational resolutions of a few vibrational levels of the Si state, and some of
their results seem to contradict the original assignment of Laane et al. [3]

So far studies on the cationic state (Do) of BDO have been rare. To our knowledge,
the only published work on BDO is the photoelectron spectroscopy by Anderson, et
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Figure 8.1. Structure of BDO.
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al. [11] In this letter, we use two-color two-photon resonantly enhanced multiphoton
ionization (REMPI) and two-color zero kinetic energy (ZEKE) photoelectron
spectroscopy to investigate the vibrational levels of the ground cationic state. Although

we make no formal attempt to resolve the issue with the vibrational energy levels of the

Si state, as will become clear from our results, we provide evidence that the cationic state

is planar. Assignment of the vibrational levels of the cation is therefore independent of
the identity of the intermediate level. Moreover, from the ZEKE spectra obtained via
different vibrational levels of the S1 state, we can derive some inspiration with regard to
the assignment of the REMPI spectrum.

8.3. Experimental Setup

The experimental apparatus is a standard molecular beam machine with a time of
flight mass spectrometer (TOF-MS) [12]. The sample was purchased from Aldrich Co.

and the vapor was seeded in argon for supersonic cooling. The REMPI spectra were

recorded under two different beam conditions. The 'cold' spectrum was recorded under

hard expansion conditions with a stagnation pressure of 2.5 atm and a skimmer for
differential pumping. The 'hot' spectrum was recorded under soft expansion conditions,

where the backing pressure was lowered to 0.5 atm, the skimmer was removed, and the

nozzle was pushed closer to the detection region. The pump laser was a Nd:YAG
(Spectra Physics, GCR 230) pumped dye laser (Laser Analytical Systems, LDL 2051)

system equipped with a frequency doubling unit, so was the ionization laser (Laser
Analytical Systems, LDL 20505, pumped by Spectra Physics, GCR 190). The absolute
wavelength of each laser was calibrated using an iron hollow-cathode lamp filled with
neon. The relative timing between the two laser pulses was controlled by a delay
generator (Stanford Research, DG535), and the optimal REMPI signal was obtained
under temporal overlap between the two lasers. In the IJV-LTV hole burning experiment,

a one-color two-photon REMPI spectrum was first recorded by scanning the pump laser

across the vibronic levels of the S1 state, then a second (hole-burning) UV laser was
introduced with a time advance of 100 ns. A hole-burning spectrum was recorded by
fixing the second laser on one of the vibronic bands while monitoring the depletion of the

ion signal as the pump laser scanned across the REMPI spectrum. In the ZEKE
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experiment, molecules excited to ZEKE states were allowed to stay for -.1 p.s in the
presence of a spoiling field of 1 V/cm, and ionization and extraction was achieved by a
pulsed electric field of 16 V/cm.

In order to assign the observed vibronic structures in the ZEKE spectra, we used the

Gaussian 03 suite to perform a series of calculations [13]. For the ground state of the
neutral and the cation, density functional theory (DFT) calculations using the Becke-Lee-

Yang-Parr functional (B3LYP) were carried out with the 6-311 G-l-+(d,p) basis set.

8.4. Results

8.4.1. Two-color 1+1' REMPI spectrum

Our two-color 1 + 1' REMPI spectra of BDO near the origin of the Si So electronic

transition are similar to the fluorescence excitation spectrum reported by Laane, et al. [3],

and we are currently working on a complete assigmnent of the REMPI spectrum in
collaboration with Laane's group. Figure 2 shows the low energy region of the REMPI

spectra recorded under different experimental conditions. The 'cold' spectrum (trace a)

has an intense peak at 34796 cm1, and it is assigned to the band origin of the Si state.
The full width at half maximum (FWHM) of the observed transition is 1.7 cm1, and our
estimated uncertainty is ± 1 cni1. Based on the work of Laane, et al. [3], the low energy

region of the spectrum is dominated by the flapping and puckering modes, so the other
two intense transitions at 102 and 204 cm1 are most likely related to these two modes.

As will become clear in the following, the identity of these intermediate states is not
crucial to the assignment of the vibrational levels of the cationic state. On the contrary,
the assignment of the ZEKE spectra will help to clarify the situation of the S1 state.

Trace b was recorded under soft expansion conditions. The higher temperature of the

molecular beam results in broadening of all the transitions, and the profile of each
transition clearly shows two rotational branches [10]. Tn addition, three new features
denoted with '' at 54, 93 and 180 cm1 are observable, and these bands are therefore hot

bands. In order to resolve the origins of these hot bands, we performed a UV-UV hole-

burning experiment, and trace c shows the hole-burning spectrum with the hole-burning

laser set at 93 cm. The two bands at 93 and 180 cm1 clearly demonstrate that they are
from the same vibrational level of the ground state, a conclusion that will be further
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Figure 8.2 Two-color two-photon REMPI spectra of jet-cooled BDO. The spectra were
recorded under hard (a) and soft (b) expansion conditions (see text for details). Trace c
shows the UV-UV hole-burning spectrum with the hole-burning laser fixed at 93 cm1.
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corroborated in the following ZEKE experiment. Limited by the low intensity of the
band at 54 cm1, trace c cannot definitively confirm the absence of this band. However,

as will become clear in the following ZEKE experiment, this band does indeed originate

from a different vibrational level from that of the other two hot bands. Overall, the hole-

burning experiment alludes to three different vibrational levels of the ground electronic
state for the six observed features of trace b.

8.4.2. ZEKE spectra

Using all the features observed in trace b of Figure 2 for resonant excitation, the pulsed

field ionization ZEKE spectra are shown in Figure 3. Table 1 summarizes the assignment

of the observed vibrational levels of the cation, including our calculation on the
B3LYPI6-3 11 G++(d,p) level. No scaling factor for the vibrational frequencies of the

cation in the calculation is used. Limited by the linewidth of each resonant transition (all

spectra were recorded under soft expansion conditions), the uncertainty in the
experimental values is 5 cm1.

Trace a in Figure 3 shows the ZEKE spectrum recorded via the origin band of the Si

state. The most intense peak in the spectrum corresponds to the origin of the cationic
state. The resulting adiabatic ionization energy, including a correction due to field
ionization [14], is 64341 ± 5 cm (7.9772 ± 0.0006 eV). This value is lower than 8.21 eV

determined from vertical ionization [11]. In Figure 3, the abscissa shows the excess total

photon energy above our adiabatic ionization energy. Other weaker bands in the spectrum

are predominantly associated with the ring puckering and flapping modes. Based on the

calculation result listed in Table 1, assignment of these bands is straight forward, and
small negative anharmonicities are observable for both modes.

Traces b and c in Figure 3 display the ZEKE spectra recorded via the transition at 102

cm1 and 204 cm of Figure 2. The lowest energy bands in both traces coincide with the

strongest band in trace a, confirming that these bands are not hot bands. Other than the

active participation of the puckering mode, trace b is similar to trace a in that both are

dominated by an intense origin band. However, trace c features a dominate transition to

the v = 2 level of the puckering mode, and it also contains extensive vibrational
progressions of both the puckering and flapping modes.



I
C

154

-100
(f)

FP 12P

I I I I I I ' I

-10 F2P FP F
I I I I I I I

(d)
P3

P2 FP / 14P F3P
-

I I I ' I ' I I I

I I I I I I I

F2P2±__ (b)

P2 FP_ _ -
I I I I I I I

-

I I I I I

-200 0 200 400 600 800 1000 1200 1400

Ion Internal Energy (cm')

Figure 8.3 Two-color ZEKE spectra of BDO recorded via the following vibronic

transitions of Figure 2: (a) 0, (b) 102, (c) 204, (d) 93, (e) 180, and (f) 54 cm1. The energy

in the abscissa is relative to the ionization threshold at 64341 cm1. The labels "P" and

"F" refer to the puckering and flapping modes, respectively.
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Table 8.1. Observed vibrational frequencies and assignments in the ZEKE spectra of

Intermediate level in the S, state (cm') . *

Assignment
0 54 93 102 180 204 calc.
165 171 172 167 168 175 P1

238 214 20'
258 267 267 264 259 276 F1

340 343 340 337 341 P2

433 439 442 439 433 425 F1P'
511 510 512 P3

527 F2

542 541 141

600 608 F1P2

688 P4

697 698 F2P'
716 14'P'

737 743 744 752 13'
777 F1P3

789 789 787 F3

801 14'F1

814 816 806 12'
864 865 871 867 F2P2

888 14'P2

956 951 F1P4

962 967 F3P'
987 992 12'P1

1047 1041 F2P3

1064 1058 F4

1089 1084 142or121F1
1131 F'P5orF3P2

1167 l2'P2

*
"P" and "F" refer to the puckering and flapping modes, respectively.
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Table 8.2. Molecular geometry parameters of BDO in the ground state of the neutral
molecule (So) and the cation (Do).

So D0

Bond length (A)

O1-C2 (03-C2) 1.432 1.438
O1-C9(03-C4) 1.376 1.331

dihedral angle (°)
C20103C4 160 180
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Traces d and e in Figure 3 show the ZEKE spectra recorded via the hot bands at 93 and
180 cm1 in the REMPI spectrum of Figure 2, trace b. In both traces d and e of Figure 3,
the first weak peak is red shifted from the origin band of trace a by 10 cm1. This result
provides further evidence that the origin of these two transitions at 93 and 180 cm1 in the

REMPI spectrum of Figure 2 is the same, and that these features are related to the higher

energy component of the tunneling doublet of the ground state neutral molecule.
Moreover, the amount of shift is consistent with the report on the doublet splitting of 9.6
cm' in the S0 state [2]. In Table 2, the listed transition energies have included this
additional internal energy of the initial state. The strongest transition in trace d is at 171
cm1, and in reference to our calculated value of 175 cm1 for the puckering mode, our
assignment is unambiguous. The two strong transitions in trace e are assigned to the
puckering mode and the flapping mode.

Trace f of Figure 3 shows the ZEKE spectrum recorded via the weak hot band at 54
cm1 in Figure 2. The spectrum is dominated by an intense peak red shifted from the
origin band of trace a by 100 cm', indicating that the origin of this transition at 54 cm1

in Figure 2 is most likely the third lowest vibrational level of the So state. This level has
been reported to be 99 cm1 above the ground vibrational level [3], corresponding to the

second overtone of the puckering mode. Other features in the ZEKE spectrum are

assigned as combinations of the puckering and flapping modes.

8.5. Discussion

Based on our DFT calculations at the B3LYP level, the D0 state is planar, while the S0

[2] and the Si states are known to be puckered [3]. Both our REMPI and ZEKE spectra
are consistent with this basic conclusion. The vibrational energy levels of the cation
reported in Table 1 for both the puckering and the flapping modes are essentially
harmonic, and there is no sign of tunneling splitting. In contrast, the hot bands in the
REMPI spectrum associated with an energy level 10 cm' above the ground vibrational

level are a clear indication of a puckered geometry in the ground state. The -CH2- moiety

is displaced out of the aromatic plane, and as a result, there exists a potential barrier
between the two equivalent geometries. The puckering mode of the S state is therefore

characterized by tunneling splittings and a strong anharmonicity [2]. This lack of
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planarity has been ascribed to the anomeric effect by Laane, et al. [2] [3], and the origin
of this effect is suggested to be the interaction between a non-bonded oxygen p orbital
and the empty *(CO) orbital on the opposite oxygen atom.

The anomeric effect changes upon electronic excitation and ionization. In the S1 state,

Laane, et al. observed an increased tunneling barrier due to a decreased interaction
between the benzene it system and the oxygen atoms in the Si state [3]. The anomeric

effect is therefore enhanced, leading to a more puckered geometry. In our calculation of
the D0 state, the bond lengths for both Ol-C9 and 03-C4 are actually decreased
compared with those in the So state, as listed in Table 2. The interaction between the

benzene it system and the oxygen atoms is therefore enhanced. We thus conclude that the

planar geometry of the cationic BDO results from the weakened anomeric effect in the D0

state.

The planar geometry of the D0 state greatly simplifies the vibrational assignment of the

ZEKE spectra, as evidenced from Table 1. On the other hand, assignment of the ZEKE

spectra provides hints to the assignment of the REMPI spectrum and the vibrational
levels of the S1 state. For example, traces a, b, and c all have the same origin band,
indicating that the associated transitions in the REMPI spectrum should have the same

origin in the So state. In contrast, the onset of the ZEKE spectra for traces d and e is red

shifted by 10 cm4, and the associated transitions at 93 and 180 cm_i should therefore be

hot bands. In our previous reports on substituted aromatic systems [12], we observed a

propensity of maintaining a one-to-one correlation between the identity of the
intermediate vibrational level in the S1 state and that of the D0 state. In BDO, however,
this propensity no longer exists since the geometry of the molecular frame changes from

puckered to planar upon ionization. However, some trends in the ZEKE spectra can still

be deduced. For example, the ZEKE spectrum obtained via the origin band of the S1 state

shows relatively high activity of the flapping mode and negligible activity of the
puckering mode. However, the ZEKE spectrum via the transition at 93 cm' displays a

clear progression of the puckering mode. We believe that this is an indication that the

intermediate state is related to the puckering mode. On the other hand, the ZEKE
spectrum via the transition at 180 cm4 shows high activity of both the puckering and the

flapping mode, providing evidence that the intermediate state is a combination of these
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two modes. This type of exercise will be helpful in solving the assignment problem of the

S1 state.
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9. Structure of gas phase radical cation of 1,3,6,8-

tetraazatricyclo[4.4.1.13'81 dodecane determined from zero kinetic

energy photoelectron spectroscopy

ABSTRACT We report gas phase vibrational spectroscopy of the ground state cation of
1,3,6,8- tefraazatricyclo[4.4. 1.1 3'8]dodecane (TTD) using two-color two-photon zero

kinetic energy photoelectron spectroscopy. From the distribution of active vibrational
modes and comparisons between the experiment and theoretical simulation, we offer
proof that the cationic state and the first electronically excited state have the same D2d
symmetry.
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The present study concerns l,3,6,8-tetraazatricyclo{4.4. 1.13'8]dodecane (TTD), which is

designated [14.22]adz in the "cage adamanzane" nomenclature system introduced by
Springborg and coworkers' for tricyclic tetraamines having saturated bridging carbon
chains. Current interests in cage adamanzanes center upon their importance in
biochemistry and coordination chemistry.29 From a fundamental point of view, the
basicity and strain energy of these compounds are particularly interesting. 10-13 TTD was
prepared by Bichoff in 1898,14 but its structure was presumed to contain 1,3-

diazacyclopentane units until this structure was proven incorrect by a low temperature
proton NMR study.'5 The X-ray structure of TTD verified the structure as shown, and
the symmetry of the ground state was believed to be D2d.16 TTD is one of the very few

saturated amines that gives a radical cation persistent enough to show a reversible cyclic
voltammogram.'7 Recent gas phase studies based on fluorescence excitation and
dispersed emission spectroscopy under supersonic jet expansion conditions concluded

that TTD is twisted at its NCCN bonds, so it has static S4 symmetry, but dynamic D2d
symmetry, and the tunneling barrier is only about 0.3 kcallmol between NCCN twists of
opposite sign.18 The same study also showed that the first excited electronic state (S,, the

3s Rydberg state) should be of D2d symmetry.

I I I
N"'

N -N
NN \,,

I,,, - Is,, -

lTD D2d S4

Our interest in lTD stems from the discussion on the symmetry of the radical cation
since the 1 970s, particularly regarding the effect of solvent. Nelsen and Buschek first
recorded the electron spin resonance spectrum of TTD in the condensed phase.19 Later,
based on semiempirical quantum mechanical calculations, Nelsen, et al. proposed

unequal NCH2CH2N distances caused by a three-electron -bond,2° similar to the type

demonstrated by Alder in some bicyclic diamine radical cations.2' With more advanced

technology including Electron-Nuclear DOuble Resonance (ENDOR) spectroscopy and a

variety of deuterated compounds, the most recent work by Zwier, et al. concluded that
there was a single energy minimum with D2d symmetry.22
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So far all the reports on the symmetry of TTD were based on indirect evidence:'8' 22
the gas phase experiment relied on the similarity between a low Rydberg state (3s) and
the ground cationic state,'8 while the ENDOR experiment was performed in the solution
phase.22 The issue of solvent effects on the symmetry of TTD has not been fully
investigated. Moreover, the limited time resolution of the ENDOR experiment can only
provide a time-averaged "effective" symmetry. In this work, we report gas phase studies
of TTD using two-color two-photon zero kinetic energy (ZEKE) photoelectron
spectroscopy.23 From the distribution of active vibrational modes and comparisons
between the experiment and theoretical simulation, we offer further proof that the D0

state and the S, state do have the same D2d symmetry.

The experimental apparatus is a standard molecular beam machine with a time of flight
mass spectrometer and a pulsed valve heated to ,'1000C.24 The sample was synthesized in

Madison, Wisconsin, using the literature method.'4 Two counter propagating laser beams

were used: one for resonant excitation to the different vibrational levels of the Si state,
and the other for further ionization. By fixing the

ionization laser at 328 nm and scanning the resonant laser, we recorded a two-color 1 + 1'
resonantly enhanced multiphoton ionization spectrum. Our result is in excellent
agreement with that of Zwier, et al.,'8 and the spectrum is provided as part of the
supplementary material for reference. By fixing the resonant laser at one of the
vibrational levels of the S1 state, scanning the ionization laser, and detecting only the
ZEKE electrons, vibrational spectroscopy of the cation was obtained.

Figure 1 shows the ZEKE spectra of TTD taken via the origin band and eight different
levels of mode 20 of the S1 state. This mode corresponds to rotation of the NR3 units in
opposite directions about the NCH2CH2N axes, and its symmetry species is a in the S4
point group and a2 in both the D2d and C2 point groups.25 The most remarkable feature of
Figure 1 is the dominance of a single transition, and this phenomenon has been
documented as a propensity of zv 26 while Av is the change in the vibrational
quantum number between the S, and D0 states. The features marked by arrows
correspond to transitions with Av = 2, and the rest of the weak features correspond to
other vibrational modes of the cation, and they are not addressed in this letter. Trace a
taken via the origin of the electronic transition results in an adiabatic ionization energy of
56343 ± 3 cm1 (6.9856 ± 0.0004 eV), including a correction due to the detection field.23
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This value is lower than 7.39 eV determined from vertical ionization.19 Traces b i

provide the energies for the different vibrational levels of mode 20, and the results are
listed in Table 1.

To decipher the symmetry of the D0 state from Figure 1, we attempted to reproduce the

experimental observation from a series of calculations. With the Gaussian 03 suite,27 the

Si state was calculated at the CIS level using the 6-31G basis set. The D0 state was
calculated using the density functional theory (DFT) with the Becke 3LYP functional and

the 6-3 1+G(d) basis set. Similar to the reports by Zwier, et al.22 and Nelsen, et al.20, our

geometry optimization for the radical cation of TTD resulted in two stable structures
belonging to D2d and C2, with the D2d structure more stable by 18.7 kcal/mole. Using

the vibrational frequencies and the displacement vectors thus obtained, we then
calculated the Franck-Condon (FC) factors from the Si to the D0 state,25 and the results

are displayed in Figure 2. The dark grey columns represent intensities obtained by
assuming D2d symmetry for the D0 state, and the light grey columns represent those from

C2 symmetry. It is important to note that although the displacement vectors for the Si
and the D0 states were obtained from different calculations, the displacement vectors for

the D2d and C2 structures were obtained using the same method with the same basis set.

Moreover, calculations based on results using different basis sets yielded the same
distribution of FC factors. The comparison in Figure 2 should therefore be of
considerable credence.
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Figure 9.1. ZEKE spectra of TTD taken via the v = 0 8 levels of mode 20 (a - 1) of
the S1 state. The arrows indicate transitions with Av = 2. The abscissa is in reference to
the adiabatic ionization energy at 56343 cm'.
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Table 9.1. Observed vibrational levels of mode 20 of TTD (cm').

v 0 1 2 3 4 5 6 7 8

0 57 123 191 266 344 428 513 590

AE 57 66 68 75 78 84 85 77
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by assuming D2d (or C2) symmetry for the D0 state.
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From Figure 2, the vibrational distribution obtained based on the D2d symmetry is a far
better representation of that in Figure 1, and the symmetry of the D0 state is thus better
described to be D2d than C2. Although for transitions from the low vibrational levels of
the S1 state, the difference between the two symmetry groups is not obvious, transitions
from higher levels are remarkably sensitive to the symmetry assumption of the D0 state.

This result is reasonable since the larger the amplitude of vibration, the broader the space
explored by the molecular frame.

The strong propensity of Av = 0 demonstrated from both the experiment and the
calculation is a natural result of similarity between the Si and the D0 states. The normal

modes of the two states have essentially the same displacement vectors, and the
vibrational wavefunctions of the two states are almost identical. This result also provides

evidence for the assumption that the S1 state is representative of the D0 state,18 even
though it is the lowest member of the Rydberg series.

The anharmonicity demonstrated in Table 1 is interesting. The energy gap between
adjacent vibrational levels increases with the vibrational quantum number. This result is

also consistent with the D2d symmetry of the cation. Since the ground state of the neutral
molecule is considered to tunnel between two equivalent S4 structures, it is therefore
natural that the diminished tunneling barrier would result in a flat and wide bottom for
the S1 and the D0 states. The potential surface of mode 20 thus resembles more to a
square well than to a parabola, leading to an increased energy gap for higher vibrational
levels.

In summary, from the vibrational spectroscopy of the cation in the gas phase, we offer
direct evidence for the D2d symmetry of the ground cationic state of TTD. The previous

assumptions regarding the Rydberg nature of the Si state and the negligible effect of the
solvent on the geometry of the cation are validated.
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10. A theoretical and experimental study of water complexes ofm-

aminobenzoic acid MABA(H20)11 (ii = 1 and 2)

10.1. ABSTRACT

We report studies of supersonically cooled water complexes of m-aminobenzoic acid
MABA(H2O) (n = I and 2) using two-color resonantly enhanced multiphoton ionization

(REMPI) and UV-UV hole-burning spectroscopy. Density functional theory calculations

are also carried out to identify structural minima of water complexes in the ground state.

For the most stable isomers of both complexes, water molecules are found to bind to the
pocket of the carboxyl group in a cyclic hydrogen bond network. Vibrational frequency

calculations for the first electronically excited state (Si) of these isomers agree well with
the experimental observation. The addition of water molecules has a major impact on the

normal mode that involves local motion of the carboxyl group, while negligible effects

are observed for other normal modes. Based on the hole-burning experiment, two major

isomers for each complex are identified, corresponding to the two conformers of the bare
compound. Compared with the other two isomers of aminobenzoic acid, the red shifts of
the origin bands due to water complexation in MABA are considerably larger. Similar to

p-aminobenzoic acid and different from o-aminobenzoic acid, the existence of the
intermolecular stretching mode is ambiguous in the REMPI spectrum of MABA(H2O).
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10.2. Introduction
Hydrogen bonding is ubiquitous in chemical and biological systems. Studies of organic

chromophores containing competitive multiple hydrogen bonding sites constitute an
active area of research. 1-5 The preference of a solvent molecule for a certain binding site
on a solute molecule is of general chemical interest. Such information can be obtained
from experiments in the gas phase without the interference of the bulk solvent. Using
molecular beam techniques, cold, isolated clusters of different solute-solvent
compositions can be prepared, and isomeric molecular complexes with solvent molecules

'frozen' at different binding sites on the solute can be generated.6 These complexes can
then be interrogated using a variety of high-resolution spectroscopic methods such as

mass-resolved resonantly enhanced multiphoton ionization (REMPI). For the

identification of different isomeric structures, hole-burning spectroscopy is also routinely
employed.

In this paper, we report spectroscopic studies of complexes of m-aminobenzoic acid
(MABA) containing one or two water molecules. The general interest in aminobenzoic

acids and their solvation mechanisms arises from both their biological importance and
their chemical properties. They are multifunctional hydrogen bonding molecules, ideal

for studies of interactions between water and aromatic chromophores. In protic solvents,
they can act both as H acceptors at the 0 atom of the -C=O group and the N atom of the

NH2 group, and as H donors at the OH group and the NH2 group. They can also form
hydrogen bonds through their aromatic it electrons. In non-polar solvents, MABA exists
predominantly as a neutral molecule. In the solid state or in aqueous solutions, it exists
as a zwitterion, unlike the other two isomers.7'8 On the biological aspect, aminobenzoic
acids are antimetabolites of sulfanilamide. MABA is also of great importance in
pharmaceutical and chemical industries; it is used in synthesis of analgesics,
antihypertensives and vasodilators.9

In our previous effort on bare MABA, we observed two conformational isomers, as
shown in Figure 1, based on results from resonantly enhanced multiphoton ionization and

zero kinetic energy photoelectron spectroscopy (ZEKE).1° Our hole burning experiment

further revealed that the transition energies to the first electronically excited state (Si)
differ by 27 cm4 for the two conformers. The frequencies of the vibrational modes,
however, were found to be independent of the molecular conformation.1°
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Figure 10.1 Structural conformers of MABA.
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In this study, we extend our investigation to the structural and spectroscopic properties of

MABA(H2O) complexes with n = 1 and 2. We have also performed quantum
mechanical calculations to obtain structures and binding energies for a few possible
isomers in the ground state, and vibrational frequencies of these species in the first
electronically excited state. These results will be discussed in comparison with another
study on the water complexes ofp-aminobenzoic acid (PABA) and o-aminobenzoic acid
(OABA) from our own group" and a few other groups.125

10.3. Experimental Details
The experimental setup has been described elsewhere.'6"7 Briefly, the apparatus is a

standard molecular beam machine with a time-of-flight mass spectrometer (TOF-MS)
and a heatable pulsed valve for supersonic cooling. The sample was purchased from
Aldrich Co. and used without further purification. The temperature of the nozzle was

l50°C, and the carrier gas at 2 atm pressure was a mixture of argon and room
temperature water vapor. To optimize for a specific complex, the time delay between the

pulsed valve and the laser was adjusted by a delay generator (Stanford Research,
DG535).

To resolve the different conformational isomers, we preformed UV-UV hole burning
experiments. At first, a two-color two-photon REMPI spectrum was recorded by
scanning the pump laser (Laser Analytical Systems, LDL 20505, pumped by a Nd:YAG

laser, Spectra Physics, GCR 190) across the vibronic levels of the Si state while using the

fourth harmonic of a Nd:YAG laser at 266nm (Continuum, Powerlite 7010) for further

ionization. The intensities of both lasers were minimized so that the ion signal due to
either laser was negligible. Then a third (hole-burning) UV laser (Laser Analytical
Systems, LDL 2051, pumped by a Nd:YAG laser, Spectra Physics, GCR 230) was
introduced with a time advance of 20 ns. By fixing the third laser on one of the origin
bands while monitoring the depletion of the ion signal as the pump laser scanned across

the REMPI spectrum, vibronic features of the chosen isomer were identified. The two

resonant laser beams were set to counterpropagate, while the ionization laser was set to
cross the two resonant laser beams at a 50 angle.

10.4. Calculation
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Possible structures of MABA and its complexes with one or two water molecules were
explored by performing a series of density functional theory (DFT) calculations using the
Gaussian 03 suite.'8 The optimized structure of bare MABA was used as the starting
point for the complex containing one water molecule (1:1 complex). The water molecule

was initially placed alternatively to the different hydrogen bonding sites of MABA, and

each structure was then fully optimized using the Becke-Lee-Yang-Parr functional
(B3LYP) with a basis set of 6-3 1+G(d). The convergence of the resulting isomer was

confirmed by calculations of vibrational frequencies. The initial structures for complexes

with two water molecules (1:2 complex) were generated either with a water dimer bound

alternatively to the different hydrogen bonding sites, or with each water molecule bound

independently to the available sites. The most stable ground state structures for both the

1:1 and 1:2 complexes were subsequently chosen as the starting point of optimization for

the Si state at the CIS/6-3 1 G level. Vibrational frequencies of the normal modes at the Si

state were also calculated at the same level of theory. To obtain a good agreement
between theory and experiment in the vibrational assignment, a scaling factor of 0.9 was
used. 19

10.5. Results

10.5.1. Theoretical calculations
Our previous UV-UV hole-burning experiment on bare MABA has confirmed the co-

existence of two conformational isomers in the gas phase named conformer I and II
(Figure 1).b0 Each conformer has six stable structural arrangements with one water
molecule. The fully optimized structures together with their relative energies including
zero point vibrational energy (ZPVE) corrections are displayed in Figure 2. In the two
most stable structures Ia and ha, the water molecule bridges in between the -C=O and the

OH groups, and the resulting extra stability is about 4 kcallmol compared with the
second set of most stable isomers Tb and IIb.'2° All higher energy isomers have only
one H-bond, and those hydrogen bonded at the -C=O group are the most stable, while
those bonded at the -OH group are the least stable. The three structures with water
hydrogen bonded to the amino group are of similar binding energies, on the order of 5

kcallmol compared with those of the most stable structures. The molecular
conformation, on the other hand, has essentially no effect on water complexation, and
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Figure 10.2 Optimized geometries of the 1:1 water complex of the two conformers of
MABA at the B3LYP/6-3 1+G(d) level. The values in parentheses are relative energies in
kcal/mol.
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Figure 10.3 Optimized geometries of the 1:2 water complex of conformer I of MABA at
the B3LYP/6-3 1 +G(d) level. The values in parentheses are relative energies in kcallmol.
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Figure 10.4 Two most stable structures for the 1:2 water complex of conformer II of
MABA at the B3LYP/6-3 1+G(d) level. Higher energy structures are similar to those of
Figure 3, lb Ih.
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except for an order switch between isomers c and d, a one-to-one correlation between the
two sets of isomers can be observed.

For each conformer of bare MABA, more than twenty energy minima were found for
the 1:2 complex. Nine of the most stable isomers for conformer I are displayed in Figure
3, and the two most stable structures for conformer II are displayed in Figure 4. Other
structures for conformer II are similar to those for conformer Tb - Ih, and they are
therefore not reproduced for compactness. The energetically most stable structures
incorporate three linear hydrogen bonds and allow each molecule to be both a H-bond
donor and a H-bond acceptor. In structures Ii and Jib, water dimer bridges are formed
between the NH2 and the COOH groups. The energy cost of this bridge, compared
with the bridge inside the -COOH group (Isomer Ia and ha), is about 3 kcal/mol for lib
and 7 kcal/mol for Ii. This difference is consistent with the observation of the 1:1
complex, i.e., the 0 atom of the -C=O group with a higher electron density is a stronger
H acceptor than that of the -OH group. Except for this order switch between structures b

and i, similar to the case of the 1:1 complex, a one-to-one correlation between the two
sets of isomers are also observed.

10.5.2. Experimental results
The two-color 1+1' REMPI spectrum of the 1:1 water complex of MABA is displayed

in Figure 5, trace a. The intensities of both laser beams were optimized to avoid
interference due to non-resonant ionization, and the ion signal due to any single laser was
essentially undetectable. On the low energy side of the spectrum, more than one strong
transitions are observable, implying the existence of multiple isomers. Hole-burning
experiments are therefore necessary to ascertain the nature and number of isomers.

The hole-burning spectra of the two major isomers of the 1:1 complex are shown in the
lower two traces of Figure 5, with the hole-burning laser set at positions Ia (30365 cm1,

trace b) and ha (30373 cm', trace c) respectively. These two isomers are hereafter
denoted as Ia and ha and are tentatively assigned to the corresponding structures shown

in Figure 2. The rationale for this assignment will be presented in the following
Discussion section. The small shoulder at 30415 cm1 marked by a number sign in the
figure also corresponds to a minor isomer. However, the intensity of this isomer was so
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Figure 10.5 Two-color two-photon REMPI spectrum ofjet-cooled MABA(H20)1 (trace
a) and TJV-UV hole-burning spectra with the hole-burning laser fixed at the Ia (30365
cm', trace b) and ha (30373 cm1, trace c) positions. The feature marked by "#"
represents a minor isomer, while those marked by "*" are from dissociation of the 1:2
complex (see Figure 7 for further details).
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Table 10.1. Observed vibrational frequencies and assigmnents for the S1 state of the 1:1

water complex of MABA.

Isomer Ia

Exp. CaIc.*

Isomer ha

Exp. Calc.*
Assignment& description#

96 100 97 101 H,(-COOH),3(H2O)

225 225 C, J3(-COOH)

373 370 6b, (ring)

387 380 381 376 D,J3(-NR2)

489 492 489 484 E ,(-COOH), 3(-NFI2) and 13(ring)

532 533 532 527 6a,(ring)

876 D E

896 877 894 871 19aj(ring)

919 916 D 6a

960 967 959 968 12,(ring)

* The values include a scaling factor of 0.9.

# f3 represents in-plane bending vibrations.
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low that the hold-burning experiment only produced a single feature at the origin, with no
vibrational assignment possible. The features marked by asterisks belong to the 1:2
complex, and they will be discussed later. Taking these considerations into account, all

the significant features in trace a can then be accounted for. We therefore conclude that
there are only two major isomers in the molecular beam within our observation window.
The amount of red shift of the origin band in the 1:1 complex compared with the bare
compound is considerably larger for MABA than for OABA and PABA. The difference
in transition energy between the two isomers of bare MABA or the two isomers of its 1:1
complex, however, is small. The origin band of the two conformers of MABA only
differs by 27 cm1, and the difference for the water complexes Ia and ha is less than 10
cm'. The red shifts due to water complexation, on the other hand, are on the order of
100 cm1 for both Ia and ila. In comparison, the red shift in the 1:1 complex of OABA is
55 cmi, while a blue shift of 17 cm1 has been observed in PABA." Additional
stabilization in the excited electronic state is implied in the 1:1 complex of MABA.

Table 1 lists the observed vibronic transitions of the two major isomers. To assist with

the assignment, we have performed ab initio calculations on the CIS/6-3 1 G level for the
vibrational frequencies of the S, state. An overall agreement between the calculation and

the experiment is obtained when a scaling factor of 0.9 is used with the calculated
frequencies. Modes that are associated with the motion of the aromatic ring are labeled
using the convention of Varsanyi's nomenclature.21 Other modes that mainly involve the
motion of the Nil2 and the COOH moieties are named according to the corresponding
modes observed in bare MABA.'° Similar to bare MABA, the spectrum is dominated by
in-plane or even quanta of out-of-plane vibrational modes due to symmetry reasons. The
normal modes in the 1:1 complex exhibit essentially no dependence on the molecular
conformation, and therefore they cannot be used to distinguish between the two isomers
Ia and ha. The transition observed at 96 cm' (mode H) for isomer ha is assigned as a
collective motion of the COOH group and H20. This mode is also observable in the
spectrum of isomer ha. The feature at 876 cm_i is tentatively attributed to the
combination band of modes D and E, although it is also close to the theoretical value of

mode 1 9a. The rationale for this assignment is that typically for this type of calculation

with a scaling factor of 0.9, we only expect a reasonable agreement between theory and

experiment for low frequency modes, while at nearly 1000 cm1, an exact agreement
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would be fortuitous. The same argument is also applied in the assignment of the 1:2
complex. It is interesting to note that based on our calculation for isomer lb in Figure 2,
the only low frequency rn-plane motion below 200 cm' is the intermolecular stretching
mode at 69 cm1, and this value is too small to be assigned to the observed transition at
--100 cm1. This result further supports the conclusion that under our experimental
conditions, only the most stable isomers Ia and ha exist in our molecular beam. Normal
mode calculations for other structures listed in Figure 2 were considered unnecessary due
to the high energies of the corresponding isomers.

Figure 6 shows the two-color 1+1' REMPI spectrum of the 1:2 complex (trace a)
together with the two hole-burning spectra (traces b and c). The origins of the hole-
burning spectra are 30414 and 30486 cm1, about 70 cm_i apart. In between the two
major isomers, the weak feature marked by an asterisk was confirmed to be a third
isomer, but its intensity was too low for vibrational analysis. With the exception of this

weak feature, all the significant features of the REMPI spectrum correlate well with the

two hole-burning spectra, and we thus conclude that similar to the 1:1 complex, there are

only two major isomers and one minor isomer in our molecular beam for the 1:2
complex. These two major isomers are hereafter denoted Ia and ha, and are tentatively
assigned to the corresponding structures shown in Figures 3 and 4. The origins of the
two major isomers are red shifted from their respective bare molecules by 65 and 20 cm

In contrast, a blue shift of 19 cm4 has been observed in the REMPI spectra of the 1:2
water complexes of both OABA and PABA.11

The observed vibronic transitions of both major isomers of the 1:2 complex are listed
in Table 2 together with results from ab initio calculations on the CISI6-3 1G level.
Consistent with Table 1, the scaling factor for the calculated frequencies is also 0.9.
Similar mode distributions are observed for both the 1:1 and 1:2 complexes, including
mode H, which involves a collective motion of the carboxyl group and the two water
molecules. Mode a represents out of plane vibration of the water dimer relative to the
ring.

A recalcitrant problem with experimental studies of weakly bound complexes is the
possibility of dissociation.18 Figure 7 compares the REMPI spectra of the 1:1 (trace a)
and the 1:2 complex (trace c), together with a hole-burning spectrum of each complex.



.-

4

I

30200 30400 30600 30800 31000 31200 31400
Excitation Energy (cm')

Figure 10.6 Two-color two-photon REMPI spectrum ofjet-cooled MABA(H20)2 (trace
a) and IJV-UV hole-burning spectra with the hole-burning laser fixed at the Ia (30414
cm1, trace b) and ha (30486 cm1, trace c) positions.
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Table 10.2. Observed vibrational frequencies and assignments for the Si state of the 1:2

water complex of MABA.

Isomer Ta Isomer Ila
Assignment & description#

Exp. Calc.* Exp. Calc.*

68 73 73 72 H, f3(-COOH), 3(H2O)

144 152 144 152 a,y(H2O-ring)

240 235 C, I3(-COOH)

391 389 390 392 D,(-NH2)

494 498 493 E ,3(-COOH), (-NH2) and 3(ring)

524 543 6a, f3(ring)

893 879 890 874 19a,3(ring)

* The values include a scaling factor of 0.9.

# J3 represents in-plane bending vibrations.
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Figure 10.7 REMPI spectra of the 1:1 and 1:2 complexes of MABA. (a) Two-color
two-photon REMPI spectrum of jet-cooled MABA(H20)i; (b) UV-UV hole-burning
spectrum ofMABA(H20)1 with the hole-burning laser fixed at 30415 cm'; (c) two-color
two-photon REMPI spectrum of jet-cooled MABA(H20)2; (d) UV-UV hole-burning
spectrum of MABA(H20)2 with the hole-burning laser fixed at 30414 cm1.



All the features marked by asterisks in trace a line up with those in traces b d. Trace b

was obtained by setting the hole-burning laser at 30415 cm and the mass gate on the 1:1
complex, while trace d was obtained by setting the hole-burning laser at the same origin
but the mass gate on the 1:2 complex (isomer Ia). The identical locations of all the
marked features allude to the possibility that the species of trace b is a dissociation
product of the 1:2 complex in trace d. Some of the marked features in trace a only show
up once either in trace b or in trace d, and we attribute this result to mode dependence
during dissociation. For example, mode H at 68 cm' and its second harmonic at 144 cm
1 must have a low yield for dissociation, since they are barely observable in the hole-
burning spectrum of the 1:1 complex (trace b), while they are clearly distinguishable in
the spectrum of the 1:2 complex (trace ci). In contrast, the feature near 30962 cm' should
have a high dissociation yield since it is clearly observable from the spectrum of the 1:1
complex (trace b) but not observable in the spectrum of the 1:2 complex (trace ci). This
feature is most likely an intermolecular bending mode with a value of 478 cm1 based on
our calculation, and it is not included in Table 2 because of its highly dissociative nature.
The feature near 30900 cm1 (trace a) contains multiple transitions, including mode 6a of
the 1:1 complex, and its intensity is therefore not reproduced in the spectrum of the 1:2
complex.

10.6. Discussion

Structural assignment for the two major isomers of the 1:1 complex is based on the
transition energy to the Si state. According to our CIS calculation, the transition energy
is 4.871 eV for isomer Ia and 4.899 eV for isomer ha. A blue shift observed in the
REMPI spectrum of isomer ha therefore conforms to the above assignment. Although the

energy difference from our calculation is larger than the experimental value, we believe
that the theory should be qualitatively reliable in predicting the trend in transition
energies. In addition, the relative intensities of the origin bands of the two isomers are
similar to those of the two conformers of bare MABA, and this assignment is therefore

consistent with the conformational assignment of the bare compound. Our DFT
calculation, on the other hand, resulted in a more stable structure for isomer ha by 37 cm
1, including corrections due to zero-point energies. Given the uncertainty of this type of



190

calculations, we prefer not to use this information in this assignment. It is worth noting
that given the insensitivity of the vibrational frequencies on the molecular conformation
and the limited amount of information available at present, this assignment is only
tentative.

Similarly, for the 1:2 water complex of MABA, the calculated transition energy is
4.884 eV for isomer Ia and 4.908 eV for isomer ha. Following the same reasoning as
above, the lowest transition at 30414 cm1 in Figure 6a can thus be assigned to the water
complex of conformer I of MABA, and vide infra. This assignment is also consistent
with that of the 1:1 complex and that of the bare compound, i. e., the lower energy
transition with a higher intensity corresponds to conformer I in Figure 1 and its water
complexes.

For both the 1:1 and 1:2 complexes, traces of a third isomer are observed, although in
both cases, the transition intensities of the minor isomer are too low for any vibrational
assignment. For the 1:1 complex, structure lb is more stable than structure JIb by almost
1 kcal/mol in Figure 2, thus this structure is the most logical candidate for the minor
isomer. In Figure 4, structure JIb shows substantial stability compared with the rest of
the higher energy isomers. We tentatively assign this structure to the minor isomer of the
1:2 complex. This result offers evidence that a ring structure involving both the amino
and the carboxyl groups is possible, albeit unfavorable compared with the structure
where a water cluster anchors at the carboxyl site. In contrast, our previous observations
of water complexes of OABA and PABA only contained one isomer, with no traces of
any minor structures.11 This difference might be an indication of the weaker electron
induction effect in the meta-substituted compound.

The red shifts of the origin bands of the water complexes compared with the bare
compound are considerably larger for MABA than for OABA and PABA.'1 For the 1:1
complex of PABA and the 1:2 complexes of PABA and OABA, blues shifts of less than
20 cm' have been observed. A more tightly bond excited state than the ground state is
thus implied in the water complexes of MABA. Based on our DFT and CIS calculations,
for the 1:1 complex of MABA, the length of the hydrogen bond C=O HO decreases
while that of O-H 0 increases upon excitation. The observed additional stabilization
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Figure 10.8 Frequency shifts of a few observed normal modes in MABA(H20)1 relative
to the bare compound. The uncertainty for all the values is 3 cm1.
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in the excited electronic state in the 1:1 water complex is thus a reflection of a stronger
hydrogen bonding capability of the carbonyl group than that of the hydroxyl group.

The vibrational spectroscopy of the water complexes offers information on the initial
step of water solvation. The site of water addition can be deduced from the frequency
shifts with the addition of water molecules. These shifts are displayed in Figure 8 for the
two major isomers of the 1:1 complex. Modes 6b, E, 6a and 12 mainly involve
deformation of the aromatic ring, and with the addition of water molecules, they only
undergo slight shifts. On the other hand, a large shift is observable for the in-plane
bending mode of the carboxyl group: in Figure 8, mode C for the Ia isomer increases by
-50 cm1 with the addition of one water molecule. The site of water addition should
therefore be the carboxyl group for conformer I of MABA, in excellent agreement with
our DFT calculations. Although mode C for isomer ha is too weak for a definitive
assignment, the above conclusion should also be applicable, since the normal modes in
the water complexes exhibit essentially no dependence on the molecular conformation.
Interestingly, the addition of the second water molecule to the 1:1 complex results in
marginal changes in the vibrational frequency. Modes D, E, and 6a undergo frequency
shifts within 10 cm1 of their respective values in the 1:1 complex, and even for the in-
plane bending mode C of the carboxyl group, the shift is only 15 cm1. This fact suggests
that the second water molecule should be in close proximity to the first water molecule,
exerting minimal disturbance to the molecular frame. Limited by available resources, we
were unable to perform an IR-UV hole-burning experiment to investigate the vibrational
spectroscopy of the ground state of the water complexes. Certainly more information on
the frequency shifts of the ground state complexes would be a tremendous addition to this
study.

Similar to the cases of PABA and OABA,11 in both the 1:1 and 1:2 complexes of
MABA, we believe that it is the hydrogen-bonding site on the carboxyl group that water
molecules prefer to occupy. The amino group, although typically considered hydrophilic,
loses out in the competition even with the availability of two water molecules. Given the
high electron density at the carboxyl group, it is no surprise that the first water molecule
prefers the carboxyl site. Somewhat surprising is the essentially hydrophobic behavior of
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the amino group. All aminobenzoic acid molecules contain a pair of electron "push-pull"
substitutes. In the ground state, a fraction of the electron from the amino group is
transfened to the carboxyl group. According to the Mulliken population analysis, the
amino group has a positive charge of- +0.1 and the carboxyl group has a negative charge
of -0.1 for both conformers of MABA. Although the electron-attracting inductive effect

of the carboxyl group in MABA is slightly smaller than that in PABA and OABA due to
the resonance effect, it is still sufficient to hold on to both water molecules, at least for
the major isomers formed in our molecular beam.

Similar to PABA but different from OABA," the assignment of the intermolecular
stretching mode in the REMPI spectra of the water complexes of MABA remains
ambiguous, although mode H and mode C both contain contributions from intermolecular
bending vibration. Based on our calculation, the stretching mode should appear at 178
cm1 above the origin of the 1:1 complex. Given the signal-to-noise ratio of the
experimental spectrum (Figure 5), it is difficult to definitively identify this transition.

10.7. Conclusions

Spectroscopic properties of the excited state of MABA water complexes have been
studied using two-color resonantly enhanced multiphoton ionization and UV-UV hole-
burning spectroscopy. Structures and binding energies for several of the most possible
isomers in the ground state have been explored based on DFT calculations. The overall
analysis of the experimental and theoretical data has led to the identification of two major
isomers for both the 1:1 and 1:2 complexes. With the aid of ab initio calculations,
vibrational modes of the S1 state of the observed isomers have been assigned, and a
reasonable agreement between theory and experiment has been obtained. From the
frequency shifts of some of the observed normal modes upon water addition, we conclude
that it is the hydrogen-bonding site on the carboxyl group that water molecules prefer to
occupy. Different from the water complexes of the other two isomers of aminobenzoic
acid, both the 1:1 and 1:2 complexes of MABA show signs of a minor isomer, and in the
1:2 complex, a water bridge between the carboxyl group and the amino group might have
been formed. We attribute this result to the weaker electron "push-pull" effect in
MABA. Mode dependent dissociation of the 1:2 complex are also observed, but the
assignment of the intermolecular stretching mode remains ambiguous.
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11. Theoretical and experimental studies of water complexes ofp- and o-

aminobenzoic acid

11.1. ABSTRACT

We report studies of supersonically cooled water complexes of p- and o-aminobenzoic
acid with one or two water molecules using two-color resonantly enhanced multiphoton

ionization spectroscopy. Density functional theory calculations are carried out to identify
structural minima of water complexes in the ground state. According to the calculation,

water molecules are bound to both the C=O and OH groups to form a cyclic hydrogen
bond network in the most stable isomer. Vibrational frequency calculations for the first
electronically excited state (Si) of the most stable isomer agree well with the
experimental observation. Based on this agreement, we believe that only one isomer
exists in our molecular beam. The frequency shifts of a few normal modes caused by the
water molecules further confirm the site of water addition. A surprising observation is
that for OABA(H2O) complexes, abundant intermolecular vibrational modes are clearly
observable in the REMPI spectra, while for PABA(H2O) complexes, these modes are
conspicuously missing. A red shift in the transition energy is observed for OABA(H20)1,
while blue shifts are observed for the rest of the complexes. This difference alludes to
the relative stabilities of the water complexes of the two aminobenzoic acids in both the
ground and excited electronic state. These observations will be discussed in comparison
with those from the meta isomer.
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11.2. Introduction
Studies of water solvated organic chromophores containing competitive multiple

hydrogen bonding sites constitute an active area of research.'8 The importance of such
studies lies in not only the fundamental nature of hydrogen bonding itself but also the
understanding of the role of water in related processes such as catalysis, molecular
recognition and biochemical regulation.

Although the largest body of today's experimental data comes from studies in the
condensed phase,9 work in the gas phase can achieve investigations of hydrogen bonding

interactions in the absence of bulk solvent effects. Thus gas phase studies can provide
microscopic models in understanding a variety of interactions between the solute and
solvent molecules. Molecular beam technology has proven an efficient way to prepare
cold, isolated clusters of different sizes through supersonic jet expansion.'° During the
expansion, the vibrational and rotational degrees of freedom of the complexes are cooled.

Interrogation with a variety of high-resolution spectroscopic methods such as resonantly

enhanced multiphoton ionization (REMPI) and laser induced fluorescence (LIP) can be
achieved.

Interests in aminobenzoic acids arise from both their biological importance and their

chemical properties. O-aminobenzoic acid (OABA), also named anthranilic acid, has
been used as a convenient fluorescence probe in internally quenched fluorescent peptides
due to its high quantum yield and small size.11'12 P-aminobenzoic acid (PABA) is an
antimetabolite of sulfanilamide and was once widely used as an active ingredient in
sunscreen and a photodegradation inhibitor. PABA and OABA are both multifunctional
hydrogen bonding molecules. In protic solvents, they can act both as hydrogen atom
acceptors at the 0 atom of the C=O group and the N atom of the NH2 group, and as
hydrogen atom donors at the 0-H and the H-N-H sites. They can also form a hydrogen
bond through the aromatic it electrons. The existence of multiple hydrogen bonding sites
makes these molecules ideal models for studying the interaction between water and
aromatic chromophors. The effect of water on the photophysical behaviors of these
species is crucial in interpreting the message of the fluorescence probe.

Gas phase spectroscopic investigations of PABA, OABA, and their water complexes

have been carried out to a limited extend. 13-19 Using laser desorption, Meijer, et al. have
recorded the REMPI spectra of bare PABA and its complexes with argon, methanol and
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water.'3 However, no detailed vibrational assignment has been carried out. Southern, et

al. have recorded the electronic and infrared spectra of bare OABA in a supersonic jet,14

and later, Stearns, et al. have extended the investigation to the corresponding water
complexes.'5 The emphasis of the work on OABA has been the dislocation of the
hydrogen atom in the first electronically excited state (Si), and the effect of the
intramolecular hydrogen bond on water complexation. Our group has recently
investigated the ground cationic state (Do) of all three isomers of aminobenzoic acid
using two-color zero kinetic energy (ZEKE) photoelectron spectroscopy.'6'17'18 We have
achieved complete vibrational assignment of both the S1 and the D0 states. Our studies of
the water complexes of the meta isomer (MABA) using REMPI and UV-UV hole-
burning spectroscopy techniques have revealed the existence of multiple isomers of the
bare molecule and the corresponding water complexes.'9 From the comparison between
the observed vibrational frequency and our DFT calculation, structural assignment and
vibrational spectroscopy of the S, state have been achieved. Our observation of the
change in the vibrational frequency and ionization threshold with the addition of water
molecules has revealed a basic road map of water solvation.

The present report is a continuation of our study on water complexes of the different
isomers of aminobenzoic acid.'9 Following the same procedure as used in our previous
report, we present detailed vibrational assignment of the REMPI spectra of PABA(H2O)

and OABA(H2O) complexes with n from 0 to 2. We have also performed quantum
mechanical calculations to obtain structures and binding energies for possible isomers in

the ground state, and vibrational frequencies of these species in the first electronically
excited state. These results will be discussed in comparison with our results on MABA,
and the uniqueness of each isomer reflected from the spectroscopy of the solventlsolute
complex will be explored.

11.3. Experimental setup and calculation method
The experimental setup has been described elsewhere,20'2' and the conditions for

forming the water complexes of OABA and PABA are similar to those in the case of
MABA.19 Both one color (1 + 1) and two color (1 + 1') REMPI experiments were
performed to obtain vibrational information of the first excited state and the ionization

potential (IP) of each complex. Mass-selected, one-color two-photon REMPI spectra of
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PABA(H20)02 were recorded by scanning an OPO laser (Continuum, Panther, pumped
by Continuum, Powerlite 7010) near the region of the S1 state. The two-color two-photon
REMPI spectra of OABA(H20)o..2 were recorded by scanning a dye laser (Laser
Analytical Systems, LDL 2051, pumped by Spectra Physics, GCR 230) through the
vibronic levels of the S1 state while another dye laser (Laser Analytical Systems, LDL
20505, pumped by Spectra Physics, GCR 190) was set at 285 nm for further ionization.

To determine the ionization potential, we recorded the photoionization efficiency spectra

(PIE) by fixing the OPO or one of the dye lasers at the origin of the Si state while
scanning the second dye laser through the ionization threshold. In all two laser
experiments, the laser beams were set to counterpropagate, while the light path, the flight

tube, and the molecular beam were mutually perpendicular. The resulting ions were
accelerated by an extraction field of 130 V/cm and detected by a chevron multichannel
plate detector.

Possible structures of PABA, OABA and their complexes with one or two water
molecules were explored by performing a series of density functional theory (DFT)
calculations using the Gaussian 98 and Gaussian 03 suites.22'23 The procedure for
generating and optimizing different water complexes was the same as that used in the
case of MABA.19 To obtain a good agreement between theory and experiment in the
vibrational assignment, a scaling factor of 0.95 was used for bare OABA, and a scaling
factor of 0.9 was used for the rest of the compounds.24

11.4. Results

11.4.1. Theoretical calculations
PABA(H20)02

Our DFT optimization for the ground state of bare PABA at the B3LYP/6-3 1+G(d)
level shows that PABA is non-planar with an angle of 25.69° between the amino group
and the plane of the ring. Exploration of isomer space minimum for the 1:1 complex at

the B3LYP/6-3 1 +G(d) level has led to the discovery of six stable isomers. The optimized

structures together with their relative energies including zero point vibrational energy

(ZPVE) corrections are displayed in Figure 1. In general, these structures are similar to
those of MABA, with the water molecule bound to the carboxyl pocket in the most stable

isomer (I) to form a cyclic hydrogen bond network. This isomer is lower in energy than
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Figure 11.1 Optimized geometries of 1:1 water complex of PABA at the B3LYP/6-
31 +G(d) level. The values in parentheses are relative energies in kcal/mol.
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Figure 11.2 Optimized geometries of 1:2 water complex of PABA at the B3LYP/6-
31 +G(d) level. The values in parentheses are relative energies in kcal/mol.
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the second most stable isomer (II) by 3.73 kcal/mol. This large energy difference implies

that isomer I should be the dominant species in a supersonic jet. In the other higher

energy isomers II to VI, only one hydrogen bond is formed, and based on our previous

experience, these structures are irrelevant to our experimental measurement.

Figure 2 shows four of the most stable structures for the 1:2 complexes of PABA.
Similar to the case of MABA, the energetically most stable structure incorporates three

linear hydrogen bonds and allows each molecule to be both a donor and an acceptor. This

structure can be viewed as a water dimer hydrogen bonded to the C=O and the OH
group. Compared with the second most stable structure in which only one water molecule

interacts with the COOH group, this structure is stable by 5.69 kcallmol in energy. It

should thus be the only possible species in our supersonic jet. It is interesting to notice
that structure III has the maximum number of hydrogen bonds, but its bonding energy is

much higher than structure I, even higher than structure W with the two water molecules
independent of each other.

OABA(H20)02

Our DFT calculation on bare OABA at the B3LYP/6-3 l+G(d) level has resulted in two

stable conformers, which agrees with the calculation by Southern, et al.'4 According to
the hole-burning experiment by the original authors and our later experiment on both the
S1 and the D0 state,'8 however, only the more stable isomer exists in a supersonic jet. In
this structure, an intramolecular hydrogen bond is formed between one of the amino
hydrogen atoms and the carbonyl group.

Adding one water molecule to the more stable structure of OABA has resulted in five
stable structures, as depicted in Figure 3. In the most stable isomer I, water resides in
Pocket I according to Stearns, et al.,'5 similar to the case of PABA(H20)1. Based on the
resonant ion-dip infrared spectroscopy (RIDIR) experiment,15 this isomer should be the
only species in the molecular beam. In isomer II, the water molecule bridges between the

amino group and the carboxyl group. The formation of this isomer involves breaking of

the intramolecular hydrogen bond between the two substituents and creation of two

intermolecular bonds. Interestingly, the stability of isomer II and III is similar, although

the number of hydrogen bonds are quite different. This is an indication of a high energy
cost in breaking the intramolecular hydrogen bond.
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Figure 11.3 Optimized geometries of 1:1 water complex of OABA at the B3LYP/6-
3 1+G(d) level. The values in parentheses are relative energies in kcallmol.
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Figure 11.4 Two most stable geometries of the 1:2 water complex of OABA at the
B3LYP/6-3 1+G(d) level. The values in parentheses are relative energies in kcallmol.



The two most stable water complexes of OABA(H20)2 shown in Figure 4 have similar

structures as those in Figure 2. The most stable structure containing a six member ring in

a cyclic hydrogen bonding network has an additional binding energy of 4.79 kcallmole
than the next most stable isomer.

Summary of theoretical results
In summary, the bonding structures for PABA and OABA with water molecules are

similar, and in all cases, only one dominant structure has been found. In the 1:1 complex,

the water molecule resides in the pocket of the carboxyl group, and the stability of this
structure is around 4 kcallmol more than that of the next most stable one. In the 1:2
complex, a cyclic ring structure involving three hydrogen bonds is the most stable motif,

with both water molecules bonded to the carboxyl group. Bonding at the amino site has
proven costly in energy, even with the formation of a cyclic structure. The

intermolecular hydrogen bond between two water molecules is stronger than that
between a water molecule and the amino group. The intramolecular hydrogen bond in

OABA does not seem to impose any influence on the intermolecular bond with water, at
least for the most stable structure.

11.4.2. Experimental results
PABA(H20)02

Figure 5 shows the one-color two-photon REMPI spectra of PABA(H20)02 plotted
with respect to the origin of the S1- So transition of bare PABA at 34185 cm1. All three
spectra demonstrate discrete narrow-band structures. The one-color REMPI spectrum of
bare PABA was first obtained by Meijer, et al. using laser desorption,'3 and later, a

complete vibrational assignment was achieved by our group based on ab initio and DFT
calculations and in correlation with two-color zero kinetic energy photoelectron (ZEKE)
spectroscopy.16 For both the 1:1 and 1:2 complexes, only one single strong transition near

the origin is observable. This result is very different from those of water complexes of
MABA where multiple origin bands were observed. Moreover, a striking similarity
exists between the vibrational progression of both complexes as well as that of bare
PABA; i.e., essentially all the major transitions observed in bare PABA are repeated in
the spectra of the water complexes. These facts suggest that we are only observing a
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Figure 11.5 (1+1) REMPI spectrum of jet-cooled PABA(H2O) (n = 0 - 2) plotted with
respect to the origin of the S1 - S0 transition of bare PABA at 34185 cm1.



208

Table 11.1. Observed vibrational frequencies and assignments for the Si state of

PABA(H20)02.

PABA PABA(H20)1 PABA(H20)2 Assignment and approx.
descriptionExp. Calc.* Exp. Calc.* Exp. Calc.*

185 149 217 228 214 234 A,3(-COOH)
233 209 242 267 240 266 B, C-NH2 torsion, 13(-COOH)
322 323 323 343 323 351 6a, f3(ring)
357 329 345 361 Cj3(-NH2)

388 376 392 389 389 389 164,y(ring)
459 466 467 480 479 483 D, f3(-COOH), 3(-NH2)

483 512 481 484 I,N}{2 inversion
546 543 549 575 553 577 6b,I3(ring)
564 564 576 584 570 585 E, -COOH scissoring,
592 595 B C

687 694 687 707 684 709 12,f3(ring)
768 767 767 772 766 773 1,ring breathing
784 762 17b,y(ring)
796 838 B E

817 CD
857 906 17a,y(ring)
876 Al2
893 936 194,f3(ring)

* The values include a scaling factor of 0.9.

# 1 and y represent in-plane bending and out-of-plane bending vibrations, respectively.
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single conformation for each complex in the molecular beam, in agreement with our own
calculation. Based on our hole-burning experiment on water complexes of MABA, even
for an isomer with an additional instability of 3 kcaL/mol, its contribution in our
supersonic molecular beam was negligible. We therefore concluded that a hole-burning
experiment on the water complexes of PABA was unnecessary.

The shifts of the origin band for both water complexes are small. The origin band of
the 1:1 complex is blue shifted by 17 cm1 with respect to bare PABA, while the blue
shift of the 1:2 complex is 19 cm1. These small spectral shifts indicate that the
complexes are only slightly more stable in the S0 state than in the Si state. In contrast, the
shifts of the origin bands in water complexes of MABA were much larger, on the order of
100 cm1 for the 1:1 complex.

A complete assignment of the observed vibronic transitions for all three species is
listed in Table 1. Modes that are associated with the motion of the aromatic ring are
labeled using the convention of Varsanyi's nomenclature.25 Other modes that mainly
involve the motion of the NH2 and COOH moieties are named with letters from A to E
in the order of increasing frequency. An overall agreement between the calculation and
the experiment is obtained when a scaling factor of 0.9 is used.24

The observed frequency shifts for the water complexes compared with bare PABA are

displayed in Figure 6. The 1 6a transition is observed at 388 cm' for bare PABA, while

it occurs at 392 and 389 cni' for the 1:1 and 1:2 complexes respectively. For modes 6b,

12, and 1, the frequencies in both complexes are also within a few wavenumbers of their

respective values in the bare molecule. These modes mainly involve deformation of the
aromatic ring, and with the addition of water molecules, they only undergo slight shifts.

On the other hand, a large shift is observed for the in-plane bending mode of the carboxyl
group: in Figure 6, mode A increases by -30 cm1 in both complexes. These
experimental observations are also born out from the theoretical calculations, as shown in
Table 1, although the exact amount of frequency shift is even more dramatic in the
calculation. The site of water addition should therefore be the carboxyl group for both n
= 1 and 2, in excellent agreement with our DFT calculations. The shifts in other modes

of the substituents are moderate, mainly because of their close coupling with the ring.
For example, modes D and E involve collective motions of the whole molecular frame,

while the displacement vectors of modes B and C undergo dramatic changesupon
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Figure 11.6 Frequency shifts of a few observed normal modes in PABA(H2O) (n = 1
and 2) relative to the bare compound. The uncertainty in the shift of mode D for
PABA(H20)2 is 10 cm1 due to the unresolved broad feature, while the uncertainty for
the rest of the values is 3 cm1.
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Figure 11.7 Two-color PIE spectra of jet-cooled PABA(H2O) (n = 0 - 2). The IP
values are marked by an arrow on each trace.
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complexation. The in-plane bending motion of the COOH moiety in mode B is frozen
upon complexation. In mode C, the in-plane bending motion of the NH2 moiety extends
to the water molecule(s) in the complex(es). Interestingly, the addition of the second
water molecule to the 1:1 complex results in marginal changes in the vibrational
frequency. This fact suggests that the second water molecule should be in close
proximity to the first water molecule, exerting minimal disturbance to the molecular
frame.

In order to determine the ionization potential, we have recorded the photoionization
efficiency spectra for all three complexes in a two-color two-photon ionization
experiment. Figure 7 shows the threshold portion of the PIE spectrum obtained by
pumping to the origin of the Si state of each species and scanning the probe laser. The
ionization potential has been obtained by linearly extrapolating the post-threshold portion

to the baseline of the ion signal. Taking into account the field ionization effect in the ion
collection region,26 the threshold for bare PABA has been determined to be 8.00 1 eV, in
good agreement with our own value obtained from a ZEKE experiment.'6 In contrast to
the sharp onset of ion signal at the threshold of bare PABA, ions with n = 1 and 2 have
shallow slopes near the threshold, typical for water complexes of aromatic molecules.
Using the same linear extrapolation method, the IPs for the 1:1 and the 1:2 complexes
have been determined to be 7.871 eV and 7.823 eV respectively. Due to the shallow
slopes around the ionization threshold in Figure 7, the uncertainty in these values is
estimated to be 0.01 eV. The shallow slopes also indicate substantial geometry changes

of the complex upon ionization. Limited by the signal-to-noise ratio and the small FC
factors at the threshold, unfortunately, we were unsuccessful in recording the ZEKE
spectrum of the complexes. The vibrational information from such an experiment would

shed more light on the change in geometry upon ionization. On the other hand, the state
selection offered in the first step of excitation has eliminated contributions from hot
bands, the threshold obtained from the current extrapolation method is therefore of a
higher precision compared with that from single photon ionization.

OABA(H20)02

Figure 8 displays the two-color two-photon REMPI spectra of OABA(H20)0..2 plotted
with respect to the origin of bare OABA at 28594 cm1. These spectra are similar to those
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Figure 11.8 (1+1') REMPI spectrum of jet-cooled OABA(H2O) (n = 0 - 2) plotted with
respect to the origin of the Si So transition of bare OABA at 28594 cm'.
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reported by Stearns, et al.'5 in terms of the shift in origin for both complexes and the
distribution of active vibrational modes. In this work, we have extended the
measurement more than 400 cm1 beyond that reported by Stearns, et al.,15 and we have
also attempted at a complete assignment of all the observed vibronic features for both
complexes. In Figure 8, all three spectra demonstrate discrete narrow-band structures,

and the similarities among them are marginal. Both observations indicate that the smaller

complexes are not a product of dissociation from the larger complexes. The lowest
energy transition for the 1:1 complex is red shifted by 55 cm1 with respect to the bare
molecule, and this band is assigned as the origin band. In contrast, a blue shift of 19 cm1

is observed in the REMPI spectrum of the 1:2 complex. Using resonant ion-dip infrared
spectroscopy,'5 Stearns, et al. have established that there is only one dominant isomer in
the 1:1 complex, thus a UV-UV hole burning experiment is deemed unnecessary.

Although a small shoulder to the red edge of the origin band in trace b is observable in
our spectrum, perhaps due to the higher temperature of our molecular beam compared
with that of Stearns, et al., given its low intensity and based on our experience with
hole-burning spectroscopy in water complexes of MABA, a hole-burning experiment
could, at best, only identify the existence of a minor isomer, with no vibrational
information. For the 1:2 complex, both our calculation result on the binding energy

difference among the possible isomers (Figure 4) and the assignment of the observed
vibrational modes as listed in Table 2 imply the existence of only one isomer. Limited by

the signal strength of the spectrum, we were unable to perform a hole-burning experiment

to confirm this assumption.

A complete assignment of the observed vibronic transitions for all three species is
listed in Table 2. Also listed in the table are our own calculations at the CISI6-31G(d)
level for the monomer and at the CIS/6-3 1 G level for the water complexes. Due to the
different levels of calculation, we have used different scaling factors: 0.95 for the bare
molecule and 0.9 for the complexes. The same nomenclature as that applied for
PABA(H20)02 is used in this table. For the intramolecular modes, we use lower case

alphabets in the order of increasing frequency for the 1:1 complex, and to make the
comparison intuitive between the two complexes, we use the same name for those in the

1:2 complex if the displacement vectors are similar in the two complexes. Other
observed intermolecular modes that are unique to the 1:2 complex are oniy listed in Table
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Table 11.2. Observed vibrational frequencies and assignments for the Si state of

OABA(H20)02.

OABA

Exp. Ca1c.

OABA(H20)1

Exp. Calc.*
OABA(H20)2

Exp. Calc.*
Assignment and approx.

description

20 24 y(H20-ring)
45 46 y(H20-ring)

111 118 70 83 bj3(H2O-ring)
123 112 a,7(H2O-ring)
180 180 156 171 c,v(H2O-ring)

220 210 A, C-COOH torsion
221 139 b

232 a b
254 258 281 282 287 298 B,(-COOH)

288 b c
299 a c

306 c
328 b

339 334 16a,y (ring)
349 a b

355 371 360 371 366 380

391 353 b B
379 416 398 430 388 430 10b,y(ring) andNH2 wag
418 415 427 432 431 414 D3(-Nth),(-COOH)

448

466 467 475 481 d43(H2O-ring)
499 b B
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506 569

544 560 537 548

595

602 603 579 586

610

632 626 622 608

646

656

672 709

713 716

738

753

762 840

772 787

797 818

884 875 831 842

839 856

503 b D

518 cC
2 r'l

a0 LI0

569 B

546 548 6a,3(ring)
A l0b

592 585 16b,y(ring)
bB

620 606 6b, (ring)
BC
bD

719 BD
737 CO2

1 2 ,3
B0 a0 oo

bD
B

798 CD
B 6a

19a, (ring)

§ The values include a scaling factor of 0.95.

* The values include a scaling factor of 0.9.

# v , 13, and y represent stretching, in-plane bending, and out-of-plane bending
vibrations, respectively.
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II. Our assignment is in overall agreement with that of Steams, et al.
15 except for the in-

plane bending mode B of the COOH moiety. Steams, et al. assigned the transition at
288 cm in OABA(H20)1 as mode B based on its similar position and intensity as that of
the monomer.15 We believe that this peak belongs to the combination of mode b and c.
We assign the peak at 281 cm1 as mode B, consistent with the value of 282 cm from the
CIS calculation. Moreover, this assignment makes it more reasonable to assign the
transitions at 569 and 840 cm to overtones of mode B, and peaks at 391, 646, 709, and
818 cm1 to its combination bands. It is worth noting that for both complexes, there are

many more low frequency modes than listed in Table 2 based on our calculation. The
two features at 20 and 46 cm4 in the spectrum of the 1:2 complex are most likely out of

plane intermolecular vibrations among the three constituents as listed in Table 2.
Although indirect, this assignment of all the major features in the low frequency region of

the spectrum further confirms the assumption that there are no other isomers in the
molecular beam for the water complexes of OABA.

Unlike the REMPI spectra of PABA complexes shown in Figure 5, Figure 8 displays

rich activities of intermolecular vibration for both the 1:1 and 1:2 complexes. In the
spectrum of the 1:1 complex, a strong transition at 111 cm1 is assigned as the in-plane
bending mode b. This mode is so active that a clear vibrational progression with v up to

four is observable, where v is the vibrational quantum number. Two other strong features
at 123 cm1 and 180 cm4 are assigned as the out-of-plane bending mode a with iXv = 2

and the fundamental transition of a stretching mode c. Modes b and c are also observed
for the 1:2 complex of OABA at 70 and 156 cm' respectively. The obvious shifts in
both the intermolecular and the intramolecular vibrational modes among the three species

further reinforce the assessment that the smaller complexes are not dissociative products
of the larger complexes.

The shifts in frequency for some of the observed modes in the water complexes of
OABA are displayed in Figure 9. Similar to the case of PABA, the ring deformation
mode 6a changes by less than 10 cm4, while the in-plane bending mode B of the carboxyl

group increases by --'30 cm1. The site of water addition should therefore be the carboxyl

group, in excellent agreement with our theoretical predictions. Modes C and D involve

collective motions of the whole molecular frame, and are therefore not as sensitive as
mode B to the addition of water.
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Figure 11.9 Frequency shifts of a few observed normal modes in OABA(H2O) (n = 1
and 2) relative to the bare compound. The uncertainty for all the values is 3 cm1.
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Figure 11.10 Two-color PIE spectra of jet-cooled OABA(H2O) (n 0 - 2). The IP
values are marked by an arrow on each trace.



220

Figure 10 shows the threshold portion of the PIE spectra for all three species. The
threshold for bare OABA has been determined to be 7.836 eV from this procedure, and
this value is in good agreement with our own report from a ZEKE experiment.'8 The IPs
for the 1:1 and the 1:2 complexes have been determined to be 7.644 eV and 7.63 5 eV
respectively. Similar to the situation of the water complexes of PABA, the onset of the
ion signal for the water complexes of OABA is also quite slow with the increase of
excitation energy.

11.5. Discussion

The above experimental and theoretical results provide a consistent picture with regard

to the initial step of water solvation of aminobenzoic acids. All aminobenzoic acids can

be viewed as electron "push-pull" molecules, and in the ground state, a fraction of the
electron from the amino group is transferred to the carboxyl group. The lack of electrons

on the amino group and the ready availability of extra electrons on the carboxyl group
therefore result in an amphipathic behavior in both molecules. For MABA,'9 due to the
weaker electron induction effect in meta substitution, minor isomers in both the 1:1 and
the 1:2 complexes were observed, while for PABA and OABA, our observation and that
of Stearns, et al.'5 both allude to the existence of only one isomer in all cases. We
therefore conclude that it is the hydrogen-bond site on the carboxyl group that the water

molecules prefer to occupy. The amino group loses out in the competition even with the
availability of two water molecules.

Unique to OABA is the intramolecular hydrogen bond between the two substituents,
and based on our results, this hydrogen bond has minimal effect on the water complexes.
In the study of Stearns, et al.

15 the "free" NH stretching vibration in the Si state of
OABA(H20)i was the same as that of bare OABA. The authors thus concluded that
water complexation exerts only a minor perturbation to the molecular frame. Our study is

sensitive to the in-plane-bending mode C of the amino group, and based on Table 2, only

a slight shift of this mode, on the order of 10 cm, is observable. This result is in
agreement with the study of Steams, et al.15

One of the intriguing results from the above measurement is that except for the 1:1
complex of OABA, the 1:2 complex of OABA and both water complexes of PABA
demonstrate blue shifts. The spectra of the water complexes of MABA, interestingly, all
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Table 11.3. Calculated hydrogen bond lengths in the 1:1 complex of PABA and OABA
upon electronic excitation.

C=O HO (A) 0-H" OH (A)

so Si S0 S1

PABA(H20)1 1.914 2.018 1.803 1.942

OABA(H20)i 1.943 1.902 1.790 1.798
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demonstrated sizable red shifts.19 These shifts reflect the difference of the ground and
the excited state in water complexation. Typically, a blue shift implies a more tightly
bond ground state than the excited state, and verse versa. It would thus be instructive to

compare the geometry changes upon excitation. The location of the water molecules is
the same for OABA and PABA in both water complexes. Table 3 lists the hydrogen
bond lengths for the 1:1 complexes. Upon electronic excitation, the lengths for both
hydrogen bonds C=O HO and O-H increase in the 1:1 complex of PABA,
implying a decrease in bond strength. In contrast, the bond length for CO HO
decreases in OABA(H20)1, indicating a slight enhancement of the hydrogen bond. This
additional stability in the Si state of OABA(H20)1 may be the reason for the red shift of
the origin band. Unfortunately, the precision from our calculation on the binding energy
is insufficient to confirm the above assessment with regard to the relative strength of the
hydrogen bonding.

Another intriguing result is the missing intermolecular modes in the spectra of the
water complexes of PABA in Figure 5. Based on our calculation, these modes should
appear within 200 cm1 above the origin band. Our initial suspicion is small Franck-
Condon factors near the origin of the electronic transition, since upon excitation, one of
the OH bond in water rotates into the plane of the aromatic ring. However, the existence

of the large origin band dismisses this possibility. An opposite extreme is that there is no

change in the displacement vector upon ionization from the Si state to the cationic state,

and the only non-vanishing vibrational band is thus the origin band. It is interesting to
note that our spectroscopic assignment of the water complexes of MABA did not reveal

the existence of intermolecular vibrational modes either. The prevalence of the rich
intermolecular features in the spectra of the water complexes of OABA is therefore
unique to the ortho isomer.

11.6. Conclusion

Spectroscopic properties of the excited state of PABA and OABA water complexes
have been studied using two-color resonantly enhanced multiphoton ionization
spectroscopy. Structures and binding energies for several of the most possible isomers in

the ground state have been explored based on DFT calculations. In all cases, only the
most stable isomer exists in the supersonic molecular beam, and the intramolecular
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hydrogen bond in OABA has minimal effect on water complexation. With the aid of ab
initio calculations, vibrational modes of the S1 state of the most stable complexes have
been assigned, and a reasonable agreement between theory and experiment has been
obtained. From the frequency shifts of some of the observed normal modes upon water
addition, we conclude that it is the hydrogen-bond sites on the carboxyl group that the
water molecules prefer to occupy. The ionization thresholds of both bare molecules and
their water complexes have been determined, although with a larger uncertainty for the
water complexes than for the bare molecules due to the shallow siop in the corresponding
PIE spectra.
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12. Observing microsolvation by adding one water molecule at a time:
Electronic spectroscopy of water complexes ofp-aminobenzoic acid

12.1. Abstract
The solvation mechanism of p-aminobenzoic acid is investigated based on vibrational
analysis of the first electronically excited state of the neutral complex and the shift of

ionization thresholds with increasing water content. A large change in the vibrational
frequency of the carboxylic group upon water addition alludes to the site of water
addition. The similarity of the observed vibrational modes implies the formation of a
water cluster attached to the carboxylic group. The gradual decrease of ionization
thresholds with water addition suggests that the eventual closure of the solvation shell is

unidirectional, and that the amino group remains on the surface of the complex even with
forty surrounding molecules.
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12.2. Introduction

The microscopic process of solvation has captured the fascination of scientists for
decades (1 4). In the solution phase, thermodynamics can explain the chemical
composition of a steady state at equilibrium, and kinetics theory can predict the relaxation
process when deviated from equilibrium. In the gas phase, spectroscopy provides an
insightful look at the ensemble average of isolated species, being either the solute or the
solvent. Studies of complexes of atoms or molecules with solvent molecules provide the
bridge between the two limits. In particular, observations on the change in physical and
chemical properties of the solute as a function of the number of solvent molecules can
provide the ultimate information for this linkage. Since the first experiment on ion
solvation in water complexes using high pressure mass spectrometry (5), experimental
techniques, both in terms of cluster generation and spectroscopic detection, have been
greatly improved. Molecular beam technology has proven an efficient way to prepare
cold, isolated complexes of different sizes (4, 6 - 11). As a result, solvation of atomic
species, such as alkali metal atoms (6, 7), halogen anions (8 - 10), or electrons (4, 11),
have been reported. The generation of neutral complexes involving medium sized
species, such as heteroaromatic and benzene derivatives, is still technically challenging

(12). Attachment of rare gas atoms or water molecules has been limited to just a few
solvent molecules, thus the scope of these investigations is far from the regime of bulk
phase solution. On the other hand, the solvation of medium sized species is particularly
important in biological reactions (13 - 16). The effect of water on the chemical and
physical properties of nucleic acids and amino acids has proven critical in our
understanding of molecular evolution (17- 19).

In this work, we investigate the microsolvation mechanism of p-aminobenzoic acid
(PABA) in water. The biological activities of PABA range from sulfanilamide
antimetabolite to photodegradation inhibitor (20). From a chemistry point of view, it is
an electron "push-pull" species with a donor (-NH2) and an acceptor (-COOH) connected

by a it-ring. In protic solvents, both groups can act as proton donors and acceptors
simultaneously, and the it electrons on the aromatic ring can also form a hydrogen bond
with a proton donor. The existence of multiple hydrogen bonding sites makes PABA a
fascinating model for studies of interactions between water and aromatic species.
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Our investigation method is electronic spectroscopy, including vibrational mode
analysis of the first excited electronic state (Si) and size dependence of ionization
thresholds to the ground cationic state (Do) of the complexes. Using two lasers in a two-

color resonantly enhanced multiphoton ionization (REMPI) experiment, we can derive
information on the existence of structural isomers and their geometry. This can be
achieved by scanning the resonant laser and fixing the ionization laser high above the

ionization threshold. For complexes that are too large to provide this type of information,

we look into the ionization thresholds using two-photon ionization. This is achieved by

fixing the resonant laser to an intermediate state and scanning the ionization laser for the

appearance energy of the threshold ions or electrons. All experiments were performed

using a standard molecular beam machine with a time of flight mass spectrometer (TOF-
MS) and a pulsed valve heated to 140°C. Water complexes were generated by seeding the

heated vapor of PABA in a mixture of room temperature water vapor and argon gas at a
stagnation pressure of 3 atm. The size range of this study is n = 0 - 40, where n

represents the number of water molecules in a PABA complex. Evidence from our
experimental results suggests that this range is large enough to reach the regime of
macroscopic water droplets.

12.3. Results

12.3.1. REMPI spectroscopy
Figure 1 shows the REMPI spectra of the water complexes of PABA with n = 0 6.

Details of the spectroscopic assignment will be published elsewhere (21). Except for the

in plane twist modes (ipfl) of the carboxylic acid group, the rest of the observed
vibrational modes are related to in-plane ring deformation. All seven spectra in Figure 1

look similar, and the addition of water molecules does not seem to have changed the
distribution of the observed vibrational modes. This result implies that the addition of
water molecules exerts minimal disturbance to the molecular frame of PABA.

The origin band demonstrates frequency shifts and shape changes, and transitions to
excited vibrational levels are also shifted in frequency and broadened in linewidth. These

signatures are telltales of the microsolvation mechanism. The shifts in frequency for the
observed modes in complexes with n S 2 are illustrated in Figure 3. While the ring
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Figure 12.1. REMPI spectra of PABAwater complexes. 
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Figure 12.2. Frequency shifts of a few observed normal modes in PABA(H2O) (n = 1

and 2) complexes. The uncertainty in the shift of the 4432 mode for PABA(H20)2 is -1O
cm1 due to the unresolved broad feature, while the uncertainty for the rest of the values is
3 cm'.
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deformation modes change by less than 10 cm1, the twist mode ipflj of the carboxylic
acid group increase by -30 cm1. The site of addition of the water molecules should
therefore be the carboxylic acid group for n = 1 and 2. This deduction is in line with our
intuition since the acidic group is hydrophilic, and therefore intermolecular hydrogen

bonds are easily formed. It also fits in the picture of this "push-pull" molecule: since the

amino group acts as an electron donor within the molecular frame of PABA, its ability to

form intermolecular hydrogen bonds with water is weakened. Yang, et al. reported even-

odd alternation in the changes of the adiabatic electron detachment energy with in water

complexes ofp-benzene-dicarboxylate and suberate dianions (22). The authors attributed

this phenomenon to alternative solvation of the two carboxylic groups. Replacing one of
the carboxylic groups with an amino group in our experiment eliminates the even-odd
alternation. The amino group on PABA loses out to the carboxylic group in the
competition. It is worth noting that mode Ip/32 involves a collective motion of the whole

molecular frame, including twist of the amino group. This mode is therefore not
particularly sensitive to the addition of water. Moreover, for PABA(H20)2, this mode

cannot be resolved from a nearby vibration (not assigned in Figure 1), and the plotted
shift for this mode has a large uncertainty.

Figure 1 provides the basic road map of microsolvation in PABA: the addition of water

molecules is initiated at the carboxylic acid group, and further growth of the water
complex is also centered on the same site. In other words, the intermolecular hydrogen

bonds among water molecules supercede the intermolecular bonds between PABA and
water. The PABAwater complex is thus initially a surface cluster, in contrast to an
interior cluster where the solvent molecules maximize the contact with the solute
molecule (23). This structure of PABAwater is similar to that proposed for the
sodiumwater (24) and halogen anionwater complexes (25), except for Vwater (26),
which is known to have an interior structure. It is interesting to notice that PABA has a

bulky frame and contains multiple functional groups, yet its solvation in water is similar

to that of a small compact sodium atom.

The uniqueness of the above mechanism can be tested from the distribution of
energetically accessible isomers. In our experimental setup, the water complexes were

formed during supersonic expansion. The temperature of the pulsed valve was 140°C,
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Figure 12.3. The most stable structures of PABA(H2O) (n = 1 - 6) complexes obtained
from our density functional calculation at the B3LYP/6-3 1 g* level.
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and the temperature of the complexes should be around 50 - 100 K. Energetically
accessible isomers are therefore limited to those within 300 cm1 (40 meV) above the
most stable structure. The origin band for complexes with n 2 bears no fine structures,
albeit slightly asymmetric in lineshape, while for n> 2, two or more closely spaced bands

overlap. We performed ab initio calculations on the }IF/6-3 lg* level and density
functional calculations on the B3LYP/6-3 1 g* level to search for stable ground state

structures of these water complexes. Limited by our computer resources, it was only
practical to investigate complexes with n 6. Figure 3 shows the most stable structures
obtained from our calculation. In agreement with the experimental observation, for
clusters with n 2, essentially no other energetically competitive isomers are obtained.

The isomers with a water molecule hydrogen bonded to the amino group is 2000-3000
cm1 higher in energy than those in Figure 3. Moreover, our calculation further reveals
that among the isomers with n = 3 and 4, all the water molecules are located in the
proximity of the carboxylic acid group, and the isomeric structures only reflect the
different ways of forming intermolecular hydrogen bonds among the water molecules. It

is only at n = 6 that the amino group shows some probability of hydrogen bonding with

the surrounding water molecules, with an energy cost of 700 cm'.

Based on this result, we farther propose that the closure of the solvation shell is
unidirectional, i.e., the "polar cap" from the carboxylic side would eventually engulf the

whole molecule. In contrast, a bidirectional process would require the formation of a
second polar cap around the opposite amino group, and eventually the two caps would
merge to form a closed shell. Based on Figure 1, the water-water hydrogen bond dwarfs

the intermolecular hydrogen bond between the carboxylic group and water, so the
possibility of forming the initial amino-water hydrogen bond would be extremely low.

A missing piece of spectroscopic information from Figure 1 is the intermolecular
vibration between a water molecule and PABA, particularly for the PABA(H20)1

complex. Based on our calculation, this transition should occur between the origin band

and the first observed intramolecular vibrational mode of PABA at 185 cm1. However,

after an extensive search, we failed to locate this vibrational mode. Our tentative
explanation is that this mode is highly disfavored by the Franck-Condon factor during the
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electronic transition: in the ground state, the water molecule is in the plane of the benzene
ring, while in the S1 state, one of the OH bonds swings out of the plane.

12.3.2. Photoionization spectroscopy
Figure 4 shows the time of flight mass spectra of PABA(H2O) (n = 0 - 40) complexes

at six different photon energies. Based on the dependence of the signal strength on the
power of the excitation laser, the nature of the process was confirmed to be non-resonant

coherent two photon ionization. For complexes with n < 20, smaller ions disappear faster
than larger ions with the decreasing photon energy. This fact indicates that the ionization
thresholds of PABA(H2O) from n = 0 to n 20 decrease monotonically with the number
of attached solvent molecules. However, for complexes with n > 20, the mass spectra
show a uniform drop of all sized ions with the decreasing photon energy. This
observation suggests that complexes with n > 20 have essentially one common ionization
threshold, independent of the number of solvent molecules.

In order to determine the ionization potential, we recorded the potoionization
efficiency spectra (PIE) for a few size selected complexes. By linearly extrapolating the

post-threshold portion to the baseline of the ion signal, and taking into account the field
ionization effect in the ion collection region, we obtained a value of 8.001 eV for the
threshold of bare PABA molecules. This result is in good agreement with our own report
based on a zero kinetic energy photoelectron spectroscopy (ZEKE) experiment (27).

Hydration by a single water molecule reduces the threshold by about 0.13 eV. Addition
of more water molecules decreases the threshold further but by a smaller magnitude.
When the number of attached water molecules reaches 20, the ionization threshold
approaches a constant value of 7.754 eV, about 0.25 eV lower than that of a bare
molecule.

Figure 5 shows the dependence of the ionization thresholds on the number of solvent
molecules. As far as the ionization threshold is concerned, the complex reaches bulk
phase property with twenty surrounding water molecules. The smooth drop in the
ionization threshold with increasing water content for n < 20 indicates a unidirectional
closure process for the solvation shell. If another polar cap were formed around the
amino group, we would expect some discontinuity in the change of the ionization
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clusters.
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threshold when the first water molecule attached to the amino group. Given the
limitation of the data, however, we mention this latter point with caution.

12.4. Discussion

The experimental results on vibrational spectroscopy of the first excited electronic state
and on the ionization threshold provide information on the formation, growth, and
asymptotic behavior of PABA'water complexes. The initiation step is similar to that of
sodium (24) and halogen anion (25) where the solute molecule is located on the outside
of the solvent cluster. At first sight, this conclusion may seem difficult to comprehend.
However, in this "push-pull" molecule, a fraction of the electron from the amino group is
transferred to the carboxylic group. According to Mulliken population analysis, the
amino group has a positive charge of +0.108 and the carboxylic group has a negative
charge of -0.121 in the ground state. The lack of electrons on the amino group and the
ready availability of extra electrons on the carboxylic group therefore result in an
amphipathic behavior of PABA. It would be interesting to measure the surface structure
of water solutions of PABA, since based on this assessment, we would predict that the
amino group should be on the surface of the liquid-vacuum interface. In the work of
Wang, et al. on hydrated sulfate and oxalate anions, the authors reported that once the
surrounding water molecules reached nanometer size, emission of photoelectron from the

solute disappeared due to solvent entrapment (28). In our case, photoionization occurs
even with 40 surrounding water molecules. This fact further supports the surface
structure of PABAwater complexes.

It is known for anions that the detachment energy should be linearly dependent on the
reverse of the radius of the cluster (29). Extrapolation of this straight line should yield
the ionization energy of the solute in the bulk medium. In the case of PABA, the
availability of experimental points is limited, but it is clear from Figure 5 that the bulk
limit should be 7.75 eV, since no change in the ionization energy is observable for n > 20.

This value is substantially lower than the ionization energy of pure water, which is
known to be 10.06 eV (28). This comparison further confirms the surface structure of
PABAwater complexes, since the ejection of a photoelectron should be limited to a
surface component of the droplet.
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The stability of zwitterions in the gas phase has been a fascinating issue (30 - 33).
Although we believe that with more than twenty surrounding water molecules, a full
solvation shell is complete, the species in our system is still not zwitterionic. The

equilibrium constant between the zwitterion and the neutral species is 0.09 at room

temperature for PABA in a pure water solution (34), thus even in the bulk solution, the

solute exists mostly as a neutral species. In fact, the concentration of the neutral species
amounts to 0.82 in mole fraction. Contributions from protonated and deprotonated
PABA are therefore also negligible.

In summary, this experiment provides hints on the microsolvation process of PABA in

water. The shifts in the observed vibrational frequencies of the Si state for n = 1 and 2
provide the evidence that solvation in water begins with the carboxylic group. The

similarity among all the REMPI spectra with n < 6 further suggests that addition of more

water molecules simply expands the water cluster within the complex, without a maj or

modification of the PABA molecular frame. The smooth drop in the ionization threshold

with increasing solvent molecules further demonstrates that closure of the solvation shell

is unidirectional. When there are more than twenty solvent molecules in the vicinity, the

ionization threshold of the complexes approaches the value of the corresponding liquid
solution.
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13. Concluding Remarks and Future Work

13.1 Summary

Using a variety of multiphoton techniques, we have investigated the structural stability

of substituted aromatic systems, the cage adamenzane system, and fused ring systems.
We have also obtained decay mechanisms of the unstable system of pyrimidine bases.

Our work demonstrates that although for many large molecular systems, the information
content in a spectroscopic investigation is limited, useful dynamical information can be
derived, and a general conclusion with regard to the photochemical and photophysical
behaviors of a series of compounds can be obtained.

Although gas phase investigations are related to isolated system, from the progressive

formation of water complexes of solute molecules, we have obtained spectroscopic
information about the interaction between the solute and solvent molecules. Our
observations on the changes of physical and chemical properties as a function of the
number of solvent molecules have also provided a way to bridge our observation from the
gas phase to the solution phase.

13.2 Future Work

Vaporization via direct heating is limited to thermally stable species, while many
biomolecules are thermally labile. Recently, laser desorption (LD) has been used to
circumvent this problem.1'2 When combined with jet cooling, it can be used to obtain both

mass and energy information of complex molecules with extremely low vapor pressures.

A laser desorption source is currently under construction in our laboratory. So far, we
have finished some preliminary work and proved the feasibility of the new design. Data
from the testing experiment are shown in Figures 1 and 2. These two figures display one-

color two-photon REMPI spectra of laser desorbed jet-cooled guanine and p-amino
benzoic acid (PABA) respectively. Although calibration of vibrational temperature has
not been performed yet, the sharp vibrational structures in the figures indicate that
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sufficient cooling has been achieved. In addition, the weak hot band in Figure 2 further
indicates that the vibrational temperature of the molecular beam is lower than 30 K.3

Further improvements including the shot-to-shot stability and effective supersonic
cooling are needed to achieve better spectroscopic sensitivity and resolution. Our ultimate

goal is to combine the versatile laser-desorption source with our REMPI and ZEKE
spectrometer to investigate photophysics of relatively large biologically relevant species,

such as polynucleutides and polypeptides.

13.3 References
1 Nir, E., Brauer, B., Grace, L., and de Vries, M. 1999, 3. Am. Chem. Soc. 121, 4896.
2 Mons, M., Dimicoli, I., Piuzzi, F., Tardivel, B., and Elhanine, M. 2002, J. Phys.

Chem. A 106, 5088.

G. Meijer, M. S. de Vries, H. E. Hunziker, and H. R. Wendt, 3. Chem. Phys. 92, 7625
(1990).



244

29 299.0 299.5 300.0 300.5 301.0 301.5

Excitation Wavelength (nm)

Figure 13.1. 1+1 REMPI spectrum of laser-desorbed and jet-cooled guanine.
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Figure 13.2. 1+1 REMPI spectrum of laser-desorbed and jet-cooled PABA near the
origin of the S1 state.




