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Laser desorption jet-cooling spectroscopy of para-amino benzoic acid

monomer, dimer, and clusters

Gerard Meijer, Mattanjah S. de Vries, Heinrich E. Hunziker, and H. Russell Wendt
IBM Research Division, Almaden Research Center, San Jose, California 95120-6099

(Received 26 December 1989; accepted 2 March 1990)

The technique of laser desorption followed by jet cooling allows wavelength-selective as well as
mass-selective detection of molecules, desorbed from a surface without fragmentation.
Resonance enhanced multi photon ionization (REMPI) spectra of the para-amino benzoic
acid (PABA) molecule and its methyl and n-butyl ester were obtained in this way. The origin
of the S, S, transition in PABA was found at 34173 + 2 cm ~'. The adiabatic ionization
potential of PABA was determined as 7.998 + 0.001 eV. In addition, jet-cooled REMPI
spectra of the PABA dimer and its ring-deuterated isotopes were recorded. The dimer is
formed by two identical hydrogen bonds between the carboxylic acid groups. The excitation in
the dimer is found to be almost completely localized in one monomer unit. Clusters of PABA
molecules with molecules seeded in the beam (argon, methanol, water) were resonantly

detected as well, using PABA as the chromophore.

I. INTRODUCTION

In the last couple of years several groups have been
studying laser desorption of organic molecules from sur-
faces.'™ It is generally believed that under conditions of rel-
atively low desorption laser power more neutrals than ions
are produced in the desorption process.>”’ In order to study
these neutrals, it is necessary to separate the detection step
from the desorption step. In the most widely used approach
the desorbed molecules are ionized shortly after they leave
the surface, either by electron impact or by photoionization.
The molecular ions are extracted and mass-selective detec-
tion is performed. As an analytical tool, this technique has
found applications in several fields. It is used to determine
the composition of bulk samples and surface layers. Com-
pared with other surface analytical methods, the sensitivity
of this technique is very high and small fractions of a mono-
layer can be detected. The selectivity of this process resides
exclusively in the mass-selective detection. When electron
impact is used for ionization, additional information is ob-
tained from the often well-known fragmentation patterns.
When photoionization is used, the wavelength of the ioniza-
tion laser can be chosen such as to preferentially ionize a
certain class of compounds.®’

Although the mass resolution can be made high enough
to determine the masses of biomolecules (masses up to
10 000 amu),'%! one would often like to have an additional
dimension of selectivity, to pick a specific molecule from a
complex mixture. Selective two-step ionization, using an
electronic resonance in the molecules to be detected, gives
such an additional selectivity. It is well known that even for
large organic molecules with low symmetries, sharply re-
solved, fingerprint ionization spectra can be obtained when
the rotational and vibrational degrees of freedom are cooled
down.'? For molecules with a sufficiently high vapor pres-
sure, this can be achieved by seeding them in the drive gas of
a supersonic jet expansion, whereby cooling to a few degrees
K can be obtained. In order to apply jet cooling to molecules
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with a lower vapor pressure, a different technique for mixing
the molecules with the drive gas is required. In some cases
heating of the nozzle can be used to increase the vapor pres-
sure; however, pyrolysis often occurs. Laser desorption as a
means to volatilize surface adsorbants has been demonstrat-
ed to circumvent pyrolysis as well as surface reactions.%’

Recently it has been shown that laser desorption can be
combined with jet cooling to obtain both mass-spectra and
wavelength-spectra of complex molecules with a low vapor
pressure.'*!* In our setup, laser desorption is performed
very close to the orifice of a supersonic jet expansion. In this
approach, the internal degrees of freedom of the desorbed
molecules are cooled by multiple collisions in the expansion
region. The desorbed molecules are entrained in the jet, they
are carried downstream by the drive gas in a compact cloud,
and are therefore brought into the detection region with a
high efficiency.'® The jet cooling enables an efficient and
selective ionization of the desorbed molecules when the
wavelength of the ionization laser is chosen to be resonant
with a vibronic transition. This makes it possible to detect a
specific molecule amidst a soup of other, slightly different,
molecules. In addition to its analytical usefulness, this tech-
nique is the only one that permits studying the gas-phase
spectroscopy of a large number of involatile organic mole-
cules.

In this article we demonstrate the power of laser desorp-
tion jet-cooling spectroscopy. In our setup rotational cooling
down to 5-10 K is obtained,'” with a detection limit of less
than 10° molecules in the desorption laser-spot.'® Laser de-
sorption jet-cooling spectroscopy is applied to the para-ami-
no benzoic acid (PABA) molecule and clusters associated
with it. The PABA molecule is of particular interest because
it is closely related to both aniline and benzoic acid. Both
these molecules are sufficiently volatile to be seeded in a
beam, and their gas-phase spectroscopy is well known. '*-2!
PABA, however, has a vapor pressure of 10~ Torr at room
temperature,”” and nothing has been known about its gas-
phase spectroscopy until now, despite its widespread useasa
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sunscreen and as a photodegradation inhibitor. The spec-
trum of the PABA dimer reflects unambiguously the geo-
metrical structure of the dimer, and this will be discussed in
detail below. In addition to detecting clusters of desorbed
molecules with themselves, clusters of desorbed molecules
with molecules seeded in the molecular beam were formed,
cooled, and resonantly detected.

. EXPERIMENTAL

The experimental setup is schematically shown in Fig.
1. The sample is mounted just in front of a pulsed valve
(General Valve) with a 0.5 mm nozzle diameter. The sample
surface is brought very close to the lower edge of the nozzle
(within 0.1 mm). The height of the sample can be varied
continuously. Typically the sample is 0.5-2.0 mm below the
molecular beam axis. The desorption laser hits the sample
from above, and the position of the desorption laser spot
relative to the nozzle can be adjusted. A telescope providing
a view along the desorption laser path aids in the alignment.
Obviously, the desorption laser spot has to be centered on
the molecular beam axis, whereas the distance from the noz-
zle can be chosen anywhere between 0.5-5 nozzle diameters.
The sample is mounted on a rail, so that a fresh part of the
sample can be brought in front of the nozzle whenever it is
needed. For the experiments to be discussed here, a
3 X 5X40 mm piece of fritted glass was used as sample hold-
er. PABA as well as its alkyl derivatives were commercially
obtained, and used without further purification. The PABA
was dissolved in methanol, and the solution was brought on
the fritted glass. After evaporation of the methanol a thin
layer of PABA covered the fritted glass. In all experiments,
Ar, with a backing pressure of 5-8 atm, was used as the drive
gas.

In some experiments partly deuterated PABA was used.
We synthesized PABA with D atoms in the ortho position to
the NH, group by heating under reflux for fifty hours a
slightly acidic (pH = 4) solution of PABA in D,O. This also
substituted the outer H atoms for D atoms but these latter
ones were easily resubstituted by dissolving the deuterated
compound in methanol, and subsequent recristallization. In
this way we obtained doubly ring-deuterated PABA (mass
139) with a 95% purity.

For desorption a laser is required that heats the sub-
strate at a high enough rate to cause thermal desorption,
without causing photolysis and/or pyrolysis. We used a KrF
(248 nm) excimer laser (Lumonics Hyperex-400; unstable
resonator optics) for the desorption process. A 2 mm diame-
ter spot was spatially cut out of the excimer beam profile, a
few meters away from the laser. The intensity of the resulting
beam was reduced by inserting calibrated attenuation filters
to typically 0.1 mJ, in a 15 ns pulse. This light was loosely
focused onto a 0.3 mm diameter desorption spot on the sam-
ple. Although we know that some photochemistry was going
on at or near the surface (we saw for instance aniline being
produced by irradiating PABA with 248 nm) this was not to
an extent that it influenced our data. Identical spectra and a
similar monomer/dimer ratio in the beam were observed
when a XeF (351 nm) excimer laser was used for the desorp-
tion process. Timing of the desorption laser pulse in the 150
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FIG. 1. Schematic view of the experimental setup. See the text for details.

us long gas pulse as well as the timing of the ionization la-
ser(s) was controlled by a pair of four-channel digital delay
generators (Stanford Research Systems, Inc. model DG
535). The experiments ran at 10 Hz.

Following desorption, the desorbed molecules are en-
trained in the jet and a fraction'® passes through a 1 X4 mm
slit skimmer, with the slit in the horizontal direction, 2.3 cm
away from the nozzle. Thus the beam enters the differential-
ly pumped ionization chamber. The walls of the ionization
chamber can be cooled to liquid nitrogen temperature to
reduce the ion signal that is due to ionization of background
gases. Ionization takes place at a 10 cm distance from the
nozzle, between the extraction grids of a Wiley—McLaren-
type®® linear time-of-flight mass spectrometer (R. M. Jor-
dan Co.). As nonselective ionization source another excimer
laser, operating on KrF (248 nm), ArF (193 nm) or F, (157
nm) can be used. Nonresonant ionization can be very useful
for optimizing the desorption process. For resonant ioniza-
tion the frequency-doubled output of a Quanta-Ray and/or
Lumonics dye laser, pumped by the second and third har-
monic, respectively, of a Nd:YAG laser, is used.

The positive molecular ions are created in a 200-250
V/cm electrical field, and pass through a 150 cm long,
grounded drift tube before they are collected on a 2" dual
channel plate. The overall ion transmission of this TOF mass
spectrometer is measured to be about 40%. The main ion
loss is probably due to fringe fields penetrating between the
extraction grids and into the field-free region of the drift
tube, thus causing ions to be deflected outwards. The dual
channel plates amplify the ion signal by a factor of 10°. A
home-built, fast preamplifier is connected as close as possi-
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ble to the channelplates and amplifies the signal by another
factor of 10, before it is displayed on a digital oscilloscope
(LeCroy 9400). The mass spectra displayed and stored in
the scope are read out by an IBM PC. By adjusting the vol-
tages on the extraction grids to fulfill the Wiley-McLaren
conditions, the ion peaks can be made as narrow as 30 ns
(FWHM), on a total flight-time of several tens of us. This
corresponds to a mass resolution AM /M of 1/300 at the
PABA mass (137 amu).

The procedure for recording wavelength spectra is as
follows: A mass spectrum is read out by the PC, and integra-
tion windows are set over several (maximum of five) mass
intervals. The wavelength scan of the ionization laser is con-
trolled by the PC. At every wavelength setting a set of typi-
cally 10 mass spectra are recorded and averaged. Then the 10
Hz sequence is interrupted, the ionization laser steps to its
next wavelength, and the averaged ion signal in the various
mass windows is calculated and displayed. The scan goes on
over a preset wavelength interval, and at the end, wavelength
spectra for the different masses are displayed. This final set
of spectra is stored into memory.

lll. RESULTS AND DISCUSSION
A. REMPI of PABA

As mentioned before, nothing has been known about the
gas-phase spectroscopy of PABA until now. To get an idea
where to look for the lowest absorption band, solution spec-
tra can be used. In order to locate the origin of the electronic
transition in the gas-phase more precisely, we recorded a
room-temperature (1 + 1)-REMPI spectrum. Unless indi-
cated otherwise, all spectra were obtained using the same
laser for resonant excitation and ionization (one color, two
photon ionization). With the walls of the ionization
chamber at room temperature, there was approximately
10~ ® Torr vapor pressure of PABA in the machine, enough
to detect its REMPI spectrum. The result is shown in Fig. 2.
The spectrum is recorded by monitoring ions at the parent
mass (137 amu), and is not corrected for the wavelength
dependence of the ionization laser power. The structure is
due to resonance absorption into the first electronically ex-
cited singlet state which is analogous to the 'B,, state in
benzene. We assume that ionization out of this state does not
add any structure in this wavelength region. It is interesting
to compare the broad bands that show up in this spectrum
with the much sharper structures in the room-temperature
laser-excited fluorescence spectrum of aniline'®?°; there is
much more spectral congestion for the PABA molecule.

The (1 4 1)-REMPI spectrum of the laser-desorbed,
jet-cooled PABA is shown in Fig. 3. The origin of the elec-
tronic transition is located at 292.63 nm (3417342
cm~!). A large number of transitions to vibrational levels in
the excited electronic state appear in the spectrum. To the
red side of the 0-0 band hardly any structure is observed,
and, from the absence of hot bands, we estimate the vibra-
tional temperature to be less than 30 K. A more detailed
study of the cooling characteristics of this machine has been
performed on anthracene, a molecule whose spectroscopy is
well known. These measurements indicate a rotational tem-

Room Temperature PABA
T T v T T T v
L | " " " L I 2 " L

295 290
Wavelength [nm]

lon [arb. units]

FIG. 2. (1 + 1)-resonance enhanced multiphoton ionization spectrum of
para-amino benzoic acid at room temperature. Ions are detected at the par-
ent mass (137 amu).

perature between 5 and 10 K.'” The energy of each major
peak in the spectrum of Fig. 3 with respect to the electronic
origin is indicated, in cm ~?, above each peak. Contrary to
the observations in the methylbenzoate and the benzoic acid
spectra,”! no sign of a rotational isomer of PABA is seen.
Although a complete assignment of the vibrational spectrum
of PABA does not yet exist, the first strong vibration at 461.2
cm ~ ' can be ascribed to the lowest-energy active ring vibra-
tion, corresponding to the 6a vibration in benzene. As will be
seen from a comparison of the spectrum in Fig. 3 with the
spectra of several alkyl esters of PABA, the next strong vi-
brations at 550.4, 812, and 995 cm ! are ring vibrations as

T T T T T T
293 292 291 290 289 288

lons [arb. units]

T T T T T
287 286 285 284 283 282
Wavelength (nm)

FIG. 3. (1 4+ 1)-REMPI spectrum of laser desorbed jet-cooled PABA. The
width of the 0-0 transition is about 3 cm ~! (FWHM), due to unresolved
rotational structure. Frequency distances of each peak from the origin are
indicated in cm ~'. The accuracyis + 1 cm ™! in the upper panel and + 2

cm ™! in the lower panel.
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well. The lower energy vibrations involve motions of the sub-
stituent groups with respect to the ring. Since such low ener-
gy vibrations are absent in the aniline spectrum, they are
most probably due to the COOH substituent.

Considerable caution is necessary in comparing the in-
tensities of the various peaks that show up in the spectrum.
First of all, there is the wavelength dependence of the ioniza-
tion laser power, which in principle can be corrected for. A
major problem, however, is the pulse-to-pulse fluctuation in
the amount of desorbed material injected into the jet. This is
partly due to depletion of the sample spot in time, but mainly
to the fact that small fluctuations in desorption laser power
give rise to large fluctuations in the amount of material de-
sorbed.'® When the wavelength of the ionization laser was
set on the 0-0 transition of PABA for instance, typical shot-
to-shot fluctuations of 30% occurred in the ion signal. The
spectrum in Fig. 3 was taken by averaging over 10 shots. A
new spot was used after every 2 000-3 000 shots and we be-
lieve that the relative intensities are at least qualitatively
right.

The spectrum in Fig. 3 was recorded by measuring only
the parent ions, at mass 137 amu. As shown in Fig. 4, there
was some fragmentation, even at relatively low ionization
energy. The mass spectrum in Fig. 4 was recorded with a
ionization laser fluence of 10 mJ/cm?, at the wavelength of
the PABA 0-0 transition. The major fragmentation peaks
are at 120 amu and at 92 amu, corresponding to the loss of an
OH group and of an COOH group, respectively. The mass
resolution was high enough to separate the PABA contain-
ing the C-13 isotope at mass 138 from the main peak at 137
amu. It should be noted that the isotope ratio inferred from
the REMPI mass spectra does not necessarily reflect the
actual abundance of the isotopes, because of the isotope shift
in their wavelength spectra. We could also clearly separate
mass 92 from mass 93. There was no way, however, in which
we could resolve the apparent double peak at mass 120-121.
This indicates that the loss of the OH group takes placein the
molecular ion, and is relatively slow; it is on the way out of
the extraction region that the PABA ion looses its hydroxyl
part. For the methyl ester of PABA (methyl 4-amino benzo-
ate) we saw a similar fragmentation pattern, i.e., loss of the
OCH,; group and loss of the COOCH, group. In this case,
however, the fragmentation peak at mass 120 was a sharp,
single peak, which indicates a faster fragmentation process.
[One might have expected the energy to flow slower into the
dissociating bond for the methyl ester of PABA, as this larg-
er molecule has more internal degrees of freedom than the
PABA molecule. There are several other effects, however
(i.e., change in excess energy in going from PABA to substi-
tuted PABA, change of the bond strength in going from the
acid to the ester) that might explain the observed, faster,
dissociation process.] The fragmentation pattern was identi-
cal for all the wavelength peaks in the spectrum of Fig. 3. In
general, the 0-0 transition showed a little bit less fragmenta-
tion that the other transitions. Of course, when considerably
higher ionization laser power was used, fragmentation was
much more severe, and a lot of smaller fragments appeared.

The spectra we discussed thus far have all been taken
using one laser for both the resonant excitation and the ioni-

h 137
Y
o’/c‘?
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=]
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- @ :c 120
-4 138
92
‘,]\\ — L
Time of Flight

FIG. 4. TOF spectrum, showing the fragmentation pattern of PABA. The
ionization laser is set at the 0-0 transition. Laser fluence (unfocused beam)
is ~ 10 mJ/cm?.

zation. To determine the ionization potential (IP) of PABA
we used two separate dye lasers. The dye laser used to per-
form resonant excitation can be reduced in intensity. The
dye laser used for ionization can be quite intense, as three
photons of this laser are needed for nonresonant ionization,
whereas only one photon is needed to ionize from the inter-
mediate state. As mentioned earlier, a general problem with
the laser desorption jet cooling technique is the fluctuation
of the signal. This makes two-color experiments hard to per-
form, because they require a measurement in the presence of
a large and fluctuating background. An additional problem
in the case of the PABA molecule is the short lifetime of the
intermediate singlet state. It turned out that a mere overlap-
ping of the two dye lasers in time (to a ns precision) was not
enough to produce a strong two-color ionization signal.
Even with the resonant excitation laser an order of magni-
tude weaker than the ionization laser, the (1 4+ 1)-REMPI
signal and the two-color ionization signal were comparable
in intensity. This is due to the jagged temporal shape of the
pump pulse from our (non-injection-seeded) Nd:YAG la-
ser, which causes intensity spikes in the output of the dye
lasers. As both dye lasers are pumped by the same Nd:YAG
laser, the overlap of the spikes can be changed by varying the
path length of one laser with respect to the other. By chang-
ing this path length over a few cm, a major change in the total
ion yield was observed. From this we estimate that the life-
time of the intermediate state in the PABA molecule is on
the order of a few hundred ps. Once the optimum overlap
between the excitation laser and the ionization laser was
found, the onset of ionization could be determined. In the
inset of Fig. 5 a typical ionization onset is shown. The reso-
nant excitation laser was fixed in wavelength and excited the
0-0of PABA at 34 173 cm ~!. Ions of mass 137 were collect-
ed as the ionization laser was scanned around 330 nm. The
total ion signal at mass 137 increased by an order of magni-
tude once the wavelength of the ionization laser was short
enough to cause ionization out of the intermediate state. Sev-
eral spectra showing the onset of ionization were recorded as
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FIG. S. Energy needed to ionize PABA out of the S| state as a function of
the electric field in which the ions are produced. In the inset a typical scan
showing the onset of ionization is shown in an electric field of 155 V/cm.
Extrapolating the curve to zero electric field, allows the ionization potential
to be determined as 64 507 + 8 cm !,

a function of the electric field in which the ions are produced.
When the wavelength of the ionization laser is too high to
cause photoionization, it can still excite to one of the numer-
ous Rydberg states. Electric field ionization of these high-
lying Rydberg states causes an apparent lowering of the ioni-
zation potential.>* Figure 5 shows the electric field
dependence of the ionization onset. A lowering of the ioniza-
tion potential by about 18 + 1 cm ! per 100 V/cm of elec-
tric field is seen. The shape of the curve we obtained is similar
to the electric field dependence found for benzene and anth-
racene.?* Extrapolation of the curve in Fig. 5 to zero electric
field allows the ionization potential to be determined as
64 507 4+ 8 cm ™!, where the error is equal to two times the
standard deviation.

A schematic energy level diagram of PABA is shown in
Fig. 6. The first excited singlet state lies higher than halfway
to the IP, which makes single-color (1 + 1)-REMPI detec-
tion possible. Note that the energy of the F, laser (157 nm) is
just not enough to cause one-photon ionization of the PABA
monomer. We already noted that the S, state has a short
lifetime. A substantial fraction of the population in the S,
state undergoes intersystem crossing to a long-lived state,
probably the lowest lying triplet state, the T, state. We could
probe the population in this triplet state by delayed ioniza-
tion with the ArF (193 nm) laser. The delay time could be as
long as several us without a significant reduction in signal;
the main reason for the observed decrease in ion signal for
longer delay times was due to triplet state PABA molecules
leaving the ionization region. Although the energetic posi-
tion of the triplet state is not known, we can give some upper
and lower limits. The triplet state can be detected by the ArF
laser (6.42 eV) but not by the KrF laser (5.00 eV). If we
assume there is no change of vibrational energy in the ioniza-
tion process, this places the triplet state between 1.57 and
3.00 eV above the singlet ground state. Some spectra were
recorded in which the population in the triplet state was

% A

1.P. £ 7.998
F, 4
krF ArF
hv2 hv1
S1 A
hv1
So

FIG. 6. Schematic energy level diagram of the PABA monomer. Energy
scale is in eV.

detected while the excitation laser was scanned over the
S, 8, region. Due to the long lifetime of the triplet state
simultaneous recording of the (1 + 1)-REMPI spectrum
via the singlet and triplet states is possible: If the ArF laser is
delayed by 300 ns, the ions created out of the triplet state
appear 300 ns later (appear at “another mass”) than the ions
created by the excitation laser directly out of the S, state
(note that the resonant excitation laser cannot ionize out of
the triplet). We measured both spectra simultaneously to see
if there is a strong vibrational state dependence of the inter-
system crossing rate. Simultaneous recording is important
because it eliminates the main source of noise, i.e., any fluc-
tuation in the amount of PABA present in the beam. The
result was negative; for all the vibrations below 600 cm ~!

(the rest of the spectrum was not investigated) the spectrum
obtained by delayed ionization out of the triplet state was
identical to the (1 + 1)-REMPI spectrum shown in Fig. 3.
The intensities are the same within 209, which means the
intersystem crossing rate is constant to within 10%.

The most efficient detection of PABA was found to be
the direct one-color (1 + 1)-REMPI detection. Neverthe-
less we estimate the overall ionization efficiency to be only of
the order of 1%, mainly due to the short intermediate state
lifetime. Experiments are under way to determine the life-
time of the intermediate state and the absolute ionization
efficiency, to be able to quantify the absolute detection effi-
ciency of PABA on a surface in our setup.

In Fig. 7 part of the (1 + 1)-REMPI spectrum of
PABA (upper panel) is shown together with the corre-
sponding spectra of methyl 4-amino benzoate (middle pan-
el) and n-butyl 4-amino benzoate (lower panel). The spec-
tra of the alkyl esters of PABA are only slightly redshifted
with respect to the PABA spectrum. This slight shift is indi-
cative of the fact that the excitation is mainly localized on the

J. Chem. Phys., Vol. 92, No. 12, 15 June 1990
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FIG. 7. Part of the (1 + 1)-REMPI spectra of laser desorbed jet-cooled
PABA (upper), methyl 4-amino benzoate (middle) and n-butyl 4-amino
benzoate (lower). In all spectra ions are collected at the parent mass. The
n-butyl 4-amino benzoate spectrum shows the presence of two distinct types
of rotational isomers, in an approximate 3:1 ratio.

other side of the molecule, i.e., on the amino group. When
methy! groups are attached to the nitrogen, the spectrum
changes completely. Sharp transitions appear only in a nar-
row energy range near the 0—0 band, about 10 nm redshifted
from the PABA origin. The vibronic structure indicates a
different type of electronic transition.?>*".

The major vibrations in the PABA spectrum are seen at
the same frequencies in the spectra of the methyl ester and
the n-butyl ester, indicating that these are ring vibrations,
hardly influenced by the substituent groups. At lower fre-
quencies a set of vibrations attributed to vibrations in the
alkyl groups and to vibrations of the alkyl groups with re-
spect to the frame appear in the spectrum. For the #-butyl 4-
amino benzoate an extra peak appears very close to the ori-
gin. A similar splitting is seen for most other peaks in this
spectrum. This is indicative of the presence of two distinct
types of isomers, as has been seen for many other molecules
as well.>®* The spectra shown in Fig. 7 demonstrate that
laser desorption jet cooling spectroscopy works for these
more complicated molecules as well.

472
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FIG. 8. (1 + 1)-REMPI spectrum of laser desorbed jet-cooled PABA-
dimers, detected at mass 274. The electronic origin of the dimer spectrum is
42.0 + 0.8 cm ™' blueshifted with respect to the origin of the PABA-mon-
omer. The linewidth of the electronic origin of the PABA-dimer is larger
than for the monomer, and is about 7 cm ~'. This might be due to a some-
what higher temperature for the dimer than for the monomer. Frequency
distances from the various peaks in the spectrum to the electronic origin are
indicated (in cm ~!) above each peak, and are accurate within + 1cm ™.
The low-lying hydrogen bond vibrations are shown on an expanded scale in
the inset.

B. Spectroscopic study of PABA dimers

Under slightly different desorption conditions, intense
spectra could be recorded at mass 274, the mass of the
PABA dimer. The changes necessary to get cooled PABA
dimers in the beam can be qualitatively understood. To see
any cluster formation in the gas phase, a high density of
desorbed material is needed. This can in principle be ob-
tained in two ways. One can increase the desorption laser
fluence, but it turns out that jet-cooling deteriorates then.
This is possibly due to an increase in translational energy of
the desorbed molecules. The better way is to use a very low
desorption laser fluence, just above threshold, and to move
the sample closer to the molecular beam axis. In addition,
the desorption spot has to be as close to the nozzle as possi-
ble, to get optimum cooling. To minimize problems with
disturbance of the jet due to the presence of the sample, a
high backing gas pressure turned out to be advantageous.
We used 8 atm of Ar for this reason.

A typical dimer spectrum is shown in Fig. 8. This spec-
trum was recorded at mass 274, the mass of the unfragment-
ed dimer. When desorption conditions were optimized for
the cooled dimer signal, its intensity was about 20% of the
monomer signal. Upon excitation, the dimer partly dissoci-
ates into monomer fragments, thus its resonances can be
seen at the monomer mass as well. Fragmentation increases
with increasing detection laser fluence. The dimer 0-0 band
is blueshifted by 42.0 4~ 0.8 cm ~! with respect to that of the
monomer. The dimer spectrum shows a structure more or
less similar to that of the monomer spectrum, and ring vibra-
tions of the monomer all show up with a similar blue shift in
the dimer spectrum. There are, however, distinct differences
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FIG. 9. (1 4+ 1)-REMPI spectra of PABA dimers (mass 274; upper) deu-
terated PABA dimers (mass 278; middle) and of mixed deuterated~undeu-
terated PABA complexes (mass 276; lower). All three spectra are recorded
in the same laser scan. The lower spectrum shows that the excitation in the
dimer is almost completely localized in the monomer units.

between the monomer and the dimer spectrum. First of all
there are some low-lying vibrations in the dimer, which we
ascribe to bending vibrations in the hydrogen bonds that
keep the monomer parts together. These are shown enlarged
in the inset of Fig. 8. Secondly, there is the anomalous behav-
jor of the 190.5 cm ~! vibration of the monomer; this vibra-
tion seems to be absent in the dimer spectrum, which instead
shows two strong peaks around 231 and 252 cm ™.

What is the geometrical structure of this dimer? For
PABA this question is especially intriguing because it has an
electron-donating and an electron-withdrawing side. It also
has the possibility of forming an internal salt, which might
be expected to be stable. Several geometries can be thought
of, in which the COOH group is H bonded to the NH, group.
A “sandwich”-like structure (rings on top of each otherina
symmetrical way, with the NH, groups connected to the
COOH groups) using two or even four hydrogen bonds can
be constructed. On the other hand, a dimer structure identi-
cal to the well-known benzoic acid dimer*®>*! held together

by two hydrogen bonds between the COOH groups is also
possible. From x-ray cristallographic data3? it is known that
PABA forms this latter type of dimer in the crystal.

To unravel the geometrical structure of the free dimer,
spectra were recorded of PABA complexes consisting of dif-
ferent monomer units. For this, a mixed sample of PABA
and PABA-d, (the two H atoms in the ring ortho to the NH,
group substituted by D atoms; mass 139) was used. The
spectrum of the PABA monomer hardly shows a shift when
any of the amino or hydroxyl H atoms are substituted by a D
atom. Such a spectral shift is needed when one wants to label
one monomer in the dimer. Substitution of one H atom in the
ring by a D atom, however, gives a spectral blueshift of about
38 cm~'. This is the usual shift caused by the reduction of
the C-H (C-D) stretch frequency in the excited state. (It is
worth mentioning at this point that PABA containing the C-
13 isotope, seen at mass 138 in Fig. 3, shows a spectral blue
shift of a few wave numbers with respect to PABA, due to
the same effect.)

In Fig. 9 spectra obtained using a 1:1 mixture of PABA
(mass 137) and PABA-d, (mass 139) are shown. The spec-
tra of the three different kind of dimers, i.e., d—d,, d,—d, and
d,—d,, were recorded in the same laser scan. The top spec-
trum shows the dy—d,, dimer spectrum, detected at mass 274.
The middle spectrum is that of the d,—d, dimer (mass 278)
and all peaks show the same shift with respect to the undeu-
terated dimer as that of the deuterated monomer with re-
spect to the undeuterated monomer, i.e., 76 + 2 cm~'. The
lower spectrum was recorded at mass 276 of the mixed d,—d,
dimer, and it is almost exactly equal to the sum of the first
two spectra. From this it can be concluded that the excita-
tion is localized in one of the monomer units; either one half
or the other is excited in the loosely coupled dimer.

Several laser scans were made to examine the region
around the electronic origins of the three different types of
PABA complexes in more detail. A higher resolution study
revealed that there are minor shifts in the positions of the
origins. The d—d,, dimer -0 band is 0.23 4- 0.17 cm ~ ! blue-
shifted with respect to the corresponding origin in the mixed
d,—d, dimer. The d,—d, dimer 0-0 band is 0.59 4+ 0.17 cm ™!
blue-shifted with respect to the corresponding origin in the
mixed d,-d, dimer. Following the approach outlined by
Baum and McClure**-*¢ for the benzoic acid dimer, the ob-
served spectral shifts can be explained when two different
effects are taken into account. First, there is the zero-point
shift A in the band origin, due to deuteration of the unexcited
half of the dimer. Secondly, there is the electronic interac-
tion energy € between the two monomer units of the dimer.
This causes an exciton splitting, but only a transition (one-
photon) to one of the two sites is symmetry allowed in the
homogeneous dimer. When second-order effects are neglect-
ed, the interaction energy causes an appreciable shift only for
the dimer consisting of identical monomer units. In this ap-
proximation, the splitting between the origin in the d;—d,
dimer and the corresponding origin in the mixed d,—d,
dimer is equal to € — A, whereas the origin in the d-d,
dimer is higher by € + A than the corresponding origin in the
mixed d,-d, dimer. From this we find a small, positive value
for the interaction energy, equal to € =0.4 +0.3 cm !,
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FIG. 10. Representation of the geometrical shape of
C%‘ the PABA-dimer. This dimer has a center of symme-
try.

d

where the error is two times the standard deviation.

From the fact that the spectrum for the mixed deuterat-
ed—-undeuterated PABA complex splits into two distinct
parts, it immediately follows that the homogeneous PABA
dimer is symmetrical. Only when both monomer parts in the
dimer are completely identical the appearance of only one
spectrum can be explained. If both parts were not identical,
one of them would act as a proton donor and the other as a
proton acceptor, and again we would see a double spectrum.
This argument excludes a “head-to-tail” dimer, in which one
NH, group is H-bonded to a COOH group. It also excludes a
dimer in which the NH, groups are hydrogen-bonded to-
gether, as there is no symmetrical way of doing this. Still,
there are several symmetrical structures possible. First,
there is the symmetrical structure in which the rings arein a
staggered, “sandwich”-type configuration, each having its
NH, group connected to the others’ COOH group. Configu-
rations of this type having two or even four hydrogen bonds
can be thought of. In this case, however, one would expect a
much larger interaction between the monomer units. This
leaves us with the symmetrical dimer, as in benzoic acid, in
which the COOH groups are connected by two hydrogen
bonds. A strong indication for this structure being the cor-
rect one is the fact that the interaction energy in the benzoic
acid dimer®® is similar to the one we find for the PABA
dimer. Using the dipole-dipole coupling approximation a
small positive value for the interaction energy is obtained
when the rings are held together in this way.*® An argument
against this structure might be that the benzoic acid dimer
shows a red shift relative to the benzoic acid monomer,
whereas we see a blue shift upon dimerization. However, the
sign of the shift upon dimerization depends critically on the
electron donating and accepting capabilities of the carboxyl
group. These quantities are certainly changed substantially
when an amino group is placed in the para-position.

Meijer ot al.: Laser desorption of para-amino benzoic acid

We conclude that our experimental data favor a geomet-
rical structure of the PABA -dimer in the gas phase as depict-
ed in Fig. 10, similar to the structure in the crystal.?> As a
check we recorded the spectrum of the complex of PABA
with 4 N(di-methyl) benzoic acid. This complex showed up
with an intensity that was comparable with that of the
PABA-dimer, when a sample was used with a 1:1 ratio of
PABA and 4 N(di-methyl) benzoic acid. It has a resonance
at the same position as the PABA-dimer. Since in this case
the amino side is blocked this leaves no doubt that the com-
plex is formed by hydrogen bonding between the carboxyl
groups.

Just as we did for the monomer, we also tried to deter-
mine the ionization potential for the dimer. Using two dye
lasers, it was difficult to determine where ionization started.
However, the ionization potential of the dimer was lower
than that of the monomer by at least 0.1 eV. To confirm this,
we used the F, (157 nm) excimer laser for nonresonant,
single photon ionization. As is indicated in Fig. 6, the F,
laser cannot ionize the monomer with one photon. The
dimer could be ionized with one photon, which puts the
dimer IP below 7.90eV. When the F, laser was used to ionize
the dimer, we could not expect to see fragmentation of the
dimer into a charged monomer unit and a neutral one, as the
F, laser energy is too low to ionize the PABA monomer. We
did see some dimer fragments at mass 138 instead, due to
formation of a charged (M + 1) ion and a neutral (M-1)
fragment from the (2M) dimer.

When attempting to ionize the dimer out of the triplet
state by delayed ionization with the ArF laser, after resonant
excitation at the 0-0 band of the dimer, only an ion signal at
the monomer mass was observed. This is probably due to the
fact that the triplet state dimer undergoes dissociation to a
triplet and a ground state monomer, since its internal energy
far exceeds that of the hydrogen bonds holding the dimer
together.

C. Clusters of PABA with molecules seeded in the beam

Under the experimental conditions that turned out to be
optimal for the production of jet-cooled PABA dimers, it
was also possible to form and resonantly detect clusters of
desorbed PABA molecules with molecules seeded in the jet
expansion. In Fig. 11 part of the (1 + 1)-REMPI spectrum
of the PABA-Ar van der Waals complex is shown. Again,
this spectrum was recorded by monitoring the parent mass
(177 amu). When a similar excitation and ionization effi-
ciency for the PABA-Ar complex and the PABA monomer
is assumed, we can conclude that we have roughly two or-
ders of magnitude less PABA-Ar than PABA in the beam.
The PABA-Ar shows a fairly large fragmentation (50%-
80%) into PABA monomers, even at the lowest ionization
fluences used (in a single color experiment). The spectrum
of the PABA-Ar vdW complex shows a red shift, as expect-
ed, of 42.5 + 0.5 cm ! relative to the PABA spectrum. Two
low-frequency van der Waals vibrations are clearly visible in
the spectrum. Comparing the frequencies of these vibrations
with those observed for the aniline-Ar complex,*” leads to
the conclusion that the observed vibrations are the bending
vibrations (b, and b, ) of the Ar atom, sitting above the ring,
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FIG. 11. (1 + 1)-REMPI spectrum of the PABA-Ar van der Waals com-
plex, recorded at the parent mass (177 amu). The origin of the vdW com-
plex is redshifted by 42.5 + 0.5 cm~' from the PABA origin.

with respect to the ring. The lowest-lying strong vibration in
the PABA spectrum (190.5 cm ' from the origin) shows
up with the same frequency in the spectrum of the
PABA-Ar complex as well. The much stronger vibration at
461.2cm ~! in the PABA spectrum, however, does not have
its counterpart in the vdW complex. This puts the dissocia-
tion energy of PABA-Ar (in its electronic ground state)
between 147 and 419 cm !

One of the problems in cluster spectroscopy is the frag-
mentation of clusters into smaller fragments. This causes
spectra of higher clusters to show up at the mass of lower
clusters, thus complicating the assignment of spectral fea-
tures to specific cluster sizes. Although there are techniques
to circumvent this problem,*”*® it is much less severe in the
experimental setup we use. In the region where we produce
the clusters, the pressure is orders of magnitude less thanin a
conventional cluster source. This means that the amount of
higher order clusters present in the molecular beam de-
creases very fast with increasing cluster size.

We could record the spectrum of the (PABA-dimer)-
Ar complex on mass 314. The signal intensity was just above
the detection limit, and therefore the spectrum in Fig. 12
looks somewhat noisy. Only the region with the strongest
signal, around the origin, is shown, but this is also the most
interesting region. The (PABA-dimer)—-Ar complex clearly
shows a double origin; two peaks, separated by 37.8 + 1.0
cm !, having the same intensity, are visible. Compared with
the origin in the PABA-dimer spectrum, the higher frequen-
cy peak in the (PABA-dimer)-Ar complex is red shifted by
5.4 + 1.0 cm ~'. The lower frequency peak is shifted with
respect to the PABA-dimer origin almost as much as the
PABA-Ar origin is shifted with respect to the PABA origin,
ie,43.2+1.3cm~ ! versus42.5+0.5cm~"'.
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FIG. 12. Part of the (1 + 1)-REMPI spectrum of the (PABA-dimer)-Ar
van der Waals complex, showing the double origin. Ions are recorded at
mass 314 amu, the mass of the parent. The value that is indicated for the
splitting of the bands, is averaged over five independent laser scans.

The appearance of the double origin for the (PABA-
dimer)—-Ar complex can be explained by the previously dem-
onstrated fact that the excitation in the PABA-dimer is
strongly localized in one of the monomer units. The lower
frequency peak is due to excitation of the monomer unit that
has the Ar atom attached to it. Therefore this peak shows the
same red shift as in PABA~Ar. The higher frequency peak
shows hardly any red shift, and in this case the other mon-
omer unit, the one which does not have an Ar atom above the
ring, is excited. The reason why this peak is shifted from the
PABA-dimer origin at all is a change in zero-point energy
due to the Ar attached to the unexcited half of the complex.

Hydrogen-bonded complexes of PABA with methanol
and water could be cooled and resonantly detected as well.
The vapor pressures of methanol and water at room tem-
perature are high enough to see a considerable amount of
clusters. The signals for resonant detection of PABA~-H,0
or PABA-CH,OH clusters were stronger than the signals at
the PABA—Ar mass, even though the concentration of H,O
and CH,OH in the beam was orders of magnitude less than
the concentration of Ar. This might be partly due to the
presence of an H bond instead of the weak vdW bond, and
partly due to an increase in the lifetime of the S, state which
increases the ionization efficiency. Such an increase in life-
time of the intermediate state upon complexation is observed
in benzoic acid for example.®! A (1 4 1)-REMPI spectrum
of jet cooled PABA-CH,OH is shown in Fig. 13. Ions at the
parent cluster mass (169 amu) were detected. There is a
close similarity between this cluster spectrum and the PABA
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FIG. 13. (1 + 1)-REMPI spectrum of the PABA-CH,OH hydrogen
bonded complex, recorded at mass 169. Frequency distances of the various
vibrations from the origin are indicated with a + 1 cm~' accuracy. The
origin of this complex is 16.3 + 0.7 cm ~ ' blueshifted from the PABA ori-
gin.

spectrum shown in Fig. 3. The origin of the PABA-CH,OH
spectrum is 16.3 + 0.7 cm ~ ! blueshifted with respect to the
PABA origin. At low frequencies (75.7 and 143.2 cm—!)
the hydrogen bond vibrations are seen again. Apart from
these hydrogen bond vibrations, the spectra of PABA-H,0
and PABA-CH,;OH are almost identical, and therefore only
the latter is shown. All vibrations seen in the PABA spec-
trum are slightly blueshifted in the PABA-CH,OH com-
plex. Clearly, some vibrations in the bare PABA are changed
more upon complexation than others. The geometrical
structure of the hydrogen-bonded complexes of PABA with
methanol and water is somewhat similar to the dimer struc-
ture. Both hydrogen and methanol can form two hydrogen
bonds with the carboxyl group in PABA. It is interesting
that the puzzling pair of peaks that shows up in the dimer
spectrum (Sec. III B) can already be recognized in the
PABA-CH,OH spectrum at 228.2 and at 253.2cm ~'. This
shows explicitly that the appearance of the “doublet” in the
dimer spectrum is not related to an exciton type of splitting,
a conclusion that could also be reached from the spectra
displayed in Fig. 9.

Although we used the laser desorbed molecule (PABA)
as the chromophore in these clusters, it is also possible to use
the molecules seeded in the beam as a chromophore. This
opens up the possibility of attaching strong chromophores,
seeded in the jet expansion, to laser-desorbed molecules that
cannot easily be resonantly detected themselves. The cluster
spectra, while still specific for the desorbed molecules, are all
located near the spectrum of the chromophore, and the clus-
ter mass indicates the mass of the desorbed molecules.

IV. CONCLUSIONS

We have demonstrated that laser desorption jet cooling
is a powerful technique that permits studying the gas-phase

spectroscopy of large, nonvolatile, organic molecules. As a
surface analytical method it is more powerful than ordinary
laser desorption techniques, in that selective and efficient
ionization can be performed, using resonant transitions in
the internally cold molecules. Dimers of para amino benzoic
acid, formed in the expansion region, were cooled and reson-
antly detected. The dimer spectra indicate clearly that the
excitation in the dimer is strongly localized in the monomer
units. The interaction energy € between the monomer units
in the dimer is small, € = 0.4 + 0.3 cm ~'. The geometrical
structure of the dimer in the gas phase is that of a symmetri-
cal carboxylic acid dimer, similar to that of benzoic acid.
Clusters of laser-desorbed molecules with molecules seeded
in the molecular beam could be cooled and resonantly de-
tected.
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