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Binding Energy and Intermolecular Vibrations of Neutral and lonized p-FluorotolueneAr
Cluster by Mass Analyzed Threshold lonization
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The binding energies in the neutral and ionic ground states qf-thmrotolueneAr (pFT-Ar) van der Waals
complex have been measured by the use of the mass analyzed threshold ionization (MATI) technique. The
breakdown of the parent ion signal and the simultaneous detection of threshold ions at the fragment mass
when the internal energy of the threshold cluster ion is increased above the dissociation limit are used as a
probe for determining the cluster binding energy. The necessary density of vibrational bands in the vicinity
of the dissociation threshold is achieved by excitation via tHg I88nd in a resonance enhanced two-photon
excitation process. We find a strong Frangkondon activity of the asymmetric bending vibrations pointing

to a geometrical change of the Ar position along the laxjgr{olecular axis because of a charge shift along

this axis after ionization.

1. Introduction Furthermore, it is assumed that the interaction of the high
L Rydberg electron and the positively charged ionic core is
van der Waals (vdW) complexes (clusters) consisting of an gegcrined accurately enough with a Coulomb potential, so the
aromatic compound and rare-gas atoms allow us to investigateygh Rydherg states are located close to the respective ionization
“weak” intermolecular interactions, which play a significant role energy and their series limits denote the energetic position of

in a great variety of physical, chemical, and biological pro- ¢ royibrational eigenstates of the ionic core with high

cesses p-FluorotolueneAr (pFT-Ar) is an interesting system  acision, The weakly bound Rydberg electrons are detached
for investigation of these weak interactions as both the fluorine from the ionic cores by applying a pulsed electric field. Then

and methyl groups can have an additive influence on the overall o threshold ions produced in this way are detected and
van der Waals binding with the Ar atom. The influence only of -, nitored as a function of the ionizing laser wavelength in a

F on_the Ar position has been de_monstrated for fluorobenzene time-of-flight (TOF) mass spectromet&This enables one to

Ar with high-resolution UV and microwave sp_ectroscc?ﬁpr . observe mass changes due to fragmentation processes of the
to now, pFT has been studied by the following spectroscopic gy,gieq cluster ion system as a function of the internal energy.
methods: zero kinetic electron energy (ZEKE) spectrostopy pe gissociation of a cluster ion in its ground electronic state
and resonance enhanced multiphoton photoionization (REMPI). is precisely monitored by a simultaneous observation of
Here we present results f_rom mass ana_lyzed threshold io_nizationthreshold ions in the cluster (parent) channel and the fragment
(MATI) applied for the first time to this cluster. MATI is @ (qaghter) channel. However, there are two main preconditions
useful tool for investigating the dissociation of weakly bound (o the ynambiguous determination of the dissociation threshold.

cluster ions of large polyatomic molecur%es to which SUCh ot there must exist ionic vibrational states closely below and
methods as high-pressure mass spectromeliyy absorption  ,poye the field free dissociation threshdldThis might be a

spectroscopy in gas mixturésy bolometric methodshave not problem for the sparse vibronic spectrum in this work when
been yet applied. The determination of the binding energy (BE) ging a single intermediate state in the two-photon excitation
of the clusters is of particular interest as BE values are mportantmocess_ Here we solve this problem by choosing a suitable
microscopic parameters for the description of the properties of j,ormediate state leading to a dense vibrational state spectrum
condensed matter. _ _ inthe dissociation region of the cluster ion. Another requirement

The MATI technique is based on the existence of long-lived for the determination of the dissociation threshold is that the
high Rydberg states in the vicinity of different ionization s, — s, 0% vibronic bands of the monomer and the cluster are
threshold$:*°The essence of the technique has been describednarrow and differ sufficiently in their frequencies so that they
in the literaturet**2therefore, only salient features of the method  can pe excited separately. This is the case fopifieorotoluene
are described here. Ar cluster, studied in this work.

The studied systems (atoms, molecules, and clusters) are After the binding energy of the ground cationic state is found
excited to Rydberg states close below to the respective from the experiment, the binding energy of the ground neutral
vibrational eigenstate of the ion. It is well-known that for every state of the cluster can be determined if the adiabatic ionization
state of the ion there is a Rydberg series converging to it. energies of the monomer and the cluster are kn&wn.

*To whom correspondence should be addressed. E-mail: neusser@2. Experimental Section

ch.tum.de. . .
* Present address: Department of Chemistry, Indian Institute of Technol- ~ OUr experimental setup for measuring the MATI spectra of
ogy Kanpur, UP-208016 India. molecules and clusters has been described before in #etail.
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Figure 1. S; — Sy REMPI two color spectra gé-fluorotoluene (lower
trace) andp-fluorotoluene-Ar cluster (upper trace). Both spectra are

displayed on a common relative excitation energy scale, normalized to

the @ origin frequency. The position of the origins fpF T andpFT-
Ar are 36 860 cm! and 36 825 cmt, respectively. For details, see the
text.

Briefly, the setup consists of two dye lasers (FL 3002 and LPD
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Figure 2. MATI spectra of p-fluorotoluene via §0° (upper trace)
and S,9b' (lower trace) intermediate states. For more details, see the
text and Table 1.

3.2. MATI Spectra. As a next step in our experiments, we

3000; Lambda Physik), which are synchronously pumped by a recorded MATI spectra opFT and pFT-Ar choosing two
XeCl excimer laser (EMG 1003i, Lambda Physik) to generate different intermediate states in both the casebe vibrationless

tunable light pulses o010 ns duration and spectral bandwidth

origin of S}, O° (& symmetry) and the $ 9b' vibronic state

~0.3 cntl. The two counterpropagating laser beams overlap (A1 ® b; = By symmetry)!>18 which is located at 398 cm
collinearly in the vacuum chamber, and they intersect a skimmed (see Figure 2) above the origin. This state corresponds to the
supersonic molecular beam perpendicularly 15 cm downstreamfirst quantum of a ring vibratio&? Our measurements suggest

the nozzle orifice.

that the values for the adiabatic ionization energies (AIE) of

The cold molecular beam is obtained by supersonic expansionthe monomer and thegFT-Ar cluster are 70 93% 5 cnt !t and

of a gas mixture (consisting g¥-fluorotoluene and Ar) into

70 7544 5 cn'l, respectively. Thus, the AIE of theFT-Ar

the vacuum. The light pulses overlap in time and space in the cluster is 181 cm! red shifted from that opFT monomer. This
center of the first stage of a double stage acceleration config- value of AIE shift is smaller than what has been observed before

uration of the ion optics of a time-of-flight mass spectrometer,
formed by three metal disks with hol&0One of the lasers is
tuned to a vibronic band in the;S— & transition of the
p-fluorotoluene PFT) monomer oip-fluorotolueneAr cluster,

for the fluorobenzenér cluster (222 cm?)!3 but larger than
in the case of the toluemar cluster (161 cm?).24In Figure 2,
we present MATI spectra fopFT measured via the two
intermediate states; 3 (upper trace) and,S9bt (lower trace).

respectively. The other one is tuned to a transition from this The peaks corresponding to internal rotations of the Gidup
intermediate state to high Rydberg states. The Rydberg mol-are designated according to Takazawa étEhe assignments
ecules are separated from the directly produced photoions infor the peaks at 440, 823, and 883 ¢rare made by comparison

the first stage by a weak electric field (about -6@6 V/cm)
and are field-ionized by applying a strong electric field of 1000

with the results for fluorobenzeheby Lembach et a° The
peak at 413 cm' (see Figure 2) has been assigned to the 9b

Vicm in the second stage. The resulting ions are acceleratedvibration of thepFT cation, and it appears with a slightly higher
and injected by the same electric field into a linear TOF mass frequency than the 9b vibration in the neutral Sate (398
spectrometer. The detected signals at two different masscm™1). Comparing the two spectra in Figure 2, we find the
channels (cluster parent mass and monomer fragment mass) aréollowing features: (i) the intensity of the?®peak is much
recorded simultaneously with two gated integrators, then weaker when exciting the molecule via thg Sb* than via the

digitized, and processed in a personal computer.

3. Results and Discussion

3.1. REMPI Spectra. Using REMPI two-color technique,
we first examined the Selectronic intermediate state pFT
andpFT-Ar. In Figure 1, the spectra T (lower trace) and
pFT-Ar (upper trace) are shown. The origin band of thestate
is located at 36 86@- 5 cnv! for the monomer and at 36 825
+ 5 cnrt for the pFT-Ar cluster. Thus, the S— S, 0% band
of the latter is red shifted to that of the former by about 35
cm™L. This value is in good agreement with that reported by
Hu et al.’ It is larger than the one obtained for the fluorobenzene
Ar cluster (24 cmt)13 and for tolueneAr (23 cn1).14 In the
low-frequency region (close to the origin band) of er-Ar
complex along with the Cglrotational bands we were able to
identify bending vibrations of thpFT-Ar cluster in agreement

S, 0° state, (ii) some of the bands which are very weak in
intensity in the first case (via;S0°) are very strong in the other
case (via § 9bY), e.g, 18b'y and D bands, and vice versa, e.g.,
6aly band, and (i) new bands are present in the spectrum when
exciting via S, 9b' state. All these findings are consequences
of the different Franck Condon factors for ionization from the
two intermediate states. The peaks at 540 (peak D) and 701
cm~! (peak E) are due to vibrations of the ion containing 9b
character (i.e., a bending motion of the F atom and the CH
group, e.g., the; vibration) so that the FranekCondon factors

for their excitation in the second absorption step are large. The
discussed bands are also listed in Table 1.

3.3. Dissociation of the §FT-Ar) * Cluster. In Figure 3 in
addition to the MATI spectrum gfFT* (lower trace), the MATI
spectrum of the @FT-Ar)™ cluster is presented (upper trace)
on a common excess energy scale above the respective AIE.

with Hu et al® (see Figure 1, where these bands are indicated Both spectra are obtained by exciting the respective vibrationless
by numbers). The peaks originating from internal rotation of origin S, 0° as an intermediate state. The band positions in the
the CH; group are assigned following refs 137. (pFT-Ar)™ spectrum agree quite well with the corresponding
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TABLE 1: Bands, Observed in the Threshold lon (MATI) Spectra of p-Fluorotoluene via §,0° and S;,9b! Intermediate States

(see also Figure 2

band 2e 3d; 4é 5¢ A

18b'

9b' 6aly B D E 184, 6%

excess energy [cnd] 22 52 79 121 269

356 413 440 491 540 701 823 883

aExcess energies are given in chabove the Blevel of the ground state of thefluorotoluene cation.
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Figure 3. MATI spectra of p-fluorotoluene (lower trace) and

p-fluorotolueneAr (upper trace) via the corresponding origin band. Both
spectra are presented on a common excess energy scale. The positions

ofthe adiabaticionization thresholdsgefluorotoluene ang-fluorotoluene
Ar are 70 935 and 70 754 crh respectively. For details, see the text.

(PFT-Ar) — pFT " +Ar

110 u

150 u

110u

Threshold Ion Current |arb. units]

T T T T T
300 400 500 600 700

Ton Internal Energy [cm'l]

T
100 200 800

Figure 4. MATI spectra via $,9b' intermediate state gffluorotoluene
recorded at 110 u (lower trace) andmfluorotolueneAr recorded at

TABLE 2: Electronic Origins of S; — S Transitions and
the AIEs of p-Fluorotoluene and the p-FluorotolueneAr
Clustera

S— S, 0% IE Eo Do
[cm™Y [cm™Y] [cm™Y] [cm™Y
pFT 36 860+ 5 70935+ 5
pFT-Ar 36825+ 5 70754+ 5 510+ 20 329+ 20

aBinding energies in the ground ioniEd) and ground neutraY)
states for thep-fluorotolueneAr cluster are also given.

the MATI cluster spectra measured at the daughter (110 u) and
the parent mass (150 u) channel, respectively, when exciting
the 98, band of thepFT-Ar cluster at 37 223 cm. The lowest
trace represents the MATI spectrumpaiT measured at 110 u
when tuning the first laser frequency to the!®@band of the
monomer at 37 258 cm. The horizontal scale is given in
common excess energy units above the AIE for the three traces.
As it can be seen from Figure 4, the spectral pattern measured
at the parent mass channel of the cluster (middle trace) follows
the pattern in the spectrum of the directly excited monomer up
to band B at 491 cmt above the AIE, even though the signal-
to-noise ratio in the middle trace (cluster spectrum) does not
allow to identify each detail in the band structure seen in the
lowest trace (monomer spectrum). The signal in the middle trace
disappears around 510 cf There is no band directly seen at
this position in the lowest trace but several weak bands (e.g.,
intermolecular vibrations) may be overlapping in this region
leading to unstructured background. On the other hand, peak D
is clearly appearing in the fragment mass spectrum (top trace)
and no longer present in the parent ion spectrum (middle trace).

We take the disappearance of the cluster ion signal as the
dissociation threshold and obtain the ionic binding endggy
= 5104 20 cnr! according to a procedure described in our
previous work for the fluorobenzen&r cluster®® Thus, we can

150 u (middle trace) and 110 u (upper trace), showing a dissociation directly compare the values for the dissociation threshold
of thep-fluorotolueneAr cluster. All spectra are presented on a common reported in this work with that of fluorobenzewe. The value

excess energy scale. For explanations, see the text.

for Eg is somewhat smaller than that of 568 thobtained for
the fluorobenzendr cluster!® Using the measured values for

ones in the monomer spectrum and can thus be identified up tothe AIEs both ofpFT-Ar and pFT, the binding energy, of
the strong 6& band. The striking difference between the two  the neutral cluster is calculated from the relatbp= Eo +

spectra is the disappearance of the bands in the cluster ionp|E (cluster) — AIE (monomer)? Its valueDg = 329 + 20

spectrum in the excess energy region above thetand (440

cmtis close to that of fluorobenzenfr (346 & 10 cnm).13

cmt). The reason for the breakdown of the signal is due to the From our results, we conclude that the presence of the methyl

dissociation of thedFT-Ar)™ cluster. However, the monomer
spectrum in the case of excitation via thedigin is not rich
in bands in the region between 500 and 700 tnThis is a
significant drawback, since the dissociation pFT-Ar™ is

group does not influence the vdW bonding by dispersion
interaction, located above the plane of the neutral aromatic ring.
In the ionized cluster, however, there is a stronger contribution
from charge-induced interaction in fluorobenzeXrethan in

expected in this region as reported for clusters of other organic pFT-Ar. Table 2 gives a summary for the positions of the origins

molecules with AF%1213A solution for this problem is to use
the § — Sy, 9bly transition rather than the origin band for

of S;, AlEs for andpFT and pFT-Ar cluster as well as the
binding energies in the ground ioni&d) and ground neutral

excitation, since in this case the region of interest is rich in (D) states for thepFT-Ar.
bands as can be seen from Figure 2 (lower trace). The excitation - 3 4. |ntermolecular Bands.A closer inspection of the spectra

of the nearby somewhat stronger,!&dbrational state would

in Figure 4 reveals a small shift of the relative frequency position

lead to a MATI Spectrum with the same peakS in the dissociation of band E in the cluster Spectrum (top trace), Compared to the

region as in Figure 3 because thelBabration is totally
symmetric.

corresponding one in the monomer spectrum. There are two
possible explanations for this finding: (i) the Ar atom has an

Figure 4 shows the MATI spectra measured via thé 9b effect on the internal rotations of the Glgroup, enhancing
intermediate state. The upper and the middle traces representransitions to higher internal rotational levels of the correspond-
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4. Summary and Conclusion

In this work, we present the binding energies of the neutral
and ionicp-fluorotolueneAr cluster measured with the MATI
technique. To achieve a sufficient accuracy, we have chosen
the §, 9b! intermediate state in the resonance-enhanced two-
photon excitation yielding a dense vibronic spectrum in the
vicinity of the dissociation threshold of the cluster ion. The
resulting binding energies are 510 (329) ¢nfor the ionic
(neutral) pFT-Ar cluster. Although the binding energy of the

PFT" neutral gFT-Ar is the same as in fluorobenze®e, in the case
of the ionic (pFT-Ar)*, it is smaller by 58 cm! than in
0 2 4 6 8 (fluorobenzeneAr)*. This points to a stronger charge induced
interaction in the absence of the @group. The MATI spectra
of (pFT-Ar)™ reveal a strong FranekCondon activity of the

Ar (upper trace) in the vicinity of the adiabatic ionization threshold. b bending mode. This we explain by a shift of the Ar atom

Both spectra are displayed on a common excess energy scale. Fo'along the _Iong X) a>_<|s of the m_ole(_:ule after |on|z_at|on
details, see the text. demonstrating a noticeable contribution of charge-induced

interaction to the intermolecular bending in the ionizpBT-
ing vibrational state for some bartdand (ii) intermolecular AT cluster. In conclusion, we have demonstrated that the
vibrational levels are excited. To clarify this point, we measured MATI technigue provides accurate binding energies of energy-
the AIE origin ofpFT and @FT-Ar)* cations under improved  selected clusters if a suitable intermediate state is chosen to
resolution yielding the spectra shown in Figure 5. ThET: increase the vibronic band density in the MATI spectrum around
An* spectrum has an interesting feature, namely the split profile the dissociation threshold.
of the AIE band unlike that of the monomer (see Figures 3 and It is highly desirable to calculate the binding energies of the
5). This splitting of 15 cm?, we believe, is due to excitation neutral and ionic forms of fluorobenzede and pFT-Ar
of the bending vibration,f of the Ar atom relative to the long  complexes by ab initio theoretical methods and compare the
axis of the aromatic ring. This value is close to that of the b results with our experimental data for a better understanding of
vibration of the Ar atom in the Sstate of the cluster (13 cmh the effect of methyl substitution on van der Waals binding.
as reported in the literatuPesee Figure 1). The smaller peaks Works in this direction are in progress.
in Figure 5 at higher energy are then tentatively assigned to
by'o, b, bdo bylo, and s'o byl bending vibrations by Acknowledgment. The authors thank Dr. Julian Braun for
comparison with the intermolecular frequencies irréported valuable discussions. Financial support from the Deutsche
by Hu et al® There is an additional structure within the Forschungsgemeinschaft and the Fonds der Chemischen Indus-
individual bands with a peak spacing of about 2 érin the trie is gratefully acknowledged.
MATI spectrum of pFT-Ar)* (upper trace in Figure 5) which
is not present in theFT* spectrum (lower trace in Figure 4). References and Notes
A §imilar structure even_less prqnounced with a spacing of (1) For a review, seeChem. Re. 1994 entire volume.
adjacent peaks of 1.5 crhis found in the $<— Sy, 0% band of (2) van Herpen, W. M.; Meerts, W. L.; Dymanus, Raser. Chem.
the EFT-Ar) cluster. Possible explanations are a rotational 1986 6, 37.

; it it (3) Brupbacher, Th.; Bauder, Zhem. Phys. Lettl99Q 173 435.
contour of the bands and more likely an additional splitting (4) Takazawa. K.. Fuji. M.: lto. MJ. Chem. Phys1993 99, 3205.

150 u

110 u

Threshold Ion Current [arb. units]

Ton Internal Energy [em’|
Figure 5. MATIspectraofp-fluorotoluene (lower trace) apefluorotoluene

because of a perturbation of the internal rotation of the; CH (5) Hu, Y.; Wang, X.: Yang, SChem. Phys2003 290, 233.

group caused by the attached Ar atom. (6) Kemper, P. R.; Weis, P.; Bowers, M. Tht. J. Mass Spectrom.
The strong Franck Condon activity of thg\sbration of the ~ on Proc. 1997 160 17. . o

AIE origin band discussed above shows that the reason for thephyg)cﬂgmggg’ lsdqsé’ogga_mh’ T. M Everhart, J. B.; Dudis, D.JS.

shift of the band E of 1% 5 cmrt is the additional excitation (8) Oudejans, L.; Miller, R. EJ. Phys. Chem. A997, 101, 7582.

of one quantum of the intermolecular bending vibratigf.b (9) Zhu, L.; Johnson, P. Ml. Chem. Phys1991, 94, 5769.

Similar results for the excitation of additional quanta of the  (10) Krause, H.; Neusser, H. J. Chem. Phys1992 97, 5923.

(11) Braun, J. E.; Neusser, H. Nlass Spectrom. Re2002 21, 16.

bending k', vibration were found in the MATI spectra of (12) Braun, J. E.; Mehnert, T.; Neusser, Hlrt. J. Mass. Spectrom.
fluorobenzenéAr 13 and ZEKE spectra of anilindr.?! The 200Q 203 1.

bending k vibration leads to a motion of the Ar along i 195173)10?‘1%%9" Th. L; Unold, P. v.; Neusser, H.JJ.Phys. Chem. A
axis of thepFT+ mOIeCU|ar_ IOI_’l. The S”_O“Q_xh) band in th_e (1’4) Eisenh.ardt, C. G.; Bauriidel, H. Ber. Bunsen-Ges. Phys. Chem.
(pFT-Ar)™ MATI spectrum indicates a significant geometrical 1998 102, 12.

change of the cluster along thecoordinate upon ionization. (15) Okuyama, K.; Mikami, N.; Ito, MJ. Phys. Chenil985 89, 5617.

. . - (16) Zhao, Z.; Parmenter Q. Chem. Phys1992 96, 6362.
This may result from a charge shift along theaxis after (17) Ha, Y. M.. Choi, I. S.; Lee, S. KBull. Korean Chem. S0d997

ionization from the benzene ring to the F atom. As a conse- 19 202.

guence, the charge induced part of the intermolecular interaction (18) Moss, D.; Parmenter, C.; Ewing, &.Chem. Phys1987 86, 51.
present after ionization would have amlependence different (19) Brodersen, S.; Langseth, Mater. Fys. Skr. Dan. Vid. Seldle56
from the dispersive attraction present in the neutral and the ionic ™" (20y Lembach, G.; Brutschy, B. Phys. Chem1996 100, 19758.
clusters. (21) zhang, X.; Smith, J. M.; Knee, J. . Chem. Physl992 97, 2843.



