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Van der Waals clusters of phthalocyanine with4largon atoms formed inside superfluid helium nanodroplets
have been investigated by recording fluorescence excitation spectra as well as emission spectra. The excitation
spectra feature a multitude of sharp lines when recorded in superfluid helium droplets in contrast to the
respective spectra measured in a seeded supersonic beam (ChGhetral. Phys. LetR00Q 326 65). The

pickup technique used for doping of the phthalocyanine and the argon into the droplets allows for nondestructive
analysis of the cluster sizes. Alternation of the pickup sequence gives information on the binding site of the
argon atoms. The investigation of dispersed emission spectra in helium droplets can be used as a special tool
for the identification of @transitions within the variety of sharp lines seen in the excitation spectra. Thus,
different isomers of the clusters can be distinguished. Moreover, the emission spectra reveal information on
dynamic processes such as vibrational predissociation of the van der Waals complexes and interconversion
among isomeric species. The binding energy of the phthalocyaaigean complex in helium droplets was
estimated to be at most 113 cin

1. Introduction alternating the doping sequence, structural details can be
o ) ) deduced for clusters consisting of different moietes.

Molecular clusters consisting of a single organic molecule  Thjs paper demonstrates the advantages of dispersed emission
and several rare gas atoms can be viewed as model systems fogpectra as a new experimental tool for cluster research in helium
studying the transition from a single isolated molecule to a groplets. With the help of emission spectra, electronic origins
molecule fully dissolved in a macroscopic solvent bath. can pe identified among the large number of sharp transitions
Considerable interest is therefore directed toward the analySiSobserved in the excitation Spectral Hence, different isomers for
of the energetics, the structure, and the dynamics of theseeach cluster size can be distinguished. Moreover, dynamic
clusterst™8 This paper presents excitation and emission spec- effects such as dissociation and configurational relaxation can
troscopy of the van der Waals clusters composed of a single he observed.
phthalocyanine molecule (Pc) and one up to four argon (Ar)  The present paper is organized as follows: After a brief
atoms. description of the experimental setup, the results obtained from

Recently, it has been shown that helium droplets serving asthe excitation and emission spectra of PcAn = 1—4) in
a cryogenic and very gentle matrix are particularly suited for helium droplets will be presented. The clusters will be analyzed
the design and spectroscopic investigation of van der Waalsaccording to size and structure, and the results will be compared
clusters?-14 An important feature of spectroscopy in helium to the spectra obtained in a seeded supersoniSehsequently,
droplets is that quasi solvent-free spectra are observed. Also,dynamic effects revealed by the emission spectra will be
clusters of a well-defined size can be easily formed within discussed.
helium droplets by doping the droplets consecutively with single 5 Experimental Setup
atoms or molecules that coagulate inside the droplets. The
kinetic and internal energy of each molecule or atom as well as
the binding energy released by complexation are dissipated into
the helium droplet and finally released from the droplet by : .

. : T of interest for the current experiment.
evaporative cooling within picosecon#sThereby, molecular . .
e . All of the measurements were performed with helium droplets
aggregates inside helium droplets relax to a temperature of 0.38 roduced by expanding helium gas throughasnozzle at a
K.1610 One advantage of the pickup technique is the control P y exp 9 g g

over the number of dopants within a helium droplet by changing stagnation pressure of 20 bar and at a nozzle temperature of

. . 10.3 K, leading to an average droplet size of 20000 at¥ms.
the pressure of the dopant molecule in the pickup cell. Because he droplet beam was collimated by a 0.7 mm skimmer located
the doping process obeys Poisson statistics, the number of dope cm from the nozzle and entered a differentially pumped
particles and therefore the size of the cluster formed inside the

drool b vzed with d ) he cluSB chamber. At a distance of about 10 cm from the nozzle, the
roplet can be analyzed without destroying the cluStBy. droplets passed through an oven, which served as a sublimation

- - scattering cell for doping with Pc. Two additional pickup cells
TPart of the “Roger E. Miller Memorial Issue”. were mounted before and behind the oven. They were connected

*Present address: Department of Chemistry, University of Alberta, - - - .
Edmonton, AB, Canada. to a gas inlet system fed by Ar gas for additional doping with

8 Present address: Department of Chemistry, Purdue University, West Ar before or after the doping with Pc, respectively. The Ar
Lafayette, IN. pressure in the two pickup cells was tuned by two leak valves
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The setup of the helium droplet spectrometer follows the
design outlined in ref 17 and has been described in detail in ref
18. Therefore, this section addresses only the aspects that are
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Figure 1. Fluorescence excitation spectra of phthalocyanine (Pc) and wheren is the number of Ar atoms in the complaxis the Ar
various phthalocyanineargon complexes (PcAm = 1—4) in helium

droplets N ~ 20000) in the range from 15045 to 15095 dmThe pressure in the pickup celh, is the capture cross-section of Ar
upper trace shows a spectrum that was obtained when Ar was doped? the dropletsl.is the length of the droplet beam path through
into the droplets prior to Pc, and the lower trace represents the spectrunthe pickup cell, kg is the Boltzmann constant] is the
for a pickup of Ar after Pc. The Ar pressure for both spectra was temperature in the pickup cell, afiis a constant accounting
optimized for a maximum signal of the PcAcomplex. for the respective transition probability and the sensitivity of

) . i . the detection system. The intensityp) of a single PcAy
and monitored by the pressure increase in the entire vacuuMyansition rises as the-th power of pressurp with increasing
chqmper. For the current experlmgnts, the oven temperature Wa% in the pickup cell reaches a maximum and then falls off again.
optimized for single molecule doping of Pc. The doped droplet T4 geterminel (p) for all PcAr, transitions, further excitation
beam was crossed 40 mm behind the p|cku_p unit perpen_dlcularlyspectra covering the same frequency range as those shown in
by the beam of a continuously tunable single-mode ring dye rigre 1 have been recorded for different presspriesthe Ar
laser (specified bandwidth of1 MHz). The fluorescence light — nicip cell. As an example, the intensities of the four lines at
was collected perpendicular to both the droplet beam and the 15073 7 15069.0. 15055.9 and 15054.1 trare plotted in
laser beam with a lens and focused with a second lens onto thexjg, e 2 as functions of the Ar pressure. These data have been
first cathode of a photomultiplier or onto the entrance slit of & fittaq with eq 1 for different values af. On the basis of these
spectrograph (focal length of 50 cm) equipped with @ CCD itq the four transitions represent PeAdusters withn = 1, 2,
camera (256 pixelsc 1024 pixels). At a wavenumber of 15000 33 4, respectively (see solid lines in Figure 2). Such fits
cm=, every row ?f the CCD chip covered a wavenumber 1o e heen performed for most of the transitions in the excitation
interval of 0.8 cmr™. The experimentally determined spectral - gpecirum, The resulting assignment of the transitions to certain

resolution of the spectrograph was about 1.87tnA com- PcAr, clusters is indicated in Figure 1 and summarized in Table
mercially available sample of phthalocyanine was used without ;1 5gether with the transition frequencies of the prominent lines.

further purification (Aldrich, 98% purity). The argon gas had a - aggitionally, Table 1 lists the frequency shift with respect

purity of 99.996%. to the ( line of bare Pc (15088.9 cr) as well as the relative
intensity of each line normalized to the most intense signal of
the respective cluster size. The Ar pickup presuiehosen
Figure 1 shows two fluorescence excitation spectra measuredfor measuring the spectra in Figure 1 is indicated in Figure 2
after doping the helium droplets both with a single phthalocya- by a vertical line. In the following, the bare Pc as well as the
nine (Pc) molecule as well as with several Ar atoms. For the different PcAf, clusters will be discussed in more detail.
upper spectrum, Ar was doped prior to Pc, while for the lower  3.1. Bare Phthalocyanine (Pc)The signals of bare phtha-
spectrum Ar was doped after Pc. In the first case, Pc binds with locyanine (Pc) visible in Figures 1 dr8 a have been assigned
an Ar cluster of a certain size, while in the latter case a certain previously as summarized in ref 20. The peak at 15088.9'cm
number of single Ar atoms are attached to a Pc molecule. Thus,has been attributed to the electronic origi (@e) of Pc in
the formation of clusters with Ar attached either to one side of helium droplets since it is the first signal at the low-energy side
Pc [(n0) complex] or to both sidesf(— m/m) complex] is of the fluorescence excitation spectrum measured at a temper-
favored, respectivel}# Sharp transitions due to P&r, van ature of 0.38 K2 The broad signal at around 15092.7 ¢m
der Waals clusters differing in the numbeiof Ar atoms are has been identified as the phonon wing (PW) of tlﬁelitﬁ)e

3. Spectroscopic Analysis of the PcAy Clusters

visible in the spectra shown in Figure 1. (zero phonon line, ZPL) of Pc in helium droplé®& Two

The method for determining the cluster size oH2e, relies observations led to this conclusion. First, the frequency shift
on the Poisson statistics of the pickup process of molecules oryyjth respect to the pure molecular signal corresponds to the
atoms by helium droplets:*2 Hence, the intensitj(p) of any magnitude of phonon energies expected for helium droptets.
signal of a specific PeAr, complex follows the equatiof:* Second, the signal saturates at a much higher laser power than

the pure molecular transitici.The second observation reflects
a greatly reduced transition probability of the coupled transition.
The weak signal at 15089.5 cthhas been attributed to thd 0

n

() =15+ % - e, with 1 = opLikgT (1)
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TABLE 1: Assignment of the Most Prominent Features of
the Excitation Spectra Shown in Figure 1

Lehnig et al.

experiment, the dispersed emission spectra allow for identifica-
tion of the number of different species contributing to an

doping of Ar prior to Pc  doping of Ar after Pc excitation spectrum. The electronic origin and further excitations
7a AP rel. A AP rel. are identified for each species.
(cm™) (cm™) int¢ (cm™!) (cm™) int® assignment 3.2. PcAr; Clusters. The signals of the PcArclusters appear
Pc 15088.9 0 1.00 15088.9 0 1_008 0 in the spectral range between 15073.2 and 15088.9' @n
15089.5 0.6 0.07 15089.5 0.6 0.078(1’13C-PC indicated in Figure 1. The fO”OWing analysis will focus on the
15092.7 3.8 0.06 15092.7 3.8 0.09 PW strongest peak in this frequency interval at 15073.7 temd
PcAn 15073.2 —15.7 0.11 15073.2-15.7 0.24 (10) on four additional peaks at 15073.2, 15074.3, 15075.7, and
15073.7 —15.2 1.00 15073.7-15.2 1.00 §of (1/0) 15087.6 cmi! (see Figure 4a). As expected, the signals of PcAr
15074.3 —14.6 0.07 15074.3-14.6 0.07 @of ’C-(1/0) are independent of the doping order. As shown in Figure 5a,
150757 —13.2 0.16 15075.7-13.2 0.31 PW of (I0) the intensitied(p) of these five transitions follow the same
15087.6 13 0.04 150876 —13 005 § Poisson curve fon = 1, proving their assignment to PcAr
PCAR, 15058.3 ~30.6 0.76 {of (1/1) Figure 5b displays the saturation behavior of these five
15068.9 ~20.0 1.00 15068.9-20.0 085 of (2(0) transitions with a plot of intensity vs laser power. The three
10069.6 ~193 048 150690193 085 (@g(z'o) transitions at 15073.7, 15074.3, and 15087.6%can be power
15070.2 —18.7 059 15070.2-18.7 0.79 () saturated while the other two transitions at 15073.2 and 15075.7
15070.4 —18.5 0.63 15070.4—18.5 0.85 () cm~* show a linear response for the full range of the available
15070.6 —18.3 0.33 15070.6—18.3 1.00 §of (2/0) laser power.
15071.1 —17.8 0.22 15071.1-17.8 0.44 ot ; ;
PcAn 150550 —330 1,00 15055.9-330 0.20 E% The excitation spectrum for the PQNIUftgrs is shown in
150579 —31.0 0.39 (20) the frequency range from 15091 to 15059 ¢rin Figure 4a to
15060.4 —28.5 0.88 (30) allow for an easy comparison with the emission spectra of the
15061.3 —27.6 0.71 (%) PcAn clusters plotted at the same frequency scale in panels
15062.8 —26.1 0.24 15062.8-26.1 1.00 §of (211) b—f. The excitation frequencies of the emission spectra are
15067.7 —21.2 0.31 (%0) indicated by vertical arrows. It is readily recognized that for
PeAn 128221 :gg'g g'gg 88; panels c, d, and f, the first line coincides with the excitation
150557 —33.2 021 (40) frequency while for panel e the emission is shifted to the red as
15058.6 —30.3 0.53 (40) compared to the excitation frequency. The frequencies of the

aWavenumber of the observed transitidricrequency shift with
respect to the gJIine of Pc at 15088.9 cni. ¢ Relative intensity with
respect to the strongest line found for each cluster size.

line of a Pc isotopomer with #C atom replacing one of the
12C atoms?® The smaller intensity of this line as compared to
the intensity of the line at 15088.9 crhreflects the abundance
of such a Pc isotopomer due to the natural abundané&aP

peaks in panel e coincide with those observed in panel c.
However, for the emission spectrum shown in panel b, the
identification of either a coincidence of the first line with the
excitation frequency or a frequency shift to the spectrum shown
in panel c is beyond the limit of the spectral resolution.

As reported in ref 24, the triple peak in the emission spectrum
upon excitation at 15073.7 crh (panel c) represents the
emission of the PcArvan der Waals complex for three different

In the current experiments, it was found that the weak signal at configurations of the first helium solvation layer. After excitation
15089.5 cm! exhibits a similar laser power saturation behavior of the PcAg complex, the helium environment may relax with
as the @Iine at 15088.9 cmt. a certain probability into two additional configurations. The
In this study, emission spectra have been measured uportransition frequency of the embedded PgAhanges when the

excitation at the three transitions of bare Pc in helium droplets helium environment changes. Therefore, all transitions of the
discussed above. It will be demonstrated for the example of emission spectrum are split into three lines corresponding to
bare Pc that the emission spectra can be utilized for identifying PcAn surrounded by the nonrelaxed helium environment and
electronic origins among the multitude of peaks observed in an by two different helium configurations. The probability for
excitation spectrum of a molecule inside helium droplets. After relaxation of the helium environment depends on the excess
excitation at the frequencies of the twd @ansitions (at  excitation energy dissipating into the droplet. Except for the
15088.9 and 15089.5 cr#), the origin of the emission spectrum  €mission spectrum shown in panel f, all other emission spectra
coincides with the respective excitation frequency (see Figure show a three-fold split signal. While in panels ¢ and d the
3b,c). In contrast to that, the origin of the emission spectrum Spectrum is dominated by the emission without relaxation of
after excitation at the frequency of the PW (at 15092.7 §m the helium environment (first peak within the triple line), the
appears red-shifted from the excitation frequency (see Figure €mission after relaxation dominates in panels b and e (second

3d). The PW at 15092.7 cmh corresponds to a transition with
excess excitation energy of 3.8 chabove the ground level of
the electronically excited statg 8f Pc in helium droplets. As

and third peak within the triple line).

In addition to the electronic origin shown in Figure 4a,
vibronic transitions of Pc and PcAhave been measured. Four

reported for many organic compounds inside helium droplets, sections of the excitation spectrum are plotted in the left column

excess excitation energy usually dissipates into the droplet prior of Figure 6 covering a frequency interval of 20 cheach. The

to radiation!®2425 Therefore, the emission spectrum after top panel shows the spectral range of the Pc and Poand

excitation at the frequency of the PW is identical to the emission origins. The lower three panels show three vibronic modes of

spectrum observed upon excitation at the ZPL to which the PW bare Pc (left peak) and of PcA(right peak). The red shift of

is coupled to (see Figure 3b,d). the PcAf transitions as compared to the transitions of bare Pc
The origin of the emission spectrum reflects the electronic is the same for all four vibrational modes, and it amounts to

band origin of the embedded molecule; therefore, the origins 15.301(2) cm. This value has been determined as the mean

of emission and excitation spectrum coincide in the case of shift of all together seven lines of PcArthree of which are

excitation at the band origin. Similar as a punagobe not shown in Figure 6 but are listed in Table 2. Furthermore,
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TABLE 2: Frequencies of the Origin (Bold Numbers) and Several Vibronic Transitions of Pc, PcAi, the (1/1) Complex of
PcAr,, Two of the (20) Complexes of PcAg, and the (21) Complex of PcAr?

Pc PcAg (11)-PcAr, (2/0)-PcAr, (2|1)-PcAr

7 (cm™) 7 (cm™) AV (cm™) 7 (cm™) AV (cm™) 7 (cmt) AV (cm™Y) P (cm™Y) AV (cm™1) P (cm™) AV (cm™)

15088.941) 15073.67(1) 15.27(2)  15058. 30(1) 30.64(2) 15068.981) 20.01(2) 15070.621) 18.32(2) 15062.791) 26.15(2)

15217.044(3) 15201.766(6) 15.278(9)

15314.576(6) 15299.307(8) 15.269(14)

15653.859(1) 15638.544(2) 15.315(3) 15623.137(4) 30.722(5) 15635.526(6) 18.333(7) 15627.672(3) 26.187(4)

15765.85(5) 15750.635(5) 15.250(10)

15808.467(2) 15793.171(4) 15.296(6) 15777.801(8) 30.666(10) 15788.50(2) 19.97(2) 15790.17(2) 18.297(22) 15782.360(4) 26.107(6)

15881.963(3) 15866.673(3) 15.290(6) 15851.279(7) 30.684(10) 15861.897(8) 20.07(1) 15863.68(1) 18.283(13) 15855.892(5) 26.071(8)
@ =15.301(2) @=30.704(4) @=20.02(3) &= 18.320(5) = 26.149(3)

a Except for the origins, the transition frequencies have been determined by fitting a Lorentzian to the line/shapeshe frequency differences
of the PcA transitions as compared to the respective Pc transitions.
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Figure 3. (a) Origin of the fluorescence excitation spectrum of Pc in T H
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Vexc. The dotted arrows mark the excitation frequency. The line width =
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instrumental resolution. 0E L L s
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the line shape and the relative intensity of the Pc and the PcAr _ o . )
Figure 4. (a) Fluorescence excitation spectrum of Rcir helium

signals are identical. Hence, the_V|brat_|onaI modes of Pc are droplets [ ~ 20000) when Ar was picked up after Pc. Note that in
not affected b}’ the Ar atom fgr this particular PeAsomplex. the present figure the frequency decreases from left to rightf)(b

On the basis of the experimental data reported so far, the Emission spectra of PcArupon excitation at the frequenciésye.
five transitions of the PcArclusters can be assigned as follows. marked with dashed arrows.

The most intense transition at 15073.7 ¢rand the signals at
15074.3 and 15087.6 cthrepresent electronic origins for the
following reasons. The emission spectra reveal no energy
dissipation prior to radiative decay, which is a clear indication
for no excess excitation energy being present. Additionally, all
three signals show the typical power saturation of a pure
molecular transition. Consequently, the three transitions are
assigned to isomeric complexes of the Pcélusters.

The transitions at 15075.7 and 15073.2 éntannot be
attributed to electronic origins for different reasons. As revealed
by the emiS-Sion spectrum, the signal at 15075'710i$”in|-(ed- Figure 5. (a) Intensity of the five peaks of PcAat 15073.7 [f])
to the origin at 15073.7 cm and carries excess excnatlo_n 15073.2 ©), 15074.3 4), 15075.7 ¢), and 15087.6 ¢t (O) as a
energy of about 2 crrt. The low excess excitation energy is  fynction of the Ar pressure in the pickup cell. The solid curve represents
typical for a PW of organic molecules in superfluid helium g fit of the data for the line at 15073.7 chwith eq 1 forn = 1. (b)
droplets?® The saturation behavior reveals a weak transition Saturation behavior of the same five transitions with respect to the laser
dipole moment, which is typical for a PW as well. Finally, the power. The solid line represents a linear intensity dependence.
intensity distribution in the triple line of the emission spectrum
reveals highly efficient relaxation of the helium solvation layer, single peak at 15075.7 crhbut holds for the entire structure
which is also typical for a PW excitatichh.Consequently, the ~ from 15075 to 15078 cri. A possible explanation for the signal
signal at 15075.7 cnt is attributed to a PW coupled to the at 15073.2 cm! is an electronic excitation with bothy @nd $
ZPL at 15073.7 cmt. This attribution is not restricted to the  coupled to phonons of the helium environment. This interpreta-

relative Intensity
relative Intensity

0 1.0 2.0 0 25 50 75 100
p (Ar)/ a.u. %-laser power
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Figure 6. Left column presents four sections of the fluorescence
excitation spectrum of Pc and PGAIThe spectrum in panel a shows
the origins of Pc and PcAiat 15088.9 and 15073.7 cih(see Figure

1). The three spectra in panels th represent three vibronic transitions
with a relative energy. as compared to the respective origin. The

Lehnig et al.

Figure 7. Cut of the three-dimensional Pér potential energy surface
(PES) at a distance of 3.2 A above the planar phthalocyanine molecule.
The open circles represent the nitrogen atoms, and the filled circles
represent the hydrogen atoms. The contour lines indicate the potential
energy in cm?,

Pc Pc
(a) (b)

right column presents the origin of the emission spectra measured uponFigure 8. (a) Structure of the PcArcomplex with the Ar atom in the

excitation atvexc, the respective transition of PcAshown to the left.
Besides the triply split transition of PcAat 15073, 15068, and 15064
cm1, the origin of the emission spectrum of Pc in helium droplets at
15089 cm! can be seen after excitation at a vibronic transition of the
PcAr complex.

tion is based on the red shift of the excitation frequency with
respect to the origin at 15073.7 cf which indicates a hot
band possibly starting from a phonon state of the helium
environment coupled togsSAdditionally, the intensity pattern
within the triple peak in the emission spectrum in Figure 4b

global minimum position according to the PES shown in Figure 7. The
origin at 15073.7 cmt is assigned to a cluster with this structure. (b)
Structure of the (I1)—PcAr, complex. The Ar atoms are located in
the global minima of the PES on both sides of the Pc molecule. The
electronic origin at 15058.3 cmis attributed to this complex geometry.

minimum position. The transition at 15074.3 chis located
at the higher frequency side of the origin at 15073.7 tmith
a substantially lower intensity. Similar as to the case of bare
Pc (see above), the signals at 15074.3 and at 150737 are
attributed to two different isotopomers with orléC atom

reveals dissipation of excess excitation energy, which gives replaced by a°C for the origin at 15074.3 cr. Again, the
evidence for a final state of the transition being a phonon state Natural abundance of such an isotopomer is reflected by the

coupled to &

relative line strength of the two transitions. The third origin at

For the assignment of the transitions to certain structures of 15087.6 cm*, which is closer to the origin of bare Pc, is
the PcAg complex, a three-dimensional potential energy surface @ssigned to a complex with Ar located in one of the local minima
(PES) for Pc and a single Ar atom has been calculated as a°f the PES of PeAr shown in Figure 7.

superposition of pairwise Lennardones potentials taking the
parameters from refs 2 and 4. In a similar way, a PES for Pc
He has been calculated recerfffyzor the current calculations,

3.3. PcAr, Clusters. Figure 9 shows those sections of the
excitation spectra where the prominent transitions of the PcAr
complexes have been found. The Ar pressure was optimized

the atomic coordinates of Pc were taken from a DFT calcula- for an average pickup of three argon atoms leading to a

tion,2” which was consistent with experimental data obtained
by neutron scatteringf The PES exhibits a global minimum of
—687 cnt! at a distance of 3.2 A above the center of the planar
phthalocyanine molecule. Additionally, several local minima are
found above the periphery of the 18 conjugated aromatic

maximum signal for the PcArcomplexes. The PcArcluster

is the smallest one sensitive to the doping order. The most
remarkable effect on the doping sequence was observed for the
line at 15058.3 cmt, which appeared with high intensity for
doping Ar after Pc (dashed line) and is almost absent for the

compound. Figure 7 shows a cut of the PES parallel to the Pcreversed doping order (solid line). In contrast to that, the PcAr

plane at the distance of the global minimum.
The strong intensity of the signal at 15073.7 ¢nand the

signals in the frequency range from 15067.9 to 15072.1'cm
show a higher intensity for doping Ar prior to Pc. Therefore,

large red shift with respect to bare Pc suggest that the Ar atom the signal at 15058.3 cris attributed to a (1) complex while

is located at the global minimum position, which is right above the other transitions in the frequency ranging from 15067.9 to
the center of mass of Pc (see Figure 7). The identical vibrational 15072.1 cm* are assigned to (@) complexes of the PcAr
structure of this complex and bare Pc supports the assignmentlusters.

of the Ar atom close to the center of mass. In Figure 8a, the

PcArn complex is shown with the Ar atom in the global

Emission spectra were measured upon excitation at the

transition of the (11) complex (at 15058.3 cnd) and at three
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Figure 9. Two parts of the fluorescence excitation spectrum of RcAr
complexes from 15057.5 to 15058.8 chand from 15067.9 to 15072.1
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Figure 11. Fluorescence excitation spectra of P¢élusters optimized
for n= 3. The solid and the dashed line represent the spectra measured

cm™L. The numbers 2, 3, and 4 indicate the assignment of the peaks tofor doping of the Ar atoms prior to or after the Pc molecule,

PcAr, PcAr, and PcAy, respectively. The excitation spectra measured respectively. The numbers 3 and 4 indicate the assignment of the lines
by doping Ar prior to Pc or after Pc are shown as solid and dashed to PcAr and PcAs, respectively. For the peaks marked with a star

lines, respectively. The PcAline at 15058.3 cmt' is assigned to the
(1]1) complex, while the PcArlines between 15067.9 and 15072.1
cm ! are attributed to (®) complexes.
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Figure 10. (a) Fluorescence excitation spectra of the band origin as
well as three vibronic transitions of (a) thg 1) complex of PcAy, (b)
some of the () complexes of PcAr and (c) the (21) complex of

(*), it could not be determined if they belong to Pe/Aur PcAr.

Therefore, itis likely that for these two complexes the Ar atoms
are located close to the center of mass of the Pc molecule. In
case of the (I1) complex, we propose that the two Ar atoms
are located at both sides of the planar Pc molecule right above
the center of the aromatic ring (see Figure 8b), which is in
agreement with the global minimum of the PES off2¢ (see
Figure 7). Further evidence for this assignment lies in the red
shift of 30.704(4) cm? of the excitation spectrum as compared
to bare Pc, which is twice as large as for the spectrum of PcAr
with the Ar atom at the global minimum position. For théQ2
complexes, some structural information can be extracted from
the vibronic transitions (see Figure 10b). Strong vibronic
transitions can only be observed for the complexes with an origin
at 15068.9 and at 15070.6 ctn Therefore, the two argon atoms
have small influence on the Pc vibrations and might both be
located in the global minimum right above the center of mass,
forming a dimer. In case of the |@ complex with the origin

at 15070.6 cm?, the two Ar atoms are expected to form a dimer
with its symmetry axis orthogonal to the Pc plane located in
the global minimum right above the center of mass of Pc.
Further evidence for this assignment is given by the emission
spectra discussed in section 4.

3.4. PcArz; and PcAr, Clusters. Figure 11 shows the
fluorescence excitation spectrum of the P¢@omplexes in the
frequency range from 15053 to 15068.15¢nThe prominent
signals of the PcArand PcAj; clusters have been found in this
region. For both spectra, the Ar pickup pressure was optimized
for an average doping with three Ar atoms. Some peaks [marked
with an asterisk (*)] cannot be classified as PgAr PcAm,
because their intensity dependence on the Ar pickup pressure
In(p) lies in between the curves found far= 3 andn = 4.

This observation can be explained by spectral overlap of signals

PcArs. The scale on top of the spectra gives the frequency relative to of PcAr; with those of PcAr.

the respective origin at (a) 15058.3, (b) 15070.6, and (c) 15062:8.cm

transitions of the (®) complexes (at 15068.9, 15069.6, and
15070.6 cm?). In all four cases, the origin of the emission

spectrum coincides with the respective excitation frequency.

For the dashed excitation spectrum (doping of Ar after Pc),
only two sharp lines were identified as PgAclusters (at
15055.9 and 15062.8 cr). For the reverse doping sequence
(solid line), the intensity of the line at 15055.9 this

Consequently, these four lines represent electronic origins of approximately doubled while the line at 15062.8¢ris hardly

different isomers. This demonstrates that the addition of two

recognized. Thus, the line at 15062.8¢ris assigned as a (B

Ar atoms to one side of Pc leads already to a large number of complex. The peak at 15055.9 cfas well as all of the other

different structures that are realized in the helium droplets.
Vibronic transitions have been measured for thé&)({tomplex
and for some of the (R) complexes (see Figure 10a,b). The

PcAr; transitions that are only visible when doping with Ar prior
to Pc are assigned as|(3 complexes (see also Table 1).
An emission spectrum was measured upon excitation at

top axes give a relative scale related to the origins at 15058.315062.8 cmi™. The origin of this spectrum coincided with the

and 15070.6 cm' for panels a and b, respectively. The
vibrational frequencies, the relative intensities, and the line
widths of the vibronic transitions for the two PcAgomplexes
are identical to those found for bare Pc in helium droplets.

excitation frequency. Consequently, the transition at 15062.8
cm~1 represents the electronic origing(lﬁhe) of the excitation
spectrum of a (1) complex. Moreover, vibronic transitions of
the (21) complex have been measured and are shown in Figure



7582 J. Phys. Chem. A, Vol. 111, No. 31, 2007 Lehnig et al.

10c. The vibrational frequencies and the line shapes were transition frequency of 15089 crhproves that the Pc fragment
identical to those observed for bare Pc in helium droplets (seeremains inside the helium droplet while the Ar atom is at a
Figure 6). Therefore, the three Ar atoms are expected to bedistance with negligible interaction to the Pc fragment. It cannot
located close to the center of mass of the Pc molecule. be determined directly with our experiments whether the Ar
The signals of PcArclusters are visible for doping Ar prior ~ atom stays inside the droplet or leaves the droplet after the
to Pc but are entirely absent for the reverse doping order (seedissociation of the PcArcomplex. However, the binding energy
Figure 11). Thus, within this spectral range, all Pgalusters of one Ar atom to a helium droplet has been estimated to be
are identified as () complexes. 220 cnt1,® which is larger than the available excess energy of
3.5. Discussion of the Structure of the PcAr Clusters. The 113 cn1t. Therefore, it can be assumed that the Ar atom stays
cluster size as well as the structure of some particular PcAr inside the helium droplet after dissociation of the PcAihe
complexes in helium droplets could be determined from helium droplets used for the current experimemts< 20000)
excitation and emission spectra. All PgArlusters with more have initially a diameter of about 120 RE= 2.223«/N15). If
than one Ar atom showed a significant larger number of isomeric the evaporative loss due to the pickup of a Pc molecule (3000
complexes for doping with Ar prior to Pc. Consequently, the atomg9) and an Ar atom (244 atorfsis taken into account,
variety of isomeric complexes found for thg/@) configuration  the diameter of the droplet will still be 114 A. It was calculated
is larger than for then(— m/m) configuration. It can be assumed  that the potential energy drops to about 1% of the potential
that the Corrugation of the potential energy surface shown in energy at the g|0ba| minimum (See Figure 7) if the Ar atom is
Figure 7 for a single Ar atom decreases for a cluster of Ar atoms. at a distance of about 10 A over the center of the Pc molecule.
Consequently, the approach of a single Pc molecule to an Ar Hence, the size of the droplet is sufficiently large to fit both
cluster at random orientation does not lead necessarily to athe Ar atom and the Pc molecule without noticeable interaction.
global minimum Configuration as is the case for the consecutive In the gas phase, an excess energy of at least 661 &sn
pickup of single Ar atoms after doping with Pc. Thus, the required for vibrational predissociatidnAs can be seen in
number of isomeric complexes formed in helium droplets Figyre 7, the dissociation threshold in the gas-phase experiment
appears to be determined by the random orientation of both thejs consistent with the binding energy of the van der Waals
Pc molecule and the Ar cluster rather than by a limited number complex in the global minimum configuration. Hence, the
of global and local energy minima. helium environment drastically reduces the dissociation energy
Van der Waals clusters of Pcaave also been investigated  of this van der Waals complex. The binding energy of RcAr
in a supersonic jet expansidrExcept for a spectrally broad  in gas phase represents the energy that is released if an isolated
signal due to hot bands, two sharp transitions appeared whenar atom binds to an isolated Pc molecule. In helium droplets,
seeding the jet expansion in Ar. They were shifted to the red as however, the binding energy of Pcfequals the energy that is

compared to the bare Pc by about 52 and 30 cm*, released if a solvated Ar atom and a solvated Pc molecule form
respectively, and have been identified as a R@#d a PcA a solvated PcAr complex. For this process, some of the

cluster. In helium droplets, a PcAtomplex and a (1)—PcAr  sojvating He atoms that are bound to the Ar and the Pc have to
complex with similar red shifts have been found. Thelf+ be removed. The energy required for breaking these bonds

PcAr, signal, however, was absent for doping Ar prior to Pc. ,gquces the binding energy of PgAn helium droplets as
Obviously, creating clusters in helium droplets by doping Ar compared to the gas-phase value.

after Pc is similar to the process of condensation of single Ar
atoms to an isolated Pc molecule while for the reversed doping
order the Pc molecule is attached to a solid Ar cluster. Besides
the doping order, the low temperature provided by the superfluid
helium environment has an influence on the spectra. The most
significant one is that in helium droplets the contributions of
hot bands are negligible. Therefore, the spectrum is simplified
allowing for detection of metastable configurations.

Interestingly, no vibrational predissociation was observed for
the PcAp complexes. However, some of the emission spectra
upon excitation at vibronic transitions revealed a dynamic
process of a different type, namely, the interconversion between
different complex configurations. Isomerization of molecular
complexes inside helium droplets has been observed previously
for the complexes of HCN and HF using infrareidfrared
double resonance spectroscéPyn Figure 12, four emission
spectra of the (IL) complex and of one of the | complexes
are shown as solid and dashed lines, respectively. Panel a

The emission spectra of the PgAclusters also reveal presents the spectra upon excitation at the respective origin at
information on dynamic processes. For example, the emission15058.3 and at 15070.6 cr) whereas panels +d show
spectra of the most intense PgAromplex show an additional ~ emission spectra of both complexes upon excitation at vibronic
line at 15089 cm? for excitation upon vibronic transitions in  transitions. In Figure 10a,b, the transitions are shown that have
contrast to excitation at the electronic origin at 15073.7t€m  been chosen for measuring the four emission spectra in Figure
(see right column of Figure 6&d). The transition frequency of ~ 12. Upon excitation at the respective origin of the two complexes
15089 cn! represents the origin of bare Pc in helium droplets. (see Figure 12a), the emission spectra of both clusters are shifted
Because the three vibronic excitations of PgArsed for with respect to each other by 12.3 chrorresponding to the
measuring the emission spectra do not overlap with any difference of the excitation frequencies. Both spectra show the
transition of bare Pc, the emission at 15089 &émmeveals same vibrational frequencies as observed forl8Ptlpon
vibrational predissociation of the excited PgA&iomplex. An excitation at three vibronic transitions (see Figure-2d} the
excess energy of 113 crhis sufficient for dissociation of the  emission spectra of the |) complex do not change as
van der Waals bond. This value is determined as the differencecompared to the spectrum upon excitation at the origin (see
between the lowest excitation frequency for which predisso- Figure 12a). The emission spectra of th¢djZcomplex upon
ciation has been observe@g' > = 15202 cm?) and the vibronic excitation, however, consist of two components in
frequency of the Pc linevp. = 15089 cn1?). Consequently, contrast to the emission spectrum upon excitation at the origin.
the binding energyo of the PcAi complex in a helium droplet  The first component coincides with the spectrum observed upon

can be estimated to bBy < ag':g — ¥pe = 113 cnmtl. The excitation at the origin and the second one coincides with the

4. Dynamic Processes
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T through the superfluid helium. For the proposed complex
configuration, the migrating Ar atom is outside of the nonsu-
= Vex, = 15070.6 e’ perfluid first solvation laye?® which is favorable for the
migration. The small red shift of 18.32 cthfound for the (20)
complex that undergoes isomerization is only about 3tm
larger than that of the most prominent PeAsignal. This
observation supports the structural assignment of the) (2
— Vo, = 156231 cm” complex s_ince it speaks for a location of the secon_d Ar atom at
’ a larger distance from the Pc molecule than the first Ar atom.
However, tunneling through the center of Pc cannot be ruled
out as the configuration conversion path. Already minor motions
caused by the vibrational modes of Pc may influence, and thus
increase, the tunneling probability significantly.

u} T T T T
3F o () — Vaxe, = 15058.3 cm”!

counts /100 s~
I

= Vo, = 15635.5 cm”’!

counts /10 ™!

— Vexe, = 15777.8 cm™? 5. Conclusion
= Yoy, = 15790.1 cm’™

The fluorescence excitation spectra as well as the emission
spectra of phthalocyanireargon complexes with up to four Ar
atoms have been recorded (PgAr= 1—4). These complexes
have been formed inside cold (0.389K superfluid helium
droplets with a mean size of about 20000 atoms per droplet.
Voo, = 15851.3 om”" B_e_side_s the most p_rominent clu_sters_qf PcAnd PcAg also
- Vore, = 158636 om” visible in a supersonic jet expa_ns@addnmnal s_harp_llnes have

i been observed. Poisson statistics and alternating pickup sequence
were used to identify the cluster size and the binding side of
the Ar atom, either single-sided|Q) or double-sided(— m/m),
for most of the signals. With the help of emission spectra, it

0 /| was possible to identify the electronic origins of isomeric

15080 15060 14380 14360 14340 complexes.

v/om” Doping with Ar after Pc leads to the same complex

Figduref tlhz (JED”)“;Sizn spectlra O{dthtet K(]jl)l_PCA)fz_Cq[?plfeX (solid lines) configurations as known in the gas phageor the reversed
anda o e CAL compilex (dottea lines) In the Trequency ranges H ] : iotri P H i
fom 153 o 1504 c o fom 140800 4518 ey~ 01108 e SOLTAr atiuton s changed o
the origin as well as two vibronic transitions. The excitation frequencies ’ . . . :
Texc. are given. Part a shows the emission spectra upon excitation at@oundant, and different complex configurations are favored. This
the origins, and parts-bd present the spectra after excitation at three  Might be expected for any cluster of this type consisting of a
vibronic transitions. single planar molecular chromophore and a number of rare gas
atoms. As shown already for water clustéi® HCN clusters?®

the helium environment stabilizes complex configurations that
o ) are not known from the gas phase. In the case of heterocluster,

counts /10 ™!

counts /10 ™!

. the doping order has great influence on the complex configu-

ration. This needs to be considered when using helium droplets
)) as a host system for the investigation of bimolecular or larger

complexes.
Figure 13. Sketch of the mechanism proposed for the interconversion ~ Besides detailed structural information, the emission spectra
process leading from the |(® complex to the (L) complex. revealed surprising dynamic processes of the van der Waals

emission spectrum of the () complex. The intensity ratio of clusters such as vibrational predissociation of an Ii’cl\rstgr

the two components is almost independent of the vibronic @nd conformational changes among the RaAusters. Predis-
excitation energy. It is concluded that, upon vibronic excitation, SOciation was observed for the most prominent Rofuster at
one of the two Ar atoms migrates to the opposite side of Pc @7 excess excitation energy Qf less that 20% of t_he theoretical
leading to an isomerization to the|) complex with the origin and experlmentql value obtained fOI’. the respective gas-phase
at 15058.3 cm. This process is independent of the amount of SyStem‘ Conversion of a () cluster into a (1) cluster was
excess excitation energy. Such an interconversion was foundfou'_“d gfter V|bron|_c excitation. It could be demonstrated that
only for the (30) complex with the origin at 15070.6 crth To excitation and emission spectroscopy enable the _study_of a
explain the isomerization process, a structure is proposed forV&rety of properties of van der Waals complexes in helium
this particular (20) complex where an Ar dimer is aligned dro_plets such as CIL_Jster size, _shap(? o_fthe clusters, |dent|f|_cat|on
vertically to the Pc plane right above the center of mass of Pc of isomers, vibrational predissociation, and conformational
(see Figure 13). For the conversion into alflcomplex, the  relaxation.

weakly bound outer Ar atom flips to the opposite side of Pc . .

into the global minimum position. Taking into account the Acknowledgment. Financial support by the Deutsche I_:or-
diameter of Pc in the order of 1 nm (see Figure 7) and the schung_sgememschaft (DFG) and the Fonds der Chemischen
fluorescence life time in the order of 10 ns, the speed necessar ndustrie (FCI) is gratefully acknovyledged. We thank N. Borho
for changing from one side to the opposite side of the Pc [OF carefully reading the manuscript.

molecule within the excited-state life time is about 0.1 m/s. This
is significantly lower than the Landau velocity of 58 nils23
thus, the migration is expected to proceed without friction (1) Amirav, A.; Even, U.; Jortner, J. Chem. Phys1981, 75, 2489.
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