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The 2-phenylethyN,N-dimethylamine (PENNA) radical cation offers two functional groups for a positive
charge to reside, the benzyl ring and the substituted amine group. Previously published Hel photoelectron
spectra (PES) and our B3LYP data of the cation ground state agree that the amine site has the lowest ionization
energy (IE). In this work we present evidence that by resonant laser multiphoton ionization the electron is
removed from the phenyl site. B3LYP calculations of the neutral molecule predict that by far the most stable
structure is the nonsymmetric unfolded anti conformer and that no other conformer should be significantly
populated. This is confirmed by theSS, resonant two-photon ionization (R2PI) spectrum in which one
conformer is found to be predominant. The presence of the vibrational fingerprint of the phenyl chromophore
and the absolute energetic position of the R2PI spectrum clearly show the local character of the first
photoexcitation. Surprisingly, the R2PI mass spectra takeniesenances show strong fragmentation. The
parent-to-fragment-ion ratio is about 1:10 and mostly independent of laser intensity. The metastable character
of the decay excludes a fragmentation caused by cation photoabsorption. The strong dissociation directly
after ionization is explained by (i) a local ionization at the phenyl chromophore, (ii) a fast charge transfer
(CT) to the lower-energetic amine site, and (iii) a subsequent metastable dissociation. A first detailed analysis
of the ionization process indicates that intersite R2PI ionization between local states is a one-photon two-
electron process which is expected to be improbable and that a failure of local ionization only happens in
cases of mixed intermediate States or mixed cation states. PENNA with two possible charge sites spaced
by a—CH,—CH,— bridge is an ideal model system to study the dynamics of a downhill charge transfer after
local ionization to the first excited cation state as presented in a forthcoming paper.

I. Introduction amino acid tryptophan have been used for peptide structural
analysist Despite such small modifications, the local model is

Properties of small molecules are experimentally and theoreti- 5 ¢itable and very helpful approximation which allows access
cally reasonably well-understood. As for large and ultralarge ;4 large and ultralarge neutral molecules.

molecules, a global description on high experimental and
theoretical levels is difficult and a local model was introduced:
It is assumed that in large molecules functional groups (here
termed “sites”) which are spaced by saturated carbon bridges
only weakly interact. This assumption is based on the observa-
tion that functional groups in different molecules have very
similar physical properties. For example, concerning photoab-
sorption, the benzyl group behaves similar in a peptide as in
isolatedn-propylbenzene or the amine group in a peptide N
terminal similar as in ethylamine. Naturally the local properties
of the sites are slightly modified by nearby substitutions and
the solvent environment. For example, the changes in fluores-
cence lifetime or frequency of the indole chromophore of the

Later the model of local sites was also widely applied to large
charged systems in solution. In gas phase so far the application
of a local approximation is sparse and up to now was used only
for some moleculés* and cluster$:-7 Presumably the reason
for this is that only few large molecules have been investigated
up to now in gas phase. The results of theses p#pease based
on the assumption that a resonant two-photon ionization (R2PI)
via a neutral, local Sstate also forms a local charge distribution
in the cation. The energetics of the charge at different molecular
sites (for molecules) or molecules (for clusters) was described
by local ionization energies (IEs) of the functional groups. For
determination of local ionization energies helium photoelectron
spectra (Hel PES) of model molecules, such as amino &€ids,

neurotransmitter¥) or functional group® proved to be helpfu.
* To whom correspondence should be addressed.

" Present address: Accenture GmbH, Maximiliar3#r8®5, D-80539 In heteromolecular clusters, charge transfer (CT) between
Miinchen, Germany. molecules was indirectly observed by delayed ioniz&tion
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fragmentatiorf. Because the local ionization was not the main higher IE? In this case the system has energetically the choice
focus of these investigations, no further experiments were carriedto ionize at a second site. The question is whether excitation
out to prove the local character of the ionization step or the via the local $ state is then still local in the same chromophore,
cation states. The same holds also for most of the otheror would ionization lead to the lowest energy site outside the
experiments. Levy and co-workérand later Weinkauf et &# chromophore (intersite ionization) or to a fully mixed state of
also used the local model for investigation of CT in extended the cation? This question can nor be easily answered because
molecular cations. Levy’s group monitored the CT directly after up to now it is not clear which energy mismatch of tw&€H,—
ionization in various synthetic two-site donor-bridge-acceptor CH,— spaced sites is needed to have local character. In total
systemsg, In this investigation, carried out with nanosecond laser we will show that in PENNA the two sites are local and that it
pulses, it was not possible to detect the charge in the site ofis a model system to test CT dynamics directly after ionization
neutral excitation and local ionization. This was interpreted as (see also our forthcoming papér
an ultrafast CT after ionization. In this work, however, an Its worth noting that mass spectrometry experiments with
alternative explanation by a direct ionization to the second site local ionization are sparse. Conventional ionization techniques
of lowest IE was not fully excluded. Weinkauf at al. initiated are not able to form radical cations with a site- or energy-
and probed photoinduced CT in excited states of a series ofselective charge distribution. Therefore, although in mass
model peptide radical cations under isolated conditfghin spectrometry the possibility of charge transfer has been already
these experimerttsin effective photoabsorption of visible light  discussed® so far no direct experimental results exist.
(VIS) by peptide cations was detected by fragmentation. This
VIS photoabsorption is typical for charged aromatic chro-
mophore, a clear indication for the validity of the local IE model ~ Local ionization is clearly the precondition for investigation
and the local ionization in aromatic chromophores in peptides. Of detection of CT in moleculér* and cluster cation%.” As
In contrast to the two-site molecules investigated by other mentioned above, it is so far not investigated in detail. In the
groups25-7 peptides are multisite systems. One new aspect for following we analyze the concept of local ionization on the basis
cations of large extended molecules in comparison to small of molecular orbitals.
molecules is that electronic states can be localized at different Assume for the following that the local site model holds
sites and more importanﬂy the energy differences between equa”y for neutrals and cations. One then can define for a two-
electronic states might be small or even vanisHifhis is in site molecule two sets of local molecular orbitals (MOs) and
sharp contrast to neutral molecules whereaBsorptions of ~ local electron populations for the neutral ground, the t8e
aromatic chromophores are typically energetically well-separated cation ground, and its excited states (Figure 1 insets). The basic
from the electronic states of nonaromatic functional groups. idea of local ionization iS-a preselection of th.e ionization.Site
There is up to now only one example in the literature where PY @ local $—S; photoexcitation. We assume in the following

in gas phase the local IP model was combined with solvdtion: oF Simplification that $ has a local and unmixed MO

Local ionization and subsequent charge transfer (CT) was madeconfiguration where one electron is excited from the highest

responsible for fragmentation in amphetamine, 2-phenylethyl- mollecular orbital (HOMO) intg the lowest unoccupied molecglar
amine (PEA), and their clusters with polar solvehtssing orbital (LUMO) of an aromatic chromophore. This assumption

experimental and theoretical data we found previously, however, |s_trea;onable beg?se otfteln a;rom_atlc and_ nonarc(j)matlc nel:(tlral
full charge delocalization after ionization for the above P8~ SI'€S have very difierent electronic energies and are weakly

PEA has two energetically degenerate sites spacecHiHy— coupled. Photoionization at the site of first photon excitation
CHoN— bridge. In PEA therefore despite a local &citation then is just a removal of the already ex_cit_ed electron (Figure 1,
the local ionization fails (see below) site 1, full arrow). From the Sstate this is an allowed one-

photon one-electron process. lonization to the second local site
There are other cases for clusters where a local model also

fails. F le. in stacked cation di th | h with its own local MOs, (site 2 in Figure 1) would be (i) an
fals. or example, In stacked cation dImers e Surplus tharge;yie gite angd (ii) a one-photon two-electron excitation (Figure
is found to be equally delocalized over the two units leading to 1, dotted arrow)
S 15 . , .
E blg_dlng ednergt_yi) Ofdl.Jp tot 0t.5 é‘l./th anz:l ;[0 m'l?i?d' glfobsl, ‘1 Up to now there are few experimental indications of “intersite
onding and antibonding sta es with a state spll ,',ng of abou photoionization”. We therefore judge its feasibility from other
eV. This huge effect is termed “charge resonance” (CR). Beside

h di CR has b b d for het lecular di related experiments. One hand-waving argument for a weak
w?trrrl]c;irgi?aerrleslﬁ as been observed for hetero-molecular dimers, 5 sjtion moment for intersite transitions would be a possible

small spatial overlap of the local electronic wave functions.
In ConCIUSion, for molecules and clusters there m|ght be CaseSSurprising|y’ very Strong Optica| CT transitions have been
where ionization is local and cases where local ionization fails. gpserved in clusters catioh$2°Moving the charge center from
The local character of the states is correlated with energeticSgne site to an other just by photoexcitation seems to be no
and coupling of the two sites. Clearly local ionization is problem, at least if the intersite distance is not large. An analysis
guaranteed if (i) there is a suitable chromophore with a high shows that in these examples the transitions were one-photon
S—S; transition moment, an IE which is by far the lowest in  gne-electron process&s?0
the system and (ii) the two-photon energy of the resonant laser A preferential selection rule that one-photon one-electron
is jUSt sufficient to ionize at this Site, but not elsewhere. If transitions are much more probab|e than One_photon two-
conditions (i) to (iii) are fulfilled a suitably low two-photon  electron transitions is well-known from vacuum ultraviolet (UV)
energy enforces a site-selective ionization. There is simply no photoelectron spectroscopy (PES) of molecules in their neutral
alternative excitation route accessible. This was the scheme weground stated! As for multiphoton ionization, in conjugated
used previously for our CT investigations on peptides (note that “gne-site” molecules Stolow and co-work&33 achieved
we did not used phenylalanine in our model peptides becauseselective electronic state population in the cation. They used
the IE of phenyl is about equal to the IE of the N termirfal). R2P| via suitable intermediate states for state selection and PES
The question we address in this work is, what happens in a for detection of the cation electronic state population (Note that
two-site molecular system, if the excited chromophore has the such a direct proof is still missing for local ionization of large

II. The Concept of Local lonization: An Analysis
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the aromatic chromophore had by far the lowest IE. In these

experiments the resonant two-photon ionization offered enough
energy for efficient ionization at the chromophore (E2hv)

and two-photon ionization at any nonaromatic site was, however,
energetically improbable, because a process of higher order (IE
> 2hv). In this work we investigate the reverse case where

* A ionization to the nonaromatic site is the lowest energetic route.
.. —— (i) As mentioned there are cases where a local model
Se ion excited state fails.1>-16 Besides local orbital size and their relative orientation,

N the intersite coupling strength in molecules is dependent on their

i d stat - . . . .
fon ground state energetic difference and the molecular bridge. The bridge-

induced coupling is given by its length and its nature as well
as the type of bonding to the sites. In CT theory “through space”
and “through bond” effects are distinguished. The later is defined
as CT through a bridge which is valence-bound to both sites.
Halpert and Orgel (conjugated bridg®sand also McConnell
(saturated carbon bridg€stheoretically investigated the bridge-
induced electronic coupling between two sites. This concept
was elaborated and quantitatively tested by Reimers and?Hush
and later developed to the “superexchange CT model”.
Clearly a local approximation is only a good model when
the coupling between the local sites is sM&afll With increasing
intersite coupling an oscillatory motion of the charge between
the two sites is found’ For strongly coupled isoenergetic sites
the charge motion is calculated to take place on an electronic
time scale £ < 20 fs)?7 In conventional ns laser pulse
Figure 1. According to the local model for large molecules, local ~experiments this can only by observed as a time-averaged charge
neutral and cationic electronic states and their schematic local moleculardelocalization. To generate the global wave functions the local
orbital populations are shown. The basic idea for local laser ionization \yave functions were superimposed to create symmetj@ad

is a pre-selection of the ionization site (site 1) by a locatS : . . o . -
excitation. If S at site 1 has an unmixed, local MO configuration where anti-symmetric £) linear combinations which are split by the

one electron is excited from the highest molecular orbital of site 1 into INtersite coupling#~1626:2” Knowing the local IEs of the

the lowest unoccupied molecular orbital of site 1, ionization at the same functional groups, the splitting or shifting as caused by the
site is just a removal of the already excited electron (full line arrow). coupling can be identified in the PE spectrum of the two-site
From § this is a one-photon one-electron process. lonization from this molecule. Hence, such deviations from the local model contain
S to a different local site (site 2) would be then a one-photon two- jnformation about the intersite coupling strength (see below).

electron process (dotted arrow). Up to now there exists no evidence . . . .
for “intersite ionization” processes, but there are arguments that they Above considerations only take into account electronic effects.

might be weak (see text). As shown in this work this local ionization  1he nuclear motion is not includ&dor implemented as a
and cation energy scheme holds also for PENNA. damping?”-26Complex and detailed influences of conformational

changes or individual reaction coordinates might be important
but are difficult to include.
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extended molecules). In their experiment the electron config-
uration of the intermediate state, by one-photon one-electronlll. 2-Phenyl-N,N-phenylethylamine (PENNA): Evidences
ionization, converged to the ground or an excited state of the for Local States

cation. One-photon two-electron excitations were found to be

weak. One can assume that this preferential one-photon one- In our search for a model molecule we looked for a functional
electron selection rule is transferable to extended molecular 970UP Which has a lower IE than the phenyl chromophore. As

systems. Still, so far, a direct proof that one-photon two-electron Mentioned above, charge delocalization over two energetically
intersite excitations are weak is missing. The work of Stolow degenera]Ee charge sites _|se;c%>’und in PE‘? basic chemical
and co-worker-23also showed that for intermediate states with strugture Ior neurotrhansm|tt J|-|el PIE'S 0 F’EAI and SliIbStl.-
mixed MO configurations the steering of cation electronic state Uted analogues show two close-lying, partly overlapping
population fails. A second source of intersite excitation can be €!€ctronic bands clearly correlated to the presence of the phenyl
a state coupling in the ion. From one-photon PES it is well- nd the amine group$. One-photon ionization of thé,N-
known that mixing by configuration interaction can take place dimethyl-substituted PEA (PENNA) leads to an electronic state
in the final cation electronic stafé which is lower in energy than the typical IE of the phenyl group.

In the following we confine our discussion in this paper to This cation ground state shifts upon stepwisesGhbstitution

the two complementary reasons why R2PI could fail to be local- at the aminé?® In contrast within the experimental resolution
P ry y " the second band is not affected by this substitutions. This shifting

(i) a nonnegligible transition moment for intersite ionization ,on supstitution was used for the identification of the bands

bet.\{veen local .neutrgl and Io.cal .cation St"’}tes and. on the basis of a local mod&.The first band is assigned to
(if) a strong intersite coupling in the cation leading to a full jonization at the amine and equivalently the second band to
mixing of the two sites. ionization at the phenyl chromophore. In the following we

() In this work, the lack of an intersite excitation will be  provide further supporting arguments for this assignment. One
proven experimentally for PENNA. In the two-site molecular experimental fact is the large splitting between the two states
model systems used up to now, such raalkylbenzened? of about 0.740.2 eV in PENNAL which could have two
n-phenylethanolé?13 propionic acidt? and model peptides? reasong$27 (i) The local IEs of the isolated functional groups
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TABLE 1: Calculations of the Five Conformers of Neutral 2-Phenyl-N,N-dimethylamine (PENNA) Using Various ab Initio and
Density Functional Methods and Different Basis Sefs

conformer
V, symmetric
method I, gauche lone pait II', gauche Cht—x IIl', gauche Chtx IV, nonsymmetric anti  anticonformer
MM3 59 626 535 0 318
HF/6-31+G(d) 439 1230 439 0 345
MP2/6-3H-G(d) 33 566 137 0 431
MP3/6-3H-G(df 213 815 420 0 433
MP3/6-3H-G(dyf 234 848 530 0 446
PW91/6-31-G(d) 395 1027 731 0 259
B3LYP/6-31G(d) 218 817 660 0 171
B3LYP/6-31+G(d) 391 1082 741 0 312
B3LYP/6-311G(d) 338 1023 692 0 294
B3LYP/6-314-G(d)+zP? 365 1085 746 0 314
B3LYP/6-31+G(d)+Gzos 259 1256 800 0 300
B3LYP/6-31H-G(d)+Ggzed 226 1282 801 0 288

a|f not explicitly marked, all values result from full geometry optimization methods. For B3LYP 6-&l{l) structures, see Figure 2. The
conformer numbering is chosen in analogy to 2-phenylethylamine (PEAl). methods and levels of theory agree on the nonsymmetric anti
conformer (conformelV) to be the most stable conformer. MM3 is included because it is widely used for large molecules and can be compared
here to other methods. B3LYP and PW91 agree with the experimental result (Figure 6) of a strong thermal population of one conformer, but
interestingly not MP2. The comparison of experimental data and theory is performed in section V.3. Energies are relative energies in respect to the
lowest conformer and are given in cin® Single-point calculation using the MP2 6-8G(d) geometry as input.Single-point calculation using
the B3LYP/6-313-G(d) geometry as input.ZP includes vibrational energ§ Gsooincludes the Gibbs free energy at 300 K (accounting for differences
of density of states in the different conformer&szqo includes the Gibbs free energy at the nozzle temperature of 360 K (accounting for differences
of density of states in the different conformers).

are similar and their coupling in PENNA is strong, leading to in n-alkylbenzenes as caused by increase of the moleculaf*size.

a large splitting of thet- and— linear combinations in the two-  Note that due to the extended structure self-solvation by folding

site molecule or (i) the states are very weakly coupled and local is excluded (see below).

and just energetically different. The methyl substitution experi-  To summarize, we have a coherent picture which supports

mentC favors explanation (ii). In the following we present that in PENNA cations the first two bands are local states

further arguments to exclude explanation (i). (Figure 1). From literature data and our previous experiences
As mentioned the differences of the state energies in the we expect that in the electronic ground state the charge is mostly

composed molecule versus the isolated functional groups arestored at the amine group (see chapter 1V) and that about 0.7

criteria for the degree of the intersite coupling and therefore eV higher in energy the first electronic excited state has a

the degree of charge localization. If the isolated versus composedpreferential charge localization at the phenyl site.

agreement is good, the states are weakly coupled and in good )

approximation local. The agreement between the first IE of IV- Calculations

PENNA (7.8 e\9) and the IE of trimethylamine (8.0 eV, onset In the following we present theoretical calculations for the

in ref 11) is relatively good. The remaining difference may be neutral and cationic PENNA. The aims are (i) to obtain

partly explained by a further lowering of the IE in PENNA due indication for the conformational structure of the neutral

to the longer alkyl chain in comparison to trimethylamine. In molecule and (ii) to gain information about the degree and site

analogy to the length-dependent IE shift observed in alkylben- of charge localization in the cation ground state. The calculations

zened* this would account for a lowering of abotit0.14 eV. were performed with the Gaussian 98 program pacRagde.
The remaining small difference of 0.06 eV lies within the error our knowledge these are the first calculations of the conforma-
to determine the electronic origin transitithTypically Hel tional structures of neutral and cationic PENNA.

PE spectra are recorded at temperatures of or above room 1V.1. Calculations of Neutral PENNA. To our knowledge
temperature leading to thermal population of especially low- these are the first calculations of the conformational structures
frequency modes and hot-band transitions. Trimethylamine for of PENNA and their cationic electronic structure. Due to the
example has already a high vapor pressure at room temperaturedifferent site-to-site distances, the conformer classes “folded”
In contrast PENNA has to be heated to about 360 K. It also hasand “linear” may have different coupling mechanisms, namely
a lot of low-frequency vibrations so that hot-band transitions "through space” or “through bond”. Therefore we need to know
which are shifted to lower energies than the origin transition the preferential structure of PENNA to clarify the type of
cause an onset of the He | PE spetitat energies lower than  coupling. Because of the relatively large size of PENNA, if one
the origin transition. Our IE value of PENNA, however, chooses accurate theoretical methods, such as MP2, as a
corresponds to the onset of the Hel PES and therefore mightconsequence the basis set size is small and if one chooses a
be too small. This systematic error could account for the large basis set the only method which is still possible might be
remaining small difference between the local IEs and the IE in not well-tested. We therefore rely on a broad variety of methods
PENNA. In conclusion the local IE approximation seems to hold and try to become additional confidence by variation of the basis
well for PENNA. sets: HF, MP2, and single-point MR® initio as well as PW91

The IE of the excited electronic cation state of PENNA is and B3LYP density functional calculations with basis sets
difficult to determine'® Within the experimental error it does  6-314+-G(d) and partly 6-31+G(d) were carried out for all stable
not shift in respect tom-butylbenzene (aa conformer: 8.675 conformers of neutral PENNA. To find all local minima, the
eV, If we accept the local approximation also to hold for conformational landscape was explored using a program named
this excited cation state, we estimate an energy of 8.5 eV for Tinker3!In Table 1 the results of calculations of different levels
the second IE. For this estimation we use the IE shifts observedand methods for all five PENNA conformers are presented. To
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TABLE 2: Some Theoretical Results for Neutral PEA for Comparison to Table ®

conformer
method I, gauche lone pait II', gauche H-x IIl', gauche H-x IV, nonsymmetric anti  V, symmetric anti
MP2/6-311+G(d, py 731 115 0 468 489
MP3/6-31H+G(d, pf 623 68,5 0 238 291
B3LYP/6-31H-G(d, py 518 30 0 86 42

aFour comparably thermally populated neutral PEA conformers have been found in the experiment (see R2PI spectrum in inset of Figure 6).
Note the qualitative agreement of the number of populated conformers between the experiment and the B3LYP result. For PEA and PENNA
conformersl, II, Il , andIV are 2-fold degeneraté Reference 34.¢ This work: single point calculation, using the MP2 geometry of ref 34.

4 Reference 13

allow easy comparison only the relative energies with respectin the R2PI spectrum (section V.2). In section V.3 we try to
to the lowest conformer are given. The B3LYP 6-313(d) correlate the calculated data to the experiment and show that
structures and their relative energies are presented in Figure 2this comparison is convincing enough for a reliable identification
The conformer numbering in Figure 2a,b agrees with previous of the most stable conformer of PENNA.
nomenclaturé? Note also the numbering of the relevant atoms  For PENNA the large change from the HF to the MP method
in Figure 2a, conformelr. We distinguish between conformers should show the influence of the electron correlation between
formed by rotation along the C3C2 axis (2a gauche, 2b anti).  the two sites, favoring the gauche over the anti structure (Table
Within the families of gauche and anti structures further 1). The MP2 results of two nearly equally stable conformers
structural varieties are formed by rotation of the methylated (I and IV) are, however, in contrast to the predominant
amine group about the NAC3 axis. The comparison between appearance of one conformer in the R2PI spectrum. One could
our calculated and experimental data is performed in sectionassume that for the relatively small 6-BG(d) basis set still
V.3. With the B3LYP/6-3%#G(d) method we also explicitly  the basis set superposition error (BSSE) is contributing an
searched for “planar” structures by setting the dihedrical angle artificially stronger intersite binding for the gauche conformers.
¢(C6,C1,C2,C3) equal zero, but only found saddle points about Going to a larger basis set could reduce this, but no large net
600 cnt! above the nonplanar stable conformeps=< 90°). effect would be expected because the closer intersite electron
The existence of five stable rotamer structures for PENNA distance allowed by the larger basis set would also result in
agrees well with the five minima for the nonmethylated species more correlation attraction. Interestingly single-point MP3
PEA13:32-34 For comparison to PENNA (Table 1) the existing calculations using the MP2 and the B3LYP geometries signifi-
calculations of PEA are shown in Table 2. cantly differ from MP2. They considerably reduce the stability
With B3LYP four conformers of PEA lie within an energy  of the folded conformers and distinctly favor conformiet.
range of 100 cm! in good agreement with the experimental This is in good agreement with the observation of one
observation of four thermally populated conformers. MP2, predominant conformer (sections V.2 and V.3). As in PEA, MP2
B3LYP, and single-point MP3 calculations agree that the folded seems to overestimate the intersite electron correlation. In
gauche rotameHl with a CH-ux interaction is the (lowest-  contrast to this, density functional methods are well-known to
energetic) structure. Surprisingly, MP2 calculations do not agree underestimate the intersite electron correlation. PW91 and
with a comparable thermal population of four conformers, but B3LYP results with a 6-31G(d) basis set agree very well,
relative conformer energies of single-point MP3 and B3LYP indicating that for the two methods the intersite electron
calculations do note that the isomerization barriers for PEA are correlation is of similar size. A small difference between the
high (for example, the isomerization from conform€r to two methods is only found for the total symmetric anti
conformerlV is 891 cnT?) and the thermal population in the  conformerV. Therefore, in the following we continue with only
nozzle is expected to be not very much changed by the one functional, B3LYP. For B3LYP an increase of the basis
supersonic expansion (see section V.3). set from 6-31#G(d) to 6-31H-G(d) slightly favors the gauche
The relative conformer energies of PEA and PENNA are very conformers presumably because the closer electron distance
different (Tables 1 and 2). For PENNA (Table 1) all methods allowing stronger intersite electron correlation. (Note that upon
agree on the nonsymmetric anti conformer to be the most stableincrease of basis set the BSSE error shifts in the other direction.)
structure. Comparing the nonsubstituted and the substituted Conformer structures of large, flexible molecules can have
molecules this switch in stability from a folded to an extended very different vibrational frequencies. This affects the zero-point
conformer is presumably due to steric hindrances between thevibrational energy and the density of thermally accessible states
CHs group and ther system. This accounts especially for of the conformers. For PENNA the inclusion of the zero-point
conformersll andlll where the—CHjz group is close to the  energy (ZP) changes somewhat the relative energies but not
chromophore (Figure 2a). Similar to PEA, also in PENNA the the energetic order of the conformers (Table 1). If different

nitrogen lone pair-tor interaction for the folded conformer molecular conformer have different frequencies, the question
is repulsive. For PENNA this effect is, however, somewhat arises whether the global minimum in the electronic potential
smaller than for PEA. Therefore in PENNA conformerould energy landscape is also the global minimum in the free energy

have some population at the nozzle temperature of 360 K landscape at the nozzle temperatur860 K).

(section V.3). Concerning the extended conformers the higher In general, close above room temperature the influence of

stability of conformerV in comparison to that of conformer  entropy (caused mostly by the vibrational state density) has to

V might be also a steric effect (see Figure 2b, conforier be discussed. To see the effect of state density the structure of
In total all calculations conducted on different levels and with the global minimum was also searched at the free energy surface.

different methods agree that the most stable structure of PENNAThe Gibbs energg° for PENNA was determined at 298.15 K

is the nonsymmetric anti conformer. Note that this conformer and at 360 K from the knowledge of energy, enthalpy, and

is the only one which is not twice degenerate. entropy values as determined froab initio characteristics
Concerning structural assignment the only experimental (geometries, energies, and vibrational frequencies). In these

evidence we have is the relative intensities of the conformers calculations rigid rotor, harmonic oscillator and ideal gas
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Figure 2. Structures and relative energies of neutral PENNA calculated
with the B3LYP/6-3%G(d) method. (a) the gauche conformers (2-
fold degenerate) and (b) the anti conformers (rotation along the C3
C2 axis). Within the families of gauche and anti structures further
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Figure 3. The two most important isomerization barriers in neutral
PENNA. The isomerization paths of conformérsandlll to the most
stable conformelV have been not investigated because of their relative
high energy in comparison to conform&' and the resulting low
thermal population. The electronic ground-state energy is plotted in
dependence of the isomerization coordinates (here dihedrical angles,
for atomic labeling see Figure 2a). Energies along the isomerization
paths (a) from the gauche conformeto the anti conformelV (here

the final structure is the mirror image of the structure in Figure 2b,
conformerV) and (b) from the anti conforméf to the anti conformer

IV . Because isomerization barriers are 585 and 1967 aespectively,

at 360 K conformational changes are expected to be slow in PENNA
and not to take place efficiently during the supersonic expansion. For
further explanation see section V.3.

approximations were adopted, although we are well aware that
anharmonicity may be important. The results (see Table 1) show
a stronger relative stabilization of conformlerbut no severe
total effect: Still for both temperatures the nonsymmetric anti
conformerlV is the most stable structure.

Due to the fact that for the discussion of conformer stability
we only can rely on the R2PI intensities we are not able to
perfectly weight the different theoretical levels and methods (see
section V.3). An important question in this context is, how the

structural varieties are formed by rotation of the methylated amine group gonformer population is changed by the supersonic expansion.

(rotation about the N2C3 axis). (a) In conformer the interaction of
the “lone pair” orbital of N with ther system is slightly repulsive,

leading to a high relative energy for this conformer. Presumably due

to steric hindrances between the £#toups and ther system, the
conformersll andlll are unfavorable in energy and not expected to

To obtain further understanding for the isomerization processes
in PENNA, the isomerization energies for turning conforrher
into the most stable conforméy (Figure 3a) and conformer
V into conformerlV (Figure 3 b) was calculated with the

be thermally populated. (b) The most stable conformer structure of B3LYP/6-314+-G(d) method. The energy barrier for conforma-

PENNA is the linear asymmetric anti conform¥r (2-fold degenerate).

Note that the symmetric anti conformer is not degenerate. The relative
conformer energies with different methods and basis sets are presenteqa/
in Tables 1 and 2 and the most important isomerization barriers in **

tional changes from the higher to the lower conformer are 585
nd 1967 cml, respectively. As will be discussed in section
3, these barriers should be high enough that during the

Figure 3. The conformer numbering corresponds to the nomenclature SUPETSONIC expansion isomerization between gauche and anti

used previously for PEAS

conformer classes and conformé&fsand|V is improbable.
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TABLE 3: Calculations of the Relative Energies as Well as
Charge and Spin Densities of the Two Stable Conformers of
PENNA Cations Using the B3LYP/6-31%G(d) and the
PW91/6-3H-G(d) Density Functional Methods

conformer
method gauche symmetric anti
B3LYP/6-31+G(d) relative energy 0 62
partial charge inring  10% 30%
¢ partial charge in tail  90% 70%
unpaired spininring 15% 21%
(- unpaired spin in tail  85% 79%
PW91/6-31%G(d) relative energy 0 190
gauche 0 cm-1 partial charge inring 11% 27%
partial charge intail  89% 73%
unpaired spininring 14% 19%
unpaired spinintail  86% 81%
MP2/6-3H-G(dy  relative energy 0 1019
partial charge inring 8% 18%
partial charge intail  92% 82%
unpaired spininring  2.6% 3%
unpaired spin intail  97.4% 97%

2The B3LYP conformer structures of the cation ground state are
presented in Figure 4. Note that in the cation the order of stability
between gauche and anti is reversed in comparison to the neutral
molecule. Nevertheless there is an anti conformer which is a stable
cation structure. To compare the charge densities calculated with
B3LYP and PW91, single-point MP2 calculations have been performed
also. All methods agree that in the cation ground state for both
conformers most of the charge is concentrated on the amine site. This
is also in agreement with a planar amine structure (Figure 4) which

anti, total

. -1
symmetric: 62 cm reduces the number of rotamers. In the most predominant extended
Figure 4. (a and b) structures and relative energies of the two radical symmetric anti conformer of PENNA, there is still considerable charge
g : 9 delocalization into the phenyl ring for B3LYP (30%) and MP2 (18%)

cation conformers of PENNA calculated with B3LYP/6-43&(d). Note

that the amine group is mostly planar as expected in the presence o
the positive charge. As a result, in the cation the number of rotamers
for the gauche and the anti positions is reduced from 3 (neutral) to 1
(cation), resulting in total in only two conformers. Energies and charge
and spin distribution of the ionic conformers are included in Table 3.

calculations. Note that this delocalization might be caused by polar-
izability rather than by coupling. To obtain more evidence for this,
spin densities have been calculated for the B3LYP and MP2 results.
Only the MP2 calculations strongly localize the unpaired spin at the
amine group. Although a weighting of the methods concerning their
accuracy is difficult, our result of a weak intersite laser ionization favors

IV.2. Calculations of the PENNA Cation. The motivations the MP2 spin density result. In conclusion the calculations support the
for theoretical calculations of PENNA cations are (i) the assumption of mostly local electronic states for the first two electronic
investigation of the cation structures and (i) the investigation States c_)f PENNA cations and are in agreement v_vith the interpretation
of the cation ground-state charge and spin distributions. The ©f Previous He | PE spectf@(for further explanations see text). Al

. N - . energies are given in crh ° Single-point calculation with the B3LYP
cation structure after ionization is needed to distinguish the type 6-31+-G(d) geometry.
(“through bond” and “through space”) and the charge and spin
densities for the strength of the coupling of the two sites in  With respect to the Hel specttathe most interesting question
PENNA. is whether the cation ground state has a preferential charge

Note that in photoionization experiments the Franck Condon localization at the amine group. Intramolecular charge distribu-
principle does not allow geometry changes during ionization. tions were calculated from Mulliken charg&gTable 3). For
Hence the type of the cation conformer structure formed by this for each atom the difference in charge between the neutral
ionization is given by the type of the neutral conformer structure and the radical cation was calculated. For the two cation
we start with. Clearly the cation conformer should have a slightly conformers all calculation methods agree that most of the surplus
different structure than the initial neutral conformer. In extreme positive charge is on the amine group (Table 3). The calculated
cases, however, the cation structure as formed by ionizationcharge delocalization from the amine group into the ring is
could be unstable and isomerize to a completely different relatively strong (B3LYP, 30%; PW91, 27%; and MP2, 18%.).
structure. To clarify this, we therefore used the neutral conformer The fact that the gauche conformer becomes energetically
structures as a start geometry for the calculation of the cation. slightly more stable than the trans conformer may be due to
Because PENNA radical cations are open-shell species andsolvation of the charge by the benzyl group (see Table 3).
computations therefore become time-consuming, only B3LYP/  As explained in section V.5 we find some discrepancy
6-31+G(d), PW91/6-31G(d), and single-point MP2/643G&- between the relatively large charge delocalization and the
(d) calculations have been performed. By searching the gaucheobserved high site-selectivity of ionization. If the charge
and anti subsurface of the potential surface, only one gauchedelocalization in the cation ground state of the anti conformer
and one anti conformer were found to be stable. The B3LYP/ is taken as a criterion for the coupling of the two sites we expect
6-31+G(d) cation structures are presented in Figure 4. For all some nonvanishing intersite ionization. The fact that this is not
conformers the amine group becomes planar as expected in thdound (section V.5) rises the question whether the charge and
presence of the charge. This planarity reduces the possiblethe intersite coupling are directly correlated or not. An argument
orientations with respect to the GHCH, bridge (anti conform- that the charge density might not directly correspond to the
ers) or thexr system (gauche conformer). The corresponding intersite coupling is that electron delocalization in the presence
relative energies are given in Table 3. of an electron hole affects all electrons of all orbitals, but the
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intersite coupling is predominantly an interaction of the higher n/Am = 3000 for masses above 100 Dalton. The-S; R2PI

MOs of the two sites. The spatial electron shifts in lower orbitals spectrum of PENNA was recorded by detection of the parent

which were induced by the coulomb force of the positive charge and the amine fragment cation intensities. Both R2PI spectra
can be best described as a static polarization. Such staticcontain essentially the same features. Because of the strong
polarization of electrons in lower MOs is not expected to fragmentation, the spectrum recorded by parent cation detection
strongly influence the intersite coupling. is noisy and therefore not shown here.

To eliminate the polarization we analyze the localization of ~ Laser excitation was performed by the second harmonics of
the electron hole, i.e., the localization of the spin density of the an excimer-pumped dye laser<% ns pulse width, 16100 uJ
unpaired electron. Because the polarization equally affects UV pulse energy, focused dowm & 1 mmdiameter, wavelength
electrons of up and down spin, the spin density does not containrange: 256-270 nm). To test intersite ionization two time-
contributions of the electron shifting in lower MOs caused by synchronized laser pulses of different colors overlapping in space
the positive charge. To check this we performed spin density were used. In resonant two-photon two-color ionization experi-
calculations with the B3LYP and MP2 (single-point) methods. ments (R(#1')PI) laser 1 was set to theySS; origin transition
Spin and charge densities are comparable for B3LYP but and laser 2 tuned to different discrete UV wavelengths. A short
different for MP2 (Table 3). The 3% spin density in the ring delay of 5 ns of laser 2 versus laser 1 was used to test if
calculated for the PENNA cation ground state would much better ionization from the gin the phenyl group to the amine group
correlate with the high spatial selectivity of the ionization is possible (intersite excitation). The UV photon energies were
process. Unfortunately for radical ions there is so far no red-shifted against laser 1 (nonresonant with the$ transi-
experience concerning the accuracy of calculated charge andion) and the intensity of laser 1 was attenuated to reduce the
spin densities. Our results (section V.5) support that the spin one-color contribution to the ion signal. The technique for
delocalization calculated by MP2 might be more accurate for metastable decay measurements is described in ref 35.
the description of the coupling of the first two cation states than  v.2. The Resonant Two-photon Photoionization (R2PI)
the charge delocalization. Spectrum of PENNA. While recording the R2PI spectrum of

From the fact that the lowest cation state is due to preferential PENNA, we observed very strong fragmentation even at a low
charge and spin localization at the amine, we expect that thelaser intensity of 2< 10° W/cm~2. In Figure 5 we present the
second electronic state in the Hel PE spectfumhich lies about corresponding R2PI mass spectra of PEA (a) and PENNA (b).
0.7 eV above the cation ground state is a state with a preferentialBoth mass spectra were recorded at the same UV laser intensity.
charge localization at the aromatic chromophore. Calculations Whereas for PEA no fragmentation is observed, for PENNA
for this electronic excited state, however, would have to be the parent-to-fragment ion intensity ratio is about 1:10. This
performed at the CASPT2 level. Because of the large number demonstrates that for PEA a fragment-free ionization is possible,
of heavy atoms in PENNA, so far such calculations are but not for PENNA. The strong fragmentation seems to be a
impossible. special property of PENNA. The possible reasons are discussed

In conclusion, all levels and methods of theory used predict in section V.4,
that the linear anti structure is by far the most stable conformer  Because of the strong fragmentation, the one-cotprSs
in neutral PENNA and that the cation ground state has a R2PI spectrum of PENNA (Figure 6) was recorded by detection

predominant charge distribution at the amine group. of the ion current of the intense amine fragment, the immonium
ion of mass 58 Da. Although we detected the daughter mass,
V. Experimental Results and Discussion we present evidence that this spectrum is the % spectrum

In the following we describe the experimental setup (section of |_ntact PENNA. The ewdence; are as foIIowmg:
V.1), present R2P| spectra (section V.2), compare these (i) The R2PI spectrum taken via the parent cation mass (not

experimental results with theoretical calculations (section V.3), shown here) has essentially the same spectral features, but just

and present R2PI mass spectra (section V.4) and results of two2 Smaller signal-to-noise ratio.

photon two-color laser experiments (section V.5). (i) The R2PI spectrum lies at the typical transition energy
V.1. The Experimental Setup.The experimental setup for ~ €XPected for a substituted benzeng(S; origin: 37608 cm*).
the R2P! reflectron time-of-flight mass spectrometer (RETOF- (iii) The peak pattern in the R2PI spectrum is similar to the
MS) is described elsewhe?é:35-37 In short the reflectron  Vibrational pattern of the benzeng-S5, spectrum.
RETOF-MS consists of a supersonic jet chamber, an ion source (i) For comparison of peak positions the R2PI spectrum of
chamber, a field-free drift region, a two-stage reflectron, a PEA is presented in the left upper corner of Figure 6. The
multichannel plate detector, and a digital oscilloscope. A pulsed agreement of the transition energy of PENNA with that of the
nozzle (General Valve, orifice diameter 3pfn) is heated to ~ conformers of PEA is good: They all lie in a 100 chrange
360 K to achieve a suitable sample vapor pressure of PENNA. which is a confirmation of the local concept for the neutral
We especially reduced sample water impurities by molecular molecules. Different conformer structures and even the size of
sieve. A mixture of about 3% (estimated maximum value) of the molecule do not severely influence the chromophore. In PEA
sample molecules in Ar rare gas was expanded in a pulsedfour nearly equally stable conformers exist which have been
supersonic expansion (Ar backing pressure: 5 bar). 100 mmassigned to two gauche and two anti conforniéfs’>33The
downstream of the nozzle PENNA ions were formed by one- interpretation of the conformer intensities is difficult and
color R2PI in a two-stage ion source. The ions were accelerateddiscussed it in a separate subsection (V.3).
(final ion energy: 1600 eV) and mass-separated by time-of-  (iii) The R2PI spectrum of PENNA is sharp as expected for
flight in a RETOF-MS. The ion reflector was used for flight- a long-lived phenyl §state. We find no indication of fast;S
time compensation due to the initial molecular velocities and dynamics. The spectrum carries the vibrational fingerprint of
the finite size of the laser foc#8:37 Detuning of the reflector ~ the aromatic phenyl chromophore (vibronic transitiong!gb
voltages allows detection of fragment ions which have been 12, and 18g!, see assignments in Figure 6). If one compares
formed by metastable decay in the drift regfdnin the the data of PENNA and ethylbenzene (EBZthe agreement
correction mode the mass resolution of the RETOF was aboveis nearly perfect: 6§ in PENNA = 529 cnt?! versus that in
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S8 da Figure 6. R2PI spectrum of thesS S, transition of PENNA monitored

by the immonium fragment cation of mass 58 dalton. The absolute

position ($—S; origin transition at 37608 cn) as well as the presence

of benzene vibrations clearly proves the excitation and ionization via

the S state of the aromatic chromophore and hence the assignment to

M the intact species. The spectrum recorded by the parent mass (not shown

here) is noisy but essentially contains the same transitions. In agreement

with theoretical predictions (Table 1) one conformer is predominant

and with high confidence attributed to the asymmetric anti conformer

(conformerlV). The inset in the upper left corner shows the origin

. . L region of the R2PI spectrum of the unsubstituted species PEA with its

LI S e L B S B B S B S B E B four conformer origins (drawn to the same energy scale) for comparison.

0 30 100 150 200 Note the small shift between the origins of PEA and PENNA clearly
mass/charge [da]tonje] indicating that the R2PI spectrum, although recorded by amine fragment

ion intensity detection, is the spectrum of the intact PENNA molecule.

Figure 5. R2PI mass spectra (raw data) of (a) PEA and (b) PENNA For further explanation see text.

taken via origin transitions and at low laser intensity~ 2 x 10°

W/cn¥). The absolute total ion current per laser shot in both cases is

about the sameN(~ 500 ions per laser shot, mass spectrum averaged Rop| spectrum is not an argument for the key message of this

over 50 shots). (a) At this low laser intensity, PEA can be ionized and work. Nevertheless we here indulge somewhat in providing

detected as intact molecules. Only small traces of immonium fragment . L
cations of mass 30 dalton are found. Because of the low dissociation 2/gUments why we believe that for PENNA the initial conformer

energy in amine compounds, this experiment clearly shows that cation population in the Su_personic _expansion is mostly conserved
UV photoabsorption can be fully avoided at such low laser intensity. during the supersonic expansion.

At high laser intensityI(~ 10° W/cm™2, not shown here) cation UV The use of supersonic molecular beams to prepare internally
photoabsorption takes place and strong, prompt dissociation is observec{,ery cold, gas-phase samples has become well estabf&hed.

in PEA. (b) At the same low laser intensity used in a) strong -
fragmentation takes place for PENNA. This behavior of PENNA is From this usually one would expect that only the most stable

rather unexpected because the example of PEA in (a) shows that inconformer can be found after supersonic expansion. In practice,
the same chromophore cation UV photoabsorption can be avoided. Withhowever, the interpretation of the conformer intensities in the
the help of the RETOF-MS one can show that the cation decay of R2PI spectrum of PENNA is difficult. If one assumes similar
PENNA is metastable (decay rate5—10us) and therefore not caused  gptical transition moments for all conformers their intensities
by cation UV photoabsorption. The only explanation we see is that j the R2P| spectrum should somehow reflect the relative
fsrggr;e)z(r:)tatlon happens directly after ionization (for further explanation ., 1ation of the conformers at the time and site of ionization.
' To exclude the effect of different R2PI cross sections of the

EBZ = 529 cnTk; 12, in PENNA = 930 cnt! versus that in conformers, spectra with different laser intensities were recorded
EBZ = 931 cnt!; and 18g! in PENNA = 969 cn1?! versus (not shown here). They contained no remarkable intensity
that in EBZ= 969 cnTL. One of the small transitions (d) at changes between the most prominent origin peak and the close-
relatively low energy is presumably attributed to a tail-to- by small peaks which are attributed to other conformers.
chromophore mode (PENNA= 326 cntl, in EBZ = 344 The conformer population at the time of ionization very
cm~12% . This agreement of vibrational features with a benzene strongly depends on the initial gas phase conformer distribution
derivative and the agreement of absolute energy position leavesn the nozzle directly after evaporation, its equilibration in the
no doubt of an excitation at the phenyl chromophore. nozzle and its transformation by the supersonic beam. Clearly

In total arguments (i) to (iii) leave no doubt that the spectrum thermal and collisional energies, isomerization barrier heights
in Figure 6 is the R2PI spectrum of the intact PENNA molecule. and the time interval are the relevant parameters.
Close to the most prominent origin transition some small peaks The best argument that the initial conformer of PENNA is
are observed which could be due to Ar clusters (note that the conserved in the supersonic beam are the barriers for iosmer-
cluster would fragment see subsection V.4) or other conformers.ization. As mentioned in section V.3 the calculated barriers
The conformer intensities are discussed in the next subsectionfor isomerization from conformdrto conformerlV and from

V.3. Discussion of the Conformer Intensities in the R2PI conformerV to IV are 585 and 1967 cm respectively. These
Spectrum. The interpretation of the conformer intensity of the values are clearly considerably higher than the energy of thermal
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collisions at the nozzle temperature of 360 Eyfys = 242 Nevertheless for a comparison between theory and experiment
cm™1). Isomerization barriers from conformells and Il to one also has to keep in mind that the calculated absolute energies
conformers IV were not calculated, because conforriieasd are great and the relative conformer energies very small. Due
Il lie at such high energies that they are extremely weakly to the small basis sets used and/or error compensation, a more
populated at 360 K. inaccurate method may accidentally provide better relative

Investigations of Ruoff et al. for flexible molecules in He, energies than the theoretically more exact method. All theoretical
Ne, Ar, Kr, and Xe expansions show@dhat high-energetic levels and methods, however, agree on conforivieto be the
conformers do not isomerize in the supersonic expansion if the most stable and we therefore attribute the observed predominant
barrier is higher than 350 cmh Our barrier values are  bands to the R2PI spectrum of structiive This prediction of
considerably above 350 cth and therefore, we can assume the neutral structure of PENNA has been our main motivation
that the conformer population as present in the nozzle at 360 K for these calculations.
is mostly preserved in the supersonic expansion. Clearly due V.4. Mass Spectra and Detection of the Metastable
to the broad thermal distribution of internal energy at 360 K, Character of the Decay.So far no explanation is given for the
some molecules might have always enough energy to be abovestrong R2PI fragmentation in PENNA (Figure 5b). We consider
the barrier. The percentage of molecules with such a high athe following explanations (i) thermal decomposition before
energy is, however, small. An other effect might be a structural laser excitation and ionization of the amine fragment, (i)
change by transient cluster formation. Because the binding dissociation in $and subsequent photoionization of the amine
energies of Ar to molecules is relatively smathis effect also fragment, and (iii) dissociation after cation photoabsorption or
clearly can only become important for molecules with low (iv) dissociation directly after ionization. In the following we
isomerization barriers. rule out possibilities (i), (i), and (iii).

The molecules investigated by Ruoff at al. were, however, (i) We have no indication of a neutral dissociation at the
relatively small?? Note that PENNA is already a fairly large  temperatures used, even at very long heating times. A neutral
molecule, has 72 normal modes and especially a lot of low- fragmentation and a subsequent ionization of the neutral amine
frequency modes, i.e., a high density of states at the energy offragment would only be possible if the laser wavelength is
the barrier. So thinking of isomerization as a statistical process, resonant with an excited state of the neutral amine fragment.
considerable energy over the isomerization barrier is neededThe amine resonances, however, lie at shorter wavelengths than
for an isomerization on as time scale. Whereas the residence the laser wavelength used and in addition its photoabsorption
time of an evaporated molecule in the gas phase in the nozzlecross section is much lower in comparison to the phenyl
is long [longer than 50 ms (repetition rate of 20 Hz)], the cooling chromophore. These considerations are not consistent with the
time in supersonic expansions is very f&st!* For vibrations strong total ion signal of PENNA and its fragment, which is
the fastest cooling occurs in or just behind the nozzle and thensimilar to the ion signal of PEA. Also the vibrational pattern of
quickly saturates with distance, corresponding to a cooling time the R2PI spectra agrees with the benzyl chromophore, but not
of some microseconds. This short cooling time also supports with amine chromophore vibrations. Thus dissociation prior to
conservation of conformer population during expansion. laser excitation is ruled out.

Usually for stiff molecules the vibrational cooling is not very (i) The same arguments as in (i) also hold for a fast
efficient. For flexible molecules with low-frequency modes an dissociation in the neutral excited state and a subsequent
extraordinary efficient cooling of internal degrees of freedom ionization of the neutral amine ground state fragment. An
was found?®44This is explained by IVR to the low-frequency  additional argument is that the total process would be a three-
modes and an efficient coupling of the low-frequency modes photon process and therefore weak. Formation of an electroni-
to the translational degrees of freedom of the carrier gas cally excited amine fragment in neutral dissociation of PENNA
expansion. This efficient vibrational cooling for flexible mol- s energetically ruled out. Proton transfer at theeBergy is
ecules supports a conservation of the conformer structure duringalso impossible due to the large coulomb energy needed to
expansion. separate the opposite charges. H atom transfer after ionization

In total we have good arguments to assume that the conformershould lead to mass 59 Da. All these arguments rule out
population of PENNBA as present in the nozzle at 360 K is possibility (ii). An additional argument will be provided in a
mostly conserved in the supersonic expansion. forthcoming paper where femtosecond (fs) laser pulses were

We now roughly interpret the intensities under the above used for R2PI of PENNA. Because of the sharp structures in

assumption of full conformer conservation in the supersonic jet. the ns R2PI spectrum the estimated minimum lifetime of
A detailed analysis of the conformer intensities nevertheless PENNA in § is longer than 100 ps. If there would be a
might be difficult, because of the entropy effect which is difficult dissociation on this time scale, femtosecond laser pulses could
to calculate due to anharmonicity. In contrast to PEA, PENNA Overcome such a slow rate and the parent-to-fragment ion ratio
has 0n|y one predominanﬂy stable conformer. Some small should increase ConSiderany. This iS, hOWeVer, in contrast to
structures to the left side of the strong origin are tentatively Our observation. In conclusion a neutraldssociation can be
attributed to other conformers or fragmented clusters. The excluded.

intensity ratio of the other possible conformers to the most stable (i) In Figure 5 the R2PI mass spectra of PEA (a) and
conformer is about 1/10. This means that the thermal population PENNA (b) are displayed for comparison. For PEA the-S;

of these conformers at 360 K is low. With the exception of the origin of the most intense conformer was chosen, but the R2PI
symmetric anti conformer all conformers of PENNA are doubly mass spectra of the other conformers are essentially the same.
degenerate. Estimated from the intensities in the R2PI spectrumAt the low laser intensity of about & 10° W/cm2 (10 uJ/

the energy differences of the less stable conformers to the mostpulse per 1 m) in PEA only very weak fragmentation is
stable conformer should be equal or larger than 242%fT observed (soft ionizatigf). This proves that at the low

at 360 K). This is qualitatively in good agreement with the intensities used UV photoabsorption of the cation does not occur.
B3LYP and PW91, but not well with the MP2 calculations, In a state where the charge would be in the phenyl chromophore
which predicts two similar intense conformers (section IV.1). the absorption cross sections of PEA and PENNA cations should
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be comparable. If the charge were in the amine site for PENNA, surely the dissociation energy is smaller than the energy where
a lower transition moment is expected than for PEA with the fragmentation is observed in our RETOF.

charge in the phenly group. Because at the low laser intensities  ysually in ionization the leaving electron takes most of the
used PEA doeS not fragment and hence doeS not absorb UVphoton excess energy away_ The remaining question iS then
I|ght, the Similar or Sma”er transition moments fOI’ uv phOtO- Wh|Ch mechan|sm provides enough energy for most'y a” and
excitation in PENNA should result in no photoexcitation and not just a few PENNA cations to cause such efficient fragmen-
hence in no photofragmentation. Despite the low laser intensity, tation. We believe that we have gathered strong arguments that
only few intact PENNA parent cations survive in the RETOF  this mechanism is the local ionization in the phenyl chromophore
mass spectrometer (Figure 5b), indicating that there existSiy the second electronic state of the PENNA cation and a
another reason for the strong fragmentation in PENNA after g psequent charge transfer to the lower-energetic amine site.
ionization. To explain the fragment intensity difference of PEA |, yrinciple the time until fragmentation is observed is composed
and PENNA exclusively by cation UV absorption, for PENNA ot the charge transfer and the fragmentation time. Because CT
the photoabsorptlc_m cross section must be a factor of 100 higheri, e cation is expected to be fagtthe fragmentation is the
than for PEA. This is highly improbable, and therefore pos- ate determining step. Its metastable character of the fragmenta-

sibility (iif) is with high confidence ruled out. tion then clearly shows that fragmentation has a nonvanishing
(iv) To confirm that possibility (iv) is responsible for the  (issociation barrier.

fragmentation of PENNA. we conducted further investigations.
If the dissociation of PENNA takes place directly after ionization
the maximum excess energy in the ion could be about 1.5 eV
(2hv — 1EamineWith 2hv = 9.326 eV and IEmine~ 7.8 €V). At
such low energies in such a large molecule, a metastable deca
Is expected for fragment_atlon viaa barrier. Inde_ed such z_;l_delaye experiment which directly checks whether an intersite excitation
decay was found by mismatching the correction conditions of is possible
the reflector of the RETOF. To get a rough estimate of the ; ) . )
percentage of the molecules which decay in the ion source and  Calculations of the cation ground state predict a considerable
in the field-free drift region, the reflector voltage was reduced €harge delocalization into the phenyl ring indicating some
by the factor of the fragment-to-parent mass ratio 58/149 to coupling betwegn the two sites. Therefore in principle we cannot
allow full energy correction for the immonium fragment ions €xclude that via the Sof the phenyl group some molecules
formed in the first pass of the drift region (for an explanation €an be ionized directly at the amine site. For the following we
of this technique, see ref 35). From this we distinguish between 8Ssume that such an intersite photoionization to the ion ground
ion decay in the ion source and in the first field-free drift region. State with the charge at the amine group is possible. Then the
This intensity ratio allows an estimate of the decay time. A decay OPserved strong fragmentation directly after ionization needs
time of 5-10us was estimated for the decay of PENNA to the an explanation. For fragmentation to occur at least 0.5 eV
immonium fragment. Because of the broad distribution of internal energy in the cation are necessary (see section V.4).
internal energies in the molecular ensemble, one cannot expectlhis is, however, very untypical for a R2PI process: Usually
to obtain a single-exponential decay even for a statistical the electron takes most of the excess energy away as kinetic
dissociation. Therefore, we did not indulge in these decay time energy. Even if the FranekCondon factors favor high vibra-
measurements. A rough estimation, however, shows that,tional excitation, as expected for ionization of an amine group,
because of the short drift time (28) in the first field-free region this does not explain a high-vibrational excitation of the vast
of our RETOF-MS, ions which are detected at the mass of the majority of the PENNA molecules. Still, a considerable amount
parent ion might be already fragment ions: If the parent ions of molecules should be left with less than 0.5 eV vibrational
decay in the field-free drift tube after the reflector the resulting excess energy and stay stable as intact parent molecules. This
fragment ions are detected at the flight time of the parent cation is, however, not observed.
mass. To provide further experimental evidence that two-photon
Photofragmentation of PEA cationsi{;y ~ 4.663 eV) was intersite ionization is weak or impossible, also a two-color two-
measured to be faster than 100 ns (not shown here). The slowphoton ionization was performed. The first laser (laser 1) was
metastable 510 us decay of PENNA cations is therefore an setto a $—S; resonance of PENNA and the wavelength of the
additional indication that fragmentation in the cation is not second laser (laser 2) was tuned. The ionization onset was so
caused by UV photoabsorption. soft and broad that it was impossible for us to record an
As mentioned above, directly after ionization the maximum ionization spectrum with reasonable stability and signal-to-noise
excess energy in PENNA ions is 1.5 eV. As is well-known for ratio. To decide which electronic state of the cation is excited
large molecules, the statistical dissociation is slowed becausein the ionization process, however, experiments with laser
of the large number of degree of freedoms and the resulting wavelengths of laser 2 in two ranges are sufficient, above and
high density of vibrational states on which the energy can be below the expected ionization energy of the second electronic
efficiently distributed®> Despite this relatively small excess state of the cation (Ifgeny = 8.5 €V, ionization to the phenyl
energy and the relatively large size of PENNA, the decay is in Site). First wavelengths of laser 2 were chosen to have total
the short microsecond time regime. This can be only understoodphoton energieshf; + hvz) above the IE of the phenyl site
by a small dissociation enerdyIn our former work on small (8.6 and 8.8 eV). In this experiment a strong two-photon ion
peptides we estimated from the heat of formation tables that signal was observed. The ionization cross section was found to
about 0.5 eV vibrational energy above the local IE of the amine be by about a factor of 2 larger for the 8.8 eV excitation than
group is necessary to observe cation dissociation at thig site. for 8.6 eV total photon energy. For total photon energies below
Because of the similarity of thi terminal in peptides and the  the expected IE of the substituted phenyl ring ionization at this
amine group, the local threshold for fragmentation in PENNA site becomes impossible, but still ionization to the amine site is
is expected to be of similar size. Due to the kinetic shift effect energetically possible (Ugine= 7.8 eV).

V.5. Exclusion of Intersite lonization to the Amine Cation
State: Two-Photon Two-Color Laser Experiments.In this
subsection we first discuss the hypothetical influence of a
intersite ionization on the fragment pattern of the R2Pl mass

pectrum and then report on a two-color R@)PI laser
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is converted into vibrations leading to dissociation at the amine
(CH,),N — CH, -- CH __@ group by formation of the immonium fragment ion with mass
372 2 2 58 Da (see Figure 7, molecular formula). No charged phenyl
58 Da + fragment is observed in the R2PI mass spectrum.

;‘:a‘gr;"e":f' chromophore The fact that more than 90% of the PENNA molecules
fragment shows that the selection rule for local ionization is
rather strict. For the 10% of ions which were detected as intact
PENNA ions, it can be assumed that even they contain enough

N fragmentation CcT energy for a decay, but outside our time window of metastable
< <— fa o decay detection, here 2. By resonant two-color two-photon
----------- E=07eV ionization with different total photon energies, it was possible
jon ——- - msmmmmmmmmm-- to provide an additional proof that ionization viai§ the phenyl

IE~78eV chromophore populates the first excited state of the PENNA

cation with a very high selectivity. As a consequence for

s PENNA the one-photon two-electron intersite excitation must

! be very weak. The MO analysis of the intersite excitation
combined with literature data’-2*23 indicates that in the case

of local cation states the transition intensity for a site-selective

ionization is given by a one-photon one-electron selection rule.

This result additionally supports in retrospect some previous
S, local ionization concepts for moleculés! It seems to also be
transferable to other two- or multisite molecular systems with
—CH,—CH,— spacers, extended structures, and large energy
ionization: After local ionization of the benzyl chromophore (first splitting of the nelghborlng sites. Such a Sltugtlon I.S’ f(?r
excited electronic state of the cation) the positive charge is transferred example, valid for tyrosine and tryptophan amino acids in
to the lower energetic amine site (cation ground state). In this processpept'desg-’4 For folded molecules or clusters, due to through-
the electronic excess energy is converted to vibrational energy leadingspace effects, the situation might be more complex and has to
to metastable dissociation at the amine site. The excess energy set frebe checked system by system. According to previous experi-
in this process is about 0.7 eV. Efficient dissociation is expected 0.5 ments for molecules with energetically degenerate charge sites

eV above the local IE at the amine group. The fragmentation iS {he |ocal R2PI ionization scheme fails even for extended
metastable, in good agreement with the large size of PENNA and the conformersi3

relatively low excess energy. Due to our limited detection time window
for metastable fragmentation, one can assume that even most of the One remaining question for theory is whether the cation

rest of the ions detected in our mass spectrometer as parent ions mighsurplus charge distribution is the right parameter to describe an
haVe had enOUgh internal energy to fragment outside our detection timeintersite Coupling. In analogy to the cation ground state with a

window. delocalization of some ¥530% charge into the ring we expect

- . . also for the first excited state of PENNA that most of the positive
Within the experimental error at total photon energies below charge is at the phenyl site, but still some-T% of charge

8.5eV, no two_-color two-photon ion signal (neither parent cation might be delocalization into the amine site. If the charge
nor fragment ion) was observed. It should be noted that due 10 yisiribytion would directly correspond to the coupling of the
the background caused by the one-color ion signal there is a4 sites, one would expect an equivalent bifurcation of the
detection threshold for the two-color ion signal in our experi- jqnization to the amine and the phenyl group. In our two-photon
ment. We estimate .that the two-color two-photon ion signals at ;.4 cojor experiments no ionization via; ®f the phenyl
total photon energies below 8.5 eV are below 10% of the o omaphore to the amine group was observed. This result might
R(1+1)PI signal at 8.6 eV total photon energy. The lack of a o 5, ‘ingication that the coupling between the two first
detectable R(£1)P! ion signal at total photor_1 Energies b_eloyv electronic sates of the PENNA cation is small, especially below
8.5 eV shows that one-photon t\{\/o-elgctron Intersite lonization ¢ percentage of calculated charge delocalization. The explana-
from S O.f th'e pheny] to the amine site is much weaker than tion for this difference might be that in extended cations partial
the local ionization via the phenyl chromaphare. charge is shifted which is not directly involved in the intersite

¢ In total _we_har\:e ngolgld argumenti to assign _tf:e_stro_ng coupling of the two electronic states. Such “inactive partial
ragmentation in the spectra to the very special Situation o, 506 gelocalization” is due to a shift of electrons which are

in PENNA that the dissociation energy of the amine group is i, o\ Jying orbitals and not involved in the coupling of the
below th_e IE of the phenyl group and ionization is local at the two lowest local electronic states in PENNA. Interestingly this
phenyl site. charge shift by polarization is expected to affect up and down
spin electrons similar, but not the one nonpaired electron. Hence
the spin density should be able to separate coupling effects from
In summary the metastable decay of PENNA ions after R2PI| polarization effects. Whereas B3LYP and PW91 show similar
via the S of the phenyl chromophore is interpreted to be a direct spin delocalization than charge delocalization for the cation
signature of the local ionization at the phenyl site and a ground state, the MP2 single-point calculation shows consider-
subsequent charge transfer. The full picture of the processes isably less delocalization of the unpaired spin density than
presented in Figure 7. By R2PI via; $f the phenyl chro- calculated for the charge. Although the accuracy of the
mophore selectively local ionization to the cation first excited theoretical methods concerning charges and spin densities in
state at the phenyl takes place. This state is in good approxima-cations is unknown, we have the impression that spin density
tion local. By this ionization an excess energy of more than 0.7 better describes the electronic coupling of two charge sites in
eV is transferred to all molecules. By CT this electronic energy an extended molecule. Clearly the question how the electronic

UV (1+1)
pump T A

amine chromophore
Figure 7. Explanation of the fragmentation of PENNA directly after

VI. Final Discussion and Conclusion
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intersite coupling is correlated with spin or charge density needs
further theoretical investigation.

With high confidence and the help of theory we can state
that the conformer structure of neutral PENNA is extended.
Hence, the dynamics after local ionization at the phenyl
chromophore is a “through bond” CT. Due to energy conserva-
tion in the gas phase, during the CT conversion of electronic
energy into vibrational energy takes place. In total more than
0.7 eV of energy is set free as vibrational energy which then
can lead to efficient dissociation by formation of immonium
fragment ions. We believe that the CT is fast so that the
metastable character of the fragmentation can be exclusively
attributed to the dissociation. This is evidence against a direct
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of a positive dissociation energy at the amine site. This

dissociation energy should be less than 0.5 eV above the IE of
the amine group, to explain the relatively fast metastable

dissociation. Although our data do not provide contradictions

to a statistical decay, we cannot exclude that a part of the
molecules can overcome the dissociation barrier in a very short
time by a direct coupling of the CT channel to the dissociation

channel as predicted by thedt§/”

Although complex, our explanations are conclusive and we
believe to have good evidences that the lowest two electronic
states in PENNA are mostly local and that R2PI through the
phenyl S state is local in the phenyl chromophore. The proof
of the local ionization and the evidences for a linear structure
of PENNA are essential for the forthcoming paper which reports
on femtosecond CT dynamics in PENNA.
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