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Electron autodetachment from isolated metal phthalocyattiteasulfonate tetraanions (MPc(§0°) (M=Ni,

Cu) was studied at room temperature in an FT-ICR mass spectrometer under UHV conditions=FouM

the electron loss rate was measured for the as-prepared isomer mixture. In the cases dfiMwo
chromatographically purified fractions containing different compositions of constitutional isomers were studied.
The observed rate constants for these fractions differed by a factor &f 87Photoelectron spectroscopy
indicates that both Cu and Ni compounds comprise isomer ensembles which are electronically metastable.
Model calculations suggest that the differing electron loss rates observed for the Ni isomer fractions reflect
tunneling through repulsive Coulomb barrier surfaces, which are themselves strongly isomer dependent in
shape and height.

1. Introduction thermoionization of neutral molecules (Klots theory) which is
. . . essentially dependent on the assumed magnitude of the Coulomb
Small multiply charged molecular anions (MCAs multi- barrier, the size of the molecule, and the level of vibrational

anions) are quite fragile and often metastable in the gas phasegycitation. As first suggested by Landman e &r electroni-

The strong Coulombic repulsion between close-lying negative 41y unstable multianions, tunnelitigrougha Coulomb barrier
charges can result in spontaneous fragmentation, electron 10ssg rface can be roughly described by the Wenrtkehmers-

or both. Nevertheless, as !ncreasingly sophisticated experim_entat;m|0uin (WKB) approximation using the Coulomb barrier
tools have become available, smaller and smaller multiply properties and the electron detachment energy. If both mech-
charged anions such& (n = 7)}! $,06*",2 SO4(H0)*" anisms are energetically possible, it is not clear a priori which
(n = 3)% or MXs*~ (M = Pt, Pd; X= Br, Cl)**>have become  ne dominates. Consequently, in studying autodetachment, it
accessible for gas phase studies. This has the added advantagg of interest to vary the excitation level. In our recent study of
of providing experimental benchmarks for small computationally g|ectron autodetachment from P&l we have demonstrated
tractable molecules against which evolving theoretical descrip- {hat the level of vibrational excitation at room temperature is
tions of multianion dynamics can be tested. In particular, the jnsyficient to allow for any thermoemission and that, therefore,

recent photoelectron spectroscopic measurements of Wang efhe opserved electron loss must be entirely attributable to
al. have allowed fundamental insights into the characteristic gjgctron tunneling.

electron detachment phenomena associated with multiafifons. Spontaneous electron loss from metastable multiply charged

PtCl,*" is an example of a metastable dianion with a negative jong has also been theoretically investigdté¥Both accurate
electron detachment energy (i.e., electronically unstable). In this jnitial and final state energies as well as agequate descriptions
case, spontaneous electron autodetachment may be observed qf coulomb barriers are crucial in order to quantitatively explain
atime scale of seconds at room temperatreis requires that  the experimentally observed electron autodetachment rates.
the outgoing electron surmounts a nonlocal Coulomb barrier Among other issues, the question of the localization/delocal-
potential surface which is common, in a qualitative sense, 10 jzation of the excess charges and the corresponding influence
the ground and the excited states of all multianions. In principle, o the topology of the Coulomb barrier (e.g., 2D versus 3D)
there are two mechanistic limits in which to think about this: g,iface arises. Atomic clusters, which can be experimentally
(i) thermal electron emission (thermoemissiaagr the Cou- probed over a wide range of sizes and bonding types, are quite
lomb barrier and (ii) tunnelinghroughthe Coulomb barrier,  sefyl in this context. Examples of cluster MCAs with (partially)
for the latter, a negative detachment energy is a necessarygelocalizedcharge distributions, which have recently been
criterion. studied experimentally, include (i) multiply charged metal cluster

In the case of thermal emissiéniate constants can be anions such as A&~ (n > 28)! or Ph3~ (n > 76)*2 and (ii)
modeled using the unimolecular rate theory developed for fullerene dianions &~ (n = 60)34and > 70)./15

Most experimentally known molecular MCAs may however
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Correspondingly, first-order properties, like vertical detachment  Nickel-PhthalocyanineTetrasulfonate Sodium Salt (MW
energies, are in accordance with simple electrostatic calculations978).A mixture of nickelous chloride hexahydrate (MW 237.7,
employing the appropriate localized charge distributions. 4.4 g, 18.4 mmol), triammonium sulfophthalic acid (MW 297,
Excepting barrier heights, which have been roughly bracketed 10.87 g, 36.6 mmol), ammonium chloride (MW 53, 0.35 g, 6.5
by comparing photoelectron spectra for different detachment mmol), ammonium molybdate (0.1 g), and urea (MW 60, 10 g,
energies, little is known experimentally about the Coulomb 0.16 mmol) was heate3 h at 200°C, triturated with 1N HCI
barriers themselves. On a theoretical basis, they are expectedn brine, filtered and washed with water, dialyzed, evaporated
to be spatially anisotropic, nonlocal, as well as dependent onto dryness, and oven-dried to give 7.16 g (80% vyield) of the
both the initial and final states. A first attempt toward a more nickel phthalocyanine tetrasulfonai@,.xin DMF: 669 nm €max
detailed characterization of barrier “surfaces” was described in = 155 000 L mof? cm™1).
a recent PES study of the three possible isomethi¢-, metas Copper-PhthalocyanineTetrasulfonate Sodium Salt (MW
andpara-) of benzene dicarboxylatesH4(COO"),, which are  983.5).A mixture of copper diacetate monohydrate (MW 200,
electronically stable dianions having the charges localized on 8 g, 40 mmol), triammonium sulfophthalic acid (MW 297, 39.92
the carboxylate groupIn this case, the measurements revealed g, 134 mmol), ammonium chloride (MW 53, 8 g), ammonium
a shift both in detachment energies and barrier heights due tomolybdate (40 mg), urea (MW 60, 40 g, 0.64 mmol), and water
the different intramolecular Coulomb repulsions depending on (10 mL) was heat 4 h at 196-200 °C, triturated with 1N
the relative position of the extra charges within the mole€tile  HCI in brine, filtered and washed with water, dialyzed,
One may thus infer that analogous electronically metastable evaporated to dryness, and oven-dried to give 18.32 g (55%
isomers might have measurably different electron autodetach-yie|d) of the copper phthalocyanine tetrasulfonatgex in
ment rates. In this study, we show, by using a set of electroni- MeOH: 666 nm.
cally metastable tetraanions as model systems that such varia- Preparative HPLC separations were performed by means of
tions indeed occur and that they can in fact be quite large. 5 varian ProStar setup equipped with a Y¥is detector and
Wang et al. have recently reported the_highest known negative g Rainin pumps on a reverse phase Dynamax Microsorb C18
electron detachment energy of0.9 eV in measurements of  ¢ojumn of 250 mm length and 4.6 mm internal diameter which
isolated copper phthalocyanintetrasulfonate tetraanidft>°On was at room temperature. Solvents (water and methanol) were
the basis of our previous studies, such systems might then beyp c grade, and the buffer was freshly prepared and the pH
expected to undergo measurable tunneling autodetachment ahdjusted with sodium dihydrogen phosphate (Merck) to be
room temperature. Furthermore, it is known that these and petween 5.1 and 5.30 as measured by a Mettler-Toledo MP 225
related transition metal phthalocyanifietrasulfonates (MPc) H meter. Mixing and degassing of the eluent (25% methanol
are synthesized by a procedure which generates a mixture Ofi% aqueous buffer or in pure water) was effected before it was
several constitutional isomeric forms which differ only in the passed through the column which was protected by a Microsorb
relative positions of their sulfonic groups. These groups accountc1g guard module. The flow rate was usually 20 mL/min. NMR
for the excess charges and are mounted on the molecularspectra were recorded overnight on an Bruker Avance 300
perimeters. No previous separations of these constitutionalSpectrometer (300 MHz for protons) in DMS@,0 solutions
isomers have so far been reported. Consequently, we set outtq2:1 to 3:1 vol/vol) where the aggregation was inhibited as
study the electron autodetachment dynamics of two readily phserved from absorption spectra measured on Varian Cary 500
available MPc(S@)s*~ systems: copper- and nickel-phthalo-  instrument. The temperature was set at°@sand controlled
cyanine-tetrasulfonate tetraanions. Both were obtained as the by the variable temperature unit. The HOD peak was irradiated
sodium salts and were studied in gas phase via electrospray(pRESAT pulse sequence) in the undecoupled spectra.
volatilization from the appropriate polar solutioqs. Inthe case 5 5 Mass Spectrometry and lon Trapping.All measure-
of CuPc(SQ)4", wiprob.ed only the isomer mixture. In the o g of autodetachment kinetics were performedh w7 T
case of N'P9(S@4 , which is _acces_5|b!e Io proton-NMR ourier transform ion cyclotron resonance mass spectrometer
characterization, we succeeded in partial isomer separation an%T-ICR-MS (APEX-II, Bruker Daltonics) equipped with an
were then able to determine autodetachment rates of selecte lectrospray ion source (Analytica of Branford). The ions were

constitu_ti_onal isomer fra_ctions. . . ) obtained upon spraying a 0.1 mmol aqueous solution of the tetra-
Specifically, this contribution comprises (i) preparation and ,q4ium salt of NiPc(S§,* and CuPc(S.*, respectively,

partial separation using high-pressure liquid chromatography ,; o typical spraying rate of 10@L/h. The source contains a
(HPLC') of constitutional ispmers of nickel and copper phtha- hexapole (pre)trap storing the ionsfb s at 104 mbar. For
!ocyamne—tetras_ulfona@e NPC(S@‘% é?”d CUPC(S_@44 and .__that reason, the ions are estimated to be thermalized to room
in the case of NiPc their characterization and assignment usingemnerature. Experimental details have been described récentl.
NMR spectroscopy in solution; (i) electrospray ionization/ e penning trap was held at room temperature and at a pressure
volatilization of the corresponding tetraanions as well as their of 2 x 1071 mbar. To acquire unimolecular rates, we chose
high-resolution mass spectroscopic analysis; (iii) determination o following experimental sequence: '

of photodetachment energies and photoelectron spectra for 1. Trapping: ions were trapped “on the fly” and stored in a
isomer mixtures of both M= Ni and Cu; (iv) measurements of ele(;trostatic p-otential well of typically 1015 V depth

the room temperature autodetachment rates for the nickel > Isolation: besides the 4-fold charg.ed. species o.f interest

pthalocyanine tetraanion fractions obtained; and last (v) a .
semiempirical quantum chemical as well as classical electrostatic!l Other ions were removed from the trap by means of resonant
modeling study of the electron loss kinetics. rf excitation. _ _ _
3. Reaction delay: during a period of up to 1000 s, the ions

2. Methods were allowed to undergo unimolecular decay reactions, in this

2.1. Sample Preparation and CharacterizationCopper and ~ case electron loss. By varying the length of this delay the
nickel phthalocyaninetetrasulfonate were prepared via the kinetics of the reaction can be studied.
condensation method adapted from Weber and BuBhiefly 4. Detection and quench: all ions, precursor and products,
this involved the following. were detected after broadband rf excitation and then removed
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SCHEME 1
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from the trap by pulsing the potential applied to the trapping tetraanions for all four isomers at a semiempirical level (PM3).
electrodes of the ICR cell. PM3-Hamiltonians have been shown to give good descriptions
This sequence was typically repeated 32 or 64 times, and of structural properties of analogous organic as well as orga-
the data were accumulated in order to achieve a good signal-nometallic systems’
to-noise ratio. Kinetic data were taken and processed as recently To obtain a better description of the electronic structure, these
described? Briefly, detected ICR signals from product and PM3 geometry optimizations were followed by a single-point
educt ions were corrected for their charge state to give relative calculation at the ZINDO/S, restricted Hartreleock level. This
ion intensities?® For single exponential behavior, a unimolecular  INDO (intermediate neglect of differential overlap) method has
rate constank can be determined by fitting a straight line to  been parametriz&® to reproduce electronic properties (like
the logarithmically plotted data, corresponding to the equation orbital energies and U¥vis spectra) in comparable systems.
The tetraanions were calculated as closed shell spin singlets,
In(1/1,—g) = —kt 1) whereas trianions are expected to have one unpaired electron
(spin doublet). The vertical electron detachment energies were
Wherelt and|t=0 denote the intensities of the tetraanion at time taken as the differences between the restricted HF total energy
t and time 0, respectively. of the quadruply and triply charged ion (at ZINDO/S level),
2.3. Photoelectron SpectroscopyAs-prepared isomer miX-  poth taken at the optimized geometric structure of the 4-fold
tures of CuPc(S€)4*~ and NiPc(S@)4*~ were probed using @a  charged species. Further classical electrostatic modeling was

newly constructed magnetic bottle photoelectron spectrometerperformed using the software package Mathematica (version
after Kruit and Reatt coupled to a reflectron time-of-flight mass 4. 0).

spectrometer (RETOF-MS) equipped with an electrospray

source and a hexapole trap _(Analyti_ca c_>f Branford) as des_cribed 3. Results and Discussion

above. Details of the machine, which is based on a design by

Cheshnovsky et &° will be reported elsewhere. Briefly, 0.1 3.1. Sample Preparation and Isomer Separation.Two
mmol solutions of the respective tetrasodium salts in a mixture methods exist for preparing polysulfonated phthalocyanines
of methanol and water (98:2 vol %) were electrosprayed from (MPc(SQ),""): (i) direct sulfonation of a Pc metal complex
an off-axis microspray needle using a solution flow rate of 10 and (ii) condensation of adequately functionalized derivative
uL/min and a drying gas () temperature of 200C. The of phthalic acid, such as the dinitrile, diamide, anhydride, or
resulting ions were accumulated for 1/30 s in a hexapole trap diiminoisoindoline also bearing a sulfonated group (usually as
at 104 mbar. As the main gas load in this region stems from the sodium salt) in the presence of a metal salt and base. The
the drying gas, we expect the ions to be above room temperaturelatter reaction is depicted in Scheme 1 for the case of the dinitrile
At the end of each trap period, the ion bunch was extracted bearing a 4-substituent (R SO;"Na"). The percentages listed
and focused into the injection region of the RETOF-MS by an beside the symmetry point group, to which each isomer belongs,
electrostatic lens system. At an appropriate time delay after theindicate the expectation for the statistical formation of the four
trap extraction pulse, ions were accelerated at a starting potentialpossible isomers. It is generally thought that the templating metal
of 485 V in a RETOF-MS perpendicular to the primary ion ion has a strong influence upon the isomeric distribution which
beam, decelerated te30 eV, and irradiated using the third and may deviate significantly from the statistical outcome. Also
fourth harmonic of a Nd:YAG laser (Spectra Physics, Quanta noteworthy is that the condensation method using only one
RAY series, LAB 150-30). Photoelectrons were collected at dinitrile precursor yields fewer isomers than are obtained by
nearly 100% efficiency using the magnetic mirror effect in an the direct sulfonation of MPc in which case both the 3- and
inhomogeneous magnetic field and allowed to disperse accord-4-positions of eachc-benzo-annulated pyrrole ring become
ing to their kinetic energy in a 1.68 m drift tube with a weak monosubstituted. This was proven by a careful inspection of
guiding magnetic field. Electron time-of-flight spectra were the rather complex HPLC traces of reaction mixtures obtained
acquired by amplifying the electron signal from a double micro by both method$?2°In all previous HPLC studies known to
channel plate detector in a fast preamplifier and sampling eventsus, the MPc(Sg)4*~ isomers were always eluted as essentially
with a multichannel scaler. The energy axis was calibrated one peak with a very low retention time, before the correspond-

against the well-known photoelectron spectraofit 355 and ing MPc(SQ)s* or MPc(SQ).?~ for which an adequate

266 nm (corresponding to photon energies of 3.49 and 4.66 eV, separation of isomers could be achiev&d.

respectively). The spectra were accumulated overl®P pulses In this study, we were able to devise a protocol to improve

and corrected for background events due to multiphoton the chromatographic separation of both CuPc¢$O and

ionization of background gas, electronic noise, etc. NiPc(SQ)4*~ isomeric mixtures obtained by the condensation
2.4. Computation.Quantum mechanical computations were method. By carefully adjusting the pH (between 5.1 and 5.3)

performed using HyperChem (Release @9First, we opti- of the phosphate buffer (MdPQOy/NaH,PQy) used in conjunc-

mized the ground-state geometric structure of the NiPg(80 tion with methanol to elute the isomeric MPc(§©~ mixture
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Figure 1. HPLC traces obtained upon applying the protocol (as SO."
described in the text) to an isomeric mixture of NiPc{aNay. 3

from a reverse phase C18 preparative column, partial separation *H HE
could be achieved into a rapidly (i.e., with a retention time under 3‘
seven minutes) eluting cluster of four peaks. In addition to this \ | LN | }
initial elution, we observed that more MPc(§@~ material | | MJU |
may be eluted isomer specifically by passing buffer through L TR

the column for an extensive time period (up to 120 min) and
then rapidly switching the eluent from buffer/methanol to water/

methanol (i.e. from pH 5.5 to pH 7.0). Subsequently, a second jj A y

I P A s hegrantes
A,JL,« Pt

cluster of peaks (labeled’AB', C', and D in Figure 1) is
detected and various phthalocyaninic fractions can be collected.
The separation of these later eluted peaks is dependent on the A H H
pH of the buffer, on the buffer washing time, and on the H \ *
methanol:buffer, or methanol:water ratio of the eluent. This ﬁ | \‘ﬂ

il

i
makes an optimization of such a multiparametric separation Wﬂ“ﬂ ) ,’

tedious. We could not achieve baseline separation for all four : [ ‘ : ; ; )
isomers in the final cluster of four peaks. However, one 98 96 94 92 90 88 86 84 ppm
component (fraction A, which according to théH NMR for Figure 2. 'H NMR spectra of NiPc(S§uNa, solutions: (a) Isomer

the NiPc(SQ)s*~ isomeric mixture is the main component mixture (upper trace), HPLC-separated fractions & (middle trace)
(about 50%), could be obtained in a purity over 95%. Similarly, and A + B’ (lower trace). Note that fine splittings are not observed
from the cluster of early buffer-eluted peaks, one component due to Presat pulse sequence; (b) DecoupHgNMR spectra of
was obtained in almost pure form again accordingHAMR. Eactlo_r:jﬁl +B WIthOLcht ;arlradlatlon (lower trace) and irradiating proton
We cannot exclude that, beside the usual adsorption/desorption (middle trace) and F(upper trace).
equilibria on the nonpolar stationary phase, two other equilibria,
namely, aggregation/deaggregation and counterion pairing or
protonation (i.e., S Naf/SO;H), occur concomitantly, during
the pH ramping phase from the buffer to water eluents.
Evidence for strong aggregation in such solutions comes bot
from UV—vis®! andH NMR spectroscopic studies. Conditions
where the formation of dimers and higher aggregates is largely = .~ =~ e . . . .
inhibited, thus allowing finely resolvetH NMR spectra to be with simple estlmgtlons of cheml.cal shifts Qf a t_rlsubstltuted
recorded, are the following: dilute (i.e., 000 umolar benzo-anpglated r|ng.-curr.ent bearing aromatlc moiety. The large
concentrations) in a £D/DMSO-ds solution (1:2 to 1:3, vol: ~ 6:6 Hz vicinal coupling is clearly seen in the-i COSY
vol) and at 75°C. Because of the low concentrations, usually SPectrum from the cross-peak which correlates the 8.55 ppm
overnight accumulation of the proton spectra, using a solvent Signal to the 9.40 ppm signal. Revealingly, upon irradiation of
suppression pulse sequence (PRESAT, with irradiation of the the high field doublet, while the 9.4 signal sharpens, two distinct
residual HOD signal) had to be employed, to achieve a singlets, of equal intensity, are obtained for the low field signal.
satisfactory signal-to-noise ratio which allowed the assignment On the other hand, upon irradiation of the latter signal which
of signals, as indicated in Figure 2a. Although in water the H leads to cancellation of the smaflandJ® couplings, the broad
aggregate is predominant, addition of DMSO and increased 9.4 Hz signal becomes a triplet (i.e., two doublets with 7.8 and
temperature clearly lead to monomerization. 8.1 Hz splitting having the middle line superimposing), whereas
A detailed’H NMR study including 2D-COSY and homo-  the high field doublet becomes sharp, showing a 7.8 Hz splitting.
decoupling experiments was undertaken with the first eluted This proves that, although the high field protons are in the
fraction after changing the eluent ‘(& Figure 1). The latter ~ (almost) same magnetic environment at 300 MHz, two equal
spectra are shown in Figure 2b and allow an unambiguous populations exist for the other two protons which are adjacent
assignment of this component, isolated in about 95% purity, to to the sulfonic group. Only th€,, isomer fulfills this require-
the C,, isomer. Thus, the high field doublet at 8.55 ppm, with ment. An alternative interpretation could be that this fraction
a 6.6 Hz splitting, is assigned to protons situateg iposition consists of a 1:1 mixture of tHe,, andCy, isomers. However,
to the sulfonic group, whereas the two low field signals must this is a much less probable case.

be in adjacentt positions. As the 9.40 ppm signal is much
broader, here the 6.6 Hz coupling must be operative so this
signal can be assigned to the proton adjacent both to the sulfonic
pgroup and the other 8.55 ppm resonating proton. The sharper,
lowest field proton (at 9.64 ppm) is thus the proton between
the sulfonic and quaternary phthalocyaninic carbon, in accord
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_ NiPc(SO,), - a linear fit (assuming a unimolecular kinetics) to the data points on the
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0.2 1 NiPc(SO,),” less than or equal to I8° mbar and (i) intentional addition of
01 argon collision gas to the trap at pressures of ca?® Ifibar
o gives rise to primarily fragment ion formation under otherwise
0.0 ————————————— identical conditions. No such fragmentation was observed under
180 200 220 240 260 280 300 320 340 UHV.
m/z Interestingly, electron autodetachment is also observed for
Figure 3. Experimental sequence used to take kinetic data for electron CUPC(S@)4*". Figure 4 contrasts the electron autodetachment
auto-detachment from isolated NiPc(g&: (a) Negative ion ESt kinetics of both metallophthatecyanine tetraanions in a semi-

FT—ICR mass spectrum of Ni-phthalocyanirketrasulfonate solution.  |ogarithmic plot. Although the data do not exhibit a single
(b) Same as in part a after ejection of all unwanted ions from the trap exponential behavior, a fact which we interpret is due to the
by means of resonant RF excitation. (c) Mass spectrum taken after amixture of isomers which are present in the samples in both
set delay time under UHV. . .

cases, we formally assign an average half-life to both data sets

3.2. Gas-Phase Studies: Mass Spectrometric Analysis and by a linear fitting procedure. Interestingly, the half-lives differ
Metastable Decay of MPc(S@)44~. Figure 3a displays a typical ~ only slightly as a function of the central metal atom (240s vs
negative ion FT-ICR mass spectrum upon spraying an aqueous275s for Ni and Cu, respectively). This is consistent with our
solution of the isomer mixture of NENiPc(SQy)4]. The strongest ~ computational finding (see also next section) that the highest
ICR signal stems from the 4-fold negatively charged NiPgf80 occupied molecular orbital (HOMO) of the NiPc tetraanion
aroundm/z 223. Isotopically resolved mass peaks (not shown essentially resides on the organic moiety with very little
here) prove the charge state of all ions described. We also detecgontribution from the chelated metal atom. In this context, it is
NiPc(SQ)4H3~ and NiPc(S@)4Na~, as well as small amounts  interesting to invoke photoelectron spectra of neutral NiPc and
of fragments, e.g., NiPc(SR3. CuPc32where it was shown that lowest energy ionization occurs

Solutions of various isomer fractions (separated by HPLC, from the a, orbital of the Pc ring again with only small variation
see above) were sprayed as obtained from the column and show<0.1 eV) for different metal atoms. Note also that the
virtually the same negative ion distributions over the pH range Photoelectron spectra of the two tetraanions are almost identical
(5.5-7) covered in this study. For fractions’ Gnd D, as we will show in the next section. Recent DFT calculations
we observe a slightly increased relative intensity of the support the interpretation that the identity of the central metal
NiPc(SQ)s® peak. Mass analysis of the CuPetrasulfonate ~ atom only plays a minor role in determining the ground-state
solutions revealed the same relative ion intensities, the electronic structuré?

CuPc(SQ)44~ (m/z = 224) signal being the most abundant. To study isomeric effects, various HPLC fractions were

To study the stability of the observed multiply charged anions, subjected to the metastable decay investigations as described
the ion of interest is unambiguously isolated in the ICR cell as in the previous section for the mixture under virtually identical
described in section 2.2. Although the triply charged species conditions. Figure 5 displays the experimental results for
are stable under UHV conditions (1% mbar), the 4-fold fractions B+ C and A + B', for which we identify half-lives
charged anion undergoes metastable decay. For NiRpfSO  of 63+ 5 s and 230Gt 100 s, respectively, corresponding to
the only decay channel observed at room temperature is electrord ratio of 37+ 5. Kinetic data taken for fractions’@nd D

autodetachment indicate the same half-life as' A- B'. Likewise, fraction C+
D shows an electron autodetachment rate comparable-to B
NiPc(SQ),* — NiPc(SQ),* +e 2) c

According to the NMR assignment fractior A B’ is 95%

This is evidenced in Figure 3c showing the mass spectrum afterpure and contains one isome€,(). This appears to be
isolating the tetraanion in the trap and a reaction delay of 150 considerably more stable with respect to electron autodetachment
s. Note that we can rule out a significant contribution of than the other isomers.

collision-induced electron loss for two reasons: (i) autodetach- 3.3. Gas-Phase Studies: Photoelectron Spectrigure 6
ment studies were always performed at nominal pressures ofcontains photoelectron spectra obtained at a detachment wave-
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Figure 5. Electron auto-detachment rates for HPLC fractions B and

C and A and B as well as the isomer mixture of NiPc(9¢@~. Note
the dramatic difference in rates between the two fractions.
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Figure 6. Photoelectron spectra of NiPc(9@~ (upper trace) and
CuPc(SQ)4* (lower trace) at 355 nm detachment laser wavelength.
Each spectrum was obtained by accumulating 30° shots at a laser
fluence of 15 mJ/cih Open circles are measured data points, solid
lines are 5 point averaged curves to guide the eye.

length of 355 nm (photon energy 3.49 eV) for both CuPgj$0O
and NiPc(SQ4* isomer mixtures. The spectra look very
similar, and we will discuss them using the same labels &% in.
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Figure 7. Contour plot of the highest occupied molecular orbital
(HOMO) of the Dz, isomer of NiPc(S@s* from a semiempirical
calculation suggesting that the electron most likely to autodetach stems
from the delocalized-electron system of the phthalocyanine molecule.

O~ at 1.48(2) and 1.46(2) eV for Cu and Ni, respectively, to be
signatures for the photodetachment from negatively charged
atomic oxygen formed by photodissociation of the MPc{g0

ions (the electron affinity of O is 1.4611220(27) ¥)/ Around
binding energies of 1.86(3) eV weak features are present which
are probably due to photodetachment fromsSQ@enerated by
photodissociation of MPc(Sfy*~ (electron affinity values for
SG; around 1.9(1) eV have been reporteéPinEspecially, the
formation of SQ~ has been observed in preliminary photodis-
sociation studies that are under way in our gréufhe
observation of strong multiphoton processes at 355 nm is not
surprising, as solutions of the metal phthalocyanine salts show
strong absorption in this wavelength region. Interestingly, the
X' shoulders toward lower binding energies of the X feature
did not show a photon fluence dependent behavior at 355 nm,
whereas Wang et &.interpreted a structure observed at the
same binding energy in their spectrum taken at 532 nm as being
due to a two photon process.

Both X and X features are due to photodetachment from
MPc(SQ)4*, as the respective high electron kinetic energies
indicate that they come from a highly charged species, and it is
very unlikely that a highly charged species formed in a
photodissociation event would retain its charges. However, as
outlined in the discussion above, the origin of theband is
not quite clear.

On the basis of the photoelectron spectra, we obtain lowest
vertical detachment energies (VDE) of0.71(5) eV and
—0.65(5) eV for the Cu and Ni species, corresponding to the
energies of the X-band maxima, respectively. Note that the VDE
value for our CuPc(Sg)4*~ spectrum corresponds exactly to
that in the spectra of Wang et Al.To first order, VDE

They both exhibit a pronounced feature at vertical detachmentcorresponds to the energy difference between (electronically

energies (VDE’s) around-0.7 eV (labeled X) with a small
shoulder at even lower binding energies)(X

metastable) tetraanion and trianion in the 4 equilibrium structure.
3.4. Computational. 3.4.1. Ground-State Structure and

Toward higher binding energies, the spectra exhibit sharp EnergeticsSemiempirical calculations were performed in order
features whose fluence dependence shows that they are clearlyo determine geometric structures and electron detachment
related to multiphoton processes, as well as a general increasenergies for the four possible isomers of NiPc. The relaxed

of the photoelectron yield with increasing binding energy. This
is consistent with the observations of Wang efahat the small

geometry of theD,, isomer of NiPc(S@)4* shown in Figure
7 is an example of results obtained. Except for the fo80;~

signals reported in their spectra could be enhanced by usinggroups the molecule is essentially planar. The relevant geo-
higher fluences. We tentatively assign the sharp peaks labeledmetrical parameters, like the sulfanickel distances, the angle
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TABLE 1: Ground State Energetics and Structural
Parameters of the Four Possible Isomers of NiPc(Sg{* 2 2000

Eiomo VDE  R(Ni—S)
isomer [eV]P [eVv]¢ [pm]¢ S—Ni—S angle [degrees]

Cs 0.80 —1.16 836+3 69.2 887 90.7 1115
C, 079 -1.16 836+3 892 686 89.9 1123
Cm 083 —117 836+2 903 902 89.1 90.4 ] s
Das 083 -—117 838+3 699 1092 69.8 111.1  -2000 b > =i 2 e, =
2000 0 2000 -2000 i

5.0
5.5
6.0
6.5
T.0
7.5
8.0

eV

2000

1.0
1.5
20
25
3.0

a Geometries were optimized using a PM3-Hamiltonian, whereas
energies are based on ZINDO/S wavefunctions (see text for details). Coy
bEnergies of the highest occupied molecular orbital (HOMO) as 2000 -
depicted in Figure 5 for thd®,, isomer. According to Koopmans’ 1
theorem they equal the negatives of the electron binding energy.
¢Vertical electron detachment energy taken as the difference of total 0 1
electronic energies between the quadruply charged and triply charged
anions, both in the frozen equilibrium geometry of the tetraanion.
d Average of the four nicketsulfur distances.

-2000 —— =7 | -2000 =
-2000 0 2000 -2000 ] 2000

Distance / pm

between sulfur, nickel, and the adjacent sulfur, are given for
all isomers in Table 1.

The PM3-optimized geometries of the four NiPc@® Figure 8. Contour plots of the electrostatic potential in the plane of
isomers were used to calculate electron detachment energieghe molecule for all four NiPc(Sgx*~ isomers. One can see the position

by means of ZINDO/S single-point calculations. Table 1 ©f t?e four ?egativlg charghes at the E?Siti%n of thﬁﬁoups ﬁng the

: : .1, preferential tunneling pathways with low barrier heights right between
summarizes the energy eigenvalues of the_ H_OMO (which the charges. The potential is cut off at a radius of 837 pm (the mean
correspond to the negatives of the electron affinities or electron yjj_g gistance).

binding energies according to Koopmans’ theorem) as well as

vertical detachment energies for all isomers. The negative 1x10°

electron binding energies predict the metastability of the

tetraanions with respect to electron loss; differences between 1x10°

the various isomers, however, are not pronounced. On this basis;,

we would therefore not expect to observe strong isomer ; x10° ]

dependences in the threshold regions of photoelectron spectra.¢
Also shown in Figure 7 is a density plot (as given by the § » T=600K

square of the HOMO wave function) mapped onto a 3D é 107

isosurface. The HOMO is clearly located on the organic ring W

system with virtually no contribution from the metal atom or & 101

the —SG;™ groups. Rather, the SO;~ groups act as localized 2 T=300K

charge carriers as has been proposed recently for Cupg{S® RIS

This implies that the Coulomb barrier involved in electron

autodetachment is determined by these four localized charges, 10 +—a-v—rr-""-""—rr————————

suggesting an electrostatic point charge picture to model the 05 10 15 20 25 3.0

barrier. Figure 8 shows the corresponding electrostatic potential. Barrier Height [eV] .
3.4.2. Thermal Electron Emissiamrsus Electron Tunneling Figure 9. Thermal electron emission rates according to Klots theory

A Point Charge ModelAs already pointed out in the Introduc-  (as given in eq 4) for two different temperatures as a function of barrier
tion, one can think about the electron emission of multiply height.. Parameters are consewatively chosen to overestimate the
charged species in terms of two mechanistic limits: thermal €Mission rate (see text for details).
electron emission over the Coulomb barrier and tunneling
through the Coulomb barrier. In the following, we describe
which pathway dominates the room-temperature decay o
selected Ni(Pc(S€s)* species.

3.4.2.1. Thermal Emissioft.is possible to estimate a thermal
electron loss rate on the basis of the Klots’ thedrihis is
based on the thermionic emission of solids as given by the
Richardsor-Dushman equation. The electron emission rate in
Klots’ theory is given as

T is the temperature of the microscopic system. In the (Coulomb
f barrier free) case of monoaniort, is the vertical detachment
energy, whereas here, we identis with the height of the
Coulomb barrier. The electron loss rates can thus be ap-
proximated assuming tha.i, does not change dramatically
upon changing the charge state. Because the electronic ground
state of the triply charged ion is a doubl€), is a factor of 2
bigger than for the spin singlet electronic ground state of the

tetraanion.
kT Quib Qaf b T Figure 9 plisplays the electron emission rate (accor_ding toeq
k(Ey) = ZT_o_o 2=+ Q.+ JnQ.Je =™ (3) 3) for two different temperatures as a function of barrier height
vib Qel\ % Eo for a sphere with a radius of 500 pm. We choose these

numbers to ensure that we overestimate the rates for thermal
whereQs = 2mdo?kgT/A describes the surface of the molecular electron emission.

ion (whereme denotes the electron mass andhe classical Up to now there are no experimental or theoretical accounts
hard sphere collision radiusQui, Q% Qe, and QY cor- of Ep for this tetraanion. We note, however, that for the
respond to the vibrational and electronic partition functions after analogous CuPc(SD*~, Wang et al. estimated a barrier height
and before the emissiorgy is the Bohr radiuskg is the of about 3.5 e\?°. As a lower bound for the Coulomb barrier

Boltzmann constanty (k) is the (reduced) Planck constant, and amplitude, one might consider the electrostatic potential that
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an outgoing electron (as a point test charge) experiences at a 100 5 T
distance of 1.0 nm from the center of the molecule (and thereby 1 ... Can /.://};f", ’
well beyond the “geometric” border of the molecule). This yields Lk T [ Ce /,;—._‘,;,-.4"’_.-'
a value of 2.8 eV (after subtracting the vertical detachment 1 |-----Dan Pt
energy of 0.7 eV) as a lower bound for the barrier, which T | Coy P
corresponds to an electron emission rate at 600 K of 0%, o i ) '/".;f’/'_ -
about 6 orders of magnitude smaller than the experimentally & 013 ,,/f
observed rates. € e
This estimation indicates that the measured electron loss ratess %' 3 T o
cannot be explained in terms of thermal processes where the £ ] R
electron escapes by means of surmounting the repulsive = 8373 L
Coulomb barrier. Apparently, the observed phenomena are I o '
primarily due to electron tunneling. 1E-4 4 /,/
3.4.2.2. Electron TunnelingTo give a semiquantitative 1o
account of the different lifetimes in the case of electronic 185 "0'8' T e 10 41T,
tunneling we developed a simple electrostatic model of the ) ’ Eneray [;V] ' ’

different isomers. It has been shown previously that an i ) )
electrostatic point charge model is a good approximation to '(:'gure d_lo- Mean 5e|ecg%r)1 tunneling rates flor N'Z‘?@ﬁ _g‘zggs

. _ . . according to egs 5 an Versus energy released in rxn: .
quCI’Ibe the long range repulsive part of the Cg)%lomb potentlal Isomer specific barrier surfaces are based on the point charge model
in systems characterized by full charge localiz&t®mand gives (eq 4).

reasonable results for tunneling rates.

To model NiPc(S@)* let us consider a pseudo molecule 14 he plane of the molecule (which has the same electrostatic
that is desc_rlb_ed by an oblate ellipsoid with two equal half- potential and thus the same rate for all isom&s the only
axesRmo (within the plane of the molecule) and one shorter nneling pathway which is expected to show significant rate
axis Zmol perpendicular to the plane. We now put 4 negative st lie in the plane of the molecule.
point 'charges (representing the §Cgreups) on the perimeter According to the WKB approximatié one can now
of a circle with radiusmo and one positive charge in the center  cajcyjate a tunneling rate through the barrier by multiplying
(the position of the metal atom). This picture is based on the he tunneling probability with a preexponential attempt fre-
consideration that the outgoing electron presumably comes fromquency. Following the textbook treatment of ref 4, we assume
the HOMO which, as already noted z_ibove, is mainly Ioeated this attempt frequency may be calculated by (i) settin¢DE
on the frame of the Pc (on the basis of PM3 calculations), equal to the kinetic energy of the detaching electron within the
resulting in a positive charge at the center of the molecule upon ,ggel potential and (ii) equating the attempt frequency with
detachment. 1itcon(R) whereteoi(R) corresponds to the time required for an

Under the further assumption that the bound state of the giectron with this kinetic energy to travel a distance 2R. This
outgoing electron is set to zero potential, inside the “pseudo” |eaves us with eq 5:

molecule, the resulting potential can thus be written as

#(R) = o K(E) = —szilm exp[— % 5 J2m(v) — B) dx} )
R°+R™ R
0 for ——+—<1 . . . . )
R Z V(x) is the potential barrier an® and R are the integration
© me (4) limits, corresponding to the respective “inside” and “outside”

2 [i=
e[ 1 . i else separations (as measured from the molecular origin) at which
4re, |T; - R |§| the Coulomb energy becomes equal to the kinetic enErgf

the outgoing electron. In this approximation, the latter is also
where e¥/4meq = 1440 eV pm, the Coulomb potential amd taken as {VDE) tetraanion.
are the positions of the negative point charges on the circle with The WKB theory describes the one-dimensional tunneling

| = Rmo andR, = 0. problem. Therefore, we calculated one-dimensional cuts going
Outside, the electron experiences the electrostatic potentialradially outward from the origin of the pseudomolecule. The
of the remaining (overall triply charged) molecular ion. Rag, direction is described by the two anglésnd¢ in a spherical

we used 837 pm corresponding to a mean Slidistance from  coordinate system. We end up with an expression for the
PM3 calculations (cf. Table 1). The vertical dimension of the tunneling ratesk(6,¢). For the following discussion, we use a
molecule (described b¥0) is set to 150 pni® Both parameters mean tunneling rate obtained by integrating over the entire solid
are of course somewhat arbitrary, and the absolute rates are quit@ngle:
sensitive to their variation. However, thelative tunneling rates
of the different isomers stay nearly the same upon such variation Kk
(as long as the bound state energy remains unchanged). The
negative charges were positioned on the circumference so as to ~
take into account the angles between thesS@roups in the Note that in calculating for our model ellipsoid R is fully
optimized PM3 structure (cf. Table 1) and are assumed to residedetermined by a specific combination of angular coordinates.
at the position of the sulfur atoms. Figure 10 shows the mean tunneling rate as a function of the
Figure 8 shows contour plots (within the molecular plane) energy released in reaction 2-YYDE) calculated with the
of the resulting electrostatic potentials for the four different parameters described above for all four isomers. We note again
possible constitutional isomers of NiPc(g¢*~ Note that on that the potential perpendicular to the molecular plane is
the basis of these diagrams, besides the pathway perpendiculaindependent of the position of the negative charges (and

% 27 1(0,4) sind do d ©)
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therefore of the various isomers), so we restrict ourselves to A simple electrostatic model was used to describe the Coulomb
discussing differences of the potential within the plane of the barriers of the four isomers, and electron loss rates were

molecule. calculated on the basis of the Wentz&ramers-Brillouin

We see that for the same VDE there is a factor efl® (WKB) approximation. The differences in the repulsive Cou-
difference (depending on the exact cut off value tfirection) lomb barriers cannot solely account for the different electron
in the rate between the fastest decaying ison@y)(and the loss rates. According to the electrostatic model,@Gagisomer
slowest one C4n). This is in apparent contradiction to the has the smallest barrier height and should therefore be the least
experimental finding (using the NMR assignment) that@g kinetically stable isomer, everything else being equal. However,

isomer exhibits the smallest rate. However, Figure 10 also the tunneling rate is also a sensitive function of the electron
reveals that the tunneling rate should strongly depend on detachment energy, with differences on the order of 0.1 eV
the VDE, which has previously been seen in the case of leading to comparable variations in autodetachment rate.
PtCkBrs—2 .22 This is a consequence of the expf[V(x) — At this point, it is not feasible to compute electron detachment
E]] dependence. For the same isomer, the experimentally energies with high enough precision using ab initio quantum
observed range in tunneling rates (marked by the dashed lineschemical methods. According to our experiments, the electron
in Figure 10) would correspond to a variation in electron detachment energy should be lower for @ isomer than for
detachment energy of only 0.08 eV. These small differences the other isomers. It will be of great interest to verify these
are certainly beyond the accuracy of our semiempirical calcula- isomer specific values by highly resolved photoelectron spec-
tions. Furthermore, vibrational coupling is expected to play an troscopy on pure isomer fractions. This requires an improved
important role in such processes and has not been considerediPLC separation procedure in order to prepare the necessary
in our simple model. amounts of material, an improvement in photoelectron spec-
Consequently, with the computational resources currently frometer energy resolution and finally, decreased vibrational
available to us (DFT calculations of multianions turn out to be €Xcitation levels in the tetraanions probed.
problematic), we can only state that the observed rate variations We have however demonstrated here that, for electronically
are plausible and quantitatively consistent with the proposed Metastable multianions with charges localized on their molecular
tunneling mechanism. We cannot yet predict isomer specific Perimeters, isomer differentiation is possible on the basis of their
tunneling rates computationally. The NMR assignment together (differing) electron autodetachment rates. This may be of interest
with our model argues that in this specific system there are two for temperature-dependent probes of isolated biomolecules and
factors of roughly equal magnitude which contribute to the Polymer conformational dynamics in which localized negative
isomer dependence: slight variations in detachment energiescharges play a role.
on the order of 0.1 eV as well as changes to the barrier surface ) )
because of the relative positions of the excess charges. It is not_Acknowledgment. This research was partially supported by
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