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We report gas-phase vibrational spectroscopy of the ground-state cation of 1,3,6,8-tetraazatricycfd]4.4.1.1
dodecane (TTD) using two-color two-photon zero kinetic energy photoelectron spectroscopy. From the
distribution of active vibrational modes and comparisons between the experiment and theoretical simulation,
we offer proof that the cationic state and the first electronically excited state have theDsasyammetry.

The present study concerns 1,3,6,8-tetraazatricyclo[434]1.1  mechanical calculations, Nelsen, et al. proposed unequal
dodecane (TTD), which is designated'.pfladz in the “cage NCH,CH,N distances caused by a three-electiwtond2°
adamanzane” nomenclature system introduced by Springborgsimilar to the type demonstrated by Alder in some bicyclic
and co-workers for tricyclic tetraamines having saturated diamine radical cation& With more advanced technology,
bridging carbon chains. Current interests in cage adamanzanesncluding electror-nuclear double resonance (ENDOR) spec-

troscopy and a variety of deuterated compounds, the most recent

/\N o, w work by Zwier et al. concluded that there was a single energy
N/ / \ / : \N minimum with Dog Symmetry??
EN N N\—:’/N N\‘/_/ So far all the reports on the symmetry of TTwere based
NN - o, N ..... . on indirect evidencé®?2 the gas-phase experiment relied on
D D:ld S the similarity between a low Rydberg state (3s) and the ground

cationic staté8 while the ENDOR experiment was performed

center upon their importance in biochemistry and coordination in the solution phas& The issue of solvent effects on the
chemistry2-® From a fundamental point of view, the basicity Symmetry of TTD* has not been fully investigated. Moreover,
and strain energy of these compounds are particularly inter- the limited time resolution of the ENDOR experiment can only
estingl®-13 TTD was prepared by Bichoff in 1898,but its provide a time-averaged “effective” symmetry. In this work,
structure was presumed to contain 1,3-diazacyclopentane. A low-we report gas-phase studies of TTDusing two-color two-
temperature proton NMR study later discovered the mistake in photon zero kinetic energy (ZEKE) photoelectron spectros-
the structural assignmettThe X-ray diffraction pattern of TTD copy?3 From the distribution of active vibrational modes and
verified the structure as shown, and the symmetry of the ground comparisons between the experiment and theoretical simulation,
state was believed to bB,4.1® TTD is one of the very few  we offer further proof that the &state and the $Sstate do have
saturated amines that gives a radical cation persistent enougtthe sameDzq symmetry.
to show a reversible cyclic voltammograiRecent gas-phase The experimental apparatus is a standard molecular beam
studies based on fluorescence excitation and dispersed emissiomachine with a time-of-flight mass spectrometer and a pulsed
spectroscopy under supersonic jet expansion conditions con-valve heated to~100 °C2* The sample was synthesized in
cluded that TTD is twisted at its NCCN bonds, so it has static Madison, Wisconsin, using the literature meti6@wo counter
S symmetry, but dynami®,q symmetry, and the tunneling  propagating laser beams were used: one for resonant excitation
barrier is only about 0.3 kcal/mol between NCCN twists of to the different vibrational levels of the, State, and the other
opposite sigrt® The same study also showed that the first excited for further ionization. By fixing the ionization laser at 328 nm
electronic state (S the 3s Rydberg state) should be Dfq and scanning the resonant laser, we recorded a two-ceéir 1
symmetry. resonantly enhanced multiphoton ionization spectrum. Our result

Our interest in TTD stems from the discussion on the s in excellent agreement with that of Zwier et #.and the
symmetry of the radical cation since the 1970s, particularly spectrum is provided as part of the Supporting Information for
regarding the effect of solvent. Nelsen and Buschek first reference. By fixing the resonant laser at one of the vibrational
recorded the electron spin resonance spectrum of TTiDthe levels of the $state, scanning the ionization laser, and detecting
condensed phasé.Later, based on semiempirical quantum only the ZEKE electrons, vibrational spectroscopy of the cation

o i o B Weik g was obtained.
(o] on author. E-mail: €l.Ko oregonstate.e . . ..
T OrégisnpStatlggUnLijversrity. 4 tkong@oregonstate.edu Figure 1 shows the ZEKE spectra of TTD taken via the origin

* University of Wisconsin. band and eight different levels of mode 20 of thesgte. This
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Figure 1. ZEKE spectra of TTD taken via the = 0—8 levels of for the Iy state.
mode 20 §—i) of the S state. The arrows indicate transitions with .
= 2. The abscissa is in reference to the adiabatic ionization energy atSymmetry for the state, and the light gray columns represent

56343 cm™. those fromC,, symmetry. It is important to note that although
) ) the displacement vectors for the 8nd the [ states were
TABLE 1. Observed Vibrational Levels of Mode 20 of obtained from different calculations, the displacement vectors
TTD** (cm™?) f . )
or the Dyg and Cy, structures were obtained using the same
v 0 1 2 3 4 5 6 7 8 method with the same basis set. Moreover, calculations based
E, 0 57 123 191 266 344 428 513 590 onresults using different basis sets yielded the same distribution
AE 57 66 68 75 78 84 8 77 of FC factors. The comparison in Figure 2 should therefore be
of considerable credence.
mode corresponds to rotation of the NRBnits in opposite From Figure 2, the vibrational distribution obtained based

directions about the NC}H,N axes, and its symmetry species on the D,y symmetry is a far better representation of that in
is ain the § point group and, in both theD,q andC,, point Figure 1, and the symmetry of theoBtate is thus better
groups® The most remarkable feature of Figure 1 is the described to b®,4thanC,,. Although for transitions from the
dominance of a single transition, and this phenomenon has beenow vibrational levels of the Sstate, the difference between
documented as a propensity®f = 026 while Avis the change  the two symmetry groups is not obvious, transitions from higher
in the vibrational quantum number between theusd D states. levels are remarkably sensitive to the symmetry assumption of
The features marked by arrows correspond to transitions with the Dy state. This result is reasonable since the larger the
Av = 2, and the rest of the weak features correspond to otheramplitude of vibration, the broader the space explored by the
vibrational modes of the cation, and they are not addressed inmolecular frame.
this letter. Trace taken via the origin of the {state results in The strong propensity oAy = 0 demonstrated from both
an adiabatic ionization energy of 563433 cm ! (6.9856+ the experiment and the calculation is a natural result of similarity
0.0004 eV), including a correction due to the detection fiéld.  between the Sand the [ states. The normal modes of the two
This value is lower than 7.39 eV determined from vertical states have essentially the same displacement vectors, and the
ionization® Tracesb—i provide the energies for the dif- vibrational wave functions of the two states are almost identical.
ferent vibrational levels of mode 20, and the results are listed This result also provides evidence for the assumption that the
in Table 1. S, state is representative of the Brate!® even though it is the

To decipher the symmetry of thegBtate from Figure 1, we  lowest member of the Rydberg series.
attempted to reproduce the experimental observation from a The anharmonicity demonstrated in Table 1 is interesting.
series of calculations. With the Gaussian 03 stiiteg S state The energy gap between adjacent vibrational levels increases
was calculated at the CIS level using the 6-31G basis set. Thewith the vibrational quantum number. This result is also
Do state was calculated using the density functional theory consistent with th&®,q symmetry of the cation. Since the ground
(DFT) with the Becke 3LYP functional and the 6-8G(d) basis state of the neutral molecule is considered to tunnel between

set. Similar to the reports by Zwier et%land Nelsen et af? two equivalent $ structures, it is therefore natural that the
our geometry optimization for the radical cation of TTD resulted diminished tunneling barrier would result in a flat and wide
in two stable structures belonging Bpq andCy,, with the Dyg bottom for the $ and the I3 states. The potential surface of

structure more stable by 18.7 kcal/mol. Using the vibrational mode 20 thus resembles more to a square well than to a
frequencies and the displacement vectors thus obtained, we themparabola, leading to an increased energy gap for higher
calculated the FranekCondon (FC) factors from the; $o the vibrational levels.

Do state?® and the results are displayed in Figure 2. The dark  In summary, from the vibrational spectroscopy of the cation
gray columns represent intensities obtained by assumigg in the gas phase, we offer direct evidence forEhgsymmetry
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of the ground cationic state of TTD. The previous assumptions
regarding the Rydberg nature of thes$ate and the negligible
effect of the solvent on the geometry of the cation are validated.
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