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ChapterChapter 4 

Onn the Relationship Between the Lowest 

Rydbergg States and the Radical Cation of 

l/l-Diaza[2.2.2]bicycloctanee (DABCO)1 

Abstract t 

Thee radical cation and the two lowest excited singlet Rydberg states of DABCO (1,4-

diazabicyclo[2.2.2]octane)) are studied. Experimentally, the radical cation of DABCO is 

generatedd by either laser flash photolysis in solution at room temperature or by y-irradiation in a 

Freonn glass at 77 K, and its electronic absorption and resonance Raman spectra in these two 

mediaa are reported. The present resonance Raman spectra differ substantially from previous 

reportss in the literature, and it is concluded that previous results were in error, because of the 

presencee of other unknown species. Theoretically, the absorption and resonance Raman spectra 

aree interpreted on the basis of density functional theory calculations and wavepacket 

propagationn methods. Furthermore, excitation and multiphoton ionization spectra of the two 

lowestt excited singlet states are interpreted on the basis of DFT calculations. The close 

similarityy between the vibrational spectrum of a Rydberg state and its ionic core is employed to 

comee to a consistent interpretation of the spectroscopic properties of the ground state of the 

radicall  cation of DABCO, and the excitation spectra of the lowest excited singlet Rydberg 

states.. From the combined results it is concluded that DFT calculations with a relatively modest 

basiss set provide a valuable framework to predict potential energy surfaces of radical cations 

andd Rydberg states in terms of minima and Hessians. 

11 This chapter is being published in a slightly different form: Balakrishnan, G.; Keszthelyi, T.; Wilbrandt, R.; 
Zwier,, J. M.; Brouwer, A. M.; Buma, W. J., J. Chem. Phys. A 2000, in press. 
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4.11 Introductio n 

Ann important contribution to the activation barrier for inter- and intramolecular electron 

transferr stems from the internal reorganization energies of the electron donor and the acceptor 

uponn oxidation and reduction, respectively. A significant amount of work has consequently 

beenn dedicated to the determination of the geometric and spectroscopic properties of the relevant 

electronicc states of these components. Considering the donor part, such studies involve the 

groundd state of the neutral molecule (S0) and its radical cation (D0). In principle, detailed insight 

intoo the structural and energetic aspects of reorganization can be obtained from molecular 

quantum-chemicall  calculations. 1*3 However, although the arsenal of methods is becoming 

moree and more powerful, calibration based on accurate experimental data remains essential. 

Gass phase vibrational data are usually the most accurate to verify the validity of 

theoreticall  calculations experimentally. While high-resolution gas-phase studies of the radical 

cationn are inherently complex to perform on account of the difficulties encountered in generating 

thiss species in well-defined rovibrational states, Rydberg states of the parent neutral species 

offerr in this respect a valuable alternative to study the radical cation, since properties of its 

groundd state such as geometry and vibrational force fields are in first approximation not 

expectedd to be influenced by the Rydberg electron, which is only weakly bound to the ionic 

core.. Alternatively, vibrational spectra in the condensed phase such as resonance Raman (RR) 

spectraa of the radical cation generated in solution or in a matrix may serve as the experimental 

basis.. On the theoretical side, the study of Rydberg states is difficult, while investigations of the 

equilibriumm structure(s) and vibrations of radical cations are feasable. The difficult part in the 

analysiss of RR spectra is the theoretical assessment of RR intensities which requires 

calculationss of higher excited states. 

Thee orbital interactions in saturated diamines have been studied initially by Hoffmann et 

al.al. in a series of papers around 1970.4 Tnev identified two types of such interactions namely 

throughh bond interaction (TBI) and through space interaction (TSI). A classical illustration of 

TBII  is provided by the well-known rigid cage diamine l,4-diazabicyclo[2.2.2]octane (DABCO) 

(seee Scheme 4.1), in which the lone pairs are well aligned with the central C-C bonds, which 

leadss to an easily observable splitting of the lowest energy bands in the photo electron 

spectrum.̂^ It is important to note that in the case of DABCO already the neutral molecule meets 

thee stereochemical requirements for TBI, although the interaction between the doubly occupied 

lonee pair orbitals is not energetically favorable. In the radical cation on the other hand, mixing 

off  the two orbitals now containing only three electrons provides considerable stabilization. This 

iss reflected in the relatively low ionization potential̂  and low oxidation potential of DABCO in 

solution.. 7 
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A A 
SchemeScheme 4.1. ],4-Diazabicyclo[2.2.2]octane (DABCO). 

Thiss chapter presents a combined experimental and theoretical effort to characterize the 

radicall  cation DABCO+. Experimental resonance Raman spectra of DABCO+ have been 

remeasuredd and are reported. On the theoretical side, density functional theory (DFT) and 

wavepackett propagation calculations are carried out in order to interpret the observed RR 

spectraa of DABCO+ and vibrational spectra of the neutral molecule. As an alternative approach, 

experimentall  work on Rydberg states offers a means to investigate the ground state of the 

radicall  cation. In this chapter this approach is employed to reinterpret previous studies of the 

lowestt Rydberg states of DABCO. Experimental̂ and theoretical studieŝ have revealed that the 

firstt excited singlet state (S,) of DABCO is the 2'A,' Rydberg state that arises from the 

excitationn of an electron from the HOMO to a 3s type Rydberg orbital, involving both 

nitrogens.. The transition from the ground state to this state is one-photon forbidden but two-

photonn allowed, whereas the second excited singlet state (S2) (l'E' (HOMO-»3p)) is one-

photonn allowed under D3h restrictions. 

Thee radical cation DABCO+ has been studied in the past directly using multiphoton 

ionizationn (MPI) spectroscopy of the isolated molecule10 as well as resonance Raman 

spectroscopyy of DABCO+ in solution.11'12 As shown below, our RR results differ 

considerablyy from previously published RR work. While previous experiments were carried out 

byy chemical oxidation in a flow experiment, our results are based on a twofold approach: i) 

directt photooxidation in solution and ii) oxidation by Y-irradiation in a Freon matrix. It is 

demonstratedd by our results, that the previously reported RR spectra were due to a mixture of 

DABCO++ and an additional unknown species, while the interpretation was based on the 

presencee of DABCO+ alone. Also the present theoretical treatment, based on DFT calculations 

ass compared to previous INDO results, provides a much more reliable theoretical basis for 

assignmentt of vibrational bands. A substantial revision of the previous interpretation of the RR 

spectrumm was thus necessary. The vibrational properties of the Rydberg excited states of 

DABCOO were reported previously '̂ 1 ,̂13 m detail using various types of high-resolution 

excitationn spectroscopy. 
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4.22 Experimental and computational methods 

4.2.11 Materials 

1,4-Diazabicyclo[2.2.2]octanee (DABCO) was obtained from Aldrich and used as 

received.. Water used was of Millipore grade. The solvents CFC13 (Freon -11) and 

BrCF2CF2Brr (Freon -114B2) were purchased form Aldrich, dried on 5 A molecular sieves and 

degassedd by several freeze-pump-thaw cycles. Spectroscopic grade acetonitrile (Merck) was 

usedd as recieved . 

4.2.22 Experimental methods 

Thee time resolved absorption measurements carried out by laser flash photolysis were 

performedd using a different setup than described in chapter 2. Aerated CH3CN solutions of 

DABCOO (4.4x10"4 mol/1), contained in a quartz cell of 10 x 10 mm, were photoionized by a 

pulsee (248 nm (KrF), 80 mJ, 20 ns) from an excimer laser (Lambda Physik LPX 220i). The 

transientt absorption at right angles to the exciting laser beam was monitored by means of a 

pulsedd Xe lamp (Varian VIX150UV), a monochromator (McPherson 2035) and a 

photomultiplierr (1P28). Trarlsient data were stored on a digital oscilloscope (LeCroy 9450) and 

handledd using a PC. 

Thee time resolved resonance Raman (TRRR) measurements were performed with the 

setupp described in chapter 2. For DABCO in solution, aerated aqueous or CH3CN solutions of 

DABCOO (5xl02 mol/1) were used. RR spectra of the short-lived radical cations in the spectral 

regionn 200-1800 cm ' were excited 50-100 ns after the photolyzing light pulse at a wavelength 

off  460 nm. A sample was exposed to 2000 laser pulses, and spectra from five samples were 

averaged.. The final spectra were obtained after subtraction of both neutral DABCO and solvent 

bands.. Optical absorption spectra of the solutions before and after each TRRR measurement 

weree compared and no detectable photoproducts were observed. Neither were any new Raman 

bandss from photoproducts observed after the transient experiments. 

Alternatively,, radical cations were produced by y-irradiation in Freon glasses at 77 K. 

Forr these measurements, 2xl0"2 mol/1 solutions of DABCO in an air saturated 1:1 (v/v) mixture 

off  CFC13 and BrCF2CF2Br were prepared. Upon cooling to 77 K the samples formed 

transparentt glasses. For measuring electronic absorption spectra, the glasses were irradiated 

withh a dose of 0.05 Mrad by ^Co y-rays, while doses of 0.4 Mrad were used for the resonance 

Ramann measurements. The samples were then transferred to an Oxford Instruments DN1704 

liquidd nitrogen cryostat to perform the optical measurements. The samples were prepared in 10 
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mmm inner diameter cylindrical and 10 x 10 mm rectangular quartz cells to record RR and 

electronicc absorption spectra, respectively. During the RR measurements, the cells were rotated 

att 8 rpm in the cryostat. 

4.2.33 Theoretical methods 

Abb Initio calculations were carried out using the Gaussian suite of programs employing 

thee B3LYP density functional.14 The standard 6-31G* or 6-311G* basis sets were used 

throughout. . 

Thee procedure for calculating optical absorption and RR spectra have been described in 

detaill  in two recent papers. 15,16 Here we adopt the vertical Hessian approximation, based on 

thee wavepacket formalism developed by Tannor and Heller.17 In their formulation, the 

vibrationall  Hamiltonians are written in terms of dimensionless normal coordinates. Each of the 

potentiall  surfaces of the vibrational Hamiltonians is characterized by a set of normal coordinates 

andd harmonic vibrational frequencies. The relative position of the potential surfaces involved in 

thee optical processes is characterized by the Duschinsky rotation matrix and a set of 

dimensionlesss displacements. In the following the parameters, which characterize the potential 

surfacess and their relative position, are referred to as the vibrational parameters. 

Inn the present work, the vibrational parameters of the radical cation of DABCO have 

beenn obtained by use off  quantum chemical DFT calculations. Assuming harmonic potentials for 

thee two electronic states involved in the resonance transition, the vertical Hessian approximation 

usess the molecular gradient and Hessian of the excited electronic states, evaluated at the 

optimizedd geometry of the ground electronic state together with the Hessian of the ground 

electronicc state, evaluated at the same geometry. In this approach both the ground and excited 

statee potential surfaces are expanded to second order in nuclear coordinates around the same 

point,, which is the optimized geometry of the ground electronic state. The vibrational 

parameterss obtained in this way are then used as input parameters for the evaluation of optical 

absorptionn spectra and resonance Raman intensities by means of wave packet propagation 

techniques. . 
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4.3.. Results and discussion 

4.3.11 Absorption and resonance Raman spectra of DABCO+ 

Observedd electronic absorption spectra of the radical cation of DABCO are shown in 

Figuree 4.1. Spectrum (a) is recorded in a Freon glass at 77 K after y-irradiation, spectrum b is 

thee time-resolved spectrum in solution at room temperature, as reported by Halpern et al.,^% 

spectrumm c was constructed from our transient absorption data 30 ns after photoionization of a 

CH,CNN solution of DABCO at room temperature. Spectra (d) and (e) are calculated spectra (see 

below),, simulating the observed spectra (a) and (b). The experimentally observed spectrum in 

thee Freon glass (a) is very similar to the one reported in the literature by Shida et al.}^ thus 

confirmingg that under our experimental conditions the DABCO radical cation is produced. The 

experimentallyy observed spectrum in solution (c) is in qualitative agreement with that reported 

previouslyy (b), 1° but is slightly red shifted and broader. 

3500 450 550 650 

Wavelengthh (nm) 

FigureFigure 4.1. Experimental and calculated absorption spectra of DABCO+. a) spectrum observed in a Freon 

glassglass at 77 K. b) Spectrum in CH,CN at room temperature (from ref. 19) c) Spectrum in CH3CN at room 

temperature,temperature, obtained 30 ns after 248 nm irradiation, d) Simulation of spectrum a. e) Simulated spectrum ofb. 

Thee resonance Raman spectrum of DABCO+ has been reported previously by Hester 

andd coworkers.11»12 In that work, DABCO was mixed with NaOCl (hypochlorite) in a 

stoppedd or continuous flow experiment. RR spectra were recorded from the reaction mixture 

andd bands assigned to DABCO+ were reported at 1563, 1358, 1279, 999, 983, 884, 809, 792, 
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679,, 643, and 140 cm"1. Two additional modes were inferred at 435 and 330 cm"1 from putative 

overtones. . 

Thee molecule having D3h symmetry, of the 36 normal modes of DABCO+, 29 are i.r. 

and/orr Raman active (6a,' + 5 ^" + 9e' + 9e"). Only 6 totally symmetric modes of vibration 

aree expected. As in the absence of vibronic coupling or changes of point group upon excitation, 

onlyy totally symmetric modes are expected to be active in RR spectra, the large number of bands 

observedd and assigned to DABCO+ by Ernstbrunner et alX^- was remarkable and called for 

furtherr attention. Some bands were attributed to Fermi resonances and some remained 

unexplained.. In the light of that work we decided to remeasure the RR spectrum of DABCO+. 

18000 1400 1000 600 

Ramann Shift (cm ) 

FigureFigure 4.2. Observed and calculated resonance Raman spectra ofDABCO+. a) Observed spectrum at 77 K after 

y-irradiationy-irradiation of a 2xl02 mol/l solution ofDABCO in an air saturated 1:1 (v/v) mixture of Freon II and Freon 

B.B. b) Spectrum at 77K from a Freon matrix containing Freon 11 only, c) Spectrum in water at room 

temperature,temperature, obtained 100 ns after irradiation of a 5xI02 mol/l DABCO solution with a laser pulse of 248 nm. 

ExcitationExcitation wavelength for all spectra was 460 nm. d) Simulated spectrum using the vertical Hessian method with 

thethe UB3LYP/6-S1G* structures and frequencies. 
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Ass described in detail in section 4.2.2, the radical cation of DABCO was produced in 

twoo alternative and independent ways: i) by laser flash photolysis in solution at room 

temperaturee and ii) by y-irradiation in a Freon glass at 77K. The remeasured RR spectra of 

DABCO++ are shown in Figure 4.2. Trace (a) in figure 4.2 shows the spectrum excited in the 

glasss formed by the Freon mixture, trace (b) is obtained from a glass using one Freon 

componentt only (CFC13), trace (c) is recorded in water at room temperature, and finally, trace 

(d)) shows the calculated spectrum. The experimental spectra are in good agreement with each 

other.. Blank domains in (a) and (b) correspond to spectral regions masked by strong vibrational 

bandss of the Freon matrix. 

Itt can be noted that the observed RR spectra show considerably fewer bands than 

previouslyy reported, but that the band positions of the observed bands are in good agreement 

withh previously reported data. Such a situation could in principle be explained by the different 

excitationn wavelengths used. Previous experiments used 476.212 an(j 48811 nm excitation. Our 

excitationn wavelength was 460 nm. While changes in relative intensities usually do occur with 

varyingg excitation wavelength, the reported differences for 476.2 and 488 nm were small. 

Takingg further into account that the DABCO+ absorption spectrum is broad and unstructured, it 

seemss highly unlikely that the substantial differences between our work and previous RR 

spectraa can be ascribed to the different excitation wavelengths. We thus conclude that previous 

spectra,, recorded from a reacting mixture, were due to the presence of DABCO+ together with 

ann unknown additional species apparently having an optical transition in the blue spectral region 

andd therefore being in resonance with the exciting laser light. 

4.3.22 Computational results and assignment of spectra 

4.3.2.14.3.2.1 Equilibrium geometries 

Molecularr structure parameters calculated using D3h symmetry for the ground state of 

DABCOO and its radical cation (DABCO+) are listed in Table 4.1. The agreement of the 

computedd structure of the neutral molecule with the gas phase electron diffraction resultsÔ is 

remarkablyy good. For the radical cation, experimental structure data are not available. DABCO 

iss a classical example of orbital interactions between the amino groups occurring predominantly 

throughh the intervening G-bonds. Its photoelectron spectrum has been interpreted̂ to show that 

thee highest occupied molecular orbital is the symmetric combination of the nitrogen lone pair 

orbitals,, mixing with the C-C C-bonding orbitals (see Scheme 4.2). The large splitting of the 

twoo lone pair orbitals, which raises the HOMO energy, is the reason for the relatively low 

ionizationn potential of DABCO. In the neutral molecule, this interaction is in fact energetically 
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slightlyy unfavourable, but it is enforced by the molecular framework. When an electron is 

removedd from the HOMO, the net effect of the interaction between the amino lone pairs is 

highlyy favorable, which explains the low oxidation potential of DABCO.7 This is illustrated by 

thee HOMO and HOMO-1 molecular orbitals of the neutral molecule as shown in Scheme 4.2. 

Removall  of an electron from an orbital which has a-bonding character obviously 

weakenss the C-C bonds. According to our calculation, they lengthen from 1.57 A to as much as 

HOMO O 

HOMO- 1 1 

PES S 

7.60eV(Ai') ) 

9.644 eV (A2") 

SchemeScheme 4.2. Orbital ordering (HF/6-31G*//B3LYP/6-Sl lG*j  of DABCO, assuming Koopman's theorem. 

1.644 A, whereas the C-N bonds are shortened from 1.47 to 1.44 A. Removal of an electron 

fromm an amine lone pair orbital leads to a flattening of the amino group. This can be 

characterisedd by the increase of the C-N-C bond angles, in this case from a nearly tetrahedral 

valuee of 109° to 112°. Interestingly, this increase is about half of the increase in the mono-amine 

ABCOO (l-azabicyclo[2.2.2]octane),3 where one electron is removed from a single lone pair, 

whilee in DABCO one electron is removed from a set of four lone pair electrons, and the 

unpairedd electron density is shared by the two equivalent amino centres. 

Althoughh structural data on the radical cation are not available, vibrational frequencies of 

DABCO+inn the gas phase have been determined by multiphoton ionization techniques,'0 and 

inn aqueous solution̂  1>'2 by resonance Raman spectroscopy. Thus, by using this information 

thee computed vibrational frequencies can be compared with experiment (see below). 

Directt computation of the excited state structure is difficult, but a semi-empirical estimate 

off  the geometry change relative to S0 can be made on the basis of the observed intensities of 

vibrationall  bands in the excitation spectrum if it is assumed that the vibrational normal modes of 

S,, are identical to those computed for D0.->.21 The close correspondence of the vibrational 
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frequenciess (see below) observed for S, and D0 supports the validity of this conjecture. The 
geometryy estimated in this way is also shown in Table 4.1. As anticipated, it is very similar to 
thatt calculated for the radical cation. 

TableTable 4.1. Experimental20 and calculated ((U)B3LYP/6-31IG* or 6-3IG*) structural data of DABCO and 

calculatedcalculated values for its radical cation. The structure of the molecule in S, was derived using the D0 force field and 

thethe experimentally observed intensities for the transitions in the two-photon S,*— Sn spectrum.^ 

C-CC bond (A) 
C-NN bond (A) 

C-HH bond (A) 
CNCC angle (°) 
CCNN angle (°) 

6-36-3 IG* basis set. 

s„ „ 
(experimental) ) 

1.5622 9 
1.4722 7 

1.1100 1 
108.7 7 
110.2 2 

So o 
(calc.) ) 

1.565 5 

1.473 3 
1.094 4 

108.9 9 
110.1 1 

Do o 
(calc.) ) 

1.639 9 

1.438 8 
1.089 9 
112.1 1 
106.7 7 

(calc.) ) 

1.639 9 
1.440 0 
1.091 1 
112.1 1 
106.7 7 

Dr Dr 
(calc.) ) 

1.538 8 
1.498 8 
1.093 3 
115.1 1 
103.0 0 

s. . 
(calc.) ) 

1.648 8 
1.438 8 
1.093 3 
112.6 6 
106.0 0 

Thee adiabatic D, state has also been geometry optimized using the UB3LYP/6-31G* 

basiss set. This leads to a structure with an unstable wavefunction. After optimizing the 

wavefunctionn the structure shown in Table 4.1 is obtained. After exciting an electron from the 

doublyy occupied A2" level to the single occupied A/ level the stabilization energy coming from 

throughh bond interaction is no longer present therefore the C-C bond length decreases 

dramaticallyy with 0.1 A to 1.538 A, even shorter than in the ground state presumably because 

off  trough space interaction forming a 2 center-3-electron c-bond between the nitrogens. 

4.3.2.24.3.2.2 Molecular vibrations of DABCO 

Thee ground state vibrational frequencies of DABCO have been reported by different 

groups.. In Table 4.2 we compile the values from the most recent source, i.e., the fluorescence 

studyy of Consalvo et al.,  ̂ supplemented with data from the literature cited by the same 

authors.. The vibrational frequencies calculated at the B3LYP/6-311G* level, scaled by a 

standardd factor of 0.9614,22  ̂ m reasonable agreement with the experimental ones, and the 

normall  modes confirm earlier assignments. 
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TableTable 4.2. Assignment of S0, Sh S2 and D0 fundamental frequencies of DABCO based on B3LYP/6-311G* 

calculationscalculations of Sn( scaled x0.9614) andDn(scaled x0.98). „ _ _ 

modee symmetry So o 
(expt.)(a a 

S„ „ 
(calc.) ) 

S, , 
(expt.) ) 

S2 2 

(expt.)lh) ) 
Do o 

(gass phase)'" 
D„ „ 

(expt.)0 0 

Du u 

(calc.) ) 

v, , 

v2 2 

v3 3 

v4 4 

v5 5 

v6 6 

v7 7 

vs s 

v. . 

V| 0 0 

V, i i 

V| 2 2 

V| 3 3 

V| 4 4 

Vi s s 

V| 6 6 

V| 7 7 

V| » » 

V| 9 9 

V2o o 

VJI I 

v22 2 

v23 3 

V2 4 4 

v25 5 

V26 6 

v27 7 

v2S S 

v29 9 

v» » 
v„ „ 
Vj 2 2 

V3 3 3 

V34 4 

v35 5 

V36 6 

a, ' ' 

V V 
ai ' ' 

ar r 
a, ' ' 

a, ' ' 
aj ' ' 

^ ^ 
a2' ' 

a, " " 

a, " " 

a, " " 
a, " " 

a2" " 
a2" " 

a2" " 
a2" " 

a2" " 

e* * 

e' ' 

e' ' 

e' ' 

e' ' 

e' ' 

e' ' 

e' ' 

e' ' 

e" " 

e" " 

e" " 

e" " 

e" " 

e" " 

e" " 

e" " 

e" " 

287 3 3 

146 2 2 

132 7 7 

958 8 

805 (d ' ' 

596 6 

58<b) ) 

2960 (c ) ) 

1458 (c ) ) 

1350 (c ) ) 

9 8 7 w w 

749( 0 0 

294 5 5 

286 6 6 

1458 8 

132 0 0 

129 2 2 

1065 5 

8 9 2 w w 

824 4 

423 3 

I44 8«i > > 

580 (c ' ' 

335 ,c ) ) 

292 9 9 

1461 1 

1314 1314 

923 3 

778 8 

585 5 

296 4 4 

1162 2 

779 9 

2941 1 

1226 6 

995 5 

73 3 

2914 4 

1453 3 

1340 0 

959 9 

735 5 

2971 1 

2919 9 

1450 0 

1312 2 

1286 6 

1033 3 

858 8 

799 9 

410 0 

2945 5 

2911 1 

1412 2 

1302 2 

1288 8 

1165 5 

999 9 

567 7 

323 3 

1258 (e > > 

883 3 

778 8 

671 (f ) ) 

99 9 

9 1 9 ( 0 0 

704 <[ ) ) 

1011 ( 0 0 

825<f.* > > 

684 (i ' ' 

449 9 

352 2 

129 3 3 

875 5 

788 8 

685 5 

127 7 7 

879 9 

788 8 

680 0 

929 9 

726 6 

124 5 5 

101 4 4 

854 4 

681 1 

453 3 

127 7 7 

883 3 

792 2 

682 2 

304 6 6 

152 5 5 

130 2 2 

876 6 

776 6 

679 9 

310 5 5 

117 2 2 

815 5 

308 7 7 

117 9 9 

101 2 2 

108 8 

303 9 9 

150 3 3 

133 4 4 

920 0 

735 5 

311 2 2 

304 0 0 

148 5 5 

135 7 7 

123 8 8 

100 9 9 

852 2 

680 0 

447 7 

309 3 3 

303 4 4 

147 3 3 

134 5 5 

129 5 5 

1144 4 

1056 6 

546 6 

358 8 

'"'Values'"'Values obtained from ref 28, with with exceptions as noted. ""  Value obtained from ref. 23. 

ref.ref. 24; a"2 modes from gas phase IR data. Id> Value obtained from ref. 25. <e) Values 

ValuesValues obtained from ref. 13. '"'  This vibration was assigned as v2fi by Consalvo et ai 

obtainedobtained from ref. 26. "' Values obtained from ref. 10. w Values obtained in this study in 

"'"'  Values obtained from 

obtainedobtained from ref. 8. 'f' 

1313 w These values were 

aqueousaqueous solution. 
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4.3.2.34.3.2.3 Optical absorption spectrum of DABCO+ 

Whilee neutral DABCO does not show any visible electronic absorption bands, the 

radicall  cation DABCO+ shows a strong absorption band (see Figure 4.1) with a maximum 

aroundd 465 nm. As mentioned above, the removal of an electron form the HOMO does not 

changee the spatial symmetry of the molecular electronic wave function, thus the ground state of 

thee radical cation has A,' symmetry. The lowest energy A,'—»A2" transition involves a simple 

onee electron excitation from the antisymmetrical A2" HOMO-1 to the symmetrical A,' HOMO 

(Schemee 4.2). The vertical transition energy calculated at the UB3LYP/6-31G* level is 2.64 eV 

(4700 nm), in excellent agreement with the observed value. 

Inn order to simulate the electronic absorption spectrum, the ground and excited 

electronicc potential surfaces have to be calculated. As described above, this is for the case of 

DABCO++ performed within the vertical Hessian approximation. This involves the determination 

off  the vibrational parameters, i.e. gradient and Hessian of both states at the equilibrium 

geometryy of the ground state and then the evaluation of dimensionless displacements and the 

Duschinskyy rotation matrix between the two states. The calculated harmonic a,' frequencies and 

displacementss are listed in Table 4.3. All frequencies were scaled by a factor of 0.974. As 

discussedd previously,̂  it should be noted that the listed displacements do not necessarily 

representt the true displacements of the minima of the two potentital energy surfaces. Only in the 

casee of a strictly harmonic excited state potential energy surface the true minimum and the one 

correspondingg to the vertically calculated displacements are identical. 

TableTable 4.3. Calculated vibrational frequencies (cm1) (UB3LYP/6-31G*, 

scaledscaled by a factor of 0.974) ofDABCO+ in the ground A,' (vj and the 

lowestlowest excited state A2" (vj together with calculated dimensionless displacements 

basedbased on the the vertical Hessian approach. 

Mode e 

v, , 

v2 2 

v3 3 

v4 4 

v5 5 

v6 6 

ve e 

3041 1 
1523 3 

1301 1 
876 6 

777 7 
676 6 

vc c 

3034 4 
1504 4 

1347 7 
927 7 

754 4 
440 0 

Displacement t 

-0.026 6 
0.050 0 
-0.911 1 
1.527 7 

0.759 9 
-6.220 0 

Whenn simulating the observed electronic absorption spectrum, two parameters, namely 

thee transition energy and the homogeneous bandwidth of the excited electronic state, are fitted to 

producee the best possible agreement with experiment. For the calculated spectra of trace (d) and 

70 0 



OnOn the relationship between the lowest Rydberg states and the radical cation ofDABCO 

(e)) of Figure 4.1 (simulating (a) and (b), these parameters where the following: E0=l 1900 cm'1 

andd r=500 cm"1 (d) and E0=12800 cm'1 and T=350 cm"1 (e). From a comparison of calculated 

andd observed spectra, it is seen that excellent agreement is obtained with the absorption 

spectrumm observed in the Freon matrix. For the solution spectra, the narrower bandwidth 

observedd by Halpern et al. 1° as compared with present data could not be reproduced without 

introducingg substantial vibronic structure in the absorption spectrum. 

4.3.2.44.3.2.4 Resonance Raman spectrum of DABCO+ 

Ass seen in Figure 4.2, RR spectra of DABCO+ in the Freon matrix and in solution are very 

similar.. The only notable difference is the observation of two vibrational bands in the region 

1556-15644 cm' in the matrix, while only one (at 1567 cm') is found in solution. This may be 

duee to Fermi-resonance between the fundamental v2 and the combination v4+v6. The intensity of 

v22 is calculated to be very low and the band observed in solution is therefore assigned to v4+v6. 

Thiss is in full accord with the experimental values observed for the fundamentals at 1277, 883 

andd 682 cm'1 assigned to v3, v4 and v6 respectively. The two bands at 1769 and 1361 cm1 

(solution)) are assigned to overtones 2v4 and 2v6. The observed band of low intensity at 792 cm" 
11 in solution is somewhat doubtful because of the presence of a ground state vibration in that 

region.. It disappears if the subtraction factor ?̂ is chosen differently. In trace (c) of Figure 4.2 

thee subtraction factor is chosen such as to subtract the 1600 cm'1 band from water optimally. 

Thee calculated spectrum is seen in trace (d). It can be concluded that calculated band positions in 

termss of harmonic frequencies are in good agreement with experimental data. 

4.3.2.54.3.2.5 Resonance Raman intensities of DABCO+ 

Inn the case when the Raman excitation wavelength is in resonance with an electronic 

dipolee allowed transition, Franck-Condon scattering, providing enhancement of totally 

symmetricc modes only, usually represents the dominant scattering mechanism. Either changes 

inn equilibrium geometry between the two resonant electronic states along totally symmetric 

modess or changes in vibrational frequency upon excitation provide resonance enhancement to 

thesee modes and also their combinations or overtones. Geometry changes are normally by far 

thee dominant mechanism. Since we excite the Raman spectrum of DABCO+ in resonance with 

thee allowed A2" <— A,' electronic transition, RR intensities are expected to mainly reflect the 

geometricall  changes between the ground and excited states. The normal modes having the 

greatestt intensity are in this case those, for which the adiabatic potential energy surface is 

displacedd most upon ging from the lower to the upper resonant electronic state. 
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Thee calculation based on the vertical Hessian approximation reproduces the observed 

intensityy pattern remarkably well, including the intensity of overtones and combinations. Based 

onn the displacements alone listed in Table 4.3, one might expect the strongest Raman band to be 

v6.. Experimentally, three strong fundamentals and a number of overtones are observed. Normal 

modee rotation, in particular involving v6, is the main reason for the redistribution of intensity 

fromm v6 to other modes. Given the good agreement between experiment and theory, and 

consideringg the low calculated intensity of v2, the above mentioned assignment of the strong 

observedd bands at 1567 cm'1 (solution) to the combination v4+v6 seems far more likely than an 

assignmentt to v2, which, based on wavenumbers only, would be another possibility. 

4.3.2.64.3.2.6 The lowest Rydberg states and the MPI spectrum 

Ass mentioned in the introduction, the first excited singlet state (S,) of DABCO is the 

2'A,'' Rydberg state that arises from the excitation of an electron from the HOMO to a 3s 

Rydbergg orbital mainly involving both nitrogens. The transition from the ground state to this 

statee is one-photon forbidden but two-photon allowed, whereas the second excited singlet state 

(S2)) (1 'E' (HOMO—»3p)) is one-photon allowed under D3h restrictions. Vibrational frequencies 

obtainedd from two-photon excitation spectra of S, and one-photon excitation spectra of S2 and 

fromm MPI are listed in Table 4.2. 

Forr the ground state of DABCO+ vibrational frequencies have been reported using two-

colorr MPI spectroscopy on isolated molecules. 10 The assignment of four a,' modes appears 

straightforwardd from our calculations, though the original assignments of Fujii et alA® were 

quitee different. All four modes have a counterpart with very similar frequency in the spectra of 

thee S, and S2 states of DABCO.28,29 The band near 680 cm' is the v6 skeletal deformation 

modee typical for cage amines, calculated at 679 cm'1. As a result of the rehybridization of the 

nitrogenn atoms the frequency of this mode increases upon ionization - in the ground state of the 

neutrall  its frequency is 596 cm'1 - similar to what has been observed for the mono-amines 

ABCOO and l-azaadamantane,3 although the frequency shift is considerably smaller in the latter 

twoo molecules. Visual inspection of the normal modes shows that v5 in the ground state of the 

neutrall  (805 cm"1) can be characterized as a C-N stretching vibration, and that v4 (985 cm'1) 

involvess predominantly C-C stretching character. We thus would expect on account of the 

stiffeningg of the C-N bonds and the weakening of the C-C bonds that upon ionization v5 and v4 

wouldd increase and decrease in frequency, respectively. The bands observed at 879 and 788 

cm'11 for the radical cation would accordingly be assigned as v5 and v4. The Duschinsky matrix 

forr the a,' modes of S0 and D0 given in Table 4.4 demonstrates, however, that the situation is 

somewhatt more complicated since a complete mixing of the two modes occurs upon ionization. 
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Itt is therefore clear that the mode labelled as v4 in the ground state of the neutral cannot be 

identifiedd as the same mode in S,, S2, and D0. In passing, we note from Table 4.4 that the other 

a,'' modes remain relatively unchanged. Finally, the 1277 cm"1 band is identified with the v3 

modee calculated at 1302 cm"1. 

TableTable 4.4. Duschinsky matrix for the a,' vibrations (not including the C-H stretch vibration V,) in DABCO 

calculatedcalculated ((U)B3LYP/6-31 JG*) from the force fields of the ground state of the neutral molecule and the radical 

cation.cation. Dominant contributions contributions are underlined. 

v6 6 

0.946 6 

0.201 1 
-0.249 9 
0.053 3 
-0.011 1 

v5 5 

0.321 1 
0.687 7 
-0.646 6 
0.087 7 
-0.017 7 

v4 4 

0.043 3 
0.697 7 

0.713 3 
-0.039 9 
0.040 0 

v3 3 

-0.021 1 
-0.040 0 
0.104 4 
0.975 5 
-0.183 3 

v2 2 

-0.001 1 
-0.021 1 
-0.024 4 
0.187 7 
0.982 2 

Thee modes at 726 and 929 cm'1 in the MPI spectra agree well with frequencies 

calculatedd at 735 and 920 cm'1 for a/' modes. Also the bands observed in the MPI spectrum at 

1245,1014,, 854, 681 and 453 cm"1 are all well described by theoretically calculated e' modes at 

1238,, 1009, 852, 680 and 447 cm1. 

4.3.2.74.3.2.7 Reorganization energies 

Thee rate of an electron transfer process is determined by several important factors, such 

ass electronic coupling, driving force, solvent reorganization energy and internal reorganization 

energy.. Changes in the experimental variables of a system under study often affect more than 

onee of these parameters at the same time. The internal reorganization energy is probably 

relativelyy insensitive to external perturbations, so it should be relatively easy to deal with. 

Unfortunately,, direct experimental determination is rarely possible. The difference between 

verticall  and adiabatic ionization potentials, e.g., can only be determined in a reliable way for a 

well-resolvedd photoelectron spectrum, while many interesting electron donors have broad 

unresolvedd spectra with overlapping bands. Therefore, for many electron donors considerable 

uncertaintyy exists,30»31 ^ d accurate theoretical calculations may be helpful here J 2 In the 

presentt case of DABCO, a reasonably accurate experimental estimate of Xi = 0.32 eV can be 

basedd on the difference in the vertical and adiabatic ionization energies (IPV = 7.52 eV,5 

IPa=7.200 eVlO). The computed value is 0.33 eV, in excellent agreement. This supports the idea 

thatt the B3LYP density functional method with a modest basis set such as 6-31G* may be a 

generallyy adequate level for the calculation of reorganization energies.̂ 15 
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4.3.2.84.3.2.8 Transition intensities in the two-photon excitation spectrum of S3 

Onn the basis of the assumption that S, has the same geometry and force field as D0 

predictionss have been made of the transition intensities to vibrational levels of a,' symmetry in 

thee excited state for the two-photon allowed excitation spectrum of the S,<— S0 transition. To 

thiss purpose vibrational overlap integrals have been calculated employing the theory as 

TableTable 4.5. Assignments and intensities for the major bands in the DABCO S0 —» S, two-photon excitation 

spectrum.spectrum. All energies are given in cm' with respect to the transition energy of the 0-0 transition, whose 

intensityintensity has been taken as 100. 

relativee energy 

(experimentall  )(a) 

relativee intensity 

(experimental)"" " 

relativee energy 

(calculated) ) 

relativee intensity 

(calculated) ) 

assignment t 

0 0 
204 4 

671(c> > 

778 8 
883 3 

1258 8 

1449,d) ) 

1552 2 

1554(d) ) 

1656 6 

1766 6 
]]  929(d) 

2039 9 

2138 8 

2227(d) ) 

2329 9 

2432 2 
2437(d) ) 

2513 3 

2544(d' ' 

2642 2 

100 0 
(c) (c) 

(c) ) 

125 5 
116 6 

115 5 
(r ) ) 

85 5 
<c> > 

72 2 

37 7 
(c) ) 

26 6 

91 1 
(cl l 

27 7 

49 9 
<c) ) 

18 8 
30 0 

9 9 

0 0 
215 5 

679 9 
776 6 
876 6 

1302 2 

1454 4 

1551 1 

1555 5 

1652 2 

1753 3 

1981 1 

2078 8 

2179 9 

2230 0 

2328 8 

2427 7 

2432 2 

2604 4 

2529 9 

2630 0 

100.0 0 

1.5 5 

4.5 5 
83.1 1 

123.0 0 

61.4 4 

6.4 4 
31.8 8 

6.6 6 
94.6 6 

76.5 5 

3.3 3 
48.6 6 

74.4 4 

3.8 8 
7.4 4 

33.2 2 

4.8 8 

18.0 0 

54.3 3 

32.0 0 

0° ° 

132o o 

6'„ „ 
5'„ „ 
4\, , 
V V 
6 l n 5 '0 0 

52„ „ 
61

n4 '0 0 

511 4' 

42 2 
^^  0 

6'oo 3'„ 
5'' V JJ 0  n 

4 'o31
0 0 

52o61
n n 

5\ 5\ 
5522 41 
JJ 0 H 0 

422 61 
^^  0 0 0 

32 2 

422 51 

43 3 
^^  0 

""Data""Data from ref. 8. ""  Estimated intensities  %)from Figure 2a ofref. 8. <c> Low intensity bands. Relative 

intensitiesintensities between 0 and JO %. (d> Exact energy not given by Gonohe etal.° These values are estimates based on 

thethe vibrational frequencies. 'r>  From Consalvo et al. ^ 

developedd in ref. 21. In Table 4.5 the results of these predictions are given and compared with 

experimentallyy obtained intensities. It is clear that the computed intensities are in good 

agreementt with the experimental results, although some minor differences remain. Part of these 

differencess might be attributed to an inaccurate Duschinsky matrix, but of much more influence 
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aree differences in the geometry of S, and D0, which, even for small changes, lead to dramatic 

variationss in the intensities. If indeed these geometrical factors are the dominant cause for the 

differencess between calculated and observed intensities, it is possible to reconstruct the 

equilibriumm geometry of the lowest excited singlet state from the experimentally observed 

transitionn intensities.!̂ Implicit in such a treatment is the assumption that the force fields and 

geometriess of S0 and D0 have been calculated "exactly". The results of such a reconstruction 

havee been given in Table 4.1, from which it was concluded that the equilibrium geometries of 

S,, and D0 differ only slightly. 

4.44 Conclusions 

Onn the basis of remeasured resonance Raman spectra of the radical cation of DABCO, 

togetherr with spectroscopic data on DABCO and DABCO+ previously reported in the literature, 

wee have shown that DFT calculations on neutral DABCO and its radical cation allow the 

elucidationn of the geometric and vibrational properties of the molecule in these two oxidation 

states.. It is concluded, that previously reported resonance Raman spectra of DABCO+ were 

contaminatedd with vibrational bands from other unknown species. New assignments have been 

offeredd for a number of vibrational bands. It has been demonstrated that the present calculations 

aree able to model impressively, in terms of both frequencies of vibrations and intensities, the 

resonancee Raman spectrum (including overtones and combinations) of DABCO+ as well as the 

excitationn spectra of the lower excited Rydberg states. Comparison with experimentally 

observedd intensities has allowed the determination of the geometry differences between the 

groundd state of the radical cation and the lowest excited state. These results consequently 

suggestt that vibronic spectra of Rydberg states, which from a computational point of view form 

aa considerable challenge, can well be studied employing relatively inexpensive calculations on 

thee ionic manifold. On the other hand, for molecules where high-resolution spectroscopic data 

onn the ionic manifold are difficult to obtain, spectroscopy on Rydberg states can be used to 

unravell  the properties of the ionic core upon which these Rydberg states are build. This study is 

yett another example of the concept that the radical cation is a good model for the lowest excited 

Rydbergg states. 
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