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SPECTROSCOPYY OF MALEIMID E AND N-METHYL MALEIMID E 

CHAPTERR FIVE 

SPECTROSCOPYY AND DYNAMIC S OF EXCITE D STATES IN MALEIMID E AND 

N-METHY LL  MALEIMIDE : IONI C PROJECTION AND AB INITIO 

CALCULATION SS * 

ABSTRACT T 

Thee state that is responsible for the strong one-photon absorption around 200 nm in 

thee vapour absorption spectrum of maleimide and N-methyl maleimide has been 

investigatedd using excited-state photoelectron spectroscopy in combination with ab 

initioinitio  calculations. The projection of the wavefunction of the excited state on the ionic 

manifoldd done in this way reveals multiple, vibrationally resolved, ionisation 

pathwayss to ground and excited states of the radical cation, which provide direct 

evidencee for electronic couplings with other, lower-lying states. From a comparison of 

thee experimental intensity distribution over the ionic vibrational states with ab initio 

calculatedd Franck-Condon factors, we are able to elucidate the role of the various 

electronicallyy excited states in the ionisation process. The experiments also provide 

thee first determination of adiabatic ionisation energies in the two molecules. For 

maleimidee values of 10.330 and 10.903 eV are found for D0 and Di, respectively, for 

N-methyll  maleimide D0 is found at 9.897 or, in an alternative interpretation of the 

spectrum,, at 9.676 eV. Calculations and experiment demonstrate that in this molecule 

thee ground ionic state changes its character with respect to maleimide from a lone pair 

too a 7i orbital ionisation. 

**  D.H.A. ter Steege and W.J. Buma, J. Chem. Phys. 118 (2003), in press. 
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CHAPTERR FIVE 

5.11 INTRODUCTION. 

Photoinducedd polymer synthesis is a continuously growing field in which 

maleimidee and its N-substituted derivatives (Figure 5.1) have attracted considerable 

interest.. It has been known for quite some time now that N-substituted maleimides 

easilyy polymerise by a free-radical polymerisation process upon exposure to light [1]. 

N-substitutedd maleimides can thus serve as photoinitiators for the free-radical 

polymerizationn and copolymerization of a variety of functional species including 

aeryy late, vinyl ether, and styryloxy monomers [2-11]. To give one particular example, 

inn the aerospace industry bismaleimides are widely used because of the advantage 

theyy offer density-wise, while maintaining mechanical properties that are similar to 

metall  alloys. The first step in initiating the free-radical polymerisation reaction with 

thesee compounds is excitation of the maleimide chromophore. Intersystem crossing, 

off  which the quantum yield has been shown to be very sensitive to substitution [12], 

leadss then to population of the lowest excited triplet state. This triplet species reacts 

withh hydrogen atom donors such as alcohols and ethers via direct hydrogen atom 

abstraction,, or with amines and vinyl ethers via an electron-transfer/proton-transfer 

reactionn sequence initiating the free radical polymerisation reaction [13,14]. 

CH3 3 

I I 

\\ I \ _/ 
C44 C3 C4 c 3 

// \ / \ 
H-i oo H 9 H-io Hg 

(a)) ( b) 

FigureFigure 5.1: Molecular structure of (a) maleimide and (b) N-methyl maleimide. as well as employed labelling 
ofof atoms. 
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Maleimidee has also been employed in a variety of photochemical applications. 

Onee such an application is based on the electron accepting properties of maleimide. It 

hass been shown that these properties can form the basis for modulating the 

fluorescencee of compounds in which maleimide is incorporated. This modulation, in 

turn,, can be used to probe polymerisation dynamics [maleimido-fluoroprobe] or as a 

molecularr sensor [15,16]. 

Applicationss such as the ones mentioned above revolve around the interaction 

off  the molecule with light and involve electronically excited states, and one might 

thereforee assume that the electronic spectroscopy and dynamic properties of the 

excitedd states of the molecule and its derivatives would have been studied extensively. 

Thee opposite is true. One of the first studies specifically dedicated to the electronic 

propertiess of the molecule was done by Matsuo [17], who claimed that in n-hexane 

thee absorption band of lowest energy was located at about 270 nm, and should be 

assignedd to a nn* transition. These results were later revised in a series of studies by 

Seliskarr and McGlynn [18-20], who found four electronic valence transitions below 

6.55 eV. The lowest absorption band of maleimide in apolar solvents was found at 372 

nmm (~ 26880 cm"1) and assigned as the transition to an nn* state. At higher excitation 

energies,, two more bands were found around 280 nm and 200 nm that were assigned 

ass nn* transitions. Finally, a weak emission starting at 443 nm was found that was 

attributedd to the T| <- So transition. From its lifetime, it was concluded that this Ti 

statee is an nn* state. The N-methyl substituted compound has also been investigated 

inn these studies. For this molecule two 'JTTI*  transitions were reported, the lower-

energyy one exhibiting a marked red shift (-3800 cm'1) with respect to its parent 

compounds,, the second one being less sensitive to methyl substitution (-500 cm" ). 

Thee present study has a twofold aim. On the one hand, we wish to elucidate the 

spectroscopicc properties of the strongest one-photon absorbing state located around 

2000 nm in maleimide and N-methyl maleimide. To this purpose, we have employed 

(11 + 1) Resonance Enhanced MultiPhoton Ionisation (REMPI) spectroscopy. We have 

shownn in the recent past that the subsequent application of excited-state photoelectron 
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spectroscopyy is a powerful means to obtain a detailed characterisation of the state that 

iss excited [21,22]. Basically, what one does is to project the electronic and vibrational 

wavefunctionn of the excited state onto the rovibronic manifold of the radical cation. 

Mostt often this is done employing the ground state D0 of the radical cation to provide 

thee basisfunctions for the projection, but in the present study we will show - as others 

havee done [23-25] and references therein - that also other radical cationic states can be 

usedd to one's advantage. An additional benefit of this approach is that we obtain 

valuablee information on the radical cation. For maleimide and its derivatives such 

informationn is scarce: there is only one, unpublished, report of a vertical ionisation 

energyy in N-methyl maleimide. 

Absorptionn in the 200 nm band of maleimide and N-methyl maleimide 

populatess an higher excited state that is subject to internal conversion processes. The 

secondd aim of our studies is to study the underlying vibro-electronic couplings 

betweenn the various states. That the maleimide system is particularly adapted for such 

studies,, can be anticipated from the results of the semi-empirical study of Seliskar and 

McGlynnn [20]. Here it was seen that a limited number of molecular orbitals are 

importantt for the description of the lower excited states of the neutral molecule and 

forr the ground and lower excited states of the radical cation. Preliminary calculations 

performedd by ourselves confirmed this picture: for maleimide of C2v symmetry it was 

foundd that the relevant orbitals are the symmetric n{",(ai) and antisymmetric nQ(b2) 

combinationss of the lone pair orbitals on the oxygen atoms, a C=C bonding n orbital 

(bi)) that we will label as Ttoc, a n orbital (bi) that has a dominant contribution from 

thee nitrogen atom and is labelled as 7iN, and an antibonding n* orbital (a2). The lower 

excitedd singlet states are then in first approximation described by the (n*  <- nG) 

excitationn (S,), the (TC* <- n*) excitation (S2), while the mi* states S3 and S4 are 

describedd by combinations of the (K* <- 7ic=c) and (re*  ^- TIN) excitations [20]. 

Althoughh we do not know anything yet on the ordering and composition of the 

electronicc states of the radical cation, it is reasonable to expect that when these 
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configurationss are ionised, each of them will be associated with a unique ionic state: 

Sii  correlates with the (n0)~' state, S2 with the (n^,)"1 state, while S3 and S4 correlate 

withh states based upon the (KN)"1 and (KC=C)~{ configurations. 

Thee state associated with the strong 200 nm absorption is the S^TT*) state. The 

abovee considerations lead to the conclusion that, if this state is coupled to any of the 

lower-lyingg states, one might distinguish the contributions to the (coupled) 

wavefunctionn by selection of the appropriate ionisation channel. Coupling to S| - or in 

thee time domain, internal conversion to this state -, for example, should become 

visiblee by population of the (no)"1 state, which is not accessible from S4. In the time 

domain,, these concepts have been used in the recent past to unravel electronic 

relaxationn dynamics in isolated molecules by means of time-resolved photoelectron 

spectroscopy.. The most recent study of Stolow et al. gives in this respect a good 

overvieww of what has been done up till now [25]. One of the useful concepts that was 

introducedd in the studies of Stolow et al. was that of corresponding [24] and 

complementaryy [23] ionisation correlations, i.e., the ionisation behaviour of coupled 

statess that correlate with the same and with different ionic states, respectively. 

Inn most of the time-resolved studies, the vibrational resolution in the 

photoelectronn spectrum was of secondary importance; what counted primarily was 

thatt one was able to make a distinction between either different ionic states that were 

accessedd in the case of complementary ionisation, or differences in the total ionic 

vibrationall  content in the case of corresponding ionisation. We have demonstrated 

thatt the complementary approach of concentrating on the energy resolution in the 

frequencyy domain - as opposed to time resolution in the time domain - enables one to 

disentanglee vibronically coupled states as well [21,22,26]. As might be expected, 

thesee studies show that this frequency domain approach has its own distinct 

advantages,, in particular for close-lying states that ionise to the same electronic ionic 

state.. Application to complementary ionisation channels has, however, not been done 

soo far. The maleimide system offers a priori  a good opportunity to extend the 

frequencyy domain approach to this area. 
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Inn the present paper this experimental approach will be combined with extensive 

abab initio calculations. It will be shown that we can characterise in this way in quite 

somee detail the spectroscopic and dynamic properties of the strongly absorbing TIK* 

statee of maleimide and N-methyl maleimide. It will turn out that understanding the 

photoionisationn dynamics of this state requires careful consideration of possible 

couplingss with lower-lying excited states. Apart from elucidating the electronic 

structuree of the neutral molecules, the present study provides us with an 

comprehensivee view on the electronic structure of the radical cation. 

5.22 EXPERIMENTAL AND THEORETICAL DETAILS. 

Thee experiments reported in this study have been performed using a setup that 

hass been described in detail before [27,28]. Here, we will therefore only summarize 

somee of the aspects that are relevant for the present experiments. The laser setup 

consistss of a pulsed dye laser (Lumonics Hyperdye-300) running on Coumarine 440, 

whichh is pumped by a XeCl excimer laser (Lambda Physik EMG103-MSC). The 

excimerr laser gives 10 ns pulses with a maximum pulse energy of 200 mj and is 

predominantlyy used at a repetition rate of 30 Hz. The dye laser output with a spectral 

bandwidthh of about 0.07 cm"1 was frequency doubled using an angle-tuned BBO 

crystall  in an INRAD Autotracker II unit, and focused into the ionisation region of the 

magneticc bottle spectrometer [29] that is interfaced with a molecular beam expansion 

[27].. So far, we have employed this spectrometer in experiments in which an excited 

statee is predominantly populated by absorption of more than one photon, and therefore 

usedd a lens with a focal length of 25 mm. In the present experiments one-photon 

excitationn is used, for which a 25 mm lens gave rise too easily to saturation effects. 

Thee 25 mm lens was therefore replaced by a 225 mm lens. Theoretically, this might 

givee rise to a worse resolution in the photoelectron spectra (vide infra) [29] because of 
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thee large focal volume, but in practice we could still obtain the same - or slightly 

worsee - resolution as became clear from calibration experiments on xenon. 

Inn order to have enough vapour pressure of the compound under investigation, 

thee sample is put into a sample container that can be heated. When the sample needs 

too heated, the temperature of the 0.5 mm nozzle (General Valve Iota One System) is 

normallyy kept 10 °C higher then the sample container in order to avoid condensation 

inn the injector. N-methyl maleimide has a vapour pressure at room temperature of 

>2000 mTorr, and, when heated up to 90 °C, was not difficult to study under 

supersonicc beam conditions. Maleimide, on the other hand, has a negligible vapour 

pressuree at room temperature. Upon heating we could observe some signal under 

supersonicc beam conditions, but not enough to record excited-state photoelectron 

spectraa of good enough quality. We have therefore performed also experiments on 

effusivelyy introduced samples. In those experiments the sample did not need to be 

heated,, because enough vapour pressure was generated by simply pumping on the 

sample.. Maleimide and N-methyl maleimide were obtained from Aldrich and 

employedd as supplied. 

Excitationn spectra have been constructed by integration of (part of) the 

photoelectronss over the scanned wavelength region. Photoelectron spectra have been 

recordedd by increasing in steps the retarding voltage on a grid surrounding the flight 

tube,, and transforming each time only the high-resolution part of the time-of-flight 

spectrum.. For wavelengths above -240 nm the photoelectron peaks have widths of 

aboutt 10 meV at all kinetic energies. For shorter wavelengths, the resolution becomes 

progressivelyy worse to such an extent that near 225 nm - the wavelength region 

employedd in the present experiments - the width of the photoelectron peaks increases 

too about 25 meV. The energy scale of the photoelectrons as well as the laser 

wavelengthss were calibrated using multiphoton resonances of krypton or xenon [30]. 

Densityy Functional Theory (DFT) and Time Dependent DFT (TD-DFT) 

calculationss on the ground and excited states of maleimide and N-methyl maleimide 

inn its neutral and radical cationic form have been performed employing the 

GAUSSIANN 98 suite of programs [31]. For the Complete Active Space Self 
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Consistentt Field (CASSCF) calculations on the excited states of maleimide the 

GAMESS-DAKOTAA package has been used [32], Franck-Condon factors have been 

evaluatedd with an in-house written programme [33] that is based upon the methods 

developedd by Doktorov et al. [34]. 

5.33 RESULTS AND DISCUSSION 

Inn the following we will present and discuss the excitation and photoelectron 

spectraa that have been obtained for maleimide and N-methyl maleimide in the energy 

regionn where the strong aborption to the 2*B| (TITT*) state is located. As we have 

demonstratedd amply before [21,22,26,35], an optimal analysis of photoelectron 

spectraa requires knowledge of the vibrational frequencies in the ionic state to which 

ionizationn occurs. As yet, however, virtually nothing is known about these 

frequencies,, but our experience is that - at least for the ground state of the radical 

cationn - an accurate enough prediction can be obtained from Density Fuctional 

Theoryy (DFT) calculations. During the analysis of our results, it also became clear 

thatt not only an accurate description of the ground electronic state of the radical 

cationn was needed, but of the excited states of the neutral molecule and of the radical 

cationn as well. Prior to discussing the experimental results, we will therefore in the 

nextt sections present the results of our ab initio calculations, and subsequently use 

themm to guide the interpretation of our experimental results. 

5.3.5.3. J Maleimide. 

5.3.1.15.3.1.1 Ab initio calculations. 

Optimisationn of the molecular geometry of maleimide in its electronic ground 

statee So at the B3LYP/6-311+G* [36-38] level leads to a C2v structure with structural 
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parameterss reported in Table 5.1. Good agreement is observed with parameters as 

determinedd in an electron diffraction study of maleimide in the gas phase [39]. The 

electronicc configuration at this geometry is given by ...(2bi)2 (12aj)2(3bi)2 (9b2)
2. 

Fromm the orbital contour plots shown in Figure 5.2, it is seen that the relevant n 

orbitalss of bi symmetry can roughly be characterized as being localized on the 

nitrogenn atom (2bi=7ic=c) and the C=C bond (3b|=7rN). The in-plane 12ai and 9bi 

orbitalss consist of the symmetric and antisymmetric combination of the oxygen lone 

pairr orbitals, respectively, and will be designated as n„  and n0. In the following we 

wil ll  see that the lower-lying excited states of interest in the present studies are in first 

approximationn described as excitations of electrons from these K and n orbitals to the 

2a2(7i*)) orbital. The contours of this virtual orbital, which will be designated as 7i*c-c, 

aree depicted in Figure 5.2, and show that it is characterised by bonding C-C and 

antibondingg C=C character. 

TableTable 5.1: Geometrical parameiers (A and degrees) of maleimide in its neutral and ionic ground state. 

H-C C 

H-N N 

C=C C 

C-C C 

C-N N 

C=0 0 

C-N-C C 

N-C-C C 

N-C=0 0 

C5-C4-H10 0 

So o 

Experimentala a 

1.096b b 

1.0255 b 

1.344 4 

1.508 8 

1.409 9 

1.206 6 

112.0 0 

106.8 8 

123.9 9 

So o 

B3LYP/6-311+G* * 

1.081 1 

1.009 9 

1.334 4 

1.503 3 

1.396 6 

1.206 6 

111.8 8 

105.1 1 

126.4 4 

121.7 7 

Do o 

UB3LYP/6-311+G* * 

1.082 2 

1.017 7 

1.323 3 

1.517 7 

1.394 4 

1.199 9 

109.4 4 

107.0 0 

123.1 1 

120.8 8 

Fromm ref. [39] 
'' Assumed parameters in ref. [39] 
Ref.. [39] reports a C-C-H angle of 114.7°, but it is not clear from the paper which angle is 
reported.. Ref. [48] reports an electron diffraction study in which an average value of 125.5° is 
obtainedd for the C9-C]o-HH angle, but in the crystal the geometry of the molecule is effected by 
intermolecularr hydrogen bonds and dimeric interactions. 
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Thee ground state Do of the radical cation derives in our calculations from the 

removall  of an electron from the %2(nö) orbital, resulting in a state of  2B2 symmetry. 

Optimisationn of the geometry of the molecule in this state results in a structure with 

C2vv symmetry and structural parameters that are given in Table 5.1. In line with the 
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non-bondingg character of the n„  orbital, the geometry of the molecule is hardly 

effectedd by the removal of an electron from this orbital. 

TableTable 5.2: Experimental and ab initio vibrational frequencies (cm' ) of ground and ionic states of 
maleimide. maleimide. 

Mode e 

V] ] 

V : : 

v3 3 

v4 4 

v5 5 

v6 6 

Vy y 

V>s s 

V<j j 

V] 0 0 

V l l l 

V] 2 2 

V] 3 3 

V] 4 4 

V] 5 5 

Vl 6 6 

V] 7 7 

V18 8 

V]Q Q 

V20 0 

V 2 | | 

V22 2 

V23 3 

V24 4 

B3LYP P 

3536 6 

3145 5 

1793 3 

1592 2 

1295 5 

1045 5 

874 4 

621 1 

380 0 

940 0 

758 8 

287 7 

821 1 

616 6 

522 2 

135 5 

3124 4 

1758 8 

1318 8 

1277 7 

1092 2 

888 8 

651 1 

520 0 

SS h 
JO O 

Experiment t 

3482 2 

3090 0 

1775 5 

1580 0 

1335 5 

1067c c 

897 7 

637 7 

415c c 

972c c 

776c c 

301c c 

831 1 

721c c 

635c c 

175c c 

3108c c 

1756 6 

1322 2 

1285 5 

1130 0 

906 6 

668 8 

504 4 

D0
a a 

UB3LYP P 

3447 7 

3147 7 

1719 9 

1584 4 

1173 3 

1044 4 

822 2 

609 9 

360 0 

851 1 

581 1 

276 6 

792 2 

596 6 

517 7 

149 9 

3129 9 

1508 8 

1313 3 

1220 0 

907 7 

649 9 

611 1 

475 5 

Descriptionn d 

vN-H H 

vC-H H 

v OO O 

vC=C vC=C 

vC-N-C C 

6C-H H 

vC-C C 

Ringg deformation 

5C=0 0 

yC-H H 

Ringg deformation 

y OO O 

yC-H H 

yN-H H 

Ringg deformation 

y OO O 

vC-H H 

vC=0 0 

5N-H H 

5C-H H 

vC-N-C C 

Ringg deformation 

Ringg deformation 

8C=0 0 
aa After scaling with factor 0.9676 (Ref. 49) 
bb Vapour phase values taken from Ref. 40, except those labelled c 

cc Raman values taken from Ref. 40. 
dd Description appropriate for S0; v = stretch; 5 = in-plane bend; y = out-of-plane bend. 
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Thee vibrational frequencies obtained from the calculation of the harmonic force 

fieldd for both states are listed in Table 5.2. For the ground state of the neutral 

moleculee excellent agreement is found between (scaled) calculated values and 

experimentall  frequencies determined by infrared and Raman spectroscopy [40-42]. 

Forr the ground state of the radical cation, vibrational frequencies have not been 

determinedd yet experimentally. 

TableTable 5.3: Description of the ground and lower-lying electronic excited states of neutral maleimide 
andand of the ground and first excited states of its radical cation. For the singlet states of the neutral 
molecule,molecule, vertical excitation energies and oscillator strengths have heen calculated by TD-DFT at the 
B3LYP/6-31B3LYP/6-31 I^G* optimised S„ (J A/) geometry; for the radical cation excitation energies have been 
calculatedcalculated by TD-DFT at the UB3LYP/6-311->-G* optimised geometry of the D„  (X2B:) state of the 
radicalradical cation. The adiahatic excitation energy of the Tt (I Bt) state was calculated at the UB3LYP/6-
311311 + G* level. 

Statee Description Energy Oscillator 
(eV)) strength 

<jicc cr ( n 0 r ( 7 T N r ( n 0 r 

(KC(KC c)2(K)2(*s)2(n0)
](iz*c,,)

] 

(n(ncc=vn=vn n;)Vr(n0)2{7t* c.<)' 

(Ttc.-^fnÓjWuörtTiVt)1 1 

(JC<>IV(( n*  ):(7t02< n0)
:(TTV { )' 

(7VcKr(n0)
:(ïïN)2(n0)Vc-tV V 

0 0 

3.4 6 6 

4.2 3 3 

4.5 1 1 

5.7 7 7 

2.8 4 4 

0.000 0 0 

0.000 0 0 

0.004 6 6 

0.322 2 2 

(nc=c)"(n0)-(7iN)-(no)' ' 

-0.699 ( j iooVW-) ^ n 0 )
:(7iN):( n 0 ) : 

+0.822 (nc=0)
2(*c<) :( n0)2(7rN ) ' (n0) : 

D -- ( B 2 B , ) 0.85 (7ïc-«,)V<)Vn~):<j[ N) :(n~ )-

+0.62(nc=o)
:{Jtc=c):(nÓ):(ïtN),(nö)2 2 

0.63 3 

0.93 3 

Too investigate the excited-state manifold of the neutral and radical cation, we 

havee used Time Dependent Density Functional Theory (TD-DFT) calculations at their 
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(U)B3LYP/6-311+G**  optimised geometries, once again with the B3LYP functional. 

Forr the four lower excited states of the neutral molecule electron configurations, 

excitationn energies and oscillator strengths are reported in Table 5.3. We find that the 

firstt excited singlet state (l'Bi ) is an nrc*  state obtained by excitation of an electron 

fromm the n0 to the Jt*c-c orbital. The essentially forbidden 1 ]Bi <— 1 *A[ transition has 

aa calculated transition energy of 3.46 eV (27900 cm"1), which agrees very well with 

thee study of Seliskar and McGlynn, in which a very weak nrc*  transition at -360 nm 

(3.33 eV) was reported [18]. The second excited singlet state, 1'A2, is a one-photon 

symmetry-forbiddenn nil*  transition described by excitation of an electron from the n̂  

orbitall  to the 7t*c-c orbital. The third and fourth excited singlet states are of nn* 

characterr with S3 (l lB2) being dominated by the TTN —> rc*c-c configuration and S4 

(2'B2)) by the ;tc=c —> rc*c-c configuration. Experimentally, two TCTT*  transitions have 

beenn observed with vertical excitation energies of 4.4 and 5.9 eV, respectively. These 

excitationn energies compare well with the values of 4.51 and 5.77 eV obtained in our 

calculations.. For the S4 <— So transition, experimental and predicted values of the 

oscillatorr strength are in excellent agreement (0.31 vs. 0.32). The calculations predict 

aa small oscillator strength for the transition to S3, while experimentally a value of 0.24 

wass reported. This latter value seems rather high considering that molar extinction 

coefficientss of 750 and 10,000 M'1 cm"1 were found for the S3 and S4 transitions, 

respectively.. The reason for the discrepancy between the experimental and calculated 

valuess of the oscillator strength of the transition to S3 is not clear, but for the present 

discussionn not directly important. One other state of interest to the present study that 

hass been investigated in the past is the lowest excited triplet state Ti. TD-DFT as well 

ass UB3LYP calculations find this state to be the 13B[ (no7t*c-c ) state with an 

adiabaticc excitation energy of 2.84 eV (-23000 cm"1), which is in excellent agreement 

withh the experimentally observed value. 

Forr the radical cation we are in the present study mainly interested in the ground 

andd first excited state. The ground state Do (X2B2) is described by removal of an 
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electronn from the nö orbital. Our calculations predict for the vertical and adiabatic 

ionisationn energies to Do values of 10.286 and 10.219 eV, respectively. The relatively 

smalll  difference of 67 meV is in agreement with our conclusion above on the (non-

bonding)) character of the nQ orbital. Experimental values for the ionisation energy of 

maleimidee have thus far not been reported, but the calculated value is not in 

disagreementt with the value of 9.991 eV that has been reported for the vertical 

ionisationn energy of N-methylmaleimide [43] (see also below, however). The first 

excitedd state in the ionic manifold is the A~B| state, predicted to lie 0.63 eV above the 

X~Bii  state. This state is largely an about 1:1 mixture of configurations with a hole in 

thee 7toc or in the 7TN orbital. Its counterpart is the second excited B2Bt state, which is 

locatedd 0.93 eV above the ionic ground state. 

5.3.1.25.3.1.2 Multiphoton ionisation and excited-state photoelectron spectroscopy. 

AA (1 + 1) REMPI excitation spectrum of maleimide, introduced effusively in the 

spectrometer,, was recorded in the 44000^5500 cm"1 spectral region, and is shown in 

Figuree 5.3. On the basis of previous absorption measurements and our ah initio 

calculations,, we expect to see here the transition to the 2'B2(7i7r*) state, and 

consequentlyy assign the resonance at 45070 cm"' as the vibrationless transition to this 

state.. Compared with the same transition in N-methyl maleimide [43] (see also B.2), 

thiss implies a blue shift of 480 cm"1, which is what may be expected for the effect of 

methylation.. Apart from the origin transition, four more transitions are observed. The 

bandss observed at 635 cm"1 and 395 cm"1 to the red of the 0° transition are readily 

assignedd to the 8" and 9° hot band transitions on the basis of the frequencies reported 

inn Table 5.1. The same table shows that the band shifted by 280 cm"1 to the red cannot 

bee assigned to an ai vibration. Although this frequency is similar to that of v!2 in the 

groundd state, it is hard to imagine that it would be the 12° hot band, because that 

wouldd imply loss of symmetry in the excited state, and make us expect that also the 
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12J,, transition would be observable. It is more probable that this band is associated 

withh a (vs)J transition, implying that one of the modes undergoes a rather dramatic 

frequencyy decrease upon excitation, but which mode cannot be determined. The 

resonancee at 45435 cm"' is assigned as the 9J, transition. The observed frequency 

decreasee in the excited state is in line with an increased antibonding character of the 

C=00 bond upon excitation (see Figure 5.2). 

ii  ' 1 ' 1 1 1 ' 1 ' 1 ' 1 ' 1  1 

440000 44200 44400 44600 44800 45000 45200 45400 45600 

singlee photon energy (cm-1) 

FigureFigure 5.3: (1+1) REMPI excitation spectrum of effusively introduced maleimide. The spectrum 

consistsconsists of two scans that have been displayed vertically for reasons of clarity. 

Thee photoelectron spectrum recorded at the 0-0 transition to the S4 state is 

depictedd in Figure 5.4. Before assigning the various peaks in this spectrum, it is 

instructivee to think of what we may expect to see on the basis of the electronic 

compositionn of the excited state. Our ab initio calculations have shown that the 

dominantt configuration in the wavefunction of S4 is the 7tc-c —> Jt*c-c configuration. 

Fromm these calculations we have also seen that Do is described as the (n0)~ state. 

Withinn this simple one-configuration picture, ionisation of S4 to D0 is thus in first 
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approximationn forbidden. Ionisation to the D, and D2, states, which in the same 

picturee are described by a combination of the (TCN)"' and (TTC-C)"1 configurations, is on 

thee other hand fully allowed. The ab initio calculations therefore predict that the 

dominantt ionisation pathways of S4 are to Di and D2, and not to D0. 

11  1 ' 1  1  1 1 1  1  r —
0.00 0.2 0.4 0.6 0.8 1,0 1,2 1,4 

Kineticc energy (eV) 
FigureFigure 5.4: Excited-state photoelectron spectrum of the vibrationless S4 excited state of maleimide excited at 

4507045070 cm'. 

Thee peak with the highest photoelectron energy in Figure 5.4 is found at 0.846 

eV.. Normally, one would assume that this peak is the 0"-0̂  peak, i.e., that it derives 

fromm an ionisation process that starts in the vibrationless ground state and ends up in 

thee vibrationless D0 ionic state, but the discussion above indicates that in the present 

casee such an assignment is not that straightforward. Nevertheless, the value of 0.846 

eVV leads to an ionisation energy of 10.330 eV, which agrees very well with the ab 

initioinitio  predicted adiabatic value for D0 (10.22 eV), and we therefore assign this peak 

ass the 0"-0„  band. The strongest peak in the spectrum occurs at a photoelectron 

energyy of 0.273 eV. Its width, which is significantly larger than the experimental 

resolution,, indicates that it consists of various unresolved transitions. If this peak were 
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too be associated with ionisation to Do, it would mean that ions are formed with an 

internall  energy of 0.573 eV, and, considering its intensity relative to the 0"-0Q band, 

onee would have to conclude that the molecule is subject to very large geometry 

changess upon ionisation. An alternative explanation is suggested by the previous 

discussionn on the ionisation pathways of S4, namely, that this peak derives from 

ionisationn to D|. Our calculations predict the (F'-Ô  peak to appear with 0.63 eV less 

energyy than the 0"-0,J peak. The position and intensity of the 0.573 eV peak are 

thereforee in good agreement with its assignment as the 0"-0|" transition, and allow us 

too conclude that the adiabatic ionisation energy to Di is 10.903 eV. From a 

configurationall  point of view, ionisation to D2 is also allowed. This pathway is not 

observedd in the photoelectron spectrum, which is in line with the calculations that 

predictt this state to be 0.3 eV higher in energy than Dt, and thus energetically not 

accessiblee in the present one-colour experiments. 

Thee spectrum displays a significant amount of other activity. Assuming that the 

moleculee retains C2V symmetry upon excitation and that the ionisation step can be 

describedd within the Born-Oppenheimer approximation, these bands should be 

associatedd with ionisation to totally-symmetric vibrational levels in the ion. As Table 

5.44 shows, we find indeed that it is not difficult to assign the spectrum in terms of 

ionisationn to vibrational levels of D0 that involve predominantly the ring deformation 

modee Vg and the C=C stretching vibration v j . At the same time, it should be 

remarkedd that the resolution in the spectrum does not rule out other assignments as 

indicatedd as well for some of the entries in the same table. A possible explanation for 

thee Do activity is direct two-photon ionisation of the ground state. This can be 

excludedd experimentally by observing that the D0 ionisation pathway is only present 

whenn resonance occurs with S4. Theoretically, it is seen that the calculated Franck-

Condonn factors (vide infra) for the Do + e" <- So transition, which are given in Table 

5.5,, are at odds with the observed intensity distribution in the photoelectron spectrum. 
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Inn the simple model discussed above, ionisation of S4 to Do is forbidden. 

Nevertheless,, we have now concluded that the photoelectron spectrum gives evidence 

forr a non-negligible role of ionisation to Do- A number of explanations come to mind. 

Thee first is that the model is too simple and that D0 <— S4 ionisation is allowed in 

higherr order. In that case, the vibrational intensity distribution in the photoelectron 

spectrumm should be proportional to the Franck-Condon factors between the 

vibrationlesss level of S4 and ionic vibrational levels, assuming of course that the Do + 

e""  <— S4 electronic transition moment is more or less independent of the vibrational 

coordinates.. To investigate this hypothesis, we have determined the C:v equilibrium 

geometryy of the molecule in S4 at the CASSCF/6-311G* level. The active space in 

thesee calculations consisted of the already mentioned n(~,, n0, TIN. TIC=C, and TT*C-C 

orbitals,, augmented with the lbi and las n-, and the 4b 1 and 3a2 Tt*-orbitals. Franck-

Condonn factors were then calculated from the displacement parameters with respect to 

thee UB3LYP/6-311+G* equilibrium geometry of the D0 state. We notice that in this 

approximationn of the Franck-Condon factors, normal-mode rotations upon ionisation 

aree not taken into account. However, our goal at this point is to obtain qualitative 

agreementt between experiment and theory, and because Franck-Condon factors are 

primarilyy determined by geometry changes, inclusion of normal-mode rotations is not 

expectedd to lead to major changes in the results. 

Thee results of these calculations are shown in Table 5.5, where the intensities 

forr transitions from the 0° level in S4 to fundamental vibrational levels of ai modes in 

Doo are given. They show that for ionisation of S4 to D0 dominant activity is expected 

inn the v^ (ring deformation), v*  (C-C stretch) and v̂  (C=C stretch) modes. This 

agreess with the experiment insofar as v^ and v~ are concerned, but the large 

differencee between predicted and experimental activity of v) is distressing. 

Moreover,, we notice that the intensity distribution in the photoelectron spectrum in 

Figuree 5.4 - if attributed to ionisation of a single vibrationless excited state level - can 
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onlyy be understood if the excited and ionic state have very different equilibrium 

geometries.. This is not supported by the calculated Franck-Condon factors. 

TableTable 5.4: Assignments of peaks observed in excited-state photoelectron spectrum displayed in Figure 
5.45.4 that was obtained at the 0-0 transition to S4 (45075 cm'1). 

Electronn kinetic energy (eV) Ion interaal energy (cm" ) Assignment 

0.84 6 6 

0.77 2 2 

0.73 9 9 

0.68 8 8 

0.65 6 6 

0.61 8 8 

0.57 5 5 

0.49 3 3 

0.45 8 8 

0.38 2 2 

0.27 3 3 

0 0 

597 7 

863 3 

1274 4 

1532 2 

1839 9 

2186 6 

2847 7 

3129 9 

3742 2 

0 0 

0"-0 ++ (D 0) 

8' ' 

7' ' 

822 (or 5') 

4''  (or 8'7') 

8-8- (or 3' or 5'8') 

4'S 1 1 

4'8 2 2 

42 2 

4: 8' ' 

(T- 00 (D, ) 

Thee conclusion that the observed D0 activity cannot be reconciled with a mere 

ionisationn of the vibrationless level of S4 means that the D0 activity must at least in 

partt also be associated with the ionisation of another state. This implies that the 

"bright""  S4 state, responsible for the intensity in the absorption step, is coupled to 

"dark""  levels of another state, which give rise to Do activity upon ionisation. At this 

pointt it is not clear to which lower-lying electronic state(s) coupling occurs, but what 

iss interesting is that vibrational resolution is still maintained in the ionisation step to 

Doo despite the large energy gaps with the other states (see Table 5.3). Because of these 

largee energy gaps, one expects to deal with nonradiative processes in the statistical 

limitt which populate many vibrational levels, and in general lead to broad and 
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unresolvedd peaks (see for example Ref 44 and 45). Here we see, however, 

photoelectronn peaks with instrument-limited widths. 

TableTable 5.5:. Franck-Condon factors between the vibrationless level of various electronic states of 
maleimidemaleimide and fundamental levels of totally-symmetric vibrations in the ground ionic state D„.  The 
equilibriumequilibrium geometry and harmonic force field of Si, and Dt, have been obtained at the (U)B3LYP/6-
3J/+G*3J/+G* level, while for Sj, S:, St, Sj, Tt and T4 the CAS calculations described in the text have been 
employed. employed. 

modee Frequency D()^S0
b D0^S|h D„^S:

b D0^S?
b D0^S4

h D„«-T|b D(,^T4
h 

(cmm V 

WW 360 40.0 6.1 7.1 2.0 0.5 4.7 13.5 

vv**  609 35.3 29.6 55.0 359.4 71.0 26.9 51.0 

WW 822 8.6 146.1 153.3 143.7 129.6 138.4 144.3 

vvuu 1044 1.5 4.4 10.8 23.6 19.5 3.3 9.3 

l 'ss 1173 2.7 25.4 19.8 317.9 8.4 21.3 14.6 

vvll  1584 2.8 117.0 192.4 22.6 154.5 95.2 167.5 

l/33 1719 0.0 75.3 148.2 39.7 32.5 62.8 130.6 

vvll  3147 0.0 2.5 2.6 3.8 3.3 2.3 2.4 

vv\\ 3447 0.2 2.6 2.8 1.4 2.0 2.6 2.8 

aa After scaling with factor 0.9676 (Ref. 49). 
bb Intensity of transition from 0° level in excited state to v,' (a,) =1 level in ionic state. Intensity is given 

withh respect to intensity of 0°' <— 00, transition, which has been taken as 100.0. 

Thee first excited singlet state Si is a possible candidate for the state that is 

coupledd to S4. This state is attractive for two reasons. Firstly, Si is in first 

approximationn described by the 7i*c-c <~ n
0 excitation and consequently has Do 

((n0)"' )) as its associated ionising state. Secondly, the Si state has more than 2.5 eV of 
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vibrationall  energy at the 0-0 transition energy to S4, and the state density - and thus 

possibilitiess to couple the two states - is huge. One problem in checking this 

hypothesiss is that we do not know which vibrational levels of Si are coupled to the 0 

levell  of S4. Even so, it is reasonable to expect that the active vibrations in the 

photoelectronn spectra of these levels are those that are associated with the differences 

inn the equilibrium geometries of the Si and D0 states. A measure for their activities is 

givenn by the l[(v" )|,]/l[0°] ratios, which have been calculated in the same way and at 

thee same level as described above for S4. The results given in Table 5.5 show that for 

Sii  an ionisation behaviour is expected that is qualitatively similar to that of S4. A 

meree ionisation of high-lying vibronically coupled levels of Si is thus also concluded 

too be an unlikely explanation for the observed Do ionisation pathway. 

Althoughh the first-order description of both states seems to exclude direct 

ionisationn to D0, we have also considered the scenario that vibronic coupling occurs 

withh high-lying vibrational levels of S2 or S3. Optimisation of the C2v geometry of the 

moleculee in these two states and the subsequent Franck-Condon calculation leads to 

I[(v^)J,]/l[0y]]  intensities that are given in Table 5.5. Apart from an enhanced Vj 

activity,, the ionisation of S2 gives rise to qualitatively the same Franck-Condon 

distributionn - and thus objections - that was found for S4 and Si, i.e., strong activity 

off  vj and v^, and a smaller activity of vs\ Importantly, Table 5.5 reveals that 

ionisationn of S3 is associated with a fundamentally different Franck-Condon 

behaviour.. Here, a large activity of v̂  and a smaller activity of v^ is predicted, but 

noww the activity of v̂  has disappeared and has been replaced by an activity of Vj 

thatt is as large as that of v*. 

Forr maleimide it has been shown that the triplet quantum yield is close to unity 

[12].. Intersystem crossing might thus populate highly-excited levels of a lower-lying 

triplett state, which are subsequently ionised into the D0 ionisation continua. For 

experimentss on a nanosecond timescale such behaviour has, for example, been 

observedd after excitation of the lowest excited singlet state of pyrazine [46]. The state 
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thatt is excited in the present experiments is a nn* state for which spin-orbit coupling 

withh the lower-lying Ti(l 3Bi) and T4(1
3A2) nrc*  states is dominant. A priori  one does, 

however,, not expect that the ionisation of these two states leads to Franck-Condon 

patternss that are much different from the ionisation of their singlet counterparts, an 

expectationn that is confirmed by and large by the calculated Franck-Condon factors in 

Tablee 5.5. Also ionisation of triplet states is therefore not able to account for the 

observedd intensity distribution in the photoelectron spectrum. 

Wee thus have to conclude that the D0 activity can only be interpreted 

consistentlyy if ionisation occurs from more than one electronically excited state, or, in 

otherr words, from a mixed state that contains the character of various excited states. 

Wee do not claim that our calculations and experiments enable us to make a clear 

distinctionn between the contributions of the Si, S2, S4, T|, and T4 states; they give all 

risee to a dominant activity of v; and v~ with relatively slight variations in intensities. 

Thee latter activity is confirmed by the experiment and leads us to conclude that one or 

moree of these states is involved in the ionisation pathway to D0. However, at the same 

timee our experiments show unambiguously a major activity of v*  and a minor 

activityy of v~, a pattern that can only be explained if ionisation of S3 levels is taken 

intoo account. This conclusion implies (i) that more than one state is ionised, and (ii) 

thatt ionisation of S3 should be considered beyond a simple one-configuration picture, 

aa conclusion that also needs to be drawn in order to account for the ionisation of 

contributingg levels of S4, S2, and T4. 

5.3.25.3.2 ~N-methyl maleimide. 

5.3.2.15.3.2.1 Ab initio calculations. 

Calculationss on N-methyl maleimide have been performed under the restriction 

off  Cs symmetry with the mirror plane perpendicular to the ring. Optimisation of the 

molecularr geometry in Cs symmetry at the B3LYP/6-311+G* level leads to a ground 

132 2 



SPECTROSCOPYY OF MALEIMID E AND N-METHYL MALEIMID E 

statee structure of the neutral molecule with structural parameters reported in Table 

5.6,, while the vibrational frequencies obtained from the harmonic force field at this 

geometryy are given in Table 5.7. This table shows that the restriction of Cs symmetry 

leadss to one imaginary frequency. Since it is associated with the rotation of the methyl 

group,, it is not of direct importance for our discussion on the electronic properties of 

excitedd and ionic states, and we will therefore just accept it as it is. 

TableTable 5.6:, Geometrical parameters (A and degrees) of N-methyl maleimide in its neutral and ionic 
groundground state. 

H-C C 

N-CH3 3 

C=C C 

C-C C-C 

C-N N 

oo o 

C-N-CH, , 

C-N-C C 

N-C-C C 

N-C=0 0 

C5-C4-H10 0 

B3LYP/6-311+G* * 

1.081 1 

1.453 3 

1.333 3 

1.503 3 

1.397 7 

1.208 8 

124.7 7 

110.5 5 

106.0 0 

125.9 9 

121.8 8 

UB3LYP/6-311+G* * 

1.083 3 

1.417 7 

1.349 9 

1.479 9 

1.481 1 

1.187 7 

125.4 4 

109.2 2 

104.3 3 

122.3 3 

121.4 4 

aa Same angle as employed in maleimide. 

Inspectionn of the contour plots of the relevant orbitals (not shown) reveals that 

thee methyl substitution on the nitrogen atom hardly influences the electron 

distributionn in the 7tc=c, n(~,, nQ, and TT*C-C orbitals. The TIN orbital, on the other hand, 

obtainss a significant (antibonding) density in the n orbital of the carbon atom of the 

methyll  group. Concurrently, the calculations predict that the ground state of the 
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radicall  cation is no longer associated with the (n0)" ' configuration, but becomes the 

X~A'' state, described in first approximation by the removal of an electron from the TIN 

TableTable 5.7: Experimental and ah initio (B3LYP/6~31G*for Sn and UB3LYP/6-3/G* for D„)  vibrational 
frequenciesfrequencies (cm J of ground and ionic states ofS-methvlmaleimide. 

mode e 

V | | 

V'; ; 

\'x \'x 

V'4 4 

V'5 5 

vf, , 

V --

Vx x 

Vg g 

V||) ) 

Vl l l 

V i ; ; 

V l l l 

V | 4 4 

Vl > > 

V|f, , 

V p p 

V] « « 

s„ „ 
calc.'' ' 

3144 4 

3022 2 

2954 4 

1771 1 

!592 2 

1458 8 

1422 2 

1369 9 

1121 1 

1103 3 

1018 8 

XI I I 

710 0 

608 8 

589 9 

367 7 

163 3 

138 8 

exp.b b 

a" " 

3103 3 

2930 0 

2903 3 

1751 1 

1586 6 

1456 6 

1440 0 

1388 8 

11501-" " 

1135 5 

1052 2 

832 2 

736 6 

633 3 

613 3 

389 9 

218C C 

168d d 

Do o 

calc.a a 

3140 0 

2967 7 

2795 5 

1817 7 

1534 4 

1400 0 

1315 5 

1169 9 

1116 6 

1007 7 

975 5 

836 6 

657 7 

601 1 

523 3 

339 9 

211 1 

96 6 

Descriptionn l" 

\-C-H H 

iC-H, , 

iC-H, , 

vC=0 0 

i ' O C C 

SC-H; ; 

8C-H, , 

vC-N-C C 

rC-H, , 

>€-CC + vN-CH? 

ÖC-H H 

yC-H H 

vC-CC + vN-CHj 

Ringg deformation 

Ringg deformation 

Ringg deformation 

5 C =0 0 

yN-CH, , 

y O O O 

ÖN-CH, , 

T N - C H , , 

mode e 

v,„ „ 

V:, , , 

v : i i 

VV222 2 

V ; j j 

V ; s s 

V ; , , 

V;<, , 

v : 7 7 

V : K K 

V 2y y 

Vi( | | 

V.M M 

V ?2 2 

V.1.1 1 

Su u 

calc." " 

3123 3 

3056 6 

1714 4 

1478 8 

1238 8 

1071 1 

1286 6 

937 7 

924 4 

752 2 

684 4 

553 3 

288 8 

259 9 

71/' ' 

exp.b b 

a" " 

3080 0 

2963 3 

1701 1 

1475 5 

1254 4 

1108 8 

1336 6 

958 8 

940 0 

770 0 

696 6 

574 4 

299c c 

288 l c 

152d d 

D„ „ 

calc.'1 1 

3127 7 

3045 5 

1782 2 

1374 4 

1129 9 

1038 8 

1307 7 

944 4 

782 2 

618 8 

578 8 

551 1 

244 4 

239 9 

69 9 

''dd After scaling with factor 0.9676 (Ref. 49). 
hh IR frequencies reported by Parker et al. [50] except those labelled c and d, which have been obtained 
inn the same study from Raman spectroscopy and inelastic neutron scattering, respectively. 
L'' Description appropriate for S0; v = stretch; 5 = in-plane bend; y = out-of-plane bend; \ = torsion. 
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orbital.. The UB3LYP/6-311+G* optimised geometry of the molecule in this X"A ' 

statee is reported in Table 5.6, the vibrational frequencies deriving from the harmonic 

forcee field calculation in Table 5.7. Since ionisation to Do now occurs from an orbital 

thatt has distinct bonding and antibonding characteristics - as opposed to maleimide 

wheree an essentially nonbonding electron was removed - it is seen from Table 5.6 that 

thee geometry changes considerably upon ionisation. In agreement with the 

antibondingg density between the nitrogen atom and the methyl group in the ground 

state,, this bond becomes shorter upon ionisation. What is also important to notice, is 

thee large change in the C-N bond length, which can be interpreted as giving evidence 

forr a large contribution of the Zwitter-ionic resonance structure in the ground state of 

thee neutral molecule. 

Thee results of TD-DFT calculations on the ground and excited states of the 

neutrall  molecule are reported in Table 5.8. In agreement with our qualitative 

conclusionn that it was only the TTN orbital that was dominantly affected by the N-

methyll  substitution, we observe that the ordering and character of most of the lower 

lyingg excited states remains the same, and that only minor changes on the order of 0.1 

eVV occur in the vertical excitation energy. This is not true for the (TTN -> rc*c-c) state, 

whichh is red-shifted by more than 0.5 eV with respect to maleimide and now becomes 

STT instead of S3. The calculated excitation energies and oscillator strengths are in good 

agreementt with what has been observed previously in absorption spectroscopy on N-

methyll  maleimide in the gas phase [18]. That study reported two absorption bands, the 

lowestt one being a broad band with a first observable feature at about 3.5 eV and 

reachingg its maximum at about 4.3 eV. It was assigned as the analogue of the S3 state 

inn maleimide. The second band shows well-resolved vibrational transitions, and has 

itss 0-0 transition at 44623 cm"1 (5.53 eV). 

Tablee 5.8 shows that more dramatic changes occur in the ionic manifold. 

Previouslyy it was mentioned already that the ground ionic state becomes the 

X'A^C^N)) ') state for which vertical and adiabatic ionisation energies of 10.074 and 

9.8122 eV, respectively, are calculated, their difference of 262 meV being one more 
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reflectionn of the larger changes in geometry upon ionisation. At the equilibrium 

geometryy of the X2A' state we find that the A2A' ,((n0)"
1) state is 0.53 eV higher in 

:* * energy.. Separate calculations on this A~A"((n0)~ ) state at the UB3LYP/6-311+G 

levell  show that it has a vertical and adiabatic ionisation energy of 10.099 and 10.019 

eV,, respectively. The present calculations thus lead to the conclusion that with respect 

too maleimide a reversal of the two lower ionic states has taken place in N-methyl 

maleimide,, but also that the two states remain close in energy. 

TableTable 5.8: Description of the ground and lower-lying electronic singlet states of neutral N-

methylmaleimidemethylmaleimide and of the ground and first excited states of its radical cation. For the neutral 

moleculemolecule excitation energies and oscillator strengths have been calculated by TD-DFT at the B3L YP/6-

31J31J +G* optimised Sn (1 A ) geometry, for the radical cation excitation energies have been calculated 

byby TD-DFT at the UB3LYP/6-311+G* optimised geometry of the Du (X2A ') state of the radical cation. 

TheThe excitation energies between parentheses refer to a TD-DFT calculation at the UB3LYP/-6-311 + G* 

optimisedoptimised So (1 A ) geometiy using the orbitals of the Dr> (X'A ') state. 

Statee Description Energy (eV) Oscillator 

strength h 

S n f l ' A )) (n^cf{n' 0)\^)\n-oy ° 

S'(2'A>> ' 3-45 0 0 0 0° 

S'<,,A">> ( , ^ ( n0mN ) ' ( n0 ) V V t V
 3 " 0 0 0 77 

S^'A ">> ( ^ ( O W c n ö j V ^ Ï  4 17 °0 0 08 

S'<3'A">> ( ^ ^ n ^ W ^ ^ V c ) 1 5-65 °-2813 

D»<x2A,>> ( , c ^ ( n 0 ) W ( n o ) 2 0(0.0) 

D'< A2A" >> ( ^ (n 0) ; ( ,N r (n 0) '  °-53(°°) 

D ;<B 2 A >> ( n c-c)2(n-)W(nör 155<°-69> 

D-'<C2A'>> (n^)\K)\^)\n~0i '^(0.87) 
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Thee prediction that the (TIN)"' state is the ionic ground state of N-methyl 

maleimidee is at odds with the conclusions reached by Robin et al. [43]. In that study it 

wass initially remarked that the large difference between the first ionisation potentials 

off  N-methyl maleimide and maleic anhydride might be taken as an indication that 

ionisationn occurs from a n orbital rather than a lone pair, but this was later refuted on 

thee basis of lone pair ionisations in simple acids and amides [47]. Although the 

orderingg of the first two electronic ionisation limits may therefore still be matter of 

debate,, this issue is less important for the interpretation of the photoelectron spectra 

obtainedd in the present study. It is clear, however, that the elucidation of the electronic 

structuree of the radical cation would greatly benefit from additional He(I) 

photoionisationn studies. 

ii — i — ' — i — i — i — i 

430000 4350 0 4400 0 4450 0 4500 0 4550 0 4600 0 

wavenumberr (cm") 
FigureFigure 5.5: (1+1) REMP1 excitation spectrum of effusively introduced N-methyl maleimide. 

Inn maleimide considerable mixing occurred between the (TIN)"1 and (?ic=c)' 

configurations.. In N-methyl maleimide this mixing is nearly absent. At the 

equilibriumm geometry of the X2A' state, the C2A'((7tc=c)') state is calculated to have 
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ann excitation energy of 1.59 eV, but this is lowered to 0.87 eV at the equilibrium 

geometryy of So- When we now consider the ionisation routes of the various excited 

statess in the light of these calculations, we have to conclude that in N-methyl 

maleimidee the situation is quite different from that in maleimide. Table 5.8 shows that 

inn a one-configuration description of excited and ionic states S4 ionises dominantly to 

D3.. The calculations predict that this pathway requires more energy than in 

maleimide,, where S4 could ionise to D] as a result of heavy mixing between the (JTN)" 

andd ( j toc)' configurations. It might therefore well be that ionisation to the parent 

ionicc state of S4 is energetically not possible in one-colour REMP1 experiments via S4. 

Onn the other hand, on the basis of symmetry arguments we can also foresee that 

ionisationn of S4 to the X2A'((7i>J)"
1) state becomes rapidly allowed beyond the one-

configurationn picture. 

5.3.2.25.3.2.2 Multiphoton ionisation and excited-state photoelectron spectroscopy. 

N-methyll  maleimide has been investigated in the one-photon excitation region 

off  44000^45500 cm"1 under both room temperature as well as supersonically cooled 

conditions.. Previous absorption experiments [18] and our ab initio calculations lead 

uss to believe that at these energies excitation of S4 should take place. Figure 5.5 shows 

thee (1 + 1) REMPI excitation spectrum obtained on effusively introduced N-methyl 

maleimide.. The resonances observed in this spectrum are tabulated in Table 5.9, 

wheree also the excitation energies reported for the vapour absorption spectrum are 

given.. Comparison of the two spectra shows that the absorption spectrum is shifted by 

355 cm"1 to the blue with respect to the REMPI excitation spectrum. Some further 

remarkss on the assignment of the bands in the spectrum are in order. The availability 

off  the experimental frequencies in the ground state enables us to come to a 

straightforwardd assignment of the two strong hot bands, the other (broad) hot band 

2800 cm"1 below the origin transition probably consists of several transitions and 

cannott be assigned unambiguously. Previously, the 349 cm' band to the blue of the 
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OjJJ transition was assigned as an overtone of a 182 cm"1 vibration [18]. In our opinion, 

thiss can not be reconciled with the intensity of the higher overtones and with the 

intensitiess as measured in the present study. We therefore reassign it to the 16„ 

transition.. Similarly, the weak 739 cm"1 band is reassigned to the 13„  transition. 

II 1 1 1 1 1 

J J 
II  ' 1 ' 1 1 1 ' 1 ' 1 ' 1 ' 1 ' 

0,00 0,2 0,4 0,6 0,8 1,0 1,2 1,4 
Kineticc energy (eV) 

FigureFigure 5.6: Excited-state photoelectron spectrum of the vibrationless S4 excited state of N-methyl 

maleimide maleimide 

Inn order to get more detailed information on the spectroscopic and dynamic 

propertiess of the excited state, an excited-state photoelectron spectrum was measured 

att the maximum of the origin transition (44590 cm"1). This spectrum, shown in Figure 

5.6,, was recorded employing effusively introduced N-methyl maleimide and at a 

relativelyy high laser power. Essentially the same spectra could be obtained under 

supersonically-cooledd conditions and at a lower laser power, but with a considerably 

worsee signal-to-noise ratio. When trying to assign the photoelectron spectrum, one 

rapidlyy comes to the conclusion that the various peaks can be ordered in series 
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involvingg average steps of 221 meV (1783 cm"1). This frequency agrees nicely with 

thee frequency calculated for the C=0 stretch vibration v̂  in the ionic ground state. 

Thee first series has a clear first member at 1.160 eV and goes up to five vibrational 

quantaa of v^. A similar series seems to start at 1.211 eV and can be followed up to 

vj=4.. A third series is shifted by -130 meV (-1100 cm"1) from the first series, and, 

onn the basis of Table 5.7, probably involves ionisation to combination levels of nv'A 

andd v*  = l. The apparent first member of a last series involving v̂  is seen at a 

photoelectronn energy of 0.636 eV. Most probably, there are other members of this 

seriess at higher photoelectron energies, but they have too low an intensity, or are 

overlappedd by other stronger bands. It is therefore not known on which mode this 

seriess is built. 

TableTable 5.9: Observed resonances in the (1 + 1) REMPI excitation spectrum of N-methyl maleimide ofS4 

depicteddepicted in Figure 5.5. 

Excitationn energy 

(cm"1) ) 

43995 5 

44204 4 

-44310 0 

44591 1 

44940 0 

45152 2 

45330 0 

45493 3 

45587 7 

45728 8 

Shifta a 

-596 6 

-387 7 

-280 0 

0 0 

349 9 

561 1 

739 9 

902 2 

996 6 

1137 7 

Assignment t 

15? ? 

16? ? 

K K 
K K 
155 J, 

13{, , 

KK KK 
11|»» or lOj, 

158 8 

Absorptionn b 

44014 4 

44228 8 

44346 6 

44623 3 

44984 4 

45188 8 

45372 2 

45537 7 

45620 0 

45767 7 

33 Shift with respect to 0-0 transition. 
bb Absorption spectrum of N-methylmaleimide vapour reported by Seliskar and McGlynn [18]. 
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Forr an absolute assignment we need to know where the 0"-0~ peak is located. 

Onee possible choice is to assign the 1.160 eV peak to the 0"-0„  peak and the 1.211 

eVV peak to a hot band, i.e., to an ionisation process that starts in a vibrationally 

excitedd level of the ground state. This assignment implies that the adiabatic ionisation 

energyy to Do is 9.897 eV. The intensity distribution in the photoelectron spectrum 

suggests,, however, that the whole assignment might also be shifted by one (or more) 

quantaa of the C=0 stretch vibration. The spectrum in Figure 5.6 shows indeed a very 

smalll  peak around 1.4 eV. If this peak is real but the present experimental 

conditionss do not allow us to make a decision on this - then the 1.160 and 1.182 eV 

peakss can be readily (re)assigned as the vj = 1 and v^=l peaks. 

Forr maleimide, the photoelectron spectrum via S4 showed two ionisation routes. 

Thee dominant one involved ionisation to one particular - in that case excited - ionic 

statee with a propensity for conservation of vibrational energy. In the other one, high-

lyingg vibrational levels of a lower-lying excited state were ionised to the ground ionic 

state,, a process in which dispersal of vibrational energy occurred. The photoelectron 

spectrumm in Figure 5.6 is qualitatively different: one would, in fact, be led to conclude 

thatt all that is seen here is ionisation to the ground ionic state. This might be due to 

thee inaccessibility of the corresponding ionisation continua of S4 as suggested by the 

calculations,, or to a larger dispersal of S4 character over lower-lying electronic states, 

whichh is expected to be enhanced on account of the larger density of states introduced 

byy the methyl substituent. Even without explicit assignment of the various peaks, it is 

clearr that we deal here either with ionisation involving very large changes in 

geometry,, or ionisation of one or more states with a large vibrational content. Based 

uponn our interpretation of the maleimide spectrum, we conclude that the latter is the 

case. . 

Thee dominant activity of the OO stretch vibration is another indication that the 

photoionisationn process of N-methyl maleimide via S4 differs more then one would 

intuitivelyy assume from its parent compound maleimide, where ionisation to D0 was 

accompaniedd by activity of the ring deformation mode v8 and the C=C stretch 
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vibrationn v4. In principle, two explanations for this difference come to mind. A first 

explanationn is that in maleimide S4 is coupled to other states than in N-methyl 

maleimide.. For maleimide we reached the conclusion that S3 is most probably coupled 

too S4, for N-methyl maleimide we would be talking about a state other than S3 that 

undergoess large changes in the carbonyl bonds upon ionisation. A second explanation 

iss simply that the ground ionic state of the two molecules is different. Our calculations 

suggestt that the second explanation is the correct one. 

5.44 CONCLUSIONS. 

Wee have investigated the spectroscopic and dynamic properties of the strongly 

one-photonn absorbing S4(7tc=c^*) state of maleimide and N-methyl maleimide. To this 

purpose,, an experimental approach was combined with ab initio calculations of the 

electronicc structure of the molecules. Experimentally, we have found that the 

wavefunctionn of the excited state can be probed in detail by projection on the ionic 

manifoldd using excited-state photoelectron spectroscopy. These experiments 

demonstratee that ionisation of maleimide excited to S4 occurs along several pathways. 

Onn the one hand, a channel has been identified that in a one-configuration picture can 

bee described as ionisation of the K* electron from the 7tc=c7t*  excited state. This 

channell  leads to an electronically excited ionic state with an experimental excitation 

energyy that is in excellent agreement with the ab initio predicted one. The 

experimentss show on the other hand as well that the ionisation process populates a 

broadd range of vibrational levels in the ionic ground state, which can only be 

explainedd if we go beyond the one-configuration picture. On the basis of ab initio 

calculatedd displacement parameters between various excited states and the ionic 

groundd state, it has been argued that the observed Franck-Condon pattern 

demonstratess that an electronic state is ionised that does not only contain S4 character 

butt also that of lower-lying states, in particular that of the S3(7iN7i*) state. 
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Ourr experiments and calculations demonstrate that N-methyl substitution of the 

moleculee leads to large changes, in particular for the ionic manifold where the ground 

ionicc state is now calculated to be associated with the (TTN)"1 configuration as opposed 

too the (n0)" ' configuration in maleimide. This prediction is in excellent agreement 

withh the dominant activity of the C=0 stretch vibration seen in excited-state 

photoelectronn spectra of S4. In contrast to maleimide, these spectra do not show 

clearlyy multiple ionisation pathways, although the observed Franck-Condon pattern 

stronglyy suggests a dominant role of internal conversion. 

Untill  the present study, the ionic manifold of the two molecules was virtually 

unexplored.. Apart from elucidating the composition and properties of the S4 state, the 

presentt experiments have also enabled us to obtain information on the spectroscopic 

propertiess of this manifold in the form of ionisation energies and vibrational 

frequencies. . 
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