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Chapter 1 

 

Introduction 

 

                     

 

 

1.1 High-resolution laser spectroscopy 

 

Spectroscopy is one of the most powerful tools of a scientist to investigate the 

surrounding world. Observing how photons interact with matter provides us with 

invaluable information about the structure, behaviour and function of matter in all its 

forms; from gasses to solids, from single elements to large and complex molecular 

structures. In chemistry, spectroscopic methods have proven themselves to be 

irreplaceable even more then in other fields of science. Often they are the only tool to 

probe molecular structure and dynamics of intra- and inter-molecular processes at the 

highest level of detail. The spectral lines observed with spectroscopy give us direct access 

to what constitutes the quantum-mechanical fingerprint of a molecule: the structure of 

energy levels. With the help of theoretical analysis these levels can be directly related to 

physical and chemical properties of molecules like atomic composition, strength and 

arrangement of chemical bonds, structure, size, shape and so on. Stable systems as well 

as dynamic processes can be studied.     

Unfortunately, the advantage of spectroscopy, i.e., its power to provide rich and 

detailed information, is often also its drawback. Except for the most simple molecules, 

the density of possible quantum states a molecule can occupy leads to very complex 

spectra. This problem scales up quickly with the size of the molecular system and the 

temperature at which it is studied. Rotational motion of the molecule gives rise to a set of 

energy levels with separations that are inversely proportional to the moments of inertia of 

the molecule. These values vary from a few wavenumbers for diatomic systems to 10
-3

 

cm
-1

 for simple aromatic compounds [1], and even smaller for larger systems. Vibrational 

energy levels are much more dispersed than rotational levels, but in large molecules they 

can also easily lead to a high density of spectral lines. The number of energy levels that 

can be observed in a single molecule is thus growing fast with its size. At the same time, 

the large number of low-energy quantum states leads to the situation that molecules can 

be in different energy levels at room temperature. Energy gaps that are observed during 
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spectroscopic measurements are in general different for each of those starting states. As a 

result, the observed spectrum provides too much information to be readily analyzed. 

To reduce the complexity of spectra, proper measures must be taken. One of them 

is to aim for a spectral resolution that is as high as possible in order to distinguish close-

lying spectral lines. For the problems at hand in the present thesis this can be achieved by 

utilizing lasers as a very accurate spectroscopic probe. The power of the lasers lies in 

their capability of focusing energy in a narrow spectral bandwidth and time period. 

Thanks to them we can generate powerful bursts of photons of identical properties 

exactly when and where we need them. Individual transitions can be selectively excited 

and detected with great efficiency.  

 

 

1.2 Cold and isolated molecules 

 

Another way to make spectra more “readable” is to simplify them by reducing the 

number of energy levels that a molecule can access at the start of the experiment. In other 

words, by measuring on ensembles of molecules that are as identical as possible. This can 

be achieved by reducing the internal energy of molecules. According to the Boltzmann 

distribution, such cooling leads to the occupation of less energy levels. Spectral 

transitions and other molecular properties are much more uniform under such conditions, 

leading to highly-detailed spectra. Typical examples of the huge effects of cooling on the 

spectral content are given in refs. [1-3] 

Apart from internal energy, another source responsible for spectral heterogeneity 

is the influence of the environment on the molecule. In solid and liquid states, the 

properties of a single molecule are thus heavily influenced by interactions with other 

molecules. If we want to measure its intrinsic properties, we must minimize this influence 

and study the molecules under isolated conditions. Such studies also offer the most direct 

link to theoretical methods. Comparison of experimental results with theoretical 

predictions creates a loop that enables both a better understanding of the system studied 

and improvement of theoretical methods.  
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1.2.1 Molecular beam spectroscopy 

 

Supersonic molecular beams are one of the well-established techniques to 

generate cold and isolated molecules [1, 4-6]. The earliest utilized form of molecular 

beams are effusive beams [7] in which the orifice size D is smaller then the mean free 

path λ0 of the gas particles in the source reservoir. Under such conditions there are almost 

no collisions between gas particles during the transition from the source reservoir to the 

vacuum chamber. The velocity distribution and the associated gas temperature are 

therefore not changed. Even more important from a spectroscopic point of view is the 

observation that for polyatomic molecules present in the gas there are no mechanisms 

that can influence efficiently their population distribution over rovibronic states. In short, 

the state of the gas is not influenced during expansion into the vacuum.   

 Much more interesting is the case when D>λ0. In 1951 Kantrowitz and Gray [8] 

proposed that gas flow under such conditions could offer a much higher beam density. It 

was also suggested that additionally a narrowing of the velocity distribution would take 

place. Molecules and atoms in the supersonic beam are slow with respect to each other 

and therefore find themselves in a translationally cold bath. As the collisions take place, 

this low translational temperature is transmitted to the rovibrational levels in accordance 

with the energy equipartition rule, and the molecules also become internally cold. 

Although Kantrowitz and Gray were much more interested in the effect of the increased 

beam density, it is this “cooling side effect” that is responsible for the huge interest in 

supersonic molecular beams in the years that followed.  

 Since the early years of supersonic molecular beams, development of the 

technique had to face the stringent conditions on pump capacities. Large orifice diameters 

imply a large gas flow into the vacuum chamber, but also large problems with sustaining 

pressure at a level that will not lead to disturbance of the molecular beam. One of the 

solutions has been to improve the performance of vacuum pumps. Another one has been 

to take advantage of pulsed nozzles. If the orifice is open repeatedly for a short time, the 

overall gas flow can be significantly reduced while spectroscopic measurements can still 

be performed using pulsed lasers. One of the first technical solutions capable of 

generating short molecular beam pulses has been the pulsed valve of Hagena [9] that 

utilized a solenoid-driven plunger with a minimum opening time of 1.6 ms. In the 

following years other nozzle designs have been proposed providing shorter opening times 

and faster repetition rates. Examples include the Gentry-Giese design with the “hairpin” 

opened by the repulsive force between two bars generated by electrical currents in 

opposite direction [10] that was capable of producing 10 µs pulses at 1 Hz or 100 µs 

pulses at 10 Hz [11, 12], double-solenoid nozzles [13, 14] with opening times of 10-100 

µs and operating at frequencies up to 35 Hz, adopted car fuel injection valves (~500 µs at 

100 Hz) [15, 16] or, more recently, piezoelectric valves reaching high-kHz repetition 
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rates with pulses shorter than 10 µs [17-22]. The nozzle setup that has been used in the 

experiments performed for this thesis is described in detail in Chapter 2. 

Another advantage of the molecular beam technique is the possibility to create 

and study molecular clusters [23, 24] that would be very difficult, if not impossible, to 

synthesise and studied by other means. Clusters of the target molecule with species like 

water [23, 25-27], methanol [28, 29], carbon dioxide [30, 31] and many others [32-35] 

can be easily seeded in a molecular beam. In the initial part of the jet expansion collisions 

promote the generation of weakly-bonded species that subsequently are frozen out at low 

temperatures. The number of attached species can be controlled by the experimental 

conditions, while mass-resolved detection techniques provide selectivity of the 

measurement. The possibility to generate pre-defined molecular clusters offers unique 

possibilities to study solvation effects as solvent molecules can be added one at a time to 

the solute [27, 28]. Mixed clusters that contain more than one type of solvent molecules 

can be studied as well, an example is presented in Chapter 7.  

Since a number of years, the cooling step is not only employed to cool down 

molecules but also to study conformational isomerisation processes. As a result, detailed 

studies can be made of the minima and the barriers for interconversion between these 

minima on the potential energy surface of ground and excited states [36-38].  

 

 

1.2.2 Liquid helium nanodroplet spectroscopy 

 

In recent years, liquid helium nanodroplet spectroscopy has emerged as an 

alternative means to perform high-resolution spectroscopy on cold, isolated molecules, 

and is currently attracting a lot of attention from experimentalists and theoreticians alike 

[39-43]. Historically, the idea that molecules sealed in inert matrices can exhibit 

properties similar to those of completely isolated species is probably first mentioned in 

1924 in the work of Vegard [44], where he mentioned the condensation process of 

nitrogen dissolved in a noble gas on a cold surface. It took many years before the first 

experiments utilizing this idea were performed [45, 46], but then the spectroscopy of 

cold, inert matrices rapidly became a popular and proven technique to study a large 

variety of molecular systems. Nevertheless, the technique was not without problems since 

many species exhibited a stronger attraction to the walls of the containing vessel than to 

the inert matrix, thus leading to a high concentration of the sample outside the matrix. 

Also, aggregation of dopants within the matrix was observed. The solution to these 

problems came with the idea of seeding the sample molecules one by one in small 

droplets of liquid helium. Originally, the “pick-up” technique was studied by Scoles [47, 

48] using argon clusters that were seeded with impurities. The first reports concerning 

pick-up of impurities by a beam of liquid helium nanodroplets were presented by 
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Toennies [49] followed by spectroscopic studies of Scoles on SF6 in a liquid helium  

matrix [50, 51]. Studies that paved the way for further use of helium nanodroplets have 

been the experiments of the Toennies group in which they determined the temperature of 

the liquid helium nanodroplet as 0.38 K [52], and subsequent studies where the superfluid 

character of the droplets consisting of more then 60 helium atoms was demonstrated [53]. 

All these characteristics make liquid helium nanodroplets an excellent environment for 

the study of cold, isolated molecular systems. Since the pick-up conditions can be easily 

adjusted, and the pick-up process repeated many times for different species, the method 

also provides excellent opportunities to study a wide variety of weakly-bonded multi-

component complexes [54-57].  

As yet, liquid helium nanodroplet spectroscopy has been focused predominantly 

on the study of neutral molecules, largely because of the difficulties associated with 

creating ion-containing helium droplets and the absence of sensitive detection techniques. 

Although other techniques utilizing cryogenically cooled 22-pole ion traps [58] or argon 

tagging [35] are available for performing spectroscopy on ions, they inheritably suffer 

from the lack of sensitivity, offer significantly worse cooling capabilities, and often 

require multiphoton absorption. The present thesis makes a big step forward in the use of 

liquid helium nanodroplet spectroscopy as it shows how its application area can be 

extended to charged molecular systems (Chapter 9) [59]. 

 

 

1.3 Towards large molecules 

 

Although high-resolution spectroscopy methods of isolated molecules has more 

than proven its merits for small and moderately-sized species, problems arise when one 

tries to apply the same methods on larger systems. The first obstacle is found in obtaining 

a high enough vapor pressure of the sample. Heating is a well-established and simple 

method, but as the size of the molecule increases, so does the required temperature and 

the risk of thermal dissociation of the sample. The laser desorption technique provides an 

excellent alternative. Originally developed for mass spectroscopy [60, 61], it rapidly 

found application in optical molecular beam spectroscopy [62-65]. In this method the 

sample is deposited on a light absorbing surface, usually graphite, and then desorbed with 

a short laser pulse. Because the heating time is strongly limited and the whole process 

occurs under thermal nonequilibrium conditions, dissociation of the sample molecules is 

avoided. After desorption, the isolated species are introduced into a temporally 

synchronized supersonic jet and thereby cooled. The desorption technique has proven to 

be capable of bringing various types of molecules into the vapor phase, and has opened 

molecular beam spectroscopy to previously inaccessible molecular systems like 
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mechanically interlocked molecules [66], clusters of DNA-bases [65] and large peptides 

with masses up to 1900 a.m.u. [67]. 

Another obstacle to perform high-resolution spectroscopy on larger systems is the 

capacity to cool them. As the number of atoms in the molecules rises, so does the number 

of internal degrees of freedom and the amount of internal energy that must be removed 

from the molecule in order to obtain its low rovibronic temperature. Although the cooling 

capabilities of a supersonic jet can be improved by using heavier carrier gasses [4, 68, 

69], the cooling efficiency of the supersonic molecular beam is in general not sufficient 

for large systems [70, 71]. As a result, electronic excitation spectra often become broad 

up to the point that structure can no longer be observed and information is lost. Larger 

cooling capabilities can be achieved in liquid helium nanodroplets [71], especially when 

pulsed nozzle techniques are utilized that allow the formation of droplets with a size of 

10
6
 helium atoms and more [72-74]. Since evaporation of a single helium atom from a 

nanodroplet releases approximately 5 cm
-1

 of energy [75], this theoretically allows the 

removal of internal energy from room temperature molecules that consist of thousands of 

atoms. 

 

 

1.4 Outline of this thesis 

 

In this thesis high-resolution, isolated-species spectroscopic techniques have been 

applied on a number of molecular systems that play an important role in biological 

applications, on molecules that have emerged as important from a molecular 

nanotechnological point of view, and on molecules that serve as models for a further 

understanding of energy and charge transport. One of the common topics of these studies 

is the development of novel spectroscopic approaches to extend the area of application of 

high-resolution spectroscopy. Chapter 2 gives a detailed description of the experimental 

setups and spectroscopic techniques that have been employed to this purpose. 

Linear π-conjugated systems have been studied extensively because of their 

applications in the field of molecular electronics. Organic photovoltaic cells, organic light 

emitting diodes, molecular transistors and nanowires have been presented by numerous 

groups. Branched π-systems, on the other hand, have attracted considerably less attention 

despite the unique possibilities they could potentially offer. In Chapter 3 the excited and 

ground state properties of 1,1’-diphenylethylene (DPE), a prototypical branched π-

conjugated system, are investigated using a combined experimental and theoretical 

approach. 

Chapter 4 reports on a study of components that are currently being used for the 

construction of artificial molecular machinery. One of the problems in performing high-

resolution spectroscopy on these systems is the conformational heterogeneity that 

impedes conformation-specific spectroscopy. In Chapter 4 an approach based on helium 
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nanodroplets is demonstrated which allows conformationally resolved spectra to be 

obtained. Moreover, we show that each particular conformation gives rise to a distinct 

spectral signature that potentially offers a powerful means to identify its specific 

structural properties. 

Electronic relaxation process responsible for the photoprotection mechanisms of 

DNA bases are currently the subject of extensive debate. Many studies have consequently 

applied high-resolution spectroscopy on these bases, in particular on adenine. In Chapter 

5 such studies are performed under liquid helium nanodroplet conditions. We show that 

this approach sheds new light on the energy relaxation pathways of the lower 

electronically excited states. In this Chapter we furthermore investigate to what extent a 

molecule can be considered as “isolated” in the helium nanodroplet surroundings. 

In Chapters 6 to 8 the chromophore of the Photoactive Yellow Protein, para-

coumaric acid, is studied. This molecule has been a constant challenge and headache for 

spectroscopists as many have tried - unsuccessfully - to characterize its electronically 

excited states under cold, isolated conditions. Here, the first absorption and excitation 

spectra of para-coumaric acid are presented that enable us to study in detail its  

conformational heterogeneity, excited state geometry, and photodynamics. Chapter 7 

reports on the thermal dissociation processes of para-coumaric acid, and the 

spectroscopic properties of the resulting 4-hydroxystyrene-CO2 cluster. Electronic 

relaxation processes and the influence of a biological environment are elucidated in 

Chapter 8 where methyl-4-hydroxycinnamate and its water cluster are studied. 

In Chapter 9 we describe the development of a novel technique to perform high-

resolution spectroscopy on charged species in liquid helium nanodroplets. Taking the 

aniline cation as a prototypical example, we explore its sensitivity performance and the 

physical processes that are at the basis of this sensitivity. Finally, experiments on the 

aniline dimer cation are performed to assess the potential of the technique to map out 

charge distributions in extended molecular systems. 
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Chapter 2 

 

Experimental details 

 

                         
 

 

In this thesis a variety of experimental techniques have been used to study the 

dynamics of photoactive (bio)molecules by high-resolution spectroscopy. The research 

presented in Chapters 3 and 6 to 8 on the spectroscopy and dynamics of para-coumaric 

acid and derivatives, and on diphenylethene uses UV and IR spectroscopic methods in 

combination with molecular beam techniques. To produce the required wavelength 

regions in the UV and in the infrared with sufficient output power, various tunable laser 

systems have been used. The molecular beam set-up serves to produce isolated 

molecules, and cool them down into their lower vibrational and rotational levels. To 

obtain well-resolved spectra of medium- to large-sized (bio)molecules, experiments have 

been performed at ultra-low temperatures by increasing the cooling capabilities. To this 

purpose, helium nanodroplets have been used that enable one to cool molecules down to 

~0.4 K, and record high-resolution UV and IR spectra at this temperature (Chapter 4, 5 

and 9). The internal temperatures attained with helium droplets are thus considerably 

lower than what is possible with molecular beam techniques, but formally the molecule is 

not isolated. 

 

             

         

 

2.1 Laser systems  

 

The primary tunable light source for the molecular beam experiments is a 

Nd:YAG-pumped dye laser system (Figure 2.1). The pump laser, a Spectra-Physics 

Quanta-Ray LAB-190 Nd-YAG laser, produces pulsed radiation at a fixed wavelength of 

1064 nm at a repetition rate of 30 Hz and with a pulse duration of 9-12 ns. The Quanta-

Ray harmonic generation HG-4B unit is used to produce the second (532 nm) as well as 

third (355 nm) harmonic with an average pulse energy of 360 mJ and 270 mJ, 

respectively. The visible and UV radiation of the Nd:YAG laser is used to pump a dye 

laser (Sirah Precision Scan). Various dye solutions allow for the generation of 

continuously tunable radiation from 372 nm to 900 nm with pulse energies between 30 
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and 100 mJ. Depending on the wavelength region of the dye, either the second or third 

harmonic of the Nd:YAG can be used, resulting in a better efficiency and a longer life 

time of the dye. 

The wavelength tunability can be extended to the blue by using the frequency- 

conversion units integrated in the Sirah laser system. The dye laser output can be 

frequency-doubled with a conversion efficiency of about 10-15% using either an angle-

tuned KDP (63° cut angle) or a BBO (57.4° cut angle) crystal in combination with its 

corresponding compensation block to minimize beam walk-off resulting from rotation of 

the crystal used for Second Harmonic Generation (SHG). Both are mounted on 

synchronously driven rotary posts. The SHG crystals are kept at a constant temperature of 

40 °C. The resulting horizontally polarized UV radiation after frequency doubling ranges 

from 215-280 nm when the BBO crystal is used, and 260-380 nm for the KDP crystal, 

with pulse energies ranging from 2 to 12 mJ. The correct crystal position required for 

efficient harmonic generation is obtained by an automatic tuning system, which uses a 

prior entered table of phase matching angles. To separate the second harmonic beam from 

the visible dye beam, a set of four Pellin-Broca prisms at Brewster’s angles are used. In 

this way, both beam displacement and angular beam walk-off are avoided. For 

experiments where the highest possible output power is required, the separation unit is 

reduced to two prisms to minimize absorption and quartz-air surface refection losses. 

However, the price one has to pay is that now the beam is slightly displaced upon 

scanning the wavelength.  

 

 
Figure 2.1. Schematic overview of the primary laser system in the arrangement for UV 

generation. 

 

The wavelength can be extended to the near-infrared region by difference 

frequency mixing (DFM) (Figure 2.2). To generate light at these wavelengths, the dye 

laser is pumped by the 532 nm beam of the Nd:YAG laser to produce light in the range of 

620-900 nm. This beam is further expanded by a telescope, passed through a retarder to 

obtain the correct polarization, and passed through a dichroic mirror to be frequency-
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mixed with the fundamental (1064 nm) of the Nd-YAG pump laser. Temporal overlap is 

achieved by passing the Nd:YAG fundamental through a delay line. The dye laser and the 

Nd:YAG fundamental beams are overlapped spatially and mixed in either a LiNbO3 or a 

MgO:LiNbO3 crystal. In both cases a similar wavelength range can be obtained. 

However, the LiNbO3 crystal contains water molecules inside its crystal structure, which 

prevent efficient generation of light in the 2.85-2.90 µm region due to absorption by the 

OH stretch modes. In the MgO:LiNbO3 crystal this absorption region is slightly blue-

shifted towards 2.81-2.84 µm. Interchangeable use of these two complementary crystals 

allows for generation of IR light in the full range of 1.5-5 µm with pulse energies ranging 

from 0.5 to 5 mJ. The crystals are kept at 100 °C for temperature stabilization and to 

avoid water adsorption. The correct phase matching angle is set in the same way as 

described above for the SHG unit. For the experiments in this thesis it was necessary to 

have minimal energy losses. We therefore did not use the compensation crystal. As a 

result, a small walk-off of the IR beam was in principle present. The IR beam is separated 

from the input beams by a pair of dichroic mirrors. To avoid absorption by water in the 

air, the IR light was guided to the setup by a system of tubes that are flushed continuously 

with dry nitrogen gas.  

 

 
 

Figure 2.2. The laser system in the arrangement for IR generation. 

 

The second laser system providing tunable UV and visible radiation is based on a 

dye laser (Lumonics HyperDye 500) pumped by an excimer laser. The excimer laser 

(Coherent Compex Pro 205) is running on a xenon-chloride (XeCl) gas mixture, emitting 

25 ns pulses with a wavelength of 308 nm and a pulse energy ranging from 200 mJ to 400 

mJ. Normally, we use pulse energies of 200 mJ to avoid damage of the dye laser optics. 

The repetition rate can be regulated up to 50 Hz, but for compatibility with the 

experiments it is set to 30 Hz. The Lumonics HyperDye laser is capable of generating 

light in the 320-950 nm wavelength region with a pulse energy between 3 and 30 mJ. The 

shorter wavelength of the excimer pump laser as compared to that of the Nd:YAG pump 
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laser results in relatively short lifetimes of the dyes. For example, for dyes such as 

Rhodamine 590, Rhodamine 610, Rhodamine 640 or Coumarin 540A the lifetimes do not 

exceed 15-20 hours, while in the Nd:YAG-pumped laser system the same dyes last for at 

least 100 hours before a significant efficiency loss is observed.  

To extend for this laser system the wavelength further to the UV, a SHG 

autotracker was used. This Inrad Autotracker type II equipped with BBO-B and KDP-

R6G nonlinear crystals, in combination with their respective walk-off compensation 

crystals, is capable of producing second harmonic light in the range of 220-285 nm and 

282-330 nm, respectively. In contrast to the SHG unit used in the primary laser system, 

the correct phase matching angle of the nonlinear crystal is tracked automatically via a 

mechanism that makes use of the beam divergence (Figure 2.3). The resulting second 

harmonic light has pulse energies in the range of 1-2 mJ and is separated from the 

fundamental beam by a set of four Pellin-Broca prisms or a Schott UG 5 filter. 

 
Figure 2.3. Principle of the mechanism of the autotracker. For simplification, the correct 

phase matching angle is assumed to be 0°. For the same reason the effect of beam walk-

off in the SHG crystal is not included into the figure, since this walk-off is compensated 

by an additional crystal. At the correct phase matching angle the photocurrent is equal 

for both photodiodes (Figure 2.3.b), while a small misalignment of the SHG crystal 

already results in unequal illumination of the two photodiodes and unequal currents 

(Figures 2.3.a and c). The autotracker has been designed to find the optimal crystal 

position by minimizing the difference signal of the two photodiodes. 

 

A third laser source that is used to produce non-tunable, deep UV light is a 

Lumonics 700 excimer laser running on an argon-fluoride (ArF) gas mixture and 
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delivering 20 ns long pulses with a wavelength of 193 nm and pulse energies up to 200 

mJ. For compatibility with the rest of the experiments, this laser is operating at a 

repetition rate of 30 Hz as well, but can in principle work at repetition rates up to 500 Hz. 

Due to its large beam dimension and its strong divergence only a small part of the 

produced pulse energy can be coupled into the molecular beam setup. Effectively 

therefore only 10 mJ is used. 

Laser powers are measured with a Spectra-Physics model 407A thermopile 

detector. The temporal overlap between various laser beams is done by a photodiode 

coupled to the oscilloscope. To spatially align the IR beam thermo-sensitive liquid crystal 

sheets (Edmund Optics) are used, even for very low-power beams. 

 

 

2.2 The molecular beam machine and mass spectrometer 

 

The molecular beam machine used for the experiments described in Chapters 3 

and 6 to 8 consists of three chambers: the source chamber, the ionization chamber, and 

the detection chamber (Figure 2.4).  

 

 

 
Figure 2.4. Schematic overview of the molecular beam set-up. To obtain the best vacuum, 

and for optimal operation, the set-up is divided into three chambers: source, ionization 

and detection chamber. A bypass line with a valve has been added to avoid damage of the 
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skimmer due to a possible pressure difference between the ionization and source 

chambers when the setup is put at atmospheric pressure. 

The vacuum is created and sustained by three independent two-stage pump systems. The 

source chamber is pumped by a 2000 l/s diffusion pump (Edwards Diffstak 250/2000P) 

backed by a two-stage Edwards E2M40 oil-sealed rotary pump with a pumping speed of 

42.5 m
3
/h (~11.6 l/s). After venting the molecular beam set-up, this backing pump is used 

to create an initial vacuum at a level of around 10
-3

 mbar in order to avoid the damage of 

other pumps and contamination of the system with pump oil. In this case the bypass line 

is used to connect the Edwards E2M40 pump directly to the vacuum chambers. Because 

diffusion pumps cannot be operated at pressures higher than 10
-4

 mbar because of the risk 

of oil burn, the setup is equipped with a safety valve that automatically closes off the 

diffusion pump from the rest of the molecular beam set-up in case of any electrical power 

failure that could lead to loss of vacuum. The source chamber is connected to the 

ionization and detection chamber by a skimmer with a 2 mm orifice to select the coldest 

part of the molecular beam and to maintain a low pressure in the other chambers. Both 

the position of the skimmer as well as the position of the molecular beam source can be 

regulated to provide the highest possible density of molecules in the ionization chamber 

and to reach optimal cooling conditions. 

The vacuum in the ionization and detection chamber is sustained by two similar 

Pfeiffer turbomolecular pumps. The ionization chamber is pumped by a 520 l/s turbo 

pump (Pfeiffer TMH 521 P) backed by a two-stage rotary pump (Pfeiffer DUO 10, 10 

m
3
/h, ~2.8 l/s), the Time of Flight (TOF) detection chamber by a Pfeiffer TMH 261 P 

(pumping speed of 210 l/s) turbo pump backed by a DUO 5 (5 m
3
/h, ~1.4 l/s) rotary 

pump. The pressure is monitored at key places of the setup by Pfeiffer pressure gauges. 

Three two-head systems (Pirani and hot cathode) are connected to the main vacuum 

chambers: model PBR 260 for the TOF chamber and model PKR 251 for the ionization 

and source chambers (separate gauges). Pirani gauges model TPR 256 are used to 

monitor pressures between all first and second stage pumps. The pressure is read from a 

Pfeiffer TPG 256A MaxiGauge controller. Typical pressures with the molecular beam 

running are 2·10
-5

 mbar for the source chamber, 5·10
-7

 mbar for the ionization chamber 

and 2·10
-7

 mbar for the detection chamber. Without the molecular beam typical pressures 

are 2·10
-7

 mbar, 5·10
-8

 mbar and 4·10
-8

 mbar in the source, ionization and detection 

chamber, respectively.  

The detection part of the molecular beam setup closely follows the design 

reported in ref. [1]. In this setup mass-resolved ion detection is performed with the Jordan 

Co. D-850 Angular Reflectron Time-Of-Flight mass spectrometer (Figure 2.5). The 

molecular beam crosses the UV and IR laser beams halfway between the repeller (VA1) 

and extractor (VA2) plate. The ions produced in the interaction region are accelerated and 

steered by deflection plates (VXY) into the time-of-flight tube, which in the linear 
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configuration is 110 cm long. At the end of this time-of-flight tube the ions hit a 18 mm 

dual microchannel plate detector (Jordan Co. C-701). To expand the time-of-flight zone 

to 190 cm and to compensate for the velocity distribution of ions with the exact same 

mass - due to the fact that ionization does not occur in one single point but in a finite 

physical space volume, ions are accelerated with different starting velocities - an angular 

reflector can be used (Jordan Co. C-852). The C-852 reflector assembly is composed of 

an entry grid which normally is grounded or at the potential of the flight tube potential. 

Behind this entry grid lies the first repeller grid (VR1), followed by several plates resulting 

in a uniform repelling field. The last element is a repeller grid that is put at a reflection 

potential (VR2) or can be grounded to run the set-up in a linear detection mode. After 

passing through the reflector and the second time-of-flight region, the ions are detected 

by a 40 mm dual microchannel plate (MCP) detector (Jordan Co. C-726) with a gain of 

up to 10
7
. The mass resolution ∆m/m of this system lies between 1500 and 4000 

depending on the quality of the ion source. Since the mass of the molecular systems 

studied in this thesis never exceeded 500 amu, single mass resolution could always be 

achieved. 

Apart from mass-resolved ion detection, the set-up is also equipped for electron 

detection. To this purpose photoelectrons are steered into a µ-metal time-of-flight tube of 

14.3 cm and detected by an 18 mm dual MCP detector (Jordan Co. C-701). Although it 

should be possible to obtain to some extent electron kinetic energy resolved detection, 

initial attempts have not been encouraging. For the experiments in this thesis electron 

kinetic energy resolved detection is not necessary, and no further efforts have therefore 

been made to optimize this aspect. 

 

 
Figure 2.5. Overview of the angular reflectron D-850 Time of Flight mass spectrometer 

used for both ion and electron detection, showing the flight path of ions when the 

reflector is used. The potentials VA1 and VA2 are used to accelerate ions or electrons into 

the flight tubes. The distance between the A1 and A2 plates is 13.3 mm, while the distance 

between A2 and the first grounded plate is 12.7 mm. The potentials VXY1 and VXY2 are 

used to direct the ion beam towards the detector. VR1 and VR2 are used to reflect the ions 
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towards the C-762 MCP detector. The C-701 MCP detector can be placed at either one 

of two indicated positions.  

The signal recorded by the MCP detector is converted into a digital form by a 

Tektronix TDS 3052 digital oscilloscope and read out by a PC. The time of flight of ions, 

that is, the time between ionization and arrival of the ions at the detector, is given by the 

equation:  

 

                                                          mbaTOF ⋅+= ,                                                   (7) 

 

where m is the mass of the ion in atomic units, and a and b are constants determined by 

the experimental conditions. To calibrate the mass spectrometer, the time of flight of two 

molecules with known masses are measured. Another way to calibrate is to measure with 

a fast photodiode the time interval between the moment of the laser pulse arrival at the 

setup (which is the same as the moment of ionization), and the triggering of the 

oscilloscope. This directly corresponds to the factor a. The b factor can then be 

determined by measuring the time of flight of only one known mass. Values of the factors 

a and b depend on the accelerating potentials, but are typically in the range of 2.75-3.0 

µs/(u)
1/2

 for b and less then 0.5 µs for a. 

 

 

2.3. Supersonic molecular beam sources 

 

To study molecules of interest in the gas phase, two molecular beam sources 

employing different sample seeding techniques have been used. The first is based on a 

simple evaporation or sublimation process. The solid or liquid sample is placed into a 

small glass container that is heated by an electrical coil. A noble gas (normally helium) 

with a regulated pressure between 0.5-3 bar is mixed with the vapor of the sample and is 

led towards the vacuum chamber. The mixed carrier gas - sample vapor is expanded into 

the source chamber by a General Valve nozzle (Parker Series 9 pulsed valve). This 

system produces a pulsed molecular beam with a pulse duration between 160 to 300 µs 

and can be heated up to 220 °C. The sample holder and nozzle are heated separately to 

allow for keeping the valve slightly warmer (usually by 5 °C) than the sample holder to 

avoid clotting of the sample at the orifice. A simple scheme of the thermal seeding 

molecular beam source is presented in Figure 2.6.  
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Figure 2.6. Overview of the thermal seeding molecular beam source. The seed gas passes 

through the source from the top to the bottom. The magnetic actuator lifts the poppet and 

in this way opens the orifice to the vacuum.  

 

The nozzle can have different orifice diameters (0.2 mm, 0.5 mm or 1.0 m). A larger 

opening to the vacuum results in a more efficient transport of the sample to the 

spectrometer, while for creating and measuring molecular clusters a smaller opening is 

preferable. These dependencies can be expressed quantitatively by the following 

equations [2, 3]: 

                                       

                                                          DpP b ⋅
2

03 ~                                                            (1) 

                                                           2

0~ DpM ⋅ ,                                                          (2) 

 

where P3b is the probability of three-body collisions in a supersonic molecular beam 

(clusters can only be created by three or more-body collisions), M the total mass 

transported in the supersonic beam, p0 the backup pressure, and D the orifice opening 

diameter. Assuming two sets of expansion conditions: (p01, D1) and (p02, D2) in which the 

same mass is being transported to the spectrometer: 

 

                                                      
2

202

2

101 DpDp ⋅=⋅                                                      (3) 

 

one can easily derive the following equation: 
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Equation (4) shows that when the molecular beam is transporting a constant amount of 

gas, the probability of cluster creation is inversely proportional to the cube of the orifice 

diameter.  

The supersonic expansion of isolated sample molecules seeded in an inert (mostly 

noble) gas results in efficient cooling. Due to the collisions inside the supersonic jet, the 

molecular velocity distribution becomes very narrow, which corresponds to a low 

translational temperature [4-7]. Additionally, since the expansion occurs isoentropically 

[8-10], these collisions transfer the cooling effects from translational to rotational and 

vibrational degrees of freedom [5, 9, 10]. Due to this energy transfer pathway and 

because of the density of energy levels, the cooling efficiency is highest for translational 

degrees of freedom, less for rotational degrees of freedom, and the lowest for vibrational 

degrees of freedom. Since cooling is directly related to the collisions between the sample 

molecules and the atoms of the seed gas, it is most efficient in the region a few mm from 

the nozzle opening, where the molecular beam is dense and collisions are numerous. In 

the end, translational temperatures of the sample molecules well below 1K can be easily 

obtained [10], while rotational and vibrational temperatures can be expected to be on the 

order of 2-10 K and over 20 K, respectively [3, 11-13]. Consequently, as compared to 

non-isolated, room-temperature conditions very high-resolution spectroscopy can be 

performed where single vibrational levels can easily be distinguished and the linewidth is 

often only limited by the spectral resolution of the laser source.  

 Another method to produce isolated sample molecules is based on the process of 

laser desorption [13-16]. This method can be used for samples which are either non-

volatile or would fragment upon heating. The laser desorption source is based on the 

same General Valve nozzle (Figure 2.7). Here, the sample is grinded and rubbed onto a 

porous graphite sample bar, which is placed close to the nozzle orifice in the source 

chamber. The sample is brought into the gas phase by desorbing it from the graphite 

sample bar with a nanosecond Nd:YAG laser (New Wave model Polaris II 30 Hz) 

operating at 1064 nm and low energies (about 1-3 mJ). By synchronizing the desorption 

laser with the opening of the nozzle and aligning the sample bar surface with the nozzle 

orifice, the sample is produced inside the “high collision number” cooling part of the 

supersonic molecular beam. The desorbed sample molecules are redirected towards the 

mass spectrometer and cooled by collisions with noble gas atoms.  
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Figure 2.7. Schematic representation of the desorption source. The seed gas passes 

through the nozzle from the top to the bottom. The graphite bar moves in the direction 

perpendicular to the surface of this figure.  

 

During the measurements the graphite bar is slowly moved perpendicularly to the 

desorption laser beam to provide a fresh sample at every laser shot. This motion is 

induced by a PI N-310 NEXTACT miniature piezo motor with an average speed of 0.02 

mm/sec at the 30 Hz repetition rate used in the experiments. Since the length of the bar is 

about 70 mm, a one hour scan with ~10
5
 acquired data points can be performed before 

the sample needs to be replaced. A similar piezo motor is also used to align the position 

of the graphite bar position with respect to nozzle orifice in the direction perpendicular to 

the travel direction. The sample bar can be removed and replaced without venting the 

vacuum setup by a small air lock. 

The availability of two different sources (thermal and desorption) to produce gas-

phase molecules provides a large flexibility in choosing the most efficient way of 

creating cooled, isolated sample molecules. The heatable source is used for liquid 

samples or solid state samples with a relatively high room temperature vapor pressure. In 

most cases this is correlated with the size of the molecule. In general, we can say that for 

molecules lighter than 300 a.m.u. the heatable source is an easier and completely 

sufficient choice. Heating the sample to higher temperatures can be achieved for other 

molecular systems as well, but in many cases this leads to thermal dissociation of the 

sample before the desired vapor pressure is obtained. Laser desorption is used for 

thermally unstable and non-volatile samples. Because one has to change the sample every 

hour, and because of the additional alignment of the sample bar position and the time 

overlap with the seed beam and excitation/ionization laser, it is a more demanding 

technique. However, it provides the possibility of measuring a much wider range of 

samples. The size and complexity of the molecules is more or less unlimited, even 
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complex molecular systems such as rotaxanes [17], clusters of DNA-bases [16] and large 

peptides with masses up to 1900 a.m.u. [18] have been measured using this laser 

desorption technique. However, generally for these large systems the cooling efficiency 

of the supersonic molecular beam is not sufficient [19, 20], resulting in broad UV 

excitation spectra that do not allow for conformational distinction.  

Different inert gasses are used as a seeding gas to produce the molecular beam. 

Depending on the size of the molecules and the method to bring these molecules in the 

gas phase, a suitable noble gas is selected [3, 11, 12]. In general, for the small-sized 

molecules produced by the heatable nozzle helium or neon is used to obtain optimal 

cooling. For these systems argon or xenon can lead to lower temperatures, but at the price 

of the formation of noble gas clusters with the sample molecule that interfere with the 

measurements. In the laser desorption experiments on medium- or large-sized molecules, 

the plume of desorbed molecules is produced at right angles with the supersonic gas 

expansion. The desorbed molecules must thus undergo a large change in velocity 

direction. Normally, one therefore uses argon to acquire sufficient cooling. Moreover, in 

some cases xenon would be preferred to enhance the cooling conditions.  

A simple seed gas supply system consisting of gas lines, pressure regulators and 

valves provides not only easy control over the type of gas and its pressure, but also 

allows for the preparation and usage of gas mixtures. A schematic overview of this 

system is presented in Figure 2.8.  

 

 

 
Figure 2.8. Scheme of the gas supply system for the molecular beam setup. 

 

The inlets for gas bottles 1 and 2 are interchangeably used for helium, neon, or 

argon. The pressure of the seed gas can be adjusted by a pressure regulator in the range of 

0 to 10 bar. Whenever a different type of gas was used, the complete system can be 

pumped with a vacuum pump to remove the “old” gas after that the pressure is reduced to 

1 bar by opening the atmosphere outlet in order to prevent pump damage. A special short 
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connection is used for xenon with the pressure regulator connected directly to the bottle 

to minimize the loss of expensive xenon. The gas supply system is also used to create 

mixtures of noble gasses in order to optimize the cooling capabilities in the supersonic 

expansion. In this case, the desired gases are first injected at the required pressures one 

by one into a mixing bottle. Subsequently, the mixture is used with the on-bottle pressure 

regulator. An external pick-up cell has been incorporated into the gas supply system to 

form clusters with, for example, water or methanol. To produce these methanol or water 

clusters, the seed gas of choice passes through the solvent to pick up these molecules and 

make the appropriate mixture that is used as carrier gas. Collisions with the sample 

molecules during the expansion then result in the required clusters. This pick-up cell can 

also be used for samples with high vapor pressures, since in that case heating is not 

necessary.  

The amount of noble gas that is used during the experiments can be estimated 

using the thermodynamics of ideal gases. According to the ideal gas theory, the number 

of gas atoms transported via the orifice of a surface A during a time ∆t is given by 
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where NA is Avogadro’s number, P pressure of the gas, M the molar mass of the used gas, 

R the gas constant, and T the gas temperature. This can be further converted into the 

volume of the gas at a pressure of 1 bar: 
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For standard experimental conditions, i.e., a nozzle diameter of 0.5 mm (A≈2⋅10
-7

 m
2
), 

P=2 bars, T=300 K and a gas pulse duration of 220 µs at a repetition rate of 30 Hz, the 

use of the different gasses is given in Table 2.1. 

 

Table 2.1. The use of different carrier gasses under standard experimental conditions. 

 

Helium Neon Argon Xenon 

3.6 [l/h] 1.6 [l/h] 1.2 [l/h] 0.6 [l/h] 

 

 

 

 



  34 

2.4 Synchronization  

 

To synchronize the laser pulses and the molecular beam, two Stanford (SRS 

DG535) and one Berkeley Nucleonics (BNC 575) pulse delay generators operating at a 

30 Hz repetition rate have been used. Figure 2.9 shows the timing sequence used for a 

standard three-laser experiment. The lasers are triggered directly by normal TTL pulses. 

The opening of the nozzle in both beam sources is regulated by the Iota One Valve driver 

(Parker Hannifin) which also controls the duration of the pulse.  

 

 
Figure 2.9. Example of a commonly used sequence for triggering the different setup 

elements in case of a three-laser experiment. Nozzle opening is triggered by T0 pulse.  

 

To ensure optimal overlap between the molecular beam and the UV excitation 

beam, the delay time ∆T2 is set such that the arrival time of the sample molecules 

coincides with the laser pulse. This arrival time is determined by the distance between the 

molecular beam source and the ionization region (see Figure 2.4), as well as the carrier 

gas that is used. When the experiments are performed with the laser desorption source, 

the delay time ∆T1 can be set to optimize the timing of the desorption pulse with respect 

to the molecular beam pulse. The optimal values of both ∆T1 and ∆T2 depend on various 

experimental conditions, but are mainly influenced by the carrier gas since the use of 

lighter carrier gas molecules leads to a beam with a higher velocity and hence the use of 

shorter delay times. Typical velocities range from 1560 m/s in helium expansions to 600 

m/s in argon expansions and 370 m/s in xenon expansions [21]. For the study of clusters 

longer ∆T2 times are required as optimal cluster formations occurs later in the expansion. 

The primary Nd:YAG laser used for pumping the Sirah dye laser requires two trigger 

pulses, one to trigger the xenon flash lamps and one to open the Q-switch. The use of a 

single trigger in combination with the internal delay generator of the Nd:YAG laser is 

theoretically also possible. However, in practice temporal drifts of tens of nanoseconds of 

the laser pulse are observed when this type of triggering is used, which for the present 

experiments is unacceptable. When performing a multi-laser experiment, the pump and 
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probe pulses need to be perfectly synchronized, which can only be achieved by using the 

delay generators. The optimal intensity of the Nd:YAG laser is observed when a time 

delay between the flash lamp and Q-switch trigger of ∆T3=182 µs is used. To avoid 

damage of lenses and mirrors in the Sirah dye laser, sometimes the laser power of the 

Nd:YAG needs to be reduced. This normally is done by using shorter delays between the 

flash lamp and the Q-switch triggers (down to 140 µs).  

For the double-resonance experiments, the second UV beam (T4) or the ArF laser 

(T5) need to be synchronized. Therefore, the delay ∆T4 and ∆T5 can also be adjusted. Due 

to the different response times of each laser the values of ∆T4 and ∆T5 are not identical, 

but vary a few hundreds of the nanoseconds. Separate triggering ensures that at the set-up 

they are synchronized with the rest of the experiment. When Zero Kinetic Energy [22-26] 

(ZEKE) photoelectron or Mass Analyzed Threshold Ionization (MATI) [27-30] 

spectroscopy is performed, additional synchronization of electrical field pulses is 

required. This will be described in more detail in Chapter 2.5. 

To obtain background-free measurements in the double-resonance experiments, 

the delay of every second measuring pulse can be changed by a triggering delay device 

that has been built at the electronics workshop of the University of Amsterdam. This 

device shifts every second trigger pulse by a chosen time delay in the range from 10 ns to 

1.3 µs. The laser pulses thus can be moved in and out of synchronization with the other 

pulse, allowing for correction of the signal for fluctuations in laser fluences and sample 

concentration. 

 

 

2.5 Capabilities of the molecular beam setup and experimental details 

 

 The molecular beam setup described is a very flexible scientific tool. The 

possibility to detect both ions and electrons opens the door to various spectroscopic 

techniques such as Resonance Enhanced Multi Photon Ionization [31-33] (REMPI), 

ZEKE [22-26], or MATI [27-30]. Switching the setup from ion to electron detection 

requires to change the magnitude and/or polarization of the potentials on the extractor 

and repeller plates (VA1 and VA2). A detailed scheme is presented in Figure 2.10. The 

function of most of the plates has been described in Chapter 2.2. 
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Figure 2.10. A detailed overview of the ionization region indicating the various plates to 

accelerate and direct the electrons (right side) or ions (left side) to their respective 

detectors. 

 

To direct the electrons to the MCP detector a field is generated by the potentials VP1 and 

VP2, VEFT (Electron Flight Tube) is used accelerate the electrons further. When working in 

the ion detection mode, voltages on plates A1, A2, and the first grounded plate are used to 

direct the ions into the time-of-flight tube and to the detector. Except for the MATI 

experiments where a pulsed potential is required, the employed voltages can be 

approximated by the following empirical equations: 

 

                                                VVV AA 58082.0 12 −⋅= ,                                                    (8) 

 

                                                 VVV RR 1862.1 12 −⋅= ,                                                      (9) 

 

                                                VVV AR 16359.0 11 −⋅= .                                                   (10) 

 

It must be pointed out that we have observed that also other choices for potentials can 

still lead to a satisfactory functioning of the spectrometer. The empirical dependencies 

given above result from an optimization aiming at the highest mass resolution and signal 

level. For VA1, we have found that voltages in the range from 1700 to 3850 V lead to 

quite acceptable signals. However, since the higher values for VA1 have been observed to 

lead to significantly stronger and better time-resolved signal at the MCP detector, we 

typically have used voltages ranging from 3450 V to 3850 V. Irrespective of the precise 

voltages, the condition  

 

                                                
( )

2

21

22

AA

AR

VV
VV

−
+> .                                                  (11) 



  37 

must be met to ensure that the reflector will have a sufficiently strong field to change the 

flight direction of the accelerated ions. 

 

For the MATI experiments (see Chapter 2.6) the reflectron was used as a high-

pass kinetic energy filter. The scheme of this operation is presented in Figure 2.11.  

 

 
Figure 2.11. Scheme for the MATI experiments. Times t1 and t2 correspond to excitation 

and ionization by the laser beam, and application of the electric field extraction pulse, 

respectively. The red line represents the flight path of the ions created directly by the 

laser pulse. The blue line indicates the flight path of the ions originating from the pulsed-

field ionized molecules that initially have been excited to high-n Rydberg states. 

 

The MATI experiments have been performed in two different ways. The simplest method 

(Figure 2.11a) uses only one single electric field pulse. Excitation of high-n Rydberg 

states is performed in the weak field region generated by the potential difference between 

the A1 and A2 plates. Prompt ions that are generated travel during the time between t1 and 

t2 in the direction of plate A2. As a result, they gain a lower kinetic energy when the 

extraction pulse is applied on plate A2 than ions that are generated by pulsed-field 

ionization of the high-n Rydberg states. Prompt ions are thus reflected by the reflectron 

plates before reaching the MCP detector. In Figure 2.11b an experimental scheme is 

presented that enables pulsed-field ionization without the need for significant electrostatic 

fields during excitation to discriminate prompt and delayed ions. To this purpose, two 

voltage pulses are generated. The first, a weak pulse, is used to attract the ions created 

close to plate A1. The second pulse, the extraction pulse, results in field-ionization of 

molecules excited to high-n Rydberg states and accelerates prompt and delayed ions 

towards the reflectron. Here, the difference in kinetic energy is used to selectively reflect 
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the delayed ions to the MCP detector. Tables 2.2 and 2.3 give typical values of the used 

voltages and time delays for the MATI experiments.  

 

Table 2.2. Typical voltages and time delays used for MATI experiments with a single 

voltage pulse.  

VA1 

offset 

VA1 

pulse amp. 

VA1 

pulse delay 
VA2 VXY2 VR1 VR2 

2807 V 220 V 3 µs 2799 V 125 V 2915 V gnd 

3808 V 400 V 5.5 µs 3800 V 120 V 3830 V gnd 

 

 

Table 2.3. Typical voltages and time delays for MATI experiments with two voltage 

pulses. For both VA1 and VA2 the offset voltage is 0 V.  

VA1 

pulse amp. 

VA1 

pulse delay 

VA2 

pulse amp. 

VA2 

pulse delay 
VXY2 VR1 VR2 VFOC 

400 V 6 µs 0.45 V 100 ns 5 V 179 V 284 V 110 V 

400 V 7 µs 0.9 V 100 ns 5 V 180 V 288 V 110 V 

 

Standard - if not indicated otherwise - the ion lens and directing plates FOC and XY1 are 

grounded. The voltage on plate XY2 ranges from 0 V to 125 V for optimal signal intensity 

without any noticeable correlation with other potentials.  

When the setup is used to detect electrons, voltages need to be applied to the EFT, 

P1, P2, A1, and A2 plates. Because of the larger charge-to-mass ratio of electrons 

compared to ions, the required strength of accelerating and flight-controlling electrostatic 

fields is considerably lower than for the ion detection scheme. Typically used voltage 

values are given in Table 2.4. For the ZEKE measurements (see Chapter 2.6), a pulsed 

voltage needs to be applied on plate A2 to separate electrons originating from pulsed field 

ionization from the electrons generated by direct ionization. Therefore, typically 100 - 

300 ns after high-n Rydberg state excitation, the VA2 potential is set from a background 

value to the extraction level. In this way, the prompt electrons can drift away with the 

help of a small background potential from the extraction field region before the extraction 

voltage is switched. 

 

Table 2.4. Typical voltage values for plates used for electron detection experiments. 

VA1 VA2 VP1 VP2 VEFT 

0 (grounded) 
-3 V - -10 V − extracting voltage 

for ZEKE: 

0 V - -0.3 V − background voltage 

7 V - 9 V 7 V - 9 V 40 V - 90 V 
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2.6 Overview and description of performed multiphoton ionization 

experiments 
 

The three previously described independent nanosecond laser sources generating 

UV, visible, and IR light allow us to use various spectroscopic techniques to obtain 

detailed information on the electronic and vibrational structure, as well as the 

photodynamics of molecular systems. In this thesis the following approaches have been 

employed. 

 

 

2.6.1 One- and two-color Resonance Enhanced MultiPhoton Ionization 

(REMPI) spectroscopy 

 

 REMPI spectroscopy is a powerful approach to map out the molecular electronic 

manifold, the vibrational structure in electronically excited states, and the photodynamics 

of excited states. Many variations differing in the number and sequence of photons 

required for ionization of the sample molecule have been proposed. Here we will explain 

the concept of Resonance 2-Photon Ionization (R2PI) (Figure 2.12). 

 
Figure 2.12. Scheme of (a) one- and (b) two-color REMPI spectroscopy. 

 

In R2PI two photons originating from one or two lasers are used to ionize a molecule. In 

the most simple, one-color version (Figure 2.12a) a single laser pulse provides two 

photons. If the photon energy hν1 matches the energy gap ∆E between ground and 

excited state, the first photon can excite the molecule into an excited state. Subsequent 

absorption of second photon then leads to ionization. Since simultaneous absorption of 

two photons without an intermediate energy level is much less probable than the 

sequential resonance-enhanced process, scanning of the laser frequency and observation 

of the ion yield provides the excitation spectrum of the accessible energy levels. Under 

the assumption that the probability for absorption of the second photon is approximately 
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equal for all excited states, the intensities of the observed spectral lines are directly 

proportional to the transition probabilities between ground and excited state levels.  

 The two-color R2PI technique (Figure 2.12b) requires two independent laser 

sources providing excitation and ionization photons of different energy. This approach 

has a number of advantages over the one-color approach. Since the second photon can 

have more energy then the first one, one can study without problems molecular systems 

in which excited state levels are below half of the ionization potential. Moreover, the 

possibility to control independently the intensity of the laser pulses responsible for 

excitation and ionization provides a much larger flexibility when studying molecules in 

which the transition probabilities of these two processes are significantly different.  

Finally, the possibility to introduce a delay between excitation and ionization pulses 

enables time-resolved studies. Since the decay of the initially excited state normally leads 

to a lowering of the ionization probability with the second photon, such time-resolved 

studies allow one to determine the lifetime of the excited state, [34] and give insight into 

its photodynamic processes [35]. 

 In the present thesis we have used the R2PI technique as well for high-accuracy 

measurements of the ionization potential (IP). To this purpose the ionization laser is 

scanned while monitoring the ion yield. At the moment the total energy exceeds the 

adiabatic ionization potential, the ionization process changes from a three-photon into a 

two-photon ionization process, leading to a sharp increase in ion yield. In the case of a 

one-color measurement non-resonant multiphoton ionization process is used. In a two-

color approach, the first laser is fixed at a known transition to an excited state and the 

second laser is scanned over the ionization potential.   

 

 

2.6.2 UV-UV depletion and UV-UV hole-burning spectroscopy 

 

 Molecules of interest often can adopt more than one stable conformation. In such 

cases the excitation spectra of the different conformations will overlap and impede  

analysis of the spectrum. UV-UV depletion [35-37] and hole-burning [38] techniques 

allow for the investigation of conformational heterogeneity, and can provide 

conformation-selective excitation spectra. The concept on which the two techniques are 

based is depicted in Figure 2.13. 
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Figure 2.13. Scheme of UV-UV depletion and UV-UV hole-burning experiments. 

 

Two laser beams, labeled as pump and probe, are introduced to the sample with a 

constant time delay. In the case of UV-UV depletion, the first beam (the pump beam) is 

scanned over a particular excitation region while the second beam (the probe beam) is 

fixed at one particular transition. If pump and probe are at transitions that belong to the 

same conformation - and thus have a common ground state -, the ground-state population 

of this conformation is efficiently depleted by the pump laser, and the ion yield due to the 

probe laser reduced. On the other hand, the signal from the probe laser is not affected by 

the pump laser if the pump laser ionizes a different conformation. Repeating this 

procedure and fixing the probe laser at different bands in the excitation spectrum allows 

for the assignment of bands to particular conformations. As a result, conformation-

specific excitation spectra are obtained.      

 In UV-UV hole-burning the role of pump and probe beams is reversed. Now the 

pump laser is fixed on a particular transition while the probe laser is scanned. The signals 

generated by the probe laser in the presence and absence of the pump laser are then 

subtracted, and allow one to determine whether bands originate from the same 

conformation. The advantage of hole-burning spectroscopy over depletion spectroscopy 

is that with the former significantly better signal-to-noise ratios can be obtained since it is 

in principle a zero-background technique. On the other hand, UV-UV depletion allows 

for the detection of transitions that do not appear in the REMPI spectrum due to lack of 

ionization efficiency [39]. In both cases an intense pump beam is desirable to obtain 

efficient ground state depopulation. The delay time between both laser pulses requires 

some attention since it should be chosen in such a way that ionization of excited states by 

the probe beam is minimized. 
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2.6.3 IR-UV depletion and IR-UV hole-burning spectroscopy 

 

IR-UV [17, 35-37, 40] depletion and hole-burning [40, 41] spectroscopies follow 

the same principles as their UV-UV counterparts methods. The required laser pulse 

sequence is depicted in Figure  2.14. 

 
Figure 2.14. Scheme of IR-UV depletion and IR-UV hole-burning experiments. 

 

The IR laser is used now as the pump beam, and is either scanned or fixed in the spectral 

region of vibrational transitions of S0. Depopulation of the ground state by the IR pulse 

leads to a reduction of the ion signal generated by the probe beam. In case of hole-

burning (IR laser fixed at a chosen transition while the UV laser is scanned over the 

electronic excitation region) low-noise electronic excitation spectra are obtained of 

conformations for which the chosen IR frequency is resonant, while the depletion 

technique (probe laser fixed and pump laser scanned) allows one to record conformation-

selective S0 vibrational spectra. The choice of the time delay between pump and probe 

laser is less crucial than for the UV-UV methods, since no electronically excited states 

are generated by the IR pump laser. 
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2.6.4 Zero Kinetic Energy (ZEKE) Photoelectron and Mass Analyzed Threshold 

Ionization (MATI) spectroscopy 

 

 

 ZEKE [22-26] photoelectron and MATI [27-30] spectroscopies provide insight 

into the vibrational structure of molecules in ionic states. The laser pulse sequence 

employed is very similar to the one described for the REMPI technique, and is shown in 

Figure 2.15.  

 

 

Figure 2.15. Scheme of ZEKE and MATI experiments. 

 

The basis of the technique is two-color resonant (Figure 2.15a) or one-color non-resonant 

(Figure 2.15b) excitation of long-lived high-n Rydberg states converging upon the 

various rovibronic levels of, normally, the D0 ionic ground state. After an appropriate 

delay, these Rydberg states are ionized by a pulsed electric field. ZEKE and MATI 

methods rely on the selective detection of the resulting time-delayed electrons and ions, 

respectively, using the techniques described in Chapter 2.5. The advantage of MATI 

spectroscopy lies in the capability to perform mass-resolved measurements, whereas with 

ZEKE spectroscopy electrons arising from ionization of sample impurities can easily 

interfere with the measurements. A conceptually important difference between one-color 

non-resonant and two-color resonant ZEKE/MATI techniques is that with the former 

technique one projects the properties of S0 onto the ionic manifold, while with the latter 

method an electronically excited state is projected. ZEKE/MATI spectra can thus be very 

different for the two cases even though the same D0 vibrational manifold is probed (see, 

for example, Chaper 3). 
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2.7. Liquid helium nanodroplet setup 

 

A significant part of the results presented in this work has been obtained using 

helium nanodroplet spectroscopy. These measurements have been performed on the setup 

developed and run by dr. Marcel Drabbels in the Laboratoire de Chimie Physique 

Moléculaire at the Ecole Polytechnique Fédérale de Lausanne (EPFL) in Lausanne, 

Switzerland. A detailed description of this setup has been reported elsewhere [42-44], 

here only a brief description will be given.  

Liquid helium nanodroplet spectroscopy differs from the previously described 

supersonic beam methods in the way that cold, isolated sample molecules are prepared. 

Instead of a jet expansion of a carrier gas, a matrix of liquid helium at 0.38 K is used 

which serves to embed each sample molecule into its own cryogenic nanodroplet. The 

scheme of used setup is presented in Figure 2.16. 

 

 
 

Figure 2.16. Scheme of the helium nanodroplet setup at the Ecole Polytechnique 

Fédérale de Lausanne.  

 

The setup consists of four separately pumped vacuum chambers: a source chamber, a 

doping chamber, a differentially pumped chamber, and a detection chamber. The first one 

is equipped with two large turbomolecular pumps (Pfeiffer TMU 1601P) with a pumping 

speed of 1600 l/s each and backed by a compact dry scroll pump (Edwards XDS10). 
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Liquid helium nanodroplets are formed by expanding high purity (99.9999%) helium gas 

at a pressure of 30 bars into the vacuum through a 5 µm orifice (Frey A0200P). This part 

of the system is cooled by a closed-cycle refrigerator system (Sumitomo Heavy Industries 

RDK-205D). During the experiments the temperature can be changed in the range of 11-

20 K with an accuracy of 100mK using an assembly of a 25 W heater and a Lake Shore 

Cryotronics Model 331 temperature controller. In this way conditions of droplets creation 

can be altered as to change their mean size and the flux density. In the experiments 

described in this thesis droplets have been made that consist on the average of 2000-

20000 helium atoms, corresponding to mean radii of 28-60 Å. The whole assembly can 

be aligned in three dimensions with micrometer manipulators for accurate positioning of 

the droplet beam source with respect to the orifice leading to the second vacuum 

chamber.  

The helium nanodroplet beam enters the doping chamber via a skimmer (Beam 

Dynamics Model 2) with a diameter of 0.3 mm and positioned at 9 mm from the droplets 

source. This part of the setup is pumped by a Pfeiffer TMU521 turbomolecular pump 

with a pumping speed of 500 l/s. The liquid helium nanodroplets are doped with sample 

molecules via collisions. The proper pressure of the sample vapors in the range of 10
-6

 - 

10
-5

 mbar, depending on the droplets size and other experimental conditions, can be 

obtained with an adjustable leak valve (Balzers UDV235), or, in case of samples 

requiring higher sublimation temperatures, an internal oven through which the droplet 

beam passes. Normally, the mean droplet size and pressure of the sample vapor is chosen 

such that on the average less than one sample molecule is picked up per helium droplet. If 

dimers or higher-order clusters are the subject of interest, the pressure and/or mean 

droplet radii can be increased to enlarge the collision cross section. After embedding in 

the droplet the internal energy of the molecules is reduced by surface evaporation of 

helium atoms (~5 cm
-1

 per atom) and the molecules are cooled down to a temperature of 

0.38 K. 

The doped droplets enter the detection chamber via a differential pumping stage 

equipped with a Pfeiffer TMU 250 turbomolecular pump. In this chamber vacuum is 

sustained by a single Pfeiffer TMU1601P turbomolecular pump with a high pumping 

speed of 1600 l/s. Back-up vacuum is provided by a smaller turbomolecular pump 

(Pfeiffer TMH071P) in order to attain ultrahigh vacuum conditions. To further lower the 

pressure in the detection chamber, internal high-yield heating and cooling systems are 

utilized. After each opening of the setup to atmospheric conditions, the interior of the 

detection chamber is baked out with a set of quartz lamps for speeding up the process of 

desorption of impurities from internal surfaces. During the experiment heating is turned 

off and cryoshields can be filled up with liquid nitrogen to minimize further release of 

adsorbed species. As a result, a base pressure of 3⋅10
-11

 mbar is obtained and a pressure 
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as low as 1⋅10
-9

 mbar can be sustained in the detection chamber in the presence of the 

liquid helium beam.  

Production and doping of the helium droplets is monitored by a quadrupole mass 

spectrometer (Balzers QMG422) positioned at the far end of the chamber. During the 

experiments the helium-embedded sample molecules are ionized with laser pulses in an 

ion imaging setup. Created charges are steered into a short (395 mm) TOF tube where 

they can be separated according to their masses. Finally, they reach the detector 

consisting of a 75 mm diameter chevron MCP assembly and a P-20 phosphor screen 

(Galileo S-3075-25-I-PS). A fast high-voltage switch (Behlke HTS 31-GSM) with a 

nominal minimum pulse width of 80 ns allows the temporal gating of the gain of the front 

MCP and by this the recording of the presence of the ions in a mass-selective way. The 

image created on the phosphor screen is captured with a 1024x1024 pixel CCD camera 

(Basler AG A200) equipped with a f =50 mm objective, and transferred to a personal 

computer for further analysis. Due to this arrangement of detection system, and the usage 

of an asymmetric immersion lens and an Einzel lens for charge imaging, accurate 

velocity-imaging of the ionization spot is achieved. A three-dimensional velocity 

distribution of the ions or electrons is reconstructed from the two-dimensional image 

using the iterative Abel inversion method. In this way information about the ionization 

event, the mass of the created ion, and the velocity vector and kinetic energy of the 

resulting charges can be obtained.  

Two sets of dye lasers pumped by Nd:YAG nanosecond lasers (Quanta-Ray 

models 250 PRO and GCR-170) and operating at a 20 Hz repetition rate provide UV/Vis 

radiation in the spectral range of 215-900 nm. The same laser system is used to generate 

IR radiation for wavelengths from 1.5 to 5.0 µm in a similar way as has been described in 

Chapter 2.1. Additionally, IR radiation in the 1.0-1.5 µm region can be generated by a 

hydrogen-filled Raman cell. For non-resonant ionization a femtosecond laser system is 

available. This system consists of a mode-locked oscillator (Clark-MXR NJA-5) and a 

chirped pulse amplifier system (Clark-MXR CPA-1000). The λ=780 nm output has a 

pulse duration of 150-200 fs and a pulse energy of 1.0-1.5 mJ.    
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Chapter 3 

 

High-resolution spectroscopy of jet-cooled  

1,1’-diphenylethylene: electronically excited and ionic 

states of a prototypical cross-conjugated system 
 

 
 

ABSTRACT 

 

The photophysics of a prototypical cross-conjugated π-system, 1,1’-

diphenylethylene, have been studied using high-resolution Resonance Enhanced 

MultiPhoton Ionization excitation spectroscopy and Zero Kinetic Energy photoelectron 

spectroscopy, in combination with advanced ab initio calculations. We find that the 

excitation spectrum of S1 displays extensive vibrational progressions that we identify to 

arise from large changes in the torsional angles of the phenyl rings upon electronic 

excitation. The extensive activity of the antisymmetric inter-ring torsional vibration 

provides conclusive evidence for a loss of symmetry upon excitation, leading to an 

inequivalence of the two phenyl rings. Non-resonant Zero Kinetic Energy photoelectron 

spectroscopy from the ground state of the neutral molecule to the ground state of the 

radical cation, on the other hand, demonstrates that upon ionization symmetry is retained, 

and that the geometry changes are considerably smaller. Apart from elucidating on how 

removal of an electron affects the structure of the molecule, these measurements provide 

an accurate value for the adiabatic ionization energy (65274±1 cm
-1

 (8.093 eV)). Zero 

Kinetic Energy photoelectron spectra obtained after excitation of vibronic levels in S1 

confirm these conclusions and provide us with an extensive atlas of ionic vibronic energy 

levels. For higher excitation energies the excitation spectrum of S1 becomes quite 

congested and shows unexpected large intensities. Ab initio calculations strongly suggest 

that this is caused by a conical intersection between S1 and S2.  
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3.1 Introduction 

 

Although silicon and other inorganic semiconductors are playing a dominant role 

in the development of modern electronics, organic materials increasingly prove to be 

competitive by providing adequate solutions with simpler, wider available, and cheaper 

technologies like spin-casting [1], screen printing [2] doctor-blading, [3] or ink-jet 

printing [4]. Examples include conducting polymers, organic light emitting diodes [5-7] 

scaled up to entire display matrices [8], organic lasers [9, 10], organic photovoltaic cells 

[11-14] providing a reasonable efficiency at low production costs, molecular wires [15-

18], a large variety of optical [19, 20] and chemical detectors [21-23], organic transistors 

[24-26], and even large-scale integrated organic circuits [27]. Organic π-conjugated 

polymers, materials with alternating single and double bonds, have in this respect 

attracted attention from the very start. These molecular systems exhibit delocalization of 

electrons along their π-conjugated chains leading to the formation of band structure and 

making them intrinsic semiconductors. The gap between the valence and the conduction 

band can be varied over a large energy range by choosing appropriate polymers [28, 29] 

that thus provide an excellent material base for generating organic light emitting diodes at 

various wavelengths, organic P-N junctions, and multilayer photovoltaic cells constructed 

to harvest efficiently light from the solar spectrum. 

In view of their application potential, it will not come as much of a surprise that 

linear π-conjugated polymers have been the subject of a vast amount of studies. 

Surprisingly, branched π-systems have attracted considerable less attention [30-32]. 

These systems feature multiple conjugation paths that are not present in their linear 

counterparts. This can be key in trying to fix one of the major drawbacks of linear 

conjugated polymers. Since charge carriers are slowed down when they hop between 

chains, materials based upon these polymers can exhibit a strong anisotropy of their 

optical and charge-transfer properties. Controlling these properties thus implies control 

over the organization of the material on a molecular scale during device production. 

Furthermore, the presence of multiple conjugation paths could in principle also lead to 

enhanced carrier mobility [33, 34], many other unique phenomena [35] and the design of 

intelligent materials in which the energy flow can be controlled at the molecular level. 

This perspective is nowadays especially appealing - and also realistic - with the rapid 

progress in the development of coherent control techniques that enable excited state 

dynamics to be steered as was, for example, demonstrated for  the laser-controlled energy 

flow in natural and artificial light-harvesting antennas [36, 37] and other π-conjugated 

molecular systems [38, 39]. 

1,1’-diphenylethylene (DPE) (Chart 3.1) is a prototypical example of a branched 

π-system. Since the phenyl groups provide excellent chromophores, and because it is 

relatively easy to seed into supersonic expansions, DPE has favorable characteristics for  
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Chart 3.1. Representation of the structure of 1,1’-diphenylethylene with definition of 

employed angles. The torsional angles φ1 and φ2 are defined as the dihedral angles C2-

C1-C0-C1’ and C2’-C1’-C0-C1 respectively; θ is defined as the C1-C0-C1’ bond angle; δ1 

and δ2 are the dihedral angles C8-C7-C0-C1 and C8’-C7-C0-C1’ respectively. 

high-resolution spectroscopic studies. An additional advantage of the system is that in 

recent years extensive studies have been performed on its non-conjugated analog 

diphenylmethane [40, 41] and simple derivatives [42, 43] that enable one to elucidate 

which properties of DPE are directly linked to its branched π-conjugation character, and 

which properties are associated with other effects such as, for example, excitonic 

coupling. Furthermore, studies on other non-conjugated, bridged biphenylic molecules 

like diphenylamine [44, 45], diphenyl ether [46] as well as hetero-conjugated cross-

benzophenone [47, 48] provide an additional reference base from which the effects of 

cross-conjugation can be assessed. 

All the same, DPE has been the subject of surprisingly few studies up till now. 

Experimentally, IR absorption and Raman spectroscopy has been used to investigate the 

ground state vibrational structure [49, 50], while the lower ionic manifold has been 

studied with He(I) photoelectron spectroscopy as part of studies on the effects of steric 

inhibition of resonance [51]. Studies on the spectroscopy and dynamics of electronically 

excited states are limited to a series of reports by Gustav and Bölke more than 25 years 

ago [52-55]. 

In the present work we have used mass-resolved, high-resolution spectroscopic 

techniques to study the spectroscopic and dynamic properties of DPE under isolated and 

internally cooled molecule conditions. Electronic excitation spectra of the lower excited 

singlet states obtained by Resonance Enhanced Two Photon Ionization (R2PI) 

spectroscopy display a formidable amount of vibronic activity that nevertheless can be 

assigned reliably using the results of quantum chemical calculations. Interestingly, we 

find that when the molecule is excited to S1 the two phenyl rings become inequivalent. 

Moreover, strong indications are found that some 800 cm
-1

 above the S1 minimum 

excitation a conical intersection of S1 and S2 is present. Zero Kinetic Energy (ZEKE) 

photoelectron spectroscopy similarly enables us to determine the adiabatic ionization 

energy and study the properties of the lowest ionic state. Contrary to excitation of the 

lowest excited singlet state, symmetry is retained upon ionization. 



  52 

3.2 Experimental and theoretical methods 

 

Resonant two-photon ionization (R2PI) spectroscopy, UV-UV depletion (UVD) 

spectroscopy, and one- and two-color zero-kinetic-energy pulsed field ionization (ZEKE-

PFI) photoelectron spectroscopy have been used to study the spectroscopy and dynamics 

of ground and excited states of DPE. All experiments have been performed in a 

molecular beam setup described in details in Chapter 2 of this work. The sample is heated 

to a temperature of 95 °C and neon at a typical pressure of 1.5-2.5 bar is used as carrier 

gas. Either mass-resolved ion detection is performed using a reflectron type time-of-flight 

spectrometer (R.M. Jordan Co.), or electron detection using a custom-built setup (R.M. 

Jordan Co.) similar to the one described in ref. [56]. 

R2PI spectroscopy has been performed with a dye laser system (Sirah Precision 

Scan) pumped by a 30 Hz Nd:YAG laser (Spectra Physics Lab 190) using an unfocussed 

laser beam and typical pulse energies of 1-2 mJ. To investigate whether the recorded 

R2PI spectra contain contributions from more than one DPE conformation, we have used 

UVD spectroscopy [57]. The probe beam in these experiments is generated by an 

excimer-pumped (Lambda Physik CompexPro 205) dye laser (Lumonics HD500). Pump 

and probe beams are introduced in a counterpropagating fashion into the ionization 

region with a delay between the two beams of 100 ns. Typical pulse energies of 5.0 and 

0.2-0.3 mJ are used for pump and probe beams, respectively. Both laser beams are 

focused by a lens with a focal length of 30 cm. 

The same two laser systems have been employed to perform one- and two-color 

ZEKE-PFI photoelectron spectroscopy. In the one-color experiments high-n Rydberg 

states are excited by two-photon excitation from the electronic ground state using pulse 

energies of ~6 mJ and a laser beam that is focused by a lens with a focal length of 30 cm. 

In the two-color experiments high-n Rydberg states are excited in a (1+1’) pump-probe 

excitation scheme in which the first photon excites a particular vibronic level in the 

electronically excited state. Typically, we use pulse energies of 1 and 6 mJ for the pump 

and probe beam, respectively, and do not delay the two counterpropagating beams with 

respect to each other. Neither of the two beams is focused, although both beam profiles 

are narrowed using telescopes to maximize the overlap with the molecular beam. The 

high-n Rydberg states are excited in the presence of a small electric field (0.22 V/cm). 

After a delay of 200 ns these Rydberg states are subsequently field-ionized by a pulsed 

electric field of 4.5 V/cm, leading to a clear separation of prompt and PFI electrons in the 

time-of-flight spectrum of the electrons. 

DPE (97% purity) has been purchased from Sigma-Aldrich and has been used 

without further purification. 
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Full geometry optimizations of the ground, first, and second electronically excited 

singlet states of the neutral molecule, and of the ground state of the cation have been 

performed at various levels of theory that include (i) density functional theory (DFT) and 

time-dependent DFT (TDDFT) [58], (ii) Hartree-Fock (HF) and configuration interaction 

with single excitations (CIS), as well as (iii) second-order approximate coupled-cluster 

approach with resolution-of-the-identity approximation (RI-CC2) [59, 60]. The CC2 

method is known to be more accurate for the description of the excited states of charge-

transfer character compared to CIS and TDDFT, which can be of importance for the 

description of electronic interactions in bichromophoric DPE. For the DFT and TDDFT 

calculations the B3LYP hybrid functional [61] and a Gaussian basis set of triple zeta 

valence quality with polarization functions (def-TZVP) [62] was employed. HF, CIS and 

RI-CC2 calculations used a correlation-consistent valence polarized double zeta basis set 

(cc-pVDZ) [63]. For each optimized geometry a normal mode vibrational analysis was 

performed to check if the stationary point corresponds to a minimum or a transition state 

on the potential energy surface. HF and CIS calculations have been performed with the 

Gaussian98A.11 package [64], the other calculations with the TURBOMOLE 5.9 suite of 

programs [65]. 

Franck-Condon calculations of intensities in the vibronic spectra of the S1 ← S0 

transition and in ZEKE spectra upon two-photon threshold photoionization (D0 ← S0) 

were calculated under the harmonic approximation taking into account the Duschinsky 

effect using an in-house developed program [66] based on the recursion relations for 

Franck-Condon integrals [67]. The intensities in the ZEKE D0 ← S1 spectra for various 

intermediate excited levels in S1 were simulated using the Momo-fcf program as this 

program allows to account for very long progressions [68]. Even though it is found that 

calculations based on geometries and force fields of good quality can reproduce 

experimental spectra quite reasonably, generally there still remain differences between 

the two. If we assume that the S0 equilibrium geometry and the S0 and S1 (D0) force fields 

are “correct”, we can reconstruct the excited (or, in the present case as well, ionic) state 

equilibrium geometry from the experimental intensities of fundamental 1

0)( iν  transitions 

using the procedures described by Doktorov [67]. It is obvious that this assumption is not 

completely valid, but it is justified because the ground state calculations for the neutral, 

closed shell molecule are usually the most accurate ones and the influence of changes in 

the force fields on the spectrum is small compared to the influence of changes in the 

equilibrium geometries. 

In order to explore the characters of the two lower electronically excited states 

with respect to the torsional flexibility of DPE we have performed two-dimensional scans 

of their potential energy surface as a function of the dihedral angles ϕ1 and ϕ2 of the 

phenyl rings relative to the plane of ethylene moiety (Chart 3.1). For the ground 

electronic state the 10x10 points PES map was calculated at the DFT/B3LYP/def-TZVP 
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level for ϕ1 and ϕ2 angles ranging  from 0 to 90 degrees in steps of 10 degrees. For each 

point on the two-dimensional surface a geometry with the appropriate values of the 

torsional coordinates was constructed from the S0 optimized geometry. At this 

(unrelaxed) geometry the energy of S0 was calculated. For electronically excited states 

both unrelaxed geometry scans encompassing the range of torsional angles from 8 to 53 

degrees (10x10 points) and relaxed scans for a selected region of the S1 potential energy 

surface were performed. Starting point for these scans was the optimized geometry of the 

S1 state at the CC2/cc-pVDZ level. In unrelaxed scans the energies of S1 and S2 were 

calculated for geometries in which the phenyl rings were simply rotated to the required ϕ1 

and ϕ2 values. For the relaxed scans the geometries with fixed values of ϕ1 and ϕ2 were 

optimized in S1 with respect to the other structural parameters. At this - for S1 optimized - 

geometry the energy of S2 was calculated. The latter energy thus refers to an unrelaxed 

energy. 

 

 

3.3 Results and discussion 

 

3.3.1 Experimental results 

 

3.3.1.1 Excitation spectrum 

 

Figure 3.1 displays the one-color R2PI excitation spectrum of DPE in the 35000-

36400 cm
-1

 range. At low excitation energies well-separated bands can be observed. 

Careful scanning of this region leads to the conclusion that the lowest observable 

transition is located at (35076.2±0.1) cm
-1

 (see inset). In the following we will show that 

the assignment of this band to the 0-0 transition to S1 leads to vibrational frequencies in 

S1 that are in good agreement with predictions from quantum chemical calculations. The 

full width at half maximum (FWHM) of the band is found to be (1.2±0.1) cm
-1

, and is 

determined by the rotational envelope at the temperature achieved in the supersonic 

expansion. The spectrum displays a huge amount of vibronic activity, indicating that the 

molecule is subject to large structural changes upon excitation. In fact, up to 800 cm
-1

 

above the 0-0 transition, bands are still reasonably separated, but at higher excitation 

energies the spectrum becomes too congested to distinguish individual resonances. 

Moreover, it would appear that for progressively higher excitation energies the bands also 

become broader. We notice that structurally similar molecules like diphenylmethane [40], 

diphenylamine [45], and benzophenone [47, 48] also have S1 ← S0 excitation spectra 

with substantial vibronic activity, but significantly less extensive than what is observed 

here. Despite its complexity, the initial part of the spectrum (up to ~450 cm
-1

 above the  
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Figure 3.1. One-color R2PI excitation spectrum of 1,1'-diphenylethylene. The inset 

displays the expanded low-energy region of the spectrum. The arrow indicates the lowest 

observable band in the spectrum (35076 cm
-1

) which is assigned to the 0-0 transition to 

the S1 state. 

 

0-0 transition) can be assigned confidently in terms of three vibrational progressions that 

involve modes with fundamentals at 44.2 (ν1), 64.4 (ν2) and 77.1 (ν3) cm
-1

. For higher 

excitation energies the density of states rapidly becomes too large and bands start to 

overlap to such an extent that a reliable identification is no longer possible. Table 3.1 

provides a full assignment of the resonances. It shows that a few bands could not be 

assigned on the basis of these three modes and their combinations. These bands could in 

principle be associated with transitions to the fundamentals of other modes, but Franck-

Condon simulations of the excitation spectrum (vide infra) did not provide unambiguous 

evidence for their activity. We have therefore refrained from introducing other modes in 

the assignment of this part of the excitation spectrum. 

 Based on the results of the quantum chemical calculations (vide infra) we 

conclude that the 44.2 cm
-1

 mode is essentially the antisymmetric torsional mode of the 

two phenyl groups, while the other two modes contain dominant contributions from the 

symmetric torsional mode and the butterfly mode which changes the bending angle 

around the central carbon atom between the two rings. In line with a priori expectations 

the same calculations show that the molecule has C2 symmetry in the electronic ground 

state. The strong activity of the antisymmetric torsional mode of the two phenyl groups 

thus is a direct indication of a loss of symmetry upon electronic excitation. 
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Table 3.1. Bands in the S1 ← S0 R2PI excitation spectrum of DPE in the energy region 

35000-35425 cm
-1

 and their assignments. 

Excitation 

energy (cm
-1

) 

Vibrational 

assignment 

Peak 

intensity 

[a.u.] 

Excitation 

energy (cm
-1

) 

Vibrational 

assignment 

Peak intensity 

[a.u.] 

35076 00 2.5 35340 13 21 31 57 

35120 1
1
 10 35345 1

5
 2

1
 46 

35141 21 9 35348 12 23 382 

35153 3
1
 2.2 35354 1

3
 3

2
 2.8 

35162 12 16 35361 12 22 31 171 

35184 11 21 36 35363 14 22 112 

35197 1
1
 3

1
 8.5 35372 1

1
 2

4
 193 

35202 13 23 35377 14 21 31 27 

35205 2
2
 22 35381 1

1
2

3
3

1
 37 

35217 21 31 10 35386 13 23 632 

35224 12 21 81 35395 25 55 

35230 3
2
 2.3 35401 1

3
 2

2
 3

1
 110 

35238 12 31 15 35405 2431 47 

35242 1
4
 15 35410 1

2
 2

4
 610 

35247 11 22 83 35419 - 175 

35261 11 21 31 36 35421 122331 280 

35265 1
3
 2

1
 98 35425 1

4
 2

3
 141 

35269 23 31 35434 1125 302 

35273 1
1
 3

2
 2.6 35443 - 281 

35278 13 31 19 35445 1324 407 

35281 15 20 35448 112431 270 

35287 1
2
 2

2
 182 35459 2

6
 65 

35294 21 32 3.5 35462 1523 114 

35301 1
2
 2

1
 3

1
 99 35464 - 86 

35302 14 21 40 35470 1225 532 

35310 11 23 135 35479 1424 132 

35314 1
2
 3

2
 6.0 35484 1

2
2

4
3

1
 182 

35318 14 31 5.8 35495 1126 547 

35324 1
1
 2

2
 3

1
 125 35500 - 303 

35326 13 22 243 35503 - 177 

35332 24 49 35506 1325 322 

35337 1
1
 2

1
 3

2
 21 35510 1

5
2

4
 84 

 

 Part of the complexity of the excitation spectrum could in principle also derive 

from the presence of more than one conformation contributing to the spectrum or 

excitation from vibrationally hot levels in the ground state. To establish whether this is 

the case we have performed UVD spectroscopy. Obtaining a good quality UVD spectrum 

by probing the lowest energy transition at 35076 cm
-1

 was difficult because of the very 
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low intensity of the signal. We have therefore used the resonance at 35162 cm
-1

 as a 

probe. Figure 3.2 shows the low-excitation energy part of the UVD spectrum recorded at 

this probe wavelength. The intensities of the bands in this spectrum do not completely 

follow those of the bands in the corresponding R2PI spectrum because of saturation by 

the pump beam. However, it is clear that all bands in the R2PI spectrum are depleted, 

demonstrating that only one single ground-state species is responsible for the excitation 

spectrum shown in Figure 3.1. As we will show below, this conclusion is in agreement 

with the results of quantum chemical calculations. 

Figure 3.2. (a) R2PI excitation spectrum (bottom) and UV depletion spectrum of 1,1'-

diphenylethylene (top) with probe laser at 35162 cm
-1

. (b) Franck-Condon simulation of 

excitation spectrum of 1,1'-diphenylethylene for excitation from the vibrationless level of 

S0. The simulation uses the CC2 optimized geometry of S0, the CC2 harmonic force fields 

of S0 and S1, and the reconstructed geometry of S1, which shows, however, only small 

deviations from the CC2 optimized geometry of S1 (see Table 3.3). Energy taken with 

respect to vibrationless level of S1. 

 

In the region up to ~450 cm
-1

 above the 0-0 transition all prominent bands in the 

R2PI excitation spectrum have been assigned in terms of three modes. A detailed analysis 

of the data collected in Table 3.1 reveals a strong anharmonicity of the ν1 mode. The 

vibrational energy of this modes changes from 42 cm
-1

 at low vibrational quantum 

numbers to 37 cm
-1

 at higher ones. A similar anharmonicity is observed for mode 2. To 

evaluate the anharmonicities of these modes more accurately, the experimental results 

have been fit using the equation: 
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Using the experimentally identified vibrational energies of modes 1 and 2, and their 

overtone and combination bands, we obtain values of 
1

~
ν =45.3 cm

-1
, 

2

~
ν =66.4 cm

-1
, 

11

~
χ =-

0.57 cm
-1

, 
22

~
χ =-0.30 cm

-1
 and 

12

~
χ =-1.23 cm

-1
 with a standard deviation for 34 fitted 

lines of 1.2 cm
-1

. 

 

 

3.3.1.2 ZEKE-PFI spectra 

 

The excitation spectrum shown in Figure 3.1 indicates that 1,1’-diphenylethylene 

is subject to large structural changes upon electronic excitation. The properties of the 

vibronic states accessed upon excitation have been characterized further with ZEKE-PFI 

spectroscopy. To this purpose two kinds of experiments have been performed. In the first, 

indicated by D0 ←← S0 ionization, a one-color two-photon excitation scheme is used to 

populate high-n Rydberg states converging upon vibronic levels of D0, the ground state of 

the cation, directly from the vibrationless level of S0, the ground state of the neutral. The 

associated ZEKE-PFI spectra enable us (i) to determine the adiabatic ionization energy, 

that is, the ionization energy from the vibrationless level in S0 to the vibrationless level of 

D0, and (ii)  to characterize and map out the vibrational manifold of D0. In the second 

type of experiment indicated by D0 ← S1 ← S0 ionization we use a two-color resonance 

enhanced scheme in which one particular vibronic level in the excited state is excited and 

the ZEKE-PFI spectrum is recorded by scanning a second laser over the vibronic 

ionization thresholds. As it turns out, these spectra exhibit extensive vibrational 

progressions for which an unambiguous assignment is only possible with the information 

obtained from the D0 ←← S0 ZEKE-PFI spectra. 

Figure 3.3 shows the D0 ←← S0 0
0
 ZEKE-PFI spectrum in the one-photon    

energy range of 32475-33050 cm
-1

. From this spectrum we determine the adiabatic 

ionization energy as 65271±1 cm
-1

, which, corrected for the electric field [69], 

extrapolates to 65274±1 cm
-1

 (8.093 eV) under field-free conditions. This value is in 

qualitative agreement with the previously reported, albeit less accurate, value of 8.00 eV 

[51]. Also in this spectrum low-frequency modes play a prominent role though still 

considerably less than what is observed in the excitation spectrum of S1. Assignment of 

the various bands leads to the conclusion that the majority of the activity is associated 

with vibrational progressions involving modes with fundamental frequencies of 74.6 and 

86.4 cm
-1

. 
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Figure 3.3. (a) One-color ZEKE-PFI spectrum of 1,1'-diphenylethylene obtained after 

excitation from vibrationless level of S0. (b) Franck-Condon simulation of D0 ←← S0 0
0
  

ZEKE-PFI spectrum. The simulation uses the CC2 optimized geometry of S0, the CC2 

harmonic force fields of S0 and D0, and the reconstructed geometry of D0, which shows, 

however, only small deviations from the CC2 optimized geometry of S1 (see Table 3.3). 

Energy is taken with respect to vibrationless level of D0. 

 

Based on quantum chemical calculations (vide infra) these modes are more or less the 

equivalent of modes 2 and 3 observed in the R2PI excitation spectrum discussed above. 

Interestingly, we thus find in the D0 ←← S0 0
0
 ZEKE-PFI spectrum predominant activity 

of two low-frequency modes while in the S1 ← S0 0
0
 excitation spectrum three low-

frequency modes are active. Below we will show that this provides direct evidence for 

the loss of symmetry of the molecule upon excitation to S1 while symmetry is retained 

upon ionization. 

Figures 3.4 and 3.5 display ZEKE-PFI spectra obtained after excitation of 

selected vibronic levels in S1.  
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Figure 3.4. Left side: experimental ZEKE-PFI spectra obtained after excitation of (a) the 

S1 1
1
 level (35120 cm

-1
), (b) the S1 1

2
 level (35162 cm

-1
), and the S1 1

3
 level (35203 cm

-1
). 

Right side: Franck-Condon simulation of respective ZEKE-PFI spectra. The simulation 

uses the CC2 harmonic force fields of S1 and D0, and the reconstructed geometries of S1 

and D0. Energy is taken with respect to vibrationless level of D0. 

Figure 3.5. Left side: experimental ZEKE-PFI spectra obtained after excitation of (a) the 

S1 2
1
 level (35141 cm

-1
), (b) the S1 2

2
 level (35205 cm

-1
), and the S1 2

3
 level (35270 cm

-1
). 

Right side: Franck-Condon simulation of respective ZEKE-PFI spectra. The simulation 

uses the CC2 harmonic force fields of S1 and D0, and the reconstructed geometries of S1 

and D0. Energy is taken with respect to vibrationless level of D0. 
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The spectrum associated with excitation of the S1 0
0
 level would of course be of 

particular interest, but the intensity of the 35076 cm
-1

 band precluded ZEKE-PFI 

spectroscopy via this transition. In Figure 3.4 ionization occurs after excitation of 

vibrational levels assigned to the progression of mode ν1 in the excited state, while Figure 

3.5 displays spectra obtained after excitation of members of the progression in mode ν2. 

In both cases, the dominant vibrational activity is associated with a 58.3 cm
-1

 vibrational 

mode in the ion. This mode can also be observed in the D0 ←← S0 0
0
 ZEKE-PFI 

spectrum, but shows in that case hardly any activity. 

As is clear from Figures 3.3-3.5, the information in a single ZEKE-PFI spectrum 

would normally not be sufficient to come to an unambiguous assignment of the bands in 

the spectrum. However, the measurement of ZEKE spectra via 20 different vibronic 

levels in the excited state provided us with an extensive set of ionic vibrational levels, 

which - in combination with theoretical predictions - enabled us to perform a reliable 

global assignment. The complete set of ZEKE spectra is given in the Figures 3.6-3.8. 

Table 3.2 shows the most important vibronic levels in the D0 ground state of the ion. The 

anharmonicity of modes 1 and 2 in D0 has been evaluated by fitting 30 bands with 

standard deviation of 0.7 cm
-1

 to the same expression as employed for S1. In this case we 

find harmonic frequencies 
1

~
ν =58.6 cm

-1
 and 

2

~
ν =72.9 cm

-1
, while for the anharmonicities 

values of 
11

~
χ =-0.29 cm

-1
, 

22

~
χ =-0.25 cm

-1
 and 

12

~
χ =-0.42 cm

-1
 are obtained 

 
Figure 3.6. Experimental ZEKE-PFI spectra obtained after excitation of vibronic levels 

in S1 state at 35120 cm
-1

 (S1 1
1
); 35141 cm

-1
 (S1 2

1
); 35162 cm

-1
 (S1 1

2
); 35184 cm

-1
 (S1 

1
1
2

1
); 35202 cm

-1
 (S1 1

3
); 35205 cm

-1
 (S1 2

2
); and 35224 cm

-1
 (S1 1

2
2

1
). Mode 1, 2, and 3 

refer to the antisymmetric torsional T mode, the symmetric torsional T mode, and the 

butterfly β mode. 
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Figure 3.7. Experimental ZEKE-PFI spectra obtained after excitation of vibronic levels 

in S1 state at 35247 cm
-1

 (S1 1
1
2

2
); 35265 cm

-1
 (S1 1

3
2

1
); 35269 cm

-1
 (S1 2

3
); 35287 cm

-1
 

(S1 1
2
2

2
); 35301 cm

-1
 (S1 1

2
2

1
3

1
); 35310 cm

-1
 (S1 1

1
2

3
); and 35326 cm

-1
 (S1 1

3
2

2
). Mode 1, 

2, and 3 refer to the antisymmetric torsional T  mode, the symmetric torsional T mode, 

and the butterfly β mode. 

 
Figure 3.8. Experimental ZEKE-PFI spectra obtained after excitation of vibronic levels 

in S1 state at 35348 cm
-1

 (S1 1
2
2

3
); 35361 cm

-1
 (S1 1

2
2

2
3

1
); 35372 cm

-1
 (S1 1

1
2

4
); 35386 

cm
-1

 (S1 1
3
2

3
); 35410 cm

-1
 (S1 1

2
2

4
); and 35470 cm

-1
 (S1 1

2
2

5
). The bottom ZEKE 

spectrum is the one-color D0 ←← S0 0
0
 ZEKE spectrum. Mode 1, 2, and 3 refer to the 

antisymmetric torsional T  mode, the symmetric torsional T mode, and the butterfly β 

mode.  
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Table 3.2. Vibrational levels in ionic X
2
B ground state of DPE as observed in 

experimental one- and two-color ZEKE spectra. 

Energy 

(cm
-1

) 
Assignment 

Energy 

(cm
-1

) 
Assignment 

Energy 

(cm
-1

) 
Assignment 

65271 00 65586 14 31 65742 17 21 

65330 1
1
 65591 1

3
 2

2
 65742 1

4
 2

1
 3

2
 

65344 21 65594 11 42 65755 17 31 

65357 3
1
 65597 2

1
 3

3
 65761 1

6
 2

2
 

65386 1
2
 65601 1

3
 2

1
 3

1
 65764 1

3
 2

1
 3

3
 

65399 41 65608 34 65772 16 21 31 

65403 1
1
 2

1
 65612 1

6
 65780 1

5
 2

3
 

65412 11 31 65613 13 32 65780 19 

65430 2
1
 3

1
 65625 1

4
 4

1
 65780 3

1
 12

1
 

65442 3
2
 65626 1

2
 2

1
 3

2
 65799 1

5
 2

1
 3

2
 

65443 13 65631 15 21 65817 17 22 

65456 1
1
 4

1
 65640 1

2
 4

2
 65826 1

7
 2

1
 3

1
 

65461 12 21 65643 15 31 65835 16 23 

65472 1
2
 3

1
 65648 3

1
 7

1
 65835 1

10
 

65475 1
1
 2

2
 65649 1

4
 2

2
 65865 3

2
12

1
 

65486 51 65654 11 21 33 65880 18 21 31 

65487 1
1
 2

1
 3

1
 65659 1

4
 2

1
 3

1
 65890 1

11
 

65499 11 32 65668 17 65893 17 23 

65500 1
4
 65669 1

4
 3

2
 65935 1

9
 2

1
 3

1
 

65513 1
2
 4

1
 65681 1

5
 4

1
 65944 1

8
 2

3
 

65518 13 21 65686 13 21 32 65944 112 

65524 4
2
 65687 1

6
 2

1
 65951 3

3
12

1
 

65527 33 65693 121 65998 113 

65530 1
3
 3

1
 65697 1

3
 4

2
 66002 1

9
 2

3
 

65533 1
2
 2

2
 65698 1

6
 3

1
 66035 3

4
12

1
 

65544 12 21 31 65704 15 22 66052 114 

65555 1
2
 3

2
 65709 1

2
 2

1
 3

3
 66056 1

10
 2

3
 

65567 71 65717 15 21 31 66105 115 

65569 1
3
 4

1
 65724 1

4
 2

3
 66111 1

11
 2

3
 

65571 1
1
 2

1
 3

2
 65725 1

8
 66159 1

16
 

65574 14 21 65726 15 32 66165 112 23 

65585 1
1
 3

3
 65732 3

2
 7

1
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3.3.2 Theoretical results 

 

3.3.2.1 Electronic structure calculations 

 

Optimization of the geometry of DPE in its electronic ground state leads to a 

geometry of which the relevant parameters are given in Table 3.3. These include the 

dihedral torsional angles φ1 and φ2 of the two phenyl rings, the bending angle θ around 

the central carbon atom, and the dihedral torsional angles δ1 and δ2 of ethylene group (see 

Chart 3.1). At all levels considered the molecule is predicted to have C2 symmetry, the 

two phenyl rings being twisted by ca. 41
0
 degrees. In agreement with our experimental 

results no other stable conformations have been found. 

 

Table 3.3. Geometrical parameters of DPE in various electronic states calculated with 

DFT and ab initio methods, and parameters of geometries as reconstructed from 

experimental spectra. 

State 

/method 

φ1 φ2 θ δ1 / δ2 

S0 / DFT 42.3 118.4 2.9 

/ HF 45.8 118.1 2.5 

/ CC2 40.7 117.7 3.4 

S1 / TDDFT 27.2 123.1 1.3 

/ CIS 51.1 14.2 122.2 7.0 / 12.6 

/ CC2 48.3 21.7 118.6 3.0 / 5.4 

/ exp.
(a) 50.8 20.1 119.9 3.9 / 5.4 

S2 / TDDFT 32.8 118.1 0.6 

/ CIS 55.3 26.4 118.5 2.6 / 3.1 

D0 / DFT 34.6 120.8 1.7 

/ CC2 32.8 119.2 1.8 

/ exp.
(b) 33.5 120.1 0.8 

(a) Reconstructed from intensities of vibronic transitions in experimental S1 ← S0 0
0 R2PI spectrum. 

(b) Reconstructed from intensities of vibronic transitions in experimental D0 ←← S0 0
0 ZEKE-PFI 

spectrum. 

 

Figure 3.9 (a) shows the unrelaxed potential energy surface of the S0 state as a 

function of the two torsional angles φ1 and φ2. Apart from the stable C2 structure, the 

potential energy surface shows the presence of two transition states. One of these has C2 

symmetry, and corresponds to a structure in which the planes of both phenyl rings are 

perpendicular to the plane of the ethylene group. Optimization of this structure leads to a 

barrier height of 1540 cm
-1

. The other transition state occurs for (φ1, φ2) = (0
0
, 90

0
). In 

this structure of Cs symmetry one phenyl ring lies in the plane of the ethylene group 

while the other one is in the perpendicular plane. The optimized barrier height associated 

with this structure is 690 cm
-1

. The all-planar structure in which both dihedral angles are 
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equal to zero is highly destabilized due to sterical interactions between the hydrogen 

atoms of the phenyl rings. 

Figure 3.9. Two-dimensional maps of parts of potential energy surfaces of S0, S1, and S2 

as a function of the two phenyl torsional coordinates φ1 and φ2. (a) Unrelaxed (no 

geometry optimization) S0 energies starting from B3LYP/def-TZVP optimized equilibrium 

geometry of S0; (b) Unrelaxed CC2/cc-pVDZ energies of S1 starting from CC2/cc-pVDZ 

optimized S1 equilibrium geometry; (c) CC2/cc-pVDZ energies of S2 at S1 geometries 

from (b); (d) Relaxed CC2/cc-pVDZ energies of S1 starting from CC2/cc-pVDZ optimized 

S1 equilibrium geometry; (e) CC2/cc-pVDZ energies of S2 at S1 geometries from (d). 

Energies of S1 and S2 are given relative to the CC2/cc-pVDZ energy of the S1 minimum. 

The blue dots indicate the equilibrium geometry of S0, the red dots the equilibrium 

geometry of D0, both calculated at the CC2/cc-pVDZ level. 

 

Calculation of the vertical excitation energies from the ground state S0 predicts 

two close-lying electronically excited singlet states (Table 3.4). TDDFT and CIS 

calculations predict the 2
1
A state to be the lowest excited singlet state S1. The second 

excited singlet state S2 is the 1
1
B state, which is calculated to be only about 800 cm

-1
 

higher in energy. The transition to the 2
1
A state has the largest oscillator strength, the 

oscillator strength to the 1
1
B state is at least one order of magnitude smaller. At the CC2 

level of theory, however, the order of excited states is reversed. Now we find that the 1
1
B 

state is the state of lowest energy, and the energy separation with the 2
1
A state is reduced 

to a mere 300 cm
-1

. The oscillator strengths for both electronic transitions are 

significantly lower, although the transition to the 2
1
A state is still the more intense one.  

The excitation spectrum of DPE depicted in Figure 3.1 shows a large amount of 

vibrational activity. Below we will show that for low excitation energies calculations can 
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reproduce this activity quite well, both with respect to frequency as well as intensity. 

However, a coarse inspection of Figures 3.1 and 3.2 already indicates that the intensities 

of the bands at higher excitation energies are significantly larger than what one might 

expect on the basis of the initial part of the excitation spectrum. The experimental 

spectrum thus supports the presence of two close-lying electronic states with the upper 

one having a larger oscillator strength than the lower one, in agreement with the 

predictions at the CC2 level. 

 

Table 3.4. Excitation energies (cm
-1

) and oscillator strengths for the two lower excited 

singlet states of DPE for various geometries and different levels of calculation. State 

labels refer to symmetry of state at geometry with C2 symmetry. Excitation energies are 

given with respect to the energy of the S0 minimum calculated with the same method. 

S1 S2 
Geometry Method 

E f E f 

TDDFT 37930 (2
1
A) 0.137 38700 (1

1
B) 0.003 

CIS 47810 (21A) 0.185 48600 (11B) 0.008 S0 

CC2 39940 (1
1
B) 0.001 40280 (2

1
A) 0.008 

TDDFT 34420 (2
1
A) 0.101 38940 (1

1
B) <0.001 

CIS 42900 0.369 50450 0.009 S1 / minimum
 

CC2 38110 0.012 42040 0.059 

CIS 43100 (21A) 0.254 51210 (11B) 0.423 S1  / C2 TS 
CC2 39010 (2

1
A) 0.045 39360 (1

1
B) 0.001 

TDDFT 36620 (2
1
A) 0.159 36930 (1

1
B) 0.005 S2 / minimum 

CIS 45470 0.261 47460 0.004 

CIS 45390 (2
1
A) 0.292 47800 (1

1
B) 0.192 S2 / C2 TS

 (a) 

CC2 39050 (11B) 0.001 39240 (21A) 0.017 
(a)

 For the CC2 calculations the geometry of the 1
1
B state has been optimized to the geometry of the 

transition state. At this geometry the 11B state has a lower energy than the 21A state and energetically thus 

has become S1. 

 

Geometry optimization of the S1 (2
1
A) state at the TDDFT level leads to a 

structure that retains C2 symmetry (Tables 3.3 and 3.4). Compared to the ground state, the 

phenyl out-of-plane torsional angles are significantly reduced from ca. 42
0
 to 27.2

0
. At 

this geometry the S2 (1
1
B) state is predicted to be 4500 cm

-1 
higher in energy. 

Optimization of the 2
1
A state at the CIS level and imposing C2 symmetry results in a 

transition state structure (Tables 3.3 and 3.4). Normal mode analysis reveals that the 

mode with an imaginary frequency is associated with the antisymmetric combination of 

two phenyl ring-breathing modes. When symmetry constraints are removed, both 

methods optimize to a non-symmetrical geometry that is characterized by different values 

for the phenyl out-of-plane torsional angles (51.1
0
 and 14.2

0
). Compared to the 



  67 

symmetric geometry, this non-symmetrical geometry is stabilized by ~300 cm
-1

 (Table 

3.4). 

Optimization of the geometry of the molecule in S2 leads at the TDDFT level to a 

structure with C2 symmetry. This 1
1
B state is predicted to lie 2500 cm

-1
 higher in energy 

than the 2
1
A minimum. Such a symmetry conservation is not observed when the 

geometry optimization is performed at the CIS level of theory. In that case the C2 

geometry is predicted to be a transition state with the imaginary frequency mode having 

the same character as observed for C2 geometry optimization of the 2
1
A state 

(antisymmetric combination of the two phenyl ring-breathing modes). Optimization 

without symmetry restrictions results in a non-symmetric geometry that is characterized 

by phenyl torsional angles of 55.3
0
 and 26.4

0
 and an energy that is 340 cm

-1
 lower than 

that of the symmetric structure. The CIS calculations locate the S2 minimum 4560 cm
-1

 

above the minimum of the S1 state. This energy difference would seem to be at odds with 

the experiment that suggests that more than one electronic state contributes to the 

excitation spectrum in Figure 3.1. 

As mentioned previously, the ordering of the states is reversed at the CC2 level of 

calculation. At the S0 equilibrium geometry S1 is the 1
1
B state, while the 2

1
A state is S2. 

Geometry optimization under the restriction of C2 symmetry leads for both states to 

geometries with a similar excitation energy (~39000 cm
-1

). However, in both cases the 

optimized geometry does not correspond to a minimum on the potential energy surface, 

but to a transition state with an imaginary frequency mode that has the same character as 

found in the CIS calculations. Interestingly, we find that the ordering of the 1
1
B and 2

1
A 

states is reversed for C2 symmetric structures with torsional angles between 31.8
0
 and 

35.3
0
. Optimization of S1 without symmetry constraints leads to a non-symmetrical 

geometry with  phenyl out-of-plane torsional angles (48.3
0
 and 21.7

0
) and a stabilization 

energy (~900 cm
-1

) that nicely matches values found with calculations at the CIS level 

(Table 3.4). After correction for the zero-point vibrational energy an adiabatic excitation 

energy of 36850 cm
-1

 is obtained for S1 which compares well with the experimentally 

observed value of 35076.2 cm
-1

. 

Inspection of the molecular orbitals at the CC2 optimized S1 geometry shows a 

preferential localization of the electronic density on the phenyl ring that has the lowest 

dihedral angle with respect to the ethylene plane  (Figure 3.10). At this geometry S1 is 

described by multiple excitations with a dominant contribution of the HOMO-1 → 

LUMO (0.32) and HOMO → LUMO+1 (0.26) configurations. Upon excitation the 

degree of π-conjugation between the ethylene and one of the phenyl groups increases thus 

tending to a more planar configuration. On the other hand, the conjugation with the other 

phenyl ring decreases and leads to a larger torsional angle. 
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Figure 3.10. Molecular orbitals of DPE at the optimized geometry of the 2
1
A state 

obtained at the CC2/cc-pVDZ level of theory. 

 

Attempts to optimize the geometry of the S2 state at the CC2 level theory without 

symmetry restrictions have not been successful. Inspection of the molecular orbitals 

during optimization indicates that a strong mixing occurs between the two lower 

electronically excited states that are built up from the same excitations. In order to assess 

the region where a possible minimum of the S2 state might be located, we have 

investigated the excitation energies to the unrelaxed S2 state for a range of S1 geometries. 

The search was done on the two-dimensional map of the two phenyl torsional angles 

which were varied in the range from 8
0
 to 53

0
 (Figure 3.9). Figures 3.9b and 3.9c display 

such maps for unrelaxed geometries of the S1 and S2 states that start from the (non-

symmetric) CC2/cc-pVDZ optimized S1 equilibrium geometry. In this case we find an 

energy minimum 2670 cm
-1

 above the minimum of the S1 state that corresponds to a 

structure with torsional angles of  42
0
 and 23

0
. 

In the electronic ground state the two phenyl rings of DPE are equivalent. 

Localization of the excitation on one of the rings in S1 implies the existence of another 

isoenergetic state in which the excitation is localized on the other ring. The maps in 

Figure 3.9, however, do not show this second symmetric minimum for the excited states. 

This is due to the fact that the energy at each point of the potential energy surface is 

calculated starting from an initial guess for the orbitals for the asymmetric S1 global 
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minimum structure localized on one particular ring. To have a more reliable picture of the 

potential energy surface of S1 and S2 we have performed a two-dimensional scan of their 

potential energy surfaces using S1 relaxed geometries for the range of coordinates 

indicated in Figure 3.9d, which includes possible regions of S1 and S2 energy minima. 

Qualitatively, similar results are found as for the unrelaxed potential energy maps. For S2 

(Figure 3.9e) the minimum is located approximately at (46
0
, 19

0
). The coordinates of this 

minimum are very similar to that of S1 (48.3
0
, 21.7

0
). The energy of the S2 state at this 

(unrelaxed) geometry is 2650 cm
-1

 above the S1 minimum. This is significantly higher 

than the energy of the C2 symmetry transition state of S2 (Table 3.4) which is ~900 cm
-1

 

above the S1 minimum and only a few tens of cm
-1

 above the energy of the S1 transition 

state. The single minimum for each electronically excited state, located only on one side 

with respect to diagonal of the map, and the lack of transition states on the relaxed two-

dimensional potential energy surface indicate that relaxation along coordinates other than 

the phenyl torsions is necessary for delocalization of the orbitals. These degrees of 

freedom could also be important for lowering the energy of S2.  

As yet, we have considered the potential energy surfaces of S1 and S2 in terms of 

stable minima and transition states. In view of the close proximity of S1 and S2 one might 

expect the two states to have a conical intersection not too far away from the S1 

minimum. Such a conical intersection is found indeed about 970 cm
-1

 above the S1 

minimum. In contrast to the S1 optimized geometry, the molecule retains approximate C2 

symmetry at this conical intersection with torsional angles of about 34
0
. The energies of 

the S1 and S2 states at this point are within 20 cm
-1

 difference as they do an avoided 

crossing. 

The geometry of the ground state D0 of the DPE cation has been optimized using 

both DFT and CC2 methods. In both cases the molecule has been found to retain C2 

symmetry with very similar equilibrium torsional angles (~33
0
) (Table 3.3). The adiabatic 

ionization energy of the X
2
B state corrected for zero-point vibrational energies is 

predicted to be 7.597 eV at the DFT level and 8.347 eV at the CC2 level of theory. These 

values are in reasonable agreement with the experimental value of 8.093 eV determined 

in the present study. 
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3.3.2.2 Harmonic force fields 

 

Table 3.5 reports the frequencies of vibrational modes as calculated from the 

harmonic force fields of S0, S1, and D0.  

 

Table 3.5. Theoretical and experimental vibrational frequencies (cm
-1

) for S0, S1 and D0 

states of DPE in the range up to ~450 cm
-1

. Theoretical frequencies have been calculated 

at the CC2/cc-pVDZ level from harmonic force fields. Experimental frequencies for S0 

have been taken from ref. [50], frequencies for S1 and D0 have been determined in the 

present study. 

 S0 S1 D0 

Frequency Frequency Frequency Mode Sym. 
Theo. Exp. Theo. Exp. 

Sym. 
Theo. Exp. 

1 b 44  48 44.2 b 64 58.3 

2 a 60  66 64.4 a 72 74.6 

3 a 77 90 75 77.1 a 88 86.4 

4 b 138 150 118  b 137 129.2 

5 a 215 224 193  a 224 214.5 

6 b 224 240 229  b 251  

7 a 292 294 267  a 307 296.5 

8 b 326 340 291  b 337  

9 b 402 404 317  b 417  

10 a 406 408 357  a 430  

11 a 433 440 402  b 438  

12 b 446 449 404  a 447 423.5 

 

 

In a subsequent subchapter, in which we compare the experimental and theoretical 

results, we will come to the conclusion that the results obtained at the CC2 level of theory 

lead to the best match with the experiment. In Table 3.5 we therefore only report CC2 

results. Similarly, we restrict Table 3.5 to modes with frequencies below ~450 cm
-1

 

because for the S1 ← S0 excitation and D0 ← S1 ← S0 ZEKE spectra we are only able to 

assign reliably the region up to ~450 cm
-1

 above the 0-0 transition, while for D0 ←← S0 

ZEKE spectra the highest identifiable fundamental mode was found at 424 cm
-1

. In the 

electronic ground state of the neutral and the radical cation the molecule retains C2 

symmetry. In the reported energy region most vibrations thus come in pairs as symmetric 

and antisymmetric combinations of displacements of the phenyl groups. For the S1 state 

this is not the case although one can still make a reasonable correlation of atomic 

displacements to approximate normal modes in the S0 and D0 states. 
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The three lower frequency modes involve the antisymmetric and symmetric 

torsions of the two phenyl groups designated as T  and T, respectively, and the butterfly 

mode designated as β, which changes the bending angle between the two rings around the 

central carbon atom. While an assignment of the modes in terms of these descriptions is 

fairly straightforward for S0 - T  is the 44 cm
-1

 mode, T the 60 cm
-1

 mode and β the 77 

cm
-1

 mode - such a description is more complicated for S1 and D0. The atomic 

displacements calculated for the 66 cm
-1

 and 75 cm
-1

 modes in S1 and 72 cm
-1

 and 88 cm
-

1
 modes in D0 are mixed and cannot be described as pure butterfly or symmetric phenyl 

torsion modes. Based on the dominant coefficients in the Duschinsky matrices for the S0-

S1 and S0-D0 transitions, we assign the modes with the higher frequency in each pair to 

the butterfly mode β and the one with the lower frequency to the symmetric torsion mode 

T. 

As yet, the amount of experimental and theoretical data available on the 

vibrational IR and Raman spectrum of DPE in its electronic ground state is rather limited. 

In Table 3.5 we have made tentative assignments of bands reported in the experimental 

studies [49, 50]. The T  and T modes have not been identified in these studies, but for the 

other modes a nice agreement is observed between the experiment and theory both with 

respect to frequencies as well as mode symmetries. 

 

 

3.3.3 Comparison of experiment and theory 

 

Based on the equilibrium geometries determined at the various levels of theory for 

the S0, S1, and D0 states as well as the harmonic force fields, we have simulated 

excitation and ZEKE spectra within the Franck-Condon approximation (Figure 3.3). For 

the D0 ←← S0 0
0
 ZEKE spectrum excellent agreement was obtained at the CC2 level, 

and to a lesser extent at the DFT level. Table 3.3 shows that a reconstruction of the 

geometry of the D0 state on the basis of the CC2 geometry and the experimentally 

observed intensities of fundamental 1

0)( iν  transitions leads only to minor changes in 

structural parameters. The simulation predicts a strong dominance of mode 3 in the ion, 

and to a lesser extent of modes 2 and 7, a prediction that is perfectly reproduced by the 

experimental spectrum shown in Figure 3.3. We can thus conclude that the equilibrium 

geometry and normal modes calculated for S0 and D0 are to a very good approximation 

representative for the true geometries and normal modes. 

For the spectra involving S1 (S1 ← S0 excitation and D0 ← S1 ← S0 ZEKE 

spectra) the predictions are much more method dependent, in particular with respect to 

the activity of the antisymmetric T  torsional mode. TDDFT calculations predict that C2 

symmetry is preserved upon excitation to S1 and thereby do not show any activity of this 
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mode. This is clearly at odds with the experimental results. We therefore have to 

conclude that this level of theory is not adequate to describe the first excited singlet state 

of DPE. CIS and CC2 calculations, on the other hand, do predict a strong activity of the 

antisymmetric T  torsional mode. Comparison of the spectra predicted by both methods 

leads to the conclusion that the best match is obtained with the geometries and force field 

data calculated at the CC2 level of theory. Reconstruction of the geometry of the 

molecule in S1 using experimentally observed intensities in the S1 ← S0 excitation 

spectrum does not give rise to large changes in the structural parameters (Table 3.3). 

Nevertheless, the agreement between experimental and predicted spectra  (Figures 3.2, 

3.4, and 3.5) remains worse than for the D0 ←← S0 spectrum (Figure 3.3). In particular, 

the enhanced activity in the higher energy part of the S1 ← S0 excitation spectrum as 

compared to the simulated spectrum might indicate that the geometry changes upon 

excitation are larger than predicted by the calculations.  

At the same time, one should also keep in mind that the CC2 calculations predict 

that for these excitation energies we approach a conical intersection with S2. As a result, 

one may expect enhanced mixing with vibronic levels of S2 which will undoubtedly 

influence the transition intensities, and lead to an increase in vibronic activity. Moreover, 

closer to the conical intersection a reduction of the lifetime of vibronic levels - and 

concurrently broadening of resonances - can be anticipated which could very well be the 

reason for the continuum appearance of the spectrum at these excitation energies. Also in 

this sense the CC2 calculations match the experiment better than the CIS calculations 

since the latter calculations - although qualitatively predicting correctly the loss of 

symmetry of the excited states - predict a large gap between S1 and S2. 

In case of the D0 ← S1 ← S0 ZEKE spectra obtained by initial excitation of 

vibronic levels in S1 involving the antisymmetric T  torsional mode (Figure 3.4), both 

experiment and theory show the most pronounced progressions involving the same mode 

in D0. The measurements show that upon pumping higher members of the T  progression 

in S1 progressively lower vibrational levels in D0 are accessed. This indicates that 

excitation of this mode brings the vibrational wave function in the excited state closer to 

the equilibrium geometry of D0. This observation is in excellent agreement with the 

theoretical predictions graphically represented in Figure 3.9 which shows that the path 

between the excited state geometries of S1 and S2 to the D0 geometry is almost 

exclusively along the coordinates of the antisymmetric torsional mode.  

Differences between the experimental and predicted Franck-Condon factors are 

found in the index of the most intense member of the T  progression. In all cases the 

maximum of the progression envelope is shifted in the experimental ZEKE spectra 

towards higher energy by one or two quanta. When considered exclusively in terms of 

geometry changes, this would indicate that there is a larger difference between the S1 and 
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D0 equilibrium geometries in the direction of the T  vibrational mode than was 

calculated. A further difference between calculations and experiment is found in the 

activity of mixed progressions. The calculation predict a strong activity of the 1
x
 

progression and to a lesser extent of 1
x
2

1
 and 1

x
7

1
 progressions. However, in the 

experimental spectra we only identify 1
x
, 1

x
4

1
 and 1

x
4

2
 progressions. The calculated 

equilibrium geometry and normal coordinates of D0 have been validated by the D0 ←← 

S0 spectrum. We therefore have to conclude that the equilibrium geometry predicted for 

S1 is less accurate. The absence of a strong 1
x
2

1
 progression indicates that this concerns 

in particular coordinate changes along the symmetric torsional (T) mode of the phenyl 

rings. 

More information on the geometry changes along the T mode upon D0 ← S1 

ionization can be derived from Figure 3.5. In contrast to the ZEKE spectra via T  

vibrational levels in the excited state, we observe here that the ZEKE spectrum is shifted 

towards higher vibrational energies when ionization occurs via higher members of the T 

mode. This is both the case for the experimental as well as for the predicted spectra. It 

implies that displacements along this mode do not displace the vibrational wave function 

in the direction of the equilibrium geometry of D0. Theoretical confirmation of this 

conclusion is found in the calculated potential energy maps displayed in Figure 3.9. 

Figure 3.5 also confirms our previous conclusions on the uncertainty of calculated 

excited state geometry along the T  and T modes. In both calculations and measurements 

we observe predominantly 1
x
2

y
 progressions. However, in the experimental data the 

progressions have their highest intensity for higher x and lower y values than the 

calculations predict. This is once more an indication that the difference between the S1 

and D0 geometries is larger in the direction of T  coordinates and smaller in the direction 

of the T coordinates as compared to the calculation.    

All of the above observations prove that the two phenyl rings become 

inequivalent in the first electronically excited state of DPE. The calculations show that 

this is directly related to the localization of electronic excitation on one of the phenyl 

rings and by this leads to a breaking of symmetry. Although the asymmetrical nature of 

S1 is thereby firmly established, a more accurate determination of its equilibrium 

geometry requires further theoretical work. 
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3.4 Summary 

 

The present combined experimental and theoretical work has enabled us to 

elucidate the properties of the lower electronically excited singlet states of 1,1’-

diphenylethylene as well as the ground state of its radical cation. The excitation spectrum 

of S1 shows a rather complicated spectrum with an extremely weak 0-0 transition that 

nevertheless can be reliably assigned on the basis of the frequencies of subsequent 

vibrational bands. UV depletion spectroscopy has confirmed that the complexity of the 

spectrum does not arise from conformational heterogeneity, but finds at least in part its 

origin in the large changes that occur in the structure of the molecule upon electronic 

excitation. One of the prominent changes in this respect is that the C2 symmetry element 

that the molecule has in its neutral ground state is lost in the excited state. As a result, the 

two phenyl groups become inequivalent. A further question that the excitation spectrum 

gives rise to concerns the vibronic activity at higher excitation energies. High-quality ab 

initio calculations reproduce satisfactorily the observed Franck-Condon activity for low 

excitation energies, but fail to reproduce that activity at higher excitation energies. 

Exploration of the potential energy surfaces of S1 and S2 leads to the conclusion that 

these two excited states have similar excitation energies. A conical intersection has been 

located that lies ~1000 cm
-1

 above the minimum of the S1 potential energy surface. We 

take the close correspondence of this energy with the energy region where we are no 

longer able to explain the observed vibronic activity as evidence that such a conical 

intersection is indeed the reason for the complexity in this part of the spectrum. 

ZEKE experiments in which non-resonant two-photon excitation is employed to 

probe the ground state of the radical cation show convincingly that removal of an electron 

does not lead to inequivalent phenyl groups. The ZEKE spectrum shows vibrational 

activity due to relatively small changes in the geometry, but activity of non-totally 

symmetric modes that would indicate loss of symmetry is absent. The conclusions drawn 

on the basis of the S1 ← S0 REMPI excitation spectrum and the D0 ←← S0 ZEKE 

spectrum have been confirmed by ZEKE spectra obtained after excitation of vibronic 

levels in S1. These spectra display extensive activity of the antisymmetric phenyl 

torsional mode, and of symmetric modes associated with the orientation of the phenyl 

rings with respect to the ethylene chromophore. 

The 1,1’-diphenylethylene molecule thus presents itself as an interesting case in 

which localization of excitation energy occurs in spite of the inherent symmetry of the 

molecule in the ground state. One might speculate that molecular systems exhibiting 

similar characteristics could play in the future an important role as intelligent materials in 

which the energy flow can be controlled on the molecular level and in which properties 

can be altered by external stimuli. Put into a broader context, it is interesting to notice 

that structurally similar molecules such as diphenylmethane, diphenylamine, and 
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benzophenone do not show as complicated excitation spectra as observed here for 1,1’-

diphenylethylene. In this respect it is worth noticing that for diphenylmethane it has been 

concluded that the adiabatic excitation energies of S1 and S2 only differ by 123 cm
-1

. 

Nevertheless, its excitation spectrum is rather straightforward to analyze. The present 

study has started to unveil the effects of cross-conjugation. It would be worthwhile to 

extend the theoretical analysis initiated here to obtain a more fundamental insight that 

would also be applicable to larger cross-conjugated systems. 
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Chapter 4 

 

Conformational flexibility of a rotaxane thread probed 

by electronic spectroscopy in helium nanodroplets 

 

 
 

ABSTRACT 

  

Ultra-high-resolution spectroscopic studies have been performed to elucidate the 

conformational landscape of the succinamide-based thread 1 that is frequently employed 

in mechanically interlocked molecular assemblies. We show how dissolving single 

molecules into a helium nanodroplet enables us to resolve the broad absorption spectrum 

- which is normally observed - into the separate contributions of individual conformers 

that are populated under the employed experimental conditions.  Excellent agreement is 

obtained with the results of molecular dynamics calculations. The absorption spectrum of 

each conformer reveals a splitting of the zero-phonon resonance that is different for each 

conformer and could thus serve as a spectral signature. 

 

 

 

 

4.1 Introduction 

 

Mechanically interlocked architectures such as rotaxanes are multicomponent 

assemblies that hold great promise for a molecular, bottom-up approach toward 

nanotechnological applications [1, 2]. Conformational dynamics are at the very heart of 

the interesting properties of these molecular-level machines. Yet questions such as how 

to characterize the large degree of conformational heterogeneity intrinsically present in 

these systems and how this heterogeneity influences their properties, as well as questions 

on how intercomponent interactions affect the conformational flexibility of each of the 

components have so far not been systematically addressed. 
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Figure 4.1. Chemical structure of succinamide thread 1 and the rotaxane architecture 

employed to shape thread 1 [3]. 

 

Recently, we showed that high-resolution spectroscopy in combination with 

molecular beam methods provides an excellent means to answer such questions [3, 4]. In 

particular, we used these techniques to demonstrate how one can employ the rotaxane 

architecture to force an encapsulated and interlocked molecular structure, in that case a 

thread containing a succinamide binding motif (Figure 4.1) into a specific shape, and 

control, change, and decrease the number of conformations it can adopt [3]. In these 

experiments individual conformations of thread 1 could not be distinguished because of 

the limited cooling capabilities of molecular beams for larger molecules. The width of the 

spectral lines in the excitation spectrum was thus determined by conformational 

heterogeneity and possibly hot bands. Here we report on the first spectroscopic studies of 

thread 1 that do enable observation and characterization of its individual conformations, 

and thus show their potential for detailed studies of the conformational structure and 

dynamics of molecular devices and their building blocks. 
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4.2 Experimental methods 

 

The experimental setup used for liquid helium nanodroplet spectroscopy has been 

described in detail before [5]. In short, helium droplets consisting on average of 20,000 

helium atoms were formed by expanding high-purity 
4
He gas at a pressure of 30 bars into 

a vacuum through a 5 µm orifice, cooled to cryogenic temperatures by a closed cycle 

refrigerator. The sample of thread 1 was heated to a temperature of 120 °C. At this 

temperature the vapor pressure was such that a single molecule pickup process by the 

helium nanodroplets was dominant. 

Measurements were performed with a 1+1′ Resonance Enhanced Two-Photon 

Ionization (R2PI) scheme [5, 6]. The pump beam in the spectral range of 37300 - 37800 

cm
-1

 and with a pulse energy of 2 mJ was provided by the frequency-doubled output of a 

20 Hz Nd:YAG pumped (Spectra Physics Pro 250) dye laser (Sirah Precision Scan) 

running on Coumarin 540A. The probe beam with a pulse energy of 9 mJ and fixed at the 

doubled frequency of 34188 cm
-1

 was generated by another Nd:YAG pumped dye laser 

(Radiant NarrowScan) using the dye Pyrromethene 597. The time delay between the two 

laser pulses was set at 10 ns. Neither of the two beams were focused. Electronic spectra 

of cold molecules were recorded by monitoring the number of generated ions as a 

function of the pump laser frequency. 
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4.3 Results and discussion 

 

The middle panel of Figure 4.2 displays the excitation spectrum of thread 1 in helium 

droplets in the region of the S1 band origin. 

 

Figure 4.2. REMPI excitation spectrum of succinamide thread 1 obtained in a liquid 

helium matrix (middle panel) and seeded in an Ar supersonic beam (lower panel). Eight 

zero phonon lines corresponding to different conformers are observed at (a) 37382 cm
-1

, 

(b) 37390 cm
-1

, (c) 37407 cm
-1

, (d) 37431 cm
-1

, (e) 37455 cm
-1

, (f) 37528 cm
-1

, (g) 37576 

cm
-1

, (h) 37603 cm
-1

. A detailed view covering 8 cm
-1

 of three representative zero phonon 

lines is presented in the upper panel. 

 

The same figure shows for comparison the excitation spectrum under conditions that 

thread 1 is seeded by laser desorption into a supersonic beam expansion of argon (lower 

panel). In the helium droplet spectrum a number of sharp resonances (zero phonon lines) 

with a full width at half maximum (FWHM) of ~0.4 cm
-1

 are observed. To confirm that 

the observed narrow lines are associated with monomers and do not derive from dimers, 

the dimer excitation spectrum was measured separately. In the wavelength range of 

interest this spectrum contains only two broad features with a FWHM of about 50 cm
-1

 

around 37540 cm
-1

 and 37610 cm
-1

. The same features are visible in the monomer 

spectrum, giving evidence for photodissociation of the dimer. 



  83 

Comparison of the two spectra in Figure 4.2 shows that the strongest resonance in 

the helium droplet spectrum is displaced by -30 cm
-1

 with respect to the peak in the 

molecular beam spectrum. This shift closely follows what has been observed before for 

the excitation spectra of other organic molecules [7]. It is the net result of a red shift 

arising from solvation of the molecule in a polarizable environment, and a blue shift due 

to the expansion of the solvation shell upon excitation. When we take the 30 cm
-1

 shift 

into account, we come to the conclusion that all of the features observed in the helium 

droplet spectrum fall within the excitation range spanned by the asymmetric resonance in 

the molecular beam spectrum. This strongly suggests that the resonances observed in 

liquid helium droplets are also present in the molecular beam spectrum of the thread. 

However, due to insufficient cooling of the sample molecules, the lines there cannot be 

resolved as separate features and appear in the spectrum as part of the broad tail. 

While for most molecular systems the narrow zero phonon lines (ZPLs) and not 

the broad phonon wings (PWs) are the most prominent features in the spectrum [7], we 

and others have observed that, for flexible systems where electronic excitation can lead to 

substantial rearrangement of the molecule, the PWs are often much stronger than the 

ZPLs [5, 8]. It is thus quite remarkable, considering the flexibility inherent to thread 1, 

that we mainly observe ZPLs. We take this as evidence that no significant geometry 

change takes place upon electronic excitation. Consequently, we do not expect a low-

frequency vibrational progression and assign the ZPLs to different conformers. The fact 

that the spectrum shows no regular structure supports this assumption. 

Closer inspection of the bands in the helium droplet spectrum reveals that in all 

cases the ZPL is not a single narrow resonance but is split into a multiplet (top panel 

Figure 4.2). This splitting can be attributed to the presence of more than one structural 

arrangement of helium atoms around thread 1 [7, 9]. In view of the multiple binding sites 

for helium present in thread 1, it is not so surprising that various low-energy 

configurations are possible to localize helium atoms on the surface of the molecule. 

Interestingly, we find, however, that the number of lines into which each of the ZPLs is 

split and the intensity distribution over the multiplet is different for each ZPL. We take 

this as additional evidence for the existence of different conformers. In combination with 

quantum chemical calculations, this splitting and intensity distribution could serve as a 

unique spectral signature and offer a powerful means to identify the specific details of the 

conformational structure. Alternatively, IR-UV ion dip spectroscopy could be another 

experimental means to recover those details [4]. This approach is presently being 

pursued.  

By comparing the gas phase and droplet spectrum it is evident that the molecular 

beam spectrum is not simply a broadened version of the droplet spectrum. In particular, 

we observe that the three resonances at 37431, 37455, and 37603 cm
-1

 in the droplet 

spectrum have smaller amplitudes in the molecular beam spectrum, while in the 37490-
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37520 cm
-1

 region of the droplet spectrum one would have expected the presence of one 

or more conformers. These observations imply that the population distribution over the 

accessible conformers in the helium droplet experiment is different from the one in the 

molecular beam experiment, although there is no indication that different conformers are 

accessed in the two experiments. Such differences in the relative contribution of 

conformers and suppression of particular conformers in helium droplets have been 

observed before for conformationally flexible systems [10, 11]. It is generally assumed 

that the different cooling dynamics in supersonic beams and helium droplets are (partly) 

responsible, but as yet it is still a not fully understood phenomenon.  

In the helium droplet spectrum eight different conformations are observed. This 

number agrees quite nicely with results of molecular dynamics calculations on the 

conformational landscape of thread 1 [3]. These calculations show that about 10 

conformations lie within 1 kcal/mol and about 25 within 1.5 kcal/mol, energies that 

bracket the range for which we still expect to be able to observe conformations under our 

experimental conditions. 

 

 

4.4 Summary 

 

Summarizing, we have shown for the first time that it is possible to obtain 

ultrahigh resolution excitation spectra of a conformationally flexible succinamide-based 

thread, one of the binding motifs commonly employed in mechanically interlocked 

assemblies. This has enabled us to confirm and extend the conclusions of previous 

molecular beam experiments on the presence of many energetically close-lying 

conformations, and to identify the contribution of each distinct conformation to the 

spectrum. We believe that application of this approach to more complex rotaxanes, and in 

particular to switchable systems, will lead to insight into, and ultimately control over, the 

functioning of such molecular devices. 
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Chapter 5 

 

Absorption spectroscopy of adenine, 9-methyladenine, 

and 2-aminopurine in helium nanodroplets 

 
 

 

ABSTRACT 

 

High-resolution absorption spectra of adenine, 9-methyladenine and 2-

aminopurine in helium nanodroplets have been recorded. In contrast to molecular beam 

experiments, large variations in linewidths are observed for adenine and 9-

methyladenine. At the same time, the spectrum of 2-aminopurine remains sharp upon 

solvation in helium droplets. The line broadening observed for adenine and 9-

methyladenine is attributed to a significant decrease of the lifetime of the 
1
Lb(ππ*) state 

and of 
1
nπ* levels vibronically coupled to this state. The origin of the lifetime reduction 

is argued to be related to the increased accessibility of the 
1
nπ*/

1
Lb(ππ*) conical 

intersection upon solvation of these molecules in liquid helium. 

 

 

 

5.1 Introduction 

 

Knowledge about the photophysics and photochemistry of DNA bases is crucial 

for understanding the carcinogenic potential of UV light. All nucleobases used by nature 

in the process of replication show very low fluorescence yields and short excited state 

lifetimes [1, 2]. It is reasonable to conclude that evolution forced this choice in order to 

prevent deadly effects of UV photochemistry, which could for example lead to function 

destabilization. While it has become clear by now that the excess electronic energy 

deposited into DNA bases by the absorption of light is rapidly and efficiently dissipated 

into vibrational energy, there is still considerable debate on the basic non-radiative 

relaxation pathways that underlie this dissipation. 
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Figure 5.1. Chemical structures and atom numbering of adenine (left), 9-methyladenine 

(middle), and 2-aminopurine (right). 

 

The present study concentrates on the nucleobase adenine, its derivative 9-

methyladenine, and on 2-aminopurine (Fig. 5.1). The excited state dynamics of these 

compounds have been the subject of numerous experimental and theoretical 

investigations (recent reviews are given in ref. [3–5]). The lower-lying excited singlet 

states of adenine consist of an 
1
nπ* state and two states of ππ* character, the so-called 

1
Lb 

and 
1
La states [6]. The absorption spectrum of adenine in vapor [7] and solution phase [8, 

9] displays a strong absorption band around ~250 nm. Since the transition moment of the 
1
La state from the ground state is two orders of magnitude larger than the corresponding 

transition moments of the 
1
nπ* and 

1
Lb states, this state is primarily responsible for the 

absorption observed in this spectral region. Nevertheless, experiments in molecular 

beams have revealed a number of discrete bands in the 282–272 nm wavelength region 

that have been attributed to vibronic transitions to the 
1
nπ* and 

1
Lb(ππ*) states [10-16]. 

Absorption by the 
1
La(ππ*) state is observed in these experiments as well, where it 

manifests itself as a very broad, continuous band without resolved features that starts 

around 272 nm. 

One of the particularly intriguing experimental observations is the large influence 

the excitation energy appears to have on the excited state dynamics of these molecules. 

This is exemplified by time-resolved studies of adenine in aqueous solution where the 

excited state population of the most stable 9H adenine tautomer has been found to decay 

with time constants varying from 0.7 to 0.3 ps for excitation wavelengths in the range of 

280–245 nm [17]. Gas phase measurements reveal an even stronger excitation energy 

dependence. Following excitation of the vibrationless level of the 
1
Lb(ππ*) state, time-

resolved photoionization experiments find that the ion signal decays monoexponentially 

with a time constant of ~9 ps [11]. An even longer lifetime of 40–50 ps has been deduced 

from fitting the rotational band contour of this spectroscopic feature [14]. At shorter 

wavelengths much faster biexponential decays are observed in photoelectron spectra with 

components of 40 fs and 1.2 ps [3, 18–24]. These results strongly suggest that several 

channels are of importance for describing electronic relaxation in excited adenine. 
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Indeed, theoretical calculations indicate that various conical intersections are present 

within the manifold of the electronic ground state S0 and the lower-lying electronically 

excited nπ*, 
1
Lb(ππ*), and 

1
La(ππ*) states [5,25–31], while at slightly higher energies 

also conical intersections with repulsive ps* states come into play [31–34]. It is clear that 

the decay dynamics will critically depend on the accessibility of these conical 

intersections and thus on the excitation energy. 

High-resolution spectroscopic studies on cold, isolated molecules are appealing 

starting points to further our understanding of the potential energy surfaces involved in 

the various decay channels. Besides, it is important to know how these potential energy 

surfaces-and in particular critical parts like conical intersections-are affected by 

perturbations induced by interactions with the environment. Helium nanodroplets have 

emerged in recent years as an almost ideal matrix to reach those goals [35–38]. Single 

molecules can be embedded into these droplets and the ultra-low temperature of the 

droplets (0.38 K) enables studies at considerably lower internal temperatures of the 

molecules than possible with molecular beam techniques. In particular for medium- to 

large-sized molecules, this lower internal temperature has been found to be crucial to 

obtain well-resolved spectra [39–42]. Furthermore, molecules embedded in helium 

nanodroplets for many purposes can be considered as quasi-isolated, but the helium 

environment can nevertheless be used to assess the influence of weak intermolecular 

interactions.   

Many high-resolution spectroscopic techniques record in effect excitation spectra, 

that is, the detected signal is not only determined by the primary absorption process, but 

also by a secondary process like photon emission or ionization by a second photon. As a 

result, the detected signal can become critically dependent on the evolution of the 

molecule in the excited state. For fast, non-radiatively, decaying excited states this can 

even prevent the recording of spectra. Since helium nanodroplet spectroscopy is generally 

based on the non-radiative energy transfer from the excited molecule to the helium [43], 

it offers an ideal means to record absorption spectra, especially for those systems 

exhibiting efficient non-radiative decay pathways. 

Here, we present a high-resolution spectroscopic study of adenine, its derivative 

9-methyladenine, and of 2-aminopurine (Fig. 5.1) embedded in liquid helium 

nanodroplets. Comparison of the absorption spectra recorded under these conditions with 

excitation spectra in molecular beams shows that the spectroscopy of their excited states 

is only marginally influenced by the liquid helium matrix, but that their dynamics are 

modified to a much larger extent. The ramifications of these observations will be 

discussed in the light of excited-state decay pathways of adenine and solute–solvent 

interactions. 
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5.2 Experimental methods 

 

The experimental setup and method used to record electronic absorption spectra 

of molecules embedded in helium droplets have been described already in Chapter 2 and 

in other publications [44–47]. In brief, helium droplets consisting of several thousands of 

atoms are formed by expanding high-purity 
4
He gas at a pressure of 30 bars into vacuum 

through a 5 mm orifice cooled to cryogenic temperatures by a closed cycle refrigerator. 

The droplets pick up molecules as they pass through an oven holding the molecule under 

study. The oven temperature is adjusted for every sample to ensure that the droplets, on 

average, pick up less than one molecule as they pass through the vapor. For the present 

experiments, oven temperatures of 100 °C, 47 °C, and 220 °C have been used for 

adenine, 9-methyladenine, and 2-aminopurine, respectively. The doped droplets enter via 

a differential pumping stage a fourth vacuum chamber that holds an ion imaging setup. 

At the center of this setup, the embedded molecules are electronically excited by UV 

radiation from a 20 Hz Nd:YAG pumped (Spectra Physics Pro 250) frequency-doubled 

dye laser (Sirah Precision Scan). The dye laser, operating either on a Rhodamine 610 and 

Rhodamine 640 mixture (2-aminopurine) or on Pyrromethene 580 (adenine and 9-

methyladenine), generates tunable UV radiation with a typical pulse energy of 5 mJ. In 

our studies on adenine and 9-methyladenine the output of the dye laser was focused by a 

300 mm lens, while in the case of 2-aminopurine an unfocussed beam with a reduced 

intensity of typically 1 mJ was used. 

Absorption spectra of molecules embedded in helium droplets can be efficiently 

recorded using evaporation spectroscopy [44]. This recently developed method relies on 

the fact that following excitation non-radiative relaxation of the molecules completely 

evaporates the helium droplets. The bare molecules that remain after evaporation of the 

droplets are 250 ns later non-resonantly ionized by the output of an amplified Ti:Sapphire 

femtosecond laser system (CPA-1000, Clark-MXR) counter propagating the dye laser 

beam and focused by a 300 mm lens. The molecular ions are accelerated by the electric 

fields of the imaging setup towards a position sensitive detector. By monitoring the 

number of ions hitting the detector as a function of excitation frequency, absorption 

spectra can be recorded. As the excited state dynamics of the adenine molecule and its 

derivates is almost completely governed by non-radiative relaxation processes, this 

technique is particularly suited for these molecules. 
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5.3 Results and discussion 

 

An overview of the absorption spectra of adenine, 9-methyladenine and 2-

aminopurine in liquid helium nanodroplets is shown in Figure 5.2. 

 
 

Figure 5.2. Absorption spectrum of (a) 2-aminopurine, (b) adenine and (c) 9-

methyladenine in helium nanodroplets. The insets show expansions of the indicated 

excitation regions and in red fits of the bands to a Lorentzian line profile. 

 

Before discussing the details of the spectra, it is important to point out that 

electronic spectra of molecules obtained under such conditions differ in a number of 

aspects from gas phase spectra. In general, the rovibronic transitions are composed of a 
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narrow zero-phonon line (ZPL) followed by a broad and generally weaker feature, the 

phonon wing (PW) [36, 48]. The zero-phonon line corresponds to excitation of the 

sample molecule while the broad phonon wing corresponds to simultaneous excitation of 

the molecule and the surrounding helium. In addition, spectra recorded in helium 

nanodroplets are usually shifted by several tens of wavenumbers compared to gas phase 

spectra due to two counteracting effects [49]. Electronic excitation in general leads to an 

increased polarization of the surrounding helium, which gives rise to a red shift. At the 

same time, the expansion of the solvation shell leads to a blue shift. Depending on the 

relative magnitude of these effects, either a blue or a red shift is observed. 

Inspection of the spectra presented in Fig. 5.2 reveals that the overall structure of 

the spectra in helium droplets is similar to those recorded in the gas phase [10–12, 50, 

51]. The dominant transitions observed in the gas phase are readily identified in the 

helium droplet spectra. The limited signal-to-noise ratio of the helium droplet spectra 

unfortunately prohibits unambiguous identification of transitions with small intensity. 

While the overall structure of the spectra in helium droplets and in the gas phase is rather 

similar, clear differences are observed when the widths of the various bands are 

considered. Many of the rovibronic transitions appear to be significantly broadened upon 

solvation of the molecules in helium droplets. In order to allow for a quantitative analysis 

of this effect and an accurate determination of the transition frequencies, we have fitted 

the lineshapes of the individual vibronic transitions to a Lorentzian line profile. 

Justification for the use of a Lorentzian profile is provided by the observation that the 

helium environment induces fast vibrational relaxation [52–56], which leads to lifetime 

broadening of the transitions. To ensure that the resonances were not affected by power 

broadening, the laser power dependence of each resonance was measured separately. 

Care was taken that resonance profiles were measured in the regime where the signal 

intensity was linearly dependent on the laser intensity. For some resonances, the intrinsic 

linewidth is small enough to observe the ZPL as a feature separated from the PW. In 

these cases, the complete ZPL was fitted to a Lorentzian profile (see insets Fig. 5.2). 

However, the majority of the resonances is significantly broader and has a ZPL that 

overlaps with the PW. For these resonances only the rising flank, which is determined by 

the linewidth of the ZPL, was fitted to a Lorentzian profile (see insets Fig. 5.2). The 

results of this analysis are presented in Table 5.1. A comparison between the gas phase 

and helium droplet transition frequencies reveals that the spectra are shifted—in these 

cases to the blue—with respect to the gas phase, as is typical for the helium nanodroplet 

technique. In addition we find a significant variation of the linewidths, especially for 

adenine and its derivative 9-methyladenine.  

Previous experimental REMPI and LIF studies [10, 51, 57] as well as theoretical 

ab initio studies  [51, 58-60] on 2-aminopurine have established that the resonances 



  93 

observed in the energy region investigated here are associated with excitation of the 
1
La(ππ

*
) state.  

 

Table 5.1. Observed frequencies (cm
-1

) and linewidths (cm
-1

) of vibronic transitions of 2-

aminopurine, adenine and 9-methyladenine in helium droplets and in the gas phase. 

Label 
Frequency 

He droplets 
a
 

Frequency
 

gas phase 
b
 

Frequency 

shift 

Linewidth 

ZPL
c
 

2-Aminopurine 

P1 32368 32368 0 0.56(2) 
P2

 32556 d 32537 +19 - 

P3
 32664 d 32643 +21 - 

P4 32809 32802 +7 3.1(4) 

P5 32841 32833 +8 3.3(5) 
P6 32861 32858 +3 2.4(7) 

P7 32966 32963 +3 2.1(4) 
P8 33127 33126 +1 1.26(4) 

Adenine 

A1 36064 36063 +1 0.31(2) 
 36065  +2 0.25(2) 

A2 36117 36105 +12 12(3) 
A3 36187 36166 +21 7(2) 

A4 36263 36249 +14 3.9(6) 

A5 36476 36463 +13 9(3) 

A6 36527 36519 +8 1.9(9) 

9-Methyladenine 

M1 36127 36103 +24 0.36(4) 
 36129  +26 0.41(9) 

M2 36173 36136 +37 23(4) 
M3 36255 36231 +24 12(3) 

M4 36306 36273 +33 4.1(3)  

a 
Transition frequency  in helium nanodroplets. 

b
 Transition frequency  in the gas phase from ref. [10] for 2-

aminopurine and from ref. [11] for adenine and 9-methyladenine. c Obtained by fitting the zero phonon line 

to a Lorentzian line shape.
 d
 Profiles not fitted, uncertainty in peak position ~5 cm

-1
.  

 

Calculations of the potential energy surface of various low-lying electronically excited 

states show that this state has a stable minimum that lies below the conical intersection of 

lowest energy, in this case with the ground state. As a result, vibronic levels close to the 

origin of the 
1
La(ππ*) transition cannot access barrierless decay channels, and decay on a 

relatively long time scale. In view of these characteristics of the potential energy surface, 

one expects that the influence of the helium environment on the electronic spectrum of 2-

aminopurine will parallel those observed in previous studies on other molecular systems. 
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This expectation is nicely borne out by the absorption spectrum reported in Fig. 5.2a, 

which consists of strong and sharp ZPL’s well separated from the accompanying phonon 

wings. Most bands are blue shifted by roughly the same small amount with the exception 

of the two very weak bands at 32 556 and 32 664 cm
-1

 that show a much larger (blue) 

shift and appear to be significantly broader than the other transitions. It is interesting to 

notice that these two particular bands have been assigned to out-of-plane vibrations, 

while the other bands concern in-plane vibrations [10, 61]. Studies of other molecular 

systems have revealed a similar difference between in- and out-of-plane vibrational 

motions, in terms of both line position and linewidth [52, 53]. Apparently, the interaction 

between the molecule and the surrounding helium environment exhibits a considerable 

anisotropy for nuclear movement along the different vibrational coordinates. The 

linewidths of the other transitions in the spectrum of 2-aminopurine follow the general 

trends as well. The linewidth for the 0–0 transition is found to be small, around 0.5 cm
-1

, 

and is largely determined by the rotational contour at 0.38 K [49]. The other resonances 

have slightly larger linewidths. This is attributed to fast vibrational relaxation processes 

leading to lifetime broadening of these transitions [52–56]. As in other systems [52, 53], 

no systematic variation of the linewidth with excitation energy is observed. 

The spectra of adenine and 9-methyladenine in helium nanodroplets (Fig. 5.2b 

and c) show much larger deviations from their molecular beam counterparts. This 

concerns, for example, the absence of resonances in adenine that on the basis of their 

intensity in the molecular beam spectra would have been expected to be observable (e.g. 

resonances at 36 415, 36 430, and 36 498 cm
-1

). We also notice the absence of the weak 

feature in the 35 500 cm
-1

 region that has been attributed to the origin of transition to the 
1
nπ* state. It appears that this transition is too weak to be detected with the present 

signal-to-noise ratio. The gas phase spectra of adenine also show resonances in the region 

of 35 825 cm
-1

 which have been associated with the 7H tautomer [15]. Since only the 9H 

tautomer of adenine is present in helium droplets [62], these transitions are absent in our 

excitation spectra. Even more striking is the variation in the linewidth of the transitions, 

which is found to vary over two orders of magnitude. This is quite unexpected given that 

the resonances observed in gas phase studies do not show such large differences. In fact, 

a rotational band contour analysis of the A1, A2, and A4 resonances yields Lorentzian 

linewidths of ~0.1 cm
-1

 for individual rovibronic transitions [14]. 

Although it is generally accepted that the resonances observed in the excitation 

spectra involve transitions to the 
1
nπ* and 

1
Lb(ππ*) states, only a few resonances have 

been assigned unambiguously. Focusing for the moment on adenine, we notice that 

historically peak A1 has been assigned to a vibronic transition to the 
1
nπ* excited state 

[63, 64]. At first this assignment was only based on estimates of the frequency of the 

lowest-energy vibration [12], but subsequent studies of the dispersed fluorescence [13] 

and the rotational band contour [14] confirmed this conclusion. In helium droplets, this 
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resonance is found to have the smallest width. Actually, the ZPL of this transition is split 

into two components separated by 2 cm
-1

 with almost equal intensity and linewidths of 

~0.3 cm
-1

. This width, like in the case of 2-aminopurine, mainly reflects the rotational 

envelope. Although splitting of ZPL’s has been observed in many molecular systems, a 

complete understanding of the phenomena is still lacking [52, 65–67]. Analysis of the 

rotational band contour of the A2 resonance of gas phase adenine is consistent with a 

transition involving a 
1
ππ* state [14], thus corroborating its previous assignment to the 0–

0 transition to the 
1
Lb(ππ*) state [12]. In helium droplets, this transition has the largest 

linewidth, 12.2 cm
-1

, of the observed transitions. The same gas phase studies concluded 

that A4 involves a transition to the 
1
nπ* state as well, albeit as a transition to an out-of-

plane vibrational mode which mediates vibronic coupling with the 
1
ππ* state. In our 

spectra, we observe that the A4 transition, corresponding to a level that has a mixed 

nπ*/ππ* character, has a linewidth of 3.9 cm
-1

, that is, in between those of A1 and A2. The 

spectrum of 9-methyladenine, shown in Fig. 5.2c, reveals the same characteristics as that 

of adenine. The M1 transition, corresponding to the 0–0 transition to the 
1
nπ* state, has a 

narrow linewidth determined by the rotational contour of the resonance. At the same 

time, the M2 transition corresponding to the band origin of the 
1
Lb(ππ*) ← S0 has the 

largest linewidth of all observed transitions in 9-methyladenine. The two other transitions 

observed, which are thought to be of mixed nπ*/ππ* character, have linewidths 

intermediate between these. 

The linewidth of the A1 transition of adenine in the present study is similar to 

what was found in the gas phase. However, the A2 and A4 resonances have considerably 

larger linewidths. Assuming that this line broadening is the result of fast relaxation, this 

signifies that the lifetime of the associated levels has decreased upon solvation in helium 

from more than 50 ps to ~430 fs and ~1.4 ps, respectively. It thus appears that in the 

helium environment the non-radiative decay of levels of (partial) 
1
ππ* character is 

significantly increased. Such a conclusion is consistent with the experimental observation 

that we have not been able to detect resonance-enhanced two-photon ionization signals of 

adenine in liquid helium droplets, even though energetically the two-photon energy is 

above the energy of the D0(π
-1

) ionic ground state [18, 68, 69]. The apparently small cross 

section for ionization can be understood if adenine excited-state levels with significant 
1
ππ* character decay rapidly to states from which ionization is severely impeded.  

 As discussed in the introduction, the decay pathways of electronically excited 

purines, and in particular those of adenine, have been the subject of many experimental 

and theoretical studies. The general consent is that the decay dynamics are governed by a 

number of conical intersections involving the electronic ground state and the lower 

electronically excited 
1
nπ*, 

1
Lb(ππ*), and 

1
La(ππ*) states. At excitation wavelengths of 

267 nm or shorter the 
1
La(ππ*) state is the dominantly absorbing state. Non-radiative 

decay of this state occurs mainly via a conical intersection with the ground state that is 
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reached along a barrierless path involving a ring-puckering coordinate of the six-

membered ring (out-of-plane rotation of the C2–N3 bond) [5, 27–31]. Other channels that 

have attracted considerable attention involve conical intersections with repulsive 
1
πσ* 

states along the N9–H and N10–H coordinates [32–34, 70–72]. These channels, however, 

only open up at wavelengths shorter than 233 nm [71] and would thus a priori not be 

expected to be involved in the decay of the 
1
nπ* and 

1
Lb(ππ*) levels studied here. This is 

confirmed by our measurements on 9-methyladenine, a molecule in which the N9–H 

dissociation channel is closed. Moreover, we find that the linewidths of the M1–M4 

transitions qualitatively follow the trends observed for their counterparts A1–A4. 

As far as possible candidates for fast decay pathways of low-lying 
1
nπ* and 

1
Lb(ππ*) levels are concerned, ab initio calculations agree that the main decay channel of 

the 
1
Lb(ππ*) state involves internal conversion to the 

1
nπ* state via a conical intersection 

between these two states [5, 27]. The calculations predict that the 
1
nπ*/

1
Lb(ππ*) conical 

intersection lies between 0.05 and 0.14 eV above the 
1
Lb(ππ*) minimum, depending on 

the finer details of the calculations, with no barrier between the 
1
Lb(ππ*) minimum and 

the conical intersection. Other possible decay pathways that have been considered 

involve radiative decay to the ground state, non-radiative internal conversion to the 

ground state, and intersystem crossing to the triplet manifold, but these are thought to be 

of no or minor importance [5]. For the 
1
nπ* state, on the other hand, it has been 

concluded that its decay is not governed by a conical intersection with the ground state 

but rather by intersystem crossing to the isoenergetic T1(ππ*) state [5, 11, 29]. These 

considerations lead us to the conclusion that the large increase of the linewidth of the 

vibrationless transitions to the 
1
Lb(ππ*) state of adenine and 9-methyladenine in the 

helium environment should be ascribed to a dramatically increased rate for internal 

conversion rate via the 
1
nπ*/

1
Lb(ππ*) conical intersection. 

Normally, it is assumed that liquid helium droplets provide a matrix in which the 

effects of the surroundings on the dopant are minimal. While the observed transition 

frequencies support this assumption, the large variations in the increase of the linewidths 

are clearly at odds with this assumption. It should be noted that effects of the helium 

matrix as observed in the present study are not unprecedented. For example, studies on 

benzo[g,h,i]perylene show that in a helium environment the S2 band origin is 

significantly broadened [73]. This has been attributed to an enhanced S2 → S1 internal 

conversion in liquid helium. Even more striking are the effects on the photochemistry of 

3-hydroxyflavone [74]. Here it was found that excited state intramolecular proton transfer 

is promoted by the helium environment to such an extent that it becomes a barrierless 

process. 

In the present study, the helium induced shifts of the transition frequencies are 

comparable for the 1nπ* and 
1
Lb(ππ*) states, which indicates that at their equilibrium 

geometries both states are affected in a similar way by the helium environment. This does 
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not necessarily imply that this also holds for the geometry of the 
1
nπ*/

1
Lb(ππ*) conical 

intersection. As a matter of fact, this geometry resembles to some extent the equilibrium 

geometry of the 
1
Lb(ππ*) state [27, 30] whereas the equilibrium geometry of the 

1
nπ* is 

significantly different. As a result, the helium environment very likely affects both states 

to a different extent. This could lead to a lowering of energy of the conical intersection 

and hence cause an increase of the relaxation rate for the 
1
Lb(ππ*) state. 

As mentioned previously, only a few resonances have bee assigned in the 

excitation spectrum of adenine and 9-methyladenine Here we find that 
1
nπ* vibronic 

levels of overall A’’ symmetry (for example, A1) have a relatively long lifetime, while 
1
Lb(ππ*) levels and 

1
nπ* vibronic levels of overall A’ symmetry, which are vibronically 

coupled to the 
1
Lb(ππ*) state (for example, A2 and A4), have a significantly reduced 

lifetime. Under the reasonable assumption that the lifetime of 
1
Lb(ππ*) vibronic levels in 

helium nanodroplets is shorter than that of its vibrationless level, our results indicate that 

none of the A3–A6 resonances are associated with the 
1
Lb(ππ*) state. Rather, these 

resonances correspond to levels that are vibronically coupled to the 
1
Lb(ππ*) state. The 

observed propensity of 
1
nπ* vibronic states of A’’ symmetry having a relatively long and 

of A’ symmetry a relatively short lifetime suggests that the A3 and A5 transitions are 

associated with 
1
nπ* (A’) vibronic levels while resonance A6 most probably results from 

excitation of a 
1
nπ* (A’’) vibronic level. 

 

 

5.4 Summary 

 

The application of absorption spectroscopy under helium nanodroplet conditions 

has enabled us to elucidate the spectroscopy and dynamics of electronically excited states 

of adenine, 9-methyladenine and 2-aminopurine. Our studies have shown that the 

spectroscopy of these compounds is not affected by the helium environment in other 

ways than what has been observed for other molecules. However, at the same time we 

have found that the excited-state dynamics are much more susceptible to the helium 

environment than what intuitively would have been expected. This is evidenced by the 

resonances in the absorption spectra of adenine and 9-methyladenine that show a 

surprisingly large variation in linewidth. In combination with previous assignments of the 

resonances, it has been argued that these large variations are in line with the conclusions 

of theoretical calculations that predict that decay to the 
1
nπ* state is the predominant 

pathway for decay of the 
1
Lb(ππ*) state. The observed enhancement of the 

1
Lb(ππ*) 

decay rate is then due to a lowering of the conical intersection between the two states in 

helium nanodroplets. The S0 → S1 absorption spectrum obtained for 2-aminopurine fully 

confirms these conclusions. In this molecule S1 is the 
1
La(ππ*) state that has no low-lying 

conical intersections with the electronic ground state or other electronically excited states. 
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Accordingly, the 0–0 transition is narrow, and higher-lying resonances only show limited 

broadening due to enhanced vibrational relaxation. 

So far, the influence of the helium environment on the properties of electronically 

excited states of embedded molecules has been restricted to consideration of properties of 

potential energy surfaces close to equilibrium. The present study in combination with 

other studies now clearly starts to indicate that such a description may not be appropriate 

further away from equilibrium. We therefore hope that the present results will provide 

impetus for further theoretical studies on helium–solute interactions in these regions. 

 

 

Acknowledgements 

 

This work was supported by the Swiss National Science Foundation through 

Grant No. 200020-119789, the “Stichting voor Fundamenteel Onderzoek der Materie 

(FOM)”, and The Netherlands Organization for Scientific Research (NWO). AMR 

acknowledges the Netherlands Organization for Scientific Research (NWO) for a VENI 

post-doctoral fellowship. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  99 

References 

 

[1] B. Cohen, P. M. Hare, B. Kohler, J. Am. Chem. Soc. 2003, 125, 13594. 

[2] C. T. Middleton, K. de La Harpe, C. Su, Y. K. Law, C. E. Crespo-Hernandez, B. 

Kohler, Annu. Rev. Phys. Chem. 2009, 60, 217. 

[3] C. Z. Bisgaard, H. Satzger, S. Ullrich, A. Stolow, ChemPhysChem 2009, 10, 101. 

[4] H. Saigusa, J. Photochem. Photobiol. C 2006, 7, 197. 

[5] I. Conti, M. Garavelli, G. Orlandi, J. Am. Chem. Soc. 2009, 131, 16108. 

[6] J. R. Platt, J. Chem. Phys. 1949, 17, 484. 

[7] L. B. Clark, G. G. Peschel, I. Tinoco, J. Phys. Chem. 1965, 69, 3615. 

[8] D. Voet, W. B. Gratzer, R. A. Cox, P. Doty, Biopolymers 1963, 1, 193. 

[9] L. B. Clark, I. Tinoco, J. Am. Chem. Soc. 1965, 87, 11. 

[10] E. Nir, K. Kleinermanns, L. Grace, M. S. de Vries, J. Phys. Chem. A 2001, 105, 

5106. 

[11] D. C. Luhrs, J. Viallon, I. Fischer, Phys. Chem. Chem. Phys. 2001, 3, 1827. 

[12] N. J. Kim, G. Jeong, Y. S. Kim, J. Sung, S. K. Kim, Y. D. Park, J. Chem. Phys. 

2000, 113, 10051. 

[13] N. J. Kim, H. Kang, Y. D. Park, S. K. Kim, Phys. Chem. Chem. Phys. 2004, 6, 

2802. 

[14] Y. Lee, M. Schmitt, K. Kleinermanns, B. Kim, J. Phys. Chem. A 2006, 110, 

11819. 

[15] C. Plutzer, K. Kleinermanns, Phys. Chem. Chem. Phys. 2002, 4, 4877. 

[16] C. Plutzer, E. Nir, M. S. de Vries, K. Kleinermanns, Phys. Chem. Chem. Phys. 

2001, 3, 5466. 

[17] T. Pancur, N. K. Schwalb, F. Renth, F. Temps, Chem. Phys. 2005, 313, 199. 

[18] H. Satzger, D. Townsend, A. Stolow, Chem. Phys. Lett. 2006, 430, 144. 

[19] E. Samoylova, H. Lippert, S. Ullrich, I. V. Hertel, W. Radloff, T. Schultz, J. Am. 

Chem. Soc. 2005, 127, 1782. 

[20] H. Kang, B. Jung, S. K. Kim, J. Chem. Phys. 2003, 118, 6717. 

[21] S. Ullrich, T. Schultz, M. Z. Zgierski, A. Stolow, J. Am. Chem. Soc. 2004, 126, 

2262. 

[22] H. Kang, K. T. Lee, B. Jung, Y. J. Ko, S. K. Kim, J. Am. Chem. Soc. 2002, 124, 

12958. 

[23] C. Canuel, M. Mons, F. Piuzzi, B. Tardivel, I. Dimicoli, M. Elhanine, J. Chem. 

Phys. 2005, 122, 074316. 

[24] S. Ullrich, T. Schultz, M. Z. Zgierski, A. Stolow, Phys. Chem. Chem. Phys. 2004, 

6, 2796. 

[25] A. Broo, J. Phys. Chem. A 1998, 102, 526. 

[26] M. Z. Zgierski, S. Patchkovskii, E. C. Lim, Can. J. Chem. 2007, 85, 124. 

[27] L. Serrano-Andres, M. Merchan, A. C. Borin, Chem.–Eur. J. 2006, 12, 6559. 



  100 

[28] C. M. Marian, J. Chem. Phys. 2005, 122, 104314. 

[29] L. Blancafort, J. Am. Chem. Soc. 2006, 128, 210. 

[30] S. Perun, A. L. Sobolewski, W. Domcke, J. Am. Chem. Soc. 2005, 127, 6257. 

[31] W. M. I. Hassan, W. C. Chung, N. Shimakura, S. Koseki, H. Kono, Y. Fujimura, 

Phys. Chem. Chem. Phys. 2010, 12, 5317. 

[32] A. L. Sobolewski, W. Domcke, C. Dedonder-Lardeux, C. Jouvet, Phys. Chem. 

Chem. Phys. 2002, 4, 1093. 

[33] A. L. Sobolewski, W. Domcke, Eur. Phys. J. D 2002, 20, 369. 

[34] S. Perun, A. L. Sobolewski, W. Domcke, Chem. Phys. 2005, 313, 107. 

[35] J. P. Toennies, A. F. Vilesov, Angew. Chem., Int. Ed. 2004, 43, 2622. 

[36] F. Stienkemeier, A. F. Vilesov, J. Chem. Phys. 2001, 115, 10119. 

[37] M. Y. Choi, G. E. Douberly, T. M. Falconer, W. K. Lewis, C. M. Lindsay, J. M. 

Merritt, P. L. Stiles, R. E. Miller, Int. Rev. Phys. Chem. 2006, 25, 15. 

[38] F. Stienkemeier, K. K. Lehmann, J. Phys. B: At., Mol. Opt. Phys. 2006, 39, R127. 

[39] M. Wewer, F. Stienkemeier, Phys. Rev. B: Condens. Matter 2003, 67, 125201. 

[40] S. Smolarek, A. M. Rijs, J. S. Hannam, D. A. Leigh, M. Drabbels, W. J. Buma, J. 

Am. Chem. Soc. 2009, 131, 12902. 

[41] M. Wewer, F. Stienkemeier, J. Chem. Phys. 2004, 120, 1239. 

[42] M. Wewer, F. Stienkemeier, Phys. Chem. Chem. Phys. 2005, 7, 1171. 

[43] J. P. Toennies, A. F. Vilesov, K. B. Whaley, Phys. Today 2001, 54, 31. 

[44] E. Loginov, A. Braun, M. Drabbels, Phys. Chem. Chem. Phys. 2008, 10, 6107. 

[45] E. Loginov, M. Drabbels, J. Phys. Chem. A 2007, 111, 7504. 

[46] A. Braun, M. Drabbels, J. Chem. Phys. 2007, 127, 114303. 

[47] S. Smolarek, A. Vdovin, D. L. Perrier, J. P. Smit, M. Drabbels, W. J. Buma, J. 

Am. Chem. Soc. 2010, 132, 6315. 

[48] M. Hartmann, F. Mielke, J. P. Toennies, A. F. Vilesov, G. Benedek, Phys. Rev. 

Lett. 1996, 76, 4560. 

[49] R. Schmied, P. Carcabal, A. M. Dokter, V. P. A. Lonij, K. K. Lehmann, G. 

Scoles, J. Chem. Phys. 2004, 121, 2701. 

[50] E. Nir, C. Plutzer, K. Kleinermanns, M. de Vries, Eur.Phys. J. D 2002, 20, 317. 

[51] K. A. Seefeld, C. Plutzer, D. Lowenich, T. Haber, R. Linder, K. Kleinermanns, J. 

Tatchen, C. M. Marian, Phys. Chem. Chem. Phys. 2005, 7, 3021. 

[52] M. Hartmann, A. Lindinger, J. P. Toennies, A. F. Vilesov, J. Phys. Chem. A 2001, 

105, 6369. 

[53] R. Lehnig, A. Slenczka, J. Chem. Phys. 2005, 122, 244317. 

[54] R. Lehnig, A. Slenczka, J. Chem. Phys. 2003, 118, 8256. 

[55] E. Loginov, D. Rossi, M. Drabbels, Phys. Rev. Lett. 2005, 95, 163401. 

[56] P. Radcliffe, A. Przystawik, T. Diederich, T. Doppner, J. Tiggesbaumker, K. H. 

Meiwes-Broer, Phys. Rev. Lett. 2004, 92, 173403. 

[57] K. Feng, G. Engler, K. Seefeld, K. Kleinermanns, ChemPhysChem 2009, 10, 886. 



  101 

[58] L. Serrano-Andres, M. Merchan, A. C. Borin, Proc. Natl. Acad. Sci. U. S. A. 

2006, 103, 8691. 

[59] A. C. Borin, L. Serrano-Andres, V. Ludwig, K. Coutinho, S. Canuto, Int. J. 

Quantum Chem. 2006, 106, 2564. 

[60] S. Perun, A. L. Sobolewski, W. Domcke, Mol. Phys. 2006, 104, 1113. 

[61] S. K. Mishra, M. K. Shukla, P. C. Mishra, Spectrochim. Acta, Part A 2000, 56, 

1355. 

[62] M. Y. Choi, F.Dong, S. W. Han, R. E.Miller, J. Phys. Chem. A 2008, 112, 7185. 

[63] Until recently, it was assumed that the transition at 35 497 cm-
1
 in the gas phase 

corresponded to the 0–0 transition to the 
1
nπ* state. Recent computational studies 

of the vibronic activities associated with the transition to this state suggest, 

however, that the band is associated with excitation of the v = 6 level of the 

anharmonic puckering coordinate [64]. This would imply that also the 36 063   

cm
-1

 transition involves excitation of another vibronic level of the 
1
nπ* state than 

previously thought. 

[64] I. Conti, E. Di Donato, F. Negri, G. Orlandi, J. Phys. Chem. A 2009, 113, 15265. 

[65] A. Lindinger, E. Lugovoj, J. P. Toennies, A. F. Vilesov, Z. Phys. Chem. (Munich) 

2001, 215, 401. 

[66] O. Birer, P. Moreschini, K. K. Lehmann, G. Scoles, J. Phys. Chem. A 2007, 111, 

12200. 

[67] O. Birer, P. Moreschini, K. K. Lehmann, G. Scoles, J. Phys. Chem. A 2007, 111, 

7624. 

[68] Two-photon ionization to the D1(n
-1

) state is energetically not possible in the 

investigated excitation energy region. As a result, the ionization cross section via 

the 
1
nπ* state can be expected to be small. This most likely is the reason that also 

via the A1 transition no resonance enhanced two-photon ionization signal has 

been observed. 

[69] S. Peng, A. Padva, P. R. Lebreton, Proc. Natl. Acad. Sci. U. S. A. 1976, 73, 2966. 

[70] H. Satzger, D. Townsend, M. Z. Zgierski, S. Patchkovskii, S. Ullrich, A. Stolow, 

Proc. Natl. Acad. Sci. U. S. A. 2006, 103, 10196. 

[71] M. G. D. Nix, A. L. Devine, B. Cronin, M. N. R. Ashfold, J. Chem. Phys. 2007, 

126, 124312. 

[72] S. B. Nielsen, T. I. Solling, ChemPhysChem 2005, 6, 1276. 

[73] O. Birer, P. Moreschini, K. K. Lehmann, Phys. Chem. Chem. Phys. 2008, 10, 

1648. 

[74] R. Lehnig, D. Pentlehner, A. Vdovin, B. Dick, A. Slenczka, J. Chem. Phys. 2009, 

131, 194307. 

 

 

 



  102 

 



  103 

Chapter 6 

 

High-resolution excitation and absorption spectroscopy 

of gas phase p-coumaric acid: unveiling an elusive 

chromophore 

 
 

 

ABSTRACT 

 

The high-resolution absorption spectrum of para-coumaric acid (pCA), the 

chromophore of the photoactive yellow protein, is measured in a supersonic molecular 

beam and in a matrix of liquid helium nanodroplets. Conformational heterogeneity is 

examined with UV-depletion experiment leading to the assignment of the s-cis, s-trans, 

OH-syn and OH-anti conformers. Additional IR-depletion experiments are conducted in 

order to confirm these assignments. The electronic structure of excited states is analyzed. 

The first clear evidence for a low-lying nπ* state in pCA is provided.  

 

 

 

 

6.1 Introduction 

 

Light drives many important processes of life, ranging from photosynthesis to 

vision, from phototropism to phototaxis, and from circadian rhythms to other 

photoperiodicities. Nature utilizes to this purpose small, light absorbing molecules 

(chromophores) enclosed within a protein that transform light energy into a cellular 

response. After photon absorption by the chromophore, the protein undergoes a series of 

reactions via a number of intermediates, and ultimately finds itself in its initial state, the 

whole process thus forming a photocycle. One of the most extensively studied 

photoreceptors is the photoactive yellow protein (PYP), originally discovered in the 

Halorhodospira halophila bacterium [1] where it is responsible for the negative 

phototaxis towards harmful blue light [2]. PYP has over the years become a model 

system for studies in photochemistry and photobiology [3] because of its small size (14 

kDa), its water solubility, its excellent chemical and photostability, and the simplicity 

with which crystals can be grown. 
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The photocycle of PYP is believed to be initiated with the photoinduced trans-to-

cis isomerization of the para-coumaric acid (pCA) chromophore. The excited state 

properties of pCA (Chart 1) thus have been the subject of a large number of experimental 

[4] and theoretical [5] studies aiming to elucidate the primary steps of this photocycle. 

One of the appealing aspects of gas-phase studies is that they provide data on the isolated 

chromophore, thereby allowing for an assessment of the role of the protein environment, 

and providing the most direct link to quantum chemical calculations. However, until now 

pCA has remained out of reach from high-resolution spectroscopy [6] and only 

derivatives like p-vinyl phenol [7] and the oxy-ester methyl-4-hydroxy cinnamate 

(OMpCA) have been studied [8]. Here we report the first electronic excitation and 

absorption spectra of pCA together with its conformational analysis. 

 

Chart 6.1. Chemical structure of relevant pCA conformations. The phenolic OH can 

adopt a syn or anti configuration. 

 

 

6.2 Experimental and theoretical methods 

 

In our experiments pCA (Aldrich) was heated to 155 °C and expanded with Ne 

gas at a pressure of 2.5 bars via a 0.5 mm nozzle into a vacuum to create a supersonic 

expansion. Electronic spectra of cold and isolated molecules were recorded by 

monitoring the number of ions at the parent mass created by two-color Resonance 

Enhanced 2-Photon Ionization (R2PI) as a function of the excitation laser frequency. The 

two-color R2PI excitation spectrum was measured over the range of 32200-35600 cm
-1

 

using a frequency-doubled Nd:YAG (Spectra Physics Lab 190) pumped dye laser (Sirah 

Precision Scan) operating at 30 Hz. The excitation pulse energy was typically 1 mJ. The 

laser beam was partially focused by a lens with a focal length of 1 m that was placed at a 

distance of 0.5 m from the intersection with the molecular beam. The counter-

propagating ionization beam was produced by an ArF excimer (Lumonics EX-700) laser 

(193 nm) and was introduced simultaneously with the excitation pulses. The ionization 

beam with pulse energies of 2-4 mJ was also partially focused by a system of lenses. 
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For the investigation of conformer-specific spectra UV- and IR-depletion 

experiments were performed. The additional pump laser pulses were introduced 100 ns 

before the excitation-ionization beam sequence and were generated by an excimer-

pumped (Lambda Physik CompexPro 205) dye laser (Lumonics HD500). The frequency 

of the excitation laser was fixed at bands that were associated exclusively with a single 

conformation (32608 and 32654 cm
-1

 for the syn and anti configurations of the s-cis 

conformer, and 32901 cm
-1

 for the s-trans conformer). While scanning the wavelength of 

the pump beam and recording the signal produced by the probe, we observe a depletion 

of the probe signal as a result of the depopulation of the ground state each time the pump 

laser is in resonance with a transition of the selected conformer. The pulse energies and 

focusing conditions for excitation and ionization beams in these experiments were 

identical to those used in the REMPI experiments. In case of the UV-depletion 

experiments the pulse energy of the pump beam was 1.5 mJ. It was also partially focused 

by a lens of focal length of 1 m placed at a distance of 0.5 m from the ionization volume. 

For the IR-depletion experiments the pump beam in the range of 3422-3760 cm
-1

 and 

with an energy per pulse of 1.7 mJ was produced by difference frequency mixing with the 

first harmonic of the Nd:YAG laser in a LiNbO3 crystal. The beam was partially focused 

by a lens with a focal length of 0.3 m that was placed at a distance of 0.2 m from the 

intersection with the molecular beam.  

The electronic absorption spectrum in helium nanodroplets was obtained in the 

setup described in detail previously [9]. Helium droplets consisting on average of 2700 

atoms were formed by expansion of helium at 30 bars from a 5 µm nozzle cooled to 17 

K. In these experiments the pCA sample was heated to a temperature of 50 °C. These 

conditions ensured that a single molecule pickup process dominated and that dissociation 

of molecular clusters contributed negligibly to the observed signal. Two laser beams were 

used to obtain the ion depletion spectrum. The probe beam was provided by an amplified 

Ti:Sapphire femtosecond laser system (CPA-1000, Clark-MXR) (~780 nm, 1 mJ/pulse) 

and served to set up a nonresonant multiphoton ionization signal. This beam was focused 

with a 350 mm focal length lens, the exact position of the focal point chosen in such a 

way that the difference between the ion signals with and without depletion beam was 

maximized. The depletion beam was generated by the frequency-doubled output of a 20 

Hz Nd:YAG pumped (Spectra Physics Pro 250) dye laser (Sirah Precision Scan) with 

pulse energies of 2 mJ. This beam was focused at the helium nanodroplet stream with a 

350 mm focal length lens and preceded the femtosecond probe beam by delays up to 360 

ns. Ions were detected mass-selectively in a TOF mass spectrometer. Absorption spectra 

have been obtained by monitoring the mass of the pCA molecular ion. 

Calculations of ground state geometries and their normal modes were performed 

with density functional theory using the B3LYP hybrid functional and a Gaussian basis 

set of triple zeta valence quality with polarization functions (def-TZVP). Vibrational 
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frequencies were scaled by the factor of 0.958. Geometry optimization and normal mode 

calculations for electronically excited states were performed with the second-order 

approximate coupled-cluster approach with resolution-of-the-identity approximation (RI-

CC2). In these calculations the correlation-consistent valence polarized triple zeta basis 

set (cc-pVTZ) was employed. All optimizations were done without imposing symmetry 

restrictions. For each optimized geometry a normal mode vibrational analysis was 

performed to ensure that it corresponded to a minimum on the potential energy surface. 

Adiabatic and vertical ionization energies for each electronic state were calculated at the 

RI-CC2/cc-pVTZ level of theory. The calculations were performed with the 

TURBOMOLE 5.7 suite of programs [10]. Franck-Condon intensities for vibronic 

spectra of conformers were calculated in the harmonic approximation and taking into 

account the Duschinsky effect, using an in-house developed program
 
[11] based on the 

recursion relations for Franck-Condon integrals
 
[12]. 

 

 

6.3 Results and discussion 

 

Figure 6.1 shows the full excitation spectrum obtained in the 32500-34600 cm
-1

 

range.  

Figure 6.1. Two-color R2PI excitation spectrum of p-coumaric acid. 

 

Starting from ~32590 cm
-1

 the spectrum shows a dense manifold of lines that initially 

have a width of 3-4 cm
-1

 and broaden up with higher excitation energies. In view of the 

results obtained for OMpCA [8], one suspects that the spectrum is actually built up from 

contributions from several conformations. This idea is confirmed by UV depletion 

spectroscopy [13] which results are presented on Figure 6.2. It allows us to distinguish 

three distinct conformations with electronic origins at 32588, 32609, and 32896 cm
-1

. The 

similarity of these results with those obtained for OMpCA suggests that the lower two 

transitions are associated with s-cis conformations in which the phenolic OH adopts 
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either a syn or anti configuration, while the third one derives from one of the syn or anti 

s-trans conformations. Spectral congestion prohibited an unambiguous identification of 

the partnering s-trans conformation. 

Figure 6.2. Two-color RE2PI excitation and UV-depletion spectra of p-coumaric acid. 

(a) Excitation (lower panel) and UV-depletion spectra in 32500-33500 cm
-1

 range 

probing at (see arrows) 32608 (blue), 32654 (green), and 32901 cm
-1

 (red). Stick spectra 

in depletion spectra show Franck-Condon simulations of the V’(ππ*) excitation spectrum 

of s-cis (blue and green) and s-trans (red) pCA. (b) High-resolution UV-depletion spectra 

of the electronic origin regions of each conformation. 

 

IR depletion spectroscopy and DFT calculations at the B3LYP/def-TZVP level confirm 

these assignments. Conformation-specific IR ion dip spectra are depicted in Figure 6.3 

where they are compared with spectra calculated for s-cis and s-trans conformations. 

Using a scaling factor of 0.958, the calculations find a phenolic OH stretch frequency of 

3647 cm
-1

 for both s-cis and s-trans conformations, irrespective of the syn/anti 

configuration. For the carboxylic OH group, on the other hand, frequencies of 3590 (s-

cis) and 3597 cm
-1

 (s-trans) are calculated. Experimentally, frequencies of 3586 and 3593 

cm
-1

 are observed for the carboxylic OH, while all conformations have their phenolic OH 
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at 3652 cm
-1

. Experiment and theory are thus in excellent agreement if the excitation 

spectra are assigned as described above. 

Figure 6.3. IR ion depletion spectra obtained for ionization via the 32608 (blue-bottom), 

32654 (green-middle), and 32901 cm
-1

 (red-top) resonances compared with quantum 

chemical predictions for the ground state IR absorption spectrum of s-cis (light cyan) and 

s-trans (dark cyan) pCA using a frequency scaling factor of 0.958.  

 

Previous calculations at the EOM-CCSD level predict for pCA and OMpCA that 

in the Franck-Condon region accessed from the ground state the lower two excited singlet 

states are the 
1
A(V’) (S1, HOMO → LUMO+1 transition) state having a small oscillator 

strength, and the 
1
A(V) (S2, HOMO → LUMO+1 transition) (ππ*) state with a large 

oscillator strength
 
[5c,8]. At this level, however, the calculation of harmonic force fields 

is not possible.  We have therefore resorted to calculations at the CC2 level. Previous 

studies
 
[5d] have shown - and our calculations confirm this - that at this level the ordering 

of the 
1
A(V’) and 

1
A(V) is reversed. Vertical excitation energies of 4.40 and 4.04 eV and 

oscillator strengths of 0.18 and 0.69 are predicted for the 
1
A(V’) and 

1
A(V) states, 

respectively. Nevertheless, we find that the vibrational activity observed in the 

experimental spectra can only be reproduced satisfactorily using the equilibrium 

geometry and force field of the 
1
A(V’) state. Simulations show that the major feature 

distinguishing the two states is the much stronger activity of the lowest energy in-plane 

bending mode (92 cm
-1

) in the spectrum of the V state (Figure 6.4). The experimental 

spectra lack this activity, while the rest of the vibrational activity in the experimental 

excitation spectrum matches nicely that predicted for the V’ state (Figure 6.2a).  
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Figure 6.4. Comparison of UV-depletion spectra of p-coumaric acid (a) probed at 32608 

(blue-bottom), 32654 (green-middle), and 32901 cm
-1

 (red-top) with Franck-Condon 

simulations of the excitation spectrum of s-cis (blue-bottom) and s-trans (red-top) pCA in 

V’(ππ*) state (b) and V(ππ*) state (c). 

 

One notable exception is a ~9 cm
-1

 progression superimposed on each band that is most 

clearly visible in high-resolution spectra of the origin regions of the three conformations 

(Figure 6.2b). This progression is present in the excitation as well as depletion spectra 

which proves that these low-frequency bands do not derive from hot bands, but are 

associated with excited-state vibrational levels. Since the only candidates for such low-

frequency modes are out-of-plane twisting and butterfly modes, we conclude that upon 

excitation pCA adopts a non-planar geometry. 

The spectra discussed so far have been obtained using 193 nm to ionize the 

molecule after excitation. Remarkably, we find that one-color R2PI does not result in 
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measurable ion signals. In fact, even in a two-color 1+1’ scheme and using ionization 

wavelengths down to 216 nm no resonance enhancement is seen. A possible explanation 

could be that ionization only proceeds efficiently if the ionic manifold is accessed at high 

vibrational energies [14]. This in turn would imply that ionization does not take place 

from an electronically excited state with limited vibrational content as suggested by the 

excitation spectrum, but from a highly vibrationally excited state. Ab initio calculations 

predict that the adiabatic excitation energy of the 1
1
A”(nπ*) state is actually lower than 

that of the V’ and V states [5b,c] (Figure 6.5). All pieces of the puzzle thus fall into place 

if we assume that after excitation of the V’ state fast internal conversion takes place to the 

1
1
A”(nπ*) state. This conclusion is further supported by calculations of the vertical 

ionization energy from the 1
1
A”(nπ*) state. We find a value of 6.5 eV (~191 nm), 

consistent with the observed onset of ionization (the calculated ionization energies from 

the optimized V’ and V states are 4.1 eV (~303 nm) and 4.4 eV (~283 nm), respectively). 

The present experiments thus provide the first clear evidence for a low-lying nπ* state in 

pCA and its derivatives that previously had been postulated by ab initio calculations. 

 
Figure 6.5. Results of calculations of electronic states of pCA for different isomers. 

 



  111 

UV-depletion experiments performed on pCA in helium nanodroplets [15] instead 

of molecular beam conditions are in line with a fast decay of the V’(ππ*) state into the 

low-lying nπ* state. In these experiments a multiphoton ionization signal was set up 

using an amplified Ti:Sapphire fs laser, while a counter-propagating tunable ns laser 

beam was used to perform UV-depletion spectroscopy. When the ionization laser was 

preceded by resonant UV absorption, the ion signal was depleted (Figure 6.6). 

Comparison of the helium nanodroplet spectrum with the molecular beam spectrum 

shows that the two spectra display the same features, but that the helium droplet spectrum 

is displaced by 700 cm
-1

 to lower energies. Importantly, we notice that the line widths of 

the resonances in the helium droplet spectrum are not noticeably smaller, even though the 

rovibrational temperature of the sample is much lower (0.38 K). This suggests that they 

are intrinsic and determined by lifetime broadening. 

The above observations suggest that after absorption of the UV photon the pCA 

molecule decays to a state from which ionization is no longer possible. Our experiments 

show that this cannot be the ground state. Furthermore experiments with a high intensity, 

tightly focused fs beam were also performed in order to identify any fragments created by 

the UV pump beam. They proved that the pCA ion signal is not depleted because of 

fragmentation upon internal conversion to the ground state. We thus must conclude that 

another stable state is populated. Experimentally, we could vary the delay between pump 

and probe laser up to 1 µs, and found that during this delay the signal was not recovered. 

This implies that a state is populated with a long lifetime. Because of its extremely low 

oscillator strength, the nπ* state is the most logical candidate. 

 

Figure 6.6. pCA RE2PI spectrum under molecular beam conditions (lower) and ion dip 

spectrum in a helium nanodroplet matrix (upper). 
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6.4 Summary 

 

In summary, we have observed for the first time the excitation and absorption 

spectra of the lowest excited singlet state of para-coumaric acid. Analysis of the 

vibrational activity in these spectra leads to the conclusion that this state should be 

assigned as the V’(ππ*) state, and that upon excitation the molecule undergoes significant 

out-of-plane geometry changes. In the V’(ππ*) state fast internal conversion takes place 

to a state that on the basis of the observed ionization requirements is identified as the 

1
1
A”(nπ*) state. Photoexcitation of the para-coumaric acid chromophore in PYP triggers 

a cascade of follow-up reactions that lead to light-induced signal transduction, one of the 

central issues in photobiology. The spectroscopic and dynamic properties of para-

coumaric acid unveiled in the present study may thus serve as an excellent point of 

reference for further elucidation of the fascinating photochemical and photophysical 

properties of PYP in particular, and those of photosensory proteins in general. 

 

 

Acknowledgments 
 

Work was supported by The Netherlands Organization for Scientific Research 

(NWO) and the Swiss National Science Foundation through Grant No 200020-119789. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  113 

References 

 

[1] (a) T. E. Meyer, Biochim. Biophys. Acta 1985, 806, 175; (b) T. E. Meyer, E. 

Yakali, M. A. Cusanovich, G. Tollin, Biochemistry 1987, 26, 418. 

[2] W. Sprenger, W. Hoff, J. Armitage, K. Hellingwerf, J. Bacteriol. 1993, 175, 

3096. 

[3] K. Hellingwerf, J. Hendriks, T. Gensch, J. Phys. Chem. A 2003, 107, 1082. 

[4] (a) W. L. Ryan, D. J. Gordon, D. H. Levy, J. Am. Chem. Soc. 2002, 124, 6194; (b) 

I. B. Nielsen, S. Boye-Peronne, M. O. K. El Ghazaly, M. B. Kristensen, S. B. 

Nielsen, L. H. Andersen, Biophys. J. 2005, 89, 2597; (c) I-R. Lee, W. Lee, A. Z. 

Zewail, Proc. Natl. Acad. Sci. U. S. A. 2006, 103, 258. 

[5] (a) C. Ko, B. Levine, A. Toniolo, L. Manohar, S. Olsen, H-J. Werner, T. J. 

Martinez, J. Am. Chem. Soc. 2003, 125, 12710; (b) Q. S. Li, W. H. Fang, Chem. 

Phys. 2005, 313, 71;(c) E. V. Gromov, I. Burghardt, H. IKöppel, L. S. 

Cederbaum, J. Phys. Chem. A 2005, 109, 4623;(d) E. V. Gromov, I. Burghardt, T. 

J. Hynes, H. Köppel, L.S. Cederbaum, J. Photochem. Photobio. A 2007, 190, 241. 

[6] M. de Groot, W. J. Buma, J. Phys. Chem. A  2005, 109, 6135. 

[7] (a) M. de Groot, W. J. Buma, E. V. Gromov, I. Burghardt, H. Köppel, L. S. 

Cederbaum, J. Chem. Phys. 2006, 125, 204303; (b) P. J. Morgan, D. M. Mitchell, 

D. W. Pratt, Chem. Phys. 2007, 347, 340. 

[8] M. de Groot, E. V. Gromov, H. Köppel, W. J. Buma, J. Phys. Chem. B 2008, 112, 

4427. 

[9] E. Loginov, A. Braun, M. Drabbels, Phys. Chem. Chem. Phys. 2008, 10, 6107. 

[10] TURBOMOLE V5-9-1, 2007; (a) R. Ahlrichs, M. Bär, M. Häser, H. Horn, C. 

Kölmel, Chem. Phys. Lett. 1989, 162, 165; (b) O. Treutler, R. Ahlrichs, J. Chem. 

Phys. 1995, 102, 346; (c) A. Schäfer, C. Huber, R. Ahlrichs, J. Chem. Phys. 1994, 

100, 5829; (d) A. Köhn, C. Hättig, J. Chem. Phys. 2003, 119, 5021; (e) F. 

Weigend, A. Köhn, C. Hättig, J. Chem. Phys. 2002, 116, 3175. 

[11] W. J. Buma, F. Zerbetto, J. Chem. Phys. 1995, 103, 10492. 

[12] E. V. Doktorov, I. A. Malkin, A. I. V. Man’ko, J. Mol. Spectr. 1977, 64, 302. 

[13] N. R. Pillsbury, J. A. Stearns, C. W. Müller, D. F. Plusquellic, T. S. Zwier, J. 

Chem. Phys. 2008, 129, 114301. 

[14] M. de Groot, R. W. Field, W. J. Buma, Proc. Nat. Acad. Sci. U.S.A. 2009, 106, 

2510. 

[15]  E. Loginov, D. Rossi, M. Drabbels, Phys. Rev. Lett. 2005, 95, 163401.  

 

 

 

 

 



  114 

 



  115 

Chapter 7 

 

Vibrational and electronic spectroscopy of the  

4-hydroxystyrene-CO2 cluster and its hydrate:  

a para-coumaric acid impostor 
 

 
 

ABSTRACT 

 

We report on the results of high-resolution spectroscopic studies on the 4-

hydroxystyrene-CO2 cluster. We show that these clusters are generated upon heating of 

para-coumaric acid, the chromophore of the Photoactive Yellow Protein (PYP), as the 

result of a thermal decarboxylation process. Since the mass of the cluster and the starting 

material are the same, standard mass-resolved multiphoton ionization spectroscopic 

methods do not suffice to distinguish these clusters from para-coumaric acid. Instead, 

more advanced methods that include various UV and IR depletion methods need to be 

applied. These methods, in combination with quantum chemical calculations, enable us to 

unravel the structural and spectroscopic properties of 4-hydroxystyrene-CO2 as well as of 

its hydrate, 4-hydroxystyrene-CO2-H2O. 

 

 

 

 

7.1 Introduction 

 

The Photoactive Yellow Protein (PYP), originally discovered over 20 years ago in 

the Halorhodospira halophila bacterium [1], is responsible for blue-light avoiding 

behavior of this organism. Due to its relatively small size (14kDa), water solubility, 

simplicity in crystal growth, and chemical and photostability, PYP has become during the 

past two decades a well-established model system for studying the photochemistry that is 

associated with the conversion of photon energy into biological function, as well as for 

obtaining a better understanding of protein folding processes. The chromophore 

responsible for light absorption in PYP is the deprotonated para-coumaric acid (pCA) 

molecule which is covalently attached to a cystine residue of the protein by a thioester 

bond. This system has been the subject of a large number of theoretical [2] and 
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experimental studies [3]. In particular the neutral pCA molecule has been one of the big 

challenges for spectroscopists. For a long time pCA remained out of reach from high-

resolution spectroscopy and only derivatives like 4-hydroxystyrene  [4] - alternatively 

designated as para-vinylphenol (pVP), a designation that in view of its use in previous 

publications will be used here as well - and the oxy-ester methyl-4-hydroxy cinnamate 

(OMpCA) [5] were studied.  

Recently, we were able to establish a breakthrough when we reported the first 

high-resolution excitation and absorption spectra of pCA [6]. In these studies we also 

observed another band system when performing mass-resolved ion detection at the 

molecular mass of pCA that clearly originated from the pCA sample. In the present 

studies we show that this one-color Resonance Enhanced MultiPhoton Ionization 

(REMPI) spectrum originates from clusters of pVP and CO2. Previously, it has been 

shown [4, 7] that in experiments in which pCA is heated to acquire a high enough vapor 

pressure for molecular beam experiments, one readily observes the excitation spectrum of 

pVP. In view of the dependence of the intensity of the signals in this spectrum on the 

temperature of the sample, it was at that time inferred that pVP was generated from pCA 

by a thermal (as opposed to photochemical) decarboxylation process. The present studies 

provide direct proof for this process. This is a thus very interesting case in which a 

molecule is dissociated into two products that subsequently form a cluster with an 

identical mass as that of the starting material.  

Apart from elucidating the chemical processes occurring in pCA, the study of the 

photochemical and photophysical properties of the pVP-CO2 cluster is an interesting 

subject in its own right. In principle, CO2 can occupy various binding sites depending on 

the competition between hydrogen bonding interactions of CO2 with the phenolic OH 

group and van der Waals interactions with other parts of the molecule. Similarly, the 

mixed cluster of pVP with CO2 and H2O is of interest in terms of the competition for 

binding sites between CO2 and H2O. Here, we will employ various UV-UV and IR-UV 

double resonance techniques in combination with quantum chemical calculations to 

address these issues.   

 

 

7.2 Experimental and theoretical methods 

 

Monomers of pVP and of its clusters with CO2 and H2O were studied using 

Resonance Enhanced Multi Photon Ionization (REMPI) spectroscopy, UV depletion 

(UV-D) spectroscopy, as well as IR depletion (IR-D) and IR hole burning (IR-HB) 

spectroscopy. These experiments were performed in a setup designed to perform laser 

spectroscopy on molecules cooled in a supersonic free jet expansion. The molecular 

beam is created in this setup with an injector assembly that consists of a stainless-steel 
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oven in which a glass container with the sample is placed. For the present experiments a 

temperature of 160 °C was used. The oven is connected to a pulsed valve (General Valve 

Iota One system) equipped with a 0.5 mm diameter nozzle that is typically kept 5 °C 

above the oven temperature to prevent clogging of the nozzle. Typically, a pulse duration 

of 220 µs is used. In the present experiments neon at a backing pressure of 1.5-2.5 bar 

was led through the oven and expanded through the nozzle into the vacuum chamber. 

After passing through a skimmer with a diameter of 1 mm, the molecular beam is 

introduced into the ion source region where mass-resolved ion detection is performed 

using a reflectron type time-of-flight spectrometer (R.M. Jordan Co.). 

REMPI excitation spectroscopy was performed in the 33000-34000 cm
-1

 range 

using the frequency-doubled output of a dye laser system (Sirah Precision Scan) 

operating on Rhodamine 610 or a mixture of Rhodamine 590 and Rhodamine 610, and 

pumped by a 30 Hz Nd:YAG laser (Spectra Physics Lab 190). Typical pulse energies of 

2-3 mJ were used without further focusing of the laser beam. To investigate whether the 

recorded REMPI spectra contained contributions from more than one conformation, we 

used UV-D spectroscopy [8]. UV-D spectroscopy monitors the signal from a probe laser 

that is fixed at the frequency of one particular band in the excitation spectrum, and is 

associated exclusively with a single conformation. Scanning the pump laser then leads to 

a depletion of this signal as a result of the depopulation of the ground state each time the 

pump laser is in resonance with a transition of the selected conformer. The probe beam 

for these UV-D experiments was generated by an excimer-pumped (Lambda Physik 

CompexPro 205) dye laser (Lumonics HD500). Pump and probe beams were introduced 

in a counter-propagating fashion into the ionization region with a time delay between the 

two beams of 100 ns. Typical pulse energies of 4 and 1 mJ were used for the pump and 

probe beam, respectively. Both laser beams were partially focused by a lens with a focal 

length of 50 cm placed at 25 cm from the intersection with the molecular beam. 

For the IR-D and IR-HB experiments the pump beam in the range of 3422-3760 

cm
-1

 and with an energy per pulse of 1.7 mJ was produced by difference frequency 

mixing of the output of the dye laser operating on LDS 759 (760-778 nm) with the 

fundamental of the Nd:YAG laser in a LiNbO3 crystal. The beam was partially focused 

by a lens with a focal length of 0.3 m that was placed at a distance of 0.2 m from the 

intersection with the molecular beam. The UV probe beam with a typical pulse energy of 

2 mJ was delayed by 100 ns and partially focused in the same way as in UV-D 

experiments. During IR-D measurements the UV probe beam was fixed at one particular 

vibronic transition while the IR pump beam was scanned to obtain a conformer-specific 

IR absorption spectrum. In case of the IR-HB experiments the IR pump beam was parked 

on a particular IR band and triggered at half the repetition rate of the UV probe laser of 

which the wavelength was scanned. During the data analysis signals with and without the 
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IR pump beam were subtracted from each other, allowing to record IR-selected, 

conformation-specific excitation spectra with an enhanced signal-to-noise ratio. 

pCA (98% purity) was purchased from Sigma-Aldrich while pVP (99%) was 

obtained from Apin Chemicals Ltd.. Both samples were used as received without further 

purification. Heating of pCA in the sample reservoir enabled the recording of spectra 

with a sufficiently high signal-to-noise ratio for the pVP-CO2 cluster without further 

measures. However, to confirm that the source of resonance enhancement at a mass of 

164 a.m.u is indeed the pVP-CO2 cluster, experiments were also performed under 

conditions in which CO2 was added controllably to the neon carrier gas. Experiments on 

the pVP-CO2-H2O cluster required explicit addition of water vapor to the carrier gas to 

obtain acceptable signal-to-noise ratios. In these experiments we employed controlled 

partial pressures of CO2 and H2O to avoid the effects of fragmentation from larger 

clusters. 

Quantum chemical calculations on the equilibrium geometry and the harmonic 

force field of pVP and the pVP-CO2 complex in their electronic ground state were 

performed with second-order Møller–Plesset perturbation theory (MP2) within the 

resolution-of-the-identity (RI) approximation [9]. Dunning’s correlation-consistent 

valence polarized double-zeta basis set (cc-pVDZ) was employed [10]. To find stable 

minima on the potential energy surface of the cluster, several trial structures 

characterized by a different arrangement of CO2 with respect to pVP were generated that 

served as input for a preliminarily optimization at the density functional theory (DFT) 

level using the B3LYP functional [11] and a 6-31G* [12] basis set. These preliminarily 

optimizations resulted in only three stable structures of which the geometry was further 

optimized at the MP2 level. For each optimized geometry a normal mode analysis was 

performed to ensure that it corresponded to a minimum on the potential energy surface. 

The energies of the complexes were corrected for basis set superposition errors using the 

function counterpoise correction method [13]. DFT calculations were performed with the 

Gaussian03 package [14], for MP2 calculations the TURBOMOLE 5.9 suite of programs 

was employed [15]. 
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7.3 Results and discussion 

 

7.3.1 pVP-CO2 cluster 

 

Figure 7.1 reports the mass-resolved REMPI excitation spectra recorded at the 

m/e=164 and m/e=182 channels. We emphasize that in both cases pCA has been 

employed as a sample source. Although m/e=164 matches the mass of pCA, the spectrum 

in Figure 7.1a is quite different from the one reported previously [6]. That particular 

spectrum was shown unambiguously to derive from pCA by IR-D spectroscopy in 

combination with quantum chemical calculations. On the other hand, the spectrum in 

Figure 7.1a is very similar to the spectrum observed for the pure pVP sample as reported 

by de Groot et al. [4, 7], albeit that it is shifted by +106 cm
-1

 to higher excitation 

energies.     

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.1. One-color REMPI excitation spectra obtained at (a) m/e=164 and (c) 

m/e=182 using pCA as a sample. Spectrum (b) has been obtained at m/e=164 as well, but 

in this case pVP has been used as sample source, while CO2 has been added to the neon 

carrier gas. The origin transition appears in (a) as a splitted resonance at 33306 cm
-1

 

and 33309 cm
-1

 (see inset), in (c) an apparent single origin transition is observed at 

33131 cm
-1

. 

 

In view of the mass and the spectral similarity, we therefore attribute the signal at 

m/e=164 to the pVP-CO2 cluster. Further support and confirmation of this conclusion is 

provided by additional experiments on pVP, the vibronic activity in the excitation 
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spectrum, and the IR-D spectrum (vide infra). The observed blue shift matches well 

observations for other CO2 clusters of benzene derivatives. For example, the phenol-CO2 

cluster has its origin displaced by +38 cm
-1

 [16], in case of styrene a shift of +51 cm
-1

 is 

observed [17]. Similarly, we find that the spectrum detected at m/e=184 (Figure 7.1c) is 

also reminiscent of the pVP spectrum, although now a red shift of -79 cm
-1

 is observed. 

Mass and spectrum appearance lead us to assign this signal to the hydrate of the pVP-

CO2 cluster. 

 To confirm that the pVP-CO2 cluster is indeed the carrier of both spectra, we 

performed measurements on a pure pVP sample in the presence and absence of CO2 in 

the Ne carrier gas. In these experiments a signal at m/e=164 was only observed when 

CO2 was added to the carrier gas. The spectrum that was obtained under such conditions 

is shown in Figure 7.1b. Although the spectra in Figures 7.1a and 7.1b have a different 

signal-to-noise ratio as a result of difficulties in sustaining a stable CO2 flow, the two 

spectra are clearly identical. In particular, we notice the activity of low-frequency 

vibrations and the broad structure in the origin region that can be observed in both cases. 

This decisively confirms the source of the signal recorded for the pCA sample as being 

the pVP-CO2 cluster. The conclusion that the underlying chromophore in all spectra is 

pVP implies that the overall ionization process is a one-photon Resonance Enhanced Two 

Photon Ionization (R2PI) process. 

 The linewidths observed for the sharp resonances in Figure 7.1a are similar to the 

ones observed for pVP, and are determined by the rotational envelope at the temperature 

in the supersonic expansion [4b]. Differences with the pVP excitation spectrum are the 

low-frequency bands at 29 and 91 cm
-1

 that accompany each of the pVP-type bands. We 

attribute these bands to intermolecular modes involving both pVP and CO2. In Figure 

7.1a one can also observe a very broad, reproducible structure in the 33290-33450 cm
-1

 

range, a feature that is absent in the pVP spectrum. Similar observations have been made 

for the phenol-CO2 cluster [16], where this feature has been attributed to the dissociation 

of higher-order clusters. We will discuss this issue further below in the context of IR-D 

and IR-HB experiments performed on the cluster (vide infra). 

 The excitation spectrum of pVP displays a splitted origin band with the two 

components separated by about 4 cm
-1

 [4]. A similar splitting has been observed for the 

origin bands of OMpCA [5] and pCA [6], and has been attributed to the syn and anti 

orientations of the OH group. For the pVP-CO2 cluster a splitted origin band with an 

energy separation of about 3 cm
-1

 is observed as well. UV-D experiments shown in 

Figure 7.2 confirm that these two bands are associated with two distinct conformations. 

Their depletion spectra are shifted to a minor extent with respect to each other and almost 

identical in vibrational structure. The only difference well visible is the energy separation 

between the closely neighboring lines in the 33680 cm
-1

 region. UV-D experiments on 

OMpCA and pCA have shown that for these molecules other conformations involving the 
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s-trans configuration are present as well. For the pVP-CO2 cluster such conformations 

are not possible. Additional hole burning measurements performed for all bands visible in 

the R2PI spectrum show indeed that all sharp bands in the R2PI spectrum can be 

attributed to one of the two previously identified conformations, and thus that there are 

no other conformations present. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.2. UV-D spectra of the REMPI signal observed at m/e=164. In (a) the REMPI 

excitation spectrum is shown, (b) and (c) display depletion spectra obtained when the 

probe laser is set at the two components of the splitted origin line in (a), 33306 and 

33309 cm
-1

, respectively. 

 

Unfortunately, the UV-D spectra do not enable us to verify whether the broad 

structure visible in the REMPI spectrum in the 33290-33450 cm
-1

 region is associated 

with one of the assigned conformations, or whether it should be attributed to, for 

example, the dissociation of higher-order clusters. To further investigate this issue and to 

obtain more information on the conformational structure of the observed species - 

including the binding site of CO2 -, we investigated the infrared absorption spectrum of 

the ground state in the OH stretch region by means of IR-D spectroscopy (Figure 7.3). 

Figure 7.3 shows that within our experimental resolution the syn and anti conformations 

give rise to identical IR spectra. For both conformations we observe a strong absorption 

band at 3650 cm
-1

 and two weaker lines at 3606 cm
-1

 and 3712 cm
-1

. The IR spectrum of 

pCA [6], OMpCA [18] and phenol [16] exhibits a strong absorption band at 3652, 3652, 

and 3657 cm
-1

, respectively, that was assigned to the phenolic OH stretch mode. We 
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consequently assign the band at 3650 cm
-1

 in Figure 7.3a and 7.3b to the same mode in 

the pVP-CO2 cluster. IR spectra of the bare pVP molecule are not available.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.3. IR-D spectra of the two different conformations of pVP-CO2 associated with 

the origin transitions at (a) 33306 and (b) 33309 cm
-1

. In (c) the broad, unstructured, 

band underlying these two transitions is investigated by fixing the probe frequency to 

33324 cm
-1

. Spectrum (d) displays the IR-D spectrum of the pVP-CO2-H2O cluster, 

probing at the 33131 cm
-1

 origin transition. 

 

Nevertheless, comparing the OH stretch frequency in bare pCA and phenol with the 

frequency in pVP-CO2 suggests that clustering of pVP with CO2 leads only to a minor 

shift of the OH stretch frequency, probably around -2 cm
-1

. For phenol the analogous 

absorption line is shifted by -26 cm
-1

 upon CO2 clustering into a configuration with a 

hydrogen bond between CO2 and the OH group [16]. This suggests a much weaker 

binding character of CO2 to pVP, or even a different binding configuration between the 

two components of the cluster. 

 Assignment of the bands at 3606 and 3712 cm
-1

 seems more problematic since 

they cannot be attributed to other OH stretch vibrations. Interestingly, we notice that two 

similar bands have been observed in the IR spectrum of the phenol-CO2 cluster [16]. In 

that particular study, only the band at 3718 cm
-1

 was discussed and attributed to the 

combination band of the OH stretch vibration and an intermolecular vibration of CO2 and 
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phenol. Such an explanation would still not account for the 3606 cm
-1

 band in the present 

study. We therefore propose an alternative explanation. In pure, gaseous CO2 IR 

absorption lines are observed at 3610 cm
-1

 and 3717 cm
-1

 [19] that have been attributed to 

the combination band of the symmetric and asymmetric C=O stretch vibrations and the 

combination band of the asymmetric C=O stretch vibration with the overtone of the bend 

vibration [20]. We thus assign the bands observed in our experiments at 3606 cm
-1

 and 

3712 cm
-1

 to the analogous combination bands of CO2 in the pVP-CO2 cluster. To 

confirm that all observed R2PI bands originate from the two previously identified 

conformations and that they all have the same IR spectrum, IR-HB experiments were 

performed in which the IR pump frequency was fixed at either 3650 cm
-1

 or 3712 cm
-1

 

while the frequency of the UV probe laser was scanned (Figure 7.4). The absorption band 

at 3606 cm
-1

 could not be employed as a pump because of its low IR absorption cross 

section. Figure 7.4 shows that for all sharp bands in the R2PI excitation spectrum the IR 

bands at 3650 and 3712 cm
-1

 are active. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.4. Comparison of IR-HB spectra of the pVP-CO2 cluster (b and c) with the R2PI 

excitation spectrum detected at m/e=164 (a). In (b) the IR pump beam is tuned to the IR 

absorption band at 3650 cm
-1

 assigned to the phenolic OH stretch vibration. In (c) the IR 

pump beam is tuned to the IR absorption band at 3712 cm
-1

 assigned to the combination 

band of the asymmetric C=O stretch vibration with the overtone of the bend vibration of 

CO2 in the pVP-CO2 cluster. 

 

The broad resonance structure accompanying the sharp resonances visible in the 

R2PI excitation spectrum is not visible in Figures 7.4a and 7.4b. The absence of this 
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feature indicates that it is associated with other species than the pVP-CO2 cluster. Further 

information on the nature of these species can be obtained by careful inspection of Figure 

7.3. This Figure shows that the three IR absorption bands observed for the two origin 

transitions split up and become red-shifted by about 6 cm
-1

 when the broad resonance 

structure in the 33290-33450 cm
-1

 region is probed at 33324 cm
-1

. To minimize the 

influence of a non-resonant probe signal arising from the two previously identified pVP-

CO2 conformations, IR-D measurements were also performed for UV probe frequencies 

below the two origin transitions. Such measurements led to the same results as for the 

33324 cm
-1

 probe frequency. The observed splitting and red-shift suggest that several 

species contribute to the observed R2PI signal. This conclusion is consistent with 

previous suggestions in the REMPI study on phenol-CO2 clusters where the broad 

background in the excitation spectrum was attributed to higher order clusters [16]. For the 

present study this implies that higher order pVP-(CO2)n clusters are responsible for the 

broad background, and show up in the m/e=164 mass channel because of dissociation of 

the cluster after ionization. 

From a comparison of the phenolic OH stretch frequency in pVP-CO2 and phenol-

CO2 we concluded above that the binding strength and/or configuration of CO2 to pVP is 

different from that of CO2 to phenol. To elucidate the characteristics of the binding 

between CO2 and pVP quantum chemical calculations have been performed. Geometry 

optimization of the cluster in its electronic ground state and subsequent calculation of the 

harmonic force field lead to the identification of three stable minima on the S0 potential 

energy surface with comparable energies (Figure 7.5). Conformation 1 is characterized 

by a CO2 molecule located in the plane of pVP with a distance of 2.81 Å between the 

phenolic oxygen and the carbon atom of CO2. In conformation 2 one of the carbon 

dioxide oxygen atoms forms a hydrogen bond with the phenolic OH with an O
…

H 

distance of 2.4 Å. Conformation 3 is characterized by a CO2 molecule located above the 

single C-C bond at a distance of about 3.2 Å in a configuration in which the O=C=O 

bonds are perpendicular to the C-C bond. The relative energies of these conformations 

with entropy correction at room temperature are reported in Table 7.1, while the 

frequencies of relevant vibrations are given in Table 7.2. 

 

 
Figure 7.5. Lowest energy structures of the pVP-CO2 cluster at the MP2/cc-pVDZ level. 
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Table 7.1. Relative enthalpies (cm
-1

) at 0 K and free Gibbs energies (cm
-1

) at 300 K of 

lower-energy conformations of pVP-CO2 clusters. 

Structure 
∆H 

0 K 

∆G 

300 K, 1bar 

1 0 0 

2 160 250 

3 30 190 

 

Table 7.2. Calculated and measured frequencies (cm
-1

) of selected vibrational modes in 

pVP-CO2 clusters. Frequencies in parentheses are scaled by a factor of 0.953, taken to 

reproduce the experimentally observed OH stretch frequency. 

 Structure 1 Structure 2 Structure 3 Exp. 

CO2 bend (b) 
638 

(608) 

643 

(613) 

638 

(608) 
668

(a) 

CO2 sym. stretch (s) 
1331 

(1268) 
1329 

(1267) 
1329 

(1267) 
1388

(a) 

CO2 asym. stretch (a) 
2444 

(2329) 

2439 

(2324) 

2438 

(2323) 
2350(a) 

overtone (a+2b)
(b) 3720 

(3545) 

3725 

(3550) 

3714 

(3539) 

3610(a) 

3606(c) 

OH stretch 
3831 

(3651) 
3819 

(3640) 
3830 

(3650) 
3650(c) 

overtone (a+s)
(b) 3775 

(3598) 

3768 

(3591) 

3767 

(3590) 

3717(a) 

3712
(c) 

(a) Taken from [20], frequencies refer to uncomplexed CO2 
(b)

 Calculated in the harmonic approximation from fundamental frequencies. 
(c) As determined in the present study for the pVP-CO2 cluster. 

 

Table 7.1 suggests that conformation 1 is the energetically preferred 

conformation, but at the same time it is clear that one should be very cautious in view of 

the level of accuracy that can be reached with these types of calculations. In fact, for all 

practical purposes the three conformations should be considered as having about the same 

energy. The frequency calculations (Table 7.2) are in this respect more useful since the 

frequency of the OH stretch mode is a sensitive probe for hydrogen bonding interactions. 

Previously, we have argued that the experimentally observed shift of this mode upon 

complexation with CO2 most probably is within a range of 2 cm
-1

. In structure 3 the CO2 

molecule is positioned on the ethylenic double bond and thus does not interact with the 

OH group. Accordingly, one expects that the OH stretch frequency is not affected. This 

expectation is nicely reproduced by calculations on the pVP monomer for which a 

frequency of 3830 cm
-1

 is found. Similarly, we also find for structure 1 that the OH 

stretch frequency is hardly changed (a blue shift of 1 cm
-1

 is calculated). For structure 2, 

in contrast, the calculations predict a much larger shift of ~10 cm
-1

. These observations 

thus indicate that the cluster observed in our experiments has either structure 1 or 
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structure 3. In passing by, we notice from Table 7.2 that the frequencies calculated for the 

combination bands are shifted significantly to the red compared to the experiment when 

the same scaling factor is used for the combination bands as for the OH stretch. 

Inspection of this Table shows that the main reason for the red shift is the failure of the 

calculation to reproduce the experimental frequencies of the symmetric C=O stretch and 

the bend vibration in CO2. 

 

 

7.3.2 pVP-CO2-H2O cluster 

 

Figure 7.1b displays the R2PI excitation spectrum detected at m/e=182 that we 

have assigned to the pVP-CO2-H2O mixed cluster. The origin of the excitation spectrum 

is located at 33131 cm
-1

 and is shifted by -175 cm
-1

 with respect to the pVP-CO2 cluster. 

This shift is only about half of what is observed for phenol [21] but nevertheless still so 

large that one has to conclude that H2O is directly bound to pVP and not indirectly via 

CO2. The vibrational activity in the excitation spectrum of both clusters is similar, yet 

some clear differences are observed. These relate to low-frequency vibrations associated 

with intermolecular modes. For the pVP-CO2 cluster bands are found at 29 cm
-1

 and 91 

cm
-1

, while in the mixed cluster these frequencies change to 36 cm
-1

 and 64 cm
-1

. 

Additionally, the mixed cluster shows a broad band ~160 cm
-1

 above the origin that is 

absent in the pVP-CO2 cluster. Interestingly, in the excitation spectrum of phenol-H2O a 

relatively strong band is observed at 156 cm
-1

 that has been assigned to the hydrogen 

bond stretch vibration between phenol and H2O [22]. We therefore conclude that H2O is 

hydrogen bonded in a similar way to pVP as it is in phenol, and that in both complexes 

the hydrogen bond strength in S1 is rather similar. This conclusion is confirmed by IR 

absorption spectra that will be discussed below. 

Another striking difference between the R2PI spectra of pVP-CO2 and pVP-CO2-

H2O concerns the widths of the resonances. For the pVP-CO2 cluster widths of ~1.5 cm
-1

 

are found, whereas for pVP-CO2-H2O they are close to 10 cm
-1

. Lifetime broadening can 

be excluded since the implied excited-state lifetime of ~0.5 ps would in that case 

significantly reduce the probability for R2PI with a nanosecond laser. Assuming that the 

pVP-CO2 and pVP-CO2-H2O concentrations are of the same order of magnitude, and that 

the oscillator strengths in the two complexes are also about the same, this would be at 

odds with the experimental observation that the pVP-CO2 and pVP-CO2-H2O signals are 

of comparable magnitude. We therefore attribute the linewidths to inhomogeneous 

broadening as the result of the presence of a relatively large number of cluster 

conformations. 

Our conclusion that H2O is hydrogen bonded to the phenolic OH group in the 

pVP-CO2-H2O cluster is confirmed by the observed IR-D spectra (Figure 7.3d). In the 
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pVP-CO2 cluster we have seen that the OH stretch frequency remains practically 

undisturbed by the presence of CO2. In the pVP-CO2-H2O cluster, on the other hand, the 

OH stretch band appears as a splitted resonance at 3465 and 3472 cm
-1

, and is thus 

shifted by about -195 cm
-1

. For phenol the OH stretch frequency is only reduced by 133 

cm
-1

 (from 3657 to 3524 cm
-1

) upon complexation with water [23], indicating that pVP is 

a better proton donor than phenol. The splitting of the OH stretch band suggests the 

presence of multiple conformations. IR-HB experiments with the IR pump beam tuned to 

each of the two bands, however, does not lead to distinguishable excitation spectra, but 

merely reproduce the R2PI spectrum displayed in Figure 7.1b. A possible explanation for 

these observations is that the two or more conformations associated with the two IR 

bands have nearly identical excitation spectra such that possible excitation energy 

differences between analogous bands are smaller than the linewidths observed in Figure 

7.1b. Logical candidates for these conformers are the two OH syn and anti conformers. In 

the pVP-CO2 cluster the origin transitions of these two conformations differ by 3 cm
-1

 

(vide supra). If a similar separation is maintained in the pVP-CO2-H2O cluster, the two 

lines would fall within the observed 10 cm
-1

 linewidth and not be distinguishable. 

Figure 7.3d shows that the bands assigned to combination bands of CO2 

vibrations are slightly red-shifted compared to pVP-CO2. Bands are now found at 3602 

and 3711 cm
-1

 instead of 3606 and 3712 cm
-1

. From the small but distinct shifts of these 

bands we tentatively conclude that in the mixed cluster CO2 and H2O are located in close 

proximity, and not on different parts of the molecules as would, for example, be the case 

if the pVP-CO2 configuration would be similar to conformation 3 in Figure 7.5. The two 

bands observed at 3734 and 3633 cm
-1

 in Figure 7.3d are assigned to the asymmetric and 

symmetric OH stretch vibrations of H2O. Interestingly, in the IR absorption spectrum of 

the phenol-H2O complex the asymmetric OH stretch appears as a relatively strong band 

at 3748 cm
-1

, while the symmetric OH stretch is too weak to be observed. Ionization 

detected stimulated Raman spectroscopy [24] has determined its frequency to be 3650 

cm
-1

. Notice that in the free water molecule the asymmetric and symmetric OH stretch 

vibrations have frequencies of 3756 and 3657 cm
-1

, respectively, and a much larger 

absorption cross section for the asymmetric mode than for the symmetric one. Clustering 

of H2O to phenol thus affects these two modes only to a minor extent, both with respect 

to frequency as well as intensity in the IR absorption spectrum. However, the frequency 

shifts observed in the pVP-CO2-H2O cluster (-22 and -24 cm
-1

 for the asymmetric and 

symmetric modes) as well as the relatively large intensity of the symmetric stretch show 

that in this cluster significantly larger changes occur in the electronic structure of H2O. 
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7.4 Summary 

 

In the present experiments we have investigated mass-resolved REMPI spectra 

observed when pCA is taken as sample source. The molecular mass of pCA is 164 a.m.u., 

and one would therefore most logically assign the one-color REMPI spectrum observed 

at m/e=164 to this molecule. Our studies have shown that this assignment is not correct. 

Careful consideration of the observed REMPI excitation and IR absorption spectra, 

together with separate studies on pVP under expansion conditions in which CO2 was 

controllably added, prove unambiguously that the excitation spectrum finds its origin in 

the cluster of pVP and CO2. We must conclude therefore that in the studies that use pCA 

as sample, the molecule itself must be the source that provides CO2. Our experiments 

thus provide direct proof for the importance of a thermal dissociation pathway of pCA 

into pVP and CO2 that was inferred from our previous experiments [7]. 

Quantum chemical calculations indicate that the pVP-CO2 cluster can adopt 

various conformations of comparable energy. The accuracy of the calculations does not 

enable us to make a definite statement on which conformation is actually observed in the 

experiments, but a comparison between the observed and predicted IR absorption spectra 

suggests that a structure in which CO2 lies in the pVP plane and is bound by van der 

Waals interactions to the phenolic oxygen dominates. In our experiments the hydrate of 

the pVP-CO2 cluster was observed as well. R2PI excitation and IR absorption spectra 

show that in this cluster H2O is hydrogen bonded to the phenolic OH. A comparison with 

the same spectra obtained in the past for the phenol-H2O cluster is informative as it 

shows that clustering influences the properties of the water molecule appreciably more in 

the pVP-CO2-H2O cluster than in the phenol-H2O cluster, despite the fact that hydrogen 

bonding between H2O and the phenolic OH is in both cases the dominant interaction. 

Till the recent past, pCA proved to be elusive for high-resolution spectroscopy. 

One of the reasons underlying this elusiveness is its thermal decarboxylation. As a result, 

excitation and absorption spectra obtained by spectroscopic techniques that do not allow 

for mass-resolved detection are dominated by the reaction products. This work shows that 

also when spectra are obtained in a mass-resolved fashion, one can still be lured into 

drawing the wrong conclusions. Even when the signal is obtained using pCA as sample 

source, is detected at the mass of pCA, and has an excitation spectrum in the expected 

energy range for pCA, it still does not need to originate from pCA. 
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Chapter 8 

 

Spectroscopy and dynamics of  

methyl-4-hydroxycinnamate: the influence of isotopic 

substitution and water complexation 
 

 

 

ABSTRACT 

 

High-resolution Resonance Enhanced MultiPhoton Ionization (REMPI) and Laser 

Induced Fluorescence (LIF) excitation spectra of jet-cooled methyl-4-hydroxycinnamate, 

methyl-4-OD-cinnamate, and of their water clusters have been recorded. Whereas water 

complexation leads to significant linewidth narrowing, isotopic substitution does for all 

practical purposes not influence the excited-state dynamics. In this light, we evaluate two 

previously proposed decay channels of the photoexcited ππ* state involving the 

dissociative πσ* state (analogous to phenol) and involving the optically dark nπ* state (as 

concluded for para-coumaric acid). To come to an unambiguous interpretation of the 

REMPI studies, it has been necessary to determine ionization thresholds. For methyl-4-

hydroxycinnamate and its water cluster values of 8.078 and 7.636 eV have been found. 

Apart from the electronic excitation studies, IR absorption studies have been performed 

as well. These studies provide important vibrational markers for the assignment of the 

various conformations that are present under molecular beam conditions, and offer a 

direct measure of the influence of hydrogen bonding on the properties of the hydroxyl 

group. 

 

 
 

 

8.1 Introduction 

 

Since its discovery in 1985 [1] the Photoactive Yellow Protein (PYP) has been a 

widely studied biomolecular system. While in nature it is responsible for the blue-light 

avoiding behaviour of the Halorhodospira halophila bacterium [2], for scientists it has 

become a well-established model for studying the photochemistry that is at the basis of 

the conversion of photon energy into biological function, as well as for obtaining a better 
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understanding of protein folding processes. The reasons for the popularity of PYP are its 

relatively small size (14kDa), its water solubility, the ease with which crystals are 

formed, and the chemical and photostability.  

 The photocycle of PYP is initiated by the photoinduced trans-to-cis isomerization 

of the para-coumaric acid (pCA) chromophore, which is covalently attached by a 

thioester bond to a cystine residue of the protein. In view of its key role in the 

photochemistry of PYP, the properties of pCA and analogues have been the subject of a 

vast number of both experimental [3, 4] and theoretical [5] studies. For a long time, high-

resolution spectroscopic studies of the pCA chromophore were unsuccessful [6]. 

Recently, we succeeded in obtaining the first excitation and absorption spectra under 

supersonic beam conditions [4]. These studies enabled the identification of electronically 

excited states, the geometry changes that occur upon excitation, and shed light on the 

excited-state dynamics. 

 In the protein pCA is present as a thioester. As a next step towards mimicking the 

influence of the protein environment, it is therefore essential to assess the influence of the 

ester functionality. The thioester of pCA has so far remained out of spectroscopic reach, 

but a good alternative is its oxyester. For that reason, we recently have studied the 

spectroscopy and dynamics of methyl-4-hydroxycinnamate (Chart 8.1), in the following 

referred to as OMpCA, under molecular beam conditions [7]. A further aspect that needs 

to be taken into account when considering the biological conditions under which pCA is 

working, is the influence of water. Microsolvation studies, where one or more water 

molecules are attached to the chromophore, can provide important information in this 

respect [8]. 

 

Chart 8.1. Chemical structure of methyl-4-hydroxycinnamate (OMpCA). 

 

Despite the detailed information from a previous study [7] on the conformational 

heterogeneity, the electronic structure, and spectroscopic properties of OMpCA, a 

number of puzzling observations remained. In particular, a much higher fluorescence 

quantum yield was observed for the cluster of OMpCA and H2O than for the bare 

molecule. Since calculations predicted similar oscillator strengths for both systems (0.03 

for OMpCA and 0.02 for the OMpCA-H2O cluster), it was suggested that this difference 

finds its origin in a reduction of the nonradiative decay rate in the complex. Based on the 
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current state of knowledge, there are two obvious candidates for decay channels that can 

be responsible for this behaviour: internal conversion to the adiabatically lower-lying nπ* 

state, or decay via a conical intersection with a dissociative πσ* state. For pCA we have 

previously concluded that the first channel is important while for phenol it was shown 

that the second mechanism plays a dominant role [9, 10]. The question on their relative 

importance in OMpCA is still open. 

In the present work we have addressed these issues by detailed studies of the 

OMpCA excited state dynamics. We have studied the bare molecule and its OH-

deuterated form as well as their water clusters using Resonance Enhanced MultiPhoton 

Ionization (REMPI), UV and IR depletion, and Laser Induced Fluorescence (LIF) high-

resolution spectroscopic methods. Apart from elucidating the decay processes of excited 

states, the present study has also provided new information on the ground-state 

vibrational structure, adiabatic ionization potentials, and conformational heterogeneity of 

this important biological chromophore. 

 

 

8.2 Experimental methods 

 

All REMPI and depletion measurements were performed with a supersonic 

molecular beam setup with mass-resolved ion detection as described in Chapter 2 of this 

thesis as well in recent publications [4]. The sample was heated to a temperature of 160 

°C and seeded into vacuum with neon as carrier gas. For the studies of the hydrated form 

of OMpCA the carrier gas was mixed with small amounts of water vapour. Excitation of 

OMpCA was provided by a Nd:YAG (Spectra Physics Lab 190) pumped dye laser (Sirah 

Precision Scan) operating on a mixture of Rhodamine 610 and 640 and frequency-

doubled by a KDP crystal. The pulse energy in these experiments was not exceeding 1 

mJ, and the laser beam was not further focused. 

For the depletion experiments we used a probe beam produced by a Lumonics 

HD500 dye laser operating on Rhodamine 640 and pumped by a XeCl excimer laser 

(Lambda Physik CompexPro 205). The IR pump beam (3450-3760 cm
-1

) for the IR-UV 

depletion (IR-D) experiments was generated by Difference Frequency Mixing (DFM) 

part of the output of the Nd:YAG laser at 1064 nm with the output of a dye laser 

operating on LDS 759 (760-778 nm) using a LiNbO3 crystal. Pulse energies in the range 

of 2-4 mJ were obtained. The beam was partially focused by a lens with a focal length of 

500 mm positioned at 250 mm from the molecular beam. For UV-UV depletion (UV-D) 

experiments excitation occurred in the same way as in the one-colour REMPI 

experiments, but with pulse energies of about 3 mJ. In both IR-D and UV-D experiments 

the time delay between pump and probe pulse was 100 ns. 
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We performed ionization threshold measurements with a two-colour ionization 

scheme. In these experiments, the pump beam was fixed on the origin transition of the 

particular system we were interested in. For the OMpCA-H2O cluster the probe beam was 

overlapped in time with the pump beam and scanned by a dye laser operating on DCM 

and LDS 698 dyes. For the bare molecule a different approach needed to be taken 

because dissociation of the OMpCA-H2O cluster interfered with the signal observed at 

the OMpCA mass. The dye laser operating on a Rhodamine 610/640 mixture was 

therefore run at half the frequency of the pump beam. The background signal caused by 

only the pump beam was subtracted from the pump-probe signal. 

We performed LIF experiments with another molecular beam setup that has been 

described in detail elsewhere [11]. In this setup the sample was heated only to 140 °C 

because the laser beam interacted with molecular beam closer to the nozzle opening. As a 

result, a smaller sample vapour pressure was required compared to the REMPI 

experiments. The excitation laser beam was provided by the KDP frequency-doubled 

beam from a Lumonics HD300 dye laser pumped by a XeCl excimer laser (Lumonics 

HyperEx 400). Typical pulse energies did not exceed 100 µJ. For detection of the 

fluorescence an ARC SpectraPro-500i monochromator in combination with a 

photomultiplier (Philips XP 2254B) was used. 

 OMpCA in which the hydroxyl group was deuterated, designated in the following 

as OMpCA(d), was obtained by dissolving OMpCA into D2O and stirring for 20 min at 

room temperature, followed by evaporation under vacuum conditions. This procedure 

was repeated three times to obtain a sufficiently high level of deuteration. 
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8.3 Results and discussion 

 

8.3.1. Effects of hydration and deuteration – the decay pathway 
 

Mass-resolved excitation spectra of OMpCA and its water cluster obtained with 

the one-colour REMPI approach are depicted in Fig. 8.1. As our previous studies have 

shown, the spectrum contains contributions from four different conformations arising 

from the syn and anti orientations of the phenolic OH group and the s-cis and s-trans 

configurations of the ester with respect to the double bond. In the LIF experiments the 

origin transitions of the syn and anti conformations of the s-cis form were determined to 

be at 32705 and 32710 cm
-1

, for s-trans only the transition at 32871 cm
-1

 could be 

identified unambiguously as being one of the two origin transitions. For the water cluster 

s-trans and s-cis origin transitions were reported at 32069 and 32133 cm
-1

, respectively 

without further distinction of syn and anti conformations. 

 

Figure 8.1. Mass-resolved, one-colour REMPI excitation spectra of (a) OMpCA and (b) 

the OMpCA-H2O cluster.   

 

Comparison with the LIF excitation spectrum reported for the bare molecule [7] 

leads to the conclusion that in the REMPI spectrum the resonances have a significantly 

larger width, even though care was explicitly taken to avoid saturation by keeping the 

laser power as low as possible. A possible explanation for these observations could be 

that in the S1 ← S0 origin region a one-colour 1+1 REMPI scheme does not lead to 

efficient ionization. To the best of our knowledge, the adiabatic and vertical ionization 
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energies of OMpCA have not yet been reported. He(I) photoelectron studies on pCA 

report a vertical ionization energy of 8.29 eV [12]. If OMpCA would have a similar 

ionization energy, this would imply that ionization could only occur as a 1+2 process. To 

investigate whether this is actually the case, we have performed ionization threshold 

measurements that are displayed in Fig. 8.2. 

Figure 8.2. Ionization threshold measurements at the S1 ← S0 origin transition of (a) 

OMpCA (32710 cm
-1

) and (b) OMpCA+H2O cluster (32069 cm
-1

). 

 

We determine adiabatic ionization thresholds of 64964 and 61395 cm
-1

 for 

OMpCA and OMpCA-H2O, respectively, which extrapolate to 65154 and 61585 cm
-1

 

(8.078 and 7.636 eV) at zero electric field when corrected for the employed extraction 

field of 1 kV/cm [13]. We thus come to the conclusion that for both systems one-colour 

two-photon ionization is energetically possible in the excitation region studied. In phenol 

hydration leads to a significant lowering of the ionization potential from 68628 cm
-1

 to 

64027 cm
-1

 [14]. The observation that a similar lowering is observed in OMpCA is a 

further confirmation of our previous conclusion that water binds to the phenolic part of 

OMpCA [7]. 

Another explanation that could account for the observed widths is based on the 

relative magnitudes of the S1 ← S0 excitation and D0 ← S1 ionization cross sections. If 

the excitation cross section is much larger than the ionization cross section, it could be 

that such high powers are needed to observe ionization that the S1 ← S0 transition is 

saturated. In this respect, it is worth to notice that in our studies on pCA we showed that a 

one-colour 1+1 REMPI scheme in the S1 ← S0 origin region does not lead to efficient 
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ionization [4]. Excitation to the vertically lowest excited ππ* state of pCA is followed by 

ultrafast internal conversion to the nπ* state, which has a much lower adiabatic excitation 

energy. One-photon ionization of the highly-excited nπ* vibrational levels that are 

populated by internal conversion requires photons of much higher energy (λ=193 nm) to 

obtain an appreciable Franck-Condon overlap with the ionic ground state. The presently 

determined ionization energies and REMPI spectra thus suggest that a similar decay 

channel is operative is OMpCA as well. 

In view of the above observations it is clear that for OMpCA one should be 

cautious to relate linewidths in the REMPI spectrum to excited state lifetimes, and obtain 

direct information on the photodynamics from this spectrum. To avoid this problem, we 

have performed detailed LIF measurements of OMpCA and the OMpCA-H2O cluster in 

their origin regions. The laser power required for these measurements was much lower 

than what was needed for REMPI. It thus is likely that in the REMPI spectra the S1 ← S0 

transition is indeed partly saturated. Spectra of the 0-0 transitions obtained by LIF for the 

s-cis conformations are displayed in Fig. 8.3. The 0-0 transition of the OMpCA-H2O 

cluster can be fitted satisfactorily using two Gaussian bands with linewidths of 0.20 and 

0.63 cm
-1

 (Fig. 8.3c). We attribute these two bands to the syn and anti conformations of 

the OH group. In the free molecule the syn conformation is at a lower excitation energy 

and has a lower intensity [7]. We therefore assign the lower-energy band to the s-cis syn 

conformation. 

Figure 8.3. High-resolution LIF excitation spectra on a relative wavelength scale of the 

S1 ← S0 origin band of s-cis conformations in (a) bare OMpCA, (b) OMpCA(d) and (c) 

the OMpCA-H2O cluster. 
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Gaussian line shapes do not lead to good fits when we fit the origin transition of 

OMpCA itself. In this case, two Lorentzian bands need to be employed with widths of 2.7 

and 5.0 cm
-1

 (Fig. 8.3a). This clearly suggests life-time broadened bands with excited-

state lifetimes of 1.8 and 1.0 ps, respectively, and confirms the absence of saturation. 

Comparison of the OMpCA and OMpCA-H2O results thus leads to the conclusion that 

the lifetime of the excited state of the cluster is at least an order of magnitude larger than 

that of the bare molecule. Apparently, hydration efficiently blocks a fast decay channel 

that is present in the bare OMpCA molecule. 

Similar effects have been observed in phenol, where the lifetime of the 

vibrationless level of the S1(ππ*) is about 2 ns [15], while in the phenol-H2O cluster it is 

extended to 15-18 ns [15a, 16]. Calculations of Sobolewski and Domcke [9] have shown 

that a πσ* state, which is highly dissociative along the OH stretch coordinate, plays a key 

role in the excited-state dynamics of phenol. In phenol the potential energy surface of S1 

has a conical intersection with this πσ* state. For longer OH distances the same πσ* state 

exhibits a conical intersection with the ground state as well. As a result, internal 

conversion of S1 to S0 mediated by the πσ* state is an efficient radiationless decay path. 

Upon complexation with water the potential energy surface of the πσ* state is strongly 

flattened and no longer dissociative along the OH stretch coordinate. Because the conical 

intersection with the ground state disappears, the internal conversion channel from S1 to 

S0 is blocked. For higher excitation energies this model is commonly accepted, at lower 

energies it has been suggested that the πσ* state is only accessed after direct S1 ← S0 

internal conversion [10]. In this model, the increase in lifetime upon hydration follows 

the conclusions by Sur and Johnson [16] that the OH stretch mode is the main accepting 

mode for internal conversion of S1 phenol to the ground state. Complexation with water 

lowers the frequency of this mode and would thus make it a less efficient acceptor. 

However, this model has recently been questioned since the excited state lifetimes of 

fluorophenols and methylphenols correlate impressively well with the calculated S1 - πσ* 

energy gap [17]. 

The πσ* state might in principle play an important role in the decay dynamics of 

OMpCA as well, although the difference in lifetime of the vibrationless level of phenol 

and OMpCA by three orders of magnitude would not be directly explained by this 

mechanism. One of the consequences of a dominant decay involving the πσ* state is that 

the lifetime of the excited state would be sensitive to changes in the OH stretch mode. 

This should not only be observed upon hydration, but also upon deuteration of the 

hydroxyl group [18]. Isotope substitution reduces the OH stretch frequency. As a result, 

the energy difference between the vibrationless level and the conical intersection 

becomes higher, reducing the rate of internal conversion and increasing the excited state 

lifetime in phenol from about 2 ns to 13.3 ns [19].  If the πσ* state plays a key role in the 

decay dynamics of OMpCA, similar effects should also be observed in this molecule. To 
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assess the influence of the πσ* state, we have therefore performed excitation studies on 

OMpCA with a deuterated hydroxyl group and on the OMpCA(d)-H2O complex. 

Fig. 8.3b displays the LIF-detected origin band of the s-cis syn and anti 

conformers of OMpCA(d). Before discussing fits of this band, we notice that the peak 

intensities are reversed compared to the non-deuterated molecule (Fig. 8.3a), that is, the 

low-energy transition now has the largest intensity instead of the high-energy transition. 

In OMpCA the syn conformation is at lower excitation energy. Apparently, deuteration 

affects the syn and anti form differently to such an extent that in OMpCA(d) the anti 

conformation is at a lower excitation energy. The figure shows that the band contours can 

be fitted satisfactorily with two Lorentzian line shapes indicating that the width of the 

bands is determined by lifetime broadening. For the deuterated species we find linewidths 

of 2.5 and 4.2 cm
-1

 for the anti and syn transitions, respectively. The small differences 

that are observed upon deuteration of OMpCA thus do not parallel at all the large 

changes observed for deuteration of phenol. Moreover, excited-state lifetimes in OMpCA 

are still more than three orders of magnitude shorter than what is observed for phenol and 

its deuterated form. 

 The linewidths observed for OMpCA are very similar to the linewidths observed 

in pCA excitation spectra [4]. For pCA it has been shown that internal conversion from 

the optically excited state to a dark nπ* state is the dominant decay pathway. In view of 

the deuteration results, we therefore conclude that the same decay channel is active in 

OMpCA, and that a potential decay channel involving the πσ* state only plays a minor 

role. One question that then arises concerns the difference in ionization behaviour of pCA 

and OMpCA. OMpCA can be ionized in a (1+1) scheme, for pCA ionization only occurs 

with a high-energy photon. Here, we have concluded that for both molecules ionization 

takes place from the nπ* state. Our experiments thus suggest that in OMpCA the energy 

difference between the minima of S1 and the nπ* state is smaller than in pCA. As a result, 

ionization to low-energy vibrational levels in the ionic state would be more efficient. 
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8.3.2 Conformational heterogeneity of OMpCA(d)-H2O cluster and IR 

absorption studies 

 

Further information on the excited-state dynamics can in principle be obtained 

from studies on the OMpCA(d)-H2O cluster. However, for these clusters adequate LIF 

studies could not be performed because of the lack of mass resolution. As a result, the 

signal from the various species cannot be separated. As an alternative to assess the 

influence of the combined effects of deuteration and hydration, we have therefore 

performed mass-resolved REMPI excitation spectroscopy, taking care to minimize 

saturation effects as much as possible. Comparison of the OMpCA(d)-H2O REMPI 

excitation spectrum displayed in Fig. 8.4 with the analogous spectrum of the non-

deuterated cluster in Fig. 8.1 would in first instance indicate that the bands in the 

deuterated species are broader. UV-D spectroscopy, however, reveals that the apparent 

broadening is due to the much larger number of observed conformations that leads to 

overlap of transitions (see Fig. 8.4). 

Figure 8.4. REMPI excitation (a) and UV-depletion (b) spectra detected at the mass of 

the OMpCA(d)-H2O cluster. Energies of the origin transitions are given in Table 1. 

 

In the LIF studies of de Groot et al. [7] two species of the OMpCA-H2O cluster 

could be distinguished that were assigned to s-cis and s-trans without further distinction 

of the syn and anti conformations. Fig. 8.4 demonstrates that for the OMpCA(d)-H2O 

cluster at least eight distinct species are present. The signals of species 3 and 7 have a 
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characteristic built-up time, and only become visible a few hours after moving the sample 

from a dry environment into the setup (Fig. 8.5). It is important to notice that during these 

REMPI measurements the sample was kept at a temperature of 160 °C, and during the 

night stored at room temperature under humidity conditions as they were in the lab. We 

therefore conclude that species 3 and 7 are products of a reaction involving water from 

the environment. 

Figure 8.5. REMPI excitation spectra detected at the mass of the OMpCA(d)-H2O cluster 

obtained at different times after transfer of the sample into the experimental setup. 

Indicated are the excitation regions where a distinct built-up of the signal takes place. 

 

Identification of the various species in Fig. 8.4 has been obtained with IR-D 

spectroscopy, and by comparison with the UV-D and IR-D spectra of the OMpCA-H2O 

cluster. The conformational heterogeneity of the latter cluster is less, and conformations 

have already been identified [7]. UV-D and IR-D experiments on this cluster thus can 

provide comparative information on the ground and excited state vibrational frequencies 

and provide characteristic fingerprints of different conformations. Fig. 8.6 reports the 

REMPI excitation and UV-D spectra of the non-deuterated cluster. The UV-D spectra of 

the s-cis and s-trans conformations show that significant differences occur in the region 

40-110 cm
-1

 above their origin transition. One feature that is particularly distinctive is the 

double band at ~50 cm
-1

 in the s-cis excitation spectrum, while for s-trans only a single 

band is observed. The depletion spectra of the OMpCA(d)-H2O cluster shown in Fig. 8.4 

display similar patterns. In particular, we notice the double band in species 1-4 and its 
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absence in species 5-8. We thus conclude that OMpCA(d) has an s-trans conformation in 

species 1-4, while species 5-8 have an s-cis conformation. This conclusion is in line with 

the difference in excitation energies observed for the origin transitions of s-cis and s-

trans conformations in the non-deuterated OMpCA-H2O cluster. 

Figure 8.6. REMPI excitation (a) and UV-depletion (b) spectra of the OMpCA+H2O 

cluster. The upper trace is assigned to the cluster in which OMpCA adopts a s-trans 

conformation, the lower trace is associated with a s-cis conformation. In both cases no 

further distinction of the syn and anti configurations is possible. 

 

From the IR-D results reported in Table 8.1, we conclude that the phenolic OH 

stretch in OMpCA is subject to a large frequency shift upon complexation. We therefore 

identify this as the group to which water binds, in agreement with predictions by quantum 

chemical calculations [7]. For the s-cis conformation a shift of -156 cm
-1

 is observed, for 

the s-trans conformation a shift of -154.5 cm
-1

. These values are ~20% larger than what 

is found in phenol (-133 cm
-1

) [20] and indicate that the phenolic OH is more acidic in 

OMpCA, in line with the larger charge delocalization possible in OMpCA. The IR 

measurements on the OMpCA-H2O cluster suggest a further fingerprint characteristic of 

the s-cis and s-trans conformations: comparison of the frequencies in s-cis and s-trans 

shows that for s-trans the asymmetric H2O stretch is red-shifted by 0.4 cm
-1

, while for the 

phenolic OH stretch the frequency is higher by 1.5 cm
-1

. 
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Fig. 8.7 displays the species-specific IR-D spectra of the eight species observed 

for the OMpCA(d)-H2O cluster. The bands observed in these spectra are tabulated in 

Table 8.1. Above, we have concluded on the basis of the vibronic activity in the 

excitation spectra that species 1-4 have an s-trans conformation, and species 5-8 an s-cis 

conformation. The asymmetric H2O stretch frequencies are in line with this conclusion 

since in species 1-4 the frequencies are at lower frequencies than in species 5-8. 

Figure 8.7. Conformation-specific IR-D spectra of  OMpCA(d)-H2O species. 

 

For species 1 and 5 asymmetric stretch frequencies of 3697.1 and 3697.5 cm
-1

, 

respectively, are found, implying red shifts of ~47 cm
-1

 compared to the frequencies 

observed in the other species. These frequencies and shifts are indicative of the presence 

of HOD instead of H2O [21]. Since all species have been observed at the same mass 

channel, we have to conclude that in species 1 and 5 deuterium exchange has occurred 

between the OD group in OMpCA(d) and a water molecule. The excitation spectra thus 

are associated with OMpCA-HOD instead of OMpCA(d)-H2O. The shifts observed for 

the 0-0 excitation energy of 1 and 5 support such a conclusion. Studies of deuterated 

phenol-water clusters show that the 0-0 transition of PhOH-HDO is red-shifted by a few 

cm
-1

 compared with PhOD-H2O (1.4 cm
-1

 according to Dopfer et al. [14] and 3.1 cm
-1

 

according to Schmitt et al. [22]). A similar difference (3.8 cm
-1

 and 3.3 cm
-1

 for s-cis and 

s-trans conformations respectively) is observed here. Finally, we note that within the 

subset of species 2-4 and 6-8, species 4 and 8 have an asymmetric H2O stretch frequency 
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that is slightly blue-shifted compared to the other species. We take this difference as an 

indication that the conformational structure of these two species is slightly different. 

 

Table 8.1. Vibrational frequencies observed in conformation-selective IR-depletion 

studies of OMpCA and OMpCA(d), and of their water clusters. Numbers in parentheses 

behind OMpCA-H2O entries refer to species numbering given in Fig. 8.4. Values have 

been obtained by fitting experimental data with Gaussian lineshapes. 

 

0-0 

transition 

(cm
-1

) 

phenolic  

OH stretch 

(cm
-1

) 

asymmetric 

H2O stretch 

(cm
-1

) 

asymmetric 

HDO stretch 

(cm
-1

)  

OMpCA s-cis 
32704.9/ 
32709.8a 3651.7  - - 

OMpCA s-trans 32871.8 3651.7  - - 

OMpCA-H2O s-cis 
32132.9/ 

32133.3a 3495.7  3743.6  - 

OMpCA-H2O s-trans 32069.2 3497.2  3743.2 - 

OMpCA(d)-H2O (1)  32065.9 - - 3697.1 

OMpCA(d)-H2O (2)  32069.2 - 3743.3 - 

OMpCA(d)-H2O  (3) 32078.6 - 3743.3 - 

OMpCA(d)-H2O (4)  32089.3 - 3743.7 - 

OMpCA(d)-H2O (5) 32129.1 - - 3697.5 

OMpCA(d)-H2O (6) 32135.3 - 3743.6 - 

OMpCA(d)-H2O (7) 32144.7 - 3743.7 - 

OMpCA(d)-H2O (8) 32151.7 - 3744.0 - 
a) Excitation energies of OH-syn and OH-anti conformations. 

 

 On the basis of these considerations, we come to the following assignment of 

species 1-8:  

(i) Species 3 and 7 are most probably the products of a reaction with water. Since the 

mass of these species is the mass of OMpCA(d)-H2O one could speculate that the 

deuterium atom in OMpCA(d) has moved from the phenolic OD to another position in 

the molecule. The IR spectra show that 3 and 7 have s-trans and s-cis conformations, 

respectively. 

(ii) Species 1 and 5 are assigned to OMpCA-HDO clusters with s-trans and s-cis 

conformations, respectively, as the result of deuterium exchange between OMpCA(d) and 

H2O. 

(iii) Species 2 and 4 are assigned to the s-trans OH-syn and OH-anti conformations, 

species 6 and 8 have the analogous OH-syn and OH-anti conformation with an s-cis 

backbone.  

The difference in 0-0 excitation energies of the OH-syn and OH-anti conformations in the 

OMpCA-H2O cluster is 0.4 cm
-1

 (Fig. 8.3c). Interestingly, the assignment of species 2 
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and 4 as well as 6 and 8 to syn and anti conformations implies that this difference 

increases up to ~20 cm
-1

 in OMpCA(d)-H2O. 

 

 

8.4 Summary 

 

The application of UV high-resolution spectroscopy on jet-cooled OMpCA, 

OMpCA in which the phenolic OH has been replaced by OD, and the cluster of OMpCA 

with a single water molecule, has enabled us to elucidate the excited state dynamics of 

OMpCA. Our results show that hydration has a large effect on the excited-state lifetime. 

In the bare molecule lineshapes indicate a lifetime in the ps range, in the complex with 

water this is increased by three orders of magnitude into the ns range. Comparison with 

phenol only shows qualitatively similar characteristics. In phenol the excited-state 

lifetime increases upon complexation with water as well, but for the bare molecule the 

lifetime is already in the ns range. Similarly, we find that deuteration of the phenolic OH 

group in OMpCA does not lead to the large increase in lifetime that is observed for 

phenol. These observations imply that the decay channel involving the dissociative πσ* 

state is not dominating the excited-state dynamics of S1. Instead, we conclude that 

photoexcitation to S1 is followed by rapid internal conversion to an optically dark nπ* 

state, similar to what is observed for pCA. 
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Chapter 9 

 

IR spectroscopy of molecular ions  

by nonthermal ion ejection from helium nanodroplets 

 
 

 

ABSTRACT 

 

Infrared spectroscopy provides a means to determine the intrinsic geometrical 

structures of molecules. Here we present a novel spectroscopic method that uses 

superfluid helium nanodroplets to record IR spectra of cold molecular ions, in this 

particular case aniline cations. The method is based on the detection of ions that are 

ejected from the helium droplets following vibrational excitation of these ions. We find 

that spectra can be recorded with a high sensitivity and that they exhibit only a small 

matrix shift. The widths of the individual transitions depend on the excited vibrational 

level and are thought to be related to the interaction of the ion with the surrounding 

helium solvent shells.  

 

 

 

 

9.1 Introduction 

 

The function of a molecule is intimately related to its structure. Accordingly, in 

the quest for a better understanding of molecular function, the development of 

spectroscopic methods to elucidate molecular structures increasingly takes central stage. 

The amount of detail that can be derived from spectra depends on the experimental 

conditions, most notably on the temperature of the sample and the intermolecular 

interactions a molecule experiences. Helium nanodroplets provide in this respect an 

almost ideal matrix [1, 2]. For neutral molecules, helium nanodroplet spectroscopy thus 

has led to important discoveries related to the structure of key molecular systems [3-6] 

and has provided insight into the mechanisms underlying chemical reactions [7, 8]. Under 

real-life, aqueous conditions, many molecular systems are actually present in a 

protonated or deprotonated form. Although significant progress has been made in the 

study of such ionic systems by storing them in cryogenically cooled ion traps [9], their 
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spectroscopic exploration is still in its infancy compared to the level of sophistication that 

has been reached for neutrals. The use of helium droplets as a cryogenic matrix could 

potentially solve many of the technical challenges associated with recording high-

resolution spectra of cold molecular ions. There are extensive reports in the literature on 

the formation of cations and anions, both intrinsic and extrinsic, using He droplets [10-

24]. However, the feasibility of creating ion-containing helium droplets has only recently 

been demonstrated [25, 26]. Unfortunately, spectroscopic studies have remained out of 

reach because techniques to study ion-doped helium droplets with the required sensitivity 

are still lacking. Here, we present a novel approach that meets these demands and that 

finds its roots in the nonthermal cooling dynamics of excited molecular ions in helium 

droplets. 

 

 

9.2 Experimental methods 

 

The experimental setup used to record IR spectra of aniline
+
 embedded in helium 

droplets have been described in Chapter 2 as well as in other publications [27, 28]. In 

brief, a beam of helium nanodroplets is formed by introducing helium at a pressure of 30 

bar into a vacuum via a 5 µm nozzle that is cooled to cryogenic temperatures. The mean 

droplet size can be readily varied from 1000 to 20 000 helium atoms by changing the 

temperature of the nozzle [29-31]. The beam of helium nanodroplets is directed into 

another vacuum chamber in which aniline vapor is present at a partial pressure in the 

range of 10
-5

-10
-6

 mbar. Here, the droplets pick up by collision on average less than one 

aniline molecule. For experiments on aniline dimers, the partial pressure of aniline is 

increased substantially, leading to the pickup of on average two aniline molecules by the 

droplets. Via a differential pumping stage, the doped droplets enter a time-of-flight mass 

spectrometer with velocity map imaging capabilities [32]. At the center of the 

spectrometer, the droplet beam is crossed by UV radiation generated by frequency-

doubling the output of a Nd:YAG pumped dye laser. By tuning the frequency of the 

excitation light to 34 100 cm
-1

 so as to match the maximum in the absorption of the S0 → 

S1 band origin in helium droplets, the embedded aniline molecules are ionized via a 

resonance-enhanced two-photon absorption process [33]. In order to maximize the ion 

yield, the UV beam is weakly focused by a lens with a focal length of 40 cm. Although a 

large number of ions are ejected from the droplets in the photoionization process, 

approximately half of the ions created remain solvated in the helium droplets (vide infra). 

After these solvated ions are allowed to equilibrate with the cold helium environment for 

a period of up to several hundreds of nanoseconds, i.e., long on the time scale of 

vibrational cooling [33-35], the ions are exposed to IR radiation. Radiation at 3 µm with 

an energy of up to 1 mJ/pulse is generated by difference frequency mixing the output of 
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an injection seeded Nd:YAG laser with the output of a tunable dye laser in a LiNbO3 

crystal. IR radiation at 1.5 µm with pulse energies up to 4 mJ is produced by Raman 

shifting the output of a tunable dye laser in high-pressure hydrogen gas. The IR radiation 

is weakly focused in order to match the beam size of the UV radiation. Following 

absorption of the IR radiation by the ions, the photon energy is efficiently transferred to 

the helium environment, leading to the formation of bare or only partially solvated aniline 

ions. Most of the experiments reported here are performed with a time delay of 200 ns 

between the UV and IR laser pulses. At this delay, the aniline ions resulting from the IR 

excitation are clearly resolved in the time-of-flight mass spectrum from aniline
+
-Hen 

complexes formed by UV excitation. By monitoring the number of aniline ions 

impinging on the detector at the appropriate arrival time as a function of laser frequency, 

background-free IR excitation spectra can be recorded. In addition, it is possible to 

determine the velocity distributions of the ions from two-dimensional images recorded by 

the imaging setup. 

 

 

9.3 Results and discussion 

 

9.3.1. Spectroscopy 

 

The fact that vibrational excitation of aniline ions solvated in helium droplets 

leads to the formation of bare aniline ions without any helium atoms attached allows for a 

background-free and thus sensitive detection of IR absorptions by the embedded ions. 

Figure 9.1a depicts a spectrum covering the frequency region of 2900-3450 cm
-1

 that 

exhibits a signal-to-noise ratio of more than 1000. Two transitions can be readily 

discerned in this spectrum. The strong transition at 3395.1 cm
-1

 can be assigned to the 

symmetric NH-stretch (νs-NH). The observed transition frequency for this band compares 

well with the gas-phase value of 3393 cm
-1

 [36] and is identical to that determined using 

the Ar-tagging technique [37]. Although spectra of aniline ions in a cryogenic matrix 

have been reported, no data are available for this specific transition [38]. In the ionic 

aniline-Ar complex, the NH2-scissoring vibration is found at 1635 cm
-1

 [39]. The 

transition observed here at 3270.5 cm
-1

 has therefore been assigned to its overtone 

(2νNH2).40 In addition, a very weak absorption is observed around 3240 cm
-1

, which we 

tentatively assign to the combination band of the NH2-scissoring vibration and the 8a ring 

vibration [41]. The high sensitivity of the method, which exceeds that of other methods 

used to record IR spectra of aniline ions by almost 2 orders of magnitude, allows for the 

detection of the hitherto unobserved overtone transitions of the NH-stretching vibrations 

in the 1.5 µm region (Figure 9.1b). Analogous to neutral aniline [42], a total of six 

transitions can be identified due to a Fermi resonance between the NH-stretching and  
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Figure 9.1. Infrared spectra of aniline ions in helium droplets. (A) IR excitation spectrum 

of aniline ions in liquid helium nanodroplets, recorded by monitoring the appearance of 

bare aniline ions. The insets show a detailed view of the symmetric NH-stretching 

vibration (νs-NH) and the NH2- scissoring overtone (2νNH2) band, together with the 

simulated spectrum (red line). (B) Excitation spectrum in the NH-stretch overtone region. 

Detailed views of two intense bands are presented in the insets. (C) IR spectrum of the 

aniline dimer cation by monitoring the appearance of aniline2
+
 dimers. The signal 

corresponding to the aniline monomer is caused by the use of a rather wide mass gate 

that allows detection aniline2
+
-Hen (22 < n < 37) complexes besides aninile2

+
 dimers. 

 

the NH2-scissoring overtone vibrations. Despite the excellent signal-to-noise ratio of the 

spectra, no resonances are observed in the 3000-3200 cm
-1

 region that can be attributed to 

CH-stretch vibrations of the aniline cation. This confirms the results of calculations that 

predict that the absorption cross sections for the CH-stretch vibrations are at least 2 

orders of magnitude smaller than those of the corresponding NH vibrations [39, 43]. The 

observed transition frequency of νs-NH, which is found to be independent of the helium 

droplet size, implies a matrix shift of +2 cm
-1

 [36]. A matrix shift of this magnitude 

seems surprising since it is only slightly larger than typical shifts observed for neutrals 
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[2]. While neutrals are surrounded by rather fluxional helium solvation layers [44], highly 

structured solvation shells with densities exceeding that of solid helium are formed 

around ions [24, 45-47]. One would expect the enhanced helium density to lead to a 

substantial blue shift of the vibrational frequencies. That only a small shift is observed 

indicates that either the effect of electrostriction on the transition frequencies is not 

significant or that, like for neutrals, the blue shift is largely compensated by the red shift 

originating from attractive electrostatic induction interactions [48]. On the other hand, it 

should be noted that shifts of similar magnitude have been observed for IR transitions of 

aniline cations in an argon matrix [38]. 

 Closer inspection of the two main bands in the 3 µm region spectrum reveals that 

the widths of the transitions differ significantly, 0.4 cm
-1

 for the NH2-scissoring overtone 

vs. 1.6 cm
-1

 for the NH-stretch vibration (inserts Figure 9.1A). Moreover, the overall line 

shape of the NH2-scissoring overtone band is found to be symmetric, while the line shape 

of the NH-stretch vibration is asymmetric toward lower frequency. Since these line 

shapes are independent of the IR intensity, even when this is varied over 3 orders of 

magnitude, we conclude that the difference in line width is intrinsic and not caused by 

saturation effects. We reproduced the contour of the NH2-scissoring overtone band be by 

rotational band contour simulations. It must be pointed out that although neutrals have 

been found to rotate freely in superfluid helium droplets, their rotational constants in 

general are reduced by approximately a factor of three compared to the gas phase. This 

reduction has been attributed to the adiabatic following of the helium density as the 

molecule rotates. We expect that also ions will be able to freely rotate in superfluid 

helium. What the effect of the helium is on the rotational constants in this case is 

unknown. Since the bandwidth of the IR radiation used in the present experiment is too 

large to resolve individual rovibronic transitions the rotational constants unfortunately 

cannot be determined. However, we can safely assume that the lineshapes of the observed 

IR transitions are determined largely by the underlying rotational structure. The best 

agreement between the simulated rotational contour and observed line shape is obtained 

assuming a rotational temperature of 0.38 K, a Lorentzian line width for the individual 

rovibrational transitions of 0.25 cm
-1

, and rotational constants that are a factor of 9 

smaller than the corresponding gas-phase values (inserts Figure 9.1A). This rotational 

temperature indicates that, upon their creation, the ions are cooled to the equilibrium 

temperature of the droplets. The relatively large line width of individual rovibronic 

transitions and the strong reduction in rotational constants are compatible with the 

formation of strongly bound solvation layers around the ion. The relatively strong 

coupling between the ion and the helium will most likely lead to an increase of the 

moment of inertia and a faster relaxation of the vibrationally excited level. 

 While an excellent agreement between the simulated band contour and the 

observed line profile can be obtained for the NH2-scissoring overtone, this is not the case 
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for the fundamental transition of the NH-stretch. Even when allowing for the possibility 

that the band might be a superposition of two transitions originating from a resonance 

between the NH-stretching vibration and a combination band, no satisfactory agreement 

could be obtained (inserts Figure 9.1A). Hence, it appears more plausible that the line 

width and asymmetry are primarily determined by interactions of the ion with the helium 

environment, a conclusion that is corroborated by an analysis of the line shapes in the 1.5 

µm region. These bands are all significantly broader than 0.4 cm
-1

 and, except for the 

transition at 6646 cm
-1

, slightly asymmetric. Even though their overall width can be 

reproduced fairly well assuming a Lorentzian line width for individual rovibrational 

transitions of 0.6 cm
-1

, indicating that vibrational relaxation is enhanced compared to the 

fundamental levels, their asymmetry cannot be reproduced. 

The fact that line broadening of this type is not observed for similar vibrational 

transitions of neutral species in liquid helium suggests that it might be related to the 

charge of the embedded molecule. It is not unlikely that the ions are surrounded by 

helium solvation shells that have geometrically different configurations but similar 

energies. Moreover, spectroscopic studies on complexes of aniline ions with argon have 

revealed line splittings due to the presence of several low-energy structures [40, 49]. Ab 

initio calculations accompanying those experiments indicate that the frequency of the 

NH-stretching modes depends strongly on the structure of the complex, while this is not 

the case for the NH2-scissoring mode [40]. In view of the analogy with the results on 

aniline
+
-argon complexes, we propose that line broadening of the symmetric NH-

stretching vibrations originates in the existence of geometrically different helium 

solvation shells surrounding the aniline ions. 

The conclusion that the line width is possibly related to helium solvation 

structures surrounding the ion is exciting, as it could potentially offer a novel means to 

map out charge distributions of ions and thereby obtain information on their geometrical 

structure. For larger molecular ionic systems, the charge is in general localized, and 

structured helium solvation shells are expected to form only around the charged part of 

the molecule. Only those vibrations that involve atoms interacting with these solvation 

shells are thus prone to exhibit broadened resonances. Experiments on the aniline dimer 

are in line with this concept. From gas-phase experiments, it is known that, in the aniline 

dimer cation, the charged aniline is hydrogen-bonded to the nitrogen atom of the neutral 

[50, 51]. As a result, the interaction between the NH-stretching vibrations of the aniline 

cation and the helium solvation shells is modified. Figure 9.1C shows the corresponding 

IR absorption spectrum recorded in helium droplets. Due to the use of a rather wide mass 

gate, which leads to detection of not only the aniline2
+
 dimer but also aniline

+
-Hen (22 < n 

< 37) complexes, the spectrum reveals contributions of both the aniline ion and the 

aniline2
+
 dimer. While the resonance at 3395 cm

-1
 has been assigned above to the 

symmetric NH-stretching vibration of the aniline cation, the resonance at 3420.3 cm
-1

 can 



  155 

be attributed to the free NH-stretching vibration of the cation in the complex [50]. A 

direct comparison of the two resonances reveals that the width of the dimer resonance, 

0.9 cm
-1

, is significantly less than that of the monomer NH-stretching vibration, 1.6 cm
-1

, 

but still broader than that of the NH2-scissoring overtone. It thus appears that the 

interaction of the NH-stretch vibration with the helium environment is modified by the 

presence of the neutral aniline. This seems to suggest that the widths of the transitions are 

indeed sensitive to the ions surroundings. 

 

 

9.3.2. Ejection Mechanism 

 

In our experiments, IR absorption spectra are recorded by monitoring the number 

of bare aniline ions as a function of IR frequency. According to the generally accepted 

model, following the energy transfer from an excited chromophore to the helium bath, the 

heated droplet will cool by the evaporation of individual helium atoms [52]. In this well-

characterized thermal process, every helium atom leaving the droplet takes away its 

binding energy of ∼5 cm
-1

 [53]. Excitation of an NH-stretching vibration around 3400 

cm
-1

, for example, should then lead to the evaporation of about 700 helium atoms. As a 

result, IR absorptions would only be observable for helium droplets consisting of less 

than this number of atoms. 

However, in recent years, strong indications have been found that cooling of ions 

in helium droplets is governed by a nonthermal mechanism. This was first discussed by 

Gspann and Vollmar, who observed the creation of small, charged helium clusters 

following the electron impact ionization of large helium droplets [54]. In order to explain 

their observations, these authors suggested that the strong attraction of helium atoms 

toward the created ion leads to a fast local heating, which results in the ejection of small, 

charged helium clusters from the large droplet. Later, experiments by Toennies and co-

workers revealed that electron impact ionization of helium droplets yields mainly He2
+
 

ions [14]. They proposed that, following the ionization of a single helium atom, the 

charge migrates until it localizes to form He2
+
 ions. The energy released in this process 

would be dissipated by the helium droplet and lead to the evaporation of a large number 

of helium atoms, finally yielding bare He2
+
 ions. A few years later, Janda and co-workers 

showed that the detected He2
+
 ions do not result from a complete thermal evaporation of 

the droplets but rather from the ejection of the ions from the droplets by an impulsive 

process [55, 56]. Recent experiments by Lewis et al. on the electron impact ionization of 

molecules in helium droplets have shown that the first several thousand helium atoms 

leaving the droplets can take away up to 22 cm
-1

 of energy per atom, significantly more 

than their binding energy, indicative of a nonthermal mechanism [57, 58]. Similar results 
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were found in theoretical studies by Bonhommeau et al. on the electron impact ionization 

of neon clusters in helium droplets [59, 60]. In addition, these authors found that a 

significant fraction of the ions are being ejected from the droplets by a nonthermal 

process. In all these experiments, the ions are created with a substantial amount of 

internal energy. This makes it difficult to determine whether ion solvation or vibrational 

excitation of the ion is responsible for the nonthermal ejection of the ions. Possibly more 

can be learned about the mechanism from the present study in which cold ions are 

vibrationally excited. 

In order to find out whether the cooling of vibrationally excited ions is a thermal 

or nonthermal process, the efficiency by which bare aniline ions are created has been 

determined as a function of droplet size. For this purpose, the number of bare aniline ions 

arriving at the detector following excitation of the symmetric NH-stretch (νs-NH) vibration 

has been determined for a range of droplet sizes. Subsequently, these numbers have been 

corrected for variations in the UV and IR intensities, assuming a linear dependence of the 

ionization and IR absorption processes on the light intensities. Finally, the results have 

been corrected for the estimated flux of doped droplets at each mean droplet size [61]. 

The resulting relative ion yields are displayed in Figure 9.2. 

 

Figure 9.2. Ion yield (circles) following excitation of the symmetric NH-stretch vibration 

(νs-NH) of the aniline cation as a function of the mean size of the ion-doped droplets. The 

ion yield has been corrected for laser intensities and doped droplet fluxes. The solid line 

is a fit of an exponential function to the data points. The diamonds represent the fraction 

of doped droplets containing less than 700 helium atoms. 

 

As discussed above, the standard evaporative cooling model predicts a sharp cutoff at 

about 700 helium atoms. However, when comparing the experimental result to the model, 

the droplet size distribution has to be taken into account [29]. Hence, we have estimated 

the fraction of doped droplets consisting of less than 700 helium atoms at each mean 

droplet size. Although time-of-flight mass spectra of solvated ions can be recorded (vide 

infra), they cannot be used to determine this fraction because the detection efficiency of 
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the MCP detector depends strongly on the mass of the impinging ion and the mass range 

of the spectrometer is limited to 40 000 amu. We therefore have calculated the fraction 

consisting of less than 700 helium atoms from the estimated size distribution of droplets 

[29-31], taking into account that pickup of an aniline molecule leads to the evaporation of 

approximately 450 helium atoms [12, 43, 62]. The comparison shown in Figure 9.2 

reveals that the experimental result is clearly at odds with the evaporation model. 

 
Figure 9.3. Time-of-flight mass spectra following vibrational excitation of ions. (A) High-

mass range of the ion time-of-flight mass spectrum in the presence and absence of IR 

radiation resonant with the symmetric NH-stretch vibration of the aniline cation 

embedded in helium droplets consisting on average of 4600 atoms. (B) Ratio of time-of-

flight mass spectra with and without resonant IR radiation for helium droplets of 

different mean droplet sizes. (C) Low-mass range of the time-of-flight mass spectrum 

following vibrational excitation of the embedded aniline cation. The signals originating 

from the UV excitation are denoted by asterisks. 

 

More details on the mechanism leading to the formation of bare aniline ions 

following vibrational excitation can be provided by mass spectrometry and measurements 

of the speed distributions of the aniline ions. Figure 9.3A displays time-of-flight mass 
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spectra in the presence and absence of IR radiation resonant with the symmetric NH-

stretch vibration of the aniline cation embedded in droplets consisting on average of 4600 

helium atoms. Comparison of the two spectra reveals that the signal in the high-mass 

range, corresponding to aniline ions solvated in helium droplets, is reduced in intensity 

when the ions are vibrationally excited. According to the standard thermal evaporation 

model, the mass spectrum should shift toward lower masses following the number of 

evaporated helium atoms. This is clearly not the case; only a reduction of the intensity is 

observed, but not a shift. This becomes even more evident when the ratio of the time-of-

flight mass spectra with and without IR excitation is taken, see Figure 9.3B. One 

observes a constant signal reduction for masses larger than approximately 4000 amu, 

corresponding to ion-containing droplets consisting of more than 1000 helium atoms. In 

the mass range between 500 and 4000 amu, a somewhat smaller reduction is observed, 

while for masses below 500 amu, a strong enhancement of the ion signal is observed. The 

high-resolution spectrum in the low-mass range shown in the Figure 9.3C reveals that the 

signal enhancement in this mass range corresponds to the formation of bare aniline ions 

and small aniline
+
-Hen complexes. These observations are not specific to helium droplets 

of a particular size. As can be seen in Figure 9.3B, the same trends (that is, a constant 

signal reduction at high masses and a signal increase at low masses) are observed for a 

wide range of mean droplet sizes. These observations point directly to a mechanism in 

which aniline
+
 and aniline

+
-Hen complexes are ejected from the droplets following IR 

excitation. Consequently, it appears that two processes contribute to the signal in the 500-

4000 amu mass range in Figure 9.3B. First, the ejection of ions from small droplets in the 

distribution leads to a depletion of signal. Second, the formation of massive aniline
+
-Hen 

complexes, with n up to 1000, from the large droplets in the distribution gives rise to an 

increase of the signal. The overall effect of these two contributions appears as a small 

decrease. The fact that not only aniline
+
 ions but also aniline

+
-Hen complexes are 

expelled from the droplets is probably the reason why in Figure 9.2B the aniline ion yield 

is found to depend on the mean helium droplet size. While the ejection efficiency seems 

to remain constant, the ratio of bare aniline
+
 to aniline

+
-Hen complexes most likely varies 

with droplet size. 

Additional support for the ejection of the ions is provided by the speed 

distributions of aniline
+
 and aniline

+
-Hen complexes. Figure 9.4 shows a typical speed 

distribution determined from the velocity map image of bare aniline ions following 

excitation of the NH-symmetric-stretch vibration of solvated aniline ions. This 

distribution, like all others, is well described by a Maxwell-Boltzmann distribution. The 

corresponding translational temperatures are found to depend weakly on the droplet size 

and range from 70 K for the smallest droplets to 78 K for the largest droplets used in this 

study. It should be noted that these temperatures are independent of the vibrational level 
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that is excited. Excitation of the NH-stretch vibrational overtone, having almost twice the 

energy of the fundamental,  

Figure 9.4. Speed distribution of aniline ions ejected from helium droplets consisting on 

average of 3500 helium atoms following excitation of the symmetric NH-stretch vibration 

of the aniline cation (blue dots). A fit of the data points to a Maxwell-Boltzmann 

distribution with a translational temperature of 72 K (red line). The inset shows the 

translational temperature of the aniline ions ejected from the droplets as a function of 

droplet size. The red dots correspond to excitation of the symmetric NH-stretch vibration 

at 3395 cm
-1

, while the green diamonds correspond to excitation of the NH-stretch 

overtone at 6725 cm
-1

. 

 

does not result in a noticeable increase of the translational energy of the created ions. For 

the simple evaporation model, the translational temperature is expected to be comparable 

to the instantaneous temperature of the heated droplets, which can be readily estimated 

from the heat capacity of the droplets. We find that the observed temperatures are an 

order of magnitude higher than the expected temperatures. In addition, the droplet size 

dependence of the transitional temperatures is opposite to that expected on the basis of 

the heat capacities of the droplets [52]. Finally, the expected dependence of the ion 

translational temperature on photon energy is not observed. Clearly, these results are not 

compatible with the simple evaporation model. 

In order to rule out that the absorption of multiple photons is responsible for the 

ejection of the ions from the droplets, we have investigated the IR power dependence of 

the various results. As already mentioned above we found that the line shape of the 

transitions does not depend on the IR intensity. In addition, we also find that the speed 

distributions of the bare aniline ions and those of aniline
+
-Hen complexes do not depend 

on the IR laser intensity. This latter observation seems to indicate that the ejection of ions 

is indeed governed by a one-photon process. This is corroborated by the dependence of 

the signal levels on the IR intensity. Figure 9.5 shows, for droplets containing on average 

8100 helium atoms, the integrated ion signal in the mass range of 4000-40 000 amu as a 
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function of the pulse energy of the IR radiation resonant with the symmetric NH-stretch 

vibration. This signal decreases linearly with IR laser intensity, indicative that absorption 

of a single photon by the ions leads to their ejection. At the same time, the bare aniline 

ion signal, which is also plotted in Figure 9.5, appears to increase linearly with IR laser 

intensity within the present accuracy. These observations are all indicative of a one-

photon process. 

Figure 9.5. Signal levels of ion-doped helium droplets (red) and of bare aniline ions 

(blue) as a function of pulse energy of the resonant IR radiation. 

 

It is evident from the data presented above that vibrational excitation of ions in 

helium droplets leads to the expulsion of the ions by a nonthermal process. This result is 

quite opposite to what has been observed for neutrals, which have been found to cool by 

a thermal process after vibrational excitation [63]. However, the results are in line with 

the strong indications found in recent years that cooling of ions in helium droplets is 

governed by a nonthermal mechanism. As they use electron impact ionization, all these 

studies involve vibrationally hot ions. This makes it difficult to determine whether the 

nonthermal cooling is the result of ion solvation or vibrational excitation. The present 

study indicates that vibrational excitation of the ion plays an important role in the 

nonthermal cooling of ions. Whether solely the vibrational energy released into the 

droplet is responsible for the ejection of the ions cannot be determined from the data. For 

example, one could envision that small barrier prevents the rearrangement of helium 

shells around the ion formed by photoionization of the neutral molecule. Vibrational 

excitation could help to overcome this barrier and release the rearrangement energy in 

addition to the vibrational energy. This scenario would be compatible with the fact that 

the kinetic temperature does not depend on the vibrational energy. However, the present 

data do not allow one to confirm or refute this possibility, nor do they allow one to 

determine the exact mechanism leading to the ejection of the ions. On the basis of the 

data, we can only propose a simple model that is compatible with our observations.  
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It is well established that ions, in contrast to neutrals, are surrounded by 

pronounced solvation shells due to the strong electrostatic interaction between an ion and 

helium [24, 45-47]. We expect that, as a result, the vibrational energy of the ion will 

become localized within these solvation shells before being distributed over the whole 

droplet. This will give rise to a fast local heating of the helium environment and could 

lead to the formation of a local high-pressure gas bubble, as proposed first by Gspann 

[54] and later by Miller and co-workers [57]. This gas bubble could lead to the fission of 

the droplet or alternatively could expand until it bursts at the surface of the droplets and 

sets free the ion. Although the data presented here provide some glimpse into the 

mechanism for cooling ions in liquid helium, it is obvious that more studies, both 

theoretical and experimental, will be needed before the ejection mechanism can be 

definitively established. 

 

 

9.4 Summary 

 

We have recorded vibrational spectra of molecular ions in helium nanodroplets. 

The spectra are only very slightly shifted with respect to their gas-phase counterparts, 

which allows for the determination of the intrinsic properties of the ions. The widths of 

some of the transitions are significantly broader than the underlying rotational structure. 

This broadening has been attributed to the interaction of the ion with different helium 

solvation shells surrounding it. At the basis of the high sensitivity of the method is the 

nonthermal energy dissipation that leads to ejection of ions from the droplets. As a result, 

spectra can be recorded over a wide range of droplet sizes, making the technique very 

versatile. The method for ion production employed in the present study is intrinsically 

limited to a relatively small class of molecules. A much larger variety of systems can be 

investigated by doping helium droplets directly with ions [25, 26]. In this way, it will 

become possible to investigate systems that may range from biomolecular ions such as 

polypeptides and proteins to ionic clusters. Our study opens up exciting new 

opportunities for the investigation of such ionic systems. For example, due to the greatly 

simplified spectra, it will become possible to map out the potential energy landscape of 

biomolecular ions, which is essential for understanding the conformational folding 

dynamics of these systems [64]. The opportunities are not limited to these particular types 

of systems. Now that a systematic spectroscopic investigation of atomic and molecular 

clusters of well-defined sizes at ultralow temperatures has come into reach, one can also 

envision exploring the onset of superconductivity in finite size systems [65]. 
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Summary 

 

                     

 

 

Electronic and vibrational spectroscopy are powerful magnifying glasses to zoom 

from the macroscopic world into molecular dimensions. The bands that are observed in 

UV/Vis and IR spectra are associated with transitions between discrete energy levels that 

are uniquely associated with the molecule, and directly reflect properties at a 

submolecular level. They thereby provide distinctive atomic-level fingerprints of aspects 

like conformational and electronic structure, but also serve as probes for dynamical 

processes. It is therefore not surprising that these kind of spectroscopies are the primary 

tools in many scientific areas and technological applications. 

As good as the previous may sound, the harsh reality is that under normal 

experimental conditions spectra contain so many bands that only a very small fraction of 

the potentially available information can be extracted. One of the big challenges 

molecular spectroscopy therefore continuously aims to tackle, is to increase the usable 

information by devising new experimental techniques to reduce spectral complexity. Part 

of the experimental efforts has been to try to reduce the molecular heterogeneity at the 

start of a spectroscopic measurement by reducing the internal temperature of molecules. 

Part of the approach has also been to eliminate perturbing interactions between the 

molecule of interest and its surroundings by studying isolated molecules. And, of course, 

the birth of the laser some 50 years ago has made its landmark in molecular spectroscopy 

as it started an era in which light could be generated in an almost tailor-made fashion 

with respect to spectral and temporal properties. Over the past decades high-resolution 

laser spectroscopy has thus become one of the most effective instruments to study the 

physical and chemical properties of small- to medium-sized neutral molecules. High-

resolution laser spectroscopy of larger and charged systems still is a formidable 

challenge, but one that has been taken up in the present thesis by employing liquid helium 

nanodroplets as a means to cool down and isolate molecules. Apart from helium 

nanodroplet spectroscopy, the present thesis also employs traditional molecular beam 

methods to study the photophysics and photochemistry of molecules of interest from a 

biological and (nano)technological perspective. 

Chapter 1 provides a background on high-resolution spectroscopy. After an 

introduction on the reasons why high-resolution spectroscopy is so important, a compact 

overview is given of the methods that are used nowadays to perform high-resolution 

spectroscopy. Furthermore, a short discussion is given on how scientists currently try and 

extend the application area of high-resolution spectroscopy to large molecular systems.  
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In Chapter 2 an extensive description is given of the experimental set-ups that 

have been used. Particular attention is given to the molecular beam machine at the 

University of Amsterdam as it has a number of features that generally are not found in 

other spectrometers. For this reason also the operation and performance of the 

spectrometer are discussed in more detail. Since a wide variety of multiple-resonant 

multiphoton ionization techniques have been employed, an important part of this chapter 

is also formed by an overview and description of these experiments. The chapter ends 

with a description of the liquid helium nanodroplet setup developed by the group of Dr. 

Marcel Drabbels at the Ecole Polytechnique Fédérale de Lausanne (EPFL), the setup that 

actually has been used in the studies described in Chapters 4-6, and in Chapter 9. 

Energy and charge transport lie at the basis of many primary processes in nature 

as well as in technological applications. Linear π-conjugated polymers have led to the 

development of a large number of new materials with attractive electronic and electro-

optical properties. Branched  π-systems, on the other hand, have attracted considerably 

less attention despite the large variety of exciting applications one could envision. 

Chapter 3 describes spectroscopic studies on the ground, excited and ionic states of a 

prototypical cross-conjugated π-system, 1,1’-diphenylethylene. Excitation spectra display 

extensive vibrational progressions, and show that the molecule loses its ground state 

symmetry upon excitation. As a result, the two phenyl chromophores become 

nonequivalent. Quantum chemical calculations enable us to quantify these 

conformational changes. Ionization of 1,1’-diphenylethylene also leads to conformational 

changes, but without loss of symmetry. One of the striking aspects of the excitation 

spectrum of 1,1’-diphenylethylene is the plethora of intense vibronic bands ~1000 cm
-1

 

above the 0-0 transition to S1, which are reasoned to find their origin in a conical 

intersection between S1 and S2.  

In Chapter 4 an experimental study is reported on the conformational landscape of 

a succinamide-based molecular thread that is frequently employed in mechanically 

interlocked molecular assemblies. The latter structures are nowadays starting points for 

the construction of molecular machinery. Efforts to study the conformational 

heterogeneity of these kind of systems at a level that individual conformations can be 

observed have so far not been successful, primarily because of their huge conformational 

flexibility. Here, we demonstrate that resolution down to the individual conformation 

level can be obtained by dissolving them at a single-molecule level into helium 

nanodroplets. This is quite a remarkable accomplishment, even more in the light of the 

general experience so far that conformational flexibility in helium droplet spectroscopy 

gives mainly rise to broad phonon wings, and impedes spectral resolution. 

From a photochemical point of view, the photostability of DNA bases is quite 

amazing. Experiments show that the excess energy that is deposited in them by 

absorption of light is rapidly and efficiently converted into vibrational energy, but there is 
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still considerable debate on the non-radiative relaxation pathways. These pathways are 

studied in Chapter 5 by high-resolution spectroscopy on  adenine and its 9-methyladenine 

and 2-aminopurine derivatives seeded into helium nanodroplets. The results reported in 

this chapter provide novel information on the conical intersections between the lower 

electronically excited states, which are key to the ultrafast conversion of electronic 

energy. Interestingly, Chapter 5 also enables us to put the influence of the liquid helium 

nanodroplet environment in another perspective. As yet, it is generally assumed that this 

environment is quasi-nonperturbing, but Chapter 5 shows that this assumption may not be 

appropriate for parts of the electronic potential energy surface further away from the 

potential minima. 

Chapters 6-8 describe high-resolution spectroscopic studies of the chromophore 

of the Photoactive Yellow Protein (PYP), para-coumaric acid, and derivatives of this 

chromophore. Since the photocycle of PYP initiates with photoinduced trans-cis 

isomerisation of the para-coumaric acid chromophore, many studies have pursued - 

unsuccessfully - the characterization of its electronically excited-state manifold under 

isolated-molecule conditions. Using a multi-color resonance enhanced multiphoton 

ionization approach and studies under liquid helium nanodroplet conditions, Chapter 6 

shows that para-coumaric acid becomes accessible to high-resolution studies of its 

conformational and electronically excited states dynamics. The results show that upon 

excitation the molecule adopts a non-planar geometry. Remarkably, we obtain for the 

first time direct evidence for the presence and influence of an nπ* state that has been 

predicted by ab initio calculations, but so far had remained unobserved. 

One of the reasons that para-coumaric acid has remained elusive for such a long 

time is that heating of the molecule appears to lead to thermal decomposition. Mass-

resolved ion detection as employed in the studies reported in Chapter 6 is therefore 

essential to ensure that the observed spectra derive from the target molecule. In Chapter 7 

it becomes clear that even under such mass-resolved conditions one still needs to be 

rather cautious. This chapter reports on the study of another band system detected at the 

mass of para-coumaric acid. Application of advanced UV and IR depletion methods 

show, however, that this band system finds its origin in the cluster of 4-hydroxystyrene 

with CO2, thereby directly confirming the previously suggested thermal decomposition 

route. In the rest of this chapter the photophysical properties of the 4-hydroxystyrene-

CO2 cluster and of the mixed cluster of 4-hydroxystyrene with CO2 and H2O are 

investigated. Comparison of the UV and IR spectra of isolated 4-hydroxystyrene with 

those of microsolvated 4-hydroxystyrene in combination with the results of 

quantumchemical calculations show how environmental perturbations influence the 

properties of this chromophore. 

In PYP para-coumaric acid is present as a thioester. The oxyester of para-

coumaric acid (methyl-4-hydroxycinnamate) is therefore a first step towards a more 
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realistic representative of the PYP chromophore as it is employed in the protein. Chapter 

8 discusses spectroscopic studies of methyl-4-hydroxycinnamate with a special emphasis 

on the relaxation pathways from electronically excited states by studies of regular 

methyl-4-OHcinnamate, the deuterated analogue methyl-4-ODcinnamate, and complexes 

of these two molecules with water. The results provide conclusive evidence that the 

dominant relaxation pathway involves the lower-lying nπ* state, and not the πσ* state 

that is frequently invoked for phenol-containing molecules. Apart from electronic 

excitation studies, Chapter 8 also reports on IR absorption studies. The vibrational 

markers derived from these studies are important as they enable us to assign the various 

conformations that are present in the experiments, and offer a probe for determining the 

influence of hydrogen bonding. 

IR spectroscopy furnishes a detailed view on the geometrical structure of 

molecules, and thereby on their function. The amount of detail that can be derived from 

such spectra is strongly dependent on the temperature of the molecules and their 

environment. Superfluid helium nanodroplets have proven to form an ideal matrix for 

spectroscopic investigations, but until now it has not been possible to use them for the 

study of ionic species. This is highly unfortunate, since under real-life, aqueous, 

conditions most molecular systems exist in a charged form. In Chapter 9 a novel 

technique is presented that finds its origin in the cooling dynamics of molecular ions 

embedded in helium nanodroplets. We show that following vibrational excitation of the 

ions, highly non-thermal processes - in many ways not unlike a microexplosion within 

the droplet - occur that eventually lead to their ejection from the helium droplets. This 

allows for the detection of IR absorptions with sensitivities that are at least two orders of 

magnitude better than what has been possible up to now. Analyses of the IR spectra lead 

to the conclusion that we can also sensitively probe the charge distribution in ions using 

the widths of the resonances. 
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Samenvatting 

 

                     

 

 

Elektronische en vibrationele spectroscopie vormen krachtige vergrootglazen 

waarmee we vanuit de macroscopische wereld kunnen inzoomen naar moleculaire 

dimensies. De banden die in UV/Vis en IR spectra worden waargenomen zijn 

geassocieerd met overgangen tussen discrete niveaus, die op hun beurt weer uniek 

gerelateerd zijn aan het molecuul, en daarmee een directe weerspiegeling zijn van 

submoleculaire eigenschappen. Op deze manier kunnen ze beschouwd worden als 

vingerafdrukken op een atomaire schaal van eigenschappen zoals conformationele en 

elektronische structuur, maar dienen ze tegelijkertijd als probe om dynamische processen 

te kunnen volgen. Het is daarom niet verwonderlijk dat dit soort spectroscopieën in veel 

wetenschapsgebieden en technologische toepassingen de primaire hulpmiddelen zijn. 

Hoe mooi het voorafgaande ook moge klinken, de harde realiteit is dat onder 

normale experimentele omstandigheden spectra zoveel banden bevatten dat slechts een 

heel klein gedeelte van de potentieel aanwezige informatie eruit gehaald kan worden. Eén 

van de grote uitdagingen die de moleculaire spectroscopie dan ook continu aangaat is om 

de hoeveelheid bruikbare informatie te vergroten door het ontwerpen van nieuwe 

experimentele technieken die de spectrale complexiteit kunnen reduceren. Een gedeelte 

van de experimentele inspanningen hebben zich gericht op het verminderen van de 

moleculaire heterogeniteit bij aanvang van een spectroscopische meting door de interne 

temperatuur van moleculen te verlagen. Een ander gedeelte van de aanpak heeft zich 

gericht op het elimineren van de verstorende invloed van interacties tussen het molecuul 

waarin men geïnteresseerd is en zijn omgeving door geïsoleerde moleculen te bestuderen. 

En natuurlijk is de ontwikkeling van de laser zo’n 50 jaar geleden van doorslaggevend 

belang geweest voor de moleculaire spectroscopie omdat het de aanvang van een tijdperk 

inluidde waarin licht gegenereerd kon worden met spectrale eigenschappen en een 

tijdsafhankelijkheid die door de gebruiker bijna willekeurig gespecificeerd konden 

worden. Tijdens de afgelopen decennia is hoge-resolutie laserspectroscopie dan ook één 

van de meest effectieve instrumenten geworden om de fysische en chemische 

eigenschappen van kleine en middelgrote moleculen te bestuderen. Hoge-resolutie 

spectroscopie aan grotere en aan geladen moleculen is nog steeds een aanzienlijke 

uitdaging, maar eentje die in dit proefschrift wordt aangegaan door vloeibare helium 

nanodruppels te gebruiken om moleculen af te koelen en te isoleren. Afgezien van helium 

nanodruppel spectroscopie worden er in dit proefschrift ook de meer traditionele 

moleculaire bundel methodes gebruikt om de fotofysica en fotochemie van moleculen te 
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bestuderen die een belangrijke rol spelen in biologische of (nano)technologisch 

toepassingen. 

Hoofdstuk 1 geeft de achtergronden van de hoge-resolutie spectroscopie. Na een 

inleiding waarin ingegaan wordt op het belang van de hoge-resolutie spectroscopie, wordt 

een compact overzicht gegeven van de experimentele methodes die tegenwoordig 

gebruikt worden om hoge-resolutie spectroscopie te bedrijven. Verder wordt kort 

bediscussieerd hoe wetenschappers vandaag de dag het toepassingsgebied van hoge-

resolutie spectroscopie uitbreiden naar grote moleculaire systemen. 

In hoofdstuk 2 wordt een uitgebreide beschrijving gegeven van de gebruikte 

experimentele opstellingen. Hierbij wordt speciaal aandacht gegeven aan de moleculaire 

bundel machine aan de Universiteit van Amsterdam omdat deze een aantal 

karakteristieken heeft die normalerwijs niet in soortgelijke spectrometers zijn ingebouwd. 

Om die reden wordt het aansturen en de operationele specificaties van de spectrometer 

ook in meer detail behandeld. In dit proefschrift wordt gebruik gemaakt van een breed 

scala aan multi-resonante multiphoton ionisatie technieken. Een belangrijk gedeelte van 

dit hoofdstuk is dan ook gewijd aan een overzicht en beschrijving van deze technieken. 

Het hoofdstuk eindigt met een beschrijving van de helium nanodruppel opstelling die 

ontwikkeld is door de groep van Dr. Marcel Drabbels aan de Ecole Polytechnique 

Fédérale de Lausanne (EPFL), en waarmee de onderzoeken beschreven in hoofdstukken 

4-6 end in hoofdstuk 9 zijn uitgevoerd. 

Energie en ladingsoverdracht liggen aan de basis van een groot gedeelte van de  

primaire processen in de natuur maar ook in technologische toepassingen. Lineaire π-

geconjugeerde polymeren hebben geleid tot de ontwikkeling van een grote 

verscheidenheid aan nieuwe materialen met aantrekkelijke elektronische en elektro-

optische eigenschappen. Vertakte π-geconjugeerde systemen daarentegen hebben 

aanzienlijk minder aandacht getrokken ondanks het feit dat een grote verscheidenheid aan 

spannende toepassingen bedacht kunnen worden. Hoofdstuk 3 beschrijft spectroscopische 

studies aan een prototypisch vertakt π-geconjugeerde systeem, 1,1’-difenyletheen. In dit 

hoofdstuk worden de grond en elektronisch aangeslagen toestanden van het neutrale 

molecuul en de grondtoestand van het positieve ion bestudeerd. Excitatie spectra laten 

uitgebreide vibrationele progressies zien die tot de conclusie leiden dat het molecuul in 

de eerste elektronisch aangeslagen singlet toestand (S1) de symmetrie verliest die het in 

de grondtoestand wel heeft. Als gevolg daarvan zijn de twee fenyl chromoforen niet 

langer equivalent. Kwantumchemische berekeningen stellen ons in staat om de 

veranderingen in de structuur te kwantificeren. Ionisatie van 1,1’-difenyletheen gaat ook 

gepaard met veranderingen in de structuur van het molecuul, maar de symmetrie blijft in 

dit geval wel behouden. Eén van de opvallende aspecten van het excitatiespectrum van 

1,1’-difenyletheen is de grote hoeveelheid aan intense vibronische banden ~1000 cm
-1
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boven de 0-0 overgang naar S1. Hiervan wordt geconcludeerd dat ze het gevolg zijn van 

de aanwezigheid van een conische intersectie tussen S1 en S2. 

In hoofdstuk 4 wordt een experimentele studie besproken aan het conformationele 

landschap van een moleculaire draad die gekenmerkt wordt door de aanwezigheid van 

een zogenaamd succinamide motief. Moleculaire draden met een dergelijk motief worden 

vaak gebruikt in moleculaire architecturen waarvan de afzonderlijke componenten niet 

covalent gebonden zijn, maar in elkaar grijpen. Dit soort architecturen vormen heden ten 

dage het uitgangspunt voor het construeren van ‘machines’ op moleculair niveau. 

Pogingen om de conformationele heterogeniteit van dit soort systemen te bestuderen zijn 

tot nu toe niet erg succesvol geweest, voornamelijk vanwege de grote conformationele 

flexibiliteit. In dit hoofdstuk laten we zien dat een resolutie tot het niveau van één enkele 

conformatie bereikt kan worden door afzonderlijke moleculen ‘op te lossen’ in helium 

nanodruppels. Dit is een opmerkelijke prestatie, eens te meer omdat de algemene ervaring 

tot nu toe is geweest dat conformationele flexibiliteit in helium nanodruppel 

spectroscopie leidt tot brede fonon zijbanden, die een ramp zijn voor de spectrale 

resolutie. 

Vanuit fotochemisch oogpunt is het opmerkelijk dat de DNA basen zo fotostabiel 

zijn. Experimenten hebben laten zien dat de extra energie die in het molecuul gepompt 

wordt door de absorptie van licht snel en efficiënt wordt omgezet in vibrationele energie, 

maar er wordt nog steeds heftig gediscussieerd over de niet-stralende vervalskanalen die 

aan de basis liggen van deze omzetting. In Hoofdstuk 5 worden deze vervalskanalen 

bestudeerd met behulp van hoge-resolutie spectroscopie aan adenine en de daaraan 

gerelateerde 9-methyladenine en 2-aminopurine moleculen in helium nanodruppels. De 

resultaten van deze studies verschaffen nieuwe informatie over de conische intersecties 

tussen de lager-gelegen elektronisch aangeslagen toestanden, die in hoge mate 

verantwoordelijk zijn voor de ultrasnelle omzetting van elektronische energie. De 

resultaten beschreven in hoofdstuk 5 stellen ons ook in staat om de invloed van de 

vloeibare helium omgeving vanuit een ander gezichtspunt te bekijken. Tot nu toe was 

algemene idee dat een dergelijke omgeving het molecuul nauwelijks verstoort. Echter, in 

hoofdstuk 5 komen we tot de conclusie dat we moeten oppassen met deze aanname als 

we gedeeltes van het potentiële energieoppervlak beschouwen die niet direct in de buurt 

zijn van de minima. 

Hoofdstukken 6-8 beschrijven hoge-resolutie spectroscopische studies aan de 

chromofoor van het Photoactive Yellow Protein (PYP), para-coumaarzuur, en afgeleiden 

van dit chromofoor. De fotocyclus van PYP begint met een foto-geïnduceerde trans-cis 

isomerisatie van het para-coumaarzuur chromofoor. Veel studies hebben derhalve - 

zonder veel succes - geprobeerd om de conformationele dynamica en de elektronisch 

aangeslagen toestanden van dit molecuul te bestuderen onder geïsoleerde-molecuul 

condities. In Hoofdstuk 6 laten we zien dat dit wel mogelijk is met behulp van een meer-
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kleuren resonant versterkte multifoton aanpak en met behulp van studies in helium 

nanodruppels. De resultaten van deze studies laten zien dat het molecuul een niet-vlakke 

structuur aanneemt als het geëxciteerd wordt. Ook opmerkelijk is dat we voor het eerst 

een direct bewijs hebben van de aanwezigheid en invloed van een lager-gelegen nπ* 

toestand die door ab initio berekeningen wel voorspeld was, maar tot nu toe ook in 

derivaten van para-coumaarzuur nog niet was waargenomen. 

Eén van de redenen waarom het tot nu toe zo moeilijk was om para-coumaarzuur 

te bestuderen is dat verhitting van het molecuul lijkt te leiden tot ontleding. Massa-

opgeloste iondetectie zoals wordt gebruikt in de studies besproken in hoofdstuk 6 is 

daarom essentieel om er zeker van te zijn dat de waargenomen spectra ook inderdaad van 

para-coumaarzuur afkomstig zijn. In hoofdstuk 7 wordt het duidelijk dat zelfs onder dit 

soort massa-opgeloste condities men nog steeds erg op zijn hoede moet zijn. Dit 

hoofdstuk bespreekt de bestudering van een ander band systeem dat ook gedetecteerd 

wordt op de massa van para-coumaarzuur. De toepassing van geavanceerde UV en IR 

depletie technieken laat echter zien dat dit band systeem toegeschreven moet worden aan 

de cluster van 4-hydroxystyreen met CO2, waarmee direct bewijs is gevonden voor de 

eerder gesuggereerde thermisch ontledingsroute. De rest van dit hoofdstuk is gewijd aan 

de bestuderung van de fotofysische eigenschappen van dit cluster en van de gemengde 

cluster van 4-hydroxystyreen met CO2 en water. De vergelijking van de UV en IR spectra 

van geïsoleerd 4-hydroxystyreen met die van de clusters, in combinatie met de resultaten 

van kwantumchemische berekeningen, laten zien hoe de eigenschappen van de 

chromofoor worden verstoord door interacties met moleculen in zijn omgeving.   

Para-coumaarzuur is aanwezig in PYP in de vorm van een thioester. De oxyester 

van para-coumaarzuur (methyl-4-hydroxycinnamaat) is derhalve een eerste stap in de 

richting van een meer realistische afspiegeling van het PYP chromofoor zoals het in het 

eiwit wordt gebruikt. Hoofdstuk 8 bediscussieert spectroscopische studies aan methyl-4-

hydroxycinnamaat waarbij de nadruk ligt op de elektronische vervalskanalen. Dit wordt 

gedaan door studies aan normaal methyl-4-hydroxycinnamaat, studies aan het derivaat 

waarin de hydroxy groep is gedeutereerd, en door studies aan complexen van deze 

moleculen met water. De resultaten geven een overtuigend bewijs dat het dominante 

vervalskanaal wordt gevormd door verval naar de lager-gelegen  nπ* toestand, en een 

verwaarloosbare rol van de πσ* toestand, die normaal een belangrijk vervalskanaal 

verschaft in moleculen waarin fenol aanwezig is. Afgezien van de elektronische 

excitatiestudies, zijn er in hoofdstuk 8 ook IR absorptiestudies uitgevoerd. De 

vibrationele markers die uit deze studies naar voren komen zijn belangrijk omdat ze ons 

in staat stellen om de verschillende conformaties te identificeren die aanwezig zijn in 

onze experimenten, en omdat ze een probe vormen om de invloed van waterstofbruggen 

te bepalen. 
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IR spectroscopie levert een gedetailleerd beeld van de geometrische structuur van 

moleculen, en daarmee van hun werking. De mate van detail die uit deze spectra kan 

worden afgeleid hangt sterk af van de temperatuur van de moleculen en van hun 

omgeving. Superfluïde helium nanodruppels hebben laten zien dat ze een ideale matrix 

vormen voor spectroscopisch onderzoek, maar tot nu toe is het niet of nauwelijks 

mogelijk geweest om moleculaire ionen te bestuderen. Dit is erg jammer, want onder de 

waterige condities waaronder veel belangrijke moleculaire systemen actief zijn, zijn ze in 

een geladen toestand. In hoofdstuk 9 wordt een nieuwe techniek gepresenteerd die zijn 

oorsprong vindt in de manier waarop moleculaire ionen, opgenomen in een helium 

nanodruppel, gekoeld worden. We laten zien dat na vibrationele excitatie van de ionen 

niet-thermische processen plaatsvinden die uiteindelijk leiden tot het uitstoten van het ion 

uit de helium nanodruppel. Het geheel lijkt in veel opzichten op een microexplosie in de 

druppel zelf, of, op een andere manier gezien, het lokaal koken van de helium 

nanodruppel. Het vrijmaken van het moleculair ion stelt ons in staat om IR absorpties te 

meten met een gevoeligheid die op z’n minst twee ordes van grootte beter is dan wat er 

tot nu toe mogelijk was. De analyse van de IR spectra leidt tevens tot de conclusie dat we 

de vorm en breedte van de resonanties kunnen gebruiken om de ladingsverdeling in het 

ion in kaart te brengen. 
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