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Abstract 

 

Time-resolved photoelectron imaging was used to investigate non-adiabatic processes 

operating in the excited electronic states of nitrobenzene and three methyl-substituted 

derivatives: 3,5-, 2,6- and 2,4-dimethylnitrobenzene. The primary goal was evaluating the 

dynamical impact of the torsional angle between the NO2 group and the benzene ring plane – 

something previously implicated in mediating the propensity for branching into different photo-

dissociation pathways (NO vs NO2 elimination). Targeted, photo-initiated release of NO 

radicals is of interest for clinical medicine applications, and there is a need to establish basic 

structure-dynamics-function principles in systematically varied model systems following 

photoexcitation. Within our 200 ps experimental detection window, we observed no significant 

differences in the excited state lifetimes exhibited by all species under study using a 267 nm 

pump and ionization with an intense 400 nm probe. In agreement with previous theoretical 

predictions, this suggests the initial energy redistribution dynamics within the singlet and triplet 

manifolds are driven by motions localized predominantly on the NO2 group. Our findings also 

imply that both NO and NO2 elimination occur from a vibrationally hot ground state on 

extended (nanosecond) timescales, and any variations in NO vs NO2 branching upon site-

selective methylation are due to steric effects influencing isomerization prior to dissociation.  
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1. Introduction 

In the late 1980s, findings implicating nitric oxide (NO) in the relaxation of vascular muscles 

laid the foundation for extensive research investigating its physiological effects. Discoveries 

identifying the key role of NO in cardiovascular signaling led to the award of the 1998 Nobel 

Prize in Physiology or Medicine, and this simple molecule is now known to influence numerous 

biological functions such as blood pressure regulation, biodefense, immune response 

stimulation, and neurotransmission.1 Given this obvious importance, there is considerable 

interest in producing NO donors for clinical medicine applications where targeted release is 

achieved in a time- and site-specific manner – for example, when triggered by a photon.2 In 

search of such an donor, Miyata and co-workers used electron spin resonance analysis to 

observe that the NO-releasing activity of nitroaromatic molecules following ultraviolet (UV) 

irradiation was influenced by the conformational alignment of the nitro (NO2) substituent.3-5 

Using methyl (i.e. bulky group) substitution to force the nitro group to twist out of the aromatic 

ring plane, a significant (factor of 5 or better) enhancement in NO production was observed 

over similar, non-sterically hindered systems that adopted a fully planar equilibrium geometry.  

Initially motivated by the rationale and findings outlined above, we have used time-

resolved photoelectron imaging (TRPEI) to investigate the ultrafast excited state dynamics 

operating in gas-phase nitrobenzene (NB) and its methyl-substituted derivatives 3,5-, 2,6- and 

2,4-dimethylnitrobenzene (DMNB) following 267 nm excitation. As seen from the calculated 

ground state structures shown in Figure 1 (see Section 2B for full computational details), steric 

effects significantly alter the equilibrium orientation of the NO2 group with respect to the 

aromatic ring plane upon methylation at certain key positions. This is particularly apparent in 

2,6-DMNB, where the NO2 group is displaced through an angle of around 60° relative to the 

case of NB. These site-selective substitutions therefore enable us to explicitly investigate the 

influence of conformational restriction in the NO2 torsion coordinate on the non-adiabatic 
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dynamics exhibited by these systems following UV excitation. Our approach will also indicate 

whether distortions of the aromatic ring structure play an active role in the energy redistribution 

process, since this type of motion will be slowed down considerably in the DMNB species when 

compared to NB. Such deformations have been previously observed as key drivers of internal 

conversion (IC) in other small aromatic systems such as, for example, aniline and some of its 

methylated analogues.6 More generally, the inclusion of NB in the present TRPEI study is also 

useful as the UV-induced dynamics have been investigated extensively using various 

experimental and theoretical approaches. This is in stark contrast to the DMNB systems 

themselves, which have received little or no direct attention. The brief overview of relevant NB 

literature that follows is split into four principal areas: (i) the UV absorption spectroscopy (i.e. 

the starting point on the photochemical reaction coordinate); (ii) the photodissociation products 

(i.e. the asymptotic end-point(s) of the reaction coordinate); (iii) time-resolved dynamics 

studies that attempt to directly connect the two reaction coordinate limits; and (iv) recent 

theoretical investigations investigating non-adiabatic effects.  

 

 

Figure 1: Schematic illustrations and calculated minimum energy ground state 

structures of NB and its methyl-substituted derivatives 3,5-DMNB, 2,6-DMNB 

and 2,4-DMNB. Variation in the NO2 group torsional angle with respect to the 
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aromatic ring system is clearly visible. Full computational details may be found 

in Section 2B. 

 

Nagakura et al. reported three broad, structureless bands in the gas-phase UV absorption 

spectrum of NB.7 These are centred at 288 nm, 240 nm, and 193 nm, with the relative strength 

increasing towards shorter wavelengths. An additional, extremely weak band centred at around 

340 nm was subsequently described by Vidal and Murrell.8 There has been some discrepancy 

in the assignment of these various features,9, 10 but the general picture in most recent literature 

is that all are singlet state transitions, with the 340 nm and 240 nm bands being of nπ* (S1) and 

ππ* (S4) character, respectively.11-16 The 288 nm band is more open to interpretation, but likely 

contains contributions from additional nπ* (S2) and ππ* (S3) states. As discussed further in 

Section 2B, the main contributions to each of these four transitions originate from different 

starting molecular orbitals but share a common final molecular orbital. To reflect this, we adopt 

the notation of González and co-workers13 and will subsequently use the labels S1 (n1π1*), S2 

(n2π1*), S3 (π1π1*), and S4 (π2π1*) throughout. The 193 nm band lies energetically well above 

the 267 nm pump used in the present experiments and will not be discussed further. The excited 

state singlet manifold is interspersed with various triplet states. Here orderings and assignments 

differ to some extent across previous publications11, 12, 14-16 and so we therefore simply use the 

labels T1, T2,… etc. This situation is compounded by the presence (in some reports11, 14) of an 

additional low-lying state localized on the nitro group (assigned as either T1 or T2). A similar 

state has also been identified in the singlet manifold, but it appears energetically above 

S4 (π2π1*) at most levels of theory. There is significant spin-orbit coupling between some 

members of the singlet and triplet manifolds, and this has important implications for the UV 

photochemistry. 
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Following excitation over the 320-220 nm region, NO and NO2 photoproducts from gas-

phase NB were studied in detail by Crim and co-workers using a vacuum-ultraviolet 

photoionization probe.17 A minor channel producing O atoms was also reported, although this 

will not be considered further. At 280 nm the ratio of NO2/NO production was reported to be 

1.3, and this increased considerably to 5.9 following excitation near 220 nm. Following non-

adiabatic repopulation of the S0 ground electronic state, isomerization of NB to a phenyl nitrite 

intermediate was proposed as a pathway leading to both NO and NO2 products via fission of 

the CO-NO or C-ONO bonds, respectively.18, 19  This is in addition to a direct C-NO2 bond 

cleavage mechanism at higher excitation energies. Subsequent laser-induced fluorescence,20 

mass spectrometry,21 and velocity-map imaging studies22 have also reinforced this phenyl 

nitrite isomerization picture. Lin et al. conducted a multi-mass ion imaging study on NB and 

nitrotoluene across the 266-193 nm wavelength region.10 Dissociation lifetimes exceeding a 

nanosecond were reported for both the NO2 and NO elimination pathways. Following 

isomerization to phenyl nitrite, however, formation of C6H5O and NO products appears favored 

due to the lower dissociation energy. This suggests direct dissociation of the NB structure may 

be a more significant factor in NO2 production than previously thought. Lin et al. also reported 

a bimodal NO translational energy distribution for the first time. Although the origin of this 

observation was not fully reconciled initially, a 226 nm excitation study by Suits and co-

workers has since attributed the slower component as roaming-mediated isomerization to 

phenyl nitrite on the S0 potential energy surface and the faster component to dissociation from 

an excited triplet state.23 

Picosecond transient absorption measurements by Yip et al. determined a ≤5 ps lifetime 

for the S1 (n1π1*) state of NB following 355 nm excitation in tetrahydrofuran.24 Decay was 

reported to occur via intersystem crossing (ISC) and this study also quoted a lifetime for the T1 

state of 770 ps. Broadly similar findings were reported following 320 nm excitation in ethanol 
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by Terazima and co-workers, who give lifetimes of 6 ps and 480 ps for the S1 (n1π1*) and T1 

states, respectively.25 An additional, extremely rapid (~100 fs) transient signal was assigned as 

an initial intrastate relaxation to the S1 (n1π1*) minimum. Earlier work from the same group 

also noted some dependence on triplet state lifetime with both solvent and temperature,26 and 

supporting theoretical work indicated that bending of the nitro group out of the phenyl plane is 

a key reaction coordinate in driving efficient ISC.16 Much more recent measurements conducted 

on pure samples of liquid NB have reported S1 (n1π1*) lifetimes of just a few hundred 

femtoseconds.27 In the gas-phase, Zewail and co-workers employed ultrafast electron 

diffraction to investigate the photochemical dynamics operating in NB following 267 nm 

excitation.28 This work suggests that ISC and structural rearrangement yields NO and phenyl 

radical products from the T1 state in 8.8 ps. This was concluded to be the dominant 

photoproduct pathway, in contradiction to earlier findings.10, 17 Higher energy valence state 

excitation has recently been investigated by Schalk et al. in a time-resolved photoelectron 

spectroscopy study of NB and several nitrobenzaldehyde systems.29 Using a 200 nm pump, 

40 fs decay from a charge transfer state to S1 (n1π1*) was reported in NB, with the subsequent 

release of NO2 or IC direct to the ground state occurring on a slightly longer timescale of 480 fs.  

Quenneville et al. employed quantum chemistry approaches to study the non-adiabatic 

energy redistribution pathways operating in NB and other nitroarenes.15  A region of relatively 

flat topography on the S1 (n1π1*) potential energy surface was observed to lead to a non-

adiabatic region connecting to the S0 and T2 states. Pyramidalization of the NO2 group, the 

ONO angle and NO bond stretches were implicated as important coordinates for accessing this 

region, while out-of-plane rotation of the NO2 group was not considered to be important. Strong 

spin-orbit coupling effects suggested deactivation of the S1 (n1π1*) state via ISC may be a 

favored pathway over IC directly to S0. Some similar conclusions were also reached by Dreuw 
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and co-workers, who determined that NB excited to the S4 (π2π1*) state initially undergoes 

extremely rapid IC to S1 (n1π1*), driven by motion along the NO stretching coordinate.14 A 

scissoring action of the oxygen atoms in the nitro-group then provides the possibility of ISC to 

the triplet manifold. Further ISC to S0 from the lowest triplet state is then predicted to be 

mediated by a bend of the NO2 group which aligns it out of the benzene ring plane. A direct IC 

pathway to S0 from S1 (n1π1*) is also thought to be energetically accessible. This is believed to 

be a relatively minor channel following direct S1 (n1π1*) excitation but may become more 

significant when this state is accessed non-adiabatically from higher-lying members of the 

singlet manifold due to increased vibrational excess energy. A somewhat similar overall picture 

has also been reported by Giussani and Worth, although the states and structures involved in 

ISC from the triplet manifold back to S0 differ to some extent.11 Motions predominantly 

localized at the NO2 center are still, however, the key drivers of the overall multi-step excited 

state dynamics. More recent work by the same authors has also challenged the importance of 

the roaming-mediated NO production channel within the repopulated S0 ground state at 

excitation wavelengths >248 nm.30  

In addition to questions relating to the specific role of NO2 group torsion in the excited 

state dynamics of nitrobenzenes, the extensive body of work summarized above also highlights 

several other aspects of photochemical behavior that our TRPEI study may help to clarify. This 

includes the significance of ISC vs IC pathways and the origin of various photoproducts, 

providing a good test of recent theoretical reports.  

2. Methods 

A. Experimental 

Our TRPEI experimental setup has been described in detail elsewhere.31 Briefly, gas-phase 

samples of NB (Fisher Scientific, 99.5%), 3,5-, 2,6- or 2,4-DMNB (Sigma-Aldrich, ≥98%) were 
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introduced into the source chamber of our ultrahigh vacuum photoelectron imaging 

spectrometer via a small (Ø = 150 µm) pinhole by flowing helium (0.25 bar) over a room 

temperature sample reservoir held in an external vessel. The resulting effusive molecular beam 

then entered the main interaction chamber via a skimmer (Ø = 0.8 mm), where it was intersected 

perpendicularly by co-propagating pump (267 nm, 0.5 μJ/pulse) and probe (400 nm, 4.0 

μJ/pulse) femtosecond laser pulses. The pump and probe were the third and second harmonics, 

respectively, of the 800 nm output produced from a 1 kHz regeneratively amplified Ti:Sapphire 

laser system (Spectra-Physics, Spitfire Pro/Empower) seeded by a Ti:Sapphire oscillator 

(Spectra Physics, Tsunami/Millennia Pro). Thin β-barium borate crystals provided the non-

linear optical medium for frequency conversion. Precise temporal delay between pump and 

probe was achieved using a retroreflector mounted on a PC-controlled linear translation stage 

(placed in the pump beamline) and the two pulses were combined on a thin dichroic mirror 

before entering the spectrometer.  

 Interaction between the UV light pulses and the molecular beam took place between the 

electrodes of an electrostatic lens set-up optimized for velocity-map imaging (VMI).32 The 

unfocused light beams initially passed straight through the VMI set-up and were then incident 

on a curved UV-enhanced aluminum mirror (f = 10 cm) attached to a high-precision x-y-z 

manipulator. Reflected, tightly focused UV light then excited and ionized the molecular sample 

on a second pass back through the VMI electrodes. The focused intensity of the pump and probe 

beams was estimated to be 5×1012 W/cm2 and 2×1013 W/cm2, respectively. As expanded upon 

in later sections, this induces significant ionization via both (1+2′) and (1+3′) schemes. 

Photoelectrons were accelerated along a short flight tube onto a micro-channel plate/phosphor 

screen detector and the resulting image collected using an externally positioned CCD camera. 

Reversing the electrode polarity and recording an ion time-of-flight spectrum for each sample 

prior to commencing photoelectron data collection confirmed no clusters were formed in the 
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molecular beam expansion. Between -300 fs and +300 fs the pump-probe delay ∆t was adjusted 

in 15 fs increments. This step size was then increased to 50 fs over the +300 fs to +1000 fs 

range. Beyond this point, 30 exponentially increasing delay points (or 15 for 2,6-DMNB) were 

then sampled up to +200 ps, which was the effective limit of the translation stage. Pump- and 

probe-alone background signals were also recorded at each ∆t position to allow subtraction of 

time-invariant one-color ionization signals during data processing. Supporting measurements 

using non-resonant (1+3′) ionization of xenon were used to record the (Gaussian) pump-probe 

cross-correlation function (typically 140 ± 10 fs FWHM), as well as providing image pixel-to-

energy calibration information and an accurate determination of the ∆t = 0 point for each 

experimental run.  

A fast matrix inversion method was used to process the VMI data,31 generating output 

in a form suitable for subsequent time-, energy- and angle-revolved analysis. Evolution of the 

angular anisotropy was investigated as a function of pump–probe delay ∆t and photoelectron 

kinetic energy E by fitting with an expression appropriate for ionization with linearly polarized 

light.33, 34 In this instance, processes up to and including a total of four photons were taken into 

account:  

 ���, ∆�, �� =  ���,∆�

��
�1 + ∑ ����, ∆�����cos �����,�,�,� �  (1) 

Here ���, ∆�� is the time-dependent photoelectron energy distribution, ���cos �� are Legendre 

polynomial functions, and the ����, ∆�� anisotropy parameter terms describe the shape of the 

observed angular forms. The co-ordinate system is defined with θ = 0° and 180° lying along 

the laser polarization axis. 

A global Levenberg-Marquardt fitting model was used to quantify the temporal 

evolution in the 2D photoelectron data  ��, ∆�� This general approach makes use of n 

exponentially decaying functions, convolved with the cross-correlation function g(∆t): 
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  ��, ∆�� =  ∑ !"��� ∙ exp'− ∆� )"⁄ + ⊗ -�∆��.
"�/  (2) 

The fitting procedure returns the 1/e decay lifetime τi and a series of energy-dependent 

amplitudes Ai(E) for each exponential term, providing a decay-associated spectrum (DAS) 

attributable to a dynamical process operating on a specific timescale. This is a parallel model 

(i.e. all fitted functions originate from ∆t = 0) that assumes no details a priori about the nature 

(sequential or otherwise) of the participating mechanistic processes. Illustrative examples and 

additional details may be found elsewhere.35-37 

B. Computational 

The Gaussian software package was used to carry out a series of preliminary supporting ab 

initio calculations.38 Second-order Møller-Plesset perturbation theory (MP2) in conjunction 

with the aug-cc-pVTZ (NB) or aug-cc-pVDZ (3,5-, 2,6- or 2,4-DMNB) basis sets were used 

for the evaluation of ground state structures. Optimized geometries are shown in Figure 1. NB 

belongs to the C2v point group, whereas the other three structures formally possess lower 

symmetry. In the case of 3,5-DMNB, however, the energy difference between the staggered 

methyl group conformation and the eclipsed geometry was found to be just 18 cm-1. Even under 

the molecular beam expansion conditions used in our experiment, the methyl groups may 

therefore undergo free axial rotation and C2v symmetry may effectively be assumed. At the 

energy minima in 2,4-DMNB and 2,6-DMNB, the dihedral angle (i.e. the angle between the 

plane containing all three atoms of the NO2 moiety and the benzene ring plane) is 35.2° and 

63.6°, respectively. These angles are similar to those reported in other nitrobenzene systems 

substituted at the 2- and 2,6- positions.39-41  

Relaxed ground state potential energies plotted as a function of dihedral angle are shown 

in Figure 2. These indicate the extent to which the various species are conformationally 

restricted prior to photoexcitation. Transition state structures were optimized to confirm the 
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exact location of the maxima shown. NB is predicted to be planar with a high barrier to free 

rotation of 1702 cm-1. This is slightly larger than values obtained using various experimental 

techniques (1595-1084 cm-1),28, 42-45 but is comparable to other computational results.16, 18, 45-47 

As would reasonably be expected, the calculated barrier for 3,5-DMNB (1593 cm-1) is 

comparable to that of NB. In 2,6-DMNB the barrier height is also similar (1633 cm-1) although 

the potential energy maxima and minima occur at very different dihedral angles. The lowest 

barrier is found in 2,4-DMNB (588 cm-1), but even in this instance there is no possibility of the 

NO2 group experiencing free rotation prior to photoexcitation under our molecular beam 

expansion conditions.  

 

 

Figure 2: Potential energy barriers to rotation of the nitro group in the ground 

electronic states of NB, 3,5-, 2,6- and 2,4-DMNB. For additional details see main 

text. A dihedral angle of zero degrees corresponds to the plane containing all 

three atoms of the NO2 moiety sitting parallel to that of the benzene ring. 
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Excited state energies and oscillator strengths obtained using time-dependent density 

functional theory (TD-DFT) with the CAM-B3LYP functional are collated in Table 1 for each 

system at the equilibrium ground state geometry. Here the basis sets used were aug-cc-pVTZ 

(NB, 3,5-, and 2,4-DMNB) or aug-cc-pVDZ (2,6-DMNB). This overall approach has 

previously proved robust in tackling similar problems.48 Results for NB align reasonably well 

with previously reported band maxima,7, 8 and are generally in good agreement with data 

generated using the more computationally expensive equation-of-motion coupled-cluster 

(EOM-CCSD) approach, which are also included in Table 1 for comparison. In the first column 

of Table 1, the predominant orbital character of the transitions is identified, where the n1 and n2 

designations indicate transitions originating predominantly from the HOMO-2 and HOMO-4 

orbitals, respectively. The π1 and π2 labels identify the HOMO and HOMO-1 orbitals. All 

transitions are predominantly to the LUMO (π1*) orbital. The S1 (n1π1*) and S2 (n2π1*) 

transitions are confined to the nitro group, while the S3 (π1π1*) and S4 (π2π1*) transitions are 

delocalized over the entire molecular framework. In the methyl-substituted derivatives the 

overall character remains essentially unaltered. 

 

 
TD-CAM-B3LYP EOM-CCSD 

NB a 3,5-DMNB a 2,6-DMNB b 2,4-DMNB a NB a 

S1 (n1π1*) 
1A2 

3.91 

(0.0000) 

3.80 

(0.0000) 

3.67 

(0.0108) 

3.79 

(0.0224) 

4.02 

(0.0000) 

S2 (n2π1*) 
1B2 

4.38 

(0.0004) 

4.29 

(0.0003) 

4.27 

(0.0002) 

4.32 

(0.0005) 

4.53 

(0.0005) 

S3 (π1π1*) 
1B1 

4.76 

(0.0187) 

4.31 

(0.0263) 

4.59 

(0.0177) 

4.61 

(0.0446) 

4.89 

(0.0087) 

S4 (π2π1*) 
1A1 

5.08 

(0.2198) 

4.80 

(0.1969) 

4.98 

(0.0358) 

4.94 

(0.1618) 

5.58 

(0.2348) 

a aug-cc-pVTZ 
b aug-cc-pVDZ 
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Table 1: Excited state energies (in eV) for the first four singlet excited states of 

all systems under study. Oscillator strengths are also given in parentheses. For 

more details on state labels see main text. Useful illustrations of the relevant 

molecular orbitals may be found in the work of Dreuw and co-workers.14 

 

As evidenced elsewhere,11, 13, 14 our DFT approach is rather limited in its ability to 

accurately capture some subtle details of the excited states in NB. The transition energies and 

assignments we have obtained for this system are, however, broadly consistent with those 

obtained via more advanced computational strategies. We are therefore confident that our 

current findings provide a sufficiently reliable benchmark to confirm that no significant changes 

in relative state energies and orderings occur as methyl substitutions are introduced. This is an 

important consideration when making direct comparisons between different molecules excited 

at a single pump wavelength.   

3. Results 

A. Absorption Spectra 

Prior to commencing TRPEI experiments, preliminary room-temperature UV vapor-phase 

spectra were obtained for all molecules using a commercial bench-top spectrophotometer 

(Shimadzu UV-2550). These are presented in Figure 3. A strong absorption band centred at 

around 240 nm is present for NB, with weaker shoulders extending to longer wavelengths. The 

overall appearance of this data is in good agreement with previously reported spectra.7, 17, 49 As 

discussed in the Introduction, the 240 nm band arises from a transition to the S4 (π2π1*) state. 

At the 267 nm pump wavelength used in our present measurements, we excite to the red edge 

of this feature and some direct optical preparation of the S3 (π1π1*) state is also likely. This is 

also suggested in the band simulations presented by González and co-workers.13 In 3,5- and 

2,4-DMNB similar overall features are clearly observed, although there is a slight red-shifting 
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of the peak positions. The relative intensity enhancement of the feature extending to longer 

wavelengths is consistent with oscillator strength values for the S1 (n1π1*) state presented in 

Table 1. For 2,6-DMNB no clear peak is visible at wavelengths >220 nm, although a shoulder 

is apparent on the feature that rapidly increases in intensity towards 200 nm. We attribute this 

shoulder to the S4 (π2π1*) state. When taken in combination with the data in Table 1, the 

absorption spectra provide a good indication that our 267 nm pump excites a combination of 

the S3 (π1π1*) and S4 (π2π1*) states in all cases – although the relative initial fraction of 

population in each will differ between systems.  

 

 

Figure 3: UV vapor-phase room temperature absorption spectra of NB, 3,5-, 

2,6- and 2,4-DMNB, recorded using a commercial bench-top spectrophotometer 

(Shimadzu UV-2550). Vertical dashed line denotes the 267 nm pump 

wavelength used in our TRPEI measurements and data have been scaled to the 

same intensity value at this point. Signal-to-noise levels are noticeably lower in 

the 3,5-DMNB trace as this (solid) sample exhibited a somewhat lower vapor 

pressure than the other (liquid) systems.  
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B. Photoelectron Spectra 

Figure 4 shows representative photoelectron images for NB at a series of selected pump-probe 

time delays. The data shows a single broad and largely unstructured feature exhibiting relatively 

low anisotropy, although there is a clear preference for electron ejection along the laser 

polarization direction. The absence of any sharp rings in the VMI data provides a strong 

indication that there is no contributing signal from resonant ionization of high-lying Rydberg 

states (i.e. there are no significant 1 + 1′ + 1′ processes).50 The image data obtained for the three 

methyl-substituted derivatives were also very similar to NB.  

 

 

Figure 4: Photoelectron images of NB at a series of selected pump-probe delay 

times ∆t following 267 nm excitation and 400 nm multi-photon ionization.  

Time-invariant pump- and probe-alone background signals have been subtracted 

and the images have been 4-fold symmetrized (i.e. the raw data in four individual 

quadrants defined by horizontal and vertical axes passing though the image 

center have been averaged together – which is appropriate given the symmetry 

of the photoelectron angular distribution described by Equation 1). The laser 

polarization direction is vertical with respect to the figure.  

 

This overall similarity is better seen in the (angle-integrated) time-resolved photoelectron 

spectra (Figure 5). Note here that the pump-probe time delay axis is plotted on a mixed linear-
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logarithmic scale and the intensity color map is fully logarithmic. For the systems where 

ionization potentials have been previously reported,51, 52 the maximum (1+2′) photoelectron 

kinetic energy cut-offs are also overlaid (vertical dashed lines). It is evident from the extent to 

which signal extends beyond these cut-offs that there must also be non-negligible (1+3′) 

ionization contributing to the overall photoelectron spectra. There are no significant levels of 

unwanted “probe-pump” signal evolving towards negative time delays.  

 

Figure 5: 2D time-dependent photoelectron spectra of all four systems under 

investigation, obtained using a 267 nm pump/400 nm probe. The time axis is 

linear to +1 ps and then logarithmic beyond this point. The intensity color map 

is presented on a natural logarithmic scale based on the output directly obtained 

from the imaging CCD camera. Data are partitioned into 0.1 eV energy bins. 
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Vertical dashed lines denote predicted maximum photoelectron kinetic energy 

cut-offs for (1+2′) ionization based on the central pump (267 nm / 4.64 eV) and 

probe (400 nm / 3.10 eV) energies and the D0 ionization potentials, where known 

(NB: 9.93 eV (adiabatic ≈ vertical), 2,6-DMNB: 9.17 eV (vertical),  2,4-DMNB: 

9.36 eV (vertical)).51, 52  

 

Figure 6: Decay associated spectra (DAS) obtained from a global multi-

exponential fit to the data presented in Figure 5 using Equation 2. For additional 

details see the main text. Uncertainties quoted in the various time constants are 

1σ values and the data are partitioned into 0.1 eV energy bins. The more 

extended progression in the partially resolved peak structure seen in the τ1 DAS 

for the DMNB species (relative to NB) is likely a simple consequence of the 
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lower ionization potential these species exhibit (as reflected in the overlaid 1+2′ 

cut-off energy values).  

 

For all molecules under study, three exponentially decaying functions were required to 

satisfactorily fit to the time-resolved photoelectron spectra using the model described by 

Equation 2. For all subsequent discussions, we label these functions using their respective time 

constants τ1-3. Two of these (τ1 <30 fs and τ2 =160-190 fs) describe extremely fast dynamics 

while the third (τ3) models a much longer-lived (90–160 ps) process. Surprisingly, we see no 

evidence of any transient behavior with a timescale close to the 8.8 ps reported in NB by Zewail 

and co-workers from time-resolved electron diffraction studies conducted at the same 267 nm 

pump wavelength.28 Given the 140 fs cross-correlation in our measurements, the τ1 lifetime is 

only quoted as an upper limit. The corresponding DAS plots are presented in Figure 6. Notably, 

all the data presented in Figs 5 and 6 are very similar in terms of both spectral appearance and 

temporal behavior.  
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Figure 7: Photoelectron anisotropy parameters obtained for NB upon fitting to 

our image data using Equation 1. Regions were the normalized photoelectron 

signal level sits below a threshold of 0.05 are not shown.     

 

Figure 7 plots the four anisotropy parameters obtained upon fitting to our NB data using 

Equation 1. Here once again, similar results (not shown) were obtained for 3,5-, 2,6- and 2,4-

DMNB. The angle-resolved fitting analysis reveals no significant variation in either energy or 

time, extracting a positive β2 parameter (average value ~0.6) while the β4, β6 and β8 terms are 

close to zero. Although the photoelectron angular distribution may often bring useful additional 
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insight to the interpretation of TRPEI data,6, 53, 54 here this is not the case. As such, this aspect 

of our measurements will not be considered further.  

4. Discussion  

Taken in combination, the calculated electronic energy levels presented in Table 1 and the UV 

absorption spectra shown in Figure 3 mean we may assume a common starting point on the 

photochemical reaction coordinate for all systems under study following 267 nm excitation. 

Specifically, this is optical preparation of the S3 (π1π1*) and S4 (π2π1*) states. Given the strong 

similarity between the TRPEI data obtained for all four systems under study, we may also infer 

that near identical non-adiabatic energy redistribution dynamics operate in all cases – at least 

within the 200 ps observation window of our experiment. We therefore consider all four 

systems together when attempting to assign the physical origin of the DAS presented in Figure 

6, drawing on the extensive literature reported previously for NB. In this regard, Koopmans’ 

correlations for ionization of the various excited states provide an instructive starting point.55-

57 Based on data available for NB, the first two electronic states of the cation, D0 and D1, are 

associated with ionization from delocalized π orbitals. The D2 and D3 states, on the other hand, 

correlate with removal of an electron from orbitals of predominantly non-bonding character 

that are localized on the NO2 group.51, 58 Using values from Kobayashi and Nagakura,51 these 

four cation states have ionization thresholds of 9.94 eV, 10.32 eV, 11.01 eV, and 11.23 eV, 

respectively. This means that only the D0 and D1 states are energetically accessible in our (1+2′) 

ionization process (which has a total photon energy of 10.84 eV). Based on the D2 ionization 

energies also reported by the same authors for 2,4-DMNB (10.89 eV) and 2,6-DMNB 

(10.87 eV), this same restriction may effectively be assumed for all four systems under study - 

even when the laser bandwidth is accounted for. Working within Koopmans’ approximation, 

the key implication here is that the initially populated S3 (π1π1*) and S4 (π2π1*) states are the 

only members of the excited state singlet manifold that can be detected efficiently using our 
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(1+2′) ionization scheme. Lower lying S1 (n1π1*) and S2 (n2π1*) states that ionize preferentially 

into the D2/D3 (or higher) continua are only detected efficiently via the competing (1+3′) 

process (for which the total photon energy is 13.94 eV). This provides a good example of how 

a more extended view along the photochemical reaction coordinate may potentially be obtained 

upon projecting more deeply into the ionization continuum (as discussed in more detail 

elsewhere59). For the triplet manifold, however, this type of simple Koopmans’ analysis is 

complicated by the previously highlighted inconsistencies in the state assignments and energy 

orderings presented in various theoretical studies.11, 12, 14-16  

To learn more about how the ionization behavior outlined above may offer additional 

dynamical insight, brief experimental measurements were conducted on NB with decreased 

400 nm probe power. Even relatively small reductions gave rise to a dramatic drop in overall 

signal levels, and the exclusive (1+2′) ionization contribution could not be isolated. We were, 

however, able to discern a decrease in the relative amplitude of the τ2 and τ3 DAS when 

compared to τ1, suggesting that the latter originates from an ionization process with a lower 

overall photon order. From this evidence, we may therefore assume that the τ1 ≤ 30 fs DAS 

describes extremely rapid decay of the initially exited S3 (π1π1*) and S4 (π2π1*) states. In 

principle, the τ2 = 160-190 fs and τ3 = 90-160 ps DAS might then be attributed to population 

subsequently moving through the S2 (n2π1*) and S1 (n1π1*) states, respectively. We note, 

however, that S1 (n1π1*) lifetimes of 5-6 ps reported in NB following direct excitation at 

wavelengths >320 nm are far shorter than the τ3 values we observe here when using a much 

higher energy 267 nm pump.24, 25 Given this observation, we therefore instead assign the τ1 ≤ 30 

fs DAS to a cascaded decay of the initially exited S3 (π1π1*) and S4 (π2π1*) states all the way 

down to S1 (n1π1*), which then exhibits a lifetime described by τ2 =160-190 fs. This extremely 

rapid cascade through the singlet manifold (potentially including passage via the S2 (n2π1*) 
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state) is consistent with the interpretation of earlier time-resolved photoelectron spectroscopy 

measurements made in NB using a 200 nm pump,29 as well as theoretical predictions.11, 14 An 

S1 (n1π1*) lifetime of 160-190 fs is also broadly consistent with recent transient polarization 

spectroscopy data obtained from pure samples of liquid NB following using a multiphoton 780 

nm pump.27 

 Once population has transferred to the S1 (n1π1*) state, the potential non-radiative decay 

pathways are either further IC back to the S0 ground state or ISC to the triplet manifold. 

Radiative decay via fluorescence is not believed to be a significant factor.26 As highlighted in 

the Introduction, ISC is thought to be the dominant mechanism at lower pump energies, 

although it has been speculated14 that the level of competing IC may increase as more 

vibrational excess energy becomes available – as would be the case in our present 

measurements. Both pathways are likely to remain open to some extent following excitation at 

267 nm. We will briefly return to this issue when considering the origin of the τ3 DAS, although 

we are unable to offer detailed further comment here as our present experiment is not directly 

sensitive to the relative branching of excited state populations. In structurally related 

nitronaphthalene systems, however, transient absorption measurements conducted in various 

solvents have indicated that the NO2 torsional angle may play a role in influencing branching 

out of the lowest-lying singlet state – either via ISC to the triplet manifold, or to an 

intramolecular charge-transfer state.60, 61 In this instance, though, observed dynamical 

timescales were distinctly different in species with varying degrees of torsional restriction. 

Although (within the traditional picture of such processes) the S1 (n1π1*) state lifetime of 160-

190 fs appears far too short to describe a decay via ISC, we highlight that there is a growing 

body of evidence to support such a possibility.62 Most notably, ultrafast ISC operating on very 

similar timescales has been reported previously in solution-phase experimental studies on 
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several other nitroarene systems.60, 63-65 Furthermore, in the specific case of NB, the calculated 

spin-orbit coupling constants between some members of the singlet and triplet manifolds are 

known to be very large, with values exceeding 50 cm-1.11, 14, 15  

 The final aspect of transient behavior to consider is the much longer-lived process 

modelled by the τ3 =90–160 ps DAS. This could, in principle, be attributed to the decay of the 

repopulated S0 ground state – accessed via S1 (n1π1*) – as it forms NO and/or NO2 

photoproducts. Such a picture is, however, inconsistent with the very long (>1 ns) dissociation 

lifetimes reported by Lin et al. following excitation across the 266-193 nm region.10 

Furthermore, our use of a 400 nm probe provides an effective ionization energy of 9.30 eV 

under (1+3′) conditions, which should be sufficient to readily detect the neutral co-product 

species formed in either of these dissociation channels. The D0 ionization potentials of the 

phenyl (8.32 eV)66 and phenoxyl (8.56 eV)67 radicals produced from NB are comfortably 

exceeded, and this situation might reasonably be expected to be similar for the methylated 

analogues of these species arising from the DMNB systems. Given that we see no photoelectron 

bands growing into the spectra presented in Figure 5 over time, molecular fragmentation does 

not therefore appear to be significant within the 200 ps observation window of our experiment. 

For further verification here, we also monitored photoion time-of-flight distributions as a 

function of pump-probe delay. Although several fragment ion species were present, no increase 

in signal was observed for m/z values corresponding to radical fragment products (or any other 

m/z) at extended ∆t. All ion fragments are therefore likely to originate from prompt dissociation 

of the parent cation. This evidence then leads us to instead assign the τ3 =90–160 ps DAS to 

ISC from the triplet manifold to the S0 ground state and, additionally, infer that the various 

triplet states are not dissociative to any significant extent. This ISC step is faster than previously 

reported triplet lifetimes for NB in various solvents following excitation over the 355-320 nm 
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region (400-900 ps), consistent with the increased internal vibrational energy that is available 

when using a 267 nm pump (and that, furthermore, cannot be efficiently dissipated into the 

surrounding liquid medium).24-26 Slight differences in the extent of this vibrational excitation 

across the four systems presently under study most likely also gives rise to the small variation 

in observed τ3 lifetime. Decay back to S0 is expected to proceed from the lowest lying T1 state,11, 

14 but we are unable to directly comment on the role played by other members of the triplet 

manifold in the overall non-adiabatic dynamics. Although the T2 state has been implicated in 

the first ISC step that transfers population from S1 (n1π1*),11, 14-16 this might reasonably be 

expected to undergo IC to T1 on an extremely fast timescale comparable to the <30 fs cascaded 

process seen in the singlet manifold. In this scenario, the small levels of steady state transient 

T2 population will not be detected in our measurements.68 As a final point here, we note that 

relative amplitudes of the τ2 and τ3 DAS do show some variation from system to system. Over 

the energy region between 0.1 and 2.5 eV, the average τ3/τ2 amplitude ratios are 0.28 ± 0.08, 

0.22 ± 0.07, 0.49 ± 0.11 and 0.29 ± 0.09 for NB, 3,5-, 2,6- and 2,4-DMNB, respectively. Based 

on an assumption that the relative ionization cross sections for the S1 (n1π1*) and T1/T2 states 

are broadly constant across the molecular series, this may imply a slightly increased preference 

for the ISC pathway over direct IC from S1 (n1π1*) to S0 in 2,6-DMNB – although we stress this 

is somewhat speculative.  

As discussed in the Introduction, several theoretical studies have implicated motions 

localized on the NO2 group as being the primary drivers of non-adiabatic energy redistribution 

through the singlet and triplet excited state manifolds of NB.11, 14, 15 The very similar nature of 

the data obtained for NB and the various DMNB systems in our TRPEI study provides very 

strong evidence to support this mechanistic picture. Factors such as the NO2 dihedral angle, the 

weighting down of aromatic ring coordinates, and changes in overall molecular symmetry 
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appear to exert little or no influence on the timescales associated with multiple IC and ISC 

processes. Regarding the dihedral angle, we note the possibility that 267 nm absorption may 

impart sufficient internal energy to overcome any barrier to free NO2 rotation in the various 

excited electronic states. In this scenario, however, differences in excited state lifetimes across 

the various systems would still be reasonably expected if the NO2 dihedral angle was an 

important IC or ISC coordinate as some intramolecular vibrational energy redistribution would 

likely be required to activate this mode. This would particularly be a factor for the extremely 

rapid processes described by τ1 and τ2. Our findings therefore imply any differences that may 

ultimately be observed in NO vs. NO2 photoproduct branching due to site-selective methylation 

are a consequence of dynamics occurring on an extended (nanosecond) timescale within the 

repopulated S0 ground state. We suggest this is due to steric effects hindering isomerization 

prior to dissociation. Although ideas relating to the formation of a phenyl nitrite intermediate 

in NB (possibly mediated by an NO roaming mechanism) have been discussed for some time,17-

19, 23 recent calculations by Giussani and Worth have indicated that this process may be more 

complex than previously thought.30 More experimental and theoretical work investigating this 

aspect of the overall dynamics is therefore clearly desirable.     

5. Conclusions 

Non-adiabatic processes operating in the excited electronic states of NB and its methyl-

substituted derivatives 3,5-, 2,6- and 2,4-DMNB were investigated following 267 nm excitation 

using the TRPEI approach. The use of an intense 400 nm probe to induce significant (1+3′) 

ionization provides an extended view of the overall photochemical reaction coordinate, yet 

despite this we discern no substantial differences in the dynamics operating in all four species 

within our 200 ps experimental observation window. Three distinct temporal signatures were 

observed, attributed to (i) an extremely rapid cascaded IC process leading from the initially 

excited S3 (π1π1*) and S4 (π2π1*) states down the S1 (n1π1*) state (τ1 ≤ 30 fs); (ii) subsequent 
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decay of the S1 (n1π1*) state via ISC to the triplet manifold or competing IC directly to the S0 

ground state (τ2 =160-190 fs) and (iii) additional ISC on a more extended timescale from the 

triplet manifold back to S0 (τ3 =90–160 ps). This interpretation (which is summarized pictorially 

for 2,6-DMNB in the Abstract) appears consistent with the pathways proposed in recent high-

level quantum chemistry calculations undertaken for NB. These calculations also indicate that 

the non-adiabatic dynamics within the excited state singlet and triplet manifolds are driven by 

motions localized predominantly on the NO2 group. This provides a clear justification for the 

similarities we observe experimentally between NB and its methyl substituted derivatives – 

despite considerable variations in starting molecular conformation prior to UV excitation. Our 

findings also suggest that elimination of both NO and NO2 photoproducts occurs on a 

nanosecond timescale once population has returned to the vibrationally hot S0 ground state. 

Any differences in the NO vs NO2 branching ratio upon site-selective methylation are therefore 

a consequence of factors associated with dynamics occurring on this extended timeframe – most 

likely steric effects influencing isomerization prior to dissociation. The term dynamophore has 

been introduced by Stolow and co-workers to describe a situation where ultrafast non-adiabatic 

processes are mediated through motions localized within a specific part of a molecule.69 The 

NO2 group in NB and the various DMNB systems considered here provide a clear example of 

this behavior. Given that this functionality sits in a peripheral position within a more extended 

molecular framework, it is interesting to speculate on possibilities for using NO2 group 

substitution more widely as localized, photochemically stabilizing motifs within larger 

molecular structures. A useful example here might include the rational design of improved 

organic pigments and dyes. 

Although our findings expand the present understanding of nitro-aromatic 

photochemistry, there remain interesting avenues for further experimental investigation in these 

systems. In particular, our work illustrates a clear need to conduct any future time-resolved 
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experiments that monitor photoionization-based observables with a single photon probe deep 

in the vacuum ultraviolet region. The experimental observation window should also be 

extended into the nanosecond domain. These steps will further extend the overall view of the 

photochemical reaction coordinate to reveal details of the dynamics on the S0 ground state, 

while removing any spectral congestion (particularly around ∆t = 0) arising from overlapping 

photoelectron bands originating from different photon-order processes. Probes with an energy 

exceeding 10 eV are particularly desirable as they open up the possibility for efficient detection 

of NO and NO2 photoproducts (for which the ionization potentials are 9.26 eV and 9.59 eV, 

respectively).70, 71 Given that (ground state) single-photon ionization cross-sections of these 

species have been previously reported,72, 73 this would permit quantitative determination of 

branching ratios – something not possible in our current measurements. We hope and anticipate 

that our initial findings will serve as motivation for such extended studies in the near future.  
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