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Abstract: We have observed the ultrafast conformational dynamics of electronically excited
N-methyl piperidine (NMP) using time-resolved Rydberg fingerprint spectroscopy. Optical
excitation at various wavelengths ranging from 212 nm to 229 nm leads to the 3s or 3p Rydberg
states and induces coherent oscillatory motions with periods of about 700 fs. These coherent
motions survive the internal conversion from 3p to 3s but then dephase on a time scale of a few
oscillations. Intramolecular vibrational energy redistribution on a picosecond time scale leads to
an equilibrium between two conformeric structures that are separated in binding energy by 0.09
eV. Model calculations using the DFT-SIC method are in excellent agreement with the

experiments and identify the conformers as the chair and twist structures of NMP. The analysis



Physical Chemistry Chemical Physics

of the equilibrium parameters at long time delays as a function of excitation wavelength allows
for the extraction of thermodynamic parameters for the conformeric transformation. We derive
an enthalpy of the chair to the twist reaction in the 3s excited state of 62 meV with an entropy of

19.70 J-mol-1-K-!. An activation energy of 276 meV is also obtained with a kinetic model.

Introduction:

Substituted six-membered saturated heterocycles are important in many fields of chemistry and
are found in natural products, pharmaceutical compounds and polymeric systems.! The
conformations of heterocyclic ring compounds containing nitrogen atoms stand out because
those compounds often comprise the backbone of larger molecules and support their biological
function.?? Different orientations of substituent groups (equatorial and axial) and the possible
conformeric alignment of the ring (chair, boat and twist) let molecules with the same overall
chemical structure assume distinct physical and chemical identities.*> Substituted six-membered
saturated heterocycles also are valuable benchmarks for computational methods.%” Among the
six-membered saturated heterocycles, piperidine and its derivatives attract interest because they
are the building blocks of many common alkaloids where they determine their pharmacological
and toxicological function.® Piperidines are also prototypical molecular systems to explore the
energetics and isomerization kinetics of molecules that can assume several conformeric states.

Recent ultrafast time-resolved photoelectron and X-ray scattering measurements of Rydberg-
excited N-methyl morpholine revealed a coherent vibrational motion of the methyl group
associated with the nitrogen inversion mode, a motion that survives internal conversion.>>!® The

twist and boat structures were not observed, presumably because they are energetically too
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unfavorable. Similarly, in dimethyl-piperazine, spectroscopic and scattering experiments have
shown no evidence for twisted structures in the excited state.!!-12 In the present article we report
that in the closely related system N-methyl piperidine (NMP), we observe the signature of a twist
structure that appears on a picosecond time scale after the coherent vibrational motions have

dephased.

Time-resolved Rydberg fingerprint spectroscopy (RFS) is a useful tool to explore structural
molecular dynamics including conformeric dynamics in complex molecules.!31415.16 Rydberg
states are sensitive to subtle changes of the molecular structure and charge density distributions
while being largely insensitive to the internal vibrational energy.!” Because of this insensitivity
toward the internal energy,'® RFS can be applied to hot, flexible molecules with sufficient
internal energy to allow kinetic transitions between conformers.!®!? For example, RFS enabled
the measurement of conformational dynamics of triethylamine, where the rotation of single
carbon-carbon bonds connects local minima on the potential energy surface.?’ In the present

study, we apply RFS to explore transformation between ring conformers of NMP, Figure 1.

| | |
- N N
Equatorial %N ~ V/N ~ EN s

Chair Twist Boat

Figure 1. Conformers of N-methyl piperidine in the ground electronic state arise from the inversion of the
tertiary amine group between equatorial and axial alignments and from the different geometries of the
unsaturated ring.
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Piperidine, the parent compound without the methyl group, has a ground electronic state where
the equatorial conformation is more stable than the axial one by 0.8 to 3.8 kJ/mol for non-
interacting solvents and in the gas phase.?’?> In NMP in both liquid and gas phases, the
equatorial structure is favored by about 11.3 kJ/mol* and 12.5 kJ/mol.?* Because the energy
difference is quite high, the chair equatorial structure of ground state molecules is expected to

dominate at room temperature.?3-26

In contrast to the ground state neutral molecule, the excited-state neutral and the ground-state
molecular ion tend to have a more planar amine group, as the transfer of a nitrogen lone-pair
electron to the Rydberg orbital changes the hybridization from sp? to sp?.2’ Because the ground-
and excited-state potential energy landscapes are quite different, optical excitation of neutral
NMP induces conformeric dynamics on the excited state potential energy surface. In our studies,
the NMP system is optically excited dominantly to 3s or 3p Rydberg states using different
photon wavelengths. Excitation with a very short optical pulse induces a coherent motion
involving the nitrogen and the terminal methyl group. NMP has 54 internal degrees of freedom
that create a dense bath of states into which this initially coherent wavepacket dephases. In NMP
it can be expected that the energy barrier between the chair and other conformers may be lower
on the Rydberg-excited surface than on the ground state because the more planar geometry of the
amine is associated with reduced hindrance on part of the methyl group. The excess energy
therefore may suffice to overcome the barrier between different ring conformers. Indeed, we

observe the mixture of chair and twist conformers as the system approaches equilibrium. By
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depositing different amounts of energy into the system via optical excitation at different

wavelengths, the relative energies of the different conformeric structures are determined.

Experimental Methods:

Photoelectron spectroscopy

The experimental setup, the laser system and the photoelectron spectrometer have been described
previously in detail.?’-?82° Laser pulses at about 800 nm with 5 kHz repetition rate and
approximately 35 fs pulse duration are generated by a two-stage amplifier (Coherent, Legend
Elite Duo) that is seeded by a Ti:sapphire oscillator (Coherent, Mantis). About 90% of this
output is used to pump a femtosecond optical parametric amplifier (Coherent, Opera SOLO) that
generates the pump pulses in the wavelength range from 211 nm to 229 nm (0.2 to 0.5 pJ per
pulse). The remaining 10% is upconverted to the second harmonic using a B-barium borate
(BBO) crystal and used as the probe pulse (402-404 nm, 12 pJ per pulse). The wavelengths were
measured by a spectrometer (Ocean Optics). The pump and probe beams were both focused into
the molecular beam with a spherical aluminum mirror (F=300 mm), focusing the beams to a ~
100 um FWHM spot size. The time delay between pump and probe pulses was controlled by a
motorized linear translation stage (Physik Instrumente). The contributions to the photoelectron
and photoion signals from the individual pump and probe beams were separately measured and
subtracted from the 2-color spectra to obtain the pure two-color pump-probe signals. The cross-

correlation time between the pump and the probe pulses was in the range of 110-150 fs (FWHM).

The molecular beam was generated by expanding NMP vapor, seeded in helium carrier gas at 1.1

bar, through a 100 um diameter nozzle and a 150 pum skimmer. Anhydrous N-methylpiperidine
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(99%) was purchased from Sigma-Aldrich and used without further purification. The mass
spectrum showed that more than 99.9% of the signal is from NMP molecules. The sample
reservoir was cooled to -40 °C during the experiment to keep the NMP vapor pressure low,
thereby avoiding clustering in the molecular beam. The ejected photoelectrons were collected

and analyzed by a time-of-flight spectrometer. The binding energy (BE) of the electrons was

obtained by subtracting the measured photoelectron kinetic energy from the probe photon energy.

The UV/Vis spectrum was measured with a Shimadzu UV-1700 double-beam scanning

spectrometer.

Computational Methods:

Ground state and ion state calculations of NMP were performed with the Gaussian 09 program.3°
The optimization of conformeric structures in the ground state and ion states was performed
using density functional theory (DFT) with the B3LYP functional and a 6-311++G(d,p) basis
set.3! Mgller-Plesset perturbation theory to second order with the aug-cc-pVDZ basis set was
used to calculate the vibrational frequencies of the chair and twist NMP. Structures were

visualized with Gaussview 5.32

The 3s Rydberg state and the corresponding BE of NMP were calculated using the Perdew-
Zunger self-interaction correction (SIC)*3 density functional theory, carried out with the GPAW
software.3*3%> This method has proven successful in calculating Rydberg-excited states of
molecules and molecular clusters.?637-38 A real space grid with a cubic simulation box of 25 A
side length and a uniform grid spacing of 0.15 A was used. The Rydberg orbitals were calculated

using the ground state DFT-SIC with the local density approximation (LDA) functional.?® The
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total energy of the Rydberg-excited state was calculated with the Perdew-Burke-Ernzerhotf (PBE)
functional*” and the Delta Self-Consistent Field method*' where one electron was removed from
the highest occupied orbital (HOMO) and placed in the desired Rydberg orbital.*> The BEs of the
Rydberg states were obtained by calculating the difference between the energy of excited state

and that of ion state.

Results and Discussion:

Photoelectron and Absorption Spectra

Time-resolved photoelectron spectra of NMP are obtained upon excitation at pump wavelengths
of 212 nm, 216 nm, 220 nm, 225 nm and 229 nm, followed by ionization with a 403 nm probe
pulse. The spectra with lowest and highest pump photon energies are shown in Figure 2, while
the others are provided in the SI. In analogy to our previous studies of tertiary amines,!1-20-29:4243
the short-lived peaks near 2.3 eV are assigned to 3p states. The long-lived signal in the range
from 2.8 to 3.0 eV is observed in all five pump wavelengths and assigned to the 3s states. The
lifetimes of primary and secondary amines in the Rydberg excited states are very short.*4> Yet
those of the tertiary amines are much longer, as we have already demonstrated in several other
systems.!1:20.294243 The lifetime of the 3s state of NMP exceeds the 500 ps limit of the

experiment as shown in the SI. The insets of Figure 2 show the 3s states over a longer time range.
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Figure 2. Time-resolved photoelectron spectra of NMP upon 212 nm (top) and 229 nm (bottom)
excitation. The insets show the 3s state signals up to 100 ps. The color represents the normalized intensity

in arbitrary units as indicated by the color bar.

It is apparent that excitation with 212 nm lifts the molecule to the 3p states while 229 nm
predominantly yields 3s. The latter spectrum shows only a faintly visible signature of 3p. Either
way, the 3p states have a short lifetime and decay to 3s by internal conversion. The excitation
wavelengths chosen here are therefore in the range where 3p and 3s excitation overlap. To obtain
quantitative measures of the initial excitation to 3p and 3s states as a function of the pump
wavelength, an exponential time constant was used to fit the decay of the 3p signal and the

growth of the 3s signal:
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t—ty
fap(t) =Capre (1A)

t—ty

fas(t)=C3s+C3p- (1—e ™) (1B)

Here, 7 is the time constant for internal conversion and the amplitudes Cs;, and Cs, represent the
relative population of the initial excitation to the 3p and 3s states, respectively. While the 3s
signal is clearly structured in time as discussed below, for the present purpose the overall 3s
signal, integrated from 2.75 eV to 3.05 eV, is taken. The 3p signal is obtained by integrating the
signal from 2.10 eV to 2.45 eV. To obtain the time-dependent normalized intensities in Figure 3
(a), the intensity integrated over the respective energy ranges are divided by the signal integrated
over the entire spectrum. To determine the time constant for internal conversion, the equations
(1A) and (1B) were convoluted with a Gaussian instrument function and then fitted to the
experimental signals, see Figure 3 (a). The parameters extracted from the fit are presented in
Table 1 with a determined 122 fs FWHM instrument response function. The extracted
amplitudes do not sum up to unity because a small fraction of the molecules form clusters that
contribute over very different energy ranges.!®4> While the ionization cross sections out of 3p
and 3s could be different, the fact that the combined signal amplitudes are close to 1 suggests
that any differences in the cross sections are small. A dissociation pathway along the N-C stretch
coordinate that leads to the dissociation of the methyl group has been found in other tertiary
amines.*>*7 The photoelectron spectra presented here show no clear evidence for such a pathway
in NMP, although it cannot be excluded that a small fraction of the molecule dissociates during
the internal conversion. Experiments that specifically probe for the presence of methyl fragments

would be needed to explore this possibility more fully.



Table 1 Parameters for the internal conversion from 3p to 3s and the fractions of initial

Physical Chemistry Chemical Physics

excitation. Values in parentheses are the uncertainties (20) of the fits.

The time constant for internal conversion, as determined by a weighted average over the five
different wavelengths, is 213 £+ 7 fs and lacks a clear dependence on the excitation energy. The
excitation amplitudes Cs, and C;; do depend on the excitation energy, revealing that 3p
excitation dominates at 212 nm while the 3s excitation prevails at 229 nm. Absorption between
212 nm and 229 nm leads to a mixture of 3p and 3s excitation. Figure 3 (b) illustrates the
absorption probabilities of excitation into 3p states and 3s states as bars, combined with the
experimentally measured UV absorption spectrum of NMP, expressing the probabilities as

Cs3p/(Css + C3p) and Cs¢/(Cs4 + Cyp), respectively. The blue and orange dashed lines illustrate the

Internal 3p initial 3s initial
Wavelength : o o
/nm conversion C3p Css excitation | excitation
Tc/fs (%) (%)
212 213 (18) 0.96 (0.04) | 0.02 (0.06) 98 (6) 2 (6)
216 214 (18) | 0.89(0.04) | 0.09 (0.04) | 91 (4) 9 (4)
220 219 (16) | 0.66 (0.04) | 0.28 (0.04) | 70 (4) 30 (4)
225 201 (40) | 0.20(0.04) | 0.73(0.04) | 22(4) 78 (4)
229 199 (136) | 0.04 (0.02) | 0.93 (0.02) 4(2) 96 (2)

individual absorption spectrum of the 3p and 3s states, respectively.

10
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Figure 3. (a) The time-dependent normalized intensities for 3p (blue circles) and 3s (orange circles) and
the fits to equations 1A and 1B (blue and orange lines). (b) The relative absorption of initial excitations to
3s (orange bars) and 3p (blue bars) for different pump photon wavelengths. The black curve shows the
experimentally measured UV absorption spectrum of NMP. The blue and orange dashed curves represent
the decomposition of the absorption spectrum into the absorption specifically into 3p and 3s according to

Csp/(Css + Csp) and Cs¢/(Cs, + C5p) calculated from Table 1, respectively.

Ultrafast Dynamics

Time-dependent oscillations are observed in the 3s peak structure and in one of the 3p peaks. In
general, structured and split peaks could arise either from different conformeric forms being
present in the molecular beam, from magnetic sublevels of the Rydberg states, or from different
structures that are created in dynamic or kinetic processes after electronic excitation. Since
almost all NMP molecules in the molecular beam are in the equatorial chair form?!->4, we rule

out the possibility that the observed peak splittings arise from different conformers in the ground

11
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state. For the 3p states, the observed peak splittings could arise from different magnetic sublevels
(e.g. m~=0, £1). But for the 3s state, the different spectral components observed in the time-
dependent Rydberg electron binding energy spectrum can only be caused by structural changes

occurring in the excited electronic state.

The time-dependent binding energy of the 3s peak shown in Figure 2 reveals two features: a
coherent oscillation in the sup-picosecond and picosecond domain, and a slower evolution
approaching toward a final equilibrium between two spectral components. The fast-oscillatory
features can be associated with the dynamic motions of the tertiary amine group as has been
observed in the related N-methyl morpholine molecule.”> Optical excitation lifts an electron
from the highest occupied molecular orbital, mostly the lone pair orbital of nitrogen, to a
Rydberg orbital. This changes the hybridization of the nitrogen atom from sp? to sp? so that the
geometry of the amine group transitions from pyramidal toward planar. The Franck-Condon
active vibrational mode is therefore expected to be associated with the nitrogen inversion motion.
Excitation with an ultrafast laser pulse creates a wavepacket that propagates, at least initially, on

the Rydberg state potential energy surface along this coordinate.

To relate the oscillatory features to the structural dynamics, the 3s Rydberg electron binding
energies were calculated by self-interaction corrected density functional theory (DFT-SIC). The
molecular geometries are obtained by scanning the nitrogen inversion angle of the molecular ion
while all other structural parameters are relaxed. (See SI for the definition of the nitrogen
inversion angle) The Rydberg electron is far from the ion core and has little bonding character,

so that the structure of the molecule in the Rydberg state is expected to be close to that in the ion

12
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state. Figure 4 (a) shows the potential energy surface of 3s Rydberg state along the nitrogen
inversion angle. The binding energy, shown in Figure 4 (b), is obtained by subtracting the
Rydberg electron energy from the corresponding ion state energy. The computed 3s Rydberg
state binding energy along the nitrogen inversion motion in Figure 4 (b) spans the range from
2.83 to 2.91 eV, which is in good agreement with the measured oscillatory feature of the 3s
signals ranging from 2.78 to 3.03 eV. The Franck-Condon excitation from the equatorial chair
structure with an angle of 17° leads to the higher binding energy part of the 3s peaks. The
wavepacket motion initially proceeds along the energy surface of Figure 4 (a), driving the
structure from equatorial to axial, at which point it reaches the lower binding energy of the 3s

peak. This process therefore results in the oscillation of 3s peaks in first few picoseconds.

0.6}
05}
0.4}

30.3 -
wo.2}
01}

0 -
2.92F

__ 29}

S

© 288}

286}

2.84}

20 15 -10 -5 0 5 10 15 20
Nitrogen Inversion Angle (Degree)

Figure 4. The computed potential energy of NMP in the 3s Rydberg state as a function of the nitrogen
inversion angle (the definition of this angle is shown in SI), (a), and the corresponding binding energy of

the 3s Rydberg state (b).
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To determine the dynamic parameters of the wavepacket motion, the 3s signal is divided into two
parts, a higher binding energy part centered at 2.93 eV and a lower binding energy part centered
at 2.82 eV. Two Gaussian functions are used to separate them from the overlapped 3s feature at
each time delay. The ratios of these component signals to the total 3s signal, for positive delay
times, is analyzed as time-dependent fractional populations. Since the two 3s parts add up to the
total 3s signal, the sum of the ratios always add to 1. Both of the 3s BE parts are fitted to

equation (2):

t—ty t—ty

—— . r2n(e—to) -
fO=Ci1+Ce " sin(——+ @)+ Cse @)

The sine function represents the oscillation of a component with period 7" and initial phase ¢.
The time constant 7; describes the damping, which is interpreted as a dephasing of the
wavepacket into the bath of vibrational states. A convergence to a final distribution,
characterized by the time constant 7, is discussed below. The phase is an adjustable parameter,

but the fits enforce that the two component signals have an initial phase difference of .

As shown in Figure 5 and Table 2, the high- and low-binding energy features of the 3s peak fit
well to shared oscillatory features with periods of about 700 fs. Excitation with higher photon
energies initially leads dominantly to 3p as discussed above. The 3p states also show oscillatory
features but with a shorter period of about 400 fs. (see the details of the 3p oscillation in SI) The
coherence of the wavepacket is retained after the internal conversion, but the excitation to 3p
with subsequent internal conversion to 3s induces a phase shift in the coherent oscillations in 3s.
A similar phase shift has previously been reported in the N-methyl morpholine system where it

has been ascribed to variations in the vibrational frequencies in 3p and 3s.2° The oscillations fade

14
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after a few periods whereupon the remaining time dependence is described by slower

exponential decays with varying time constants.

Delay Time (fs)
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Figure 5. The individual components of the 3s signal for the different optical excitation wavelengths

(circles), and the fits according to equation (2) (lines). The red and blue circles represent the ratios of

higher binding energy (2.80 eV — 3.05 eV) signal and lower binding energy (2.77 eV — 2.90 eV) signal to

the total 3s signal.

Table 2: Dynamic fit parameters according to Equ (2). Values in parentheses are the
uncertainties (20) of the fits.

Wavelength

A/nm

Oscillation Dephasing
period /s
T/fs

Phase
¢/rad

Kinetics time
constant

'Cz/fS

15
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212 735 (23) 568 (94) 2.31(0.11) 669 (120)
216 698 (22) 602 (113) 2.05 (0.12) 812 (160)
220 634 (24) 581 (133) 2.17 (0.12) 1221 (233)
225 634 (46) 240 (53) -0.84 (0.13) 1471 (302)
229 798 (40) 324 (48) 0.01 (0.15) 1557 (218)

The Chair and Twist Conformers

To explore the decay with kinetic time constant 7, the structures associated with the two 3s
spectral components need to be identified. Since the amine group remains sp? hybridized as long
as the molecule is in the excited state and thus retains its near-planar form, the conformeric

forms giving rise to the spectral peaks must relate to different ring structures.

In Figure 6, the signals for spectra between 6 ps and 70 ps, which represent the system after
approaching the equilibrium, are summed and fitted with two Gaussian functions. The weighted
average binding energies from all five experiments with different pump wavelengths result in
binding energies of 2.92 (0.01) eV for the higher 3s state and 2.83 (0.01) eV for lower 3s state.
The (35) uncertainties given in parentheses show that the results from different experiments are
quite consistent. The difference in the binding energies, 0.09 eV, is compared to the

computational results below.

16
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Figure 6. The normalized intensities of the overlapping 3s component peaks (229 nm excitation) after
equilibrium is reached, with delay times between 6 ps and 70 ps. The data (blue circles) are fitted with

two Gaussian functions (blue and red curves) centered at 2.83 eV and 2.92 eV. The inset shows two 3s

state peaks up to 70 ps in 229 nm excitation spectrum.

To assign the observed spectroscopic features in the 3s signal to specific structures, DFT-SIC
calculations were carried out to determine binding energies of different conformeric forms.
Molecular geometries are obtained by scanning the ring-twist coordinate, which is defined as the
dihedral angle C5-C6-C2-C3 (see structure inset in Figure 7a) from 0° to 60° while relaxing all
other atoms positions. (The energies are symmetric with respect to the angles because of the
symmetry of the molecule.) The ground state energy curves are based on the structures optimized
in the ground state, whereas the Rydberg state and the ion energy curves were calculated based
on the structures optimized in the ion state. Calculations for the NMP cation show that there is no

local minimum corresponding to the boat structure: all geometry optimizations that start from a

boat structure invariably led to twisted structures.
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Figure 7. (a) Computed BE (middle) and potential energy surface of NMP in the ion state (top) and the 3s
Rydberg state (bottom) as a function of the ring-twist torsional angle. (b) Computed potential energy
surface of NMP in the ground state as functions of the ring-twist torsional angle for the boat (red) and
chair (blue) conformers. The colorful dots show the results from calculation and the solid lines connect
the data. The energies for the ground, the 3s Rydberg and the ion states are on the same energy scale,

where zero is the minimum energy, ground state equatorial conformer.

Figure 7 (b) shows the potential energies of the chair, boat and twist structures in the ground
electronic state as a function of the torsional dihedral angle. The chair structures have less energy
at small torsional angles while the twist structures are more stable at higher torsional angles. In
the 3s Rydberg state and the ion state, Figure 7 (a), the chair and twist structures have distinct
minima. The one at 0° is the chair structure while the two minima near +45° correspond to the
symmetry-equivalent twisted structures. The cusps at about +25° represent regions where the
chair surface (blue) and the twist surface (red) cross. These regions are near the transition state

along the C5-C6-C2-C3 torsional coordinate.

18
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The comparison of the energies in 3s and the ion yields, by subtraction, the binding energy. For
the chair and the twist forms, the binding energies are 2.87 and 2.96 eV, and their difference is
0.09 eV. As shown in Table 3, these values are in excellent agreement with the experimental data.
The absolute experimental values are 0.04 eV lower than the computed values, a difference that
is in line with prior investigations in tertiary amine systems!%4041 Both the experiment and the
calculations determine the energy differences better than their absolute values because
systematic errors cancel out. The excellent agreement between the experiment and the
computation supports the assignment of the observed spectral features. The peaks in Figure 6 (b)
centered at 2.83 eV and 2.92 eV are thus assigned to the chair and the twist conformers in the 3s

Rydberg-excited state.

Combining the results for computed binding energies along the nitrogen inversion coordinate and
the ring-twist coordinate, the 3s features observed in the spectrum are seen to arise from different
nuclear motions. At early times, before the amine oscillation fades away, the chair structure with
equatorial methyl group gives rise to the signal of higher 3s BE and the axial form contributes to
the signal of lower 3s BE. But at later times, after the coherent motions dephase, the two 3s BE
peaks centered at 2.92 eV and 2.83 eV represent the twist and the chair conformer with the
amine group staying in planar. Based on the previous results, the BE of the equatorial chair
structure is close to the BE of the ring-twist conformer. The axial chair structure also shares
similar BE ranges as the chair conformer. These BEs are highly overlapped with each other so
that only two peaks show up in the 3s band. It is the time-domain analysis that makes possible

the identification of the different species.
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Table 3. Comparison of experimentally measured and computed binding energies.

(All energies are in eV.)

Binding energy Twist Chair Difference
Experiment 2.92 2.83 0.09
Calculation 2.96 2.87 0.09

Thermodynamic and Kinetic Analysis

The spectral analysis (Figure 6) yields the fractional signal intensity ratios of the twist and chair
conformers at equilibrium on the 3s potential energy surface. Assuming equal ionization cross-
sections for the twist and chair structures, the experimentally observed peak areas are
proportional to the relative populations of the two forms. The ratio of the peak areas therefore
yields the equilibrium constant K, provided the delay time is long enough for the energy to
redistribute completely amongst the vibrational modes. Table 4 lists the equilibrium constants for

the different excitation photon wavelengths.

For the excitation wavelengths of 212 nm, 216 nm, 220 nm, 225 nm and 229 nm, the molecules
in the 3s state have internal energies of 1.25, 1.14, 1.04, 0.91 and 0.82 eV, respectively. (Details
in SI) The internal energy upon excitation is treated as the energy difference between pump
photon energy and the adiabatic excitation energy, where the latter is the energy difference
between the most stable structure in the ground state and the most stable structure in the Rydberg

state. The internal vibrational energy is much higher than the estimated barrier between chair and
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twist, Figure 7. Since the internal energy is quite high and the density of states is large, one can
assume that the energy will be equipartitioned across the vibrational modes at long delay times.
The molecules can then be described by effective vibrational temperatures that range between
669 K and 829 K for different pump laser wavelengths. The evaluation of the internal energy and

the vibrational temperature are discussed in the SI.

Table 4 Conformer equilibrium parameters for different excitation wavelengths.

Values in parentheses are the 20 uncertainties of the fits.

Wavelength Equilibrium | Internal Temperature
constant K energy (K) In(K)

(num) (twist/chair) (eV)

212 4.54 (0.20) 1.25 829 1.51 (0.04)
216 4.31(0.22) 1.14 791 1.46 (0.06)
220 3.92 (0.18) 1.04 755 1.38 (0.04)
225 3.77 (0.18) 0.91 707 1.33 (0.04)
229 3.68 (0.14) 0.82 669 1.30 (0.04)

For thermodynamic systems in equilibrium, the Gibbs free energy change (AG) scales linearly
with the natural logarithm of the equilibrium constant (K), the enthalpy change (AH) and the
entropy change (AS) of the reaction:

AG=—RT-InK=AH —T-AS 3)
The thermodynamics parameters for the conformer equilibrium can be determined from the

experimentally observed equilibrium constants at different temperatures using a linear fit of InK

vs. 1/T,

>

AS

Et T ©

InK = —

|
il
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As shown in Figure 8, the natural logarithm of the measured equilibrium constants indeed
follows an approximately linear relationship with reciprocal temperature. A linear fit with 95%
confidence intervals result in AH = 62 (36) meV and AS = 19.70 (4.67) J-mol--K-! for the

equilibrium between chair and twist conformers.

These thermodynamics parameters can be compared to computed values. The enthalpy change
(AH) corresponds to the energy difference between the chair and twist conformers in the 3s
Rydberg state. From the spectral analysis we had derived a value of 39 meV from the potential
energy surface, which is somewhat lower than the thermodynamic value, but within the error

bars. The entropy change can be estimated as

0 * Muchair

=R- ln( Mo ) )

0 * Dvwist
AS = Stwist — Schair = R+ In ( )

Dchair
where R is the gas constant and €2 is the density of states, which is inversely proportional to the
product of the frequencies.*® ¢ is a degeneracy factor, which is 2 in the present case because
there are two symmetry-equivalent ring-twist structures. Using equation (5) with the calculated
frequencies for the optimized chair and twist structures yields AS = 14.7 J-mol--K-!, which is

within the error bars of the measured thermodynamic value.

Although the energy of the twist conformer in the 3s Rydberg state is higher than that of the
chair conformer (Figure 7), the forward reaction of the transition from chair to twist nevertheless
proceeds because of the favorable entropy change and the high temperature of the system in the
excited state. The twist structure has a higher degeneracy factor and the potential energy well is
shallower than in the chair form. Both imply a higher density of states and therefore higher

entropy.
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Figure 8. The equilibrium constant (black) and the reaction rates (blue) between the chair and twist
conformers as a function of inverse temperature. The solid line represents the forward reaction with k;

and dashed line is the backward reaction with k_;. Circles with 16 error bars are the experimental data and

the lines are linear fits.

The time constant of the conformeric transition from chair to twist in the 3s state is described by
7 in equation (2), which decreases with increasing excitation photon energy. This conforms to
the general principle that higher internal energies lead to fast reaction rates. To further explore

the kinetic information of the transformation between the conformers, the following kinetic

model is proposed.
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k, ky
Twistl “———, Chair «——— Twist2
k. k_,

Scheme 1. The proposed kinetic model of the transformation between
two spectral components, corresponding to the chair and twist

conformers.

The transformations between chair form and each twist form are modeled as parallel, competing
and opposing first-order processes.** Since Twist 1 and Twist 2 are the two symmetry
equivalent-structures, k1=k, and k., = k.. Therefore, the total reaction rate of the transformation
from chair to twist conformer is [2k; + k.;]. The value of k/k.; is obtained from half of the
intensity ratio [twist]/[chair], i.e. Y2 K. With that, all kinetic parameters can be calculated (Table

5).

Table 5 The Kinetic parameters of the transformation between chair and twist

conformers
Wavelength k (1/t2) 72 K ki k4
(nm) (101 s [Twistl]/[Chair] (10 s (101 s
212 14.95 2.27 10.38 2.26
216 12.32 2.15 8.41 2.36
220 8.19 1.96 5.42 2.77
225 6.80 1.89 4.44 3.90
229 6.42 1.84 4.16 2.26

Using the Arrhenius equation™

=| &

+ In4 (6)

~| -

Ink = —
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the activation energies E, of the forward and backward reactions can be determined from the
energy dependence of the individual reaction rates k; and k., Figure 8. This results in an
activation energy of the forward reaction from chair to twist of 276 (167) meV and of the
backward reaction of 212 (131) meV. These activation energies are somewhat higher than those
obtained from the computations shown in Figure 7 (a), which are 132 meV and 93 meV,
respectively. Because the computation uses structures optimized in the ground state and on the
ion surfaces, the calculated energy barrier in 3s is deemed not as accurate as the calculation for
the ground state or ion state. From the results in Figure 7, there is an energy barrier of 199 meV
for the forward reaction in the ion state and at least 300 meV in the ground state. The activation
energy of the Rydberg state measured here, 276 meV, is right in between these values calculated

for the ion and the ground states.

Conclusions:

The structural dynamics of NMP have been explored by time-resolved RFS using different pump
photon wavelengths. By analyzing the time-dependent dynamics we are able to derive the
individual UV absorption spectra to 3s and 3p. Upon excitation from the ground state to the
Rydberg states, the geometry of the amine moiety changes from pyramidal to planar. The sudden
structral change launches a coherent wavepacket motion that gives rise to oscillatory features
with periods of ~700 fs that persist for several picoseconds. As these oscillations dephase, two
peaks with BEs of 2.83 eV and 2.92 eV are formed with time constants ranging from 669 fs to

1557 fs depending on the pump photon wavelength.
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Aided by the DFT-SIC calculations, the oscillations are confirmed to be the nitrogen inversion
motion of the amine group. The two 3s peaks observed after equilibrium is reached are assigned
to the ring-twist and the chair conformers in the 3s Rydberg state. The calculation gives a
binding energy difference of 0.09 eV between the two conformers. Also, a relative energy
difference of 0.039 eV and a barrier of 0.132 eV for the reaction from the chair to the twist form

are acquired from the 3s potential energy surface.

By analyzing the time dependent spectral information of the chair and twist conformers in 3s, the
thermodynamic parameters of the transformation are revealed by a linear fit of Gibbs free energy
equation with enthalpy of 62 meV and entropy of 19.70 J-mol--K-!. By using the Arrhenius
equation to analyze the kinetics bewteen chair and twist conformers, the activation energies of
the forward and backward reactions from chair to twist are determined to be 276 meV and 212

meV, respectively.

The ultrafast time-resolved Rydberg fingerprint spectroscopy of NMP with tunable pump
wavelengths yields many interesting results. The decomposition of the UV absorption spectrum
into different underlying and unresolved states opens a methodology that could be applied to
other systems. In NMP we uncover an ultrafast conformational dynamics between ring
conformers that is markedlly different from other systems in that the twist form is created with
considerable probability. Tunability of the pump laser also allowed us to uncover the activation
energy of the kinetic reaction. With the wealth of dynamic, kinetic and energetic information
available on this system now, it will be instructive to apply scattering methods®12-°1-% to

detemine fully the excited state structures and the complete ultrafast dynamics.
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