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Abstract

The resonant two-photon ionization circular dichroism (R2PICD) spectrum represents the
cumulative circular dichroism (CD) of one-photon excitation and the subsequent one-photon
ionization, whereas the fluorescence-detected circular dichroism (FDCD) spectra exhibit only
the CD of one-photon excitation, similar to conventional CD spectra. We obtained the FDCD
spectra of jet-cooled ephedrine (EPD) near the origin band of the Sy-S; transition to measure
the CD of one-photon absorption and thus the CD of the ionization process in R2PI in
comparison with the R2PICD spectra. The CD effects of the ionization following excitation of
the A (0-0) and C (930 cm™) bands in the spectrum are small, whereas those of the B band are
anomalously large, leading to opposite CD signs for the FDCD and R2PICD spectra. Based
on the intermediate state-selective fragmentation patterns in the R2PI spectra, this large CD
effect is attributed to the state-selective isomerization that occurs after excitation of the B
band. Comparing the experimental and theoretical spectra, we determined that the B band
corresponds to an asymmetric ring distortion mode that involves torsional motions of the side
chain, which may facilitate the isomerization process. This study demonstrates that FDCD
spectroscopy combined with R2PICD spectroscopy provides a powerful tool to measure the
CD effects of the excitation and ionization processes separately in R2PI and thus probe the
structural changes that occur during the ionization process following excitation to an

intermediate state.
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1 Introduction

Differential absorption of left- and right-handed circularly polarized (LCP and RCP,
respectively) light by chiral compounds is called circular dichroism (CD). CD was first
discovered in crystals by Hidinger in 1847 and in chromium tartrate solutions by Cotton in
1895'. With the advent of CD instrumentation in the early 1960s, CD spectroscopy has
become a powerful tool to investigate the structures of and structural changes in chiral
molecules in various chemical and biological reactions””.

Most CD spectroscopic studies have been performed in solution, where chiral
compounds generally exist in many different conformations. Because CD is very sensitive to
the structure of each conformer, the CD spectrum measured in solution shows only the
average CD values, including the relative populations of all different conformers®. With this
average CD spectrum, it is nearly impossible to acquire information regarding the structures
of individual molecules. Thus, CD spectroscopy must be applied to molecules in an isolated
gas phase, where different conformers can be distinguished spectroscopically’. However, the
application of CD spectroscopy to gaseous molecules has been limited because of weak CD
effects aggravated by a low number density of molecules and broad spectral features that arise
from the high temperature of the gas cells in conventional CD spectrometers®™".

Compton and coworkers'? first measured the CD of ion yields of 3-
methylcyclopentanone (3-MCP) cooled by supersonic expansion using the resonance-
enhanced multiphoton ionization (REMPI) technique. The CD of ion yields obtained using
REMPI was also investigated using femtosecond laser pulses". Boesl and coworkers'*!’
determined the CD values of various organic molecules in a molecular beam using twin-peak
mass spectrometry. Photoelectron CD spectroscopy combined with velocity map imaging
techniques has also been employed to investigate the CD effect of gas-phase chiral molecules

and clusters from single photon or multiphoton ionization'®?'.
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Recently, we developed a new CD technique for measuring the CD spectra of jet-
cooled chiral molecules over a broad wavelength range®. In this technique, a photoelastic
modulator (PEM) was used to generate alternating LCP and RCP pulses. This pulse-to-pulse
alternation proved crucial in measuring the weak CD effects of jet-cooled molecules because
it effectively reduces noises from short- and long-term variations in the laser-pulse energy and
gas density. Using this CD technique, we obtained resonant two-photon ionization circular
dichroism (R2PICD) spectra of pseudoephedrine (pED) and ephedrine (EPD) in a supersonic
jet, which exhibited well-resolved CD bands that were specific to the conformations and
vibrational modes.

R2PI is a two-photon process in which a molecule is excited by one-photon
absorption and then ionized by a second photon. Thus, in principle, the R2PICD value
represents the cumulative CD of both the excitation and ionization in the R2PI process, and it
does not necessarily coincide with the conventional CD value from the one-photon absorption
process. However, the CD effect of ionization can be very small because ionization involves
transitions to a continuum of different states. The overlap of these different transitions in the
ionization step may lead to leveling or canceling of the CD effects'®. Therefore, the R2PICD
value is predominantly determined by the CD of the excitation. This is further supported by
the fact that the R2PICD values of a few organic compounds agree well with the CD
measured in a conventional CD spectrometerM.

However, it is unfair to compare the R2PICD value of molecules in a supersonic jet
with the CD value measured using a gas cell at room temperature. The molecules being
compared should be under the same physical conditions. One method to accomplish this is to
compare the R2PICD value with the fluorescence-detected circular dichroism (FDCD) of jet-
cooled molecules, which measures the difference in the fluorescence yields of LCP and RCP

pulses. Fluorescence excitation (FE) spectroscopy as a complementary technique to R2PI has
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been extensively utilized to obtain electronic spectra of molecules in supersonic jets™=2*. It

records the total laser-induced fluorescence (LIF) signals of molecules excited by one-photon
absorption as a function of the laser wavelength. Thus, based on the generally valid
assumption that the FE spectrum parallels the absorption spectrum®, FDCD is considered to
represent the CD of one-photon absorption, much like conventional CD.

Here, we obtained FDCD spectra of jet-cooled (1S,2R)-(+)- and (1R,2S)-(—)-
ephedrine (+EPD and —EPD, respectively) for the first time using alternating LCP and RCP
pulses generated with a PEM. The FDCD spectra exhibited well-resolved CD bands, which
agreed well with the R2PICD spectra. However, certain CD bands in the FDCD spectra were
opposite in sign to those in the R2PICD spectra. To understand why these CD signs were
different, we measured the ultraviolet-ultraviolet (UV-UV) hole burning (HB) spectrum and
the R2PI spectra recorded at different fragment mass channels. The vibrational modes were
also assigned by comparing the experimental spectra with theoretical electronic spectra
simulated using time-dependent density functional theory (TDDFT). We suggest that the
different CD signs of the R2PICD and FDCD spectra may result from state-selective

isomerization occurring at the intermediate state.

2 Methods
2.1 Experimental

The experimental set-up was described elsewhere and a brief description is given
below. —EPD and (1S,2R)-(+)-ephedrine hydrochloride (+EPD*HCI) were purchased from
Sigma-Aldrich. “EPD was used without further purification, and +EPD was prepared from
+EPD<HCI following the procedure reported previously26. Each of the powder samples was
heated to 40 °C in the sample oven, and the vapor was co-expanded with helium at 3 bar

through a pulsed nozzle. The expanding gas passed through a skimmer and entered the



Physical Chemistry Chemical Physics

ionization region of a time-of-flight (TOF) mass spectrometer. The EPD molecules in the
ionization region were irradiated with an ultraviolet (UV) laser pulse for R2PI. The resulting
ions were accelerated to the field-free region of the TOF mass spectrometer and detected by a
microchannel plate.

For the FDCD spectra, the expanding gas through the pulsed nozzle was irradiated
with a UV laser pulse at approximately 5 mm downstream from the nozzle hole. The LIF
signal was collected with a biconvex lens and detected by a photomultiplier tube. The
frequency-doubled output (~500 uJ/pulse, 10 ns) of the dye laser pumped by an Nd:YAG
laser was used to obtain the R2PICD and FDCD spectra.

The conformation-specific FE spectrum was measured using UV-UV HB
spectroscopy. The HB laser, which depletes the ground-state population of a specific
conformer, was fixed to the wavenumber of a vibronic band, and the probe laser was scanned
over the spectral range. The time delay between the HB and the probe laser was adjusted to
500 ns. The UV-UV HB spectrum was obtained by recording the difference between the
fluorescence signals produced by the probe laser with and without irradiation of the HB laser.

Linearly polarized laser pulses with an energy of ~500 uJ/pulse were used for the HB and the

probe laser.

The LCP and RCP pulses were generated by passing UV laser pulses through a PEM
(Hinds Instruments, Inc.) when its retardation values became —A/4 and +A\/4, respectively. For
this purpose, the oscillation of the retardation value and the laser firing was synchronized as
follows. 50-kHz reference pulses from the PEM were down-counted to 10-Hz using a
frequency divider. The 10-Hz pulse was then fed into two digital delay generators, DG1 and
DQG2, as a triggering pulse. DG1 and DG2 divided the 10-Hz pulses into two alternating 5-Hz
pulses with time delays of ¢, and d¢,, respectively. The 6¢; and ¢, values were adjusted such

that the laser pulses fired by the 5-Hz pulses from DGI and DG2 passed through the PEM
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when its retardation became —\/4 and +A/4, respectively.

2.2 Theoretical

The geometries of the EPD conformers in the electronic ground and excited states
were fully optimized at the MO06-2X/6-311++G(d,p) level of theory”’. The vibrational
frequencies were calculated at the same level to confirm that the optimized geometries were
local minima in the potential energy surface. The rotatory strengths, R, were calculated using
TDDFT at the M06-2X/6-311++G(d,p) level. The electronic spectra of EPD were simulated at
the same level of theory with consideration of the Franck-Condon approximation. All

calculations were performed using the Gaussian 09 (Revision D.01) software package™.

3 Results and discussion

Figure 1a shows the R2PI spectrum of +EPD in a supersonic jet near the origin band
of the Sy-S; transition obtained by monitoring the fragment ion at a m/z (mass to charge ratio)
of 58, which agrees well with previous results”?’. Most of the peaks in the spectrum,
including the A—C peaks, were assigned from the lowest-energy conformer AG(a)22’29. The
parent ions (m/z=165) are not detected in the mass spectrum because of efficient
fragmentation following ionization®. It was previously concluded that the fragmentation
preferentially occurs in the EPD ion rather than in the neutral intermediate state, based on the
followings®". First, the two-photon excitation energy of one-color R2PI is much higher than
the adiabatic ionization energy of EPD. Second, the fragment of m/z=58 is also a dominant
fragment in the mass spectra obtained by electron impact ionization, chemical ionization, and
fast atom bombardment®>>*. Third, the similar ion fragmentation was observed in R2PI
spectroscopy of amphetamine and phenylethylamine®°,

Figure 1b is the R2PICD spectra of +EPD and —EPD obtained by subtracting the ion
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signals produced by the RCP pulses from those produced by the LCP pulses. Both spectra
exhibited well-resolved CD bands, which were mirror images of each other. The CD sign of
the B band was opposite to those of the A and C bands, which is consistent with the previous
result”. The CD sign of origin band A agreed well with the sign of the rotatory strength R of
AG(a) that was calculated using TDDFT at the M06-2X/6-311++G(d,p) level (Table 1S).

Figure 1c is the FE spectrum of +EPD, which shows the same spectral features as the
R2PI spectrum. This indicates that the R2PI spectrum, although recorded at the fragment
mass channel of m/z=58, represents the electronic spectrum of EPD. The peaks in the FE
spectrum have slightly narrower bandwidths than those in the R2PI spectrum. The B band in
the R2PI spectrum is resolved into two closely spaced bands at 526 and 530 cm™ (B; & B,
respectively) from the origin band.

Figure 1d shows the FDCD spectra obtained by subtracting the total LIF signals
produced by RCP pulses from those produced by LCP pulses. The FDCD spectra also exhibit
well-resolved, mirror-image CD spectra. The CD signs of the A and C bands are consistent
with those in the R2PICD spectra, but those of the B, and B, bands are opposite that of the B
band.

The CD in ion or fluorescence yields is determined by the asymmetric factor g given
by g=2(I" - I"/(I" + I}), where I" and I" are the ion or fluorescence signals produced by the
LCP and RCP pulses, respectivelylz’3 738 Table 1 lists the asymmetry factors, gr and gippi, of
the A—C bands measured from the FDCD and R2PICD spectra, respectively. All gr and gopi
values of the A—C bands are in the range of 1-2%. The g values for the ionization (g;)
following the excitation of the A—C bands are also estimated from grand g, values using the
equation derived in the Supplementary Information. For the A band, the g; value is nearly
zero, implying little CD effect of the ionization, as suggested previously'*. The CD effect of

ionization is moderate for the C band, for which the g; value is half of the gr. The largest CD
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effect of ionization is observed for the B band, for which the g; value is two times larger than
and has the opposite sign as gr.

To understand the large CD effect of ionization of the B band, we first ensured that
the A—C bands are from the same conformer, as suggested previously”>*’. Figures 2a and 2b
show the FE and UV-UV HB spectra, respectively, and the latter is measured with the HB
laser fixed at the A band. Nearly all bands in the FE spectrum, including the two bands at 526
and 530 cm™, appear as dip signals in the HB spectrum. This result confirms that the A—C
bands are indeed from a single conformer.

Second, we measured the number of photons involved in the R2PI process to
determine whether more than two photons are absorbed to generate the ion signals of the B
band. The ion intensities (/jo,) as a function of the laser intensity (P) were measured with the
laser fixed at the A and B bands. The slopes in the plots of log /i, versus log P were all fit to
1.8, thus indicating that only two-photons were involved in generating the ion signals (Fig.
1S). Thus, we confirmed that the g; values in Table 1 represent the CD of one-photon
ionization following excitation of the A—C bands.

Third, we obtained the R2PI spectra recorded at two different fragment mass
channels, m/z=71 and 85 (Fig. 3). The ion signals at these mass channels are an order of
magnitude less than those at m/z=58. Interestingly, the fragment ions of m/z=71 and 85 are
largely produced by excitation of the B band, not the A or C bands. The bands at —4 and —11
cm in Figures 3b and c, respectively, were assigned previously as hot bands®. The fragment
ions of m/z=71 and 85 are generated by excitations of the bands at 526 and 530 cm™ and at
519 and 526 cm’, respectively. The band at 519 cm’ is not observed in the R2PI spectrum
recorded at m/z=58. These results imply that the excitation of the B band opens new

fragmentation pathways that are not accessible by excitation of the A or C bands.
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Neusser and coworkers® suggested possible fragmentation pathways yielding the
fragments of m/z=71 and 85. For the fragment of m/z=71, two possible pathways originated
from the most stable conformers, AG(a) and GG(a), were proposed. For the fragment of
m/z=85, one single pathway from the GG(a) was suggested. All of the bands at 519, 526, and
530 cm” were previously assigned to the AG(a). Thus, to explain the state-selective
fragmentation yielding the fragments of m/z=71 and 85 from the GG(a), it was insisted that
the isomerization from AG(a) to GG(a) occurs after excitation of those bands.

The anomalously large CD effect of ionization of the B band may also be explained
by the state-selective isomerization. A large structural change resulting from this
isomerization may lead to sign inversion of the CD of ionization from the CD of excitation.
Previous research determined that the CD sign of 3-MCP measured by REMPI was inverted
when fragmented into a daughter ion following isomerization of the molecular ion®’.

To understand why the excitation of only the B band, not the A or C bands, leads to
isomerization, we assigned the vibrational modes of these bands by comparing the FE
spectrum with the theoretical one simulated using TDDFT with consideration of the Franck-
Condon factors (Fig. 2S). Based on the agreement between the experimental and theoretical
spectra, the B, and B, bands were identified as out-of-plane ring bending and in-plane ring
deformation modes, respectively, and the C band corresponded to a symmetric ring stretching
mode (Fig. 4).

These assignments support the state-selectivity of the B band in the isomerization
process. For the isomerization from AG(a) to GG(a) to occur, the side groups attached to the
C2 atom need to rotate by ~120° around the C1-C2 bond (Fig. 4). This rotation seems to be
facilitated by the vibrational modes of the B, and B, bands, in which torsional motions of the
C2-H bond around the axis of the C1-C2 bond (red arrows in Fig. 4) are activated along with

the asymmetric ring distortion. In contrast, no such torsional motions are induced in the

10
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vibrational mode of the C band. Further investigation using picosecond pump-probe time-
resolved spectroscopy may be necessary not only to confirm the occurrence of the

isomerization but also to provide further insight into the state-selective process.

4 Conclusions

FDCD spectra of jet-cooled EPD were obtained to measure the CD of one-photon
absorption and thus to investigate the CD effect of ionization in R2PI by comparison with the
R2PICD spectra. The CD effects of ionization following the excitation of the A and C bands
were very small, whereas that of the B band was anomalously large, leading to inversion of
the CD sign between the FDCD and R2PICD spectra. Based on the state-selective
fragmentation patterns in R2PI, we suggested that this large CD effect is due to the state-
selective isomerization that occurs after excitation of the B band. The state selectivity of the
isomerization was further supported by the vibrational mode of the B band, which facilitates
isomerization by activating the torsional motions of the side chain. This study demonstrates
that FDCD spectroscopy of jet-cooled chiral molecules is an effective method to measure the
CD value of one-photon absorption, which can be directly compared with theoretical and
conventional CD values, thus facilitating the development of theory to predict accurate CD
values. Furthermore, combined with R2PICD spectroscopy, FDCD spectroscopy can provide
a powerful tool to investigate the CD effects of excitation and ionization processes separately

in R2PI and thus probe any structural variations that occur during the ionization process.
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Figure captions

Figure 1. (a) R2PI spectrum of +EPD recorded at the fragment mass channel of m/z=58. (b)
R2PICD spectra of +EPD (blue) and —EPD (red) obtained by subtracting the ion signals
produced by RCP pulses from those by LCP. (¢) FE spectrum of +EPD, which is exactly the
same with that of —EPD. The numbers represent the relative wavenumbers of the bands with
respect to the origin band A. (d) FDCD spectra of +EPD (blue) and —EPD (red) obtained by

subtracting the total fluorescence signals produced by RCP pulses from those by LCP.

Figure 2. (a) FE and (b) UV-UV HB spectra of +EPD. The UV-UV HB spectrum is measured
with the HB laser fixed at the origin band A. The inset is an enlarged view of the B band,

which is resolved into two bands at 526 and 530 cm™ from the origin band.

Figure 3. R2PI spectra recorded at the fragment mass channels of (a) m/z=58, (b) 71, and (c¢)
85. The numbers indicate the relative wavenumbers of each band from the origin band. The
bands at —4 and —11 cm™ were previously assigned as hot bands. The inset shows the

structures of the corresponding fragment ions.

Figure 4. Pictorial representations of the vibrational modes of the (a) By, (b) B,, and (c) C
bands. The arrows represent the displacements of atoms during the vibrational motion. The
red arrows indicate torsional motions of the side chain, which may facilitate the isomerization

process.
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Table 1. Asymmetric factors g of the A-C bands.

B
g(%) A C
B, B,
g +EPD 2.0+0.7 -1.5+0.2 -1.5£0.1 -1.540.1
—EPD 1.7+0.4 1.4+0.1 1.4+0.1 1.3+0.1
Sooni +EPD -1.9+0.1 2.0+0.5 2.440.2
—EPD 1.840.5 -1.9+0.2 2.0+0.1
g +EPD 0.1+0.8 3.5+0.6 -0.9+0.3
—EPD 0.140.9 -3.3+0.3 0.7+0.2
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