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Abstract

Structural isomers and enantiomers of hexachlorocyclohexane (HCH) were separated using a

chiral column by gas chromatography and quantitatively determined by multiphoton

ionization mass spectrometry using an ultraviolet femtosecond laser (200 and 267 nm) as the

ionization source. The order of elution of the enantiomers, i.e., (+)-a-HCH and (-)-a-HCH,

was predicted from stabilization energies calculated for the complexes using permethylated

v-cyclodextrin as the stationary phase of the column, and the results were compared with the

experimental data. The molecular ions observed for HCH were weak, even though they can

be ionized through a process of resonance enhanced two-photon ionization at 200 nm. This

unfavorable result can be attributed to the dissociation of the molecular ion, as predicted from

quantum chemical calculations.



Introduction

During the past several decades, a variety of pesticides have been developed and are currently
in widespread use for pest control to increase the yields of agricultural crops. Most are toxic
and are harmful, not only for insects but also for humans.! Because of this, the use of
pesticides should be carefully controlled, in order to protect the environment.
Hexachlorocyclohexane (HCH), a compound that was previously used as a component of
some types of pesticides, is the most abundant organochlorine compound remaining in the
atmosphere and is also found in water.*® Although the use of HCH was prohibited for a long
time ago, it still can be found in the environment due to its high chemical stability. It should
be noted that HCH derivatives are still used in several countries when their use is more
beneficial than the demerit resulting from by the contamination of the environment. HCH is a
generic term for isomers of 1,2,3,4,5,6,-hexachlorocyclohexane, and these isomers are
denoted by Greek letters, i.e., a-, B-, y-, 8-, &-, -, and 0-HCH.® Commercial products are
composed of a mixture of the above isomers, and typically contains 60-70% of a-, 5-12% of
B-, 10-15% of y-HCH.!® The order of toxicity for insects is reported to be y > o > § >>B.!
These HCHs primarily affect the central nervous system (CNS). Although the mechanism
responsible for its toxicity in the human body remains mostly unknown, the a-, y-, and

8-HCH isomers are considered to be CNS depressants.'> Only o-HCH consists of chiral



isomers.!*> The enantiomeric ratio of (+)-a-HCH and (-)-a-HCH in water from the North Sea
has been measured.'* The ratio for technical a-HCH is reported to be 0.99 + 0.02, but the
value changes from 1.2 to 1.9 for the case of blubber, liver, and lungs of neonatal northern fur

seals.’

Although -, -, and y-HCHs were recently issued as new persistent organic
pollutants (POPs) by the Stockholm Convention, toxic, persistent, and bio-accumulative
HCHs, mainly consisting of a-HCH (80%) and B-HCH, remain in the environment and are
estimated to be 4-7 million tonnes.'®

The distribution of the structural and enantiometric isomers provides important
information for assessing the environment and also for identifying sources of HCH
production. However, the levels of the toxic pesticides are low, and numerous species that
interfere with their analysis are present at high concentrations.!” Therefore, developing a
sensitive as well as a selective analytical method for the analysis of such compounds would
be highly desirable. To date, several types of analytical instruments have been employed to
achieve this goal, e.g., gas chromatography/mass spectrometry (GC/MS)!®, liquid

Y2022 and liquid chromatography/tandem mass

chromatography/mass spectrometry (LC/MS
spectrometry (LC/MS-MS)?!. In standard GC/MS, electron ionization (EI) has been used
successfully, since standard MS data are available for many organic compounds in databases

and the analyte can be readily assigned. However, other ionization techniques such as

photoionization are also useful for trace analysis. For example, femtogram detection limits



for dioxins and subfemtogram detection limits for polycyclic aromatic hydrocarbons have
been reported.?? Several pesticides have absorption bands at around 200 nm, and a
far-ultraviolet femtosecond laser (200 nm) has been advantageously used for more efficient
ionization in MS.*

In this study, we report on the separation of four structural isomers of a-, -, y-,
0-HCHs and two enantiomers of a-HCH, i.e., (+)-a-HCH and (-)-a-HCH, using a capillary
column with a stationary phase consisting of permethylated y-cyclodextrin (PM-y-CD) and
their determination by MS using a femtosecond laser emitting in the deep-ultraviolet (267
nm) and far-ultraviolet (200 nm) regions. The order of elution of the (+/-)-a-HCH
enantiomers were theoretically predicted from the data obtained by stabilization energy
calculations by a technique based on molecular dynamics using a semi-empirical method.
The mechanism of fragmentation is discussed using data obtained by quantum chemical

calculations.

Experimental

Apparatus

The analytical instrument used in this study was reported in detail elsewhere.?>%

Briefly, a 1-uL volume of sample solution was injected into a GC (6890N, Agilent



Technologies, Santa Clara, CA, USA) that was combined with a time-of-flight mass

spectrometer (TOFMS) developed in our laboratory; this instrument is now commercially

available (HGK-1, Hikari-GK, Fukuoka, Japan). The third and fourth harmonic emissions

(267 and 200 nm) of a Ti:sapphire laser (800 nm, 35 fs, 1 kHz, 4 mJ, Elite, Coherent Inc., CA,

USA) were used as the ionization source. The laser beam was focused on a molecular beam

for multiphoton ionization (MPI). The analytes in a standard sample mixture containing four

structural isomers of HCHs were separated using a capillary column with a chiral stationary

phase (PM-y-CD, y-DEX 120 column, 30 m long, 0.25 mm inner diameter, 0.25 mm film

thickness, Supelco, Bellefonte, PA, USA). The temperature of the GC oven was programmed

to increase from 100 °C (1 min hold) to 150 °C at a rate of 20 °C/min and then to 190 °C at a

rate of 2 °C, after which, it was held for 15 min. The temperature was further increased to

210 °C at a rate of 30 °C and was then held for 5 min. The flow rate of helium used as a

carrier gas was | mL/min. The ions induced in the MS were accelerated toward a TOF tube

and were detected by microchannel plates (F4655-11, Hamamatsu Photonics, Shizuoka,

Japan). The mass spectrometer was optimized by continuously introducing

pentachlorobenzene, and the mass resolution achieved was 750 and 800 when measured at

267 and 200 nm, respectively. The signals were recorded by a digitizer (AP240, Acqiris,

Agilent Technologies), and the data were analyzed using home-made software programmed

by LabVIEW.



Reagents

Enantiometric isomers of (+/-)-a-HCH and 6-HCH were purchased from Wako Pure

Chemical Industries, Tokyo, Japan. B-HCH was supplied by Sigma Aldrich Japan, Tokyo,

Japan, while y-HCH was a product of Tokyo Chemical Industry, Tokyo, Japan. Acetone

(analytical grade), used as a solvent, was supplied from Wako Pure Chemical Industries.

Quantum Chemical Calculation

To investigate the mechanism for the ionization, the spectral properties such as the

ionization energies and the absorption spectra of a-, B-, y-, and 6-HCH in the gaseous phase

are necessary. For this purpose, sophisticated analytical instruments are required for

photoelectron spectroscopy and also for absorption spectrometry in the vacuum-ultraviolet

region. Then, these parameters were evaluated using data obtained by quantum chemical

calculations in this study. The optimized geometry of the ground state and the harmonic

frequencies were calculated using the B3LYP method based on density functional theory

(DFT) with a cc-pVDZ basis set. The lowest 40 singlet transition energies and the oscillator

strengths were calculated using time-dependent DFT (TD-DFT), and the absorption spectra

were predicted by assuming a peak with a Gaussian profile having a half width at half

maximum of 0.333 eV. These calculations were performed using the Gaussian 09 and Gauss



View 5 programs.?’?® For the discussion of fragmentation, the enthalpy change by the
dissociation of a molecular ion was calculated using DFT.

In order to examine the energy of interaction between (+/-)-o-HCH and PM-y-CD,
their structures were generated using Gauss View 5.0.9 and were optimized at the level of
PM3 (Parameterized Model number 3) using Gaussian 09. As an initial configuration of
PM-y-CD, the glycosidic oxygen atoms, i.e., Oa, Ob, Oc, and Od, are placed on the XY plane
and their center of gravity was positioned at the origin of the space-fixed Cartesian coordinate
of XYZ (see Fig. 1 for details). The methylated secondary hydroxyl groups of the PM-y-CD,
i.e., -OCH3s, were set to point toward the positive direction of the Z-axis. The (+/-)-a-HCH

molecule was assumed to approach toward the wide rim of the PM-y-CD.

Results and discussion

Spectral Properties of HCHs

Absorption spectra of HCH isomers calculated by DFT are shown in Fig. 2. The energy
of excitation to the first singlet electronic excited state (EE) is located at around 200 nm
while no absorption band is found at around 267 nm. The half of the energy for ionization
(IE/2) is located at around 250 nm, suggesting two-photon ionization at 200 nm and

three-photon ionization at 267 nm. Thus, all of the isomers would be ionized through a



resonant two-photon ionization at 200 nm and non-resonant three-photon ionization at 267
nm. Therefore, a far-ultraviolet laser (200 nm) would be preferential for efficient ionization
and also for reducing the excess energy to suppress fragmentation. The molar absorptivity at
200 nm was ca. 500, 700, 400, and 400 for a-, B-, y-, and 5-HCHs, respectively, which was
nearly identical to each other. This suggests that the ionization efficiency would not change

significantly among these isomers.

Predicted Elution Order of (+/-)-a-HCHs

The optimized structure of the PM-y-CD used as the stationary phase of the capillary
column in GC is shown in Fig. 1 (A), and suggests that the molecule has a symmetry of Cs.
The average distance from the center of gravity to a glycosidic oxygen atom, Oa, Ob, Oc, Od,
of PM-y-CD was 5.94 A, which was similar to the value of 5.88 A reported based on X-ray
crystallography data for y-CD.? The average angle of C-O-C calculated for a glycosidic
oxygen was 115°, which was close to the observed value of 117°. The average distance
between the oxygen atoms was 4.54 A, which is nearly identical to the observed value (4.50
A). Thus, the calculated structural data are in reasonably good agreement with the observed
data for y-CD, although no data were available for PM-y-CD as a reference. It should also be
noted that the calculated structure of PM-y-CD was very similar to that obtained by

increasing the number of the glycosidic units from seven to eight in the reported structure of



PM-B-CD.*

Since the (+/-)-a-HCH/PM-y-CD complex consists of 258 atoms, finding an
optimized structure required a long time or it was difficult to converge the data in the DFT
computation: it was difficult to apply, even the Hartree-Fock method. Therefore, a
semi-empirical method, i.e., PM3, was utilized in this study. A preliminary examination
suggests that the calculated value for the stabilization energy by complexing was affected by
the initial position and configuration of (+/-)-a-HCH. In fact, (+/-)-a-HCH with different
configurations placed at various locations approaches the PM-y-CD cage in the experiment,
and enantiomeric separation was achieved by virtue of the small difference in the stabilization
energy of the complex of (+/-)-a-HCH and PM-y-CD. The (+/-)-a-HCHs with different
configurations were then positioned at 3 x 3 grids above the PM-y-CD before the calculation
(see Fig. 1 (B)). A molecule was assumed to approach along the Z-axis toward the inner
surface of the PM-y-CD cage. To investigate the stabilization energy along the Z-axis, the
structure of the (+/-)-a-HCH/PM-y-CD complex was first optimized with no restrictions by
placing the center of gravity of (+/-)-a-HCH at (0, 0, Z) where Z =3, 4, 5, 6, 7 A. The energy
was minimal at (0, 0, 5 A) in the cases of both (+)-a-HCH and (-)-o-HCH. Second, the initial
center of gravity was set at (X, Y, Z=5 A) where X =-1.5, 0, 1.5 and Y = -1.5, 0, 1.5, since
(+/-)-a-HCH is assumed to approach from various positions toward the wider rim of the
PM-y-CD. The (+/-)-a.-HCH molecule was then rotated by 0°, 90°, 180° around the z-axis of

10



the molecule-fixed Cartesian coordinate of xyz and was also rotated by 0°, 90°, 180° around
the y-axis, as shown Fig. 1 (C); the arrow in the figure shows the direction of approach to the
PM-y-CD. The optimization was then initiated from 126 positions/configurations/species, i.e.,
9 translational x 7 rotational x 2 (+/-)-a-HCH species. After rejecting data leading to unstable
and deformed structures (12/126), the difference in the stabilization energies for the
(+/-)-a-HCHs was calculated to be -0.34 + 1.42 kcal/mol, suggesting that the
(+)-a-HCH/PM-y-CD complex is slightly more stable than the (-)-a-HCH/PM-y-CD
complex: the conclusion remained unchanged even when the conditions for the calculation
and the rule for rejecting the data were modified. A small difference in the stabilization
energy could be due to the very flexible structure of PM-y-CD. Thus, (+)-a-HCH would be

predicted to elute later than (-)-a-HCH in GC, as reported in the literature.>!

Determination of HCHs

A sample containing a mixture of a-, B-,y-,and 6-HCH was analyzed by
GC/MPI-TOFMS using a femtosecond laser emitting at 200 nm and the result is shown in Fig.
3. The isomers of HCH were clearly separated by GC and a series of fragment peaks were
produced in MS. The expanded view shown in the insert indicates the complete
separation/resolution of (+)-o-HCH and (-)-a-HCH by GC and MS; the (-)-enantiomer elutes

earlier than the (+)-enantiomer in GC.*!' The signal intensity of the peak arising from p-HCH

11



is relatively weak, although the molar absorptivity is slightly higher than that for the other
compounds at 200 nm, suggesting that a -HCH undergoes a more inefficient ionization from
the excited state. A two-dimensional display measured at 267 nm is shown in Fig. 4 for
comparison. A molecular ion is more clearly observed for a.- and y-HCHs at 200 nm than at
267 nm, which would be attributed to efficient resonant two-photon ionization at 200 nm and
inefficient non-resonant three-photon ionization at 257 nm. However, no drastic changes
were observed for data measured at the different wavelengths, suggesting that the effect of

resonance is minimal in femtosecond ionization.??

Fragmentation of HCHs

As shown in Figs. 3 and 4, the fragment patterns are similar among these isomers,
although a- and y-HCHs give rise to a more pronounced molecular ion and the signal
intensity is larger when measured at 200 nm. Figure 5 shows the mass spectra of HCHs
extracted from the data shown in Fig. 3. A molecular ion corresponding to CeHe>>Cls is
clearly observed at m/z = 288, in addition to other several isotopomers of C¢Hs>*Cle> Clx
where x = 1 - 3. The EI mass spectra are available for HCHs in the NIST database: the
spectral region of a molecule ion is missing for a-HCH probably due to a small signal

33 The relative signal intensities of the molecular ions were apparently more

intensity.

enhanced in the MPI mass spectra measured at 200 nm. This result suggests that UV

12



femtosecond ionization is more favorable for observing a molecular ion. It should be noted
that the signal of the fragment, [M-HCI]" observed at around m/z = 253 in Fig. 5, is very
broad, which is in contrast to the result for [M-HCI>]" providing a slightly split structure. In
this study, a linear-type TOFMS was used and the initial velocity distribution of the ion can
be evaluated; the mass resolution calculated using the signal of a molecular ion was m/Am =
520 and this peak broadening cannot be attributed to the limited resolution of the mass
spectrometer. These results suggest that a molecule easily dissociates to form fragment ions
and neutral species such as HCI (process A) or HCl> (Process B): these processes would
occur in parallel (not sequentially) in femtosecond ionization mass spectrometry. The
dissociation releases the excess energy as translational energies of the ions and also of the
neutral species. Concerning the fragmentation, an enthalpy change in processes A and B was
calculated by DFT. In process A, the enthalpy change was -8.2, -12.0, -3.3 and -5.8 kcal/mol
for a-, B-, v-, and 6-HCH, respectively, suggesting that the molecular ion can be stabilized by
producing a fragment ion and a neutral species of HCl and that the fragmentation is less
efficient for y-HCH. Accordingly, a very broad peak was observed for the fragment of
[M-HCI]" and a molecular ion remained more efficiently for y-HCH due to a smaller change
in enthalpy (-3.3 kcal/mol or -0.14 eV). In process B, the enthalpy change was 7.8, 0.0, 8.4,
6.2 kcal/mol for a-, B-, y-, and 5-HCH, respectively. Then, a small energy is required for the
dissociation of HCI> (e.g., 8.4 kcal/mol or 0.37 eV for y-HCH), which is, however, much

13



smaller than the excess energy in two-photon ionization (6.20 x 2 — 9.87 = 2.53 eV): a
molecular ion remained more efficiently for y-HCH due to a larger change in enthalpy. Thus,
a slightly split structure was observed for the fragment of [M-HCl>]" and a molecular ion
remained more efficiently for y-HCH. When the third harmonic emission (267 nm) was used,
the excess energy obtained through the process of three-photon ionization increases
significantly (4.64 x 3 — 9.87 = 4.05 eV), suggesting that a molecular ion can more easily
dissociate to form fragment ions. It is interesting to note that a molecular ion was observed
more efficiently at 800 nm rather than at 400 nm for benzene and halogenated ethylenes (both
through non-resonant MPI processes).**** Then, a fundamental beam of the Ti:sapphire laser
was utilized in this study to examine the advantage of this technique for observing a
molecular ion. However, it was difficult to observe a molecular ion at 800 nm under the
optimized conditions used in this study. In fact, the fundamental beam (800 nm) was
employed for dissociation of the protonated peptides formed by electrospray ionization
(ESI).>® Thus, moderate resonant two-photon ionization in the ultraviolet region would be
more preferential, although further studies would be necessary to conclude this discussion. It
has been reported that the efficiency of non-resonant two-photon ionization can be improved
significantly by optimizing the wavelength and decreasing the pulse width of the
femtosecond laser (<100 fs).>?> Therefore, a tunable ultraviolet femtosecond laser, the
wavelength of which can be optimized to reduce excess energy at around 250 nm, would be

14



useful to understand the mechanism for non-resonant or nearly-resonant two-photon

ionization in terms of observing a molecular ion.?’

Limit of detection

Figure 6 shows a two-dimensional display obtained using the third harmonic
emission (267 nm) at a larger pulse energy available (75 pJ). Because the signal intensity was
increased and a molecular ion was observed for y-HCH, an analytical curve was constructed
and confirmed to be linear in a range of 0-12 ng/uL under present conditions. The limit of
detection (LOD) was 68 pg/uL when the signal intensity was measured for a molecular ion
(m/z = 290). The value was improved to 5.0 pg/uL. when a fragment ion (m/z = 219) was
measured. The rather poor detection limits compared with those reported for other organic
compounds such as polycyclic aromatic hydrocarbons?® can be attributed to inefficient
non-resonant three-photon ionization and the efficient dissociation of a molecular ion to

fragments.

Conclusions

In this study, we report on the separation of some isomers and enantiomers of HCHs using a

capillary column with a chiral stationary phase (PM-y-CD) by GC. A molecular ion was more

15



clearly observed for the isomers of a- and y-HCHs but was weak, even when a far-ultraviolet

femtosecond laser (200 nm) was used for resonant two-photon ionization. This result can be

explained by the efficient dissociation of neutral species such as HCI and HCL from the

molecular ion using data obtained by quantum chemical calculations. The isomers and

enantiomers of the HCHs were separated by GC and their isotopomers were identified by MS

on the two-dimensional display data, suggesting the potential advantage of this method for

the comprehensive analysis of pesticides in the environment.
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Figure Captions

Fig.1 (A) Structure of PM-y-CD calculated at the PM3 levels. Red, oxygen; gray, carbon;
white, hydrogen. (B) Cartesian coordinate viewed from a ring with a larger size at a height of
Z =15 A. The locations initially used for the simulation are indicated as black filled circles in
the image. The spacing between the locations is 1.5 A. (C) Initial configuration of
(+)-a-HCH isomers used in the simulation. Type 1, original position (not rotated); Type 2,
rotated 90° around the z-axis; Type 3-5, rotated 90° around the y-axis and rotated 0, 90, 180°
around the z-axis, respectively; Type 6-7, rotated 180° around the y-axis and rotated 0, 90°
around the z-axis, respectively. A configuration obtained by rotating 180° around the z-axis
and a configuration obtained by rotating 180° around the y-axis and the z-axis were
equivalent to Type 1 and Type 6, respectively, and they were not used in computation. The
arrow shows the direction that (+)-a-HCH approaches PM-y-CD. Green, chlorine; dark gray,

carbon; light gray, hydrogen.

Fig. 2 Absorption spectra calculated for (A) a-HCH (B) B-HCH (C) y-HCH (D) 6-HCH by
DFT. IE, ionization energy; /E/2, half of ionization energy; EE, excitation energy to the first
electronic excited state. The vertical ionization energy for these compounds are 9.91 eV

(125.1 nm), 9.91 eV (125.1 nm), 9.87 eV (125.6 nm), and 10.08 eV (123.0 nm), respectively.
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Fig.3 Two-dimensional display for a sample mixture containing four isomers of a-, -, y-,
and 5-HCHs measured at 200 nm (20 pJ). The insert shows the expanded view where the
molecular ions of (+/-)-a-HCH enantiomers appear. A series of isotopomers consisting of
33C1A7Cl and '2C/3C are observed in the expanded view. The concentration of the analyte

was 25 ng/uL for each isomer of HCH.

Fig. 4 Two-dimensional display for a sample mixture containing four isomers of a-, -, y-,

and 0-HCHs measured at 267 nm (20 pJ). The concentration of the analyte was 25 ng/uL for

each isomer of HCH.

Fig.5 Mass spectra of HCHs measured at 200 nm (20 pJ).

Fig. 6 Two-dimensional display for a sample mixture containing four isomers of a-, -, y-,

and 0-HCHs measured at 267 nm (75 puJ). The concentration of the analyte was 10 ng/uL for

each isomer of HCH.
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Fig. 1 X. Yang et al.
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