
A

i
w
d
m
t
d
d
o
o
©

K

1

s
t

t
a
c

i
(

1
d

International Journal of Mass Spectrometry 265 (2007) 347–358

In situ recognition of molecular chirality by mass spectrometry
Hydration effects on differential stability of homo- and

heterochiral dimethyltartrate clusters

Eugene N. Nikolaev a,∗, Igor A. Popov a,1, Oleg N. Kharybin b,
Alexey S. Kononikhin c, Marina I. Nikolaeva a,1, Yurij V. Borisov d

a The Institute for Energy Problems of Chemical Physics, Russian Academy of Sciences, Leninskij pr. 38,
k.2, Moscow 117813, Russia

b The Institute for Biomedical Chemistry, Russian Academy of Medical Sciences, Pogodinskaya str., 10,
Moscow 119832, Russia

c The Institute for Biochemical Physics, Russian Academy of Sciences, Kosygin str. 4, Moscow 119991, Russia
d A.N. Nesmeyanov Institute of Organoelement Compounds, Russian Academy of Sciences, Vavilov str. 28,

Moscow 117813, Russia

Received 17 November 2006; received in revised form 29 March 2007; accepted 2 April 2007
Available online 29 April 2007

bstract

We explored a possibility of using atmospheric pressure ionization techniques like corona discharge chemical ionization and surface thermoion-
zation for distinguishing the chiral chemical compounds in situ. In both cases of ionization techniques we used home built ion sources coupled
ith non-modified ThermoFinnigan interfaces. For the proof-of-principle demonstration of recognition of molecule chirality in situ we used
imethyltartrate as a model chiral substance. We demonstrated that both ionization methods produce dimers and trimers of the dimethyltartrate
olecules with pronounced chiral discrimination effects. In the case of corona discharge ionization we detected H3O+ and H2O+ based dimers and

rimers. K+ based dimers and trimers dominated the mass spectra in the case of thermoionization. Homochiral domination in the potassiumated
+
imers and H2O based dimers can be attributed to inherited chirality effect from the trimers. We showed that addition of the water molecules to

imers strongly influenced the effect of chirality on dimer stability by making heterochiral dimer more stable than homochiral in case of addition
f one water molecule and removing the influence of chirality on dimers stability by addition of two or more water molecules. The experimental
bservations agree well with the results of the quantum chemical calculation obtained for dimers containing different number of water molecules.

2007 Elsevier B.V. All rights reserved.
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. Introduction
Feasibility of recognition of the molecular chirality by mass
pectrometry has been demonstrated by many groups [1]. In
he combination with “kinetic method” [2] it has been applied

Abbreviations: DMT, dimethyltartrate; CI, chemical ionization; ESI, elec-
rospray ionization; MALDI, matrix-assisted laser desorbtion/ionization; AP,
tmospheric pressure; APCI, atmospheric pressure chemical ionization; CID,
ollision induced dissociation
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o solve even some practical problems of controlling chiral
urity of drugs [3]. One of the most intriguing and challeng-
ng problems for chiral recognition is the detection of the chiral
symmetry in extraterrestrial conditions to answer the ques-
ion of the origin of homochirality on Earth. There were a
ot of discussions about a possibility to detect chiral polar-
zation of molecular sediments on the surface of the Saturn’s
atellite—Titan [4]. Successful Cassini-Huygens mission to
itan has increased the interest to this subject and further inves-

igations will be undertaken including analyses of the chirality

f the organic compounds on its surface. Two other objects of
he Solar system: Mars and Europa are considered to be likely
o contain organic compounds as well, but to our knowledge
here are no nearest plans to investigate their surfaces for the

mailto:ennikolaev@rambler.ru
mailto:icrms@yandex.ru
mailto:kononikhin@chph.ras.ru
mailto:yabor@ineos.ac.ru
dx.doi.org/10.1016/j.ijms.2007.04.001


3 al of

p
s
f
E
r
s
t
i
t
o
c
u
a

o
s
i
p
d
d
o
t
s
a
t
i
t
d
p
a
m

o
a
a
w
t
t
A
h
v
i
t
c
o
s
s
o

2

p
a
e
w
l

o
F
a
o
h

2

2

F
c
t
5
t
t
v
f
(
p
C
b
i
v
k
i
t
t
s
t
s
d
s
a
t
w
stability dominates in the mass spectrum. These protonated clus-
ters are formed in the chain of ion molecular reactions started
from N2

+ and O2
+ ions, formed in corona discharge, which then

were converted into H2O+ giving H3O+, the last two ions serve
48 E.N. Nikolaev et al. / International Journ

resence of chiral polarization. Harsh conditions on the Titan’s
urface put strong limitations on the choice of the methodology
or in situ analyses of the chirality of the organic compounds.
arlier we have already discussed the potential strategies for

ecognition of chirality of the organic compounds on the Titan’s
urface [5]. We made a conclusion, that the mass spectrome-
ry is the most adequate technique for this purpose because of
ts high sensitivity and a possibility for direct identification of
he analyzed molecules. Another important practical application
f such technique of chiral recognition would be analysis of the
hiral purity of the drugs. The possibility of performing analyses
nder the atmospheric pressure makes this approach especially
ttractive.

Intrinsically, mass spectrometry provides achiral property
f an ion—that is mass to charge ratio. However, the analy-
is of the molecular chirality becomes possible by analyzing
on–molecular complexes. Homochiral and heterochiral com-
lex usually have different stability. This property allows to
istinguish those complexes and to determine their relative abun-
ances. Ion–molecular complexes can be formed by a number
f ionization techniques including CI, MALDI and ESI. Those
hree methods can be used at the near atmospheric pressure,
o that only ionized part of the analyte is introduced into the
nalyzer and they need only low pumping capacity of mass spec-
rometer vacuum system. Among those three methods, the CI
s the most simple and robust. The most simple implementa-
ion of CI is atmospheric pressure CI (APCI) caused by corona
ischarge. It is quite possible to monitor ion–molecular com-
lexes in APCI conditions. For example in water containing
tmosphere water clusters H+(H2O)n with n up to 50 dominates
ass spectrum at room temperature (see below).
To our knowledge surface thermoionization being one of the

ldest and well characterized techniques of positive and neg-
tive ion production in high vacuum has never been used as
method of ionization at atmospheric pressure. In this paper
e characterized APCI by corona discharge and AP surface

hermoionization as methods for in situ determination of enan-
iomeric composition by direct probing of the analyte vapors.
s a model substance we used dimethyltartrate. This substance
as two chiral centers. It is solid at room temperature and has
apor pressure of about 10−6 Torr. It has strong effect of chiral-
ty in the formation of protonated dimers and trimers. Also the
hermodynamics and kinetics of their cluster formation is well
haracterized [6–9]. To distinguish between left and right forms
f DMT molecules we labeled left form of the DMT by sub-
tituting both methyl groups with deuterated ones. It has been
hown before that this substitution does not affect the stability
f the protonated DMT cluster.

. Instruments

For the detection of the corona discharge ionization source
roducts we used ThermoFinnigan SSQ 710C single quadrupole

nd ThermoFinnigan LCQ DECA-XP ion trap mass spectrom-
ters. For detection of the surface thermoionization products
e used Only ThermoFinnigan LCQ DECA-XP. In the case of

iquid samples it is possible to do both ESI and APCI with-
Mass Spectrometry 265 (2007) 347–358

ut modification of the standard ThermoFinnigan ion sources.
or API of gas samples we introduce a simple modification by
dding a corona discharge needle on one holder and heated wire
f NiCr alloy on the other. The corona discharge was ignited by
igh voltage from the standard API ion source.

.1. Ionization source

.1.1. Corona discharge source
The home built corona discharge API source is shown on

ig. 1. It is similar to what was described earlier [10]. The source
onsists of a tungsten wire tip approximately 10 �m in diame-
er, producing a discharge in a point-to-plane geometry with the
00 �m i.d. stainless steel heated inlet capillary of the mass spec-
rometer. The corona discharge is located in a volume between
he tip and capillary inlet. The tip-to-capillary distance can be
aried and was chosen to support stable corona. Voltages ranging
rom 2 to 4 kV were applied to the tip using a ThermoFinnigan
formerly Finnigan MAT, San Jose, CA) electrospray ionization
ower supply through a 1 G� (Caddock Electronics, Riverside,
A) resistor placed in series with the tip that acts to limit and sta-
ilize the discharge current. A point-to-plane corona discharge
s used to produce primary ions, which ionize the trace organic
apors through a series of ion–molecule reactions. It is well
nown that in the corona discharge source working in positive
on mode a rapid sequence of ion–molecule reactions occurs
o form a series of protonated water molecular clusters of the
ype (H2O)nH+ [11]. Fig. 2 shows a typical example of a mass
pectrum of laboratory air. It was measured at room tempera-
ure of desolvating capillary using ThermoFinnigan SSQ 710C
ingle quadrupole mass spectrometer. As we can see corona
ischarge ionization method gives mass spectra, which are sen-
itive not only to proton affinities in the positive ionization mode
nd electron affinity in the negative mode, but also sensitive to
hermo-chemistry of complex formation. Peak H+(H2O)21 in
ater cluster series corresponding to the structure of enhanced
Fig. 1. Corona discharge source setup.
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Fig. 2. Corona discharge ionization m

s a primary reagent ions for ionization of the trace components
f the gas mixture. The weakly bound (by hydrogen bonds)
lusters can be easily declustered in the heated capillary or by
he use of collision induced dissociation (CID) at an interme-
iate pressure (∼1 Torr). [11,12]. With ThermoFinnigan LCQ
ECA we did not see such a long series of water clusters.
sually the number of water molecules in the cluster did not

xceed 10.

.1.2. Thermoionization ion source
The home built AP thermoionization source is shown on

ig. 3. NiCr alloy wire of 0.2 mm in the diameter was used

s a surface thermoionization ion source. The wire-to-capillary
istance is variable and was chosen to produce maximal signal.
he wire was heated by current from Russian made power sup-
ly supporting up to 3 A. Current ranging from 1.5 to 2 A was

Fig. 3. Thermoionization source setup.
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ectrum from air at room temperature.

sed to produce primary ions, mainly alkali metal cations when
edheated, which cationize the analyte vapors (trace organic)
hrough a series of ion–molecule reactions. These cations are
aptured by an airflow and sucked into the 500 �m i.d. stainless
teel heated inlet capillary of the mass spectrometer. Samples
ith sufficiently high vapor pressure were placed in front of

apillary. Nonvolatile samples were placed as a solution or as
mall crystals directly onto the heating wire. In both cases of ion-
zation (corona and thermoionization) we used manufacturer’s
on-modified ion optics, which consists of a heated inlet cap-
llary for ions desolvation as they enter the vacuum system, a
ube lens for ion focusing at high pressure in to the aperture
f a skimmer, followed by an rf-only octopole ion guide. Ions
raversing the ion guide pass another aperture and enter the ana-
ytical quadrupole or ion trap. Detection of the ion signal is
erformed using an off-axis conversion dynode/multiplier com-
ination. Instrument control and data acquisition in the case of
orona discharge instrument is done by Finnigan ICIS software
unning on a Digital Unix workstation. In the case of surface ion-
zation experiments we used standard LCQ PC based Windows
oftware.

. Results and discussion

.1. In situ recognition of DMT chirality in vapor using
orona discharge ion source

To recognize the chirality of the vaporized DMT molecules,

hich penetrate into the corona discharge region we deposited

sotopically labeled L-DMT samples on the surface of heated
apillary of the ESI source (see Fig. 1). This labeled sample pro-
uces protonated monomers, dimers and trimers in API mass



350 E.N. Nikolaev et al. / International Journal of Mass Spectrometry 265 (2007) 347–358

F olecu
a l, for

s
7
n
1
d
c
d
t
a

s
w
e
w
(
r

ig. 4. DMT vapors in laboratory air at 90 ◦C: L + L6d. Where L is left DMT m
re substituted by CD3 groups (L6d notation is used on following figures as wel

pectra when the temperature of the capillary is higher then
0 ◦C. At the temperatures around 70 ◦C the spectra is domi-
ated by hydrated DMT clusters. At the temperatures higher than
00 ◦C, pure DMT cluster and DMT decomposition products
ominate. When non-labeled L-DMT samples are approaching
orona region we observe mixed (deuterated and non deuterated)

imers and trimers formation. Fig. 4 shows the part of mass spec-
rum obtained using corona discharge ionization of non-labeled
nd labeled DMT molecules mixture measured at 90C. Inten-

D
t
r

Fig. 5. DMT vapors in laborato
le and L6d is isotopically labeled L-DMT molecule, in which two CH3 groups
right DMT molecules we are using notation D).

ity distribution inside dimer group is statistical (binomial) as it
as anticipated in the case of absence of isotopic effect. How-

ver, we observe strong discrimination of heterochiral dimers
hen we introduce D-DMT sample vapors into the corona region

Fig. 5). This behavior has already been observed in CI equilib-
ium and ESI experiments [13,14]. Because labeled reference

MT sample is positioned directly on the desolvating capillary

he relative intensity of the homochiral D-dimers and heterochi-
al dimers depends on the distance between the sample holder

ry air at 80 ◦C: D + L6d.
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Fig. 6. Protonated DMT dimers from molecu

nd the corona discharge region. By adjusting this distance we
ade the intensities of those dimers comparable. Detectable sig-

al is observed at distance of around 1 cm. In another experiment
hen both reference (deuterated L-DMT) sample and analyzed

ample were positioned in the same sample holder as a mix-
ure of two enantiomers the relative intensities of homochiral
-containing and D-containing dimers were independent of the
istance and depended only on the relative concentrations of
nantiomers in the mixture. Fig. 6 shows the cases, when the

imers presented as a mixture of the molecules of the same (left)
nd different chirality (right). In both cases, besides protonated
imers we also observed water containing dimers. As we can see

i
a
a

Fig. 7. Protonated DMT trimers from
the same (left) and different (right) chirality.

omochiral species were dominated by protonated dimers while
he heterochiral species were dominated by hydrated dimers.
eterodimer domination was first observed by Nikolaev and
cMahon during studies of ion–molecular reactions in left and

ight DMT molecules mixture by FT-ICR mass spectrometer
ith high pressure ion source [15].
As shown on Fig. 7 trimers were presented by both homochi-

al and heterochiral mixtures. The interference between the
rotonated and hydrated trimers does not obscure the fact that

n the hetero mixture there is a discrimination of homotrimer
mong the protonated trimers and even stronger discrimination
mong the hydrated trimers. Occasionally we were observing

molecules of different chirality.
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Fig. 8. Protonated DMT dimers from

ot only protonated dimers and trimers but also H2O+ based
luster series. Fig. 8 shows the dimer for hetero mixture of the
MT molecules with H2O+(DMT)2 group. It is evident that the

ntensity distribution for this group is closer to statistical, in
ontrast to proton containing dimers. Fig. 9 shows the high m/z
art of spectrum presented on Fig. 5. We identified a series of
+(DMT)2 (H2O)n clusters. The detectable end of this series

s shown on Fig. 10. As we can see starting from two water

olecules inside the cluster there is no discrimination between

omo- and heterochiral clusters. The relative intensities of the
imers follow the binomial distribution.

o
u
m

Fig. 9. Water containing protonated
cules of different chirality: L6d + D.

.2. In situ recognition of DMT vapor chirality using AP
hermoionization ion source

AP thermoionization of laboratory atmosphere air generates
oth positive and negative ions with the total ion current lower
y about one order of magnitude compared to corona discharge
onization. We did not specially treat the surface of heated wire
o increase the emission of alkali ions. The observed current

riginated from the impurities. We observed ions with masses
p to 2000 Da in positive mode and up to 4000 Da in negative
ode. This observation is difficult to explain and requires further

dimers H+(DMT)2 (H2O)n.



E.N. Nikolaev et al. / International Journal of Mass Spectrometry 265 (2007) 347–358 353

d dim

i
s
f
t
a
s
p
a
t
t

w
t
o
t
t
t

Fig. 10. Water containing protonate

nvestigation using a high-resolution mass spectrometer. Fig. 11
hows an example of a positive ions mass spectrum obtained
or background air. Signal intensities were highly sensitive to
he presence of different organic substances in the atmosphere
nd on the heated capillary. We tested AP thermoionization at the
urface as a method for in situ analysis of the enantiomeric com-

osition by direct probing of the analyte vapors. Fig. 12 shows
n example of mass spectrum of thermoionization of dimethyl-
artrate vapors. As in the case of corona discharge experiments
o distinguish between left and right forms of DMT molecules

w
i
m
d

Fig. 11. Atmospheric pressure thermoiniza
ers H+(DMT)2 (H2O)n (higher n).

e labeled L-form by substituting both methyl groups with deu-
eriorated methyl group. We found a strong influence of chirality
n formation of cation-based dimers and trimers supporting of
he results from earlier experiments using CI. In the case of
hermoionization we saw only Na+ and K+ based dimers and
rimers. The extent of chiral discrimination is comparable with

hat we saw before on the protonated DMT dimers and trimers

n case of corona discharge ionization. It is known from ion
olecular reaction of ligand exchange equilibrium that chiral

iscrimination of DMT does not exist in alkali ion-based dimers

tion mass spectrum of laboratory air.
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ig. 12. Atmospheric pressure thermoinization mass spectrum of DMT wapors:
+ L6d.

16]. Observed chiral discrimination in alkali ions based dimers
an be explained by formation of those dimers from trimers
hrough the dissociation of trimers within the ion transporta-
ion system. Homochiral combinations strongly dominate the
rimer complexes. After trimer decompositions the dimer prod-
cts inherit1 homodomination and showing chirality effect in
ntensity distribution. We have repeated corona discharge CI
sing the same setup as in the thermoionization experiments (on
CQ DECA-XP). Using the ion trap we saw only small intensity
eaks of protonated dimers in the case of corona discharge ion-
zation (Fig. 13). The intensity distribution inside this peak group
emonstrates complete elimination of protonated heterochiral
imer in these conditions. H2O+ based dimers and trimers dom-
nated in the spectrum. Within dimer and trimer groups spectra
ere dominated by the homochiral species. The strong differ-

nce in the relative intensities of the peaks, corresponding to
rotonated and H2O+ dimers (Figs. 8 and 13) can be explained
y the differences in humidity and DMT vapor concentration.
roton transfer from H3O+ to DMT monomers produces pro-

onated DMT monomers, followed by formation of protonated
imers. At low humidity and high DMT partial pressure, the
MT molecules interacting with H2O+ before these ions get

onverted into H3O+. This mechanism is supported by the kinet-
cs of changing of relative intensities of H2O+ based monomer
omplexes to H3O+ based monomer complexes (Fig. 14). This
inetics was measured when DMT sample was extracted from

he reaction region. From our observations it follows that the
alue of chiral discrimination in the case of H2O+ based dimers
trongly depends on the experimental conditions. The R ratio

1 This effect has a kinetic character. In equilibrium, if there is no thermody-
amic preference for one of the forms (homo or hetero) dimers intensity has
tatistical (binomial) distribution. During the formation in ESI process some of
hem are formed as result of trimer decomposition in ion transport system or
nside ICR cell. So if trimer intensity distribution is not statistical dimers will not
e as well. If for instance in trimer group homochiral trimers dominate we will
ave mainly homochiral dimers, because heterochiral dimers could be formed
nly from heterochiral trimers.

t
t
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w
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ig. 13. Atmospheric pressure corona discharge chemical ionization mass spec-
rum of DMT vapors: D + L6d.

f abundances (sum of the intensities of homochiral dimers to
ntensity of heterochiral) of homochiral to heterochiral dimers
s changing from statistical R = 1 (absence of chiral discrimina-
ion) to up to R = 3 (strong chiral discrimination). It is reasonable
o suggest that the chirality effect observed for this dimer group
as a similar nature to what we saw for alkali metal-based dimer
nd determined by the inheritance from the trimers. This method
f chirality recognition may not be applied to any chemical com-
ound. The compound should be volatile enough to form dimers
y APCI and AP thermoionization. Moreover, the chirality must
ave an affect on the stability of dimers or trimers. A chiral drug
lbicar is an example of a compound with high enough volatility
ut no chiral discrimination in the dimer stability. L-albicar was
abeled with six deuterium atoms. We saw very intense peaks
f albicar dimers both in AP CI and AP thermoionization mass
pectra. Figs. 15 and 16 show the comparison of the spectra
btained by corona discharge CI and thermoionization. From
hese figures it becomes evident that albicar molecules form
omplexes according to statistical distribution without reveal-
ng any significant chirality effects in stability of both dimer and
rimer groups.

.3. Influence of hydration on chiral discrimination in
MT dimer formation

The results on Figs. 9 and 10 showing that attaching more
han one water molecule destroys the bonds between the tar-
rate molecules responsible for chiral discrimination in dimer
ormation process. It means that in the bulk phase we should
ot see such discrimination. To investigate this effect further
e calculated the potential surface fragments for homo- and
eterochiral DMT dimers containing zero, one or two water
olecules. All calculations were performed at the density func-

ional B3LYP level of theory [17,18]. Optimized geometry

arameters and frequencies of normal vibrational modes for
he studied molecular systems were computed using the 6-
1 G* atomic basis sets [19]. Single points on the potential
nergy surface were calculated having regard to the 6-311++
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ig. 14. (a) Kinetics of transformation of H2O+ DMT based monomer complex
egion, (b) mass spectrum at 1 min, (c) mass spectrum at 15 min, and (d) mass s
** polarization and diffusion functions [20]. The calculations
ere performed with the use of the GAUSSIAN-98 program [21]
n a CRAY J90 supercomputer in the National Energy Research
upercomputer Center (Oakland, California, USA) and on an

ig. 15. Atmospheric pressure corona discharge chemical ionization of albicar
apors: D + L6d.
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o H3O+ based monomer complexes after removal of DMT sample from corona
m at 40 min.

C760-D mini-supercomputer in the A.N. Nesmeyanov Institute

f Organoelement Compounds (Moscow, Russian Federation).
alculated values of total (E, a.u.) and relative (�E, kcal/mol)
nergies of LL and LD forms of charged complexes H+ (DMT)2
H2O)n (n = 0, 1, 2) for three basis sets 6-31 G*, 6-311 G**,

ig. 16. Atmospheric pressure thermoionization mass spectrum of albicar
apors: D + L6d.
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Table 1
Calculated values of total (E, a.u.) and relative (�E, kcal/mol) energies of LL and LD forms of charged complexes H+ (DMT)2 (H2O)n (n = 0, 1, 2) for three basis
sets 6-31 G*, 6-311 G**, 6-311++G**

System 6-31 G* 6-311 G** 6-311++ G**

−E �E −E �E −E �E

LL H+ (DMT)2 1372.3636 0.0 1372.7762 0.0 1372.8066 0.0
LD H+ (DMT)2 1372.3599 2.3 1372.7725 2.3 1372.8033 2.0
LL H+ (DMT)2 H2O 1448.7993 4.0 1449.2499 3.6 1449.2834 3.2
LD H+ (DMT)2 H2O 1448.8056 0.0 1449.2556 0.0 1449.2886 0.0
LL H+ (DMT)2 (H2O)2 1525.2425 0.8 1525.7302 0.6 1525.7657 1.3
LD H+ (DMT)2 (H2O)2 1525.2438 0.0 1525.7311 0.0 1525.7677 0.0

ecke

6
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w
t
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e
s
D
h
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t
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h
t
c
a

3
(
(
n
q
t
and effective charges on atoms of hydrogen and oxygen. For
example in more stable LL-form H+(DMT)2 the length of the
shortest hydrogen bond is less, than in the LD-form. The shortest
hydrogen bond in the LD-form of the dimer with one molecule
Fig. 17. H+(DMT)2 (H2O) group. Ab initio B

-311++ G** are presented in Table 1. Fig. 17 shows the
inimum energy structures and transitions energies for one
ater molecule containing DMT homo- and heterodimers. In

he upper part of the figure we show structures with proto-
ated water molecule. In the lower part we show the structures
here proton is located on the DMT molecule and unpro-

onated water interacting with the DMT molecule through a
ydrogen bond. It is evident that configuration of homochiral
imer with protonated water molecule has the lowest energy.
he energy of the heterochiral dimer with protonated water
olecule is higher by 1.8 kcal/mole. This is in agreement with

xperimental observations, where homochiral dimer was more
table than heterochiral. For the conformations with protonated
MT molecule the difference in formation energy is much
igher—7.3 kcal/mole. Fig. 18 shows the minimum energy
tructures for tartrates homo- and heterodimers containing two
ater molecules. It is evident that proton is located on one of

he water molecules and the other water molecule forms hydro-
en bonds between the DMT molecules. The energy difference
ndicates that the heterochiral structure is more stable than the

omochiral as we observed in the experiments. Table 2 presents
he calculated values of hydrogen bond distances (R(O–H)) and
harges on H- and O-atoms forming H-bonds (qH, qO) for LL
nd LD forms of complexes H+ (DMT)2 (H2O)n (n = 0, 1, 2) (6-

F
6

, Lee, Yang, Parr Method in 6-311 G* bases.

11++ G** basis set). We would like to note, that from the data
Table 2) for all three considered systems H+(DMT)2 (H2O)n

n = 0, 1, 2) the transition from LL to LD form is not accompa-
ied by the variation in the number of hydrogen bonds, but only
uantitative characteristics of hydrogen bonds. By the quanti-
ative characteristics we mean the lengths of hydrogen bonds
ig. 18. H+(DMT)2 (H2O)2 group. Ab initio Becke, Lee, Yang, Parr Method in
-311 G* bases.
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Table 2
Calculated values of hydrogen bond distances (R(O–H)) and charges on H- and O-atoms forming H-bonds (qH, qO) for LL and LD forms of charged complexes H+

(DMT)2 (H2O)n (n = 0, 1, 2) (6-311++ G** basis set)

System R(O–H) qH qO

LL H+ (DMT)2 H(17)–O(30) = 1.7206 0.4951 −0.2345
H(18)–O(24) = 2.4144 0.4359 −0.2637

LD H+ (DMT)2 H(17)–O(30) = 1.7328 0.5270 −0.2258
H(23)–O(24) = 2.0430 0.4644 −0.2491

LL H+ (DMT)2 H2O H(23)–O(1) = 1.5889 0.2724 −0.2936
H(47)–O(9) = 1.6416 0.4438 −0.2880
H(48)–O(24) = 1.6046 0.4628 −0.3472

LD H+ (DMT)2 H2O H(23)–O(24) = 1.5256 0.4023 −0.2971
H(47)–O(9) = 1.6679 0.4598 −0.2487
H(48)–O(30) = 1.7253 0.3229 −0.1561

LL H+ (DMT)2 (H2O)2 H(48)–O(32) = 1.6297 0.4555 −0.2003
H(23)–O(49) = 1.4533 0.3256 −0.4592
H(50)–O(24) = 1.9880 0.2534 −0.3342
H(51)–O(1) = 1.8701 0.4015 −0.2938
H(47)–O(9) = 1.5740 0.3803 −0.2329

LD H+ (DMT)2 (H2O)2 H(48)–O(30) = 1.7230 0.3970 −0.1543
H(23)–O(49) = 1.5194 0.3829 −0.4376
H(50)–O(10) = 2.0150 0.2580 −0.1488
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H(51)–O(24) =
H(47)–O(1) = 1

f water is equal to 1.52 and, which is less than in the LL-form
1.59 À). Analyses of the structure of dimers containing two
ater molecules shows that the water molecules interact with

he DMT molecules in such a way that their chirality do not
ffect the dimer stability.

. Conclusions

Using simple experimental setup we demonstrated a pos-
ibility of chiral analyses of a mixture of enantiomeres by
irect probing the vapors of analyte at the atmospheric pres-
ure conditions. A couple of atmospheric pressure ionization
echniques were tested as potential methods for in situ recogni-
ion of molecular chirality at the atmospheric pressure, such as
orona discharge chemical ionization and surface thermoioniza-
ion. We showed that both methods produce dimers and trimers
f dimethyltartrate molecules with pronounced effects of chi-
al discrimination. In the case of corona discharge ionization
e detected both H3O+ and H2O+ based dimers and trimers of

he DMT molecules. K+ based dimers and trimers dominate the
ass spectra produced by the thermoionization technique. We

bserved homochiral domination in potassiumated dimers and
2O+ based dimers and attributed this fact to inherited chirality

ffect from the trimers. We also showed that addition of water
olecules to dimers strongly influences on the effect of chirality

n dimer stability making heterochiral dimer more stable than
omochiral in the case of addition of one water molecule and

emoving the influence of chirality on dimers stability by addi-
ion of more than one water molecules. Results of the quantum
hemical calculation for dimers containing different number of
ater molecules agree well with the experimental data. They

[

[
[

7 0.3172 −0.3736
0.4311 −0.3107

xplain the observed effect of dimer hydration on the stability
ifference between homo- and heterodimers by redistribution of
ydrogen bonds between water and DMT molecules.
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