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A B S T R A C T

The paper addressed shortcoming with highly precise and selective 3D structural analysis of native cyclodextrins
in mixture using ions observable at low m/z–region by ESI– and APCI–mass spectrometry. Because of, the
quantitative and structural analyses of CDs, in general, are vexed by a set of complications. The study outlines
our own stochastic dynamic approaches to the latter issues based on new model relations, quantifing the
measurable MS outcome intensity. They introduce the so–called stochastic dynamic mass spectrometric diffusion
“DSD” parameter, exhibiting high accuracy, precision, sensitivity and selectivity, respectively. It is linearly
connected with the so–called quantum chemical diffusion parameter “DQC” according to Arrhenius’s theory. The
most important upshot is that statistical parameters r=0.99639–0.99981 has been obtained correlating between
DSD and DQC parameters. Therefore, we determine high accurately 3D molecular and electronic structures of
analytes by mass spectrometry. Fragment peaks at m/z 313, 279, 272, 252, 231, 214, 198, 171, 158 and 141 are
examined. Mixtures of CDs and monomeric and acyclic oligomer carbohydrates glucose (1), sucrose (2), raffinose
(3), melezitose (4) and cellotriose (5) are also studied. Our method is able to account precisely for the effect of
the temperature under ESI– and APCI–MS conditions, as well. Correlative analysess between DSD parameters of
ESI– and APCI–MS measurements under different temperatures is also shown. Chemometric tests are used.
Another important results and conclusions, among others, to draw from this research are: (i) excellent linear
correlation between DSD and DQC parameters of r=0.99636 is found looking at common ions at m/z 141, 158
and 171, belonging to 2-formyl-3,4-dihydroxy-pyranylium, 4,5,6-trihydroxy-6H-pyran-2-carbaldehyde and
3,4,5-trihydroxy-6-oxo-6H-pyran-2-ylmethylidyne-oxonium ions. Thus, we distinguish precisely between the last
structure and 3-formyl-4,5-dihydroxy-2,7-dioxa-8-oxonia-bicyclo[4.2.0]octa-1(8),3,5-triene cation. In the case
of ion at m/z 141 subtle electronic effects are distinguished between the mentioned structure and the charged
3,4-dihydroxy-6H-pyran-2-carbaldehyde one. The method determines precisely very similar structurally
poly–OH–substituted derivatives. Because of, (ii) absolute reproducibility (r=1) of DSD parameters of ESI–MS
spectra is obtained studying the shown in point (i)MS peaks of β-CD between jth and jth numbers of experiments.
The statistical equation is Di

SD = (0.51 ± 3.1.10−5)×Dj
SD; (iii) the APCI– and ESI–MS provide identical results

studying common MS ions of CDs and the correlation between DAPCI
SD and DESI

SD parameters excludes from error,
due to, experiment; and (iv) The correlation between theory and experiment accounting for the factor tem-
perature within our model equations shows r=0.9828 looking at the MS peaks at m/z 313 280, 279, 274 and
252, respectively. The effect of the temperature under both ESI– and APCI–MS conditions on the 3D molecular
and electronic structures of CDs is precisely studied, respectively.
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1. Introduction

The native (α–, β – and γ–) cyclodextrins are attractive templates
studying host–guest interactions [1,2]. The straightforward under-
standing of these interactions incorporates into a detailed study the
bonding fashions and strengths of molecular forces. These analytes
exhibit a large number of different molecular conformations and in-
teracting network of monomers, oligomers, polymers and supramole-
cular self–associates, respectively. This fact, complicates the structural
analysis by mass spectrometry. In general, the soft ionization MS
methods are irreplaceable approach to examine biomacromolecules,
their noncovalent interactions [3–5]. Research on reactions of proto-
nation/deprotonation in gas– and condense phases or noncovalent in-
teractions of LMW analytes or both, in addition to, analysis of biolo-
gically active macromolecules [6–18] have been documented. Looking
at the studies of CBs, so far, it should be borne in mind that MS based
examination of such compounds is a well-established field of the ana-
lytical chemistry [8–18]. However, one important conclusion can be
drawn from the literature, so far. The structural analysis has been
limited to 2D molecular structures (Scheme SA1). Certainly, this could
be interesting in interdisciplinary application to mass spectrometry.
However, such structure lacks of providing crucial information about
3D conformation; bond lengths and angles; electronic structure and
effects; nature of chemical bonds, information about chemical re-
activity, etcetera. It immediately might be suggested what our con-
tribution basically consists in. We have sought to demonstrate how ESI–
and APCI–methods can be used to determine 3D molecular and elec-
tronic structures of CDs looking at fragment ions at low m/z–values. It
remains to be seen, in practice, how this can be carried out. We shall
briefly introduce our own more recent developments treating the
measurable outcome intensity, quantitatively. It is useful for an in–depth
understanding of the method to show how the new SD model Eq. (1)
accounts for different 3D conformations or electronic structures or both
corresponding to one and the same m/z value of the spectra (Figs. 1 and
2). There are depicted calculation tasks of DSD parameters, formulas
and statistical equations connecting DSD data of ith and jth experiments
of isolated analytes and their mixtures. The significant importance of
the data lies in that they distinguish quantitatively between analytes
using a set of identical MS ions. Under one and the same experimental
conditions, the relation among DSD parameters of isolated analytes is
different from corresponding values of mixtures, chemometrically. The
DSD parameter accounts sensitively for any perturbation of the variable
intensity per span of scan time. But, what is the physical meaning of
perturbation or change of the parameter DSD and how the change/
perturbation, if any, is connected with 3D molecular structure of the
ions? Eq. (1) [19–26] connects MS intensity of its analyte ion within a
given jth span of scan time of a MS experiment with a parameter DSD.
The DSD parameters correspond linearly to DQC parameters (Eqs. (6)–(8)
[24]). Owing to that DQC parameter reflects unique 3D molecular and
electronic structures of an analyte, the formalism behind Eq. (1) pro-
vides direct connection of DSD with 3D conformation and electronic
structure of the molecules. One advantage of Eq. (1), among others,
consists of its significant sensitivity. The model is exploited, so far,
studying organic and metal–organics of LMW and biomacromolecules
[19–26]. Herein, we employ Eq. (1) for CDs and their mixtures with CBs
(1)–(5), thus, solving significantly challenging problems of determining
such analytes using ions having low m/z–values.

2. Experimrntal

2.1. Materials and methods

Mass spectrometric analysis was performed by means of Thermo
Finnigan LTQTune 391, Thermo Finnigan LTQ Orbitrap (Thermo Fisher
Inc., Rockville, MD, USA) and Agilent 1200 G1315 DAD (Agilent
Technologies Inc., SC, USA) The following columns were used: Fusion

RP 80–150× 2 and Fusion 150× 3. A combination of mass detectors
was used. The data were saved as individual files. The MS intensities
were processed by QualBrowser 2.7, ProteoWizard 3.0.11565.0 (2017)
and AMDIS 2.71 (2012) program packages. Tables AS1, AS2 and BS1
show the experimental conditions of ESI– and APCI–MS measurements.
The chromatograms were obtained by Gynkotek (Germering, Germany)
HPLC instrument having a preparative Kromasil 100 C18 column
(250× 20mm, 7 μm; Eka Chemicals, Bohus, Sweden) and a UV de-
tector set at 250 nm. The MS are correlated with UV–VIS ones.

The CBs were Sigma–Alrdich products.

2.2. Sample preparation for ESI– and APCI–MS measurements

2.2.1. Preparation of the samples
Standard solutions of CDs were prepared daily in mobile phase

CH3CN:CH3OH (25:75, v/v) in multiplication (samples 01–06 of β–CD;
samples A1–F1 of α–CD; and samples A1 and B1 of γ–CD). They were
homogenized for 10min at 1500 r·min−1 with shaker. The solutions
stored in the dark at –4 °C. Aliquots were measured under ESI– and
APCI–MS conditions. The analyses of LMW CBs were based on samples
01–09. The hydrolysis of CBs was carried out within a range pH=7–14
recalculated for solvent mixture using standard solutions of NH4OH and
NaOH.

2.2.2. Linearity and quantitation limits
The linear range has been determined by standard CDs and CBs by

diluting of solutions of 1.0 μg·(mL)−1 of each compound in solvent
mixture CH3CH2OH:H2O at molar ratio 1:1 within concentration
ranges: 01–50 ng·(mL)−1 to 0.05–5000 μg·(L)−1. The quantitation con-
centration limits has been obtained.

2.2.3. Accuracy and precision
The accuracy has been evaluated using three replicates of CDs and

solvent mixture CH3CN:H2O at molar ratios 1:1 at concentrations of
2 μg·(mL)−1. Three subsequent measurements of the samples were
carried out. The precision has been estimated by five sequent (three
times repeated) measurements of standard samples of CDs.

2.2.4. Intermediate precision conditions of measurements
The intermediate precision conditions of measurements can be in-

terpreted as a set of conditions, including identical measurements
procedures and replicate measurements over an extended span of the
time. They may include different conditions involving changes, for in-
stance, different operators. Measurements over different spans of time
have been carried out.

2.2.5. Trueness of measurements and bias
The closeness of agreement with average data has been obtained by

means of replicated measurements (twelve measurements) and com-
pared with the true value of reference samples. The measurement
trueness is inversely related to SME, which estimated the measurement
bias.

2.2.6. Repeatability and reproducibility
The repeatability and reproducibility of measurements is evaluated

using the following procedure: (i) data of three repeated measurements
of three replicated samples have been collected and compared with
standards; and (ii) chemometric analysis has been carried out [19–33].
The convention of repeatability and reproducibility has been detailed
[33]. The statistical parameters are determined by means of the fol-
lowing formulas: 2·(2)1/2·SD1 and 2·(2)1/2·SD2, where SD1 and SD2 re-
present short time standard deviation (SD) and the long-time SD.

2.2.7. Recovery
Recovery has been evaluated by standard method, using ten portions

of CDs samples with different ratio (2.0 μg·(mL)−1) at different high,
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intermediate and low concentrations. In parallel, they were splitted into
different concentration groups: 35, 7.5, 2.5 ng·g−1, respectively. Three
additional portions have been selected as controls. All recoveries show
good method accuracy.

2.3. Theory/computations

2.3.1. Computational quantum chemistry (Supporting information)
2.3.1.1. Stochastic dynamics. Eq. (1) has been obtained by adopting the

Fig. 1. Schematic representation of tasks (I–VII) and formulas for calculation of DSD values according to [19–26]; a measured MS spectrum (upper figure) contains
information about total intensity of ions (Itot, [arb.units]) which is summed up over the whole scan time (t= τ=17–30 mins); tasks I and II: determination of
temporal behavior of absolute intensity Ii over a ith short span of the scan time Δt [mins]; task III: determination of the average intensity over ith span of time, variance
parameter σ2 and lnP1; task IV: plotting of functional relationship (I – 〈I〉)2= f(t); task V: SineSqr fitting of the latter relation and determination of parameter “A”;
task VI: determination of σ’2 variance parameter; and task VII: determination of Di

SD parameter [cm2·s−1] over ith span of measurement time (Experimental files a-
CD.raw and rb01.raw able to follow the computational tasks).
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Box–Müller’s method and the Ornstein–Uhlenbeck approximation to SD
processes [19–26]. It represents a purely SD approach. The
experimental measurable outcome intensity from a MS experiment is
treated as a stochastic variable. The absolute intensity value with
respect to different spans of measurement’s the scan time is quantified.

According to the stochastic plausibility theories any stochastic variable
or variation of absolute value of MS intensity with respect to the time
and its average value per a concrete span of time (in this case, different
spans of the scan time) are connected with the so–called variance “σ2”
(Fig. 1(III)). We study both of these experimental and theoretical

Fig. 2. Characteristic MS fragment peaks of CDs and (2); statistical equations connecting DSD parameters of isolated analytes under ith and jth experimental conditions
with those of mixtures; statistical equations connecting DSD [cm2·s−1] with DQC parameters.
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functional relations (I–〈I〉)2= f(t). The former relation can be
approximated to SineSqr function at an absolute level of statistical
significance, thus producing the latter relation (Fig. 1(V)). The
nonlinear approximation to experimental relation (I–〈I〉)2= f(t)
results in excellent or even absolute coefficients of statistical
correlation (r2= 1). Due to, chemometric nonlinear fitting of
experimental (I–〈I〉)2= f(t) relation the variance of the theoretical
relation (σ′2) should be different from the experimental variance σ2. The
DSD parameter accounts for error contribution to chemometric data
processing via σ2’ parameter (Consider Fig. 1(VII)). A second note is
associated with quantitative procedure of the temporal behavior of the
MS intensity consist in evaluating differences in intensity with respect
to the experimental parameter temperature (T), as far as, the
experimental design is based on ESI and APCI MS measurements
under different experimental conditions toward the temperature.
After having introduced the basic concept of quantitative treatment of
MS intensity via the DSD parameter and Eq. (1), we will concentrate on
the concept of the functional relation between the DSD parameter and
the temperature given by Eq. (2) [26]. It adopts the Gillespie’s exact
numerical solution of the forward Fokker–Planck equation or forward
Kolmogorov equation of an Ornstein–Uhlenbeck process. In writing Eq.
(2) we adopt, as well as, the Einstein’s formula of the characteristic
function for drift (see Eq. (4) in [26]). However, we modify empirically
the characteristic function of the diffusion in the forward
Fokker–Planck equation (see Eq. (5) in [26]). In Eq. (2), kB denotes
the Boltzmann constant (1.3806.10−23 m2·kg·s−2·K−1); Δt= t− t0, T –
temperature [K] under the two ESI and APCI measurements; m – mass
and D is the diffusion coefficient corresponding to DSD according to Eq.
(1), respectively.

2.4. Chemometrics

The software R4Cal Open Office STATISTICs for Windows 7 was
used. The statistical significance was checked by t-test. The model fit
was determined upon by F-test. ANOVA test was also used. The non-
linear fitting of experimental MS data was carried out by means of
searching method based on Levenberg-Marquardt algorithm [19–33].

3. Results

3.1. Accuracy and precision of the mass spectrometric measurements

The error of measurements contributes to the accuracy of the
DSD data. Figs. AS1–AS9 (Appendix A) depicts ESI– and APCI–MS
spectra of analytes (samples 01–06). The descriptive statistics
yields to mean value= 252.04557, sd*(yEr ± )= 5.7735.10−5,
se(yEr ± )= 3.33333.10−5; 214.0898, sd*(yEr ± )= 0, se
(yEr ± )= 0; and 231.1163, sd*(yEr ± )= 0, se(yEr ± )= 0. The
sd*(yEr ± ) is equal to “zero” comparing among CDs. The same is
true for, analysis of experimental parameters of ESI– and APCI–MS
spectra. The chemometrics shows a lack of contribution of error of
measurements to the DSD values. The APCI– and ESI–MS provide
identical results. The m/z– and intensity values have identical ac-
curacy. The correlation between DAPCI

SD and DESI
SD parameters excludes

from error, due to, experiment.
The chemometrics of MS peaks at m/z 113.07, 198.19 and 231.12 of

samples 01–09 of CBs (1)–(5) (Figs. BS3–BS10, Table BS1) under AP-
CI–MS conditions show accuracy: mean value= 113.07102,
sd*(yEr ± )=4.40959.10−5, and se(yEr ± )=1.47.10−5; 198.1853,
sd*(yEr ± )=0, and se(yEr ± )= 0; and 231.1161, sd(yEr ±
)=5.10−5, and se(yEr ± )= 1.67.10−5, respectively. Table BS2
shows ANOVA results. The F value is almost zero (F ≈ 8.10−13). The P
value is equal to 1.

The method performances of measurements of m/z–values are de-
picted in Fig. CS1 and summarized in Table CS1 (Appendix C).

3.2. Mass spectrometric data of mono–and acyclic oligosaccharides –
qualitative analysis

The fragment patterns of the CDs under ESI(-)–MS operation mode
within low m/z–charge range has shown virtually identical isotope
shapes. Characteristic MS peaks at m/z 179, 161, 149, 143, 131, 119
occur. Peaks at m/z 113 (1) and 341 (2) are found [34] (Figs.
BS3–BS10). Looking at the molecular structures of ions at m/z 161 and
143, it is evident an intramolecular rearrangement. The pairs of struc-
tures (Figs. BS1 and BS2) m144_a/m144_b, m161_a/m161_b and m231_a/
m231_b can belong to peaks at m/z 144, 161 and 231 in the spectra of (1)
and (2). An intramolecular rearrangement causes for an equal possible
observation of either m144_a or m144_b; m161_a or m161_b; or m231_a or
m231_b in the spectra. Therefore, a reliable structural analysis is asso-
ciated with a number of critical aspects. The first and most important
aspect is that, within complex CB scaffolds there can be assigned more
than one molecular structure to given MS peak. CBs exhibit great
chemical reactivity and produce a number of oligomers and polymers
via α(1–2) to α (1–6) and β(1–2) to β(1–6) bonds [35–41]. Figs.
BS3–BS12 reveals different product oligomeric ions. The MS peaks at
m/z 326 and 214 figure on the type of the chemical bond of oligo-
saccharides. Ref. [35] has shown a preferred cleavage of glyosidic bond
between second and third monomeric units. Our analysis focuses on
competitive cleavage of glyosidic bond between the first and second, as
well as, the second and third monomeric units of analytes (3)–(5). The
dehydration reactions of cellulose yields to unsaturated CBs, having
different location of the double bond [42,43]. The position of the OH
group plays a significant role. The cleavage of substituent at C2–OH
position requires a significant amount of energy. It is observed in high
temperatures. Nonetheless, it has been described as most preferred
process comparing with a cleavage of C–O(H) bonds at C3–OH and
C6–OH positions. The analysis of MS ion at m/z 326 shows that, the
fragment products after cleavage of OH groups are: m(6)

326_d_e, m(6)
326_d_f

and m(6)
236_d_h, respectively. Various mechanisms of pyrolysis of cellulose

such as direct bond cleavage; retro–Diels–Alder reaction; C6–OH pi-
nacol reaction of cleavage and a retro–aldol process have been ex-
amined [37]. Two step mechanisms of reactions have been found as a
highly probable one. The retro–Diels–Alder mechanism with
C3=C2–OH fragment is favourable [36]. We also propose a two-step
mechanism of ions formation, in spite of; such mechanism does not
occur frequently studying LMW analytes. The macromolecules often
have shown parallel processes of proton transfer and intermolecular
rearrangement [19–26].

The chromatographic data show that within pH=1–9 there is in-
significant amount of oligomer products (RTs= 13–16 mins). The most
abundant MS peak at m/z 198 belongs to {[glucose+NH4

+]} or an
ammonium addict of (1) evidences that within latter pH values there is
a lack of deprotonation of the analytes. These results agree excellent
with nuclear magnetic resonance study of β–CD [41], showing a high
stability of oligomer CBs within a large range of pH values.

3.3. Mass spectrometry of mono– and oligosaccharides – quantitative
stochastic dynamic diffusion parameters

The determination of DSD parameters is carried out (Fig. 1). First, (i)
the absolute intensity of MS ions within low m/z–region of the spectra
of 01–09 over spans of scan time is quantified (Figs. BS13–BS16 and
Table BS3). Second, (ii) the values of intensity (I) (Table BS4) (〈I〉, 〈I〉2,
〈(I)2〉and 〈(I-〈I〉)2〉) together with statistical parameter “A” and var-
iance parameters σ2 and σ2’ are determined. The parameter
lnP1=−17.0534 is constant. The statistical parameter “A” is obtained
by SineSqr approximation to experimental relationship (I-〈I〉)2= f(t)
(Fig. BS17). The DSD values are calculated according to the formulas
shown above and data in the latter table. If the 3D molecular and
electronic structure of a fragment ion does not change over the studied
spans of scan time, then DSD parameters correlate excellent (Figs.
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BS18–BS20). The coefficients of correlations are r > 0.99. When, a
perturbation (or change) of 3D molecular conformation or electronic
structure of a MS ion over different spans of times occur, then the DSD

values vary. The total diffusion parameter (Dtot
SD) represents a sum up of

DΔtn
SD parameters over the whole scan time. Major contribution to a 3D

structure should have this DΔtn
SD parameter, which exhibits the largest

value (Fig. BS21). If a set of 3D molecular structures have
DΔtn
SD = 10−12–10−14 over an average value DΔtn

SD ≈ 10−4–10−6 could
be neglected from the description of the 3D structure of the cation.
Table BS4 and Figs. BS18–BS20 highlight that within the shown an
almost identical or strongly overlapped span of the times there is ob-
tained perfect correlation between DSD parameters of MS ions measured
within independent experiments (r=0.999–1). This fact explains the
excellent reproducibility of APCI–MS data under one and the same
experimental conditions (Table BS1). The superior reproducibility is
typical not only determining m/z values – a well/ known fact – but the
diffusion parameters. The results from DSD parameters (Table BS4 and
Figs. BS18–BS22) represent a rigours facts about: (i) reliability of our
3D assignment of MS ions; (ii) capability of Eq. (1) of treatment of MS
intensity as a powerful tool not only for exact 3D structural analysis of
ions, but also for its routine implementation into the analytical practice
together with well/known methods treating the peak positions of MS
ions; and (iii) high accuracy, precision and selectivity of so and struc-
turally similar complex analytes such CBs.

Next, we shall draw attention to application of Eq. (1). So far, we
have described quantitatively relatively small spans of time. A question
arises: does Eq. (1) appear applicable to large scan time? Table BS2
illustrates absolute intensities of MS ions over larger spans of times.
Figs. BS23–BS25 depicts experimental parameters and chemometrics.
As can be seen (Table BS4) lnP1 is, again, the same constant equal to
–17.0534. The upshot of the latter analysis is that the equation is ap-
plicable to quantify small and large spans of the scan times.

3.4. Stochastic dynamic mass spectrometric diffusion parameters of native
cyclodextrins – electrospray ionization mass spectrometric data

3.4.1. Stochastic dynamic mass spectrometric diffusion parameters of
α–cyclodextrin

Table AS1, Fig. 2 and AS10–AS14 depict intensity of MS ions of
α–CD over the scan time (t) under experiments A1–F1. Fig. AS1 illus-
trates fragment patterns and assignment of MS ions. Tables AS3–AS10
summarize absolute intensity per span of time of experiments A1–D1;
experimental and statistical parameters according to Eq. (1) together
with DSD parameters. Fig. AS15 shows experimental relations between
ion current per span of time; the experimental relation (I–〈I〉)2= f(t);
its nonlinear approximation to SineSqr function; and chemomerics.
Figs. AS16–AS19 depicts mutual relations between absolute total in-
tensities of MS ions with respect to the experimental scan time (τ); and
DSD parameters of ions of α–CD. A set of experimental conditions la-
beled as A1–F1 are examined. The significant results go beyond the
common view that CDs can be distinguished quantitatively only using
ions at high m/z–values, where MS peaks of adduct {[α–CD+NH4]+},
{[β–CD+NH4]+} and {[γ–CD+NH4]+} ions at m/z=990–1400
occur. These peaks enable a highly selective determination of CDs even
in complex multicomponent mixtures (Fig. 3, AS1–AS10 and AS19) by
means of CID–MS analysis [6,7]. The CID–MS yields to relatively low
fragment products, due to soft–ionization conditions. The product ions
appear, again, within high m/z–region of the spectra (Figs. 4, 5, AS20
and AS21). However, the analysis of CID fragment ions of ammonium
adducts of CDs becomes outside the basic idea of this study. Analysis
within low m/z–values is undoubtedly a challenging research task, due
to, complexity of ESI– or APCI–MS isotope shapes of CDs under single
MS operation mode. However, the DSD parameters are highly selective
and allow for overcoming of the latter drawback of the experimental
MS outcome.

3.4.2. Stochastic dynamic mass spectrometric diffusion parameters of β
–cyclodextrin

We shall discuss experimental DSD results from β–CD. Tables AS11
and AS12 summarize the temporal behavior of absolute MS intensity of
ions with respect to a set of spans of scan time. The experimental MS
spectra are depicted in Fig. AS21. The relations among TIC per span of
the time; the function (I–〈I〉)2= f(t) and its nonlinear approximation to
SineSqr function are presented in Fig. AS22. Figs. AS23 and AS24 il-
lustrate correlative analysis among DSD results from different experi-
mental conditions A1 and B1; and between α–CD and β–CD measured
under experimental conditions F1 and E1; and, respectively, A1. The
analysis encompasses ions at m/z 141, 158, 171 and 198, respectively.
The m/z–values of the peaks at m/z 141 and 171 are identical in α– and
β–CDs from the perspective of chemometrics (Fig. AS25, mean value:
141.1136, sd*(yEr ± )= se(yEr ± )=0; and 171.1017, sd*(yEr ±
)= se(yEr ± )=0). As could be expected the DSD parameters of these
peaks of β–CD, like in α–CD, under independent experimental condi-
tions A1 and B1 are identical. Absolute coefficient of correlation r=1
has been obtained. However, as the latter figure clearly demonstrates,
the analysis of DSD data of the same MS peaks of α– and β–CD shows
that these parameters do not correlate linearly at a significant level
based on chemometric criterion (r=0.65626). As we have outlined
above, the new approach to quantify MS intensity according to Eq. (1)
and parameter DSD exhibit high sensitivity towards any perturbation of
3D molecular conformation and electronic structures of ions. No of the
existing quantitative methods for analysis neither of MS intensity nor
m/z–parameters does not match our strategy. On the contrary, looking
at protocols for determining analytes the fact that the MS peaks at m/z
171 and 141 show sd*(yEr ± )= se(yEr ± )=0 means that these
peaks cannot be detected selectively. However, Figs. AS23 and AS24
reveal that the analysis of DSD data provides high selective determina-
tion of α– and β–CD. Because of, the corresponding correlations are
expressed quantitatively via different statistical linear equations looking
at the temporal behavior of absolute MS intensity per span of the scan
time (Tables AS3, AS9–AS12 and CS1).

3.4.3. Stochastic dynamic mass spectrometric diffusion parameters of
γ–cyclodextrin

We have already answered the primary question about the MS
method performances. The statistical significant parameters un-
ambiguously underline a superior accuracy (r=1). It must be obvious
that the DSD data allows for a high selective analysis of CDs in mixture
within low m/z values. Let us compare DSD data on γ–CD under con-
ditions A1 and B1 (Table AS1). The analysis of DSD data of the same ions
of α– and β–CD is carried out. The chemometric results are summarized
in Tables AS13 and AS14 as well as Figs. AS26 and AS27. Fig. AS28
tackles the correlation among DSD parameters. The analysis distin-
guishes between CDs by pairs, from the perspective of the chemo-
metrics. What is crucial is that, as aforementioned, the three analytes
exhibit identical m/z values within the range m/z=100–200 (Fig.
AS25) and a quantification on the base on MS peak position unable to
detect selectively these analytes in mixture. However, by DSD para-
meters, a significant statistical selectivity of CDs in low m/z–range of
the spectra is achieved.

3.5. Stochastic dynamic mass spectrometric diffusion parameters of
β–cyclodextrin – Atmospheric pressure chemical ionization mass
spectrometric data

Having documented the capability of Eq. (1) to determine highly
accurately, precisely and selectively the CDs within low m/z–region of
the spectra we shall move in this subsection to an important analysis of
β–CD under APCI–MS experimental conditions (Fig. AS10, experiments
01–06). A correlation between ESI– and APCI–MS DSD data shall be
carried out. Fig. AS29 depicts the temporal behavior of MS ions of six
independent measurements 01–06 over overlapped spans of scan time.
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Fig. AS30 presents ion currents with respect to time; the functional
relationship (I–〈I〉)2= f(t) and its nonlinear approximation to SineSqr
function. Tables AS15 and AS16 summarize absolute MS intensity with
respect to different spans of time, DSD parameters and statistical para-
meters. There should be linear correlation between DSD parameters of

APCI– and ESI–MS data; and among APCI–MS data on experiments
01–06 looking at the overlapped spans of time (Fig. AS31). There has
been evidenced experimentally not only high accuracy of ESI– and
APCI–MS data, but also high selectivity of CDs within low m/z–region
of the spectra.

Fig. 3. ESI(+)–MS spectra of CDs; molecular dynamic energetic: total energy (ETOT) [kcal·mol−1] versus time [fs]; 3D molecular conformation of ammonium adducts
of analytes; intermolecular/ionic hydrogen bonds (bond lengths [Å]).
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3.6. Temperature dependence of the stochastic dynamic diffusion
parameters of cyclodextrins

Judging from the results from application of formula (2) to quantify
the temperature dependency on the MS intensity with respect to the
two independent ESI– and APCI–MS measurements depicted in Fig. CS3
there appears to be excellent linear relation (r=0.9827).

3.7. Theoretical data

3.7.1. Molecular conformations and electronic structures of mass
spectrometric fragment ions

Not being able to encompass all aspects of conformational analysis
and electronic effects of CBs, due to, flexibility of their molecular
structures. Moreover, an almost identical proton accepting ability of
O–centres of OH–groups and diversity of intra– and intermolecular
hydrogen bonds of monomers, oligomers and polymers occur. Thus, this

subsection focuses on molecular structure of MS ions within low m/
z–region of the spectra aiming at correlating among 3D conformations,
subtle electronic effects and DQC parameters. Fig. 6, BS26 and BS27
depict molecular optimization of species and their energetics obtained
by ab initio and DFT–MD methods. A question that has to be addressed
is whether we can expect the DQC parameters to correspond excellent
with DSD parameters taking into consideration that the CDs are char-
acterized by flexible molecular structures. They stabilize closely dis-
posed as energetic conformational situations. In order to, make our
claims plausible, we describe energetic of different molecular con-
formations belonging to each experimental MS ion. CBs tend to form
moderate–to–weak intramolecular OH…O(H) hydrogen bonds. In the
case of MS ion at m/z 198, molecule of (1) interacts with NH4

+ cation
via NH4

+…O(H) intermolecular hydrogen bonds (r(N…O)=2.591 and
2.637 Å). In seeking to understand the governing forces and molecular
factors determining the TD stability of MS species within different po-
sitional isomers we have carried out systematically evaluation of

Fig. 4. Relations among DSD [cm2·s−1] parameters of MS ions of α–CD within m/z 100–500 of experiments E1/F1 and C1/D1; chemometrics; DSD parameters
[cm2·s−1] of experiment C1 belonging to each of the shown MS ions are given in “black,” while those from experiments D1 – in “red.”

Fig. 5. Relations among DSD parameters of MS ions of α–CD within m/z 100–500 of experiments E1/F1; chemometrics; DSD parameters [cm2·s−1] of experiment E1
belonging to each of the shown MS ions are given in “black,” while those from experiments F1 – in “red.”
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energetics of ions (Figs. BS2–BS12). The criterion is very sensitive to-
ward any conformational change or subtle electronic effects. Let us
describe the energetics of species m155_a to m155_c and m171_a to m171_d.
Most stable are cations m151_b and m171_c (ΔETOT = |9.0316| and
|12.0931| kcal·mol−1). In parallel, one further question is whether the
size of CD ring affects on TD of ions within competitive fragment paths
of analytes (3)–(5). In other words, is there significant difference in
energy of given ions, for example, m198_a and m198_b with respect to
analysis of isolated analytes or analytes in mixture? Fig. BS26 only
indicates a difference in total energy ΔE = |0.00174015| a.u. The same
is true for cations m231_a and m231_b, where the cation containing 2,5-
bis-hydroxymethyl-tetrahydro-furan-2,3,4-triol appears more stable
comparing with charged species containing a six–membered cyclic CB
fragment 6-hydroxymethyl-tetrahydro-pyran-2,3,4,5-tetraol. Even
studying only MS spectra of (5) there is assumed an intramolecular
rearrangement leading to a transition m198_a→m198_b. Nevertheless,
within the series of MS m362_c and m362_d ions the latter one contains
disaccharide scaffold, however, with a mixed 5– and 6–membered ring
containing monomeric units it appears less favourable from the TD

point of view. The NH4
+ and Na+ adducts are very stable cationic

ensembles of CBs comparing with the charged CBs themselves.

3.7.2. Quantum chemical diffusion parameters
3.7.2.1. Quantum chemical diffusion parameters of monomeric and acyclic
oligomer carbohydrates – a correlation between experiment and theory. The
next analytical step lies in determining DQC parameters. The
thermochemistry of GS and TS are summarized in Table BS5. Tables
BS6–BS8 represents atomic coordinates of MS species in the two states;
vibrational frequencies and ionization potentials. The determination of
TSs is obtained by ab initio and DFT–MD using BO approximation (Fig.
BS27). There is excellent correlation with a significant coefficient of
correlation between DSD and DQC parameters (Fig. BS28). In order to,
illustrate the great sensitivity and selectivity of the DSD parameter let us
describe DQC parameters of different molecular conformations and
isomers of MS ions. How these values fit to experimental DSD

parameters? Ions m113 and m113_a show DQC=333.3166 and 74.0615,
while ions m198_a and m198_b reveal DQC= 187.95067 and 348.328. The
significant differences in values enable us to distinguish precisely

Fig. 6. Molecular dynamics of acyclic dimeric carbohydrate ions at m/z 367 and 326; total energy (ETOT) [kcal·mol−1] versus time [fs]; 3D molecular conformations
and intermolecular/ionic hydrogen bonds (bond length [Å]).
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among 3D molecular conformations and electronic structures of an ion
by comparing DQC with DSD data. The analysis of ions m120_a and m214_a

yields to DSD=1005.6 and 90.7536. As the latter figure indicates, the
DQC of the ions m/z 113 and m198_b correlate with experimental DSD

parameters. This agrees well with known experimental assignment
[51,52]. The DSD parameters can be used as highly accurate and
sensitive elicitation tool to distinguish among a large series of ions
exhibiting subtle changes of electronic or molecular 3D structures or
both. The analysis of DSD and DQC values shows excellent coefficients of
correlations r=0.99981 and 0.99951.

3.7.2.2. Quantum chemical diffusion parameters of native cyclodextrins – a
correlative analysis between experiment and theory. We have to determine
correlation among DSD parameter of ions within m/z=100–500 and
DQC data. The most stable 3D molecular and electronic structures of MS
ions depending on their proton accepting ability and charge localization
should be obtained. Fig. BS32 depicts DFT energetics of ions. The DQC

parameters are obtained namely using the most stable conformation of
the ions from the perspective of the chemical TD (ions m141_d, m158_d

and m171_b). The determination of TS is carried out by MD analysis (Fig.
BS33). The molecular vibrations of GS and TS are summarized in Table
AS17. Table AS18 and AS19 show thermochemistry. The correlations
between DSD and DQC values are (Fig. AS14) almost perfect linearly. The
γ–CD shows r=0.99639 (Fig. AS34). We turn to discuss, therefore,
controversy the view that the MS does not provide multidimensional
structural information [41,51]. However, such line of though does not
reflect the real capability of the method. We provide an affirmative
empirical proof of our claim that the MS is able not only to provide
highly accurate and precise quantitative data, but also exact 3D and
electronic structures of the molecules.

4. Discussion

The high selectivity and sensitivity of the DSD parameters are,
namely, the key point to understand why model Eq. (1) has significant
affect on development into quantitative methodology base on soft io-
nization mass spectrometry. Because of, the MS intensity reflects 3D
structure of the molecular ion, however, to any MS ions at any m/z
value a set of different 3D molecular and electronic structures of ana-
lytes depending on experimental conditions can occur. The scan time
does not affect the m/z value. However, it affects the intensity of the MS
peaks of analyte ions, due to perturbation of their 3D molecular and
electronic structures during the experiment over different spans of time.
Different size CDs exhibit different inters ionic interactions and frag-
ment reactions. Given that, the products of interactions of CDs at high
m/z values interact differently, thus, affecting the electronic structures
and molecular conformations of common products of fragment paths at
low m/z values. In spite of, that the latter ions exhibit identical m/z
values, the intensity of the analyte ions can de different depending on
experimental conditions, in context chemical composition of the MS
continuum. Through the common claim that MSs unable to determine
quantitatively CDs on the base on analyte ions at low m/z values, our
analysis of DSD parameters and application of Eq. (1) to treat the MS
intensity throw light on that such claim is true only looking on ex-
perimental MS parameter peak position or m/z–value. The experimental
MS spectra, however, are significantly more informative looking at
methods for quantifying the outcome intensity. As we could expect,
under identical experimental conditions and spans of scan time, the DSD

parameters correlate excellent linearly (Figs. 4 and 5). The coefficients
of correlations vary from 0.99403 to 1. How can such excellent statistical
parameters obtain looking at method performances discussed in Section
3.1? It would seem that the proper place to seek for an answer to this
question is the background of the SD concept, which we have used to
derive Eq. (1). Our theory [19–26] is based on SD description of the MS
measurable parameter intensity. It is carried out within the probability
theories [44], studying the so–called fluctuations of stochastic variable,

in this case – the intensity of a MS ion with respect to the scan time.
However, the connotation of the word probability in the modern sto-
chastic theories is physical probability (frequency-based probabilities) or
evidential probability, rather than indifference when we are talking about
equal probability [44]. In this context, we use plausibility theories, rather
than probability theories in describing stochastic processes. The fre-
quency-based probabilities account for the so–called true frequency or
true probability. Looking at experimental MS measurements of the in-
tensitywith respect to the scan time the theory hypothesizes a true value
of the MS intensity to which a set of repeatedly obtained values within
an infinite number of experimental measurements would converge. On
the other hand, it is notoriously that the MS intensity is approximated
to concentration of analyte ion [25]. The concentration limits of de-
tection of the method are ~10−9–10−12 mol·L−1, which corresponds to
~1016–1013 numbers of particles. In parallel, the fluctuations of the
number of the particles, which as has been said, corresponds to MS
intensity. It is given by the so–called (N)1/2–law [45]. Thus, the fluc-
tuation of the intensity should figure on fluctuation of the number of
particles within (N)1/2 values ~108–106. The accuracy of MS mea-
surement does not account for fluctuations of ~106 particles. The sto-
chastic plausibility theories describe exactly the phenomena, in this
case, the temporal behavior of MS intensity from the perspective of
empirical measurements. The Ornstein–Uhlenbeck and Box–Müller
methods are exact methods [45,46]. The derivation of the latter method
can be found in [47,48], while more detail on the former approach – in
[47,49,50]. Therefore, Eq. (1) is an exact equation. This appears to be
an explanation why not only in this work, but also in other studies, so
far [19–26], the correlations among DSD data yield to good–to–excellent
statistical parameters. Perhaps, one might assume that only this ex-
planation is not straightforward, accounting for that the newcomers of
instrumentation developments of MS provide ultra-high resolving
power, accuracy and precision of measurements. Such argument, as can
be expected, is justified from the perspective of search of empirical
proofs of validity of Eq. (1). Moreover, as has been shown [19–26] DSD

parameter reflects a 3D molecular conformation and accounts for subtle
electronic effects within an electronic multidimensional structure and
correlation with DQC parameters. Because of, according to our de-
scription of fluctuation of MS intensity with respect to a span of scan
time, we look at inherently arising fluctuations of intensity, due to,
perturbation or change of the 3D conformation or electronic structure
of the ions. The order of magnitude of the latter inherently arised
fluctuations due to perturbation of the molecular structure are sig-
nificantly higher than the order of magnitude of fluctuations due to
number of analyte molecules. Thus, perturbation or change of the
multidimensional molecular structure is MS detectable. By contrast, the
fluctuation of the intensity, due to, number of particles does not appear
detectable, experimentally. It does not contribute to error of measure-
ment of the intensity and is not taken into consideration in Eq. (1). In
addition, one of the significant advantages of the latter formula, among
others, is that it quantifies experimental intensity having an order of
magnitude ~106 (Table CS2, Appendix C). In parallel, the error con-
tribution of noise is ~102 (Fig. CS2). The error of the measurements
affects significantly the m/z–values comparing with their insignificant
affect on the MS intensity (Tables CS1 and CS2). The arguments that the
SD theories appears exact description of MS phenomena, and, in par-
allel, the MS methods provide superior instrumental performances
allow for classifying the determined multidimensional structure on the
base on our theoretical concept as an exact or absolute 3D structure.
Moreover, the quantum chemical methods also provide high accuracy
of energetic of the molecular systems.

A next point is correlation between DSD parameters and DCMM data
obtained on the base on the current monitoring method (Eq. (10) in [24]).
Thus, we verify the validity of our formula by means of independent as
methodologic approach. The DSD parameters of α–CD fit excellent with
DCMM ones (Fig. AS21) and show r=0.98143.

Further comment on our theory is associated with applicability of

B. Ivanova and M. Spiteller Bioorganic Chemistry 93 (2019) 103308

10



the model relations to different mass spectrometers. As far as, our
method has been tested, so far, using analytical instrumentation oper-
ating with 3Q-trap and Orbitrap analyzers, the following question lo-
gically arises: do equations depicted in Fig. 1 applicable to mass spec-
trometers operating with Q-TOF analyzer as a broadly implemented in
the analytical practice instrumental scheme, among others, including
for analysis of biomacromolecules [53]? In order to address this ques-
tion we propose to look at the background of the latter method, which
provides direct information about the mobility of MS ions [54]. The ion
mobility is directly connected with the diffusion and, thus, it is corre-
lated with our DSD data. However, it must be stressed that when the
analytes are biomacromolecules, the Einstein’s relation, which very
frequently has been adopted studying diffusion phenomena [54] cannot
be applied. The same is true for analysis of short spans of scan time
according to our concept. This drawback of the Einstein’s relation is
overcome by applying our method [19–26]. Because of, the results from
this work confirm that it appears applicable to different spans of scan
time, in spite of, molecular weights of analytes. Moreover, we have
shown by model Eq. (2) that diffusion phenomena under ESI–MS ex-
perimental conditions are quantify with excellent coefficient of statis-
tical correlation when is used our empirical modification of fluctuating
force in the forward Fokker–Planck equation applied to an Orn-
stein–Uhlenbeck process (see Eq. (5) [26]). Therefore, we follow up
with an assumption that TOF MS outcomes should be quantified highly
accurately by Eqs. (1) and (2). A direct link of the ion mobility with
diffusion parameters of the ions according to the later formulas and 3D
structures of the analyte species is itself logical.

A final point to notice is that the evaluation of reproducibility and
sensitivity of MS variable intensity from the perspective of the chemo-
metrics needs to employ namely Eqs. (1) and (2). Because of, as has
been evidenced empirically the absolute value of the total MS intensity
within the whole span of the scan time of experiment represents a sum
of the intensity values per different spans of the scan times, but this
change of intensity value is a result from the change of the molecular
conformation or perturbation of the electronic structures (Fig. BS21).
Therefore its quantification should be based on parameter which ac-
counts for the 3D molecular and electronic structures like the DSD

parameter and formula (1). There is unable to account precisely for the
fluctuations of the MS intensity using directly the statistical tests over
the whole span of the measurement time. The same is true for the
chemometric treatment of the m/z–values, because of according to the
SD concepts used to derive Eqs. (1) and (2), the characteristic functions
accounting for the drift and diffusion in the forward Fokker–Planck
equation are mutually connected [26,45]. According to our empirical
modification of the latter function which fits excellent to the experi-
ment, however, there is included the mass of the analyte ion (m) (Eq.
(5) [26] and Section 3.6) It is self–evident, therefore, that a precise
chemometric analysis of experimental MS outcomes should be carried
out per concrete spans of the whole scan time of measurement ac-
cording to the discussed formulas. In addition, as the results from Ref.
[26] and Section 3.6 show, our formulas (1) and (2) are applicable to
different schemes of mass spectrometers and, despite, the molecular
masses of the analytes.

5. Conclusion

With the shown still in the “Abstract’ to this work summary of
among the most important results from our study, it becomes easy to
understand the significance of this contribution to the methodological
development of the soft–ionization methods of the mass spectrometry,
underlying their application to 3D conformational and electronic
structural analyses, in particular, focusing the attention on native cy-
clodextrins and their mixtures with simple monomeric and acyclic
oligomer carbohydrates; and owing to the fact that the structural ana-
lysis of these derivatives represent significant analytical challenge. The
paper has presented successfully a completely new approach to treat

quantitatively the mass spectrometric measurable outcome intensity,
which via our model equations and the so–called stochastic dynamic
diffusion parameter “DSD” provides direct connection with multi-
dimensional structures of analytes. One particular advantage of our
approach together with the high selectivity, sensitivity and precision of
the DSD data is that the parameter accounts for the effect of the tem-
perature on the 3D molecular and electronic structures of the CDs, in
particular, and carbohydrates, in general. Owing to that these objects
show competitive proton accepting ability of the O–centres and a di-
verse number of intra– and intermolecular hydrogen bonds of mono-
mers, oligomers or polymers, our method provide unique opportunity
to detail quantitatively ad structurally the noncovalent interactions and
their effect on 3D molecular conformation and electronic structures of
molecules, in particular, highlighting the effect of the temperature as
major environmental factor determining the hydrogen bond networks.
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