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ABSTRACT 

Objective: Methodology development for quality control of optically active pharmaceutical substances based on water isotopologues.  

Methods: Solutions of L-ascorbic acid, glucose, galactose and valine stereoisomers were prepared using deuterium depleted water (DDW-«light» 
water, D/H=4 ppm), natural deionized high-ohmic water (BD, D/H=140 ppm), heavy water (99.9% D2

Results: The infringement of Biot’s Law was found for solutions of ascorbic acid, expressed in the absence of a constant value of the specific optical 
rotation [α]D

T at a concentration of below 0.1%, depends on the D/H ratio. The inequality was established in absolute values of optical rotation for L-
and D-isomers of valine in solutions with different ratios of hydrogen isotopologues. The mutarotation of glucose confirmed the first-order kinetics, 
and the activation energies were statistically distinguishable for BD and DDW. The mutarotation of the natural galactose D-isomer proceeded with a 
lower energy consumption compared to the L-isomer. In heavy water, the mutarotation of monosaccharides had different kinetic mechanisms. 
Polarimetric results correlated with the number and size of GHC, which confirmed the possibility of chiral solvent structures induction by optically 
active pharmaceutical substances. 

O). The optical rotation was observed using 
an automatic polarimeter Atago POL-1/2. The size distribution of giant heterogeneous clusters (GHC) of water was recorded by low angle laser light 
scattering (LALLS) method. 

Conclusion: In the optically active pharmaceutical substances quality control there should be considered the contribution of induced chiral GHC of 
water to the optical rotation value that depends on the isotopic D/H ratio, the substance nature and the form of its existence at a given pH. 
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INTRODUCTION 

Pharmacopoeias of different countries use the polarimetric method 
for identification and quantitative analysis of chiral active 
pharmaceutical ingredients (API) and excipients [1-3]. Polarimetry 
does not lose its relevance and is technically improved in 
pharmaceutical research [4, 5], despite the long history of its 
existence [6] and the introduction of new optical methods [7,8]. 
Pharmacopoeia measurements of the optical activity of API are 
carried out in waters with different pH values depending on the 
nature of the substance. So solutions of ascorbic acid (H2Z) are 
analyzed in aqueous solution at pH that corresponds to the 
predominance of the single-charged anion HZ-(pKa1<pH<pKa2) [9]. 
For the purpose of quality control of carbohydrates, ammonia is 
added into the aqueous solution. This is accompanied by a change in 
the hydration conditions of monosaccharide molecules [10], and the 
equilibrium between α-and β-anomers is achieved in non-hourly, 
but minute kinetics [11]. Polarimetric analysis of amino acids is 
usually carried out in 6-8 mol/l HCl, where the amino acid is fully 
protonated (HOOC-X-NH3+

The choice of specific pH values for polarimetric measurements is 
not accidental. The interaction with giant heterogeneous clusters 
(GHC) of water depends on the chemical form of the optically active 
substance. Moreover, stereoisomers that interact with water 
clusters [10] are able to generate chirality of the latter [13-15]. For 
example, it has recently been experimentally proved for water 
structures adjacent to DNA macromolecules [7, 16].  

) and optical rotation is constant [12]. 

In our previous studies, we demonstrated that the structure and size 
of water GHC depend both on pH and on the isotopic composition of 
water, primarily on the ratio of deuterium: protium (D/H) [17]. Now 
the contribution of chiral GHC optical rotation was studied using 
solutions of chiral substances with different D/H ratios at different 
pH values. The experimental results obtained from aqueous 

solutions of chiral compounds of various chemical classes confirm 
the chiral water clusters formation. It is confirmed by our 
observation of Biot’s law [6] infringement in low concentration 
ascorbic acid solutions, expressed in the growth of specific optical 
rotation [α]D

T . The inequality of optical rotation absolute values is 
established for L-and D-isomers of valine, which depends on the 
isotope D/H ratio. It was shown that the glucose mutarotation 
confirmed the first order kinetics, and the rate constants were 
statistically distinguishable for natural (D/H = 140 ppm) and 
deuterium depleted (D/H = 4 ppm) waters. In heavy water (99.9% 
D2

The effect of deuterium in the water on the optical rotation values of 
chiral compound solutions has not only theoretical but also 
important practical applications. First of all, this applies to 
pharmaceutical substances polarimetric quality control where the 
possible contribution to the chiral water clusters optical rotation 
should be taken into account. Moreover, new trends concerning 
drugs isotopology are developed in pharmacy. One of them is the 
development of deuterium-containing drugs [18], which are 
deuterated analogues of already known proton-containing 
biologically active compounds. The second direction refers to the 
use of deuterium depleted water as an adjuvant in the treatment of 
cancer [19, 20]. The result of the change in D/H ratio is manifested 
in the form of kinetic isotopic effect [21-24], which is characterized 
by a change in the rate of absorption, distribution, 
biotransformation, and excretion of the medicines. Development of 
methodological approaches to drugs quality control based on water 

O) mutarotation of carbohydrates had the different kinetic 
mechanisms. Arrhenius kinetics demonstrates the difference in 
activation energy values for mutarotation processes both for waters 
with different isotopic composition and for stereoisomers of 
monosaccharides in the same solvent. Polarimetric results correlate 
with the number and size of the water GHC, indicating that the 
optically active substances can induce chirality.  
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isotopology will improve pharmaceutical analysis and optimize their 
dosages, reducing the toxic load on the body. 

MATERIALS AND METHODS 

Water samples 

Deionized high-ohmic water (specific electrical resistivity of 18.2 
MΩ. cm at 25 °C) was prepared by purifying pyrogenic distilled 
water (BD, D/H = 140 ppm) on a Milli-Q system (Millipore, Great 
Britain). Deuterium depleted water, «light» water (DDW, D/H=4 
ppm) was produced at the Research and Production Association 
(RPA) «Almaz» using the vacuum rectification technique. Deuterium 
oxide, heavy water–99.9% D2

RESULTS AND DISCUSSION 

O (Sigma Aldrich). 

Definition of isotopic composition 

The deuterium concentration was determined by using the mass-
spectrometry method and multipass laser absorption spectrometry 
method (LWIA24d instrument, Los Gatos Research, USA). 

Optically active pharmaceutical substances 

D-valine (D-2-amino-3-methylbutanoic acid), L-valine (L-2-amino-3-
methylbutanoic acid) and racemic valine (Sigma-Aldrich, USA), 
optical purity ≥ 99%; L-ascorbic acid (L-threo-ascorbic acid) (Sigma-
Aldrich), content of API ≥99%;  D-glucose, L-glucose, D-galactose, L-
galactose (Sigma-Aldrich), content of API ≥99,5%.  

Polarimetry 

Optical activity was determined using the Atago POL-1/2 
polarimeter (Japan), in a 100 mm cell, the measurement accuracy 
of±0.002 ° and the resolution of 0.0001 °. The electronic Peltier 
module was used for setting the required temperature (T=20 °C). 

Determination of water clusters size distribution 

Investigation of the water cluster size distribution was carried out 
by laser light diffraction spectroscopy and dynamic light scattering 
(DLS) methods on Master Sizer 2000 instrument and Zeta Sizer 
Nano ZS instrument (MALVERN Instruments, UK). Hexane was used 
as a background. Before the experiment, hexane, the water samples 
and solutions were filtered through 0.22 µm filters ("Millipore”). 

Statistics  

The findings were processed by the statistical methods using 
software packages of Origin Pro 9.1. Each value on the fig. 
represents «mean±SD». 

The infringement of the Biot’s Law in ascorbic acid solutions 
with different D/H ratio 

According to Biot’s law (J. В. Biot) α = [α]λ
T • l • C, the specific 

rotation of optically active pharmaceutical substances’ solutions in 

selected temperature (T) and wavelength (λ) does not depend on 
the concentration (C): [α]λ

T = α
l•C

 [6]. However, in quantum-
mechanical calculations of the last, it was shown, that in some cases 
such relation may be infringed [25]. In the non-linear function of 
specific optical rotation for 0.03-4 mol/l solutions of D-levoglucosan, 
the authors explain the presence of heterogeneous water structures, 
which sizes enlarge in case of dilution. The mutual effect of optically 
active substances and solvent associates was called «solvent 
imprinting», i.e. the, contribution of supramolecular structures to 
the value of specific optical rotation [26, 27]. 

In our experiments, the fact of «solvent imprinting» presence is 
confirmed, which is displayed in an increase of special optical 
rotation in the case of L(+)-ascorbic acid concentration decline. We 
investigated ascorbic acid solutions with a different D/H ratio and 
concentrations of 10% to 0.025% (pH=3.3–3.6). Simultaneously, we 
controlled the presence of water GHC by LALLS method considering 
that their size spectrum changes in dependence of the D/H ratio [28, 
29]. The function of «α-С» in the observed concentrations interval is 
depicted in ascending straight-lines, which did not allow us to 
identify any solvent isotopic composition features in the selected 
scale (fig. 1). At the same time, we noticed an increase of specific 
optical rotation in case of solutions dilution below 0.5%. Taking into 
account numerous information about the impact of the solvent 
nature on the optical rotation values of chiral compounds [6] and the 
chirality induction in water supramolecular structures of [7, 29], we 
can assume, that observable the Biot’s law infringement is 
manifested in optical active water GHC contribution to the [a] value. 
Undoubtedly, the structure and quantity of water supramolecular 
associates play a significant role in this process. Since the 
heterogeneity of water is constituted in a row where BD>DDW>D2O, 
the strongest contribution to the specific optical rotation value was 
awaited for the ascorbic acid solutions with natural isotopic 
composition (D/H=140 ppm). Indeed, our assumption was 
confirmed, and in the case of dilution [a] was maximal for BD. It 
declined according to demonstrated row and practically 
disappeared for D2

The fact concerning the specific optical rotation dependence on the 
concentration of the chiral compound has been discussed for half a 
century [6, 30]. There were indications that this dependence 
corresponds to a parabolic function and the necessary extrapolation 
conditions [a] to the zero point at C → 0 [30]. But specific rotation 
did not have to get a zero value in case of the zero solution 
concentration, as soon as it depended on the nature of the solvent 
[6]. In specific cases, where the limitless dilution of the solution 
leads to the extrapolation of the specific optical rotation to zero, it is 
worth speaking about “intrinsic” specific optical rotation, which is 
displayed not in square brackets, but in braces {a}. This contributes 
to the «substance-solvent» systems, in which a relation does not 
exist. The experimental search for these systems is complicated by 
the absence of the mentioned relation is accompanied by a decrease 
in substance solubility. 

O.  

  

a b 
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c 

Fig. 1: Dependence of optical rotation α, ° (A) and specific optical rotation [𝜶𝜶]𝑫𝑫𝟐𝟐𝟐𝟐 (B, C) on concentrations of ascorbic acid solutions in 
waters with different D/H ratio. Concentration intervals: a, b-0,025%÷10%; c–0,025%÷ 0,12%. n= 5, mean±SD 

 

Thus, the Biot’s law infringement is revealed as a specific optical 
rotation in the case of L-ascorbic acid solution dilution, which 
depends on the D/H ratio and is correlated with a water 
heterogeneity degree. Obtained results show the chirality induction 
in supramolecular complexes in water.  

Polarimetric analysis of valine stereoisomers in waters with 
different D/H ratio  

Pharmacopoeia quality control assay of L-valine substance [1, 3] is 
held in 6-7 mol/l HCl solution, which ensures the relative stability of 
the optical rotation in accordance with the shift rule (Lutz’ and 
Jirgensons’ shift-rule) [12]. In these conditions of pH values which 

are considerably lower than valine pKa1

 

, cationic, fully protonated 
form of the amino acid only be present (fig. 2), which presumes the 
monotype mechanism of action between water GHC and valine that 
results in the constant value of optical rotation. Nevertheless, even 
in these tough conditions of acidity, world pharmacopeias mention 
an ambiguity in specific rotation values in 2-3 units interval for 
aqueous solutions of amino-acids (not only for valine). For instance, 
for 8% aqueous solution of L-valine this interval is+26.5 ÷+29.0 
which reflects the contribution of other chiral structures to the 
optical rotation value. The possible contribution of chiral 
supramolecular water structures on the optical rotation value was 
indicated by different authors [7, 14, 29, 31]. 

 
рН = рКа1 рН = рI = 5.9  = 2.3 рН = pKa2

Fig. 2: Protolytic balance of valine in aqueous solutions 

 = 9.6 

 

In the present work, we performed the analysis of GHC structures in 
water and valine stereoisomers aqueous solutions as a function of 
the D/H ratio in different pH conditions. For example, in DDW, at 
pH=pKa1

  

=2.3 the GHC dimensional spectra of both stereoisomers 
are identical in their forms, whereas for L-isomer those spectra are 

larger and they are shifted to the right (fig. 3). At pH values 
corresponding to the zwitterion presence (isoelectric point), an 
increase in GHC heterogeneity for D-isomer is observed. On the 
other hand, for the L-isomer, small clusters disappear, and a band 
appears with a maximum at r = 100 μm on the dimensional spectra. 

 

Fig. 3: Dimensional spectra of water GHC in solutions of D-valine: pH=2,3 (a), pH=6,3 (b) and L-valine: pH=2,3 (c), pH=6,6 (d). (DDW, D/H= 
4 ppm). n=5, mean±SD 
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The difference in water clusters dispersion is characteristic for 
valine stereoisomers not only in aqueous solutions with an isotopic 
composition of D/H= 4 ppm and D/H= 140 ppm but also in heavy 
water. The obtained results for GHC in valine solutions allowed us to 
assume the absence of mirror identity in optical properties of L-and 
D-valine solutions in different pH conditions. Earlier, the computer 
simulation showed [31] that in accordance with the size of water 
clusters, valine stereoisomers induce both right and left rotating 

water clusters. L-valine induces the equal amount of water clusters 
stereoisomers, whereas D-valine significantly induces left rotating 
structures. Polarimetric analysis of valine solutions with different 
isotopic compositions in pH from 1 to 12 illustrates the conformity 
of theoretical calculations (fig. 4). In deionized water with the 
natural isotopic composition, the sum of specific rotation values of 
valine stereoisomers solutions is always<0, and this is particularly 
expressed in acidic solutions. 

  

 

Fig. 4: Total values of specific rotation of 4% valine stereoisomers solutions at pH=2.3, pH=5.8, pH=9.5 in waters with different isotopic 
composition (BD: D/H=140 ppm; DDW: D/H=4 ppm; D2O: 99,9% D2

 

O). Insert fig.-the original results for [𝜶𝜶]𝑫𝑫𝟐𝟐𝟐𝟐 = F(рН); n=3, mean±SD 

The solvent nature influence on the stereoisomers optical activities 
attracted the attention of many researchers. For instance, the 
specific rotation of L-valine increases more than three times when 
passing from aqueous solution to the hydrochloric acid solution 
(+22.9) then to the acetic acid solution (+72.6) [33]. The change in 
the solvent can not only increase or decrease the angle of optical 
rotation of the chiral compounds but also lead to a change in the sign 
of rotation. This is clearly demonstrated by [α]D

20 of tartaric acid 
solutions, which is a configuration standard in different solvents: 
+21.3 (H2O);+6.6 (C2H5OH);+0.3 (N, N-dimethyl formamide);-12.9 
(dioxane);-14 (diethyl ether) [6]. These and other examples 
illustrate the fact, that optical rotation is a function of the interaction 
between a chiral compound and solvent molecules. Discovered in 
the 30's of XX century, the connection between the amino acids and 
peptides optical activity and pH of the water solutions [12] became a 
basis for the implementation of pharmacopoeia assays for 
polarimetric analysis of these compounds which should hold only in 
a strongly acidic environment [1]. The uniqueness of an amino acid 
structure in a fully protonated stable form (for example, valine in the 
form of HOOC-Val-NH3+

It is known that the transition from one living matter hierarchic 
organization level to another, the optically active isomer is replaced 
by its antipode [34]. For instance, natural proteins consist of only L-
amino acids, while the composition of cell membranes includes D-
amino acids. This kind of selectivity can be associated with the 
isotopic composition of water and the change in a number of its 
physicochemical properties that affect the formation of bio systems.  

) results in the formation of chiral water 
clusters in a manner analogous to that, which was experimentally 
proved for a DNA fragment [7]. 

The greatest difference in the total specific rotation of enantiomers 
equimolecular solutions in deionized high-ohmic water of natural 
isotopic composition (D/H = 140 ppm) is observed at pH = 2.3. To 
confirm the sign of the optical rotation, a control experiment was 
conducted with an aqueous solution of the valine racemic substance 
in BD, where amino acid was present as a zwitterion-OOC-Val-NH3+

Thus, the solution of the valine racemic substance in BD has a 
negative optical rotation, the value of which depends on pH and 
reaches a maximum in an acidic environment where the amino acid 
is in the cationic form of HOOC-Val-NH

. 
During two hours of measurements, the rotation angle values had a 

certain drift, the range of which can be estimated by the standard 
deviation (N = 9):  

[α] = α ± SD = −0.75 ± 0.132 

3+. For solutions in DDW, the 
total value of specific rotation of the enantiomers, on the contrary, 
has a positive sign and reaches a maximum value in an alkaline 
environment where the anionic forms of the amino acid-OOC-Val-
NH3 predominate. Unlike natural and "light" water, in heavy water 
(99.9% D2

Thus, the differences in the specific rotation values of valine 
stereoisomers and its racemate can be explained by the mutual 
effect between the solvent and optical active substance. The 
obtained experimental results show the important role of the 
solvent isotopic effect in the manifestation of the chiral 
pharmaceutical substances aqueous solutions optical activity and 
the induction of optically active GHC. The presence of stable sub 
millimeter in homogeneities in valine aqueous solutions, proved by 
the LALLS method, depends on the chemical form of the 
stereoisomer at a given pH and the isotopic D/H ratio. Long-lasting 
water clusters possess chirality and contribute to the optical activity 
of the pharmaceutical substances. 

O), the total value of specific rotation is practically 
independent of pH in solutions of valine enantiomers equimolecular 
mixture. This result is extremely important, as in heavy water the 
number of GHC is minimal [17, 28].  

Monosaccharides mutarotation kinetics in waters with 
different D/H ratio 

It is known that mutarotation of freshly prepared monosaccharides 
aqueous solutions lead to the establishment of the dynamic balance 
between acyclic form and cyclic anomers with different polyacetal 
hydroxyl group position. Anomers are considered diastereomers 
and, thus, they differ with their physicochemical and biological 
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properties, which can be reflected in their in vivo activity. 
Mutarotation of glucose and galactose in the liquid biological 
environment can alter the biological processes which require their 
participation. It is worth to mention that, according to 
pharmacopoeial methods [1], to increase the mutarotation rate of D-
isomers of galactose and glucose, a change in pH with the addition of 
ammonia leads to a certain reduction in the time to reach the 
equilibrium state, which possibly results in GHC structure changes 
when the latter participate in the hydration of monosaccharides 
[35].  

In the present study, we investigate the influence of the D/H ratio on 
glucose mutarotation rate. In the aqueous solution of different D/H 
ratio, initial kinetic curves [α]D

T − t and the semi-logarithmic 
anamorphosis ln[α]D

T − t demonstrate the acceleration of the 
mutarotation process with a temperature increase to 22-28 о

 

 

С. 
Mutarotation rate values in deuterium depleted and natural waters in 
different temperatures allowed us to calculate the activation energy of 
the mutarotation process using Arrhenius coordinates (fig. 5). It 
turned out, the activation energy values are statistically reliably 
distinguishable: BD–(33.8±3.8) kJ/mol, DDW–(54.5±6.3) kJ/mol.

Fig. 5: The activation energy of monosaccharides mutarotation. A-Еа of glucose mutarotation in BD (1) and DDW (2) waters. B-Еа of D-(1) 
and L-(2) galactose mutarotation in DDW. n=3, mean±SD 

 

Calculations of the results obtained in our previous study [36] 
evidence the differences in Ea values of galactose enantiomers 
mutarotation. Native galactose mutarotation occurs in low energy 
expenditure. For example, in deuterium depleted water (DDW) 
activation energy of D-isomer is Ea=(�85 ± 8.7) �kJ/mol, whereas for L-
isomer its value increases to (130±9.7) kJ/mol. Considering the 
influence of water isotopic composition on optical properties of 
galactose isomers, it is worth paying attention to the geometric 
positions complementation between OH-groups and the structural 
matrix of the solvent [37].  

Since the structure of water GHC depends on deuterium content, the 
difference between obtaining values of galactose enantiomers 
activation energies in their mutarotation are is obvious [37]. In heavy 
water, the specific rotationы of both monosaccharides do not follow 
the rules of first-order reaction kinetics. This phenomenon may be due 
to the fact that mutarotation proceeds with the formation of acyclic D-
containing intermediates and kinetic limitation of C1D bond breaking 
arises. Besides, the specific rotation alteration in D2

Monosaccharides are of interest as a model for studying solvation 
interactions. However, the comprehensive understanding of hydration 
nature and solutions structures of carbohydrates is not achieved yet. 
At the same time, it is obvious [35], that hydration of carbohydrates 
occurs via hydrogen bonds formed between OH-groups and water 
molecules. The varying orientation of OH-groups in «glucose and 
galactose», «L-and D-isomers», «α-and β-anomers» pairs influences 
hydration energy [38] and induces alterations in the optical rotation. 

O can be 
influenced by the novel chiral centre of C6 in case of protium 
replacement with deuterium. Despite this, it is worth mentioning, that 
monosaccharides hydration character should visibly alter from natural 
and «light» waters depending on their homogeneity. 

Thereby, the observed water isotopic composition effect on the 
conformational equilibrium of monosaccharides allows one to 

assume the participation of chiral GHC in the physiological functions 
of carbohydrates as active pharmaceutical ingredients. 

The results obtained show that the control of the deuterium content 
in water for pharmaceutical use and of deuterated pharmaceutical 
substances is no less important than the determination of the 
elemental profile of heavy and essential elements in medicinal 
plants and other biological materials [39-41]. In the long term, the 
methods for estimating the D/H ratio in pharmaceutical objects 
should be standardized and introduced into pharmacopeias. 

CONCLUSION 

In the optically active pharmaceutical substances quality control 
there should be considered the contribution of induced chiral GHC of 
water to the optical rotation value that depends on the isotopic D/H 
ratio, the substance nature and the form of its existence at a given 
pH. 
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